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ABSTRACT
This project aimed to identify commercial cultivars of hard squash and tomatoes resistant to P.
capsici and P. infestans, respectively, to improve disease management for Michigan's
conventional and organic vegetable growers. In a two-year field study, we compared 12
commercial cultivars of hard squash, four Butternut types (Cucurbita moschata), two Hubbard
types (Cucurbita maxima), and six Kabocha types (C. maxima), for crown rot resistance, and
fruit characteristics relevant to processing including mesocarp soluble solids, percent dry matter,
and average fruit weight. To evaluate crown rot, the plants were inoculated with P. capsici in
replicated field trials. The C. moschata cultivars had significantly less plant death for both years.
In non-inoculated field trials, mature fruits were assessed for fruit characteristics. Of the
resistant C. moschata cultivars, only ‘Ultra Butternut’ exhibited similar °Brix than ‘NK 580’ in
both years and had comparable or greater dry matter and fruit weight. Kabocha cultivars with
moderate crown rot susceptibility (i.e., "'Thunder’) exhibited higher °Brix, dry matter, and smaller
fruit weight than “NK 580’ each year. In 2018 and 2019, tomato cultivars were tested under
growth chamber, greenhouse, and field conditions. Plants were inoculated with an isolate of P.
infestans clonal lineage US-23. In the growth-chamber study, the lowest disease severity at the
final assessment (<20%) was observed in ‘Matt's Wild Cherry’ and ‘Tomato Stellar,” with
significantly less disease than all other cultivars.” In greenhouse experiments, ‘Mountain Magic,’
‘“Tomato Stellar,” ‘Mountain Merit’, ‘Iron Lady’ and ‘Defiant” had the least foliar disease
severity (0 — 8.0%) for each observation date. For the field experiment, eleven of the cultivars
included in the study had foliar disease severity <5% on the final observation date.” Results from
this study can assist growers in selecting cultivars with genetic resistance which can be employed

in conjunction with biorational and conventional fungicides.
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CHAPTER 1. LITERATURE REVIEW



INTRODUCTION

Vegetables are cultivated around the world under a wide variety of weather and soil
conditions (Welbaum, 2015). In the United States, California leads vegetable production with
approximately 40.5% of the national total, which represent incomes for $ 80 B in 2019 (USDA
NASS, 2019). Michigan ranks second in crop diversity behind California, and ninth and sixth in
the production of fresh and processing vegetables, respectively (USDA, NASS 2019). In 2019,
Michigan ranked 12th for total production of dual-purpose (fresh market and processing)
vegetables. The state ranked first for production of cucurbits (cucumber, pumpkin, melons,
summer, and winter squash) and fourth in the production of tomatoes for processing (USDA,
NASS 2019).

Phytophthora capsici

The genus Phytophthora belongs to the kingdom Stramenopila, phylum Oomycota, class
Oomycetes, order Peronosporales and family Peronosporaceae ( Ho, 2018; Hulvey et al. 2010).
The genus Phytophthora includes some of the most problematic plant pathogens and has more
than 100 described species. In the United States, crop losses caused by Phytophthora spp. have
been estimated to be one billion USD each year (Erwin and Ribeiro 1996).

P. capsici causes fruit, stem, crown, and root rot and foliar blight on a wide array of crops
(Erwin and Ribeiro 1996). Disease caused by P. capsici was initially reported on chili pepper in
New Mexico causing blighted lesions initially on the fruits and expanding to branches and stems
(Leonian 1922). Symptoms were reported as water-soaked lesions, which increased under warm
and wet conditions (Leonian 1922). Later, P. capcisi was reported infecting watermelon in
Arizona in 1932 (Brown and Evans 1933) and honeydew melon in California in 1935 (Tompkins

and Tucker 1937). In 1938, watermelons from Arizona with P. capsici lesions were detected in



local markets in New York City (Wiant and Tucker 1940). In Michigan, an outbreak in 1997
threatened the Michigan vegetable industry when farms were unable to harvest their pumpkin
and cucumber crops due to fruit rot caused by P. capsici (Hausbeck and Lamour 2004).

Host Range. Phytophthora capsici has been reported to infect approximately 49 woody and
herbaceous plant species worldwide from different plant families including Cucurbitaceae,
Fabaceae, and Solanaceae (Erwin and Ribeiro 1996; Quesada-Ocampo et al. 2011; Tian and
Babadoost 2004). The pathogen has been detected in at least 19 U.S. states (Hausbeck and
Lamour 2004). In Michigan, P. capsici can cause more than 50% of the total crop losses in
susceptible vegetables including cantaloupe, bell and hot pepper, snap bean, cucumber, lima
bean, eggplant, tomato, pumpkin, summer and winter squash, watermelon, and zucchini (Gevens
et al. 2008; Hausbeck and Lamour 2004; Quesada-Ocampo et al. 2009).

Reports from Illinois indicated that P. capsici isolated from pumpkin was able to colonize
beet (Beta vulgaris), carrot (Daucus carota), swiss-chard (Beta vulgaris var. cicla), turnip
(Brassica rapa), spinach (Spinacia oleracea), velvetleaf (Abutilon theophrasti), and other crops
for a total of 22 different crop species. Moreover, 50% of onion plants tested developed
symptoms after inoculation with P. capsici (Tian and Babadoost 2004).

The variation in pathogenicity was investigated by Polach and Webster (1972) using a
group of P. capsici isolates obtained from pepper, tomato, eggplant, squash, and fallow soil.
Each isolate was used to inoculate pepper, tomato, eggplant, squash, pumpkin, and watermelon
plants to observe disease development. Pathogenicity responses for a single isolate were diverse,
ranging from non-pathogenic on all hosts, pathogenic to a single host, pathogenic to some of the
hosts, or pathogenic on all hosts. Granke et al. (2012) evaluated 126 P. capsici isolates collected

from different hosts and geographic regions to measure the variability in virulence among



isolates, finding that virulence varied depending on the host from which it was isolated, the host
on which it was inoculated, geographic origin, and isolate age. Tian and Babadoost (2004)
identified basil, brassicas (cabbage, cauliflower, kale, kohlrabi, and mustard), corn, soybean, and
parsley did not develop symptoms when inoculated with P. capsici. In contrast Krasnow and
Hausbeck (2015) found that Brassica vegetables crops (cauliflower, red cabbage, broccoli,
turnip, and radish) and Brassica cover crops (mustard, rape, and oilseed radish) were susceptible
to three P. capsici isolates collected from Michigan.

Disease Cycle. P. capsici can reproduce sexually and asexually (Babadoost 2016; Erwin and
Ribeiro 1996; Judelson and Blanco 2005). Sexual reproduction is characterized by the
heterothallic production of oospores (Polach and Webster 1972). Oospores are formed when the
opposite mating types (Al and A2) come in close contact to form an antheridium (male
gametangia) and an oogonium (female gametangia) via hormonal production (Ko, 1988; Uchida
and Aragaki 1980). Hemmes and Bartnicki-Garcia 91975) used electron microscopy to diagram
the nine stages of oospore formation, including meiosis, plasmogamy, and karyogamy. Oospore
formation is stimulated by phospholipids such as soybean lecithin. Ko (1985) compared oospore
production of Phytophthora cactorum, P. capsici, Pythium aphanidermatum, and Pythium texans
when media was amended with different phospholipids including soybean lecithin, beta-
sitosterol, and cholesterol. Most oomycetes evaluated produced more oospores when media was
amended with lecithin. Oospores are thick-walled and can survive unfavorable weather
conditions for several years (Babadoost and Pavon, 2013; Bowers et al. 1990; Lamour and
Hausbeck 2003). Oospores collected from infected plants in Illinois were able to survive up to 36
months in three different soil textures with no reduction in germination (Babadoost and Pavon

2013). Research performed in Michigan suggested that oospores can remain viable in soils



planted for 5 years with non-host crops and initiate a disease outbreak in the presence of a
susceptible host in the sixth year (Lamour and Hausbeck 2003; Lamour and Hausbeck 2001). P.
capsici oospore germination is asynchronous (Hord and Ristaino 1991) and requires a latent
period of at least 30 days. After 30 days, oospores may germinate provided other requirements
are met, including intermittent periods of darkness and light exposure, temperatures of 15°C to
35°C with an optimal temperature of 24 °C (Etxeberria et al. 2011; Hord and Ristaino 1991,
Jiang et al. 1989; Seidl Johnson et al. 2015). Foster et al. (1983) evaluated different factors
affecting the germination of P. parasitica oospores under laboratory conditions, concluding that
oospore germination increases not only with culture age, but also when exposed to light during
the maturity time. Up to 95% of oospores germinated when cultures were 56 days old and
exposed to light, while only 44% of 56-day old cultures germinated when light was not provided.
Forster et al. (1983) observed that the germination rate of P. megasperma increased when
oospores were exposed to soil and root exudates, concluding that there is also a nutritional factor
involved in the germination process. OQospores function in the disease cycle as primary inoculum
and allow for increased genetic variability (Erwin and Ribeiro 1996; Lamour and Hausbeck
2003).

In Michigan, 14 farms with a history of P. capsici were sampled and both mating types
were found with the majority of fields having a mating type ratio of 1:1 and reproducing sexually
(Lamour and Hausbeck 2000). Lamour and Hausbeck (2001) studied the Michigan population of
P. capsici from 1998 to 2000, finding that 75% of the isolates collected during 1998 and 1999
had a unigue genotype, suggesting sexual outcrossing. They also found evidence of clonal
reproduction in the same year; however, the population differed between years which may

suggest that clonal lineages could have followed after sexual reproduction. Once oospores



germinate, they produce germ tubes and mycelia that infect the host and give rise to asexual
sporangia, which act as secondary inoculum (Lamour et al. 2012). Sporangia are produced on
sporangiophores (Erwin and Ribeiro 1996) and become dislodged in the presence of free water
(Granke et al. 2009).

The production of sporangia requires the interaction of several factors including relative
humidity, water potential, nutrients, sterols, aeration, light exposure, and culture age (Ribeiro
1983). Light exposure not only increases the production of sporangia but also affects shape and
caducity (Azizollah et al. 1985). Nielsen et al. (2006) studied how the light/dark cycle impacts P.
capsici sporulation in hydroponically grown pepper, concluding that 12-hours of light exposure
and 12-hours of darkness increased sporangia production. Additionally, it was observed that the
production of sporangia mostly occurs during the day. Constant light without dark exposure
reduces sporangia production. Sporangia detach from the sporangiophore when in contact with
water through capillary force (Granke et al. 2009) and are dispersed as water flows, especially
during rainfall events (Schlub 1983; Granke et al. 2009).

Sporangia may germinate directly by forming a germ tube to initiate mycelia or may
germinate indirectly by releasing 20-40 motile zoospores, significantly increasing the amount of
inoculum available in the field (Erwin and Ribeiro 1996; Lamour et al. 2012; Ribeiro 1983).
Temperature, nutrition, and water potential are the main factors leading to direct germination of
sporangia (Ribeiro 1983). Bernhardt and Grogan (1982) observed that sporangia of P. capsici
tended to germinate directly when water potential was near field capacity and indirect
germination via zoospore occurred when in contact with free water. Indirect germination via
zoospores is the most influential feature in a P. capsici epidemic since the population increases

dramatically when free water is present, such as in flooding events (Erwin and Ribeiro, 1996).



Zoospores are uninucleate, motile structures that use chemotaxis to find their host and posteriorly
encyst, producing a germ tube that initiates host penetration (Deacon and Donaldson 1993;
Erwin and Ribeiro 1996). P. capsici completes its disease cycle within four days and rapid
asexual reproduction (sporulation) occurs when temperatures range from 20°C to 30°C. Relative
humidity >60% is required for sporulation; however, the optimal relative humidity varies
according to isolate (Granke and Hausbeck 2010).
Symptoms and Signs. Phytophthora blight symptoms may include root rot, crown rot, fruit root,
and foliar blight, and seedling damping-off (Erwin and Ribeiro 1996). In vegetable crops like
pepper and cucurbits, root and crown infections are identified via brown to black discolored
lesions. As the disease progresses, stems may become girdled leading to permanent wilting and
plant death (Hausbeck and Lamour 2004). Fruit rot symptoms include dark, water-soaked lesions
and sporangia reminiscent of "powdered sugar" on the surface of the fruit that develop 2 to 3-
days after infection (Hausbeck and Lamour 2004).

Management of Phytophthora capsici
Cultural management. P. capsici can survive in the soil for long periods in the absence of a
susceptible host, limiting the effectiveness of crop rotation as a single management strategy
(Lamour and Hausbeck 2003). Exclusion, or preventing the spread of the pathogen to non-
contaminated areas, is an important control strategy. Additional essential cultural control
strategies include limiting infested soil movement via equipment and avoiding the dumping of
diseased culls in production fields (Hausbeck and Lamour 2004). Gevens et al. (2006)
determined that surface water from rivers, creeks, and ponds in Michigan may be contaminated

with P. capsici and therefore should not be used for irrigation. Choosing well-drained sites,



planting on raised beds covered with plastic mulch, and establishing a non-host cover crop are
recommended (Larkin et al. 1995; Ristaino et al. 1997; Ristaino and Johnston 1999).

Host resistance. Host resistance to P. capsici plays a crucial role in an integrated disease
management program (Granke et al. 2012). Most cucurbits are susceptible to root, crown, and
fruit rot, except cucumber which appears to tolerate root and crown infection but remains
susceptible to fruit rot (Gevens et al. 2006; Hausbeck and Lamour 2004). In fruit of cucurbits
crops, ontogenic (age-related) resistance has been identified (Ando et al. 2009). Fruit of
cucumber, butternut and acorn squash, and pumpkin demonstrate resistance to P. capsici as fruits
mature. In contrast, summer squash, zucchini, and melons remain susceptible (Ando et al. 2009).
Squash cultivars within the Cucurbita moschata species develop age related resistance to fruit rot
from 14 to 21 days post pollination (DPP). Lab studies demonstrated few, or no lesions
developed after fruit were inoculated under laboratory conditions (Meyer and Hausbeck 2013;
Alzohairy et al. 2021). In winter squash, fruit exocarp thickness and firmness increases as the
fruit gets older, with most winter squash cultivars reaching their maximum fruit size at 20 to 24
DPP (Meyer and Hausbeck 2013; Krasnow and Hausbeck 2016). Krasnow and Hausbeck (2016)
evaluated squash from different species for age-related resistance by inoculating wounded and
unwounded fruits with P. capsici at 7, 14, 22 and 56 DPP. They observed that disease incidence
and lesion size increased in all the wounded cultivars regardless of the time after pollination. In
contrast, unwounded C. pepo (‘Diablo, ‘Autumn Delight’, ‘Table Ace’, and ‘Vegetable
Spaghetti’) and C. moschata cultivars (‘Avalon’ and ‘Early Butternut”) were susceptible to P.
capsici with moderate pathogen growth in 69 - 100% of the fruits at 7 DPP. The pathogen
growth and the fruits infected (%) were reduced to light growth in 43 - 81% of the fruits and to

water soaking in < 20% of the fruits at 22 DPP. They concluded that age-related resistance is a



phenomenon that develops in the fruit exocarp. C. moschata fruit was investigated to identify if
age-related resistance was linked to the activity of chemical components in the exocarp
(Alzohairy et al. 2021) or due to other changes in the exocarp such as physical barriers that could
lead the fruit to become resistant (Alzohairy et al. 2020). Antimicrobial compounds were
extracted from C. moschata cultivars at different DPP and evaluated for antifungal effect by
testing them against Cladosporium cucumerinun (Alzohairy et al. 2021). Antimicrobial products
from all the stages of fruit development could stop the growth of C. cucumerinun when cellulose
or silica gel plates were sprayed with fruit extracts and posteriorly inoculated with spores of C.
cucumerinun. Since antimicrobial compounds were present in the squash fruit regardless of fruit
maturity, Alzohairy et al. (2021) concluded that it is unlikely that age-related resistance is driven
by the activity of antimicrobial compounds.

Resistance to Phytophthora crown rot in peppers was investigated by Kimble and Grogan
(1960) by screening more than 600 pepper lines, varieties, or plant introductions (PI) for
resistance to P. capsici. They identified a tolerant variety (‘Jalapefio”) which expressed some
level of resistance compared to the susceptible cultivars evaluated. They also reported that PI
187331, 123469, 201232, 188476, and 20123 were resistant, with up to 95% of plants showing
resistance 30 days post inoculation. In commercial cultivars and breeding lines of pepper
(Capsicum annuum L.), differing levels of resistance to P. capsici crown rot has been observed
(Foster and Hausbeck 2010).

In cucurbits, particularly squash, crown rot resistance has been identified mostly in
germplasm accessions and wild relatives but is difficult to find at the commercial level (Padley
and Kabelka 2008; Chavez et al. 2011; Meyer and Hausbeck 2012). Despite the availability of

germplasm accessions with resistance to Phytophthora crown rot in Cucurbita pepo and C.



moschata (Chavez et al. 2011; Kousik, et al. 2021; Padley and Kabelka 2008), incorporating this
resistance into commercial cultivars has been difficult since resistance to Phytophthora crown
root in butternut squash accessions of C. moschata is governed by the interaction of three
independent, dominant genes (R1, R2, R3) (Padley et al. 2009).

Chemical management. The use of fungicides is an important component of an integrated
disease management program for P. capsici (Granke et al. 2012). To optimize fungicide efficacy
against P. capsici, it is essential to use the appropriate application method (Foster and Hausbeck
2010). Fungicides are commonly applied using foliar sprays to control diseases caused by
Phytophthora spp., particularly P. infestans in tomato (Cohen et al. 1979). For P. capsici, Foster
and Hausbeck (2010) observed that drench applications significantly reduced plant death of
pepper compared to foliar applications. Similarly, drench applications were more effective than
foliar applications at reducing crown and root rot on summer squash caused by P. capsici (Meyer
and Hausbeck 2013; Yandoc-Ables et al. 2007).

Control of diseases caused by Phytophthora spp. improved after systemic fungicides
were introduced in the 1970s, which included the carbamates, the isoxazoles, the
cyanoacetamide oximes, the ethyl phosphonates, and the phenyl amides (Cohen and Coffey
1986; Schwinn and Urech 1986). For many years, a phenyl amide (mefenoxam) was relied on to
manage diseases caused by Phytophthora spp. (Bruck et al. 1980; Cohen et al. 1979; loannou
and Grogan 1984). Mefenoxam inhibits the RNA synthesis of the pathogen by affecting RNA
polymerase activity, which is a site-specific mode of action (Davidse et al. 1988). Thus, this
fungicide is very effective for disease management but has a high risk of the pathogen
developing resistance (Davidse et al. 1988; Granke et al. 2012). Following the introduction of the

phenyl amide fungicides in 1979, pathogen resistance was noted in P. infestans in Europe by the
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early 1980s. The mechanism leading to mefenoxam resistance is not completely understood, but
it is thought that resistance is monogenic, driven by a semi-dominant gene that in field
populations is selected for through repeated use of the fungicide (Lamour and Hausbeck 2000;
Shattock 1988). In Michigan, resistance to mefenoxam by P. capsici was initially observed in
1997 (Lamour and Hausbeck 2000).

Fluopicolide, registered for the U.S. market in 2007 (Ojiambo et al. 2010), induces
redistribution of spectrin-like protein, which is a protein that is crucial for maintaining the
stability and shape of the cell (Toquin et al. 2011). Hong Lu et al. (2011) developed a baseline
sensitivity to fluopicolide using P. capsici isolates from Michigan. After generating mutants with
sublethal doses, they reported that there is a high risk that the pathogen will develop resistance to
fluopicolide since resistance is driven monogenically and controlled by a semi-dominant gene. It
was observed in the same study that there was not a fitness cost for fluopicolide resistant
mutants, which means that once resistance is observed in the field it could be persistent. Shortly
after registration in the U.S., resistance to fluopicolide was observed in Michigan in a field trial
of Pseudoperonospora cubensis, an oomycete pathogen closely related to Phytophthora spp.
(Hausbeck and Linderman 2013; Thienes 2013). After observing a reduction in the efficacy of
fluopicolide against P. capsici in fields in the state of Georgia, resistance was determined in
2018 and 2019 (Wang and Ji 2021). Since that time, resistance and intermediate resistance has
also been reported in Tennesee (Siegenthaler and Hansen 2021), North Carolina, South Carolina,
New York, and Michigan (Parada-Rojas and Quesada-Ocampo 2022).

The carboxylic acid amide (CAA) fungicides include dimethomorph (registered for use
on cucurbits in 2002), and mandipropamid (registered in 2008). CAAs interfere with cellulose

synthesis by targeting the cellulose synthase gene (CesA3). Blum et al. (2012) identified that the
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CesA3 gene is highly conserved in oomycetes finding it present in 25 different species of
oomycete within the orders Albuginales, Leptomitales, Peronosporales, Pythiales, Rhipidiales
and Saprolegniales. A single point mutation at position 1105 of the CesA3 gene confers
resistance to CAA fungicides in Plasmopara viticola (Blum et al. 2010; Gisi et al. 2019;
Goldenhar and Hausbeck 2019; Keinath 2007). After investigating the difference in sensitivity to
CAA among oomycetes, it was observed in laboratory-generated mutants of P. capsici that
modification at position 1105 or position 1109 of the CesA3 could independently confer
resistance to CAA fungicides (Blum et al. 2012). Another study identified a third mutation in the
CesA3 gene, at position 1077, that conferred resistance to CAA fungicides, by exposing wild
parents to sublethal doses of pyrimorph (another CAA fungicide), (Pang et al. 2013). In
Michigan, resistance to CAA by P. capsici has not been detected in the field. However, CAA
resistance of another oomycete pathogen (P. cubensis) was first observed in Michigan fields in
2010 (Hausbeck and Cortright 2012). Resistance in P. cubensis was found to be conferred by a
mutation at position 1105 of the CesA3 gene, where the amino acid glycine was changed to
valine or tryptophan, by Blum et al. (2011) that evaluated isolates collected from different
geographic location.

Cross-resistance among the CAA fungicides were observed in the oomycetes Plasmopara
viticola and P. cubensis so if the pathogen develops resistance to one of the CAA molecules it
will be resistant to other CAA molecules; this phenomenon has not been determined for P.
capsici (Blum et al. 2011; Gisi et al. 2007).

Oxathiapiprolin (OXTP), which was registered in 2015 (Goldenhar and Hausbeck 2019),
is one of the newest fungicides available to manage P. capsici. It controls oomycetes by

inhibiting the oxysterol binding protein, thus interrupting the movement of lipids between cell
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membranes (Pasteris et al. 2016). OXTP effectively controls plant diseases caused by
Phytophthora, Peronospora, and Pseudoperonospora spp., affecting all pathogen life stages
including mycelial growth and spore (sporangia and zoospore) germination. However, a
reduction in efficacy or inefficacy has been observed in some Pythium spp. in vitro (Miao et al.
2016). P. capsici mutants were generated via adaptation after exposing several wild isolates of P.
capsici to OXTP in laboratory conditions. This assay mimicked the process whereby P. capsici
would develop resistance in the field. The resistance observed in the mutants was conferred by a
mutation in codon 769 of the oxysterol-binding protein, which is the targeting point of OXTP
(Miao et al. 2016). Resistance to OXTP by P. capsici in the field was first observed in isolates
collected in 2018 and 2019 from symptomatic vegetables from a commercial farm with a history
of P. capsici problems in Tennessee. Isolates were categorized as moderately sensitive and
resistant to OXTP in laboratory discriminatory assays (Siegenthaler and Hansen 2021). In ltaly, a
reduction in the efficacy of OXTP was observed in P. viticola, caused by the mutation in the
oxysterol-binding protein gene (PvORP1)(Massi et al. 2023).

Ethaboxam is a thiazole carboxamide fungicide that disrupts microtubule assembly in
oomyetes (Uchida et al. 2005). Ethaboxam, registered in 2017 (Goldenhar and Hausbeck 2019),
showed pre-registration efficacy against P. capsici isolated from watermelon (Kousik et al.
2014). Soon after registration, the baseline sensitivity of P. cubensis to ethaboxam was evaluted
by Thomas et al. (2018) using a multi-year collection of isolates from different geographic
locations across the U.S. They found that all isolates collected from 14 states were sensitive to
ethaboxam (Thomas et al. 2018). Noel et al. (2019) identified a mutation at position C239S of
the B-tubulin gene that conferred insensitivity to ethaboxan for Pythium spp. isolated from corn

and soybean. This mutation occurred in the absence of exposure to ethaboxan, as the fields did
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not have history of exposure to the fungicide. However, resistance has not been reported in other
oomycete pathogens. Field studies performed in the midwestern U.S. demonstrated that
ethaboxam is an effective product against P. capsici to control Phytophthora blight on processing
pumpkin (Babadoost et al. 2020, 2021; Seitz and Babadoost 2022; Babadoost and Salisu 2018,
2019). Ethaboxam is recommended for control of Phytophthora blight via soil, foliar, or drip
application in rotation with other fungicides (Hausbeck et al. 2021).
Fumigation strategies. Fumigation is an effective strategy to manage soilborne diseases
(McKeen 1954). Fumigants affect plants, pests, and pathogens and are classified as biocides
(Schumann and D’ Arcy 2012). Chloropicrin is one of the earliest fumigants and was used in
World War | as a tear gas (Roark 1934). This product became available for managing soilborne
pathogens in the United States in the 1920s (Roark 1934). In 1932, the fumigant methyl bromide
was registered to control soilborne pathogens and weeds (NPIC 2000). When pre-plant
fumigants (metam potasium alone or combined with chloropicrin) were tested in Michigan, plant
death caused by P. capsici was reduced in tomato, eggplant, pepper, zucchini, winter squash,
melon, and watermelon (Hausbeck et al. 2012). To maximize effectiveness, soil fumigants
should be appplied to a well-aereated soil with 50-80% field moisture (Granke et al. 2013). In
Michigan, soil fumigation is recommended to be applied in the fall when temperatures are
appropiate (15 °C to 27 °C) for best performance. The fumigation process requires proper soil
moisture, soil conditions, and application depth (Armstrong and Whitehand 2005; Hausbeck et
al. 2012).

Bio-fumigation uses glucosinolate compounds present in the tissue of plants in the
Brassicaceae family to control soil-borne pests. Plant tissue is incorporated into the soil and

glucosinolates from this tissue are then released into the soil and hydrolyzed into isothiocyanates
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(Gimsing and Kirkegaard 2006). Biofumigant cover crops in the Brassicaceae family were
evaluated for susceptibility to P. capsici by Krasnow and Hausbeck (2015). They found that P.
capsici was able to reproduce in the roots of the cover crops, which acted as hosts, suggesting
some cover crops used in bio fumigation may not provide an adequate control of P. capsici.
Integrated Disease Management. Integrated disease management uses several strategies to
avoid or limit disease progression. Strategies are designed to slow pathogen dispersal and
adaptability, to delay the pathogen developing resistance to fungicides, and contribute to the
durability of host resistance (Mundt et al. 2002). A combination of grafting and soil amendments
effectively limited incidence of Phytophthora blight on pepper grown under plastic tunnels in
Italy (Gilardi et al. 2013). A Michigan study evaluated an integrated disease management
strategy to limit Phytophthora blight of pepper under field and greenhouse conditions using host
resistance combined with fungicides. Application of the best-performing fungicide onto
susceptible pepper resulted in 25% plant death, whereas a combination of the same fungicide
paired with a resistant cultivar limited plant death to 7% (Foster and Hausbeck 2010). Ristaino et
al. (1997) investigated cultural practices aimed at reducing the dispersal of P. capsici and
concluded that no-till planting after a wheat cover crop significantly reduced inoculum
dispersion by reducing water splash, thus resulting in less disease.
Phytophthora infestans

P. infestans is an important pathogen of plants within the Solanaceae family, particularly
potatoes and tomatoes (Forbes et al. 2013). Described as the causal agent of the late blight by
Heinrich Anton de Bary in the second half of the 18" century, the pathogen devastated European
potato production resulting in the Irish potato famine (Turner 2005). P. infestans was first

reported in the U.S. in 1843 in New York. The same year Pennsylvania and Delaware reported
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crop losses up to 50% of total potato production caused by P. infestans (Stevens 1933). The next
year, New Jersey reported losses of 15%. In 1845, Indiana, Illinois, and Michigan reported crops
infected by P. infestans (Stevens 1933). Furthermore, P. infestans is one of the most problematic
diseases of tomato, capable of causing total crop loss in a susceptible, unprotected crop (Nowicki
etal. 2012) .

Host Range. In addition to causing disease on potato and tomato, P. infestans has been reported
to cause disease in ornamental crops such as petunia (Petunia x hybrida) and calibrachoa
(Calibrachoa x hybrida) (Becktell et al. 2006). Solanaceous weeds may also harbor P. infestans
(Lindqvist-Kreuze et al. 2020).

Disease Cycle. P. infestans can generate sexual and asexual spores (Nowicki et al. 2012). To
produce sexual oospores, P. infestans requires two mating types (Al and A2); the production of
oospores under natural conditions is rare (Cohen et al. 1997; Flier et al. 2001). Studies based in
the Netherlands reported that oospores produced naturally in potato and tomato fields may
persist for up to 48 months (Drenth et al. 1995: Turkensteen et al. 2000). Fernandez-Pavia et al.
(2004) showed that naturally ocuring oospores are capable of surviving for up to two years in
fallow fields in Mexico’s central valley and served as the primary inoculum for potatoes planted
in the third year, causing lower stem lesions 39-50 days after planting. In the U.S., P. infestans
populations typically reproduce asexually, although there is evidence that sexual reproduction
may occasionally occur (Goodwin et al. 1995).

Asynchonous germination of P. infestans oospores requires a period of dormancy (Erwin and
Ribeiro 1996) and is influenced by light and temperature (Stromberg et al. 2001). Germination
increases when oospores are incubated with soil extracts, suggesting that nutrients also influence

germination (Strdmberg et al. 2001). Studies under controlled conditions showed that oospore
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production is influenced by water availability; a constant supply of free water, for at least one
week is needed to induce oosporogenesis (Cohen et al. 1997).

Asexual reproduction, or the production of sporangia, occurs with a minimum of 2 hours
of leaf wetness in conjunction with temperatures ranging from 18-21°C (Becktell et al. 2005).
The optimal temperature for sporangia germination ranges from 10 to 20°C, with an increase in
direct sporangia germination as the temperature approaches 20°C. Indirect sporangia germination
via zoospore release increases as the temperature declines to near 10°C (Maziero et al. 2009).
The optimal temperature for incubation and latent period ranges from 13-28°C, varying with the
host (Becktell et al. 2005; Harrison and Lowe 1989; Maziero et al. 2009). Sporulation of P.
infestans is optimal at temperatures of 15-22°C, relative humidity greater than 80%, and the
absence of light (Harrison and Lowe 1989; Maziero et al. 2009); Xiang and Judelson 2014).
Sporangia are released via hygroscopic twisting as sporangiophores are exposed to a reduction in
relative humidity (Hirst 1953) which commonly occurs between the hour 0800-1300 (Bashi et al.
1982).
Symptoms and Signs. Typically, foliar symptoms are similar across hosts and include dark
green lesions that develop into water-soaked areas and become necrotic over time (Forbes et al.
2013; Henfling 1987). Stems and petioles may become infected, leading to plant death (Henfling
1987). In green and ripe tomatoes, lesions appear greasy, progressing rapidly to completely cover
the fruit (Hausbeck 2016). Under favorable conditions, pathogen sporulation on potato foliage
may appear along the margins of lesions. On tomato foliage, adaxial sporulation may have a

purple hue (Hausbeck 2016; Henfling 1987).
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Management of Phytophthora infestans

Cultural management. Oospores of P. infestans can persist in soil in the absence of a
susceptible host (Drenth et al. 1995). However, there are no reports confirming that P. infestans
overwinters via oospores in the U.S. (Fry and Goodwin 1997). The pathogen can survive via
infected plant residue, volunteer plants, and potato cull piles (Boyd 1974; Easton 1982). In
Michigan, Kirk (2003) found that the temperature within potato cull piles stabilizes above 0°C,
even when the surface temperature is lower, and concluded that this could allow P. infestans to
overwinter in Michigan. Using certified seed and eliminating cull piles and volunteer plants are
recommended to reduce initial inoculum (Kirk and Rosenzweig 2015; Lacy and Hammerschmidt
1995). Since the pathogen requires extended periods of leaf wetness, increasing plant spacing to
open the canopy and reduce the duration of leaf wetness is also recommended (Struik 2010).
Rotem et al. (1970) noted that overhead irrigation disperses the pathogen via water splash and
extends the leaf wetness period creating conducive conditions for P. infestans infection. Other
cultural practice recommendations include avoiding morning overhead irrigations to avoid
extending the dew period or using drip irrigation (Lacy and Hammerschmidt 1995).
Host resistance. Qualitative host resistance to P. infestans is associated with a hypersensitive
response (HR) of the plant. The resistance gene triggers an HR response after identifying
pathogen elicitors during the infection process, causing plant cells to secrete active oxygen
species which induces plant cell death (Bos et al. 2006; Vleeshouwers et al. 2000). The
effectiveness of HR is dependent on how quickly the response occurs. The onset of HR may vary
among plants, species, and cultivars (Benhamou 1996; Vleeshouwers et al. 2000).

Resistance genes against P. infestans were reported in the early 1950s after an evaluation

of crosses between commercial potato (Solanum tuberosum) and wild potato (S. demissum)

18



(Mastenbroek 1952). Four resistance genes were identified based on the response of cultivars to
P. infestans collected from different geographical regions (Black 1952; Mastenbroek 1952;
Pristou and Gallegly 1956). In the 1960s, more resistance genes were introduced into
commercial potato cultivars from S. demissum, totaling 11 resistance genes (R1-R11)
(Malcolmson and Black 1966). Recently, new sources of resistance to P. infestans were
identified from wild solanaceous species (S. pinnatisectum and S. bolbocastanum) that could be
incorporated into commercial potato cultivars (Van der Vossen et al. 2003; Yang et al. 2017).

In tomatoes, resistance genes have also been identified in the wild tomato species S.
pimpinellifolium and have been incorporated into commercial tomato cultivars (Foolad et al.
204). In Pennsylvania, Foolad et al. (2014) evaluated the efficacy of three of these resistance
genes (Ph-1, Ph-2, and Ph-3) by studying different accessions of S. pimpinellifolium that carried
one or more of each resistance gene. They observed that accessions carrying the Ph-1 resistance
gene were the most susceptible to P. infestans, while accessions carrying resistance genes Ph-2
and Ph-3 showed an intermediate and high level of resistance, respectively. Overall, the highest
level of resistance was observed in cultivars carrying both resistance genes Ph-2 and Ph-3. Other
wild tomato species with resistance to P. infestans include S. habrochaites and Lycopersicon
pennellii (Li et al. 2011; Smart et al. 2007).

Eleven tomato cultivars with Ph-2, Ph-3, Ph-2 and Ph-3 and heirloom were evaluated by
(Seidl Johnson et al. 2014) for resistance to P. infestans clonal lineages US-22, US-23, and US-
24 using a detached leaf assay at 5-, 7- and 9-days post infection. The heirloom cultivars ‘Matt
Wild’ Cherry’, ‘Wapsipinicon Peach’, and ‘Pruden’s Purple’ reduced the size of the lesions
when compared to the most susceptible cultivars. The cultivars containing Ph-2 or Ph-3 were not

effective against the clonal lineage US-22; cultivars with Ph-2 or Ph-3 showed a reduction of the
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size of the lesion when the plants were challenged with the clonal lineages US-23 and US-24.
The cultivar ‘Mountain Magic’, which has the two resistant genes Ph-2 and Ph-3, showed a
reduction of the lesion size after inoculation with any of the three clonal lineages tested.

Tomato cultivars (39) including those with late blight resistance genes Ph-1, Ph-2, Ph-3,
and Ph-2 + Ph-3 and heirloom varieties were inoculated with P. infestans US-3 and evaluated
under field conditions for two years in two New York locations (Hansen et al. 2014). Cultivars
with Ph-2 + Ph-3 such as ‘NC1CELBR’, ‘NC2CELBR’, ‘Legend’ x ‘NC1CELBR’, ‘Defiant
PHR F1’, ‘Mountain Magic F1’ and ‘Mountain Merit’; and the heirloom cultivars ‘Matt’s Wild
Cherry’, ‘Lemon Drop’, and ‘Mr. Stripey’, were highly resistant.

Quantitative resistance has also been observed in wild cultivars of potato and tomato
(Smart et al. 2007). Quantitative resistance is governed polygenically and is generally related to
partial resistance; however, it is more durable than qualitative resistance (Schumann and D’Arcy
2012). Quantitative trait loci (QTLs) conferring quantitative resistance to P. infestans were
identified on chromosome 6 of Lycopersicon pennellii (Smart et al. 2007).

Chemical management. The application of fungicides, including contact and systemic fungicides,
is an effective strategy for managing P. infestans (Halterman and Gevens 2013). Contact
fungicides provide a preventive barrier whereas systemic fungicides can be translocated to new
tissue, providing curative action and protecting new tissue (Halterman and Gevens 2013).
Protectant fungicides have been used preventively in the management of P. infestans for many
years (Platt 1983). The protectant fungicides mancozeb and chlorothalonil, were evaluated in vitro
and in vivo by Bruck et al. (1981) for their efficacy against P. infestans. They observed that these
fungicides reduced sporangial germination and lesion expansion, concluding that weekly

application of mancozeb and chlorothalonil could limit a late blight epidemic in potatoes. Kato et
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al. (1997) evaluated the sensitivity of the United States and Canadian clonal lineages of P. infestans
to mancozeb and chlorothalonil and found that all the clonal lineages evaluated (US-1, US-7, and
US-8) were sensitive to both fungicides.

Mefenoxam has also been used to control P. infestans. Cohen et al. (1979) showed
tomato plants treated with mefenoxam via foliar or drench applications at different
concentrations showed a consistent reduction in sporulation, sporangial germination, and lesion
expansion. However, mefenoxam has a single mode of action, which represents a high risk of the
pathogen developing resistance. Resistance was noted under field conditions in the Netherlands
in the 1980s (Davidse et al. 1981; Davidse et al. 1988).

In the United States, mefenoxam was the primary fungicide for P. infestans control in
the 1970s while isolate US-1 was the predominant clonal lineage (Goodwin et al. 1994; Saville et
al. 2015). However, the population of P. infestans in the United States and Canada changed in
early the 1990s when clonal lineages US-7 and US-8 replaced US-1 as the predominant clonal
lineages (Goodwin et al. 1998). After this population shift, resistance to mefenoxam caused
epidemics in the United States and Canadian crops (Deahl et al. 1993; Goodwin et al. 1996). In
2009, US-22, US-23, and US-24 replaced US-7 and US-8 as the predominant clonal lineages
(Fry et al. 2013); though, these clonal lineages were mostly sensitive to mefenoxam (Saville et
al. 2015).

Dimethomorph (registered in the United States in 1998) was first described in 1988 in the
United Kingdom and controls oomycete pathogens by inhibiting cellulose synthase, which
interferes with hyphal morphology and zoospore encystment and germination (Cohen et al. 1995;
Kuhn et al. 1991). Dimethomorph effectively controlled a P. infestans population with resistance

to metalaxyl, especially when sprayed preventively (Cohen et al. 1995; Stein and Kirk 2003).
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However, resistance is possible through a point mutation (G1105V) which was identified by
generating mutants in vitro with reduced sensitivity to dimethomorph and other CAA fungicides
(Blum et al. 2010). A different CAA product, iprovalicarb, was tested in China against field
populations of P. infestans and it was concluded that there is a low risk of developing resistance
to CAA fungicides due to a fitness penalty (Chen et al. 2018). Similar conclusions were derived
from a different study determining the base line for fluomorph, which is an analogous structure
of dimethomorph (Yuan et al. 2006).

Ametoctradin (Qol fungicides) affects mitochondrial respiration in oomycetes by
inhibiting the formation, release, and germination of zoospores (Merk et al. 2011). Ametoctradin
was evaluated in Germany against P. viticola isolates with the G143A mutation, which
corresponds to resistance to Quinone outside Inhibitor (Qol) fungicides and showed a reduction
in disease incidence and no cross resistance (Merk et al. 2011). In the United States,
ametoctradin was registered in 2012 under the trade name Zampro, which is a pre-mix of
ametoctradin with dimethomorph (EPA 2023). In trials performed under greenhouse conditions,
Zampro effectively limited lesions caused by P. capsici on peppers (Matheron and Porchas
2014). In multi-year Michigan field studies, Zampro effectively controlled P. cubensis. However,
in the same studies, P. cubensis was insensitive to dimethomorph applied alone, suggesting
ametoctradin is the active ingredient controlling P. cubensis (Goldenhar and Hausbeck 2019).
Resistance to ametoctradin has been observed in low frequencies in P. viticola isolates collected
in France, which was demonstrated to be conferred by the point mutation S34L in the
cytochrome b gene (Fontaine et al. 2019). A group in China demonstrated Phytophthora litchii
resistance to ametoctradin could be conferred by the point mutations S33L and D228N in the

cytochrome b gene by generating mutants in vitro (Gao et al. 2022). These P. litchi mutants

22



appeared to have similar fitness as the wild type, suggesting little or no fitness cost for mutations
and thus a moderate resistance risk for this fungicide (Gao et al. 2022).

Cyazofamid affects mitochondrial respiration, affecting complex 111 in the mitochondria
by binding to the Q; redox site (Mitani et al. 2001), which impacts all life stages of oomycetes
(Mitani et al. 2002). Mitani et al. (2002) evaluated the efficacy of cyazofamid against P.
infestans, discovering that preventive applications effectively limited disease ; however, curative
effects were not observed (Mitani et al. 2002). In the U.S., cyazofamid was registered under the
commercial name of Ranman 400 SC in 2004 (EPA 2023). In the United States, cyazofamid has
continued to provide effective control of P. cubensis (Goldenhar and Hausbeck 2019) and
Pythium irregulare (Linderman et al. 2008). However, resistance has been reported in P. capsici
(Kousik and Keinath 2008; Siegenthaler and Hansen 2021).

Propamocarb hydrochloride was registered in the U.S. in 1984 (EPA 1995). The mode of
action of propamocarb hydrochloride is not well understood, although a study with P. nicotianae
isolated from geranium documented successful control of most growing stages; mycelia growth
stage was not affected by the fungicide (Hu et al. 2007). Samoucha and Cohen (1990), studied
the toxicity of propamocarb hydrochloride on P. infestans isolates collected from Israel,
concluding that propamocarb hydrochloride has a low toxicity of the pathogen because it didn’t
limit spore germination and establishment. However, propamocarb hydrochloride prevented
young mycelia growth in the leaves, suggesting that the fungicide is effective when applied
preventively. A tank mix of propamocarb hydrochloride and mancozeb in a 1:1 ratio more
effectively controlled P. infestans than either fungicide applied alone (Samoucha and Cohen
1990), suggesting that using protectant and systemic fungicides in combination may have a

synergistic effect for P. infestans control (Samoucha and Cohen 1986).
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CHAPTER 2. COMMERCIAL HARD SQUASH CULTIVARS EXHIBIT DIFFERENCES
IN SUSCEPTIBILITY TO PHYTOPHTHORA CROWN ROT
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This chapter has been published in Plant Health Progress: Perla, D.E., Hayden, Z. D., and
Hausbeck, M. K. 2023 Commercial Hard Squash Cultivars Exhibit Differences in Susceptibility
to Phytophthora Crown Rot. Plant Health Prog. Available at: https://doi.org/10.1094/PHP-01-23-
0009-RS
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Summary

The Michigan vegetable industry is threatened by the oomycete plant pathogen, Phytophthora
capsici, which causes crown and fruit rot in a wide range of hosts. P. capsici-susceptible hosts
represent 67% of the total vegetable production in Michigan and include crops in the
Cucurbitaceae, Fabaceae, and Solanaceae families. The Michigan squash processing industry
faces significant challenges in limiting disease caused by P. capsici. Due to tight profit margins
preventive cultural strategies including raised plant beds covered with plastic mulch and the use
of drip irrigation are not practical. Fungicide applications are costly and adequate coverage can
be difficult due to a dense plant canopy. Also, processors require that fruit meet specific
standards for color, water, and sugar content. This research sought to identify commercially
available hard squash cultivars with resistance to P. capsici crown rot in order to improve disease
management. Twelve commercial cultivars of hard squash representing Cucurbita
moschata and Cucurbita maxima were included in an inoculated field study and evaluated for
crown rot resistance for two years, fruit rot resistance was evaluated for one year. Additionaly,
fruit characteristics relevant to processing, including mesocarp soluble solids, percent dry matter,
and average fruit weight were evaluated for two field seasons. Results indicated that C.
moschata cultivars were less susceptible to crown and fruit rot than C. maxima. We also
identified that among the C. maxima cultivars, ‘Thunder’ and ‘Autumn Cup’ developed age-
related resistance to fruit rot; ‘Thunder” was resistant to fruit rot 40 days after pollination. Fruit
characteristic data indicate that the C. maxima cultivars Thunder and Autumn Cup and the C.
moschata cultivar Ultra have the fruit quality characteristics required by the processing industry.
In summary, results of this research could improve the integrated management of P. capsici in

hard squash thus reducing the risk of growing this crop in Michigan.
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CHAPTER 3. HOST RESISTANCE IN COMMERCIAL TOMATO CULTIVARS TO
MANAGE PHYTOPHTHORA INFESTANS

41



Abstract
Late blight (LB), incited by Phytophthora infestans, is a devastating disease of tomato. In 2018
and 2019, 12 and 23 tomato cultivars, respectively, were tested under growth chamber,
greenhouse, and field conditions. Plants were inoculated with an isolate of P. infestans clonal
lineage US-23. In the growth-chamber study, the lowest disease severity at the final assessment
(<20%) was observed in ‘Matt's Wild Cherry’ and ‘Tomato Stellar’, with significantly less
disease than all other cultivars. The rAUDPC data indicated these cultivars were significantly
less susceptible than all other cultivars except for ‘Mountain Magic’ which was similar to
‘Matt’s Wild Cherry’. In greenhouse experiment 1, ‘Mountain Magic’, ‘Tomato Stellar’, and
‘Mountain Merit’ had the least amount of foliar disease severity (0 — 8.0%) for each observation
date. For the field experiment, eleven of the cultivars included in the study had foliar disease
severity <5% on the final observation date. According to the rAUDPC data, ‘Iron Lady’, and
‘Defiant’ had the lowest disease severity but were similar to ‘Lemon Drop’. ‘Lemon Drop’,
‘Cherry Bomb’, and ‘Fantastico’ were similar to each other; ‘Plum Regal’ was similar to ‘Cherry
Bomb’ and ‘Fantastico’. In greenhouse experiment 2, ‘Iron Lady’, and ‘Defiant’ had the lowest
disease severity but were similar to ‘Lemon Drop’, according to the rAUDPC data. Disease
control in tomatoes grown for both organic and conventional markets could be advanced by

using tomato cultivars with resistance to P. infestans.
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Introduction

Tomato (Solanum lycopersicum) is one of the most widely consumed vegetables in the
world. In 2018, global tomato production was estimated at 182 million metric tons with China,
India, Turkey, and the United States accounting for 89% of the world’s production (FAO, 2019).
The United States produced about 14 million metric tons of tomatoes in 2018; Michigan growers
contributed 137,500 metric tons (USDA 2019).

The oomycete, Phytophthora infestans, is an important pathogen of plants within the
Solanaceae family, particularly potatoes and tomatoes (Forbes et al. 2013). Described as the
causal agent of late blight by Heinrich Anton de Bary in the second half of the 18" century, the
pathogen devastated European potato production resulting in the Irish potato famine (Turner
2005). P. infestans was first reported in the United States in 1843 in New York. The same year
Pennsylvania and Delaware reported crop losses from P. infestans of up to 50% of total potato
production with New Jersey reporting losses of 15% the following year (Stevens 1933). In 1845,
Indiana, Illinois, and Michigan also reported crops infected by P. infestans (Stevens 1933).

P. infestans is an important disease of tomato, capable of causing total loss in a
susceptible, unprotected crop (Nowicki et al. 2012). The pathogen infects all above-ground tissue
of the tomato plant with symptoms appearing as dark greasy lesions on the leaves, stems, and
fruit. Under conducive conditions including temperatures of 15 to 22 °C and relative humidity
greater than 80%, sporangial production may occur on infected tissue (Fry et al. 2013). P.
infestans has not been reported to overwinter in the United Stated as oospores but can survive in
infected potato plant residue, volunteers, and cull piles (Easton 1982; Fry and Goodwin 1997).
Disease management strategies include reducing primary inoculum by using certified potato seed

and eliminating potato cull piles and volunteers (Kirk and Rosenzweig 2015; Lacy and
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Hammerschmidt 1995). Secondary inoculum can be reduced through increased plant spacing and
limiting overhead irrigation to reduce leaf wetness (Rotem et al. 1970; Struik 2010).

Fungicides are the primary means for managing late blight on tomatoes (Seidl Johnson et
al. 2015). Systemic and contact fungicides are available for conventional production (Midwest
production guide) but options are limited for organic growers (Halterman and Gevens 2013).
Fungicide efficacy may vary according to the clonal lineage of P. infestans (Seidl Johnson et al.
2015). Systemic fungicides applied post infection as foliar or drench applications reduce
sporangial production and germination, and lesion expansion (Cohen et al. 1979). Since most
systemic fungicides have a single mode of action, there is a high risk of resistance developing in
the pathogen (Cohen et al. 1979; Davidse et al. 1981, 1988). Alternating or tank mixing
fungicides with different modes of action increases disease control while reducing the risk of
pathogen resistance (Quesada-Ocampo et al. 2021; Samoucha and Cohen 1986).

Combining fungicides with host resistance improves late blight management while
reducing cost, labor, and fungicide inputs (Neaerstad et al. 2007). Choosing resistant cultivars is
recommended to manage the disease in organic and conventional production systems (Ghorbani
et al. 2004). Resistance genes (Ph-1, Ph-2, and Ph-3) obtained from wild tomatoes confer
resistance to different P. infestans clonal lineages and have been incorporated into commercial
cultivars (Foolad et al. 2008). Since P. infestans has high genetic diversity (Nowicki et al. 2012),
the pathogen may quickly overcome single-gene resistance; incorporating more than one Ph-
gene in a cultivar confers durable resistance (Goodwin et al. 1995; Nowicki et al. 2012). Tomato
cultivars with single resistance genes Ph-1 have been overcome by the most predominant clonal
lineages of P. infestans in the United States, clonal lineage US-22, US-23, and US-24. In

contrast, tomato cultivars with single Ph-2 or Ph-3 resistant gene expressed a moderate or higher
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level of resistance against P. infestans US-23; although, their resistance is weaker against P.
infestans US-22 compared to US-23. However, tomato cultivars with Ph-2 + Ph-3 have provided
protection against P. infestans clonal lineage US-22, US-23, and US-24 (Hansen et al. 2014;
Seidl Johnson et al. 2014).

The objective of our study was to evaluate commercial tomato cultivars for resistance
to P. infestans clonal lineage US-23 under greenhouse, growth chamber, and field conditions.

Material and Methods

Planting Material. Twenty-eight tomato cultivars were included (Table 1). Seed for all
experiments was planted into 72-cell trays containing a soilless peat mixture (Suremix Michigan
Grower Products, Inc. Galesburg, MI) and grown for four weeks at the plant science research
greenhouse of Michigan State University (MSU) in East Lansing, MI. Five days after
germination, plants were sprayed with a 5-ppm solution of a growth regulator (Uniconazole-P,
Valent U.S. A. Corporation, San Ramon, Ca). After four weeks, the plants were transplanted to
2.5 L plastic pots containing a soilless peat mixture (Suremix, Michigan Grower Products Inc,
Galesburg, MI) and grown for two weeks (growth chamber and greenhouse trials). For the field
experiment, four-week-old seedlings were removed from the greenhouse and maintained outside

for fourteen days to acclimate before planting.
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Table 1. Tomato cultivars, evaluated for resistance to Phytophthora infestans clonal
lineage US-23, in 2018 and 2019.

Year Resistance
Cultivar evaluated gene Fruit Type Source
2018,
Better Boy 2019 N/A Slicer/Processing ~ W. Atlee Burpee & Co°
2018,
Mountain Merit 2019 Ph-2 and Ph-3 Slicer Bejo seeds IncP
2018, Johnny’s Selected
Defiant 2019 Ph-2 and Ph-3 Slicer Seeds?
2018,
Tomato Stellar 2019 Ph-2 and Ph-3 Slicer Pan American Seed Co'
2018,
Mountain Magic 2019 Ph-2 and Ph-3 Cocktail Bejo seeds Inc
2018,
Cherry Bomb 2019 N/A Cherry Johnny’s Selected Seeds
Amish Paste 2018 N/A Processing Johnny’s Selected Seeds
Early Girl 2018 N/A Slicer Johnny’s Selected Seeds
Mr. Stripey 2018 N/A Slicer Harris Seeds Company?®
Damsel 2018 N/A Slicer Harris Seeds Company.
Rugged Boy 2018 N/A Slicer HPS Seed Company"
Matt’s Wild
Cherry 2018 Ph-3 Cherry Johnny’s Selected Seeds
Iron Lady 2019 Ph-2 and Ph-3 Processing Nursery Compan"
Heatmaster 2019 N/A Processing Holmes Seed Co"
Grand Marshall 2019 N/A Processing Sakata Seed America®
Plum Regal 2019 Ph-3 Roma Bejo seeds Inc.
Little Napoli 2019 N/A Roma Pan American Seed Co
Monica Roma 2019 N/A Roma Sakata Seed America.
Little Sicily 2019 N/A Slicer Pan American Seed Co
Better Bush N/A Tomato Growers Supply
Hybrid 2019 Slicer Company*
Fantastico 2019 N/A Grape tomato Park Seed Company”
Black Cherry 2019 N/A Cherry W. Atlee Burpee & Co.
Chocolate N/A
Sprinkles 2019 Cherry Pan American Seed Co.
Husky Cherry N/A Tomato Growers supply
Red Hybrid 2019 Cherry Company
Lemon Drop 2019 N/A Cherry Park Seed Company
Sakura 2019 N/A Cherry Johnny’s Selected Seeds
SunSugar 2019 N/A Cherry Seminis?
Yellow Pear 2019 N/A Cherry W. Atlee Burpee & Co

012844 Creek Rd, Fannettsburg, PA 17221
P 1972 Silver Spur PI, Oceano, CA 93445
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Table 1 (cont’d)

9955 Benton Ave, Winslow, ME 04901

'622 Town Rd, West Chicago, IL 60185

$355 Paul Rd, Rochester, NY 14624

t334 W. Stroud St., Ste 1, Randolph, W1 53956

“Greendale, IN 47025

V2125 46th St NW, Canton, OH 44709

18095 Serene Dr, Morgan Hill, CA 95037

X 12165 Metro Pkwy #14, Fort Myers, FL 33966

Y3507 Cokesbury Rd Hodges, SC 29653

#2700 Camino Del Sol Oxnard, CA 93030

Preparation of Inoculum. A Michigan isolate of US-23 P. infestans (mating type Al, sensitive
to mefenoxam) was obtained from Dr. Noah Rosenzweig’s MSU culture collection. Mycelial
plugs from actively growing cultures were sub-cultured onto pea agar (120 g frozen peas, 0.05 g
B-sitosterol, 20.0 g sucrose, and 16.0 g agar) for 15 days in darkness at room temperature (20 -
22 °C) as performed by Goodwin et al. (1994). Sporangial suspensions were prepared for each
trial by adding sterile water to an actively growing culture and scraping the surface of the agar
with an L-shape cell spreader (VWR, Radnor, PA, U.S.) (Sharma et al. 2010). The sporangial
concentration was adjusted to 1.0 x 10° sporangia/ml for the growth chamber and greenhouse
experiments and 1.0 x 10* sporangia/ml for field experiments using a hemocytometer. The
sporangial suspension was incubated at 4 °C for 2 hours to stimulate zoospore release before
inoculating each trial (Sharma et al. 2010).

Evaluation of Tomato Cultivars Under Growth Chamber Conditions. This experiment was
conducted in 2018 in growth chambers located on the campus of MSU in East Lansing, MI.
Plants previously transplanted into 2.5 L pots were placed inside a wire basket (0.3 m x 0.3 m)

manufactured using poultry netting (20 gauge, 0.02 m mesh size, 3.0 m, Grainger, Chicago, IL)

and covered with a translucent plastic bag (0.5 m x 0.1 m x 0.7 m, Westrock, Ravena, OH).
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Plants were inoculated on 2 July with a 1.0 x 10° sporangia/ml suspension of P. infestans
isolate US-23 using a manual sprayer (473.2 ml round plastic spray bottle with graduations,
Impact Products LLC, Toledo, OH) until runoff (Abreu et al. 2008) and incubated in a growth
chamber (20°C, 16-hour photoperiod, 97% relative humidity) for 7 days, plant were assessed on
9, 12 and 16 July. Immediately after inoculation, the plants were enclosed in translucent bags
containing 200 ml of water to increase relative humidity. Bags were partially closed using a
rubber band to allow gas exchange and placed in the growth chamber. The plants were arranged
in a completely randomized design (CRD) with four replicates; a replicate consisted of a single
tomato plant.

Evaluation of Tomato Cultivars Under Field Conditions. Field experiments were conducted
during the summer of 2018 (field experiment 1) and 2019 (field experiment 2) to evaluate 12 and
22 tomato cultivars, respectively, for resistance to P. infestans isolate US-23 (Table 1). In both
years, the experiments were conducted in a plot located at the MSU Plant Pathology Farm in
Lansing, MI. A Capac loam soil site, previously planted to cucumber, was treated prior to
planting with glyphosate (Roundup PowerMax at 2.34 liters/ha, Monsanto Company, St. Louis,
MO) for weed control. The plot was fertilized pre-planting with nitrogen (114 kg/ha), potassium
(205 kg/ha), sulfur (28.4 kg/ha), and boron (2.3 kg/ha) each year. Six-week-old seedlings were
transplanted 0.3 m apart into 0.15 m raised beds covered with black polyethylene plastic (0.15 m
x 0.6 m) with rows spaced 2.4 m apart on 15 June (field experiment 1) and 20 June (field
experiment 2). For plot irrigation, a single drip tape (2.47 LPM/30.5 m) was installed under the
plastic mulch. Plants were fertilized weekly (Jack’s Professional® 20-20-20 water-soluble
fertilizer, JR Peters Inc, Allentown, PA) at 9 kg/ha through the drip tape. One application of

Lambda-cyhalothrin (Warrior 1l with Zeon Technology Insecticide at 0.14 L/ha, Syngenta

48



Corporation, Greensboro, NC) was made to control tomato hornworm (Manduca
quinguemaculat). The plot was hand-weeded as needed. Treatments were arranged in a
randomized complete block design with four replicates, a replicate consisted of 12 plants in a
single 6.1-m row with a 1.3-m buffer between treatments within a row. Each year, the
experiments were inoculated with inoculum prepared as previously described using a 1.0 x 10*
sporangia/ml suspension of P. infestans isolate US-23 on 15, 28 August, and 5 September (field
expeiment 1), and 28 August (field experiment 2). In both years, the inoculation was performed
using a manual backpack sprayer (Stihl SG 20, Waiblingen, Germany) equipped with a hollow
cone nozzle (Stihl 408BA015KN, Waiblingen, Germany) and calibrated to spray approximately
15 ml of inoculum per plant (Abreu et al. 2008).

Cultivar Evaluation Under Greenhouse Conditions. In 2019, 22 cultivars were evaluated in
two trials at the MSU Plant Science Greenhouse in East Lansing, MI. The temperature was set at
26 °C with a 16 hr photoperiod. Eight cultivars were evaluated from 1 to 13 May (greenhouse
experiment 1) and 14 cultivars were evaluated from 16 May to 3 June (greenhouse experiment
2). Plants previously transplanted into 2.5 L pots were placed inside a wire basket following the
procedure described for the growth chamber experiment. Plants were inoculated with
approximately 15 ml of a 1.0 x 10° sporangia/ml suspension of P. infestans isolate US-23 using a
manual sprayer (473.2 ml round plastic spray bottle with graduations, Lansing, Ml, U.S.) until
runoff on 1 May (greenhouse experiment 1) and 16 May (greenhouse experiment 2) (Abreu et al.
2008). Immediately after inoculation, plants were enclosed in translucent bags as previously
described for the growth chamber experiments. In both experiments, the cultivars were arranged

in a CRD with ten replications, where an experimental unit consisted of a single plant.
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Data Collection and Statistical Analysis. Foliar disease was evaluated for all experiments
(growth chamber, field, and greenhouse) by visually assessing disease severity as the percentage
of foliar blight for each experimental unit (single plant for the growth chamber and greenhouse
experiments and 20 plants in a single plot replicate for field experiments) following James
(1971). For the growth chamber evaluation, foliar disease severity (%) was visually assessed
three times in one week (which spanned the time from disease onset to death of the susceptible
plants) using a 0-100% scale, where 0= healthy plant and 100= dead plant. For the field
experiments, single evaluations of foliage with symptoms (%) of late blight were taken for field
experiment 1. For field experiment 2, the foliage (%) with LB symptoms was visually assessed,
beginning seven days after inoculation, and continuing every 7-days and ending 48 days after
inoculation. The greenhouse experiments were visually assessed as described for the growth
chamber experiments.

The relative area under the disease progress curve (rAUDPC) was calculated for all trials
using the formula ((AUDPC)/N)) as proposed by Fry (1978), where the standard area under
disease progress curve (AUDPC) (Shaner and Finney 1977) was divided by the number of days
(N) from the inoculation date to the final rating date.

Foliar disease severity at the final rating date and rAUDPC for all experiments was
analyzed using SAS 9.4 (SAS Institute, Cary, NC) using PROC GLIMMIX. The normality and
homogeneity of variance assumptions for each data set were investigated by observing the
residuals plots, residuals versus predicted means plots, percentage of residual distribution
histogram, and Levene’s test (P<0.05). Log transformation and unequal variance models were

used when necessary to meet ANOVA assumptions of normality and equality of variances.
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Fisher’s protected least significant difference LSD test was used for cultivar pairwise
comparisons (P<0.05).

Results
Evaluation of Tomato Cultivars Under Growth Chamber Conditions. Initial late blight
symptoms included water-soaked lesions (Forbes et al. 2013) and were observed seven days
after inoculation. At the first assessment on 9 July, seven days after inoculation, foliar disease
severity ranged from 7.5% (‘Tomate Stellar’) to 94.5% (‘Amish Paste’) (Table 2).

‘Better Boy’, ‘Mr. Stripey’, ‘Early Girl’, and ‘Amish Paste’ were the most susceptible
cultivars at the last disease evaluation (16 July) with greater than 90% foliar disease severity and
the highest rAUDPC values. ‘Damsel’, ‘Rugged Boy’, ‘Mountain Merit’ and ‘Cherry Bomb’
exhibited less disease severity (60.0 - 73.8%) compared to the most susceptible cultivars.
Although these cultivars were similar to each other at the final assessment for foliar disease
severity, according to rAUDPC data, ‘Cherry Bomb’ was less susceptible than ‘Damsel” and
‘Rugged Boy’; ‘Damsel’, ‘Rugged. Boy’, and ‘Mountain Merit’ were similar to each other.
‘Defiant’ and ‘Mountain Magic’ (36.3 - 60.0 % foliar disease severity) were among the least
susceptible cultivars at the final evaluation and according to the rAUDPC. The lowest disease
severity at the final assessment (<20%) was observed in ‘Matt's Wild Cherry’ and ‘Tomato
Stellar’, with significantly less disease than all other cultivars. The rAUDPC data indicated these
cultivars were significantly less susceptible than all other cultivars except for ‘Mountain Magic’

which was similar to ‘Matt’s Wild Cherry’.
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Table 2. Foliar disease severity (%) and relative area under the disease progress curve
(rAUDPC) of tomato cultivars inoculated with Phytophthora infestans clonal lineage US-
23 on 2 July and incubated under growth chamber conditions in 2018.

Foliar disease severity (%)

Cultivars July-9 July-12 July-16  rAUDPCY
Amish Paste 945 @ 958 a 973 a 479 a
Early Girl 925 a 95.0 a 96.0 a 479 a
Better Boy 83.3 ab 88.8 a 90.8 a 441 a
Mr. Stripey 70.0 a-c 85.3 a 915 a 419 a
Damsel 58.8 b-d 675 b 738 b 331 b
Rugged Boy 60.0 b-d 62.5 b 713 b 322 Db
Mountain Merit (Ph-2 + Ph-3) 46.7 dc 63.3 b 70.0 b 30.1 bc
Cherry Bomb 400 d 475 ¢ 60.0 b 24.7 ¢
Defiant (Ph-2 + Ph-3) 18.8 e 35.0 cd 375 ¢ 16.1 d
Mountain Magic (Ph-2 + Ph-3) 18.8 e 27.5 de 36.3 ¢ 14.1 ed
Matt's Wild Cherry 125 ef 175 f 18.8 d 8.4 ef
Tomato Stellar (Ph-2 + Ph-3) 75 f 13.3 ef 150 d 6.3 f
P-value <.0001 <.0001 <.0001 <.0001

Y rAUDPC Calculated using three observations of disease severity (%) divided by 14 days (time
from inoculation to the last rating date).

“Column means with a letter in common are not statistically different (Fisher’s protected least
significant difference LSD; P=0.05).

Evaluation of Tomato Cultivars Under Field Conditions. Field experiment 1 (2018) was
inoculated on 15, 18 Aug and 6 Sept; disease symptoms were observed on 18 September and
severity assessed. Differences among the tomato cultivars evaluated were not statistically
significant (P=0.2613) (Table 6).

In field experiment 2, initial disease symptoms were observed on 28 August, 35 days
after inoculation (Table 3). At the first observation date of 2 October, only four cultivars
developed late blight severity greater than 2%; two cultivars (‘Black Cherry’ and ‘Chocolate
Sprinkles’) developed disease severity ranging from 20.3 to 23.8% which was significantly more

than all other cultivars. ‘Monica Roma’ and ‘Grand Marshall’ developed 2.5% foliar disease

severity which was significantly greater than the cultivars displaying negligible (0 to 0.2%)
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disease severity symptoms. On the second observation date of 6 October, overall disease severity
remained low for most cultivars. Disease severity increased > 4% from the first observation
period for ‘Husky Cherry’, ‘Monica Roma’, and ‘Grand Marshall’. ‘Black Cherry’ and
‘Chocolate Sprinkles’ had a significantly higher disease severity than all other cultivars on this
observation date. For the third assessment, foliar disease severity remained relatively static with
disease increase (>4%) observed for ‘Monica Roma’. On the final observation date of 13
October, late blight symptoms were observed on each cultivar. Eleven of the cultivars included
in the study had foliar disease severity <5%. An intermediate level of foliar disease severity
(11.0 — 24.8%) was observed for eight cultivars. ‘Grand Marshall’, ‘Black Cherry’, and
‘Chocolate Sprinkles’ had significantly more foliar disease severity (29.5% - 43.8%) than most
other cultivars on the last assessment date. According to the rAUDPC data, only ‘Black Cherry’
and ‘Chocolate Sprinkles’ were significantly more susceptible to late blight than all other

cultivars included in this study. All other cultivars were similar in their disease susceptibility.
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Table 3. Foliar disease severity (%) and relative area under the disease progress curve
(rAUDPC) of tomato cultivars inoculated with Phytophthora infestans clonal lineage US-
23 on 28 August for field experiment 2 in 2019.

Foliar disease severity (%)

Cultivars Oct-2 Oct -6 Oct-7 Oct-13 rAUDPCY
Cherry Bomb 0.0 ¢? 00 e 01 e 15 f 0.02 b
Iron Lady (Ph-2 + Ph-3) 00 c 00 e 00 e 15 f 0.04 b
Lemon Drop 00 c 0.0 e 0.0 e 15 f 0.04 b
Mountain Magic (Ph-2 + Ph-3) 00 c 00 e 00 e 15 f 0.04 b
Mountain Merit (Ph-2 + Ph-3) 00 c 00 e 00 e 15 f 0.04 b
Tomato Stellar (Ph-2 + Ph-3) 00 c 00 e 00 e 15 f 0.04 b
Defiant (Ph-2 + Ph-3) 00 c 00 e 00 e 15 f 0.05 b
Yellow Pear 0.0 c 00 e 00 e 17 f 01 b
Plum Regal 00 c 0.1 de 0.3 e 3.5 ef 0.2 b
Fantastico 00 c 0.0 e 01 e 4.3 de 03 b
Little Sicily 00 c 0.3 de 0.3 de 3.5 ef 03 b
Little Napoli 00 c 00 e 14 ce 128 cf 09 b
Better Bush 01 c 0.8 c-e 15ce 128 cf 10 b
Heat Master 02 c 1.5 c-e 08 de 175 b-d 13 b
Sun Sugar 01 c 1.5 c-e 15ce 110 cf 14 Db
Sakura 00 c 0.0 e 39 ce 155 be 15 b
Better Boy 01 c 25 c-e 53 c-e 215 bc 19 b
Husky Cherry 0.1 c 4.8 b-d 6.3 b-d 203 b-d 20 b
Monica Roma 25 b 8.9 bc 151 bc 248 b-e 34 b
Grand Marshall 25 b 133 b 170 ab 438 a 49 b
Black Cherry 20.3 a 205 a 218 a 295 ab 137 a
Chocolate Sprinkles 23.8 a 245 a 245 a 30.0 ab 153 a
P-value <.0001 <.0001 <.0001 <.0001 <.0001

Y rAUDPC Calculated using nine observations of disease severity (%) divided by 48 days.
“Column means with a letter in common are not statistically different (Fisher’s protected least
significant difference LSD; P=0.05).

Evaluation of Tomato Cultivars Under Greenhouse Conditions. In greenhouse experiment 1,
‘Mountain Magic’, ‘“Tomato Stellar’, and ‘Mountain Merit’ had the least amount of foliar disease
severity (0 — 8.0%) for each observation date (Table 4). On the first observation date of 7 May,
‘Monica Roma’ developed an intermediate amount of late blight disease (27.5%) which was not
significantly different from ‘Sakura’, ‘Better Boy’, and ‘Husky Cherry’ but was significantly less
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diseased than ‘Better Bush’ (42.0%). On the second and third assessment dates, ‘Sakura’,
‘Monica Roma’, ‘Better Boy’, ‘Husky Cherry’, and ‘Better Bush’ had a similar level of foliar
disease severity (57.5 — 80.0%). According to the rAUDPC data, ‘Mountain Magic’, ‘Tomato
Stellar’, and ‘Mountain Merit’ were the least susceptible cultivars among those included in this

trial.

Table 4. Foliar disease severity (%) and relative area under the disease progress curve
(rAUDPC) of tomato cultivars inoculated with Phytophthora infestans clonal lineage US-
23 on 1 May for greenhouse experiment 1 in 2019.

Foliar disease severity (%)

Tomato cultivars May-7 May-9 May-13  rAUDPCY
Mountain Magic (Ph-2 + Ph-3) 0.0c¢? 00b 0.0b 0.0b
Tomato Stellar (Ph-2 + Ph-3) 05¢c 05D 05b 0.2b
Mountain Merit (Ph-2 + Ph-3) 45c 6.5b 8.0b 3.3b
Sakura 33.5ab 62.0a 70.5a 25.4a
Monica Roma 275b 575a 78.5a 275a
Better Boy 37.0ab 66.0 a 68.9 a 28.7 a
Husky Cherry 36.0 ab 63.5a 80.0a 29.7 a
Better Bush 42.0a 67.0a 75.5a 30.3a

P-value <0.0001 <0.0001 <0.0001 <0.0001

YrAUDPC calculated using three observations of disease severity (%) divided by 12 days.
“Column means with a letter in common are not statistically different (Fisher’s protected least
significant difference LSD; P=0.05).

In greenhouse experiment 2, the first disease severity assessment on 20 May indicated that
‘Defiant’, ‘Iron Lady’, ‘Lemon Drop’, and ‘Cherry Bomb’ were either not diseased or had low
levels (<6.3%) of foliar blight and were significantly different than nearly all other cultivars
tested (Table 5). Several cultivars including ‘Fantastico’, ‘Plum Regal’, ‘Little Sicily’, ‘Little

Napoli’, and ‘Chocolate Sprinkles’ developed an intermediate level of disease symptoms ranging

from 12.5 — 19.5%; except for Fantastico, these cultivars were similar to ‘Heat Master’, ‘Black
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Cherry’, and ‘Grand Marshall’. ‘Sun Sugar’ and ‘Yellow Pear’ were significantly more diseased
(29.0-29.5%) than all other cultivars except for ‘Heat Master’, ‘Black Cherry’, and ‘Grand
Marshall’. For the second foliar disease severity rating (23 May), all cultivars developed disease
although severity remained low (0.1 — 13.6%) for ‘Defiant’, ‘Iron Lady’, ‘Lemon Drop’, and
‘Cherry Bomb’. The cultivars with an intermediate level of foliar disease severity (22.8 — 35.5%)
included ‘Fantastico’, ‘Plum Regal’, ‘Little Sicily’, ‘Little Napoli’, and ‘Heat Master’. ‘Sun
Sugar’ and ‘Yellow Pear’ had the greatest disease severity (50.5 — 52.0%) but were similar to

‘Black Cherry’ and ‘Grand Marshall’.

On the third and fourth assessments (29 May and 3 June), disease severity increased for
nearly all cultivars. ‘Defiant’ and ‘Iron Lady’ were significantly less diseased than all other
cultivars for both assessment dates. On 29 May, ‘Lemon Drop’, ‘Cherry Bomb’, and ‘Fantastico’
were similar and had less disease severity than most of the cultivars included in the study. A
group of cultivars that were similar with an increased level of disease included ‘Plum Regal’,
‘Little Sicily’, ‘Little Napoli’, ‘Chocolate Sprinkles’, ‘Heat Master’, and ‘Black Cherry’. In
contrast, on 3 June, ‘Lemon Drop’, ‘Cherry Bomb’, ‘Fantastico’, and ‘Plum Regal’ were similar
in their foliar disease severity (19.6 - 33.5%); Little Sicily’ and ‘Little Napoli’ were similar to
‘Plum Regal’. A group with a similar level of increased foliar disease severity (45.0 — 58.0%)
included ‘Little Napoli’, ‘Chocolate Sprinkles’, ‘Heat Master’, and ‘Black Cherry’. ‘Grand
Marshall” with 68% foliar disease severity was similar to ‘Black Cherry’ (58%) and ‘Sun Sugar’
(81.5%). For the 29 May and 3 June assessments, the most susceptible cultivars were ‘Grand
Marshall’, ‘Sun Sugar’, and ‘Yellow Pear’ with ‘Yellow Pear’ having a greater level of foliar

disease severity than ‘Grand Marshall’.
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According to the rAUDPC data, ‘Iron Lady’, and ‘Defiant’ had the lowest disease
severity but were similar to ‘Lemon Drop’. ‘Lemon Drop’, ‘Cherry Bomb’, and ‘Fantastico’
were similar to each other; ‘Plum Regal’ was similar to ‘Cherry Bomb’ and ‘Fantastico’. A
group of cultivars with a similar level of intermediate disease included ‘Plum Regal’, ‘Little
Sicily’, ‘Little Napoli’, ‘Chocolate Sprinkles’, and ‘Heat Master’; ‘Black Cherry’ was similar to
these cultivars with the exception of ‘Plum Regal’. The most susceptible cultivars based on
rAUDPC data included ‘Grand Marshall’, ‘Sun Sugar’, and ‘Yellow Pear’; ‘Yellow Pear’ had a

significantly higher rAUDPC value than ‘Grand Marshall’.
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Table 5. Foliar disease severity (%) and relative area under the disease progress curve
(rAUDPC) of tomato cultivars inoculated with Phytophthora infestans clonal lineage US-23
on 16 May for greenhouse experiment 2 in 2019.

Foliar disease severity (%)

Tomato cultivars May-20 May-23 May-29 June-3  rAUDPCY
Defiant 0.0 ¢? 0.1f 0.79 2.11 05i
Iron Lady 00e 1.5¢ef 159 201 1.1i
Lemon Drop 31le 7.6 ef 175f 19.6 h 9.7 hi
Cherry Bomb 6.3 ed 13.6 de 19.0f 23.5h 12.3gh
Fantastico 12.5dc 22.8 cd 29.0 ef 27.5gh 18.3f-h
Plum Regal 14.6 b-d 30.5 bc 36.0 de 33.5f-h 23.2 e-g
Little Sicily 17.0 bc 30.5bc 41.0 de 41.0 e-g 25.8 d-f
Little Napoli 19.5 bc 31.8bc 41.5 de 45.0 de 27.0 de
Chocolate Sprinkles 17.0 bc 29.5 bc 44.5 de 52.0 de 27.9 de
Heat Master 21.1ab 355b 445 c-e 45.0 de 28.9de
Black Cherry 23.0ab 41.0ab 50.5dc 58.0 cd 33.8cd
Grand Marshall 22.5ab 43.0ab 58.0 bc 68.0 bc 37.7 bc
Sun Sugar 29.0a 50.5a 69.5 ab 81.5ab 45.1 ab
Yellow Pear 295a 52.0a 775a 89.0 a 48.8 a
P-value <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

YrAUDPC calculated using four observations of disease severity (%) divided by 18 days.
“Column means with a letter in common are not statistically different (Fisher’s protected least
significant difference LSD; P=0.05).

Discussion
Genetic resistance is one of the most effective disease management strategies for late blight control
(Nowicki et al. 2012) but this strategy alone may not be sufficient (Fry 2008). Growers using
fungicides and/or biopesticide products may benefit from an integrated approach (Seidl Johnson

et al. 2014; Seidl Johnson et al. 2015). In the United States, P. infestans has several clonal lineages

originating from mitotic recombination, mutation, or migration. Pathogenicity differences among
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hosts may result from this diversity as some clonal lineages affect tomato, potato, or both. Genetic
diversity may allow P. infestans to rapidly develop resistance to fungicides and overcome host
resistance (Danies et al. 2013; Goodwin et al. 1995; Malcolmson 1969).

In Pennsylvania, Foolad et al. (2014) evaluated the efficacy of resistance genes Ph-1, Ph-
2, and Ph-3 by studying different accessions of S. pimpinellifolium carrying one or more of the
resistance genes. They observed that accessions carrying the Ph-1 resistance gene were the most
susceptible to P. infestans, while accessions carrying resistance genes Ph-2 and Ph-3 showed an
intermediate and high level of resistance, respectively. Other wild tomato species with resistance
to P. infestans include S. habrochaites and Lycopersicon pennellii (Li et al. 2011; Smart et al.
2007). Overall, the highest level of resistance was observed in cultivars carrying both resistance
genes Ph-2 and Ph-3 due to resistance to multiple clonal lineages of P. infestans (Sanchez-Perez
etal. 2017).

The resistance genes Ph-2 and Ph-3 present in wild relatives of tomato including
Solanum pimpinellifolium have been integrated into commercial tomato cultivars (Foolad et al.
2014; Kim and Mutschler 2006). However, when one of these genes was incorporated alone into
a tomato cultivar, there was a significant but not complete disease reduction (Foolad et al. 2008;
Foolad et al. 2014). In our research, we have demonstrated that tomato cultivars with the
resistance genes Ph-2 and Ph-3 (Table 1) effectively limit P. infestans US-23, the dominant
clonal lineage in Michigan. ‘Mountain Magic’ and ‘Tomato Stellar’ were consistently the least
susceptible cultivars in all experiments (growth chamber, greenhouse, and field). ‘Mountain
Merit’, ‘Defiant’, ‘Iron Lady’, and ‘Cherry Bomb’ exhibited an intermediate level of late blight

resistance similar to results of Hansen et al. (2014) and Seidl Johnson et al. (2014).
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Six cultivars were evaluated under growth chamber, greenhouse, and field conditions for
two years (Table 6), while the other cultivars were evaluated under some, but not all conditions.
Of the six cultivars evaluated under all conditions both years, we observed that while cultivars
with one or more resistance genes had little or no disease in the field and greenhouse, they
developed moderate levels of disease when evaluated under growth chamber conditions. The
growth chamber conditions were 20 °C, 16 hours photoperiod, and 97% relative humidity to
favor pathogen sporulation, germination, and penetrations (Harrison and Lowe 1989; Maziero et
al. 2009; Xiang and Judelson 2014), which increased disease pressure. The defense mechanism
of tomato cultivars with the Ph-3 gene at three different plant stages (3, 6 and 9 leaves), includes
a reduction in disease incidence as the plants aged >9 leaves, suggesting age-related resistance
(Rashad et al. 2015). The plants used for the growth chamber experiments had fewer than 9
leaves and under the conducive conditions in the growth chamber, disease was observed even
when the cultivars had the resistance genes.

Combining host resistance with fungicides for late blight control in potato was tested by
Neerstad et al. (2007), and included cultivars with different levels of resistance. They observed
that even the most resistant cultivars developed disease symptoms when weather conditions were
conducive for disease and fungicides were not applied. However, the performance of the
resistant cultivars was improved when paired with fungicides. Perla and Hausbeck (2019) paired
‘Better Boy’, ‘Damsel’, ‘Mr. Stripey’, and ‘Mountain Merit’ with biopesticide fungicides to
control foliar diseases of tomato. Late blight development was limited but occurred when
cultivars were not treated with fungicides; little to no disease developed when fungicides were

applied.
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A survey performed by Hoagland et al. (2015) identified late blight as one of the top ten

most problematic diseases among conventional and organic tomato growers in the Midwest. We

confirmed that commercial cultivars with one or two resistance genes can limit late blight

symptoms without fungicide applications. However, host resistance should be utilized with an

integrated disease management approach to prevent late blight when weather conditions are

conducive to disease.

Table 6. Summary of the foliar disease (%0) at the last rating day of the tomato cultivars
evaluated under different conditions for resistance to Phytophthora infestans US-23 in

2018 and 2019.

2018 trials 2019 trials

Cultivars Field Growth chamber Field GH-1 GH-2
Better Boy 3.0 90.8 a 215 ab 68.9 ab -
Mountain Magic 0.0 36.3 cd 15 ¢ 0.0 ¢ -
Mountain Merit 0.0 70.0 ab 15 ¢ 8.0 bc -
Tomato Stellar 0.0 15.0 d 15 ¢ 0.5 ¢ -

Defiant 0.0 375 cd 15 ¢ - 21 h

Cherry Bomb 0.0 60.0 bc 15¢ - 235 f-h
Matt's Wild Cherry 0.0 18.8 d - - -
Mr. Stripey 0.0 915 a - - -
Amish Paste 0.0 97.3 a - - -
Rugged Boy 0.0 71.3 ab - - -
Damsel 5.0 73.8 ab - - -

Early Girl  13.0 96.0 a - - -
Husky Cherry - 20.3 a-c 80.0 a -
Monica Roma - 248 a-c 78.5 a -

Better Bush - 12.8 a-c 755 a -
Sakura - 155 a-c 705 a -
Lemon Drop - 15 c - 19.6 gh
Iron Lady - 15 ¢ - 20 h
Yellow Pear - 1.7 bc . 89.0 a
Plum Regal - 3.5 bc - 33.5 d-g
Little Sicily - 3.5 bc - 41.0 d-g
Fantastico - 4.3 bc - 27.5 e-g
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Table 6 (cont’d)

Sun Sugar - 11.0 a-c 81.5 ab
Little Napoli - 12.8 a-c 45.0 c-f
Heat Master - 175 a-c 45.0 c-f
Black Cherry - 295 a 58.0 b-d

Chocolate -

Sprinkles 30.0 a 52.0 c-e

Grand Marshall - 43.8 a 68.0 a-c
P-value 0.2613 <.0001 <0.0001 <0.0001 <0.0001
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FUTURE WORK
Michigan processing hard squash growers are limited to using reduced disease management
strategies in their production systems due to low-profit margins. Therefore, using cultivars with
genetic resistance is an important option to reduce the negative impact caused by Phytophthora
capsici. We identified commercial cultivars of hard squash with resistance to P. capsici that also
express desirable quality characteristics for the processing industry. However, the genetic
diversity of P. capsici indicates that these cultivars may need to be evaluated using a wider range
of isolates collected from different growing regions in the state. Phytophthora crown root
resistance was observed in some of the cultivars evaluated. Investigating the mechanism
governing resistance could provide insights to determine whether the plants are resistant
throughout development or if resistance is age-related. This information could inform growers as
to the susceptible period. Perhaps the susceptible cultivars could be induced to express resistance
by using resistance inducers such as salicylic acid. We observed that C. moschata cultivars
developed age-related resistance and investigating fungicides that could be used during the early
stages of the fruit development would be helpful. Additionally, we identified tomato cultivars
with resistance to P. infestans that could be used for conventional or organic tomato production;
availability of effective biorational products is limited. A multi-pronged treatment program is
needed to limit P. infestans. Therefore, additional research is necessary to identify a range of
plant protection products that could be paired with resistant cultivars to improve the management

of P. infestans in tomatoes.
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