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Deployment of tobacco cultivars with single-gene (Ph), complete resistance to race 0
of the tobacco black shank pathogen has resulted in a rapid increase in the occurrence of race
1 in N.C. A four-year cultivar rotation study was conducted in three fields to assess how
different levels and types of resistance affected the race structure and population dynamics of
the pathogen. In a mixed race field, the high level of partial resistance in ‘K 346’ was most
effective in reducing disease and race 1 populations decreased. The deployment of complete
resistance in ‘NC 71’ resulted in intermediate levels of disease, and race 1 increased. ‘K
326°, with a low level of partial resistance, had the highest levels of disease, and race 0 was
dominant. In a field where no race 1 was detected initially, disease incidence was high with
the use of partial resistance. Complete resistance was very effective in suppressing disease,
but race 1 was recovered after only one growing season. By the end of the third growing
season, race 1 was recovered from most ‘NC 71’ treatments. In a field where race 1 was
predominant, a high level of partial resistance was most effective in controlling disease and
race 0 increased rapidly. A rotation of single-gene resistance and a high level of partial
resistance was the most effective rotation for disease management and it minimized race
shifts in the pathogen. This may serve to prolong the usefulness of the Ph gene. Populations
of race 1 decreased relative to race 0 when cultivars with partial resistance were rotated with
complete resistance, suggesting that race 1 isolates are not as fit as race 0 isolates.
Experiments were conducted to compare their pathogenic and ecological fitness. Forty
i1solates of race 0 and 20 isolates of race 1 were used to inoculate tobacco cultivars with low,
moderate, and high levels of partial resistance. Race 0 isolates were more aggressive than the

race 1 isolates; incubation period was shorter and root rot severity greater with race 0 isolates



than with race 1 isolates. Isolates of race 1 caused greater stunting of plants than race 0
isolates. Field microplots were infested with either a single race or an equal mixture of each
race. Soil samples were collected and populations determined at the end of each growing
season and again the following spring. There were no statistical differences in survival
between races, but over both years of the study there was a trend for race 0 to survive better
than race 1. One-hundred ninety five isolates of P. parasitica var. nicotianae were subjected
to amplified fragment length polymorphism (AFLP) analysis to characterize the genetic
diversity among isolates and within pathogen races 0 and 1. Isolates included 20 diverse
isolates and an additional 175 isolates obtained over years from a field in Duplin Co., N.C.
From all isolates evaluated, 256 of 304 markers (85%) were polymorphic and provided 106
AFLP profiles. The AFLP phenotypes initially detected within each plot were maintained
throughout the study but additional phenotypes were recovered over years. At least 6 race 0
and race 1 isolates collected from a single test plot were similar and clustered together in the
unweighted pair-group mean analysis phenogram. Examination of the AFLP profiles showed
race 0 and race 1 isolates differed by only 2 to 4 markers. Results indicated that P. parasitica
var. nicotianae 1is diverse and that the multiple occurrences of race 1 that were recovered
throughout this field over years were independent events where race 1 was selected from

within the pathogen population.
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LITERATURE REVIEW
Tobacco
Tobacco (Nicotiana tabacum L.), native to South America, is grown as an annual crop in
most parts of the world and is commercially divided into classes based on production and
curing methodologies (Shew and Lucas, 1991). Tobacco is allotetraploid (2n=48) and
apparently arose as a naturally occurring hybrid from the progenitors of the current
recognized species N. sylvestris (2n = 24) and N. tomentosiformis (2n = 24) (Shew and
Lucas, 1991). Commercial tobacco classes produced in the United States (US) are flue-cured
or Virginia, light air-cured including burley and Maryland, dark air-cured, cigar types, fire-
cured, and sun-cured (Johnson, 1998). Oriental or Turkish classes are important but are not
produced in the US. Flue-cured and burley tobacco, the major components in blended
cigarettes, are the major classes produced in the US and in North Carolina (NC) (Shew,
1991).
Black Shank
Black shank, caused by the soilborne pathogen Phytophthora parasitica var.
nicotianae, is potentially the most destructive disease of cultivated tobacco in the
southeastern United States and has a widespread distribution throughout many of the tobacco
production areas in the world (Lucas, 1975). Breda de Haan first described the disease in
1896 on tobacco in Java (Indonesia) (Shew and Lucas, 1991). In the United States, black
shank was observed in southern Georgia around 1915, and by 1922 it had spread to the
Florida-Georgia cigar tobacco district (Lucas, 1975). The disease was first reported in North

Carolina in 1931 (Poole, 1931). The pathogen was also introduced into the flue-cured and



burley tobacco areas of Tennessee, and Kentucky in 1930’s. The disease is now widely
established in all major tobacco-production areas of the United States and continues to be an
economically important disease. Black shank occurs worldwide but is more severe in warmer
climates. Yield losses from 0.7 to 1.7% occur on all tobacco types produced throughout the
world (Csinos et al., 1984). Tobacco appears to be the only economically important host of
this pathogen (Shew and Lucas, 1991), although some researchers disagree with this.

The black shank pathogen can infect tobacco roots, stems, and leaves at all stages of
plant development (Lucas, 1975). Younger plants, however, are more susceptible than older
plants. Aboveground plant tissues of resistant plants are more susceptible than the roots and
the root cortex is more resistant than the stele, xylem, and pith (Nusbaum, 1952). Plant
nutrition also influences host susceptibility. Above optimum levels of N, P, and K were
shown to predispose the black shank resistant cultivar Coker 139 to disease (Apple, 1961).

Visible black shank symptoms include severe, irreversible wilting and chlorosis
following by lesion development on roots and stems. Within the lesion, which can girdle the
stem, the fungus often causes the pith to turn brown to black in color and separate into plate-
like disks. In the final stages of disease development, the stem, or shank, turns black 30 cm
or more aboveground, thus the common name black shank (Shew and Lucas, 1991). Plants
infected early in the season by P. parasitica var. nicotianae, the black shank pathogen, are
often stunted and collapse before leaves are sufficiently mature to be harvested (Csinos and
Minton, 1983, Csinos and Bertrand, 1994). During periods of rainy weather, the fungus can
infect the lower leaves of tobacco plants as infested soil is splashed onto the leaves. Leaf

spots at first are water-soaked and light green. Circular lesions, up to 8 cm in diameter,



rapidly expand and turn brown and necrotic. The fungus often grows into the stem from leaf
infections and causes more typical stem symptoms of black shank (Shew and Lucas, 1991).
Causal Organism

The black shank pathogen, P. parasitica var. nicotianae, belongs to the phylum
Oomycota, class Oomycetes, order Peronosporales, family Pythiaceae and is a hemibiotroph.
Hyphae are fairly uniform or irregular in width (3 to 11 pm) and may be tuberculate or
smooth. Hyphae are hyaline and coenocytic, but pseudosepta can form with age. Isolates also
are variable in colony morphology (Apple, 1957).

Multiple spore types are produced. Sporangia are produced in the asexual cycle.
Sporangia of P. parasitica var. nicotianae are conspicuously papillate, broadly ovoid,
obpyriform to obturbinate and usually non-caducous (Waterhouse, 1963). They are extremely
variable in size (18 to 70 x 14 to 39 um), depending on isolate and the growth medium and
are hyaline to light yellow or golden brown in color (Shew and Lucas, 1991). Sporangia do
not require light for production, but they do require high oxygen levels; a pH of 6 is optimal
(Gooding and Lucas, 1959). Germination of sporangia occurs either direct by means of
hyphae (a germ tube) or indirect by production of zoospores. This germ tube can penetrate
host tissue and is the first phase in the formation of vegetative hyphae. The vegetative hyphae
can again differentiate into new sporangia. Under specific environmental conditions,
sporangia can also differentiate into zoospores. Five to 30 zoospores are produced per
sporangium. Differentiated zoospores are extruded into a delicate, thin-walled vesicle, which
quickly ruptures, releasing the motile zoospores. Zoospores are biflagellate, 7 to 11 um in
length, and can remain motile for many hours (Gooding and Lucas, 1959). Zoospores are

attracted to exudates from the roots of host plants through chemotaxis (Dukes and Apple,



1961). Once in contact with the roots of the host, zoospores encyst (retract or shed their
flagella), germinate with the production of a germ tube that often terminates with the
production of an appressorium-like structure that facilitates penetration of the host.

Chlamydospores, the thick-walled overwintering structures, frequently develop in
large numbers in diseased tissues and in older agar cultures. They are spherical to ovoid,
nonpapillate, hyaline to brown, and usually lemon- to straw- colored, and range from 14 to
60 um in diameter. The average diameter is about 25 um. They are either intercalary or form
acrogenously on short, lateral hyphae perpendicular to the vegetative hyphae.

Phytophthora parasitica var. nicotianae is heterothallic, with two mating types, Al
and A2. Some isolates, however, are capable of producing oospores in single culture
(selfing). Sterols are required for oospore production (Shew and Lucas, 1991). Both mating
types produce specialized mating structures (antheridia and oogonia) at a juncture on a
suitable medium (Ko, 1981; Hall, 1993). Studies have shown that antheridial and oogonial
strains of the pathogen are present in nature and that these strains are capable of
hybridization. (Johnson and Valleau, 1954). In P. parasitica, the short antheridia have an
amphigynous configuration with respect to the relatively small oogonia. The antheridia are
usually produced as the terminal cell of a lateral branch and remains permanently attached to
the oogonium (Shew and Lucas, 1991).The smooth oogonia are spherical to pyriform and
hyaline to straw-colored, each containing an oosphere. The oogonium grows through the
antheridium and expands rapidly before the oogonial wall is penetrated. A single antheridial
haploid nucleus is deposited in the oogonium to fuse with one of the oogonial haploid nuclei,
forming a diploid nucleus. Meiosis occurs in the multinucleate gametangia. The single

oospore that forms within the oogonium is globose and develops a thick inner wall



(Waterhouse, 1963). Oospores are hyaline to straw-colored and range in size from 20 to 32
pum, with an average of 25 um. Few oospores germinate in culture and they are not
considered as an important source of primary inoculum in disease development in the field
(Shew and Lucas, 1991).

Taxonomy

In 1896, Breda de Haan named the fungus causing a seedbed disease of tobacco in
Java (Indonesia) as P. nicotianae, but he failed to give a Latin description and he described a
mixed (contaminated) culture. In 1913, Dastur described a similar organism pathogenic on
the castor oil plant as a new species different from all species of Phytophthora, including P.
nicotianae, and named the organism P. parasitica (Dastur, 1913). The primary distinguishing
characteristic between the two species was that P. parasitica had amphigynous antheridia
while P. nicotianae had paragynous antheridia, a mistake in Breda de Haan’s illustration.
Breda de Haan failed to isolate the fungus into pure culture and most likely had a mixed
culture of P. nicotianae and a Pythium species (Ashby, 1928). Thus, his drawing was
misleading showing Pythium-like oospores. Only the illustrated sporangia belonged to P.
nicotianae (Hall, 1993).

There has been much controversy and confusion on the use of the names P.
nicotianae Breda de Haan and P. parasitica Dastur. Both names have been used for the
fungus, although P. nicotianae predominates in Europe and Asia, whereas P. parasitica
predominates in the Americas. Because of the rule of priority in the International Code of
Botanical Nomenclature, Waterhouse (1963) stated that P. nicotianae has priority and must
be used. Because of the strict host specificity of tobacco isolates, Tucker (1931)

distinguished P. parasitica var. nicotianae isolates, pathogenic on tobacco, from P.



parasitica var. parasitica, non pathogenic on tobacco, although use of the subspecific
classification formae speciales probably would have been a more suitable classification
(Erwin, 1983). Also, Waterhouse (1963) distinguished the two varieties, P. nicotianae var.
nicotianae and var. parasitica on the basis of several morphological features, but did not
attribute specific pathological characters to these varieties. This has led to much confusion
with the nature of host specificity and the tobacco pathogen. Ho and Jong (1989) examined
the morphology of 35 isolates of P. parasitica from different host plants under uniform
conditions and the results failed to distinguish then into two morphological varieties as
established by Waterhouse. Hall (1993) found that morphological or pathological characters
could separate different isolates into two varieties. Sixty-eight of 81 isolates of P. parasitica
from multiple hosts, including tobacco, appeared representative of the species and were
gathered in two clusters unrelated to the origin of the isolates (Hall, 1993). Protein patterns of
P. parasitica isolates from tomato, carnation, and citrus were almost identical to those of P.
parasitica var. nicotianae from tobacco in the United States (Erselius and de Vallavielle,
1984). Morton and Dukes (1967) compared the black shank pathogen, P. parasitica var.
nicotianae with P. parasitica serologically and concluded that the two varieties of P.
parasitica were serologically very similar. Restriction fragment length polymorphism
(RFLP) analyses of mitochondrial and chromosomal DNA of isolates from tobacco and a
wide range of other hosts also did not support the separation of the species into two varieties
(Forster et al., 1990, Forster and Coffey, 1991, Lacourt et al, 1994, Panabieres et al., 1989).
Erwin (1983) urged that the nomenclature in this group be redefined. We use P. parasitica

var. nicotianae in this study.



Differences in the isolates might well exist only in the direct determinants of
compatibility or incompatibility with tobacco. Phytophthora species secrete small
extracellular proteins, termed elicitins, which induce necrosis and vigorous defense responses
(hypersensitive response, systemic acquired resistance) locally and distally in the genus
Nicotiana and in certain plants in the family Cruciferae. For example, a necrosis inducing
factor has been found in the fungal culture filtrates and has been purified for P. cryptogea, P.
cinnamomi, and P. capsici. The factors, identified as proteins of 10 kD were named
cryptogein, cinnamomin, and capsicein, respectively (Billard et al., 1998). Cryptogein
migrates through a tobacco plant and reaches the leaves before necrosis occurs, is toxic to
cultured tobacco cells, causes a rapid increase in the pH and conductivity of the extracellular
medium, and induces ethylene and phytoalexin production, all features that are characteristic
of the hypersensitive response (Blein et al., 1991). Ricci et al. (1992) suggested that a
comparable phenomenon could be involved in the incompatible interaction of tobacco and
non-tobacco isolates of P. parasitica and that the peptide parasiticein could be an avirulence
factor. Indeed, this 10 kD peptide, belonging to the elicitin family, induces a hypersensitive
reaction and foliar necrosis and protects tobacco from P. parasitica var. nicotianae infection
(Ricci et al., 1992). Oelofse and Dubery (1995) were able to induce synthesis of
phytoalexins, lignin, and defense hydrolases in cultured tobacco cells within 3 to 4 hours of
exposure to elicitors from P. parasitica. Elicitin secretion was inversely correlated with
virulence of P. parasitica var. nicotianae isolates on tobacco. Most tobacco isolates of P.
parasitica, P. parasitica var. nicotianae, including all the highly virulent ones, were
characterized by a lack of elicitin production (Bonnet et al, 1994, Kamoun et al., 1994).

Parasiticein was first purified from culture filtrates of P. parasitica var. parasitica, but is



now apparent that it is also present in some P. parasitica var. nicotianae isolates that are
pathogenic on tobacco (Bonnet et al., 1994). Although elicitins are encoded by a multigene
family, parA1l is the main elicitin gene expressed (Kamoun et al., 1993). This gene is highly
conserved among isolates, regardless of elicitin production and virulence levels toward
tobacco. Elicitin producing isolates of P. parasitica that are pathogenic on tomato and
avirulent on tobacco still express parAl in the compatible interaction and evade tobacco
recognition by down regulating parAl in planta (Colas, 2001).

Colas et al. (1998) were able to distinguish a group of isolates causing black shank
from other P. parasitica isolates genetically. In addition to their phenetic similarity, based on
nuclear RFLPs, these isolates also shared a number of characteristics, including: belonging to
the same haplotype (A), the lack of elicitin production, isolated from tobacco, and a high
level of virulence on tobacco. This group encompassed most of the black shank isolates from
the US. These results indicate that a formae specialis within P. parasitica may have a genetic
basis.

Host Resistance

Breeding for resistance to black shank was initiated in 1932, and the first flue-cured
tobacco varieties resistant to this disease were released in 1943 (Bullock et al., 1943). Prior to
1951, the level of control afforded by these new varieties was satisfactory, with losses rarely
exceeding 5% (Apple, 1954). The fact that disease levels in resistant varieties remained
relatively constant over a period of several years led to the assumption that P. parasitica var.
nicotianae was pathogenically stable. However, as early as 1951, many fields planted to
resistant varieties were observed with losses in excess of 50% (Apple, 1954). Nolla (24) had

previously reported a weakly pathogenic strain of P. parasitica var. nicotianae obtained from
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Sumatra, but concluded the reduced pathogenicity was most likely due to the old age of the
culture. Powers and Lucas (1952) had also previously reported a weakly pathogenic strain of
P. parasitica var. nicotianae from North Carolina. The increased black shank losses coupled
with the previous reports of variation in pathogenicity in P. parasitica var. nicotianae
suggested the presence of highly pathogenic strains of the pathogen and prompted a study by
Apple (1957). Apple (1954, 1957) noted that among 200 isolates of the tobacco black shank
pathogen obtained from 44 North Carolina counties, 8 states, and 5 foreign countries, the
isolates varied from weakly virulent on a susceptible cultivar to highly virulent on a
moderately resistant cultivar . Van Jaarsveld (2002b) observed considerable variation in the
aggressiveness of South African isolates of P. parasitica var. nicotianae based on lesion
length on ‘Hicks’ (susceptible) and “TL33’ (moderately resistant). On cultivars with low
(‘NC 2326’), moderate (‘Burley 37°), or high (‘Beinhart 1000-1") resistance, Dukes and
Apple (1961) showed that aggressiveness of isolates increased after passage through a
resistant cultivar compared to passage through a susceptible cultivar. Their study suggested
that under field conditions, highly aggressive pathogen strains may evolve as a result of
continuous planting of resistant cultivars. Dukes and Apple (1962) examined 15 isolates of
the black shank fungus, which represented a wide range in aggressiveness. The increased
aggressiveness of isolates was attributed to increased production of sporangia, liberation of
more zoospores, and longer zoospore motility.

Four physiological races (0, 1, 2, and 3) of P. parasitica var. nicotianae have been
described. These races are defined by their ability to infect various cultivars with different
resistance genes. Apple (1962) first described a P. parasitica var. nicotianae strain that was

non-pathogenic to Nicotiana plumbaginifolia Viv as race 0 and a highly virulent strain on N.
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plumbaginifolia as race 1 (Apple, 1962). Race 2, which has only been observed in South
Africa, is defined by a differential response on 3 cultivars, Kentucky 14 x L8, Burley 21 x
L8, and Delcrest 202 (Prinsloo and Pauer, 1974). Delcrest 202 has a single dominant gene
that is overcome by race 2. Race 3 and isolate 63 of P. parasitica var. nicotianae have been
reported on cigar wrapper tobacco in Connecticut and the Hunsur tract in Karnataka, India,
respectively (Mclntyre and Taylor, 1978 and Shenoi et al., 1985).
Disease Cycle and Epidemiology

Black shank is a warm-weather disease. Soil temperatures above 20 C are required for
significant levels of infection to occur, although infection can occur at temperatures as low as
16 C (McCarter, 1967). Optimum temperatures for growth and production of sporangia and
zoospores is reported to be between 24 and 30 C. Lesion expansion is greatest at 22 to 28 C.
The optimal temperature for infection depends on plant age and cultivar susceptibility.
Resistant cultivars apparently require higher temperatures for infection than susceptible
cultivars, however, disease severity in both resistant and susceptible cultivars increases with
increasing temperature (McCarter, 1967).

High soil moisture favors black shank development (Jacobi et al., 1983, and Lucas,
1975). Lucas (1975) reported that high moisture favored the growth of the pathogen and the
production of sporangia. Little or no infection occurred in soils that were not saturated for at
least brief periods of time (Shew, 1983). Zoospore release from sporangia and dissemination
are initiated under moist conditions such as after heavy rain and saturation of the soil profile.

Soil factors other than temperature and moisture affect pathogen activity and
development of black shank. These include parent material of the soil, soil series, and soil
texture. The parent material influences the physical and chemical composition of soil, which
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in turn influences availability of essential chemicals, plant growth, and micro organisms that
may be antagonistic (Dukes and Apple, 1968). Disease occurs in heavy and light soils, but
soil organic content has little effect on disease incidence (Tisdale and Kelly, 1926).

Although black shank occurs in acidic and alkaline soils, black shank was more
severe in fields with a high pH than in fields with more acidic soils (Irvine and Valleau,
1954, Troutman and LaPrade, 1962). A significant correlation was found between incidence
of black shank and exchangeable calcium and magnesium (Kincaid and Gammon, 1957,
Moore and Wills, 1967, Dukes and Apple, 1963). The level of aluminum also affects disease
severity (Shew and Lucas, 1991).

Inoculum of P. parasitica var. nicotianae is not present in the soil as a static
reservoir. Rather, populations of this pathogen increase greatly in the rhizosphere of host
plants during the growing season; the pathogen is capable of little, if any, saprophytic growth
(English and Mitchell, 1988, Ferrin and Mitchell, 1983 and Kanniwischer and Mitchell,
1978). Populations build up rapidly in association with developing tobacco roots systems as a
result of secondary inoculum production, including sporangia and zoospores. According to
Flowers and Hendrix (1972), population densities of P. parasitica var. nicotianae were
almost undetectable at the time tobacco plants were transplanted into the field, increased
rapidly in the rhizospheres of plants of susceptible cultivars, and reached maximum at the
time plants were killed. Plants of a moderately resistant cultivar were not killed by the
pathogen, and populations of the fungus increased slowly and reached their peak near the end
of the growing season (Flowers and Hendrix, 1972). Populations failed to rise to a detectable
level in the rhizosphere of plants of the cultivar ‘MS Burley 21 x L8’ in a field infested with

race 0, to which this cultivar is highly resistant; but populations increased sharply in the
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rhizosphere of plants of this cultivar in a field infested with race 1, to which this cultivar is
susceptible. The horizontal component of the inoculum pattern of P. parasitica var.
nicotianae in infested field soil was evaluated as a function of depth (0 to 10 cm, 10 to 20
cm, and 20 to 30 cm) and time of planting. Inoculum was highly aggregated both within a
field and a plot, and the degree of aggregation increased with depth (Ferrin and Mitchell,
1983). Propagule populations were highest directly beneath infected plants.

Inoculum density-mortality relationships have been established for the susceptible
cultivar ‘Hicks’ under controlled conditions with randomly dispersed chlamydospores of P.
parasitica var. nicotianae (Kannwischer and Mitchell, 1981). The inoculum density required
for 50% mortalilty within 50 days was 0.13 chlamydospores per gram of soil (8.6
chlamydospores per plant). An inoculum density of less than one propagule per gram of soil
is sufficient to start an epidemic of black shank. The rapidity and severity of disease
development is dependent on the initial inoculum density, the cultivar grown, and
environmental conditions (Gooding and Lucas, 1959a, Shew, 1991). More zoospores were
required to kill resistant plants than susceptible plants in a given time, even though zoospores
were equally attracted to tobacco roots from either black-shank resistant (partial and
complete) or susceptible cultivars (Dukes and Apple, 1961, and Gooding and Lucas, 1959a).
In fact, susceptible and resistant host roots could not be distinguished by response time or the
massing or zoospores (Dukes and Apple, 1961). Mortality in the partially resistant cultivar,
‘Speight G-28’but not the susceptible cultivar ‘Hicks’ was related directly to initial mean
inoculum density throughout the epidemic (Ferrin and Mitchell, 1986).

Infected crop debris and chlamydospores in the soil serve as primary inoculum of P.

parasitica var. nicotianae. Chlamydospores germinate to produce several germ tubes, which
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can directly infect tobacco roots or produce sporangia. Each sporangium then germinates
directly via a germ tube or indirectly to produce zoospores. Zoospores released during soil
saturation periods are attracted to roots via chemotaxis, where they encyst and germinate
within one hour. First-order roots (roots produced from a seminal or adventitious root)
however, are more susceptible than second order roots (roots produced from first-order roots)
(English and Mitchell, 1989). Infection occurs quickly, and the fungus grows rapidly through
the epidermis and into the cortex. Water soaking is the first symptom observed on the roots
following infection and occurs within 18 hours of infection. Rate of growth through roots can
reach 2 cm per day in a susceptible cultivar. Lesions continue to enlarge until they reach the
stem, resulting in the development of black shank symptoms.

Campbell et al. (1984) found that a logistic model best fit disease progression data for
more than half of 50 epidemics of tobacco black shank on cultivars that ranged in resistance
to P. parasitica var. nicotianae. A nonrandom pattern of symptomatic plants was found
infrequently suggesting that P. parasitica var. nicotianae was not spreading along rows in a
nonrandom fashion and resulting in symptom expression during the years of study. Disease
progress best described by a logistic model does not necessarily mean that secondary
inoculum is not involved in disease development (Shew, 1987). In fact, black shank is a
polycyclic disease and secondary inoculum is of major importance in the development of
black shank epidemics. New sporangia and chlamydospores develop on roots in vivo within
48 hours of inoculation and on detached roots within 24 hours (Shew and Lucas, 1991).
Zoospores produced during periods of high soil saturation initiate new infections on the
infected plant, increasing the rate of disease development, and are disseminated to adjacent

and healthy plants. Extensive spread of the pathogen from an infected plant occurs within a
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growing season in the absence of cultivation, especially in cultivars with little or no
resistance to the pathogen (Shew, 1987). He found that although tobacco plants down the row
from the inoculated plant were infected with P. parasitica var. nicotianae, not all infected
plants were symptomatic. Distance of spread was related to the level of host resistance
(Shew, 1987).

As roots of infected plants decompose, chlamydospores are released into the soil,
where they can survive for up to five years in the absence of a host (Apple, 1963).
Chlamydospores of P. parasitica var. nicotianae have been reported to survive freezing in
soils (Wills, 1964). The mechanism(s) for long-term survival is unknown (Shew and Lucas,
1991).

The pathogen is spread on infected transplants, in water, or in soil (Shew and Lucas,
1991). Infected transplants may not show any symptoms, but under favorable conditions
(warm soil temperatures) the disease continues to develop after transplanting. Water
transports infested soil and fungal spores along rows, from infested areas into non-infested
areas of the field, and into drainage ponds, creeks, and rivers used for irrigation (Lucas,
1975). Soil adhering to farm equipment and even the shoes of workers also harbors the
fungus (Shew and Lucas, 1991).

The severity of black shank is greatly increased in the presence of plant parasitic
nematodes. An important disease complex involves the black shank fungus and root knot
nematodes (Meloidogyne spp.) (Powell and Nusbaum, 1960). Where the interaction occurs,
cultivars resistant to the fungus may sustain heavy losses. This complex was among the first
to be subjected to a critical histopathological study. These studies showed extensive

colonization of hypertrophied and hyperplastic regions of nematode-induced galls. Also,
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areas anterior and posterior to the female nematode were readily invaded by the fungus, as
were egg masses. Such fungal infections progressed very rapidly, resulting in drastic tissue
disorganization and subsequent necrosis (Powell and Nusbaum, 1960). Although Powell and
Nusbaum (1960) worked with M. incognita, subsequent work by Miller (1968) has shown
that M. javonica also interacts with P. parasitica var. nicotianae in a similar manner.
Nusbaum and Chaplin (1952) found the incidence of the black shank disease to be reduced in
a resistant variety following the application of a nematicide, and suggested that root injury
caused by plant parasitic nematodes can alter the expression of resistance. This observation
was later confirmed by Sasser et al. (1953).

Inagaki and Powell (1969) have shown that lesion nematodes also form complexes
with P. parasitica var. nicotianae in tobacco, but only in varieties susceptible to black shank.
The fungus disease in such varieties progresses much faster when nematodes are present.
Also, black shank is more severe if nematode and fungus inoculum are added to plants at or
near the same time than if the nematode precedes the fungus.

Disease Management.

Black shank is controlled using an integrated approach including cultural practices,
fungicides, and host resistance (Melton and Broadwell, 2003). Effective drainage and control
of irrigation water is essential for the control of P. parasitica var, nicotianae in commercial
fields (Melton and Broadwell, 2003). Crop rotation and fungicides reduce disease losses but
are costly and do not eradicate the pathogen (Csinos et al., 1984). In addition, long rotations
are necessary to reduce pathogen populations and for disease control, which is impractical
because P. parasitica var. nicotianae can overwinter in soil and survive for five years or
longer in the absence of tobacco (Apple, 1963 and Lucas, 1975).
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Mefanoxam is currently used worldwide for the control of many Phytophthora
diseases, including black shank. The prior label was for an isomer with the same active
ingredient, metalaxyl. Metalaxyl protects tobacco seedlings by inhibiting growth of P.
parasitica var. nicotianae mycelium and sporangia both in vivo and in vitro (Staub, 1980,
Shew, 1984, Shew, 1985). The fungicide is a xylem-translocated phenylamide with systemic
apical movement. Metalaxyl use in tobacco fields has been associated with the appearance of
P. parasitica var. nicotianae populations with reduced metalaxyl sensitivities in the U.S.,
Korea, and Spain, although the range of sensitivities was quite variable (Csinos and Bertrand,
1994, Shew, 1985, Van Jaarsveld, 2002). Most isolates from South Africa were considered
sensitive to metalaxyl (ECsp from 0.01 pg a.i./ml to 1.2 pg a.i./ml), with the exception of one
isolate from the MKTYV trading area. This isolate, which had an EDsj value of 3.57 ug
a.i./ml, was obtained from a region that had used metalaxyl longer and more intensively than
other growing regions (Van Jaarsveld, 2002). Studies of 877 isolates of P. parasitica var.
nicotianae by Shew (1985) showed that continuous application of metalaxyl to field soils
infested with P. parasitica var. nicotianae resulted in an increase in EDsg values from 0.4 to
1.2 pg a.i./ml within 3 years. The cost of metalaxyl is quite high and often prohibitive. Due
to the high cost, many growers in Georgia use less than optimum rates for disease control
(Csinos and Bertrand, 1994). The use of less than optimal rates may provide additional
selection pressure for selection of isolates in the pathogen population with reduced sensitivity
to metalaxyl.

The most practical and economical method for controlling black shank is the use of
resistant cultivars. Tisdale (1931) hybridized two cigar wrapper lines, ‘Big Cuba’ and ‘Little
Cuba’, to develop the black shank resistant cigar-wrapper cultivar ‘Florida 301 (‘Fla. 301°).
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Black shank resistance in ‘Fla 301° is reported to be oligogenic, with resistance being
controlled by simply inherited genes that exhibit incomplete dominance (Crews et al., 1964).
The ‘Fla. 301’ resistance must be enhanced by several modifiers to obtain a useable level of
resistance (Apple, 1962) or may be modified by genes in the susceptible parent (Moore and
Powell, 1959; Chaplin, 1962, Crews et al., 1964). Cultivars have been developed that have
ranged from low to moderate to high levels of resistance, which suggests this type of
resistance is inherited quantitatively (Chaplin, 1966). Until 1964, ‘Fla. 301’ was the resistant
parent from which all black shank resistant cultivars were developed (Lucas, 1975). This
type of resistance confers partial resistance to both races of P. parasitica var. nicotianae
present in NC, race 0 and 1 (Wernsman et al., 1974).

Although resistance from ‘Fla. 301° had retained its usefulness for over 30 years,
simply inherited factors for resistance were sought. Valleau et al. (1960) described ‘Fla 301°
black shank resistance as satisfactory in relatively short rotations and most seasons, but in
dry periods the disease may cause appreciable damage on partially resistant genotypes.
Therefore, a new source of resistance was used to develop a homozygous burley line ‘L8’
that carried resistance derived from N. longiflora. ‘L8’ was determined to be a chromosomal
substitution line, which transmitted black shank resistance in a dominant Mendelian fashion
only up to the F1 generation (Valleau et al., 1960). It was later suggested that ‘L8’ was a
segmental substitution line carrying the N. longiflora resistance locus on chromosome V
(Wernsman et al., 1974). The single-gene resistance from N. longiflora provides complete
resistance to race 0 but no resistance to race 1 of P. parasitica var. nicotianae. ‘L8’ has been
used commercially only in hybrids, because of a severe physiologic spotting reaction

conditioned by a recessive gene pair (Valleau et al., 1960).
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There are several independent reports of transferring black shank resistance under
different genetic control mechanisms from N. plumbaginifolia to N. tabacum. Cameron and
Moav (1956) transferred a dominant monogenic black shank resistance gene from M.
plumbaginifolia, designated Bs, which conferred resistance to P. parasitica var., nicotianae.
Chaplin (1962) transferred a single, partially dominant black shank resistance factor from N.
plumbaginifolia accession number 07-9 to N. tabacum via the flue-cured cultivars ‘Golden
wilt” and ‘402’. This germplasm was made available to breeders in the segmental substitution
line P. D. 468. Apple (1962) also developed chromosomal and segmental substitution lines of
N. plumbaginifolia in the N. tabacum cultivar ‘402’. He observed two types of resistance
from this hybridization, a single dominant factor, called type 0, with Mendelian segregation
that was only effective against race 0, and type 0,1 conferring resistance to both race 0 and
race 1 of P. parasitica var. nicotianae. Type 0,1 resistance was utilized in developing the
flue-cured cultivar ‘“NC 2326’ (Goins and Apple, 1970), which exhibited resistance to both
race 0 and race 1 of P. parasitica var. nicotianae similar to that of ‘Fla. 301" (Stokes and
Litton, 1966). The flue-cured breeding line North Carolina 1071 (‘NC 1071°) was developed
from an interspecific cross with N. plumbaginifolia, and like ‘L8’, exhibited complete
resistance to race 0 of P. parasitica var. nicotianae (Apple, 1967).

In 1986, ‘Coker 371-Gold’ (‘C 371-G’) was released and found to provide an
additional source of resistance to P. parasitica var. nicotianae. Plants exhibited virtually
immune stem and root reactions, similar to that of ‘NC 1071° when inoculated with P.
parasitica var. nicotianae race 0 (Csinos and Bertrand, 1997). Initially, the origin of the
resistance and mode of inheritance were not known. The resistance was later found to be

controlled by a single dominant gene, referred to as the Pk gene, and provided complete
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resistance to race 0 of the pathogen. The origin of the gene was later determined to be .
plumbaginifolia, and it was pyramided with the ‘Fla. 301° system (Carlson et al., 1997, and
Johnson et al., 2002). ‘C 371-G’ was associated with multiple agronomic problems, including
premature flowering, small root systems, and low yields, and thus not widely deployed in the
flue-cured area of NC. The cultivar North Carolina 71 (‘NC 71°), which also contained the
Ph gene, was released for commercial use in 1997 and was widely deployed in NC due to its
high disease resistance to race 0, high yields, and excellent curing quality.

The first report of race 1 of P. parasitica var. nicotianae was from Kentucky in 1957
where it was found in association with plantings of breeding lines that had resistance derived
from N. longiflora (Apple, 1962, and Valleau et al., 1960). Two races of P. parasitica var.
nicotianae are present in NC. Race 0 has been the predominant race in the flue-cured area of
NC since the pathogen was introduced in 1931. Race 1 was first reported in NC in breeding
nurseries in the 1960s where ‘NC 1071 and other breeding lines with the N. plumbaginifolia
gene were evaluated for disease resistance and agronomic traits (Apple, 1967). Commercial
cultivars were not released at that time, because race 1 became destructive after only a single
year of planting complete resistance to race 0 (Apple, 1967). Although race 1 was observed
in breeding nurseries in the 1960s, it was not observed widely in production areas until
cultivars containing the single-gene (Ph gene) type of resistance from N. plumbaginifolia
were deployed in the 1990s. Subsequently, black shank began to appear in fields planted to
cultivars with the Ph gene. Testing revealed that wherever the disease appeared, race 1 was
present. Deployment of this type of resistance continues to increase, and in 2003 it was
present in an estimated 58% of the flue-cured production area in NC (Melton and Broadwell,
2003).
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ABSTRACT
Sullivan, M. J., Melton, T. A., and Shew, H. D. 2004. Managing the race structure of

Phytophthora parasitica var. nicotianae with cultivar rotation. Plant Disease 89:000-000.

Deployment of tobacco cultivars with single-gene, complete resistance to race 0 of the
tobacco black shank pathogen has resulted in a rapid increase in the occurrence of race 1 of
the pathogen in North Carolina. Four-year cultivar rotation studies were conducted in three
fields to assess how different levels and types of resistance affected the race structure and
population dynamics of the pathogen when deployed in fields initially containing single or
mixed pathogen races. In a field with both races present, the high level of partial resistance in
cv. K 346 was most effective in reducing disease; the proportion of race 1 in the pathogen
population also decreased with use of this cultivar. The deployment of complete resistance in
cv. NC 71 resulted in intermediate levels of disease, with race 1 predominating. The cv. K
326, with a low level of partial resistance, had the highest levels of disease, and race 0 was

the dominant race recovered. In a field where no race 1 was detected initially, disease
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incidence was high with the use of partial resistance. Complete resistance was very effective
in suppressing disease, but race 1 was recovered after only one growing season. By the end
of the third growing season, race 1 was recovered from most treatments where single-gene
resistance was deployed. A high level of partial resistance was most effective in a field where
race 1 was predominant and the proportion of race 0 in the pathogen population increased
rapidly. A rotation of single-gene resistance and a high level of partial resistance was the
most effective rotation for disease management and it minimized race shifts in the pathogen,
thus prolonging the usefulness of the Ph gene for black shank management.

Additional keywords: oomycete, Nicotiana tabacum, Ph gene

Black shank, caused by the soilborne pathogen Phytophthora parasitica var.
nicotianae (syn. P. nicotianae var. nicotianae), is potentially the most destructive disease of
tobacco (Nicotiana tabacum) in the southeastern United States. The disease is present in most
tobacco producing regions of the world and causes yield losses on all tobacco types (10,16).
The disease was first reported in North Carolina in 1931 and continues to be an economically
important disease in the state (16,18). Infection of roots, stems, and leaves can occur at any
stage of plant growth, resulting in root necrosis, wilting, chlorosis, stem lesions, stunting and
plant death (9,16).

Four physiological races (0, 1, 2, and 3) of P. parasitica var. nicotianae have been
reported. These races are defined by their ability to infect cultivars with different resistance
genes. Apple (1) first described a strain of P. parasitica var. nicotianae that was non-
pathogenic to Nicotiana plumbaginifolia Viv as race 0, and a strain that infected V.

plumbaginifolia as race 1. Race 2, observed only in South Africa, was defined by a
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differential response on cvs. Kentucky 14 x L8 (‘Ky 14 x L8’), Burley 21 x L8 (‘B21 x LS’),
and ‘Delcrest 202 (21). ‘Delcrest 202’ has a single dominant gene conferring resistance to
race 2. Race 3 and isolate 63 of P. parasitica var. nicotianae have been reported on cigar
wrapper tobacco in Connecticut and the Hunsur tract in Karnataka, India, respectively
(17,24).

Black shank is managed by using an integrated approach that includes cultural
practices, fungicides, and host resistance (18). Crop rotation and fungicides reduce disease
losses, but are costly (10). In the absence of other control practices, even long rotations are
not always highly effective because P. parasitica var. nicotianae can survive in soil for five
years or longer in the absence of tobacco (2,16).

The most practical and economical single method of controlling black shank is the
use of resistant cultivars. In 1931, Tisdale intraspecifically transferred black shank resistance
to the cigar wrapper cultivar Florida 301 (‘Fla. 301°) (28). Until 1964, ‘Fla. 301” was the
resistant parent from which all black shank resistant cultivars were developed (16). This type
of resistance confers partial resistance to races 0 and 1 of P. parasitica var. nicotianae, the
two races that are present in NC. ‘Fla. 301’ resistance is very complex and may be controlled
by a partially dominant gene(s) that is expressed to varying degrees due to the presence of
modifier genes in the susceptible parent (8,19,30). All cultivars developed with this source of
resistance vary in the level of partial resistance from low to high. Cultivars with a high level
of partial resistance have not been popular with growers, however, due to poor yielding
ability and reduced quality.

Single-gene resistance has been incorporated interspecifically into N. tabacum

cultivars from N. longiflora Cav. and N. plumbaginifolia, both of which confer resistance to
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race 0 of the black shank pathogen (1,5,7,29). The resistances from N. longiflora and N.
plumbaginifolia provide complete resistance to race 0 but no resistance to race 1 of P.
parasitica var. nicotianae. The burley breeding line L8, which contains the resistance gene
from N. longiflora, has been used commercially only in hybrids for many years (29). The
flue-cured breeding line North Carolina 1071 (‘NC 1071°) was developed from an
interspecific cross with N. plumbaginifolia, and like L8, confers complete resistance to race 0
of P. parasitica var. nicotianae but susceptible to race 1 (3). The first report of race 1 was
from Kentucky in 1954, where it was found in breeding lines with resistance derived from M.
longiflora (1,29). Race 1 was first reported in NC in breeding nurseries in the 1960s, when
‘NC 1071’ and other breeding lines with the N. plumbaginifolia gene were being evaluated
for black shank resistance (3). Commercial cultivars that contained this resistance gene were
not released at that time, because race 1 became destructive after only a single year of
planting lines with this gene (3).

In 1986, ‘Coker 371-Gold’ (‘C 371-G’) was released and found to provide an
excellent source of resistance to P. parasitica var. nicotianae. Initially, the origin of the
resistance and its mode of inheritance were not known. Subsequent research determined that
the resistance was only effective against race 0 and was controlled by a single dominant
gene, referred to as the Ph gene (6). The origin of the gene was later determined to be NV.
plumbaginifolia, and it was present in combination with a low level of partial resistance from
‘Fla. 301°(14). After the release of ‘C 371-G’, race 1 was reported from counties across the
entire tobacco-growing region of Georgia, indicating a widespread distribution of the race
(11). Four of the 12 race 1 isolates recovered were isolated from ‘C 371-G’ plants, and the
authors stated the planting history of the other fields where race 1 was recovered was not
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known. However, the authors speculated that ‘C 371-G” may have been grown in the other
fields prior to isolate collection. ‘C 371-G’ was not widely deployed in the flue-cured area of
NC because of its agronomic weaknesses. The cultivar North Carolina 71 (‘NC 717), which
also contains the Ph gene (but in heterozygous form), was released for commercial use in
1997 and has been widely deployed in NC due to its high disease resistance to race 0, high
yields, and excellent quality. Many new cultivars since 1997 also contain the Ph gene.

Of the two races of P. parasitica var. nicotianae present in NC, race 0 has been the
predominant race in the flue-cured area of NC since the pathogen was introduced in 1931
(16). Although race 1 was observed in breeding nurseries in the 1960s, it was not observed
widely in production areas until cultivars containing the Ph gene (e.g. ‘NC 71°) were
deployed in the 1990s. Subsequently, black shank began to appear in fields planted to
cultivars with the Ph gene. Testing revealed that wherever the disease appeared, race 1 was
present. Deployment of this type of resistance continues to increase, and in 2003 it was
present in an estimated 58% of the flue-cured production area in NC (18). The increase in
race 1 in the flue-cured production areas and an effort to preserve the effectiveness of the Ph
gene prompted this study. Our objective was to ascertain the short and long-term effects of
Ph gene deployment on the race structure and population dynamics of the tobacco black
shank pathogen.

MATERIALS AND METHODS

Rotation studies. Four-year rotation studies were conducted in a mixed-race (race 0 and race
1) field in Edgecombe Co., NC from 1998 through 2001, and in a race-0 field in Duplin Co.,
NC from 2000 through 2003. A four-year cultivar rotation study was begun in a
predominately race 1 field Guilford Co. in 2000, but the grower used the field for other
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purposes after the second year of the study. Three cultivars, with different levels and types of
resistance, were used throughout this study: ‘K 326’ with a low level of partial resistance to
both race 0 and race 1; ‘K 346’ with a high level of partial resistance to both races; and ‘NC
71’ with complete resistance from the Ph gene to race 0 and a low level of partial resistance
from ‘Fla. 301°. All three cultivars are widely used in the flue-cured areas in NC (18). These
three cultivars were planted continuously over the duration of the study or were rotated such
that cultivars with partial and complete resistance were planted in specific sequences (Tables
1-2).

The Edgecombe Co. field experiment was established at the Upper Coastal Plain
Research Station, Rocky Mount, NC, which is in the upper coastal plain region of NC. The
soil type is a Goldsboro fine sandy loam (fine-loamy, siliceous, thermic, Aquic Paleudults)
that was naturally infested with race 0 of the pathogen and a low level of race 1. Plots were
four rows wide (1.22 m row spacing) by 13.72 m long and were arranged in a randomized
complete block design (RCBD) with five replications per treatment. Plots received a
supplemental infestation of race 1 in 1998 by uniformly distributing pathogen-colonized oat
grains (~500 cm® of oats per 4-row plot) through the field in mid-June during the first year of
the test. Race structure data were not collected at the end of the 1998 season because of the
addition of race 1 inoculum during the early part of the growing season. The field was
transplanted on 11 May, 5 May, 2 May, and 15 May in 1998, 1999, 2000, and 2001,
respectively.

The Duplin Co. experiment was established in 2000 in a grower’s field within the
lower coastal plain region of NC. The soil type is a Norfolk/Foreston loamy sand (fine-
loamy, kaolinitic, thermic, Typic Kandiudults), which was naturally infested with the
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pathogen and contained only race 0 based on preliminary baseline assays. Plots were four
rows wide (1.22 m row spacing) by 15.24 m long and were arranged in a RCBD with five
replications per treatment. The field was transplanted on 26 Apr, 27 Apr, 24 Apr, and 29 Apr
in 2000, 2001, 2002, and 2003, respectively.

The Guilford Co. experiment, was established in 2000 in a grower’s field within the
piedmont region of NC. The soil type is a Mecklenburg sandy clay loam (fine, mixed,
thermic, Ultic Hapludalfs), naturally infested with both race 0 and race 1. Based on baseline
levels, however, the field was predominately race 1. Plots were four rows wide (1.12 m row
spacing) by 13.72 m long arranged in a RCBD with six replications per treatment. The field
was transplanted on 17 May 2000 and 15 May 2001.

Stand counts were made in each plot approximately 2 wk after transplanting. Disease
incidence (% symptomatic plants) was recorded in each field 3 to 4 times beginning 2 wk
after transplanting to final harvest. Yield data were not collected from these experiments.
Recommended practices for tobacco production were followed, except the plants were not
topped (flower heads removed), and no chemicals were applied to prevent growth of axillary
buds at leaf nodes. Additionally, fenamiphos (Nemacur 3E, Bayer Crop Science, Kansas
City, MO) was applied at 18.7 liters per ha for nematode control in 2000 and 2001 at the
Edgecombe Co. field; while 1, 3-dichloropropene (Telone II, Dow Agrosciences,
Indianapolis, IN) was applied in 2001 at 56.1 liters per ha and 1,3-dichloropropene and
chloropicrin (Telone C-17, Dow Agrosciences, Indianapolis, IN) was applied in 2002 and
2003 at 98.2 liters per ha in the Duplin Co. field to control nematodes. Telone II and Telone
C-17 were applied on 5 Apr, 1 Apr, and 27 Mar when the air temperature was 24.4, 25.5, and
18.3 °C, the soil temperature was 14.4, 15.5, and 15.5 °C, and the soil moisture was 13.6,
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12.7, and 12.7% in 2001, 2002, and 2003, respectively. The material was injected from a
single outlet on a single shank 20.32 cm below the soil surface while a ridge was being
formed, resulting in a final depth of 35.56 cm.

Pathogen population quantification and race determination. Soil samples were collected
from the center two rows of each four-row plot with a 3-cm-diam soil probe within one week
of final harvest each year. Ten soil cores were collected along a ‘Z’ pattern from the two
center rows of each plot. The soil cores were bulked in plastic bags and transported to the lab
in coolers. Coolers were stored at room temperature for no more than 4 days before the soil
was assayed. Soil samples were thoroughly mixed to obtain a more uniform pathogen
propagule distribution prior to assay. Inoculum density was determined by suspending a 1-
gram sample in 25 ml of deionized water then dispensing the suspension onto five plates of
PARPH semi-selective medium containing V8 juice as the basal medium and amended with
pentachloronitrobenzene, hymexazol, ampicillin, rifampcin, and pimiricin (25). Three
subsamples were assayed per sample. After 48 hours, the soil suspension was washed from
each plate. The plates were then allowed to incubate at room temperature for 24 additional
hours, after which P. parasitica var. nicotianae colonies were enumerated and transferred.
The number of propagules of the pathogen per gram of soil was determined by averaging the
number of colonies in each of the 1-g samples after correcting for soil moisture. A minimum
of 10 colonies from each plot, for a total of 50 colonies per treatment, were transferred to
fresh PARPH and additional transfers were made to obtain pure cultures of P. parasitica var.
nicotianae. If 10 propagules per gram were not recovered from the initial soil assay, the soil
was assayed additional times until 10 propagules were recovered from each plot. The only

exception to this was samples from Duplin Co in 2001 when three treatments had no
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recoverable propagules after assaying the soil on three separate occasions. All isolates were
transferred to nutrient agar to test for the presence of bacteria prior to transfer to 5% clarified
carrot agar. Carrot juice (Hollywood Carrot Juice or The Hain Celestial Group Inc., Melville,
NY) was clarified by filtering the juice through diatomaceous earth (Celite 545, Fisher
Scientific, Fair Lawn, NJ). Fifty ml of the filtrate was added to 950 ml deionized water and
20 g Bacto Agar (Difco, Detroit, MI) and then sterilized in an autoclave prior to pouring.

To determine the race of each isolate, a host differential was used that included four
cultivars or breeding lines of tobacco: ‘Hicks’ (susceptible), ‘K 326’ (low level of partial
resistance),"NC 1071’ (N. plumbaginifolia gene), and ‘Ky 14 x L8’ (N. longiflora gene).
Seeds of each differential were planted into a flat containing potting mix (Metro mix 220,
The Scotts Company, Marysville, OH) and allowed to grow 3 weeks. After 3 weeks, the
plants were transplanted into cell packs (72 cells, 4 x 4 x 5 cm) containing a 1:1:1 (v:v:v)
mixture of steam pasteurized soil, Metro mix (W. R. Grace), and course builder’s sand. All
plants were watered daily, fertilized as necessary with 20-20-20 water soluble fertilizer
(Peter’s), and allowed to grow an additional 7 to 10 days before inoculation.

Inoculum was prepared by placing oat grains sterilized on three consecutive days onto
a 3-day-old carrot agar culture of each isolate of P. parasitica var. nicotianae collected from
the soil assay. The oat grains were left on the cultures for 9 days at room temperature.
Twenty-four oat grains were then removed from each plate using sterile technique and used
as inoculum for race determination. Three, 4-week-old plants of each genotype were root
inoculated with each isolate in the greenhouse by placing two colonized oat grains into each
4 x 4 x 5 cm cell. Roots were not damaged prior to inoculation. After 14 days, plants were

scored for the presence or absence of symptoms and determined to be either race 1 or race 0.
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Race 1 was defined by the ability to cause disease on ‘NC 1071’ and ‘Ky 14 x L8’. Race 0
did not cause disease on either of these hosts, but caused disease on the other two cultivars.

Analysis of variance was performed on disease incidence and inoculum density data
using the PROC GLM procedure of SAS (Version 8e, SAS Institute, Cary, NC), and means
separation was conducted using the Waller-Duncan K ratio test (k=100). Unless otherwise
indicated, only significant (P<0.05) differences between treatment means are presented.
RESULTS

Disease control in the Duplin Co. cultivar rotation study was dependent upon the
cultivar deployed in a particular year (Fig 1). Over all seasons, disease incidence was greatest
where partial resistance (‘K 326’ and ‘K 346’) was deployed continuously, and it was lowest
where complete resistance (‘NC 71°) was deployed continuously or in rotation with the high
level of partial resistance. In 2000, disease incidence ranged from 0.8 to 93% and was highest
(56 t0 93%) in ‘K 326’ and ‘K 346’ plots, and lowest in ‘NC 71’ plots (0.8 to 1.7%) (Fig.
1A). In 2001, a similar trend was observed in plots of continuous ‘K 326’ and ‘K 346’
(treatments 1 and 3) with incidence at 82 and 56%, respectively (Fig. 1B). Treatment 8, a
rotation treatment of ‘NC 71 and ‘K 326°, also had a high disease incidence (59%).
Incidence was very low in this treatment in 2000, but in 2001, when the low level of partial
resistance was deployed, disease again increased significantly. Disease incidence was lowest
in treatments where ‘NC 71° was deployed in 2001, ranging from 2 to 6%. The rotation
treatments 4, 5, 6, and 7 were not significantly different than the ‘NC 71’ continuous
treatment. In 2002, there was a residual effect of deployment of ‘NC 71’ from the previous
year (Fig. 1C). Even though treatments 4 through 7 were planted with partial resistance, the
disease levels were not significantly different than the ‘NC 71’ continuous treatment. In fact,
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disease levels were numerically lower for treatment 4 (a rotation of ‘NC 71’and "K 346°)
than in the ‘NC 71’ continuous treatment, with 7 and 11% disease, respectively. Treatments
where partial resistance was deployed continuously continued to have the highest black
shank incidence (~80%) in 2002 (Fig. 1C). Trends in disease incidence data were not as easy
to ascertain in 2003 (Fig. 1D). In general, disease was not observed until late in the season,
which was attributed to a very wet growing season (>61 cm rainfall) and little drought stress
on the plants. The highest levels of disease were observed in treatments 1, 7, and 8, where
two of the three ‘NC 71°/ ‘K 326’ treatments were not significantly different than continuous
deployment of ‘K 326’. The ‘K 346’ continuous plots had less disease than the ‘K 326’
continuous plots this year. The lowest disease (2 to 4%) was observed with treatments 2, 4,
and 5. The rotation of ‘NC 71°/ K 346 did not differ from the continuous use of complete
resistance in three of the four years (Fig. 1B, 1C, 1D).

In general, inoculum densities (ID) followed a similar pattern as disease incidence
(Figs. 1, 2). Where disease incidence was high, ID was high and in treatments with low
disease incidence, IDs also were low. For example, in 2000, when disease incidence ranged
from 57 to 93% in treatments 1 and 3 to 7, ID also was high in these treatments (22 to 35
p/g). Where disease incidence was low in treatments 1 and 8 (<2%), ID values from these
two treatments were 0.4 and 2.4 p/g, respectively (Fig. 1A, 2A). Inoculum densities dropped
significantly in 2001 and 2002, with a maximum of 12 and 16 p/g (Fig. 2B, 2C). Both 2001
and 2002 were considered dry growing seasons in NC. Inoculum densities rebounded in 2003
and were highest in treatments 7 (34 p/g) and 8 (39 p/g), which were rotation treatments of
‘NC 71’/°’K 326°. In continuous ‘K 326’ and ‘K 346’ treatments, inoculum densities were
intermediate (23 and 25 p/g), and the lowest ID was observed in treatments 2, 4, and 5 (3,
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0.4, and 5 p/g), which were the continuous ‘NC 71’ plot and the ‘NC 71°/ ‘K346’ rotation
plots (Fig. 2D).

The race profile varied over years and was dependent on the rotation treatment (Fig.
3). No race 1 isolates were detected among the 109 baseline isolates assayed in the spring of
2000 prior to transplanting. After the first growing season, a single isolate of race 1 was
recovered out of 450 isolates collected and screened in the fall of 2000. The race 1 isolate
was recovered from an ‘NC 71’ plot (Fig. 3A). At the end of the second growing season, race
1 was recovered from additional plots representing treatments 2 and 8, the ‘NC 71’
continuous and the ‘NC 71°/°’K326’ rotation treatments (Fig. 3B). At the end of the third
year, race 1 was recovered from 5 of the 8 treatments (2, 5, 6, 7, and 8), all of which had ‘NC
71’ in their planting history. No race 1 was recovered from the rotation treatment of high
partial resistance with complete resistance. By the end of the third year, 42 % of the isolates
from continuous ‘NC 71’ plots (treatment 2) were race 1. After the 2003 season (Fig. 3D),
race 1 was once again recovered from 5 of the § treatments and constituted 76% of the
population recovered in treatment 2. By planting ‘NC 71’ continuously, the pathogen
population had shifted from 100% race 0 to 76% race 1. Several rotation treatments,
particularly the ‘NC 71°/ ‘K 346’ rotation, controlled disease and allowed very little race 1
development. (Fig. 1, 3).

The spatial dynamics of race 1 development in the Duplin Co. field was examined by
mapping occurrence over years (Fig. 4). After the first year, there was a single isolate
recovered, but by the end of year 2, race 1 isolates were recovered in three distinct areas on

opposite sides of the field. After the third year, there were 12 occurrences of race 1 that were
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across the length and width of the field. In year four, race 1 was recovered from an additional
two plots (Fig. 4).

Similar results in disease control and shifts in race structure were obtained in the
mixed- race field in Edgecombe Co. A notable exception was that the lowest disease was
observed with the high level of partial resistance in addition to the ‘NC 71°/ ‘K346’ rotation
treatment. During 1999, disease levels were highest where ‘K 326’ was planted (treatments 1,
5, and 7), with incidence ranging from 28 to 33% (Fig. 5A). Incidence was intermediate
where ‘NC 71° was continuously deployed (12%) and lowest in the treatments with
continuous ‘K 346’ and rotations of ‘NC 71°/’K 346’. During 2000, similar trends were
observed, although disease incidence was higher in all treatments (Fig. 5C). Disease levels
were highest where ‘K 326” was deployed continuously or in rotation. Disease was
intermediate where ‘NC 71° was deployed continuously. Once again, disease was lowest
where ‘K346’ was deployed either continuously or in rotation with ‘NC 71°. The rotation
treatments of ‘K 346’ and ‘NC 71° were numerically lower than the ‘K 346 continuous
treatment. At the end of the 1999 growing season, race 1 was recovered from 5 of the 8
treatments (Fig. 5B). Four of the five treatments (1, 2, 5, and 8) were either planted to ‘K
326’ or ‘NC 71°. Although a low percentage of race 1 was recovered from treatment 3 in
1999, race 1 was not recovered from continuous ‘K 346’ after the third year of the study (Fig.
5B, 5D). In 1999, treatment 2 was 51% race 1 after only two years of continuous deployment
of ‘NC 71’ (Fig. 5B). By 2000, treatment 2 was 100% race 1 after only three years of
deployment of ‘NC 71°. After 3 years of planting either the low of high level of partial

resistance (treatments 1 and 3), race 1 was not recovered (Fig. 5D).
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Disease incidence in the Guilford Co. field was lower than the Duplin and
Edgecombe Co. fields, ranging from 0.6 to 11% in 2000 and from 0 to 19% in 2001 (Fig. 6A,
6B). Disease was highest where ‘K 326’ and ‘NC 71’ were deployed. The lowest disease
level was where ‘K 346’ was deployed in both years. In 2000, baseline soil samples collected
prior to transplanting yielded 89 isolates. Eighty-four of the 89 isolates were race 1 (Fig. 7A),
thus the field population of P. parasitica var. nicotianae was predominately race 1 prior to
the study. The five race 0 isolates were recovered from plots designated to be treatments 4, 5,
and 8. No race 0 could be recovered by the end of the first growing season from treatments 4
and 5, both of which were planted to ‘NC 71’ (Fig. 7B). At the end of the first season, race 0
was recovered only from plots where partial resistance was deployed. In treatment 3, no race
0 was recovered in the spring baseline samples, but by the end of the first growing season,
20% of the isolates were race 0. This trend continued into 2001, when treatment 3 was 30%
race 0 (Fig. 7C). Additional race 0 was recovered from treatments 1, 4, and 6, where both
low and high levels of partial resistance were deployed (Fig. 7C).

DISCUSSION

The increase in predominance of race 1 of P. parasitica var. nicotianae in the flue-
cured region of NC has corresponded with the widespread deployment of cultivars with the
Ph gene that confers complete resistance to race 0 of the pathogen. Results of this study
illustrated that deployment of the Ph gene had a highly significant effect on the race structure
of P. parasitica var. nicotianae in three flue-cured tobacco fields in NC with different initial
race population structures. Race 1 increased in Duplin Co. from 0 to 76%, in Edgecombe Co.
from 51 to 100%, and continued to predominate in Guilford Co. when the Ph gene was
continuously deployed over the 4-year study, indicating the selection pressure the Ph gene
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exerts on the P. parasitica var. nicotianae population. These studies also showed that the rate
of change to race 1 was dependent on the initial population structure of races in the field. For
example, the rate of change in the Duplin Co. field, where no race 1 was originally detected,
was much slower than in the Edgecombe Co. field, where race 1 was originally present at a
higher percentage. The percentage of race 1 remained 100% in Guilford Co. and did not
change while the Ph gene was deployed.

Changes in the race structure of the soilborne pathogens Verticillium dahliae and
Phytophthora sojae, following the deployment of single-gene resistance, have also been
reported (4,22,23). Resistance to race 1 of Verticillium wilt pathogen of tomato, Verticillium
dahliae and V. albo-atrum, is conferred by single dominant Ve gene. Race 2 of V. dahliae
was observed soon after the Ve gene was deployed in tomato cultivars and was thought to be
a naturally occurring component of the field populations of V. dahliae (4). Similarly, we
observed race 1 of P. parasitica var. nicotianae after a single year of the deployment of the
Ph gene in the Duplin Co. field, where initially no race 1 was recovered. Thirteen resistance
genes (Rps), at seven loci that confer complete or partial resistance to P. sojae have been
characterized, and since 1955, 45 pathogen races have been classified after the widespread
deployment of various soybean cultivars with Rps genes for resistance. Many more isolates
with unique virulence patterns have been identified but not numbered as races (22,23).

Johnson et al. (14) identified the origin of the Ph gene in ‘C 371-G’ to be from N.
plumbaginifolia. Apple (3) recovered race 1 after a single year of planting ‘NC 1071°, a
breeding line with the N. plumbaginifolia gene (3). Race 1 also was recovered in this study
after a single year of planting ‘NC 71°, which has the Ph gene from N. plumbaginifolia. One
year of resistance gene deployment may be sufficient to allow build up of the race to a
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detectable level. The results of this study and Apple’s indicate that race 1 is probably a
naturally occurring component of the population of P. parasitica var. nicotianae. In Duplin
Co., the population level of race 1 was not detectable by our initial spring baseline soil assay
and after four years of continuously deploying the high level of partial resistance. This result
indicates that if race 1 did arise in the population, it was not selected for. Bender and
Shoemaker (4) found race 1 of V. dahliae in fields that had not yet been planted with
cultivars that contained the Ve gene, indicating that the variant was a natural component of
the pathogen population. Niederhauser (20) deployed cultivated potato cultivars in central
Mexico with single-gene resistance from Solanum demissum as well as other sources of
resistance, and races of P. infestans were discovered that could attack plants with every
combination of major resistance genes in potato, even though the cultivars had not been
previously deployed in that area.

Studying a soilborne pathogen with limited dispersal in large plots over time allowed
us to examine the spatial dynamics of race 1 development in Duplin Co. Race 1 initially was
recovered from a single plot, but by the end of the second growing season it was found in
three discrete areas on opposite sides of the field. Because the plots were not contiguous, we
feel that the occurrences of race 1 were not from movement of soil by farm equipment into
new areas of the field, but represented at least three independent events of race 1
development in the population. Studies are in progress to examine the genetic diversity of
these isolates. To rule out the possible role of equipment moving race 1 to other areas of the
field, the isolates collected from this field will be subjected to further molecular

characterization.
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Apple (3) also noted that in 1961 all isolates recovered from the completely resistant
breeding line ‘NC 1071’ were race 1, illustrating the high degree of selectivity of complete
resistance. Similar results were observed in this study where race 1 only increased in
treatments that had included complete resistance. The increase in race 1 relative to race 0 on
the completely resistant cultivar is explained by examination of the mechanism of resistance.
Complete resistance does not prevent infection, but it prevents growth and reproduction of
the pathogen, which results in a sharp decline in the pathogen population (26). Race 0 was
not able to reproduce on ‘NC 71°, and thus race 1 has a selective advantage that allows it to
become the predominant member of the population during continuous use of complete
resistance.

Apple (3) also showed that all isolates recovered from partially resistant lines were
race 0. Similar results were observed in this study where race 0 either increased (Guilford
Co.) or continued to predominate on cultivars with partial resistance (Duplin and Edgecombe
Co.). In fact, in Edgecombe Co. after 3 years of continuous deployment of either level of
partial resistance, race 1 was not recovered when race 1 was initially recovered in both
treatments. In Guilford Co., the predominately race 1 field, race 0 was recovered only from
plots where partial resistance was deployed during both growing seasons. Race 0 increased
from 0 to 30% of the population where the high level of partial resistance was deployed
during the two growing seasons, but was initially not detected from that treatment. These
results indicate that race 0 may be more fit than race 1 on genotypes with partial resistance
and may be a more aggressive pathogen than race 1(27). In contrast to complete resistance,
partial resistance does not prevent the growth and reproduction of the pathogen. Partial

resistance reduces lesion number, slows the rate of root colonization, reduces inoculum
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production by P. parasitica var. nicotianae, and slows epidemic development (6). Race 1
may be at a competitive disadvantage with race 0 except in the presence of a completely
resistant host to race 0. Race 0 was the predominant race in most tobacco growing areas
throughout the world prior to the deployment of N. plumbaginifolia and N. longiflora genes
for resistance to black shank (16).

The mechanism of complete resistance coupled with reduced fitness of race 1
isolates may explain why a rotation of high level of partial resistance and complete resistance
was very effective in reducing disease losses and slowing the change to race 1. The complete
resistance reduced race 0 populations allowing race 1 populations to increase. However, by
deploying partial resistance the next year, race 1 was at a competitive disadvantage compared
to race 0, and race 1 populations decreased. This race shift would allow for complete
resistance to be effective the following year against the developing race 0 population. A
similar situation was observed with race 1 and race 2 of V. dahliae. Isolates of race 1 caused
greater losses than race 2 on cultivars susceptible to both races, which implied a loss in
aggressiveness in race 2 and a direct cost to the pathogen of added virulence (4). The loss of
fitness in race 1 of P. parasitica var. nicotianae could be due to reduced pathogenic fitness
(aggressiveness) or reduced ecological fitness (survival) and is the subject of another study.

In the Duplin Co. field, ‘K 346’ had been planted multiple years prior to this study.
The extremely low level of disease in ‘NC 71’ plots illustrated the effectiveness of complete
resistance when deployed where the P. parasitica var. nicotianae population is race 0. In
contrast, disease incidence in 2000 was very high in all treatments where partial resistance
was planted, indicating the presence of a very aggressive race 0 population. Dukes and Apple

(12) showed that aggressiveness of isolates increased after passage through a resistant
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cultivar compared to passage through a susceptible cultivar. Their study suggested that, under
field conditions, more highly aggressive pathogen strains may have evolved as a result of
continuous planting of resistant cultivars. The increased aggressiveness was attributed to
increased production of sporangia, liberation of more zoospores, and greater zoospore
motility (13). The components of aggressiveness, indicated as important by Dukes and Apple
(13), however, have not been examined with isolates from this field.

This study illustrated that the race structure of the tobacco black shank pathogen
could be managed by deploying multiple sources of resistance while achieving effective
levels of disease control. Apple (3) recognized that complete resistance would be beneficial
when used in combination with other sources of resistance with a broader genetic base of
resistance (i.e. partial resistance) to control the black shank disease. This study also
illustrated that there were differences in the fitness of races 0 and 1. Whether the races differ
in pathogenic fitness (aggressiveness) or ecological fitness (survival) has not been
determined and needs further investigation. The multiple occurrences of race 1 in the Duplin
Co. field indicated that multiple occurrences of race development are possible within a
pathogen population and investigation of the variation within the newly developed race 1
population should provide clues as to the nature of race development in this pathogen.
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Table 1. Cultivar rotation treatments in the Edgecombe and Guilford Co. field sites over the

four-year study.

Treatment
Year 1 2 3 4 S 6 7 8
1 K326 NC 71 K 346 NC 71 NC 71 NC 71 NC71 K326
2 K 326 NC 71 K 346 K 346 K 326 K 346 K326 NCT71
3 K 326 NC 71 K 346 NC 71 NC 71 K 346 K326 K326
4 K326 NCT71 K 346 NC 71 NC 71 NC 71 NC71 NCT71

* Edgecombe Co. followed the year 1 through year 4 rotation treatments. Guilford Co.

followed year 1 through year 2 rotation treatments.
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Table 2. Cultivar rotation treatments in the Duplin Co. field site over the four-year study.

Treatment
Year 1 2 3 4 5 6 7 8
1° K326 NC71 K 346 K 346 K 326 K 346 K326 NC71
2 K326 NC71 K 346 NC 71 NC 71 NC 71 NC71 K326
3 K326 NC71 K 346 K 346 K 326 K 346 K326 NC7I1
4 K326 NC71 K 346 NC 71 NC 71 K 346 K326 K326

* Duplin Co. followed the rotation treatments beginning with year 1 and ended with year 4.
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FIGURE LEGENDS

1. Final disease incidence from 2000 through 2003 (A through D) at the Duplin Co. race 0
field. Bars are the average of 5 replications per treatment per season. Bars with the same
letter do not differ significantly (Waller-Duncan k=100).

2. Pathogen population density from 2000 through 2003 (A-D) at the Duplin Co. field. Bars
are the average of 5 replications per treatment per season. Bars with the same letter do not
differ significantly (Waller-Duncan k=100).

3. Race profile of the Duplin Co. field from 2000 through 2004. Bars are the average of 5
replications (10 isolates/rep) for each treatment per year.

4: Spatial development of race 1 in the Duplin Co. field in 20000 ), 200 ¥& ), 20029, and
2003 O.

5. Disease Incidence and Race Profile during 1999 (A, B) and 2000 (C, D) at the Edgecombe
Co. mixed race field. Bars are the average of 5 replications per treatment per year. Bars with
the same letter do not differ significantly (Waller-Duncan (k=100).

6. Final Disease Incidence from 2000 (A) and 2001 (B) in the Guilford Co. predominately
race 1 field. Bars are the average of 6 replications per treatment per season. Bars with the
same letter do not differ significantly (Waller-Duncan k=100).

7. Race Profile in Guilford Co. preseason 2000 (A), Fall 2000 (B) and Fall 2001(C). Bars are

the average of 6 replications (10 isolates/rep) for each treatment per year.
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Chapter 3: Fitness of races 0 and 1 of Phytophthora parasitica var. nicotianae
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ABSTRACT
Sullivan, M. J., Melton, T. A., and Shew, H. D. 2005. Fitness of races 0 and 1 of
Phytophthora parasitica var. nicotianae. Plant Dis. 8§9:000-000.

Deployment of tobacco varieties with single-gene complete resistance to race O of
Phytophthora parasitica var. nicotianae has resulted in a rapid increase in the recovery of
race 1 in NC. In replicated field trials over a four-year period, populations of race 1
decreased relative to race 0 when cultivars with partial resistance to both races were planted,
suggesting that race 1 isolates were not as fit as race 0 isolates. Experiments were conducted
to compare the pathogenic and ecological fitness of the two races. Forty isolates of race 0 (20
from a variety with low partial resistance and 20 from a variety with a high partial resistance)
and 20 isolates of race 1 were used to inoculate flue-cured tobacco varieties with low,
moderate, and high levels of partial resistance. Symptom development was monitored for 21
days. Both groups of race 0 isolates were more aggressive than the race 1 isolates. Incubation
period was shorter and root rot severity greater with race 0 isolates than with race 1 isolates.

Isolates of race 1, however, caused greater stunting of plants than race 0 isolates. Field
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microplots were infested with either a single race or an equal mixture of each race. Soil
samples were collected and populations determined at the end of each growing season and
again the following spring and compared. There were no statistical differences in survival
between races in plots infested with a single race or a mixture of races, however, over both
years of the study, there was a trend for race 0 to survive better than race 1. Shifts in the race
structure in the field appear to be due primarily to differences in pathogenic fitness between
the races, but there also appears to be a reduction in the ecological fitness of the races that
should be further investigated.

Additional keywords: oomycete, Nicotiana tabacum, black shank

Black shank, caused by the soilborne pathogen Phytophthora parasitica var.
nicotianae (syn. P. nicotianae var. nicotianae), is an economically important disease of
cultivated tobacco (Nicotiana tabacum) throughout the southeastern United States and most
production areas of the world (11,20,23). Infection of roots, stems, and leaves can occur at
any stage of plant growth, resulting in root necrosis, wilting, chlorosis, stem lesions, and
stunting of plants (10,20). Yield losses occur on all tobacco types and result in millions of
dollars in lost revenue annually (16).

Four physiological races (0, 1, 2, and 3) of P. parasitica var. nicotianae have been
reported. These races are defined by their ability to infect cultivars with different resistance
genes. Apple (3) first described a strain of P. parasitica var. nicotianae that was non-
pathogenic to Nicotiana plumbaginifolia Viv as race 0, and a strain that infected V.

plumbaginifolia as race 1. Races 2, 3, and isolate 63 of P. parasitica var. nicotianae have
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also been reported in South Africa, Connecticut, and Karnataka, India, respectively
(22,27,30).

Black shank is managed by using an integrated approach that includes cultural
practices, fungicides, and host resistance (23). The most practical and economical single
method of controlling black shank, however, is the use of resistant cultivars. Cultivated M.
tabacum and the wild species N. plumbaginifolia and N. longiflora have been used as sources
of resistance. In 1931, Tisdale intraspecifically produced a recombinant inbred cigar wrapper
cultivar from a cross between ‘Big Cuba’ and ‘Little Cuba’ with black shank resistance,
named ‘Florida 301° (‘Fla. 301) (36). Until 1964, ‘Fla. 301’ was the resistant parent from
which all black shank resistant cultivars were developed (20). This type of resistance confers
partial resistance to races 0 and 1 of P. parasitica var. nicotianae, the two races that are
present in NC, and ranges from a low to a high level. Single-gene resistance has been
incorporated interspecifically into N. tabacum cultivars from N. longiflora and N.
plumbaginifolia, both of which confer complete resistance to race 0 of the black shank
pathogen but no resistance to race 1 of P. parasitica var. nicotianae (5,7,9,37).

Race 0 has been the predominant race in the flue-cured area of NC since the pathogen
was introduced in 1931 (20). Although race 1 was observed in breeding nurseries in the
1960s, it was not observed widely in production areas until cultivars containing the single-
gene (Ph gene) type of resistance from N. plumbaginifolia were deployed in the 1990s.
Subsequently, black shank began to appear in fields planted to cultivars with the Ph gene.
Testing revealed that wherever the disease appeared, race 1 was present. Deployment of this
type of resistance continues to increase, and in 2003 it was present in an estimated 58% of

the flue-cured production area in NC (23).
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The increase in race 1 in the flue-cured production areas and an effort to preserve the
effectiveness of the Ph gene prompted a research study to ascertain the short and long-term
effects of Ph gene deployment on the race structure and population dynamics of the tobacco
black shank pathogen (34). Four-year cultivar rotation studies were conducted in three NC
fields that differed in initial population structure according to race. In these studies, two
partially resistant cultivars (‘K326 and ‘K346’) and one completely resistant cultivar that
contained the Ph gene (‘NC71°) were cropped continuously or in various combinations of
complete and partial resistance. In all three fields, when complete resistance was deployed
continuously, the proportion of race 1 increased or continued to predominate relative to race
0 in the pathogen population. In sharp contrast, however, when either the low or high level of
partial resistance was continuously deployed, the proportion of race 0 in the pathogen
population increased or continued to predominate relative to race 1. The results of this study
suggested that race 1 was less fit than was race 0 of P. parasitica var. nicotianae on varieties
with partial resistance. The authors speculated the differences observed could be due to
differences in aggressiveness (pathogenic fitness) or survival (ecological fitness).

Variation in pathogenicity among isolates within Phytophthora species has long been
recognized (14,18,19,21,25,28,29,35). Previous studies have indicated variation in
pathogenicity and aggressiveness within P. parasitica var. nicotianae. Nolla (24) reported a
weakly pathogenic strain of P. parasitica var. nicotianae obtained from Sumatra, but
concluded the reduced pathogenicity was most likely due to the age of the culture. Powers
and Lucas (26) reported a weakly pathogenic strain of P. parasitica var. nicotianae from
North Carolina. Apple noted that among over 200 isolates of the tobacco black shank

pathogen obtained from 44 North Carolina counties, 8 states, and 5 foreign countries, isolates
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varied from weakly pathogenic on a susceptible cultivar to highly pathogenic on a
moderately resistant cultivar (1,2). Van Jaarsveld (39) also observed considerable variation in
aggressiveness of South African isolates of P. parasitica var. nicotianae based on lesion
length on ‘Hicks’ (susceptible) and “TL33’ (moderately resistant). On cultivars with low
(‘NC 2326’), moderate (‘Burley 37°), or high (‘Beinhart 1000-1") levels of partial resistance,
however, there was little or no difference in lesion length caused by the isolates examined,
including those from races 0 and 1.

Ferrin and Mitchell (15) noted that mortality in the moderately resistant cultivar
(‘Speight G-28”) was directly related to initial mean inoculum density of P. parasitica var.
nicotianae. The differences in fitness observed in the cultivar-rotation study occurred on
cultivars with partial resistance; therefore, initial inoculum density is important and survival
may be an important component of pathogen fitness.

Race 0 has long been anecdotally termed “more fit” than race 1 (2,20). However,
studies have not specifically examined fitness of races 0 and 1 of the black shank pathogen.
The difference in fitness of races 0 and 1 of P. parasitica var. nicotianae observed in the
previously conducted field study could possibly be attributed to differences in pathogenic
fitness (aggressiveness) or ecological fitness (survival). The objectives of this study were to
examine the aggressiveness and survivability of races 0 and 1 of P. parasitica var. nicotianae
and to determine how each relate to the relative fitness of races of the pathogen.
MATERIALS AND METHODS

Aggressiveness Test. Sixty isolates of P. parasitica var. nicotianae were chosen at
random from plots planted to the flue-cured tobacco cultivars ‘K 326’ (low level of partial

resistance), ‘K 346’ (high level of partial resistance), and ‘NC 71’ (complete resistance to
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race 0 and a low level of partial resistance). The isolates chosen included: 20 race 0 isolates
from ‘K 326’ plots, 20 race 0 isolates from ‘K 346’ plots, and 20 race 1 isolates from ‘NC
71° plots. All isolates were obtained from the same season and same year to minimize
variability and to eliminate reduced any affects on pathogenicity due to the age of the culture
(24). The isolates were collected in 2001 from a cultivar-rotation study being conducted in
Edgecombe Co., NC at the Upper Coastal Plain Research Station. Isolates were collected
from soil assay conducted using a semi-selective medium (PARPH). The race of each isolate
was determined using a set of host differentials (33).

Four cultivars were used to assess variation in aggressiveness of P. parasitica var.
nicotianae: ‘Hicks’ (susceptible), ‘K 326’ (low level of partial resistance),’K 149’ (moderate
level of partial resistance), and ‘K 346’ (high level of partial resistance). These resistance
ratings are based on multiple years of field tests. Plants of each cultivar were seeded into a
flat containing potting mix (Metro mix 220, The Scotts Company, Marysville, OH) and
allowed to grow three weeks. After three weeks, the plants were transplanted into cell packs
(72 cells, 4 x 4 x 5 cm) containing a 1:1:1 (v:v:v) mixture of steam pasteurized soil, Metro
mix (W. R. Grace), and course builder’s sand. All plants were watered daily, fertilized as
necessary with 20-20-20 water soluble fertilizer (Peter’s), and allowed to grow an additional
7 to 10 days before transplanting into a 10 cm pot containing the same 1:1:1 soil mixture
used above.

Inoculum was prepared by placing oat grains sterilized on three consecutive days onto
a 3-day-old carrot agar culture of each isolate of P. parasitica var. nicotianae. The oat grains
were left on the cultures for 9 days at room temperature. Sixty oat grains were removed from

each plate using sterile technique and used as inoculum for the aggressiveness test. Five,
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five-to-six-week-old plants of each genotype were root inoculated with each isolate in the
greenhouse by placing three colonized oat grains into each 10 cm pot in a triangular pattern
around the growing plant. Roots were not damaged prior to inoculation. Symptom
development, including chlorosis, wilting, and lesion development, was assessed at 3, 5, 7,
14, and 21 days after inoculation.

Data on incubation period, severity index, stunting, and root rot were collected.
Incubation period was determined as the time to initial symptom development. Incubation
period data were then placed into a severity index class that corresponded to the number of
days required for the expression of symptoms after inoculation (2). The classes and the
corresponding values were as follows: 3 days = 10, 5 days = 8, 7 days = 6, 14 days =4, 21
days = 2, and no symptoms at day 21 = 0. In the calculation for the severity index for an
isolate, the number of plants placed in each class was multiplied by the corresponding
numerical value; these products were totaled and divided by the number of plants in each
treatment. Thus, the severity indices reflect both the extent and the rapidity of disease
development (2). Initial and final plant heights were measured and the change in height
relative to the non-inoculated control plants was used as an indication of stunting. At the end
of the 21 day evaluation period, soil was washed from the root systems and assigned a root
rot severity index from 1 to 7, with 1 =none, 2 = trace, 3 =1 to 5%, 4 = 6 to 25%, 5 =26 to
50%, 6 =51 to 75%, 7 =76 to 100%.

The experimental design was a randomized complete block design with five reps per
isolate x variety treatment (n = 1200). Plants within reps were blocked based on initial plant
height. The experiment was repeated once. The first trial was conducted from June through

July 2002 and the second trial was conducted from September through October 2002.
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Analysis of variance was performed on the severity index, root rot, and stunting data using
the PROC GLM procedure of SAS (version 8¢, Cary, NC), and means separation was
conducted using the Waller-Duncan K ratio test (k=100). Unless otherwise indicated, only
significant (P<0.05) differences between treatment means are presented.
Survival Experiment. A microplot experiment was established in May 2000 at the Central
Crops research station in Clayton, NC, and continued through the spring of 2003. Plots were
infested with either race 0 or race 1 (single-race plots) or with an equal mixture of both races
(mixed-race plots). Plots were infested by uniformly distributing pathogen-colonized oat
grains (~50 cm’ per plot) into each plot in late-May during the first year of the test. Two
isolates of P. parasitica var. nicotianae were used to infest all microplots: a race 0 isolate
from Edgecombe Co., NC and a race 1 isolate from Mitchell Co., NC. Each isolate was
inoculated onto to test plants prior to infestation to ensure that each isolate was highly
aggressive on cultivars with various levels of partial resistance. The single and mixed race
plots were planted with one of three treatments: ‘K326’ (low level of partial resistance),
‘K346’ (high level of partial resistance), or ‘NC71’ (complete resistance to race 0 and a low
level of partial resistance). Each race/cultivar treatment was replicated 16 times (single race)
or 18 times (mixed race) and treatments were arranged in a completely randomized
experimental design. Each year, plants of each cultivar were transplanted into their respective
plots in late May. Recommended practices for tobacco production were followed, except the
plants were not topped (flower heads removed), and no chemicals were applied to prevent
growth of axillary buds at leaf nodes.

Populations and race profiles were determined on soil samples were collected in

September (fall population) and in April of the year (spring samples). Only inoculum density
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data was collected from single-race plots; inoculum density and race data were collected
from the mixed-race plots. Soil samples were collected from each microplot with a 3 cm
diameter soil probe in late fall and in the following spring and compared. Four soil cores
were collected from each plot and bulked prior to transport to the lab in coolers. Coolers
were stored at room temperature for no more than four days before the soil was assayed. Soil
samples were thoroughly mixed prior to assay. Inoculum density was determined by
suspending a 1-gram sample in 25 ml of deionized water, then dispensing the suspension
onto five plates of PARPH semi-selective medium containing V8 juice as the basal medium
and amended with pentachloronitrobenzene, hymexazol, ampicillin, rifampcin, and
natamycin (pimaricin) (31). Three subsamples were assayed per sample. After 48 hours, the
soil suspension was washed from each plate. The plates were then allowed to incubate at
room temperature for 24 additional hours, after which P. parasitica var. nicotianae colonies
were enumerated and transferred. The number of propagules of the pathogen per gram of soil
was determined by averaging the number of colonies in each of the 1-g samples after
correcting for soil moisture. For race determination in the mixed race plots, a minimum of
ten colonies were obtained from each plot, for a total of 180 colonies per treatment. Isolates
were transferred to fresh PARPH and additional transfers were made to obtain pure cultures
of P. parasitica var. nicotianae. 1f 10 isolates were not recovered from the initial soil assay
of each plot, the soil was assayed additional times until ten propagules were recovered. All
isolates also were plated on nutrient agar to test for the presence of bacteria prior to transfer
to 5% clarified carrot agar. Carrot juice (Hollywood or The Hain Celestial Group Inc.,
Melville, NY) was clarified by filtering the juice through diatomaceous earth (Celite 545,

Fisher Scientific, Fair Lawn, NJ). Fifty ml of the filtrate was added to 950 ml deionized
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water and 20g Bacto Agar (Difco, Detroit, MI) and then sterilized in an autoclave prior to
pouring.

To determine the race of each isolate, a host differential was used that included four
cultivars or breeding lines: ‘Hicks’ (susceptible), ‘K 326’ (low level of partial
resistance),"NC 1071’ (N. plumbaginifolia gene), and ‘Ky 14 x L8’ (N. longiflora gene).
Plants of each differential were seeded into a flat containing potting mix (Metro mix 220,
The Scotts Company, Marysville, OH) and allowed to grow three weeks. After three weeks,
the plants were transplanted into cell packs (72 cells, 4 x 4 x 5 cm) containing a 1:1:1 (v:v:v)
mixture of steam pasteurized soil, Metro mix (W. R. Grace), and course builder’s sand. All
plants were watered daily, fertilized as necessary with 20-20-20 water soluble fertilizer
(Peter’s), and allowed to grow an additional 7 to 10 days before inoculation.

Inoculum was prepared by placing oat grains sterilized on three consecutive days onto
a 3-day old carrot agar culture of each isolate of P. parasitica var. nicotianae collected from
the soil assay. The oat grains were left on the cultures for 9 days at room temperature.
Twenty-four oat grains were then removed from each plate using sterile technique and used
as inoculum for race determination. Three, four-week-old plants of each genotype were root
inoculated with each isolate in the greenhouse by placing two colonized oat grains into each
4 x 4 x 5 cm cell. Roots were not damaged prior to inoculation. After 14 days, plants were
scored for the presence or absence of symptoms and determined to be either race 1 or race 0.
Race 1 was defined by the ability to cause disease on ‘NC 1071’ and ‘Ky 14 x L8’. Race 0
did not cause disease on either of these hosts, but caused disease on the other two cultivars.

Percent survival was calculated by dividing the inoculum density (ID) in the spring

sample by the ID in the fall sample and multiplying by 100. For the mixed race plots, the race
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profile of the total population was determined from the results of the race tests using host
differentials. Analysis of variance was performed on the percent survival data using the
PROC GLM procedure of SAS (version 8e, Cary, NC), and means separation was conducted
using the Waller-Duncan K ratio test (k=100). Unless otherwise indicated, only significant
(P<0.05) differences between treatment means are presented.

RESULTS

Aggressiveness:

The results of this study indicated considerable variation in the pathogenic fitness or
aggressiveness of races 0 and 1 of P. parasitica var. nicotianae, as demonstrated by
differences between isolate groups in incubation period, severity indices, root rot, and
stunting. Results also indicated that there was variation within race 0 isolates, particularly
those isolates from ‘K 326’ and ‘K 346°.

The time to initial symptom development, or incubation period, increased as the level
of resistance in the tobacco cultivars increased for all isolate groups examined (Table 1).
Differences were also observed between groups in incubation period. Race 0 isolates from ‘K
346’ caused symptoms faster than race 0 isolates from ‘K 326’ and race 1 isolates. On the
susceptible cultivar ‘Hicks’ race 0 isolates from ‘K 346’ caused symptoms in 7 days; while
race 0 isolates from ‘K 326’ caused symptoms in 12 days and race 1 isolates caused
symptoms in 13 days. The same ranking order for isolates was observed on all four cultivars
where race 0 isolates caused symptoms faster than race 1 isolates. Race 1 isolates did not
cause symptoms on ‘K 346’, which has a high level of partial resistance, but both groups of

race 0 isolates caused symptoms on this variety (Table 1). Similar results were observed in
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the second trial, but time to initial symptom development averaged one day earlier for each
treatment combination (data not shown).

When incubation period data was converted to a severity index, analysis of variance
indicated a significant effect of trial as well as a significant isolate x cultivar interaction.
Therefore, data for the two trials are shown separately (Table 2). Similar to the incubation
period data, the severity index increased as the level of resistance in the cultivars increased.
Differences in the severity index also were observed between groups. Race 0 isolates from
‘K 346’ had higher severity indices than race 0 isolates from ‘K 326’ and race 1 isolates. For
example, on the susceptible cultivar ‘Hicks’ race 0 isolates from ‘K 346’ had a significantly
higher severity index of 6.68 than race 0 isolates from ‘K326’ and race 1 isolates, which had
indices of 4.78 and 4.42, respectively. The same ranking order for isolates was observed on
all four varieties where race 0 isolates had higher indices than race 1 isolates. Although there
was some overlap between race 0 isolates from ‘K 326’ and race 1 isolates on ‘Hicks’ and
‘K149’ during the first trial, race 0 isolates in general had significantly higher indices than
race 1 isolates. Differences were also observed within race 0 isolates, where those collected
from ‘K 346’ had higher severity indices than race 0 isolates from ‘K 326’. In the second
trial, the severity indices were slightly higher than in the first run and there was a greater
separation of means, which could account for the significant effect of trial. As with the
incubation period data, race 1 isolates did not cause visible symptoms on ‘K 346’ and thus
had severity indices of 0.00 in both trials.

There was variation within each group of isolates in severity index. Severity indices
for race 0 isolates from ‘K 346’ ranged from 2 to 10; while race 0 isolates from ‘K 326’

ranged from 2 to 6, and race 1 ranged from 0 to 6. Because only race 0 isolates from ‘K 346’
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had isolates with severity indices greater than 6, Figure 1 shows the percentage of isolates
within each isolate group that had a severity index of 2, 4, or 6 on each of the four tobacco
cultivars. All isolates, except for race 1 isolates on ‘K 346°, had a severity index of 2 or
greater on all tobacco cultivars (Fig. 1A). At the severity index of 4 and 6, however, we
observed differences within isolate groups (Fig. 1B, C). Only race 0 isolates from ‘K 346’
had isolates with a severity index of 4 on all four tobacco cultivars. Only 5 to 10% of race 0
isolates from ‘K 326’ and race 1 isolates had an index of 4 on the moderately resistant
cultivar ‘K 149’ (Fig. 1B). Only 65, 10, and 5% of race 0 isolates from ‘K 346, race 0
isolates from ‘K 326’ and race 1 isolates, respectively had an index of 6 on the susceptible
cultivar ‘Hicks’ (Fig. 1 C). Race 0 isolates from ‘K 346’ were the only isolates with an index
of 6 on “’K 326’ (low level of partial resistance).

There was not a significant effect of trial on root rot, so data were combined from
trials 1 and 2. There was a significant cultivar X race interaction, so data are shown for each
isolate group by cultivar. Race 0 isolates had significantly more root rot than race 1 isolates
on cultivars with moderate and high level of partial resistance ‘K 149’ and ‘K 346°, although
once again there were significant differences within groups of race 0 isolates (Fig. 2C, D).
There was little difference among isolate groups on the susceptible cultivar or the cultivar
with the low level of partial resistance (Fig. 2A, B).

There was a significant effect of trial in the stunting data. In the second trial, plants
grew less overall and had slightly less stunting. Because trends were similar, data will only
be shown from trial 1. In sharp contrast to the root rot data, race 1 isolates caused more
stunting than either group of race 0 isolates on the moderately resistant (‘K 149”) and highly

resistant cultivar (‘K 346) (Fig. 3C, D). Race 0 isolates from ‘K 346’ caused more stunting
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than did race 0 isolates from ‘K 326’. There was no significant stunting on the susceptible
variety ‘Hicks’ or the low level of partial resistant cultivar ‘K 326 (Fig. 3A, B). Although
most cultivars were stunted 60 to 80% relative to control plants, ‘K326’ plants were only
stunted around 30% with all isolates groups (Fig. 3).
Survival:

In the mixed race plots from the microplot experiment race 0 populations exceeded race
1 populations at every time point on the low or high level of partial resistance, ‘K 326’ and
‘K 346°, respectively (Fig. 4A). In sharp contrast, on the completely resistant cultivar ‘NC
71°, race 1 populations exceeded race 0 populations at every time point (Fig. 4B). Race 0
populations declined steadily in the ‘“NC 71’ plots, and in the spring of 2003 was 0 p/g (Fig.
4B).

In the single race and mixed raced plots, there was a trend for race 0 to survive better than
race 1, although the differences were not significantly different on either variety with partial
resistance (Fig. 5A, B). On ‘K 326’ in all four treatments (mixed race plot race 0, mixed race
plot race 1, single race plot race 0, and single race plot race 1) race 0 survived better than
race 1.

DISCUSSION

In this study, North Carolina race 0 and race 1 flue-cured isolates of P. parasitica var.
nicotianae exhibited significant differences in aggressiveness on N. tabacum cultivars with
different levels of partial resistance. Average incubation period, severity index, and root rot
associated with race 0 isolates from ‘K 346’ were significantly greater than that of race 0
isolates from ‘K 326’ and race 1 isolates. The variation in aggressiveness observed in this

study is similar to previous reports on P. parasitica var. nicotianae (2,20,39). However, this
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is the first report where aggressiveness differences between races of the tobacco black shank

pathogen have been specifically examined. A similar situation was observed with race 1 and

race 2 of Verticillium dahliae. Isolates of race 1 caused greater losses than race 2 on cultivars
susceptible to both races, which implied a loss in aggressiveness in race 2 and a direct cost to
the pathogen of added virulence to the Ve gene (6).

The time to initial symptom development increased as the level of resistance in the
tobacco cultivars increased for all isolate groups examined. This result indicated that the
cultivars used in this study behaved in the greenhouse as they have previously reacted in
fields infested with P. parasitica var. nicotianae. The resistance level (low to moderate to
high) is generally assigned by extension agents based on yield and quality in field trials over
many locations and years. The same ranking order for isolates was observed on all four
cultivars where race 0 isolates caused symptoms faster than race 1 isolates. According to Van
der Plank (38), if host 1 is more resistant (partial) than host 2 when challenged by race 1 of a
pathogen, it would be more resistant than 2 when challenged by any other race of the
pathogen. The results of this study using hosts with partial resistant are consistent with Van
der Plank’s ranking order rule.

Differences between groups of race 0 isolates collected from ‘K 326’ or ‘K 346’ plots
were observed in study. Dukes and Apple (12) showed that aggressiveness of isolates
increased after passage through a resistant cultivar compared to passage through a susceptible
cultivar. Their study suggested that under field conditions more highly aggressive pathogen
strains may have evolved as a result of continuous planting of resistant cultivars. ‘K 346’ has
a higher level of partial resistance than ‘K 326°. The 20 isolates used in this study that

comprised each isolate group were collected from plots during the fourth year of a cultivar-
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rotation study where ‘K 346’ or ‘K 326’ were continuously cropped. Since ‘K 346’ has a
higher level of resistance than ‘K 326°, the increased aggressiveness could be attributed to
the phenomenon observed by Dukes and Apple (12). The increased aggressiveness was
attributed to increased production of sporangia, liberation of more zoospores, and greater
zoospore motility (13). The components of aggressiveness were not examined as part of this
study.

Race 1 caused significantly more stunting on the cultivars with moderate and high levels
of partial resistance than either race 0 group, even though the race 0 isolates caused more
severe symptoms faster and caused greater root rot than race 1 isolates on these same
cultivars. Similar results were obtained by Carlson et al. (8), where a race 0 isolate of P.
parasitica var. nicotianae caused disease symptoms faster and disease severity was greater,
than with a race 1 isolate. The race 1 isolate, however, caused significant plant stunting,
reduced quality, and weakened root symptoms. Perhaps the mechanism of pathogenicity is
altered in race 1 isolates. This observation requires further investigation.

The cultivar with the low level of partial resistance, ‘K 326’ was only stunted 30% on
average when all other cultivars were stunted 60 to 80%, even though there was a high
degree of root rot on all cultivars. ‘K 149’ and ‘K 346’ have moderate and high levels of
partial resistance, respectively. Jones and Shew (17) showed that the cultivars ‘Hicks’ and ‘K
326’ had significantly larger root systems (two-to-three times larger) than moderately
resistant or highly resistant cultivars. Production of fewer roots by black shank resistant
cultivars may be important in their survival in soil infested with P. parasitica var. nicotianae
and a possible avoidance mechanism (32). Plants that produce few roots are less likely to

come in contact with pathogen propagules that have a greater rooting intensity (32).

81



Conversely, cultivars with a greater rooting intensity may be more able to tolerate drought
stress or pathogen infection by being able to uptake water in nutrients even with infected
roots. Perhaps, ‘K326’ was more able to tolerate infection and thus was not as stunted as the
more resistant cultivars and the highly susceptible cultivar ‘Hicks’. Tolerance is defined here
as the ability of a host plant to endure or sustain levels of a pathogen or disease that would
cause great impairment of growth or yield in other hosts of the same species (32).

Survival studies examined the population dynamics of races 0 and 1 of P. parasitica
var. nicotianae on partial and complete resistance. Even though partial resistance was
effective against races 0 and 1 of P. parasitica var. nicotianae, race 0 had a higher inoculum
density at all sampling times than race 1. This result indicated that race 1 declined faster than
race 0, but it was not possible to discern the mechanism of this lower population density.

On the cultivar with complete resistance, race 1, by far, had the highest inoculum
density during each fall and each spring of the survival study. Race 1 is able to reproduce on
‘NC 71" and thus the inoculum density curve (population dynamics) takes into account
survival, reproduction, and pathogenic potential. Race 0, in sharp contrast, can not reproduce
on ‘NC 71°, and thus this curve represents only survival of pathogen propagules. The
increase in race 1 relative to race 0 on the completely resistant cultivar can be explained by
examination of the mechanism of resistance. Complete resistance does not prevent infection,
but it prevents growth and reproduction of the pathogen, which results in a sharp decline in
the pathogen population (32). A similar phenomenon has been observed with Thielaviopsis
basicola on cultivars with the N. debneyi gene for complete resistance (33). Reproduction of
T. basicola was very low or non-existent on cultivars with resistance from N. debneyi. P.

parasitica var. nicotianae can survive in soil for 5 years or longer in the absence of tobacco
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(4,20). Our results indicate that propagules can persist for at least three years, because the
plots were established in May 2000 and the final samples were collected in the spring of
2003, which is in agreement with other studies.

The increase in predominance of race 1 of P. parasitica var. nicotianae in the flue-
cured region of NC has corresponded with the widespread deployment of cultivars with the
Ph gene, which confers complete resistance to race 0 of the pathogen. Race 0 is not able to
reproduce on cultivars with the Ph gene, and thus race 1 has a selective advantage that allows
it to become the predominant member of the population during continuous use of complete
resistance. Results of previous field and the current greenhouse studies illustrate that race 1
was less fit than race 0 of the pathogen.

Simply defined, fitness is the combined ability of an organism to survive and
reproduce. Van der Plank (38) considered pathogen fitness to be the driving force in the
evolution and stability of a pathosystem in agriculture. He argued that in a freely mutating
system, unnecessary virulence genes impose a fitness penalty to the pathogen. He suggested
that a mutation from avirulence to virulence would only occur if it was necessary to
overcome an R gene, i.e. if it was the only way the pathogen can survive or persist. Thus,
with respect to a specific avirulence-R gene interaction, Van der Plank predicted that a
mutation to virulence is associated with an increase in fitness if the R gene is present.
However, if the avirulence gene mutation also carries a fitness penalty the pathogen will
suffer form a reduction in fitness on the host without the R gene.

Results of the present study suggest that the mutation in the avirulence gene in race 1
does carry a fitness penalty in the absence of the R gene, i.e. on partial resistance. Although

there was no statistical difference in survival between race 0 and race 1 of P. parasitica var.
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nicotianae, there also was a trend for race 0 to survive better than race 1 in single or mixed
race plots. Shifts in relative population of races observed in the field variety-rotation study
appear to be due to primarily to differences in pathogenic fitness, but ecological fitness,
measured as survivability, may also play a role. Even though race 1 was found to be less fit
than race 0, efforts should be made to minimize the “build-up” of race 1 by developing
genotypes with resistance to both races 0 and race 1. This effort will be even more important
due to the unexplained stunting phenomenon observed with race 1. If the plants are stunted
when harvested, a yield penalty will still be observed. Combining high ‘Fla 301’ resistance
with resistance conferred by the Ph gene should provide resistance to both races of P.
parasitica var. nicotianae and should be the goal of future breeding programs. At minimum,
we suggest that growers rotate complete and partial resistance. The complete resistance
reduced race 0 populations and increased race 1 populations, but by deploying partial
resistance the next year, race 1 was at a competitive disadvantage compared to race 0 and
race 1 populations decreased. This would allow for complete resistance to be effective the
following year against the developing race 0 population.
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Table 1. Time to symptom development on four tobacco cultivars ranging from susceptible to

highly resistant inoculated with races 0 and 1 of P. parasitica var. nicotianae.

Incubation Period(days)*

Cultivar”
Isolate Group® Hicks K326 K149 K346
Race 0 (K346) 7 14 16 18
Race 0 (K326) 12 16 18 21
Race 1 (NC71) 13 17 19 >21

* Five-week old plants were inoculated with colonized oat grains and observed over a 21-day
period following inoculation and the time required for the expression of first visible
symptoms were recorded. Data represent the mean of 20 isolates per race category.

Y Isolates were collected from field plots planted to the cultivars K346, K326, or NC71
(completely resistant to race 0) using a soil assay. The isolates were further characterized as
race 0 or race 1 using a host differential.

“Hicks — susceptible; K326 — low level of partial resistance; K149 — moderate level of partial

resistance; and K346 — high level of partial resistance.
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Table 2. Severity index on four tobacco cultivars ranging from susceptible to highly resistant

when inoculated with races 0 and 1 of P. parasitica var. nicotianae.

Trial 1 Trial 2

Cultivar” Cultivar

Isolate Group™ Hicks” K326 K149 K346 Hicks K326 K149 K346

Race 0 (K346) 6.68a 392a 3.50a 284a 690a 420a 3.70a 3.08a
Race 0 (K326) 4.78b 3.48b 2.88b 2.00b 492b 3.64b 332b 2220

Race 1 (NC71) 4.42b 3.14c 2.66b 0.00c 454c 334c 282c 0.00c

" Hicks — susceptible; K326 — low level of partial resistance; K149 — moderate level of partial
resistance; and K346 — high level of partial resistance.

* Isolates were collected from field plots planted to the cultivars K346, K326, or NC71
(completely resistant to race 0) using a soil assay. The isolates were further characterized as
race 0 or race 1 using a host differential.

Y Five to six-week old plants of each cultivar were inoculated with colonized oat grains of a
given isolate, observed over a 21-day period, and the time required for the expression of first
visible symptoms were recorded. Time to symptom expression was then converted to a
disease index on a 0 to 10 scale, which represented both the time to symptoms and severity of
symptoms. The scale is as follows: 3 day = 10, 5 days = 8, 7 days = 6, 14 days =4, 21 days =
2, no symptoms at day 21 = 0. Data represent the mean of 20 isolates for each group of
isolates.

“ Severity values in each column followed by the same letter do not differ significantly

(Waller-Duncan k=100).
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FIGURE LEGENDS

1. Percentage of isolates in each isolates with severity indices (0 to 10 scale) of 2 (A), 4 (B),
or 6 (C)on four tobacco varieties: Hicks (susceptible), K326 (low level of partial resistance),
K149 (moderate level of partial resistance) and K346 (high level of partial resistance). A
severity index was based on the number of days to symptom development: 2 =21 days, 4 =
14 days, and 6 = 7 days.

2. Root rot caused by P. parasitica var. nicotianae on four cultivars with different levels of
partial resistance: susceptible (A) low level (B), moderate level (C), and high level (D) to
black shank of tobacco.

3. Stunting caused by races 0 and 1 of P. parasitica var. nicotianae relative to non-inoculated
control plants on four cultivars with different levels of partial resistance: susceptible (A), low
level (B), moderate level (C), and high level (D) to black shank of tobacco.

4: Population dynamics of Phytophthora parasitica var. nicotianae on tobacco varieties with
a low (K326) or high (K346) level of partial resistance (A) or complete resistance (NC71) in
mixed race plots.

5. Survival of races 0 and 1 of the tobacco black shank pathogen over two winters in the

absence of a host in plots infested with a single race (A) of a mixture of both races (B).
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Chapter 4: Molecular characterization of races 0 and 1 of Phytophthora parasitica var.
nicotianae using amplified fragment length polymorphisms
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ABSTRACT
Sullivan, M. J., Parks, E. J., Cubeta, M. A., Melton, T. A., and Shew, H.D. 2004. Molecular
characterization of races 0 and 1 of Phytophthora parasitica var. nicotianae using amplified

fragment length polymorphisms. Phytopathology 95:000-000.

One-hundred ninety five isolates of Phytophthora parasitica var. nicotianae were
subjected to amplified fragment length polymorphism (AFLP) analysis to characterize the
genetic diversity among isolates and within and between pathogen races 0 and 1. Isolates
included 20 diverse isolates from Indonesia, Virginia, Kentucky Connecticut, and North
Carolina and an additional 175 isolates obtained over years from a single field in Duplin Co.,
N.C. where a cultivar rotation study was being conducted. From all isolates evaluated, 256 of
304 markers (85%) were polymorphic and provided 106 unique AFLP profiles (20 from the
diverse set of isolates and 86 profiles from the Duplin Co. isolates). In the Duplin Co. field,

the AFLP phenotypes initially detected within each plot were maintained throughout the
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four-year study but additional phenotypes were recovered over years. At least six race 0 and
race | isolates collected from a single test plot were similar and clustered together in the
unweighted pair-group mean analysis (UPGMA) phenogram. Upon examination of the AFLP
profiles of race 0 and race 1 isolates, all were shown to differ by only 2 to 4 AFLP markers.
Results indicated that P. parasitica var. nicotianae is genetically diverse and that the multiple
occurrences of race 1 that were recovered throughout this field over years were independent
events where race 1 was selected from within the pathogen population. The impacts of
deploying single-gene, complete resistance to P. parasitica var. nicotianae are discussed.

Additional keywords: oomycete, Nicotiana tabacum, black shank

Black shank, caused by the soilborne pathogen Phytophthora parasitica var.
nicotianae (syn. P. nicotianae var. nicotianae), is an economically important disease of
cultivated tobacco (Nicotiana tabacum) throughout the southeastern United States and many
production areas of the world (11,29, 31). Infection of roots, stems, and leaves can occur at
any stage of plant growth, resulting in root necrosis, wilting, chlorosis, stem lesions, and
stunting of plants (10,29). Yield losses from 0.7 to 1.7% occur on all tobacco types produced
throughout the world (11).

Four physiological races (0, 1, 2, and 3) of P. parasitica var. nicotianae have been
reported. These races are defined by their ability to infect cultivars with different resistance
genes. Apple (3) first described a strain of P. parasitica var. nicotianae that was non-
pathogenic to Nicotiana plumbaginifolia Viv as race 0, and a strain that infected V.
plumbaginifolia as race 1. Races 2, 3, and isolate 63 of P. parasitica var. nicotianae have

been reported in South Africa, Connecticut, and Karnataka, India, respectively (30,34,37).
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Black shank is managed by using an integrated approach that includes cultural
practices, fungicides, and host resistance (31). The most practical and economical single
method of controlling black shank, however, is the use of resistant cultivars of tobacco.
Cultivated N. tabacum and the wild species N. plumbaginifolia and N. longiflora have been
used as sources of resistance to black shank. In 1931, Tisdale intraspecifically transferred
black shank resistance to the N. tabacum cigar wrapper cultivar ‘Florida 301 (‘Fla. 301°)
(40). Until 1964, ‘Fla. 301’ was the resistant parent from which all black shank resistant
cultivars were developed (29). This type of resistance confers partial resistance to races 0 and
1 of P. parasitica var. nicotianae, the two races that are present in NC, and ranges from a low
to a high level of resistance. Single-gene resistance has been incorporated interspecifically
into N. tabacum cultivars from N. longiflora and N. plumbaginifolia, both of which confer
complete resistance to race 0 of the black shank pathogen but no resistance to race 1 of P.
parasitica var. nicotianae (4,7,8,41).

Novel techniques have been developed recently that allow characterization of DNA-
level polymorphism in organisms for which little is known about the genome. An example is
the amplified fragment length polymorphism (AFLP) technique introduced by Vos et al. (42).
This technique relies on restriction enzyme digestion of genomic DNA with the concurrent
ligation of synthetic adaptors to the DNA fragment ends. Stringent polymerase chain reaction
(PCR) amplification using adaptor-complementary primers with additional selective
nucleotides allow for the amplification of fragment subsets or ‘AFLP fingerprints’. AFLP
markers have been used on a variety of organisms, including plants (5, 43), bacteria (35),
fungi (9,19), and Phytophthora species (20,27). The procedure generates a large number of

polymorphic but reproducible markers (42). The limitation that these markers are generally
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scored as dominant markers (either present or absent) for diploid organisms requires the use
of relatively large samples (44).

Race 0 has been the predominant race in the flue-cured area of NC since the pathogen
was introduced in 1931 (29). Although race 1 was observed in breeding nurseries in the
1960s, it was not observed widely in production areas until cultivars containing the single-
gene (Ph gene) type of resistance from N. plumbaginifolia were deployed in the 1990s.
Subsequently, black shank began to appear in fields planted sequentially to cultivars with the
Ph gene. Testing revealed that wherever the disease appeared in cultivars with the Ph gene,
race 1 was present. Deployment of this type of resistance continues to increase, and in 2003 it
was present in an estimated 58% of the flue-cured production area in NC (31)

The increase in race 1 in the flue-cured production areas and an effort to preserve the
effectiveness of the Ph gene prompted a research study to ascertain the short and long-term
effects of Ph gene deployment on the race structure and population dynamics of the tobacco
black shank pathogen (39). Four-year cultivar rotation studies were conducted in three NC
fields that differed in initial population structure according to race. In these studies, two
partially resistant cultivars (‘K326 and ‘K346°) and one completely resistant cultivar
(‘NC71’) were cropped continuously or in various combinations of complete and partial
resistance. In a field where no race 1 was initially detected, race 1 was detected after a single
year of deploying the Ph gene and continued to increase over space and time over the
duration of the study. At the end of the study, race 1 was recovered from 14 noncontiguous
plots throughout the field. The authors speculated that the increase in race 1 was due to
multiple independent selections of race 1 from the pathogen population. However, this

hypothesis needs to be examined. The purpose of this study was to characterize races of P.
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parasitica var. nicotianae at the molecular level using that AFLP technique to better
understand pathogen variation and race development within this field in response to the
deployment of different types of resistance.

MATERIALS AND METHODS

Sources and culture of isolates. One hundred ninety-five isolates of P. parasitica var.
nicotianae used in this study (Table 1). Twenty isolates from Indonesia, Virginia, Kentucky,
Connecticut, and from different counties within North Carolina were chosen from the culture
collection in our laboratory because they represent the potential genetic diversity within the
species. The isolates were previously characterized based on race, mating type, and were
obtained from different tobacco types. An additional 175 isolates from a flue-cured tobacco
field in Duplin Co., N.C. were collected from soil assays over a four-year period during a
cultivar rotation study discussed earlier (39). Isolates were grown in 15 ml of pea broth in
Petri dishes. Dishes were sealed with parafilm and incubated at 22 C for 7 to 10 days. After
incubation, mycelium was harvested by filtration, washed with sterilized demineralized
water, freeze dried (lyophilized), and stored at —80 C until DNA isolation.

Species designation and conformation. Each isolate originally was identified as P.
parasitica var. nicotianae based upon morphology. The species designation was then
confirmed using five different pairs of P. parasitica species-specific primers as described
previously (14,18,21,24,26). All isolates were P. parasitica.

DNA extraction and quantification Freeze dried mycelium of each isolate was ground in
liquid nitrogen and genomic DNA was isolated by adding 500 pl of cetyl trimethyl
ammonium bromide (CTAB) extraction buffer to each sample. The mycelial powder was

then suspended in the buffer by gently shaking and, if necessary, with a sterile dissecting
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needle. The samples were incubated at 65 C for 30 min in a water bath. An equal volume
(500 pl) of phenol-chloroform-isoamyl alcohol (25:24:1) was added and gently shaken to
form an emulsion for a 5 min period. The tubes were then centrifuged at 13,000 G for 15
min. The upper aqueous phase was removed and transferred to a clean microcentrifuge tube.
The phenol-chloroform-isoamyl alcohol step and centrifugation were repeated. The aqueous
phase was again removed and transferred to a clean tube. RNAse A (50pul) was added to each
tube, and the tubes were incubated at 37 C for 30 min. The phenol chloroform step was then
repeated for a third time using 250 ul of phenol-chloroform-isoamyl alcohol. Samples were
centrifuged for 15 min at 13,000 G and the upper aqueous layer was removed and transferred
to a clean tube. The volume of the DNA sample was estimated and an equal volume of 95%
ethanol was added to precipitate the DNA. The precipitate was then collected by
centrifugation for 5 min at 13,000 G. The supernatant was discarded and the pellets were
washed briefly with 100 pl of cold 80% ethanol. After removing the alcohol, the pellets were
allowed to dry completely. The DNA was resuspended in 30 pl of TE buffer and stored at —
20C. The quantity of DNA was estimated using agarose gels and known standards. The
quality of DNA was confirmed by conducting PCR with internal transcribed spacers (ITS) of
ribosomal DNA primers, ITS 4 and 5 as previously described (28).

Amplified Fragment Length Polymorphism. The AFLP protocol used was a modification
of Vos, et al, (42). Approximately, 250 ng of genomic DNA was digested overnight at 37 C
with EcoRI and Msel. The 25 pl reaction volumes included the following components
available in the AFLP core reagents kit (Invitrogen): reaction buffer, EcoRl/Msel, as well
as100 mM dithiothreitol (DTT) (Promega). Digestion was confirmed on agarose gels. The

templates for PCR amplification were generated by ligating double stranded adaptor
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sequences (Table 2) using T4 DNA ligase (Invitrogen) for 6 hours. The first amplification
employed Msel and EcoRI with one selective nucleotide from the AFLP Pre-Amplication
Primer Mix (Invitrogen). The sample included 2.5 pl of DNA template, 20.0 pl of pre-
amplification primer mix, 2.5 pl enzyme specific PCR buffer, and 0.5 pl Taqg DNA
polymerase (Qiagen). The PCR was performed in a thermocycler for 20 cycles for 30s at 94
C, 1 min at 56 C, and 1 min at 72 C. The pre-amplification reaction mixture was diluted ten-
fold with sterile deionized water and stored at —20 C.

For selective amplification of the secondary template, EcoRI and Msel primers with
two selective nucleotides were used. For an initial set of four isolates, six EcoRI/Msel primer
combinations were used (Table 2): EcoRI primer + AC and Msel primer +CC, EcoRI primer
+ AC and Msel primer +CA, EcoRI primer + GC and Msel primer +CC, EcoRI primer + GC
and Msel primer +CA, EcoRI primer + GG and Msel primer +CC, and EcoRI primer + GG
and Msel primer +CA. The EcoRI primers were labeled with flourescent dye
carboxyfluorescein (6-FAM) at the 5° end. For an initial diverse subset of 20 P. parasitica
var. nicotianae isolates, two primers pairs (EcoRI primer + GG and Msel primer +CC and
EcoRI primer + GC and Msel primer +CA) that had given bright, easily resolvable, and
reproducible bands with the initial set of four isolates were used for selective amplification.
For the additional 175 isolates of P. parasitica var. nicotianae, one primer pair (EcoRI
primer +GG and Msel primer +CC) was used for the selective amplification. The Msel
primers were synthesized by Applied Biosystems, while EcoRI primers were synthesized by
MWG Biotech (High Point, NC).

The selective PCR mixture included, for each 10 pl of reaction, 1.5 pl of diluted

secondary DNA template obtained from the pre-amplification, 1 um of Mse I selective

104



primer, 1 um of Eco Rl selective primer, 2.0 mM dNTPs, enzyme specific buffer, and Taq
polymerase (Qiagen). The cycling profile was 2 min at 94 C, 13 cycles of 30s at 94 C, 1 min
at 65 C, 2min at 72 C (annealing temperature was lowered 0.7 C per cycle), followed by 23
cycles of (30 s at 94 C, 1 min at 56 C, and 2 min at 72), and cooling at 4 C.

Following PCR amplification, products were diluted 10-fold with sterile distilled
water. A volume of 0.8 ul of the resulting diluted samples was mixed with the fluorescent
sequencing dye Genescan ROX-500 containing internal molecular marker standard (Applied
Biosystems), denatured at 90 C for 3 min, and placed on ice. A 1 pl sample of each reaction
was loaded on a 6% denaturing polyacrylamide gel, in an ABI model 377 sequencing
electrophoresis system (Applied Biosystems). The running buffer was 1X TBE and
electrophoresis was performed at 60 W for 3.0 h. The electrophoresis gel files generated in
this system were handled with the objective of extracting raw information contained in each
gel column with the software GeneScan (ABIPRISM, Applied Biosystems). This software
automatically analyzes the information collected by sequencer; it identifies, quantifies, and
determines the sizes of DNA fragments. The AFLP profiles were scored with the software
Genographer (Montana State University). The AFLP phenotypes for P. parasitica var.
nicotianae were obtained based on the 259 polymorphic bands, binomially coded as present
(1) or absent (0). The reproducibility of the AFLP analysis was controlled by scoring
fragments from two independent extractions of each isolate. Similarity was calculated using
the Jaccard similarity coefficient in the statistical software package NTSYSSpc 2.0 (Exeter
Software, Setauket, NY). The Jaccard coefficient is calculated using the equation S;; =
a/(atb+c), where S;; is the similarity between two isolates, 1 and j, a is the number of

fragments shared by i and j, b is the number of bands present in i and absent in j, and c is the
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number of bands present in j and absent in i. The similarity or distance matrices were then
analyzed and a phenogram was generated using the UPGMA (unweighted pair-group mean
analysis).
RESULTS

Initial AFLP studies. To determine which AFLP primer pairs were the most
appropriate for examining the genetic diversity of P. parasitica var. nicotianae, four isolates
(Conn.-3., Ky-C-1, BuncNC-A-0, HarnettNC-0) were used with six Eco RI/MsEI primer
combinations.The initial six primer pairs were chosen based on previous AFLP analysis of
Phytophthora species (6,27 ). Primer combinations were ranked based on the number,
intensity, and reproducibility of polymorphisms. Polymorphisms were selected for analysis if
they were easily scored on the AFLP image in terms of intensity and separation from other
fragments, and were reproducible in at least two independent amplifications. Based upon
preliminary analysis, 70 to 80% of the bands with each primer pair were polymorphic. The
number of reproducible bands was greater with the EcoRI-GG/Msel-CC and the EcoRI-
GG/Msel-CA primer pairs. These two primers were, therefore, used for a second study to
determine the applicability of the AFLP techniques to examine genetic diversity in P.
parasitica var. nicotianae by examining 20 diverse isolates. Results showed that the
technique was able to detect diversity within the pathogen, because each of the initial 20
isolates had a unique AFLP phenotype. The two race 1 isolates from Kentucky had different
AFLP phenotypes but were very similar (Fig. 1) differing in only 2 fragments. Trees
generated using both primer pairs were similar and, therefore, the remaining 175 isolates

were amplified with a single AFLP primer pair (EcoRI-GG/Msel-CC).

106



Duplin Co field. AFLP analysis produced a large number of reproducible and
unambiguous markers for fingerprinting the isolates of P. parasitica var. nicotianae collected
from a single field over years. The AFLP primer pair EcoRI-GG/Msel-CC resolved 302
fragments that could be scored reliably. Across all 175 isolates evaluated from this field, 256
markers (85%) were polymorphic and produced 86 unique AFLP phenotypes. Forty-six
AFLP markers were present in all isolates (monomorphic).

Of the 175 isolates examined, 20 isolates were collected from a baseline race
determination assay in the field prior to cultivar rotation treatments. These isolates were used
to represent the baseline diversity within and across the field. Seventeen unique AFLP
profiles were observed within these baseline isolates. Ten of these initial 17 AFLP profiles
were detected in subsequent years of the study.

Treatments within the Duplin Co. field included continuous planting of a resistance
type or combinations (rotations) of partial and complete resistance. To ascertain if the
cultivar treatment, type and level of resistance, influenced pathogen variability across plots,
the total number of AFLP profiles in each continuous treatment was determined over years.
In the ‘K 326’ treatment 3, 4, 19, and 9 AFLP profiles were recovered in 2000, 2001, 2002,
and 2003, respectively. In the ‘K 346’ treatment, 4, 7, 10, and 9 AFLP profiles were
recovered in 2000, 2001, 2002, and 2004, respectively. In the ‘NC 71’ treatment, 5 AFLP
profiles were recovered in 2000, 3 profiles in 2001, 12 in 2002, and 19 in 2003.

The total number of profiles was also examined within plots to determine if the type
and level of resistance deployed affected pathogen variation (Table 3). Within plot 17, a
continuous ‘K 326’ plot, 1 phenotype present in 2000 was also detected in 2001, 2002, and

2003. In 2002, 5 additional phenotypes were recovered. In plot 21, the only AFLP phenotype
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originally detected was also detected in 2001 and 2002. In 2001, an additional phenotype was
detected, which was redetected in 2002 and 2003. Two additional phenotypes were recovered
in 2002 and 2003. Similar results were observed with the ‘K 346’ plots. In plot 12, where two
phenotypes were detected in 2000, both were also detected in 2001, 2002, and 2003. An
additional phenotype was recovered in 2002. A similar phenomenon was observed with the
‘NC 71". In plot 43, one initial AFLP phenotype was detected that was redetected in 2001,
2002, and 2003. During 2002 and 2003, 3 and 2 additional phenotypes were detected,
respectively (Table 1).

In most cases, each AFLP phenotype was only detected within that particular plot. In
fact, when the phenogram was examined, most isolates that clustered together were from the
same plot over years (Figure 2). There were a few exceptions to this rule. AFLP profile 5 was
recovered from plots 24 and 40, profile 7 was recovered from plot 30 and plot 42, and profile
26 was recovered from plots 36 and 39. In each case, the plots were planted with the same
cultivar.

Studying a soilborne pathogen with limited dispersal in large plots over time allowed
us to examine the spatial dynamics of race 1 development in Duplin Co. Race 1 initially was
recovered from a single plot, but by the end of the second growing season it was found in
three discrete areas on opposite sides of the field. Because the plots were not contiguous, we
felt that the occurrences of race 1 were not from movement of soil by farm equipment into
new areas of the field, but represented at least three independent events of race 1
development in the population. The initial race 1 isolate was isolated after one year of
deployment of the complete resistance found in cultivar ‘NC 71" (plot 40). This isolate had a

unique AFLP profile and continued to be detected within the plot for two additional years.
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After year two, additional race 1 isolates were detected in two other non-contiguous plots (6,
and 43); each isolate had a distinct AFLP profile. Within each plot, additional AFLP
phenotypes were recovered over years. For example, in plot 6, initially one AFLP profile was
present. The number of AFLP phenotypes increased to 3 in 2002 and 7 in 2003. For plot 43,
initially only 1 AFLP profile was present. The number of AFLP phenotypes increased to four
in 2002 and to five in 2003. By 2002, race 1 was detected in 12 plots with 17 AFLP profiles
and from 14 plots in 2003 with 30 profiles.

In most cases, race 0 and race 1 isolates from the same plot clustered together. For
example, isolates D28-3-B-0 and D28-2-A-1, D11-3-B-0 and D11-3-A-1, D26-3-B-0 and
D26-3-A-1, D40-2-A-0 and D40-2-B-1. D15-0-A-0 and 15-3-A-1, and D9-3-B-0 and D9-3-
A-1 were similar and clustered together on the phenogram (Fig. 2). Because each of these
isolates had generated a unique AFLP phenotype, race 0 and race 1 phenotypes were
compared. In plot 28, race 0 and race 1 isolates differed by only 3 markers. In plot 11, the
two isolates differed only by 2 markers (Table 4). In the six plots mentioned above, the
AFLP profiles of the race 0 and race 1 isolates differed by 2 to 4 AFLP markers.
DISCUSSION

The AFLP technique produced a large number of reproducible and unambiguous
markers for the P. parasitica var. nicotianae isolates selected to represent a diverse collection
of isolates and as well as the isolates collected within a single field over years. The level of
genetic variability observed in this study of P. parasitica var. nicotianae using AFLPs was
greater than the variability previously reported for a diverse group of isolates of P. parasitica
using isozymes and random fragment length polymorphisms analysis (RFLPs)

(15,16,25,32,33). The previous studies used fewer isolates and were focused on comparing
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the tobacco black shank pathogen, P. parasitica var. nicotianae to P. parasitica from a range
of host plants. They did not specifically address the level of variation within P. parasitica
var. nicotianae within a limited area or between races of P. parasitica var. nicotianae.

Colas et al. (1998) were able to distinguish a group of isolates that cause black shank
from other P. parasitica isolates when a large sample size (57 from tobacco and 16 from
other hosts) was used. In addition to their phenetic similarity based on nuclear RFLPs, these
isolates shared a number of characteristics, including belonging to the same haplotype (A),
the lack of elicitin production, and a high level of virulence on tobacco. One group
encompassed most of the black shank isolates from the USA, indicating that the concept of a
tobacco formae specialis within P. parasitica may have a genetic basis. The greater resolving
power of AFLP analysis method compared with isozymes and RFLP may partially explain
the level of variation among isolates of the pathogen used in this study. A similar level of
variation was observed with P. cactorum using AFLP analysis. From 42 isolates evaluated,
226 out of 264 markers (85.6%) were polymorphic and provided 42 unique AFLP profiles
(17).

P. parasitica var. nicotianae is heterothallic, with the presence of two mating types,
Al and A2, necessary for sexual reproduction. Some isolates, however, are capable of
producing oospores in a single culture. Both mating types produce specialized mating
structures (antheridia and oogonia) at a juncture on a suitable medium (23). Studies have
shown that antheridial and oogonial strains of the pathogen are present in nature and that
these strains are capable of hybridization (22). However, few oospores germinate in culture
and they are not considered primary inoculum in disease development (38). Sexual

recombination cannot be ruled out as a possible source of the high level of variability
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observed within our isolates of P. parasitica var. nicotianae, because both mating types are
present within the state of NC. However, oospores have not been observed in assays of
infested soil or in isolations onto culture media.

Within Phytophthora spp., variation also exists within asexual zoospore progeny.
Variation in pathogenicity and cultural morphology within P. parasitica var. nicotianae was
noted for natural populations and single-zoospore derived cultures (2). Variation in
aggressiveness, growth rate, sensitivity to mefenoxam, race and genetic fingerprints was also
noted in single-zoospore progeny of P. infestans (1). Shaw (36) discussed the possible
mechanisms for genetic variability during asexual reproduction in Phytophthora spp. and
considered three major mechanisms for this variability; mutation, mitotic crossing over, and
extra-chromosomal substitution. Mutations involve any changes in the nuclear genome that
might take place during DNA replication that may have a significant impact on the
expression of certain genes. Shaw (36) argued, however, that it is difficult to believe that
mutations of chromosomal genes in a diploid organism could result in the high frequency of
variability so often observed. Mitotic crossing over, as a mechanism of asexual reproduction
provides an alternative to the mutation theory for generating variability. The mechanism of
genetic change would involve the formation of diploid segregants if recessive and dominant
alleles become homozygous. A cross-over during mitosis causes a change to homozygosity at
all heterozygous loci on the same chromosome arm that are distal to the recombination break
point. Mitotic recombination does not generate new variation but it can reveal recessive
variation that was hidden in heterozygotes. Mitochondrial DNA (mtDNA) is a prominent

feature of Phytophthora zoospores, the mtDNA is a strong candidate location of mutations
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showing non-chromosomal behavior, particularly for those induced in the zoospores that
have abundant mitochondria (36).

Isolates with the same AFLP profiles were recovered across years in most plots. This
indicates that these isolates were a predominant part of the pathogen population and that
there is a clonal component to the life cycle of this organism. Soil samples were collected
prior to the last harvest from this field when pathogen populations are highest and there are
more asexual fungal propagules present (sporangia and zoospores). In addition, new AFLP
profiles were recovered from all plots over the duration of the test. This indicates that the
pathogen may be continuing to evolve in response to the host genotype. For example, there
were nine phenotypes present in the ‘K326’ and nine in the ‘K346’ plots in 2003. In the ‘NC
71” plots, which had not been used in this field prior to this study, 19 AFLP profiles were
recovered. This indicates that “NC 71’ is exerting a new selection pressure on the pathogen
and favoring the selection of new genotypes that are more fit on this genotype, including the
ability to overcome the Ph gene. Based on the data from several isolates, a shift to the ability
to overcome this resistance gene may involve very few changes (2 to 4 AFLP markers for
several isolates).

The same AFLP phenotype was recovered from non-contiguous plots, but only when
the two plots were planted to the same variety. This result was unexpected, and indicates that
the pathogen population may be adapting to a given cultivar. One such selection pressure is
the selection for aggressiveness in isolates from plots planted with a cultivar with a high level
of partial resistance. Highly aggressive isolates are maintained in the pathogen population
due to their ability to attack and reproduce on the resistant variety. Dukes and Apple (12)

showed that aggressiveness of isolates increased after passage through a resistant cultivar
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compared to passage through a susceptible cultivar. Their study suggested that under field
conditions, more highly aggressive pathogen strains may have evolved as a result of
continuous planting of resistant cultivars. Dukes and Apple (13) examined 15 isolates of the
black shank fungus, which represented a wide range in aggressiveness. The increased
aggressiveness of isolates was attributed to increased production of sporangia, liberation of
more zoospores, and greater zoospore motility.

The Duplin Co. field has provided a unique opportunity to study the development of
race 1 within the P. parasitica var. nicotianae population over time and space. By combining
the field data with the AFLP phenotype data, we are able to genetically follow the shift in
plots from 100% race 0 to predominately race 1 (in some cases) when a single-gene type of
resistance is deployed. The initial isolate of race 1 from this field had a unique profile when
compared to isolates of race 1 from year 2. This indicated that there were multiple selections
of race 1 from the pathogen population and that the increase of race 1 in this field was not
simply due to clonal spread via irrigation water or on farm machinery.

The AFLP profile of some race 0 and race 1 isolates were very similar, differing in
only two to four AFLP markers. Race 0 and race 1 isolates within a plot were very similar.
Similar results were observed with RFLP analysis of Phytophthora sojae with 48 isolates
representing 25 physiological races of the pathogen (Forster et al., 1994). One group of
isolates, representing 7 races, had nearly identical RFLP profiles to the first described race,
race 1, and probably arose clonally by mutation. All other races seem to have arisen from
rare outcrosses between 4 progenitor lines.

This study once again has illustrated the dynamic nature of P. parasitica var.

nicotianae. The pathogen race profile changes in response to the deployment of partial and
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complete resistance (39). This study illustrates that there is considerable genetic variability

within and among races of P. parasitica var. nicotianae. Current recommendations to use an

integrated approach to disease management will continue to be necessary. By rotating types

of resistance, race 0 and isolates and race 1 isolates can be managed over time, regardless of

the genotypic diversity of the isolates. The similarity of race 1 isolates to race 0 isolates

needs to be characterized further to determine if race 1 is forming from race 0 clonally via

mutation. Plots that contain a single genotype need to characterized over time for AFLP

profile and race profile to determine the timing and degree of pathogen variation.
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Table 1.Isolates of Phytophthora parasitica var. nicotianae used in this study

Isolate Code Isolate Location Race Mating Type Tobacco Type
Indonesian-0 Indonesian Indonesia 0 A2 Cigar wrapper
Virginia-1 Virginia Virginia 1 Burley
Conn.-3 Connecticut Connecticut 3 A2 Cigar wrapper
Ky-A-0 Ky R-0 Kentucky 0 Al Burley
Ky-B-0 Ky P1089 Kentucky 0 A2 Burley
Ky-C-1 Ky R-1 Kentucky 1 A2 Burley
Ky-D-1 Ky 1047C-2 Kentucky 1 Al Burley
YanceyNC-A-0 #26 Yancey Co., NC 0 Al Burley
YanceyNC-B-1 #25 Yancey Co., NC 1 A2 Burley
BuncNC-A-0 31-0-2 Buncombe Co., NC 0 Al Burley
BuncNC-B-1 8-1-3 Buncombe Co., NC 1 A2 Burley
BuncNC-C-1 #32 Buncombe Co., NC 1 Al Burley
BuncNC-D-4 J. Ramsey Buncombe Co., NC 4 A2 Burley
WakeNC-0 M2-76 G-28 Wake Co., NC 0 Flue-cured
HarnettNC-0 Morrison-1 Harnett Co., NC 0 Flue-cured
RobesonNC-0 B. Hunt (#237) Robeson, Co., NC 0 Flue-cured
G14-0-A-1 G14-2 F2000.14 Guilford, Co., NC 1 Flue-cured
RM28-0-A-0 RM28-7 F2000.6 Edgecombe, Co., NC 0 Flue-cured
RM26-0-A-0 RM26-3 F2000.13  Edgecombe, Co., NC 0 Flue-cured
D2-0-A-0 D2-5 F2000.8 Duplin Co., NC 0 Flue-cured
D2-2-A-1 D2-5 F2002.7 Duplin Co., NC 1 Flue-cured
D2-3-A-1 D2-5 F2003.8 Duplin Co., NC 1 Flue-cured
D5-S0-A-0 D5A.3 Duplin Co., NC 0 Flue-cured
D5-1-A-0 D5-1 F2001.5 Duplin Co., NC 0 Flue-cured
D5-2-A-0 D5-1 F2002.6 Duplin Co., NC 0 Flue-cured
D5-2-B-0 D5-1 F2002.7 Duplin Co., NC 0 Flue-cured
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Table 1 continued

D5-2-C-0
D5-2-D-0
D5-3-A-0
D5-3-B-0
D5-3-C-0
D6-S0-A-0
D6-1-A-1
D6-1-B-0
D6-1-B-1
D6-2-A-1
D6-2-B-1
D6-2-C-1
D6-3-A-1
D6-3-B-1
D6-3-C-1
D6-3-D-1
D6-3-E-1
D6-3-F-1
D6-3-G-1
D6-3-H-1
D6-3-1-1
D6-3-J-1
D6-3-Plant-1
D7-S0-A-0
D7-1-A-0
D7-2-A-0
D7-2-B-0
D7-3-A-0
D9-3-A-1

D5-1 F2002.3
D5-1 F2002.4
D5-1 F2003.1
D5-1 F2003.6
D5-1 F2003.2
D6A .4

D6-2 F2001.1
D6-2 F2001.5
D6-2 F2001.9
D6-2 F2002.10
D6-2 F2002.1
D6-2 F2002.6
D6-2 F2003.12
D6-2 F2003.13
D6-2 F2003.4
D6-2 F2003.5
D6-2 F2003.7
D6-2 F2003.8
D6-2 F2003.6
D6-2 F2003.1
D6-2 F2003.10
D6-2 F2003.11

D6-2 F2003.plant

D7A.5

D7-3 F2001.4
D7-3 F2002.1
D7-3 F2002.4
D7-3 F2003.10
D9-4 F2003.10

Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC

—_— O O O O O = kb b ek b e e e e e e e e O = O O OO OO

Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
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Table 1 continued

D9-3-B-0

DI11-S0-A-0

DI11-3-A-1
DI11-3-B-0

D12-S0-A-0
D12-S0-B-0

DI12-1-A-0
DI12-1-B-0
D12-2-A-0
D12-2-B-0
D12-2-C-0
D12-2-D-0
D12-3-A-0
D12-3-B-0

D14-S0-A-0

D15-0-A-0
D15-2-A-1
DI15-3-A-1
D16-2-A-1
D16-3-A-1
D17-0-A-0
DI17-1-A-0
D17-2-A-0
D17-2-B-0
D17-2-C-0
D17-2-D-0
D17-2-E-0
D17-2-F-0
D17-3-A-0

D9-4 F2003.3
DI1B.2

DI11-8 F2003.13
DI11-8 F2003.2
DI2B.5

DI2B.6

D12-3 F2001.8
D12-3 F2001.7
D12-3 F2002.11
D12-3 F2002.7
D12-3 F2002.8
D12-3 F2002.5
D12-3 F2003.1
D12-3 F2003.8
D14B.6

D15-6 F2000.4
D15-6 F2002.1
D15-6 F2003.1
D16-9 F2002.8
D16-9 F2003.1
D17-1 F2000.3
D17-1 F2001.8
D17-1 F2002.1
D17-1 F2002.11
D17-1 F2002.12
D17-1 F2002.7
D17-1 F2002.4
D17-1 F2002.4
D17-1 F2003.14

Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC

SO OO DO OO OO PP PP OOOOOOO0OOOoOOoOooOoOo0co0cOoOo OO

Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
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Table 1 continued

D18-S0-A-0
D18-S0-B-0
D18-S0-C-0

D18-2-A-1
D18-2-B-1
D18-3-A-1
D19-0-A-0
D20-0-A-0
D20-3-A-1

D21-S0-A-0

D21-1-A-0
D21-1-B-0
D21-2-A-0
D21-2-B-0
D21-2-C-0
D21-2-D-0
D21-2-E-0
D21-3-A-0
D21-3-B-0
D22-2-A-1
D22-2-B-1
D22-2-C-1
D22-3-A-1
D22-3-B-1
D24-1-A-0
D24-1-B-0
D24-2-A-0
D24-2-B-0
D24-2-C-0

DI8B.1
DI18B.16
DI18B.8

D18-2 F2002.5
D18-2 F2002.7
D18-2 F2003.4
D19-2 F2000.4
D20-5 F2000.1
D20-5 F2003.7
D21C.5

D21-1 F2001.1
D21-1 F2001.8
D21-1 F2002.1
D21-1 F2002.12
D21-1 F2002.3
D21-1 F2002.5
D21-1 F2002.8
D21-1 F2003.1
D21-1 F2003.16
D22-2 F2002.6
D22-2 F2002.1
D22-2 F2002.7
D22-2 F2003.1
D22-2 F2003.8
D24-3 F2001.7
D24-3 F2001.5
D24-3 F2002.5
D24-3 F2002.8
D24-3 F2002.9

Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC

SO O OO RLP PP PP OO0 PO, PL, P, OOO

Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
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Table 1 continued

D24-3-A-0
D24-3-B-0
D25-3-A-0
D26-3-A-1
D26-3-B-0
D26-3-C-0

D27-S0-A-0

D28-2-A-1
D28-3-A-1
D28-3-B-0

D29-S0-A-0

D29-2-A-1
D29-3-A-1
D29-3-B-0
D29-3-C-0
D30-1-A-0
D30-1-B-0
D30-2-A-0
D30-2-B-0
D30-3-A-0
D30-3-B-0

D31-S0-A-0
D32-S0-A-0
D32-S0-B-0

D32-0-A-0
D34-2-A-1
D34-2-B-1
D34-2-C-1
D34-3-A-1

D24-3 F2003.1-
D24-3 F2003.5-
D25-7 F2003.10
D26-4 F2003.10
D26-4 F2003.11
D26-4 F2003.4
D27C.9

D28-2 F2002.7
D28-2 F2003.10
D28-2 F2003.3
D29D.5

D29-7 F2002.10
D29-7 F2003.17
D29-7 F2003.18
D29-7 F2003.9
D30-3 F2001.7
D30-3 F2001.9
D30-3 F2002.3
D30-3 F2002.6
D30-3 F2003.6
D30-3 F2003.8
D31D.6
D32D.9
D32D.10
D32-4F2000.9
D34-5 F2002.1
D34-5 F2002.3
D34-5 F2002.7
D34-5 F2003.2

Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC

— P, P, O 00000000, POO R P OO0, OO0

Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
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Table 1 continued

D34-3-B-1
D34-3-C-1
D34-3-D-1
D34-3-E-1
D34-3-F-1
D34-3-G-1
D34-3-H-1
D34-3-1-1

D35-S0-A-0

D35-3-A-0
D36-2-A-0
D36-2-D-0
D36-3-A-0
D36-3-B-0
D39-1-A-0
D39-2-A-0
D39-2-B-0
D39-2-C-0
D39-3-A-0
D39-3-B-0
D39-3-C-0
D40-0-A-1
D40-2-B-0
D40-2-A-1
D40-2-B-1
D40-2-C-1
D40-3-A-1
D40-3-B-1
D41-2-A-0

D34-5 F2003.5
D34-5 F2003.7
D34-5 F2003.1
D34-5 F2003.3
D34-5 F2003.4
D34-5 F2003.5
D34-5 F2003.8
D34-5 F2003.9
D35D.2

D35-8 F2003.12
D36-1 F2002.2
D36-1 F2002.7
D36-1 F2003.11
D36-1 F2003.7
D39-1 F2001.6
D39-1 F2002.4
D39-1 F2002.5
D39-1 F2002.9
D39-1 F2003.6
D39-1 F2003.8
D39-1 F2003.9
D40-8 F2000.1
D40-8 F2002.3
D40-8 F2002.7
D40-8 F2002.5
D40-8 F2002.3
D40-8 F2003.6
D40-8 F2002.3
D41-7 F2002.7

Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC

OS—R PR P PP ORP OO0V H P H R/ /= —

Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
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Table 1 continued

D42-S0-A-0
D42-S0-B-0

D42-3-A-0
D42-3-B-0
D42-3-C-0

D43-S0-A-0

D43-0-A-1
D43-1-A-1
D43-2-A-1
D43-2-B-1
D43-2-C-1
D43-2-D-1
D43-3-A-1
D43-3-B-0
D43-3-B-1
D43-3-C-1
D43-3-D-1
D43-3-E-1

D43-3-F-1

D44-2-A-0
D45-2-A-0

D42E.15
D42E.9

D42-3 F2003.2
D42-3 F2003.4
D42-3 F2003.3
D43E.4

D43-2 F2000.10
D43-2 F2001.3
D43-2 F2002.7
D43-2 F2002.9
D43-2 F2002.3
D43-2 F2002.5
D43-2 F2003.1
D43-2 F2003.8
D43-2 F2003.10
D43-2 F2003.2
D43-2 F2003.3
D43-3 F2003.4
D43-3 F2003.9
D44-4 F2002.2
D45-6 F2002.1

Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC
Duplin Co., NC

O O b b et O b b b ek - O OO0 O

Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
Flue-cured
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Table 2. DNA sequences of amplified fragment length polymorphism (AFLP) primers
and AFLP adapters used in this study.

Primer/Adapter Sequence

AFLP

EcoRI +AC 5’-GACTGCGTACCAATTCAC

EcoRI +GC 5’-GACTGCGTACCAATTCGC

EcoR1 +GG 5’-GACTGCGTACCAATTCGG

Msel +CA 5’-GATGAGTCCTGAGTAACA

Msel +CC 5’-GATGAGTCCTGAGTAACC

AFLP Adapters

EcoRI 5’-CTCGTAGACTGCGTACC
CATCTGACGCATGGTTAA-5

Msel 5’-GACGATGAGTCCTGAG

TACTCAGGACTCAT-5’
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Table 3. Recovery of AFLP profiles over years in the Duplin Co. field.

Plot  Cultivar AFLP Profile Years Recovered Race of Isolates No. of Isolates %of plot
7 K346 11 S2000,2001,2002,2003 0 4 80
12 2002 0 1 20
12 K346 1 S2000,2001,2002,2003 0 4 40
2 S2000,2001,2002,2003 0 5 50
3 2002 0 1 10
24 K346 4 2001,2002 0 2 29
5 2001,2002,2003 0 4 57
6 2002 0 1 14
30 K346 5 2001 0 1 20
7 2001,2003 0 2 40
8 2002 0 1 20
9 2002,2003 0 1 20
42 K346 7 2003 0 1 20
10 S2000,2003 0 4 80
17 K326 13 2000,2001,2002,2003 0 4 45
14 2002 0 1 11
15 2002 0 1 11
16 2002 0 1 11
17 2002 0 1 11
18 2002 0 1 11
21 K326 19 S2000,2001,2002 0 3 30
20 2001,2002,2003 0 3 30
21 2003 0 1 10
22 2002 0 1 10
23 2002 0 1 10
24 2002 0 1 10
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Table 3 continued

36 K326 25 2002,2003 0 2 33
26 2002,2003 0 3 50
27 2002 0 1 17
39 K326 26 2002 0 1 14
28 2001,2002,2003 0 4 57
29 2002,2003 0- 2 29
5 K326 30 2000,2001,2002 0 4 57
31 2002,2003 0 2 29
32 2003 0 1 14
15 K346/NC71 33 2002,2003 1 2 67
81 2000 0 1 33
20 K326/NC71 34 2003 1 1 50
85 2000 0 1 50

26 K346/NC71 35 2003 1 1 33
82 2003 0 2 67
29 K326/NC71 35 2002,2003 1 2 50
73 S2000 0 1 25

78 2003 0 1 25

34 K326/NC71 36 2002 1 1 8
37 2002,2003 1 5 42
38 2002,2003 1 2 17

39 2003 1 1 8
40 2003 1 2 17

41 2003 1 1 8
43 NC71 42 2001,2002,2003 1 4 29
43 2002 1 1 7
44 2002,2003 1 3 22
45 2002,2003 1 2 14
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Table 3 continued

46 2003 1 1 7

47 2003 1 1 7

70 52000,2003 0 2 14

22 NC71 44 2003 1 1 20
56 2002,2003 1 2 40

63 2002 1 2 40

9 K346/NC71 48 2003 1 1 50

80 2003 0 1 50

6 NC71 49 2001,2002,2003 1 5 29

50 2002 1 1 5

51 2002,2003 1 4 24

52 2003 1 1 5

53 2003 1 1 5

54 2003 1 1 5

55 2003 1 2 11

56 2003 1 1 5

69 52000,2001 0 2 11

40 NC71/K326 57 2000,2001,2003 1 3 37
58 2002 1 4 50

83 2002 0 1 13

11 NC71/K326 59 2003 1 1 33
75 S52000,2003 0 2 67

2 K326/NC71 60 2002,2003 1 2 67

&4 2000 0 1 33

16 NC71 61 2002,2003 1 2 100
18 NC71 62 2002,2003 1 3 50
65 S2000 0 2 33

66 S2000 0 1 17

28 NC71 64 2002,2003 1 2 67
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Table 3 continued

77 2003 0 1 33
35 NC71/K326 67 52000,2003 0 2 100
32 K346/NC71 68 52000, 2000 0 3 100
27 K346/NC71 71 52000 0 1 100
14 K326/NC71 72 S2000 0 1 100
31 K346/NC71 74 52000 0 1 100
25 K326/NC71 76 2003 0 1 100
41 K326/NC71 79 2002 0 1 100
44 K346/NC71 80 2002 0 1 100
45 K346/NC71 81 2002 0 1 100
19 NC71 86 2000 0 1 100
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Table 4. Comparison of AFLP profile of selected race 0 and race 1 isolates from the same plot

Plot

28

28

11

11

Isolate Race AFLP Profile

D28-3-B-0 0 77
111011111111111111111111111111111111111111101101111111011111001100011
[11111111111111111111011101000011111111000111 1111111111111 1111111111111
O11101111111111111111101111111111101111111001110001110010111111111110101
00I1110111110111111111111111111111111110001

D28-2-A-1 1 69
1110111111111111111111@11111111111111111111101101111111011111001100011
[11111111111111111111011101000011111111000111 1111111111111 1111111111111
O11101111111111111111101111111111101111111001110001110010111111111110101
0011110111110111111111111111111111111110001

DI1-3-B-0 0 75
1111111000011111111111111111111111111111111111111111111111100000000000
111100000000011111111111111101111111111111100111101101111110110111111111
111101111111111110100111111111111110000000111111111111111111111111111111
IT1111111111111111111110011100001111110000

DI1-3-A-1 1 59
1111111000011111111111111111111111111111111111111111111111100000000000
111100000000011111111111111101111111111111100111101101111110110111111111
111101111111111110100111111111111110000000111111111111111111111111111111
IT1111111111111111111110011100001111110000
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FIGURE LEGENDS

1. Phenogram of initial 20 diverse isolates using 256 polymorphisms, generated using
Jaccard’s similarity coefficient and UPGMA clustering.

2. Phenogram of 176 Duplin Co. isolates using 256 polymorphisms, generated using

Jaccard’s similarity coefficient and UPGMA clustering
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Figure 1-Top
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Figure 2-Top
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