
ABSTRACT 

MCCORKLE, KESTREL LANNON. Characterization of the tobacco pathogen 

Phytophthora nicotianae and its ability to adapt to host resistance genes. (Under the direction 

of Dr. Howard David Shew). 

 

 

Black shank, caused by the oomycete Phytophthora nicotianae, is one of the most important 

diseases of tobacco worldwide. The pathogen is managed by an integrated use of chemical 

applications, crop rotation, and deployment of resistant varieties. It is important to 

understand how P. nicotianae utilizes its high level of genetic variability to adapt to selection 

pressures such as deployment of host resistance which result in rapid population shifts. The 

objectives of this study were to determine the genetic variability and population structure of 

P. nicotianae from tobacco in the United States, and the ability of the pathogen to adapt to 

current and potential sources of partial resistance. A total of 455 isolates were typed using 

three cytoplasmic and two nuclear DNA markers to describe single nucleotide 

polymorphisms present in the tobacco P. nicotianae population in the southeast U.S. 

Analyses of mitochondrial and nuclear gene regions produced similar phylogenetic trees and 

geographic structuring of haplotypes, with most isolates grouping together into only a few 

haplotypes that included representatives from all sampled states. Some haplotypes were 

present only in North Carolina and Virginia, and others only in Georgia and Kentucky. The 

presence of the same haplotypes in multiple locations suggests multiple introductions and 

movement of the pathogen between states. However, continued and increased sampling are 

needed to evaluate the potential for genetic shifts in the population over time in response to 

management practices. Host resistance has been an important tool in managing black shank. 

However, pathogen adaptation to single gene resistance and the primary source of partial 



resistance in tobacco has been reported. To determine if P. nicotianae adapts to potentially 

new sources of partial resistance, selected race 0 and race 1 isolates were exposed to 10 host 

genotypes with varying levels and sources of resistance from Beinhart 1000, Florida 301, and 

the Wz gene region from Nicotiana rustica. Both races demonstrated the ability to adapt to all 

sources of resistance used. For race 0, there was an increase in disease severity (DS) and 

percent root rot (%RR) with increasing generations of exposure to a given tobacco genotype, 

and represents the first report of adaptation to the resistance found in Beinhart 1000. 

Increases in DS and %RR were gradual for all host genotypes except for K 326 Wz/--, which 

exhibited a large increase in DS and %RR between generations two and three followed by no 

further gains in aggressiveness. For race 1, there was not a consistent increase in 

aggressiveness over the six generations for any genotype, but there was a rapid increase in 

DS and %RR between host generations three and four on K 326 Wz/--. The limited increases 

in aggressiveness observed for race 1 compared to race 0 over generations of selection 

supports previous findings of a fitness cost to race 1 isolates in overcoming the single-gene 

source of resistance. The Wz gene region was investigated further to determine the nature of 

resistance. The resistance was found to be expressed mostly in the roots, was not sensitive to 

initial inoculum level, and loss of resistance was not gradual as observed with sources of 

partial resistance. To reduce the potential for shifts in pathogen populations with specific 

virulence on Wz and other sources of host resistance to P. nicotianae, multiple sources of 

partial and complete resistance should be combined, or rotation of tobacco cultivars with 

varying mechanisms of black shank resistance is recommended.  
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(MS), moderately resistant (MR), and resistant (R) reactions. Separation of R and MR 

categories is based on infection incidence only. Separation of MS and S categories is based 

upon the rate of pathogen penetration into potato tubers. Refer to Table 2 for details of P. 

nicotianae isolates. Each data point is the mean of four replications in each of two trials ...157 

 

 

* 

* 



 

xv 

APPENDIX B: CHARACTERIZATION OF PHYTOPHTHORA NICOTIANAE, THE 

CAUSAL AGENT OF TOBACCO BLACK SHANK, ACROSS NORTH CAROLINA 

TOBACCO PRODUCTION AREAS.   

 

Figure 1. Regions and counties sampled for Phytophthora nicotianae and haplotypes 

detected. Haplotypes were determined by single nucleotide polymorphisms in sequences of 

the ITS, cox2, nadh1, ß-tub, and EF-1a gene regions ...........................................................200 

 



 

1 

 

 

 

 

 

 

 

 

Chapter 1 

An introduction to sources of genetic variability in the Phylum Oomycota and molecular 

tools used for detection



 

2 

 

CHAPTER 1 

An introduction to sources of genetic variability in the Phylum Oomycota and 

molecular tools used for detection 

K. L. McCorkle 

Department of Plant Pathology, North Carolina State University, Raleigh, NC 27695. 

 

INTRODUCTION 

Fungi and oomycetes cause many devastating diseases of plants. Elucidation of how 

these organisms cause disease and how they adapt to management practices employed to 

prevent them from being successful are major goals in the science of Plant Pathology.  

Fungal and oomycete pathogens occupy multiple trophic levels, including necrotrophs, 

biotrophs, and hemibiotrophs. The ability of organisms in each of these trophic levels to be 

successful pathogens requires a wide range of approaches to using plants as their hosts.  For 

example, while some of these pathogens have a small or narrow host range, attacking only 

one or a few plants, others are able to infect numerous species successfully. As plant 

pathologists, we strive to limit the reduction of crop yields caused by these pathogens and 

also protect important species in the natural ecosystem through implementation of a wide 

range of management practices and methods. These methods include the deployment of 

resistant plants, cultivation and sanitation practices, crop rotation, biocontrols, and chemical 

applications. All of our management strategies impact the pathogen population 

phenotypically and genetically. Despite our best efforts, pathogens have been able to 

overcome many types of control and continue to thrive. Everything, starting from the first 
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stage in pathogenesis, is controlled by the transcription and translation of genes in the 

pathogen’s DNA. Plant pathogenic fungi have large genomes that can be both highly 

repetitive and highly variable. They use genetic variation to quickly adapt to a changing 

environment. If we can understand the variation in the pathogen genome and how new 

variation is created, we should be able to improve disease management by prescribing 

controls specific to the pathogen population present.  

 This brief review will focus on oomycete pathogens and how genetic diversity is 

generated through biological processes. Oomycetes utilize multiple methods for the 

generation of variation including forms of mutation and recombination (Burdon and Silk 

1997). Gene flow can also contribute to genetic variation as propagules spread from one 

population to another within a species. Types of mutation include aneuploidy, breakage, 

deletions, insertions, and transpositions (Goodwin 1997; Milgroom 2015). In some 

oomycetes, both asexual and sexual recombination can occur to generate variability. For 

asexual recombination in particular, parasexual cycles and cytoplasmic exchange can 

increase genetic variability in the absence of sex (Burdon and Silk 1997; Goodwin 1997). 

 

SEXUAL RECOMIBINATION 

In many oomycetes, mechanisms of self-incompatibility ensure outcrossing through 

sexual recombination. Sexual recombination is one way plant pathogens can reassort their 

genetic code and increase genetic variability within the population.  

Mating Systems. Members of the Oomycota can be heterothallic, requiring two 

mating types to reproduce sexually, or homothallic, organisms with both mating types 
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present in the organism required for formation of sexual spores. Heterothallic species require 

different mating types and are thought to reproduce primarily through outcrossing, while in 

homothallic species, sexual reproduction is initiated by self-fertilization with populations 

resulting from inbreeding. There are some reported variations to these mating systems, such 

as homothallic isolates within a heterothallic species or vice versa (Brasier 1992). The level 

of heterozygosity in an individual is reduced by half with each generation of inbreeding, so in 

species of oomycetes that do not outcross, heterozygosity would be reduced to 1% after 

seven generations. In heterothallic species that are outcrossing, heterozygosity should be at 

Hardy-Weinberg equilibrium after one generation of mating (Goodwin 1997). Obligate 

outcrossing can result from separate sexes, sexual morphs (common in plants), molecular 

recognition systems (self-incompatibility), and asynchrony in the production of male and 

female gametes (Billiard et al. 2012).  

In oomycetes, the sexual spore is called an oospore and is formed when a female 

oogonium is fertilized by a nucleus migrating from the male antheridium. Location of 

antheridial attachment to the oogonium is used to morphologically differentiate species 

within the genus of Phytophthora. Paragynous antheridia are attached to the side of the 

oogonium. Amphigynous antheridia look like they are wrapped around the oogonial stalk, 

but in reality the oogonial gametangium penetrates the antheridial gametangium and passes 

through to emerge and form an oogonium. In heterothallic species the two mating types are 

designated A1 and A2 and both are required for production of the sexual oospore (Gallegly 

and Hong 2008). For example, Phytophthora nicotianae is a heterothallic species although 

sexual reproduction has only been achieved in a laboratory setting and has not been 
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confirmed in the field (Gallup et al. 2006; Lucas 1975). As previously mentioned, there are a 

few exceptions to this rule with some homothallic isolates capable of self-fertilization within 

a species that is generally heterothallic.  

Mating can increase genetic variability among offspring due to recombination of 

alleles from parents, which increases the organism’s ability to quickly adapt to changes in 

environment. Unfortunately, there are some costs associated with sexual reproduction. It 

takes more time and energy than mitotic cell division, even in organisms where there are no 

separate sexes or outcrossing (self-fertilization). Recombination through meiosis can also 

break locally adapted combinations of alleles that are still advantageous for the organism to 

possess. Homothallism and the ability to self-fertilize may have some advantages, but the 

details are still largely unknown. In species where its gametes are widely dispersed, 

homothallism can enable crossing with other individuals when chance encounters do occur 

(Billiard et al. 2012).  

There are several methods that can be used to determine the mating structure between 

individuals. Pairings of isolates can be done under laboratory conditions with sexual spores 

collected for genetic analysis. In the past, RFLP (restriction fragment length polymorphism) 

has been used to infer paternity and compare individuals to determine relatedness because it 

is an easy-to-use technique which is easily repeatable. However, advances in sequencing 

have made the use of RFLP analysis obsolete (Milgroom 2015). Currently, microsatellite 

markers are a popular molecular technique to look at parentage through the development and 

screening of isolates (Milgroom 2015). 
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Interspecific hybridization. Hybridization is the cross between two species. In the 

animal and plant kingdom the mule (horse x donkey), triticale (wheat x rye), and many 

ornamentals are some of the more well-known hybrids (Ersek and Man in’t Veld 2013). Flor 

pointed out the potential for interspecific hybridization in the 1930s when he first reported 

isolates of the smut fungus Tilletia with atypical morphology, but proof of crossing between 

different species of fungi was not confirmed until development of molecular tools in the mid-

1990s. Now there are reports of interspecific crossing in Ascomycota, Basidiomycota, and in 

Oomycota including Phytophthora and Pythium spp. The first species crosses reported in 

Phytophthora were confirmed by Goodwin and Fry in 1994. They were able to successfully 

confirm a cross between P. infestans and P. mirabilis using DNA fingerprinting and isozyme 

analysis (Goodwin and Fry 1994).  

There have been many crosses of oomycetes in the laboratory including P. infestans x 

P. mirabilis, P. sojae x P. vignae, and P. capsici x P. tropicalis (Donahoo and Lamour 2008; 

Goodwin and Fry 1994; May et al. 2003). In the cross of P. infestans and P. mirabilis, most 

of the F1 progeny were not able to infect Mirabilis jalapa, which is a host of P. mirabilis 

(Goodwin and Fry 1994). Only a few of the offspring were able to infect tomato and potato, 

which are hosts of P. infestans. Species hybridization from this cross produced offspring that 

were not able to infect the same hosts as their parents (Goodwin and Fry 1994). This same 

cross was repeated in 2010 by Kroon and 7 of the 8 F2 hybrids were able to infect tomato and 

potato. This suggests that the two species diverged by changes in their preferred hosts and 

that they are still sexually compatible (Kroon 2010). Crosses between P. sojae and P. vignae 

have also been confirmed (May et al. 2003). Progeny from this cross were analyzed by 
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random amplified polymorphic DNA (RAPD) and amplified fragment length polymorphisms 

(AFLP). The hybrids from this cross were pathogenic to hosts of both parents, but were less 

aggressive when compared to their parent on the same host (May et al. 2003). Progeny from 

a cross between P. capsici and P. tropicalis from rhododendron were determined as parental 

and hybrid isolates (Donahoo and Lamour 2008). Hybrids had mtDNA from one of the two 

parental types and pathogenicity was reduced on hosts within their parents’ host ranges 

(Donahoo and Lamour 2008). In addition to crosses made in vitro, natural hybrids in 

Oomycota have also been reported. 

Naturally occurring hybrids in the genus Phytophthora have been reported for P. 

nicotianae x P. cactorum (Bonants et al. 2000; Nirenberg et al. 2009), in Phytophthora 

hybrids pathogenic to alder (Brasier et al. 1999), P. hedraiandra x P. cactorum (Hurtado-

Gonzales et al. 2009), and in P. andina (Goss et al. 2011). Hybrids of P. nicotianae and P. 

cactorum were first reported in the Netherlands in 1998 (Man in’t Veld et al. 1998). Isolates 

were originally recovered from greenhouse plants Spathiphyllum and Primula and were 

morphologically different than other species of Phytophthora found on these hosts. RAPD 

(randomly amplified polymorphic DNA) and isozyme analyses confirmed that the collected 

isolates were hybrids and mtDNA sequencing supported P. nicotianae as one of the parents 

in the cross. Further data from AFLPs (amplified fragment length polymorphisms) and 

sequences of the ITS region supported that isolates were the product of interspecies 

hybridization between P. nicotianae and P. cactorum (Bonants et al. 2000). Hybrid isolates 

from this cross were able to infect Spathiphyllum and Primula plants, which are hosts for P. 

nicotianae and not P. cactorum (Man in’t Veld et al. 1998). The new species of pathogen 
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was formally described in 2009 as Phytophthora x pelgrandis, but a complete morphological 

description is still needed (Nirenberg et al. 2009). P. nicotianae and P. cactorum hybrids 

have also been reported on loquat trees in Taiwan and in Peru (Chern et al. 1998; Man in’t 

Veld 2001).  

Based on ITS sequences and genomic polymorphisms, the hybrid of Phytophthora 

infecting alder species was thought to be a cross of P. cambivora and P. fragariae-like 

species (Brasier et al. 1999). Later the hybrid was formally described and named P. alni. For 

this cross, the hybrid progeny was able to infect a host species that was not in the host range 

of either parent (Brasier et al. 2004). Therefore, interspecific hybridization could be 

advantageous to a species by expanding or changing the host range of hybrids to exploit new 

ecological niches.  

Hybrids from crosses between P. hedraiandra and P. cactorum have been reported to 

cause stem base rot, leaf spots, and wilting shoots in many plants in the USA, Germany, 

Belgium, Netherlands, and Slovenia (Ersek and Man in’t Veld 2013). Rhododendron is one 

important host from which hybrids have been reisolated. Since the first report of this hybrid 

in the Netherlands, P. cactorum has not been isolated from Rhododendron. This might mean 

that the hybrid of P. cactorum and P. hedraiandra is displacing the native P. cactorum 

species on this host (Ersek and Man in’t Veld 2013).  

A final example of a reported hybrid species is P. andina, which was found in the 

Andean region of South America in 2010 (Olivia et al. 2010). This hybrid was identified by 

four nuclear loci that each contained two distinct sequences. One confirmed parent is P. 

infestans and the other has not been determined. Based on previous reports of interspecific 
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hybridization of Phytophthora spp., hydroponic systems and areas with heavy flooding 

where parents may encounter each other on the same host create conditions that are favorable 

for crossing (Ersek and Man in’t Veld 2013).  

In Phytophthora spp., interspecific hybridization may be advantageous because 

allopolyploids are able to shield against the negative effects of mutations. Hybridization is a 

mechanism that combines parental genomes, which increases genetic diversity and may 

create hybrids that are more fit than their parents (Ersek and Man in’t Veld 2013). 

Hybridization occurs most often between allopatric species (species that typically exist in 

different geographic locations) (Ersek and Nagy 2008). An increase in interspecific 

hybridization may be due to the introduction of exotic species through the horticulture trade. 

Thus far, all the hybridizations reported have been between a native species and an exotic 

one or between two exotic species that have moved into the same area. Host plants that have 

recently been introduced into an area may also help bridge the gap between species and 

encourage hybridization in natural systems. In the future, continued introductions of exotic 

Phytophthora spp. into new areas will only increase the development of hybrids. Interspecific 

hybridization also can increase genetic variability in the pathogen and lead to increased 

aggressiveness as well as the expansion of host range compared to parents of the hybrid 

(Brasier et al. 2004; Ersek and Man in’t Veld 2013). Therefore, more research is needed to 

determine the effects hybrids can have on natural and managed agroecosystems.  

Methods used to characterize interspecific hybrids include sequence analysis of nuclear DNA 

genes, isozyme analysis, RAPD analysis, and AFLPs. Isozyme analysis is a useful tool 

because it detects changes in gene products (proteins). Parent isolates can combine in three 
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different ways; one homodimeric band can originate from one parent, a second band can 

originate from the other parent, and a third intermediate band composed of gene products of 

both parents can also appear. Isozyme analysis will reveal the intermediate band and confirm 

the cross between the two parental species (Ersek and Man in’t Veld 2013). RAPD analysis 

was used frequently in the 1990s and early 2000s, but more refined tools are now available 

for genomic analysis (Milgroom 2015). RAPDs are advantageous because they are highly 

polymorphic, can screen multiple loci at the same time, are spread across the genome, and 

can be used without prior genetic information. However, there are problems with 

repeatability and loci are not easily linked to organism traits. AFLPs are similar to RAPDs 

except they use restriction enzymes to cut DNA and specialized primers to selectively 

amplify the segmented pieces of DNA. They are also not very reproducible and require a 

large amount of high quality DNA. Currently, most determination of hybrids is done by 

direct sequencing of nuclear DNA genes and comparing sequences from parents across their 

progeny (Milgroom 2015). Direct sequencing is more commonly used as compared to the old 

technique of isozyme analysis because isozymes can only detect changes in produced 

proteins and not all genetic changes lead to changes in protein structure.  

 

NON-SEXUAL METHODS OF INCREASING GENETIC VARIABILITY 

Many mechanisms contribute to asexually produced variation in the oomycetes. 

These include mutation, genome instability, transposable elements, gene conversion, mitotic 

recombination, somatic hybridization, parasexual cycles, and supernumerary chromosomes 

(Burdon and Silk 1997; Kamoun 2003).  
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Mutations. Deletions, duplications, inversions, and substitution are all types of 

mutations that occur in oomycetes. A deletion is a section of DNA that is lost or deleted. 

Duplications and insertions are extra nucleotides, or a series of nucleotides, that are 

incorporated into DNA while it is being copied. Inversions occur when a series of 

nucleotides is reversed in the sequence of DNA and substitutions are exchanges of one 

nucleotide in the DNA sequence for another. Deletions and insertions can cause frame shifts 

in the DNA sequence, which are usually more deleterious than substitutions because they 

will change almost every amino acid that is needed to make the protein. A single substitution 

can be silent, or synonymous, which is when the protein sequence isn’t changed as a result of 

the mutation, or the change can be nonsynonymous. Single nucleotide polymorphisms 

(SNPs) that are nonsynonymous cause a single amino acid change in the protein, or the 

change can create a stop codon which stops the entire protein from being formed. 

Substitutions that prematurely stop production of the protein, usually produce a small non-

functional protein instead of the intended one.  

How significantly mutation contributes to genetic variability depends on the rate of 

mutation, the population size and ploidy level of the organism, and if the mutation is 

advantageous or deleterious (Burdon 1992). Rapid rates of mutation in virulence can increase 

genotypic diversity seen in the field (Goodwin et al. 1995). Genes affected by mutation are 

more likely to occur if they are closely linked or if inhibitor genes are present. Chromosome 

instability and shedding, loss of chromosomes or additional chromosomes, can also have a 

significant impact on pathogenicity. However, some of these characteristics have been found 

in many fungi and do not have detectable effects. In oomycetes, there is a lot of genetic 
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variation that can be seen phenotypically even during asexual reproduction (Brasier 1992; 

Forster et al. 1994; Goodwin 1991; Goodwin et al. 1995).  

In Phytophthora spp., asexual reproduction is predominant and some information can 

be obtained about the rate of mutation through study of clonal lineages. Rapid rates of 

mutation in virulence loci and in mtDNA have been discovered in P. infestans and P. sojae 

(Forster et al. 1994; Goodwin 1991).  In P. infestans United States populations, there are a 

few clonal lineages possessing at least 4 mutations in clonal lineages found using DNA 

fingerprints (Goodwin 1997). Mutations have also been detected in mtDNA of P. infestans 

using restriction enzyme analysis (Goodwin 1991).  

Transposable Elements. Transposable elements are sequences of DNA in the genome 

that have the ability to move. There are two main classes of transposable elements (TEs) in 

eukaryotes. Class I elements, also known as retroelements, move by a “copy-and-paste” 

mechanism through reverse transcription of an RNA intermediate (Daboussi and Capy 2003). 

Class II TEs, also known as DNA transposons, are bordered by two terminal inverted repeats 

(TIRs) and transpose directly through a DNA sequence. Many TE families include 

autonomous and non-autonomous elements. Autonomous elements generate proteins that can 

activate non-autonomous elements. TEs have a tremendous ability to cause genetic changes 

in the organism’s genome by transposing into or near other genes to regulate their activation 

(Daboussi and Capy 2003).  

In oomycetes, there are a large number of retrotransposon and DNA transposon-like 

sequences. TEs have the ability to self-replicate and recombine the genome to induce 

variation, and they are found in high numbers in gene-sparse regions in oomycetes (Judelson 
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2012). The most commonly found retrotransposons belong to the long terminal repeat (LTR)-

containing gypsy and copia families, and to non-LTR interspersed elements (LINEs). Many 

of these TEs are incapable of movement due to degeneration. The number of TEs in the 

genome is correlated with genome size, for instance, P. infestans has a large genome and 

contains 10,000 gypsy and 4,000 copia-like elements that make up 37% of its DNA. P. sojae 

and P. ramorum only have 3,000 and 2,400 total, respectively (Haas et al. 2009). In Albugo 

laibachii, the white rust pathogen of Arabidopsis, only 9% of the genome is TEs and most of 

them are copia-like (Kemen et al. 2011). Significantly fewer TEs were found from these two 

gene families in Pythium ultimum, with TEs making up only 2% of the genome (Levesque et 

al. 2010). The ratio of DNA transposons and retroelements in species varies greatly. In the 

genus Phytophthora, there are DNA transposons that replicate by cut-and-paste, rolling 

circle, and self-synthesizing mechanisms (Judelson 2012).  

In his 2012 review of variation generation in oomycete genomes, Judelson thoroughly 

discusses transposable elements. In the Oomycota, and related phyla, there are examples of 

TEs contributing to genome expansion and reduction. TEs that contribute to genome 

expansion can actively be involved in creating genome variation and the regulation of gene 

expression. However, their role in controlling phenotypes and expression of virulence factors 

is still largely unknown. More research is needed to determine how TEs silence and regulate 

gene expression, and how management strategies and environment influence their evolution 

(Judelson 2012).  

Gene Conversion. Gene conversion is the transfer of non-reciprocal DNA from a 

sister chromatid, homologous chromosome, or unrelated ectopic piece of DNA, and is often 
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used by various organisms as a mechanism to repair double stranded chromosome breaks 

(DSB) (Szostak et al. 1983). Gene conversion can occur during mitosis and meiosis, and is 

frequently associated with crossing-over during meiosis, and is a process that can change a 

locus from heterozygous to homozygous (Kamoun 2003).  It differs from mitotic crossing 

over because it can occur at just a single locus and not affect other loci that are close by 

(Kamoun 2003). In diploids, after DNA has been replicated, a DSB can be repaired by using 

DNA sequence information from a sister chromatid or a homologous sequence located in an 

allelic (homologous chromosome) or ectopic location (Kamoun 2003; Szostak et al. 1983). In 

meiotic cells, mechanisms have evolved to ensure that most recombination events happen 

between non-sister chromatids. However, in mitotic cells that undergo gene conversion, 

DSBs are more likely repaired using sister chromatids (Haber 2000).   

In oomycetes, gene conversion has been reported in Phytophthora sojae. It was first 

discovered in this system during genetic mapping of the avirulence gene Avr1b when 

molecular marker sequences changed occasionally from heterozygosity to homozygosity 

(Chamnanpunt et al. 2001). Gene conversion could also explain why they had transmission 

of many unlinked markers in progeny from a cross of two strains. To confirm that gene 

conversion was the mechanism contributing to the genetic changes observed, they examined 

molecular markers within and outside a selected linkage group in a large population of 

individuals with somatic segregation (Chamnanpunt et al. 2001). They found a high 

frequency of changes to homozygosity occurring during vegetative growth of P. sojae 

hybrids, which could be explained by gene conversion. Due to the diploid nature of P. sojae, 
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parental genotypes cannot interact until after fusion of gametangia nuclei. Therefore, 

homozygosity could not occur during meiosis (Chamnanpunt et al. 2001).  

In the field, gene conversion could result in diversity within an individual thallus and 

could help the organism adapt to changing environmental conditions or stresses. Mitotic gene 

conversion may also assist with reassortment of Avr genes and result in new pathogen races. 

This would be even more likely in Avr genes that are closely linked. In P. sojae, gene 

conversion could be a mechanism implicated in growth, development, and pathogenicity. 

DSBs during DNA replication encourage repair through gene conversion, which also 

contributes to genetic diversity through creation of point mutations (Chamnanpunt et al. 

2001).  

Mitotic Recombination. Mitotic recombination is a process that can occur in both 

asexually and sexually reproducing organisms. Mitotic recombination does not necessarily 

generate genetic diversity, but it can lead to expression of recessive genes in heterozygous 

individuals. This type of recombination can happen at any locus but can be seen in 

heterozygous individuals at a particular locus. After a mitotic crossover event, the 

homologous chromosomes line up during metaphase. If the chromatids with the same allele 

line up together, then the newly formed cell will have a homozygous copy of the gene and 

the recessive trait will be expressed. If chromatids with different alleles for the gene line up, 

then the resulting cell will be heterozygous and the cross over event will be silent. If the 

homozygous cells continue to divide, then it could lead to large parts of the organism 

expressing the recessive trait, while other parts do not. From the point of crossing over and 
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down on the same chromosome arm, all heterozygous traits will switch to homozygous traits. 

Therefore, mitotic crossing over may cause the expression of many recessive genes.  

In the Oomycota, mitotic crossing over has been reported in many species including 

P. infestans and P. cinnamomi. Changes in alleles for P. infestans have been associated with 

mutations, but most of the variation in clonal lineages is from mitotic recombination. 

Changes did not involve the generation of new alleles but were changes from heterozygous to 

homozygous traits confirmed by allozyme variation and DNA fingerprints (Goodwin et al. 

1994). Mitotic crossing over can be confirmed with DNA fingerprinting because loci 

changing from heterozygous (+/-) to homozygous (-/-) traits no longer have a band present at 

that locus. Mutations can also cause inactivation of an allozyme allele or change in the 

restriction site for the fingerprint analysis, but this type of mutation is very rare. Therefore, 

mitotic recombination was a more likely scenario for changes in zygosity observed for P. 

infestans (Goodwin et al. 1994). Mitotic recombination is easier to confirm since the first 

studies conducted in the 1990s due to the availability of better markers as genomic tools. For 

example, microsatellite markers (SSRs) were used to characterize a global population of P. 

cinnamomi, and mitotic crossing over happened frequently (Dobrowolski et al. 2003). 

Mitotic recombination can be used by P. cinnamomi instead of meiotic recombination to help 

rid the genome of deleterious mutations and change advantageous mutations to homozygous 

traits (Dobrowolski et al. 2003).  

Parasexual recombination. Parasexual recombination is a process that can occur 

within heterokaryons, a multinucleate cell that contains genetically different nuclei, which 

results in genetic recombination. The process starts with the fusion of the two nuclei, 
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followed by crossing over events in a few mitotic divisions after multiplication, to form 

genetic recombinants. The combined nucleus will lose chromosomes in order to revert to its 

previous haploid or diploid state. The parasexual cycle is similar to meiosis because it 

recombines genetic information and produces genetically variable offspring, but it occurs 

during mitosis after formation of a heterokaryon and lacks coordination. Parasexual 

recombination can result in aneuploid (having an abnormal number of chromosomes in a 

cell) offspring.   

Parasexual recombination has been suspected as a way for clonal populations to 

increase genetic variability, but it is not a likely mechanism in Phytophthora spp. However, 

there is some evidence of parasexual recombination in Phytophthora species in the lab, but it 

was not confirmed with molecular markers (Layton and Kuhn 1988; Long and Keen 1977; 

Lucas et al. 1990; Shattock et al. 1977; Shattock and Shaw 1976). In P. infestans, new races 

from co-inoculation studies might be explained by somatic fusion followed by a parasexual 

cycle (Leach and Rich 1969; Malcolmson 1970), but it seems unlikely because the 

parasexual cycle is more likely to occur in haploid fungi than in diploid oomycetes (Goodwin 

1997). Mutation is a better explanation for the results that have been previously reported as 

suspected parasexual recombination.   

Like recombination from meiosis, parasexual cycles can increase genetic variability 

in the organism during stressful periods when variable progeny might have an advantage 

over their parental isolates. The parasexual cycle is one way that asexually reproducing 

species recombine their genes in an effort to increase fitness in new or stressful 
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environments, but this is a mechanism of generating genetic variability that is more common 

for true fungi than for oomycetes (Goodwin 1997).  

Supernumerary Chromosomes. Supernumerary chromosomes, also known as B 

chromosomes (Bs) or accessory chromosomes, are extra chromosomes that are not essential 

for life (Covert 1998; Houben et al. 2014). Therefore, these chromosomes are not present in 

all representatives in a fungal species (Covert 1998). Supernumerary chromosomes are 

generally portions of non-coding DNA that can be found in some individuals in a population 

(Covert 1998). In some cases they give the organism a competitive advantage, but they can 

also have negative effects on the normal set of chromosomes (A chromosomes). Some 

supernumerary chromosomes have positive effects on organisms in a certain climate and give 

them a competitive advantage (Covert 1998; Kistler et al. 1996; Miao et al. 1991). However, 

these extra sources of genetic variability have been reported to cause female sterility in M. 

grisea (Orbach et al. 1996). They are inherited in a non-Mendelian fashion and usually 

accumulate over time, but do not dominate whole populations because of infertility in some 

affected individuals (Covert 1998). They differ from aneuploidy individuals because they are 

not extra copies of whole chromosomes. Bs can exist as several morphological types in the 

same species and can even represent a significant portion of an organism’s genome (Orbach 

et al. 1996). The transmission of Bs can occur mitotically as a normal part of organism 

growth, so the same number of Bs is usually found in all cells of anorganism (Martin 1995). 

However, some Bs can be limited to a specific tissue type in the host as reported in the 

grasses Aegilops speltoides and A. mutica (Houben et al. 2014).   
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Most of the examples of supernumerary chromosomes have been reported in plants 

and insects with only a few confirmed cases of Bs in fungi. Most manuscripts of Bs in fungi 

are for Nectria haematococca and Colletotrichum gloeosporioides, with a few on 

Magnaporthe grisea and Gibberella fujikuroi (Covert 1998). The first supernumerary 

chromosome reported in fungi was for N. haematococca, and was found because these 

regions were not inherited in many progeny of sexual crosses (Miao et al. 1991). The Bs 

chromosome was confirmed by probing with the cloned Bs chromosome in other individuals.  

The function of supernumerary chromosomes is still vague. In some species of fungi 

they have not been associated with any morphological or pathogenic phenotypes (Xu and 

Leslie 1996). However, some Bs in N. haematococca do carry functional genes that can 

assist the pathogen in detoxifying anti-microbial compounds produced by the plant during 

infection (Kistler et al. 1996). Therefore, some genes critical for pathogenesis could be 

controlled by supernumerary chromosomes and have not yet been discovered. As 

supernumerary chromosomes are studied more in fungi, we may find that they make a 

significant contribution to genetic diversity and adaptability. In oomycetes, reports of 

supernumerary chromosomes are limited, with their presence confirmed only in Pythium 

(Martin 1995).  

Aneuploidy. Many fungi are able to maintain unequal chromosome copy numbers. 

This state is known as aneuploidy and it is due to the loss or duplication of individual 

chromosomes. Aneuploidy can occur by defects in chromatid separation during duplication 

in meiosis or mitosis. In mammals, aneuploidy can cause severe diseases and defects in 
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effected individuals, but in fungi aneuploidy may confer an advantage in some circumstances 

(Stuckenbrock and Croll 2014).  

In Oomycota, aneuploidy progenies have been reported in Phytophthora ramorum. In 

the study done by Vercauteren et al., oospores were produced in the lab by crossing two sets 

of isolates (2010). In oospore progeny, non-Mendelian inheritance was observed with some 

offspring having more than 2 alleles at one locus or loss of an allele at another locus. The 

aneuploidy progeny was mitotically unstable showing genotypic rearrangements and 

phenotypic variation (Vercauteren et al. 2010). Trade-offs between loss and gain of fitness 

associated with aneuploidy in diploid fungi and oomycetes needs to be researched further. 

More information on this topic could allow us to predict evolutionary trajectory.  

Loss of Heterozygosity. Loss of heterozygosity (LOH) at alleles can be seen with 

asexually and sexually reproducing populations of fungi and oomycetes. LOH has a large 

effect on pathogen phenotypes because it can change the pathogen’s ability to cause disease 

and, in some cases, switch their mating type (Lamour et al. 2012). LOH can result from 

mutation, mitotic recombination and gene conversion and occurs when a heterozygous locus 

switches to a homozygous one. This can increase population diversity, because recessive 

genotypes can be expressed that were masked in the heterozygous state.  

LOH due to mitotic recombination, or mitotic gene conversion, has been reported 

several times in the genus Phytophthora. Since the recent whole genome sequence release of 

P. capsici, screening for LOH has become possible. In a paper by Hu et al., LOH in P. 

capsici was determined by using genotyping and dense genetic maps (2013). LOH was 
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associated with loss of pathogenicity and a mating type switch from A2 to A1 (Hu et al. 

2013; Lamour et al. 2012).  

In a few diploid fungi, UV light can induce LOH (Takagi et al. 2008). If this is also 

true for P. capsici, then novel allelic variation could arise due to UV exposure and 

subsequent LOH. Many types of vegetables are susceptible to infection by P. capsici, and 

vegetables are generally grown in direct sunlight in an open field. This could allow for UV 

radiation of P. capsici and a subsequent change in isolate pathogenicity and mating type 

(Hulvey et al. 2010; Lamour et al. 2012). For populations of P. capsici in regions with cold 

winters, a switch in mating type could increase the production of overwintering oospores, 

and possibly increasing survival (Hulvey et al. 2010).  

 

MOLECULAR TOOLS FOR GENOTYPING 

Genotyping tools have made great progress in the last 20 years (McDonald 1997; 

Milgroom 2015). They provide scientists for a way to look at diversity within populations 

and between species of organisms. Molecular tools can be used to assist with identification of 

species, and determine phylogenies, population genetic structure, gene dispersal, and gene 

flow between populations. Much of the advances in molecular characterization of organisms 

are due to development of better genetic markers and advances in computational technologies 

to analyze large data sets. A molecular marker helps determine variation in the DNA of 

individuals that can be assayed using techniques of molecular biology. Molecular markers 

are one type of genetic marker and they often focus on sections of the genome that have 

variable DNA sequences. Other classes include morphological, cytological, biochemical, and 
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protein markers (Milgroom 2015). This section focuses on a method for protein analysis and 

several types of molecular markers, advantages/disadvantages of each, and which tools are 

best suited for particular types of studies. All the tools for generation and analysis of genetic 

information, except double digest RADseq, were summarized in chapter 2 of the book: 

Population Biology of Plant Pathogens by M. G. Milgroom, and are discussed in this section.  

Molecular markers are used to determine the variability in small sections of the 

genome, called loci, in populations. Many factors should be considered when choosing the 

correct type of molecular marker used to answer a biological question. A good marker will 

generate data of the right variability. High variability can be used for studies of parentage and 

kinship, moderate variability for population genetic structure, and low variability for 

phylogeographic studies. Markers should be easy to develop and use to screen samples. 

Other characteristics that may be important for using markers include cost of marker 

development, if markers are dominant or codominant, if they assay one genetic region or 

many regions at the same time, and the amount and quality of DNA needed for marker use. 

Codominant markers can determine heterozygotes from homozygotes at a locus, while 

dominant markers will not be able to differentiate heterozygotes from homozygotes. 

Dominant markers only reveal a single dominant allele and are cheap to develop, but are less 

precise than codominant markers (Milgroom 2015).  

Allozymes or Isozymes. Allozymes, a method of protein analysis, has been around for 

decades and is still used some today (Burdon and Roelfs 1985; Goodwin et al. 1993; Tooley 

et al. 1985). This method involves the extraction of proteins from organism tissue, running 

the proteins through a gel to separate bands and staining the gel for visualization. Strengths 
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of this technique are its technical ease, there is little to no development involved, and 

polymorphism is present in most species. Disadvantages include low levels of 

polymorphisms seen when compared to DNA markers and genetic variation is 

underestimated. Genetic variation is underestimated because synonymous nucleotide 

substitutions are silent due to the same amino acid being incorporated into the protein, plus 

not all amino acids changes that do occur cause a change in net charge. These are a few 

reasons why molecular markers are preferred over allozymes for inter- and intraspecies 

comparisons (Milgroom 2015).  

mtDNA Analysis. Mitochondrial DNA variation can be used to look at clonal types in 

a population, but it is only inherited maternally. Therefore, mtDNA will be from one parent 

and not useful in tracking contributions from both parents in species that outcross often. 

There are a couple of methods for tracking changes in mtDNA. Historically, mtDNA was 

isolated from nuclear DNA by centrifugation, then cut with restriction enzymes and run on a 

gel, which resulted in many DNA fragments. Then, variations in DNA fragment bands could 

be used to identify differences between samples. One current method uses PCR to directly 

sequence the mtDNA gene of interest, then sequences from individuals can be compared. 

Another method is the use of PCR-RFLP, which amplifies the gene of interest then enzymes 

are used to cut the amplified gene. Mitochondrial DNA analysis has many applications, 

including tracking genealogies, species and subspecies identification, and population 

structure and phylogeography. Advantages include universal primers that are readily 

available, variation is more diagnostic than nuclear DNA since the population size is smaller, 

and it has direct connectibility. mtDNA is simply inherited, so analysis is easy. Some 
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disadvantages of mtDNA sequencing are that is does not provide information about parental 

genotypes and genotypic variation may be too limited for population studies (Milgroom 

2015).  

Restriction fragment length polymorphisms. Restriction fragment length 

polymorphism (RFLP) was one of the first tools with widespread use to look at differences in 

homologous genes between individuals. RFLP works by digesting DNA with enzymes that 

cut at specific locations. DNA fragments are then run through gel electrophoresis and bands 

are separated based on size. Fragments are compared across samples to determine 

relatedness. RFLP can be used to determine paternity and is often used in combination with 

amplification of mtDNA, which is chopped up by enzymes. With the decreasing prices in 

gene sequencing, RFLP analysis has become mostly obsolete (Milgroom 2015). Advantages 

of RFLP are that it is highly reproducible, codominant, and they detect more polymorphisms 

than allozymes (Milgroom 2015). Some disadvantages are a large amount of DNA is needed, 

and genetic diversity is underestimated if changes in DNA sequence do not change where 

enzymes cut the DNA, and therefore do not change the size and number of bands in a sample 

(Milgroom 2015).  

Random amplified polymorphic DNA. Random amplified polymorphic DNA 

(RAPD) is a technique used to look for genetic variation across the entire genome. First, 8-

10bp primers are used to amplify fragments of DNA, then bands are separated out on a gel 

(Welsh and McClelland 1990; Williams et al. 1990). RAPDs are used to compare 

populations, for genetic mapping, and identification of fungal strains. RAPDs are easy to use, 

they use random primers that do not need to be developed, there is a high degree of 
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polymorphism, and multiple loci can be assayed at the same time. Some limitations include 

markers that are usually dominant, results are difficult to reproduce between, bands have 

little transferability, and this technique is no longer accepted in some journals for publication 

(e.g. Molecular Ecology).  

Amplified fragment length polymorphisms. Like RAPD, amplified fragment length 

polymorphisms (AFLPs) are highly polymorphic and are used to look at genetic variability 

across the entire genome. First, genomic DNA is digested with two restriction enzymes, one 

that is a frequent cutter (MseI) and one that cuts less frequently (EcoRI). Fragments are 

ligated to end specific adapter sequences and then PCR is used to amplify adaptor sequences 

with an additional 1-2 bases added at the 3’ end. The second selective amplification is done 

with PCR using 3-4 additional bases added to the end. The number of additional bases is 

used to decrease the number of fragments that are amplified by 1/16 (Mueller and 

Wolfenbarger 1999; Vos et al. 1995). AFLPs are used to infer genetic similarities among 

individuals based on the number of shared bands. Applications of AFLPs include population 

differentiation, discrimination of clonal populations, identification of strains, and linkage 

mapping. AFLPs are a good tool because they are highly polymorphic; they are rapidly 

developed, and are excellent for linkage mapping. Some disadvantages include: they are 

dominant markers, often have low correlation to phenotypic traits, require a large amount of 

high quality DNA and a high level of technical skill to use (Milgroom 2015).  

Single nucleotide polymorphisms. Single nucleotide polymorphisms (SNPs) are 

polymorphisms at individual nucleotide sites. They have the highest level of molecular 

resolution outside of whole genome sequencing and are used more and more frequently, 
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however it takes two to six times as many to get the same resolution as microsatellite markers 

(Brumfield et al. 2003; Morin et al. 2004). High throughput screening can be done using next 

generation sequencing technology. SNPs are spread throughout the entire genome and can be 

targeted using specific primers and sequencing loci to look for changes. They are used for 

many applications including population genetic studies, determining gene flow among 

populations, and more (Milgroom 2015).  

Microsatellites. Microsatellites, or single sequence repeats (SSRs), are stretches of 

DNA that contain short sequences (1-6 bp) that are repeated many times in a row. They are 

highly variable within populations with alleles varying in number of repeat units. They are 

biparentally inherited, the technique is PCR based, and markers are codominant. SSRs are 

used for genetic mapping, and population genetics to look at inbreeding, dispersal and 

migration, effective population size, and relatedness or parentage. They are most commonly 

used today in population genetics (Putman and Carbone 2014). SSR advantages include: they 

are codominant markers, they are abundant in most genomes, they are highly variable, and 

have direct connectibility (Ellegren 2004). Disadvantages are laborious and expensive 

development of primers, there is a low level of transferability among taxa, stutter bands 

create difficulty when scoring bands, and there are high rates of homoplasy (Milgroom 2015; 

Putman and Carbone 2014).  

Whole Genome Sequencing. With improvements in sequencing using technologies 

like Illumina, sequencing entire genomes is faster and cheaper than it has ever been. 

Sequences of whole genomes can assist with the development of markers mentioned 

previously and future improvements will continue to speed up the process and provide this 
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service at a cheaper price. Whole genomes sequenced for species of oomycetes continue to 

increase and will give us the ability to make comparisons between species and determine 

what genes are necessary for pathogenesis.   

Double Digest RADseq. Double digest RADseq, or ddRADseq, is one of the newest 

molecular techniques used to look at changes in DNA sequence across the entire genome 

without the need to develop special primers. It is similar to restriction associated DNA 

sequencing (RADseq) because both use restriction enzymes to chop up DNA, but ddRADseq 

utilizes a double restriction enzyme digest, one enzyme that is a frequent cutter and one that’s 

a rare cutter, to produce bands of approximately the same size for sequencing. ddRADseq 

produces sequencing libraries containing only a subset of restriction digest fragments that are 

generated by cuts from both of the restriction enzymes and that fall only into the size-

selection window (Peterson et al. 2012). There are two advantages of the precise and 

repeatable size selection. The first is that only a small fraction of fragments will be the 

correct size so sampling in both directions of the same restriction site is low and duplicate 

region sampling is reduced. The second advantage is it biases independent samples toward 

recovering the same regions, so sequenced bands from multiple individuals can be compared 

(Peterson et al. 2012). Advantages of ddRADseq are it can be done with a small amount of 

DNA, and the cost of sequencing multiple individuals is greatly reduced by only looking at a 

fraction of the genome. Although it is cheaper than whole genome sequencing, only a 

fraction of the genome is sequenced by the amplified bands.  
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CONCLUSION 

Diploid fungi and oomycetes utilize many mechanisms to increase genetic variability 

among their populations. The high level of genetic plasticity found in these organisms greatly 

contributes to their ability to adapt quickly to their environment. In order for us to understand 

how phytopathogenic fungi and oomycetes can adapt to different disease management 

strategies, we need to take a closer look at their genomes.  

For many crops, disease losses are minimized through use of host resistance, which 

can also be combined with cultural practices and chemical applications. Host resistance is 

easy to implement and an inexpensive management tool compared to costly fungicide 

applications. Use of resistant rootstocks and selection of varieties/cultivars with high levels 

of resistance are methods used to manage economically important oomycete pathogens 

including Phytopthora spp. (Benson 1982; Gallup and Shew 2010; Matheron et al. 1998; 

Siviero et al. 2006). All sources of resistance, like other disease management strategies, place 

selection pressure on the pathogen, which selects for new races and increased aggressiveness 

in the population (McDonald and Linde 2002). 

The focus of the research presented in this dissertation is on variability in the 

oomycete Phytophthora nicotianae and how this organism uses its high level of variability to 

adapt to selection pressures imposed during implementation of management strategies. For 

example, black shank of tobacco caused by Phytophthora nicotianae, is primarily managed 

through deployment of varieties with resistance to the pathogen. Complete and partial 

sources of resistance are available, but since the pathogen population shift to race 1 in fields 

with a history of complete resistance, immunity to the pathogen controlled by the Php and 
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Phl genes is no longer effective (Csinos and Bertrand 1994; Gallup and Shew 2010). 

Adaptation to Florida 301 type partial resistance has also been reported with increased 

pathogen aggressiveness after continuous exposure to plants with high levels of partial 

resistance occuring in as little as a few host generations (Dukes and Apple 1961; McCorkle 

et al. 2015; Sullivan et al. 2005). Phytophthora nicotianae is capable of generating high 

levels of diversity, primarily through asexual means, which contributes to its ability to 

quickly adapt to environmental changes. In order to better understand how P. nicotianae 

utilizes genetic diversity to adapt to changes in disease management strategies, it is important 

to know the amount of diversity and genetic structure of the population, and if adaptation to 

partial resistance from sources other than Florida 301 occurs.   
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CHAPTER 2 

Characterization of a regional population of Phytophthora nicotianae from tobacco in 

the United States 

K. L. McCorkle and H. D. Shew 

Department of Plant Pathology, North Carolina State University, Raleigh, NC 27695. 

 

ABSTRACT 

Characterization of a regional population of Phytophthora nicotianae from tobacco in the 

United States. McCorkle, K. L., and Shew, H. D. 2016. Plant Dis. 100: XXXX-XXXX. 

 Phytophthora nicotianae is a widely occurring and important species within the oomycete 

genus Phytophthora. It has a very broad host range that includes numerous ornamentals, tree 

crops, and row crops. On tobacco, P. nicotianae causes black shank disease, which results in 

millions of dollars in crop losses in the southeastern United States annually even though 

multiple management strategies are implemented to prevent losses. Races of the pathogen 

have overcome sources of single gene resistance and the pathogen also adapts to the major 

source of partial resistance in tobacco. Adaptation to fungicides, host resistance genes, and 

other selection pressures reflects the natural variability within an organism’s genome. A high 

level of genetic diversity has been reported in P. nicotianae from some hosts, but there has 

been little work on the genetic diversity of P. nicotianae populations from tobacco. It is 

important to understand how this pathogen utilizes genetic variability to adapt to selection 

pressures imposed in management strategies. The objectives of this study were to determine 

the genetic variability of populations of P. nicotianae from tobacco in the United States, 
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quantify the haplotypes present, and describe their geographic distribution in the southeastern 

US. A total of 455 isolates were typed from four states using three cytoplasmic and two 

nuclear DNA markers to locate single nucleotide polymorphisms within the P. nicotianae 

population. Analyses of mitochondrial and nuclear gene regions produced similar 

phylogenetic trees and geographic structuring of haplotypes with most isolates grouping 

together in a few haplotypes that included representatives from all four sampled states. Some 

haplotypes had more limited distributions, with some shared between North Carolina and 

Virginia, and others between Georgia and Kentucky. The mitochondrial gene region cox2 

was the most genetically variable of the five genomic regions sequenced and the greatest 

number of haplotypes was detected in North Carolina. The presence of the same haplotypes 

in multiple locations suggests multiple introductions and movement of the pathogen between 

states.   

 

INTRODUCTION 

Phytophthora nicotianae is present world wide and is an important pathogen capable 

of causing severe damage to the roots, crowns, leaves, and fruits of a wide range of host 

plants (Erwin and Ribeiro 1996; Panabiés et al. 2016). The pathogen was first described on 

tobacco in 1896, and since this first report, it has been reported on at least 255 plant genera 

across 90 families (Cline et al. 2008). Black shank is now one of the most important tobacco 

diseases worldwide with losses in the United States alone averaging over 50 million dollars 

annually (Mila et al. 2015).  
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Management of all Phytophthora root diseases requires an integrated approach that 

includes chemical applications, cultural practices such as crop rotation, and the use of 

resistant varieties or rootstocks. Host resistance is the easiest practice to implement for 

growers and also is relatively inexpensive compared to costly fungicide applications or long 

rotations to low value crops. In tobacco, complete and partial sources of resistance are 

available, but since the widespread development of race 1 in fields with a history of complete 

resistance, immunity to the pathogen controlled by the Php and Phl genes is no longer 

effective (Csinos and Bertrand 1994; Gallup and Shew 2010).  

All sources of resistance place selection pressure on the pathogen, which may result 

in the selection and establishment of new races and/or pathogen populations with increased 

aggressiveness on resistant host genotypes (McDonald and Linde 2002). In tobacco, 

populations of P. nicotianae may exhibit increased aggressiveness to plants with high levels 

of partial resistance after only a few host generations (Dukes and Apple 1961; McCorkle et 

al. 2015; Sullivan et al. 2005).  

Phytophthora nicotianae is capable of generating high levels of diversity, primarily 

through asexual means, but the amount of variability contributed by sexual recombination is 

unknown (Kamoun 2003). The pathogen is heterothallic, requiring two mating types, A1 and 

A2, for the production of sexual oospores (Tsao et al. 1980). Sexual reproduction has been 

documented and investigated in several in vitro studies (Chern and Ko 1994; Jee and Ko 

1997; Jee et al. 2002), but oospores have not been found in the field. In tobacco populations, 

it was once thought that sexual reproduction did not occur because of geographical isolation 

of mating types (Lucas 1975). In 2009, the presence of both mating types of P. nicotianae in 
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the same tobacco field was confirmed and oospores produced by crosses of isolates from the 

same field produced oospores with 20-48% viability (Gallup 2009). Therefore, sexual 

recombination may be contributing to genetic variability of P. nicotianae in the field through 

the production and germination of oospores. Generation of variability for Phytophthora spp. 

also includes asexual methods of recombination such as mitotic crossing over and movement 

of transposable elements (Judelson 2012). In the Oomycota, mitotic crossing over has been 

reported in many species. For example, in clonal lineages of P. infestans, most genetic 

variation is generated from mitotic recombination (Goodwin 1997; Goodwin et al. 1994). 

Transposable elements, which have the ability to self-replicate and recombine the genome to 

induce variation, have been reported in Phytophthora spp. and are found in high numbers in 

gene-sparse regions in oomycetes (Judelson 2012).  

To better understand how P. nicotianae utilizes genetic diversity to adapt to changes 

in disease management strategies, it is important to know the level of genetic diversity and 

structure of the population. Currently, most work on P. nicotianae has focused on 

phenotypically characterizing pathogen populations for fungicide resistance to metalaxyl and 

mefenoxam, and for pathogenicity on resistant varieties/cultivars (Hu et al. 2008; Parkunan et 

al. 2010; Wang et al. 2013, Matheron et al. 1998). A recent investigation of intraspecific 

variation within a global population of P. nicotianae collected from various hosts used single 

nucleotide polymorphisms (SNPs) in mitochondrial and nuclear DNA regions to describe 

geographic distribution of haplotypes and phylogenetic relationships of isolates (Mammella 

et al. 2013). Isolates from the same hosts belonged to the same clades, with those from 

tobacco grouping together; however, only eight isolates from tobacco were analyzed 
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(Mammella et al. 2013). Molecular investigations solely on tobacco populations of P. 

nicotianae include studies of genetic variation arising in the same field in response to 

different types of host resistance (Sullivan et al. 2010), between parental isolates and 

zoospore progeny (Gallup 2009), and among populations in China’s main tobacco producing 

regions (Zhang et al. 2003). However, the population structure of P. nicotianae in U.S. 

tobacco growing regions has not been investigated.  

In this study, single-nucleotide polymorphisms (SNPs) within five regions of the P. 

nicotianae genome were used to determine the structure of genetic variability of P. 

nicotianae in main tobacco growing regions of the United States. Analyses were performed 

to investigate distribution, geographic isolation, and phylogeny of isolates collected from 

Kentucky, Virginia, North Carolina, and Georgia.  

 

MATERIALS AND METHODS 

Isolate collection and maintenance. Isolates of Phytophthora nicotianae were 

collected from burley and flue-cured tobacco fields in Kentucky, Virginia, North Carolina, 

and Georgia. All isolates collected in Kentucky and the mountains of North Carolina were 

from burley tobacco fields and all isolates collected in Virginia, Georgia, and the piedmont 

and coastal plains of North Carolina were from flue-cured tobacco fields. Isolates of P. 

nicotianae were arbitrarily collected from soil by taking a soil core from both sides of a 

tobacco plant with characteristic black shank disease symptoms. The two cores were bulked 

together for each sample. Isolates were obtained from soil assays according to Sullivan 

(Sullivan et al. 2005), with some modifications. Briefly, one gram of infested soil was 
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suspended in 25 ml of deionized water, then poured over five 10 cm Petri dishes containing 

semi-selective PARPH medium.  

PARPH was made using a 5% clarified V8
®
 juice agar medium, antibiotics, and 

fungicides to select for P. nicotianae (Kannwischer and Mitchel 1978; Shew 1983). Clarified 

V8 was made using 250 ml of V8 juice (V8 Vegetable Juice, Campbell’s Soup Company, 

Camden, NJ) suspended with 2g of CaCO3 and 750 ml of deionized water. The suspension 

was autoclaved at 121°C for 30 minutes, filtered by suction through 1” of Celite 545 (Fisher 

Scientific, Fair Lawn, NJ), and brought back to original volume with deionized water. 

Filtered V8 juice was autoclaved once daily for two consecutive days at 121°C for 30 

minutes. PARPH was prepared by autoclaving 20 g of Bacto Agar (Difco, Detroit, MI) in 

200 ml of the clarified V8 juice and 800 ml of deionized water (final concentration of 5% V-

8 juice) for 30 minutes at 121°C. Once the medium cooled to 55°C in a water bath, the 

following chemicals were suspended in 25 ml of deionized water before addition: 125 mg 

pentachloronitrobenzene (PCNB), 50 mg hymexazol, and 250 mg ampicillin. In addition, 2 

ml rifampicin stock (500 mg rifamycin SV sodium salt in 100 ml 95% EtOH), and 2 ml 

pimaricin stock (500 mg natamycin in 100 ml sterile DI water) were stirred into the medium. 

After amendments, 18 ml of PARPH was poured into each Petri dish. Infested soil suspended 

over PARPH was incubated at room temperature for 2 days, then soil was washed off of 

plates using deionized water. Pieces of individual colonies were selected and transferred to 

fresh PARPH plates. Isolates were maintained in pure culture on a 5% clarified V8 medium 

at room temperature.  
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DNA extraction, amplification, and sequencing. Tissue from each isolate was 

collected for DNA extraction by placing plugs of the pathogen growing on 5% V8 medium 

into potato dextrose broth (PDB) (Difco, Detroit, MI). Three plugs, 7 mm in diameter, of 

every isolate were placed into each of three Petri dishes containing 18 ml of PDB. Plugs of 

the pathogen were incubated in PDB at room temperature for one week or until hyphal mats 

had grown to 30 mm in diameter. Broth and agar plugs were separated from hyphal mats 

using a vacuum, and hyphal mats were rinsed with sterile deionized water, and transferred to 

a sterile 1.7 mL microcentrifuge tube (Genesee Scientific, San Diego, CA). Tissue from each 

isolate was stored at -20°C until DNA was extracted using a CTAB (cetyl trimethyl 

ammonium bromide) procedure previously described by Gallup (Gallup 2009). DNA 

precipitate was washed three times with 100 μl of cold 80% EtOH, then suspended in 20 μl 

of nuclease-free water and stored at -20°C. DNA concentrations were determined using a 

NanoDrop Lite spectrophotometer and diluted to 20 ng/μl for PCR.  

Universal oligonucleotide primers ITS4 and ITS6 (White et al. 1990) were used to 

amplify the ITS rDNA region (Table 2.1). Mitochondrial gene regions, cox2+spacer and 

nadh1, were amplified using primers FM35/FM80Ph10b for parts of the coxI and coxII gene 

cluster (Martin and Tooley 2003) and NADHF1/NADHR1 for the nadh1 gene region (Kroon 

et al. 2004) (Table 2.1). Nuclear DNA regions, elongation factor 1 alpha (EF-1a) and ß-

tubulin (ß-tub) genes, were amplified using oligonucleotide primers ELONGF1/ELONGR1 

and TUBUF2/TUBUR1 (Kroon et al. 2004) (Table 2.1). Amplification protocols for EF-1a, 

ß-tub, and nadh1 genes were followed as outlined by Kroon (Kroon et al. 2004). Primers 

used for gene amplification were also used to sequence all genes except for the cox gene 
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cluster, which included primer sets FM82/FM78 and FM79/FM80 to sequence the 

cox2+spacer (cox2) gene region after amplification using FM35/FMphy10b (Martin and 

Tooley 2003). PCR products were cleaned for sequencing using ExoSAP-IT® PCR product 

cleanup (Affymetrix) at 2µl ExoSAP-IT per 5µl product. Cleaned PCR products were sent to 

Eton BioScience for sequencing and amplicons were analyzed using CLC Main Workbench.  

Sequence analysis. Each isolate sequence was evaluated for reliability and trimmed to 

remove primer sequences and ambiguous nucleotide calls near the 5’ and 3’ ends. Forward 

and reverse sequences of each isolate were used to create a consensus sequence using CLC 

Main Workbench ver. 6.9.1 (Qiagen, Valencia, CA), then single nucleotide polymorphisms 

(SNPs) were determined from an alignment of amplified sequences for each gene region. 

Heterozygous sites were identified by the presence of a double peak at the same site for both 

the forward and reverse sequences and were given standard degeneracy codes. The 

sequenced cox2+spacer regions were joined together before being trimmed and put into an 

alignment for the cox2 gene region. In addition to alignments created for each gene region, a 

concatenated alignment was created for mitochondrial genes cox2 and nadhI combined, for 

nuclear genes EF-1a and ß-tub combined, and all five gene regions combined. The number of 

haplotypes for each gene region and for concatenated alignments was determined using 

DnaSP 5.1 (Librado and Rozas 2009).  

Nucleotide and allele diversity were determined for nuclear DNA regions EF-1a and 

ß-tub using the software PHASE v2.1.1 (Stephens and Scheet 2005; Stephens et al. 2001) 

with the input file automatically formatted in SeqPHASE (Flot 2010). Standard search 

settings were set for 100 iterations, 1 thinning interval, and 100 as burn-in. The analysis was 
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run five times with a different starting seed for each run. Synonymous and non-synonymous 

nucleotide polymorphisms were inferred using sequences of P. nicotianae reported in 

GenBank. 

Phylogenetic analysis and population structure. Phylogenetic analyses were 

conducted for the combined data set of mitochondrial sequences, combined data set of 

nuclear sequences, combined data set of all gene region sequences, and for ITS sequences, 

using maximum parsimony, maximum likelihood, and Bayesian methods. TOPALi v2.5 

(Milne et al. 2009) was used to determine the substitution model that best fit the data. The 

model F81 was chosen for all data sets, except for the HKY model selected for the data set 

with all gene regions combined. Figures of phylogenetic trees were created in CLC main 

workbench and maximum likelihood, created using a bootstrap value of 100, are presented 

(Figs. 2.1-2.4).  

 

RESULTS 

Amplification and sequencing. A total of 455 isolates of P. nicotianae were obtained 

from four states, with 147 were from Kentucky, 35 from Virginia, 219 from North Carolina, 

and 54 from Georgia. The ITS and mitochondrial genes cox2 and nadh1 were sequenced for 

all 455 isolates. All five gene regions (ITS, cox2, nadh1, EF-1a, and ß-tub) were sequenced 

for 286 of the 455 total, with 130 from KY, 35 from VA, 70 from NC, and 51 from GA. The 

same primer sets were used to amplify and sequence all gene regions as used in a previous 

study (Gallup et al. 2016, Appendix B).   
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Analysis of genetic diversity. The ITS gene region produced sequences 748-863 bp in 

length, and formed trimmed consensus sequences 771 bp in length. Analysis of the ITS 

sequence alignment revealed three mutations, two of which were parsimony informative sites 

at positions 438 and 605, and the third unique mutation located at site 558 for NC isolate 

MAR-COR4. Five haplotypes were present among the 455 isolates, with one haplotype 

containing most isolates (416/455 isolates) with individuals from all states. Two haplotypes 

included approximately 40 isolates each; however, one haplotype only had representatives 

from NC and VA, while the other contained only isolates from GA and KY. The remaining 

two haplotypes had one unique individual each, the first being an isolate from Larue County, 

KY, and the other from Martin County, NC. The ITS region was the least variable of all five 

genes sequenced with a nucleotide diversity (π) of 3.2 e
-4

.  

The analyzed mitochondrial gene region, cox2, was 902 bp in length (936-1023 bp 

before trimming) and had a π of 1.46 e
-3

. In the cox2 + spacer gene region, five polymorphic 

sites were identified (position 40, 70, 357, 429, and 581), and three of them led to 

nonsynonymous changes in the protein sequence. Of the nonsynonymous changes, only one 

was in the cox2 coding region and resulted in a change from aspartic acid to asparagine. The 

alignment indicated four different haplotypes within the cox2 region, with most isolates 

(348/455 isolates) falling into the first haplotype with individuals from all states. The second 

haplotype had 22 isolates with 21 originating from NC and a single individual from Knox 

County, KY. A majority of VA isolates grouped into the third haplotype with some isolates 

from NC, and the fourth haplotype contained a unique haplotype belonging to an isolate 

collected from Haywood County, NC.  
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In addition to cox2, mitochondrial gene region nadh1 was sequenced and yielded a 

contig 784 bp in length (934-1023 bp in length before trimming). The nadh1 region was less 

variable compared to cox2, but two mutations were present and nucleotide diversity was π = 

8.0 e
-4

. The two SNPs at positions 114 and 405 were synonymous nucleotide changes and 

resulted in two haplotypes inferred from the gene alignment. Similar to the cox2 and ITS 

regions, a majority of the isolates belonged to a single haplotype (367/455 isolates) with 

individuals from all states sampled. The second haplotype contained a smaller number of 

individuals (88/455 isolates) with a majority of the VA isolates and ~60 isolates from 

multiple counties in NC. In the combined data set of both mitochondrial DNA regions, seven 

SNPs were detected in 1686 bp at positions 44, 70, 357, 429, 581, 1077, and 1368.  

 
Nuclear DNA gene region, EF-1a, yielded sequences between 815-926 bp in length. A 

sequence 870 bp in length was used to align all isolates and six parsimony informative sites 

were detected at positions 295, 376, 448, 751, 769, and 775. The EF-1a region had the 

highest nucleotide diversity of all sequenced regions with a π of 3.45 e
-3

, but yielded only 

two different haplotypes due to heterozygous SNPs. Of the six detected SNPs, all were 

heterozygous, with five sites heterozygous for cytosine and thymine, and one site 

heterozygous for guanine and thymine. The remaining nuclear gene region, ß-tub, yielded 

sequences 760-970 bp in length before trimming and a sequence 842 bp in length was used to 

align all isolate sequences. Compared to EF-1a, ß-tub had a lower nucleotide diversity of 

π=7.5 e
-4 

and only two parsimony informative SNPs were found at positions 204 and 417. 

The combined alignment of both nuclear gene regions produced a sequence 1712 bp in length 

without gaps and a total of 8 SNPs for three different haplotypes. The first haplotype 
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contained isolates from each state, and the last two haplotypes split isolates into one group 

that contained isolates from all states, and a second group that included isolated only from 

KY plus an additional three NC isolates. Of the two detected SNPs in the ß-tub gene region, 

only the SNP at position 417 was non-synonymous, resulting in an amino acid change from 

lysine to glutamic acid.  

 The concatenated sequence of all five gene regions produced an alignment of 298 isolates 

with a sequence 4169 bp in length with a total of 18 SNPs and 16 different haplotypes. Out 

of the 16 haplotypes, there were three haplotypes that contained a majority of isolates and 

each group had individuals from all four states. Three additional haplotypes had one unique 

isolate each (two NC and one GA isolate), and remaining haplotypes were from a single state 

or from only two of the four states. For example, one haplotype was comprised of only 

isolates from GA (33/51 isolates), another four haplotypes only included isolates from NC 

and VA, a single haplotype was only KY isolates, and a final haplotype contained only VA 

isolates (19/40 isolates).  

 Phylogenetic analysis and population structure. Analyses were conducted on 

concatenated mitochondrial sequences (Fig. 2.1), concatenated nuclear sequences (Fig. 2.2), 

the ITS region (Fig. 2.3), and concatenated sequences of all gene regions combined (Fig. 

2.4). The three methods of analysis (maximum parsimony, maximum likelihood, and 

Bayesian) generated trees with similar topology. All generated trees grouped most isolates 

into a couple large clades with individuals from all sampled states (Figs. 2.1-2.4). However, a 

few smaller groups in the concatenated mitochondrial gene sequences and for sequences of 

all concatenated genes grouped only NC and VA together (Figs. 2.1 and 2.4). In the ITS gene 
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region tree and the tree for all genes concatenated, isolates from KY and GA isolates grouped 

together similarly to NC and VA isolates (Figs. 2.3 and 2.4).  

 

DISCUSSION 

Markers for two mitochondrial gene regions, two nuclear gene regions, and the ITS 

gene region were used to investigate differences among 455 isolates of Phytophthora 

nicotianae collected from tobacco growing regions in the southeastern United States. Isolates 

were collected from fields in four states during the growing season when plants were 

exhibiting characteristic black shank disease symptoms. A previous study that examined only 

isolates of P. nicotianae from NC found no correlations of haplotypes with phenotypic 

markers (Gallup at al. 2016, Appendix B). Isolates in this study were not tested for 

phenotypic characteristics and their correlation to molecular markers because fungicide 

insensitivity in tobacco P. nicotianae isolates has not been reported and previous attempts to 

correlate AFLP, RAPD, and SNPs to isolate race and mating type have been unsuccessful 

(Gallup 2009; Mammella et al. 2013; Sullivan et al. 2010; Zhang et al. 2003).  

The ITS gene region identified five different haplotypes in the 455 analyzed isolates 

from NC, VA, KY, and GA. Variation in the ITS gene region has been used to determine 

taxonomic grouping of many Phytophthora spp. (Cook et al. 2000), but variation in the ITS 

region within Phytophthora capsici was also used to determine intraspecific variation 

between temperate and tropical isolates (Bowers et al. 2007). In P. nicotianae tobacco 

populations, ITS rDNA was used to analyze isolates from NC fields, and a similar level of 

genetic variation was reported (Gallup et al. 2016, Appendix B). The cox2 + spacer region 
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was the most variable among the mitochondrial regions and identified four haplotypes 

separated by five SNPs across the entire sequence. Intraspecific variability in this region has 

been reported for P. nicotianae populations from various hosts and geographic locations 

around the world (Gallup 2009; Mammella et al. 2011 and 2013; Martin and Tooley 2003). 

The nadh1 mitochondrial region was less variable than the cox2 + spacer region with only 

two haplotypes among the 455 isolates separated by two SNPs. 

Together, the two mitochondrial gene regions separated six haplotypes and when 

combined with ITS sequences, the total number of haplotypes increased to twelve. The EF-

1a and ß-tub nuclear genes separated two haplotypes each and three haplotypes once nuclear 

sequences were combined. Of all the genes sequences, EF-1a had the highest nucleotide 

diversity value, despite SNPs only separating isolates into two haplotypes. A low number of 

haplotypes were a result of all isolates being heterozygous at each SNP site. The combined 

ITS, cox2, and nadh1 regions separated four times the number of haplotypes as the combined 

EF-1a and ß-tub gene regions, which is similar to previous reports of more intraspecific 

genetic variability observed for mitochondrial genes than for nuclear genes in P. nicotianae 

(Mammella et al. 2011 and 2013). In addition, more SNPs in cox2 led to nonsynonymous 

amino acid changes than in nuclear genes. Therefore, use of only mitochondrial gene markers 

could reduce costs of genotyping large populations of P. nicotianae and simplify analyses 

without the inclusion of diploid nuclear gene regions, while retaining the ability to 

distinguish a large number of haplotypes in primarily clonal populations.  

Combining all five gene sequences grouped isolates into sixteen haplotypes of 286 

isolates, which was low compared to 50 haplotypes in 96 collected isolates of P. nicotianae 
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isolates from around the world (Mammella et al. 2013). However, the large number of 

haplotypes in the previous study can be contributed to collection of isolates from multiple 

hosts (Mammella et al. 2011 and 2013). Genetic variability for the population collected in 

this study was expected to be lower because isolates of P. nicotianae from the same host 

commonly cluster together compared to samples collected from different hosts.  

Distribution of haplotypes was spread across the four states, with most detected in all 

sampled regions, however a few isolates were limited to NC and VA and a few to KY and 

GA. The grouping of haplotypes from different states was similar for mitochondrial, nuclear, 

and all combined analyses. The wide distribution of haplotypes in all states suggests multiple 

introductions of the pathogen through possible movement of inoculum on transplants and 

equipment. The analysis of all gene regions combined did not reveal different clustering than 

the combined analyses of the mitochondrial or nuclear gene regions, therefore an analysis of 

molecular variance (AMOVA) was not conducted.  

Inconsistent geographical structuring based on mitochondrial and nuclear markers 

was also found in a worldwide population of P. nicotianae from multiple hosts, however the 

number of P. nicotianae isolates from tobacco in that study was limited to eight individuals. 

Our results are similar in that distribution of haplotypes did not have a fine structure, but for 

alleles with fewer representatives, isolates from NC and VA often grouped together, as well 

as a few KY and GA isolates. This may be due to lineages that have progressively diverged 

after introduction to these locations as a result of different disease management practices, 

deployment of different resistant varieties, climate, or a combination of these factors. For 

example, the highest level of genetic diversity was detected in NC where both flue-cured and 
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burley tobacco are grown, so more variation may be due to pathogen adaptation to different 

tobacco types and varieties. For P. sojae, which causes root and stem rot of soybean, changes 

in genetic structure over a four year period was reported in response to cultivar rotation with 

more multilocus haplotypes and a higher genetic diversity found in plots planted 

continuously with partially resistant cultivars (Stewart et al. 2014).  

In this study, we used mitochondrial, nuclear, and ITS genetic markers to identify 

SNPs for comparison of P. nicotianae isolates. Molecular tools used to study Phytophthora 

spp. include random amplified polymorphic DNA (RAPD), amplified fragment length 

polymorphisms (AFLPs), simple-sequence repeats (SSRs), and single-nucleotide 

polymorphisms (SNPs) (Cooke et al. 2007; Martin and Coffey 2012; Sullivan et al. 2010; 

Zhang et al. 2003). Genetic characterization using RAPD and AFLP are easy methods to 

implement because no prior genetic information is needed as markers are not locus-specific. 

However, both types of markers are dominant (presence of one allele masks the other), 

difficult to score, and can amplify contaminants (Milgroom 2015). In addition, 

electrophoretic markers like RAPD and AFLP are not preferred for phylogenetic 

reconstructions because comigrating bands shared by isolates do not always reflect a 

common ancestor (Grünwald and Goss 2011; Milgroom 2015). Molecular methods such as 

SSRs and SNPs are locus-specific and codominant (all alleles can be detected and scored), 

however prior genetic information is needed to develop primers (Milgroom 2015). If the 

organism’s genome has been sequenced, then SSRs and SNPs are superior molecular tools 

over AFLP and RAPD markers because they are codominant and easy to reproduce the same 

results.  
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In conclusion, genetic diversity exists in the tobacco P. nicotianae population in the 

United States with 16 different haplotypes detected in 286 collected isolates across four 

states. Genetic diversity was highest in NC where flue-cured and burley tobacco are both 

grown, however, most isolates clustered together and had individuals from all sampled states. 

Genetic variability was highest in mitochondrial gene regions and resulted in the greatest 

number of haplotypes with similar clustering of isolates as nuclear gene region phylogenetic 

trees. Development of new markers and repetitive sampling of the same areas over time 

could be useful in determining changes in genetic structure as a result of sexual or asexual 

reproduction, new introductions of the pathogen, and variety rotation schemes.  
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ABSTRACT 

McCorkle, K. L., Lewis, R. S., and Shew, H. D. 2016. Adaptation of Phytophthora 

nicotianae to multiple sources of partial-resistance genes in tobacco. Phytopathology 

106:XXX-XXX.  

Black shank, caused by Phytophthora nicotianae, is a destructive disease of tobacco, 

with losses exceeding 25 million dollars per year in North Carolina flue-cured tobacco 

production alone. Host resistance has been an important tool in managing the disease. The 

rapid shift from race 0 to race 1 in the 1990s eliminated the major benefit of the primary 

source of single gene resistance, however, and adaptation by the pathogen to the primary 

source of partial resistance in tobacco has been reported. There is no information on whether 

the pathogen will adapt similarly to new sources of partial resistance. The objective of this 

study was to determine if P. nicotianae adapts to host genotypes with partial resistance from, 

or derived from, three sources: Beinhart 1000, Florida 301, and the Wz gene region 

introgressed from Nicotiana rustica. In controlled greenhouse environments, an aggressive 

isolate of race 0 and race 1 were selected from a group of isolates based on their ability to 
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cause disease on a group of host genotypes. The selected isolates were then exposed to 10 

different genotypes of Nicotiana possessing varying levels of resistance from, or derived 

from, the three previously mentioned sources of resistance over six generations of selection. 

Selection for increased aggressiveness involved inoculating each host and reisolating from 

the plant of each genotype with the shortest incubation period.  The newly recovered isolate 

was used to inoculate the second generation of plants of the same genotype. This was 

repeated for six consecutive host generations. Isolates from each of the six generations of 

selection were maintained in storage, and all six generations were evaluated for 

aggressiveness on its host genotype in the same experiment. For race 0, there was an increase 

in disease severity (DS) and percent root rot (%RR) with increasing generations of exposure 

to a given tobacco genotype. Increases in DS and %RR were gradual for all host genotypes 

except for K 326 Wz/--, in which a large increase in DS and %RR between generations two 

and three followed by no further gains in aggressiveness was observed. This is the first report 

of P. nicotianae adaptation on genotypes with partial resistance from Beinhart 1000. For race 

1, consistent increases in aggressiveness over the six generations were not observed for any 

genotype except K 326 Wz/--. For K 326 Wz/--, there was a rapid increase in DS and %RR 

between host generations three and four. The race 1 isolate did not exhibit significant 

increases in aggressiveness over the six host generations, suggesting a fitness cost compared 

to race 0, similar to previous reports for race 1. The rapid adaptation of both races to Wz 

resistance highlights the need for study on the nature of the Wz gene region and for field 

studies on efficacy of variety rotation to manage adapting P. nicotianae populations.  
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INTRODUCTION 

 Black shank, caused by the oomycete Phytophthora nicotianae, is one of the most 

prevalent and destructive diseases of tobacco, causing millions of dollars in damage annually 

(Lucas 1975; Mila et al. 2015). It is primarily a root and stem rot disease with symptoms 

including wilting, chlorosis, necrosis of the roots and basal part of the stem, and ultimately 

plant death (Gallup et al. 2006; Lucas 1975; Shew 1991). Although first reported in 

Indonesia, the pathogen is present in many tobacco-growing regions around the world and 

relies on an integrated approach for management that involves the use of cultural practices 

(primarily crop rotation), chemical applications, and host resistance (Lucas 1975). 

Deployment of resistant varieties is a preferred method of disease control because it is easy 

to use and affordable compared to other management practices (Gallup and Shew 2010; 

Lucas 1975). Varieties with complete resistance, partial resistance, or a combination of the 

two, are available for commercial use.  

Complete resistance is controlled by either the Php or Phl genes and confers 

immunity to the wild-type, race 0, of P. nicotianae (Apple 1967; Lucas 1975). The Php gene 

was transferred from Nicotiana plumbaginifolia to N. tabacum in the 1960s, and the Phl gene 

was transferred from N. longiflora to tobacco breeding line L8 in the 1950s (Chaplin 1962; 

Valleau 1960). There are several races of P. nicotianae, with race 0 and race 1 causing the 

highest economic losses in the United States. Race 1 isolates can overcome complete 

resistance conferred by both the Php and Phl genes and was first reported in the 1960s when 

varieties carrying the N. plumbaginifolia type resistance failed in breeding nurseries (Apple 

1962). In the 1990’s, there was a rapid race shift from race 0 to race 1 when the Php gene 
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was incorporated into the agronomically acceptable and widely planted variety NC 71. 

Currently, race 1 is dominant in fields with a history of the Php gene (Csinos and Bertrand 

1994; Gallup and Shew 2010). Race 2 was reported in South Africa using KY 14xL8, Burley 

21xL8, and Delcrest 202 as a set of differentials (Gallup and Shew 2010; van Jaarsveld et al. 

2002). Race 3 can overcome the Phl gene, but not immunity controlled by the Php gene, and 

was first described in Connecticut by McIntyre and Taylor (1976, 1978). In 2010, the 

presence of race 3 was confirmed in North Carolina fields when adult plants of KY 14xL8 

(Phl) were killed, but not plants of NC 71 (Php) (Gallup and Shew 2010). Single gene 

resistance is present in many currently used commercial varieties, but due to the wide spread 

presence of race 1, partial resistance is heavily relied on for disease control.   

Partial resistance in all commercially grown tobacco varieties is believed to originate 

from the cigar tobacco variety Florida 301 (Fla 301). Variety Fla 301 was the result of a cross 

between varieties Big Cuba and Little Cuba by Tisdale in the 1930s (Tisdale 1931). Varieties 

with partial resistance have root resistance that ranges from low to high, but little to no stem 

resistance to all races of the pathogen (Carlson et al. 1997; Jones and Shew 1995; Shew and 

Lucas 1991; Wernsman et al. 1974). Disease losses in varieties with Fla 301 resistance can 

be high and highly resistant varieties have a tendency to exhibit poor agronomic qualities 

(Valleau 1960), so additional sources of partial resistance have been investigated for 

incorporation into breeding programs.  

Similar to Fla 301, cigar tobacco variety Beinhart 1000 (BH 1000), has a high level of 

partial resistance to all races of P. nicotianae, but this resistance has not been incorporated 

into any known commercial tobacco varieties. BH 1000 was derived from a selection of cigar 
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variety ‘Quin Diaz’ grown in the Dominican Republic. Resistance to P. nicotianae is high in 

the roots, with some resistance expressed in the leaves and stem (Chaplin 1966; Heggestad 

and Lautz 1957; Nielsen 1992; Tedford and Nielsen 1990; Wills and Moore 1971). In a 

previous study, a mapping population from a cross between the susceptible variety Hicks and 

BH 1000 was used to identify quantitative trait loci (QTL) contributing to black shank 

disease resistance from BH 1000 (Vontimitta and Lewis 2012a, b). Two major-effect QTLs, 

Phn 7.1 and Phn 15.1, together explained 43% of the variation for end percent survival of 

tobacco plants in this mapping population (Vontimitta and Lewis 2012b; Xiao et al. 2013). 

Components of resistance from doubled-haploid lines with favorable QTL derived from BH 

1000 were studied and McCorkle et al. inferred that the QTL may be slowing root lesion 

expansion and delaying above ground symptoms (McCorkle et al. 2012). Although, BH 1000 

is not thought to be in pedigrees of current commercial varieties of tobacco, it shares the 

QTL on Phn 7.1 with Fla 301 (Xiao et al. 2012). In addition to resistance from BH 1000, a 

new source of black shank resistance conferred by the Wz region of N. rustica has been 

introgressed from N. rustica into N. tabacum and may improve black shank disease 

resistance (Drake et al. 2015; Woodend and Mudzengerere 1992).  

 The Wz region is a chromosome segment introgressed to cultivated tobacco from N. 

rustica that confers a high level of resistance to race 0 and race 1 of P. nicotianae (Drake and 

Lewis 2013). In a 2015 study, Drake et al. used marker assisted selection to transfer Wz into 

the elite variety K 326 to evaluate black shank resistance in multiple environments (Drake et 

al. 2015). They reported a positive effect of Wz on resistance without any negative impacts 

on yield and quality (Drake et al. 2015). The nature of Wz-mediated resistance is relatively 
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unknown, but it has a large positive effect on black shank disease resistance in the field and 

can be easily incorporated into commercial tobacco varieties.   

The use of host resistance can provide an efficient way to reduce yield losses to plant 

pathogens, but pathogen populations can also quickly adapt to selection pressure applied by 

resistance genes. When complete resistance is widely distributed over a large geographical 

area, it leads to directional selection in the pathogen population. This selection results in an 

increase in virulent mutants and breaking of the resistance gene (McDonald and Linde 2002). 

Therefore, complete resistance is usually not durable and often results in boom and bust 

cycles where the host is favored for a time followed by a shift in favor to the pathogen. 

Partial resistance is more durable than complete resistance, but can be difficult to include in 

breeding programs because multiple genes control the resistance. Pathogen adaptation to 

partial resistance does occur, but it is generally described as an erosion of resistance over 

time as opposed to a rapid breakdown of complete resistance (McDonald and Linde 2002). 

Research on adaptation of soilborne pathogens to partial resistance is limited, with most 

studies having focused on foliar pathogens of wheat. For example, adaptation of Erysiphe 

graminis to specific wheat cultivars was observed after seven pathogen generations (Villaréal 

and Lannou 2000). Isolates had larger spore efficacies on the wheat cultivar from which it 

was originally isolated as compared to spore efficacies on a different cultivar (Villaréal and 

Lannou 2000). In another study, wheat cultivars with moderate partial resistance selected for 

increased aggressiveness in the foliar pathogen Mycosphaerella graminicola after one field 

season (Cowger and Mundt 2002). Research on other pathogen types, including nematodes 

and viruses, supports the idea that hosts with high levels of partial resistance select for more 
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aggressive pathogen isolates than susceptible hosts (Montarry et al. 2012; Phillips and Blok 

2007). In potato cyst nematode populations, increased rates of reproduction were observed 

when nematodes were continuously exposed to a partially resistant host genotype as 

compared to a susceptible potato genotype (Phillips and Blok 2007). In pathosystems outside 

of tobacco black shank, decreased latent periods (Lehman and Shanner 1997), increased 

secondary inoculum production (Delmotte et al. 2014; Phillps and Blok 2007), increased 

infection efficiency (Leonard 1969; Villaréal and Lannou 2000), and gradual erosion of 

partial resistance by the pathogen (Montarry et al. 2012) have been reported after continuous 

exposure to partially resistant hosts. 

Similarly, in the tobacco black shank pathosystem, pathogen adaptation to varieties 

with partial resistance from Fla 301 has been observed (Dukes and Apple 1961; Sullivan et 

al. 2005). After continuous exposure of P. nicotianae to varieties with a high level of partial 

resistance, there was a significant increase in pathogen aggressiveness compared to isolates 

obtained from a variety with a low level of resistance also from Fla 301 (Sullivan et al. 

2005). Currently, there have been no studies investigating P. nicotianae adaptation to sources 

of partial resistance that differ from Fla 301. This led to the objectives of our study, which 

are to characterize the adaptation of race 0 and race 1 isolates of P. nicotianae to varying 

levels and sources of disease resistance from Fla 301, BH 1000 and the Wz region of N. 

rustica.  
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MATERIALS AND METHODS 

 Host selection. Ten tobacco genotypes were selected to represent current and potential 

sources of resistance to P. nicotianae. Selected genotypes had black shank resistance from 

one of four resistance sources: Beinhart 1000 (BH 1000), Florida 301 (Fla 301), the Wz gene 

region from N. rustica, or the Php gene from N. plumbaginifolia. Three doubled-haploid 

lines with either QTL Phn7.1, Phn15.1, or both Phn7.1 and Phn15.1 from BH 1000 in 

addition to BH 1000, were members of the first source of disease resistance. BH 1000 and 

doubled-haploid line DH06B 162-19 (Phn7.1 and Phn15.1) have a high level of partial 

resistance, and doubled-haploid lines DH05B 1252-292 (Phn7.1) and DH05B 710-65 

(Phn15.1) have a moderate level of partial resistance. Varieties K 346 and K 326, with high 

and low levels of resistance from cigar tobacco variety Fla 301, respectively, and Fla 301 

were the second source of disease resistance genotypes. Like BH 1000, Fla 301 has a high 

level of partial resistance to race 0 and race 1 of P. nicotianae. The third type of host 

resistance was variety NC 71, which carries a single copy of the Php gene conferring 

complete resistance to race 0 of P. nicotianae and also possesses a low level of partial 

resistance from Fla 301, similar to K 326. Variety NC 71 was only used for race 1 

inoculations due to its immunity to race 0 and variety K 326 was only used for race 0 

inoculations, since NC 71 inoculated with race 1 has comparable levels of partial resistance 

to K 326. The fourth type of resistance was the Wz gene region from N. rustica incorporated 

in heterozygous experimental flue-cured tobacco hybrid K 326 (K 326 Wz/--). Variety Hicks 

was used as a susceptible control, for a total of nine different tobacco lines used for each race 
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of the pathogen. Eight of the genotypes were used for both races and there was one unique 

genotype for each race, giving nine genotypes for each race and 10 overall used in the tests. 

 Seed for each tobacco line were sown on potting medium (Fafard® 4P Mix, Conrad 

Fafard, Inc, Agawam, MA) in plastic pots in the greenhouse. After 3-5 weeks, seedlings were 

transplanted to 10 cm diam. clay pots filled with a 1:1:1 mixture of steam pasteurized (80ºC 

for 30 minutes) sandy-loam soil, coarse builder’s sand, and potting media (Fafard® 2P Mix, 

Conrad Fafard, Inc, Agawam, MA). Plants were watered twice a day and fertilized once per 

week with 10-10-10 Miracle-Gro® (The Scotts Miracle-Gro Company, Marysville, OH). The 

greenhouse temperature was maintained at a 35ºC/26ºC day/night temperature with 

supplemental lighting for 14 hours a day. 

 Isolate selection. Twelve isolates (six race 0 and six race 1 isolates) of Phytophthora 

nicotianae were collected from infested soil from a field with severe black shank at the 

Upper Coastal Plain Research Station in Rocky Mount, N. C. Each isolate originated from a 

single colony of the pathogen on a selective agar medium (described below). Race 0 and race 

1 isolates were originally collected from soil in a plot of variety Hicks, K 326, K 346, or NC 

71. Isolates were used to inoculate 10 tobacco varieties previously described and plants were 

observed for symptom development. A single isolate of race 0 and race 1 were selected for 

the adaptation study based upon its ability to cause the greatest amount of root rot and above-

ground disease symptoms in the shortest time period on multiple varieties. The most 

aggressive race 0 isolate was collected from a plot planted with variety Hicks and the most 

aggressive race 1 isolate was collected from a plot planted with NC 71.  
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Inoculum production. The selected race 0 and race 1 isolates were grown on V8 agar 

medium for one week, or until they had grown to the edge of the Petri dish, before adding 

sterilized oat grains. A 5% V8 medium was made by adding 20 g Bacto Agar (Fisher 

Scientific, Fair Lawn, NJ) to 200 ml of 25% clarified V8 juice and 800 ml of deionized 

water. Medium was autoclaved at 121ºC for 30 minutes, then 18 ml of medium was poured 

into each 10 cm Petri dish after the medium cooled to 56ºC. Oats were prepared by adding 

500 ml of oats to 400 ml of deionized water, then oats were steam sterilized for one hour at 

121ºC for three consecutive days before adding them to pathogen cultures. After the 

sterilized oats were added to cultures, Petri dishes were sealed with Parafilm® and incubated 

at 28ºC for 7-12 days until oat grains were colonized fully.  

Inoculation and pathogen reisolation. Tobacco seedlings that were 7-9 weeks old 

were inoculated by placing two colonized oat grain into each of two 5 cm deep holes (4 oat 

grains per pot) that were 4 cm away from stems on either side of each plant. Plants were 

watered after inoculation to seal inoculum holes. The selected race 0 isolate was used to 

inoculate tobacco genotypes: Hicks, BH 1000, doubled-haploid lines DH06B 162-19, 

DH05B 1252-292, and DH05B 710-65, Fla 301, K 326 Wz/--, K 326, and K 346. The 

selected race 1 isolate was used to inoculate the same varieties except that variety NC 71 was 

used instead of K 326. Each host genotype x pathogen isolate combination was replicated 10 

times and the experiment was arranged in a randomized complete block design. Plants were 

observed at approximately the same time daily for above ground symptom development of 

either severe wilting and/or stem necrosis. Plants were watered one hour before observation 

to eliminate rating of transient wilting. The incubation period was determined by the number 
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of days required after inoculation for aboveground stem necrosis or irreversible wilting was 

observed.   

At the end of each generation, the pathogen was reisolated from the plant with the 

shortest incubation period for each of the nine host genotypes for both races. The pathogen 

was reisolated from stem lesions shortly after above ground symptoms were observed. Small 

pieces of host tissue about 1 cm
2 

in size were taken from the leading edge of necrotic tissue 

and placed in a 10% bleach (0.8% sodium hypochlorite) solution for one minute. Samples 

were rinsed in sterile deionized water and placed on dry paper towels to remove excess 

water. Pieces of tissue were then placed on PARPH medium and incubated at 28ºC for 2 days 

in the dark. PARPH was prepared by autoclaving 18 g of Bacto Agar (Difco, Detroit, MI) 5% 

clarified V8 juice for 30 minutes at 121°C. Medium was cooled to 56°C and the following 

chemicals were suspended in 50 ml of deionized water before addition: 125 mg 

pentachloronitrobenzene (PCNB), 50 mg hymexazol, and 250 mg ampicillin. Additional 

antibiotic suspensions were also added; 2 ml rifampicin stock (500 mg rifamycin SV sodium 

salt in 100 ml 95% EtOH), and 2 ml pimaricin stock (500 mg natamycin in 100 ml sterile DI 

water) amendments were stirred into the medium last (Kannwischer and Mitchel 1978; Shew 

1983). After amendments were added, 18 ml of PARPH was poured into each 10 cm Petri 

dish. Isolates were maintained on a clarified 5% V8 medium. If an isolate could not be 

obtained from a stem lesion, the pathogen was reisolated from the necrotic roots of the plant 

with the highest percent root rot within a treatment. Isolation methods from root tissue were 

the same as stem tissue, except cheesecloth was used to retrieve root pieces from the bleach 

solution and deionized water. At the end of each generation, there were nine new isolates, 
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one from each host genotype by race. Varieties BH 1000 and Fla 301 have a very high level 

of partial resistance, so stem lesions did not occur often on these varieties and the pathogen 

had to be isolated from the roots for most generations. For generation three inoculations of 

BH 1000, P. nicotianae could not be reisolated for either race 0 or race 1. Therefore, 

inoculum was increased from four to eight oat grains per pot for generation four to six to 

ensure the pathogen could be isolated again.  

Isolates collected from each generation were used to inoculate the same variety for 

the next host generation of selection. This cycle of inoculation and isolation was repeated for 

six consecutive generations. Once six generations of selection were completed, there was a 

total of 53 isolates for each race of the pathogen (9 host genotypes*6 generations=54-1 for 

the missing generation 3 isolates from BH 1000). Since isolates from G1 were stored in 

culture longer than generation six (G6), all 53 isolates of each race were inoculated for one 

more generation of selection on the original host genotype. This was done to control for 

changes that might occur in isolate aggressiveness during storage in pure culture. Once each 

individual was reisolated from the host, isolates from the six generations of selection were 

used to inoculate host genotypes in the same experiment. Inoculum was prepared and plants 

were inoculated as previously described with four colonized oat grains per pot.  

Incubation period and percent root rot. Plants were observed for the development of 

above ground symptoms and the incubation period was recorded for 28 days. On day 28, 

plant roots were rinsed in a bucket of water to remove soil and potting media, and then rated 

for percent root rot. The same individual rated all plants for root rot severity to eliminate 

variability between raters. Not all plants developed above-ground symptoms within the 28 



 

86 

 

day test period, so incubation period in days was converted to disease severity (DS) values. A 

DS value of 0 was given to plants that did not have above ground symptoms 28 days post 

inoculation. The class and severity values were: 1-6 days=10, 7-10 days=8, 11-16 days=6, 

17-22=4, 23-28=2, and no symptoms at day 28=0. The first run of race 1 inoculations was 

extended by one week post inoculation because of decreased temperatures in the greenhouse 

the first week post inoculation. Therefore, class and severity values were adapted to include 

delayed disease onset: 1-12 days=10, 13-18 days=8, 19-24 days=6, 25-30 days=4, 31-36 

days=2, and no symptoms at day 36=0.  

Experimental Design and Statistical analysis. Each isolate by host genotype 

combination was replicated 10 times for a total of N=530 experimental units (N=53 

isolates*10 replications) for each race. Experiments were arranged in a split plot design with 

whole plot factors (isolate generation) grouped together and the subplot factor (host 

genotypes) in a completely randomized block design within whole plot factor. Two runs of 

race 0 and race 1 inoculations were conducted and disease severity and percent root rot were 

analyzed using SAS statistical software (Version 9.4, SAS Institute, Cary, NC). Disease 

severity and percent root rot data was transformed using the arcsine transformation. An 

analysis of variance (ANOVA) table was generated by using the PROC GLIMMIX 

command and lsmeans were obtained using Tukey HSD adjustment.  

 

RESULTS 

Adaptation trials and selection of isolates. Disease developed with all host by isolate 

combinations across the six generations of selection, with the race 0 isolate typically causing 
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greater disease severity (DS) and percent root rot (%RR) than the race 1 isolate on most 

genotypes. In general, a gradual increase in aggressiveness was observed with both races on 

most genotypes with increasing generations of selection. While most selected isolates were 

obtained from stem lesions, isolates from the most resistant host genotypes were often 

obtained from root lesions since stem lesions failed to develop during the 28 day trials.  

 

Race 0 experiments.  

 Disease severity. There was a significant generation by run interaction for mean disease 

severity, so data from runs were analyzed separately. In general, increases in aggressiveness 

were observed and were gradual over generation of selection in run 1 (Figs. 3.1 and 3.2).  

This was the case with resistance derived from both BH 1000 and Fla 301. Specifically, there 

was a gradual increase in disease severity over generation of selection for BH 1000 resistance 

in the doubled-haploid line DH06B 162-19, and the resistance from Fla 301 in the parental 

line Fla 301 and in the varieties K 326 and K 346 (Figs. 3.1, 3.2, and 3.3). No significant 

changes in disease severity over generation of selection was observed for doubled-haploid 

lines DH05B 710-65 (Phn 15.1) and DH05B 1252-292 (Phn 7.1), each with one major QTL 

for resistance, BH 1000, and the susceptible variety Hicks (Figs. 3.1 and 3.2). In these 

genotypes, either disease severity started and remained high, or disease severity never 

progressed to development of above ground symptoms as was observed in BH 1000. In 

contrast, there was a rapid increase in disease severity between generation two (G2) and three 

(G3) for the genotype with the Wz gene region, K 326 Wz/-- (Figs 3.2 and 3.4). After 
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generation 3, disease severity remained high, but was somewhat variable across generations 

(Fig. 3.2).  

 The level of disease observed in run 2 was lower than in run 1 and the pattern of increase 

in aggressiveness observed in run 1 changed for some genotypes.  For example, in the 

genotypes K 326, K 346, DH06B 162-19 (both QTL), and K 326 Wz/--, increasing disease 

severity with increasing host generation was significant in run one, but not in run two. In 

contrast, no increase in disease severity was observed in run one for DH05B 1252-292 (Phn 

7.1), but an increase was observed in run two. Trends in severity observed for BH 1000, 

DH05B 710-65 (Phn 15.1), Fla 301, and Hicks remained the same in both runs.  

 Percent root rot. There was a significant generation by run interaction with less observed 

root rot for most host genotypes in the second run of the experiment compared to the first. 

However, the trends of increasing, or no change in percent root rot over six generations of 

selection remained the same over runs. Data from the first experiment run is presented (Figs. 

3.5 and 3.6). A gradual increase in percent root rot over generation of selection was observed 

for the genotypes BH 1000 and DH06B 162-19 with BH 1000 resistance, and Fla 301, K 

326, and K 346 with Fla 301 resistance  (Figs. 3.5 and 3.6). No change in root rot over the six 

generations of selection was observed for the susceptible variety Hicks, and the doubled-

haploid lines DH05B 710-65 (Phn 15.1) and DH05B 1252-292 (Phn 7.1) with BH 1000 

resistance (Fig. 3.5). In contrast, a rapid increase in percent root rot was observed between 

G2 and G3 on K 326 Wz/-- (Fig. 3.6). There was no additional increase in aggressiveness 

after G3 on K 326 Wz/-- (Fig. 3.6).   

 



 

89 

 

Race 1 experiments. 

 Disease severity. There was a significant generation by run interaction, so runs were 

analyzed separately. Disease severity remained similar across the six generations of selection 

for all genotypes except for K 326 Wz/-- in run 2 (Figs. 3.7 and 3.8). Changes in severity for 

genotype K 326 Wz/-- inoculated with race 1 was similar to observations with race 0 (Fig. 

3.4). In run two, there was a rapid increase in disease severity between G3 and G4 

inoculations. Mean disease severity increased from 2.6 in G3 to 6.2 for G4. Severity 

remained high in G5 and G6 inoculations (Fig. 3.8).  

 Percent root rot. There was a significant generation by run interaction, so runs were 

analyzed separately; only data from run 2 is presented. Similar to disease severity, there were 

no significant changes over generation of selection for most genotypes (Figs. 3.9 and 3.10). 

The only increases in percent root rot were observed for genotypes BH 1000 and K 326 Wz/-- 

(Figs. 3.9 and 3.10).  

 Variety BH 1000 had a gradual increase in percent root rot with increasing host generation 

for both experiment runs. In run one, where disease pressure was lower compared to run two, 

the only significant difference in percent root rot was between G1 with 7% necrosis and G6 

with 19% necrosis. In run two, root rot increased gradually from 4% in G1 to 25% in G6 

(Fig. 3.9). Genotype K 326 Wz/-- differed in that a rapid increase in percent root rot occurred 

G3 and G4 inoculations in run two. Percent root rot was 13%, 8%, and 57% for G1, G2, and 

G3, and then increased to 96% for G4 and remained high in remaining generations of 

selection (Fig. 3.10). 
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DISCUSSION 

The use of host resistance is the most important tool in the managing of black shank 

disease (Lucas 1975). Partial and complete resistance are available in commercial varieties; 

the primary source of partial resistance is from cigar tobacco variety Florida 301, and 

complete resistance is controlled by either the Php or Phl genes (Chaplin 1962; Tisdale 1931; 

Valleau 1960). Since the widespread shift in the pathogen population to race 1, which can 

overcome both sources of single gene resistance, more focus has been placed on improving 

disease management through the incorporation of new sources of partial host resistance 

(Csinos and Bertrand 1994; Drake et al 2015; Gallup and Shew 2010). Typically, partial 

resistance is more durable than complete resistance because it is controlled by multiple genes 

(McDonald and Linde 2002). Phytophthora nicotianae populations are capable of quickly 

adapting to overcome complete resistance after a few field seasons (Sullivan et al. 2010), but 

adaption to partial resistance can also occur (Dukes and Apple 1961; Sullivan et al. 2005). In 

the black shank pathosystem, pathogen adaptation to varieties with Fla 301 resistance has 

been reported (Dukes and Apple 1961; Sullivan et al. 2005), however, studies on adaptation 

to other sources of partial resistance in tobacco are lacking. The first objective of this study 

was to determine if P. nicotianae adaptation to other sources of resistance occurs, and if so, 

does it occur in a similar manner as adaptation to Fla 301.   

Our directed selection for increased aggressiveness on tobacco varieties with varying 

levels and sources of resistance from Fla 301, BH 1000, and the Wz gene region, started with 

the selection of our initial field isolates. Six race 0 and six race 1 isolates were tested on all 

ten host genotypes and the most aggressive race 0 and race 1 isolate was used for the first 



 

91 

 

generation of inoculations for the adaptation experiments. The most aggressive race 0 and 

race 1 isolates were from black shank nursery plots planted with varieties of relatively no 

resistance (variety Hicks for selected race 0 isolate), or with a low level of partial resistance 

from Fla 301 (variety NC 71 for selected race 1 isolate). These isolates were selected because 

they were aggressive and had not been exposed to varieties with high levels of partial 

resistance from Fla 301 or BH 1000.  

To select for increased isolate aggressiveness for each host genotype, the pathogen 

was isolated from plants with the shortest incubation period for each isolate by host genotype 

combination. Disease severity and percent root rot data were collected from initial adaptation 

experiments run consecutively, and trends of increasing DS and %RR with increasing host 

generation were similar to when all isolates were run simultaneously in the same 

environment for race 0 inoculations, but differed for race 1 inoculations. An increase in DS 

and %RR for race 1 inoculations was not observed for most genotypes when all isolates were 

run simultaneously. This may have been due to increasing outdoor temperatures with 

increasing generations of adaptation during initial directed selection of isolates. This variable 

was controlled when all adapted isolates were run at the same time.  

For race 0 inoculations performed in the same environment, we observed a gradual 

increase in genotypes with partial resistance from Fla 301 and BH 1000. For parent Fla 301, 

and varieties with Fla 301 resistance, K 326 and K 346, a gradual increase in disease severity 

and percent root rot was observed with increasing generation of selection. Overall, values for 

both DS and %RR were lowest for Fla 301, followed by K 346, and then K 326. This was 

expected due to previous reports of Fla 301 having a very high level of root resistance, K 346 
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having a high level of partial resistance, and K 326 having a low level of resistance. The 

observed adaptation to varieties with Fla 301 resistance confirmed similar results describing 

adaptation to these varieties after continuous exposure to the host in the field (Dukes and 

Apple 1961; Sullivan et al. 2005).  

Similar to varieties with Fla 301 resistance, doubled-haploid line DH06B 162-19, 

with major effect QTL Phn 7.1 and Phn 15.1 from BH 1000, had increasing disease severity 

and percent root rot with increasing generations of exposure to the pathogen. A significant 

increase in root rot was also observed for the parent BH 1000. However, no significant 

increase in these variables was observed for the remaining doubled-haploid lines with either 

QTL. This was most likely due to the high level of disease starting in the first generation of 

inoculations for these genotypes. Therefore, disease severity and root rot were very high in 

the first generation and remained high for the following five host generations. Pathogen 

adaptation to genotypes with BH 1000 resistance was gradual over the six host generations, 

which was also observed with genotypes with Fla 301 resistance, although the increase in DS 

and %RR was not as high as seen with Fla 301. The pathogen also did not cause as much 

above ground symptoms on BH 1000 as on Fla 301, so the pathogen had to be reisolated 

from necrotic roots of BH 1000 for multiple host generations. While the pathogen was 

reisolated from BH 1000 root systems with the most root rot, the isolate recovered may not 

always have been the most aggressive at growing through host tissues. This may be partially 

responsible for the little or no increases in DS and %RR in BH 1000 plants over time when 

compared to Fla 301.  
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Trends in disease severity were consistent for most genotypes between runs for race 0 

inoculations, but there were some exceptions. For example, disease severity in run two 

changed for genotypes K 326, K 346, DH06B 162-19 (both QTL), and K 326 Wz/--. They 

had increasing disease severity with increasing host generation in run one, but not in run two. 

In addition, no increase in disease severity was observed in run one for DH05B 1252-292 

(Phn 7.1), but an increase was observed for run two. Genotypes with moderate to high levels 

of resistance (K 326, K 346, DH06B 162-19 (both QTL), and K 326 Wz/--) did not have 

significant increases in severity for run two because above ground symptoms did not have 

time to form in the four weeks post inoculation due to lower greenhouse temperatures than 

present for run one. Lower temperatures caused an overall decrease in disease pressure for all 

genotypes in run two, so no above ground differences in generation by genotype were seen 

for lines with moderate to high levels of resistance. The change from no increase in severity 

with increasing host generation in run one to an increase in run two on genotype DH05B 

1252-292 was also likely due to the overall lower level of disease in run 2. DH05B 1252-292 

has a lower level of partial resistance from BH 1000 than DH06B 162-19, so in run one when 

pressure was high, DH05B 1252-292 had high disease severity for all generations. In run two 

when pressure was lower, DH05B 1252-292 had less above ground symptoms starting in 

generation one, so an increase could be observed with increasing generation. Trends in root 

rot for race 0 inoculations remained the same across all experiment runs, so this may be a 

better measure of increased pathogen aggressiveness over time than measurements of above 

ground symptoms.  
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Interestingly, adaptation of race 1 isolates of P. nicotianae differed from adaptation of 

race 0 isolates to most host genotypes. No increases in disease severity were observed for any 

genotype with Fla 301 or BH 1000 resistance. However, an increase over generation of 

selection was observed for BH 1000. Race 1 isolates were not as aggressive on the same host 

genotypes as race 0 and, in general, did not become more aggressive on most genotypes 

within the six generations of selection. Overall, race 1 isolates caused lower disease severity 

and percent root rot on the same host genotypes when compared to race 0 isolates. These 

results agree with previous studies that indicate a fitness cost associated with race 1 virulence 

on Php containing genotypes and decreased aggressiveness and overwintering capability of 

race 1 isolates compared to race 0 isolates (Sullivan et al. 2005). In the absence of the Php 

gene in genotypes with partial resistance, race 1 isolates were not as aggressive compared to 

race 0 isolates, which most likely contributed to no observed increase in DS and %RR for 

most genotypes inoculated with race 1.  

Although differences in pathogen adaptation of race 0 and race 1 isolates were 

observed on the same host genotypes, both races adapted to Wz resistance in a similar 

fashion. For race 0 inoculations, a large increase in disease severity and percent root rot were 

observed between generations two and three, and the same increase in both variables was 

observed for race 1 inoculations between generations three and four. Once the large increase 

in severity and percent root rot occurred, these values remained high for the remaining 

generations. The rapid increase in severity and root rot between two generations of Wz 

genotype inoculations differed from the gradual increase in both variable with increasing 

generation on genotypes with partial resistance from BH 1000 and Fla 301.  
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Resistance in BH 1000 and Fla 301 is controlled by multiple genes that have a large 

positive combined additive effect for all races of P. nicotianae (Lucas 1975; Vontimitta and 

Lewis 2012a, b). Disease resistance conferred by the Wz region is likely controlled by a 

single gene, although it is possible that multiple favorable genes affecting resistance are 

present on the introgressed N. rustica segment (Drake and Lewis 2013). The difference in 

pathogen adaptation to Wz resistance compared to other sources of partial resistance suggest 

the Wz gene region confers single gene resistance or contains a single QTL with a large 

effect. If resistance is controlled by a single gene, it does not confer immunity to the 

pathogen because a small amount of root necrosis was observed for Wz in all generations. 

Additional studies are needed to determine the specificity of P. nicotianae adaptation before 

a gene-for-gene interaction can be confirmed.  

For this adaptation experiment, and others similar in nature, selection of isolates able 

to cause greater disease symptoms was directed through consecutive inoculations and 

reisolation of the pathogen from the same host genotype. Similar increases in pathogen 

aggressiveness after continuous exposure to varieties with a high level of partial resistance 

have been observed in the field (Cowger and Mundt 2002; Dukes and Apple 1961; Phillips 

and Blok 2007; Sullivan et al. 2005). Under directed selection with the use of a single 

pathogen isolate to inoculate the next host generation in a controlled environment, increases 

in pathogen aggressiveness may not mimic field conditions. For example, in the absence of 

host tissue, more aggressive isolates may not survive in the soil for as long as less aggressive 

isolates. Therefore, a shift in the pathogen population may be delayed or not detected for a 

longer period of time.  
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Race 0 isolates of P. nicotianae adapted to genotypes with partial resistance from Fla 

301 and BH 1000 in the same manner. Both races adapted in a similar way to Wz resistance, 

although results were atypical of adaptation to partial resistance. This is the first report of P. 

nicotianae adaptation to partial resistance from BH 1000 and to the Wz gene region from N. 

rustica.   
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CHAPTER 4 

Characterization of Phytophthora nicotianae resistance conferred by the introgressed 

Nicotiana rustica region, Wz, in flue-cured tobacco 

K. L. McCorkle, K. E. Drake, R. S. Lewis, and H. D. Shew 

Department of Plant Pathology, North Carolina State University, Raleigh, NC 27695. 

 

ABSTRACT 

Characterization of Phytophthora nicotianae resistance conferred by the introgressed 

Nicotiana rustica region, Wz, in flue-cured tobacco. McCorkle, K. L., Drake, K. E., Lewis, 

R. S., and Shew, H. D. 2016. Plant Dis. 100: XXXX-XXXX. 

Black shank, caused by Phytophthora nicotianae, is one of the most important 

diseases affecting tobacco worldwide. It is primarily managed through the use of host 

resistance that prevents or delays the onset of disease. Sources of complete resistance and 

partial resistance are available, but no cultivar provides complete resistance to all known 

isolates. An additional source of resistance to P. nicotianae, designated as Wz, has been 

introgressed into N. tabacum from Nicotiana rustica. The Wz gene region has been found to 

confer high levels of resistance to P. nicotianae, but has not been characterized to determine 

if the resistance is expressed equally in root and stem tissues, if the resistance can be 

overcome by high inoculum densities of the pathogen, or the potential for the rapid selection 

of new isolates of the pathogen with increased ability to cause disease on varieties with this 

resistance. Our study found Wz-mediated resistance to be most highly expressed in the roots, 

with only a slight reduction in stem-lesion size compared to susceptible controls in stem 
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inoculations. No substantial relationships were observed between initial inoculum levels and 

disease development on Wz genotypes, a finding that is generally inconsistent with resistance 

being of the partial type. In root inoculations with isolates that had been adapted for one or 

five host generations on Wz plants, higher disease severities and percent root rot were 

observed on Wz genotypes inoculated with an isolate exposed to Wz for five host generations 

as compared to plants inoculated with an isolate exposed to Wz for only one host generation. 

These Wz-adapted isolates did not exhibit increased levels of aggressiveness on genotypes 

with alternative sources of partial resistance, suggesting that pathogen adaptation to Wz lines 

was specific. To reduce the potential for shifts in pathogen populations with specific 

virulence on Wz genotypes, Wz resistance should be combined with other sources of 

complete and partial resistance. Rotation of tobacco cultivars with varying mechanisms of 

black shank resistance is also recommended.  

 

INTRODUCTION 

Black shank, caused by the soilborne oomycete Phytophthora nicotianae, is one of 

the most important diseases affecting tobacco production in the United States and other 

tobacco producing areas of the world (Lucas 1975). Symptoms include wilting, chlorosis, 

necrosis of the roots and basal part of the stem, and eventually plant death. The disease is 

initiated in soils above 20°C, following periods of rainfall that allow soil saturation needed 

for the release of asexual, motile zoospores (Shew 1983). Zoospores are the primary 

infectious propagules of P. nicotianae, and can be produced every 72 hours on infected roots 

under favorable environmental conditions (Lucas 1975; Shew and Lucas 1991; Gallup et al. 
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2006). The pathogen is therefore capable of producing high levels of secondary inoculum 

within a single growing season that increases its potential to quickly adapt to selection 

pressures such as host resistance. Pathogen populations and disease are managed through 

chemical applications, crop rotation, cultural practices, and deployment of resistant 

genotypes. Planting of resistant varieties is the most effective way to decrease black shank 

disease severity (Lucas 1975). 

Historically, two types of host resistance have been used in the development of 

modern flue-cured tobacco cultivars. Quantitative resistance, derived from the cigar tobacco 

cultivar Florida 301 (Fla 301) and often referred to as ‘Fla 301 resistance’, is controlled by 

multiple genes and is partial and non-race specific (Smith and Clayton 1948; Chaplin 1966; 

Xiao et al. 2013). Florida 301 was derived from a cross between varieties Big Cuba and Little 

Cuba by Tisdale in the 1930s (Tisdale 1931). Varieties with Fla 301 resistance exhibit low to 

high levels of root resistance, but little or no stem and leaf resistance to P. nicotianae 

(Wernsman et al. 1974; Shew and Lucas 1991; Jones and Shew 1995). Some level of disease 

loss occurs with all varieties with this type of resistance, and there is a strong tendency for it 

to be associated with lower yields and reduced leaf quality. Additional sources of partial 

resistance are therefore being investigated for incorporation into breeding programs. 

Similar to Fla 301, cigar tobacco variety Beinhart 1000 (BH 1000) also exhibits a 

high level of resistance to all races of P. nicotianae. To our knowledge, this cultivar has not 

been used in the parentage of any current flue-cured varieties, due to unfavorable leaf 

chemistry characteristics associated with resistance (Vontimitta and Lewis 2012a, b). BH 

1000 originated from a selection of variety ‘Quin Diaz,’ and possesses a high level of root 
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resistance with little to no expressed resistance in leaf or stem tissues (Heggestad and Lautz 

1957; Chaplin 1966; Wills and Moore 1971; Tedford and Nielsen 1990; Nielsen 1992). Two 

major-effect quantitative trait loci (QTL), Phn 7.1 and Phn 15.1, were previously identified 

from BH 1000 that explained 43% of the observed variation in resistance (measured as end 

percent survival) in a BH 1000 X Hicks doubled haploid mapping population (Vontimitta 

and Lewis 2012a, b). Both Phn 7.1 and Phn 15.1 contribute to a reduced rate of lesion 

expansion and a subsequent delay in above-ground symptom development (McCorkle et al. 

2012). The Phn 7.1 QTL is present in both Fla 301 and BH 1000, but Phn 15.1 only 

contributes to black shank resistance in BH 1000 (Xiao et al. 2013). This newly identified 

Phn 15.1 QTL found in BH 1000 provides another source of partial resistance that might be 

used to increase black shank resistance if it can be incorporated into tobacco varieties with 

acceptable yield levels and cured leaf quality (Vontimitta and Lewis 2012a, b). 

Genes conferring complete resistance also have been used to manage black shank. 

Complete resistance to wild-type (race 0) P. nicotianae is conferred by single genes, Php and 

Phl. The Php gene was transferred to N. tabacum from N. plumbaginifolia (Chaplin 1962), 

while the Phl gene was transferred to N. tabacum from N. longiflora (Valleau et al. 1960). 

Host resistance conferred by the Php gene is expressed in tobacco roots, stems, and leaves 

(Csinos 1999). In response to widespread deployment of the Php gene in flue-cured varieties 

desired by growers, there was a rapid race shift from race 0 to race 1 in production fields 

(Csinos and Bertrand 1994; Sullivan et al. 2005b, Gallup and Shew 2010). Race 1 is able to 

overcome both Php and Phl (Lucas, 1975), and is the dominant race where varieties 

containing the Php gene have been planted. 
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A new source of black shank disease resistance introgressed from N. rustica and 

designated as Wz has also been studied (Woodend and Mudzengerere, 1992; Drake and 

Lewis, 2013). Wz has been found to confer very high levels of resistance to both race 0 and 

race 1 isolates while having little negative impact on tobacco yield and/or quality (Drake et 

al. 2015).   These characteristics make this source of resistance potentially very desirable for 

increasing the level of black shank resistance in flue-cured tobacco. It is not currently known, 

however, whether Wz confers complete resistance or a high level of partial resistance. If Wz 

confers complete resistance, pathogen populations might be expected to rapidly adapt to its 

resistance mechanism. Wz resistance might be more durable if it confers a high level of 

partial resistance instead of complete resistance, which is often quickly overcome.  

Multiple races of P. nicotianae have been reported and include races 0, 1, 2, and 3. 

Race 2 was reported in South Africa using KY 14 X L8, Burley 21 X L8, and Delcrest 202 as 

a set of differentials, but has not been widely accepted because no known resistance gene is 

present in Delcrest 202 (van Jaarsveld et al. 2002; Gallup and Shew 2010). Race 3, which 

overcomes Phl but not the Php gene, was first described in Connecticut by McIntyre and 

Taylor and later reported in North Carolina (McIntyre and Taylor 1976, 1978; Gallup and 

Shew 2010). Similar to disease resistance controlled by single genes in other pathosystems, 

the black shank pathogen is able to quickly overcome complete resistance in field 

environments (Apple 1962; Apple 1967; Csinos and Bertrand 1994; Sullivan et al. 2005b; 

Gallup and Shew 2010). 

While the use of host resistance can provide an efficient way to reduce economic 

losses due to plant pathogens, pathogen populations can quickly adapt to selection pressure 
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applied by changes in management strategies. When complete resistance is continuously used 

in the same location, selection pressure is imposed to select for individuals in the pathogen 

population that are able to infect the host. This selection results in a pathogen race shift, 

giving single gene resistance greatly reduced value in disease management (McDonald and 

Linde 2002). Complete resistance is rarely durable, and although partial resistance is 

generally considered durable, it can be difficult to utilize in breeding programs. Pathogen 

adaptation to partial resistance does occur, but usually occurs gradually, resulting in an 

erosion of resistance over time as opposed to the rapid breakdown of complete resistance 

characterized by boom and bust cycles (McDonald and Linde 2002). 

Research on pathogen adaptation to partial resistance by root pathogens is generally 

lacking, with most studies having focused on foliar fungal pathogens. Previous research 

outside of the tobacco black shank pathosystem have reported an overall increase in pathogen 

aggressiveness characterized by increases in secondary inoculum production (Phillips and 

Blok 2007; Delmotte et al. 2014), lesion expansion and infection efficiency (Leonard 1969; 

Villareal and Lannou 2000), decreases in latent period (Lehman and Shanner 1997), and 

erosion of partial resistance over time (Montarry et al. 2012). Studies on fungi, viruses, and 

nematodes support observations of increased pathogen aggressiveness in populations 

exposed to host varieties with high levels of partial resistance when compared to populations 

exposed to susceptible hosts (Apple 1960; Leonard 1969; Cowger and Mundt 2002; Sullivan 

et al. 2005; Phillips and Blok 2007; Montarry et al. 2012). In the tobacco black shank 

pathosystem, pathogen adaptation to partial resistance derived from Fla 301 has been 

observed (Dukes and Apple 1961; Sullivan et al. 2005a, b; McCorkle et al. 2015). 
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Because Wz resistance has not been characterized, and P. nicotianae has the genetic 

ability to quickly overcome complete resistance, several research objectives were pursued. 

The objectives of this study were to determine 1) if Wz resistance is expressed both in 

tobacco stem and root tissues, 2) if black shank resistance conferred by the Wz region can be 

overcome by increased inoculum densities, and 3) if P. nicotianae can rapidly adapt to Wz-

mediated resistance.  

 

MATERIALS AND METHODS 

Genetic Materials 

The genetic materials used in the experiments described below were as follows. First, 

K 326 was selected as an elite flue-cured tobacco cultivar with low levels of polygenic black 

shank resistance. This variety was also used as the recurrent parent in the development of the 

Wz homozygous line, K 326 Wz/Wz (BC5F3 stage of backcrossing) and the K 326 Wz/-- F1 

hybrid (heterozygous for Wz-mediated resistance). Experimental materials also included 

Hicks (a variety highly susceptible to black shank), NC 1071 (a breeding line carrying the 

Php gene coupled with extremely low levels of any additional resistance), K 346 (a flue-

cured cultivar with a moderate to high level of partial resistance likely derived from Fla 301), 

BH 1000 (a cigar line with exceptionally high levels of partial resistance), and K 326 

Php/Php (K 326 into which Php was backcrossed five times). 

Stem Inoculations 

Stems of  six tobacco genotypes (K 326 Wz/Wz, K 326 Wz/--, K 326 Php/Php, K 326, 

Hicks, and NC 1071) were inoculated with either a race 0 or race 1 isolate of P. nicotianae in 
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a controlled greenhouse environment to determine if Wz resistance is expressed in above 

ground tissue. Phytophthora nicotianae isolates were grown in pure culture on a 5% V8 

medium for 7-12 days at 28ºC. V8 medium was made by adding 20 g Bacto Agar (Fisher 

Scientific, Fair Lawn, NJ) to 800 ml of deionized water and 200 ml of clarified V8 juice. 

Medium was autoclaved at 121ºC for 30 minutes, then 18 ml of medium was poured into 

each 10 cm Petri dish after it cooled to 56ºC. Sterilized toothpicks were placed on the surface 

of the P. nicotianae cultures and incubated in the dark for an additional 7 days. Sterilized 

toothpicks were prepared by cutting rounded wooden toothpicks (Home360 distributed by 

DZA Brands, LLC) in half and autoclaving them in 5% V8 broth for 30 minutes at 121°C 

three consecutive times prior to placing on the agar culture. 

Plants were inoculated with infested toothpicks approximately six weeks after 

transplanting into 15 cm pots and when a minimum height of 30 cm was reached. Toothpicks 

were inserted into the plant stems between the fourth and fifth node and non-infested 

toothpicks were used as controls. Treatments were arranged in a split-plot design with race as 

the main-plot factor and host genotype as the sub-plot factor. Each treatment was replicated 

five times and the experiment was conducted three times. Lesion lengths were measured with 

a digital caliper each day for five days post-inoculation and area under lesion expansion 

curve (AULEC) was calculated for each plant. Analyses of variance for AULEC values were 

conducted using PROC MIXED (SAS 9.3). Race, genotype, and race by genotype interaction 

were considered as fixed effects, while run and replication within run were considered 

random effects. Comparisons of lesion expansion between genotypes were calculated with 

LSMEANS using a Tukey-Kramer adjustment (Kramer 1956). 
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Dosage Study 

To determine if the high level of resistance observed in Wz genotypes can be 

overcome by high initial inoculum levels, the six genotypes used in the stem inoculation trial 

were inoculated in an inoculum dosage study. Cultures of race 0 and race 1 of P. nicotianae 

were grown under the same parameters as previously described. Once hyphae reached the 

edge of the Petri dish, sterilized oat grains were placed directly on top of cultures. Dishes 

were then sealed with Parafilm® and incubated at room temperature in the dark for 

approximately 15 days. Oat grains were first sterilized by combining 500 ml of crimped oats 

with 400 ml of deionized water and autoclaving at 121ºC for one hour daily for three 

consecutive days. 

Each of the six tobacco genotypes were grown in 10 cm pots and inoculated with one 

of five dosage levels (1, 5, 10, 15, or 20 oat grains) of either a race 0 or race 1 isolate. Seeds 

were germinated on autoclaved Metro Mix 200 growing medium (Sun Gro Horticulture) 

under plastic domes at 25°C with 24 h light. Approximately two weeks after emergence, 

seedlings were transplanted to individual pots containing a 2:1 peat/sand mixture. One week 

after transplanting, each plant was inoculated by placing the prescribed number of infested 

oat grains into the soil. Treatments were arranged in a split-plot design with the race/dose 

combination as the main-plot factor and genotype as the sub-plot factor. The experiment was 

conducted three times in a growth chamber in the NCSU Applied Tobacco Genetics and 

Chemistry laboratory. 

The growth chamber was maintained at a temperature of approximately 30°C with 24 

h light, and uniform soil moisture was maintained via sub-irrigation. Sub-plots consisted of 
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six plants, each in an individual 8 cm pot (LA 1801, Landmark Plastics, Inc.). Disease 

incidence was recorded each day for 45 days post-inoculation, and area under disease 

progress curve (AUDPC) was calculated for each sub-plot according to Madden et al. (2007). 

Analyses of variance for AUDPC values were performed using PROC MIXED of SAS 9.3 

(SAS Institute, Cary, NC). Genotype, race, dose, and all interactions between the three 

classes were treated as fixed effects, and replication was treated as a random effect. 

Comparisons between treatments were made using LSMEANS with Tukey-Kramer 

adjustments for the p-values (Kramer 1956). 

Isolate Adaptation 

A race 0 and a race 1 isolate of P. nicotianae were selected for the adaptation study. 

The initial isolates were obtained from soil in a field with active black shank disease and race 

was confirmed based on inoculations of host differentials. Isolates were selected based on an 

initial high level of aggressiveness on varieties with Fla 301 resistance. Isolates were adapted 

on plants of K 326 Wz/-- for five consecutive cycles of selection by inoculating K 326 Wz/-- 

plants and then isolating from the plant with the shortest incubation period to serve as 

inoculum for the next generation of selection (McCorkle et al. 2015). The most aggressive 

isolate from generations one (G1) and five (G5) of selection were then used to inoculate five 

tobacco genotypes to characterize the nature of isolate adaptation to Wz and other sources of 

black shank resistance. The four isolates were grown in pure culture on a 5% V8 medium as 

previously described. Once hyphae had grown to the edge of a 10 cm Petri dish, sterile oat 

grains were poured on top of pure cultures of each isolate, sealed with Parafilm®, and 
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incubated at 28ºC for 10-15 days in the dark. Oats were prepared and sterilized as previously 

described.  

 Five tobacco genotypes were sown on a 1:1 mixture of peat-lite and sand in 10 cm X 15 

cm plastic cell packs in Phytotron growth chambers (NC State campus). Genotypes included 

Hicks, K 346, BH 1000, K 326 Wz/-- and K 326 Wz/Wz. Seedlings were watered daily and 

fertilized once per week with 10-10-10 Miracle-GRO® (Scotts Miracle-Gro Company, 

Marysville, OH). Plants were grown at 30ºC/26ºC day/night temperature with fluorescent 

lighting at an intensity of 750 µmol·m
-2

·s
-1 

for 14 hrs. per day. Six to seven week-old 

seedlings were transplanted to 10 cm plastic pots and grown for an additional four weeks at 

the same environmental conditions as above. Colonized oat grains were used to inoculate 

eight seedlings of each genotype four weeks after transplanting by placing one colonized oat 

grain into each of two 5-cm-deep holes 3 cm away from the stem. Plants were watered after 

inoculation to seal inoculum holes. 

 Treatments were organized in a randomized complete block design with each isolate host 

genotype combination replicated eight times in each of two runs of the experiment. For race 

0 and race 1 inoculations, each treatment block corresponded to a single growth chamber 

cart. Carts were moved daily to access all plants for watering and rating. A non-inoculated 

susceptible Hicks plant was placed on each cart to ensure inoculum was not being transferred 

from one treatment to adjacent treatments. 

  Plants were rated at approximately the same time daily for the development of stem 

necrosis or significant wilting. The incubation period (time in days from inoculation to the 

development of above ground symptoms) was recorded for 4 weeks post inoculation. Not all 
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plants developed symptoms within the 4 week test period, so incubation period in days was 

converted to disease severity values for comparison across varieties. The assigned severity 

values for each class were as follows: 1-6 days=10, 7-10 days=8, 11-16 days=6, 17-22 

days=4, 23-28 days=2, and no symptoms at day 28=0. On day 28 of the experiment, plant 

roots were rinsed in water and percent root rot was visually rated by the same evaluator for 

all runs of the experiment. Disease severity and root rot means were calculated in SAS 

(Version 9.4, SAS Institute, Cary, NC), and an analysis of variance (ANOVA) table was 

generated using the PROC GLIMMIX command. Race 0 and race 1 experiments were 

analyzed separately. 

 

RESULTS 

Stem Inoculation Experiment 

A significant run effect was observed for the stem inoculation experiment (P < 

0.0001) due to variations in overall disease development across all treatments for each run. 

Significant differences were observed between host genotypes for AULEC with race 0 

inoculations (P < 0.0001), with the susceptible variety Hicks having the highest AULEC, and 

lines with the Php source of single gene resistance (NC 1071 and K 326 Php/Php) the lowest 

AULEC. In contrast, the K 326 Wz/Wz and K 326 Wz/-- genotypes developed substantial 

stem lesions when inoculated with both races. No significant differences in AULEC were 

observed between the K 326 Wz/Wz homozygote and the K 326 Wz/-- heterozygote, but both 

had AULEC values lower than Hicks inoculated with the race 0 isolate (Fig. 4.1). No 



 

125 

 

significant differences were observed among genotypes for AULEC values after inoculations 

with race 1 (Figs. 4.1 and 4.2). 

Dosage Study 

The effects of genotype and genotype x pathogen race interaction were significant (P 

< 0.0001), but no genotype x race x dose interaction was observed (P = 0.7046). Hicks 

exhibited the highest AUDPC value with race 0 inoculations, with similar AUDPC values 

observed among all inoculum doses. AUDPC values were much lower on Wz-containing 

genotypes than on the susceptible Hicks, but were similar for both Wz-containing genotypes 

across all dosage levels (Fig. 4.3). In contrast, lines with Php single gene resistance (K 326 

Php/Php and NC 1071) exhibited the lowest AUDPC values, with no disease development in 

these treatments. With race 1, Hicks and NC 1071 exhibited the greatest AUDPC values, 

while K 326 Wz/Wz and K 326 Wz/-- had the lowest. Similar to race 0 treatments, low 

amounts of disease were observed on Wz genotypes, although no differences were observed 

with the range of inoculum level tested (Fig. 4.3).  

Isolate Adaptation 

For the P. nicotianae adaptation experiment, no significant run x isolate-generation 

interaction was detected for disease severity for either race, and data were pooled over runs 

for analysis. No differences in disease severity trends were observed between race 0 and race 

1 inoculations (Figs. 4.4 and 4.6). High levels of disease developed after race 0 and race 1 

inoculation of the susceptible variety Hicks. Most above-ground black shank symptoms in 

Hicks plants occurred within six days after inoculation. This contrasted with low observed 

disease severity values after inoculation with either isolate for the resistant genotypes K 346 
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and BH 1000 (Figs. 4.4 and 4.6). For both race treatments, no differences were observed in 

disease severity between G1 and G5 isolates for the genotypes Hicks, K 346, or BH 1000 (P 

> 0.05) (Figs. 4.4 and 4.6).  

For the K 326 Wz/-- and K 326 Wz/Wz genotypes, disease severities were low after 

inoculations with G1 isolates, but significantly higher (P < 0.0001) after inoculations with 

either the G5 isolates of race 0 and race 1 (Figs. 4.4 and 4.6). K 326 Wz/-- exhibited an 

increase in mean disease severity from 0.4 when inoculated with the G1 race 0 isolate, to a 

mean severity of 3.8 when inoculated with the G5 race 0 isolate. Similarly, for race 0 

inoculations of K 326 Wz/Wz, mean disease severity increased from 0.5 for G1 inoculations 

to 3.6 for G5 inoculations (Fig. 4.4). This large increase in disease severity over generations 

of selection was also observed for K 326 Wz/-- and K 326 Wz/Wz genotypes for race 1 

inoculations (P < 0.0001). Disease severity for K 326 Wz/-- inoculated with race 1 increased 

from 0.0 to 4.1 with isolates from G1 and G5, respectively. Similarly, disease severity for K 

326 Wz/Wz, increased from 1.1 to 4.5 with isolates from G1 and G5, respectively.  

No significant run x isolate-generation interaction was observed for percent root rot, 

so data from both runs was pooled for analysis. No differences in percent root rot were 

observed between race 0 and race 1 inoculations (Figs. 4.5 and 4.7). A high percentage of 

root rot was observed for susceptible variety Hicks, with all plants exhibiting 100% root 

necrosis, regardless of race or isolate generation. Overall, varieties K 346 and BH 1000 

exhibited lower amounts of root rot as compared to Hicks for race 0 and race 1 inoculations 

(Figs. 4.5 and 4.7). For both races, simple effect comparisons of host genotype x isolate-

generation combinations revealed no differences in percent root rot between G1 and G5 
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inoculations for Hicks, K 346, or BH 1000 (P > 0.05) (Figs. 4.5 and 4.7). In contrast, for K 

326 Wz/-- and K 326 Wz/Wz, significantly greater (P  < 0.05) amounts of root rot were 

observed on plants inoculated with the G5 isolates as compared to the G1 isolates for both 

races. For genotype K 326 Wz/-- inoculated with race 0, percent root rot increased from 21% 

with the G1 isolate to 49% with the G5 isolate. For the same genotype inoculated with race 1, 

percent root rot increased from 11% with the G1 isolate to 63% with the G5 isolate. 

 

DISCUSSION 

Both partial and complete sources of host resistance have been important tools in the 

management of black shank in tobacco since introduction of the pathogen into the United 

States around 1915. Cigar tobacco variety Fla 301 is the primary source of partial resistance 

for commercial tobacco varieties and has been heavily relied upon in disease management 

systems, particularly since widespread pathogen race shifts beginning in the 1990s (Tisdale 

1931; Csinos and Bertrand 1994; Sullivan 2005a, b; Gallup and Shew 2010).  

In this study, we investigated features of Wz-mediated resistance, a type of resistance 

that may be of value for increasing the level of black shank resistance in future flue-cured 

tobacco cultivars. First, we were interested in determining the similarity of Wz to the 

dominant Php gene in terms of expression of resistance in stem tissues (Wills and Moore 

1971). For race 0 stem inoculations, we confirmed the high level of stem resistance in Php-

containing genotypes NC 1071 and K 326 Php/Php as evidenced by the low level of lesion 

expansion. In contrast, significant lesion expansion was observed on Php genotypes when 

inoculated with race 1, which can overcome Php and Phl genes. In contrast, Wz genotypes (K 
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326 Wz/-- and K 326 Wz/Wz) developed substantial stem lesions after inoculation with either 

race 0 or race 1. The lack of stem resistance in Wz genotypes differs from the gene-for-gene 

resistance conferred by the Php gene, but it is similar to low stem resistance of plants with 

complete resistance controlled by the Phl gene (Wills and Moore 1971). 

  In partially resistant varieties of tobacco, black shank disease development is highly 

dependent upon initial inoculum levels (Ferrin and Mitchell 1986). If initial inoculum levels 

are high, P. nicotianae is capable of causing severe disease even on varieties with high levels 

of partial resistance. High inoculum levels create more potential infections on plant roots, 

especially under favorable environmental conditions. A higher number of lesions can 

compensate for the reduced lesion size typical of resistant varieties compared to susceptible 

varieties, and result in severe root and crown rot. In contrast, high levels of disease can occur 

on susceptible varieties at any inoculum level due to higher pathogen infection efficiencies 

and greater rates of lesion expansion compared to more resistant plants (Ferrin and Mitchell 

1986; Gallup et al. 2006). Varieties with complete resistance from the Php or Phl genes are 

immune to infections from race 0 of P. nicotianae at all inoculum levels, but race 1 can cause 

high levels of damage with low initial inoculum concentrations unless high levels of partial 

resistance are also incorporated into the variety. Partial resistance is controlled by multiple 

genes with additive effects so increasing levels of inoculum are typically associated increased 

disease severity (McDonald and Linde 2002). 

  To better understand the nature of resistance conferred by the Wz gene region, we 

compared tobacco genotypic responses when exposed to 1, 5, 10, 15, and 20 oat grains 

infested with either a race 0 or race 1 isolate of P. nicotianae. For race 0 inoculations, no 
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plants of Php-containing genotypes exhibited disease symptoms. In contrast, for both race 0 

and race 1 inoculations, small amounts of disease were observed on Wz-containing 

genotypes. These observations are inconsistent with Wz providing resistance via an immunity 

mechanism. However, no relationships were observed between initial inoculum levels and 

the amount of disease development on any of the genotypes tested including K 326. The 

variety K 326 has a low level of partial resistance, so disease can be observed even at low 

initial inoculum levels, which could be one reason for not observing the typical increase in 

disease severity with increasing initial inoculum associated with partially resistant varieties. 

Also, no evidence of an additive effect associated with increasing zygosity of Wz was 

observed. Based solely upon growth chamber inoculation data, it is difficult to draw 

conclusions on Wz resistance conferring complete resistance or a high level of partial 

resistance.  

  Black shank disease resistance conferred by the Wz region is likely controlled by a single 

gene, although the presence of multiple favorable genes on the alien introgressed N. rustica 

segment cannot be ruled out. Pathogen adaptation to Wz genotypes was investigated after five 

generations of pathogen selection for aggressiveness/virulence on Wz genotypes.  In 

controlled inoculation experiments involving G1 and G5 isolates adapted on Wz genotypes, 

no differences in the level of disease or root rot were observed on Hicks, K 346, or BH 1000, 

which have resistance to black shank from other genetic sources. In contrast, large 

differences were observed in how Wz genotypes responded to the adapted isolates of both 

races. These results clearly support specific pathogen adaptation to Wz-containing genotypes 

after exposure to this source of resistance for as few as five host generations. On Wz 
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genotypes, G5 isolates were able to cause significantly greater amounts of disease and in a 

shorter period of time compared to G1 isolates. While it is often assumed that R-genes confer 

race specific, complete resistance, there are many exceptions (Niks et al. 2015). In many host 

pathosystems, it is common for R-genes to result in incomplete or partial resistance in the 

host (Lawrence et al. 1995; Franckowiak et al. 1997; Parniske et al. 1997; Andaya and 

Ronald 2003; Stewart et al. 2003; Smith and Hulbert 2005). For example, barley variety 

Trumpf shows incomplete expression of resistance to avirulent isolate Israel 202 of P. hordei 

conferred by one major R-gene, Rph9.z (Franckowiak et al. 1997).   

  Increased aggressiveness after exposure to host varieties with high levels of partial 

resistance has been reported in many pathosystems. For P. nicotianae on tobacco, increases 

in secondary inoculum production and aggressiveness have been reported after exposure to 

varieties with high levels of partial resistance (Apple 1960; Sullivan et al. 2005a). Observed 

increases in pathogen aggressiveness were gradual, however, resulting in a slow erosion of 

partial resistance derived from Fla 301 over time.   

  In this study, we demonstrated that Wz is unlike complete resistance conferred by the Php 

gene due to the lack of stem resistance. In addition, it does not provide immunity to the 

pathogen; some disease developed on Wz plants following inoculation with non-adapted 

isolates, which has also been observed in field studies (Drake et al 2015). At the current time, 

we do not have evidence to indicate that Wz confers a high level of resistance via a gene-for-

gene mechanism. However, results suggest the Wz gene selects for variants in the pathogen 

population that render resistance less effective after a few generations of selection.  

Deploying Wz in combination with Php in genetic backgrounds with a medium to high level 
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of polygenic resistance may prove to be the most effective means of developing black shank 

resistant tobacco cultivars. DNA markers for qualitative black shank resistance genes 

(Johnson et al. 2002; Drake and Lewis 2013), in addition to markers linked to QTL 

associated with black shank resistance (Stowe Chapter 3; Vontimitta and Lewis 2012a; Xiao 

et al. 2013), make it possible to pyramid multiple resistance genes into a single cultivar. In a 

Brassica napus-Leptosphaeria maculans pathosystem, stacking a qualitative R-gene with 

quantitative polygenic resistance extended resistance provided by the Rlm6 gene three years 

longer than when the gene was deployed in a susceptible background (Brun et al. 2010). 

Combining multiple sources of resistance could potentially slow the development of P. 

nicotianae isolates with alternative virulence profiles, as mutations in a number of different 

avirulence genes would need to accumulate before a population could cause high levels of 

disease in these plants (Michelmore et al. 2013; Vanderplank 1982).  
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ABSTRACT 

Gallup, C. A., McCorkle, K. L., Ivors, K. L., and Shew, H. D. 2016. Characterization of 

Phytophthora nicotianae, the causal agent of tobacco black shank, across North Carolina 

tobacco production areas. Plant Dis. 100: 0000-0000. 

The black shank disease of tobacco, caused by the oomycete Phytophthora 

nicotianae, is a major threat to tobacco production in the US and other tobacco-producing 

areas worldwide. The development of race 1 and the resulting loss of the major source of 

single-gene resistance to the disease occurred rapidly throughout the tobacco producing areas 

of the US. The rapid shift from race 0 to race 1 in NC was documented in a statewide survey 

represented by samples from 76 tobacco fields in 23 counties. Pathogen isolates were 

obtained from soil collected from the root zones of diseased plants also were screened for 

mating type and characterized by comparing sequences from 3 cytoplasmic and 2 nuclear 



 

163 

 

regions. Both the A1 and A2 mating types were found throughout the state, with both mating 

types recovered in multiple fields. Pairings of isolates from within fields yielded viable 

oospores, indicating for the first time the potential for sexual sporulation by P. nicotianae in 

natural populations. Since the loss of complete resistance required a renewed use of the 

fungicide mefenoxam, a subset of the survey isolates were screened for sensitivity to the 

fungicide. All isolates were sensitive, with a mean EC50 of 0.4 μg/ml. Molecular 

characterization of the cytoplasmic and nuclear regions of 226 pathogen isolates revealed that 

the pathogen exists as multiple clonal types within the state. Some clonal types were present 

throughout the state while others were limited to certain geographic regions. The greatest 

diversity was observed in the mountain region of the state where burley tobacco is grown. 

The wide genetic diversity among the pathogen population and the newly discovered 

potential for sexual recombination may explain the ability of the pathogen to rapidly adapt to 

host resistance genes. 

 

INTRODUCTION 

Black shank of tobacco, caused by the soilborne pathogen Phytophthora nicotianae, 

occurs in most tobacco production areas (Gallup et. al. 2006; Shew and Lucas 1991). 

Infection can occur in the roots, stems, and leaves, and leads to root and stem necrosis, 

wilting, chlorosis, disking of the pith, and death (Gallup 2006). In North Carolina, black 

shank causes high losses in crop value each year that can exceed $30 million in NC alone 

(Mila 2015). Disease management relies upon an integration of practices including crop 
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rotation, planting resistant cultivars, and fungicide applications (Mila 2015; Shew 1991). 

Two types of host resistance are currently available in commercially acceptable cultivars. 

Florida 301 resistance is polygenic and confers low to high levels of partial resistance against 

all races of P. nicotianae (Carlson et al. 1997; Jones and Shew 1995; Kannwischer and 

Mitchell 1978; Shew 1991; Wernsman et al. 1974). Conversely, complete resistance is 

monogenic and confers complete resistance to race 0 but no resistance to race 1 of P. 

nicotianae. Php and Phl are the only genes available that confer complete resistance. The 

Php gene from Nicotiana plumbaginifolia is incorporated extensively into flue-cured tobacco 

and is also used in a few recent burley cultivars. The Phl gene from N. longiflora is utilized 

commercially only in the burley tobacco cultivar KY 14xL8 (Chaplin 1962; Johnson et al. 

2008). In North Carolina, 434 million pounds of flue-cured tobacco is primarily grown in the 

coastal plains and piedmont and 3 million pounds of burley tobacco production is limited to 

the mountains (Mila 2015).  

Incidence of P. nicotianae race 1 increased rapidly following the widespread 

deployment in the 1990s of complete resistance in agriculturally acceptable flue-cured 

cultivars. Generation of pathogen races is widely reported in other species of Phytophthora 

(Davidson et al. 2008; Nelson et al. 2008; van Poppel et al. 2008; Wernsman et al. 1974) and 

has been of increasing concern for P. nicotianae in tobacco (Csinos and Bertrand 1994; 

Johnson et al. 2008; Parkunan et al. 2010; Sullivan et al. 2005a). The occurrence of race 1 in 

NC greatly impacts management strategies since it is able to overcome all available complete 

resistance genes. Race 1 is thought to occur naturally in the soil at very low populations, and 

then increases rapidly in the pathogen population due to selection pressure from complete 
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resistance (Sullivan et al. 2005b).  

The high level of genetic variation in P. nicotianae helps the pathogen population 

quickly adapt to various selection pressures, but the amount of variability contributed by 

sexual recombination in Phytophthora spp. is unknown (Kamoun 2003). Phytophthora 

nicotianae is heterothallic, requiring two mating types, A1 and A2, for the production of 

oospores (Tsao et al. 1980). Mating can increase genetic variability among offspring due to 

recombination of alleles from parents. Sexual reproduction has been documented and 

investigated in several in vitro studies with P. nicotianae (Chern and Ko 1994; Jee and Ko 

1997; Jee et al. 2002), but it has not been demonstrated in natural agroecosystems. To date, 

production of oospores has been considered nonexistent or unimportant in the epidemiology 

of the pathogen, but it has not been thoroughly explored.  

Genetic variation in populations of Phytophthora nicotianae have been determined 

using restriction fragment length polymorphism (RFLP), random amplified polymorphic 

DNA (RAPD), amplified fragment length polymorphisms (AFLP), and mitochondrial and 

nuclear DNA genes to look at population biology (Blaya et al. 2015; Gallup 2009; LaCourt et 

al. 1994; Lamour 2003; Sullivan et al. 2010; Mammella et al. 2011 and 2013; Zhang et al. 

2003). RFLP, RAPD, and AFLP markers have been used widely in past years because 

genetic information of the organism is not needed to develop markers. However, these types 

of markers are inferior to other molecular methods used for intraspecies genetic variability 

because they can be expensive and difficult to reproduce in other labs (Grünwald and Goss 

2011). Single nucleotide polymorphisms (SNPs) are ideal for intraspecific variability studies 
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because most are bi-allelic and many are spread throughout the genome (Brumfield et al. 

2003). In a study by Mammella et al., the population structure of a global population of P. 

nicotianae was inferred from SNPs in four mitochondrial (Mt) and three nuclear DNA 

sequences (Mammella 2013). SNPs were found in both types of DNA sequences. Out of 96 

isolates from citrus, ornamental, and tobacco hosts, there were 50 haplotypes based on SNPs 

in mtDNA sequences. A few studies have been done to elucidate the population genetic 

structure of P. nicotianae for various hosts across the world, but none have focused on P. 

nicotianae populations from tobacco in N.C. (Blaya et al. 2015; LaCourt et al. 1994; 

Mammella et al. 2011 and 2013; Zhang et al. 2003).  

The easiest and most cost effective control of black shank disease is use of resistant 

cultivars, but the pathogen is able utilize its genetic plasticity to quickly overcome host 

resistance genes. Therefore, the reliance on fungicide applications may increase. Mefenoxam 

is of the primary fungicides used for black shank control (Mila 2015). Resistance to 

mefenoxam has not been reported in tobacco populations of P. nicotianae, but it has been 

documented on other multiple ornamental hosts and in citrus (Hu et al. 2008; Hwang and 

Benson 2005). As monogenic resistance continues to fail, many growers will have to 

reintroduce chemical application as part of their integrated control program. The most recent 

sensitivity survey of P. nicotianae in NC tobacco to mefenoxam was conducted in 1985, so 

baseline sensitivity for race 1 isolates needs to be ascertained and compared to previously 

established baselines for the pathogen (Shew 1985).    

The occurrence of race 1 and the additional challenges for disease management it 



 

167 

 

poses for growers in NC prompted our study. Our objectives were to elucidate the 

distribution of races and mating types of P. nicotianae in the state, determine if sexual 

recombination could occur in fields, describe genetic variability and distribution of genotypes 

in the pathogen population, and investigate the current sensitivity of the NC pathogen 

population to mefenoxam. 

MATERIALS AND METHODS 

Isolate recovery. In the summer of 2006, soil was collected from 76 tobacco fields in 

23 NC counties, representing the major flue-cured and burley tobacco-producing regions of 

the state. Fields were selected based on occurrence of the disease in the summer of 2006 and 

previous years. Using a 3-cm soil probe, 2 to 4 soil cores were collected 15-20 cm deep and 

5-8 cm from the stem of tobacco plants displaying typical black shank symptoms. At least 10 

plants were sampled from each field. The soil probe was rinsed with 70% ethanol or 0.5% 

NaClO between fields and allowed to dry. Samples were stored in a dry, dark location until 

ready to assay.  

Soil assays were conducted according to Sullivan et al. (Sullivan et al. 2005a), with 

some modifications, in order to collect individual P. nicotianae isolates from the soil around 

each plant. Briefly, three 1-g subsamples were each suspended in 25 ml deionized (DI) water 

and distributed over 5 dishes of PARPH V8 semi-selective medium. The PARPH medium 

contained 5% clarified V8 juice as the basal medium and was amended with 

pentachloronitrobenzene, hymexazol, ampicillin, rifampcin, and pimiricin (Kannwischer and 

Mitchell 1978; Shew 1983). The dishes were incubated at room temperature for 48 hours 
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then the soil was washed from the agar surface. If present, individual colonies were 

immediately transferred to fresh PARPH. If no colonies were visible, the dishes were 

allowed to incubate for an additional 24 hrs. If no colonies were present following 72 hours, 

the procedure was repeated using 1.5 g of soil per subsample. If no isolates were recovered 

from the soil assays, the soil sample was mixed with sterile greenhouse soil and placed in a 

10 cm diameter clay pot and a 4-wk-old susceptible tobacco seedling, cv. Hicks, was planted 

into the soil. When a plant developed typical black shank symptoms, a P. nicotianae isolate 

was obtained from the symptomatic stem tissue. Stem tissue was rinsed in 0.5% NaClO for 

30 sec, rinsed in sterile DI water for 30 sec, blotted on a sterile paper towel, then placed on 

the surface of semi-selective PARPH medium.  

Isolates were successively transferred to PARPH until free of contaminants. Pure 

cultures were maintained by repeated transfers on 5% clarified carrot agar (CA) (Sullivan et 

al. 2005b) until ready for race, mating type, or fungicide sensitivity screenings. Whenever 

possible, one isolate was collected from each soil sample, resulting in at least 10 isolates 

from each field of the 76 infested fields. 

Race determination. The race of each isolate was identified according to Sullivan et 

al. (Sullivan et al. 2005b) with some modifications. Briefly, three 4-wk-old seedlings of each 

differential cultivar, Hicks (susceptible), NC 1071 (Php), and KY 14xL8 (Phl), were 

transplanted into cell packs (4 x 4 x 5 cm) containing a 1:1:1 volume mixture of steam-

pasteurized soil, Metro mix, and coarse builder’s sand. Inoculum of each isolate was 

prepared by placing sterile oat grains onto a 3- to 7-day-old CA culture. Sterile oat grains 
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were prepared by autoclaving 500 cc with 300 ml DI water for 3 consecutive days. The 

pathogen colonized the oat grains during 7-10 days incubation period at 28ºC. Soil was 

infested 1 week after transplant with oat grains colonized by a single pathogen isolate. Two 

colonized oat grains were placed into each 4 x 4 x 5 cm cell, one on either side of the 

seedling stem. After 14 days, plants were scored for the presence or absence of symptoms. 

Isolates that only caused symptoms on the susceptible cultivar Hicks were designated as race 

0. If all differential cultivars were symptomatic, then the isolate was scored as race 1. If 

Hicks and at least one KY 14xL8 seedling were symptomatic and no NC 1071 seedlings 

developed symptoms, then the isolate was scored as race 3.  

Mating type survey and isolate compatibility. The mating type of each isolate was 

identified by pairing each isolate with two separate A1 and A2 tester isolates of P. nicotianae 

on CA amended with water-soluble cholesterol (CAS) (Sigma-Aldrich, Inc. St. Lois, MO) at 

a concentration of 5 μg/ml.  The cholesterol suspension was filter-sterilized directly into the 

medium using a needleless 5 cc syringe attached to a 0.2 µm syringe filter (NALGENE, 

NUNC, Thermo Scientific, Rochester, NY). The medium was stirred with a magnetic stir bar 

and poured into 9-cm diameter Petri dishes. Pairings were conducted by placing a 1-cm 

diameter colonized agar plug of an isolate on one side of each of two Petri dishes containing 

CAS. A similar colonized plug of the A1 tester was placed on the opposite side of one Petri 

dish, and a plug of the A2 tester was placed on the opposite side of the other dish. The Petri 

dishes were wrapped in Parafilm® and allowed to incubate in the dark at 24 C for 4 wks. 

After 4 wks, the center region, where the hyphae of the two isolates joined, was scanned for 

the presence of oospores under an inverted compound light microscope. If oospores formed 
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when an isolate was paired with the A1 tester, then the isolate was considered A2, and vice 

versa. If oospores formed with both testers, then the isolate was designated as A1/A2. 

However, if no oospores were found, then the isolate was paired again using a different set of 

A1 and A2 testers. If oospores still did not form, then the isolate was designated as A0.  

Mating type distribution for each field was examined, and if the distribution was 

mixed, then isolates from within a field were paired to determine if the two mating types 

would produce viable progeny. Mixed distributions were identified as having isolates of one 

of the following combinations: A1 and A2; A1 and A1/A2; A2 and A1/A2; or A1, A2, and 

A1/A2. In cases where both mating types were identified within a field, representative A1, 

A2, and/or A1/A2 isolates were paired on CAS as described above. If oospores were present 

those pairings were subjected to a subsequent pairings to evaluate percent oospore viability.  

To evaluate percent oospore viability, plugs were taken from the growing edge of 3-

day-old cultures and paired to each other in five 6-cm Petri dishes containing CAS, except 

only 3g of Bacto agar was used per liter of medium to give a soft agar medium. Plates were 

wrapped in Parafilm® and incubated in the dark for 4 weeks at 25°C. Oospores were 

extracted and stained according to Sutherland (Sutherland and Cohen 1983) with some 

modifications. To extract oospores from agar, the entire contents of the five dishes were 

poured into a sterile blender cylinder containing 10 ml sterile DI water and blended until 

smooth. The suspension was pipetted 1 ml at a time into 1.7 ml microcentrifuge tubes. The 

tubes were centrifuged for 5 min at 10,000 rpm and the supernatant was discarded. Sterile DI 

water, 0.5 ml, was added to each tube, vortexed, centrifuged at 12,000 rpm for 6 min, and the 
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supernatant was discarded again. The wash process was repeated.  

To determine viability, oospores were stained with thiazolyl blue tetrazolium bromide 

(MTT) (Sigma-Aldrich) (Sutherland 1983). For this, 0.5 ml MTT was added to each tube and 

vortexed. The oospore-MTT suspension was incubated in the dark at 35°C for 48 hrs. A 

droplet of the suspension was placed on a slide with a coverslip and examined at 40x-100x. 

The first 100 oospores found were assessed for viability, using multiple slides if necessary. 

Viable oospores were red to purple in color, while spores that were black or unstained were 

considered nonviable.  

Molecular characterization. A subset of 226 isolates collected from burley and flue-

cured tobacco fields, representing all 23 counties and from fields with mixed mating types 

and races, was selected for molecular characterization. Isolates growing on CMA were 

transferred from the colony edge into 5 ml pea broth (120 g frozen peas/1 L of distilled H20) 

in 50 ml Falcon tubes (Fisher Scientific) and incubated at room temperature for 7-10 days. 

Mycelium was removed and ground in microcentrifuge tubes using liquid nitrogen. Genomic 

DNA was isolated from 20 mg of mycelium with the Puregene DNA isolation kit (Gentra 

Systems Inc., Minneapolis, MN) according to manufacturer protocols and eluted in 50 mL 

ultrapure water. DNA extracts were stored at -20°C. Universal oligonucleotide primers 

ITS4/ITS6 (White et al. 1990) were used to amplify the ITS rDNA region (ITS) and 

FM35/FMPh10b were used to amplify portions of the cox2 + spacer gene region (cox2) 

following the reported protocols (Martin and Tooley 2003). Oligonucleotide primers 

ELONGF1/ELONGR1, TUBUF2/TUBUR1, and NADHF1/NADHR1 reported by Kroon et 



 

172 

 

al. (2004) and corresponding protocols were used to amplify the translation elongation factor 

1 alpha gene (EF-1a), the ß-tubulin (ß-tub) gene, and the NADH dehydrogenase subunit 1 

gene (nadh1), respectfully. The same primers used for gene amplification were also used for 

sequencing for all genes except for cox2. Primer sets FM82/FM78 and FM79/FM80 were 

used to sequence cox2 after amplification using FM35/FMphy10b (Martin and Tooley 2003) 

(Table 1). Amplicon purification and sequencing was performed by MCLAB sequencing 

facility in South San Francisco, CA (http://www.mclab.com). Sequences were visually edited 

and aligned using the multi-alignment program Sequencher v.4.1.2 (Gene Codes Corp., Ann 

Arbor, MI). 

Mefenoxam Sensitivity. A subset of 120 isolates was screened for sensitivity to 

mefenoxam (Ridomil Gold® SL, 45.3% a.i). A 1-cm plug was taken from the growing 

margin of a 3-day-old culture of each isolate and placed in the center of Petri dishes 

containing 18 ml of 5% CA amended with 0, 0.1, 1, or 10 μg/ml mefenoxam. Plates were 

incubated in the dark at 25°C for 7 days. Following the 7-day incubation, the largest radius of 

mycelial growth was measured to the closest millimeter. Percent inhibition for each 

concentration of fungicide was calculated by taking the mean radius of the mycelial growth 

across all replications and dividing it by the average mycelial growth on non-amended 

medium. Treatments were replicated 3 times, and the experiment was conducted twice. 

Analysis of variance was performed on percent inhibition and EC50 values were determined 

using the PROC GLM procedure of SAS (version 9.1, SAS Institute, Cary, NC). Means 

separation was conducted using the Waller-Duncan K ratio test (k=100). If phenotypic data 

were missing for an isolate, such as race or mating type, then those isolates were excluded 

http://www.mclab.com/
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from the comparisons for which the data were missing. 

RESULTS 

Isolate recovery. When possible, one isolate was recovered from each of at least 10 

soil samples per field. However, soil samples were excluded from the study if no isolates 

were recovered after two soil assays and recovery with the bioassay was unsuccessful. 

Therefore, some fields were represented by fewer than 10 isolates. A total of 581 isolates 

were included in tests for race and mating type distribution. 

Race determination.  Four isolates of P. nicotianae, 0.5%, did not cause disease on 

any of the three cultivars (Hicks, NC 1071, and KY 14xL8) following two inoculation 

attempts, and were excluded from further evaluation. All other isolates were pathogenic on 

one or more of the host differentials and were characterized as one of the three races 

described in NC (Gallup and Shew 2010).   

 Ninety-five percent of all fields had race 1 as a component of the pathogen population. 

Across the state, 75% of the isolates recovered were race 1, 21% race 0, and 4% race 3 

(Table 2). The wild-type, race 0, was recovered from only 33 of the 76 fields surveyed and 

was not recovered from any fields in six of the counties surveyed. In contrast, race 1 was 

identified from every county surveyed. The percent of race 1 was greatest in the piedmont, at 

90% of the pathogen population, followed by 67% in the mountains, and 50% in the coastal 

plain (Table 2). The race structure between fields varied greatly. Only 4% of the fields had 

populations comprised entirely of race 0; 20% had populations >50% race 0; 20% had 

populations >50% race 1; and 56% had populations consisting of only race 1. 
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 Race 3 was identified in 14 of the 76 fields surveyed. This race was most frequently 

found in populations that were dominated by race 0, with race 3 identified in only 5 fields 

that were predominantly race 1 (Sup. Table 1). On average, the percent of race 3 within a 

field was 30% in wild-type fields, compared to 12% in fields >50% race 1. 

 Mating type survey and isolate compatibility. In total, 23 fields were sampled from 6 

counties in the mountains. P. nicotianae populations were all A1 in seven fields, and all A2 

in two fields. Fourteen fields had a mixed mating type distribution, 12 of which had sexually 

compatible isolates (Sup. Table 1). Both mating types also were found in fields of flue-cured 

tobacco. Of the fields tested, 11 fields in the piedmont and one field in the coastal plain 

contained isolates of both mating types that yielded oospore progeny.  

 Viable oospores were observed in pairings of isolates from the same field. Compatible 

isolates from a single location in Guilford County were paired to each other, and oospores 

were stained to assess viability. The percentage of oospores that were viable varied 

depending upon the isolate combination (Table 3). For example, isolate GC-11 yielded 20% 

and 48% viable oospores when paired with isolate GC-4 and GC-9, respectively. Pairings 

from fields in Surry County yielded between 44 and 48% viable oospores.  

 Molecular characterization. Five genotypes of P. nicotianae were identified in 

North Carolina based on sequences of the ITS, cox2, nadh1, ß-tub, and EF-1a gene regions. 

Nine single nucleotide polymorphisms (SNPs) were collectively found in ribosomal and 

mitochondrial DNA; 2, 5, and 2 SNPs for ITS, cox2, and nadh1 gene regions, respectively. 

No SNPs were identified in the ß-tub and EF-1a gene regions for the population examined. 

Multiple genotypes were found in counties in the coastal plains, piedmont, and mountains. 
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The same two genotypes were found in the coastal plains and piedmont, and five genotypes 

were found in the mountains (Fig. 1).  

Summary of genotypes below: 

5 genotypes identified; 

3 genotypes (Genotype # 1, 2, and 4) are common, of which: 

 One genotype (Genotype #1) restricted to burley/mountain region. 

 The other 2 genotypes (Genotype # 2, 4) had mixes of burley and flue-cured isolates; 

2 genotypes are rare and consist of just 1 isolate each, both from burley: 

Rare genotype #3 found in a field with 3 total genotypes (Glance in Haywood) 

Rare genotype #5 found in a field with 4 total genotypes (Buckner in Buncombe); 

8 fields had multiple genotypes present: 

 Coastal Plains: 

  SAM-FAN (Sampson) Genotype # 2 & 4 

 Piedmont: 

  ALA-HER (Alamance) Genotype # 2 & 4 

  SUR-JOH (Surry) Genotype # 2 & 4 

  YAD-BRO (Yadkin) Genotype # 2 & 4 

 Mountains: 

  Buckner (Buncombe) Genotype #1 & 2 & 4 & 5 

  Glance (Haywood) Genotype #1 & 2 & 3 

  Hoyt (Haywood) Genotype #1 & 2 & 4 

  Roberts (Madison) Genotype # 1 & 2; 
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 Mefenoxam sensitivity.  Analysis of percent inhibition revealed no run effect (P=.5557), 

so data from both runs of the experiment were combined for analysis. Mean percent 

inhibition increased logarithmically (R = 0.82) with increasing concentrations of mefenoxam 

(Table 4). The mean EC50 for all isolates was 0.4 μg/ml mefenoxam. The range of responses 

among isolates was great. For example, isolate 129 from Haywood County was inhibited by 

85% at the lowest concentration and 100% at the highest concentration. Whereas other 

isolates, such as isolate 96, had increased growth at the lowest concentration and was 

inhibited by 85% at the highest concentration. Individual responses varied most at 0.1 μg/ml 

of mefenoxam, with 31% of the isolates having a larger growth radius than the fungicide-free 

control. However, growth at this concentration was sparse and generally weak.  

 The mean EC50 differed among counties (Sup. Table 2). The most sensitive isolates 

were found in Stokes, Craven, Rockingham, and Alamance counties, where the EC50 values 

were less than 0.0086 μg/ml. The least sensitive isolates were found in Sampson and 

Watauga counties, where the mean EC50 ranged from 0.7621 to 0.7967 μg/ml mefenoxam. 

Within a county, fields typically had statistically similar EC50 values (P=0.2215 - 0.9624). 

 Sensitivity to mefenoxam was similar among the A1, A2, and A1/A2 mating types. 

The neutral mating type, A0, was less sensitive than the A1 and A1/A2 mating types, but not 

the A2 (Table 4). There were no differences in sensitivity to mefenoxam among races of P. 

nicotianae. Mean EC50 values for each race ranged from 0.3747 to 0.6388 μg/ml mefenoxam 

(Table 5).  
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DISCUSSION 

This survey, conducted 40 years after Apple’s initial race 1 report and only 10 years 

following the release of NC 71, documents the race shift from race 0 to race 1 of P. 

nicotianae across all NC tobacco production regions. Race 1 was the most prevalent race of 

P. nicotianae in NC tobacco fields, comprising 75% of all isolates recovered and are similar 

to those observed in Virginia (Parkunan et al. 2010). Race 1 of P. nicotianae was first 

reported in the flue-cured region of NC in the 1960s (Apple 1962 and 1967).  These first 

observations of race 1 were in black shank nurseries where breeding material that contained 

the resistance factor from N. plumbaginifolia was being screened. Apple (Apple 1967) 

concluded that race 1 would rapidly become prevalent in the wild type population of the 

pathogen, so this single-gene source of resistance was not introduced into tobacco varieties 

for release to growers. Race 1 was not a concern in the flue-cured regions of the US until the 

release of Coker 371-Gold in the 1980s. This variety was not popular with growers in some 

areas, but race 1 was reported across Georgia following the deployment of this variety 

(Csinos and Bertrand 1994). The source of complete resistance in Coker 371-Gold was 

unknown at first (Carlson at el. 1997), but later was identified as the Php gene from N. 

plumbaginifolia (Johnson et al. 2008). Once the resistance gene was incorporated into other 

more agronomically acceptable varieties like NC 71, race 1 was confirmed from many other 

areas. During the 1990’s, the Php gene from N. plumbaginifolia was widely deployed in flue-

cured tobacco in NC. This survey confirms that as a result, the majority of the P. nicotianae 

population has shifted from the wild-type race 0 to race 1. The widespread occurrence of race 
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1 in P. nicotianae populations substantiates Apple’s (Apple 1967) concerns regarding the 

rapid shift to race 1 following deployment of N. plumbaginifolia-type resistance. 

Despite the widespread use of single gene resistance, 20% of isolates collected were 

race 0. A previous study by Sullivan et al. (Sullivan et al. 2005a) demonstrated race 1 

isolates were less aggressive on cultivars with a high level of partial resistance. This is due to 

a fitness penalty imposed on the pathogen to overcome the Php gene in tobacco, so wild-type 

race 0 isolates are more fit than race 1 isolates. Race 1 was also less able to overwinter than 

race 0 isolates (Sullivan et al. 2005a). Due to fitness penalties placed on race 1, in the 

absence of selection pressure from the Php gene, race 0 will become the dominate race in the 

field. Many tobacco varieties planted in NC fields have partial resistance from cigar tobacco 

variety Florida 301. This explains why race 0 still represented 20% of the P. nicotianae 

population in NC and was the only race found in 4% of the sampled fields. In a fifth of 

sampled fields with mixed populations of races, race 0 comprised over 50% of the 

population. Proportion of race 0 isolates found during this survey were expected based on use 

of varieties with single-gene and partial resistance and previous reports of P. nicotianae race 

fitness.  

 Race 3 is virulent on tobacco cultivars utilizing the Phl gene but not on cultivars utilizing 

the Php gene. It was recently described in NC (Gallup and Shew 2010) and was recovered at 

low levels throughout the state during this survey. The greatest numbers were in fields that 

were primarily race 0. This survey further substantiates previous work indicating that race 3 

is a natural variant of race 0. In greenhouse inoculation experiments, soil infested with race 0 

or race 3 was planted with tobacco varieties with various levels of Florida 301 resistance. 
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After five months, all flats had mixed populations of races 0 and 3 in similar proportion 

(Gallup 2009). The Phl gene is incorporated into only one burley cultivar, KY 14xL8, and is 

not likely to be used in other varieties because of an undesirable linked trait. Therefore, race 

3 poses little risk to burley or flue-cured tobacco growers, as the Php gene and the Florida 

301 resistance genes control this race of the pathogen.   

This was the first widespread survey of mating types in P. nicotianae in NC. Ten 

fields consisted of only one mating type: 7 fields were all A1, and 3 fields were all A2. 

Fourteen fields from the burley area and 18 fields from the flue-cured area had populations 

with mixed mating types. Naturally occurring, mixed-mating type populations have not been 

reported in this pathosystem. The only investigation of mating type in NC tobacco areas was 

in 1959 (Apple 1959). Based on a small sample set, one mating type was limited to the flue-

cured regions and the other mating type was limited to the mountainous burley regions. 

Based on this information and other studies with P. nicotianae, populations of the pathogen 

in tobacco fields have been regarded as asexual, with zoospores exclusively driving the onset 

and spread of disease (Gallup et al. 2006).   

Of the 14 fields in the burley area with a mixed mating type population, 12 fields had 

isolates that produced oospores when paired in culture. In the flue-cured area, 18 fields had a 

mixed mating type population, and of the ten fields tested, seven had isolates that produced 

oospores when paired in culture. This is the first report of the potential for sexually 

compatible field populations of P. nicotianae. Oospores stained with tetrazolium bromide 

revealed a low to moderate (20-48%) level of viable oospores from pairings. Currently, 

oospores for P. nicotianae have not been found in nature, but are readily produced in culture. 
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Germination attempts to date have been unsuccessful. Similarly, 30-36% of oospores 

originating from hybrid alder Phytophthora spp. were viable, yet no germination attempts 

were successful (Delcán and Brasier 2001).  

Further investigations are necessary to confirm that the observed oosporogenesis was 

the result of sexual recombination rather than hormonal heterothallism (Ann and Ko 1988; 

Ko 1980 and 1988). Hormonal heterothallism, observed only in in vitro studies, results in 

functionally homothallic oospores (Ann and Ko 1988; Ko 1980 and 1988). Evidence for 

sexual recombination has been illustrated in other species of Phytophthora using hyphal 

tracings, differential staining, drug resistant markers, and segregation of pathogenicity factors 

(Brasier and Sansome 1975; Khaki and Shaw 1974; Polach and Webster 1972; Romero and 

Erwin 1969; Stamps 1953). Förster and Coffey (1990) exhibited direct evidence for sexual 

recombination in P. nicotianae using molecular restriction fragment length polymorphism 

markers. In that study, most single-oospore isolates carried markers from both parental 

isolates. In a few cases, single-oospore isolates had a recombinant phenotype at one locus 

and a homozygous phenotype at another locus. 

 Sexual recombination and the formation of oospores can give the pathogen an 

evolutionary advantage, but one mating type may be better fit to the selection pressures of a 

particular agroecosystem. If it becomes the predominant mating type, then only asexual 

reproduction will occur (Brasier 1992). Alternatively, the presence of a single mating type in 

some fields may indicate a founder effect resulting from only a single mating type being 

introduced into the field (Brasier 1992). Once the pathogen established, the mating type was 
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maintained through asexual sporulation. The fixing of mating types from either founder 

effects or fitness differences cannot be distinguished based on the data described here.  

The presence of compatible mating types within a field is indicative of the potential for 

sexual recombination to enhance the genetic variability of the population. McDonald 

(McDonald and Linde 2002) hypothesized that populations such as these, with mixed mating 

systems from sexual reproduction (oospores) and asexual reproduction (zoospores), pose the 

highest risk of evolution and ultimately the risk of overcoming selection pressure imposed by 

single-gene resistance in the host. Evolutionary potential of a pathogen is a predictor of the 

durability of resistance genes (McDonald and Linde 2002). Pathogens pose the greatest risk 

of breaking resistance genes when they have a mixed sexual and asexual reproductive 

system, a high mutation rate, and large population sizes. Pathogens pose the least risk when 

they rely on strictly asexual reproduction, have a low mutation rate, and small population 

sizes (McDonald and Linde 2002). Based on these parameters, the asexual populations 

identified in NC appear to pose some level of moderate risk. The exclusively A1 or A2 

populations may be highly variable as indicated by previous AFLP work (Gallup 2009; 

Sullivan et al. 2010) with large population sizes attributed to multiple cycles of asexual 

zoospores. Based on this survey, sexual reproduction could be contributing to genetic 

variability, but variation arising through strictly asexual means does provide a genetic 

structure capable of quickly circumventing single-gene resistance in the host. 

 Of the original 581 isolates collected, a subset of 226 were selected for sequencing of 

the ITS, cox2, nadh1, EF-1a, and β-tub gene regions. SNPs were observed in the ribosomal 

and mitochondrial DNA sequences and were used to distinguish five genotypes. Genotype 1 
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was limited to mountains of N. C., genotype 2 and 4 could be found across the state in both 

burley and flue-cured tobacco growing regions, and rare genotypes 3 and 5 were represented 

by one isolate each and were found in the mountains. Genotype did not correlate with race or 

mating type, which is similar to other populations of P. nicotianae in China, Spain, and 

across the world (Blaya et al. 2015; Mammella et al. 2013; Zhang et al. 2003).  

 In a study by Blaya et al., P. nicotianae isolates collected from pepper plants in Spain 

were genotyped using mtDNA gene regions. They found four haplotypes that did not 

correlate with phenotypic traits. Their study was much smaller and included only 16 isolates, 

so it seems that genetic variability based on mtDNA SNPs was much lower for our NC 

population since only five genotypes were detected out of 226 isolates (Blaya et al. 2015). In 

another population genetics study by Mammella et al., isolates of P. nicotianae from multiple 

countries and hosts were genotyped using four mtDNA and three nuclear DNA gene regions. 

They found 50 haplotypes out of 96 isolates (Mammella et al. 2013). Unlike our NC 

population, there were SNPs in the nuclear DNA gene regions. Differences in number of 

genotypes from the Mammella study and ours may be due to different molecular markers 

since only the cox2 and ß-tub gene regions were shared in both studies. In addition, isolates 

from the global P. nicotianae study were from multiple hosts, while our population of P. 

nicotianae was only collected from tobacco.  Though isolates from the global study did not 

group by geographic location, they did form a few large clades in a phylogenetic tree 

correlated with the host from which the isolate was taken (Mammella et al. 2013). 

Genetic variability in the pathogen population is high despite reproducing primarily 

through asexual means. Many types of mechanisms contribute to genetic variability produced 
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through asexual means including mutations, genome instability, transposable elements, gene 

conversion, mitotic recombination, parasexual cycles, and supernumerary chromosomes 

(Kamoun 2003). Previous work identified very high levels of AFLP polymorphisms among 

asexual zoospore progeny (Gallup 2009). Using two AFLP markers, 100% of the loci were 

polymorphic, yielding a diversity index between 0.17013 and 0.44196 for each group of 

related asexual zoospore progeny. Asexual variation in single zoospore isolates from the 

same parental isolate has also been reported for Phytophthora infestans (Samen et al. 2003) 

and Phytophthora sojae (Chen et al. 2009). For P. infestans, single zoospore isolates (SZIs) 

from the same isolate can have differences in virulence than their parents and have detectable 

genetic variations. Using random amplified polymorphic DNA (RAPD) and amplified 

fragment length polymorphic DNA (AFLP), 32 SZIs from a single parent grouped into 11 

RAPD groups and 3 AFLP groups indicating genetic variability among asexual progeny 

(Samen et al. 2003). In P. sojae, differences in aggressiveness were detected in a population 

of SZIs from the same parent (Chen et al. 2009). Such high levels of asexual variability 

increases the potential for a significant change, such as a change in race, mating type, 

aggressiveness, or fungicide sensitivity.  

In this study, all isolates of P. nicotianae were sensitive to mefenoxam, except isolate 

59 from Sampson County, which had a reduced sensitivity to the fungicide. Isolate 59 was 

inhibited by only 36.6% at 1 μg/ml mefenoxam, which is still sensitive to application rates of 

the fungicide. The overall mean EC50 was 0.4 μg/ml mefenoxam, similar to the previously 

reported EC50 of 0.4 μg/ml metalaxyl on 5% V-8 agar (Shew 1984). Staub and Young (1980) 

reported an EC50 for mycelial growth of 0.2 μg/ml metalaxyl for one isolate tested on 10% V-
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8 agar. Shew (1984) demonstrated that a higher nutrient concentration in the basal medium 

decreases isolate sensitivity to metalaxyl. The basal medium used in this study, 5% CA, was 

not included in the previous study. Therefore, it is unclear how previous reports of fungicide 

sensitivity on 5% and 10% V-8 agar would compare to this study. Resistance to mefenoxam 

was recently reported in high levels among P. nicotianae isolates collected from ornamental 

nurseries (Hu et al. 2008).  Shew (1985) reported that P. nicotianae isolates collected from 

tobacco had a decreased sensitivity to metalaxyl after just 2 to 3 years of exposure.  

 Even though all isolates were characterized as sensitive to mefenoxam, the level of 

sensitivity varied among counties, and sometimes between fields within a county. P. 

nicotianae is a soilborne pathogen with limited movement between fields. Differences in 

sensitivity to mefenoxam may be related the original introduction of the pathogen to each 

field. If the isolate(s) that was first introduced to a field was more sensitive, then subsequent 

asexual generations would most likely be similarly sensitive. Genetic studies of other 

Phytophthora spp. indicate that insensitivity to metalaxyl is linked to two major linked loci 

(MEX1 and MEX2) that are responsible for the majority of the phenotype, with additive 

effects of additional minor loci, similar to quantitative trait loci (Fabritius et al. 1997; 

Judelson and Roberts 1999).  

 When monogenic resistance from the Php gene was first introduced to the tobacco 

industry in the 1990s, growers relied upon it as the only method for disease control, not 

realizing the potential for race development. During this time, growers commonly reduced 

the chemical aspect of their management program. Therefore, chemical applications for the 

control of black shank became less common. As race 1 populations develop, growers are re-
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introducing chemical applications into their disease management strategies. This study 

provides a baseline for future comparisons as mefenoxam again is more widely used. As long 

as growers rotate crops and chemistries, the risk of resistance development is low. However, 

field populations with mixed mating types may be at higher risk. 

 This study illustrated that race 1 of P. nicotianae is widespread and often 

predominant in NC tobacco fields. In most cases, tobacco cultivars that utilize the Php gene 

as the only resistance source are no longer viable options for disease control. Tobacco fields 

with A1 and A2 isolates of P. nicotianae are able to produce oospores in vitro and sexual 

recombination may be contributing to genetic variability, although confirmation of sexual 

recombination in oospores is still needed. Based on mitochondrial gene markers, there is 

some variability that can be linked to geographic location. Some genotypes can be found 

across the state, while one is limited to burley tobacco production regions. All tobacco 

isolates were sensitive to recommended rates of mefenoxam, but sensitivity should be 

monitored as use of chemical applications for disease control increase. In order to achieve 

control of the black shank disease as well as restrict the success of P. nicotianae race 1, it is 

crucial to integrate control practices. Many control practices effectively reduce the overall 

population numbers, including crop rotation, rotation between types of disease resistance, 

fungicide application, and rouging out tobacco stalks.  
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Target DNA Primers
a
  Sequence (5´ - 3´)

 b
  

Amplification 

Conditions 

ITS ITS4
c
  TCCTCCGCTTATTGATATGC  … 

 ITS6
c
  GAAGGTGAAGTCGTAACAAGG 56ºC, 40 sec 

cox2 + 

spacer 

FM35
d
 CAGAACCTTGGCAATTAGG … 

 Fmphy-

10b
d
 

GCAAAAGCACTAAAAATTAAATATAA … 

 FM82
d
 (TTGGCAATTAGGTTTTCAAGATCC) … 

 FM78
d
 (ACAAATTTCACTACATTGTCC) … 

 FM79
d
 (GGACAATGTAGTGAAATTTGT) … 

 FM80
d
 (AATATCTTTATGATTTGTTGAAA) 58ºC, 90 sec 

nadh1 NADHF1
e
 CTGTGGCTTATTTTACTTTAG … 

 NADHR1
e
 CAGCAGTATACAAAAACCAAC 56ºC, 30 sec 

EF-1a  ELONGF1
e
 TCACGATCGACATTGCCCTG … 

 ELONGR1
e
 ACGGCTCGAGGATGACCATG 60ºC, 30 sec 

ß-tub  TUBUF2
e
 CGGTAACAACTGGGCCAAGG … 

 TUBUR1
e
 CCTGGTACTGCTGGTACTCAG 60ºC, 30 sec 

Table 1. Target DNA gene regions, primers, primer sequences, and amplification conditions 

used for amplification and sequencing of the ITS, cox2+spacer, nadh1, EF-1a, and ß-tub gene 

regions for Phytophthora nicotianae isolates. 

a

 Primers used from other sources are indicated below. 
b

 Primers in parentheses were used only for sequencing. 
c

 White et al. 1990 
d

 Martin and Tooley 2003 
e

 Kroon et al. 2004 
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Table 2. Race structure of Phytophthora  nicotianae in 

NC tobacco regions 

Region 
a
 

Proportion 

Race 0
 b

 

Proportion 

Race 1
 b

 

Proportion 

Race 3
 b

 

 

Mountains 

(Western NC) 

 

31.52% 66.85% 1.63% 

Piedmont 

(Central NC) 
7.32% 89.89% 2.79% 

Coastal Plain 

(Eastern NC) 

 

Totals 

38.18% 

 

 

20.82% 

50.00% 

 

 

75.04% 

 

11.82% 

 

 

4.13% 

 

a 
Fields with active black shack disease were sampled  

  from each geographic region of NC. Isolates were  

  obtained from soil collected from around symptomatic  

  plants and a single was obtained per plant. A total of  

  581 isolates were characterized in the study. 

b 
Races were determined by inoculating a set of host   

  differentials, Hicks, susceptible, NC 1071, with the Php    

  gene, KY 14 x L8, with the Phl gene. Race 0 killed only  

  Hicks, race 1 killed all genotypes, and race 3 only Hicks  

  and KY 14xL8. 
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Table 3. Percent of viable oospores from pairings of 

Phytophthora nicotianae isolates collected in NC tobacco 

fields 

County Field
a
 A1 isolate A2 isolate 

% oospore  

viability
b
 

Guilford 27-28 GC-11 GC-9 48 

Guilford 27-28 GC-11 GC-4 20 

Guilford 27-28 GC-15 GC-2 26 

Surrey 56 SJ-7 SJ-2 48 

Surrey 53 SC-1 SC-2 44 
 

a 
Arbitrary field designation. Fields 27 and 28 share the same 

location, but have different cropping histories. 

b 
Oospores formed were rated as viable based on a staining   

  technique using tetrazolium bromide.
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Table 4. Percent growth inhibition of Phytophthora nicotianae in 

response to increasing mefenoxam concentrations 

Mefenoxam conc. 

(μg/ml)
a
 

Mean % 

Inhibition
b
 

Min-Max % 

Inhibition
c 

0.1 29.2 (+36.8) -37.7
 c
 - 89.9 

1.0 85.7 (+8.1) 55.3 - 100 

10.0 91.7 (+6.6) 60.5 - 100 
 

a
 Concentration of mefenoxam in 5% carrot agar medium.

 

b 
Percent inhibition of isolates after 7 days of growth in the dark at  

  room temperature, determined by comparing treatments to  

  growth in 5% carrot without mefenoxam. 

c
 Negative value indicates mycelial growth was greater than non- 

  amended control for some isolates.
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Table 5. Mean EC50 for mefenoxam sensitivity of 

each mating type and race of Phytophthora 

nicotianae collected from NC tobacco fields 

Mating Type N Mean EC50 
Means 

Separation
a
 

A1 32 0.4600 A  

A2 69 0.4507 A  

A1/A2 12 0.4134 A B 

A0 4 0.0086  B 

Race N Mean EC50 
Means 

Separation
a
 

Race 0 

Race 1 

28 

78 

0.4131 

0.3996 

A 

A 

Race 3 

Nonpathogenic 

8 

3 

0.3747 

0.6388 

A 

A 

 
a
 Mean EC50 values with the same letter do not   

  differ significantly (Waller-Duncan k=100)
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Figure 1. Regions and counties sampled for Phytophthora nicotianae and haplotypes 

detected. Haplotypes were determined by single nucleotide polymorphisms in sequences of 

the ITS, cox2, nadh1, ß-tub, and EF-1a gene regions.  
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County Farm NC Region 

Tot 

R
 a

 

Race 
Tot 

MT
 e

 

Mating Type
 f
 

R-0
 b

 R-1
 c

 R-3
 d

 A0 A1 A2 A1/A2 

Buncombe 2 mountains 8 25 63 13 9 0 56 44 0 

Buncombe 3 mountains 8 63 38 0 9 0 100 0 0 

Buncombe 4 mountains 1 100 0 0 1 0 0 100 0 

Buncombe 5 mountains 9 89 11 0 8 0 75 25 0 

Buncombe 6 mountains 10 0 100 0 4 0 100 0 0 

Haywood 30 mountains 10 90 10 0 8 0 75 25 0 

Haywood 31 mountains 9 56 44 0 7 0 29 71 0 

Haywood 32 mountains 7 29 71 0 7 0 14 86 0 

Madison 33 mountains 10 20 70 10 10 0 80 20 0 

Madison 34 mountains 7 0 100 0 7 0 57 43 0 

Madison 35 mountains 4 25 75 0 2 0 50 50 0 

Madison 36 mountains 10 10 80 10 9 0 56 44 0 

Mitchell 39 mountains 9 100 0 0 10 0 100 0 0 

Mitchell 40 mountains 9 0 100 0 9 0 89 11 0 

Mitchell 41 mountains 10 80 20 0 10 0 40 60 0 

Watauga 60 mountains 10 10 90 0 8 0 100 0 0 

Watauga 61 mountains 10 0 100 0 10 0 0 100 0 

Yancey 70 mountains 4 25 75 0 4 0 100 0 0 

Yancey 71 mountains 8 0 100 0 10 0 10 90 0 

Yancey 72 mountains 4 75 25 0 4 0 25 75 0 

Yancey 73 mountains 4 0 100 0 4 0 0 100 0 

Yancey 74 mountains 7 0 100 0 6 0 100 0 0 

Yancey 75 mountains 7 0 100 0 4 0 100 0 0 

Yancey 76 mountains 9 0 100 0 9 0 33 33 33 

Supplemental Table 1. Race and mating type composition of Phytophthora nicotianae 

populations in all NC tobacco fields surveyed in 2006 
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Totals in mountain region 

Percent in mountain region 

184 

- 

58 

32 

123 

67 

3 

1 

169 

- 

0 

0 

98 

58 

69 

41 

2 

1 

Alamance 1 piedmont 10 0 100 0 6 0 0 100 0 

Caswell 7 piedmont 10 0 100 0 4 0 75 25 0 

Caswell 8 piedmont 7 0 100 0 4 0 0 100 0 

Caswell 9 piedmont 11 0 100 0 7 14 43 43 0 

Davie 12 piedmont 12 0 100 0 8 50 0 50 0 

Davie 13 piedmont 10 30 40 30 6 50 50 0 0 

Davie 14 piedmont 5 0 100 0 1 0 0 100 0 

Davie 15 piedmont 5 20 60 20 3 0 100 0 0 

Davie 16 piedmont 5 60 20 20 3 0 33 67 0 

Forsyth 23 piedmont 19 0 100 0 7 0 29 71 0 

Forsyth 24 piedmont 12 8 92 0 7 43 57 0 0 

Granville 25 piedmont 1 0 100 0 0 - - - - 

Granville 26 piedmont 10 0 100 0 9 22 56 22 0 

Guilford 27 piedmont 10 10 90 0 5 0 0 100 0 

Guilford 28 piedmont 10 0 100 0 7 0 0 86 14 

Guilford 29 piedmont 3 0 100 0 3 0 0 67 33 

Rockingham 42 piedmont 10 50 20 30 2 0 0 100 0 

Rockingham 43 piedmont 9 67 33 0 7 0 0 100 0 

Rockingham 44 piedmont 10 0 100 0 5 0 0 100 0 

Rockingham 45 piedmont 9 0 100 0 1 0 0 100 0 

Rockingham 46 piedmont 6 0 100 0 2 0 0 100 0 

Stokes 51 piedmont 10 0 100 0 7 0 0 100 0 

Stokes 52 piedmont 5 0 100 0 2 50 0 50 0 

Surry 53 piedmont 9 0 100 0 3 0 67 33 0 

Surry 54 piedmont 8 0 100 0 7 0 100 0 0 

Surry 55 piedmont 5 0 100 0 1 0 100 0 0 
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Surry 56 piedmont 10 0 100 0 3 0 33 67 0 

Surry 57 piedmont 10 0 100 0 8 0 0 100 0 

Surry 58 piedmont 9 0 100 0 4 0 0 100 0 

Surry 59 piedmont 7 0 100 0 4 0 50 50 0 

Yadkin 65 piedmont 10 0 100 0 8 37 13 50 0 

Yadkin 66 piedmont 2 0 100 0 1 0 100 0 0 

Yadkin 67 piedmont 3 33 67 0 2 50 0 50 0 

Yadkin 68 piedmont 5 0 100 0 0 - - - - 

Yadkin 69 piedmont 10 0 100 0 6 50 33 17 0 

Totals in piedmont region 

Percent in piedmont region 

287 

- 

21 

7 

258 

90 

8 

3 

153 

- 

17 

11 

44 

29 

90 

59 

2 

1 

Craven 10 coastal plain 2 50 50 0 1 0 0 100 0 

Craven 11 coastal plain 5 100 0 0 1 0 0 100 0 

Duplin 17 coastal plain 5 80 20 0 2 0 0 100 0 

Duplin 18 coastal plain 9 0 89 11 7 0 29 71 0 

Duplin 19 coastal plain 10 80 10 10 5 0 80 0 20 

Edgecombe 20 coastal plain 3 0 33 67 3 0 33 66 0 

Edgecombe 21 coastal plain 7 43 14 43 2 50 50 0 0 

Edgecombe 22 coastal plain 10 50 30 20 4 0 50 50 0 

Martin 37 coastal plain 1 0 100 0 0 - - - - 

Martin 38 coastal plain 1 0 100 0 0 - - - - 

Sampson 47 coastal plain 10 0 100 0 7 29 42 29 0 

Sampson 48 coastal plain 8 62 0 38 8 25 63 12 0 

Sampson 49 coastal plain 10 10 90 0 7 14 57 29 0 

Sampson 50 coastal plain 11 0 100 0 7 0 100 0 0 

Wayne 62 coastal plain 11 82 9 9 6 17 83 0 0 

Wilson 63 coastal plain 1 0 100 0 0 - - - - 

Wilson 64 coastal plain 6 17 83 0 4 0 100 0 0 
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Totals in coastal plain region 

Percent in coastal plain region 

110 

 

42 

38 

55 

50 

13 

12 

64 

 

7 

11 

38 

59 

18 

28 

1 

1 

Percent for all regions combined  20.8 75.0 4.2  6.2 46.6 45.9 1.3 

a
 Total number of isolates screened for race

 

b
 Percent of isolates designated as race 0

 

c
 Percent of isolates designated as race 1

 

d
 Percent of isolates designated as race 3

 

e
 Total number of isolates screened for mating type 

f
 Percent of isolates designated A0, A1, A2, or A1/A2
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Supplemental Table 2. Inhibition of Phytophthora nicotianae tobacco isolates at each concentration of mefenoxam in 21 NC counties surveyed 

 

County Region 

No. of 

isolates 

No. of 

fields 

Percent inhibition at each mefenoxam 

concentration (μg/ml) 

 

Mean 

EC50 

Means 

Separation
a
 0.1 1 10 

 

Sampson 

 

C. Plains 8 3 14 ± 32.3 85.0 ± 8.7 93.4 ± 4.9 0.7967 A   

Watauga Mountains 2 2 -7.2 ± 4.4 77.8 ± 5.0 88.1 ± 2.1 0.7621 A B  

Duplin C. Plains 5 2 6.8 ± 20.6 75.9 ± 13.0 83.5 ± 11.6 0.719 A B  

Mitchell Mountains 3 2 2.4 ± 8.4 77.1 ± 6.5 88.7 ± 5.2 0.7116 A B  

Wayne C. Plains 4 1 -4.1 ± 14.4 80.1 ± 7.5 91.1 ± 4.7 0.7079 A B  

Buncombe Mountains 5 4 -2.6 ± 18.1 80.4 ± 4.6 88.7 ± 3.5 0.6612 A B  

Davie Piedmont 9 4 -3.8 ± 20.6 84.6 ± 5.7 91.1 ± 4.7 0.6213 A B  

Granville Piedmont 4 1 -.04 ± 15.1 84.4 ± 5.4 92.8 ± 2.7 0.5751 A B  

Madison Mountains 6 3 14.8 ± 22.3 84.9 ± 6.2 90.1 ± 6.5 0.4644 A B C 

Caswell Piedmont 5 3 22.0 ± 36.5 85.0 ± 8.2 92.1 ± 5.3 0.4579 A B C 

Yancey Mountains 16 4 -27.0 ± 33.7 87.6 ± 8.1 93.3 ± 5.6 0.4375 A B C 

Surry Piedmont 8 3 17.6 ± 25.5 85.7 ± 5.1 91.1 ± 4.9 0.4142 A B C 

Forsyth Piedmont 2 1 17.5 ± 29.9 91.6 ± 7.0 95.2 ± 3.8 0.3616 A B C 

Edgecombe C. Plains 5 3 26.6 ± 28.2 84.2 ± 8.8 90.0 ± 10.4 0.3498 A B C 

Yadkin Piedmont 4 1 -27.7 ± 28.3 88.7 ± 6.0 94.4 ± 3.5 0.2971 A B C 

Haywood Mountains 8 3 52.3 ± 35.3 89.2 ± 8.5 94.7 ± 5.9 0.258  B C 

Guilford Piedmont 9 1 69.9 ± 13.5 85.6 ± 6.4 87.2 ± 8.8 0.0133   C 

Alamance Piedmont 4 1 67.5 ± 10.9 85.7 ± 5.7 91.2 ± 5.9 0.0086   C 

Rockingham Piedmont 10 3 81.8 ± 6.2 94.6 ± 3.7 96.9 ± 3.6 3.8E-5   C 

Craven C. Plains 1 1 82.3 ± 2.9 93.8 ± 0.1 97.7 ± 1.0 4.2E-6   C 

Stokes Piedmont 1 1 83.0 ± 3.8 87.5 ± 2.5 93.3 ± 0.6 3.7E-8   C 

a 
Mean EC50 values with the same letter do not differ significantly (Waller-Duncan k=100) 

 


