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ABSTRACT

Cercospora sojina is the causal agent of frogeye leaf spot disease (FLS) in soybean. FLS
management is achieved by resistant varieties, crop rotation and fungicide applications. The use
of fungicides may result in the development of fungicide resistance, which has occurred within
C. sojina already to the Qol fungicide group. The goal of this project was to investigate any
additional loss of fungicide efficacy, using both field and laboratory trials, as well as to develop a
threshold for triggering fungicide applications based on inoculum detection using spore traps and
molecular tools. The fungicide efficacy of Topguard (Flutriafol), Domark (Tetraconazole),
Headline (Pyraclostrobin), and Topsin (Thiophanate-methyl), each applied at the beginning pod
growth stage, were evaluated in field trials at the UT AgResearch and Education Center at Milan,
between 2013 through 2019. A mycelium growth assay evaluated the fungicide sensitivity of
Tetraconazole, Thiophanate-methyl, and Flutriafol at the rates 0, 0.001, 0.01, 0.1, 1.0 and 10
ppm. The effective concentration to inhibit 50% mycelial growth was calculated. While overtime
C. sojina populations were not able to be managed with Pyraclostrobin, there was no loss of
sensitivity for Flutriafol, Tetraconazole, or Thiophanate-methyl based on field and laboratory
results. However, due to the risk of multiple resistance development, practices that reduce
selection pressure, such as fungicide application triggered by the number of spores present in the
environment, would be highly beneficial. Therefore, we evaluated (1) the frequency of collection
from spore traps: once a week and twice a week; (2) the relationship of detected inoculum and
disease development using weekly evaluations across five different locations; and (3) the
potential of using the number of spores as a threshold for fungicide application. The results

indicated that, once a week was the optimal frequency to collect spores and there was a strong
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positive correlation between the area under the disease progress curve and the area under the
spore progress curve. Additionally, the number of spores was efficient to trigger a fungicide
application in environments with high disease severity as well as save an application under low

disease pressure.
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FROGEYE LEAF SPOT

Cercospora sojina Hara is the causal agent of frogeye leaf spot (FLS). The
disease was first reported in 1915 in Japan and subsequently in 1924 in the United States
in South Carolina (Hartman et al., 2015; Melchers, 1925). Frogeye leaf spot (FLS) is
considered the third most damaging soybean disease in the United States, generating 30%
yield loss (Melchers, 1925; Westphal et al., 2006; Westphal & Gregory, 2010). Yield
suppression due to FLS in the U.S. was estimated to be 198.1 million kg in 2020 (Bradley
etal., 2021). Yield loss is caused by reduction in the photosynthetic area due to the
colonization of the fungi which develops lesions. When lesions cover about 30% of the
leaf area they cause defoliation and reduce seed weight and yield (Akem & Dashiell,
1994; Westphal & Gregory, 2010).

Disease symptoms

Frogeye leaf spot (FLS) lesions can affect leaves, pods and stems at any stage of
development, although most commonly occur during reproductive growth stages
(Hartman et al., 2015). Leaf lesions start as dark, water-soaked spots and as they develop
they become angular to circular with a light-brown to grey center surrounded by a dark
margin. On the abaxial surface, the formation of black conidia can be observed as hairy
embossments in the center of the lesions. As lesions age, they become dark brown,
translucent, and stop sporulating. Stem lesions are less common but they can appear later
in the season (Hartman et al., 2015). Differing in shape, from leaf lesions, stem lesions
are two- to four-times longer than they are wide. Young lesions are red or brown with a

dark-brown to black margin. As they develop, the center becomes pale. Clusters of
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conidia are formed in mature lesions. Pod lesions have a circular to elongated shape, and
appear to be sunken into the pod. Young lesions are reddish brown in color, and develop
into brown and light-gray lesions with a dark-brown border as they age. The mycelium
present in the pod has the ability to grow through the plant cell wall and reach the internal
area of the pod, infecting the seeds (Hartman et al., 2015). The seed coats of infected
seeds are generally dark-gray or brown in color, and may also be cracked. However,
infected seeds may be asymptomatic (Westphal & Gregory, 2010).
Causal organism

Cercospora sojina belongs to the kingdom fungi, the division ascomycota, the
class dothideomycetes, the order capnodiales, and the family mycosphaerellaceae.
Phylogenetic analysis of the internal transcribed spacer (ITS) region cluster all species of
the genus Cercospora together, but C. sojina was one of the few species that did not
produce cercosporin, the toxin produced by the majority of the genus (Goodwin et al.,
2001). The reproductive structures of the pathogen are conidia, which emerge on the tip
of light- to dark-brown conidiophores, that are organized in fascicles which arise from a
thin stroma (Hartman et al., 2015). Once the conidia are released, the conidiophore can
produce more conidia (Hartman et al., 2015; Lin & Kelly, 2018). Conidia are cylindrical
to fusiform in shape, divided by septa, and hyaline in coloration. They measure 6um-8um
by 40um-70um in size (Hartman et al., 2015)

Cercospora sojina is an important disease in Brazil, China, and the United States,
with different numbers of races being reported from each country. Twenty-two races

have been cataloged in Brazil, 15 in China, and 11 in the United States. The



pathogenicity ranged between countries due to the different varieties that are used to
perform such classifications (Gu et al., 2020). Further studies using isolates collected in
multiple countries categorized isolates across 11 races (Hartman et al., 2015; Mian et al.,
2008). However, standardization considering pathogen virulence was recently proposed
categorizing isolates into 5 pathogenicity groups (Mengistu et al., 2020).
Life Cycle

Initial inoculum can be produced from infected plant debris where the pathogen
overwintered, from seedlings that germinated from infected seeds, or from secondary
hosts such as Amaranthus spp. (Hartman et al., 2015; Zhang et al., 2014). Conidia are
then dispersed by wind or rain splash, and begin germination once they reach a
susceptible host and have conducive conditions. The germination process requires water
and temperatures of around 25-30°C. A single conidium can produce several germ tubes
(Hartman et al., 2015; Mian et al., 2008). After infecting new tissue, the pathogen can
take up to 2 weeks for sporulation to begin. However, under conducive weather
conditions with warm temperatures (25° to 30°C) and high relative humidity (>90%), this
period can be shortened to 48 hours (Mian et al., 2008). Cercospora sojina conidia are
non-motile, asexual spores, that are formed at the tip of conidiophores. Two to 25
conidiophores can be produced in a single FLS lesion and each conidiophore can produce
1 to 11 asexual conidia (Lehman, 1928). As new spores are produced, nearby leaves are
infected and start the cycle again until the end of the season, when the pathogen
overwinters (Cruz & Dorrance, 2009). The pathogen can produce multiple infectious

cycles during the season, characterizing the disease as polycyclic.



Disease management
Cercospora sojina is managed using integrated pest management (IPM)

techniques. IPM techniques aim to keep the density of a pest population under a given
threshold level by manipulating the host, pest, and environment. The economic threshold
refers to the density of pests in a population at which control actions need to be taken in
order to prevent economic losses in the crop system. The economic threshold takes into
consideration the economic injury level, which calculates the value of the crop loss that is
prevented and compares it to the cost of executing a control action. In order to calculate
the yield loss, it is necessary to identify the pest, to estimate the population density, and
estimate the level of damage caused by the pest (Norris & Kogan, 2003).

Establishing sampling techniques that identify and quantify the pest are essential
to the success of an IPM program (Norris & Kogan, 2003). One technique used in
monitoring FLS development in Tennessee is using a sentinel plot program, which
follows a sampling method in which 50 leaves from the field are randomly collected and
disease incidence and severity are assessed (Cochran, 2016). The most suitable sampling
method varies according to the pest, and should consider the pest’s biology and
dispersion. However, current sampling techniques are labor-intensive and do not
represent the condition of the entire field. Therefore, development of new disease
diagnostic techniques are essential to take the most appropriate control actions (Norris &
Kogan, 2003).

Control measures that manipulate the environment for C. sojina can include
eliminating or reducing the source of primary inoculum on plant debris. A field with

greater initial inoculum from plant debris can infect more plants and at an earlier growth
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stage, providing potential for a larger epidemic, that causes greater impact on yield (Cruz
& Dorrance, 2009). Therefore the source of inoculum can dictate the intensity of the
disease epidemic (Forcelini, 2009). Hence, as C. sojina overwinters in plant debris,
destruction of the debris is an important tactic in disease management. This can be
achieved by utilizing products that enhance decomposition, tillage (on landscapes that
allow it), and crop rotation (Hartman et al., 2015).

Manipulation of the plant host refers to genetic resistance, where the spread of
FLS is completely inhibited or has a reduced number of lesions and consequently, a
reduced number of spores. A lower quantity of spores also leads to a decrease in
epidemic development. Host resistance to C. sojina is being used and developed by
breeding programs. So far, Rcs 1, Rcs 2, and Rcs 3 genes are known to confer host
resistance (Hartman et al., 2015). The first gene discovered, Rcs 1, was able to confer
resistance to C. sojina race 1. Rcs 2 conferred resistance to race 2, and Rcs 3 provides
resistance to race 5 and all other known races in the U.S. (Mian et al., 2008). While
environment and host manipulation aim to create barriers for pest multiplication, pest
manipulation targets the pest directly with such practices as chemical control, which will

be discussed in more detail in the next section.



Chemical Control/Fungicides

The growing population and its migration to urban centers associated with higher
longevity, resulted in increased demand for food production during the 20" century. In
order to meet the production requirements, larger fields required to increase productivity
(Oliver & Hewitt, 2014). Greater crop yields have been obtained with the use of artificial
fertilizers, varieties bred for higher yield, and application of fungicides. The adoption of
these management practices were groundbreaking to agriculture development and led to a
boom in production referred as the Green Revolution (Evenson & Gollin, 2003).

The development of modern fungicides date back to 1860 with the development of
the Bordeaux mixture (Oliver & Hewitt, 2014). The Bordeaux mixture consisted of a
mixture of copper sulfate and calcium hydroxide (Norris & Kogan, 2003) and was first
developed to control grape downy mildew caused by Plasmopora viticola, an invasive
pest brought from North America to Europe on contaminated rootstock that were grafted
into French vines, in order to avoid Phylloxera (Daktulosphaira vitifoliae) infection
(Fontaine et al., 2013). Later this mixture showed to be effective against potato blight
(Phytophthora infestans) (Oliver & Hewitt, 2014). The development of the Bordeaux
mixture lead to further investigations on the spectra of fungi controlled by it, as well as
the cost, application rate, spray timing, and phytotoxicity of the mixture (Oliver &
Hewitt, 2014).

Advances in organic chemistry and pharmaceutical companies, followed by an
increase in market demand, all lead to the development of new fungicides. Between 1940

and 1970, organic antifungal components were developed that protected a broad spectrum



of hosts and most of these compounds were multisite inhibitors (i.e they simultaneously
inhibit a range of enzymes and cellular structures). An example of such a fungicide is
captan (Deising et al., 2008). Later on in the 1960s, systemic fungicides were developed.
Such substances usually inhibit a specific enzyme or metabolic route, and also penetrate
the cuticle and permeate the entire plant tissue (Deising et al., 2008). Examples of
fungicides released during this time belong to the chemical groups methyl benzimidazole
carbamate (MBC), demethylation inhibitors (DMI), and quinone outside inhibitors (Qol)
(Oliver & Hewitt, 2014). In addition, the newer molecules developed presented a higher
efficacy that resulted in lower application doses, increased specificities of action against
target organism, and had lower levels of toxicity, being safer to humans and the
environment (Brent, 2012). The regular use of fungicides in soybean production started in
2005 and was driven by an increase in soybean prices and the potential threat of Asian
soybean rust (Phakopsora pachyrhizi), a new introduced pathogen to U.S. soybean.
While Asian soybean rust did not become an issue in the main soybean production areas
in the U.S., fungicide applications resulted in profitability in controlling other diseases in
soybean and hence continues today (Mueller, 2013; Yang et al., 2008). There are five
labeled chemical groups that can manage C. sojina: Quinone Outside Inhibitors (Qol),
Demethylation Inhibitors (DMI), Succinate Dehydrogenase Inhibitors (SDHI), Methyl
Benzimidazole Carbamate (MBC), and chloronitriles (Cochran, 2016; Zuchelli et al.,
2020).

Fungicides are agents, of natural or synthetic origin, which act to protect plants

against invasion by fungi, or to eradicate established fungal infection. Fungicide



compounds can be classified in different classes according to the Fungicide Resistance
Action Committee (Oliver & Hewitt, 2014). The most common classifications are
according to the mode of action (MOA) (e.g. biosynthetic pathways inhibited in the plant
pathogen), target site, group name (i.e. based on the relatedness of the chemical
structure), chemical or biological group (according to the International Union of Pura
Applied Chemistry (IUPAC)), common name for an individual active ingredient
(proposed by the British Standards Institutions and International Standards
Organizations), role in protection, breadth of activity (single-site or multi-site), mobility,
and risk of resistance (McGrath, 2001).

Fungicide mobility is classified as:

- Systemic fungicides have the ability to move through the plant, in other words, the
ability of the plant to redistribute the active ingredient (a.i.) throughout the
tissues. The fungicide movement happens through two different pathways; 1)
apoplastic, when movement is through free water present in the intercellular
spaces, cell wall and xylem elements, therefore this is coordinated by diffusion
and transpiration; 2) symplastic, is the movement through the plasmodesmata
from one cell to another, where an a.i. is taken up and distributed by the phloem.
A fungicide’s ability to move through tissues is measured by its lipophilicity,
which is measured by the partition coefficient (Kow or log P) of a molecule
between an aqueous and non-aqueous phase, in other words, is the ability of a
molecule to dissolve in lipid substances, a higher level of Kow means that the a.i.

will have a higher affinity with lipids and lower movement in the plant cell, and



the opposite when an a.i. has a lower Kow (Oliver & Hewitt, 2014). Systemic
fungicides usually are more reliable because they can have curative and eradicant
abilities, higher level of efficacy, and a longer residual period. Systemic
fungicides are usually single-site mode of action, and therefore have a higher
potential risk of pathogen resistance, and include fungicides from the chemical
groups such as Qol, MBC, DMI and succinate dehydrogenase inhibitors (SDHI).
Fungicides (Kramer & Schirmer, 2007; Oliver & Hewitt, 2014).

- Non-systemic fungicides do not penetrate the plant, and reside on the surfaces of
foliage and fruit. Redistribution through the plant canopy occurs with a vapor
phase or rainfall, although that can also cause its degradation. Due to the lack of
movement of non-systemic products after application they require the use of
application methods that increase their coverage. Non-systemic compounds are
usually multi-site such as the chemical groups dithiocarbamates and chloronitriles
(Kramer & Schirmer, 2007; Oliver & Hewitt, 2014).

Fungicide activity is classified as:

- Protectant fungicide is the one that is applied before infection occur, in a
prophylactic way. These compounds act on early stages of fungal development,
inhibiting processes that start during spore germination, prior to the preliminary
penetration of host tissue. Examples of fungicides that act as protectants belong to

the group of SDHI, MBC, Qol, and Dithiocarbamate (Oliver & Hewitt, 2014).
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- Curative fungicides act during pathogen colonization of host tissues, before
symptoms appear, inhibiting the formation of haustoria. Compounds from the DMI

chemical group are curative fungicides (Oliver & Hewitt, 2014).

- Eradicant fungicides are compound that inhibit further colonization after disease
symptoms appear. For example, fungicides that have action against mycelial growth

of powdery mildew are considered eradicant fungicides (Oliver & Hewitt, 2014).

The Fungicide Resistance Action Committee (FRAC) classification of fungicides
mode of action includes ten major metabolisms/pathways that are inhibited: A) nucleic
acid metabolism; B) Cytoskeleton and motor protein; C) respiration; D) amino acid
and protein synthesis; E) single transduction; F) lipid synthesis or transport /
membrane integrity or function; G) sterol biosynthesis in membranes; H) cell wall
biosynthesis; 1) melanin synthesis in cell wall; U) Unknown (FRAC, 2021). Due to
extensive list of MOA, only the respective MOA groups of the fungicide chemical
groups SDHI, Qol, DMI, and MCB will be discussed, which include respiration (SDHI
and Qol), sterol biosynthesis in membranes (DMI), cytoskeleton and motor protein
(MBC), and chloronitriles; as these are the major compounds used to manage C.
sojina.

Fungicides used to control C. sojina that act in the cytoskeleton and motor protein

are classified as Methyl Bezimidazole Carbamates (MBC), which inhibit the formation of
the B-tubulin assembly during mitosis (FRAC, 2021). Microtubules are active in spindle

formation and the segregation of chromosomes, during the metaphase stage of cell
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division. As a result from the fungicide, the miotic spindle is distorted and replicated
nuclei fail to separate, resulting in cell death. This group of fungicides are protective,
systemic, and eradicant and encompasses active ingredients such as benomyl,
carbendazim, and Thiophanate-methyl (Erwin, 1973; Oliver & Hewitt, 2014).

The fungicides that inhibit respiration comprise two major site of action groups: the
Quinone Outside Inhibitors (Qol) and Succinate-dehydrogenase inhibitors (SDHI). Both
groups affect the production of ATP in different complexes of the electron transport
chain (ETC) in the mitochondria. The SDHI group acts in complex Il of ETC in the
mitochondria. Therefore inhibition on this complex leads to ATP starvation and release
of active oxygen 1 (Oliver & Hewitt, 2014). The majority of fungicides in this group act
as protective fungicides and have a systemic mobility (Krdmer & Schirmer, 2007) . This
group of fungicides include active ingredients such as bixafen, benzovindiflupyr,
fluxapyroxad, and fluopyram (FRAC, 2021).

The Qol group acts in complex Il in the mitochondria, binding the activity of the
quinol oxidation (Qo) site of the cytochrome b, which avoid electron transfer between
cytochrome b and cytochrome c, interrupting ATP synthesis (Balba, 2007; Bartlett et al.,
2002). This group of fungicides are systemic and work best as a protective fungicide, due
to its inhibition of spore germination, although it has eradicant activity against powdery
mildews. Qol active ingredients include, Pyraclostrobin, azoxystrobin, trifloxystrobin and
kresoxim-methyl (FRAC, 2021)

Compounds that inhibit the sterol biosynthesis in membranes are classified in the

group Demethylation Inhibitors (DMI) (FRAC, 2021). Sterols are important components
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of fungal cell membranes, ensuring maintenance of the membrane; their decrease cause
cell rupture and electrolyte leakage (Oliver & Hewitt, 2014). This group of fungicides is
systemic. Examples of active ingredients in this group are Flutriafol, difenoconazole,
tebuconazole, propiconazole.

Chloronitriles is the chemical group encompassing active ingredients such as
Chlorothalonil. This compound inhibits the glucose oxidation by replacing chlorine with
the sulfhydryl groups of glutathione and other low molecular weight thiols in cells
(Tillman et al., 1973). This group of fungicides is non-systemic. Such reactions
characterize this group as multi-site, since, it affects several metabolite pathways (Oliver
& Hewitt, 2014).

Fungicide resistance

The broad and continued use of single-site fungicides lead to selection of resistant
pathogen populations. After the release of the systemic single-site fungicides an increase
in reports of fungicide resistance was observed (Delp, 1988). Fungicide resistance is the
result of a population's evolutionary process as Darwin explained in his classic work On
the Origin of Species, living organisms present genetic variability such as mutations
(Brent, 2012). Because of mutations that reduce target affinity for the selective fungicide,
fungicides fail to control population variants (Delp, 1988). As a result, the fungicide is a
selective agent capable of eradicating the sensitive population while leaving the resistant
population alone to reproduce.

Although cases of resistance have increased exponentially since the 1970s (Oliver

& Hewitt, 2014), with development of single-site active ingredients, the first case of
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resistance were reported in the 1960s with the loss of efficacy of diphenyl and sodium on
Penicillium digitatum in lemon, hexachlorbenzene on Tilletia foetida in wheat, and
organomercurial on Pyrenophora avenae in oats (Brent, 2012; Delp, 1988). The two

types of fungicide resistance are:

- Qualitative resistance is a result of a mutation in a single gene, that results in complete
failure of the fungicide. Resistance cannot be overcome with the use of higher rates of
the fungicide (McGrath, 2001). With qualitative resistance, resistant individuals are
not affected by the fungicide and continue to reproduce, whereas the majority of wild-
type individuals are killed by the fungicide with only a few surviving, but they are
eventually eradicated by the consecutive use of the same molecule (Deising et al.,
2008). Examples of qualitative resistance have been reported as early as 1970, after
two years of the introduction of benomyl to control powdery mildew in cucumber,
which is a result of a single point mutation (Deising et al., 2008; Oliver & Hewitt,

2014).

- Quantitative resistance is a result of variations in several genes. The loss of efficiency
of fungicides usually occurs gradually and, in some situations, a resistant pathogen
population would be controlled with an increase in product rate. Although, with
continued use the increased rate will also become inefficient. Therefore it is possible to
observe a quantitative shift in the control rate of the population becoming resistant
(McGrath, 2001). Some of the known mechanisms behind quantitative resistance
include: reduction of the lethal concentration of fungicide from the intracellular space

by synthesis of efflux transporter that secrete molecules to the extracellular space,
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modification of plasma membrane reducing the fungicide permeability, synthesis of
enzymes that degrade fungicide molecules, and overexpression of the gene encoding
the fungicide target or utilization of alternative metabolic pathways (Deising et al.,
2008). An example of quantitative fungicide resistance is the multiple mutations in the
CYP51 gene that lead to DMI resistance.

Specific mutations in fungi are known and usually the same mutation across
multiple pathogens result in qualitative resistance to MBC, Qol, and SDHI groups. For
MBC resistance the mutation alters the amino acid sequence in the B tubulin gene, as
shown in codons 6, 50, 165, 198, 200, 241, and 257 in multiple pathogens (Yang et al.,
2008). Resistance to the MBC chemical group has been reported in Cercospora beticola,
Cercopsora kikuchii, Corynespora cassiicola, Fusarium graminearum, Sclerotinia
sclerotiorum, and Fusarium asiaticum (Avozani et al., 2014; Liu et al., 2019; Price Il et
al., 2015; Trkulja et al., 2017; Xavier et al., 2013; Yang et al., 2018; Zhu et al., 2016).
Qol resistance is conferred by a single point mutation, with three mutations known for
conferring the majority of resistance G143A (glycine to alanine at position 143), G137R
(glycine to arginine at position 137), and F129L (m phenylalanine to leucine at position
129). Although other mutations in codons 256, 275, and 292, in the cyt b have also been
reported to confer resistance (Bartlett et al., 2002; Forcelini et al., 2016; Trkulja et al.,
2017). Resistance to this chemical group was reported in Erysiphe graminis two years
after its introduction (Bartlett et al., 2002; Gisi et al., 2002; Rondon & Lawrence, 2019;
Sierotzki et al., 2000). Other pathogens, such as Botrytis cinera, Colletotrihcum

acutatum, Corynespora cassicola, Phytophthora cactorum, Cercospora kikuchii, and
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Erysiphe graminis, have also been reported as resistant to Qol fungicides due to the point
mutation G143A, which is characterized by a qualitative mutation that leads to complete
failure of the fungicide (Forcelini et al., 2016; Price et al., 2015; Rondon & Lawrence,
2019; Seijo et al., 2016; Sierotzki et al., 2000).

Resistance to the Qol group was also reported in C. sojina in Tennessee in 2010
from a commercial field (Zhang et al., 2012). Currently, Qol resistance in C. sojina has
spread over 15 states (Febina M. Mathew et al., 2019; Zhang et al., 2018). Qol resistance
is caused by a single point mutation in the cytochrome b region of the mitochondria,
where the amino acid codon GGT is replaced by GCT, resulting in the substitution for the
mutation G143A. Cercospora sojina G143A mutation has been characterized as having
heteroplasmy, which means that the resistance mutation may not be expressed in all the
mitochondria of the organism, therefore different percentages of the G143A substitutions
can be present in an isolate. However, it only takes >25% of the spore population to be
resistant for observe Qol fungicide failure in controlling C. sojina (unpublished data).

Resistance to the group of SDHI fungicides has been reported in Corynesporium
cassiicola, Alternaria alternata, and Botrytis cinera (Rondon & Lawrence, 2019; Yang et
al., 2015; Zuniga et al., 2020). However, further studies were able to identify the lack of
cross resistance (resistance to active ingredients of the same group of fungicides) with
pyridinyl-ethil-benzamide and fluopyram in A. alternata, suggesting diverse resistance

mechanisms to different SDHI compounds (Hollomon & Thind, 2012). Although cross

resistance was observed for bixafen, benzovindiflupyr, and fluxapyroxad as a result of
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the I186F mutation present in populations of Phakopsora pachyrhizi in Brazil (Mller et
al., 2021).

The use of chemical control in C. sojina can reduce the number of individuals in
the population and hence the infection process. Fungicides are usually applied in soybean
production systems between reproductive growth stage R2 and R5, full bloom and
beginning seed development, respectively (Kelly, 2016).

Even though Qol fungicide-resistant populations of C. sojina are broadly
distributed across the U.S., Qol fungicides are still sprayed in soybean fields due to their
efficacy on other pathogens such as C. cassiicola and S. glycines. However, the Qol
active ingredients are applied in a mixture with other active ingredients from different
chemical groups (Zuchelli et al., 2020). Overcoming fungicide resistance requires the use
of techniques that re-establish disease control, such as enhancements in IPM practices,
which could include creation of disease forecast systems using assessment of disease risk

and imagery systems that help identify disease and assist timing of fungicide application.

Spore Trapping
Air currents are responsible for moving particles such as dust, pollen, plant
fragments, and spores (Mahaffee & Stoll, 2016). Spores are the reproductive structures of
fungal pathogens. Once they reach tissue, they can infect the host plant and begin disease
development that results in the production of more spores that are dispersed and infect
new plants, resulting in additional disease cycles (Heard & West, 2014). The dispersion
of airborne spores is an important component in understanding plant disease outbreaks

and their spatiotemporal distribution.
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Disease epidemics have been associated with wind since ancient times. In
Sumerian mythology, the god Pazuzu would protect people and crops from wind demons
that would spread disease with fiery breath. The Egyptians also believed that disease was
caused by demons carried in the air (c. 1570 BCE). Other cultures, such as Indian,
Chinese, and Roman, also considered that disease was associated with air as an effect of
mysticism. Although it was not until later that Micheli, Leeuwenhoek, and Pauster had
considered the existence of living organisms in the air (Mahaffee & Stoll, 2016).

Airborne disease dissemination studies began early in the 20th century, and until
recent years, it was a major approach used to understanding disease spread. Now it is
possible to track the dispersion of Puccicnia graminis f.sp. tritici through Africa and its
migration to Yemen and Iran. Also, Phakopsora pachyrizi spores were found to have
been carried from South America into the United States by hurricane Ivan (Schmale Il &
Ross, 2015).

Knowledge of disease dispersion patterns is fundamental for the understanding
and management of disease epidemics (Carisse et al., 2008). For example, to avoid host
infection during critical stages of development, one might be able to delay the sowing
date based on monitoring population fluctuations. Furthermore, this can allow us to
forecast disease developments that trigger pesticide applications (West et al., 2017). The
use of spore concentrations to indicate the need for fungicide application has been studied
in numerous pathogens, such as Erysiphe necator, Alternaria solani, and Botrytis

squamosa (Carisse et al., 2009; Carisse et al., 2005; Thiessen et al., 2017). Besides this,
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new diagnostic methods now enable us to monitor changes in genetic traits that indicate

fungicide resistance and race structure (Miles et al., 2021; Ward et al., 2004).

Spore Dispersion
The spore is an important component of disease epidemics; however, how well

spores spread and reproduce is a result of the interactions between the host, pathogen, and
environment. Therefore factors such as rainfall, atmospheric turbulence, wind patterns,
and UV radiation impact the development of epidemics (Schmale 111 & Ross, 2015), in
all stages of the spore dispersion (liberation, drift/dissemination and deposition)
(Mahaffee & Stoll, 2016).

Liberation: Liberation is the process of spore production in the plant where the
spore is released from the host. Therefore, environmental and ecological factors dictate
the timing and mechanism of release of the spore from the host plant. According to
Manhaffen & Stoll (2016), the liberation process is divided in two different segments.
The first covers the relationship between plant pathogen and host, while the second deals
with the mechanism of release from the host canopy.

The pathogen interaction with the host starts with infection and goes on until
sporulation. These processes are affected by temperature, relative humidity, and
radiation, and these same events impact the plant and pathogen development. Host
characteristics such as leaf architecture and growth stage also affect the disease
development. Plants in the reproductive growth stage are usually more susceptible to
disease. The interaction between host and plant pathogen are also influenced by canopy

architecture and leaf phenology. Environmental effects result in changes in sunlight
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reception, which consequently changes leaf photosynthesis, temperature, and the relations
of source and sink between host resistance to the pathogen. Such factors affect the rate of
sporulation, and subsequently, disease spread/dissemination (Mahaffee & Stoll, 2016).

After spores are created by the host, they must be released or carried out from the
host surface. Pathogens can have structures where spores are stored and are
released/triggered due to a climatic event such as moisture and vapor pressure deficit, as
seen in Phytophthora species where sporangia only releases zoospores in the presence of
water. Other pathogens, such as powdery mildew, rusts, and C. sojina, produce spores on
an open surface that passively releases them, through the force of the wind. Therefore,
this process is affected by the locations of the spores in the canopy, the canopy
architecture, spore morphology, weather conditions, and landscape heterogeneity
(Mahaffee & Stoll, 2016).

Drift / Dissemination: When spores exit the leaf boundary layer, they will either
be deposited in the immediate vicinity of the infection site, or they will escape the plant
canopy and become available for transport. Spore transport can be classified by the scale
/ dispersion distance needed to reach a target. (farm scale / regional scale / continental
scale).

e The spore production can be considered farm scale when they are spread from the
source of inoculum (water, soil, residues, seeds, or infested plant materials), by
wind or rain across a field. Spores that spread over a farm scale reach lower

altitudes such as the surface boundary layer of the atmosphere (1 to 50m)
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generally less than 50-m thick during turbulent conditions (Schmale 111 & Ross,

2015).

e Regional scale: infected fields produce a larger number of spores that reach the
planetary boundary of the atmosphere (50m to 3km). Spores on higher altitudes
are carried over the wind through highways in the sky and are spread over
thousands of meters, disseminating them across counties and even state
boundaries. Besides the wind and rainfall, UAV radiation can also be a factor that
impacts spore spread, reducing the number of viable spores. (Schmale 111 & Ross,
2015).

o Continental Scale: The continental scale makes references to spores that are
carried out over thousands of kilometers, making pathogen epidemics move
between continents. Dissemination between continents is a concern because it can
introduce new pests that are invasive to the environment and production systems
(biosecurity). However, characteristics regarding the movement of spores in a
continental scale requires a transdisciplinary mix to understand the dynamic
structure of the atmosphere movement (Schmale 111 & Ross, 2015).

Models that predict spore dispersion are categorized according to the scale of the
dispersion studied, as there are factors that impact dispersion depending on the location in
the atmosphere.

Deposition: the process of deposition marks the end of the dispersion cycle, when
spores leave the air current and land on a surface. Spores are deposited by a wet or dry

mechanism. In the wet deposition, spores are carried in water droplets to the contact
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point. Dry deposition has the effect of gravity acting on the spore until it reaches the leaf
surface. Both of these processes have to take leaf architecture into consideration

(Schmale 111 & Ross, 2015).

Spore trap design
Spores are trapped during deposition, and there are a number of designs used with

different mechanisms to capture spores. One model waits for the deposition of the spores
on surfaces such as cylinders, slides, or petri dishes. However, this method has not been
effective at representing the true concentration of spores(Mahaffee & Stoll, 2016).
Therefore, wind tunnels were developed in order to obtain a volumetric measure
(Gregory, 1945). Currently, spore samplers can be divided between active and passive
samplers.

Passive sampler depends on gravity and wind to collect spores on surfaces, such
as a plant leaf, petri dishes, funnels, or coated artificial substrates (Gregory, 1945;
Mahaffee & Stoll, 2016). Due to the spores depositing with the force of gravity and/or
wind, these trap designs are usually very inexpensive, although they are very variable in
the air mass that they sample due to collection efficacy dependent on air movement over
the surface and its orientation to the direction of air movement. This method does not
need power and is low cost, but for quantitative assessments needs the combination of
weather monitoring equipment to determine the quantity of air sampled and considerable

post-collection analysis (Mahaffee & Stoll, 2016).
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Active sampling, also known as volumetric sampling, uses a mechanical
mechanism to deposit the spores into a matrix. These samplers are classified according to
the process used to capture spores:

Impaction - the collection surface moves through the air mass (e.g. unmanned
aerial vehicle).

Suction - creates inertia needed to capture particles onto the collection surface. It
can be classified in silt (causes impaction by accelerating and turning air just before a
collection surface, which causes captured particles to lodge onto the collection surface,
e.g. Burkard and Air-O-Cell), cascade (similar physics to the last one, but uses multiple
stages to separate particles into size classes), filter (sampler pulls air through a porous
matrix that captures the particles), vortex (generates an air vortex that causes the particles
to be centrifugally deposited on vessel walls, or onto the bottom, e.g. Biogardian), and
electrostatic charger.

Spore analysis

Subsequent to their capture, spores must be identified. The traditional method for
identification and quantification of spores relies on observation of the morphology
(shape, size, septate) of the spore. However this method can lead to incorrect
identification as authors have reported difficulty on identifying certain species (Grant
1945), which makes this process labor intensive, time consuming, and inefficient (Lei et
al., 2018). Methods to detect airborne spores of plant pathogens are becoming
increasingly feasible due to advances in DNA-based diagnostics, antibody-based

diagnostics, biosensors. Diagnostic methods that can be used to detect and identify spores
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include fluorescence and image analysis methods, DNA-based methods (PCR, qPCR,
isothermal DNA amplification, and next generation sequencing), antibody-based methods
(fluorescence microscopy and resonance imaging, ELISA, lateral flow devices, and
biosensors), and biomarker-based methods (volatile or particle toxins or other metabolites
by electrochemical biosensor).

The new advances in image analysis have enabled the ability of softwares to
identify and quantify spores. Lei et al. (2018) developed an approach that automatically
detect and count urediniospores of Puccinia striiformis f.sp tritici based on their shape
factor and area.

The advances in molecular biology in whole genome sequencing has enabled the
development of specific primers and probes, which has also enabled the use of nucleic
acid analysis in order to identify pathogen species from airborne spores. New
developments in these techniques employed on spore identification include
immunological testing, nucleic acid analysis, and isothermal amplification (Heard &
West, 2014).

Immunological-Based/Antibodies-based techniques: antibodies are molecules
produced in the immune system of mammals in response to an invading organism or
substance (Ward et al., 2004). The use of antibodies in plant pathogen diagnostics is
possible due to the ability of pathogens to bind into species specific cell surface
fragments, antigens, or whole cell substrates (Heard & West, 2014).The use of this

method is inexpensive and rapid, although its reliability is debatable due to high rates of
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false positives (Mahaffee, 2014) An example of an antibody test is an enzyme-linked
immunosorbent assay (ELISA).

The presence of antibodies, antigens, or enzymes are also used in biosensors to
diagnose plant pathogens. Biosensors are analytical devices that read biological responses
and translate them into electrical signals. The components of a biosensor include a
bioreceptor that is integrated with a physicochemical transducer, which together produce
an analytical signal that can be measured. In the presence of an antigen, antibody, or
enzyme, a change in the light-pathway or electrical conductance is read as a biological
response for the presence of the target organism (Heard & West, 2014).

Nucleic acid/DNA Based tests: These methodologies are usually more sensitive
and specific, although they are labor intensive and expensive (Tomlinson & Boonham
2008). DNA based methods include techniques such as polymerase chain reaction (PCR),
quantitative PCR (gPCR), isothermal DNA, and genome sequencing (Heard & West,
2014).

PCR tests consist in the production of an amplicon, a fragmented area of the DNA
that has been replicated several times in order for it to be read. In order to perform such
tests, there is a need for specific primers that can identify the organism species. In order
to perform quantification on the amount of DNA, real-time PCR or quantitative PCR
(gPCR) is performed which requires a probe that produces a fluorescent signal at the end
of each cycle, which enables quantification of the amount of DNA or RNA present in the
reaction, by comparing it to a standard curve (Heard & West, 2014). The accuracy and

the sensitivity of a qPCR can be affected by the quality of the nucleic acid, the fragment
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size resulting from the lysis, and the presence of inhibitors. Inhibitors are very common
in air samples collected from the environment and inhibitors can prevent DNA
amplification. The presence of inhibitors in a sample can change according to the time of
the year, and can be due to the pollen, pesticide applications, spider webs and insects
(Mahaffee & Stoll, 2016).

Isothermal DNA amplification assays are categorized in five different methods
(Mahaffee, 2014). However, the loop-mediated isothermal amplification (LAMP) has
been extensively used for pathogen detection (Hansen et al., 2016; Mahaffee, 2014;
Thiessen et al., 2016). This method uses enzymes to denature double stranded DNA and
amplifies it using a set of primers to the same target region. As the denaturation process
does not require a heat treatment to perform this technique, the equipment used is
lightweight and has lower power requirements. While it has been shown to be less
sensitive to PCR inhibitors, it is not able to detect as low amounts of nucleotides as qPCR
tests (Heard & West, 2014; Mahaffee, 2014)

Genomic sequencing is a technique used to identify unknown organisms (Heard
& West, 2014). It requires the use of primers to amplify a target gene with a universal
primer, followed by sequencing and its comparison to other organism sequences,
identification is based on the similarity to other organisms’ sequences. The most common
sequence technique is Sanger sequence, although new sequencing techniques have been
developed such as next generation sequencing which use methodologies such as Illumina

and Fluorophore (Capote et al., 2012).
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Electrochemical biosensors: this methodology is based on enzymatic reactions that
produce electrons that are read by a sensor. The most known practical use of this method
is the glucose biosensor system. The sensor can be classified according to whether the
observed factor is amperometric, potentiometric, impedimetric, and condumetric (Heard
& West, 2014).

In order to further develop FLS control practices, fungicide efficacy in field and
laboratory trials were examine in order to understand the dynamics in the FLS
management. In addition, we created sampling methodologies to quantify the number of
spores in the environment using gPCR in order to better understand disease epidemics

and assess inoculum pressure to better time a fungicide application.
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Figure 10: Passive spore trap design showing mounted 45° angle slide that was coated with a
thin layer of petroleum jelly to capture spores.
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Figure 11: Average amount of spores recovered across locations in seasons 2016 (A) and
2017 (B).
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Figure 12: Disease incidence (green bar, primary y-axis) and severity (gray bar, primary
y-axis) of frog eye leaf spot; weakly average temperature (square symbol, primary y-axis)
and cumulative precipitation (diamond symbol, primary y-axis), and weakly number of
spores recovered (blue line, secondary y-axis) plotted over time (x-axis) during the
season 2016 at A) Franklin County, B) Jefferson County, C) Fayette County, and D)
Weakly County
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Figure 12: Continued
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Figure 13: Disease incidence (green bar, primary y-axis) and severity (gray bar, primary
y-axis) of frog eye leaf spot; weakly average temperature (square symbol, primary y-axis)
and cumulative precipitation (diamond symbol, primary y-axis), and weakly number of
spores recovered (blue line, secondary y-axis) plotted over time (x-axis) during the season
2016 at A) Franklin County, B) Jefferson County, C) Fayette County, D) Gibson County.
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Figure 13: Continued.
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