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ABSTRACT

Botrytis cinerea is a necrotrophic fungus that causes gray mold disease in strawberries,
leading to significant pre- and post-harvest losses. Considering there are no strawberry
cultivars that show complete resistance to gray mold, this research is aimed at screening a
selected set of germplasm consisting of both strawberry Cultivars and MSU Lines as
promising candidates for breeding parents to develop resistance to B. cinerea, thereby
reducing the use of chemical pesticides on strawberries. Our other goal is to see where
advanced MSU Lines stand compared to Cultivars for tolerance to B. cinerea. The
experiments were conducted in 2021 and 2022 with the fruits harvested from plants
maintained in the Pathology Farm at Michigan State University (MSU). In total, 26 different
genotypes were examined for their disease severity, Titratable Acidity (TA), and Soluble
Solids Content (SSC). The Area Under the Disease Progress Curve (AUDPC) was calculated
to quantify the level of tolerance, and the correlation between AUDPC to SSC and TA was
analyzed to determine if there is any correlation. Allstar and Camarosa showed moderate
tolerance, agreeing with previous studies on determining tolerance in literature. Three MSU
Lines, MSU69, MSU7S8, and 14 30 4 were more tolerant than most of the genotypes
evaluated. Although Cultivars performed better in general, many MSU Lines appeared to be
significantly better than some Cultivars, such as Earliglow and Jewel. We also observed a
positive correlation between SSC and AUDPC for Cultivars; however, TA did not show a
correlation with disease severity. Overall, MSU Lines could be stated as moderately
susceptible to gray mold; however, MSU 69, 78, and 14 30 4 were found to be promising
lines to be used as parents along with cultivars tolerant to B. cinerea to increase the level of

tolerance in the MSU germplasm.
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INTRODUCTION
Strawberry as a Globally Important Crop
Strawberry is the common name of the Fragaria genus belonging to the Rosaceae family
and the fruits of the species in this genus (Yang & Davis, 2017). Strawberry, an important
member of the berry group, is a perennial and evergreen plant species (Cai et al., 2020). It is
known to be native to North and South America (Edger et al., 2019) and is widely grown in the

Northern and Southern hemispheres, as shown in Figure 1.
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Figure 1. 2021 Global Strawberry Production in tons
Source: FAOSTAT (January 31, 2023)

The cultivated strawberry is an octoploid species resulting from an accidental
hybridization that took place in a French botanical garden in the 1800s (Hummer, 2008).

Since then, attempts have been made by several strawberry breeders and researchers to



broaden the narrow genetic base of strawberries by first evaluating the progenitor species for
agronomically important traits and recreating the hybridization with desirable traits (Davis et
al., 2007). Some of the recreated hybrids have been and continue to be used to improve
agronomic traits in the cultivated strawberry.

Strawberries have been a preferred fruit for centuries, not only for their fresh and
delicious taste but also for their vitamins, minerals, antioxidants, and health benefits. For
example, recent studies show how eating strawberries could reduce neurodegenerative
diseases in people (Giampieri et al., 2015). Agarwal et al. (2022) suggested that consuming
strawberries can decrease brain inflammation associated with Alzheimer's disease. However,
the health benefits of strawberries are not new. For example, it is mentioned that the famous
Swedish botanist Carolus Linnaeus, known for giving the Fragaria name to the genus, cured
himself of gout by eating strawberries in the late 1700s (Edger et al., 2019; Hjalmarsson,
2021). Ikram et al. (2019) stated that strawberries were previously only used as a medicinal
plant until Carolus Linnaecus presented it as an edible fruit for the first time. However,
strawberries are now considered a “functional food” that provides additional health benefits
beyond basic nutrition. (Hasler & Brown, 2009). Giampieri et al. (2015) stated that phenolic
compounds found in strawberries are able to neutralize free radicals and prevent their
formation. They can also influence the expression of genes involved in cellular metabolism,
survival, proliferation, and antioxidant protection. In addition, these phenolic compounds are
capable of safeguarding and repairing DNA from damage. Strawberries are the fourth-most
antioxidant-active common fruit after cranberries, red grapes, and apples (Sun et al., 2002).

All these reasons given above enabled the widespread production of strawberries.



Status of Global Strawberry Production

In 2020, the worth of strawberry output globally was estimated at 14 billion USD
(Hernandez- Martinez et al., 2023). The top three producers of strawberries were China, the
United States, and Spain over the 1980 - 2020 period, respectively; however, Tiirkiye took

third place in 2021 (FAOSTAT, 2023).
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Figure 2. Strawberry production in the ten highest global producers in 2021
Source: FAOSTAT (January 31, 2023)

The United States was the world's largest producer of strawberries for many decades
before being surpassed by China in 1994. Over the past decade, Mexico, Tiirkiye, and Egypt
have demonstrated the most significant growth among all countries for strawberry production
(Simpson, 2018). Figure 2 shows the top 10 strawberry producers in the world in 2021.

According to FAOSTAT (2023), global strawberry production increased significantly
going from the 2000-2010 decade to 2010-2020. Hernandez-Martinez et al. (2023) suggest

that introducing new technologies such as plastic mulch, drip irrigation, and protected culture



systems has allowed farmers to increase yields and extend the growing season, and the
demand for fresh strawberries has risen, leading to more acreage devoted to strawberry

cultivation worldwide as shown in Figure 3 (FAOSTAT, 2023).
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Figure 3. Production and yield quantities of strawberries in the world from 1990 to 2020
Source: FAOSTAT (February 15, 2024)

Status of the US Strawberry Production

In 2021, the US produced 1.3 million tons of strawberries (Statista, 2023). The total
acreage of strawberry production in the US was 49,400 acres (USDA, 2023). The average
yield of strawberries in the US was around 64,000 pounds per acre (71,450 kg/ha) in 2021.
While the average price per hundredweight/centum weight (cwt) of strawberries in US
grocery stores was $128, the total value of production reached $3.4 billion (USDA, 2023).
According to the Supply Chain Management Education (SCM EDU, 2022), a cwt is referred

toas 100 lbs., or approximately 45.36 kg in the US.
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Figure 4. Total strawberry production in the US from years 2000 to 2022 (in 1,000 tons)
Source: (Shahbandeh, 2023)

As can be seen from Figure 4, there has been a steady increase in strawberry production
since 2001, and a small drop in production started to be seen since 2015. Among the reasons,
one could be because of the banning of Methyl Bromide (MB) as a soil fumigant due to its
harmful effects of damaging the skin, eyes, and lungs in addition to causing problems with
the respiratory and central neurological systems in humans and ozone-depleting effects (EPA,
2023; Carter et al., 2005). It was prohibited from use with The Montreal Protocol in developed
nations starting in 2005 (Nellist, 2018), and EPA began phasing out MB until it was banned
entirely in 2016 (Farnsworth, 2017). However, from 2020, an upward trend was observed in
strawberry production, which could be due to the usage of new fungicides replacing MB
and/or adapting new and better- performing varieties developed and selected in non-fumigated

soils (Holmes et al., 2020).



According to the USDA (2023), the United States produced an estimated 6.26 billion
pounds / 2.8 megatons of strawberries valued at $3.15 billion in 2021. California was the top-
producing state of strawberries in the United States, producing an estimated 2.96 billion
pounds / 1.3 megatons, followed by Florida with 1.41 billion pounds /0.6 megatons and North
Carolina with 590 million pounds / 0.2 megatons. Other top ten states producing strawberries
were Oregon, Washington, Arkansas, Michigan, Indiana, Ohio, and New York, respectively.

Status of Michigan Strawberry Production

According to the USDA National Agricultural Statistics Service (2023), Michigan
ranked as the 7th highest-producing state for strawberries in the United States in 2021,
producing an estimated 75 million pounds. Michigan is one of the strawberry states in the
Upper Midwest region, including Iowa, Wisconsin, Minnesota, North Dakota, and South
Dakota, with cold winters and hot summers (Hancock, 2020). In the Upper Midwest, almost
all commercial strawberry producers use the perennial matted row (PMR) technique, contrary
to Florida and California, which utilizes the annual production system (APS) (Domoto et al.,
2008; Samtani et al., 2019). The PMR system has been using short-day cultivars with a short
harvest window from early June through early to mid- July, and strawberries are generally sold
to markets and restaurants or sold through Pick Your Own operations (Samtani et al., 2019).
Day-neutral varieties have been added to the growers' lists to obtain fruits throughout summer
(Demchak & Harper, 2005). Having a longer time for the harvest is demanding; however,
when strawberries are grown in a perennial system, tremendous work is expended to control
weeds, diseases, and pests, which significantly decrease fruit output and quality.

Challenges of Strawberry Production

Diseases and pests significantly reduce agricultural output globally, resulting in high



expenditures due to yield losses and the cost of using pesticides to avoid or treat conditions.
Strawberries face both abiotic (caused by non-living factors) and biotic (caused by living
organisms) stresses.

Abiotic Stresses

Abiotic stresses can be caused by floods, drought, heat, cold, soil salinity, etc.
Strawberries are sensitive to water stress. Inadequate or excessive watering can cause reduced
growth, yield, and fruit quality (Zhang et al., 2020). High temperatures can cause heat
stress, which affects plant growth and development by leading to reduced fruit yield and fruit
size (Menzel, 2021; Morton, 2017; Palencia et al., 2013). Freezing temperatures of around
0°C (32°F) and frost cause injury to open flowers killing the pistils leading to misshapen
berries and reduced yield potential (Shortt et al., 2022). High soil salinity levels can lead to
water stress on the plant, impacting plant growth and development and leading to reduced
yield and fruit quality (Shamshiri et al., 2018). In contrast, nutrient deficiency, such as
nitrogen, phosphorus, calcium, or potassium, can lead to stunted growth, yellowing of leaves,
reduced fruit yield, etc. (Lineberry & Burkhart, 1943). Another abiotic stress occurs when
the fruit is exposed to too much direct sunlight, resulting in discoloration, sunken areas, and
reduced fruit quality due to sunscald (Barber & Sharpe, 1971).

Biotic Stresses

Biotic stresses are caused by viruses and pests along with bacterial and fungal pathogens.
One of the most common bacterial pathogens Xanthomonas fragariae, causes angular leaf
spot, leading to lesions on leaves, which can become necrotic and reduce yield (Kennedy, &
King, 1962; Kim et al., 2016). Several viruses, such as Strawberry Mottle Virus and

Strawberry Crinkle Virus, can cause damage to the leaves, fruit, and plant development



(Prentice & Harris, 1946; Tzanetakis & Martin, 2013; Zeller, 1933). Various insect pests,
such as mites, aphids, and thrips, can damage the leaves and fruits of the strawberry plant,
leading to reduced yields and quality (Reddy, 2016).

Fungal pathogens can cause major diseases such as powdery mildew, anthracnose,
verticillium wilt, and gray mold, causing significant damage to the plant and fruit if not
appropriately managed (Patel, Lee & Peres, 2022). Anthracnose/black spot is caused by
Colletotrichum acutatum or gloeosporioides (Brooks, 1931; Ma, 2022; Denoyes-Rothan et al.
2005; Lerceteau-Kohler et al. 2005), a common disease observed in North America and
Europe. Thus far, resistant varieties have only been identified for Colletotrichum acutatum
(Denoyes-Rothan et al., 2005; Lerceteau-Kohler et al., 2005; Louws & Cline, 2019).
Fusarium wilt is caused by Fusarium oxysporum f. sp. fragariae. Although it is observed in
North America, Europe, Asia, and Australia, resistant varieties are now available for this
disease (Bancroft, 1876; Davalos-Gonzalez et al., 2022; Pincot et al. 2018). Verticillium wilt
caused by Verticillium dahliae has been an issue for growing strawberries in North America
and Europe, and resistant varieties to this disease have also been developed (Antanaviciute et
al. 2015; Déavalos-Gonzélez et al., 2022; Thomas, 1932). The presence of charcoal rot, caused
by Macrophomina phaseolina, Phytophthora crown rot, caused by Phytophthora cactorum,
and black root rot, caused by both Fusarium spp. and Rhizoctonia spp., tend to spread just as
gray mold; however, resistant varieties are now available against these diseases as well
(Davalos-Gonzalez et al., 2022; Golzar et al., 2007; Louws & Cline, 2019; Nelson et al.,
2021).

To date, there are no resistant varieties available for several strawberry diseases

including the Mucor fruit rot caused by Mucor spp., Leaf spot caused by Mycosphaerella



fragariae, Powdery mildew caused by Podosphaera aphanis, Rhizopus fruit rot caused by
Rhizopus spp. and gray mold caused by Botrytis cinerea (Agyare, Magan, & Xu, 2020; Haller,
1771; Hammel, 2016; Nellist, 2018; Persoon, 1794). Of all these diseases, the presence of
gray mold is more common and can be found worldwide. Despite many efforts, no fully
resistant varieties have been identified for gray mold yet, although some tolerant varieties

exist (Ma, 2022; Nellist, 2018; Petrasch et al., 2019).

To our knowledge, the level of disease tolerance available in current strawberry cultivars
is limited, and this is especially true for gray mold. As such, strawberries are treated with
fungicides since natural genetic resistance has not been able to prevent the development of
postharvest gray mold disease (Petrasch et al., 2022). Even though there are several chemicals
to control Botrytis incidence, strawberries are not fully protected against Botrytis cinerea
because the pathogen’s airborne inoculum is available at any time, and it could develop
resistance rapidly (Petrasch et al., 2022; Hu et al., 2016; Leroch et al., 2013).

Considering that various diseases and pests affect strawberry production, many pesticides
are used by strawberry growers to prevent and control diseases and pests. These substances
have the function of either repelling or killing bugs, protecting the plants from damage, and
ensuring a healthy crop. However, using pesticides excessively can result in environmental
contamination and health risks from pesticide residues (Andreotti et al., 2009; Lee et al.,
2007).

Pesticide Use for Disease Control

Utilizing the test data from the US Department of Agriculture, the Environmental
Working Group (EWGQG) has been developing and publishing an annual report called "The

Dirty Dozen List" since 2004, to classify several agricultural products based on their level of



pesticide residues from higher fungicide residues to lower (LaMotte, 2022). Considering that
the strawberry industry tends to rely on chemicals to manage diseases and pests, strawberries
have been at the top of the list for over 5 years (Shao, 2021). But stricter regulations on the
use of chemicals to control pests and pathogens pose a challenge (Guthman & Jiménez-Soto,

2021).

The production of strawberries has been facing difficulties since the banning of active
chemicals, including fungicides and soil fumigants like MB, which have increased the
incidence and severity of certain diseases (Nellist, 2018; Samtani et al., 2019). Although there
have been transition programs for MB with other alternatives (Holmes et al., 2020), additional
limitations on chemical usage on strawberries may be needed to reduce the residues that
remain on the harvested fruit and get strawberries off the dirty dozen list. Thus, there is an
urgent need to develop and experiment with non-chemical alternatives to fumigation, such as
cultivating plants that are resistant to diseases.

Screening MSU Germplasm for Resistance to Gray Mold

There are several commercially grown strawberry cultivars that are resistant or tolerant
to the diseases, and breeders are interested in pyramiding these resistance genes. However,
very limited cultivars such as San Andreas (Niewczas, 2021) show tolerance to the fungal
disease gray mold, caused by Botrytis cinerea with the usage of additional products such as
essential oils.

The strawberry germplasm pool at Michigan State University has incorporated wild
germplasm into the breeding program for the past 30-plus years, and some of these wild
progenitor species have shown resistance to various diseases and pests. However, the MSU

strawberry germplasm is yet to be evaluated for tolerance to gray mold. As such, the objective
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of the current study is to screen a selected set of MSU’s advanced strawberry breeding lines
for gray mold resistance in the hopes of finding genetic sources of resistance.

Botrytis cinerea

The following briefly describes the biology of B. cinerea and methods used to control
the pathogen, including screening for resistant strawberry varieties. In summary, it captures
the impact of B. cinerea on the strawberry industry.

Biology of Botrytis cinerea

B. cinerea belongs to the Botryotinia genus, Sclerotiniaceae family, in the Ascomycota
phylum under the fungi kingdom (Oliveira et al., 2009). Historically, several species of
Botrytis have been identified, with most of them being specific to certain hosts but some being
generalists like B. cinerea and B. pseudocinerea (Valero-Jiménez et al., 2019). According
to Dewey & Garfinkel (2021), B. cinerea has been observed on over 1,400 plant species across
almost 600 genera up to date; however, it is believed that the actual number of hosts is likely
to be even greater.

B. cinerea is an airborne pathogen that can be transmitted by soil, water, wind, etc.
(Bhujel et al., 2022), but it can also survive in the soil for a long period of time (Ak¢a &
Tozlu, 2019). It has been known as a necrotrophic fungus since it can kill the plant host;
however, recent mentions have considered it to be an endophyte because it can be present in
the host undetected, which makes it harder to control (Dewey & Garfinkel, 2021).

Botrytis cinerea in Agriculture

B. cinerea produces gray mold disease in strawberries. In addition, it causes great losses
to a wide variety of crops, such as fruits, vegetables, flowers, and ornamental plants, with

1400 identified hosts in 586 plant genera (Rosa et al., 2022). B. cinerea, labeled as the most
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significant post-harvest pathogen (Hua et al., 2018), also appeared in the second rank in the
Top 10 Plant Pathogen list based on its scientific and economic significance (Dean et al.,
2012).

Gray Mold in Strawberry

One of the major diseases affecting strawberries is gray mold, which can occur before
or after harvesting, leading to a significant reduction in yield or even a total yield loss. B.
cinerea can infect each part of the plant (Petrasch, 2019; Garrido, 2011), enabling pre-harvest
losses. Due to their high respiration rate and physical characteristics, strawberries are also
highly susceptible to post-harvest storage issues (Kahramanoglu et al., 2022). Thus, gray mold
is a significant obstacle to the strawberry industry.

Infection Mechanism

B. cinerea has two mechanisms to infect strawberries: conidia and sclerotia (Rhouma et al.,
2022). Conidia are asexual spores produced under favorable environmental conditions and
facilitate rapid growth and reproduction. Conversely, sclerotia are sexual spores that enable the
fungus to endure unfavorable environmental conditions (Willetts, 1971; Brandhoff et al., 2017;
Hua et al., 2018).

Gray masses of asexual spores called conidia are produced by the fungus and can be seen
on leaves and soft fruits. When these spores land on a host surface, they produce germ tubes
within a few hours, allowing the fungus to penetrate the plant directly by degrading the cell
walls or indirectly through wounds, hydathodes, and stomata (Bai et al., 2022; Petrasch et al.,
2019; Roca-Couso et al., 2021; van Kan, 2003). B. cinerea generates toxins, reactive oxygen
species (ROS), and enzymes that break down cell walls (Zhao et al., 2022). For example,

polygalacturonase (PG) breaks down homogalacturonic acid, a cell wall pectin, which leads
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to tissue degradation, making it easier for pathogenic fungi to invade the plant (Hong et al.,
2024).

The fungus continues to grow into the epidermal cells and produces chemicals that
damage the host cells, causing the plant tissue to die. After the plant tissue dies, B. cinerea
feeds on the dead tissue and persists as a necrotroph, producing conidiophores that release
conidia or conidiospores that can land on other plants or soil and continue the life cycle of
the fungus (Rosa et al., 2022).

Environmental Factors Promoting Disease Incidence and Severity

B. cinerea can endure moderate winters in both mycelium and sclerotia forms (Jarvis,
1962). The fungus can survive the winter season outdoors as mycelium on plant debris or
irregular sclerotia form in the soil (IPM, 2000). Botrytis can also be active at low temperatures
and affect vegetables stored at 32 to 50°F (0 to 10°C) for several weeks or months. Higher
temperatures above 77°F (25°C) are less favorable for infection. However, once Botrytis
infects a plant, it can grow between 32 to 96°F (0 to 35°C).

Sclerotia are the primary method that Botrytis survives in the field and can remain viable
between 39 to 131°F (4 to 54°C). Usually, sclerotia develop conidia, but they can also release
directly penetrating infection hyphae (IPM, 2000). Hence, the overwintering stages of the
organism are highly significant sources of initial inoculum (Jarvis, 1962; Romanazzi &
Feliziani, 2014). The sclerotia can also produce apothecia, a sexual fruiting body that
produces infective ascospores (IPM, 2000).

Impact on Production and Fruit Loss

B. cinerea has a detrimental impact on strawberry production, along with its capacity to

affect a broad range of hosts. About 80—90% of blooms and fruit might be lost during rainy
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seasons on unsprayed plants (Petrasch, 2019; Ries, 1995). Yan et al. (2021) stated that losses
ranging from 25% to 55% had been reported during harvest because of B. cinerea infection,
while post-harvest losses can reach as high as 89%. It is estimated that annual losses because
of Botrytis spp. range from $10 to $100 billion worldwide (Boddy, 2015; Hua et al., 2018).
The estimated average cost of controlling Botrytis is $18 per acre (Dewey & Garfinkel, 2021).
However, Steiger (2007) noted that the management cost could vary depending on the
significance of Botrytis diseases for a particular crop and its value, potentially reaching up to
€130 per hectare or approximately $57 per acre. Overall, it affects up to 60% of fruits and
causes them to rot and become inedible (Lu et al., 2020).

Pesticide Usage to Manage B. cinerea and its Negative Impacts

Switch 62.5WG, Merivon, Pristine, Fontelis, Kenja, Luna Sensation, Luna Privilege,
Captan S0WP, Thiram Granuflo, Elevate SOWP, Rovral 4F, Topsin-M are some pesticides
that have been used to control B. cinerea given in the order of effectiveness from highest
efficacy and lowest potential for inducing resistance as evaluated by Koike et al. (2018) using
the IPM (Integrated Pest Management) value. However, most chemicals are now ineffective
against B. cinerea, especially Pristine, Elevate, and Rovral 4F, and as such, the order of
effectiveness would have changed (Koike et al., 2018; Vischetti et al., 2023). Captan, the
primary broad-spectrum fungicide applied to manage gray mold in Florida (Gama et al.,
2023), once considered as having a low risk for developing resistance (Petrasch et al., 2019)
is not as effective in controlling B. cinerea (Amiri et al., 2018; Weber & Petridis, 2023).

The expenses for Botrytis control represent about 10% of the fungicide market
worldwide (Bestfleischetal.,2015; Dean etal., 2012; Fillinger & Elad, 2016). Although many

fungicides and pesticides have been used against gray mold disease, they have yet to provide
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100% protection to date.

Unfortunately, many fungicides applied in fields are known to end up in unintended
areas. They can contaminate water bodies or seep into the soil, resulting in environmental
pollution, disrupting the ecological balance of entire ecosystems, and adversely affecting non-
target organisms. For example, Cyprodinil is very hazardous to freshwater and marine
organisms and mildly poisonous to fish (EPA, 1998).

Furthermore, the presence of these chemicals can elevate the residue levels of
agrochemicals in the final product (de Moura et al., 2021). Due to the long-term health
concerns posed to several life forms, the environmental advantages of synthetic chemical
pesticides in agriculture may cause several disadvantages (Ramakrishnan et al., 2021).

Romanazzi & Feliziani (2014) state that the requirement for an appropriate
implementation of Fungicide Resistance Action Committee (FRAC) guidelines advising a
restricted number of sprays per year is highlighted by the fact that fungicide-resistant B.
cinerea strains are becoming increasingly common.

Genetic Resistance of Strawberry Cultivars for Gray Mold

Because of the significant effect caused by gray mold on strawberries, scientists have
been focusing on how to protect fruits for the strawberry industry. There have been many
studies testing the efficiency of fungicides, but as indicated before, there has not been 100%
protection. Moreover, B. cinerea’s resistance to fungicides can change significantly even in a
single growing season (Cosseboom et al., 2019; Petrasch et al., 2019). There is disagreement
among experts as to whether one cultivar is typically more resistant than another, with
evidence that there is diversity in the susceptibility of strawberry genotypes to B. cinerea

(Reyes, 1990).
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LITERATURE REVIEW

Numerous screening attempts have been made to search for B. cinerea resistance in
strawberries. Preharvest and postharvest screening are the two main methods to screen the
strawberry germplasm for B. cinerea resistance. Blossom screening, field trials, and yield data
are preharvest methods being used to determine resistance, while storage, inoculation,
incubation, juice extracts, and fruit firmness are postharvest methods (Maas, 1978; Reyes,
1990).

Firmness of the strawberry fruit was found to be a significant characteristic linked to B.
cinerea resistance (Hancock et al., 2008; Petrasch et al., 2019; Terry et al., 2004). According
to Daubeny and Pepin (1977), firmness and the frequency of fruit rot were correlated and
fruits with a firm texture demonstrated postharvest resistance to gray mold. However,
firmness does not guarantee that disease will not occur. Postharvest-resistant cultivars had
somewhat soft fruit but a low frequency of infection, according to Barritt's research (1980) in
comparison to firm fruits against B. cinerea.

Seijo et al. (2008) used Camarosa and Albion cultivars in their experiment for screening
their germplasm to see the resistance against Botrytis, and Camarosa was one of the cultivars
that displayed a good level of resistance among other varieties. Camarosa was also found to
be more tolerant to gray mold compared to Sweet Charlie and Earlibrite by Chandler et al.
(2004).

Although it is one of the oldest experiments, Mass (1978) used 33 different cultivars, and
Earliglow was the superior cultivar among them for the postharvest incubation analysis
that showed resistance to B. cinerea. Additionally, Honeoye (Sanford et al., 1982) had the

strongest resistance to fruit rots, including gray mold, that considered 10 cultivars along with
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Allstar and Earliglow in experiments. While Allstar was considered less susceptible along
with Earliglow and Jewel by Madeiras and Schloemann (2017), more recently, Earliglow and
Jewel were found to be less susceptible whereas Allstar was found to be severely impacted
by gray mold in experiments conducted by Carroll & Pritts, (2022).

Petrasch et al. (2022) state that although gray mold resistance is heritable, it is
quantitative and genetically complicated. Multiple genes are involved in controlling
strawberry traits with resistance (Amil-Ruiz et al., 2011; Folta & Davis, 2006). Given that,
agronomic traits may play an important role in searching for the resistance in strawberries to
B. cinerea.

Many strawberry cultivars including Albion, Camarosa, and San Andreas were put to the
test under the high tunnel production by Guan & Sutterer (2017). They reported that
unmarketable fruits were mostly caused by Botrytis. They analyzed agronomic traits such as
average fruit weight, soluble solids content (SSC), pH, titratable acidity (TA) and firmness of
berries. Generally, San Andreas showed better results among these three cultivars. For disease
severity, Albion had a better outcome; however, Camarosa was more competitive for other
traits.

Customers notably enjoy strawberry fruits for their sweet flavor, which is connected to
their SSC and TA values (Hasing et al., 2013; Jouquand et al., 2008; Kafkas et al., 2007;
Shaw, 1990; Sweeney et al., 1970). According to Kubota Lab (n.d.), the SSC to TA ratio
appears to be an effective indicator of overall sweetness as the strawberry fruit tends to be
viewed as sweet when the Brix to TA ratio is greater than one. Ganhao et al. (2019) state the
analysis of the relationship between TA and SSC in several strawberry cultivars revealed a

positive correlation between the two quality parameters. Since the findings showed a strong
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connection between SSC and B. cinerea by Mancini et al. (2023), it would be interesting to
see whether screening for BRIX and TA can be used as an indirect method to screen for gray
mold resistance.

Also, there has been a search for methods other than fungicides to control the gray mold
disease on strawberries, such as using bioagents (Faedo et al., 2022; Yong et al., 2022; Zhang
et al., 2022; Moura et al., 2021), thermotherapy (Gahatraj et al., 2023), UV lights (Forges et
al., 2018; Jin et al., 2017; Nigro et al., 2000), essential oils (Alves et al., 2022; Hassan et al.,
2021), etc. However, these methods have only reduced the incidence and are not accessible
to all growers.

The protocols for screening strawberries for B. cinerea resistance are not standardized
or utilize specific chemicals or varieties. Thus, it is harder to compare the resistance levels
among different varieties used in the various studies dedicated to screening for resistance.

Importance of Breeding Resistance

Most of the chemical control, such as the use of Pristine, Elevate 50WD, and Rovral 4F,
are now ineffective against Botrytis cinerea due to the pathogen acquiring resistance (Koike
et. al., 2018; Petrasch et al. 2019). Continued use of pesticides can lead to the development of
pesticide-resistant pathogen populations, making it more difficult to control (Deising, et al.,
2008). Thus, breeding efforts need to be enhanced to develop resistance against gray mold.

Concluding Remarks

B. cinerea has a destructive impact on strawberry production. Due to the development of
resistant pathogen strains and risks to human health and the ecosystem, fungicides are not an
appropriate management method long term. Finding strawberry genetic sources with B.

cinerea resistance within our germplasm has gained our attention due to the lack of fully
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resistant cultivars (Carroll & Pritts, 2022). The objective of this study was to A) screen the
strawberry germplasm at MSU with B. cinerea inoculation to detect any resistance and B)
determine if there is a correlation between disease progression of Botrytis cinerea and SSC

and TA that could be used as a potential method for indirectly selecting for resistance.
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MATERIALS & METHODS

Materials

The fruit used for the experiment was obtained from plants established in the Pathology
Farm at Michigan State University (MSU) in East Lansing, Michigan. The germplasm used
in the study included commercial cultivars and MSU advanced breeding lines that have been
obtained over the years.

Ten strawberry cultivars, namely Albion, Allstar, Cabot, Camarosa, Cavendish,
Earliglow, Honeoye, Jewel, Redstart, and Wasatch along with 14 MSU advanced breeding
lines; MSU44, MSU49, MSU69, MSU71, MSU73, MSU75, MSU76, MSU78, MSUS80,
MSU81, MSU86, MSU90, 14 30 4, and 16 1 1 were used to comparing tolerance to gray
mold in 2021. In 2022, two additional cultivars, Annapolis and San Andreas, were added to
the experiment, while two MSU advanced breeding lines, MSU 86 and MSU 90, were not
included due to not having sufficient fruit in time for the experiment.

We decided to use popular publicly available commercial strawberry cultivars in our
study so that agronomic traits of MSU advanced breeding lines could be compared to existing
cultivars to determine which cultivars can be used as breeding parents to further improve
existing germplasm at MSU. Following is a brief introduction to each of the cultivars used in
the study.

Albion (U.S. Plant Pat. No. 16.228) is a day-neutral cultivar comparable to Aromas (U.S.
Plant Pat. No. 10,451) but with larger, higher quality, firmer, and better-flavored fruit. It is
also similar to Diamante (U.S. Plant Pat. No. 10,435) but with a lower cull rate, darker fruit,
and significantly better resistance to Phytophthora cactorum, causing Phytophthora crown

rot (Shaw & Larson, 2005) but susceptible to gray mold (Moura et al., 2021). Allstar is a
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June-bearing cultivar with a sweet and juicy firm texture. It has been reported to be susceptible
to many pathogens and diseases like viruses, mites, and nematodes, as well as verticillium
wilt, foliage, fruit, and root rot diseases, to name a few (Missouri Botanical Garden, 2023;
Gardenia, 2023) although previously recorded to have multiple resistance to red stele and
other root and leaf diseases, as well as some tolerance to Botrytis fruit rot under lower
inoculum conditions (Galleta et al., 1981). Annapolis is a June- bearing variety, being sweet,
firm, and cold-hardy, and also known for its good resistance to red stele (Gurney’s Seed and
Nursery, n.d.). Cabot, known as a short-day strawberry, has a large fruit structure with a big
calyx and shows resistance to the red stele root (Jamieson, 2006). The inventors of the
Camarosa cultivar, Voth et al. (1994), claim that despite being a short-day cultivar, it has
greater early and overall productivity as well as larger and more firm fruits. Cavendish is
known for its suitability for the Northeast climatic zone, its resistance to red stele, and its high-yielding
midseason (Jamieson et al., 1999). Although Earliglow is not known for its high yield, it is a
highly preferred cultivar in the US due to its aroma, early fruiting season, and red stele
resistance (Hokanson & Finn, 2000). Honeoye, being one of the early-season cultivars, was
introduced in 1979, and it has been produced successfully in MI since then due to its winter
hardiness and vigor (Hokanson & Finn, 2000). Although it is susceptible to black root rot
disease, it is believed to have some resistance towards powdery mildew (Cornell Fruit
Resources: Berries, 2022) and gray mold (Sanford et al., 1982) as well as resistant to red
stele (Hokanson & Finn, 2000). Sanford et al. (1987), who are inventors of the cultivar Jewel,
claim that it shows better performance than Honeoye in terms of combined scores of fruit rot
diseases such as Botrytis, soft rot, and white mold. They also stated that Jewel is susceptible

to verticillium wilt and red stele; however, it is resistant to mildew and leaf spot. Redstart,
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with publication number 20180255673, is one of the day-neutral varieties that James Hancock
released from Michigan State University (Justia Patents Search, n.d.). He declared that it
proved to be more vigorous, had greater yields, and had better fruit color compared to Albion,
although Redstart produced smaller and softer fruits (MSU Technologies, 2015). Shaw &
Larson (2009) express that San Andreas is an everbearing cultivar that is similar to Albion;
however, it is known to be somewhat tolerant to powdery mildew, common leaf spot,
verticillium wilt, Phytophthora, and Anthracnose crown rot. San Andreas is also known to
be tolerant to Botrytis fruit rot (Miles et al., 2017), which we used as a control cultivar for our
experiment. Wasatch, publication number 20180255672, offers larger yields, better fruit color,
stronger plant vigor, and a similar good flavor to Albion while being less firm and having
smaller fruits (Justia Patents Search, 2017).

Our goal is to determine the tolerance level of the MSU strawberry advanced breeding lines
against B. cinerea compared to existing commercial cultivars mentioned above. As such, we
inoculated the fruits with B. cinerea spores and provided these spores with ideal conditions to
grow and infect the fruit.

Fungal Inoculum

The B. cinerea isolate was obtained from Dr. Tim Miles' lab's long-term culture
preservation collection at MSU in East Lansing, Michigan. The culture was set up on V8 agar
(200 mL V8 juice, 10 g CaCO3, 3 g agar, 800 mL distilled water per liter) (Krasnow et al.,
2017; Jefters, (Ed.) 2015) and preserved for 7 days at room temperature under fluorescent
lighting.

The growth media was prepared approximately one week before the experiment for both

years to allow time for subculturing. V8 Juice Agar was used as a growth medium to grow B.
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cinerea in this experiment because the 8-vegetable juice, when used as a substance, mostly
tomato, stimulates fungal growth while suppressing bacterial growth (Maung et al., 2021).

Subculturing of the Botrytis isolate was done with plate-to-plate method (Jain et al.,
2020). Plates were kept for one week for both years to let fungi grow enough hyphae.

To prepare the spore suspension for inoculation, twenty drops of Tween20 were added
to 500 mL of autoclaved dH20, of which 4000 pL was added to each plate containing the
fungus. To remove the spores from the fungal mycelia, a flame-sterilized glass hockey stick
was used to carefully rub the plates. Once the spores had been rubbed off, without damaging
the agar, the mixture was placed into 50 mL Eppendorf tubes using a pipette with the tip cut
off. The Eppendorf tubes were then placed on ice and refrigerated until needed for

inoculation.

After removing the spore suspension from the refrigerator, the suspended spores were
poured over 2 layers of cheesecloth to filter out sclerotia and hyphae from the spore
suspension. Thus, clear liquid was collected from all the tubes with Botrytis spores to average

the concentration.
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Figure 5a. Hemocytometer Figure 5b. The grid of a hemocytometer
Source: Chan, 2020

Using the grided slide of the hemocytometer (see Figures 5a and 5b), the concentration

of spores was determined by placing 20 pL of the filtered spore suspension and counting the
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number of spores as described by Thermo Fisher Scientific - IE. (n.d.). We counted the 4
corners and the middle box on the grid and only counted spores that touched 2 out of the 4
sides of the boxes. This ensures that there is no overestimation. With the help of the dilution
formula (C,V1=C,V>), the spore concentrations for sprays were calculated for both years and
kept the same amount for accurate comparison.

Experimental setup

The experimental setup was designed to create a micro-environment for the Botrytis
spores in the inoculum to germinate and infect the fruit. This way, the number of days
that the fruit stays uninfected can be considered as a measurement of tolerance of the

strawberry genotype being tested.

Figure 6a. The setup in the laboratory Figure‘ 6b. Replication setup for
screening
To create the ideal environment for Botrytis cinerea, two nested aluminum pans were
placed together and covered with plastic wrap to maintain humidity and prevent the
pathogens from spreading. To keep the berries in place, a metal screen was placed on four
stoppers in each tray as shown in Figure 6b. A thin layer of water was placed at the bottom of
the trays to retain humidity.

Harvesting all the berries for the experiments was done at once for both years instead of
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harvesting and organizing different batches depending on when the fruit was available. In
2021, fruits were harvested on June 21; we had to gather fruit from every genotype on the
same day in order to reduce the chance of losing fruits to severe rain. In 2022, fruits were
harvested as soon as they ripened on June 15 to maintain the experiment setup consistent.
Once the fruit was harvested, soil particles adhering to the fruit were gently cleaned using a
Kleenex tissue prior to using the fruit in the experiment. In 2021, however, due to heavy rain
prior to harvesting, the fruit had more soil particles attached and had to be gently rinsed with
de-ionized water using a colander and dried prior to placing the fruits in the trays and
inoculation. Because we observed high levels of bruising and some bleeding of the fruit from
rinsing, we did not rinse the fruit with water in 2022. Instead, they were placed directly in the
trays after gently cleaning the fruit with Kleenex tissue since we did not have a problem due
to the weather conditions. Artificial inoculation was done at the same angle for each
inoculated tray by spraying the spore mixture 10 times for both years.

Screening the Disease Progression

Over two strawberry seasons, fruits were monitored for fourteen days to observe their
decay process after inoculation with B. cinerea. Considering that field-grown strawberries
already carry multiple pathogens at harvest, and ripe fruits cannot be surface sterilized
without damaging the skin, which would impact fruit evaluation, it was expected that other
fruit rot pathogens would appear in the experiment, including but not limited to Rhizopus

and Colletotrichum.
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Figure 7a. Botrytis signs Figure 7b. Rhizopus signs  Figure 7c. Colletotrichum

with gray messes on the with white hyphae ending  signs on the fruit with
berry (Louws, 2014) with black and/or white sunken areas covered with
tips (Koike et al., 2018) orange spores

(Demchak et al., 2023)

Since we were particularly evaluating MSU’s strawberry germplasm for tolerance to B.
cinerea, we made sure to identify the mycelia characteristics of both Botrytis and Rhizopus
clearly, as their mycelia tend to look similar to the naked eye. However, Rhizopus has black
or white spheres at the end of white mycelium (Koike et al., 2018), whereas Botrytis has a
white to gray cottony mass on the berries (Louws, 2014), as shown in Figures 7a and 7b.

Although most of the disease experiments considered the percentage of disease covering
the fruit, observing multiple diseases in the trays, especially Rhizopus fruit rot, led us to take
steps to minimize cross-contamination of fruit with other pathogens while evaluating disease
progress for Botrytis. For example, if Rhizopus infected the fruits, those fruits had to be
removed immediately to prevent the overnight infection of other berries on the tray because
sporangia are packed with thousands of spores and tend to spread quickly (Koike et al., 2018).

The berries in all replicates of different genotypes tested were evaluated daily for
Botrytis symptoms for 2 weeks, and any berries showing enough signs to identify gray mold
disease were discarded from the experiment. However, berries that were showing symptoms

of anthracnose disease were not removed immediately, considering they may still show signs
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of a Botrytis infection. The data was collected for each fruit by mentioning which day they
were discarded and which diseases they showed symptoms of. However, data analysis was
only focused on Botrytis- related symptoms.

Our objective for 2021 was to obtain 8 replications for each genotype, with 10 fruits on
each tray. However, due to the difficulty of maintaining this for every genotype, we reduced
the number of replications to 5 in 2022. Unfortunately, some genotypes experienced fewer
fruit numbers than intended because of the weather circumstances. In addition, we had to
discard some berries from the experiment due to factors such as Rhizopus fruit rot and
bruising. If the remaining fruit count fell below 5 on a tray, we decided to eliminate those
reps, resulting in some genotypes having less than 3 replications, and those were not included
in the analysis to obtain accurate and unbiased results.

Agronomic Traits

Considering the challenges of evaluating strawberries for Botrytis tolerance, we
considered if there may be agronomically important traits that breeders select for that may
correlate with tolerance to Botrytis. If such a correlation exists, it may help to indirectly select
genotypes for tolerance to gray mold disease using the agronomic trait instead. As such, we
decided to measure the Soluble solids content (SSC) using the BRIX value, which determines
the sweetness of the fruit, and titratable acidity (TA), which speaks to the sourness or acidity
of the fruit, two important indicators of determining the flavor of strawberries (Jouquand et
al., 2008; Kubota Lab, n.d.).

Soluble Solids Content

According to Barrett’s (n.d.) protocol, Brix values were measured using a Brix

Refractometer with ATC (Tiaoyeer, 2018) and reported as °Brix for the germplasm's SSC. To
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determine SSC, fresh fruits were used immediately after harvesting, and readings were taken in the
laboratory under the optimal temperature frame.

Titratable Acidity

TA measurement was done by using the Mettler-Toledo Titrator (Rondolino, 2017).
Between 7 to 15 grams of samples were added to 25-30 mL of deionized water and titrated
with 0.1 NaOH (4g/L) to an endpoint of pH 7. The titratable acidity is expressed as a
percentage per gram of fruit.

Data Analysis

The tolerance level to B. cinerea was determined by the number of days before the fruits
started showing gray mold signs. Area under the disease progress curve (AUDPC) is an
effective standardized quantitative evaluation method for determining disease severity over
time (APS, n.d.). According to Jackson (2017), lower AUDPCs indicate stronger disease
resistance and a slower rate of disease progression, while greater susceptibility to the disease
and quicker disease progression is indicated by higher AUDPC values. The formula for
AUDPC involves adding together the two infection percentages and dividing by two to obtain
the mid-value between the two readings, and multiplying the average by the time interval,
the number of days between the first and second readings until the last reading. The sum of
these trapezoid areas represents the AUDPC value. Time intervals can be for 2, 4, or even
more days (Cockerton et al., 2019; Rahman & Louws, 2017); however, we obtained disease
incidence daily for 2 weeks to determine the susceptibility of berries and to minimize
contamination of fruits by Rhizopus in an attempt to obtain accurate data for Botrytis disease
progression. AUDPC values were individually calculated using the trapezoid area method

described above in Excel per each genotype’s replicates. We used 8 replicates in 2021 and 5
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replicates in 2022.

Statistical analysis was performed using SAS software (version 9.4; SAS Institute Inc.,
Cary, NC). PROC GLM statement was used for analysis of variance (ANOV A) since our data
was unbalanced (SAS Help Center, 2019), and PROC REG was used for linear regression
analysis. PROC GLM was also used for Tukey’s Studentized Range Test (HSD) and PROC
MEANS statement was conducted to compare MSU Lines with Cultivars. A significant
difference (p < 0.05) between the genotypes for AUDPC 2021 and 2022 values is shown by
different letters according to their mean separation test results done by SAS and Phyton

(version 3.12; Python Software Foundation).
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RESULTS

The results of the AUDPC, BRIX, and TA comparisons, as well as the correlation of
AUDPC with BRIX and TA measurements for a selected set of germplasm that includes
Cultivars and MSU Lines are given below.

Area Under the Disease Progress Curve (AUDPC)

The AUDPC was used to calculate how the gray mold disease progressed from
inoculation to showing signs as a quantitative measurement of disease incidence by
percentages over time. We expect a lower AUDPC value for the most tolerant genotypes,
while the most susceptible genotypes would show a higher AUDPC value. Each fruit per
genotype of every replicate was rated daily for 14 days, and the number of fruits removed due
to gray mold symptoms was recorded and plotted against time to obtain AUDPC values for
the cultivars and MSU lines in both 2021 and 2022. With the AUDPC values, our goal is to
determine the level of tolerance to Botrytis in the MSU germplasm compared to commercially
available strawberry cultivars that are tolerant or susceptible to gray mold. Considering this
is the first attempt to evaluate the tolerance of the current MSU advanced breeding lines to
gray mold, we assessed the AUDPC values for both years to see if A) the cultivars that are
documented to be tolerant or susceptible to gray mold are consistent in our experiment, and
B) whether MSU germplasm shows any tolerance to the disease. Because MSU’s advanced
breeding lines have wild germplasm incorporated and were bred for over 30 years in non-
fumigated soils, we expect to see some disease tolerance. As such, this comparison would
inform the breeder whether the tolerance level is significant compared to existing commercial
cultivars or if the program needs to assemble tolerant germplasm from other sources to

increase tolerance to gray mold in the MSU germplasm pool.
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Our initial comparison was to see whether commercial cultivars are more tolerant to
gray mold than the MSU germplasm. Although the AUDPC values for Cultivars and MSU
Lines in 2021 were not significantly different from each other (F (1, 115) = 0.98, p = 0.32),
given that lower AUDPC values mean more tolerance against diseases, MSU Lines showed

more tolerance than Cultivars in 2021.
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Figure 8. Area Under the Disease Progress Curve (AUDPC) comparison between Cultivars
and MSU Lines in 2021

Then, we compared the AUDPC values for individual genotypes to determine which
MSU lines were more tolerant or susceptible to gray mold than the commercial cultivars. The

results from the 2021 AUDPS values are shown in Figure 9.
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Figure 9. Area Under the Disease Progress Curve (AUDPC) for all genotypes inoculated
with B. cinerea in 2021

Comparison of Cultivars used in 2021 were ranked based on their AUDPC values. Of the
cultivars tested, Honeoye and Jewel were found to be somewhat more tolerant, while
Camarosa, Wasatch, Earliglow, and Cavendish were moderately susceptible. The other three
cultivars, Redstart, Albion, and Cabot, had higher AUDPC values, indicating greater
susceptibility.

MSU69 was the most tolerant MSU Line compared to the rest of the MSU germplasm

tested. MSU86, 78, and 75 were comparatively more tolerant than the other MSU Lines.
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MSUSO0, 44, and 49 were moderately susceptible, whereas MSU84, 16 1 1, and MSUS81 were
highly susceptible to gray mold.
In summary, in 2021, Honeoye, Jewel, and MSU 69 showed more tolerance, and Redstart,
MSUSI1, Albion, and Cabot showed greater susceptibility in comparison to other genotypes.
Cultivars and MSU Lines in 2022 showed a different pattern than in 2021. In 2022,
Cultivars showed more tolerance to Botrytis than the MSU Lines overall; however, they were

not significantly different (¥ (1, 88) = 2.69, p = 0.10).
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Figure 10. Area Under the Disease Progress Curve (AUDPC) comparison between
Cultivars and MSU Lines in 2022

In contrast to 2021, we were able to maintain Allstar in the 2022 experiment, where it
showed the highest resistance to gray mold out of all cultivars and MSU lines tested. This
was expected because Allstar is considered to be more tolerant to B. cinerea unless the
inoculum level is too high (Galleta et al., 1981). The rainy weather conditions in 2021 were
favorable for the pathogen spread across the field, increasing the inoculum coming from the
field prior to the lab inoculation, and the fruits had more bruising and bleeding (an indication
of wounding) prior to the experimental set up, which, considering the pathogen enters the fruit

through wounds, would have allowed easy entry and infection. In 2022, dryer weather patterns
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allowed less bruising of the fruit and perhaps providing a better evaluation of the fruit for
tolerance to Botrytis with less fruit damage to start with. Among the cultivars' ratings,
Camarosa, Albion, Annapolis, and Cavendish were more tolerant than Wasatch, Cabot, and

Earliglow, while Jewel was the most susceptible.
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Figure 11. Area Under the Disease Progress Curve (AUDPC) for all genotypes inoculated
with B. cinerea in 2022

The results of the screening showed that among the different MSU lines that were tested,

14 30 4 had the highest tolerance level, while MSU69 showed moderate tolerance when
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compared to the other MSU lines. On the other hand, MSU 78, 44, 71, 73, and 75 all displayed
the same level of susceptibility to B. cinerea, as moderately susceptible. MSU80 was highly

susceptible with MSU49 being the most susceptible.

To summarize 2022, Allstar and 14 30 4 were significantly more tolerant to gray mold
while MSU49 and Jewel were the most susceptible. Earliglow also showed higher
susceptibility, which is opposed to the literature stating that Jewel and Earliglow are known
to be tolerant against B. cinerea (Madeiras & Schloemann, 2015).

Soluble Solids Content

We were curious to see whether tolerance to gray mold correlates with any of the
common fruit quality measurements that breeders focus on. We first focused on the Soluble
Solids Content (SSC) measured as a BRIX value that indicates the sugar content/sweetness
of the fruit. Considering fungi feed on sugar, we expected genotypes with higher BRIX values
to show less tolerance (Britannica, n.d.).

BRIX analyses were conducted on the available data for genotypes: only Cultivars in
2021, but both MSU Lines and Cultivars in 2022. Comparing cultivars was done for both

years, whereas comparing MSU Lines to Cultivars was only obtained for 2022.
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Figure 12. Average Soluble Solids Content (SSC) level for Cultivars in BRIX in 2021
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The means of SSC values were 8.28 for Cultivars, whereas the standard error was 0.33.
The typical industry standard for BRIX value for advanced selections and cultivars is 8.5 or
higher (Personal communication with Driscolls Inc., 2021). However, other factors can affect
the BRIX values, including how ripe the fruit is at harvest, age of the plants, and post-harvest
conditions (Kleinhenz, 2020). This could be why our analysis of SSC for cultivars does not

show BRIX values over the expected BRIX values of above 8.5 for cultivars.
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Figure 13. Average Soluble Solids Content (SSC) per Cultivars in BRIX in 2021

36



In the genotype comparison analysis, Cabot had the lowest sugar content, while Albion,
Cavendish, Honeoye, and Jewel were slightly below the overall BRIX average. Camarosa
had more sugar content, slightly above the overall Brix mean, while Redstart and Earliglow

had the highest sugar content.

Linear regression analysis for Cultivars of 2021 regarding AUDPC vs. BRIX was given

below to see whether there is any correlation. Unfortunately, there was no relationship

between Brix values and AUDPC (R2 =0.003, F (1,22)=0.07, p = 0.80).

Linear Regression of AUDPC vs BRIX by Group
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Figure 14. Linear regression of Average Soluble Solids Content in BRIX vs Area Under
the Disease Progress Curve (AUDPC) in 2021
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In 2022, we obtained BRIX values for both groups. Our comparison of Cultivars and
MSU lines as a whole showed there is more sugar content in cultivars compared to MSU lines,
and they were significantly different from each other (£ (1, 88) =19.22, p <.001). This agrees
with our expectation because MSU germplasm has been bred for a sweet/sour balance for
over 30 years, while released varieties tend to be sweeter. In 2022, we also observed expected

BRIX values for cultivars (above 8.5 BRIX value).
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Figure 15. Average Soluble Solids Content (SSC) comparison between Cultivars and MSU
Lines in BRIX in 2022

When considering the BRIX values for MSU lines, MSU 78, 49, and 69, in order, had
significantly lower sugar content than the rest of the MSU Lines. MSU 73 and 71 stated next,
and MSU44 had moderately low sugar content. One of the selections, 14 30 4 had
moderately higher sugar content, followed by the highest sugar content found in MSU80 and
75 Lines.

As for the cultivars, Allstar had the lowest sugar content in 2022, followed by Albion,
Camarosa, and Annapolis. Wasatch and Jewel had significantly more sugar content, followed

by Cavendish and Earliglow, having the most SSC.
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Figure 16. Average Soluble Solids Content (SSC) per all genotypes in 2022

Overall, MSU 78, 49, 69, and Allstar showed the lowest SSC while Cavendish and
Earliglow showed significantly higher sugar content. Thus, seeing Earliglow as the most
susceptible cultivar agrees with our assumption that susceptibility to gray mold may correlate

with high sugar content.
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Linear Regression of AUDPC vs BRIX by Group
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Figure 17. Linear regression of Average Soluble Solids Content in BRIX vs Area Under
the Disease Progress Curve (AUDPC) in 2022

A linear regression analysis indicated that while BRIX values had a significant impact on
AUDPC values for the Cultivars considered in the study (R2 =0.265, F (1,43)=1547,p =

0.0003), the BRIX had no significant effect (R2 =0.000, F (1,43)=0.06, p = 0.97) for MSU
Lines.

Considering that compared to Cultivars, MSU lines were tarter; we were curious to see
whether titratable acidity would correlate with tolerance to gray mold.

Titratable Acidity
We were curious to see whether tolerance to gray mold correlates with any common fruit

quality measurements that breeders focus on. After checking on the Soluble Solids Content

40



(SSC), we compared the TA values that indicate the acidic content/tartness of the fruit. We
expected that lines with higher acidic values may show more tolerance in general.

Comparisons for both groups and genotypes are as follows.

Year 2021
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Figure 18. Average Titratable Acidity (TA) comparison between Cultivars and Line in
2021
Although MSU Lines had shown more acidic content than Cultivars, the difference between
them was insignificant in 2021 (¥ (1, 59) = 0.76, p = 0.39).
In 2021, cultivars Earliglow and Camarosa had the least acidic content, followed by Albion
and Honeoye. Cavendish and Cabot had shown more acidic content, while Redstart had the
most significant acidic level. This is expected since Redstart is a cultivar released from MSU,

where the former strawberry breeder focused on sweet/tart balance for selecting varieties.
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Figure 19. Average Titratable Acidity (TA) values per genotype in 2021

Among the MSU Lines, MSUS81 and 44 had the least acidic content. They were followed
by MSUSO0, 49, 86, and 78, which had relatively average acidity levels. On the other hand,
MSU 69 showed relatively higher acidic content, and MSU 75 had the most acidic among all

MSU Lines.
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Linear Regression of AUDPC vs TA by Group

1200

1100 -

1000

AUDPC

900 -

800 -

700

02 04 06 08 10 12
TA

GROUP @ Cultivar @ Lines

Figure 20. Linear regression of Average Titratable Acidity (TA) vs Area Under the
Disease Progress Curve (AUDPC) in 2021

Linear regression analysis was conducted for TA and AUDPC to understand the

correlation; however, TA was not a valuable variable for linking acidic level to the tolerance
to gray mold in our study. TA of Cultivars (RZ =0.080, F (1, 28) =2.43, p=0.13) and MSU
Lines did not show a correlation (R2 =0.115, F (1,28) =3.63, p=0.07) in 2021.

The MSU Lines had more acid content than Cultivars when taken as a whole in 2022,
and unlike in 2021, the difference was statistically significant (F# (1, 86) = 10.16, p = 0.002).
The MSU Lines consisting of the series of 70s, has more sour-tasting fruits, and as such, this

result was expected.
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Figure 21. Average Titratable Acidity (TA) comparison between Cultivars and Line in
2022

In 2022, the strawberry varieties with the lowest acidic levels were Cavendish, Jewel,
Camarosa, Albion, and Wasatch, respectively, followed by Earliglow, MSU44, Cabot, Allstar,
and Annapolis. Once again, as expected, the cultivar released from MSU, Redstart, had the
highest acidic content compared to the rest of the Cultivars included in our experiment.

The MSU Lines were grouped based on their acidic content compared to Cultivars.
Among them, 14 30 4 and MSU 73 had the least acidic content, while MSU 49 and 44 had
relatively low acidic levels. On the other hand, MSU 69, 76, and 78 had relatively higher
acidic levels. The genotypes MSU 71, 80, and 81 had the most acidic content, with MSU 75

being the most acidic of them all.
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Figure 22. Average Titratable Acidity (TA) values per genotype in 2022

The set of cultivars, including Cavendish, Jewel, Camarosa, Albion, and Wasatch,
alongside the MSU lines, 14 30 4 and 73, displayed a lower acidic content. Furthermore, it
was observed that the MSU lines generally displayed higher TA values, with the highest TA

value being recorded for MSU75.
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Linear Regression of AUDPC vs TA by Group
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Figure 23. Linear regression of Average Titratable Acidity (TA) vs Area Under the Disease
Progress Curve (AUDPC) in 2022

It was determined through linear regression analysis that TA was not a valuable variable
for understanding gray mold tolerance in our study. Both the Cultivars (R2 =0.015, F (1,42)

=10.65, p=0.42) and MSU Lines had no significant correlation (R2 =0.023, F (1,42)=1.00,

p =0.32)in 2022.
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DISCUSSION

We began our experiment with eight replicates, each consisting of ten fruits per genotype
to be artificially inoculated in 2021. However, due to unfavorable weather conditions
producing low quality or diseased fruit, there were several genotypes that did not have
sufficient harvested fruits required to attain the desired 10 fruits per replication in the
experiment. These genotypes had to be removed from the analysis.

In 2021, although we were to harvest the fruit weekly and conduct the experiment in
batches, due to heavy rains and weather forecasts, we had to harvest fruit from all the
genotypes on the same day to de-risk losing the fruit to heavy rain. In addition, due to the rain,
a lot of soil adhered to the fruit, and we were unable to gently wipe the fruit to remove the
soil particles. Therefore, we had to gently wash off the soil from the fruits contained in a
colander, resulting in bruising of fruits that were not inherently firm. In comparison, 2022 was
a drier year and there was less soil adhering to the fruits. Considering the bruising in 2021, we
decided not to wash the fruits, but instead, gently wipe the dirt off of the fruits with a Kleenex
tissue. As such, the fruit quality going into the experiment was much better than in 2021.
Furthermore, rain would spread the Botrytis and other pathogens across the field more readily
in 2021 than in 2022. Figures 24a and 24b show the daily precipitation received at the
Pathology farm located in Okemos, Michigan. Therefore, our initial inoculum could have
been higher in 2021 than in 2022. For these reasons, it is difficult for us to compare the
tolerance levels of strawberry genotypes between 2021 and 2022. Considering the amount of

bruising on fruit, year 2022 results may be more reliable than that of 2021.
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Figure 24a. Daily Precipitation in June 2021 in Figure 24b. Liquid-Equivalent
Okemos Precipitation on Monday, June 21, 2021,
Source: Weather Spark (n.d.) in Okemos

Source: Weather Spark (n.d.)

We also faced difficulties in controlling other pathogens causing fruit rot in strawberries
such as Rhizopus (causing Rhizopus rot) (Bautista-Bafios et al., 2014) and Colletotrichum
(causing anthracnose disease) (Ellis & Erincik, 2008). The plants were maintained in a plot in
the pathology farm where pathogen pressure was kept intentionally high to select for
resistance to diseases by not spraying any fungicides for control. However, this very fact
created challenges in our evaluations with field inoculation being higher — especially when
fruit was harvested after heavy rains in 2021. For example, compared to anthracnose disease,
Rhizopus rot spread faster and affected our methods and results substantially. Fruits had to be
removed from the trays at the first sight of Rhizopus rot to minimize spread, often before
observing the incidence of Botrytis on these fruits that were removed, which would affect the
overall disease incidence.

During the experiment, numerous berries had to be discarded due to factors such as
Rhizopus fruit rot and bruising. If the number of remaining fruits on a tray was less than 5,
we considered those replications invalid and eliminated them. This process resulted in some
genotypes having less than 3 replications, which were not included in the analysis to obtain

accurate and unbiased results.
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Although we were careful to differentiate and discard fruits with Rhizopus immediately,
we had to eliminate several genotypes, especially Allstar from 2021, Honeoye, Redstart, and
San Andreas from 2022 data analysis, since the loss of fruits due to Rhizopus was non-
negligible. Honeoye was the most tolerant cultivar in our 2021 experiment, and this data is
consistent with published information on Honeoye’s resistance to Botrytis (Sanford et al.,
1982). It is unfortunate that we had to remove the cultivar from our 2022 data analysis due to
Rhizopus fruit rot incidence. But, considering its susceptibility to Rhizopus, the fruit would
have succumbed to fruit rot at some point.

To keep the research method somewhat consistent between the years, we harvested all
the genotypes at once in 2022 as they ripened. We did not choose any surface sterilization
method because there was no optimal standardized protocol, and surface sterilization could
have bruised the fruit, making them more susceptible to pathogens.

However, comparing the AUDPC data from 2021 and 2022 shows how the rainy weather
negatively impacted the experimental results. For example, Jewel from the Cultivars w as
more tolerant to gray mold in 2021; however, the same cultivar was the most susceptible in
2022. Whereas Albion was one of the most susceptible genotypes in 2021, it was one of the
most tolerant cultivars in 2022. For this reason, we decided to analyze the datasets separately.

We can state from the common genotypes used for both years that Camarosa and MSU69
showed more tolerance to gray mold. Cavendish, Wasatch, and MSU78 were moderately
tolerant, while Earliglow, MSU44, 75, and 80 were moderately susceptible. Cabot and
MSU49 were highly susceptible in both 2021 and 2022.

Allstar was one of the more tolerant cultivars to B. cinerea in literature (Madeiras &

Schloemann, 2015), until recently, it was declared to be grouped with the more susceptible
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genotypes (Carroll & Pritts, 2022). In our experiment, Allstar was one of the most affected
genotypes for fruit quality prior to the experimental setup in 202 1. Fruits were mostly bruised
and strongly affected by anthracnose disease and these symptoms allowed fruits to become
heavily infected by Rhizopus and Botrytis. For this reason, it was discarded from the 2021 data
analysis. However, the tolerance of Allstar to Botrytis was greater than other genotypes in
2022 when conditions were better. Contrary to the literature, Allstar showed more tolerance
to gray mold than Earliglow and Camarosa in our study (Carroll & Pritts, 2022; Madeiras &
Schloemann, 2015).

Previous studies also indicate that Earliglow and Jewel are tolerant to Botrytis (Madeiras
& Schloemann, 2015; Carroll & Pritts, 2022); however, we found them highly susceptible in
our 2022 study. It is possible that B. cinerea has developed resistance to these cultivars.

Based on this study, for resistance breeding purposes for Botrytis at MSU, it would be
essential to assemble germplasm tolerant to Botrytis (e.g., San Andreas or other varieties or
advanced breeding lines) to incorporate resistance genes into the MSU germplasm
through breeding crosses.

Considering the difficulties in evaluating tolerance to Botrytis by observing symptoms
of gray mold amid symptoms of other fruit-rotting fungi, we were interested in determining
whether any other agronomic traits measured by a breeder would correlate with tolerance to
Botrytis that could be used for indirect selection. We were particularly interested in seeing
whether correlations exist between the soluble solids content (SSC), which speaks to the
sweetness of strawberry fruit, and titratable acidity (TA). These are two measurements that
strawberry breeders use to get a sense of the flavor of strawberries (Jouquand et al., 2008;

Kubota Lab, n.d.). A possible relationship between the TA and tolerance to gray mold disease
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was mentioned by Neri et al. (2015). In addition, Petrasch et al. (2022) stated that increasing
resistance requires choosing higher levels of TA and firmness while decreasing SSC;
nevertheless, these characteristics substantially influence flavor. Thus, we pursued checking
SSC/BRIX and TA on our dataset to see the correlations between sugar and acid content with
resistance.

Unfortunately, we could not obtain BRIX values for the MSU Lines in 2021. The
analysis was done with the available replicates for both years. In 2021, 3 replicates for SSC
and 4 replicates for TA could be used in the experiment. In 2022, 5 replicates for each trait
were obtained.

Guan & Sutterer's (2017) research had the most comparable cultivar choices to our
germplasm with Albion, Camarosa, and San Andreas being evaluated for their SSC and TA.
In their experiment, Camarosa had the highest BRIX level, followed by San Andreas and
Albion. In our experiment, Camarosa had more sugar content than Albion as well; however,
we had to eliminate San Andreas due to the lack of adequate fruit numbers for the replicates.
Camarosa and Albion shared the same TA level in their study, likewise, Albion and Camarosa
were not significantly different in our analysis; however, Camarosa was slightly less acidic
than Albion. Since fungi feed on sugar, it was expected to see less disease severity in
Camarosa compared to Albion in our germplasm, supporting Guan & Sutterer's (2017)
disease severity analysis, which our experiment supported for both years.

Considering sugar serves as a nutrient for B. cinerea, and SSC represents sugar content
in strawberries, we expected a positive correlation between AUDPC and the BRIX level
(Mancini et al., 2023). In 2021, BRIX level and AUDPC values were in correlation for

Redstart’s susceptibility and higher sugar content only. It is possible that the absence of an
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overall correlation for disease severity could be due to the limited variance in sugar content
observed in the genotypes used in 2021. In 2022, we were able to see enough variation in
genotypes and Cultivars had a correlation with the AUDPC values; whereas MSU Lines did
not support a similar correlation potentially due to their lower sugar content compared to
Cultivars. Considering that one of the current objectives of the MSU strawberry breeding
program is increasing the sweetness/SSC, it would be interesting to see how this change would
affect the correlation with tolerance to Botrytis in our most recent advanced selections that
have higher SSC levels.

We also noted that lower AUDPC values correlated with higher TA levels, as indicated
by the negative slope within the Cultivars in 2021. On the other hand, the MSU Lines exhibited
a positive slope, suggesting a correlation between increased acidity and higher AUDPC
results. As Ganhao et al. (2019) stated, SSC and TA were positively correlated, so TA and
AUDPC were also expected to be positively correlated. While our MSU Lines served this
correlation, the Cultivars in the experiment did not, and p-values for both were more than
0.05, so their effect was not significant on disease tolerance. However, fungi can be affected
by high concentrations of acidity, and it is preferable to have low TA values for both the
sweetness of berries and resistance. The relationship between TA and disease tolerance is
possibly more complex and needs further study.

Although one of our breeding objectives is to produce more sweet strawberries with a
high BRIX and a low TA ratio with better B. cinerea resistance, chefs prefer to work with
berries with a sweet/sour balance (personal communication with Jim Hancock, 2021). It is
interesting that both MSU69 and 78 with more sour-tasting berries, as well as 14 30 4 asa

genotype producing sweeter berries, performing comparable to commonly used cultivars such
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as Allstar, Camarosa, Earliglow, and Jewel with similar or better tolerance to gray mold. As
such, from the MSU lines tested, MSU69, 78, and 14 30 4 could be considered as breeding

parents to improve tolerance to B. cinerea to develop tolerance to gray mold.
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CONCLUSION

Our study found that MSU69 is one of the most tolerant MSU Lines against gray mold
disease. Also, we have observed that genotypes MSU78 and 14 30 4 can be promising as a
source for tolerance to use as breeding parents along with cultivars that have been reported to
be more tolerant to the disease to improve resistance breeding for gray mold while maintaining
the good flavor of MSU germplasm.

Seeing MSU Lines falling into the range in Cultivars for different traits gives
encouragement to improve them with better parental combinations that could provide
compatibility for agronomically important traits. Incorporating germplasm with higher levels
of tolerance into MSU germplasm could be a reasonable solution for increasing resistance to
B. cinerea (Bestfleisch et al., 2015; Edger et al., 2019; Gonzalez et al., 2009).

In the meantime, we remain hopeful that through the diligent efforts of scientists and
researchers, effective measures can be implemented to mitigate B. cinerea's effects as
breeders continue to enhance resistance to gray mold.

In conclusion, it would be essential to assemble germplasm tolerant to Botrytis in order to
introduce resistance genes into the MSU germplasm via breeding crosses for the aim of

resistance breeding at MSU.
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APPENDIX

Table A.1: Dataset of 2021 AUDPC Values

GROUP ID REP #FRUIT AUDPC
Cultivar Albion 1 7 1107.14
Cultivar Albion 2 2 1050.00
Cultivar Albion 3 6 1033.33
Cultivar Albion 4 8 1062.50
Cultivar Albion 5 6 1116.67
Cultivar Albion 6 7 1135.71
Cultivar Albion 7 5 1180.00
Cultivar Albion 8 5 1010.00
Cultivar Allstar 1 1 450.00
Cultivar Allstar 2 2 600.00
Cultivar Allstar 3 4 675.00
Cultivar Allstar 4 3 950.00
Cultivar Allstar 5 1 1250.00
Cultivar Allstar 6 6 966.67
Cultivar Allstar 7 3 883.33
Cultivar Allstar 8 9 850.00
Cultivar Cabot 1 7 1085.71
Cultivar Cabot 2 6 1191.67
Cultivar Cabot 3 8 1112.50
Cultivar Cabot 4 6 1158.33
Cultivar Cabot 5 2 1000.00
Cultivar Cabot 6 4 1125.00
Cultivar Cabot 7 3 1116.67
Cultivar Cabot 8 4 1075.00
Cultivar Camarosa 1 6 983.33
Cultivar Camarosa 2 7 921.43
Cultivar Camarosa 3 6 900.00
Cultivar Camarosa 4 6 966.67
Cultivar Camarosa 5 4 900.00
Cultivar Camarosa 6 6 900.00
Cultivar Camarosa 7 6 933.33
Cultivar Camarosa 8 3 1083.33

~
(98]




Table A.1 (cont’d)

Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar

Cultivar

Cultivar

Cavendish 1 3 916.67
Cavendish 2 4 987.50
Cavendish 3 7 907.14
Cavendish 4 8 937.50
Cavendish 5 6 1016.67
Cavendish 6 8 1012.50
Cavendish 7 3 883.33
Cavendish 8 3 1016.67
Earliglow 1 5 890.00
Earliglow 2 6 1000.00
Earliglow 3 6 866.67
Earliglow 4 3 983.33
Earliglow 5 3 1016.67
Earliglow 6 5 930.00
Earliglow 7 5 1010.00
Earliglow 8 5 1050.00
Honeoye 1 7 835.71
Honeoye 2 6 950.00
Honeoye 3 8 712.50
Honeoye 4 4 900.00
Honeoye 5 4 850.00
Honeoye 6 8 837.50
Honeoye 7 8 912.50
Honeoye 8 4 825.00
Jewel 1 8 837.50
Jewel 2 4 1050.00
Jewel 3 7 850.00
Jewel 4 3 950.00
Jewel 5 5 910.00
Jewel 6 3 1050.00
Jewel 7 1 950.00
Jewel 8 4 975.00
Redstart 1 9 1005.56
Redstart 2 9 1050.00
Redstart 3 10 1060.00

=
N




Table A.1 (cont’d)

Cultivar Redstart 4 9 1083.33
Cultivar Redstart 5 8 1075.00
Cultivar Redstart 6 10 1140.00
Cultivar Redstart 7 8 975.00
Cultivar Redstart 8 8 1037.50
Cultivar Wasatch 1 5 750.00
Cultivar Wasatch 2 7 935.71
Cultivar Wasatch 3 2 1100.00
Cultivar Wasatch 4 5 1090.00
Cultivar Wasatch 5 10 960.00
Cultivar Wasatch 6 10 860.00
Cultivar Wasatch 7 7 992.86
Cultivar Wasatch 8 7 992.86
Line MSU44 1 6 933.33
Line MSU44 2 7 1035.71
Line MSU44 3 7 935.71
Line MSU44 4 6 983.33
Line MSU44 5 6 983.33
Line MSU44 6 7 1064.29
Line MSU44 7 7 950.00
Line MSU44 8 5 950.00
Line MSU49 1 7 864.29
Line MSU49 2 9 1038.89
Line MSU49 3 9 972.22
Line MSU49 4 9 1050.00
Line MSU49 5 10 880.00
Line MSU49 6 9 1050.00
Line MSU49 7 8 1075.00
Line MSU49 8 10 1020.00
Line MSU69 1 7 878.57
Line MSU69 2 9 905.56
Line MSU69 3 10 890.00
Line MSU69 4 9 972.22
Line MSU69 5 9 850.00
Line MSU69 6 9 850.00
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Table A.1 (cont’d)

Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line

Line

MSU69 7 8 925.00
MSU69 8 6 866.67
MSU71 1 4 1050.00
MSU71 2 4 1025.00
MSU71 3 3 983.33
MSU71 4 4 975.00
MSU71 5 4 1125.00
MSU71 6 3 983.33
MSU71 7 3 1016.67
MSU71 8 3 983.33
MSU73 1 3 1116.67
MSU73 2 1 850.00
MSU73 3 1 1050.00
MSU73 4 0 NA
MSU73 5 0 NA
MSU73 6 0 NA
MSU73 7 2 1050.00
MSU73 8 5 1070.00
MSU75 1 6 916.67
MSU75 2 5 990.00
MSU75 3 8 912.50
MSU75 4 6 966.67
MSU75 5 10 970.00
MSU75 6 8 987.50
MSU75 7 3 1050.00
MSU75 8 9 961.11
MSU76 1 0 NA
MSU76 2 1 850.00
MSU76 3 2 1050.00
MSU76 4 2 1000.00
MSU76 5 2 850.00
MSU76 6 4 1075.00
MSU76 7 0 NA
MSU76 8 1 1050.00
MSU78 1 6 1016.67

-
N




Table A.1 (cont’d)

Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line

Line

Line

MSU78 2 10 920.00
MSU78 3 9 905.56
MSU78 4 9 994.44
MSU78 5 10 920.00
MSU78 6 10 930.00
MSU78 7 9 805.56
MSU78 8 6 816.67
MSU80 1 3 816.67
MSUS80 2 8 1012.50
MSUS80 3 7 1078.57
MSU80 4 4 1000.00
MSUS80 5 5 870.00
MSUS80 6 5 990.00
MSU80 7 4 900.00
MSUS80 8 6 916.67
MSU81 1 9 1061.11
MSUS81 2 10 1130.00
MSUS81 3 9 1083.33
MSU81 4 10 1070.00
MSUS81 5 10 1130.00
MSUS81 6 10 1090.00
MSUS81 7 9 1072.22
MSUS81 8 10 1080.00
MSU84 1 4 1125.00
MSU84 2 5 990.00
MSU84 3 2 900.00
MSU84 4 4 1000.00
MSU84 5 3 1116.67
MSU84 6 5 1010.00
MSU84 7 7 1078.57
MSU84 8 7 1007.14
MSU86 1 9 972.22
MSU86 2 8 887.50
MSU86 3 10 930.00
MSU86 4 5 810.00

|
-




Table A.1 (cont’d)

Line MSU86 5 9 850.00
Line MSU86 6 8 887.50
Line MSU86 7 10 950.00
Line MSU86 8 10 900.00
Line MSU90 1 3 783.33
Line MSU90 2 3 583.33
Line MSU90 3 2 700.00
Line MSU90 4 1 850.00
Line MSU90 5 3 1150.00
Line MSU90 6 0 NA
Line MSU90 7 0 NA
Line MSU90 8 1 1150.00
Line 14 30 4 1 3 1016.67
Line 14 30 4 2 3 816.67
Line 14 30 4 3 3 883.33
Line 14 30 4 4 3 983.33
Line 14 30 4 5 3 883.33
Line 14 30 4 6 3 716.67
Line 14 30 4 7 2 850.00
Line 14 30 4 8 2 800.00
Line 16 11 1 4 900.00
Line 16 11 2 5 1010.00
Line 16 11 3 2 850.00
Line 16 11 4 4 1000.00
Line 16 11 5 3 816.67
Line 16 11 6 5 1030.00
Line 16 11 7 2 950.00
Line 16 11 8 5 1030.00
Table A.2: Dataset of 2022 AUDPC Values
GROUP 1D REP #FRUIT AUDPC
Cultivar Albion 1 6 816.67
Cultivar Albion 2 6 866.67
Cultivar Albion 3 6 883.33
Cultivar Albion 4 6 683.33
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Table A.2 (cont’d)

Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar

Cultivar

Albion 5 6 900.00
Allstar 1 10 750.00
Allstar 2 10 720.00
Allstar 3 10 680.00
Allstar 4 10 750.00
Allstar 5 10 760.00
Annapolis 1 10 820.00
Annapolis 2 8 762.50
Annapolis 3 10 850.00
Annapolis 4 10 880.00
Annapolis 5 9 905.56
Cabot 1 8 1012.50
Cabot 2 8 800.00
Cabot 3 8 987.50
Cabot 4 8 875.00
Cabot 5 8 993.75
Camarosa 1 10 860.00
Camarosa 2 10 740.00
Camarosa 3 9 772.22
Camarosa 4 9 894.44
Camarosa 5 10 860.00
Cavendish 1 10 820.00
Cavendish 2 10 830.00
Cavendish 3 10 850.00
Cavendish 4 10 840.00
Cavendish 5 10 880.00
Earliglow 1 10 880.00
Earliglow 2 10 950.00
Earliglow 3 10 920.00
Earliglow 4 10 950.00
Earliglow 5 10 1000.00
Honeoye 1 6 900.00
Honeoye 2 0 NA

Honeoye 3 0 NA

Honeoye 4 5 830.00
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Table A.2 (cont’d)

Cultivar Honeoye 5 4 825.00
Cultivar Jewel 1 9 1016.67
Cultivar Jewel 2 10 980.00
Cultivar Jewel 3 9 950.00
Cultivar Jewel 4 10 1020.00
Cultivar Jewel 5 10 990.00
Cultivar San Andreas 1 1 750.00
Cultivar San Andreas 2 1 750.00
Cultivar San Andreas 3 3 1083.33
Cultivar San Andreas 4 2 850.00
Cultivar San Andreas 5 2 1000.00
Cultivar Redstart 1 3 1150.00
Cultivar Redstart 2 5 910.00
Cultivar Redstart 3 3 916.67
Cultivar Redstart 4 3 850.00
Cultivar Redstart 5 3 816.67
Cultivar Wasatch 1 9 816.67
Cultivar Wasatch 2 10 900.00
Cultivar Wasatch 3 10 930.00
Cultivar Wasatch 4 10 840.00
Cultivar Wasatch 5 10 960.00
Line MSU44 1 7 850.00
Line MSU44 2 10 860.00
Line MSU44 3 10 910.00
Line MSU44 4 10 870.00
Line MSU44 5 10 900.00
Line MSU49 1 9 938.89
Line MSU49 2 6 983.33
Line MSU49 3 9 950.00
Line MSU49 4 7 992.86
Line MSU49 5 5 910.00
Line MSU69 1 6 733.33
Line MSU69 2 6 800.00
Line MSU69 3 6 966.67
Line MSU69 4 6 816.67
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Table A.2 (cont’d)

Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line

Line

MSU69 5 6 866.67
MSU71 1 10 910.00
MSU71 2 9 927.78
MSU71 3 10 910.00
MSU71 4 10 930.00
MSU71 5 6 933.33
MSU73 1 8 900.00
MSU73 2 6 933.33
MSU73 3 6 883.33
MSU73 4 5 950.00
MSU73 5 9 950.00
MSU75 1 7 907.14
MSU75 2 7 907.14
MSU75 3 7 935.71
MSU75 4 7 950.00
MSU75 5 7 935.71
MSU76 1 2 800.00
MSU76 2 3 950.00
MSU76 3 3 950.00
MSU76 4 3 750.00
MSU76 5 3 816.67
MSU78 1 5 950.00
MSU78 2 5 890.00
MSU78 3 5 850.00
MSU78 4 5 830.00
MSU78 5 5 850.00
MSU80 1 6 966.67
MSU80 2 6 1000.00
MSU80 3 4 875.00
MSU80 4 6 933.33
MSU80 5 6 900.00
MSUS81 1 4 950.00
MSUS81 2 5 810.00
MSUS81 3 4 900.00
MSUS81 4 5 870.00
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Table A.2 (cont’d)

82

Line MSUS81 5 4 900.00

Line 14 30 4 1 5 830.00

Line 14 30 4 2 5 830.00

Line 14 30 4 3 5 770.00

Line 14 30 4 4 5 870.00

Line 14 30 4 5 5 770.00
Table A.3: Dataset of 2021 Soluble Solids Content

GROUP ID REP BRIX

Cultivar | Albion 1 7.1

Cultivar | Albion 2 9.9

Cultivar | Albion 3 6.1

Cultivar | Cabot 1 7.4

Cultivar | Cabot 2 8

Cultivar | Cabot 3 7.2

Cultivar | Camarosa 1 124

Cultivar | Camarosa 2 7.3

Cultivar | Camarosa 3 6.1

Cultivar | Cavendish 1 8

Cultivar | Cavendish 2 8

Cultivar | Cavendish 3 8

Cultivar | Earliglow 1 8

Cultivar | Earliglow 2 8

Cultivar | Earliglow 3 11.4

Cultivar | Honeoye 1 6.8

Cultivar | Honeoye 2 8.8

Cultivar | Honeoye 3 8.9

Cultivar | Jewel 1 6

Cultivar | Jewel 2 8

Cultivar | Jewel 3 10.6

Cultivar | Redstart 1 8.3

Cultivar | Redstart 2 8.8

Cultivar | Redstart 3 9.7




Table A.4: Dataset of 2022 Soluble Solids Content
GROUP ID REP BRIX
Cultivar | Albion 9
Cultivar | Albion 9
Cultivar | Albion 9.6
Cultivar | Albion 7
Cultivar | Albion 9.2
Cultivar | Allstar 7
Cultivar | Allstar 7.2
Cultivar | Allstar 8
Cultivar | Allstar 7.8
Cultivar | Allstar 7.8
8.2
9
9.2
10.5
8.1

Cultivar | Annapolis

Cultivar | Annapolis

Cultivar | Annapolis

Cultivar | Annapolis

1
2
3
4
5
1
2
3
4
5
1
2
3
4
Cultivar | Annapolis 5
Cultivar | Cabot 1 9
Cultivar | Cabot 2 8.7
Cultivar | Cabot 3 9.2
4
5
1
2
3
4
5
1
2
3
4
5
1
2
3
4

Cultivar | Cabot 9.8
Cultivar | Cabot 9.1
Cultivar | Camarosa 8.2
8.1
11.3
8.1
9.1
9
10
10.5
10
11
11.2
115
10
10.9

Cultivar | Camarosa

Cultivar | Camarosa

Cultivar | Camarosa

Cultivar | Camarosa

Cultivar | Cavendish

Cultivar | Cavendish

Cultivar | Cavendish

Cultivar | Cavendish

Cultivar | Cavendish

Cultivar | Earliglow

Cultivar | Earliglow

Cultivar | Earliglow

Cultivar | Earliglow
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Table A.4 (cont’d)

Cultivar | Earliglow 5 12.7
Cultivar | Jewel 1 10.1
Cultivar | Jewel 2 9.7
Cultivar | Jewel 3 8.9
Cultivar | Jewel 4 9.6
Cultivar | Jewel 5 9.8
Cultivar | Wasatch 1 10.1
Cultivar | Wasatch 2 8.2
Cultivar | Wasatch 3 9.2
Cultivar | Wasatch 4 10
Cultivar | Wasatch 5 10
Line MSU44 1 9.6
Line MSU44 2

Line MSU44 3

Line MSU44 4 10
Line MSU44 5

Line MSU49 1

Line MSU49 2 6.2
Line MSU49 3 6
Line MSU49 4 6.2
Line MSU49 5

Line MSU69 1 6
Line MSU69 2 6.2
Line MSU69 3 5
Line MSU69 4 7
Line MSU69 5 9
Line MSU71 1 8
Line MSU71 2 6
Line MSU71 3 7
Line MSU71 4 9.6
Line MSU71 5 8.2
Line MSU73 1 7.3
Line MSU73 2 6.9
Line MSU73 3 8.1
Line MSU73 4 9.2
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Table A.4 (cont’d)

Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line

MSU73 5 7.1
MSU75 1 10.2
MSU75 2 11.6
MSU75 3 7.8
MSU75 4 10.6
MSU75 5 8

MSU78 1 6

MSU78 2 5.2
MSU78 3 5.2
MSU78 4 5.2
MSU78 5 5.2
MSUS0 1 10

MSUS0 2 9.4
MSUS0 3 9

MSUS0 4 9.8
MSUS0 5 8.2
14 30 4 1 10.2
14 30 4 2 9.6
14 30 4 3 6.7
14 30 4 4 6.9
14 30 4 5 12.1

Table A.5: Dataset of 2021 Titratable Acidity

GROUP ID REP TA

Cultivar | Albion 1 0.371
Cultivar | Albion 2 0.561
Cultivar | Albion 3 0.633
Cultivar | Albion 4 0.55

Cultivar | Cabot 1 0.654
Cultivar | Cabot 2 0.618
Cultivar | Cabot 3 0.757
Cultivar | Cabot 4 0.524
Cultivar | Camarosa 1 0.464
Cultivar | Camarosa 2 0.417
Cultivar | Camarosa 3 0.452
Cultivar | Camarosa 4 0.429
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Table A.5 (cont’d)

Cultivar | Cavendish 1 0.528
Cultivar | Cavendish 2 0.749
Cultivar | Cavendish 3 0.616
Cultivar | Earliglow 1 0.361
Cultivar | Earliglow 2 0.405
Cultivar | Earliglow 3 0.468
Cultivar | Earliglow 4 0.365
Cultivar | Honeoye 1 0.514
Cultivar | Honeoye 2 0.498
Cultivar | Honeoye 3 0.647
Cultivar | Honeoye 4 0.604
Cultivar | Jewel 1 0.462
Cultivar | Jewel 2 0.443
Cultivar | Jewel 3 0.777
Cultivar | Jewel 4 0.739
Cultivar | Redstart 1 1.009
Cultivar | Redstart 2 1.051
Cultivar | Redstart 3 0.892
Cultivar | Redstart 4 0.884
Line MSU44 1 0.461
Line MSU44 2 0.453
Line MSU44 3 0.723
Line MSU49 1 0.52
Line MSU49 2 0.543
Line MSU49 3 0.489
Line MSU49 4 0.897
Line MSU69 1 0.729
Line MSU69 2 0.888
Line MSU69 3 0.752
Line MSU69 4 0.669
Line MSU75 1 1.19
Line MSU75 2 0.884
Line MSU75 3 0.848
Line MSU75 4 0.747
Line MSU78 1 0.631
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Table A.5 (cont’d)

Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line

Line

MSU78 2 0.551
MSU78 3 0.708
MSU78 4 0.642
MSU80 1 0.508
MSU80 2 0.483
MSU80 3 0.518
MSU80 4 0.883
MSUS81 1 0.195
MSUS81 2 0.249
MSU81 3 0.208
MSUS81 4 1.013
MSU86 1 0.728
MSU86 2 0.549
MSU86 3 0.583

Table A.6: Dataset of 2022 Titratable Acidity

GROUP ID REP TA

Cultivar | Albion 1 0.286
Cultivar | Albion 2 0.253
Cultivar | Albion 3 0.245
Cultivar | Albion 4 0.255
Cultivar | Albion 5 NA

Cultivar | Allstar 1 0.354
Cultivar | Allstar 2 0.385
Cultivar | Allstar 3 0.36
Cultivar | Allstar 4 0.323
Cultivar | Allstar 5 0.253
Cultivar | Annapolis 1 0.379
Cultivar | Annapolis 2 0.366
Cultivar | Annapolis 3 0.311
Cultivar | Annapolis 4 0.318
Cultivar | Annapolis 5 0.355
Cultivar | Cabot 1 0.394
Cultivar | Cabot 2 0.301
Cultivar | Cabot 3 0.34
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Table A.6 (cont’d)

Cultivar | Cabot 4 0.287
Cultivar | Cabot 5 0.351
Cultivar | Camarosa 1 0.241
Cultivar | Camarosa 2 0.256
Cultivar | Camarosa 3 0.301
Cultivar | Camarosa 4 0.246
Cultivar | Camarosa 5 0.245
Cultivar | Cavendish 1 0.21
Cultivar | Cavendish 2 0.25
Cultivar | Cavendish 3 0.258
Cultivar | Cavendish 4 0.305
Cultivar | Cavendish 5 0.179
Cultivar | Earliglow 1 0.276
Cultivar | Earliglow 2 0.243
Cultivar | Earliglow 3 0.337
Cultivar | Earliglow 4 0.3

Cultivar | Earliglow 5 0.295
Cultivar | Jewel 1 0.272
Cultivar | Jewel 2 0.217
Cultivar | Jewel 3 0.182
Cultivar | Jewel 4 0.32
Cultivar | Jewel 5 0.245
Cultivar | Wasatch 1 0.249
Cultivar | Wasatch 2 0.288
Cultivar | Wasatch 3 0.266
Cultivar | Wasatch 4 0.274
Cultivar | Wasatch 5 0.261
Line MSU44 1 0.403
Line MSU44 2 0.383
Line MSU44 3 0.297
Line MSU44 4 0.132
Line MSU44 5 0.268
Line MSU49 1 0.267
Line MSU49 2 0.263
Line MSU49 3 0.338
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Table A.6 (cont’d)

Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line
Line

Line

MSU49 4 0.323
MSU49 5 0.265
MSU69 1 0.367
MSU69 2 0.334
MSU69 3 035
MSU69 4 0.299
MSU69 5 NA

MSU71 1 0.364
MSU71 2 0.309
MSU71 3 0.372
MSU71 4 0.427
MSU71 5 0.363
MSU73 1 0.29
MSU73 2 0.217
MSU73 3 0.317
MSU73 4 0.194
MSU73 5 0.28
MSU75 1 0.6

MSU75 2 0.662
MSU75 3 0.551
MSU75 4 0.613
MSU75 5 0.535
MSU78 1 0.223
MSU78 2 0.301
MSU78 3 0.353
MSU78 4 0.449
MSU78 5 0.403
MSUS0 1 0.414
MSUS0 2 0.38
MSUS0 3 0.408
MSUS0 4 0.308
MSUS0 5 0.359
14 30 4 1 0.237
14 30 4 2 0.266
14 30 4 3 0.213
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Table A.6 (cont’d)

Line

Line

14 30 4

0.277

14 30 4

0.276
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