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A review on common root rot of wheat and barley in Australia
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Abstract

Common root rot (CRR) caused by the soilborne pathogen Bipolaris sorokiniana
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(teleomorph Cochliobolus sativus) is becoming increasingly prevalent worldwide.
Identification of CRR is difficult and time-consuming for human assessors due to the
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roots the most distinguishing symptom of infection. CRR disease has been recognized
as a significant disease for cereal crops in many countries. In 2009, CRR in Australia
was estimated to cause $30 million average annual yield loss for wheat and $13 mil-
Funding information lion for barley. Recent evidence indicates CRR may be more prevalent than expected
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in Australian wheat cropping areas due to lack of research on this disease. Low levels
of B. sorokiniana survive in the soil for up to 10years and attack plants at early stages
of growth. Therefore, mitigating CRR in wheat and barley may not be practical at the
late stages of infection due to lack of effective methods; however, early detection
might be viable to alleviate the impact of this disease. A comprehensive overview
of CRR caused by B. sorokiniana, including disease background, worldwide economic
losses, management methods, potential CRR detection using multispectral and hyper-
spectral sensors and the research focus over the past 50years is provided in this arti-
cle. This review paper is expected to provide thorough supplemental information for
current studies about CRR and proposes recommendations for whole-of-field disease
scouting methods to farmers, enabling reduced time and cost for CRR management

and increasing wheat and barley production worldwide.
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1 | INTRODUCTION

Internationally, CRR is also referred to as dryland root rot or foot

rot, where it is associated with single fungal species or infection

The most important cereal crops in Australia are bread wheat
(Triticum aestivum) and barley (Hordeum vulgare), which are vulnera-
ble to common root rot (CRR) disease that is becoming increasingly
prevalent across winter cereal-growing regions. CRR is caused by the
soilborne pathogen Bipolaris sorokiniana (teleomorph Cochliobolus
sativus), causing damage to the roots and subcrown internode of
bread wheat and barley (Liueroth et al., 1996; Wildermuth, 1986).

complexes, including B. sorokiniana and other Fusarium spp. such
as F. culmorum and F. graminearum in wheat and barley worldwide
(Wiese, 1987). B. sorokiniana can also be responsible for several other
diseases including black point (Al-Sadi, 2021), spot blotch (Knight
et al., 2010) and Helminthosporium leaf blight (Duveiller et al., 2005).

Globally, scientific papers tend to focus on B. sorokiniana in gen-

eral associated with CRR or spot blotch, as they can be inoculated
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with the same original isolate. However, notable genetic differences
have been observed among isolates obtained from infections of
CRR and spot blotch (Horne, 2015; Knight et al., 2010). Specifically,
Australian isolates of B. sorokiniana, obtained from CRR infections,
do not trigger susceptible spot blotch infection responses in barley
plants (Knight et al., 2010). In Australia, spot blotch of wheat is infre-
quent, while CRR is prevalent in both barley and wheat crops (Knight
et al., 2010; Murray & Brennan, 2009a, 2009b). B. sorokiniana is rec-
ognized as the primary causal agent of CRR in Australia, whereas
infections caused by Fusarium spp. are commonly associated with
the development of crown rot. This review focuses on CRR caused
by B. sorokiniana in Australia, with reference to CRR caused by B.
sorokiniana in other countries worldwide.

CRR has been reported in every state of mainland Australia
since its discovery in the 1920s (Hamblin, 1922; Hynes, 1932) and is
a significant problem in dryland cereal farming (Wildermuth, 1986).
CRR was widespread in New South Wales during the 1920s and
1930s due to the monoculture wheat practice (Hynes, 1932), yet it
was gradually reduced with the introduction of ley farming, which
involved using paddocks for pasture or left fallow in between cereal
crops (Butler, 1961). CRR was first officially reported in Queensland
in 1964 (Simmonds, 1966) and became widespread throughout
Australia (Wildermuth et al., 1992). Many economic losses in wheat
and barley caused by CRR, directly and indirectly, have been re-
ported worldwide since the 1970s. Evidence will be presented and
discussed in detail in the worldwide economic losses section. CRR
literature denotes that CRR is a widespread chronic disease fre-
quently overlooked in Australian wheat production systems due to
the lack of specific above-ground symptoms (MacLeod et al., 2008;
Neate & Vadakattu, 2018). Therefore, CRR is most likely a more
significant disease in Australia than previously understood (Neate
& Vadakattu, 2018; Purss, 1970). The incidence of CRR has poten-
tially been under-reported and the contribution of CRR to yield loss
in wheat and barley is unclear across the Australian grain belt.

Understanding and diagnosing the presence of the CRR patho-
gen in Australian farming systems is crucial to realizing and reducing
the economic losses caused by this disease. Early disease detection
and identification with regular monitoring enable management deci-
sions to monitor CRR spread and minimize losses caused by this dis-
ease. The two most common disease detection methods in the field
are traditional plant disease assessment by experienced personnel
and remote sensing technologies using spectral or imaging sensors
(Mahlein, 2016). Traditional plant disease assessment for determin-
ing and quantifying CRR is time- and labour-intensive and can be im-
pacted by human judgement and observation (Barbedo, 2019). The
use of remote sensing in crops enables the acquisition of information
about a plant, or a phenomenon of a plant, without physical contact or
aggressive manipulation (Gogoi et al., 2018; Mahlein, 2016; Wéjtowicz
et al., 2016). Disease detection methods will be discussed to provide
information on the extent of CRR infestation in the paddocks, which
will facilitate whole-farm disease management decisions for growers.

Currently, there is no comprehensive review paper solely focusing
on CRR caused by B. sorokiniana in general. Nevertheless, four review

papers have been published on B. sorokiniana pathogen-induced dis-
eases, and it is important to note that these include CRR as a small
part and do not specifically address it as the primary focus (Acharya
et al., 2011; Al-Sadi, 2021; Ghazvini, 2018; Kumar et al., 2002). The
majority of research on CRR in wheat and barley was published world-
wide during the 1980s and 1990s. The number of journal papers on
CRRin wheat and barley appears to have declined slightly according to
the number of publications on Google Scholar (Research focus section).
However, its importance and discussion of the disease remain relevant
based on the reports from the government, professional organizations
and online resources as the distribution and economic losses of CRR
remain significant. A new inclusive review is warranted given the con-
tinued impact of CRR in wheat and barley with limited understanding
in the literature on CRR identification, present and potential economic
losses, potential detection and management methods.

This paper provides a comprehensive disease review of CRR
caused by B. sorokiniana, including morphology, biology and disease
cycle, host range, symptomatology, favourable conditions, disease
assessment, worldwide economic losses of CRR caused by B. soro-
kiniana in wheat and barley, CRR management practices, potential
CRR detection methods and the current research focus. Finally, the
conclusion and possible solutions to manage CRR as a re-emerging
threat to cereal production systems in Australia are presented.
Literature has been reviewed from all over the world with a focus on

relevance to Australian cropping systems.

2 | MORPHOLOGY OF B. SOROKINIANA

The teleomorph of B. sorokiniana is C. sativus, which belongs to
the Division Ascomycota, Subdivision Loculoascomycete, Class
Dothideomycetes, Order Pleosporales and Family Pleosporaceae
(Acharya et al., 2011; Al-Sadi, 2021; Gupta, Vasistha, et al., 2018).
The genus Bipolaris has brown conidiophores that are several-celled
(phragmosporous), elliptical, straight or curved, developing by one
germ tube at each end through the apical pore (Acharya et al., 2011,
Navathe et al., 2020). B. sorokiniana produces olive-brown ovate co-
nidia (Figure 1) with a prominent basal scar and apical cell, and olive-
brown conidiophores that are 6-10 x110-220 pm in size. These
olive-brown conidia are 15-28 x40-120 pm in size and contain 3-9
thick-walled septa with tapered ends, falcate to fusiform in particu-
lar (Acharya et al., 2011; Wiese, 1987).

3 | BIOLOGY AND DISEASE CYCLE OF
B. SOROKINIANA

The CRR fungus B. sorokiniana has been reported to occur predomi-
nantly in the top 10 cm in soil or infected debris from previous crops
(Mathieson et al., 1990). B. sorokiniana survives for at least 2years
and may remain viable up to 10years in the soil (Wildermuth, 1986;
Wildermuth & McNamara, 1991). Clarification of the survival of B.
sorokiniana in current farming systems requires further research.
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FIGURE 1 Conidia of Bipolaris sorokiniana. [Colour figure can be
viewed at wileyonlinelibrary.com]

The sexual reproductive stage is not necessary for the B. sorokin-
iana disease cycle, and it is rarely seen in nature (Bockus et al., 2010;
Mathre et al., 2003). Primary B. sorokiniana inoculum consists of
mycelium from crop residue and infected seed, and conidia in the
soil and on the kernel surface (Gupta, Chand, et al., 2018; Murray
et al., 1998; Reis, 1990; Wiese, 1987). Conidia can germinate from
the susceptible hosts, and the initial infection points are on coleop-
tiles, subcrown internodes and primary and secondary roots (Bockus
et al., 2010). Prior to penetration, appressoria and infection cushions
are formed, after which mycelium penetrates the host tissue directly
(Apoga et al., 2001; Saad, 2019). Infection spreads from the epider-
mis to the cortex and endodermis, causing the tissue to disintegrate,
and the spread of mycelium leads to the further colonization of plant
parts (Mathre, 1997). Repeat infections throughout the growing sea-
son can result in the complete decay of the root system. There is
insufficient literature regarding the disease cycle of CRR caused only
by B. sorokiniana, but extensive literature has been presented for the
leaf disease, spot blotch, caused by the same fungus.

B. sorokiniana inoculum can be transmitted by wind, rainfall
splashes or implements in the soil (Acharya et al., 2011). Moreover,
infested seeds can be used to transmit disease over long distances
(Mathre, 1997). Disease development below ground is not related
to the diffusion of secondary inoculum but provides inoculum for

subsequent crops (Murray et al., 1998).

4 | HOST RANGE

B. sorokiniana has been reported to cause CRR in small grain cereals,
such as bread wheat (T. aestivum), durum wheat (Triticum turgidum var.
durum), barley (Hordeum vulgare), rye (Secale cereale) and oat (Avena
sativa), as well as some weeds and grasses, such as crested wheatgrass
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(Agropyron pectinatum), smooth bromegrass (Bromus inermis) and
various-leaved fescue (Festuca heterophylla) (Al-Sadi, 2021; Jones &
Clifford, 1983; Kumar et al., 2002). Wheat and barley are the most sig-
nificant hosts in terms of economicimportance (Jones & Clifford, 1983;
Kumar et al., 2002). In Australia, genotypic variation in CRR severity
has been reported in barley, durum wheat and bread wheat varieties.
In Australia, commercial barley varieties are moderately susceptible to
susceptible to CRR, whereas commercial bread and durum wheat va-
rieties are ranked from MRMS (moderately resistant—moderately sus-
ceptible) to S (susceptible) in the 2022 Queensland winter crop sowing
guide (Grains Research and Development Corporation [GRDC], 2021).

5 | SYMPTOMATOLOGY

Most wheat and barley plants are infected by B. sorokiniana before the
inflorescence emerges (Windels & Wiersma, 1992). The symptoms of
CRR first appear on young seedlings from inoculum carried on the
seed or from infections caused by conidia in soil close to the seedlings
(Jones & Clifford, 1983; Piening, 1997). The above-ground symptoms
are not distinctive, but dark brown to black necrosis first appears on
the whole or part of the subcrown internode, then it spreads upward
into the plant crown, tiller bases and leaf sheaths (Mathre, 1997,
Mathre et al., 2003). CRR may be tolerated by the plant and cre-
ate no above-ground symptoms, as long as sufficient crown roots
develop (MaclLeod et al., 2008). Therefore, infected plants will sur-
vive in most cases, but severely infected seedlings may not emerge
(Platz et al., 1999). Infected plants have been reported to be stunted
with fewer tillers and kernels per ear (MaclLeod et al., 2008; Moore
et al., 2005). Whiteheads may develop under severe infection and
moisture stress, and severe infections may lead to plant death before
heading (MacLeod et al., 2008; Mathre et al., 2003).

6 | FAVOURABLE CONDITIONS

Environmental factors, including soil moisture and temperature,
pathogen population density in the soil and time of infection, all influ-
ence severity and incidence of CRR (Al-Sadi, 2021). During the first
6-8weeks after planting, warm soil conditions and adequate mois-
ture exacerbate B. sorokiniana infection and colonization (Murray
et al.,, 1998). This pathogen can also thrive at temperatures ranging
from 16 to 40°C, with ideal soil temperatures of 28 to 32°C (Acharya
et al., 2011; Duveiller et al., 2005). Wet conditions are needed to
initiate the infection of B. sorokiniana, whereas drier conditions near
the end of the season result in severe disease (Acharya et al., 2011;
Whittle, 1992). CRR has been reported to be more widespread in
nitrogen-deficient paddocks (Moore et al., 2005). Despite sufficient
nitrogen application, CRR may cause yield loss due to early infection
and reduced tiller density if phosphorus and potassium are not applied
(Sharma et al., 2006; Singh et al., 2012; Whittle et al., 1991). CRR can
also be associated with crown rot caused by Fusarium pseudogramine-
arum (Al-Sadi, 2021; Moore et al., 2005; Simpfendorfer et al., 2020).
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Despite the fact that CRR can affect the subcrown internode,
crown, leaf base, coleoptile and roots of infected plants, the
standard method for determining the severity of CRR in Australia
involves measuring the percentage of dark brown lesion devel-
opment on the total area of the subcrown internodes of infected
plants. This method often includes the use of a rating scale from
1 to 5 (nil to severe) (Verma et al., 1976; Wildermuth, 1986). The
rating on subcrown internode discolouration has been directly
associated with yield losses (Ledingham et al., 1973; Wildermuth
et al., 1992). Presently, rating the percentage of subcrown inter-
node discolouration has been expanded to include an 11-point
rating scale (Horne, 2015). Saad et al. (2022) assessed the impact
of CRR in the field using plant height, stem number, dry weight of
plants and visual discolouration ratings on subcrown internode,
main stem, primary stems and secondary stems. Additionally, CRR
severity has been calculated by combining the incidence of infec-
tion and the extent of discolouration to determine a disease rat-
ing, where incidence is the number of subcrown internodes with
nonzero severity divided by the total number of plants sampled
(Arabi et al., 2015; Mathre et al., 2003).

8 | ECONOMIC LOSSES TO CRR CAUSED
BY B. SOROKINIANA

8.1 | Worldwide

CRR caused by B. sorokiniana is a widespread disease of wheat and
barley in warmer and humid regions of the world (Kumar et al., 2002;
Mathre et al., 2003). Wheat is generally considered more susceptible
to CRR caused by B. sorokiniana than barley (Piening et al., 1976).
The yield and quality of wheat and barley can be reduced by CRR,
making it economically important. The global effect of CRR on crop
production varies considerably based on factors such as host culti-
vars and competitiveness with other microorganisms within the soil
(Fernandez et al., 2009; Harba et al., 2020).

CRR caused by B. sorokiniana is a significant disease in wheat
and barley in the Canadian prairies (Fernandez et al., 2007, 2014;
Fernandez & Jefferson, 2004). Surveys from 1969 to 1971 in Canada
reported wheat yield losses caused by CRR as high as 28.3%, with an
average of 5.7% for Saskatchewan, Manitoba and Alberta provinces
(Ledingham et al., 1973). These losses were based on the number of
tillers per plant and the number of grains per head in infected and
noninfected plants and resulted in approximately 30 million bushels
(c.0.8 million tonnes) lost per annum from 1969 to 1971 (Ledingham
et al., 1973). Based on the classification of subcrown internode le-
sions as clean, slight, moderate or severe, the average losses of wheat
grain yield at Manitou, Canada were estimated as 30%, 35% and 30%
in 1969, 1970 and 1971, respectively (Verma et al., 1976). A survey on
CRRin barley in the Alberta, Manitoba and Saskatchewan Canadian

prairies indicated CRR costs the industry 54 million bushels (c.1.5 mil-
lion tonnes) per year, or 10.3% of the crop lost annually from 1970 to
1972 (Piening et al., 1976). In barley, 11.1% yield loss was reported
from sowing infested seeds in soil containing low inoculum levels of
B. sorokiniana in Canada between 1990 and 1993 (Bailey et al., 1997).

In the United States, CRR caused by B. sorokiniana dominates the
North American prairies (Machacek, 1943; Shrestha et al., 2021). It
was reported as pervasive in arid and semiarid regions of the western
United States and a primary component of the cereal foot rot complex
in Oregon and Washington (Smiley & Patterson, 1996). In a survey of
CRR of wheat and barley in south-eastern Idaho (Intermountain West
region of the United States) in 2001 and 2002, B. sorokiniana was one
of the most common pathogens isolated and the most virulent patho-
gen when tested in greenhouse studies (Strausbaugh et al., 2004).
Another survey on CRR from 2008 to 2009 reported that CRR is the
most prevalent disease within the Golden Triangle wheat commer-
cial production fields of central Montana in the United States, where
CRR was detected in 93% of fields with up to 15% incidence of B. so-
rokiniana isolated from individual tillers (Moya-Elizondo et al., 2011).
Samples of spring wheat were collected throughout different com-
mercial fields across North Dakota during 2012, 2013 and 2014
(Shrestha et al., 2021). The results determined that the incidence and
severity of CRR were higher in 2012 (a year characterized by warm
and dry conditions) compared to the following years 2013 and 2014,
based on subcrown internode symptoms (Shrestha et al., 2021). Based
on data collected from Canada and the United States, CRR is widely
acknowledged to be one of the most significant and prevalent soil-
borne diseases that affect wheat and barley in North America, includ-
ing both the Upper Midwest region and Canada.

In China, CRR caused by B. sorokiniana has also been docu-
mented to impact wheat production. CRR has been found in wheat
in the Heilongjiang province of China, in which wheat production
was reduced by 25% on the 121,000 ha farm in Hulin County (Zhang
et al., 1988). In addition, CRR has also been reported in the Jiangsu
province of China with a 69% disease incidence (Li et al., 2011). Both
CRR and spot blotch caused by B. sorokiniana have been more fre-
quently reported in wheat production areas in north China, where
large-scale wheat-maize rotation and straw returning have been
used (Su et al., 2021).

Other Mideast Asian countries and Brazil have also reported
CRR in wheat and barley growing areas. An average of 40% annual
yield loss was documented in three seasons of barley infected by
CRR by comparing plots in northern Syria (Van Leur et al., 1997).
CRR disease was considered one of the most prevalent diseases in
different agro-ecological zones of Syria (Van Leur & Bailey, 2000).
In addition, CRR was frequently reported in different parts of the
Iranian wheat belt areas, becoming a predominant disease in Iran
(Darvishnia et al., 2007; Hajieghrari, 2009). Moreover, CRR in wheat
has become an emerging issue in Nepal, Uzbekistan and Cyrus
(Bhandari & Shrestha, 2004; Kari, 2001; Turdieva et al., 2020). The
estimated wheat yield loss associated with CRR in 17 fields in Rio
Grande Sul, Brazil, was up to 23.1% (Diehl et al., 1982).
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Generally, CRR was considered to cause approximately 10%-15%
yield losses in susceptible varieties in Australia (GRDC, 2016). A
survey from 1988 to 1989 in South Australia demonstrated that
the average incidence of CRR-infected plants in crops was 60%
in wheat and 77% in barley (Whittle, 1992). CRR became a wide-
spread disease in Queensland, with estimated wheat yield losses
of 13.9%-23.9% and 6.8%-13.6% between susceptible cultivars
and partially resistant cultivars reported in three sites (Wildermuth
etal, 1992).

National wheat and barley surveys in 2008 reported that CRR
was estimated to cause a $30 million (0.7%) average annual yield
loss in wheat and a $13 million (1%) average annual yield loss in bar-
ley (Table 1, summarized from Murray & Brennan, 2009a, 2009b).
The yield loss caused by CRR was primarily reported in Australia's
northern and southern areas, and to a lesser extent, in the western
area (Murray & Brennan, 2009a, 2009b). Average annual wheat loss
caused by CRR in 1988 and 1998 in the northern region (Queensland
Central, NSW North-East/Queensland South-East and NSW North-
West/Queensland South-West) were 3.1% and 1.7%, which is much
lower than 6.8%-23.9% reported from Queensland by Wildermuth
etal. (1992).

Subsequent reports since Murray and Brennan (2009a, 2009b)
suggest that CRR is a much more severe disease than previously
reported in Australia. CRR symptoms were observed in 20%, 6%
and 20% of 40 plants sampled at the maximum biomass stage from
the northern, central and southern agricultural regions in Western
Australia, respectively, from 2011 to 2013 (DAF, 2015). In central
and northern NSW, B. sorokiniana was detected in 69% of 248 ran-
dom paddocks surveyed in 2011, with 16% of paddocks ranked to
be at risk of yield loss due to CRR (Simpfendorfer et al., 2011). The
most recent report detected CRR in 52%, 31% and 29% of 1774
cereal crops surveyed from 2014 to 2018 in the northern, west-
ern and southern regions of Australia, respectively (Simpfendorfer
etal., 2020). Medium and high infection levels (>11%) were observed

in northern, western and southern areas in 13%, 8% and 5% of the
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paddocks sampled, respectively (Simpfendorfer et al., 2020). This is
much greater than previously reported.

Multiple-pathogen infections of B. sorokiniana and other soil/
stubble-borne diseases, such as crown rot, are widespread in
Australia's northern grain-growing regions, which are expected to
result in increased yield loss (Simpfendorfer et al., 2020). Crown rot
and CRR have similar symptoms, making them difficult to distinguish
without pathogen isolation and identification (Saad et al., 2021).
According to a root disease survey conducted in the wet 2016 sea-
son at Tamworth, CRR appeared to be a slightly larger yield loss
driver than crown rot when both were present (McKay et al., 2018).
Therefore, CRR may be misinterpreted as crown rot, and the yield
losses of CRR might be higher than reported in previous studies.
These reports indicate that the impact of yield loss caused by CRR as
defined by Murray and Brennan (2009a, 2009b) could be potentially
underestimated, particularly in Australia's northern and western re-
gions. As a result, CRR could be more widespread and frequently
overlooked in the Australian wheat cropping areas owing to the lack
of distinctive above-ground symptoms and less extensive research
on this disease. There is no recent dedicated yield loss trial that has
been published. Based on economic loss data and limited yield loss
information caused by CRR in Australia and other countries, it is
expected that CRR could be considered a national and potentially
global concern in wheat and barley production.

9 | MANAGEMENT

Multiple management methods and potential strategies have been
proposed to prevent yield loss due to CRR. However, CRR is a chronic
disease because B. sorokiniana can survive in the soil or as mycelia in
host residues and is extremely difficult to manage (Bockus et al., 2010;
Wildermuth & McNamara, 1991). Integrated management options in-
volving cultural control such as crop rotation, soil and residue manage-
ment, sowing of resistant varieties, and biological and chemical control
are recommended for CRR caused by B. sorokiniana on wheat and bar-
ley (Duveiller, 1997; Simpfendorfer et al., 2020).

TABLE 1 Estimated average annual and potential yield loss (%) and cost ($ million) caused by common root rot in wheat and barley in each
Grains Research and Development Corporation cropping region of Australia (summarized from Murray & Brennan, 2009a, 2009b).

Wheat

Present average annual loss (%)

Cropping region 1988 1998 2008 loss (%)
Northern 3.1 1.7 0.8 3.2
Southern 0.2 1 1.2 4
Western 0.5 0.1 0 0
Australia = = 0.7 2.4
Cost ($ million) - - 30 108

Potential average annual

Barley

Present average annual loss (%)  Potential
average annual

2008 loss (%)

1.7 4.7

1.4 3.7

0 0

1 29

13 37
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9.1 | Cultural control
9.1.1 | Seed and soil testing

At planting, CRR severity in wheat and barley is highly linked to the
B. sorokiniana population in the soil (Tinline et al., 1988; Wildermuth
& McNamara, 1991). The quantitative DNA-based soil test
PREDICTA B provides relative disease risk or population density for
a variety of pathogens, which can be used to inform management
choices (Simpfendorfer, 2020). Therefore, PREDICTA B testing to
determine the DNA concentration of B. sorokiniana in the soil be-
fore planting is a useful and valuable method for growers to assess
the risk of CRR in the paddock (McKay et al., 2018; Simpfendorfer
etal., 2011). To prevent disease in wheat and barley, growers should

use seeds that are free of any contamination before planting.

9.1.2 | Tillage treatments

Tillage treatments to reduce B. sorokiniana in the soil have been
experimented with in different countries. In Brazil, fewer B. soro-
kiniana conidia were found in the soil under no-tillage compared
to conventional tillage (Reis & Abrao, 1983). In Canada, lower B.
sorokiniana inoculum density remained in no-tillage than conven-
tional tillage (Bailey & Duczek, 1996), although no consistent ef-
fects of tillage treatments on CRR were observed in some years
and locations (Bailey & Duczek, 1996; Conner et al., 1987). The no-
tillage treatment reduced disease severity and incidence of CRR
compared to other types of tillage in Queensland (Wildermuth
et al., 1997) and Victoria (De Boer & Kollmorgen, 1988). However,
zero tillage is not sufficient to effectively control CRR and should be
combined with different crop rotations for optimal results (Bailey &
Duczek, 1996). No papers on tillage treatments to reduce CRR have
been published since 2000. Therefore, tillage management may be
outdated and requires additional research to understand the im-
pact of current farming practices on CRR inoculum levels in soil.

9.1.3 | Seeding depth

Reduced yields caused by CRR were associated with increased seed-
ing depths, because deeper sowing lengthens the subcrown inter-
node, increasing wheat and barley susceptibility to CRR (Duczek &
Piening, 1982; Simpfendorfer et al., 2020). Sowing wheat and bar-
ley deeper and earlier into warmer soils has been linked to a rising
prevalence of CRR across Australia, especially in the northern grain-
growing region (Simpfendorfer et al., 2020).

9.1.4 | Stubble management

As B. sorokiniana survives in stubble and soil for up to 10years,
stubble management practices have been the focus of CRR

management. A recent study reported that moist conditions in-
creased B. sorokiniana development within postharvest cereal
stubble, and inoculum density may increase if wet weather oc-
curs after harvest (Petronaitis et al., 2020). A reduction of cereal
stubble biomass may limit the proliferation of B. sorokiniana after
harvest, leading to less inoculum carried forward to the following
season (Petronaitis et al., 2020). Harvesting at low heights or cut-
ting for hay are possible options, but field validation is required
(Petronaitis et al., 2020).

Stubble burning can reduce the carry-over of diseases in
subsequent sensitive crops, particularly those fungi that survive
in stubble (Scott et al., 2010). Wheat cropping areas in Australia
have seen increases in the number of CRR outbreaks associated
with stubble retention (Scott et al., 2010). The severity of CRR
on wheat was less in the stubble burning or physically removed
treatments than in the stubble-retained treatments (Wildermuth
et al., 1997). However, stubble burning is not recommended in
Australian cropping systems as it causes losses of nitrogen and soil
organic carbon, soil erosion, air pollution and turbidity in the wa-
terways compared to stubble-retained systems (Scott et al., 2010).
Petronaitis et al. (2022) explored the possibility of using micro-
wave radiation in the laboratory to reduce conidia of B. sorokiniana
in stubble and soil with significant mortality reported. This was
described as a first step and needs to be further investigated in
the field.

9.1.5 | Crop rotation

Balanced crop rotation is essential for long-term soil health and re-
duces the risk of soilborne diseases. As B. sorokiniana can survive for
at least 2years on wheat and barley residues at the soil surface, ley
farming or a rotation of planting noncereal crops for at least 2 years
is highly recommended when B. sorokiniana is present (Butler, 1961;
Draper et al., 2000; Windels & Wiersma, 1992).

Crop rotation systems are fundamentally affected by the de-
gree of cross-infection between species. Rotation crops like field
pea, faba bean, canola, lucerne, mustard, mungbean, sorghum or
sunflower are recommended to reduce B. sorokiniana levels (Moore
etal., 2005; Wildermuth & McNamara, 1991). Specifically, a rotation
of durum wheat with Brassica carinata contributed to a significant
reduction in CRR in seven farms in Sicily (Italy) from 2011 to 2013
(Campanella et al., 2020). In Canada, a rotation that included two or
more years of flax (Linum usitatissimum) as a break crop in wheat and
barley successfully decreased the amount of B. sorokiniana inoculum
in the soil (Conner et al., 1996). However, proper rotation to non-
susceptible crops or planting partially resistant crops is not always
economically viable, although multiple benefits have been reported
(Angus et al., 2015). The production of barley or wheat for two or
more consecutive seasons is typical in farming in Australia (Fletcher
et al., 2016; Windels & Wiersma, 1992). Obtaining maximum benefit
is often a more powerful motivator, and we must acknowledge that
most farmers' priorities are likely to focus on short-term profitability
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than environmental concerns (Liu et al., 2018; Morton et al., 2017).
Therefore, crop rotation may not be the most effective and practical

way to control CRR.

9.1.6 | Resistant varieties

Wheat varietal resistance is related to the severity of CRR
(Whittle, 1992). Among all bread and durum wheat varieties in
Australia, only one durum wheat genotype that is moderately re-
sistant to moderately susceptible can be considered for cultivation
where CRR exists (GRDC, 2021). The availability of CRR resistance
in commercial Australian wheat varieties has decreased in recent
years. For example, in the last 7years, the number of commercial
cultivars with levels of CRR resistance has reduced from 30% to 0%
for bread wheat, and from 100% to less than 20% for durum wheat
in Queensland, calculated from the 2014 Queensland Wheat Variety
Guide (GRDC & DAFF, 2014) and the 2021 Queensland Winter Crop
Sowing Guide (GRDC, 2021). Choosing wheat genotypes with the
most resistance is the most effective and direct way to reduce yield
losses due to CRR (Arabi et al., 2019; Shrestha et al., 2021). No bar-
ley or bread wheat cultivar is resistant to CRR and only one durum
wheat variety is currently available to Queensland growers with
moderate levels of resistance to CRR (DAFF, 2014; GRDC, 2019,
2021). Although planting CRR-resistant wheat and barley cultivars
is an effective method to avoid major losses, there are currently not
many options for growers. Therefore, more research and support for
the development of CRR-resistant varieties should be encouraged
in the future.

9.2 | Geneticresistance to CRR

In general, there are inadequate commercial germplasm resources
with resistance to CRR to satisfy worldwide wheat and barley
breeding applications because the analysis of complex quantitative
trait loci (QTLs) is required (Gupta, Chand, et al., 2018; Lehmensiek
et al.,, 2010; Su et al., 2021). Three papers have been published
on genomic studies in barley (Fr926-77/Deuce and Virden/Ellis
crosses; Bowman; Delta and Lindwall) to discover QTLs for resist-
ance to CRR using random amplified polymorphic DNA (RAPD)
markers (Kutcher, Bailey, Rossnagel, & Franckowiak, 1996; Kutcher,
Bailey, Rossnagel, & Legge, 1996; Lehmensiek et al., 2010). The
potential of using these barley sources with resistance traits for
gene pyramiding to augment resistance levels holds promise.
Nonetheless, further investigations involving diverse parent cul-
tivars under different environmental conditions within Australia
are essential to ascertain the practicality of this approach, as no
subsequent research in this area has been reported to date. The
resistance of wheat to B. sorokiniana has been primarily related to
investigating the transcriptional activation of pathogenesis-related
protein genes and the accumulation of reactive oxygen species
(Su et al., 2021). A broader range of wheat and barley germplasm
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must be screened for breeding programmes to identify effective
sources of resistance to CRR during both the seedling and adult
plant stages (Shrestha et al., 2021).

Morphological and molecular markers are crucial tools for de-
veloping genetic diversity strategies and when associated with CRR
resistance could significantly enhance the efficiency of identifying
resistant germplasm, leading to the transfer of these traits to com-
mercial cultivars (Kutcher, Bailey, Rossnagel, & Franckowiak, 1996;
Li et al., 2021; Qalavand et al., 2023). Molecular marker methods,
including amplified fragment length polymorphism (AFLP), RAPD,
retrotransposon microsatellite amplified polymorphism (REMAP),
inter-simple sequence repeat (ISSR) and inter-primer binding site
(IPBS), have been effectively employed to detect genetic diversity
among B. sorokiniana populations across multiple countries (Arabi
& Jawhar, 2007; Ghazvini & Tekauz, 2012; Goksel et al.,, 2020;
Knight et al., 2010; Zhong & Steffenson, 2001). To be more precise,
Zhong and Steffenson (2001), Knight et al. (2010) and Ghazvini and
Tekauz (2012) conducted the research on spot blotch, while Arabi
and Jawhar (2007) and Goksel et al. (2020) focused on CRR. The ap-
plication of these molecular markers offers significant insights into
the genetic variations between species, resistance responses and
the selection of resistant cultivars.

Understanding the genetic structure of the pathogen popula-
tion, genetic diversity and germplasm analysis will assist breeders in
choosing an appropriate strategy for cultivating resistant varieties.
Qalavand et al. (2022) analysed the genetic variability of germplasm
and the activities of eight defence-related enzymes to CRR in three
known resistant wheat varieties in Iran, with B. sorokiniana inocula-
tion at different time points. They found wheat resistance to CRR is
primarily related to the increased activity of antioxidant enzymes,
although the specific metabolic pathway needs further investigation
(Qalavand et al., 2022). Moreover, Qalavand et al. (2023) conducted
screening of 33 wheat genotypes for their resistance to B. soroki-
niana, under greenhouse and field conditions, and performed real-
time quantitative PCR analysis on leaves and roots using 10 novel
candidate gene markers. The results showed that cv. Alvand had
the lowest CRR severity, followed by Baharan and Bam (Qalavand
et al., 2023). These findings highlight the potential of defence-
related genes and enzymes that could contribute to the develop-
ment of resistant wheat genotypes in the future.

Investigating and comprehending the mechanisms of necro-
trophic effectors on developing genetic interventions could in-
crease plant resistance to pathogens such as B. sorokiniana (Shao
et al., 2021). Mahdi et al. (2022) demonstrated how the collabo-
ration of the fungal root endophyte Serendipita vermifera and the
bacterial microbiota can offer synergistic protection against B.
sorokiniana in barley. This study also demonstrates that there is a
modulation of effector expression for both the pathogenic and en-
dophytic fungus. Additional research has unveiled that alternative
necrotrophic pathogens generate necrosis-inducing effectors to ex-
ploit resistance mechanisms, particularly in regard to other patho-
gens found in wheat and barley (Friesen et al., 2018; McDonald
et al., 2018; Navathe et al., 2020). The detection of a ToxA-like
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gene in the genome of three B. sorokiniana isolates responsible
for multiple wheat and barley diseases, sharing homology with
PtrToxA and SnToxA, was accomplished through genome analyses
(McDonald et al., 2018). Furthermore, isolates carrying ToxA genes
demonstrated increased virulence on Tsnl wheat genotypes based
on pathogenicity assays, implying that ToxA from B. sorokiniana
operates similarly to other ToxA effectors (McDonald et al., 2018).
The ToxA gene has also been found in the B. sorokiniana popula-
tion of south-central Texas. The prevalence of ToxA sensitivity in
winter wheat cultivars in the central and south central regions of
the United States suggests that B. sorokiniana isolates carrying the
ToxA gene may have a selective advantage (Friesen et al., 2018). B.
sorokiniana isolates that carry ToxA gene have also been reported to
be virulent towards wheat genotypes carrying the Tsn1 sensitivity
gene (Navathe et al., 2020). ToxA serves as an illustrative example of
a gene that can be acquired by various wheat pathogens to prompt
host susceptibility. Elimination of Tsn1 from wheat may provide a
route to improved disease control against B. sorokiniana isolates
that carry the ToxA gene. However, it is important to note that Tsn1
also provides resistance against other pathogens, so its elimination
may increase susceptibility to these pathogens. Mahdi et al. (2022)
and McDonald et al. (2018) conducted research on B. sorokiniana
in general, while Friesen et al. (2018) and Navathe et al. (2020) fo-
cused on spot blotch. It can be concluded that further research is
needed to determine the role of ToxA in susceptibility to CRR, as no
paper has focused on this disease.

Experiments in modified genes in wheat and barley have been
conducted. Germplasm derived from crossing Aegilops ovata with
T. aestivum, using Chinese Spring PFT Ib genetic stock and the cul-
tivar Leader, have reported improved resistance to CRR (Bailey
etal., 1995). Additionally, the GmPGIP3-expressing transgenic wheat
lines strongly increased the resistance to CRR in China, offering a
promising gene resource for enhancing wheat resistance to CRR
(Wang et al., 2015). Transgenic wheat lines expressing DmAMP1W
in vitro have been developed and also indicated improved resistance
to CRR (Su et al., 2020). Another experiment in China indicated
that stable transgenic expression of TaTLP1 (thaumatin-like protein)
increased the resistance against CRR in wheat (Cui et al., 2021).
Doubled-haploid lines with CRR resistance have been identified by
Arabi et al. (2021) in field experiments, which could be used to de-
velop high-yielding barley varieties with defence mechanisms that
might work in barley against both CRR and the leaf disease spot
blotch based on the results from seven promising resistant doubled-
haploid lines within the 40 lines tested. These experiments indicated
the resistance is quantitative and requires intensive resources and
funding to incorporate these sources of resistance into commercial
cultivars.

Resistant cultivars may help limit the growth of B. sorokiniana
in plant tissue, but it may not completely stop the pathogen from
colonizing the plant and therefore may not be used as the sole man-
agement tool (Liueroth et al., 1996). Despite this, genetic resistance
is still considered one of the most efficient and sustainable ways to
help manage root rot diseases (Qalavand et al., 2022). In Australia,

there is no primary research involving wheat genetic improvement
for CRR resistance. Although the development of transgenic resis-
tance to CRR is a promising approach, breeding CRR-resistant vari-
eties is deemed more viable and cost-effective in Australia, given the
limited acceptance of transgenic cultivars.

9.3 | Chemical control

There are currently no fungicide treatments registered for CRR in
Australia; however, significant research on chemical control has
been conducted internationally. Among the chemical control meth-
ods for CRR, seed treatment fungicides are one of the most common
methods of application. Presowing seed treatment with fungicides
such as mancozeb is an effective way to reduce seedling damage
by B. sorokiniana (Burlakoti et al., 2013; Giri et al., 2001: Sultana &
Rashid, 2012).

Generally, fungicides protect the root system from infection
and allow the plant to grow and develop within the protection
circle, remaining partially effective against CRR for an extended
period (Wei et al., 2020). The systemic fungicides triadimenol and
difenoconazole used as seed treatments significantly reduced the
incidence of CRR in barley and wheat plants, and increased yield
by 7% to 9% in field plots in North Dakota, United States (Stack
& McMullen, 1991). Imazalil seed treatment reduced the severity
index of CRR in barley from 76 to 66 in large-scale field trials in
Idaho, United States, but did not control the disease completely.
The fungicide Raxil (Bayer Crop Science) containing tebuconazole
was tested on seed in South Dakota, United States, and results indi-
cated that the fungicide increases seed germination and establish-
ment under pressure from B. sorokiniana but may not completely
inhibit disease development when the seed is contaminated with
pathogens (Kaur, 2016). In a 2-year field experiment in Hebei prov-
ince, China, Wei et al. (2020) found that 82.7% of wheat plants were
suppressed against CRR at the seedling stage and 68.5% at the adult
stage after seed treatment with fludioxonil + difenoconazole. Seed
treatment with demethylation inhibiting (DMI) systemic fungicides
partially controlled CRR; however, complete control was difficult
to achieve because infection occurs over a long period of the crop
lifecycle (Mathre et al., 2001).

Fungicide seed treatments that have been reported to offer
some control of CRR in wheat and barley are summarized in Table 2.
Multiple fungicide treatment formulations have been registered in
the United States and Canada. Different formulations are reported
to have varying levels of control of CRR (effective control > sup-
pression of the disease > moderate control). Suppression means
consistent control below the optimal level but still offers commer-
cial benefits (Syngenta Canada, 2022). When using products with
more than one active ingredient, the effectiveness of all ingredi-
ents can be combined for a relatively high level of disease control.
In Table 2, both difenoconazole and triticonazole, which belong
to the triazole group, are effective ingredients for suppressing
CRR in Canada and the United States (McMullen & Bradley, 2007;
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TABLE 2 Fungicide seed treatments for wheat and barley to control common root rot (CRR) in the United States, Canada and Australia.

Fungicide common
name Performance listed on the label

Carboxin + imazalil + Suppress CRR, wheat only

thiabendazole

Suppress CRR, for spring and winter
wheat only

Difenoconazole +
mefanoxam

Imazalil Suppress CRR in wheat and barley

Tebuconazole Moderate control of early season CRR

Tebuconazole + thiram
Triticonazole + thiram

Triticonazole Suppress CRR in wheat and barley

Tebuconazole + Suppress early CRR in wheat and barley

metalaxyl + imazalil

Triticonazole Moderate control of CRR

Metalaxyl + Suppress CRR in wheat and barley
pyraclostrobin +

triticonazole

Difenoconazole +
metalaxyl-M and
S-isomer

Suppress CRR in wheat and barley

Difenoconazole +
Metalaxyl-M and
S-isomer + sedaxane
+ fludioxonil

Suppress CRR in wheat and barley

Tebuconazole + Suppress CRR in wheat and barley

metalaxyl

Effective control of CRR for barley
seed treatments in laboratory
experiments

Carboxin + thiram

Syngenta Canada, 2023). While these products are registered for
use on wheat and barley in Australia, they are not registered for
controlling CRR. Based on the findings of four laboratory barley
experiments conducted by Platz et al. (1999), the most effective
seed treatments for controlling B. sorokiniana at the seedling stage
are 50 g thiram and 100 g carboxin per 100 kg barley seed. The
National Registration Authority granted an emergency use permit
in 1999 (Platz et al., 1999). Nevertheless, there is a lack of further
research conducted in either the greenhouse or the field to con-
firm its effectiveness. Since then, there have been no reported of-
ficial chemical formulations to address CRR treatment in Australia.

Potential groups of combined fungicides used for CRR treatment
were functional and promising in other countries; however, more
sound and stable combinations of chemicals need to be explored to
meet the standards of chemicals in Australia for wheat and barley.
Despite the growing importance of chemical fungicides for con-
trolling CRR, they might disturb the microbial balance, harming ben-
eficial microorganisms and resulting in pathogens that become more
resistant to chemicals (Yi et al., 2021). The effectiveness of chem-
icals is also unpredictably variable and not consistently effective
against B. sorokiniana (Kumar et al., 2002; Shcherbakova et al., 2018).
Thus, a different group of fungicides could be rotated or used in an

Country

Canada

USA and

Australia

References
USA Draper et al. (2000), McMullen et al. (2003)

Draper et al. (2000), Dyer et al. (2007), McMullen and
Bradley (2007), McMullen et al. (2003)

Draper et al. (2000), McMullen and Bradley (2007),
McMullen et al. (2003)

Draper et al. (2000), McMullen and Bradley (2007)

Draper et al. (2000), McMullen et al. (2003)

McMullen and Bradley (2007), McMullen et al. (2003)

McMullen and Bradley (2007)

McMullen and Bradley (2007), McMullen et al. (2003)

Peairs et al. (2012)

Dyer et al. (2007)

Syngenta Canada (2023)

Syngenta Canada (2022)

Bayer Crop Science (2009), Dyer et al. (2007), McMullen

Canada and Bradley (2007), McMullen et al. (2003)
Platz et al. (1999)

integrated disease management programme to suppress CRR and

avoid chemical resistance.

9.4 | Biological control

The lack of resistant varieties and the concern over environmentally
friendly fungicides to combat B. sorokiniana has prompted the need
and attention for alternative biological strategies (Kumar et al., 2002;
Yue et al., 2018). A key to preventing fungal growth and colonization
is delaying penetration, achieved by biochemical defence mecha-
nisms (Liueroth et al., 1996). Promising biocontrol techniques have
been tested to control CRR in wheat. Multiple antagonistic strains of
fungi and bacteria that are found effective in preventing B. sorokini-
ana are presented.

Salehpour et al. (2005) stated that all Trichoderma isolates tested
increased plant height, fresh and dry weight of roots and shoots of
wheat seedlings infected with B. sorokiniana. Trichoderma viride T112
was the most effective of the Trichoderma isolates for controlling
mycelial growth of B. sorokiniana in wheat grown in the glasshouse.
Eken and Yuen (2014) found the bacterial strain Lysobacter enzymo-
genes C3 alone or in combination with the fungal strain Rhizoctonia
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BNR-8-2 slowed B. sorokiniana growth in two wheat varieties grown
under greenhouse conditions. These authors concluded that these
microbes could potentially be produced as a commercial biological
control agent in the future.

Two spring wheat cultivars treated with purified mycelial ex-
tracts of a tomato wilt-controlling strain of Fusarium sambucinum
FS-94 before sowing decreased the incidence of CRR by 30%-
40% and the severity by 37%-50% in four growing seasons be-
tween 2013 and 2016 (Shcherbakova et al., 2018). F. sambucinum
FS-94 could act as non-fungitoxic wheat-protecting metabolites
(Shcherbakova et al., 2018). The effectiveness of the biological
agent actinobacterium Nocardiopsis dassonvillei in controlling CRR
in wheat was studied by Allali et al. (2019), who demonstrated
that the disease severity index in wheat decreased from 90.8%
to 27.7%. According to Yue et al. (2018), the biocontrol agent
Chaetomium globosum 22-10 is a potential antagonist and exhib-
ited growth inhibition of 66.7% in controlling B. sorokiniana in
wheat seeds on the Petri dish.

Bacteria strains of Bacillus species are abundant in soil and offer
high potential for biocontrol and development into commercial
products. Bacillus species have attracted more attention than other
genera (Miljakovi¢ et al., 2020; Shafi et al., 2017; Yi et al., 2021).
Harba et al. (2020) stated that the antagonistic effect of Bacillus
species could be a significant biological control agent to inhibit
radial growth of B. sorokiniana in vitro ranging from 59% to 92%,
compared to the untreated control. Among the Bacillus species, B.
amyloliquefaciens is known for its capacity to boost plant develop-
ment and combat various plant-related diseases in different crops
(Cheng et al., 2019; Miljakovi¢ et al., 2020). Strain XZ34-1 of B. am-
yloliquefaciens demonstrated high biocontrol efficacy of B. sorokin-
iana, inhibiting mycelial growth and spore emergence up to 78.2%
in wheat (Yi et al., 2021). Bacillus halotolerans Jk-25 also displayed a
strong antagonistic effect against B. sorokiniana and demonstrated
broad-spectrum biocontrol of pathogens under greenhouse condi-
tions (Kang et al., 2023).

More than 100 commercial Bacillus formulations have been regis-
tered in China for different crops (Cheng et al., 2019). Some effective
bacteria have been registered as bacterial pesticides for controlling
CRR on barley, for example, Bacillus subtilis IPM-215 in Russia and
Ukraine, B. subtilis BIM B-760D in Belarus and Pseudomonas flu-
orescens 7G, 7G2K, 17-2 in Russia (Gouli et al., 2020). If practical
and reliable formulations are readily available in Australia, combined
with chemical fungicides, biological agents may be an essential com-

ponent of controlling B. sorokiniana in the future.

10 | DISEASE DETECTION

The elimination of B. sorokiniana from a field in a short period of
time has not been demonstrated, as low levels of the fungus can
survive in the soil and infect plants throughout all growth stages.
Currently, there are no effective methods to control CRR at late
infection stages. When the crown and root system of the plant is

infected with B. sorokiniana, the pathogen has the capacity to spread
to broad areas, reducing productivity on a large scale and lowering
the quantity and quality of wheat and barley products. If early infec-
tion can be detected, it might allow growers to make whole-farm
decisions about crop variety, fertilizer and water applications, reduc-
ing the impact caused by CRR at the early stage. Early detection and
assessment of plant diseases are essential for the accurate visual es-
timation of the incidence, severity and adverse effects of diseases
on agricultural produce.

Identifying the non-distinctive symptoms of CRR relies on
removing plants from the ground and proper disease rating as-
sessment. The sampling procedures are crucial for the accurate
detection and estimation of pathogen levels in a host crop (Bock
et al., 2010). Generally, methods for determining and quantifying
CRRinclude traditional visual plant disease assessment, isolation of
the pathogen from plant tissues and potential remote sensing dis-
ease detection methods. Traditional plant disease assessment and
pathogen isolation require personnel with experience and training
in detecting plant diseases, which requires extensive time, labour
and capital (Mahlein, 2016). Therefore, traditional plant disease de-
tection may not be recommended for large-scale fields. Remote-
sensing technologies have been extensively tested for many years
for effective disease detection and quantification (Mahlein, 2016).
Automated, objective and reproducible detection systems such
as RGB imaging, multispectral sensors, thermography and chloro-
phyll fluorescence have demonstrated their potential for early in-
fection detection and measurement of plant diseases (Devi, 2021;
Mahlein, 2016).

Much of the literature on remote sensing is focused on disease
detection in visually distinct diseases, such as yellow rust, wheat
spike blast disease and powdery mildew, using multispectral and
hyperspectral sensors in wheat and barley with high accuracy at
mid to late infection stages. Yao et al. (2019) used the handheld
line-scanning hyperspectral sensor to achieve 92.1% accuracy in de-
tecting yellow rust of wheat at the asymptomatic and early infection
stages in a small laboratory leaf trial. Gongora-Canul et al. (2020)
achieved more than 70% accuracy and more than 80% precision in
quantification of wheat spike blast (Magnaporthe oryzae pathotype
Triticum) disease severity employing a multispectral camera installed
on an unmanned aerial vehicle, based on nongreen pixels from an-
thesis to late development stages. Behmann et al. (2018) were able
to detect powdery mildew (Podosphaera fusca) on barley leaves using
a handheld Specim 1Q hyperspectral camera at mid-late infection
with a small greenhouse canopy plot trial. From these articles, vi-
sual disease detection can be implemented and analysed with high
accuracy.

Unlike visual disease detection, soilborne diseases are more dif-
ficult to detect as symptoms are not easily seen by the naked eye
at the early infection stage. For soilborne disease detection, Wang
et al. (2020) presented an automated approach using MicaSense
cameras to distinguish cotton root rot (Phymatotrichopsis omniv-
ora) area and healthy plants with a total accuracy of 88.5% based
on slight yellowing or bronzing of the leaves and plant wilts.
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Hyperspectral imaging was used to identify charcoal rot disease
(Macrophomina phaseolina) with reddish-brown discolouration of the
vascular tissue, wilting and chlorosis symptoms at the later growth
stage (Nagasubramanian et al., 2019). They achieved a classification
accuracy of 95.73% on soybean crops affected with charcoal rot
using the hyperspectral sensor (Nagasubramanian et al., 2019). The
NIRscan Nano hyperspectral point sensor has been used in three
glasshouse and two field trials for early detection of the stubble-
borne disease crown rot (Fusarium pseudograminearum) in bread
wheat with accuracy up to 74% (Humpal et al., 2020). Additionally,
Alt et al. (2020) and Gurova et al. (2019) have published papers on
the remote sensing detection of B. sorokiniana in wheat. Both these
papers have been published in non-English journals, and it is not
clear if the papers refer to CRR or B. sorokiniana infections on leaves.
Gurova et al. (2019) reported variety resistance responses on wheat
seedlings infected with B. sorokiniana by analysing seven different
spectral indices from the multispectral spectrum. Alt et al. (2020)
demonstrated the use of the Specim IQ, a mobile hyperspectral
camera, to study wheat seedlings infected by B. sorokiniana. Sensing
techniques could be developed that focus on the subtle changes in
plants with CRR at the early infection stages, which have the po-
tential to inform farmers how widespread the disease is within a
paddock to assist with whole-farm management, alleviating losses
to CRR in winter cereals in the future.

Early detection and precise mapping of the spatial distribution
and severity of CRR are vital for growers to minimize the adverse
effects of CRR. Remote-sensing technologies using nondestructive
imaging or spectral techniques could potentially map and identify
existing plant disease caused by B. sorokiniana. To make the right de-
cisions at the right time, continuous monitoring of wheat and barley
crops is crucial to forecast disease evolution. Further development
could assist in developing pathogen/genetic resistance through phe-

notyping to provide management options for CRR in Australia.

ETEEEC) e L

11 | CRR RESEARCH FOCUS

CRR is re-emerging as a significant disease threatening wheat and
barley production in Australia and worldwide. Understanding what
opportunities are available to the wheat and barley industries to
manage and control CRR is significant. Quantities of articles on
Google Scholar on the subject of CRR in wheat or barley are pre-
sented in Figures 2-4 with a focus on the number of articles from
1970 to 2022, countries conducting the research and the research
topics between 2000 and 2022. The data presented in the fig-
ures are derived from searching for the terms ‘common root rot’ in
‘wheat’ or ‘barley’ only in the title and English abstract and content
from Google Scholar. The journal articles that included CRR caused
by B. sorokiniana as a section of a paper or those that focused on
B. sorokiniana as a pathogen of other diseases are not included.
Articles and reports in non-English languages from different coun-
tries are also not included. Additionally, papers on CRR in other
crops, such as oat and rye, are not represented in the data here.
Local government documents and media articles from around the
world are not included in the data as they are not academic papers
in Google Scholar.

Academic papers related to CRR have been published every year
between 1970 and 2022, although the numbers fluctuate from year
to year (Figure 2). The number of papers published from the 1980s to
1990s was the most frequent, indicating the significance of the dis-
ease during this time. Although the numbers of academic publications
after 2000 on Google Scholar are less frequent, researchers have
consistently been interested in CRR disease-related topics. The de-
cline in publications may indicate reduced funding available for CRR
research despite an indication that it is an ongoing issue, as reported
in a large number of official reports from local governments, media
articles and research papers from different countries (CPN, 2022;
DPIRD, 2015; Moore et al., 2005; Murray & Brennan, 2009a, 2009b;
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FIGURE 2 Number of articles
published on common root rot in wheat
and barley from 1970 to 2022. Data
source: Google Scholar. [Colour figure can
be viewed at wileyonlinelibrary.com]

Year

Method: Searched for common root rot in the title of the article, wheat or barley only, English
abstract and content only in Google Scholar.
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FIGURE 3 Number of articles published on common root rot in wheat and barley in different countries from 2000 to 2022. Data source:

Google Scholar. [Colour figure can be viewed at wileyonlinelibrary.com]

Syngenta Canada, 2022). This indicates that CRR remains prevalent
in wheat and barley paddocks worldwide.

Figure 3 shows that academic articles were published on CRRin 17
countries from around the world between 2000 and 2022, in which
China, the United States, Iran, Syria, Canada and Australia have more
articles published than other countries. This may correlate to how
frequently CRR appears in these countries. More academic papers
were published in Australia before 2000 (Conner et al., 1996; Diehl
et al., 1982; Piening et al., 1976; Purss, 1970; Van Leur et al., 1997,

Wildermuth, 1986; Wildermuth & McNamara, 1991), while more
media news and reports from local governments were issued after
2000 (CPN, 2022; DPIRD, 2015; Moore et al., 2005; Murray &
Brennan, 2009a, 2009b; Somes, 2018; Syngenta Canada, 2023). Fact
sheets about CRR are available and written by GRDC, New South
Wales and the Queensland government. At the time of manuscript
preparation, the Broad Acre Cropping Initiative (BACI), which is a col-
laboration between the Queensland government and the University
of Southern Queensland (UniSQ), was investing resources into a
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source: Google Scholar. [Colour figure can
be viewed at wileyonlinelibrary.com]
8
7

Number of articles
wn N

S

m Cultural control: variety
testing,transgenic
breeding and genetic
diversity

® Cultural control: crop
rotation

Cultural control: break
crop, fertilizer, stubble
management and soil
fumigation

m CRR importance and
impact: situation,
respose to CRR ,
distribution, disease
incidence and rating

3 |
m Chemical control
2
1
| m Biological control
0
S — A 0 T Vv Y - DO — AN N O~ — A
S S0 DD = = = = AA
e R e = I = R i e R e e e I — R e e e e R R N
L\ I ot B o I oS B o I o B o I o I o I o BN IS R I o I o B o I o\ NS IR S NS R S B o |

Year

Method: Searched for common root rot in the title of the article, wheat or barley only,
English abstract and content only in Google Scholar.

project aimed at determining the detection and impact of CRR in
Queensland winter cereals. This project was funded in response to
the rising levels of CRR detected in Queensland and the lack of infor-
mation available to growers to control losses to this disease.

Over the past 20years, more papers on the cultural control
strategies for CRR have been published than biological and chemical
controls (Figure 4). This may reflect that cultural control strategies
are perceived to be effective and applicable for combating CRR.
Many papers focus on variety testing and transgenic breeding in the
cultural control methods, highlighting the importance of breeding
new varieties resistant to CRR as an effective management tool.
Additionally, more studies have been conducted on discovering new
biological agents in the past decade, indicating biological control is a
current research trend. Chemical reactions on CRR seem to be less
of a focus for researchers in the past 15years. The reasons may in-
volve environmental issues, chemical resistance, chemical legislation

and financial constraints.

12 | CONCLUSIONS AND
RECOMMENDATIONS

When visual CRR symptoms appear in wheat and barley, it is usu-
ally too late to stop the disease because the root system is severely

damaged. Maintaining a clean field and testing the level of B. soro-
kiniana inoculum in the soil before planting can minimize the risk of
CRR. CRR can appear as early as the seedling and tillering stages
but becomes more evident after flowering with no distinct paddock
symptoms in most years. CRR can be seen to be more prevalent in
nitrogen-deficient paddocks; hence, ensuring adequate nitrogen in
the soil is vital.

Resistant varieties are not available to Australian growers as
a management tool. Therefore, large-scale screening of resistant
wheat germplasm is still essential for the development of an effec-
tive wheat breeding programme (Su et al., 2021). Transgenic wheat
derived from overexpression of pathogenesis-related genes in
breeding can be studied for improving resistance (Cui et al., 2021).
Developing novel disease management strategies involving host
resistance requires a deeper understanding of the signal transduc-
tion genes responsible for plant resistance (Alkan et al., 2022). Once
resistance genes have been detected and incorporated into wheat
and barley lines, several years are needed for the genes to be fixed
into the genetic background ready for field trials (Arabi et al., 2021).
Consequently, more investment is required as producing resistant
varieties requires a high cost in terms of time and capital.

Stubble burning has been shown to be an effective management
tool for CRR. This practice is not recommended for environmen-
tal reasons in the future, although stubble management practices
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remain important to reduce CRR. Fungicides are available interna-
tionally, albeit currently not in Australia. Registered fungicides may
be incorporated as a seed dressing before planting to improve the
overall health of the plant, based on the recommendation by the
manufacturer. Additionally, farmers face possibly increasing costs
involving fungicides and nutrient treatments to control CRR. Further
evaluation and repeated experiments are necessary to determine
whether the biological agents effectively manage CRR of wheat,
especially in commercial situations.

Understanding the levels of CRR inoculum present in a paddock
is crucial. Presowing DNA soil tests can be used to determine the
risk of CRR in each season (Simpfendorfer, 2020; Simpfendorfer
et al., 2011). Having this information can be of value in determin-
ing when to use disease-suppressive chemicals and inoculants in
order to achieve maximum effectiveness against CRR. Prevention
of high levels of disease is crucial based on empirical studies when
the paddock has a history of CRR recorded. In addition, combining
cultural methods, chemical control and biological control as an in-
tegrated disease management strategy will potentially reduce CRR
in wheat and barley. Early disease detection is also emphasized by
researchers to assist management of CRR. Due to the speed of data
collection and processing in real time, we expect that multispectral
and hyperspectral imaging are becoming indispensable aspects of
agricultural production. Objective and quantitative trials of remote
sensing technologies to analyse the incidence and severity of CRR

should be considered in the future.
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