
ABSTRACT 

COCHRAN, SARAH MICHALA. Improving the Management of Tobacco Black Shank 

(Phytophthora nicotianae). (Under the direction of Dr. Lindsey Thiessen). 

 

Phytophthora nicotianae (Breda de Haan) is the causal agent of black shank of tobacco 

and causes decreased marketability and devastating yield losses of tobacco crops. Black shank is 

endemic in all North Carolina counties that produce flue-cured tobacco and is problematic in 

most tobacco production areas worldwide. The pathogen population is subdivided into 

physiological races based on isolate response to known host resistance genotypes. Races 0, 1, 

and 3 of P. nicotianae are present across all tobacco growing regions in North Carolina. Races 0 

and 1 are the most predominant races affecting North Carolina tobacco crops. While phenotypic 

differences such as disease severity and incidence differences on host genotypes separate the 

races, little is known about the molecular basis behind race differentiation. Race determination 

can have important implications for the selection of host resistant varieties and for management 

programs.  Understanding the genetic basis for race differentiation could aid in more targeted 

management strategies and lead to a reduction in the economic losses associated with P. 

nicotianae infection. Draft genomes of two physiological races of P. nicotianae – race 0 and race 

1 – were generated using Illumina sequencing to improve the genomic database of race-typed P. 

nicotianae isolates and aid in exploration of genomic differences separating these physiological 

races. 

        Integrated management systems incorporating cultural practices, chemical management, and 

host resistance are most effective at managing black shank and reducing disease severity. 

Overreliance on fungicide and single-gene host resistance has placed selective pressure on the 

pathogen population to overcome some management strategies. Three chemical management 

options are labeled for use in tobacco production to reduce the impact of P. nicotianae: 



mefenoxam or metalaxyl, oxathiapiprolin, and fluopicolide. Field trials were established in four 

North Carolina counties: Alamance, Yadkin, Wilson, and Edgecombe from 2017-2019. Average 

final disease percent across all sites for the 10 fungicide rotation programs ranged from 13.3% to 

62.8%, with the lowest final disease severity in Treatment 2 (Orondis Gold+Ridomil 

Gold+Presidio) and the largest in treatment 6 (Ridomil Gold). Treatment 2 and treatment 6 also 

had the smallest and highest AUDPC values, with 286 and 591, respectively. More research is 

needed to evaluate the impacts of combined host resistance and fungicide selection for managing 

black shank in heavily affected fields. 
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CHAPTER 1 

Review on the genomic knowledge, race structure, and management practices of P. 

nicotianae populations in tobacco production. 

 

Tobacco Production 

Tobacco [Nicotiana tabacum (L.)] is an herbaceous plant native to South and Central 

America that has been widely introduced across the world as an important non-food, cash crop 

(Garner 1875, McCants and Wotlz 1965, Tso 1972, Chaplin et al. 1976). Tobacco is a member of 

the Solanaceae family, and an estimated 125 countries in the world cultivate and produce 

tobacco (Eriksen et al. 2015). Flue-cured and burley tobacco are the two main types of tobacco 

grown as cash crop (Tso 1972), with cigar wrapper and dark tobacco also produced in the United 

States. North Carolina produces more flue-cured tobacco than burley, with 301,000,000 pounds 

of flue-cured produced and only 400,000 pounds of burley produced in the 2021 growing season 

(Brown 2022, USDA NASS 2022).  

N. tabacum grows up to 2 meters in height with elliptic, alternate, simple leaves up to 45 

centimeters long (Garner 1875). Clusters of white or pink flowers grow at the apex with 5-7 mm 

pedicels and can produce numerous, diminutive seeds (Tso 1972). A single tobacco plant may 

produce up to 150,000 seeds (Tso 1972). Tobacco is a hardy plant that can be grown in a wide 

range of environmental conditions and various ecological habitats like forests, plains, 

mountainous regions, wetlands, and savannahs (Garner 1875). Furthermore, N. tabacum is 

cultivated in sandy, loamy, and clay soils with a wide range of pH values (Chaplin et al. 1976). 

While it can occupy a wide variety of niches, optimal conditions for tobacco production include 

sandy, well-drained, high nutrient soils with full sun, temperatures ranging from 20-30 degrees 

Celsius, and a soil pH between 5.0-6.0 (Garner 1875, Peedin 1999). Tobacco requires a 90-120 
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period free from frost following transplant until harvest (FAO 2021), and the total length of the 

growing season is between 70-110 days (Tso 1972).  

Seeds are sown in float-trays and transplanted into the field after 40-60 days, when plants 

are 12 to 15 cm tall (Tso 1972, Chaplin et al. 1976, FAO 2021). Tobacco plants undergo 

vegetative growth for 50-70 days and rapid plant growth and elongation occurs. Following the 

vegetative growth stages there is a period of yield formation and ripening for 40-70 days (FAO 

2021). During this period of growth, the tobacco produces flowers. Flowers and suckers, or side 

shoots of growth, are removed to promote high value leaves (Chaplin et al. 1976, Vann et al. 

2022). Leaves are harvested in stages with the bottom-most leaves harvested first (Ellington 

2022). The rest of the canopy is harvested in groups of 2-3 leaves per week for a total of 30-50 

days of harvesting the crop (Tso 1972, FAO 2021).  

The United States produced 212,261,271 kilograms of tobacco in 2019, with only 7 states 

reporting tobacco production (USDA NASS 2019). As the leader of tobacco production in the 

United States, North Carolina produced 106,458,129 kilograms, accounting for 50% of the 

United States production (USDA NASS 2019). The 2019 tobacco production in North Carolina 

had an estimated value of $441,250,000, with a 40-million-dollar production value decrease from 

the 2018 growing season (USDA NASS 2019). Although the southeast US has a high potential 

for production of tobacco, disease is a significant threat to production. One of the most important 

threats to tobacco production is disease caused by Phytophthora nicotianae (Cartwright and 

Spurr 1998, Jin et al. 2022). 

Phytophthora nicotianae (Breda de Haan) is the causal agent of black shank of tobacco 

and causes decreased marketability and devastating yield losses of tobacco crops (Lucas 1975, 

Shoemaker and Shew 1999, Mila and Radcliffe 2015). In-field losses from P. nicotianae can 



   

    3 

 

reach up to 100% (Panabières et al. 2016) and causes significant economic impacts in high 

production regions like North Carolina (Todd 1981, Mila and Radcliff 2015, Gallup et al. 2018). 

The pathogen was first described in the 1860s in Indonesia and now is reported in all tobacco 

growing regions except Brazil (Shew and Lucas 1991, Gallup et al. 2006, Abad et al. 2010). P. 

nicotianae was first reported in North Carolina in 1931 and is an endemic pathogen in North 

Carolina tobacco production systems (Lucas 1975, Todd 1981). While there are management 

options to reduce disease incidence and severity, selective pressure has enabled P. nicotianae 

populations to evolve and overcome management strategies like resistant host varieties 

(McCorkle et al. 2018, Jin et al. 2022, Jin and Shew 2021, Jin and Shew 2022). Pathogen 

evolution that renders disease management practices ineffective puts tobacco production at risk 

and could lead to vast economic losses across the United States. 

 

Phytophthora nicotianae 

The genus Phytophthora is comprised of numerous plant pathogens that have extensive 

history of severe crop destruction, including the potato late blight pathogen Phytophthora 

infestans and the tobacco black shank pathogen Phytophthora nicotianae (Panabières et al. 

2016). The genus name Phytophthora is derived from the Greek word meaning “plant destroyer” 

(Schumann and D’Arcy 2000). Although P. nicotianae was first described in 1896 as a pathogen 

of tobacco in Indonesia, it has been reported on a wide variety of host plants (Panabières et al. 

2016). In the century following its description, this pathogen has been described on 255 plant 

genera under the name P. nicotianae (syn P. parasitica Datsur) and 14 other synonymous 

nomenclatures (Shew and Lucas 1991, Shoemaker and Shew 1999). Total economic losses from 



   

    4 

 

P. nicotianae infections are difficult to estimate due to the wide host range and variety of 

ornamental plants and field crops it infects (Panabières et al. 2016).  

P. nicotianae is taxonomically grouped in the Kingdom Chromista, phylum Oomycota, 

class Oomycetes, and order Peronosporales. The most recent advancement in Phytophthora 

nomenclature utilized the genetic markers 60S Ribosomal protein L10, beta-tubulin, elongation 

factor 1 alpha., enolase, heat shock protein 90, 28S ribosomal DNA, and tigA and found 10 

distinct clades in the genus Phytophthora (Yang et al. 2017). There are currently 10 clades in the 

genus Phytophthora based on molecular markers. Clade 1 contains 13 species of Phytophthora, 

including P. infestans and P. nicotianae (Kroon et al. 2012, Ludowici et al. 2013).  In taxonomic 

studies, P. nicotianae is grouped in clade 1 of the genus Phytophthora (Kroon et al. 2012, 

Ludowici et al. 2013). P. nicotianae is the only species in clade 1 not placed into a subclade 

(Kroon et al. 2012, Yang et al. 2017). The genome of P. nicotianae is estimated to be 98Mb and 

currently four genome assemblies are available, with two genomes from race-typed isolates 

(Shan and Hardham 2004, Liu et al. 2016, Abad 2020, Yuan et al. 2021). Morphological 

characteristics of P. nicotianae in culture were meticulously documented to aid in identification 

(Lucas 1958, Waterhouse 1970). P. nicotianae hyphae are branched and white with hyphal 

diameter ranging from 3-11 µm (Lucas 1958, Gallegly and Hong 2008, Bush et al. 2006). As 

hyphae mature, they may turn pale yellow and have a fluffy colony morphology. Hyphae are 

non-septate, but older cultures may develop pseudosepta. Hyphae appear granular and develop 

oil globules as they get older. Sporangia are sympodial, ovoid, lemon shaped or pyriform ranging 

in size of 18-61 by 14-39 µm (Lucas 1958, Gallegly and Hong 2008). Sporangia are hyaline to 

light yellow and form on a short pedicel from the hyphae. Sporangium have an apical papilla and 

can produce five to 30 zoospores that range in size from 7-11µm (Newhook et al. 1978, 
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Shoemaker and Shew 1999). Zoospores are biflagellate with flagella attached on the concave 

side of the spore. Hyaline to brown chlamydospores can develop and are spherical to ovoid in 

shape (Lucas 1958). Chlamydospores are non-papillate and range in diameter from 14-43 µm 

(Lucas 1958), with average chlamydospores measuring 30 µm (Gallegly and Hong 2008). These 

spores begin as thin-walled and hyaline but turn yellow to brown and have thickened cell walls 

when mature. Chlamydospores form intercalary or acrogenously on short lateral hyphae that are 

perpendicular to vegetative hyphae. While oospore production in the environment is relatively 

undocumented, oospore morphology has been recorded (Lucas 1975). P. nicotianae has spherical 

to pyriform oogonia that are hyaline to pale yellow with an enclosed oosphere. After fertilization, 

the oosphere develops into an oospore. Oospores form in the oogonium and average 23-30 µm in 

diameter (Lucas 1958, Gallegly and Hong 2008). 

P. nicotianae optimally grows in conditions with high humidity and warm temperatures, 

making it common in tropical and subtropical regions (Lucas 1958, Lucas 1975). Optimum 

temperature for pathogen growth is between 28-32 °C and optimal pH between 5.7-7.0, with 

temperatures above 20 °C required for optimal infection (Lucas 1958, Dukes and Apple 1965, 

Todd 1981, Shoemaker and Shew 1999). Sporangia development is dependent upon 

environmental oxygen and water supply (Lucas 1958). Ideal sporangia development conditions 

include a temperature between 24-28 °C and can form 48 hours after mycelial development 

(Lucas 1975, Shoemaker and Shew 1999). Under the same temperature, sporangia germinate to 

form secondary sporangia. Kidney shaped, bi-flagellate zoospores form inside the sporangia and 

emerge through the sporangia papilla. Zoospores swim in a circular pattern and germinate on 

host tissue forming sporangia that give rise to another generation of zoospores in 72 hours 

(Lucas 1958).  



   

    6 

 

Phytophthora nicotianae is a hemibiotrophic pathogen with a polycyclic disease cycle 

that most often infects through the host roots but can occasionally infect through leaves and 

flowers (Ludowici et al. 2013, Gallup et al. 2006). P. nicotianae establishes a biotrophic 

relationship with the host before inducing host cell death and entering a necrotrophic phase 

(Panabières et al. 2016). Infection occurs by the release of motile, wall-less zoospores from the 

asexual, multinucleate sporangia (Lucas 1958). Zoospore concentration in soil correlates with 

infection severity (Gooding and Lucas 1959). The zoospores follow chemical gradients in the 

soil to root tissue and form a cyst on the plant tissue (Mircetich and Zentmyer 1970, Lucas 

1975). After encysting on the host, a germ tube is produced and grows to form an appressorium 

to enter host cells (Meng et al. 2014, Shan et al. 2004). Germ tube formation is critical in the 

disease cycle of P. nicotianae and is subsequently the main target of management strategies 

(Shan et al. 2004). Appressoria penetrate host cells and occupy host parenchyma cells in the 

cortex and pith as well as host phloem and cambium cells. These invaded host cells shrivel, 

become desiccated, and are killed (Lucas 1958). P. nicotianae chlamydospores can also 

overwinter in the soil for 5 years or more and are the primary inoculum for the subsequent 

growing seasons (Apple 1962). 

Asexual reproduction is the primary means of reproduction for P. nicotianae (Gallup et 

al. 2018). While P. nicotianae can sexually reproduce, there has been little evidence of this 

phenomenon in field (Gallup et al. 2006, Meng et al. 2014, Gallup et al. 2018). Thick-walled 

oospores form during sexual reproduction due to the fusion of male and female gametangia 

(Hemmes 1983, Gallup et al. 2006). P. nicotianae is heterothallic, and oospore production 

requires the opposing A1 and A2 mating types for formation (Lucas 1975, Gallup et al. 2006). 

The overwintering potential of oospores and the potential for increased genetic variation 
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associated with sexual reproduction has led to concerns of changes in virulence and new 

pathogenicity characteristics (Gallup et al. 2018). The unequal frequency of these mating types 

found in the environment has given evidence that these concerns may be overestimated, and that 

oospore production is not significant in the pathogen life cycle (Meng et al. 2014). 

 

Black Shank of Tobacco  

Phytophthora nicotianae, the causal agent of black shank of tobacco, was first reported in 

the United States in Georgia in 1915 (Todd 1981) and later in Forsyth County, North Carolina in 

1931. It was geographically isolated until 6 years later (Lucas 1958, Todd 1981) when it spread 

to other North Carolina counties. Black shank is now present in all 62 North Carolina counties 

that produce flue-cured tobacco (Todd 1981, Gallup et al. 2006, USDA NASS 2019). 

 Black shank can infect tobacco at all growth stages, but primarily infects tobacco as 

seedlings in the first 6-8 weeks following transplant (Jacobi et al. 1983, Lucas 1975, Shoemaker 

and Shew 1999). After transplant, infected seedlings display uniform wilting with chlorotic areas 

spreading across the leaves (Figure 2) (Shoemaker and Shew 1999).  

Symptoms of black shank can be observed in as little as 48 hours after infection and plant 

death can occur within a week following infection (Lucas 1958).  As the disease progresses, 

symptoms of pathogen infection include water-soaked lesions on stem tissue, 15-20 centimeters 

above the soil line, and root necrosis (Todd 1981). Within the stem lesions, P. nicotianae hyphae 

may be present accompanied by brown to black colored disking of the pith tissue (Figure 1.2) 

(Thiessen et al. 2022). Pith disking and stem necrosis are the most diagnostic characteristics of 

black shank (Chaplin et al. 1976, Shoemaker and Shew 1999).  
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Although the pathogen primarily infects through root and stem tissue, foliar symptoms 

can also be present during disease progression when infested soil comes into contact with leaves 

(Shoemaker and Shew 1999). Lower leaves on the tobacco canopy develop large, circular dark-

brown lesions that are 7 to 8 cm in diameter following rain splash dispersal of inoculum (Lucas 

1958, Gallup et al. 2006).  

Black shank is a polycyclic disease and inoculum increases as the growing season 

progresses (Gallup et 2006). This disease spreads through infected plant material, via moving 

water, and by human transmission, and infected transplants are the primary source of inoculum 

introduction to new fields (Lucas 1958, Shoemaker and Shew 1999). Rainwater and irrigation 

can transport zoospores to noninfected, susceptible hosts, other water sources, and other fields 

(Lucas 1975). P. nicotianae is not likely to spread down rows in field and if it does, uniform 

disease symptoms will not be present within the row (Campbell et al. 1983, Shew 1987). Infected 

soil is carried mechanically by shoes, farm tools, animals, and automobile tires to introduce the 

pathogen to other locations (Lucas 1975). Black shank disease severity is dependent on 

environmental conditions for disease progression, host susceptibility, and inoculum density 

(Campbell et al. 1984, Shew 1987, McCorkle et al. 2018). Temperatures above 20 °C and 

ranging between 24-32 °C are favorable for disease development in the field (Shew and Lucas 

1991). Infection is unlikely to occur if the soil temperature remains below 20°C for the 5-7 days 

following transplant (Apple 1962, Tisdale and Kelley 1926, Lucas 1958, Jacobi et al. 1983).  

 

Management of Phytophthora nicotianae  

Integrated management systems incorporating cultural practices, chemical management, 

and host resistance are the most effective at managing black shank and reducing disease severity 
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(Shoemaker and Shew 1999). Cultural practices such as raised beds, crop rotation, and 

destruction of crop debris are integral in long term management of black shank (Lamour et al. 

2003, Gallup et al. 2006, Gallup 2009, Thiessen et al. 2022). Raised bed planting reduces the 

time in which soil can remain saturated and limits the movement of zoospores to root systems 

(Gallup 2009). Rotation of non-host crops reduces the amount of viable inoculum present in the 

soil and reduces nutritional requirements needed for pathogen survival (Gallup 2009). Current 

crop rotation strategies are 2 to 4-year rotations that incorporate forage crops, cotton, corn, or 

peanuts (Kincaid 1960, Thiessen et al. 2022). Destruction of crop debris hinders the buildup of 

inoculum for subsequent growing seasons (Gallup 2009, Thiessen et al. 2022). Sanitation 

through the use of disease free transplants is also integral in black shank management (Lamour et 

al. 2003). In addition to cultural management practices, chemical controls are beneficial to 

reduce disease losses.  

Chemical management can be beneficial as part of an integrated management system but 

is not effective when used on a susceptible variety (Gallup et al. 2006). There are three active 

ingredients and modes of action commonly used for black shank management: metalaxyl or 

mefenoxam, oxathiapiprolin, and fluopicolide (Rivera and Thiessen 2017, Thiessen 2022). 

Metalaxyl and metalaxyl-m (mefenoxam) are FRAC group 4 phenylamide fungicides that inhibit 

ribosomal RNA biosynthesis to reduce hyphal growth, haustoria development, and sporangia 

formation in oomycetes (Wollgiehn et al. 1984, Shew 1984), and have been heavily used for 

black shank management in tobacco (Staub and Young 1980, Gallup et al. 2006, Ji et al. 2014). 

Metalaxyl and mefenoxam are highly systemic and translocate through the xylem (Cohen and 

Coffey 1986), and applications are most effective at transplant or in an early growth stage due to 

the development of adventitious roots that readily absorb and systemically transport the 
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chemicals (Antonopoulos et al. 2010, Rivera and Thiessen 2017). The site specificity of 

metalaxyl and mefenoxam could lead to fungicide resistance in pathogen populations and should 

be monitored for (Hu et al. 2008). Oxathiapiprolin and fluopicolide are recently developed 

chemistries available to manage P. nicotianae (Bittner and Mila 2017) and are commercially 

available as Orondis (Syngenta 2022) and Presidio (Valent 2022), respectively (Rosado-Rivera 

and Thiessen 2017, Langston et al. 2021). Oxathiapiprolin is a FRAC group 49 oxysterol binding 

protein homolog inhibition (OSBPI) fungicide that inhibits zoospore release and motility, 

sporangia germination, and mycelial growth (Pasteris et al. 2016, Bittner and Mila 2016, Cohen 

et al. 2018). Oxathiapiprolin is most effective for black shank management when applied in 

transplant water (Rosado-Rivera and Thiessen 2019) and can reduce disease severity when 

applied at first and last cultivation (Bittner and Mila 2016). Chemical rotation of oxathiapiprolin 

at transplant, mefenoxam at first cultivation and oxathiapiprolin at last cultivation was the most 

effective management program when compared to repeated mefenoxam applications (Bittner and 

Mila 2016). Fluopicolide is a FRAC group 43 benzamide fungicide that delocalizes spectrin-like 

proteins and disrupts the cytoskeleton stability, inhibiting mycelial growth and suppressing 

sporangia production (Wang et al. 2014, Qu et al. 2016). Fluopicolide is most effective when 

applied to the soil during first cultivation or layby (Hansen and Hensley 2016). Current studies 

have proposed that applications of fluopicolide combined with propamocarb hydrochloride was 

more effective at black shank management than fluopicolide alone (Ren et al. 2018).  

The potential for fungicide resistance may significantly impact the efficacy of chemical 

fungicide applications for black shank management. Metalaxyl, mefenoxam, and oxathiapiprolin 

resistance is present in other Phytophthora species, and in P. nicotianae isolates affecting other 

host species (Shattock 1988, Timmer et al. 1998, Parra and Ristaino 2001). Bittner et al. 
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evaluated current oxathiapiprolin resistance in P. nicotianae populations and concluded that the 

fungicide is currently efficacious, and isolates did not show multiple resistance for mefenoxam 

and oxathiapiprolin; however, constant applications enabled mutations that reduced sensitivity 

with an associated fitness cost (Bittner and Mila 2016, Bittner and Mila 2017). Fluopicolide 

resistance has not been identified in P. nicotianae and the potential for resistance development 

has not been determined (Qu et al. 2016). Utilizing a combinatorial approach that incorporates 

additional management techniques, like host resistance, may help preserve the efficacy of 

fungicide chemistries available. 

Resistant varieties are the most effective tool available to reduce black shank disease 

(Todd 1981). Resistant cultivars containing resistance genes or traits that reduce disease 

incidence through other physiological traits may reduce P. nicotianae inoculum densities and 

disease severity (Jones and Shew 1995). For example, smaller, more compact root systems 

decrease disease incidence as host plants have a reduced chance of directly contacting P. 

nicotianae inoculum (Campbell et al. 1983, Jones and Shew 1995); however, compact root 

systems are not ideal for tobacco cropping systems and can lead to yield loss due to lack of host 

structural integrity (Jones and Shew 1995, Valleau et al. 1960). Several genes have been 

incorporated into commercial flue-cured tobacco lines. Quantitative, non-race specific resistance 

to P. nicotianae was derived from the cigar tobacco cultivar Florida 301 and is derived from 

multiple resistance genes (Xiao et al. 2013). Florida 301 resistance confers low to high levels of 

root-specific resistance but does not confer stem or leaf-specific resistance (Jones and Shew 

1995, Wernsman et al. 1974). Most current commercial flue-cured tobacco varieties with partial 

resistance have genotypes originating from Florida 301, but this source of high partial resistance 

still allows for large in-field losses (Sullivan et al. 2005b). The Php and Phl genes confer 
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complete resistance to the wild-type race 0 and were transferred to flue-cured and burley tobacco 

varieties by N. plumbaginifolia and N. longiflora, respectively (Valleau et al. 1960, Chaplin 

1962, Csinos 1999). In 2013, the Wz gene from Nicotiana rustica was introgressed into N. 

tabacum and conferred high levels of root-specific resistance to race 0 and race 1 while almost 

maintaining tobacco yield and quality (Drake and Lewis 2013, Drake et al. 2015, McCorkle et al. 

2018). While producers have several resistant varieties to choose from, reliance on varieties that 

have single-gene resistance due to their high value agronomic qualities (e.g., NC 196) has led to 

physiological race shifts in P. nicotianae populations (McDonald and Linde 2002, Gallup and 

Shew 2010, Sullivan et al. 2005b, Gallup et al. 2018). 

Race shifts are associated with the high selective pressure associated with single 

complete resistance genes (McDonald and Linde 2002). While partial resistance is more durable 

than complete resistance, P. nicotianae also has the potential to overcome partial resistance with 

an associated increase in isolate aggressiveness as populations are continuously exposed to 

resistance traits (Jin et al. 2022). Overreliance on host varieties with Php-based complete 

resistance shifted the race structure from predominately race 0 to race 1 in surveys of tobacco 

fields in the Southeast U.S. (Gallup and Shew 2010, Sullivan et al. 2005b, Gallup et al. 2018). 

Race 1 overcomes resistance conferred by the Php and Phl genes (Lucas 1975, Sullivan et al. 

2005b). Due to the change in race dynamics from deploying complete host resistance, partial 

resistance to P. nicotianae was developed to further combat in-field disease losses (Drake et al. 

2015, Vontimitta and Lewis 2012, Drake-Stowe et al. 2017). Although partial resistance may be 

more robust long-term for providing host resistance, pathogen adaptation to Florida 301 has been 

reported, and generations of P. nicotianae exposed to the high partial resistance increase in 

aggressiveness (Sullivan et al. 2005a). Sole reliance on Wz-based resistance could select for P. 
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nicotianae isolates with higher aggressiveness that can overcome the partial resistance 

(McCorkle 2018, Jin 2022).  

Deployment of host genotypes with different resistance backgrounds influences the race 

structure in P. nicotianae populations (Sullivan et al. 2005b, Thiessen et al. 2022, Gallup et al. 

2018, Jin 2022). When varieties containing complete resistance to race 0 were deployed in a 

four-year system, race 1 became the predominant race present in the field (Sullivan et al. 2005b, 

Thiessen et al. 2022). When low or high partial resistance cultivars were planted in rotation, race 

0 remained the predominate race (Sullivan et al. 2005b) due to fitness penalties associated with 

race 1 (Sullivan et al. 2005a, Gallup et al. 2018). Rotation of host cultivars with variable 

resistance genotypes incorporated into an integrated management strategy may maintain 

pathogen populations with lower fitness and mitigate pathogen potential for overcoming host 

resistance (Jin and Shew 2021). Additionally, including a spectrum of partial resistance genes 

that maintain populations of race 1 with lower aggressiveness while also incorporating host 

cultivars with complete resistance genotypes to reduce populations of race 0 with increased 

fitness and aggressiveness is the most effective at reducing black shank disease incidence and 

severity while also maintaining a manageable pathogen population (Jin 2022). 

 

Physiological Races of Phytophthora nicotianae in North Carolina  

Four physiological races of P. nicotianae (0, 1, 2, and 3) have been identified worldwide 

(Sullivan et al. 2005), and the classification of races has important implications for disease 

management (Apple 1962). Physiological races are morphologically similar but differ in their 

physical, biological or other characteristics (Ainsworth 2008) and are commonly defined by 

differences in pathogen response on host cultivars with known resistance genotypes. The four 
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races are defined on their ability to be pathogenic on cultivars with differing resistance 

backgrounds. Races 0 and 1 are the most predominate races in major tobacco growing regions 

(Liu et al. 2016), which is characterized by the inability or ability to overcome the Php gene, 

respectively. Races 0, 1, and 3 of P. nicotianae have been reported in North Carolina (Gallup and 

Shew 2010), in which race 3 can overcome the Phl gene but not the Php gene resistance. Races 0 

and 1 are the most predominant races found in N.C. with very few reports of race 3 presently 

reported (Gallup and Shew 2010), likely due to the low predominance of burley tobacco that 

carries the Phl gene. Race 0 of P. nicotianae was common in the U.S. (Lucas 1975) until a shift 

in race structure to race 1 occurred in the 1990’s due to overreliance on the Php gene (Sullivan et 

al. 2005b, Gallup and Shew 2010, Gallup et al. 2018). Gallup et al. (2010) conducted the most 

recent survey of North Carolina P. nicotianae race distribution and found that 75% of isolates 

collected were race 1 with only 20% of isolates identified as race 0. The increased distribution of 

race 1 is likely due to the continued planting of cultivars containing the Php gene across North 

Carolina, and the increased diversity of genetic backgrounds in commercial flue-cured tobacco 

may continue to shift the race structure of P. nicotianae (Sullivan et al. 2005, McCorkle et al. 

2015, McCorkle et al. 2018, Jin et al. 2022).  

Current race identification techniques are conducted in greenhouse settings and utilize 

host cultivars with known resistance genes (Gutiérrez and Mila 2007, Gallup et al. 2018). The 

tobacco variety Hicks is used as a universal susceptibility variety. Due to the Php an Phl genes 

conferring complete resistance to race 0 (Lucas 1975), tobacco indicator lines NC 1071 (Php) 

and KY 14xL8 (Phl) were used to distinguish between race 0, 1, and 3 isolates. Isolates that only 

presented symptoms on Hicks were identified as race 0, isolates that presented symptoms on all 

three cultivars were identified as race 1, and isolates that presented symptoms on Hicks and at 
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least one KY 14xL8 plant but did not overcome NC 1071 resistance were identified as race 3 

(Gallup et al. 2018). Duration of greenhouse experiments to determine race are 7 weeks or more, 

which makes this identification method time consuming and labor intensive. Results from 

greenhouse experiments can also be inconclusive and the cause of the result can be numerous 

and difficult to identify (Gallup et al. 2018).  

Race 0 isolates have higher fitness and pathogenicity than race 1 isolates, suggesting the 

presence of genotypic differences (e.g., effector density) and phenotypic differences (e.g., 

differential gene expression) between the two races (Sullivan et al. 2005, Liu et al. 2016, Gallup 

et al. 2018). A differing number of RxLR effectors has been reported in race 0 and race 1 of P. 

nicotianae. In race 0, 308 RxLR effector genes were predicted versus 199 effector genes were 

predicted in race 1 (Liu et al. 2016). The increase in RxLR effectors seen in race 0 may be 

related to increased aggressiveness and fitness seen in comparison with race 1 (Halterman et al. 

2010, Cooke et al. 2012, Yin et al. 2017). Race 0 also has an increased number of predicted 

crinkler (CRN) effectors compared to race 1, with 32 CRN effectors reported in race 0 and 26 

reported in race 1 (Liu et al. 2016). Due to the fitness cost associated with race 1, rotation of 

complete and partial host resistance may improve the efficacy of other management strategies by 

maintaining a larger population of less aggressive race 1 isolates even though rotation will not 

increase the durability of partial resistance in black shank management (Sullivan et al. 2005a, Jin 

and Shew 2021). Comparisons of the presence and absence of RxLR and CRN effectors in the 

two races could provide evidence of their differences and may be used to create a molecular race 

assay to rapidly identify physiological races.  
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Molecular Markers for P. nicotianae Management 

Molecular markers are a valuable tool for pathogen identification and taxonomic 

classification, and the introduction of next-generation sequencing (NGS) technology has further 

improved DNA marker discovery (Baxter et al. 2011). Previous DNA marker strategies designed 

for Polymerase Chain Reaction (PCR) technologies included restriction fragment length 

polymorphism (RFLP), random amplified polymorphic DNA (RAPD), amplified fragment 

length polymorphism (AFLP), sequence related amplified polymorphism (SRAP), cleaved 

amplified polymorphic sequence (CAPS), sequence characterized amplified region (SCAR), 

inter-simple sequence repeat (ISSR), and simple sequence repeat (SSR) (Arafa and Shirasawa 

2018). These molecular methods enable visualization of polymorphic genomic regions that give 

insight into population dynamics and diversity while also exploring plant-pathogen interactions 

(Patwardhan et al. 2014). Single nucleotide polymorphism (SNP)-based molecular markers have 

been at the forefront of current molecular diagnostics (Rahman et al. 2022), and next-generation 

sequencing (NGS) has improved precision and accuracy of SNP identification while also making 

high-throughput sequencing methods more economically accessible (Devran et al. 2015, Zheng 

et al. 2016).  

Race-specific markers identified in other plant pathogens have been developed into 

diagnostic molecular assays (Ling et al. 2016, Mesquita et al. 1998, Jiménez-Gasco et al. 2003, 

Ingram et al. 2020), which could be valuable in adapting for P. nicotianae population 

monitoring. Previous studies on P. nicotianae populations have examined molecular differences 

amongst isolates utilizing DNA marker techniques (Biasi et al. 2015, Gallup 2010, Sullivan et al. 

2010); however, none have identified markers correlated with race identity. Species specific 

markers are available for rapid P. nicotianae detection (Meng and Wang 2010), but fail to 
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separate samples by race, leaving out a critical diagnostic piece for integrated management 

strategies. Programs and pipelines have been published to help filter NGS data to identify 

informative polymorphisms that can be diagnostic for other Phytophthora species, such as P. 

capsici (McLeod 2020) and P. infestans (Hansen et al. 2016). Utilizing whole genome alignment 

programs and variant discovery pipelines with NGS data can be valuable in determining SNPs or 

insertions and deletions (indels) that can molecularly distinguish between species or races via a 

molecular diagnostic assay (Potgieter et al. 2020, Ingram et al. 2020, De Summa et al. 2017). 

Mitochondrial markers have been proposed due to the diploid nature of the nuclear genomes for 

Phytophthora (Kulik et al. 2020) and have been beneficial in separating species-level 

phylogenies (Patwardhan et al. 2014). Race detection could also be dependent on multiple 

markers, not just a single polymorphism in a gene or based on differential gene expression as 

seen in another pathosystem (He et al. 2021). 

 

Conclusions  

       Rapid and accurate molecular identification of P. nicotianae races may provide improved 

diagnostic accuracy and improve the implementation of management strategies that target the 

predominant race structure in a field. Additionally, understanding the current proportions of race 

0 and race 1 of P. nicotianae in North Carolina would allow for cooperative extension agents and 

consultants to make improved recommendations to stakeholders. Current greenhouse techniques 

utilizing host cultivars to determine pathogen race is time consuming, requires specialized skills, 

and is subject to error in the results. Utilizing NGS technology to develop molecular markers to 

rapidly distinguish race 0 and race 1 of P. nicotianae would be a valuable tool for understanding 
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molecular differences between the races while also aiding in understanding race structure and its 

implications for management. 
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Figures and Tables. 

 

 

Figure 1.1  In-field symptoms of P. nicotianae infection on N. tabacum. (a) Universal wilting 

and chlorosis of plant foliage. (b) A field of tobacco plants showing symptoms of P. nicotianae 

infection.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. 2. Signs of P. nicotianae. (a) Mycelia of P. nicotianae growing between necrotic pith 

disks in stem of N. tabacum. (b) Isolatations of P. nicotianae on plates of PARPH-v8 medium. 

(c) leading edge of necrotic stem tissue from N. tabacum infected by P. nicotianae. 
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Phytophthora nicotianae: A Quick Diagnostic Guide for Black Shank 

of Tobacco 

 

Abstract: Phytophthora nicotianae is an oomycete pathogen that causes black shank of tobacco 

and is a major threat to tobacco production worldwide. P. nicotianae was first described as a 

tobacco pathogen in Indonesia (1896) but has since been reported on 255 plant genera under the 

name P. nicotianae (de Haan) or synonym P. parasitica (Datsur). The objective of this 

diagnostic guide is to provide a collection of current methods for the symptomology, isolation, 

storage, and identification of P. nicotianae.  

 

HOSTS: P. nicotianae has a broad host range spanning 255 genera over 90 plant families (Liu et 

al. 2016), including numerous economically important crops in the family Solanaceae and 

Rutaceae (Erwin and Ribeiro 1996, Panabières et al. 2016).  

 

DISEASE: Black Shank of Tobacco 

 

PATHOGEN: Phytophthora nicotianae (syn. Phytophthora parasitica) is the causal agent of 

black shank of tobacco, a devastating disease that has high economic impact in tobacco 

production. P. nicotianae also causes root rot, gummosis, fruit rot, canopy blight and damping-

off in other plant systems such as citrus and many ornamental species.  
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TAXONOMY 

P. nicotianae is taxonomically grouped in the Kingdom Chromista, phylum Oomycota, class 

Oomycetes, and order Peronosporales. In taxonomic studies, P. nicotianae is grouped in clade 1 

of the genus Phytophthora (Kroon et al. 2012, Ludowici et al. 2013). Current Phytophthora 

phylogenies are divided into 10 clades and are based on 60S Ribosomal protein L10, beta-

tubulin, elongation factor 1 alpha, enolase, heat shock protein 90, 28S ribosomal DNA, and tigA 

sequences (Yang et al. 2017). P. nicotianae is grouped in clade 1 of the genus Phytophthora 

(Kroon et al. 2012, Ludowici et al. 2013) and is the only species within this clade that is not 

placed into a subclade (Blair et al. 2008, Yang et al. 2017). P. nicotianae is the current 

established name in the literature (Species Fungorum 2022, http://www.speciesfungorum.org) 

but previously has been denoted as P. parasitica (Datsur) or P. parasitica var. nicotianae 

(Tucker).  

 

Symptoms and Signs: 

P. nicotianae primarily infects 6 to 8 week-old transplants but can infect tobacco at any 

growth stage (Jacobi et al. 1983, Lucas 1975, Shoemaker and Shew 1999). Black shank 

symptomology can be seen 48 hours after pathogen introduction and plant death can occur within 

a week following infection (Lucas 1958). P. nicotianae primarily causes root and crown rot with 

uniform wilting and leaf chlorosis leading to water-soaked lesions on stem tissue 15-20 

centimeters above the soil line (Shoemaker and Shew 1999). Root necrosis can be seen as the 

disease progresses (Todd 1981).The hallmark symptom of black shank is pith necrosis and 

brown to black disking of the vascular tissue (Chaplin et al. 1976, Shoemaker and Shew 1999, 

Thiessen et al. 2022) (Figure 1). Although the pathogen primarily infects through root and stem 
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tissue, large, circular, concentric dark-brown lesions that are 7 to 8 cm in diameter can appear on 

older foliage due to rain splash dispersal of inoculum (Lucas 1958, Shoemaker and Shew 1999, 

Gallup et al. 2006, Rivera and Thiessen 2017) (Figure 1). Signs of pathogen infection include 

mycelial growth within stem lesions. The macroscopic symptoms described above can only be 

used in conjunction with microscopic visualization and molecular characterization (described 

below) to accurately diagnose P. nicotianae infection, as other tobacco diseases such as 

Fusarium Wilt and Granville Wilt can present similar symptoms (Rivera and Thiessen 2017).   

Environmental conditions, inoculum density, and host susceptibility all influence the 

severity of black shank infection (Campbell et al. 1984, Shew 1987, McCorkle et al. 2018). P. 

nicotianae infection is favored by high humidity and warm temperatures, with  optimal growth 

occurring when temperatures are between 24-32°C and a minimum growth temperature of 20°C 

for  infection (Tisdale and Kelley 1926, Lucas 1958, Apple 1962, Dukes and Apple 1965, Todd 

1981, Jacobi et al. 1983, Shew and Lucas 1991). Black shank is a polycyclic disease, meaning 

inoculum and zoospore concentration increases and subsequent infections occur within a 

growing season (Gallup et al. 2006). Zoospore concentration has a positive correlation with 

infection severity (Gooding and Lucas 1959). Inoculum is dispersed within and between fields 

through residual infected plant material, moving water such as rainwater and irrigation, human 

transmission via farm tools and shoes, and infected transplants (Lucas 1958, Lucas 1975, 

Shoemaker and Shew 1999). Deployment of cultivars with varied resistant backgrounds reduces 

disease incidence and severity (Jones and Shew 1995). Physiological traits such as root density 

and length can reduce disease incidence and severity, thereby reducing inoculum density and 

infection within a growing season or in future growing seasons (Campbell et al. 1983, Jones and 

Shew 1995). Severity of black shank within fields can reach up to 100%, which causes drastic 
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economic impacts for growers and international tobacco production. Avoiding favorable 

conditions for pathogen survival, reduction of inoculum density through cultural practices, and 

proper selection of resistant host varieties can greatly reduce the severity of black shank. 

 

Geographic Distribution: 

P. nicotianae has been isolated across five continents (Meng et al. 2014, CABI 2022 

https://www.cabi.org/isc/datasheet/40983#toDistributionMaps) and is found in all tobacco 

growing counties in North Carolina (Lucas 1975, Todd 1981, Rivera and Thiessen 2017). P. 

nicotianae optimally grows in conditions with high humidity and warm temperatures, making it 

common in tropical and subtropical regions (Lucas 1958, Lucas 1975). The wide host range of 

the pathogen coupled with international ornamental and crop trades have also impacted the 

geographic distribution of P. nicotianae (Moralejo et al. 2009, Olson and Benson 2011).  

 

Pathogen Isolation: 

         P. nicotianae can be isolated from symptomatic tissue (Shew 2015), water (Benson 2015), 

or soil (Shew and Gallup 2015a). Various baiting methods have also been published to aid in P. 

nicotianae recovery from infected plant tissues and soil samples (Klotz and DeWolfe 1958, Tsao 

1960, Jenkins 1962, Narasimham and Ramakrishnan 1969, Ponchet et al. 1972, Grimm and 

Alexander 1973, Lee and Varghese 1974, Erwin et al. 1983). Despite the wide host range, 

isolates of P. nicotianae can be host specific (Erwin and Ribero 1996) and are not guaranteed to 

be pathogenic on hosts that it was not originally isolated from. Phytophthora species were 

historically difficult to isolate in culture, but the incorporation of hymexazol and low levels of 

pimaricin into various media have allowed for semi-selective media for isolation of 
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Phytophthora species (Tsao and Ocana 1969, Masago et al. 1977). The improved isolation is due 

to the inclusion of various antifungal and antibacterial compounds in media to create selective 

inhibition of common P. nicotianae isolate contaminants like Pythium spp (Erwin et al. 1983). A 

common semi-selective medium established in literature is PARPH-V8 (Pimaricin, Ampicillin, 

Rifampicin, PCNB, and Hymexazol) medium (Kannwischer and Mitchell 1978; Jeffers and 

Martin 1986). Media recipes for isolation and identification of P. nicotianae can be found in 

Table 1.  

 

Pathogen Identification: 

 Microscopic morphologies of P. nicotianae in culture were meticulously documented to 

aid in identification (Lucas 1958, Waterhouse 1970) but should be supplemented with molecular 

characterization (Figure 2). P. nicotianae has branching, white, aseptate hyphae with a hyphal 

diameter ranging from 3-11 µm (Lucas 1958, Gallegly and Hong 2008, Bush et al. 2006) and as 

hyphae mature, they may darken to a pale-yellow color. Hyphae in older cultures may develop 

pseudosepta, darken to a pale-yellow color, and develop oil globules as they age (Figure 2). The 

multinucleate sporangia are hyaline to light yellow in color and have sympodial, ovoid, lemon or 

pyriform shape. Sporangia range in size of 18-61 by 14-39 µm (Lucas 1958, Gallegly and Hong 

2008) and are attached to hyphae by a short pedicel (Figure 2). Sporangium can produce five to 

30 motile, biflagellate zoospores that can be 7-11 µm (Newhook et al. 1978, Shoemaker and 

Shew 1999). Non-papillate chlamydospores can develop under as overwintering structures or 

structures for intra-season infection. Chlamydospores of P. nicotianae are hyaline to brown in 

color, are spherical to ovoid in shape and range in diameter from 14-43 µm (Lucas 1958, 

Gallegly and Hong 2008) (Figure 2). These asexual spores begin with thin-walls and form 
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intercalary or acrogenously on short lateral hyphae but have thickened cell walls when mature 

(Lucas 1958). P. nicotianae is heterothallic, requiring an A1 and A2 mating type for sexual 

reproduction to produce oospores (Lucas 1975, Gallup et al. 2006). Oospore production and 

sexual reproduction of P. nicotianae in the environment is relatively uncommon (Gallup et al. 

2006, Meng et al. 2014, Gallup et al. 2018) but oospore morphology in culture has been detailed 

(Lucas 1975). Oogonia contain an enclosed oosphere and are hyaline to pale yellow in color. The 

oosphere becomes an oospore after fertilization and can average 23-30 µm in diameter (Lucas 

1958, Gallegly and Hong 2008). The frequency of these mating types in the environment coupled 

with the lack of evidence for oospore production in infers that oospore production and 

overwintering are not significant in the P. nicotianae life cycle (Meng et al. 2014).  

Molecular identification and characterization enabled more accurate, detailed, and rapid 

identification of P. nicotianae isolates. Species specific primers are available for P. nicotianae 

detection (Grote et al. 2002, Meng and Wang 2010, Blaya et al. 2014, Hieno et al. 2020). Grote 

et al. 2002 utilized a nested-PCR approach targeting the internal-transcribed spacer regions ITS1 

and ITS2 with universal primers ITS4/ITS6 and species-specific primers PNIC1/PNIC2 to 

molecularly identify P. nicotianae by a 737bp PCR product. Meng and Wang 2010 designed 

primers Pn1/Pn2 based on species specific polymorphisms within the Ras-related protein (Ypt1) 

gene to amplify a 389bp P. nicotianae-specific region in the gene. Blaya et al. 2014 also used the 

ITS region to design a reverse primer (Nic-R4) to complement a forward primer (Nic-F1) 

designed by Li et al. 2011 and a Taq-man probe (Nic-Pro) to rapidly identify P. nicotianae 

isolates. Hieno et al. 2020 designed a genus-specific loop-mediated isothermal amplification 

(LAMP) primer set with a P. nicotianae-specific quenching probe that accurately amplifies 161 

members of the genus Phytophthora while simultaneously distinguishing between other 
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Phytophthora spp. and P. nicotianae.  There are currently no molecular markers to distinguish 

between races of P. nicotianae, a tool that could provide valuable knowledge of polymorphisms 

between the races and allow for more detailed monitoring of the race structures in tobacco 

growing regions. All mentioned P. nicotianae primer sequences and supporting information can 

be found in Table 2. 

 

Pathogen Storage: 

            Common P. nicotianae long-term storage protocols are divided into two methods: water 

and cryoprotected storage. Each storage method has advantages and disadvantages, including 

time preserved, associated equipment and costs, and labor required. Water-based long-term 

storage of P. nicotianae uses autoclaved screw-cap test tubes filled with distilled water and small 

agar cubes of P. nicotianae isolates previously plated onto carrot agar (Shew and Gallup 2015b). 

After placing the isolates in the tubes, parafilm is wrapped along the top to ensure no evaporation 

of the water or contamination of the isolates while in storage (Shew and Gallup 2015b). The 

water-suspended agar plugs are then stored at room temperature for up to 5 years. The water-

based storage method is the most accessible and cost-efficient of the protocols yet ensures the 

viability of the P. nicotianae isolates for the least amount of time. Isolates can be preserved for 

more than 15 years using liquid nitrogen in a cryoprotection protocol (Coffey 2015). To store 

isolates of Phytophthora spp. in liquid nitrogen, place 6-8 plugs of an isolate grown on V-8 

medium into a labeled 2-mL screw-cap tube containing a cryoprotectant solution. The 

cryoprotectant can be a 10%-15% dimethyl sulfoxide (DMSO) solution or a 1:1 17% Difco 

Bacto skim milk and 20% glycerol mixture (Coffey 2015). A protocol published by Tooley 2015 

simplifies the liquid nitrogen storage of Phytophthora spp. by immediately placing tubes with 
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selected cryoprotectant onto an ice-water bath until all isolates are ready for storage. Then 

isolates are placed into a stainless-steel pipette canister and the canister placed into a -80°C for 

one hour. The canisters and isolates are ready for storage in liquid nitrogen tanks (Tooley 2015). 

Coffey 2015 outlines a more detailed cryoprotectant protocol of Phytophthora spp. an 

incremental adjustment of isolates to -196°C. Storing isolates in liquid nitrogen ensures the 

viability of the isolates for over a decade but can run risk of bacterial contamination and is more 

labor intensive (Coffey 2015, Tooley 2015).  Cryo-storage of P. nicotianae isolates ensures that 

isolates are preserved in a genetically stable state but requires the most equipment and labor out 

of the two long-term storage methods.  

 

Pathogenicity Tests: 

           P. nicotianae isolates are subclassified into physiological races - races 0, 1, 2, and 3 – 

(Sullivan et al. 2005) based on their pathogenicity on host cultivars with known resistance gene 

backgrounds. Current race typing assays are conducted in greenhouse settings using a panel of 

host cultivars containing Php and Phl gene-based resistance (Lucas 1975, Gutiérrez and Mila 

2007, Gallup et al. 2018). All race-typing assays contain universal susceptible varieties and 

cultivars containing Php gene and Phl gene resistance, although specific varieties selected vary 

across literature. Universal susceptible varieties have high disease incidence and severity, 

regardless of race present and are incorporated into race-typing assays to ensure pathogenicity.   

Gutiérrez and Mila (2007) concluded that tobacco commercial lines K-326 and K-346 are 

effective at distinguishing race 0 while breeding lines NC-1071 and L8 and commercial cultivar 

NC-71 were able to distinguish race 1 from race 0 of P. nicotianae. McIntyre and Taylor (1976) 

were able to distinguish race 3 by utilizing the breeding lines NC-1071 and L8, with race 3 
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isolates presenting symptoms on L8 but having no incidence on NC-1071. Determination of race 

3 isolates can also be further concluded by placing isolates on sucrose and 2,3,5-triphenyl 

tetrazolium medium (TTZ) medium, with a color reduction being present with race 0 and 1 

isolates but no color change observed for race 3 isolates due to their difference in respiration 

(McIntyre and Taylor 1976).  Gallup et al. (2018) established a modified version of the Gutiérrez 

and Mila 2007 protocol, utilizing variety Hicks, a flue-cured variety of tobacco, as the universal 

susceptibility variety in race typing assays with tobacco indicator lines NC 1071 (Php-based 

resistance) and KY 14xL8 (Phl-based resistance). Figure 3 summarizes the results of greenhouse 

assay protocols and their relation to race identification. 
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Figures and Tables. 

Figure 2.1: Signs (a-c) and symptoms (d-f) of Phytophthora nicotianae. (a) Mycelia of P. 

nicotianae growing between necrotic pith disks in stem of N. tabacum. (b) Isolations of P. 

nicotianae on plates of PARPH-v8 medium. (c) leading edge of necrotic stem tissue from 

Nicotiana tabacum infected by P. nicotianae. (d) complete wilting of N. tabacum in the late 

stages of P. nicotianae infection. (e) a field of tobacco plants showing symptoms of P. 

nicotianae infection. (f) foliar symptoms of P. nicotianae infection with dark, concentric circular 

lesions on the older leaves of N. tabacum.  
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Figure 2.2: Morphology of Phytophthora nicotianae spores and hyphae viewed under a 

microscope at 40x. (a) Brown colored, non-papillate, mature chlamydospore of P. nicotianae 

forming intercalary on hyphae in culture. (b-c) Apical, papillate sporangia containing zoospores 

(b) or empty (c). (d) oil globules within hyphae of P. nicotianae.   
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Figure 2.3: Greenhouse assay results for Phytophthora nicotianae race differentiation. 
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Table 2.1: Common media recipes used in the isolation, identification, and physiological race 

detection of Phytophthora nicotianae. 
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Table 2.2: Published primers for the detection of Phytophthora nicotianae. 
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Genome Announcement: Draft genomes of Race 0 and Race 1 of Phytophthora nicotianae  

 

Abstract: Phytophthora nicotianae is an oomycete that has a broad host range and impacts 

numerous crops and ornamentals worldwide. P. nicotianae is the causal agent of tobacco black 

shank, a disease that can lead to 100% in-field losses with devastating economic impacts. There 

are three physiological races of P. nicotianae (race 0, race 1, and race 3) found in the United 

States, with races 0 and 1 being the most predominant in major tobacco growing regions. 

Integrated disease management incorporating chemical management and host resistance are the 

most effective at managing black shank and reducing disease severity, but management decisions 

are dependent on accurate race identification. Draft genomes of two physiological races of P. 

nicotianae – race 0 and race 1 – were generated using Illumina sequencing. Normalized reads 

were assembled into 27,474 and 28,387 scaffolds for race 0 and race 1 respectively. The 

assembled genome size for race 0 was 67.8 Mb and the assembled genome size for race 1 was 

68.9 Mb. The N50 scaffold length was 17,519 bp for race 0 and 17, 241 bp for race 1. 

Benchmarking universal single-copy ortholog (BUSCO) analysis indicated that 90.7% of 

eukaryotic single-copy genes were found in race 0 and 93% were found in race 1. These draft 

genomes will enhance our understanding of potential genomic differences between race 0 and 

race 1 of P. nicotianae.  

 

Phytophthora nicotianae De Haan (syn. P. parasitica Datsur) is an oomycete pathogen 

with a wide host range that is a threat to production of many important crop and ornamental 

hosts (Erwin and Ribeiro 1996, Shoemaker and Shew 1999, Meng et al. 2014, Mila and 

Radcliffe 2015, Panabières et al. 2016). P. nicotianae is the causal agent of the black shank of 

tobacco, a disease that can cause 100% losses in fields and millions of dollars in lost revenue for 
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North Carolina tobacco production (Panabières et al. 2016, Mila and Radcliffe 2015). This 

pathogen was first described in Indonesia in 1896 and has since become endemic to every 

tobacco growing region except Brazil (Shew and Lucas 1991, Gallup et al. 2006, USDA NASS 

2019). P. nicotianae has three physiological races in the United States – race 0, 1, and 3 – based 

on pathogen response to differing host resistance backgrounds (Sullivan et al. 2005). The most 

effective integrated management strategies for black shank are centralized around host resistance 

(Todd 1981, Jones and Shew 1995) but are dependent on accurate race identification (Apple 

1962). Race determination through greenhouse assays is the current standard practice (Gutierrez 

and Mila 2007) but is time consuming, labor intensive, and can lead to inconclusive results 

(Gallup et al. 2018). Little is known about the genomic differences between these the 

physiological races of P. nicotianae and how these polymorphisms can be linked to inter-race 

phenotypic differences. Exploring the genomic differences between races of P. nicotianae could 

give insight into genetic mechanisms behind the phenotypic differences, leading to a better 

understanding of race evolution and differentiation. Only two race-typed genomes of P. 

nicotianae are published, with one race 0 and one race 1 genome available (Liu et al. 2016). The 

goal of this project is to increase the number of race-typed genomes available, offering new 

insight into the genomic differences of P. nicotianae race 0 and race 1. This deeper 

understanding of genomic differences could enhance population monitoring and precise 

pathogen detection.  

 The genomes of one race 0 and one race 1 P. nicotianae isolate collected from Nicotiana 

tabacum (Gallup et al. 2018) were sequenced in this study. Twelve representative isolates of P. 

nicotianae, six of each physiological race 0 and race 1, were grown in antibiotic-amended, 

clarified V8 broth for RNA extraction to aid in genome annotation. Total DNA for two of P. 
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nicotianae isolates, one of each physiological race 0 and race 1, were also submitted for whole 

genome sequencing. Genomic DNA and total RNA were extracted from mycelia using the 

Qiagen DNEasy Plant Mini Kit (Qiagen, Valencia, CA, United States) and the Qiagen RNEasy 

Plant Mini Kit (Qiagen, Valencia, CA, United States). Extracted gDNA was quality checked 

with the Qubit dsDNA Broad Range assay (Life Technologies) and NanoDrop Lite 

Spectrophotometer (Thermo Fischer Scientific). Extracted RNA was quantified with the Qubit 

RNA HS assay (Life Technologies) and quality checked with the Agilent tape station. gDNA and 

RNA were submitted for Illumina TruSeq Nano (Illumina, San Diego, CA) DNA library 

preparation (350-bp insert size) and NEBNext Ultra Directional RNA (New England BioLabs, 

Ipswich, MA) library preparation (200-bp insert size) and barcoded for 150bp paired-end DNA-

seq and RNA-seq sequencing. All samples were run on the Illumina NovaSeq 6000 platform for 

short-read sequencing at the North Carolina State University Genomic Sciences Library.  

 179,921,040 raw DNA-seq reads were obtained for race 0 and 209,634,766 reads 

obtained for race 1 of P. nicotianae. Raw DNA-seq and RNA-seq reads were quality checked 

using FastQC (Andrews 2010). All reads were quality trimmed using TrimGalore 0.6.1 and 

cutadapt 2.1 (Martin 2011) with a cutoff phred score of 20. Trimmed DNA-seq reads were 

normalized using Bbnorm v38.62 (Bushnell 2014) and were assembled into scaffolds using 

Velvet de novo assembler (Zerbino and Birney 2008) with a k-mer value of 125. Microbial 

contamination was removed using NCBI Blast servers and visualization through BlobTools 

(Laetsch and Blaxter 2017). RNA-seq for the 12 isolates were used to assemble transcriptomes 

for the 12 isolates using Trinity (v2.11.0) (Grabherr et al. 2011) and genomes annotated using 

Maker (v 2.31.10) (Cantarel et al. 2008) with proteins from other Phytophthora sp. used as 

evidence for gene structure. No contigs were excluded for gene calling and repeat regions were 
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soft-masked. Genome completeness was measured by calculating benchmarking universal 

single-copy ortholog (BUSCO) (Simão et al. 2015) scores, with 90.5% eukaryotic single-copy 

orthologs represented in the race 0 genome and 93% in the race 1 genome. Full BUSCO output 

from race 0 was C:231 [S:225 D:6] F:7 M:17 n:255 and race 1 was C:238 [S:225 D:12] F:7 M:17 

n:255. Both assemblies had an average 2.4 kb scaffold length and 66.8% of all reads assembled 

into scaffolds. The N50 scaffold length for race 0 and race 1 was 17 kb with the longest scaffold 

for race 0 being 223 kb and 194 kb for race 1. The total assembly size for race 0 was 67.8 Mb 

and 68.9 Mb for race 1. The GC content of both genomes was 66%. 31,040 genes were predicted 

in race 0 and 31,384 genes predicted in race 1, averaging two exons per gene in both races. Draft 

genome sequences can be downloaded from NCBI genome database, under Project ID 

PRJNA890647.  

This study presents the first race 0 and race 1 genomes of P. nicotianae isolated from 

U.S. tobacco. Our race 1 genome matched the genome size proposed by Liu et al. 2016 (~69 Mb) 

while our race 0 genome was smaller (~68 Mb) than their race 0 genome (~80 Mb). Our P. 

nicotianae race 0 and race 1 genome assemblies and those published by Liu et al. 2016 differ 

from the previously proposed genome size by Shan and Hardham 2004 (~90 Mb). Our annotated 

genomes had a significant increase in number of predicted genes (~31k) than Liu et al. 2016 

(~14-17k), but the difference could be explained by our exclusion of long-read sequencing 

platforms in this study. Further sequencing of race-typed isolates of P. nicotianae, including 

races 2 and 3, could fill the knowledge gap on potential genomic differences that separate these 

physiological races and give insight to the genetic basis behind race differentiation. The 

sequence data provided could also aid in developing a molecular assay to rapidly and accurately 

determine the physiological race of P. nicotianae isolates. 
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Evaluation of fungicide rotation programs on black shank disease in North Carolina 

tobacco. 

 

Introduction 

Black shank of tobacco caused by Phytophthora nicotianae (Breda de Haan) is an 

economically important disease that threatens tobacco production worldwide. (Panabières et al. 

2016). North Carolina is the leading producer of flue-cured tobacco in the United States (USDA 

NASS, 2022), which continues to be threatened by P. nicotianae infections (Lucas 1975, Todd 

1981). In-field losses of P. nicotianae can reach up to 100% and lead to heavy state-wide 

economic losses estimated around $15 million during a growing season (Panabières et al. 2016, 

Mila and Radcliffe 2015). Phytopthora nicotianae has a polycyclic disease cycle (Gallup et al 

2006), which makes in-season management important to reduce black shank incidence and 

severity. 

Effective management of black shank in tobacco requires the use of fungicides that 

reduce viable inoculum of P. nicotianae and prevent infection of the plants. There are three 

chemistries that are labeled for management of black shank in tobacco: metalaxyl or mefenoxam, 

oxathiapiprolin, and fluopicolide (Rivera and Thiessen 2017, Thiessen et al. 2022). Metalaxyl 

and mefenoxam are established chemistries in black shank management and have been in use 

since 1997 (Wang et al. 2013), while oxathiapiprolin and fluopicolide are more recently labeled 

chemistries (Wollgiehn et al. 1984, Shew 1984, Qu et al. 2016).  

Metalaxyl and mefenoxam are highly systemic, Fungicide Resistance Action Committee 

(FRAC) group 4 phenylamine fungicides that reduce hyphal growth, development of haustoria, 

and sporangia formation via ribosomal RNA biosynthesis inhibition (Wollgiehn et al. 1984, 
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Shew 1984, Cohen and Coffey 1986), affecting both Phytophthora and some Pythium spp. 

Oxathiapiprolin is an oxysterol binding protein homolog inhibition (OSBPI) fungicide in FRAC 

group 49 that inhibits zoospore release and motility, sporangia germination, and mycelial growth 

of Phytopthora spp. (Pasteris et al. 2016, Bittner and Mila 2016, Cohen et al. 2018). Fluopicolide 

is a FRAC group 43 benzamide fungicide that inhibits mycelial growth and suppresses sporangia 

production by delocalizing spectrin-like proteins of Phytopthora spp. (Wang et al. 2014, Qu et al. 

2016). Mefenoxam, oxathiapiprolin, and fluopicolide are registered for use on tobacco under the 

chemical names Ridomil Gold SL (Syngenta), Orondis Gold (Syngenta), and Presidio (Valent), 

respectively. There is no reported resistance to metalaxyl, mefenoxam, oxathiapiprolin or 

fluopicolide in P. nicotianae isolates from tobacco, but resistance has been found in other 

Phytophthora species, placing importance on proper fungicide rotations in disease management 

strategies (Shattock 1988, Timmer et al. 1998, Parra and Ristaino 2001). 

Appropriate fungicide selection and rotation in tobacco is poorly understood, and 

fungicide management strategies that anticipate the development of fungicide resistance is 

needed. The specific objective of this study was to evaluate labeled tobacco products (Ridomil, 

Orondis, and Presidio) at various application timings across several locations and years in the 

tobacco producing regions of North Carolina. 

 

Materials and Methods 

Field Trial Design. Field trials were established in four North Carolina counties: 

Alamance, Yadkin, Wilson, and Edgecombe from 2017-2019 (Table 1). Fields were selected in 

each location for their historically high disease incidence. Trials were arranged in a randomized 

complete block design with four replications per treatment to evaluate 10 individual fungicide 
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rotation treatments (Table 3) applied at transplant, 1st cultivation, and layby (final cultivation). 

Plots consisted of four raised bed rows on ~1 m centers and were 1.17m wide (3.83 ft) × 15.24m 

(50ft) long, with the two center rows used for treatment evaluations as described below.  

All field trials utilized the flue-cured cultivar K326, selected for its high susceptibility to 

black shank (Csinos 1999).  Natural P. nicotianae populations in each field were used as the 

inoculum source at each location, and they were selected based on a history of high disease 

pressure identified by local extension personnel. Standard practices for cultural management of 

tobacco (e.g., fertilization, insect and weeds management, other agronomic practices) were 

consistent with NC State Extension recommendations to ensure our trial results would be 

applicable to a standard growing operation (NC State Extension 2022). Seedlings were grown in 

greenhouse float trays for approximately 90 days at each production site and transplanted into the 

fields in April of each growing season (Table 1).  

Stand counts were taken approximately two weeks after transplant and disease incidence 

ratings began once disease was observed in the field (approximately 4-6 weeks post-transplant). 

Incidence was recorded every two weeks until late August or September harvest. Fungicide 

schedules, application rates, active ingredients, and FRAC code information are presented in 

Table 2. Fungicides applied at transplant were tank mixed and applied in 935 L/ha of water as 

plants were bedded. Fungicide applications during 1st cultivation or layby were applied using a 

CO2 backpack sprayer and applied using hand-held booms with TeeJet DG95015EVS nozzles at 

138 kPa and with 187L/ha of water  directly to the soil and mechanically incorporated to the soil 

during cultivation. Yield data were not collected due to the variability associated with dead 

plants by the end of the growing season. 
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Data Collection and Statistical Analysis. Stand counts and disease incidence rating began 

two weeks post-transplant and incidence was recorded every two weeks until harvest. Both 

ratings were conducted on the two center rows of the four row plots. Stand counts were assessed 

as plants surviving two weeks post-transplant. Disease incidence was assessed for each plot by 

counting plants that presented black shank symptoms (e.g., uniform wilting, yellowing, 

necrosis). Area Under the Disease Progress Curve (AUDPC) was calculated using disease 

incidence across five time points and the formula ∑
𝑌𝑖+𝑌𝑖+1

2
(𝑡𝑖+1 − 𝑡𝑖)𝑁𝑖−1

𝑖=1  where Y is the disease 

incidence and t is time. Final Disease Incidence (%) was calculated by diving the number of 

diseased plants over the number of total plants and multiplied by 100. All data collected was 

analyzed in R 4.2.1 (R Core Team 2022). A linear mixed-effects model analysis on AUDPC and 

final disease incidence percent was performed using the lme4 package (Bates et al. 2015) with 

treatment as a fixed effect and soil type as a random effect. For AUDPC and final disease 

percent, a normal distribution was used along with Kenward-Rogers degrees of freedom. 

Estimated Marginal Means (emmeans), or least-squares means, were computed and pairwise 

differences evaluated for significance (P ≤ 0.05) (Piepho 2004).  

 

Results 

 Black Shank symptoms were first observed in Alamance sites on June 8, 2017 and July 

13, 2018, in Edgecombe sites on June 6, 2017 and May 3, 2018; in Yadkin sites on June 1, 2017 

and June 5, 2019; and in the Wilson site on May 31, 2018. Average final disease incidence  

across all sites for the 10 fungicide rotation programs ranged from 13.3% to 62.8%, with the 

lowest final disease incidence in Treatment 2 (Orondis Gold+Ridomil Gold+Presidio) and the 

largest in treatment 6 (Ridomil Gold). Treatment 6 final disease incidence was higher than the 
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negative control across all sites. Treatment 2 and treatment 6 also had the smallest and highest 

AUDPC values, with 286 and 591, respectively.  

Treatment 2 was the only treatment combination that had a significantly lower AUDPC 

than the non-treated control across all sites and years (Figure 1). Treatments 2 (Orondis 

Gold+Ridomil Gold+Presidio) and 10 (Orondis Gold+Presidio+Ridomil Gold) had a 

significantly lower final disease incidence than the non-treated control (Figure 2) across all sites 

and years. Repeated applications of Ridomil Gold, sole applications of Orondis Gold or Ridomil 

Gold and two-chemical applications schedules with Orondis Gold, Presidio, or Ridomil Gold 

were not significantly different than the non-treated control for AUDPC or final disease 

incidence. Across all sites as  disease increased, AUDPC values also increased. Treatment 2 in 

Alamance 2017 was the second highest final disease incidence which does not follow the trend 

of AUDPC and final disease percent values for the various treatments across all sites and years.  

 

Discussion 

The treatment with Orondis Gold in transplant water, Ridomil Gold at first cultivation, 

and Presidio at layby significantly reduced black shank compared to the negative control for both 

final disease incidence and season-long disease control (AUDPC). This is in agreement with 

other studies evaluating oxathiapiprolin. Bittner and Mila (2016) found that a chemical rotation 

of oxathiapiprolin at transplant, mefenoxam at first cultivation and oxathiapiprolin at layby was 

the most effective management program when compared to repeated mefenoxam applications. 

Our results also support findings that fluopicolide is most effective when applied at the soil 

during first cultivation or layby (Hansen and Hensley 2016). The high final disease percent 

observed in Alamance 2017 for the Orondis Gold, Ridomil Gold, and Presidio rotation is an 
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outlier to the dataset and could be due to human error or weather conditions such as rain or wind 

that could inhibit proper fungicide application. Because producers are not solely managing for 

Phytopthora spp. at transplant, management strategies that incorporate either Ridomil Gold or 

Orondis Gold at transplant are recommended to producers (NC State Extension 2022) as both of 

these fungicides contain mefenoxam that target Pythium spp. Young seedlings of tobacco are the 

most susceptible to both P. nicotianae and Pythium spp., meaning that early season management 

is crucial to reduce disease incidence and severity (Gallup et al. 2006, NC State Extension 2022). 

Distinguishing between P. nicotianae and Pythium spp. in early stages of infection can be 

difficult since both cause widespread plant loss, wilting, damping-off, and stem necrosis in 

tobacco seedlings (Morton and Dukes 1967, Pfeufer and Hinton 2017), making fungicides like 

mefenoxam that inhibit both pathogens important for early season applications (NC State 

Extension 2022).  

The high final disease incidence observed in Alamance 2017 is an outlier to the dataset 

and could be due to human error or weather conditions such as rain or wind that could inhibit 

proper fungicide application. The higher incidence in the mefenoxam fungicide program versus 

the control could be explained by the loss in efficacy of mefenoxam observed following 

continued use of the fungicide, either due to biodegradation (Dvornikova et al. 1988) or 

fungicide insensitivity (Parra et al. 2001, Hu et al. 2008). The site specificity of metalaxyl, 

mefenoxam, and oxathiapiprolin could lead to rapid development of fungicide resistance in 

Phytophthora spp. populations (Hu et al. 2008, Cohen et al. 2018). While widespread fungicide 

resistance to mefenoxam, metalaxyl, and oxathiapiprolin have not been reported in P. nicotianae 

populations in tobacco production, it has been reported in other P. nicotianae populations that 

infect other ornamental host species and in other Phytopthora species (Shattock 1988, Timmer et 
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al. 1998, Parra and Ristaino 2001, Hu et al. 2008, Hu and Li 2014). Repetitive applications of 

mefenoxam and metalaxyl has led to resistance in other P. nicotianae populations and increased 

degradation of the chemicals by soil microbial communities, both resulting in reduced efficacy as 

applications are repeated (Droby and Coffey 1991, Dvornikova et al. 1988). The potential for 

fluopicolide resistance has not been established in P. nicotianae (Qu et al. 2016) but has been 

discovered in Phytophthora capsici (Siegenthaler and Hansen 2021, Wang and Ji 2021), so 

proper precautions should be made to reduce the selective pressure on the pathogen populations. 

Special care should be made to avoid repeated applications of any single mode of action 

throughout the growing season due to the high risk of resistance development in both fungicides.  

 While chemical management can reduce disease incidence and severity in most 

circumstances, applications of fungicides are not as economically effective when used on a 

susceptible variety of tobacco (Gallup et al. 2006). Integrated pathogen management (IPM) 

systems that incorporate cultural practices, chemical management, and host resistance are the 

most effective at managing black shank and reducing disease severity (Shoemaker and Shew 

1999).  Host resistance has been based on the single-gene resistance to race 0 of P. nicotianae 

conferred by the Php and Phl genes, placing heavy selective pressure on the pathogen population 

and leading to a dominance of race 1 across all North Carolina tobacco growing regions 

(McDonald and Linde 2002). While producers have several resistant varieties to choose from, 

there is reliance on varieties containing single-gene resistance based due to their high value 

agronomic qualities (e.g., NC 196) like yield and root biomass (McDonald and Linde 2002, 

Gallup and Shew 2010, Sullivan et al. 2005). The Wz gene was introgressed from Nicotiana 

rustica to N. tabacum and confers high levels of root-specific resistance to races 0 and 1 of P. 

nicotianae (Drake and Lewis 2013, Drake et al. 2015, McCorkle et al. 2018). While this new 



   

    71 

 

genetic resistance has been effective to reduce black shank, including host resistance and proper 

fungicide applications into an IPM strategy is needed to ensure the long-term viability of host 

resistance and fungicide efficacy. Proper rotation of host cultivars with differing resistance 

genetic backgrounds may maintain P. nicotianae populations with lower fitness and reduce the 

potential for overcoming host resistance (Jin and Shew 2021). More research is needed to 

evaluate the impacts of combined host resistance and fungicide selection for managing black 

shank in heavily affected fields. 
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Tables and Figures 

 

Table 4.1: Field locations and trial details for fungicide rotation trials from 2017-2019. 
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Table 4.2: Fungicide rotation programs used in this study. 
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Figure 4.1: Area Under the Disease Progress Curve (AUDPC) values across sites for each 

fungicide rotation program.  
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Figure 4.2: Final disease percentages across sites for each fungicide rotation program. 


