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ABSTRACT 

 

 

Alternaria leaf spot caused by Alternaria brassicicola is a common disease found on 

brassica crops in New York State. Management of Alternaria leaf spot can be difficult and little 

has been known about the pathogen. The goal of the research presented here is to gain a better 

understanding of host susceptibility and the pathogen population in order to improve 

management recommendations to growers. Severely infected cauliflower is considered 

unmarketable and information is needed about the performance of cauliflower varieties in New 

York State. Twelve commercial cauliflower varieties were evaluated for horticultural traits and 

susceptibility to Alternaria leaf spot. Differences in yield along with susceptibility to Alternaria 

leaf spot were found among varieties. In order to better understand the population of A. 

brassicicola, 49 isolates collected from New York State were analyzed using 10 microsatellite 

loci and characterized for sensitivity to azoxystrobin, a commonly used fungicide.  High levels of 

genotypic diversity were found and all of the isolates screened were sensitive to azoxystrobin.  
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CHAPTER 1 

 

INTRODUCTION 

 

Alternaria brassicicola is the causal organism for Alternaria leaf spot, one of the most 

common foliar diseases found on brassica crops in New York State. Alternaria brassicicola is a 

fungal pathogen of brassica crops that can greatly reduce marketability and yield in cases of 

severe infection. Alternaria leaf spot not only damages the leaves of the plant but also the 

harvested portion which can result in unmarketable crops. New York State is a large producer of 

brassica crops and is the second largest producer of cabbage in the United States. In 2014, 8,300 

acres of fresh market cabbage were harvested and production for 2014 was valued at $72 million 

(United States Department of Agriculture (USDA), 2015).  In addition to cabbage, cauliflower 

was also grown on 500 acres in 2014 with production valued at $2.6 million (USDA, 2015). New 

York also has many small diversified farms that grow a variety of brassica crops. If not managed 

properly, A. brassicicola can cause great losses for growers. The goal of the research presented 

here is to provide greater understanding of the pathogen biology and host susceptibility in order 

to provide more management tools for New York State growers.  

 

Host Range and Symptoms 

Alternaria brassicicola can infect members of the Brassicaceae family such as Brassica 

oleracea (cabbage, cauliflower, Brussels sprouts) along with Brassica napus and Brassica rapa 

(oilseed). The first symptoms to appear are pinpoint brown or black specks found on the leaf or 

stem surfaces. The specks enlarge to form circular lesions with concentric rings, creating a very 
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distinct target spot or bull’s eye lesion that is visible on both sides of the leaf (Koike et al., 2007). 

A yellow halo is often found around the black specks as they develop into lesions (Figure 1.1). 

Severe infection can result in entire leaves becoming necrotic which then abscise. Alternaria leaf 

spot can result in foliage loss reducing photosynthesis and if infection is severe, a reduction in 

yield.  

 

 

 

 

 

 

 

 

 

Figure 1.1 Alternaria leaf spot lesions.  A) Alternaria leaf spot target spot lesion with a yellow 

halo and necrotic tissue. B) Severe infection on a cauliflower leaf  

 

 

In vegetable crops, the disease causes mostly cosmetic damage to the leaves and head 

which can result in an unmarketable crop. In cabbage production, A. brassicicola can be a 

problem when a heavy infection occurs resulting in the loss or removal of outer leaves on the 

head and a reduction of the marketable weight of the cabbage head (Figure 1.2). On other host 

plants such as cauliflower, the curd itself can be infected with black specks which can result in a 

down grade and in some cases crop loss (Humpherson-Jones, 1992). Alternaria brassicicola can 

B A 
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also infect oilseed crops resulting in premature shattering of the seed pod and reduction in yields, 

up to 50% in severe cases (Humpherson-Jones, 1992; Rotem, 1994). 

 

 

 

 

 

 

 

 

 

Figure 1.2 Alternaria leaf spot symptoms.  A) Severe infection on a cauliflower curd. B) Severe 

infection on a cabbage head. 

 

 

Pathogen Biology 

Alternaria leaf spot is caused by the fungus A. brassicicola, an ascomycete that has no 

known sexual stage. Alternaria brassicicola produces dark, sooty mycelium in culture and is 

distinguishable from other fungi by its asexual spores, conidia (Figure 1.3). The small, dark 

conidia produced by A. brassicicola can be either singular or borne in chains and lack beaks 

which can be found on other Alternaria spp. The conidia are also multicelled and divided by 

transverse and/or longitudinal septa (Rotem, 1994).  

Alternaria plant pathogenic species are known for two major features, production of  

melanin and production of host-specific toxins (Thomma, 2003). Melanin is a dark pigmentation 

A B 
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that helps protect against UV radiation and resistance from lysis by microbes and enzymes 

(Rotem, 1994). Alternaria brassicicola is a necrotrophic fungus feeding on dead tissue and the 

production of toxins facilitate disease development.  Alternaria brassicicola produces 

brassicicolin A as a major host-specific toxin (Pedras et al., 2009).   

 

 

 

 

 

 

 

 

Figure 1.3 Conidium and culture of Alternaria brassicicola.  A) Alternaria brassicicola 

conidium. B) Culture of Alternaria brassicicola growing on potato dextrose agar. 

 

 

Environment 

New York State is an ideal environment for growing brassica crops with mild fall 

temperatures and adequate moisture; however, this environment is also conducive for the growth 

and spread of A. brassicicola. The pathogen, A. brassicicola requires at least 12-14 hours of 87% 

relative humidity for sporulation with optimum temperatures ranging from 20-30 °C 

(Humpherson-Jones and Phelps, 1989). After spores are produced, they are released in a diurnal 

pattern coinciding with the lower relative humidity and higher temperatures (Humpherson-Jones 

and Maude, 1982).  Studies have shown that most spores are released during warm dry periods 

A B 
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shortly after a rain (Chen et al., 2003; Humpherson-Jones and Maude, 1982).  The optimal 

temperatures for spore germination and infection are 23 °C and 23-25 °C, respectively with little 

to no infection occurring at temperature below 15 °C (Degenhardt et al., 1982). The time from 

infection to spore production ranges from 7-10 days for most Alternaria spp. (Strandberg, 1992).  

 

Inoculum  

Primary inoculum for new infections each year includes infected seed and overwintering 

plant debris.  Alternaria brassicicola has been found to colonize seed both internally and 

externally (Köhl et al., 2010; Maude and Humpherson-Jones, 1980). Seed surfaces can be 

contaminated with spores and mycelium of A. brassicicola; however, the spore viability 

decreased over time in seed storage (Maude and Humpherson-Jones, 1980).  Internal seed 

infection is more persistent and mycelium within the seed can remain viable for up to 12 years 

(Maude and Humpherson-Jones, 1980). Alternaria brassicicola was found to colonize seeds 

soon after flowering and increased rapidly during seed maturation (Köhl et al., 2010). Severe 

infection of seed lots can reduce germination of seeds affecting the quality of seeds produced 

(Köhl et al., 2010).  

Inoculum of A. brassicicola has also been found on overwintered plant debris 

(Humpherson-Jones and Maude, 1982). Alternaria brassicicola can survive on stalk residues that 

take longer to break down in addition to any plant tissue left on the soil surface (Köhl et al., 

2011). The pathogen can produce viable spores as long as plant tissue remains intact, increasing 

the primary inoculum level in a field (Humpherson-Jones, 1989; Köhl et al. 2011). During the 

growing season, A. brassicicola can be spread by insects from plant to plant as has been found 

with flea beetles (Phyllotreta cruciferae) carrying conidia on their bodies (Dillard et al., 1998). 
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Alternaria brassicicola can also infect weed species which can then serve as a potential 

inoculum source (Cobb and Dillard, 1998).  

Conidia produced by A. brassicicola are primarily aerially dispersed but can also be 

dispersed by rain splash (Chen et al., 2003; Humpherson-Jones and Maude, 1982). When 

sampling with rotorods, Chen et al. (2003) found that most of the spores were collected less than 

50 cm above the ground indicating that spores were maintained in the plant canopy and the 

number of conidia collected decreased with distance from inoculum source. However, during 

mechanical harvesting and threshing of seed crops, it has been found that large numbers of 

spores can be released and have been detected 1800 meters downwind (Humpherson-Jones and 

Maude, 1982).  

 

Cultural Management 

A variety of cultural management techniques can be implemented to reduce the intensity 

of reoccurring Alternaria leaf spot epidemics each season.  Using certified clean seed in order to 

reduce the amount of primary inoculum is a critical step in disease management, along with 

incorporating plant debris into the soil at the end of the growing season to ensure decomposition 

prior to the next growing season. One of the most widely-used and effective practices is rotation 

of field plantings with non-brassica crops in order to further allow plant debris to break down 

before planting a susceptible host. Many growers rotate their plantings with cover crops which in 

some cases are mustards and thus, members of the Brassicaceae family and potential hosts for A. 

brassicicola. This is an important consideration when planning crop rotations. During the 

growing season, it is always wise to monitor and manage insect pests and brassica weeds in order 

to prevent spread of A. brassicicola. The best way to avoid disease is by planting resistant 
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varieties; however, at this time no resistance varieties are commercially available. Some 

resistance to Alternaria leaf spot has been found by in weedy species in the Brassicaceae family 

such as Capsella bursa-pastoris (Shepherd’s Purse) and Camelina sativa (False Flax) which has 

the potential to aid in the development of resistant hosts (Westman et al., 1999).  

 

Chemical Management 

Chemical control during the growing season can help manage Alternaria leaf spot.  

Babadoost et al. (1993) found that the fungicides iprodione and chlorothalonil provided control 

of Alternaria leaf spot in brassica seed crops.  In 2004, Iacomi-Vasilescu et al. reported 

resistance to iprodione and procymidone both dicarboximides in isolates of  A. brassicicola 

collected in France. Today, growers in New York primarily use chlorothalonil and azoxystrobin 

to control Alternaria leaf spot. Azoxystrobin is a strobilurin fungicide that was first marketed in 

1996 and has grown in popularity; however, resistance was first reported in 1998 in cereal 

pathogens (Bartlett et al., 2002). In more recent years, azoxystrobin resistance has been reported 

in various Alternaria spp. (Ma et al., 2003; Ma and Michailides, 2004; Pasche et al., 2004). 

However, the sensitivity New York isolates to commonly used fungicides is largely unknown.   

 

Population of Alternaria brassicicola 

Even with a worldwide distribution (Rotem, 1994), few population studies have been 

done on A. brassicicola worldwide and little is known about the New York State population. In 

2005, Bock et al. conducted a population diversity study of A. brassicicola isolates collected 

from Cakile maritima (European Searocket) in Australia using amplified fragment length 

polymorphisms (AFLPs) and found high levels of genotypic diversity. Another study conducted 
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on A. brassicicola collected from C. maritima in Australia using microsatellites markers 

confirmed the findings of the previous study (Linde et al., 2010), and also found high levels of 

genotypic diversity and linkage equilibrium suggestive of a sexually reproducing population. 

Alternaria brassicicola has no known sexual stage; however, results from the Australian studies 

indicate the occurrence of recombination.  Little information is known about the diversity in the 

New York State population and such information is needed to make better management 

recommendations to producers of brassica crops. 
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CHAPTER 2 

 

*CAULIFLOWER YIELD AND SUSCEPTIBILITY TO ALTERNARIA LEAF SPOT UNDER 

NEW YORK FIELD CONDITIONS 

 

Abstract  

Twelve commercial cauliflower (Brassica oleracea var. botrytis) varieties were evaluated 

for horticultural traits and susceptibility to Alternaria leaf spot (Alternaria brassicicola) at the 

New York State Agricultural Experiment Station in Geneva, New York in 2014 and 2015. Data 

including total yield, curd weight, curd width, plant height, days to maturity, and length of 

harvest were collected for each variety. A duplicate trial was planted in each year and inoculated 

with Alternaria brassicicola, the causal agent of Alternaria leaf spot, and the percentage of 

disease was assessed for each commercial cauliflower variety.  Most of the commercial varieties 

were similar in susceptibility to disease and yield. ‘Artica’ and ‘Apex’ were ranked among the 

highest yielding varieties each year of the trial. The varieties ‘Graffiti’ and ‘Violet Queen’, both 

of which produce purple curds, had significantly less Alternaria leaf spot compared to other 

varieties. Differences were seen between the 2 years of the trial in performance of individual 

varieties as influenced by temperatures during the growing season. This study demonstrates that 

some cauliflower varieties perform better than others under New York State growing conditions. 

 

 

 

 

 

 

 

 
*Kreis, R. A., Lange, H. W., Reiners, S. and Smart, C. D. 2016. Cauliflower yield and susceptibility to Alternaria 

leaf spot under New York field conditions. HortTechnology (In Press) 
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Introduction 

In New York, cauliflower (Brassica oleracea var. botrytis) production was estimated at a 

value of $2.6 million on a total of 470 acres in 2014 (United States Department of Agriculture 

(USDA), 2015a). Although the majority of cauliflower production occurs in California and 

Arizona, there is still strong interest in cauliflower production in New York State especially with 

the local food movement and consumers’ interest in locally grown produce (USDA, 2015b). 

Cauliflower is an excellent cool season crop for New York vegetable growers and has recently 

increased in popularity. The consumption of cauliflower increased to 1.9 lb. per capita for 2014 

from 1.7 lb. per capita in 2013 (USDA, 2015c). Little is known about how different cauliflower 

varieties perform in New York State as each growing region has unique factors such as disease 

pressure and climate conditions that influence how varieties perform.  

One of the main foliar diseases affecting cauliflower and other brassica crops such as 

cabbage (Brassica oleracea var. capitata), brussels sprouts (B. oleracea var. gemmifera), and 

kale (B. oleracea var. acephala) is Alternaria leaf spot caused by the fungus Alternaria 

brassicicola. The disease causes lesions on the leaves and curd resulting in a damaged and 

unmarketable crop. Alternaria brassicicola thrives under cool, moist conditions which typically 

occur in the fall during the primary cauliflower growing season for New York State. Optimal 

conditions for sporulation of A. brassicicola include a relative humidity of at least 87% and 

temperatures between 20-30 °C (Humpherson-Jones and Phelps, 1989). Alternaria leaf spot 

begins as pinpoint brown or black specks on the leaves, which enlarge to form circular lesions 

with concentric rings creating a distinct bull’s eye lesion or target spot as seen in Figure 2.1A. 

The black specks can also appear on the cauliflower curds and can enlarge over time as seen in 
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Figure 2.1B. These unsightly black specks can greatly reduce the quality and marketability of the 

curd.  

 

 

 

 

 

 

 

Figure 2.1. Disease and abnormalities of cauliflower. A) Alternaria leaf spot lesion on a 

cauliflower leaf. B) Alternaria leaf spot on a cauliflower curd. C) Fuzziness (bracting) seen on 

‘Candid Charm’ cauliflower during the 2015 growing season 

 

 

In order for a cauliflower curd to be considered the highest grade (USDA No. 1), spots, 

“when added together cannot exceed that of a circle three-eighths of an inch in diameter” 

(USDA, 1968). Cauliflower curds must not only be free from disease but also from abnormalities 

known as fuzziness or bracting, and riciness with a minimum diameter of four inches (USDA, 

1968). Some abnormalities seen in cauliflower are the result of temperature changes after curd 

initiation. Curd initiation typically occurs when cauliflower plants reach maturity defined by a 

critical number of leaves along with an exposure to cooler temperatures or vernalization period 

(Hand and Atherton, 1987). Wurr and associates determined that the vernalization period for 

summer and autumn cauliflower occurs between 9 and 21 °C (1993). Changes in temperatures 

after curd initiation can result in abnormalities such as fuzziness. Fuzziness, also referred to as 

bracting, occurs when small leaves, which can be white in appearance, appear in the curd giving 

A B C 
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an overall fuzzy appearance to the curd as seen in Figure 2.1C.  Fuzziness occurs as the result of 

high temperatures (above 15 °C) just after curd initiation (Grevsen et al., 2003). Riciness, 

another abnormality, occurs when small flower buds form on the surface of a curd and is the 

result of high temperatures in combination with low temperatures early in curd development 

(Grevsen et al., 2003). Grevsen et al. found that cauliflower plants grown at 20 °C followed by a 

treatment of 8 °C resulted in 100% riciness (2003). Cauliflower quality and yield is influenced 

by temperature, and each variety can perform differently under various conditions. Growers need 

to know how cauliflower varieties perform under various temperatures and disease pressure in 

order to plant the appropriate varieties for their field site. The objective of the present study was 

to evaluate commercially available cauliflower varieties for yield, quality, and susceptibility to 

Alternaria leaf spot under New York field conditions.  

 

Materials and Methods 

Field Sites. This study was conducted over the course of two growing seasons at Cornell 

University’s New York State Agricultural Experiment Station in Geneva, NY. In 2014, the study 

was conducted in a field composed of Honeoye loam soil, while in 2015, the study was 

conducted in a field composed of the Lima loam soil. Each growing season two identical trials 

were planted side-by-side. One trial was inoculated with A. brassicicola to examine disease 

susceptibility among varieties and the second trial examined the horticultural and harvest traits of 

each variety. The inoculated trial was located downwind from the uninoculated trial with a buffer 

of at least 18 ft between the two trials. Each trial used a randomized complete block design with 

four replications. Each row was covered with 1.25 mil black polyethylene plastic mulch 

(Filmtech Corporation, Allentown, PA) creating rows 3-ft wide on 6-ft centers. Drip tape (12-
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inch spacing 10 mil and flow rate 0.45 gal/min per 100 ft; Torro, Bloomington, MN) was laid 

under the mulch. Weed cloth (3.5 oz brown pro groundcover; Dewitt Company, Sikeston, MO) 

was laid between rows to reduce the number of weeds. When the plastic mulch was laid, a 

banded application of 30 lb/acre of 10N-4.4P-8.3K fertilizer (JR Peters, Allentown, PA) was 

applied. Fertilizer amounts were applied according to common practices for field studies.  

Cauliflower Transplants. Twelve commercial cauliflower varieties were selected for the 

trial based on input from area growers (Table 2.1). All varieties chosen were hybrids with the 

exception of ‘Amazing’ which is an open-pollinated variety. Varieties were chosen to cover a 

range of harvest dates and colors. Varieties, ‘Candid Charm’ and ‘Snow Crown’ are advertised 

as early season varieties with days to harvest (DTH) ranging from 50-65 d, whereas, ‘Artica’ and 

‘Apex’ are advertised as late season varieties with DTH ranging from 80-100 d. The remaining 

varieties are advertised as main season varieties with DTH ranging from 65-90 d. A few colored 

varieties, ‘Cheddar’ (orange), ‘Graffiti’ (purple), and ‘Violet Queen’ (purple) were also included 

in the trial. 

Cauliflower transplants were started on 5 June 2014 and 1 June 2015 and grown in a 

greenhouse with natural and supplemental lighting. The transplants were fertilized with 24-3.5P-

13.3K water soluble fertilizer (Miracle-Gro; Scotts, Marysville, OH) at the labeled rate twice 

before being placed in the field. The plants were placed outside in cold frames 1 week prior to 

planting. On 17 July 2014 and 8 July 2015, cauliflower seedlings were transplanted in the field in 

a double row with 18 inches between each plant. Blocks were planted in eight plant plots per 

variety with an 18-inch buffer between varieties.  The insecticide Coragen (a.i. 

chlorantraniliprole; DuPont, Wilmington, DE) was applied as a drench at the labeled rate (0.065 

lb a.i./acre) to the plants the day after planting to control insect pests.  In 2014, an application of 
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Agree (a.i. Bacillus thuringiensis; Certis USA, Columbia, MD) was applied at the labeled rate (1 

lb a.i./acre) on 2 Sept to provide additional control of insect pests. No further insecticide 

applications were needed in 2015 due to low insect pressure. 

Inoculated Trial. New York State isolates of A. brassicicola (1138A and 1153C both 

collected from diseased cabbage) were used to inoculate the plants both years. The isolates were 

grown on potato dextrose agar under fluorescent lights for 12 h per day for 1-2 weeks.  Plates 

were flooded with distilled water and conidia were released using an L-shaped sterile spreader. 

The concentration of conidia was determined using a hemocytometer. Cauliflower plants were 

inoculated twice per growing season in both 2014 and 2015. The first inoculation was made after 

plants had been in the field for 1 month and before curds had formed. A conidial suspension (10
5
 

conidia/mL) was applied until run off using a 5-gal hand pump backpack sprayer (Solo, Newport 

News, VA). A second application was made 1 week after the first inoculation using the same 

method. Plants were evaluated for the presence of Alternaria leaf spot twice weekly for 3-4 

weeks following inoculation. Disease ratings were taken as percentage of diseased tissue for the 

entire varietal plot.  

Non-inoculated Trial. The non-inoculated trial was planted in order to compare 

horticultural traits. Harvest of the non-inoculated trial began about 2 months after transplanting 

(mid-September) and continued until the end of October. When curds reached approximately 5 

inches in diameter inner leaves were tied up with elastic bands around the curds for blanching. 

Curds remained tied until they reached a harvestable size, typically 4 to 7 d. Curds were 

harvested either once or twice weekly. Before the curd was harvested, plant height was measured 

from soil line to the tip of the most mature inner leaf. Cauliflower was harvested by cutting flush 
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at the base of the curd. Weight and width of each curd was collected and recorded at harvest. 

Length of harvest and days to maturity were also calculated for each variety.  

Weather. Weather data were obtained from the Vegetable Crops Farm weather station at 

the New York State Agricultural Experiment Station located in Geneva, NY. The 2014 average 

daily maximum temperatures were 76 °F for 17- 31 July, 76 °F for 1-31 Aug., 72 °F for 1-30 

Sept., and 62 °F for 1-23 Oct., while the average daily minimum temperatures for the same 

period were 57 °F, 57 °F, 50 °F, and 46 °F, respectively.  The 2015 average daily maximum 

temperatures were 78 °F for 8- 31 July, 77 °F for 1-31 Aug., 76 °F for 1-30 Sept., and 58 °F for 

1-23 Oct., while the average daily minimum temperatures for the same period were 60 °F, 59 °F, 

56 °F, and 40 °F, respectively. Mean daily temperatures were used to calculate growing degree 

days from transplanting until harvest with a base of 50 °F.  Total monthly rainfall for 2014 was 

5.15, 3.57, 1.33, and 2.19 inches for 17- 31 July, 1-31 Aug., 1-30 Sept., and 1-23 Oct 

respectively. Total monthly rainfall for 2015 was 3.45, 2.63, 4.84, and 1.98 inches for 8- 31 July, 

1-31 Aug., 1-30 Sept., and 1-26 Oct respectively. 

Statistical Analysis. The R statistical software, R version 3.1.3 (RStudio Team, 2015), 

was used to perform all statistical testing. The area under the disease progress curve (AUDPC) 

for each cauliflower variety was calculated from the disease severity ratings using Microsoft 

Excel (Redman, WA) (Cooke et al., 2006). The lme4 R package (Bates et al., 2015) was used to 

conduct an analysis of variance (ANOVA) on a mixed effects model on the AUDPC data. 

Cauliflower varieties were considered fixed effects and replications were considered random 

effects. Once variety effects were determined to be significant by ANOVA (P < 0.05), means 

were separated with the Tukey-Kramer honestly significant difference (HSD) method (at 

alpha=0.05) using the lsmeans R package (Lenth, 2016). Total yield, curd weight, curd width, 
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plant height, growing degree days, and harvest span were also analyzed using ANOVA and 

Tukey-Kramer’s HSD as described above. All data were analyzed separately for each year of the 

trial.  

 

Results 

Disease Severity. The commercial cauliflower varieties tested varied in their 

susceptibility to Alternaria leaf spot after being inoculated twice per growing season with A. 

brassicicola. All varieties inoculated displayed disease symptoms in both 2014 and 2015. During 

both years, ‘Violet Queen’ had the least amount of disease, followed by ‘Graffiti’, ‘Artica’, 

‘Candid Charm’, and ‘Cheddar’ (Table 2.1). These varieties did not differ significantly in either 

2014 or 2015. ‘Violet Queen’ had significantly less disease than ‘Snow Crown’, ‘Fremont’, and 

‘Minuteman’ in both 2014 and 2015 (Table 2.1).   

Yield and Plant Height. There were relatively few statistically significant differences in 

total yield and individual curd size (Table 2.2). ‘Artica’ was the highest yielding variety in 2014 

and produced the largest curds both by weight and width in that same year. ‘Artica’ yielded 

fewer curds in the 2015 growing season as less than 50% of the plants produced harvestable 

curds by the end of October. The remaining plants either did not form curds or the curds were at 

a very immature state even though the plants were fully grown. In 2015, ‘Apex’ produced the 

largest curds and had the highest yield, however not statistically different from several other 

varieties (Table 2.2). Overall, the total yield and curd size for 2015 was reduced for all varieties 

compared to the previous year’s growing season.  In both years of the trial, ‘Artica’, ‘Apex’, and 

‘Fremont’ had yields that were significantly greater than the lowest yielding variety for that year.  
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Plant height ranged from an average of 47.3 to 57.8 cm in 2014 and in 2015 height 

ranged from 50.4 to 72.3 (Table 2.3). In both 2014 and 2015, ‘Cheddar’ produced the shortest 

plants while ‘Violet Queen’ produced the tallest plants; however, there were several other 

varieties that fell into the same statistical category (Table 2.3).      

 

Table 2.1 Area under the disease progress curve (AUDPC) values for disease severity of 

cauliflower plants growing in the field inoculated with Alternaria brassicicola for 2014 and 2015 

in Geneva, NY.  

 
 

 

 

 

 

 

 

 

z
 AUDPC values are the means of four replicates.  Means followed by the same letter within 

each experiment are not significantly different using the Tukey-Kramer honestly significant 

difference (P ≤ 0.05). 
y 
‘Cassius’ was omitted from the 2015 trial because seed could not be obtained

 AUDPC
z
 

Variety 2014 2015 

Amazing 185.2 bc 140.6 abc 

Apex 168.0 abc 149.9 bc 

Artica 169.0 abc 142.2 abc 

Candid Charm 154.8 abc 146.9 abc 

Cassius
y
 218.0 c - 

Cheddar 143.0 abc 132.8 ab 

Fremont 218.7 c 153.2 bc 

Graffiti 117.2 ab 126.8 ab 

Minuteman 199.5 c 188.7 c 

Snow Crown 185.6 bc 246.3 d 

Violet Queen 101.0 a 92.7 a 

White Sails 160.4 abc 160.3 bc 
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Table 2.2 Yield and size of cauliflower varieties measured by curd weight and curd width for 2014 and 2015 in Geneva, NY. 

z
 The total number of curds harvested across all four replications out of the total number of mature healthy plants across all 

four replications. Some varieties did not produce harvestable curds even though the plants were fully grown. 
y 
Total yield is the sum of weights per plot and adjusted for 8 plants per plot; 1 kg = 2.2046 lb. 

x
 Curd width is the measurement of the curd dome from edge to edge across the widest part of the curd;  1 cm = 0.3937 in. 

w
 Values given are the means of four replicates. Means followed by the same letter within each experiment are not significantly 

different using the Tukey-Kramer honestly significant difference (P ≤ 0.05). 
v
 ‘Cassius’ was omitted from the 2015 trial because seed could not be obtained. 

u
 Overall mean across all varieties and all replications.

  No. harvested/total
z
  

Total yield 

(kg/plot)
y  Mean curd wt (kg)  Mean curd width (cm)

x
 

Variety  2014 2015  2014 2015  2014 2015  2014 2015 

Amazing  31/31 32/32  4.83 abc
w
 2.69 abc  0.60 abcd

w 
0.34 de  27.5 bc

w 
21.3 cde 

Apex  28/31 24/31  6.55 cd 3.88 c  0.81 def 0.47 f  30.1 cedf 25.5 e 

Artica  26/29 11/32  7.78 d 3.68 c  0.96 f 0.40 def  31.9 f 21.2 cde 

Candid Charm  31/31 31/31  6.55 cd 1.36 ab  0.81 ef 0.17 ab  31.5 ef 15.6 ab 

Cassius
v 

 31/31 -  4.20 abc -  0.52 ab -  25.1 ab - 

Cheddar  29/29 30/30  5.19 bcd 1.56 ab  0.64 abcde 0.19 abc  28.3 bcde 17.6 bc 

Fremont  31/31 30/30  5.92 bcd 3.08 bc  0.74 cdef 0.39 ef  30.7 def 24.6 de 

Graffiti  22/27 15/32  4.59 abc 2.51 abc  0.55 abc 0.31 bcdef  27.6 bcd 21.6 cde 

Minuteman  30/30 31/31  5.78 bcd 2.42 abc  0.72 bcde 0.30 cde  31.0 def 20.9 cd 

Snow Crown  31/31 30/32  3.81 ab 2.00 abc  0.47 a 0.25 bcd  23.9 a 18.4 bc 

Violet Queen  4/28 21/30  2.50 a 2.08 abc  0.31 ab 0.26 bcde  22.0 ab 19.7 bc 

White Sails  27/27 31/31  6.54 cd 0.96 a  0.81 ef 0.12 a  30.3 cedf 12.8 a 

Overall Mean
u 

    5.35 2.38  0.69 0.28  28.8 19.6 
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Table 2.3 Mean plant height across four replications of cauliflower varieties for 2014 and 2015 

in Geneva, NY.  

 

 Mean plant ht (cm)
z
 

Variety 2014 2015 

Amazing 48.7 ab
y
 56.8 cdef 

Apex 53.6 bc 59.4 def 

Artica 54.3 c 62.0 f 

Candid Charm 56.3 c 52.6 abc 

Cassius
x
 56.0 c - 

Cheddar 47.3 a 50.4 a 

Fremont 52.7 bc 55.4 bcde 

Graffiti 51.2 abc 60.7 ef 

Minuteman 55.08 c 51.0 ab 

Snow Crown 55.1 c 54.5 abcd 

Violet Queen 57.8 abc 72.3 g 

White Sails 53.6 bc 51.3 ab 
z
 Plant height was measured from the soil line to the tip of the first full sized leaf; 1 cm = 0.3937. 

y
 Values given are the means of four replicates. Means followed by the same letter within each 

experiment are not significantly different using the Tukey-Kramer honestly significant difference 

(P ≤ 0.05).  
x
 ‘Cassius’ was omitted from the 2015 trial because seed could not be obtained 

 

 

Maturity and Harvest Span. In 2014, the average number of growing degree days 

(GDD) from transplant to harvest ranged from 922 – 1115 GDD whereas in 2015 the number of 

GDD ranged from 1345 – 1510 (Table 2.4). ‘Cassius’ and ‘Snow Crown’ were early producing 

varieties in 2014 and ‘Amazing’, ‘Apex’, ‘Artica’, and ‘Graffiti’ were late season varieties that 

same year. The remaining varieties were all mid-season varieties (Table 2.4). ‘Violet Queen’ was 

excluded from the statistical analysis for 2014 since curds were harvested from less than 50% of 

the plants (Table 2).  Similar results were seen in 2015. ‘Snow Crown’ was an early season 

variety and ‘Amazing’, ‘Apex’, and ‘Violet Queen’ were late season varieties (Table 2.4). 

‘Artica’ and ‘Graffiti’ were also late season varieties but were excluded from statistical analysis 

since less than 50% of the plants produced harvestable curds (Table 2.2).    
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In 2014, the span of harvest varied from 11-22 d with ‘Cheddar’ being harvested over the 

longest span; however, no significant differences were observed among varieties for harvest 

span. In 2015, significant differences were observed among varieties. Harvest span ranged from 

11-30 d with ‘Cheddar’ having numerically the longest harvest period, but was not statistically 

significant from several other varieties (Table 2.4).  

 

 

Table 2.4 Mean growing degree days (GDD) from time of transplant needed for cauliflower 

varieties to reach maturity and average span of harvest for cauliflower varieties for 2014 and 

2015 in Geneva, NY.  

 

 Mean GDD
z
 to harvest

y
  Mean harvest span (d)

x
 

Variety 2014 2015  2014 2015 

Amazing 1081 e
w
 1499 d  14 29 bc 

Apex 1095 e 1510 d  18 25 abc 

Artica 1115 e -
v  12 -

 

Candid Charm 996 cd 1406 c  14 13 a 

Cassius
u
 926 a -  15 - 

Cheddar 1022 d 1396 c  22 30 c 

Fremont 969 bc 1384 bc  14 20 abc 

Graffiti 1087 e -
  16 -

 

Minuteman 950 ab 1370 bc  18 11 a 

Snow Crown 922 a 1321 a  11 15 abc 

Violet Queen -
 

1505 d  -
 

21 abc 

White Sails 994 cd 1345 ab  14 13 ab 
z
 GDD is calculated each day as the average of the maximum and minimum temperature minus 

base temperature of 50 °F (10.0 °C). 
y
 The average of GDD from transplanting to harvest. 

x
 The average of days from the first curd harvested to the last curd harvested by plot. 

w
 Values given are the means of four replicates. Means followed by the same letter within each 

experiment are not significantly different using the Tukey-Kramer honestly significant difference 

(P ≤ 0.05); 2014 had no significant differences in the mean harvest span. 
v
 Less than 50% of the plants produced harvestable curds. The GDD and harvest span calculated 

were excluded from the statistical analysis due to the small number harvested.  
u
 ‘Cassius’ was omitted from the 2015 trial because seed could not be obtained. 

 

 



 

24 

Discussion 

Cauliflower intended for the market place must be free of disease, fuzziness, and riciness. 

Since the standards for cauliflower are high, it is important that growers choose varieties that are 

less susceptible to disease and perform well under New York growing conditions. This study 

revealed that there are cauliflower varieties that perform better than others. In regards to 

susceptibility to Alternaria leaf spot, both the purple varieties, ‘Violet Queen’ and ‘Graffiti’ were 

less susceptible when comparing disease severity on the leaves as compared to the other varieties 

tested. Colored curds are excellent for niche markets like a farmers market or community 

supported agriculture, however for large scale, wholesale production, white curds are the most 

marketable.  When comparing the white varieties, ‘Artica’ and ‘Candid Charm’ did not have 

significantly more disease in both 2014 and 2015 than ‘Violet Queen’. 

According to USDA standards, not only must cauliflower be free of disease, fuzziness, 

and riciness but it must also meet the size requirements. The first year of the trial had much 

higher yields than the second year of the trial (Table 2.2). The plants themselves were fully 

grown at the time of harvest given the plant heights of all the varieties were similar (Table 2.3). 

Cauliflower initiates curd formation when exposed to cooler temperatures at a certain maturity 

(Wurr et al., 1988). If the cauliflower is exposed to warm temperatures after exposure to cool 

temperatures, the curd can revert back to vegetative growth resulting in fuzziness in curds and 

reduced yields (Grevsen et al., 2003). In 2015, the average temperatures were higher during 

August and September. Two of the varieties showed very different performances from 2014 to 

2015. Both ‘Candid Charm’ and ‘White Sails’ had high yields and large curds during 2014, but 

were low yielding in 2015 and exhibited fuzziness. These varieties were forming curds during 

warmer temperatures and may be more sensitive to warm weather than some of the other 
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varieties such as ‘Minuteman’ and ‘Fremont’ that were forming curds at the same time (Table 

2.4). Other varieties, although smaller from the previous year, were still able to produce sizable 

curds meeting USDA size standards in 2015. ‘Artica’, ‘Apex’, and ‘Fremont’ produced the 

largest curds each year of the trial.  ‘Artica’ and ‘Apex’ produced large compact white curds; 

however, they were both late season varieties and each year of the trial some curds never formed 

or matured enough to harvest (Table 2.2). The lack of curd formation could also be related to 

weather as in some cauliflower varieties curd formation is inhibited by high temperatures 

(Nieuwhof, 1969).  ‘Artica’ did produce more curds in 2014 than in 2015 (Table 2.2). The 2015 

growing season had warmer temperatures on average throughout August (77 °F) and September 

(76 °C) and less than 50% of the curds were harvested from ‘Artica’. In addition, to the change 

in yield from 2014 to 2015 differences were seen in the GDD each year of the trial. The GDD 

indicate the accumulation of warm weather throughout the course of the growing season. Curd 

formation is dependent on exposure to a vernalization period and the warm temperatures likely 

resulted in delaying curd initiation and lower yields in some varieties.  

Some of the varieties did show consistent results over the two years of this trial. 

‘Fremont’, ‘Minuteman’, and ‘Apex’ were consistent each year of the trial. Their yield, curd 

weight, and curd width were slightly smaller the second year of the trial; however, they were 

more consistent than some other varieties. They formed compact curds with tight flower clusters 

which are desirable traits for market, whereas ‘Amazing’, ‘Snow Crown’, and ‘Cassius’ 

produced sizeable curds meeting USDA size standards, but they produced less compact curds. In 

regard to the colored varieties, ‘Graffiti’ and ‘Cheddar’ produced compact curds each year and 

were not as affected by weather. ‘Cheddar’ also had a longer harvest span as compared to other 
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varieties (Table 2.4). ‘Violet Queen’, a purple variety, did not produce large curds either year of 

the trial and the curds produced were not compact in nature.  

 Results of this study indicate the importance of conducting variety trials under the 

specific conditions for the region of interest for more than one year, and will help growers 

determine which variety best suits their needs. The study also revealed that most varieties are 

susceptible to Alternaria leaf spot disease and future work could be done to screen additional 

varieties or breeding lines to identify those that may be less susceptible.
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CHAPTER 3 

 

POPULATION DIVERSITY AND SENSITIVITY TO AZOXYSTROBIN OF ALTERNARIA 

BRASSICICOLA IN NEW YORK STATE 

 

Abstract 

Alternaria brassicicola is the causal agent of Alternaria Leaf Spot, a common disease of 

brassica crops in New York State. New York isolates of A. brassicicola were collected from a 

variety of brassica crops and locations, to evaluate the population diversity and screen for 

fungicide sensitivity. Isolates were genotyped for ten microsatellite loci and assayed for 

sensitivity to azoxystrobin, a Quinone outside inhibitor (QoI) fungicide. The New York State 

population of A. brassicicola was found to have high levels of genotypic diversity and the 

population was found to be in linkage disequilibrium. In vitro assays determining the effective 

concentrations reducing spore germination by 50% (EC50) detected a range of sensitivity values 

from 0.22 to 14.12 µg/ml of azoxystrobin. In order to confirm the sensitivity of 47 isolates to 

azoxystrobin the cytb gene was characterized and sequenced to determine if any of the mutations 

known to confer resistance to azoxystrobin were present. The mutations, F129L, G137R, and 

G143A, were not detected in the isolates studied. 
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Introduction 

New York State is the second largest producer of fresh market cabbage in the United 

States with 8,300 acres harvested in 2014 for a value of $72 million (United States Department 

of Agriculture (USDA), 2015). New York producers also grow fresh market cauliflower and 

processing cabbage along with many other minor brassica crops intended for fresh market. An 

economically important pathogen for cultivated brassica crops is Alternaria brassicicola, causal 

agent of Alternaria leaf spot. The disease begins with small black lesions (1 mm) on the leaves 

that enlarge over time to form concentric bull’s eye lesions. The disease can appear on the 

harvested portion of the crop resulting in a damaged and unmarketable crop and is especially 

noticeable in cauliflower curds where black spots appear on the white florets.  

The climate of New York State is an ideal environment for A. brassicicola which has 

optimal sporulation at temperatures between 20-30 °C and a relative humidity of at least 87% 

(Humpherson-Jones and Phelps, 1989). Alternaria brassicicola epidemics can start the following 

growing season due to seed transmission and survival on crop debris (Humpherson-Jones, 1989; 

Köhl et al. 2011,  2010). Alternaria brassicicola produces conidia that are dispersed by wind and 

rain splash (Chen et al., 2003). Infection can also spread during the growing season through 

insects and weed species (Cobb and Dillard, 1998; Dillard et al., 1998). 

Alternaria brassicicola has no known sexual stage and is thought to reproduce primarily 

through asexual reproduction.  Although no sexual stage has been found, high levels of diversity 

have been observed in A. brassicicola populations in Australia (Bock et al., 2005; Linde et al., 

2010).  The authors suggested that recombination was occurring occasionally for A. brassicicola. 

Bock et al. (2005) found high levels of genetic diversity for 5 populations of  A. brassicicola in 

Australia infecting Cakile maritima (European Searocket) using amplified fragment length 
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polymorphisms; however, the populations studied were in linkage disequilibrium.  Another study 

used microsatellites to look at A. brassicicola populations from C. maritima in Australia and also 

found high levels of genetic diversity and gene diversity (Linde et al., 2010).   

High levels of genotypic diversity along with gene diversity can be an indication of 

recombination (Milgroom, 1996). Similarly, other studies on Alternaria spp. have also found 

high levels of diversity including;  A. alternata on pear, pistachio, potato, tomato, and citrus 

along with indoor allergen samples (Adachi et al., 1993; Aradhya et al., 2001; Meng et al., 

2015a; Morris et al., 2000;  Stewart et al., 2013; Woudenberg et al., 2015). High levels of 

diversity have also been found in A. solani on tomato and potato (Meng et al. 2015b; van der 

Waals et al. 2004). However, little was known about the diversity of the New York State 

population of A. brassicicola.  

Growers in New York State commonly use strobilurin fungicides such as azoxystrobin to 

control for Alternaria leaf spot. Azoxystrobin, a quinone outside inhibitor (QoI) fungicide, has a 

single site mode of action. Azoxystrobin inhibits mitochondrial respiration by binding to the Qo 

site of cytochrome b, blocking electron transfer between cytochrome b and cytochrome c1 and 

thus, disrupting the energy cycle by prohibiting ATP production (Bartlett et al., 2002).  

Resistance to azoxystrobin has been found in A. alternata, A. tenussima, A. arborescens, and A. 

solani (Ma et al., 2003; Ma and Michailides, 2004; Pasche et al., 2004).  Three single site 

mutations in cytochrome b, F129L, G137R, and G143A, have been found in agricultural systems 

that confer resistance to azoxystrobin (Fisher and Meunier, 2008).  The F129L mutation confers 

partial resistance and replaces a phenylalanine with a leucine at codon 129 in the cytb gene and 

has been found in A. solani (Pasche et al., 2005). The G143A mutation confers complete 

resistance and replaces a guanine with an alanine at cytb codon 143 and has been found in 
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various Alternaria spp. (Ma et al., 2003; Vega et al., 2012). The G143A mutation is much more 

prevalent and the cause of the QoI resistance in many plant pathogens (Gisi et al., 2002).  The 

G137R mutation is less common but has been found to confer partial resistance by exchanging a 

glycine with an arginine at cytb codon 137 (Sierotzki et al., 2007).  The goal of this study is to 

determine how diverse the population of A. brassicicola is for New York State and to determine 

the level of sensitivity of New York isolates of A. brassicicola to azoxystrobin.  

 

Materials and Methods 

Isolates Used in this Study. Isolates of A. brassicicola were collected over a period of 

years and locations across New York State (Table 3.1). Small pieces of plant tissue from the 

edge of a leaf lesion were surface sterilized and rinsed in sterile distilled water before plating on 

potato dextrose agar (Difco PDA, Becton, Dickinson, and Company, Franklin Lakes, NJ). Single 

conidial isolates were then obtained from each culture by placing a 10 mm plug into a 1.5 mL 

tube with 1 mL of sterile water and mixed by inversion. This suspension was diluted 1:100 and 

1:1000 and 100 µL of each dilution was spread on a PDA plate. Plates were then grown at room 

temperature for 24 hours. After 24 hours, single germinated conidia were observed with a stereo 

microscope (Olympus CX31, Waltham, MA) and transferred to a PDA plate.  

DNA Extraction and Confirmation of A. brassicicola Isolates. Small amounts of 

mycelia from the single conidial isolates were scraped off of the plates using a sterile pipette tip 

and were placed in 50 mL of potato dextrose broth in 200 mL Erlenmeyer flasks and grown for 

5-10 days at room temperature (22 °C) on a shaker at 100 rpm. The mycelium was then collected 

by vacuum filtration. DNA extractions were performed using the Qiagen DNAeasy Plant Mini 

Kit according to the manufacturer’s instructions with slight modifications (Qiagen, Valencia, 
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CA). In order to disrupt the tissue, 35-100 mg wet mycelia was placed in a 2 mL safe-lock round 

bottom centrifuge tube with one 5 mm sterile stainless steel grinding bead (Qiagen) and shaken 

in a Qiagen Tissue-Lyser at 30 cycles per second for 30 seconds. After the final wash step with 

buffer AW2, a one minute centrifuge cycle was added to help dry the filter. The incubation with 

AE elution buffer was extended to 15 minutes for the final step of the kit protocol (Dunn et al., 

2010). Quantity and quality of the extracted DNA was determined using a Nanodrop 

Spectrophotometer ND-1000 (NanoDrop Technologies, Wilmington, DE). 

Each single conidial isolate was confirmed to be A. brassicicola with PCR using 

previously designed species specific primers ABRA1 and ABRA2 (Iacomi-Vasilescu et al., 

2002). Each 25 µL reaction contained 1 µL of DNA (10-50 ng), 0.2 µM of each primer, 200 µM 

each dNTP, 1x Green GoTaq reaction buffer containing 1.5 mM MgCl2, and 1.0 U GoTaq DNA 

polymerase (Promega Corp., Madison, WI). PCR reactions were conducted in a Bio-Rad C1000 

Touch Thermal Cycler (Bio-Rad, Hercules, CA) with an initial denaturation of 3 min at 94°C, 

followed by 35 cycles of 30 secs at 94°C, 50 secs at 55°C, and 1 min at 72°C and a final 

elongation at 72°C for 10 min. PCR reactions were verified by running on a 1.5% agarose gel 

with 1% ethidium bromide. Each isolate was also tested with primers ABRE1 and ABRE3 

previously developed for A. brassicae which causes similar symptoms in a similar host range as 

A. brassicicola  (Guillemette et al., 2004).  The same PCR conditions that were used for the 

ABRA1/ABRA2 primer pair were also used for ABRE1/ABRE3 primer pair.  

Simple Sequence Repeat Analyses. Ten microsatellite loci were used to determine 

genotypes for 49 A. brassicicola isolates using primer pairs previously designed for A. 

brassicicola (Avenot et al., 2005). Forward primers for each pair were fluorescently labeled with 

one of the following dyes at the 5’ end: 6-FAM, VIC, NED, or PET (Applied Biosystems, Grand 
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Island, NY).  Primer pairs were used in separate 25 µL PCR reactions containing 10 ng DNA, 

0.4 µM of each primer, and 200 µM of each dNTP, 1 x Green GoTaq reaction buffer containing 

1.5 mM MgCl2, and 1.0 U GoTaq DNA polymerase (Promega). PCR reactions were conducted 

in a Bio-Rad C1000 Touch Thermal Cycler with an initial denaturation of 3 min at 94°C, 

followed by 30 cycles of 30 secs at 94°C, 30 secs at the appropriate annealing temperature (see 

below), and 30 secs at 72°C with a final elongation at 72°C for 10 min. Primers for loci Abmic1, 

Abmic2, Abmic3, Abmic4, Abmic5, and Abmic7 were amplified with an annealing temperature 

of 55 °C. Loci Abmic9 and Abmic 11 were amplified with an annealing temperature of 60 °C, 

Abmic8 at 58 °C, and Abmic10 at 56 °C (Avenot et al., 2005). For analysis, 1 µL of PCR 

product was added to.04 µL GeneScan-500 LIZ size standard (Applied Biosystems) and 15 µL 

of formamide (Sigma-Aldrich, St. Louis, MO). Fragments were sized using an ABI 3730xl DNA 

Analyzer at the Cornell University Institute of Biotechnology Genomic Facility. 

Electropherograms were viewed in PeakScanner (Applied Biosystems) and alleles were scored 

manually.  

Statistical Analysis. The RStudio Version 0.99.878 statistical software (RStudio Team, 

2015) was used along with the poppr package version 2.1.0 (Kamvar et al., 2014) to determine 

the number of multilocus (MLG) genotypes in the 49 isolates using allele sizes from the 10 loci 

assayed. An analysis of molecular variance (AMOVA) was conducted using  poppr to estimate 

the proportion of variation observed from differences within and among counties, years, and 

isolates from different host plants (Excoffier et al., 1992). Significance was determined using 

999 permutations. The poppr package was used to create a dendrogram of all isolates using the 

unweighted pair group method with arithmetic mean (UPGMA) analysis and Bruvo’s distance 

with 999 bootstraps and cutoff value of 50%. Minimum spanning networks were also created for 
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host, county, and year collected using Bruvo’s distance. The poppr package was also used to 

calculate the following for the entire New York population: Shannon –Weiner’s index of genetic 

diversity (H’) (Shannon, 2001), Stoddart and Taylor’s index of MLG diversity (G) (Stoddart and 

Taylor, 1988), Simpson’s Index of diversity (λ) (Simpson, 1949), evenness (E5) (Grünwald et al., 

2003), and the index of association (IA) (Brown et al., 1980). Nei’s index of gene diversity (Hexp) 

(Nei, 1978) was also calculated after removing any non-polymorphic loci.  

Azoxystrobin in Vitro Sensitivity. Isolates were exposed to azoxystrobin (Sigma-

Aldrich) by adding the chemical (dissolved in acetone) along with salicylic hydroxamic acid 

(SHAM, Sigma-Aldrich) dissolved in methanol to sterile water agar (1.5%) that had been cooled 

to 55 °C (Ma et al., 2003; Pasche et al., 2004).The final concentrations of azoxystrobin in the 

water agar media were 25, 10, 1.0, 0.1, 0.01, and 0.001 µg a.i./mL, while all media contained 60 

ug/mL SHAM (Vaghefi et al., 2016). Final concentrations of the solvents in the fungicide 

amended water agar did not exceed 0.25% (v/v). Control plates consisted of water agar and water 

agar amended with 60 µg/mL of SHAM.  

Alternaria brassicicola isolates were tested for fungicide sensitivity to azoxystrobin by 

determining the effective concentration at which 50% spore germination was inhibited. A spore 

suspension was made from a 7 day old culture grown on PDA at room temperature with 15 hour 

day light, by adding 5 mL of sterile distilled water to the culture and dislodging spores with a 

sterile L-shaped spreader. The suspension was then passed through a double layer of sterile 

cheese cloth. Concentration of spore suspension was determined with a hemocytometer and 

adjusted to 10
4
 conidia/mL. The suspension (50 µL) was spread onto water agar amended with 

fungicide and SHAM. Plates were stored in darkness for 24 hours at room temperature. After 24 

hours, 100 conidia were counted per plate by placing agar squares on a slide and examined 
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microscopically.  A conidium was considered germinated if germ tube was longer than or equal 

in length to the conidium (Rogers and Stevenson, 2010). The entire experiment was repeated, for 

a total of two plates (100 conidia per plate) that were counted for each isolate at each fungicide 

concentration along with the water agar and water agar plus SHAM controls.  

The Satistical Analysis System (SAS) Version 9.4 (Cary, NC) was used to perform a t 

test across all isolates comparing the water agar control and the water agar plus SHAM control to 

determine if the SHAM resulted in any germination inhibition. A probit analysis was performed 

using SAS to calculate the effective concentration needed for 50% inhibition based on the water 

agar control.  

Cytochrome b Sequencing. Primers were developed for the A. brassicicola cytb gene 

targeting the hotspots for mutations known to confer azoxystrobin resistance, F129L and G143A. 

Two sets of primers were designed due to a large intron (approx. 1,315 bp) located after codon 

131. Primers CytB129.2F (5’-AAC CCA TAG ATA GTG CGT CTA GGA-3’) and CytB129.2R 

(5’-ATC TAC GCG GAG GTG ATA CAG-3’)  were used to amplify a fragment of the cytb 

gene containing codon 129 and primers AbCytB101F (5’-TTG GCG ATG TTA GTG AAT ACG 

A-3’) and AbCytB92R (5’-ATA CCC ATC TCC ATC AAT TAG TCC-3’) were used to amplify 

a fragment of the cytb gene containing codons 137 and 143.  For these PCR amplifications, each 

25 µL reaction contained 30 ng of genomic DNA, 0.2 µM of each primer, and 1x EmeraldAmp 

GT PCR Master Mix (Takara Clontech Laboratories, Mountain View, CA). PCR reactions were 

conducted in a Bio-Rad C1000 Touch Thermal Cycler (Bio-Rad, Hercules, CA) with an initial 

denaturation of 3 min at 94°C, followed by 35 cycles of 30 secs at 94°C, 30 secs at 59°C, and 30 

secs at 72°C and a final elongation at 72°C for 10 min. PCR reactions were verified by running 

on a 1.5% agarose gel with 1% GelRed Nucleic Acid Stain (Biotium, Hayward, CA).  PCR 
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products were then purified using Zymo DNA Clean and Concentrator kit (Zymo Research 

Corp., Irvine, CA), and sequenced at the  Cornell University Institute of Biotechnology Genomic 

Facility.  Sequences were analyzed using Molecular Evolutionary Genetics Analysis (MEGA) 6 

(Tamura et al., 2013).  

 

Results 

Simple Sequence Repeats Genotyping. A total of 49 isolates collected in New York 

State were used in the diversity study (Table 3.1). Ten microsatellite loci were examined and 8 

out of the 10 were found to be polymorphic, with a total of 44 MLGs observed. The number of 

alleles found for each of the loci ranged from 1-10 alleles (Table 3.2). In all cases, one allele was 

amplified per isolate per locus. Five of the MLGS were identified twice. In four out of the five 

shared MLGs, there was a common host, county, or year of collection (Table 3.3). Results from 

the AMOVA revealed that there was no significant genetic differentiation between or within 

counties and years of collection. The AMOVA did reveal significant genetic differentiation (P < 

0.05) among isolates from different host plants and accounted for 4.36% of the variation in the 

NY population. Most of the variation observed occurred within samples.
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Table 3.1 Sensitivity of New York State isolates of Alternaria brassicicola with the year they 

were collected, the county where they were collected, the host plant from which they were 

isolated, and the concentration of azoxystrobin that effectively reduced spore germination by 

50% (EC50). 
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Table 3.1 

 

Isolate 
Year 

Collected 
County Host Plant 

EC50
a
 

(µg/mL) 

759B 1994 Unknown Cabbage   0.75 

914A 1997 Ontario Pennycress   2.11 

955A 2000 Unknown Cabbage   2.25 

990A 2001 Yates Cabbage   2.23 

997A 2002 Dutchess Cabbage   7.78  

1002A 2002 Cortland Cabbage 14.12  

1121A 2010 Ontario Cabbage   1.72 

1122A 2010 Orleans Cabbage   2.29 

1123A 2010 Wayne Cabbage   4.61 

1126A 2010 Ontario Cabbage   6.71 

1128A 2010 Ontario Cauliflower   -
b 

1130A 2010 Ontario Cauliflower   0.74 

1133A 2010 Orleans Cabbage   1.02 

1135A 2010 Monroe Cauliflower   7.76 

1136A 2010 Monroe Cabbage   0.61 

1138A 2010 Ontario Cabbage   5.59 

1139A 2010 Ontario Cabbage   0.60 

1140A 2010 Ontario Cabbage   0.65 

1141A 2010 Ontario Cabbage   0.86 

1144A 2011 Ulster Kale   0.86 

1146A 2011 Suffolk Brussels sprouts   0.43 

1147A 2011 Ontario Cauliflower   2.33 

1149A 2011 Ontario Broccoli   0.97 

1153A 2011 Rensselaer Cabbage   1.12 

1155A 2011 Ontario Cabbage   1.04 

1156A 2011 Monroe Cabbage   1.43 

1157A 2011 Ontario Cabbage   0.33 

1158A 2011 Ontario Cabbage   7.12 

1160A 2011 Ontario Kale   1.56 

1161A 2011 Washington Cabbage   2.79 

1162A 2011 Monroe Brussels sprouts   2.70 

1163A 2011 Orleans Cabbage   0.22 

1164A 2011 Orleans Cabbage   1.45 

1165A 2011 Genessee Broccoli   0.49 

1166A 2011 Genessee Cauliflower   0.66 
a 
EC50 was calculated using a probit analysis.  

b
 Isolates were included in simple sequence repeat analysis; however, were lost prior to the 

azoxystrobin sensitivity screening.
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Table 3.1 (continued) 

 

Isolate 
Year 

Collected 
County Host Plant 

EC50
a
 

(µg/mL) 

1167A 2011 Genessee Cabbage   0.64 

1168A 2011 Tompkins Brussels sprouts   0.99 

1169A 2011 Tompkins Brussels sprouts 11.03 

1170A 2011 Tompkins Cabbage   1.89 

1171A 2011 Tompkins Kale   0.57 

1172A 2011 Tompkins Kale   0.92 

1173A 2011 Tompkins Cabbage   1.11 

1193A 2013 Ontario Cabbage   0.28 

1195A 2013 Genessee Brussels sprouts   2.68 

1196A 2013 Genessee Cauliflower   1.56 

1198A 2013 Genessee Broccoli   2.16 

1199A 2013 Erie Broccoli   5.13 

1200A 2013 Ulster Broccoli   -
 

14001A 2014 St Lawrence Cabbage   0.29 
a 
EC50 was calculated using a probit analysis.  

b
 Isolates were included in simple sequence repeat analysis; however, were lost prior to the 

azoxystrobin sensitivity screening.
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Table 3.2 Number of alleles detected for A. brassicicola isolates for each microsatellite locus.  

Microsatellite 

Marker
a N

b 
Hexp

c 
Size of alleles (bp) 

Abmic1 2 0.12 115, 117 

Abmic2 2 0.33 124, 126 

Abmic3 3 0.53 105, 107, 109 

Abmic4 6 0.62 76, 92, 94, 96, 115, 135 

Abmic5 1 - 97 

Abmic7 1 - 107 

Abmic8 5 0.66 146, 148, 150, 152, 156 

Abmic9 9 0.80 76, 90, 92, 94, 96, 98, 100, 102, 104 

Abmic10 2 0.38 151, 154 

Abmic11 10 0.85 180, 183, 185, 188, 191, 197, 200, 206, 209, 212 
a
 Microsatellite markers developed by Avenot et al. (2005) 

b
 Number of alleles for individual microsatellite loci 

c
 Nei’s index of gene diversity (Nei, 1978) 

 

 

 

Table 3.3 Collection details for the A. brassicicola isolates that had the same multilocus 

genotypes as determined by 10 microsatellite loci.  

 

MLG Isolate Year County Host 

MLG 5 1136A 2010 Monroe Cabbage 

 

1141A 2010 Ontario Cabbage 

MLG 6 1167A 2011 Genessee Cabbage 

 

1198A 2013 Genessee Broccoli 

MLG 14 1169A 2011 Tompkins Brussels Sprouts 

 

1193A 2013 Ontario Cabbage 

MLG 27 990A 2001 Yates Cabbage 

 

1138A 2010 Ontario Cabbage 

MLG 37 1135A 2010 Monroe Cauliflower 

 

1196A 2013 Genessee Cauliflower 
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The dendrogram and minimum spanning networks revealed little structure as no 

clustering was observed by host, county, or year of collection. There were only 8 bootstrap 

values greater than 50% identified (data not shown). Measurements for genotypic diversity were 

high as determined by the Shannon –Weiner’s index of genetic diversity (H’), Stoddart and 

Taylor’s index of MLG diversity (G), and Simpson’s index of diversity (λ) (Table 3.4). Nei’s 

index of gene diversity (Hexp) was high for the entire population (Table 3.4). The genotypes 

occur at approximately the same frequency in the population given the high evenness (Table 

3.4).The index of association was significant (P > 0.05) indicating that the population observed 

is in linkage disequilibrium.  

 

 

Table 3.4 Population size, number of multilocus genotypes, genotypic diversity, and index of 

association as determined for New York State isolates of A. brassicicola with 10 microsatellite 

loci.  

 

 N
a 

MLG
b
 N1 

c 
G

d
 λ

e 
Hexp

f 
E5

g
 IA

h 
p-value

i 

New York 

State A. 

brassicicola 

isolates 

49 44 42.52 40.7 0.975 0.53 0.956 0.143 0.028 

a
 Total number of isolates used in this study 

b
 Number of multilocus genotypes identified from the alleles at 10 microsatellite loci 

c
 N1 = e

H’
 (Grünwald et al. 2003), H’ = Shannon –Weiner’s index of genetic diversity (Shannon, 

2001) 
d
 Stoddart and Taylor’s index of MLG diversity (Stoddart and Taylor, 1988) 

e
 Simpson’s Index of diversity (Simpson, 1949) 

f
 Nei’s index of gene diversity (Nei, 1978) calculated after removing non-polymorhpic loci 

g
 Evenness (Grünwald et al., 2003) 

h
 The index of association (Brown et al., 1980) 

i  
p-value for IA calculated using poppr (Kamvar et al., 2014). Significance was tested with 999   

  permutations 
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Sensitivity to azoxystrobin and cytb sequencing. No significant differences were 

observed between the water agar control and the water agar plus SHAM control. The EC50 values 

for the 47 isolates tested ranged from 0.22 – 14.12 µg active ingredient/mL azoxystrobin with a 

mean EC50 value of 2.49 µg/mL.  Nineteen of the 47 isolates were highly sensitive (EC50 value < 

1.0 µg/mL) and 20 of the 47 isolates were less sensitive (< 5.0 µg/mL). The remaining 8 isolates 

had EC50 values ranging from 5.13-14.12 µg/mL.  Due to the range of EC50 values, partial 

sequences for the cytb gene were obtained for all isolates tested with azoxystrobin. Mutations 

known to confer resistance to azoxystrobin were not found in any of the 47 isolates studied. All 

of the 47 isolates were found to have a large intron (approx. 1,315 bp). No heteroplasmy was 

observed in the electropherograms for any of the isolates at the locations for the three known 

mutations.  

 

Discussion 

This study revealed that the New York State population of A. brassicicola has high 

genotypic diversity as well as high gene diversity. Out of 49 isolates, 44 unique multilocus 

genotypes were found and confirmed by indices of genotypic diversity. The mean gene diversity 

which is calculated using the number and frequencies of alleles at each locus was also high with 

an estimate of 0.53 for the population. High levels of genotypic diversity is one of the major 

outcomes of having a recombinant population along with random association between alleles at 

different loci (Milgroom, 1996). The New York State population had high levels of diversity; 

however, the index of association calculated for the New York population was significantly 

different from zero indicating linkage disequilibrium and thus, a non-random association of loci. 

The index of association indicates that asexual reproduction is important for the population. A 
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population can be in linkage disequilibrium due to lack of recombination, selection, gene flow, 

drift, or gene linkage (Milgroom, 1996). Maynard-Smith et al. (2000) indicated that 

disequilibrium may occur because recombination is rare or absent or because there is 

geographical structuring within the populations. The New York isolates were analyzed as one 

population due to the lack of population structure, as there was little structure or clustering by 

host plant, year of collection, or county from which the isolate was collected. Lack of population 

structure might be a result of multiple introductions through seedborne inoculum.  Most of the 

variation came from among the individuals.  

Other studies have also seen high levels of diversity for A. brassicicola populations 

(Bock et al., 2005; Linde et al., 2010). Bock et al. (2005) suggested that the high levels of 

diversity observed were due to recombination; however, the populations studied were found to 

be in significant linkage disequilibrium indicating that clonal reproduction still exists among the 

populations.  The authors suggested this could be due to the fact that recombination happens only 

on occasion or perhaps numbers have not built up for the population to be in linkage equilibrium.  

Linde et al. (2010) used microsatellite markers to investigate the genotypic diversity of A. 

brassicicola populations in Australia and in addition to finding high levels of genetic diversity 

also found that all but two of the populations were in linkage equilibrium.  

Other Alternaria spp. in addition to A. brassicicola have also shown indication of 

recombination (Gannibal et al., 2007; Morris et al., 2000; Prasad et al., 2009; van der Waals et 

al., 2004) .   Distinct subpopulations of A. alternata sensu lato on citrus were found to be in 

linkage disequilibrium; however, when one of the subpopulations was examined further by 

dividing into two groups, one of the groups was found to be in linkage equilibrium even though 
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only one mating type existed (Stewart et al., 2013). The authors suggested that a parasexual life 

cycle was occurring in this population.  

The high levels of genotypic diversity seen in A. brassicicola isolates from New York 

State could be indicative of sexual reproduction; however, no sexual stage has been reported, and 

even though the population does not appear to be clonal, this does not mean that sexual 

reproduction is occurring in New York State. Future studies that include a larger sample size and 

sample by region may help detect if there is any geographical structuring within populations.  

There is no evidence for azoxystrobin resistance in NY at this time as we did not identify 

mutations at locations F129L, G137R, and G143A; however, a range of sensitivities was 

observed for A. brassicicola during in vitro assays. This is the first study that investigated the 

sensitivity of A. brassicicola to azoxystrobin, and the EC50 values can serve as a baseline for A. 

brassicicola to azoxystrobin. The range of EC50 values in A. brassicicola were higher than what 

is typically observed for baseline sensitivities in other Alternaria species. In carrot, baseline 

sensitivities for A. dauci to azoxystrobin were much lower and ranged from 0.01 to 0.37µg/mL 

(Rogers and Stevenson, 2010).  Sensitive Alternaria isolates from pistachio had EC50 values 

ranging from 0.008 – 0.045 µg/ml, whereas the resistant isolates had EC50 values greater than 

100 µg/mL and were found to contain the G143A mutation in the cytb gene (Ma et al., 2003). 

Pasche et al. (2005) reported that A. solani isolates sensitive to azoxystrobin had a mean EC50 

values of 0.0324 µg/mL, whereas isolates containing the F129L mutation  had  a mean EC50 

value of  0.3788 µg/mL. Since no mutations were found and the EC50 values were relatively low, 

we believe that no resistance has been detected at this time. 

In addition to determining the baseline sensitivity of A. brassicicola to azoxystrobin, this 

study also identified a large intron in the cytb gene after codon 131.  Other studies have shown 
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that the presence or lack of introns can have an effect on the presence of point mutations known 

to confer resistance to QoI fungicides (Grasso et al., 2006a).  In other pathosystems, introns 

located after codon 143 appear to prevent the G143A mutation from developing (Fernández-

Ortuño et al., 2008; Grasso et al., 2006b; Jiang et al. 2009; Samuel et al. 2011).  Leiminger et al. 

(2014) found two genotypes for the cytb gene in A. solani isolates in Germany, with genotype I 

containing introns after codon 126 and 143 and genotype II with an intron after codon 131.  They 

found that the genotype II isolates containing the intron after codon 131 also had the mutation for 

F129L. Since no cytb gene mutations were identified in the NY isolates tested, it is not known if 

the presence of the intron has an effect on the presence of mutations known to confer resistance.  

This is the first study investigating the population diversity and fungicide sensitivity to 

azoxystrobin of A. brassicicola isolates collected in New York State. Isolates of A. brassicicola 

were found to be highly diverse indicating possible recombination; however, the population was 

found to be in linkage disequilibrium indicating that asexual reproduction is still important for 

the population. The population could be undergoing sexual recombination and still be in linkage 

disequilibrium due to the rare occurrence of recombination or structuring within the population. 

Additional studies are needed with a greater number of isolates to gain better insights as to 

whether the population is in linkage disequilibrium or not.  

This study also found the NY population of A. brassicicola to be sensitive to 

azoxystrobin at this time with fungicide sensitivity assays and by analyzing the cytb gene for 

known mutations that confer resistance to azoxystrobin. The population should continue to be 

monitored for resistance as well as the presence of the intron in the cytb gene. At this point in 

time, growers in New York will still be able to use azoxystrobin to control for Alternaria leaf 

spot according to the pesticide label.  
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CONCLUSION 

 

When I began my Master of Science degree, I was interested in learning the skills 

necessary to conduct applied field research with the goal to help develop management strategies 

of vegetable pathogens. I was fortunate to begin with Helene Dillard who had a collection of 

Alternaria brassicicola isolates and who was interested in the pathogen diversity in New York 

State along with management strategies for Alternaria leaf spot on brassica crops including 

fungicide resistance. In addition to investigating pathogen diversity and fungicide sensitivity, I 

also evaluated cauliflower varieties for susceptibility to A. brassicicola due to the severity of 

Alternaria leaf spot on cauliflower and lack of information regarding performance of cauliflower 

varieties in New York State. Collectively, my work has provided me with a strong foundation of 

field and laboratory research skills that I will use as I move forward in my career. 

 

Cauliflower Variety Trial 

 Twelve commercial cauliflower varieties were evaluated for horticultural traits and 

susceptibility to Alternaria leaf spot during the summers of 2014 and 2015. These twelve 

varieties showed differences in both horticultural traits and disease susceptibility. The purple 

varieties, ‘Graffiti’ and ‘Violet Queen’ included in the trial had significantly less disease than 

some other varieties in the trial. The other varieties in the trial all had a similar response to 

disease. At this point in time, no cauliflower varieties are commercially available that have 

disease resistance to Alternaria leaf spot; however, the information from this trial will help 

growers understand better how the varieties they choose will respond to Alternaria leaf spot.  
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 The varieties also varied greatly in their horticultural traits. All of the varieties chosen 

varied in days to harvest with some varieties being early season and others mid to late season. In 

both years of the trial, a few varieties were delayed in forming curds and in some cases did not 

form any curds, most likely due to warm temperatures or other environmental factors. Some 

varieties producing curds mid-season, varied greatly in the quality of curds produced in each 

year of the trial. ‘Candid Charm’ and ‘White Sails’ performed well in 2014, but in 2015 

produced very small curds that had fuzziness or bracting due to environmental conditions. Some 

varieties did produce nice compact curds of marketable size each year of the trial and would be 

good options for growers.  

Since cauliflower is influenced greatly by temperature, it was important to conduct 

variety trials for more than one season. Cauliflower can be a difficult crop to grow but is an 

excellent high value crop for New York State growers especially with local foods in demand. 

The results from this trial will provide growers with more information regarding commercially 

available varieties and how the varieties respond to New York environmental conditions. As new 

cauliflower varieties become commercially available, further variety trials will need to be 

conducted to compare new varieties and their response to New York growing conditions. 

 

Population Diversity 

 Little had been known about the population diversity of the fungal pathogen, A. 

brassicicola in New York State before the research presented here. Isolates of A. brassicicola 

collected in New York State were analyzed with 10 microsatellite loci to gain a better 

understanding of the pathogen population. High levels of genotypic diversity and Nei’s gene 

diversity were found for A. brassicicola in New York State. High levels of diversity indicate that 
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recombination could be occurring in the population. The other indicator of recombination is 

linkage equilibrium; however, the New York State population was found to be in linkage 

disequilibrium indicating that asexual reproduction is still important for the population. 

Populations can be undergoing recombination and still be in linkage disequilibrium due to the 

rare occurrence of recombination or geographical structuring within the population.  

 Further studies need to be conducted using a larger number of isolates to determine if 

there is any population structuring by region within the state or by year collected. The research 

presented found little population structure based on location or year. Additional studies with a 

greater number of isolates would also most likely see high levels of diversity but would be able 

to better identify how much disease comes from secondary disease cycles or from overwintering 

inoculum based on the presence or lack of clones. A larger number of isolates might give a more 

accurate account of the association between loci and help to determine if the population is in 

linkage disequilibrium or not. The population was found to be in linkage disequilibrium which 

could be due to a variety of reasons including sample size, structuring within populations, or the 

rare occurrence of recombination. A larger sample size might allow for greater insights as to if 

the population is in linkage equilibrium or not. Also, examining a larger number of isolates from 

various hosts can help determine if there are host preferences among the isolates.  

 

Fungicide Sensitivity 

 Fungicide resistance is a major concern in agriculture production systems. Azoxystrobin 

is a single site fungicide frequently used by New York State growers against Alternaria leaf spot. 

The New York State population of A. brassicicola was screened for resistance to azoxystrobin 

with in vitro fungicide assays and the cytb gene was sequenced for known mutations that confer 
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resistance to azoxystrobin. The effective concentration that inhibits 50% of spore germination 

(EC50) was calculated from the results of the in vitro fungicide assays. Currently, there is no 

evidence of azoxystrobin resistance in A. brassicicola in NY. A range of sensitivities were seen 

from the EC50 values and can serve as baseline for future analysis of A. brassicicola field 

isolates. The primers developed to amplify regions of the cytb gene, where mutations that confer 

resistance are known to occur, can be used to monitor the A. brassicicola population for 

azoxystrobin resistance. The characterization of the cytb gene for A. brassicicola will be helpful 

for future work especially with the identification of the large intron located in the gene. The 

population should be monitored not only for mutations in the cytb gene but also for the presence 

or absence of the intron to see if the intron has any effect on the presence of mutations.  

 

Final Thoughts 

 Alternaria leaf spot is major concern for growers in New York State as even small 

infections can result in an unmarketable crop. Alternaria brassicicola has been a problem for 

New York growers for many years and now important information is known that can help 

improve management strategies for New York growers. The pathogen population is highly 

diverse and no resistance to azoxystrobin has been found at this time. Azoxystrobin can still be 

used by area growers to manage Alternaria leaf spot and should continue to be used according to 

the product label with appropriate rotations in order to prevent resistance from occurring. Tools 

have been developed to monitor the population for resistance to azoxystrobin should growers 

have concerns about the efficacy of the fungicide in the future. Since the pathogen is so highly 

diverse in the region, cultural management practices should continue to be implemented in order 

to avoid the spread of the pathogen and the development of new genotypes if recombination is 
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occurring in the population. Good cultural management techniques that reduce the amount of 

field inoculum can also help reduce the use and reliance on fungicides.  


