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Abstract
Sweet cherries are economically important crops in British Columbia; however, they are
highly susceptible to postharvest disease and subsequent crop loss. Understanding the local
fungal pathogens responsible for crop loss is important in mitigating disease. The major
postharvest pathogens of sweet cherry in the Okanagan were determined to be Alternaria spp.
and Botrytis cinerea. A novel duplex droplet digital PCR (ddPCR) assay was developed to
concurrently detect pathogens. Isolates of each pathogen were collected from Okanagan cherry
orchards and analyzed for resistance to the fungicides Pristine (a.i. boscalid and pyraclostrobin)
and Elevate (a.i. fenhexamid) at commercial concentrations. Alternaria isolates were resistant to
both fungicides. B. cinerea isolates were resistant to Pristine, and half were resistant to Elevate.
Spore pathogenicity was assessed on Staccato and Sentennial cherries at 4 and 22 °C. As few as
25 spores of each pathogen were able to cause infection at 4 and 22 °C. The pathogens were able
to cause disease at low spore concentration and at the low temperatures used for storage and
shipment. During the 2017 growing season, both pathogens were present at bud break. Most
orchards showed a significant increase in pathogen quantity at harvest compared to other growth
stages, suggesting that disease mitigation may be most important right before harvest. The role
of growing degree days (GDD), rain events and fungicide application on pathogen quantity was
assessed using linear mixed effects models with multi-model inference and model averaging.
The models showed that GDD only had an impact on the quantity of Alternaria spp., and rain
events had an impact on both pathogen quantities. Postharvest disease incidence on Staccato was
negatively correlated to GDD, and was significantly greater in the South compared to the North
for both pathogens. Lastly, pathogen quantity at harvest was not correlated to disease incidence
on sweet cherry after 6 weeks in cold storage. The data in the study can be used in future
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research as a basis for disease prediction models. It can also be used by growers to develop
locally targeted disease mitigation practices including alternative methods to fungicides, or
screening fungi for resistance.
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Lay Summary
Produce is susceptible to rot caused by fungal pathogens. Rot of produce has major
economic impacts that affects growers, shippers and consumers. To combat rot, fungicides are
used; however public concern about their health and environmental safety, along with the
development of resistance by the fungi, have led to the need for other control methods. One
method is to use disease prediction models to decrease the use of fungicides by only applying
them when disease risk is high. These models require deep understanding of the fungus, plant
and environment. Of the pathogenic fungal isolates tested, all of the Alternaria spp. and some of
the Botrytis cinerea were resistant to fungicides. Quantities of both pathogens were related to
sweet cherry growth stage (quantity was higher at harvest), and to rain events during the growing
season in the Okanagan. These data can be used in future research to develop prediction models.
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Chapter 1: Introduction and Literature Review
1.1

Introduction
Sweet cherries, an economically important crop in British Columbia, are distributed locally

and overseas. As of 2016, 1,449 hectares in B.C. produced 14,941 tonnes of sweet cherry (BC
Ministry of Agriculture 2018). Sweet cherries currently account for roughly 22 % of the land in
tree fruits (BC Ministry of Agriculture 2014). British Columbia’s cherry exports totaled $81
million in 2017, with the top export markets being the United States, China and Hong Kong (BC
Ministry of Agriculture 2017). Although shipping overseas represents a large profit for B.C.
cherry growers, shipment from Canada to countries such as China can take up to six weeks,
providing ample time for postharvest disease to develop, which can result in significant crop
loss. Postharvest fungal pathogens of sweet cherry include: Botrytis, Alternaria, Rhizopus,
Monilinia, Mucor and Penicillium.
Currently, fungicides are used to mitigate disease; however, despite fungicide application in
2015, many Okanagan cherry growers had a reduction in marketable fruit in their overseas
cherry shipments due to postharvest disease1. Increasing fungal resistance to fungicides may be
to blame, and therefore other strategies for disease management, such as disease prediction
models, are urgently needed.
Development of a disease prediction model requires understanding of the characteristics of
the local fungal pathogens and their presence in relation to weather events. My thesis is focused
on understanding the characteristics of the local pathogens and determining if their presence is
correlated with weather events during the growing season.
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1.2

Literature Review

1.2.1

The Preharvest and Postharvest Systems and Disease

The pre- and post-harvest system consists of pathogenic fungi or fungal spores that infect
fruit during development, harvest or storage. Once harvested, the fruits are placed in cold storage
(on-land facilities or on ships) for varying periods of time up to six weeks. Fungi can penetrate
into the host tissue and remain dormant until after harvest when host physiological changes allow
for renewed growth (Barkai-Golan 2001). These types of infections are termed ‘quiescent’ or
‘latent’ infections (Barkai-Golan 2001).
Many postharvest fungal pathogens are capable of growing at temperatures as low as 0 °C,
making them a serious issue for fruit in storage (Dutot et al. 2013). However, the ability of these
microorganisms to successfully cause disease depends on a number of factors: the organism, the
host and the environment (Tian 2007). Understanding the pathogenic organism, the host and
favourable/unfavourable environmental conditions for both is important in developing strategies
to control preharvest and postharvest disease in an effective manner (Tian 2007).
1.2.2

Pathogens of Stone Fruit
In British Columbia, the most common causes of postharvest disease of stone fruit are:

Monilinia spp. (brown rot), Botrytis cinerea (grey mold), Alternaria spp. (alternaria rot),
Rhizopus stolonifer (rhizopus rot), Penicillium expansum (blue mold) and Mucor piriformis
(mucor rot) (BC Tree Fruit Production; Barkai-Golan 2001). Based on the postharvest decay of
sweet cherries from various Okanagan orchards in 2016, the ascomycetes B. cinerea and
Alternaria spp. were identified as the major postharvest pathogens in this region (Chapter 3).

2

1.2.2.1

Botrytis

1.2.2.1.1

Introduction

The necrotrophic fungal pathogens belonging to the genus Botrytis are responsible for
postharvest losses of many economically important horticultural crops. Most species only infect
a narrow range of hosts, except for B. cinerea, which has a wide host range (Williamson et al.
2007; Nakajima and Akutsu 2014; Elad et al. 2016). B. cinerea causes gray mold in over 200
plants species, including most fruit crops. It can attack many plant organs, leading to heavy loss
after harvest (Elad et al. 2016). The species of this genus are ubiquitous in nature, occurring
everywhere their hosts grow. Mycelium growth and conidiation occur under a large range of
microclimates, posing disease management problems worldwide (Elad et al. 2007).
1.2.2.1.2

Life cycle

The life cycle of Botrytis species can include asexual and sexual stages; however, the
sexual stage is not commonly seen in nature (Frances and Grant-Downton 2016). The
generalized life cycle includes the following: (a) a vegetative stage in which mycelium produces
asexual conidia (macroconidia), (b) an overwintering stage in which sclerotia are produced, and
(c) a sexual stage in which microconidia are produced (Beever and Weeds 2007; Frances and
Grant-Downton 2016).
Most species produce numerous asexual conidia that are borne at the tips of branching
conidiophores (Frances and Grant-Downton 2016). Conidia are short-lived, with their survival
time depending on environmental parameters such as temperature, moisture, sunlight and
microbial activity (Holz et al. 2007; Frances and Grant-Downton 2016).
Sclerotia are melanized resting bodies that are resistant to adverse environmental
conditions. Upon exposure to favourable conditions the sclerotia germinate to produce mycelium
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and conidia (Holz et al. 2007; Frances and Grant-Downton 2016). It is thought that Botrytis
infections that occur early in the season are caused by sclerotia (Williamson et al. 2007; Frances
and Grant-Downton 2016). Botrytis spp. can also produce hyaline structures called
chlamydospores, which can survive in dry conditions for up to three months (Frances and GrantDownton 2016). Upon exposure to favourable conditions they germinate to produce mycelium.
Therefore, chlamydospores serve as short-term survival structures that help the fungus survive
during short periods of adverse conditions on the host surface. (Holz et al. 2007; Frances and
Grant-Downton 2016).
The sexual stage of Botrytis spp. is also known as Botryotinia spp. (Frances and GrantDownton 2016). It involves the production of microconidia, that are produced from
macroconidia or formed within mature hyphae, which act as spermatia (Holz et al. 2007; Frances
and Grant-Downton 2016). Spermatia fertilize receptive sclerotial structures, inducing the
production of apothecia, where asci and ascospores are generated (Frances and Grant-Downton
2016). Botrytis spp. are heterothallic, meaning ascospores can only be produced when both
mating types are present (Frances and Grant-Downton 2016).
1.2.2.1.3

Inoculum dispersal

The common methods of dispersal for Botrytis spp. are transmission of conidia via: air
currents, water splash, insects, and agricultural machinery, with air dispersal being the most
common (Frances and Grant-Downton 2016). There are several factors that affect air
transmission: a viable and productive inoculum source, frequency/duration of wetness events,
and temperature. Hence, field environmental conditions have a large impact on fungal propagule
production and dispersal (Holz et al. 2007).
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Release of conidia in Botrytis spp. is caused by changes in relative humidity that result in
twisting of the condiophore and ejection by mechanical shock (Holz et al. 2007). Wind and water
splash provide the force for the mechanical shock. Rain may also function in dispersal by
providing impact that dislodges dry conidia from the host surface, or by carrying conidia on or
within the water droplet (Holz et al. 2007). After liberation, the conidia are transported until they
deposit either due to gravity or impaction (Holz et al. 2007).
1.2.2.1.4

Infection process

B. cinerea is an opportunistic pathogen that can initiate the infection process at wound
sites; however, it can also penetrate intact host tissue and cause infection (Kars and van Kan
2007). Upon attachment to the host surface, the conidia germinate and produce germ-tubes that
develop into appressoria that can enter healthy tissues by penetrating the cuticle (Nakajima and
Akutsu 2014). Enzymatic activity is required for the penetration process (Nakajima and Akutsu
2014).
The wax layer is the first barrier that the fungal pathogen must breach and it does so by
releasing triacylglycerol lipase (Kars and van Kan 2007). This lipase is also important in
adhering the pathogen to the host surface (Kars and van Kan 2007). B. cinerea then penetrates
the cutin layer by producing the extracellular enzyme, cutinase (Kars and van Kan 2007;
Nakajima and Akutsu 2014). Next, numerous cell wall degrading enzymes are secreted, allowing
the pathogen to successfully breach the host surface (Nakajima and Akutsu 2014). Finally, the
production of toxic compounds, oxalic acid, and reactive oxygen species leads to the death of
host cells and the conversion of host tissue into fungal biomass (Kars and van Kan 2007;
Nakajima and Akutsu 2014)
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1.2.2.2

Alternaria

1.2.2.2.1

Introduction

Alternaria spp. are serious plant pathogens with a wide host range (Saharan et al. 2016a).
Like Botrytis spp., Alternaria spp. are ubiquitous; however, the genus includes saprobic,
endophytic and pathogenic species (Saharan et al. 2016a). Alternaria species are difficult to
identify due to the variability of morphological features, which are affected by both intrinsic and
environmental conditions (Thomma 2003). Alternaria spp. can cause postharvest decay on fruits
at a minimal temperature of -3 °C, making them a serious issue for fruits in cold storage (BarkaiGolan 2001). Some Alternaria spp. are of clinical significance as they can cause mycosis in
immunocompromised patients and produce airborne allergens (Saharan et al. 2016a). The two
major characteristics of Alternaria spp. are that they produce melanin in their spores as well as
host-specific toxins (Thomma 2003)
1.2.2.2.2

Life cycle

Alternaria spp., mainly rely on asexual reproduction by producing large, multicellular,
brown conidia that are borne at the tips of conidiophores, with a conical narrowing, referred to as
a ‘beak’, at the apical end (Pitt and Hocking 2009). The conidia contain longitudinal and
transverse septa (phaeodictyospores) (Thomma 2003). New conidia are formed through the
lateral growth of the condiophore and are often formed in chains (Pitt and Hocking 2009). In
particular, conidia are formed when the protoplast protrudes through pores in the conidiophore
cell wall (Thomma 2003).
Unlike Botrytis, Alternaria spp. does not have overwintering spores, instead this hardy
fungus can survive as mycelium or spores for a considerable amount of time, or as latent
infection within the host tissue (Thomma 2003; Troncoso-Rojas and Tiznado-Hernandez 2014) .
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1.2.2.2.3

Inoculum dispersal

Much like Botrytis, local dispersal of Alternaria spp. spores occurs via air currents or water
splash (Saharan et al. 2016b). Release of conidia is triggered by rainfall, changes in relative
humidity, or exposure to red light (Timmer et al. 2003; Troncoso-Rojas and Tiznado-Hernandez
2014). The spores may then be dispersed by wind and land on susceptible tissue where, if enough
moisture is present, they will germinate and penetrate the host (Timmer et al. 2003). Although
Alternaria spp. do not produce overwintering structures, mycelia and/or conidia can survive the
winter in the soil, seeds, debris and perennial host tissue (Troncoso-Rojas and Tiznado-Hernandez
2014).
1.2.2.2.4

Infection process

In general, Alternaria spp. cause the slow destruction of host tissue through the reduction
of photosynthetic potential (Thomma 2003). Under favourable conditions on the host tissue, the
melanized spores can produce one or more germ tubes that penetrate the stomata, cuticle or
wounds, with or without the formation of appressoria (Thomma 2003; Romanazi and Feliziani
2014; Troncoso-Rojas and Tiznado-Hernandez 2014). If appressoria are formed, the penetration
peg penetrates the plant and then the fungus ceases growth and enters latency until the fruit
ripens (Troncoso-Rojas and Tiznado-Hernandez 2014).
The enzymatic process of infection by Alternaria spp. is like that in other fungal diseases.
Alternaria spp. produces cutinase, an enzyme that breaks down cutin on the host surface, as well
as lipases (Thomma 2003; Troncoso-Rojas and Tiznado-Hernandez 2014). Pectin in the plant
cell wall is then hydrolyzed by fungal galacturonidases and pectinases; however, not all species
of Alternaria spp. require these enzymes to establish infections (Thomma 2003; Troncoso-Rojas
and Tiznado-Hernandez 2014).
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Alternaria spp. produce host-specific (HST) and non-host-specific toxins that have
phytotoxic effects (Thomma 2003; Romanazi and Feliziani 2014). For example, brefeldin A and
curvularin are non-host-specific toxins that target the golgi apparatus and cell division,
respectively (Thomma 2003). HST induce host susceptibility to the pathogen by suppressing host
defense mechanisms (Troncoso-Rojas and Tiznado-Hernandez 2014). A. alternata on apple
produces the HST AM-toxin (Troncoso-Rojas and Tiznado-Hernandez 2014). Regardless of the
type of toxin, or the mode of action, they all trigger host cell death (Thomma 2003).
1.2.3

Controlling Postharvest Disease

Stone fruits, particularly cherries, are extremely perishable (Barkai-Golan 2001). Controlling
stone fruit pathogens consists of a combination of sanitation and cultural practices, pre- and postharvest fungicide application, cold storage, biological control, and risk analysis (Barkai-Golan
2001; Michailides et al. 2010).
1.2.3.1

Current methods

1.2.3.1.1

Cultural practices

Infection of the host by postharvest pathogens occurs frequently in the field, prior to
harvest. Cultivation practices can contribute to postharvest disease, or help mitigate it
(Narayanasamy 2006). When planting, disease resistant varieties should be selected if available
(BC Tree Fruit Production Guide). Trees should be pruned to increase exposure to sun, air and
sprays, which keeps the fruit dry and accessible to fungicides (BC Tree Fruit Production Guide).
The orchard should be sanitized to reduce disease incidence by collecting and removing fallen
leaves, debris and fruit (BC Tree Fruit Production Guide; Narayanasamy 2006). For example, the
overwintering sclerotia of B. cinerea present on ground debris can provide the inoculum source
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for the following growing season if not removed (Narayanasamy 2006; Frances and GrantDownton 2016).
1.2.3.1.2

Fungicides

Fungicides are widely used to control postharvest disease due to their efficacy. Host
commodities are sprayed, dipped or fumigated with the chemical treatment (Tian 2007). Two
examples of preharvest commercial fungicides that are used on sweet cherry are PristineÒ and
ElevateÒ. PristineÒ belongs to the FRAC (fungicide resistance action committee) groups 7
(carboxamide) and 11 (strobilurins), and contains the active ingredients boscalid (7) and
pyraclostrobin (11) that work together to inhibit spore germination, mycelial growth and
sporulation (AgSolutions). It is limited to two applications per season for resistance management
and can be used to control Alternaria rot on stone fruit (BC Tree Fruit Production Guide).
ElevateÒ belongs to the FRAC group 17 (hydroxyanilide) and contains the active ingredient
fenhexamid (17), which works systemically and prevents fungal infection by inhibiting spore
germination, germ tube elongation and mycelial growth (Arysta Life Science). It is limited to
two consecutive applications and can be used to control Monilinia fructicola and Botrytis cinerea
(BC Tree Fruit Production Guide).
Fungicide resistance is also called ‘acquired resistance’. Populations of target pathogens
that are no longer adequately controlled by the commercial fungicide arise after years of
commercial use of that fungicide, or a closely related fungicide (Brent and Hollomon 2007).
Once resistance arises, it is heritable and passed on through generations. Fungicide resistance
occurs due to a mutant gene within the target population that occurs spontaneously, which
confers resistance to the fungicide in question (Brent and Hollomon 2007). The gene is usually
present at low frequency within the target population; however, when fungicide is used, a
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selective pressure is applied, which removes those in the population that are sensitive to the
fungicide, and leaves behind those that have resistance. The resistant population can then build
up density within the remaining population (Brent and Hollomon 2007).
1.2.3.1.3

Cold storage

One of the most important strategies for controlling postharvest disease is
refrigeration. Low temperatures slow fungal and lesion growth as well as maintain fruit
resistance (Tian 2007). Fruit resistance is indirectly increased via moisture loss, prevention of
shriveling and slowed ripening (Barkai-Golan 2001). Similarly, the metabolic activity of the
pathogen is slowed, directly retarding its growth and enzymatic function (Barkai-Golan 2001).
An improvement to refrigeration is controlled atmosphere (CA) storage. This is a system
used to maintain freshness of commodities by controlling the environmental gas concentration
(Florkowski et al. 2009). Typically, increasing CO2 levels above 5 % and O2 levels below 5 %
maintains fruit quality and resistance (Tian 2007). However, CA storage is not typically used for
cherries.
1.2.3.1.4

Biological control

An alternative method to synthetic fungicides is the application of a biological control
agent, or antagonist, which is an organism that controls the growth of other organisms. It is
applied after harvest to the fruit surface and possible wound sites by spraying or drenching the
fruit (Janisiewicz and Korsten 2002). Biocontrol agents are currently being researched to control
a variety of postharvest diseases. For example, Oro et al. (2014) showed the potential of three
different yeast strains to control brown rot on sweet cherry and Schena et al. (2003) showed the
potential of the sweet cherry endophytic yeast Aureobasidium pullulans to significantly reduce
B. cinerea on sweet cherry. Biocontrol is still in its infancy; however, the commercial product
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Bio-Save 100 has been approved in the United States and Canada by the Environmental
Protection Agency and the Pest Management Regulatory Agency, respectively. It contains
Pseudomonas syringae and is useful in controlling Penicillium expansum (Janisiewicz and
Korsten 2002). The product Blossom Protect is also registered in Canada for the biological
control of fireblight by Aureobasidium pullulans (Celetti 2013).
1.2.3.2

Pathogen etiology and disease prediction
Understanding of the epidemiological characteristics of postharvest pathogens is essential

to help predict disease risk during the growing season and postharvest (Michailides et al. 2010).
Predicting disease is very challenging and requires in-depth understanding of four main
variables: (a) presence/absence and quantity of pathogenic inoculum, (b) stage and susceptibility
of the crop, (c) environmental conditions, and (d) changes the grower implements in their crop
management (cultural control, fungicide/biological control) (Michailides et al. 2010).
1.2.3.2.1

Basic model development

Ideally, models are to provide spray recommendations. For example, when predicted
risks are high, fungicides may be applied and when predicted risks are moderate to low,
alternative control methods such as biocontrol can be used (Rungjindamai et al. 2014).
There are two main approaches to modelling disease development, mechanistic and
empirical. Mechanistic models use a series of models and submodels to describe multiple stages
of the disease cycle based on controlled condition experiments (De Wolf and Isard 2007). Where
information is still unknown, submodels are then used to make assumptions about the host, plant
and environment (De Wolf and Isard 2007). In contrast, the empirical approach models disease
based on statistical methods that describe the relationship between environmental/biological
variables and disease development. These models are based on field experiments and as such
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cannot describe cause and effect relationships (De Wolf and Isard 2007). Both models, used
independently or in conjunction have been successful (De Wolf and Isard 2007). For the purpose
of this thesis, an empirical model was used.
1.2.3.2.2

Botrytis

In a study conducted by Ciliberti et al. (2016), 12 % of the variance in the production of
B. cinerea conidia at different temperatures was accounted for by strain and temperature
accounted for 66 % of variance. In the same study, at 90 % relative humidity (RH) and 20 °C, 83
– 99 % of the rotted berries showed fungal sporulation, whereas at 80 % RH, only 50 – 85 % of
the berries showed fungal sporulation. Sporulation was faster at 90 % RH and the optimal
temperature range for conidial germination was 15 – 20 °C (Ciliberti et al. 2016). In another
study, for the same wetness duration (WD), B. cinerea disease incidence was shown to be
highest at the optimal temperature for fungal growth (Ciliberti et al. 2015). Furthermore, in
studies on grapes infected with B. cinerea conidia, the incidence of rot increased with increasing
wetness durations (Broome et al. 1995; González-Domínguez et al. 2015). B. cinerea conidia
were able to cause infection on table grapes after a 4 h WD (Broome et al. 1995).
Gonzalez-Dominguez et al. (2015) developed a model for B. cinerea by dividing the life
cycle into different states, where changes from one state to the next were dependent on rate
variables and environmental conditions (González-Domínguez et al. 2015). The model’s analysis
successfully classified 80 % of 21 B. cinerea epidemics as mild, intermediate or severe.
1.2.3.2.3

Alternaria

The germination of Alternaria spp. is increased when humidity is high (Troncoso-Rojas
and Tiznado-Hernandez 2014). Alternaria spp. require a wet period of 3 to 72 h to establish an
infection on host tissue. The long wetting periods may be required for less virulent strains, or for
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infecting resistant host organs (Troncoso-Rojas and Tiznado-Hernandez 2014). The optimum
temperature for germination is around 25 °C; however, Alternaria species can germinate at a
wide temperature range (Timmer et al. 2003). As temperature declines, longer wet periods are
required for infection (Timmer et al. 2003; Romanazi and Feliziani 2014).
To date, there are few published studies on the epidemiology of Alternaria spp. on stone
fruit; however, there are studies that examine Alternaria spp. on other food crops or in aerial
samples. For example, a study examining the effect of weather on aerial spore concentrations
showed that recent rainfall and warm temperature increased spore concentrations, and depending
on the topography of the site, wind direction was correlated with spore concentration (Mitakakis
et al. 2001).
In a study done by Singh and Singh (2016) on Alternaria blight of marigold, blight
intensity was negatively correlated with minimum and maximum temperature and positively
correlated with RH in the morning and night. A similar study on Alternaria blight of cluster bean
showed the same results including a strong positive correlation between disease progression and
cumulative rainfall and cumulative number of rainy days (Saharan and Saharan 2004). In
contrast, Alternaria blight was positively correlated with maximum temperature and negatively
correlated with RH in a study on Indian mustard (Sangeetha and Siddaramaiah 2007).
Currently, there is one disease risk model on the market for Alternaria spp., named
TOM-CAST which is specific for modeling Alternaria blight of tomatoes; however, it has also
been proven to work with carrot blight (Gillespie 1979; Pitblado 1992).
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1.2.4
1.2.4.1

Droplet Digital Polymerase Chain Reaction (ddPCR)
Fundamentals

The Polymerase Chain Reaction (PCR) is a widely used molecular technique that
exponentially amplifies a section of DNA using specific primers, creating millions of copies of a
particular DNA sequence. Basic PCR can be modified into specific techniques such as
quantitative PCR (qPCR) and droplet digital PCR (ddPCR) to quantify DNA. The most essential
concept in understanding the process of droplet digital PCR is that it involves the partitioning of
the PCR reaction in over 20,000 water-in-oil droplets, such that some droplets contain template
DNA and some do not (Whale et al. 2016). In comparison to qPCR, partitioning the PCR
reaction allows quantification to be statistically assessed independent of a calibration curve
(Whale et al. 2016). Droplets are then thermally cycled, with amplicons building up in the
droplets that contained template DNA. The thermally cycled product is loaded into a Droplet
Reader that assigns each droplet as positive (containing template) or negative (no template)
based on the droplet’s fluorescence emission (McDermott et al. 2013)
There are two types of detection chemistries that can be used with ddPCR. The first is a
probe-base chemistry where a fluorophore-labelled oligonucleotide (probe) is used. When the
probe is intact, the fluorophore is quenched due to its proximity to the quencher. During
extension, the fluorophore is cleaved allowing it to fluoresce (Bio-Rad 2015). The second is a
DNA-binding chemistry where an intercalating dye (EvaGreen) fluoresces when associated with
double stranded DNA (Bio-Rad 2015; Whale et al. 2016). For experiments where probe
specificity is not needed, using a probe-based chemistry increases design complexity and costs.
Instead, DNA-binding chemistry can be used to simplify assay design and decrease costs
(McDermott et al. 2013)
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The fluorescent signal of each droplet can be plotted on a one-dimensional (1D) scatter plot
with the event number (number of droplets in the reaction) on the x-axis and the fluorescent
amplitude on the y-axis. A ddPCR reaction will show two distinct clusters on the 1D plot:
positive droplets that have high fluorescence and negative droplets that have low fluorescence
(Bio-Rad 2015; Whale et al. 2016).
1.2.4.2

Multiplexing with DNA-binding dye chemistry

More than one segment of DNA can be amplified in a PCR reaction, known as multiplexing.
To multiplex using a single colour system (EvaGreen), the assay must be designed such that
different amplicons fluoresce at different amplitudes. The level of EvaGreen fluorescence is
dependent on the mass of DNA present, thus, assays must be designed so that the final mass of
DNA between the targets is different (McDermott et al. 2013). This can be achieved by
differences in amplicon length, optimal annealing temperature or primer set concentrations,
because each impacts the amount of amplicon generated and, therefore, the fluorescence
amplitude of positive droplets (McDermott et al. 2013; Bio-Rad 2015). Briefly: larger amplicons
will bind more EvaGreen, resulting in a higher fluorescence; thermocycling at the optimal
temperature for one primer set and not the other(s) increases amplification for the optimized
target, resulting in a higher fluorescence; and increasing/decreasing the primer concentration for
one target results in a higher/lower fluorescence. A two-dimensional (2D) plot can be generated,
where the fluorescence amplitude of the droplets in the ch1 (green) channel is plotted against the
fluorescent amplitude of the droplets in the ch2 (orange) channel. In the case of EvaGreen, the
difference in ch1 is most important, as that channel measures green wavelengths. If the DNA
concentration is high enough, the plot should show 4 distinct populations: negative droplets,
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positive droplets with the short amplicon, positive droplets with the long amplicon, and positive
droplets with both amplicons. A representation of a duplexed 2D plot is shown in Figure 1.1.

Figure 1.1 Two-dimensional representation of duplex droplet-digital PCR using DNA-binding chemistry and
different amplicon lengths. The bottom population represents droplets with no template DNA; EvaGreen emits low
background fluorescence. The blue population represents the droplets with the short amplicon, and the green
population represents droplets containing the long amplicon. There is no population containing double-positive
droplets.

1.3

Research Objectives
My study implemented a research program that collected buds/blossoms/fruit at 5 stages of

sweet cherry development: bud break (2017 only), full bloom, petal fall, onset of straw colour,
and harvest during the 2016 and 2017 cherry growing seasons from various Okanagan orchards.
After harvest, when the major postharvest pathogens were identified, DNA was extracted from
the samples and droplet digital PCR (ddPCR), with specific primers for the postharvest
pathogens, was used to quantify the amount of fungal DNA on the surface of the
buds/blossoms/fruit. Meteorological data collected at each orchard by an automated weather
station, or obtained from Environment Canada, were used to relate fungal presence and quantity
to weather conditions.
Sampling from the 2016 sweet cherry growing season revealed that Botrytis cinerea and
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Alternaria spp. were the main postharvest pathogens present pre- and post-harvest in the
Okanagan. My Masters thesis had the following objectives:
1. To characterize B. cinerea and Alternaria spp. isolates from the Okanagan Valley by
determining: (1) how temperature affects radial growth in vitro, and (2) pathogen
sensitivity to commonly used fungicides.
2. To determine the effect of conidial concentration on the infection of Sentennial and
Staccato sweet cherries by Botrytis cinerea and Alternaria spp. at 4 and 22 °C.
3. To determine if there is a correlation between pathogen quantities on the fruit surface
preharvest and (i) fruit development stage, (ii) number of degree days, (iii) number of
rain events, and (iv) number of fungicide applications during the growing season.
4. To determine if there is a correlation between growing degree days and postharvest
rot incidence on Staccato cherries from 21 orchards located throughout the Okanagan.
5. To determine if there is a correlation between the disease incidence of each pathogen
on unprocessed cherries six weeks after harvest and the quantity of pathogen at
harvest.
1.4

Research Hypotheses

The hypotheses of this study are that:
1. Low temperatures will decrease fungal radial growth in vitro. The pathogens isolated
from the Okanagan will show resistance to fungicides.
2. Higher conidial concentrations will result in larger lesions. There will be differences
between B. cinerea and Alternaria spp. infection severity on each cherry varietal and
at each temperature.
3. There will be a seasonal pattern of pathogen quantity related to 5 growth stages, with
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quantity being highest at bud break, bloom, and harvest compared to the other stages
(Luo et al. 2001; Xu et al. 2007; Barry et al. 2015). Weather will have an impact on
pathogen quantity during the growing season; quantities will increase with increasing
number of degree days and increasing number of rain events. Pathogen quantity
should decrease with increasing number of fungicide applications.
4. Incidence of postharvest rot will be positively correlated with the number of degree
days during the growing season.
5. Disease incidence of each pathogen on unprocessed cherries six weeks after harvest
will be positively correlated with the quantity of pathogen present at harvest.
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Chapter 2: A novel duplex droplet digital PCR assay for the quantification of
the postharvest pathogens Botrytis cinerea and Alternaria spp. using DNA
binding dye chemistry
2.1

Background
Grey mold and black rot caused by Botrytis cinerea and Alternaria spp. respectively, are

considered to be two of the main rots responsible for yield loss of sweet cherry. Current methods
for fungal pathogen detection have relied mainly on agar plating techniques where fungal species
are identified microscopically by spore shape, size and colour (Leiminger et al. 2014). In the case
of Alternaria spp., differentiating species requires much expertise in morphology-based
taxonomy (Pavón et al. 2012). Plating techniques are both laborious and time consuming.
Methods for quantifying fungal pathogens have relied on microscopic counts, induction of latent
infection and quantitative PCR (Gell et al. 2009; Michailides et al. 2010; Pavón et al. 2012;
Leiminger et al. 2014). Microscopic counts require extensive knowledge of fungal spore
morphology. Induction of latent infection can only provide an estimate of potential rot
development during storage and may be affected by external factors (Sanzani et al. 2012). Lastly,
quantitative PCR requires the development of a calibration curve and thus only provides an
estimate of quantity (Leiminger et al. 2014; Kulik et al. 2015).
In contrast, ddPCR provides absolute quantification of the target gene by partitioning of the
PCR reaction in over 20,000 water-in-oil droplets, such that some droplets contain template
DNA and some do not (Whale et al. 2016). Partitioning the PCR reaction allows quantification to
be statistically assessed independent of a calibration curve (Whale et al. 2016). Droplets are then
thermally cycled, with amplicons building up in the droplets that contained template DNA. The
thermally cycled product is loaded into a Droplet Reader that assigns each droplet as positive
(containing template) or negative (no template) based on the droplet’s fluorescence emission
19

(McDermott et al. 2013). There are two detection chemistries that result in DNA fluorescence:
probe-based and DNA-binding chemistry (Bio-Rad 2015). The intercalating dye EvaGreen can
be used to multiplex, because the level of EvaGreen fluorescence is dependent on the mass of
DNA present, thus the final mass between multiple targets must be different (McDermott et al.
2013). Differences in final mass can be achieved by differences in amplicon length, optimal
annealing temperature or primer set concentrations (McDermott et al. 2013; Bio-Rad 2015).
The objective of this chapter was to develop a novel duplex ddPCR method that
simultaneously detects and quantifies B. cinerea and Alternaria spp based on DNA biomass
extracted from mycelia and spores. The target regions, however, are not present in the same
number between species and genus, therefore number of copies cannot be used to directly relate
to spore number.
2.2

Materials and Methods

2.2.1

Fungi

Botrytis cinerea and Alternaria spp. were isolated from the surface of infected sweet cherry
fruit from commercial orchards in the Okanagan Valley (British Columbia, Canada). The isolates
were placed on acidified potato dextrose agar (15 g of agar, 15 g of potato dextrose, 1 L of
ddH20 with the pH corrected to 3.5 via addition of lactic acid) and re-isolated twice via hyphaltip transfer on alkaline water agar containing the antibiotic streptomycin (15 g of agar, 0.8 mL of
1.0N NaOH, 1 mL of 100 mg/mL streptomycin, 1 L of ddH20) to obtain pure cultures on ½strength potato dextrose agar (12 g of potato dextrose broth, 15 g of agar, 1 L of ddH20). The
purified pathogens were morphologically identified by mycelium growth pattern, structure and
colour and conidia shape by microscopy. The fungi were maintained on ½-strength PDA at 4 °C
and prior to experimentation, were transferred to new media.
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2.2.2

DNA Extraction

Fungal DNA was extracted from freshly grown colonies by transferring a chunk of mycelium
directly into disrupter tubes from the EZNA Universal Pathogen Kit (Omega-Biotek, California,
USA). Spore DNA was extracted by scraping fungal plates to isolate conidia. Plates were
flooded with 25 mL of sterile water and the surface of the culture was gently irritated with a plate
spreader. The solution was then vacuum-filtered to isolate spores and remove mycelia. Tenmicrolitres of the spore solution were pipetted onto a Haemocytometer and the number of spores
in each of the 4 corners was counted at 10X magnification. The concentration of spores per mL
was determined by calculating the average spore count from all 4 corners and multiplying by 104.
The spore solution was diluted with sterile water to desired concentration.
Extraction was performed following the manufacturer’s guidelines, except the bead tubes
were bead milled with a Retsch Mixer Mill Type MM 301 (Retsch, Germany) twice for 90 s at
30 hz with a 1 min cooling period on ice in between. A Nanodrop ND 1000 spectrophotometer
(Thermo Fisher Scientific, USA) was used to assess DNA quality and quantity. It is important to
note that DNA extracted from fungi and spores for conventional PCR did not include the
additional Mixer Mill step.
2.2.3

Primer Selection and Verification

The primers Dir1ITSAlt and Inv1ITSAlt, developed by Pavon et al. (2011) were selected to
quantify Alternaria spp. (Table 2.1). The primers were designed to hybridize to the internal
transcribed spacer regions (ITS1 and ITS2) of Alternaria spp. and produce an amplicon of about
370 bp, depending on the species. The primers Bc3 and Bc3R developed by Suarez et al. (2005)
were selected to quantify Botrytis cinerea (Table 2.1). The primers were designed to bind to the
intergenic spacer (IGS) of the nuclear ribosomal DNA and produce an amplicon of 95 bp.
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Initial testing and verification of the primers were done using genomic DNA extracted from
pure fungal cultures of Alternaria spp. and Botrytis cinerea. No DNA template controls (NTC)
were used in all assays. Conventional PCR (cPCR) samples were prepared by adding 6 µL of
PCR buffer, 3.0 µL of 10 mM dNTPs, 0.6 µL of 20 µM forward primer, 0.6 µL of 20 µM reverse
primer, 0.2 µL of DNA polymerase, 1.0 µL of template DNA and distilled H2O to a final volume
of 30.0 µL. The following cycling conditions were used: initial denaturation at 94 °C for 1 min,
followed by 35 cycles of denaturation at 94 °C for 30 s, annealing at 55 °C for 30 s, extension at
68 °C for 45 s, and a final extension at 68 °C for 5 min.
Table 2.1 Sequence of primers and their target used for the detection and quantification of Alternaria and
Botrytis cinerea.
Organism Primer
Sequence 5’-3’
Target Amplicon
Source
size (bp)
Alternaria
Dir1ITSAlt
TGTCTTTTGCGTACTTCTTGTTTCCT ITS
~370
(Pavón et
spp
Inv1ITSAlt
CGACTTGTGCTGCGCTC
al. 2011)

Botrytis
cinerea

2.2.4

Bc3
Bc3R

GCTGTAATTTCAATGTGCAGAATCC
GGAGCAACAATTAATCGCATTTC

IGS

97

(Suarez
et al.
2005)

Optimization of Singlet ddPCR Assays with EvaGreen

ddPCR assays for each primer pair were optimized individually, and then optimized as a
duplex, following Bio-Rad guidelines. The singlet ddPCR reactions were prepared in 8-well
strips by adding: 11 µL of EvaGreen, 1 µL of forward primer (2.2 µM), 1 µL of reverse primer
(2.2 µM), 1 µL of template DNA and 8 µL of H2O for a reaction volume of 22 µL. The final
concentrations of the primers were 100 nM. Twenty microlitres of each PCR reaction were
transferred to the middle rows of the DG8TM cartridge and 70 µL of droplet generator oil were
transferred into the bottom wells. The cartridge was placed into the QX100 Digital Droplet
Generator (Bio-Rad). Once the droplets were generated, they were transferred to a PCR plate,
which was then heat-sealed with foil. ddPCR was performed under the following conditions:
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initial enzyme activation period of 5 min at 95 °C; 40 cycles of denaturation for 30 s at 95 °C,
annealing/extension for 1.2 min at a temperature gradient; dye stabilization for 5 min at 4 °C, 5
min at 90 °C. Reaction data were collected on a QX100 Digital Droplet Reader and were
analyzed using QuantaSoft software (Bio-Rad).
Prior to duplex optimization, the primers were checked again for cross-reactivity using
singlet ddPCR for a more sensitive result.
2.2.5

Optimization of Duplex ddPCR Assay with EvaGreen

The optimization assays of the duplex ddPCR were completed using an annealing
temperature of 56 °C and a final concentration of 100 nM for each primer. PCR samples were
prepared in 8-well strips by adding: 1 µL of Dir1ITSAlt (2.2 µM), 1 µL of Inv1ITSAlt (2.2 µM),
1 µL of Bc3 (2.2 µM), 1 µL of Bc3R (2.2 µM), 1 µL of template DNA, 11 µL of EvaGreen and
6 µL of water (22 µL sample).
The finalized duplex ddPCR reaction was as follows: PCR samples were prepared in 8-well
strips by adding: 1 µL of Dir1ITSAlt (3.3 µM), 1 µL of Inv1ITSAlt (3.3 µM), 1 µL of Bc3 (1.1
µM), 1 µL of Bc3R (1.1 µM), 1 µL of template DNA, 11 µL of EvaGreen and 6 µL of water (22
µL sample). The final concentrations of primers for Alternaria spp. and B. cinerea were 100 nM
and 50 nM, respectively. PCR was performed under the following conditions: 5 min at 95 °C; 30
s at 95 °C, 1.2 min at 59 °C x 40; 5 min at 4 °C, 5 min at 90 °C.
Optimization of the duplex ddPCR reaction focused on the annealing/extension temperature
and final template concentrations. A temperature gradient from 60 – 49 °C was used during the
annealing/extension step to determine the optimum temperature in duplex assays. Primer
concentrations were optimized in duplex ddPCR by testing the primers (B. cinerea : Alternaria
spp.) in 1:1, 1:2, and 1:3.3 ratios.
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2.2.6

Detection Limit and In-vivo Application

The duplex ddPCR detection limit was determined using a serial dilution of Alternaria spp.
and B. cinerea mycelial genomic DNA. The DNA was diluted to 0.1, 0.01, 0.001, 0.0001 and
0.00001 ng/µL and each was tested in separate ddPCR reactions. One microliter of each fungal
DNA concentration was added to ddPCR reaction mix as follows: 1 µL of Dir1ITSAlt (3.3 µM),
1 µL of Inv1ITSAlt (3.3 µM), 1 µL of Bc3 (1.1 µM), 1 µL of Bc3R (1.1 µM), 1 µL of each
fungal template DNA, 11 µL of EvaGreen and 5 µL of water (22 µL sample). The experiment
was repeated three times, each with a new biological isolate.
Pure spore detection limit was determined using a serial dilution of pure spores. Pure spore
suspensions were diluted to 100,000, 10,000, 1000, 100, 10, 1 and 0 per 100 uL, and 100 uL of
each solution were added into disrupter tubes from the EZNA Universal Pathogen Kit for
extraction. The experiment was repeated three times, each with a new biological isolate.
Inoculated surface spore detection limit was determined by inoculating the surface of
surface-sterilized cherries (2 min wash in sodium hypochlorite, 1 min rinse in deionized water,
air dry) with spore suspension containing 10,000, 5000, 2500, 1250, 625, 312.5 spores per 50 uL.
Non-wounded fruits were individually inoculated with 50 uL of conidial suspension on the
suture (Northover and Biggs 1995). The 50 uL of conidial suspension was pipetted evenly over
the surface of 10 cherries. Control treatments received 50 uL of sterile water. The cherries were
allowed to dry before being washed in 0.1 % Tween-80 solution for 30 min at 150 rpm. The
solution was decanted into 250-mL centrifuge tubes and centrifuged at 3220 x G for 20 min. The
supernatant was pipetted off and the pellet transferred to a sterile 1.5-mL centrifuge tube and
centrifuged for 3 min at 12,000 x G. The supernatant was decanted and the pellet re-suspended in
200 uL of deionized water. DNA extraction was performed as described above, and duplex
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ddPCR was completed using the finalized reaction and DNA was calculated to be expressed as
gene copies per 10 fruit. The experiment was repeated three times, each with a new biological
isolate.
2.3
2.3.1

Results
Detection of Target Amplicon by Conventional PCR

The length of each amplicon was checked for the expected band size via gel electrophoresis
(Figure 2.1A). Convential PCR was also used to evaluate the primer specificity to each organism
to ensure no cross reactions would occur during a duplex reaction (Figure 2.1B). Each primer set
amplified the correct length of DNA from the mycelial DNA (Figure 2.1A); however, the spore
DNA was not amplified, likely due to insufficient extraction. No cross reactivity was seen
between the primer sets (Figure 2.1B).

Figure 2.1 Conventional PCR amplification of Alternaria and Botrytis cinerea mycelial DNA used to
determine primer specificity. L: low DNA mass ladder (2000, 1200, 800, 400, 200, 100 bp). (A) Assay
with fungal mycelial or spore DNA paired with correct primers. Lanes 1-11: DNA ladder, Alternaria
mycelial DNA, Alternaria mycelial DNA, Alternaria spore DNA, Alternaria spore DNA, Alternaria
NTC, blank, B. cinerea mycelial DNA, B. cinerea mycelial DNA, B. cinerea spore DNA, B. cinerea
spore DNA, B. cinerea NTC. (B) Assay with fungal mycelial DNA paired with correct and incorrect
primers to test for primer specificity. Lanes 1-7: DNA ladder, B. cinerea with Bc3 primers (correct), B.
cinerea NTC, Alternaria with Bc3 primers (incorrect), Alternaria with ITS primers (correct), Alternaria
NTC, B. cinerea with ITS primers (incorrect).
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2.3.2

Singlet ddPCR Assays with EvaGreen

ddPCR assays for each primer pair were optimized individually by determining the optimum
temperature for annealing/extension. The annealing step was performed using a temperature
gradient to determine which temperature was optimal for cluster separation, and reduced ‘rain’
(Weerakoon et al. 2016). Rain refers to the droplets with intermediate fluorescence between the
clusters (Bio-Rad 2015). The best temperature is that which results in the greatest balance
between high droplet count and cluster separation (Bio-Rad 2015).
Positive and negative clusters were identified and the temperature gradient for the ITS primer
set showed non-specific amplification (rain) at all temperatures in the gradient; however, cluster
separation was weakest at lower temperatures (Figure 2.2A). The IGS primer set showed strong
cluster separation and little rain at all temperatures (Figure 2.2B). Initially, an annealing
temperature of 56 °C was chosen for the following duplex ddPCR assay as it resulted in the
highest positive droplet yield for B. cinerea primers (IGS) and the second-highest positive
droplet yield for the Alternaria primers (ITS).
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Figure 2.2 Optimization of primer annealing temperature for singlet ddPCR using a temperature
gradient from 60 – 49 °C from left to right. (A) Alternaria spp. primers, where the last column is the
NTC. Non-specific amplification (‘rain’) at lower temperatures. (B) B. cinerea primers, where the last
column is the NTC. Uniform cluster separation throughout temperature gradient.

2.3.3

Cross-reactivity Test

Prior to duplex optimization, the primers were checked again for cross-reactivity using
ddPCR for a more sensitive result (Figure 2.3). The initial duplex ddPCR conditions were used
with an annealing temperature of 56 °C. The results confirmed that the primer sets in question do
not amplify off-target (Figure 2.3).
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Figure 2.3 ddPCR amplification of Alternaria and Botrytis cinerea mycelial DNA used to assess
primer specificity. (A) Alternaria. Column 1: mycelial DNA with ITS primers. Column 2: mycelial
DNA with IGS primers. (B) Botrytis cinerea. Column 1: mycelial DNA with IGS primers. Column 2:
mycelial DNA with ITS primers.

2.3.4

Duplex ddPCR with EvaGreen

A trial of duplex ddPCR was completed using an annealing temperature of 56 °C and a final
concentration of 100 nM for each primer. The gene clusters did not separate on the y axis (Figure
2.4).
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Figure 2.4 Trial of duplex ddPCR using 100 nM of each primer and an annealing temperature of 56
°C. (A) 1D droplet plot showing the two target genes (blue = B. cinerea, grey = Alternaria spp.). The
target genes are fluorescing at the same amplitude and therefore over-lapped. (B) 2D droplet plot showing
the two target genes (blue = B. cinerea, green = Alternaria spp., grey = negative droplets). Non-specific
amplification (rain) between all clusters.

2.3.5

Optimal Primer Concentration for Duplex ddPCR with EvaGreen

To separate the gene clusters, the ITS primers (which produce a large amplicon) were
increased to 150 nM, and the IGS primers (which produce a small amplicon) were decreased to
either 50 or 30 nM. The reactions were run on a temperature gradient (62 – 56 °C) to determine
the optimal temperature for the duplex reaction (Figure 2.5).
The IGS primer concentration of 30 nM pushed the B. cinerea gene cluster close to the
negative droplets; however, separation between the two target genes clusters was excellent
(Figure 2.5A). The IGS primer concentration of 50 nM kept the separation between the target
gene clusters and moved the B. cinerea gene cluster away from the negative droplets (Figure
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2.5B). A highly fluorescent droplet (dust) in the third column of Figure 2.5B caused the entire
graph to be compressed.

Figure 2.5 Trial duplex ddPCR assay with 150 nM ITS (Alternaria) primers and 30 or 50 nM IGS
(B. cinerea) primers. Top cluster = Alternaria, middle cluster = B. cinerea, bottom cluster = negatives.
(A) 1D droplet plot representing duplex assays with 30 nM IGS primers and a temperature gradient from
62-56 °C from left to right. B. cinerea cluster (bottom band) merges with the negative droplets at high
temperatures and rain is increased between the Alternaria and B. cinerea clusters at lower temperatures.
(B) 1D droplet plot representing duplex assays with 50 nM IGS primers and a temperature gradient from
62-56 °C from left to right. B. cinerea cluster (bottom band) merges with the negative droplets at high
temperatures. Graph is condensed due to the highly fluorescent droplet (dust) present in the third column.

The finalized duplex ddPCR reaction was as follows: PCR samples were prepared in 8-well
strips by adding: 1 µL of Dir1ITSAlt (3.3 µM), 1 µL of Inv1ITSAlt (3.3 µM), 1 µL of Bc3 (1.1
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µM), 1 µL of Bc3R (1.1 µM), 1 µL of template DNA, 11 µL of EvaGreen and 6 µL of water (22
µL sample). PCR was performed under the following conditions: 5 min at 95 °C; 30 s at 95 °C,
1.2 min at 59 °C x 40; 5 min at 4 °C, 5 min at 90 °C. The optimized results are shown in Figure
2.6. There is clear separation between the target gene clusters in the 1D plots (Figure 2.6A & B).
The 2D plot now shows separation of the populations on the y-axis (Figure 2.6C).

Figure 2.6 Optimized duplex target detection using ddPCR DNA-binding chemistry (EvaGreen).
Reaction mix consisted of 150 nM of ITS primers and 50 nM of IGS primers. (A) 1D plot
representing Alternaria amplification (column 1), B. cinerea amplification (column 2) and duplex
amplification (column 3). (B) 1D plot representation of duplex amplification. (C) 2D plot representation
of duplex amplification (blue = B. cinerea, green = Alternaria, grey = negative droplets). Target genes are
separated on the y-axis (as well as x).
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2.3.6

Detection Limit and Real-life Application

Alternaria spp. and B. cinerea mycelial DNA detection limit was determined using a serial
dilution of DNA. The optimized duplex assay detected as little as 0.1 pg of each fungus template
DNA (Table 2.2). The assay also detected as little as 100 pure spores, or 312.5 spores washed
from the surface of cherry fruit (Table 2.3 & 2.4). The frequency indicates the number of
independent biological experiments (out of 3) that detected the fungus.
Table 2.2 DNA detection limit for the optimized duplex assay

[DNA] ng/µL
0.1
0.01
0.001
0.0001
0.00001

Alternaria spp. detection frequency B. cinerea detection frequency
3/3
3/3
3/3
3/3
3/3
3/3
2/3
2/3
0/3
0/3

The frequency indicates the number of independent experiments that detected the fungus
Table 2.3 Spore detection limit for the optimized duplex assay

# of spores added

Alternaria spp. detection frequency

B. cinerea detection frequency

100,000
10,000
1,000
100
10
1
0

3/3
3/3
3/3
3/3
0/3
0/3
0/3

3/3
3/3
3/3
3/3
0/3
0/3
0/3

The frequency indicates the number of independent experiments that detected the fungus
Table 2.4 Inoculated spore detection limit for the optimized duplex assay

# of spores inoculated
on cherry
10,000
5,000
2,500
1,250
625
312.5
0

Alternaria spp. detection
frequency
3/3
3/3
3/3
3/3
3/3
3/3
0/3

B. cinerea detection
frequency
3/3
3/3
3/3
3/3
2/3
1/3
0/3

The frequency indicates the number of independent experiments that detected the fungus
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2.4

Discussion
In this study, a duplex ddPCR assay using EvaGreen was developed that could differentiate

and quantify B. cinerea and Alternaria spp. in pure and inoculated samples. A trial of duplex
ddPCR was completed using an annealing temperature of 56 °C and a final concentration of 100
nM for each primer. A few major concerns arose from the results of this assay: (1) Why were the
gene clusters not separating on the 1D droplet plot (Fig. 2.4A)? (2) Why were the gene clusters
not separating on the y-axis (Fig. 2.4B)? (3) Where was the fourth cluster population containing
double-positive droplets (Fig. 2.4B)? To answer the first two questions, the B. cinerea and
Alternaria primers were fluorescing at the same amplitude in Channel 1; therefore, their clusters
were over-lapped in the 1D plot and they were placed side-by-side in the 2D plot. The 2D plot
separates the clusters based on the fluorescence amplitude read in Channel 2 (x-axis). Intuitively,
the Alternaria primers, which produce a longer amplicon, and therefore have greater DNA mass,
should result in droplets with a higher fluorescence in Channel 1; however, long amplicons may
actually increase the number of droplets with intermediate fluorescence due to incomplete
amplification of the long target region (Miotke et al. 2014). Using different concentrations for
the primer sets instead, allowed for separation of the target genes by making the final mass of
DNA between the targets different (McDermott et al. 2013). For the last question, if the positive
droplet count is less than 1/10th the total droplet count, there should not be any droplets that
contain both targets; however, high concentrations of DNA may result in the presence of doublepositive droplets2. Therefore, the absence of the double-positive cloud may be due to the low

2

Personal Communication: Meysam Abbasi, PhD. Application Scientist at Bio-Rad Laboratories

33

concentration of target DNA, which would lead to a lower chance of two or more DNA
templates being contained within one droplet (Weerakoon et al. 2016).
By using abundant target genes (ITS and IGS), the sensitivity of the assay was increased.
Specificity of each primer set was high, with no cross reactivity between sets. The optimized
reaction used the EvaGreen approach to separate target genes, which offers a sensitive, costeffective alternative to using probes. Duplexing allowed for the concurrent detection of two
pathogens simultaneously, therefore halving detection-, quantification- and time-costs. And by
using EvaGreen, the assay can be further adapted to multiplex with more primer sets, allowing
for the detection of multiple pathogens.
The detection limit of each fungal gene was 0.1 pg. In a previous study by Pavon et al.
(2012), the qPCR detection limit for the same Alternaria spp. primer set was 3 pg of DNA. In
contrast, the detection limit of the same B. cinerea primer set using qPCR was found to be 10 fg
of DNA (Sanzani et al. 2012). Although, the ddPCR detection limit of B. cinerea in this study
was much higher than that by Sanzani et al. (2012), the ddPCR method is better suited for
quantification because qPCR is subject to bias due to the effect of inhibitory substances on
amplification efficiency, whereas ddPCR can handle variations in amplification efficiency
without affecting quantification (Kim et al. 2014). This is because ddPCR acquires data at the
reaction end point, whereas qPCR monitors the amount of targeted DNA during the reaction, in
real-time (Taylor et al. 2017). By using end-point data, droplets are classified as being positive or
negative, regardless of how efficient the reaction is; therefore, if the DNA has been amplified it
will show positive fluorescence. The absolute quantity of DNA can then be calculated from the
number of positive and negative droplets using Poisson statistics (Kim et al. 2014; Bio-Rad
2015).
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In general, most studies comparing qPCR and ddPCR show comparable results (Dreo et al.
2014; Kim et al. 2014; Cavé et al. 2016; Taylor et al. 2017). Choice of method should take into
consideration the type of research and questions asked, and how the advantages and
disadvantages of each quantitative method affect the outcome. In cases where sensitivity is key,
ddPCR should be used because it’s less susceptible to inhibitory substances and primer
efficiency. However, qPCR should be used when cost-efficiency is a controlling factor, unless
multiple targets need to be quantified. In the latter case, ddPCR is a better option because of its
ability to multiplex more than two targets, thereby cutting costs. Another advantage to ddPCR is
its precision and reproducibility, allowing for collaboration, comparison, and study reproduction
between laboratories (Kim et al. 2014; Selvaraj et al. 2018).
A disadvantage to using ddPCR is the necessity of diluting DNA samples to prevent droplet
saturation. When droplets are saturated the binary Poisson algorithm is invalid. ddPCR also
involves the laborious and time-consuming steps of droplet generation and reading, whereas
qPCR only requires the initial preparation of a standard curve, and then the reaction set-up is
shorter. Another disadvantage of ddPCR lies in problematic droplet classification. Not all
droplets in a reaction can be classified as positive or negative, and thus determining the margin
between clusters can be challenging. In addition, negative samples occasionally contain a few
positive droplets in the positive fluorescence region; therefore positive results are defined as the
presence of more positive droplets than the maximum number of positive droplets in the negative
control (Weerakoon et al. 2016). These factors alone make it difficult to state absolute DNA
quantity with absolute certainty.
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Chapter 3: Characterization of Botrytis cinerea and Alternaria spp. isolated
from the surface of cherries in commercial Okanagan Cherry orchards.
3.1

Background
In British Columbia, Prunus avium (sweet cherry), is an economically important crop that

is distributed locally and overseas. The major postharvest diseases of stone fruit include brown
rot (Monilinia spp.), grey mold (Botrytis cinerea), black rot (Alternaria spp.), rhizopus rot
(Rhizopus stolonifer), blue mold (Penicillium expansum) and mucor rot (Mucor piriformis) (BC
Tree Fruit Production; Barkai-Golan 2001). Fungi can penetrate into the host tissue and arrest
fungal growth until after harvest when host physiological changes allow for renewed growth
(Barkai-Golan 2001). Thus, serious economic loss can come from seemingly healthy fruit due to
these ‘latent’ infections (Barkai-Golan 2001). To date, fungicides are used to combat disease
both pre- and post-harvest; however, the development of fungicide resistance is on the rise, along
with the public concerns over environmental and health safety. Other forms of disease
mitigation, such as disease prediction models that allow for application of fungicides only when
necessary, need to be assessed.
The ability of microorganisms to cause disease is dependent on three factors: the host, the
organism, and the environment, and therefore the development of a disease prediction model
requires understanding of all three factors (Tian 2007). The objective of this chapter was to
characterize Alternaria spp. and B. cinerea isolated in the Okanagan by determining the (1)
growth of isolates at different temperatures, (2) susceptibility of isolates to fungicides and (3)
pathogenicity of the fungi on non-wounded sweet cherry. These data can then be used to help
understand data collected in the field (Chapter 4).
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3.2

Materials and Methods

3.2.1

Sampling Sites

Five commercial cherry orchards located throughout the Okanagan were sampled (Table
3.1). Sampling sites were chosen based on growers who agreed to participate in the research.
Additional postharvest cherries supplied by the BC Tree Fruit Co-operative (Winfield, BC) were
also included to isolate pathogens from the Okanagan (Table 3.2).
Table 3.1 Summary of cherry varietal(s) sampled from each orchard

Orchard Cherry
Varietal(s)
1
Sentennial
2
Staccato
3
Sweetheart
4
Regina
Sentennial
5
Staccato
Sweetheart

Location (Decimal Degrees:
Latitude, Longitude)
49.857684, -119.406316
49.884097, -119.3720
49.869710, -119.402259
50.083463, -119.373768

Area

49.860181, -119.404181

SE Kelowna

SE Kelowna
Black Mountain
SE Kelowna
Oyama

Table 3.2 Summary of cherry varietal(s) provided by BC Tree Fruit Co-operative

Orchard
P101
P601
P801
P501
P702
P701
P403
P201
3.2.2

Cherry Varietal(s)
Staccato
Sweetheart
Staccato
Staccato
Sweetheart
Staccato
Staccato
Staccato

Area
Kelowna
Kelowna
Summerland
Summerland
Summerland
Summerland
Summerland
Penticton

Preharvest Isolation, Purification and Identification of Fungal Pathogens
In order to determine which fungal pathogens were present as latent preharvest infection,

the freezing method outlined by Sanzani et al. (2012) was used with modifications. Twenty
berries from each sampling site were randomly collected and surface sterilized for 2 min in 2 %
sodium hypochlorite solution, rinsed in sterile distilled water for 1 min and allowed to dry at
room temperature on paper towel for 1 h. The berries from each site were divided into 5
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replicates containing 4 berries each and placed in Ziplock bags. The berries were placed in a -20
°C freezer for 2 h before incubation at 22 °C for 7 d. Starting from the second day of incubation,
samples of visible colonies were collected every two days to select potentially slow growing
fungi. Isolates from infected cherries were placed on acidified potato dextrose agar (aPDA: 15 g
of agar, 15 g of potato dextrose, 1 L of ddH20 with the pH corrected to 3.5 via addition of lactic
acid) using a scalpel and re-isolated twice via hyphal-tip transfer on alkaline water agar
containing the antibiotic streptomycin (AWA+Str: 15 g of agar, 0.8 mL of 1.0N NaOH, 1 mL of
100 mg/mL streptomycin sulfate, 1 L of ddH20) to obtain pure cultures on ½-strength PDA (12 g
of potato dextrose broth, 15 g of agar, 1 L of ddH2O). The purified isolated pathogens were
morphologically identified by mycelium growth pattern, structure and colour, and conidia shape
by microscopy. This procedure was completed a few weeks before harvest.
Working colonies of fungal isolates were maintained on ½-strength PDA, unless otherwise
specified. Fungal isolates were stored long-term in sterile water, and revived every 6 months. All
cultures were maintained at 4 °C. Prior to experimentation, fungal pathogens were transferred to
new media via hyphal-tip transfer with a glass needle.
3.2.3

Temperature and Fungicide Sensitivity Assays

The effect of temperature on mycelial growth of Alternaria spp. and Botrytis cinerea was
studied using 7 randomly selected isolates of Alternaria spp. and 6 isolates of B. cinerea,
following the protocol outlined by Papavasileiou et al. (2015). To measure mycelial growth, 4mm fungal plugs were removed from the margins of actively growing cultures and inserted into
the centre of plates containing ½-strength PDA. The plates were incubated at 5, 15, 25 and 35 °C
in the dark for 7 days and then colony diameter was measured in triplicate. Fungicide sensitivity
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assays were conducted in triplicate with the commercial forms of Pristine and Elevate on the
same isolates used for the temperature assay (Table 3.3).
Table 3.3 Description of fungicides used in in vitro fungal sensitivity assays

Fungicide
Product

Labelled
rates
(g/A)
453.6

Active
Ingredient(s)
(%)
Fenhexamid - 50

Group Name

Elevate

Dilutions
used
(mg/L)
41.6

FRAC
Code

Manufacturer

Hydroxyanilide 17

Arysta

Pristine

25.1

28.35

Pyraclostrobin –
12.8
Boscalid – 25.2

Strobilurins

11

BASF

Carboxamide

7

FRAC = Fungicide Resistance Action Committee

Mycelial plugs of the fungal pathogens (4-mm diameter) were removed from actively
growing culture and transferred to ½-strength PDA plates amended with fungicide at the
concentration used commercially (Table 3.2). Fungal pathogens plated on ½-strength PDA not
amended with fungicide served as the control. Treatments were conducted in triplicate. Percent
inhibition of mycelial growth was calculated after 12 days of incubation at room temperature:
% #$ℎ#&#'#($ = *

(,#-./'/0 (112$3-4 30(5'ℎ ($ 6($'0(4 74-'/ − ,#-./'/0 (1 12$3-4 30(5'ℎ ($ '0/-'./$' 74-'/)
: × 100
,#-./'/0 (1 12$3-4 30(5'ℎ ($ 6($'0(4 74-'/

Fungicides were considered effective if they inhibited fungal growth by at least 75 %.
Temperature and fungicide assays were repeated three times.
3.2.4

Spore Pathogenicity Assays
Two hundred forty fruit from each Sentennial and Staccato varietal were randomly

collected and surface sterilized as described in Section 3.2.2. The fruit from each varietal were
divided into 3 experimental replicates and 1 control replicate containing 5 fruit each (Table 3.4).
Non-wounded fruits were individually inoculated with 25 uL of conidial suspension (103, 104 or
105 conidia/mL) on the suture, midway between the stem end and pistillar end (Northover and
Biggs 1995). Conidial suspensions were created from a mixture of isolates to mimic conditions
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in nature. Control treatments received 25 uL of sterile water. The diameter of decay was
measured after 14, 28, 42 and 60 days at 4 or 22 °C (Janisiewicz et al. 2013).
Lesions present on the fruit surface other than the inoculation site were background
infections. When background infections caused necrosis close to a non-lesioned, inoculated site,
the fruit was not counted (Northover and Biggs 1990).
Table 3.4 Experimental design for the inoculation of varying conidial concentrations onto sweet cherry.

Treatment

Pathogen

Control
25 conidia
250 conidia
2500 conidia
Control
25 conidia
250 conidia
2500 conidia

None
Alternaria spp.
Alternaria spp.
Alternaria spp.
None
Botrytis cinerea
Botrytis cinerea
Botrytis cinerea

3.2.5

Number of cherries Number of
per replicate
replicates
5
3
5
3
5
3
5
3
5
3
5
3
5
3
5
3
Total number of cherries per variety = 120

Statistical Analyses
Statistically significant differences in mycelial growth between temperatures for each

isolate were determined by one-way analysis of variance (ANOVA) and means were separated
by Tukey’s Honestly Significant Difference (HSD) test. Data from repeated experiments were
combined for statistical analysis when variance between experiments was homogenous
(Levene’s test, P < 0.05) (Papavasileiou et al. 2015). Data were assessed for normality using QQplots of the residuals along with Shapiro-Wilk test. Homogeneity of variance was assessed using
residuals versus fitted plots along with Levene’s test. If data were not normal or homoscedastic,
the non-parametric Kruskal-Wallis test was used, followed by the Dunn test with a Bonferroni pvalue adjustment to adjust for family-wise comparison errors. Statistical tables with a summary
of which analysis was performed are provided in Appendix A.
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Percent inhibition of fungal growth by each fungicide was statistically assessed using a
one sided T-test to test if the inhibition was significantly less than 75 %. Percentage data were
arcsine-transformed before statistical analysis.
Differences in lesion diameter between inoculum loads at each temperature for each
pathogen were determined via ANOVA with repeated measures by using lmer (lme4 version 1.112) (Bates et al. 2015). Means were separated by Tukey’s Honestly Significant Difference
(HSD) test. Data were assessed for normality using QQ-plots of the residuals along with
Shapiro-Wilk test. Homogeneity of variance was assessed using residuals versus fitted plots
along with Levene’s test. Statistical analyses were performed in R and an example of R-code
used for testing assumptions is in Appendix B.
3.3
3.3.1

Results
Fungal Pathogens Isolated from the Okanagan
Due to the sampling design of the latent infection assay (repetitively sampling the same

cherries over a 7 day period) it was not possible to state in total how much of each pathogen was
isolated, due to the likelihood of re-isolating the same pathogen over the duration of the
experiment. Instead, the number of replicates in which each pathogen was isolated at least once
are summarized in Tables 3.5 and 3.6. Alternaria spp. were isolated from all orchards in 2016
and from Orchard 1, 4 and 5 in 2017 (Tables 3.5 & 3.6). Botrytis cinerea was only isolated from
Orchard 2 in 2016 and was not isolated from any orchards in 2017. Cladosporium was isolated
from Orchard 3 in both seasons, and Fusarium was isolated from Orchard 2 in 2016. Fusarium
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and Cladosporium are not considered major postharvest pathogens of sweet cherry in the
Okanagan; therefore, Botrytis and Alternaria were selected for study3.
Table 3.5 Latent pathogen detection assay 2016: number of orchard replicates with Botrytis, Alternaria,
Fusarium and Cladosporium infection.

Orchard
1
2
3
4
4
5
5

Varietal
Sentennial
Staccato
Sweetheart
Sentennial
Regina
Staccato
Sweetheart

Botrytis
0/5
2/5
0/5
0/5
0/5
0/5
0/5

# of Replicates with:
Alternaria Fusarium Cladosporium
2/5
0/5
0/5
3/5
1/5
0/5
2/5
0/5
1/5
3/5
0/5
0/5
0/5
0/5
0/5
2/5
0/5
1/5
1/5
0/5
0/5

Table 3.6 Latent pathogen detection assay 2017: number of orchard replicates with Botrytis, Alternaria,
Fusarium and Cladosporium infection.

Orchard
1
2
3
4
4
5
5

Varietal
Sentennial
Staccato
Sweetheart
Sentennial
Regina
Staccato
Sweetheart

Botrytis
0/5
0/5
0/5
0/5
0/5
0/5
0/5

# of Replicates with:
Alternaria Fusarium Cladosporium
3/5
0/5
0/5
0/5
0/5
0/5
0/5
0/5
1/5
3/5
0/5
0/5
1/5
0/5
0/5
1/5
0/5
0/5
2/5
0/5
0/5

The purified pathogens isolated from the latent detection assays (Tables 3.5 & 3.6) and
from the cherries supplied by BC Tree Fruit Co-operative (Table 3.2) were morphologically
identified by mycelium growth pattern, structure and colour, and conidia shape by microscopy.
Random isolates were selected for further studies, and are characterized in Table 3.7.

3

Personal Communication: Dr. Danielle Hirkala, Former Plant Pathologist at BC Tree Fruit Cooperative
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Table 3.7 Morphological identification and characterization of fungal isolates

Isolate

Location
(Orchard)
BaSe04 SE Kelowna (1)

Genus and/or
species
Alternaria spp.

BhS03

SE Kelowna (3)

Alternaria spp.

BSt01

SE Kelowna (2)

Alternaria spp.

CSe05

Oyama (4)

Alternaria spp.

DS01

SE Kelowna (5)

Alternaria spp.

DSt02

SE Kelowna (2)

Alternaria spp.

PBStu

SE Kelowna (2)

Alternaria spp.

BSt03

SE Kelowna (2)

Botrytis cinerea

P201

Penticton

Botrytis cinerea

P403

Summerland

Botrytis cinerea

P501

Summerland

Botrytis cinerea

P701

Summerland

Botrytis cinerea

P801

Summerland

Botrytis cinerea

3.3.2

Morphological characteristics
Fruit: small black, circular lesions at first,
followed by sporulation of dark green
mycelia
Plate: Light to olive green mycelia with a
prominent white margin. Exhibits radial
growth.
Microscopy: Branching light brown hyphae
with septa. Chain condiophores giving rise
to 6-14 phaeodictyospores (multicellular,
melanized, spores that are 20 – 50 µm in
size and contain transverse and longitudinal
septa). Spores are smooth and ovate in shape
with a conical narrowing at apical end.
Fruit: White to gray sporulating mycelia
surrounded by watery tissue
Plate: White to gray sporulating mycelia
exhibiting radial growth. Presence of
sclerotia (black hyphal masses)
Microscopy: Branching hyaline hyphae with
septa. Branching conidiophores giving rise
to hyaline, smooth, egg-shaped spores (10
µm X 5 µm).

The Effect of Temperature on Mycelial Growth
Alternaria spp. isolates showed similar growth patterns, with each isolate able to exhibit

growth between 5 – 35 °C, with optimal growth at 25 °C (Figure 3.1). Most isolates grew
significantly larger at 25 °C compared to the other temperatures. Statistically significant
differences of Alternaria spp. growth between temperatures are summarized in Table A.1. The
greatest difference between growth of the isolates was seen at 25 °C, with no difference in
growth between isolates at 35 °C. Statistically significant differences between Alternaria spp. at
each temperature are summarized in Table A.2.
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Figure 3.1 Average growth diameter (mm) of Alternaria spp. isolates on ½ PDA at 5, 15, 25, and 35 °C. Refer
to Tables A.1 & A.2 for significant differences of growth between temperatures for each isolate and significant
differences of growth between isolates at each temperature. The experiment was done in triplicate and repeated three
times.

B. cinerea isolates showed similar growth patterns, with each isolate growing at
temperatures ranging from 5 – 35 °C, with optimal growth between 15 and 25 °C (Figure 3.2).
The growth plateau seen between 15 and 25 °C is an artifact of the experimental design, since the
fungus can only grow to the size of the petri-dish. Most isolates grew significantly larger at 15
and 25 °C compared to 5 and 35 °C. Statistically significant differences in B. cinerea growth
between temperatures are summarized in Table A.3. B. cinerea growth was significantly
different between isolates at 15 and 25 °C. Statistically significant differences between B.
cinerea isolates at each temperature are summarized in Table A.4.
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Figure 3.2 Average growth diameter (mm) of Botrytis cinerea isolates on ½ PDA at 5, 15, 25, and 35 °C. Refer
to Tables A.3 & A.4 for significant differences in growth of each isolate between temperatures and significant
differences of growth between isolates at each temperature. The experiment was done in triplicate and repeated three
times.

To generalize, some isolates of Alternaria spp. and B. cinerea grew significantly larger
than other isolates of the same genus at the same temperature, suggesting that depending on
which isolate is prevalent in the orchard, isolate growth may be less or more.
3.3.3

Fungicide Sensitivity of Fungal Pathogens
Percent growth inhibition of Alternaria spp. on Pristine- and Elevate-amended media was

significantly less than 75 % (Fig. 3.3A & B). Percent growth inhibition of B. cinerea on Pristineamended medium was significantly less than 75 %. (Fig. 3.4A). Three out of six B. cinerea
isolates were not significantly inhibited by the fungicide Elevate (Fig. 3.4B). T-tests on the
percent growth inhibition of Alternaria spp. and Botrytis cinerea isolates are summarized in
Tables A.5 & A.6, respectively.
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Figure 3.3 Alternaria spp. isolates percent growth inhibition on (A) Pristine-amended medium and (B)
Elevate-amended medium. Horizontal line represents 75 % growth inhibition, which is considered adequate
control of fungal growth. Purple diamonds represent the mean of three experimental replicates and those with an (*)
are significantly less than 75 % (horizontal line, P < 0.05, one-sided Student’s t test), the black circles represent the
minimum and the maximum.
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Figure 3.4 Botrytis cinerea isolates percent growth inhibition on (A) Pristine-amended medium and (B)
Elevate -amended medium. Horizontal line represents 75 % growth inhibition, which is considered adequate
control of fungal growth. Purple diamonds represent the mean of three experimental replicates and those with an (*)
are significantly less than 75 % (horizontal line, P < 0.05, one-sided Student’s t test), the black circles represent the
minimum and the maximum.

3.3.4
3.3.4.1

Conidial Concentrations Required to Initiate Infection on Sweet Cherry
Alternaria spp.
Twenty-five spores of Alternaria spp. required 60 days to initiate visible infection on

Staccato at 4 °C (Figure 3.5A, Table A.7). Both inoculum loads of 250 and 2500 spores were
able to initiate visible infection after 14 days at 4 °C (Table A.7). There was no statistically
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significant difference between treatments (inoculum load) at 4 °C on Staccato cherries (Table
A.8). All concentrations of Alternaria spp. inoculum initiated visible infection after 7 days on
Staccato at 22 °C (Figure 3.5B, Table A.9). There was no statistically significant differences
between treatments (inoculum load) at 22 °C (Table A.10).

Figure 3.5 Alternaria spp. lesion diameter on Staccato cherries inoculated with 25 (blue), 250 (green) or 2500
(red) spores and incubated at (A) 4 °C for 60 days and (B) 22 °C for 28 days. Solid circles represent the mean
and errors bars show standard error of the mean. n=3.
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Twenty-five spores of Alternaria spp. required 42 days to initiate visible infection on
Sentennial at 4 °C (Figure 3.6A, Table A.11). Both inoculum loads of 250 and 2500 spores
initiated visible infection after 28 days at 4 °C (Figure 3.6A, Table A.11). There were no
statistically significant differences between treatments (inoculum load) on lesion diameter at 4
°C on Sentennial cherries (Table A.12). All concentrations of Alternaria spp. inoculum initiated
visible infection after 7 days on Sentennial at 22 °C (Figure 3.6B, Table A.13). There were no
statistically significant differences between treatments (inoculum load) on lesion diameter at 22
°C on Sentennial cherries (Table A.14).
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Figure 3.6 Alternaria spp. lesion diameter on Sentennial cherries inoculated with 25 (blue), 250 (green) or
2500 (red) spores and incubated at (A) 4 °C for 60 days and (B) 22 °C for 28 days. Solid circles represent the
mean and errors bars show standard error of the mean. n=3.

Two-way ANOVAs were used to assess the effect of treatment (inoculum load) on sweet
cherry varietal and lesion diameter after 28 days at 22 °C and 60 days at 4 °C. At 22 °C, both
treatment and varietal had a significant effect on lesion diameter. Lesion diameter from 2500
spores was significantly higher than that from 25 spores, and the lesion diameter on Sentennial
was significantly higher than that on Staccato (Table A.15). There was a significant interaction
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between treatment and varietal at 22 °C (Table A.15). At 4 °C, only treatment had a significant
effect on lesion diameter (Table A.16). Lesion diameter from 2500 spores was significantly
higher than that from 25 spores. There was no significant interaction between treatment and
varietal at 4 °C (Table A.16).
3.3.4.2

Botrytis cinerea
Inoculum loads of 25, 250 and 2500 spores of B. cinerea initiated visible infection on

Staccato cherries after 28 days of incubation at 4 °C (Figure 3.7A, Table A.17). Treatments were
not statistically different on Staccato cherries at 4 °C (Table A.18). All concentrations of B.
cinerea inoculum initiated visible infection after 7 days on Staccato at 22 °C (Figure 3.7B, Table
A.19). Treatments were not statistically different on Staccato cherries at 22 °C (Table A.20).
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Figure 3.7 Botrytis cinerea lesion diameter on Staccato cherries inoculated with 25 (blue), 250 (green) or 2500
(red) spores and incubated at (A) 4 °C for 60 days and (B) 22 °C for 28 days. Solid circles represent the mean
and errors bars show standard error of the mean. n=3.

Twenty-five spores of B. cinerea required 42 days to initiate visible infection on
Sentennial at 4 °C (Figure 3.8A, Table A.21). Treatments were not statistically different on
Sentennial cherries at 4 °C (Table A.22). Twenty-five spores of B. cinerea required 14 days to
initiate visible infection on Sentennial at 22 °C ; 250 and 2500 spores initiated visible infection
after 7 days on Sentennial at 22 °C (Figure 3.8B, Table A.23). Twenty-five thousand spores
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created a significantly larger lesion diameter than 25 spores on Sentennial cherries at 22 °C
(Table A.24).

Figure 3.8 Botrytis cinerea lesion diameter on Sentennial cherries inoculated with 25 (blue), 250 (green) or
2500 (red) spores and incubated at (A) 4 °C for 60 days and (B) 22 °C for 28 days. Solid circles represent the
mean and errors bars show standard error of the mean. n=3.

Two-way ANOVAs were used to assess the effect of treatment (inoculum load) on sweet
cherry varietal and lesion diameter after 28 days at 22 °C and 60 days at 4 °C (Tables A.25 &
A.26). There was no significant effect of cherry varietal on lesion diameter after 60 days at 4 °C
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(Table A.26). At 22 °C, both treatment and varietal had a significant effect on lesion diameter at
28 days (Table A.25). Lesion diameter from 2500 and 250 spores was significantly higher than
that from 25 spores, and lesion diameter was significantly larger on Staccato than Sentennial
after 28 days at 22 °C. There was no significant interaction between treatment and varietal at 22
°C at 28 days.
3.4

Discussion
To determine which fungal pathogens are of most importance in the postharvest disease

of sweet cherry in the Okanagan, a simple freezing and incubating technique was conducted to
detect latent infection (Elmer and Michailides 2007). Results of this assay showed very little
latent fungal infection overall. The ascomycetes, Alternaria spp. and Botrytis cinerea, which are
known to cause postharvest disease in the Okanagan, were isolated most frequently using this
assay. However, results of this assay are influenced by external factors, such as other fungi
concealing the presence of the pathogen, fruit maturity and recent fungicide application (Elmer
and Michailides 2007; Sanzani et al. 2012). Fruit maturity may impact what pathogens are
isolated, as sugar, water and ion content vary at different stages of fruit development, and fungal
species have different nutritional requirements (Elmer and Michailides 2007). Recent fungicide
application may cease growth and/or kill the pathogen; therefore, rendering it un-detectable by
plating techniques. Another consideration is that the method requires surface washing and
sterilization of the cherries, thereby removing any surface pathogens that could contribute to
postharvest disease. If any fungal pathogens are left on the surface of the cherry, they may not
initiate infection due to either their own, or, the sweet cherry growth stage (Elmer and
Michailides 2007). Nonetheless, this assay provided a cost-effective way to quickly identify
potential pathogens.
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Of the pathogenic fungi identified, some isolates were randomly selected and the effect of
temperature on mycelial growth was assessed to help characterise the fungi, as well as to
estimate what time of the growing season each fungus would exhibit peak growth. All Alternaria
spp. isolates steadily increased in growth rate between 5 and 25 °C, with 25 °C being the
optimum, and the growth rate then decreased between 25 and 35 °C. These results are supported
by Zhu & Xiao (2015) where Alternaria spp. isolated from blueberries in California showed the
same growth pattern among temperatures. However, in their study, past 40 °C the isolates
arrested growth and most isolates did not resume growth after additional incubation at 22 °C
(Zhu and Xiao 2015), which is of importance in the Okanagan, where the summer temperatures
regularly reach 40 °C. Furthermore, in this study, there were statistically significant differences
among isolates grown at 5, 15 and 25 °C (Table A.2).
Similarly, B. cinerea isolates grew the best between 15 and 25 °C, with 20 °C being
estimated as the optimum growth temperature (optimum could not be determined due to the
fungus rapidly growing to the size of the plate, creating an artificial plateau on the graph). This
estimate is supported in literature (Elad et al. 2007; Ma et al. 2018). The ability of B. cinerea
isolates to grow decreased between 25 and 35 °C. Within the optimum temperature growth
range, there were significant differences among the B. cinerea isolates (Table A.4).
Based on the data, it is expected that growth of Alternaria spp. and B. cinerea, would be
decreased during the warmer months of summer, June and July. In addition, for each genus,
some isolates were better suited for growth at certain temperatures compared to other isolates,
suggesting that growth rate of B. cinerea and Alternaria spp. may be dependent on the isolates
present in the orchard. Differences among growth, fungicide sensitivity and pathogenicity have
been extensively studied in Alternaria spp. (Iacomi-Vasilescu et al. 2004; Rogers 2010; Tymon
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et al. 2016). However, studies regarding community composition and dominating species and
isolates need to be done to understand the total impact of isolate variability on postharvest
disease management, because simply put ‘one size does not fit all’.
A screen of Pristine® and Elevate® sensitivity was conducted on the Alternaria spp. and
B. cinerea isolates. Isolates were grown on fungicide-amended media with fungicide
concentration equivalent to that applied at label rate, and tested for percent growth inhibition less
than 75 %, as 75 % control or more is considered adequate4. Pristine is not registered for the
control of either Alternaria spp. or B. cinerea on stone fruit; however, it is used to successfully
control these fungi on other crops, such as pistachio and carrots (AgSolutions; BASF). In fact, no
fungicide has been registered for use against Alternaria spp. on cherry in Canada, because it is
often controlled by other fungicides used to control other diseases (Elmhirst 2006). Percent
growth inhibition of Alternaria spp. on Pristine- and Elevate-amended media was significantly
less than 75%; therefore, all isolates of Alternaria spp. showed resistance to Pristine
(pyraclostrobin and boscalid) and Elevate. The resistance of the isolates to Pristine may be due to
the excessive use of fungicides with boscalid as the active ingredient. Alternaria spp. are
intrinsically at high risk for developing fungicide resistance and boscalid resistance among
Alternaria spp. has been well documented in the pistachio industry (Avenot et al. 2008; Sierotzki
and Scalliet 2013; Avenot and Michailides 2015). Since Pristine was used in commercial form
for this study, it is not possible to state whether the isolates here are resistant to boscalid,
pyraclostrobin, or both.
Percent growth inhibition of B. cinerea on Pristine-amended medium was significantly
less than 75 %, as expected, because Pristine is not registered for use on B. cinerea on stone fruit.

4

Personal Communications. Dr. Danielle Hirkala. Plant Pathologist. BC Tree Fruit Co-op.
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However, Elevate is commonly used to control the growth of B. cinerea; yet three out of six
isolates were not significantly inhibited by the fungicide, suggesting resistance. Resistance of B.
cinerea to fenhexamid (active ingredient of Elevate) is not uncommon and has been repeatedly
documented in other studies across the globe (Feliziani et al. 2013; Grabke et al. 2013; Yin et al.
2016; Zhou et al. 2017). Overall, future disease mitigation practices must include consideration
and testing of pathogens for resistance against fungicides; this will ultimately aid in the
development of better resistance management practices, such as decreasing use of, and rotating
fungicides (Staub 1991).
In vivo inoculation of sweet cherry fruit was used to test for the pathogenicity of each
genus on Staccato and Sentennial cherry varietals at different temperatures. The objective of this
assay was to estimate how many spores are required at each temperature to initiate infection, and
if cherry varietal had an effect on lesion diameter. The method used to deposit a single inoculum
drop on the cherry surface may not be applicable to nature, where several drops may be
deposited, which could then alter the host response and therefore susceptibility (Northover and
Biggs 1990).
Each genus was able to initiate infection on both cherry varietals, at 4 and 22 °C, with an
inoculum load of 25 conidia. Thus, both pathogens are not only able to grow at 4 °C, but can also
infect. For each genus, there was no significant difference in lesion diameter between the
varietals after 60 days at 4 °C. Incubation at 22 °C for 28 days resulted in larger Alternaria spp.
lesion diameters on Sentennial cherries compared to Staccato; in contrast, B. cinerea resulted in
larger lesion diameters on Staccato compared to Sentennial. Difference in lesion diameter
between varietals may be attributed to the different nutritional/quality profiles of the varietals,
either in the dry matter or the peel. Sentennial cherries have 20.3 % soluble solids, and a
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firmness of 295 g/mm (Kappel et al. 2011). In comparison, Staccato cherries have 19.7 %
soluble solids and a firmness of 250 g/mm (Kappel et al. 2006).
Sweet cherries are also known for their production of phenolic compounds with strong
antioxidant properties that provide broad spectrum anti-fungal effects (Liu et al. 2011; Martini et
al. 2017; Wang et al. 2017). Phenolics that are cinnamic derivatives have been shown to inhibit
the growth of A. alternata and B. cinerea (Lattanzio et al. 1994; Wang et al. 2017). Further, each
phenolic has a different inhibitory effect on different pathogens (Lattanzio et al. 1994).
Alternaria-resistant tomato genotypes were shown to have a significant up-regulation of phenolic
compounds, providing further evidence of the antifungal effect of phenolic compounds (Arshad
Awan et al. 2018). The production of phenolic compounds varies by cultivar; therefore some
cultivars produce phenolics that are better at controlling certain fungal pathogens than others
(Liu et al. 2011; Martini et al. 2017; Wang et al. 2017). To date, phenolic content has not been
published for Staccato or Sentennial cherry varietals; however, it is possible that the phenolic
content of each varietal may differ and this may have resulted in the different infection severity
between the pathogens in this study at 22 °C . The lack of difference of the lesion diameter
between varietals at 4 °C may be because the limiting infection factor is temperature, rather than
nutrients, as the metabolic activity of the pathogen is lowered (Barkai-Golan 2001).
These findings suggest that in general, both Alternaria spp. and B. cinerea are not always
controlled by fungicide application in the field and that the presence of as few as 25 conidia can
infect non-wounded cherries at low temperatures. The ability to cause disease on non-wounded
fruit at low temperatures is a huge obstacle for growers, packing houses and shippers, as most
infections remain latent during the growing season, and then become active when conditions are
favourable during storage/shipment.

58

Chapter 4: Environmental effects on the presence and quantity of postharvest
fungal pathogens, and on disease incidence on sweet cherry in the Okanagan.
4.1

Background
William E. Fry said that using disease mitigation practices ‘when they are not needed is

inefficient at best because their use results in unneeded cost to growers, consumers, and perhaps
to the environment’ (Fry 1982; Madden and Ellis 1988). To decrease un-warranted use of
fungicides, disease prediction models can be used. As described briefly in previous chapters,
disease prediction models predict disease based on weather, host, and/or pathogen conditions
(Madden and Ellis 1988; Tian 2007). The prediction of disease before an outbreak allows
growers to respond by adjusting their mitigation practices (De Wolf and Isard 2007). Ideally, a
low-risk disease prediction will result in reduced fungicide application, which in turn has
positive economic and environmental impacts.
In order to develop a model, extensive data must be collected and analyzed in the
environment where the model is to be used. In this study, an empirical model was developed (a
model based on field data) using linear mixed effects models and the multi-model inference
approach to select the best model (Burnham and Anderson 2002). Generally, multiple years of
data are collected and then the model is assessed for multiple years before it can be marketed for
use. The objective of this chapter was to collect preliminary data to analyse how the quantity of
Alternaria spp. and Botrytis cinerea are correlated to and affected by environmental and
biological conditions in the Okanagan. Basic knowledge of when and how much fungi are
present in the growing season will provide local growers with invaluable information about their
crop, which they can then use to develop better disease management practices in the future.
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4.2

Materials and Methods

4.2.1
4.2.1.1

Postharvest Disease Incidence of Cherries across the Okanagan in Relation to GDD
Sampling sites
Twenty-two orchards throughout the Okanagan provided postharvest, unprocessed

Staccato cherries. Nine orchards were in the North Okanagan, 7 in central Okanagan, and 6 in
the South (Table 4.1). Orchards 2 (N8) and 5 (N9) (Table 3.1) were included in the experiment,
and one orchard from the South was excluded due to rejection at the packing house.
Table 4.1 Orchard locations across the Okanagan used for the postharvest disease incidence experiment on
Staccato cherries.

Region Orchard
Identity
South
S1
South
S2
South
S3
South
S4
South
S5
South
S6
Central C1
Central C2
Central C3
Central C4
Central C5
Central C6
Central C7
North
N1
North
N2
North
N3
North
N4
North
N5
North
N6
North
N7
North
N8
North
N9

Location (Decimal Degrees: Latitude, Longitude)

Area

49.023793, -119.438598
49.053162, -119.495892
49.056038, -119.507875
49.183952, -119.550364
49.206890, -119.800620
49.197385, -119.756841
49.522597, -119.570664
49.553209, -119.572486
49.589136, -119.704417
49.599242, -119.665523
49.613905, -119.696362
49.569464, -119.579579
49.847265, -119.653191
49.860016, -119.408576
49.857470, -119.406369
49.923654, -119.352455
49.892360, -119.364028
50.033219, -119.415191
50.109257, -119.392706
50.264229, -119.304635
49.884097, -119.3720
49.860181, -199.404181

East Osoyoos
Osoyoos
Osoyoos
Oliver
Keremeos
Cawston
Penticton
Penticton
Summerland
Summerland
Summerland
Naramata
Peachland
Kelowna
Kelowna
Rutland
Rutland
Winfield
Winfield
Vernon
Black Mountain
SE Kelowna
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4.2.1.2

Postharvest disease incidence
After cherries were harvested by the orchards, an unprocessed box from each block was

set aside and placed in cold storage at the B.C. Tree Fruit Co-op, in Winfield, B.C. Postharvest
disease incidence was calculated using 100 cherries (n=1). After six weeks, the cherries were
removed from cold storage and disease incidence for each pathogen was calculated as follows:
,#>/->/ #$6#,/$6/ =

$2.&/0 (1 6ℎ/00#/> 0(''/, &? >7/6#1#6 7-'ℎ(3/$
× 100%
'('-4 $2./0 (1 6ℎ/00#/>

Postharvest disease incidence was also calculated for the 7 research blocks (Section
3.2.1). Twenty-five cherries from 4 different trees in each block were collected at harvest and
placed in cold storage for 6 weeks (n=4). The average disease incidence was then calculated for
each block.
4.2.1.3

Statistical analysis

The correlation between postharvest disease incidence and the number of degree days was
determined using a simple linear model and Pearson correlation. Percent disease incidence data
were subjected to arcsine-square root transformation before data analysis. Normality of residuals
was assessed using QQ-plots and Shapiro-Wilk test. Homogeneity of variance was assessed
using Levene’s test.
Statistically significant differences in disease incidence between Okanagan regions were
determined by one-way analysis of variance (ANOVA) and means were separated by Tukey’s
Honestly Significant Difference (HSD) test. Normality of residuals was assessed using QQ-plots
and Shapiro-Wilk test. Homogeneity of variance was assessed using residuals versus fitted plots
along with Levene’s test. Statistical analyses were performed using R.
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4.2.2
4.2.2.1

Fungal Pathogen Epidemiology in Five Okanagan Orchards
Sampling sites

Five commercial cherry orchards located throughout the Okanagan were sampled (Section
3.2.1). Cherry varietals sampled from each orchard are summarized in Table 3.1.
4.2.2.2

Field sampling
The 7 blocks in the 5 orchards (Section 3.2.1) were sampled at bud break (2017 only),

full bloom, petal fall, onset of straw colour, and harvest (Fig. 4.1). Samples from 2016 were
separated into the last 4 growth stages if they were at or near that stage. Cherries were also
sampled after major rainfall (> 3 h). At each sampling date, 5 cherry trees from each block were
randomly selected and from those trees, 10 buds/blossoms/fruit were randomly collected in
Ziplock bags and immediately placed on ice until storage at -80 °C. Samples were collected at
different heights and locations from each tree to ensure that the entire tree was sampled. Trees
close together were avoided to ensure a ‘buffer’ around each tree. Each tree constituted one
replicate. All samples were collected with gloves. This process was completed during the cherry
growing seasons of 2016 and 2017.
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Figure 4.1 Sweet cherry development stages (A) bud burst, (B) full bloom, (C) petal fall, (D) onset of straw
colour, and (E) harvest.

4.2.2.3

Monitoring weather
Temperature (T, degrees Celsius) and precipitation (P, millimeters) were recorded using

automated weather-monitoring stations provided by each orchard or FlexAlert. The proximity of
these stations to field collection sites ranged from approximately 1 m to 4 km. If no weather
station was in the orchard, the above weather conditions were collected from Environment
Canada. The number of rain events was calculated for each sampling day from bud/blossom to
harvest. Growing Degree Days (GDD), a measure of heat accumulation, were calculated online
by www.farmwest.com, using the Belgo (49.8799, -119.3554) weather station for Orchard 1, the
Kelowna South (49.8389, -119.4436) weather station for Orchards 2, 3 and 5 and the Benvoulin
(50.0886, -119.3691) weather station for Orchard 4. GDD are calculated by taking the average
daily temperature and subtracting a baseline (the temperature below which there is no growth in
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the crop of interest). If the average temperature is below the base temperature, the GDD value for
that day is zero; therefore, GDD start accumulating once the daily average temperature is higher
than the baseline. GDD was calculated as follows:
@AA = B
4.2.2.4

C-D#.2. E/.7/0-'20/ − C#$#.2. E/.7/0-'20/
G − 10
2

DNA Quantification of fungal pathogens
Due to cost restrictions, the following five blocks were used for quantification of fungal

pathogens: Orchard 1, 2, 3, 4 (Sentennial) and 5 (Staccato) (Table 3.1).
4.2.2.4.1

DNA extraction and ddPCR

Spores and/or mycelium were released from the surface of the fruit using a combined
protocol outlined in Section 2.2.6 (Gell et al. 2009; Laforgue et al. 2009; Diguta et al. 2010).
DNA was extracted from the washing suspension using the E.Z.N.A Universal Pathogen Kit
(Omega-Biotek) with modifications. The Disrupter Tubes were bead milled in a Retsch Mixer
Mill Type MM 301 (Retsch, Germany) twice for 90 s at 30 hz with a 1 min cooling period in
between.
Duplex droplet digital PCR (ddPCR) was performed following Bio-Rad guidelines, as
described in Section 2.2.5. Genus quantification data were calculated to be expressed as gene
copies per 10 buds/blossoms/fruit.
4.2.2.5

Statistical analysis
Statistically significant differences in pathogen quantities between sweet cherry growth

stage were determined by one-way analysis of variance (ANOVA) and means were separated by
Tukey’s Honestly Significant Difference (HSD) test. Data were assessed for normality using
QQ-plots of the residuals and the Shapiro-Wilk test. Homogeneity of variance was assessed
using Levene’s test.
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To assess the effect of GDD, rain events, and number of fungicide applications on
pathogen quantity, a multi-model approach was employed using Akaike information criteria
(AIC) and model averaging (Burnham and Anderson 2002). Each fungal pathogen was analyzed
separately and data were logarithmically transformed to meet the assumption of normality for the
model. The multi-model analyses were performed in R using the MuMIn package (1.40.4)
(Barton 2018). First, a global linear mixed effects model was developed (lme4 version 1.1-12)
(Bates et al. 2015). GDD, rain and number of fungicide applications were fixed factors, and year
and orchard were considered random factors. Although rain is a random event, it can be
considered a fixed factor when studying its effect on the variable of interest (Kleinschmidt et al.
2001; Didiano et al. 2016; Kamruzzaman et al. 2016). Each fungal pathogen was analyzed
separately. Model fit was assessed using diagnostic plots of the residuals. All combinations of
subset models were performed using the dredge function, which ranked the subset models on
their AICc (corrected Akaike information criteria). Models within the 95% cumulative AICc
weights were averaged, if there was more than one model.
4.3
4.3.1

Results
Disease Incidence in Relation to GDD
Alternaria spp. and B. cinerea disease incidence on Staccato cherry after 6 weeks in cold

storage was very low. Cherries were either seemingly healthy, or infected with other pathogens,
typically yeast. Both Alternaria spp. and B. cinerea disease incidence showed statistically
significant negative correlations to GDD (Figure 4.2). However, the adjusted R2 values are small,
being 0.35 and 0.18 for Alternaria spp. and B. cinerea, respectively.
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Figure 4.2 Alternaria spp. (A) and B. cinerea (B) disease incidence in relation to growing degree days. There
was a negative correlation between growing degree days and disease incidence for each pathogen. Disease incidence
is shown as the arcsin transformation of percent disease incidence. Correlations are statistically significant (P <
0.05).

The trends indicate that GDD alone did not explain the variation in disease incidence on
Staccato cherries. GDD between the regions were similar; South Okanagan had 816 ± 29.8
GDD, Central Okanagan had 823.5 ± 31.3 GDD, and North Okanagan had 851.8 ± 23.1 GDD.
When the orchards were separated by region (South, Central or North Okanagan), disease
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incidence for both pathogens was significantly higher in the South compared to the North (Figure
4.3, Table A.27).

Figure 4.3 Alternaria spp. (A) and B. cinerea (B) disease incidence in relation to Okanagan region (S= South,
C= Central, N = North). Groups with the same letter are not significantly different according to the Dunn test. (p =
0.05). Solid diamonds represent the mean and black circles represent individual data. South n = 6, Central n = 7,
North n = 9.

4.3.2

Effect of Biological and Environmental Parameters on Pathogen Quantity
Both pathogens showed a seasonal pattern of quantity in 2016 and 2017. Each pathogen

was already present at the beginning of the growing season (Figures 4.4 & 4.5) Quantities
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remained fairly consistent throughout the growing season, until harvest, where quantities spiked
(Section 4.3.2.1), with the exception of B. cinerea in 2017, where quantities remained consistent.

Figure 4.4 Alternaria spp. quantity throughout the 2016 (A) and 2017 (B) sweet cherry growing seasons.
Circles represent the mean of 5 replicates and arrows indicate sampling dates after a major rain event (>3 hr).
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Figure 4.5 Botrytis cinerea quantity throughout the 2016 (A) and 2017 (B) sweet cherry growing seasons.
Circles represent the mean of 5 replicates and arrows indicate sampling dates after a major rain event (>3 hr).

4.3.2.1

Effect of growth stage on pathogen quantity
For each year in each orchard, the effect of growth stage on pathogen quantity was

assessed. Most often, harvest had the highest quantity of both pathogens relative to the other
stages (Figures 4.6 & 4.7). In 2016, Alternaria spp. quantity was significantly higher at harvest
compared to the other growth stages in Orchards 1, 2, 3 and 5 (Figures 4.6A,B,C&E, Table
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A.28). In Orchard 5, Alternaria spp. quantity was not significantly different at any growth stage
(Figure 4.6E). In 2017, Alternaria spp. quantity was significantly higher at harvest compared to
blossom and petal fall, and was not significantly different from bud or onset of straw in Orchard
1 (Figure 4.6A, Table A.29). In Orchard 2, Alternaria spp. quantity was significantly higher
compared to petal fall, but not the other stages (Figure 4.6B). In Orchard 3, Alternaria spp.
quantity was significantly higher at harvest compared to bud, blossom and petal fall, but was not
significantly different from onset of straw (Figure 4.6C). In Orchard 4, Alternaria spp. quantity
was significantly higher at harvest compared to bud and blossom, but not different compared to
petal fall and onset of straw (Figure 4.6D). In Orchard 5, Alternaria spp. quantity was
significantly higher at harvest compared to bud, blossom and petal fall, but was not different
from onset of straw (Figure 4.6E).
In 2016, B. cinerea quantity was significantly higher at harvest compared to all other
stages, and quantity at onset of straw was significantly lower compared to all other stages in
Orchard 1 (Figure 4.7A, Table A.30). In Orchard 2, B. cinerea quantity was significantly higher
at harvest compared to blossom and petal fall, but not onset of straw (Figure 4.7B). In Orchards
3, 4 and 5, B. cinerea quantity was significantly higher at harvest compared to all other stages
(Figures 4.7C, D, E). In 2017, B. cinerea quantity was significantly higher at harvest compared
to bud break, but not the other stages (Figure 4.7A, Table A.31). B. cinerea quantity was not
significantly different at any stage in Orchards 2 and 3 (Figure 4.7B&C, Table A.31). In Orchard
4, B. cinerea quantity was significantly higher at harvest compared to bud and blossom, but not
petal fall or onset of straw (Figure 4.7D). In Orchard 5, B. cinerea quantity at harvest was
significantly lower compared to blossom, but not significantly different from the other stages
(Figure 4.7E).
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Figure 4.6 Alternaria spp. quantities at 4 growth stages in 2016 and 5 growth stages 2017 in 5 Okanagan
orchards. (A) Orchard 1 (B) Orchard 2 (C) Orchard 3 (D) Orchard 4 (E) Orchard 5. Solid circles represent the mean
of 5 replicates and error bars show standard error of the mean. Means within the same plot and year, and with the
same letter are not significantly different according to Tukey’s HSD (P < 0.05).
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Figure 4.7 Botrytis cinerea quantities at 4 growth stages in 2016 and 5 growth stages 2017 in 5 Okanagan
orchards. (A) Orchard 1 (B) Orchard 2 (C) Orchard 3 (D) Orchard 4 (E) Orchard 5. Solid circles represent the mean
of 5 replicates and error bars show standard error of the mean. Means within the same plot and year, and with the
same letter are not significantly different according to Tukey’s HSD (P < 0.05).
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4.3.2.2

Effect of GDD, rain events and fungicide application on pathogen quantity
Using linear mixed effects models and the multi-model inference approach with

Alternaria spp. quantity as the response variable, of the 8 possible models produced, 2 models
within the 95 % cumulative AICc weights of the best model were averaged. The explanatory
variable ‘number of fungicide applications’ did not appear in the top two models, while ‘number
of rain events’ and ‘GDD’ did. Model averaging showed that GDD and rain had a significant
positive effect on Alternaria spp. quantity (Table 4.2).
Of the 8 possible models produced for B. cinerea, only 1 model fell within the 95 %
cumulative AICc weights of the best model. The only explanatory variable in the top model was
the ‘number of rain events’; ‘number of fungicide applications’ and ‘GDD’ did not appear in the
top models. This model showed that rain had a significant positive effect on B. cinerea quantity
(Table 4.3). A brief summary of the fungicide application schedules is provided in Table 4.4.
Due to proprietary reasons, the spray schedules listed in the table have been given arbitrary
letters to prevent tracing of the schedules back to the specific Orchard. The relationships between
the quantity of each fungal pathogen and GDD, number of rain events and number of fungicide
applications are shown in Figures 4.8, 4.9, and 4.10, respectively.
Table 4.2 Results of multi-model inference and model averaging on the effect of environment parameters on
Alternaria spp. quantity.

Estimated Coefficient Adjusted SE P

n-containing models (n/2)

Intercept

1.9280

0.159

<0.001

GDD

0.0018

0.0002

<0.001 2/2

Rain events 0.0192

0.0090

0.032

1/2
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Table 4.3 Results of multi-model inference and model averaging on the effect of environment parameters on
B. cinerea quantity.

Estimated Coefficient Adjusted SE P
Intercept

n-containing models (n/1)

0.8732

0.1352

<0.001

Rain events 0.0031

0.0040

<0.001 1/1

Table 4.4 Summary of fungicides applied to each Orchard in 2016 and 2017
Orchard Year
FRAC Group
Group Name
A
2016
NA
incomplete record1
2017
M
/
3
Demethylation Inhibitors (DMI)
7
Carboxyamides
11
Quinone Outside Inhibitors (QoI)
13
Quinolines
Total Sprays:
M
/
2
Dicarboximides
3
Demethylation Inhibitors (DMI)
2016
7
Carboxyamides
11
Quinone Outside Inhibitors (QoI)
13
Quinolines
Total Sprays:
B
M
/
2
Dicarboximides
3
Demethylation Inhibitors (DMI)
2017
7
Carboxyamides
11
Quinone Outside Inhibitors (QoI)
Total Sprays:
M
/
U
/
2016
7
Carboxyamides
11
Quinone Outside Inhibitors (QoI)
13
Quinolines
Total Sprays:
C
M
/
U
/
2017
7
Carboxyamides
11
Quinone Outside Inhibitors (QoI)
Total Sprays:

Number of Sprays
NA
5
2
3
3
1
12*
4
2
2
1
3
1
12*
4
1
1
1
3
9*
2
1
2
3
1
7*
4
1
5
5
12*
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Table 4.4 Summary of fungicides applied to each Orchard in 2016 and 2017, Continued
Orchard
Year
FRAC Group
Group Name
Number of Sprays
M
/
3
2
Dicarboximides
1
3
Demethylation Inhibitors (DMI)
2
7
Carboxyamides
3
2016
11
Quinone Outside Inhibitors (QoI)
5
12
Phenylpyrroles
8
17
Hydroxyanilides
1
Total Sprays: 23
D
M
/
3
2
Dicarboximides
1
3
Demethylation Inhibitors (DMI)
3
7
Carboxyamides
4
2017
11
Quinone Outside Inhibitors (QoI)
8
13
Quinolines
2
17
Hydroxyanilide
2
Total Sprays: 20*
M
/
4
3
Demethylation Inhibitors (DMI)
2
2016
11
Quinone Outside Inhibitors (QoI)
4
13
Quinolines
1
Total Sprays: 11
M
/
4
E
U
/
2
3
Demethylation Inhibitors (DMI)
4
2017
7
Carboxyamides
2
11
Quinone Outside Inhibitors (QoI)
3
13
Quinolines
1
Total Sprays: 15*
1
Orchard did not provide full spray record
*Total sprays may not add up in this table due to some sprays containing more than one active ingredient.
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Figure 4.8 Relationship between growing degree days and pathogen quantity in 5 orchards in the 2016 and 2017 growing seasons. (A) Alternaria spp.
2016, (B) Alternaria spp. 2017, (C) B. cinerea 2016, and (D) B. cinerea 2017. Alternaria spp. quantity was significantly positively correlated with number of
growing degree days, B. cinerea was not.
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Figure 4.9 Relationship between the number of rain events and pathogen quantity in 5 orchards in the 2016 and 2017 growing seasons. (A) Alternaria
spp. 2016, (B) Alternaria spp. 2017, (C) B. cinerea 2016, and (D) B. cinerea 2017. Both pathogen quantities were significantly positively correlated with number
of rain events.
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Figure 4.10 Relationship between the number of fungicide applications and pathogen quantity in 5 orchards in the 2016 and 2017 growing seasons. (A)
Alternaria spp. 2016, (B) Alternaria spp. 2017, (C) B. cinerea 2016, and (D) B. cinerea 2017. Pathogen quantities were not significantly correlated with number
of fungicide applications.
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4.3.3

Effect of Pathogen Quantity on Postharvest Disease Incidence
The correlation between the quantity of pathogen found on the surface of cherries at

harvest and the disease incidence of that pathogen on cherries after 6 weeks in cold storage was
assessed using a linear model. Disease incidence of both pathogens was very low (Figure 4.11).
Although, Figure 4.11 shows a negative correlation, it is not significant, and therefore there is no
correlation between quantity at harvest and disease incidence with these data. The negative rsquared values indicate insignificance of the explanatory variable (pathogen quantity) in
controlling the response (disease incidence).

Figure 4.11 The relationship between pathogen quantity at harvest and disease incidence after 6 weeks in cold
storage. (A) Alternaria spp. and (B) Botrytis cinerea. The correlations were insignificant at P < 0.05, and n=5.
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4.4

Discussion
The postharvest disease incidence of both Alternaria spp. and B. cinerea was low on

unprocessed cherries after 6 weeks of cold storage. It should be noted that some orchards had
significant rot caused by the yeast Aureobasidium sp. Although this yeast is usually defined as a
normal part of fruit flora, its ability to cause rot is not surprising, as it has also been reported as a
pre- and post-harvest cherry pathogen (Tarbath et al. 2014; Barry et al. 2015).
To assess the effect of GDD on disease incidence of each pathogen, a linear model was used.
GDD was chosen because it is widely used by growers to predict fruit growth stage, and
schedule crop management such as when to sample or control a pest (Miller et al. 2018). The
data and linear model show that GDD had a significant negative effect on postharvest disease
incidence of both Alternaria spp. and B. cinerea on Staccato cherry, meaning disease incidence
decreases with increasing GDD. However, these findings may be limited due to the lack of
replication (n=1) and the low R-squared value. The low R-squared value indicates that the
predictor variable, GDD, still provides information about fungal quantity, but it does not
completely explain the response. Other variables not accounted for in the model, such as
latitude/longitude, grower mitigation practices in each region, and other weather parameters may
provide better information.
To interpret more from the postharvest disease incidence data, the data were split into the
three Okanagan regions (North, Central, and South). Statistical analysis showed that for both
pathogens, the Southern region had significantly higher postharvest rot incidence compared to
the North. With the data collected, it can only be speculated as to what caused the difference.
The linear model suggests that it cannot be GDD, as GDD was negatively correlated with disease
incidence, and we expected to see more GDD in the warmer Southern region. However, it is
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possible that even though the South is warmer than the North, the shorter growing season in the
South may keep the number of GDD similar between regions from January 1 to harvest. GDD
may not be a sensitive enough measure of temperature, as it is the average temperature calculated
from the daily maximum and minimum temperature minus 10; therefore if orchards have similar
daily averages (regardless of how long the orchard stayed at minimum or maximum
temperature), they would be assigned similar GDD. As shown in Chapter 3, both B. cinerea and
Alternaria spp. have decreased growth above 25 °C, and therefore the negative effect may be due
to high temperatures, rather than GDD. GDD may truly be negatively correlated with disease
incidence; however, other parameters that have not been measured (such as orchard
management, latitude/longitude) may be contributing a larger effect to disease incidence than
GDD. Another explanation is that the South Okanagan has a higher number of cherry orchards
compared to the North; therefore, the effect of disease incidence may be due to crop density,
which can affect how disease establishes and spreads (Tarbath et al. 2014).
This is not to suggest that GDD is not valuable in modelling disease; in fact, GDD has been
used in many prediction models (Schwartz et al. 2003; Frisvold and Murugesan 2013; Haydock
et al. 2016; Miller et al. 2018). One such model was developed by Gadoury and MacHardy
(1982) and has been used to estimate the number of matured apple scab ascospores from the
accumulation of degree days since the first appearance of the ascospores. Another model,
developed in Quebec, uses GDD to initiate fungicide sprays for powdery mildew on grapes
(Carisse et al. 2009).
Along with GDD’s ability to predict pest occurrence, it is also used to predict fruit growth
stage, which was shown to affect pathogen quantity in this study. Depending on the year and
orchard, differences in pathogen quantity varied between the stages. The overall trend is that
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pathogen is present as early as bud break and pathogen quantity is significantly higher at harvest
compared to the other stages. This finding for B. cinerea is supported by research done by
Tarbath et al. (2014), where B. cinerea quantity remained consistent throughout the growing
season until 10 days before harvest, where quantity peaked.
Higher quantities of pathogen / disease incidence before or at harvest have been reported
frequently in literature. A recent study of B. cinerea on grapes showed that berries with high TSS
had the highest concentration of B. cinerea, and berry susceptibility is enhanced during the
ripening process due to the decrease in the phenolic content and organic acids in deciduous fruit
(Carmichael et al. 2018). Further, a study done on sweet cherry development showed that TSS,
and titratable actual acidity (TAA) increase over the growth stages and firmness decreases
(Serrano et al. 2005). Higher quantities of pathogen at harvest are to be expected due to fruit
maturity and quality, but correlation of fruit quality parameters at harvest to rot incidences has
been reported as poor in literature (Tarbath et al. 2014). Northover and Briggs (1990) state that
larger, mature sweet cherry fruit enhance the adhesion of inoculum drops, along with the
development of their waxy cuticle. In contrast, when cherry fruit are small, the curved surface
decreases inoculum drop stability (Northover and Biggs 1990). Furthermore, the presence of
heavy foliage on the tree during the ripening stages may contribute to postharvest disease by
affecting air drainage and increasing humidity in the canopy, thereby providing pathogens with a
favourable environment (Pangga et al. 2011).
The presence of pathogen at bud break is notable, as research has described that one of the
infection pathways of B. cinerea is via the floral parts (petals, styles, stigmas or stamen) at full
bloom (McClellan and Hewitt 1973; Elmer and Michailides 2007; Carmichael et al. 2018). The
established hyphae can then remain in a latent phase during the preharvest phenological stages
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of sweet cherry until environmental conditions become optimal for pathogen growth (Romanazzi
et al. 2016). This is typical during midspring where temperatures are high enough to allow fungi
to become active, but are too low to allow optimum host development (Agrios 2005). The ability
to infect cherry at early growth stages highlights the need for early diagnostics of the pathogen
on asymptomatic fruit to reduce postharvest losses (Carmichael et al. 2018).
Using the multi-model inference approach, Alternaria spp. quantity was shown to be
significantly, positively correlated with both GDD and number of rain events during the growing
season. Positive correlation to GDD is not surprising, as Alternaria spp. exhibits a narrow
optimal temperature range (Section 3.2.7.2); therefore small changes in temperature may
drastically affect Alternaria spp. growth. Positive correlation to number of rain events is also not
surprising, as rain is known to directly release spores upon impact and humidity is required for
the infection process (Timmer et al. 2003). Rain can also indirectly cause disease through
splitting the cherry, thereby giving the opportunistic pathogen a point of entry (Børve and Sekse
2000). B. cinerea quantity was shown to be significantly, positively correlated with rain. Rain
can increase pathogen quantity as described above. The lack of the ‘GDD’ variable in the top
model may be attributed to Botrytis cinerea’s wide optimum temperature range (Section 3.2.7.2),
thereby making the fungus less susceptible to changes in temperature, as compared to Alternaria
spp. Alternatively, lack of ‘GDD’ in the top model may be due to the baseline chosen to
calculate degree days. Although, fruit trees may not exhibit growth below 10 °C, Alternaria spp.
and B. cinerea do. Lowering the baseline to 4 °C, where fungal growth is slowed further, may
provide a better correlation between GDD and fungal quantity.
Both top models did not include ‘number of fungicide applications’, because it did not
significantly contribute to the model (assessed using AIC). This finding could be related to the
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high levels of fungicide resistance reported in Section 3.2.7.3 and is supported by Tarbath et al.
(2014), who also reported no significant interaction between fungicide application and disease
incidence at harvest. Further, in their study, withholding fungicide application after full bloom
did not significantly affect disease incidence at harvest. The authors suggested that if not due to
fungicide resistance, floral infection may have already occurred instead (Tarbath et al. 2014).
Both B. cinerea and Alternaria spp. were detected as early as bud break; therefore, infection may
have already occurred in the field sites studied. Despite the findings by Tarbath et al. (2014), it is
odd that fungicide application was not correlated to pathogen quantity. Perhaps, if negative
controls (orchards where fungicide applications were withheld) were included, the effect of
fungicide on controlling fungal growth would be greater. This is because although the fungi are
not being controlled adequately (inhibited by 75%), they are still being inhibited by some
amount (Figures 3.3 & 3.4). In orchards where no fungicide is applied, the fungi would not have
any growth inhibition (due to fungicide) and, thus, may increase in numbers significantly
compared to orchards that were applying fungicides.
To relate pathogen quantity to postharvest disease incidence, a linear model was used to
assess the effect of pathogen quantity at harvest on disease incidence after 6 weeks in cold
storage. However, no significant relationship was found. This finding was counter-intuitive, as
Chapter 3 showed that as few as 25 conidia could cause disease at 4 °C; however, that was the
result of 25 spores concentrated in one area, along the suture, which may be more susceptible to
infection in comparison to the rest of the cherry. In addition, the laboratory experiment was done
on surface sterilized cherries, thereby not taking into account any of the natural microflora
present on the cherry that may biologically control the growth of the fungus in cold storage.
Another contributing factor may be the sampling design. Since the pathogens were quantified via
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surface washing, the same cherries that are used to quantify pathogens could not be the same
cherries used to calculate disease incidence after 6 weeks. Finally, the pathogens require ideal
conditions to cause disease – they may be present, but not yet infectious.
To conclude, B. cinerea and Alternaria spp. were affected by biological (fruit growth
stage) and environmental parameters. Both pathogens were present at the beginning of the
growing season and remained mostly at constant quantity, until harvest, where quantity spiked.
Rain had a significant impact on the quantity of both pathogens, and fungicide application did
not. These results can be used to create region specific disease mitigation practices in the
Okanagan Valley.
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Chapter 5: Conclusion
To date, there is little research on postharvest fungal pathogens in relation to sweet cherry
growth, development and environmental conditions. The findings of this study supply a
fundamental background to understanding how postharvest diseases develop in the field and
contribute to postharvest loss of cherry. In addition, the methods developed in this study are the
first of their kind, and can be used to enhance our fundamental knowledge of ddPCR. Currently,
there are only three published papers which use ddPCR with fungi (neither use duplex
methodology) and thirty-two published papers which use duplex ddPCR (mostly probe-based
chemistry). This study’s DNA-binding based duplex ddPCR method can be used as a basic
template for future studies and/or by diagnostic laboratories to quantify more than one target
fungal organism at once. In addition, by using the DNA-binding dye EvaGreen, the method can
be adapted to multiplex more pathogens. The multiplex approach offers a cost-efficient way of
detecting multiple pathogens in the field, particularly prior to harvest, to reduce postharvest
losses.
Regarding the characterization of the pathogenic fungi isolated from the Okanagan, I
hypothesized that the isolates would have decreased radial growth in vitro at lower temperatures,
and that some isolates would show resistance to fungicides. The isolates showed growth
capability between 5 – 35 °C with decreased growth at the lower and upper limits. All
Alternaria spp. showed resistance to both fungicides, Pristine® and Elevate®, and three of the
six B. cinerea isolates showed resistance to Elevate®. The presence of fungicide resistant
isolates was expected due to the extensive use of fungicides, which causes selection pressure on
those organisms controlled by it.
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Next, I determined Alternaria spp. and B. cinerea pathogenicity on Sentennial and
Staccato cherries at various inoculum loads at 4 and 22 °C. This experiment was done to evaluate
how many spores of each genus were required to initiate visible infection at different
temperatures (that of cold storage, and that of room temperature), and if the cherry varietals had
different susceptibility to the pathogens. I hypothesized that higher inoculum loads would result
in larger lesions and that B. cinerea and Alternaria spp. would have different lesions diameters
on each cherry varietal and temperature.
In general, I found that there were no differences in lesion diameter produced by different
inoculum loads at 4 °C for either pathogen on either cherry varietal. Further, there were no
differences in Alternaria spp. lesion diameter at 22 °C on Sentennial or Staccato. For B. cinerea,
there were no differences in lesion diameter at 22 °C on Staccato; on Sentennial at 22 °C, 25
conidia resulted in a smaller lesion than 2500 conidia. These results may indicate that lesion
formation is less dependent on inoculum load and more dependent on favourable environmental
conditions. The most interesting finding was that Alternaria spp. resulted in larger lesions on
Sentennial compared to Staccato, and the opposite was true for B. cinerea. This finding
highlights the need to include cultivar selection in disease mitigation practices, as some cultivars
are more susceptible to certain pathogens. The Summerland Research and Development Centre
published data evaluating the resistance of a range of sweet cherry cultivars against brown rot
that showed Staccato and Sweetheart among the top resistant cultivars (Kappel and Sholberg
2008).
When considering the control of postharvest disease, several factors must be studied. The
common disease triangle consists of the interactions between three disease determinants: the
pathogen, the host and the environment. I hypothesized that pathogen quantity would be related
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to host growth stage; specifically, that quantity would be highest at bud break, bloom and harvest
compared to the other stages. This study found that in general, pathogen quantity remained
constant from bud break to just before harvest, where quantities then spiked. A study done by
Luo et al. (2001) on prune fruit support this finding, as the fruit were more susceptible to disease
when they were young and mature, compared to the middle stages. Barry et al. (2015) also
reported that infection was highest 10 days before harvest, with infection risk increasing at a
greater rate towards harvest. It has been well documented that fruit development stage has a
significant effect on the incidence of infection, with sweet cherry susceptibility being highest
after the cherries turn red, and this is what we saw between the growth stages ‘onset of straw’
and ‘harvest’ (Northover and Biggs 1990; Xu et al. 2007).
Fungal pathogen quantities were also found to be related to environmental parameters. I
hypothesized that pathogen quantities would increase with increasing number of GDD and
number of rain events and that quantity should decrease with increasing number of fungicide
applications. My hypothesis was partially supported by the data. Alternaria spp. and B. cinerea
quantities were positively impacted by the number of rain events. Rain events have a major
influence on humidity, which in turn, is an important factor in the infection process of fungi via
germination, survival and growth (Sections 1.2.2 & 1.2.3.2) (Thomas 1988). In contrast, only
Alternaria spp. were positively impacted by GDD; the top B. cinerea model did not include
GDD. I hypothesize that Alternaria spp. were significantly impacted by GDD due to their narrow
optimal temperature range, because any changes in temperature would have a greater impact on
growth compared to B. cinerea, which has a wider optimum temperature range.
There is a fourth casual factor involved in disease that is too often left out of the disease
triangle: the influence of human activity (Francl 2001; Michailides et al. 2010). An example of
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human activity that affects disease development, is the application of fungicides, and this factor
was evaluated in this study. However, the top models for each pathogen did not contain
fungicide application (ie. the models including fungicide did not explain the data any better than
the model without), contrary to my hypothesis. Fungicide resistance may be an explanation,
because, if the pathogen is resistant, its quantity would not depend on fungicide application.
Further, since both pathogens were detected in large quantities early in the growing season,
infection may have already been established inside the fruit.
In an attempt to relate pathogen quantities in the field to postharvest disease incidence six
weeks after cold storage, a linear model was used. I hypothesized that disease incidence on
unprocessed postharvest cherries six weeks after harvest would be positively correlated with the
quantity of pathogen present at harvest. The data did not support this hypothesis; they showed no
significant relationship between the quantity of pathogen at harvest and disease incidence.
Reflecting on the disease triangle and the results of Chapter 3, the environmental conditions may
not have been ideal for the pathogens to develop visible infection. In addition, the model was
under-powered with a sample size of five.
The sampling design of this study represented another significant limitation, and made
statistical analysis difficult. A better design would have included only one type of sweet cherry
cultivar, or included multiple types of cultivars present in each orchard, and repeated measures
on trees in each orchard block with larger sample sizes. That design would have allowed for
assessing possible effects on pathogen quantity due to tree, and/or cultivar. Further, more than
two years of data should be collected to create a dependable model, as year-year variation cannot
be accounted for in just two years.
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The ddPCR method was limited by its inability to quantify spores, because the ITS/IGS
regions cannot be used to calculate spore number due to their variation in copy number between
species. Future studies hoping to calculate exact number of spores based on gene copy numbers
should investigate genes that are specific to the fungal pathogens. For example, Alternaria spp.
produce host specific toxins, which may be present in the genome at a fixed number. Designing
primers for that gene would allow for exact calculation of spore number. However, it is
important to note that even if gene copy number could be used to calculate spore number, it
would still not be able to identify whether the gene copies present were from spores or mycelia
and therefore could produce over-estimates of spore quantity on the fruit, unless mycelia are
removed. Another option would be to use flow cytometry, which has been shown to detect and
identify spores using specific fluorescence staining (Lavilla et al. 2010).
Future studies should include the experimental design modifications noted above, as well as a
community analysis of the pathogens present in the field. This is particularly important because
isolates of the same species may have different pathogenicity and responses to fungicides;
therefore, knowing which isolates are most abundant may help predict risk of disease occurrence
(Ma et al. 2003; Zhu and Xiao 2015).
Despite the limitations, the findings of this study greatly benefit society, considering
postharvest loss of food crops has a major economic impact. The increasing demand for food to
feed the growing population justifies the need for more effective postharvest disease controls.
The relationship identified between sweet cherry growth stage / environment and fungal
pathogen quantity can be used by plant pathologists, arborists, growers, agricultural assistants,
and the public to decide the appropriate time to spray fungicides. Targeted timing may increase
fungicide effectiveness and reduce the use of fungicides by allowing the grower to use
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alternative methods during ‘low-risk’ growth stages. Decreased use of fungicides will help
reduce fungicide resistance, and ease public concerns regarding environmental and health effects
of fungicides.
The data of this study are of high value to sweet cherry growers, as they can be used to help
growers create a fungicide application schedule each season to reduce postharvest disease, thus
increasing their economic return. The most benefit is to sweet cherry growers in the Okanagan,
as the findings identified pathogens that are not being mitigated by current control regimes.
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Appendices
Appendix A - Supplementary Data
Table A.1 Average growth (mm) of Alternaria spp. isolates on 1/2 PDA at 5, 15, 25, and 35 °C and the
assessment of significant difference of growth between temperatures for each isolate.

Isolate
BaSe04
BhS03
BSt01
CSe05
DS01
DSt02
PBStu

5
9.42 ±
0.62 c
8.62 ±
0.74 c
8.36 ±
0.49 b
9.71 ±
0.32 c
11.03 ±
0.38 c
9.31 ±
0.64 c
9.30 ±
0.37 c

Temperature (°C)
15
25
26.97 ±
41.65 ±
1.47 a
1.84 b
25.54 ±
49.59 ±
0.73 ab
3.23 a
17.25 ±
48.50 ±
0.82 ab
1.80 c
32.27 ±
65.27 ±
1.25 ab
3.38 a
32.96 ±
65.62 ±
0.76 ab
1.66 a
27.77 ±
61.21 ±
1.85 a
2.96 b
29.19 ±
57.56 ±
1.65 a
3.56 b

35
28.86 ±
2.80 ab
21.24 ±
1.48 bc
24.48 ±
2.39 ac
22.11 ±
1.55 bc
20.85 ±
1.60 bc
21.82 ±
0.99 ac
26.77 ±
2.15 a

df
3

Statistics
p-value
< 0.001

3

< 0.001

3

< 0.001

3

< 0.001

3

< 0.001

3

< 0.001

3

< 0.001

Values are the means ± the standard error of the means. Means followed by a common letter within a row are not
significantly (P < 0.05) different according to the Dunn test using the Bonferroni p-value adjustment to adjust for
family wise comparison errors.
Table A.2 Average growth (mm) of Alternaria spp. isolates on 1/2 PDA at 5, 15, 25, and 35 °C and the
assessment of significant difference of growth between isolates at each temperature.

Temp. BaSe04 BhS03
(°C)
5
9.42 ±
8.62 ±
0.62 ab 0.74 b
15
26.97 ± 25.54 ±
1.47 bc 0.73 c
25
41.65 ± 49.59 ±
1.84 a
3.23 ab
35
28.86 ± 21.24 ±
2.80 a
1.48 a

BSt01

Isolate
CSe05 DS01

DSt02

PBStu

8.36 ±
0.49 b

9.71 ±
0.32 ab

11.03 ±
0.38 a

9.31 ±
0.64 ab

17.25 ±
0.82 d
48.50 ±
1.80 ab
24.48 ±
2.39 a

32.27 ±
1.25 ab
65.27 ±
3.38 b
22.11 ±
1.55 a

32.96 ±
0.76 a
65.62 ±
1.66 b
20.85 ±
1.60 a

27.77 ±
1.85 abc
61.21 ±
2.96 b
21.82 ±
0.99 a

9.30 ±
0.37 ab
29.19 ±
1.65
abc
57.56 ±
3.56 ab
26.77 ±
2.15 a

Statistics
df p-value
6

0.02

6

< 0.001

6

< 0.001

6

0.13

Values are the means ± the standard error of the means. Means followed by a common letter within a row are not
significantly (P < 0.05) different according to the Tukey's test (temperatures 5 and 15) and the Dunn test using the
Bonferroni p-value adjustment to adjust for family wise comparison errors (temperatures 25 and 35).
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Table A.3 Average growth (mm) of Botrytis cinerea isolates on 1/2 PDA at 5, 15, 25, and 35 °C and the
assessment of significant difference of growth between temperatures for each isolate.

Isolate
BSt03
P201
P403
P501
P701
P801

Temperature (°C)
15
25
69.61 ±
84.24 ±
6.12 ab
0.72 a
81.93 ±
81.04 ±
1.13 a
0.75 ab
81.92 ±
77.55 ±
0.92 a
1.95 a
82.83 ±
79.47 ±
0.78 a
0.78 ab
83.55 ±
83.65 ±
0.61 a
0.60 a
84.24 ±
84.64 ±
0.58 a
0.35 a

5
13.17 ±
2.05 bc
19.54 ±
2.34 bc
20.41 ±
3.32 b
21.26 ±
4.73 bc
22.97 ±
1.75 b
22.14 ±
3.52 b

35
5.00 ±
0.22 c
4.69 ±
0.23 c
4.58 ±
0.21 b
5.07 ±
0.25 c
4.82 ±
0.23 b
4.97 ±
0.20 b

df
3

Statistics
p-value
< 0.001

3

< 0.001

3

< 0.001

3

< 0.001

3

< 0.001

3

< 0.001

Values are the means ± the standard error of the means. Means followed by a common letter within a row are not
significantly (P < 0.05) different according to the Dunn test using the Bonferroni p-value adjustment to adjust for
family wise comparison errors.
Table A.4 Average growth (mm) of Botrytis cinerea isolates on 1/2 PDA at 5, 15, 25, and 35 °C and the
assessment of significant difference of growth between isolates at each temperature.

Temp.
(°C)
5
15
25
35

Isolate
P501

BSt03

P201

P403

13.17 ±
2.05 a
69.61 ±
6.12 a
84.24 ±
0.72 a
5.00 ±
0.22 a

19.54 ±
2.34 a
81.93 ±
1.13 ab
81.04 ±
0.75 bc
4.69 ±
0.23 a

20.41 ±
3.32 a
81.92 ±
0.92 ab
77.55 ±
1.95 b
4.58 ±
0.21 a

21.26 ±
4.73 a
82.83 ±
0.78 ab
79.47 ±
0.78 b
5.07 ±
0.25 a

P701

P801

22.97 ±
1.75 a
83.55 ±
0.61 ab
83.65 ±
0.60 ac
4.82 ±
0.23 a

22.14 ±
3.52 a
84.24 ±
0.58 b
84.64 ±
0.35 a
4.97 ±
0.20 a

Statistics
df pvalue
5 0.06
5

0.03

5

<0.001

5

0.83

Values are the means ± the standard error of the means. Means followed by a common letter within a row are not
significantly (P < 0.05) different according to the Tukey's test (temperatures 5 and 35) and the Dunn test using the
Bonferroni p-value adjustment to adjust for family wise comparison errors (temperatures 15 and 25).
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Table A.5 Growth inhibition (%) of Alternaria spp. isolates grown on fungicide-amended media.

Isolate

Fungicide

Growth Inhibition (%)

BaSe04
BhS03
BSt01
CSe05
DS01
DSt02
PBStu
BaSe04
BhS03
BSt01
CSe05
DS01
DSt02
PBStu

Elevate
Elevate
Elevate
Elevate
Elevate
Elevate
Elevate
Pristine
Pristine
Pristine
Pristine
Pristine
Pristine
Pristine

44.63 ± 11.34 *
55.28 ± 5.26 *
40.01 ± 0.71 *
67.52 ± 1.04 *
43.0 ± 1.62 *
57.09 ± 1.85 *
54.95 ± 2.0 *
22.33 ± 6.26 *
67.89 ± 2.57 *
20.49 ± 2.18 *
43.93 ± 1.80 *
41.29 ± 2.92 *
48.74 ± 2.88 *
44.07 ± 4.41 *

Average growth ± the standard error of the mean. Values with (*) are significantly (P < 0.05) less than 75 %, as
determined by a one-sided student’s t test using arcsin transformed data with mu < asin(sqrt(75/100)).
Table A.6 Growth inhibition (%) of Botrytis cinerea isolates grown on fungicide-amended media.

Isolate
BSt03
P201
P403
P501
P701
P801
BSt03
P201
P403
P501
P701
P801

Fungicide

Growth Inhibition (%)

Elevate
Elevate
Elevate
Elevate
Elevate
Elevate
Pristine
Pristine
Pristine
Pristine
Pristine
Pristine

92.95 ± 1.1
94.32 ± 0.17
38. 64 ± 1.64 *
94.04 ± 0.26
22.37 ± 0.69 *
24.0 ± 15.4 *
8.24 ± 1.62 *
13.17 ± 2.30 *
16.90 ± 0.94 *
6.42 ± 0.38 *
6.13 ± 0.78 *
8.06 ± 2.16 *

Average growth ± the standard error of the mean. Values with (*) are significantly (P < 0.05) less than 75 %, as
determined by a one-sided student’s t test using arcsin transformed data with mu < asin(sqrt(75/100)).
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Table A.7 Lesion diameter (mm) caused by Alternaria spp. spores at 4 °C on Staccato

# of spores
Days
14
28
42
60

25
0.0 ± 0.0
0.0 ± 0.0
0.0 ± 0.0
0.10 ± .10

250
0.20 ± 0.20
0.50 ± 0.50
1.30 ± 1.05
4.25 ± 1.86

2500
0.84 ± 0.58
1.70 ± 105
4.38 ± 1.38
5.53 ± 1.50

Values are the means ± the standard error of the means.
Table A.8 Repeated measures ANOVA assessing the effect of treatment and time on Alternaria spp. lesion
diameter at 4 °C on Staccato.

Source
Treatment
Time
Treatment:Time

Sum of
Squares
2.585
45.712
22.246

Mean
Square
1.292
45.712
11.123

NumDF

SumDF F value

Pr(>F)

2
1
2

30
30
30

0.58
<0.001
0.02

0.56
19.85
4.83

Type III Analysis of Variance Table with Satterthwaite's method
Table A.9 Lesion diameter (mm) caused by Alternaria spp. spores at 22 °C on Staccato

# of spores
Days
7
14
28

25
0.55 ± 0.55
1.23 ± 0.64
7.34 ± 2.21

250
0.29 ± 0.29
2.42 ± 1.38
16.52 ± 1.55

2500
3.54 ± 1.91
10.12 ± 4.40
21.40 ± 3.07

Values are the means ± the standard error of the means.
Table A.10 Repeated measures ANOVA assessing the effect of treatment and time on Alternaria spp. lesion
diameter at 22 °C on Staccato.

Source
Treatment
Time
Treatment:Time

Sum of
Squares
26.69
905.43
108.35

Mean
Square
1.292
905.43
54,18

NumDF

SumDF F value

Pr(>F)

2
1
2

19
19
19

0.35
<0.001
0.02

1.11
75.53
4.51

Type III Analysis of Variance Table with Satterthwaite's method
Table A.11 Lesion diameter (mm) caused by Alternaria spp. spores at 4 °C on Sentennial

# of spores
Days
14
28
42
60

25
0.0 ± 0.0
0.0 ± 0.0
0.21 ± 0.21
0.34 ± 0.34

250
0.0 ± 0.0
0.6 ± 0.60
0.86 ± 0.86
2.65 ± 2.50

2500
0.0 ± 0.0
0.76 ± 0.54
1.70 ± 0.85
5.14 ± 1.50

Values are the means ± the standard error of the means.
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Table A.12 Repeated measures ANOVA assessing the effect of treatment and time on Alternaria spp. lesion
diameter at 4 °C on Sentennial.

Source
Treatment
Time
Treatment:Time

Sum of
Squares
4.004
34.703
18.094

Mean
Square
2.002
34.703
9.047

NumDF

SumDF F value

Pr(>F)

2
1
2

30
30
30

0.43
<0.001
0.03

0.86
14.84
3.87

Type III Analysis of Variance Table with Satterthwaite's method
Table A.13 Lesion diameter (mm) caused by Alternaria spp. spores at 22 °C on Sentennial

Days
7
14
28

# of spores
250
2.0 ± 1.60
4.20 ± 1.27
18.78 ± 0.78

25
0.30 ± 0.30
2.08 ± 1.64
19.54 ± 0.35

2500
4.17 ± 2.18
8.33 ± 3.20
20.19 ± 0.62

Values are the means ± the standard error of the means.
Table A.14 Repeated measures ANOVA assessing the effect of treatment and time on Alternaria spp. lesion
diameter at 22 °C on Sentennial.

Source
Treatment
Time
Treatment:Time

Sum of
Squares
62.33
1507.38
12.13

Mean
Square
31.16
1507.38
6.06

NumDF

SumDF F value

Pr(>F)

2
1
2

21
21
19

0.12
<0.001
0.52

3.55
171.51
0.67

Type III Analysis of Variance Table with Satterthwaite's method
Table A.15 Two-way ANOVA looking at the effect of treatment and varietal on lesion diameter of Alternaria
spp. at 28 days at 22 °C:

Source
Treatment
Varietal
Treatment:Varietal
Residuals

Sum of
Squares
165.37
86.67
143.26
106.87

df

Mean Square

F

Sig.

2
1
2
12

82.68
86.67
71.63
8.91

9.284
9.732
8.043
/

< 0.01
< 0.01
< 0.01
/

Table A.16 Two-way ANOVA looking at the effect of treatment and varietal on lesion diameter of Alternaria
spp. at 60 days at 4 °C:

Source
Treatment
Varietal
Treatment:Varietal
Residuals

Sum of
Squares
80.31
1.54
2.62
86.04

df

Mean Square

F

Sig.

2
1
2
12

40.15
1.54
1.31
7.17

5.600
0.215
0.183
/

< 0.05
0.65
0.84
/
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Table A.17 Lesion diameter (mm) caused by Botrytis cinerea spores at 4 °C on Staccato

# of spores
Days
14
28
42
60

25
0.0 ± 0.0
0.45 ± 0.45
4.15 ± 1.02
10.53 ± 1.46

250
0.0 ± 0.0
0.94 ± 0.94
11.40 ± 3.33
17.90 ± 2.76

2500
0.0 ± 0.0
1.58 ± 0.83
10.66 ± 4.00
16.28 ± 3.19

Values are the means ± the standard error of the means.
Table A.18 Repeated measures ANOVA assessing the effect of treatment and time on Botrytis cinerea lesion
diameter at 4 °C on Staccato

Source
Treatment
Time
Treatment:Time

Sum of
Squares
9.69
1255.15
66.61

Mean
Square
4.85
1255.15
33.31

NumDF

SumDF F value

Pr(>F)

2
1
2

28
28
28

0.69
<0.001
0.09

0.38
97.24
2.58

Type III Analysis of Variance Table with Satterthwaite's method
Table A.19 Lesion diameter (mm) caused by Botrytis cinerea spores at 22 °C on Staccato

Days
7
14
28

25
0.70 ± 0.70
4.56 ± 2.68
20.49 ± 2.18

# of spores
250
4.12 ± 0.62
18.03 ± 2.79
24.36 ± 0.79

2500
2.35 ± 1.18
13.33 ± 2.84
22.86 ± 1.42

Values are the means ± the standard error of the means.
Table A.20 Repeated measures ANOVA assessing the effect of treatment and time on Botrytis cinerea lesion
diameter at 22 °C on Staccato

Source
Treatment
Time
Treatment:Time

Sum of
Squares
68.25
1786.97
2.17

Mean
Square
34.13
1786.97
1.09

NumDF

SumDF F value

Pr(>F)

2
1
2

19
19
19

0.16
<0.001
0.94

2.00
104.53
0.06

Type III Analysis of Variance Table with Satterthwaite's method
Table A.21 Lesion diameter (mm) caused by Botrytis cinerea spores at 4 °C on Sentennial.

# of spores
Days
14
28
42
60

25
0.0 ± 0.0
0.0 ± 0.0
1.29 ± 1.29
5.72 ± 2.97

250
0.0 ± 0.0
1.89 ± 1.89
4.64 ± 2.37
14.65 ± 3.97

2500
0.0 ± 0.0
1.15 ± 1.15
6.12 ± 1.61
19.19 ± 1.16

Values are the means ± the standard error of the means.
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Table A.22 Repeated measures ANOVA assessing the effect of treatment and time on Botrytis cinerea lesion
diameter at 4 °C on Sentennial.

Source
Treatment
Time
Treatment:Time

Sum of
Squares
36.97
858.14
156.26

Mean
Square
18.49
858.14
78.13

NumDF

SumDF F value

Pr(>F)

2
1
2

28
28
28

0.22
<0.001
<0.01

1.56
72.27
6.58

Type III Analysis of Variance Table with Satterthwaite's method
Table A.23 Lesion diameter (mm) caused by Botrytis cinerea spores at 22 °C on Sentennial

# of spores
Days
7
14
28

25
0.0 ± 0.0
4.08 ± 1.28
12.69 ± 3.78

250
5.82 ± 1.27
8.40 ± 0.71
19.48 ± 1.19

2500
9.93 ± 1.00
17.91 ± 4.20
21.46 ± 0.47

Values are the means ± the standard error of the means.
Table A.24 Repeated measures ANOVA assessing the effect of treatment and time on Botrytis cinerea lesion
diameter at 22 °C on Sentennial.

Source
Treatment
Time
Treatment:Time

Sum of
Squares
158.88
726.56
9.30

Mean
Square
79.44
726.56
4.65

NumDF

SumDF F value

Pr(>F)

2
1
2

21
21
21

<0.01
<0.001
0.70

6.19
56.58
0.36

Type III Analysis of Variance Table with Satterthwaite's method
Table A.25 Two-way ANOVA looking at the effect of treatment and varietal on lesion diameter of Botrytis
cinerea at 28 days at 22 °C.

Source
Treatment
Varietal
Treatment:Varietal
Residuals

Sum of
Squares
118.85
99.36
30.75
139.49

df

Mean Square

F

Sig.

2
1
2
12

59.42
99.36
15.38
11.62

5.112
8.547
1.323
/

0.025
0.013
0.30
/

Table A.26 Two-way ANOVA looking at the effect of treatment and varietal on lesion diameter of Botrytis
cinerea at 60 days at 4 °C.

Source
Treatment
Varietal
Treatment:Varietal
Residuals

Sum of
Squares
321.8
13.2
50.1
247.9

df

Mean Square

F

Sig.

2
1
2
12

160.90
12.23
25.05
22.91

7.024
0.578
1.094
/

< 0.01
0.46
0.37
/
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Table A.27 Effect of Okanagan region on fungal disease incidence (arcsin transformed percent)

Pathogen
Alternaria spp.
Botrytis cinerea

Okanagan Region
North
Central
0.21 ± 0.08 b
0.38 ± 0.06 a
0.05 ± 0.02 b
0.11 ± 0.03 ab

South
0.48 ± 0.02 a
0.19 ± 0.04 a

Statistics
df p-value
2
< 0.01
2
< 0.05

Values are the means ± the standard error of the means. Means followed by a common letter within a row are not
significantly different (P < 0.05) according to the Tukey’s HSD test.
Table A.28 Alternaria spp. quantity (log(gene copies/10 cherries)) in 2016 at different growth stages in each
Orchard

Orchard
1
2
3
4
5

Full Bloom
2.74 ± 0.06 b
2.54 ± 0.11 b
2.72 ± 0.06 b
2.21 ± 0.07 b
2.08 ± 0.07

Growth Stage 2016
Petal Fall
Onset of Straw
2.50 ± 0.18 b
2.19 ± 0.18 b
1.51 ± 0.14 c 2.64 ± 0.07 b
2.18 ±0.06 c
2.34 ± 0.07 c
2.13 ± 0.11 b 2.35 ± 0.16 b
1.86 ± 0.27
2.48 ± 0.07

Harvest
6.65 ± 0.33 a
3.87 ± 0.21 a
4.41 ± 0.16 a
3.47 ± 0.15 a
3.71 ± 1.01

Statistics
df p-value
3 < 0.001
3 < 0.001
3 < 0.001
3 < 0.001
3 0.10

Values are the means ± the standard error of the means. Means followed by a common letter within a row are not
significantly different (P < 0.05) according to the Tukey's HSD test.
Table A.29 Alternaria spp. quantity (log(gene copies/10 cherries)) in 2017 at different growth stages in each
Orchard

Orchard Bud Break
1
2
3
4
5

2.73 ± 0.04
ab
2.55 ± 0.08
ab
2.13 ± 0.10
c
1.55 ± 0.18
b
2.17 ± 0.14
c

Growth Stage 2017
Full Bloom Petal Fall Onset of
Straw
1.75 ± 0.18 1.75 ± 0.56 3.16 ± 0.23 a
b
b
2.78 ± 0.09 1.86 ± 0.47 3.23 ± 0.08 a
ab
b
2.57 ± 0.31 2.70 ± 0.06 3.28 ±
bc
bc
0.11ab
1.24 ± 0.32 2.59 ± 0.22 2.95 ± 0.14 a
b
a
2.74 ± 0.14 2.24 ± 0.05 3.11 ± 0.12
bc
c
ab

Harvest
3.85 ± 0.30
a
3.24 ± 0.12
a
4.10 ± 0.28
a
3.42 ± 0.11
a
3.83 ± 0.33
a

Statistics
df pvalue
4 <
0.001
4 0.04
4
4
4

<
0.001
<
0.001
<
0.001

Values are the means ± the standard error of the means. Means followed by a common letter within a row are not
significantly different (P < 0.05) according to the Tukey's HSD test.
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Table A.30 Botrytis cinerea quantity (log(gene copies/10 cherries)) in 2016 at different growth stages in each
Orchard

Orchard
1
2
3
4
5

Full Bloom
1.80 ± 0.13 b
0.96 ± 0.28 bc
0.98 ± 0.26 b
1.15 ± 0.11 b
1.13 ± 0.12 b

Growth Stage 2016
Petal Fall
Onset of Straw
1.62 ± 0.17 b 1.05 ± 0.02 c
0.37 ± 0.23 c 1.55 ± 0.07 ab
0.68 ± 0.18 b 1.04 ± 0.12 b
1.30 ± 0.06 b 0.95 ± 0.14 b
0.63 ± 0.19 b 1.18 ± 0.22 b

Harvest
4.44 ± 0.13 a
2.33 ± 0.15 a
2.38 ± 0.12 a
2.07 ± 0.08 a
2.55 ± 0.34 a

Statistics
df p-value
3 < 0.001
3 < 0.001
3 < 0.001
3 < 0.001
3 < 0.001

Values are the means ± the standard error of the means. Means followed by a common letter within a row are not
significantly different (P < 0.05) according to the Tukey's HSD test.
Table A.31 Botrytis cinerea quantity (log(gene copies/10 cherries)) in 2017 at different growth stages in each
Orchard

Orchard Bud Break
1
2
3
4
5

0.80 ± 0.34
b
1.15 ± 0.20
1.74 ± 0.07
0.50 ± 0.22
b
1.48 ± 0.13
ab

Growth Stage 2017
Full Bloom Petal Fall Onset of
Straw
1.38 ± 0.14 1.08 ± 0.44 1.73 ± 0.20
ab
ab
ab
2.00 ± 0.13 0.83 ±
1.37 ± 0.11
0.35
2.06 ± 0.09 1.78 ± 0.11 1.65 ± 0.41
0.30 ± 0.19 1.46 ± 0.10 1.56 ± 0.09
b
a
a
2.11 ± 0.13 1.55 ± 0.08 1.42 ± 0.36
a
ab
ab

Harvest
2.07 ± 0.22
a
1.30 ± 0.38
1.65 ± 0.41
1.94 ± 0.16
a
1.04 ± 0.31
b

Statistics
df pvalue
4 0.04
4

0.05

4
4

0.61
<
0.001
0.05

4

Values are the means ± the standard error of the means. Means followed by a common letter within a row are not
significantly different (P < 0.05) according to the Tukey's HSD test.
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Appendix B - R Code
An example of code used for data analysis:
Running an ANOVA:
myaov <- aov(log_conc10 ~ stage, data = mydata)
summary(myaov)
Testing for normality:
1) QQ-plot
plot(myaov, 2)
#or
qqnorm(myaov)
qqline(myaov)
2) Shapiro-Wilk
aov_residuals <- residuals (object = myaov)
shapiro.test(x = aov_residuals)
3) Histrogram
hist((resid(myaov) - mean(resid(myaov))) / sd(resid(myaov)), freq = FALSE); curve(dnorm, add
= TRUE)
Testing for homogeniety of variance:
1) Residual vs. fitted plot
plot(myaov, 1)
2) Levene's Test
leveneTest(log_conc10 ~ stage, data = mydata)
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