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anastomosis group 3 (AG-3). (under the direction of Marc A. Cubeta and H. David Shew)
Anastomosis group 3 (AG-3) of Rhizoctonia solani is frequently associated with diseases
of potato and tobacco. Although isolates from the two hosts are taxonomically related,
previous studies have shown differences in their biology, fatty acid composition,
pathogenicity and ribosomal DNA. However, the genetic diversity of populations of R. solani
AG-3 from potato and tobacco are not known. In this study, the genetic diversity of field
populations of R. solani AG-3 from potato and tobacco in North Carolina were examined
using somatic compatibility and amplified fragment length polymorphisms (AFLP). A
sample of 32 isolates from potato and 36 from tobacco were paired in all possible
combinations on PDA plus activated charcoal and glass slides and examined for somatic
interactions. Approximately 5% of tobacco isolates and less than 0.5% of potato isolates
were somatically compatible. Twenty-eight and eight distinct somatic compatibility groups
(SCG) were identified in the potato and tobacco samples, respectively. AFLP analyses
indicated that the potato sample of R. solani AG-3 was more genetically diverse (32 AFLP
patterns) than the tobacco sample (26 AFLP patterns). None of the potato or tobacco isolates
were somatically compatible or shared a common AFLP pattern. Clones (i.e., cases where
two or more isolates were somatically compatible and shared the same AFLP pattern) were
identified only in the tobacco sample. Eight clones of R. solani AG-3 from tobacco
represented 22% of the total sample. All eight SCG of R. solani AG-3 from tobacco were
associated with more than one AFLP pattern. Compatible interactions between potato isolates
only occurred between isolates from the same field (two isolates in each of four different

fields), with similar but not identical AFLP pattern.



For analysis of the population structure of R. solani AG-3 from potato, a polymerase chain
reaction-restriction fragment length polymorphism (PCR-RFLP) method was used to identify
and differentiate genotypes. A population sample of 104 isolates from five counties in
eastern NC was analyzed using polymorphic codominant single-locus PCR-RFLP markers
identified after sequencing and screening anonymous DNA from a fungal genomic library.
Multilocus genotypes were determined screening isolates using combinations of PCR
product/polymorphic enzyme for each locus, generating seven PCR-RFLP markers. There
was evidence for high levels of gene flow between populations of R. solani AG-3. The five
samples were genetically similar with one another. When data was clone-corrected and
samples pooled into one single population from NC, random associations of alleles within
and between loci were found for all the loci or pairs of loci, indicating random mating.
However, when all genotype were analyzed the observed genotypic diversity deviated from
panmixia and alleles within and between loci were not randomly associated. These findings
support a model of population structure for R. solani AG-3 on potato that includes both
recombination and clonality.

This study describes the application of a population genetics-based statistical method
for detecting migration in populations of R. solani AG-3 from potato using multilocus PCR-
RFLP genotypes. The effect of migration from source populations of the pathogen on potato
seed tuber on the magnitude of gene flow with a recipient (soil population) in NC was also
examined. Analysis of genetic data indicated that the NC population of R. solani AG-3 has
experienced recent migration. There was also an indication of high levels of gene flow

between the source and the recipient population. Unidirectional migration from source



population(s) followed by establishment of migrant genotypes in the recipient population,

through colonization, is postulated to explain the high level of gene flow observed.
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Chapter 1

Genetic diversity of Rhizoctonia solani AG-3 populations associated with potato and tobacco
in North Carolina.
P. C. Ceresini, H. David Shew, Rytas Vilgalys, Marc A. Cubeta
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ABSTRACT

Anastomosis group 3 (AG-3) of Rhizoctonia solani is frequently associated with diseases
of potato and tobacco. Although isolates from the two hosts are taxonomically related,
previous studies have shown differences in their biology, fatty acid composition,
pathogenicity and ribosomal DNA. However, the genetic diversity of populations of R. solani
AG-3 from potato and tobacco are not known. In this study, the genetic diversity of field
populations of R. solani AG-3 from potato and tobacco in North Carolina were examined
using somatic compatibility and amplified fragment length polymorphisms (AFLP). A
sample of 32 isolates from potato and 36 from tobacco were paired in all possible
combinations on PDA plus activated charcoal and glass slides and examined for somatic
interactions. Approximately 5% of tobacco isolates and less than 0.5% of potato isolates
were somatically compatible. Twenty-eight and eight distinct somatic compatibility groups
(SCG) were identified in the potato and tobacco samples, respectively. AFLP analyses
indicated that the potato sample of R. solani AG-3 was more genetically diverse (32 AFLP
patterns) than the tobacco sample (26 AFLP patterns). None of the potato or tobacco isolates
were somatically compatible or shared a common AFLP pattern. Clones (i.e., cases where
two or more isolates were somatically compatible and shared the same AFLP pattern) were
identified only in the tobacco sample. Eight clones of R. solani AG-3 from tobacco
represented 22% of the total sample. All eight SCG of R. solani AG-3 from tobacco were
associated with more than one AFLP pattern. Compatible interactions between potato isolates
only occurred between isolates from the same field (two isolates in each of four different
fields), with similar but not identical AFLP pattern.

Key Words: Population structure, clonality, recombination, Thanatephorus cucumeris.



INTRODUCTION

Anastomosis group 3 (AG-3) of Rhizoctonia solani is frequently associated with diseases
of potato and tobacco. Although taxonomically related to each other based on analysis of
rDNA genes (Kuninaga et al 1997), isolates from tobacco and potato are not cross-
pathogenic, suggesting a high level of host specificity (Ogoshi 1987, Stevens Johnk et al
1993, Shew and Melton 1995).

Rhizoctonia diseases of potato occur on all underground plant parts. The fungus infects
and causes cankers on roots, sprouts, stems and stolons via mycelium and sclerotia (Carling
et al 1989, Ogoshi 1987). As potato plants reach maturity, the fungus can infest daughter
tubers, producing black sclerotia on their surface. Potato isolates are initially tuberborne and
then, once introduced in a potato crop, can become soilborne with a limited dispersal.

On tobacco, a leaf spot disease, target spot, is caused by Thanatephorus cucumeris (Frank)
Donk, the teleomorph of R. solani. In contrast to potato isolates, tobacco isolates are not
tuberborne and the leaf disease is initiated by aerially dispersed basidiospores. In addition,
tobacco isolates infect plant leaves through direct penetration by hyphae from basidiospores
that are produced on hymenia on the soil or leaf surface and are an important source of
primary inoculum (Shew and Main 1990, Shew and Lucas 1991, Shew and Melton 1995).

Several studies with limited sampling have examined the genetic variation among
laboratory isolates of R. solani AG-3 obtained from Solanaceous plants. These studies have
demonstrated differences in fatty acid composition, isozymes and ribosomal DNA genes of
R. solani AG-3 from tobacco and potato (Balali et al 1996, Laroche et al 1992, Liu & Sinclair

1992, Liu et al 1993, Stevens Johnk et al 1993). Except for these studies, little information is



known about the genetic diversity of individuals from field populations of R. solani AG-3.
For example, how diverse are populations of R. solani AG-3 from potato and tobacco fields
in North Carolina?

In this study, two hypotheses were tested: 1) Populations of R. solani AG-3 from potato
and tobacco have different levels of genetic diversity; and 2) Populations of R. solani AG-3
from potato are clonal whereas those from tobacco are recombining. The tobacco population
of R. solani AG-3 is hypothesized to have a higher level of genetic diversity and a
recombining structure because of the importance of the sexual reproduction on target spot
epidemics (Shew and Main 1990, Shew and Lucas 1991, Shew and Melton 1995). In
contrast, populations of R. solani AG-3 from potato (a predominant asexual pathogen) are
hypothesized to have lower level of genetic diversity and a clonal structure (Carling et al
1989, Ogoshi 1987). To address these hypotheses, two independent criteria (somatic
compatibility and AFLP analyses) were used to examine the genetic diversity of populations
of R. solani AG-3. The primary objectives of this study were to determine whether field
populations of R. solani AG-3 on potato and on tobacco in North Carolina are predominantly
clonal or recombining and whether each potato or tobacco field in NC is infested by many

distinct clones.

MATERIALS AND METHODS

Isolates.— Thirty-two potato and 36 tobacco isolates of R. solani AG-3 were obtained from

naturally infected plants from several commercial potato and tobacco production fields in

North Carolina (TABLES 1 and 2). Six additional isolates of AG-3 from potato (QSU-02-8,



PSB-03-8, dp216, L13, L71, and NK-04-7), representing different groups of isozyme
variation previously observed within AG-3 (Laroche et al 1992), were also included in this
study. Potato isolates of R. solani AG-3 were collected from commercial potato production
fields in seven eastern NC counties in March 1997. Fourteen plots (two per field) with 6-8
rows of 9.14 m length each were planted with either 240 or 320 seed pieces of potato (cv.
'Atlantic") previously disinfected with 2% formaldehyde to eliminate indigenous R. solani
(Carling et al 1989). All potato plants from all each field plot were harvested and examined
for stem canker symptoms. Samples were assayed on alkaline water agar (AWA, pH 8.5) to
isolate R. solani (Gutierrez et al 1997).

Tobacco isolates were obtained from 12 tobacco fields from five NC counties in June
1998. In each field, plants exhibiting target spot symptoms were collected from nine equally
spaced locations within a 54.8 m length and 42.6 m width area. In each of the nine locations,
five plants were sampled by taking one 2.5-cm-diameter core from each infected leaf. Leaf
tissue samples were transferred to plates of AWA. After 24 h of incubation at room
temperature, hyphal tips of colonies with growth characteristics of R. solani were transferred
to new AWA and then to potato dextrose agar (PDA) to establish axenic cultures. Isolates
were identified and maintained on sterilized rice grains at —20°C. Nuclear condition of
isolates was determined in cultures grown on AWA on glass slides using the DAPI staining
protocol (Martin 1987, Kulik & Derry 1995). The anastomosis group of each isolate also was
determined using glass slides containing a thin layer of AWA pH 8.5 (Herr & Roberts 1980,
Kulik & Derry 1995, Gutierrez et al 1997) with the AG-3 tester isolate Scl24. The reaction
was considered positive when at least five pairs of hyphae exhibited C2 anastomosis reaction

on each of four slides (Carling & Leiner 1990).



Somatic compatibility grouping.— To determine somatic compatibility, potato or tobacco
isolates were paired in all possible combinations on potato dextrose agar (3% Difco® PDA)
amended with 1% charcoal (Butler & Bolkan 1973) using the procedure of MacNish et al
(1997). The pairings were grown for 4 days at 25°C and macroscopic somatic interactions
between isolates were determined. Pairings were scored as somatically compatible when no
reaction line was observed between paired isolates. Pairings were scored as somatically
incompatible when a reaction line of raised hyphae was observed between paired isolates
(MacNish et al 1997). Somatic compatibility experiments were conducted at least twice.
Pairings of representative isolates from each host were re-examined using microscopic
examination on glass slides containing a thin layer of AWA pH 8.5 (Herr & Roberts 1980,
Kulik & Derry 1995, Gutierrez et al 1997). The categories of hyphal anastomosis reactions
were examined according to Carling 1996, as follows: C2, which indicates same anastomosis
group but different SCG; and C3, which indicates closely related isolates, same anastomosis
group, same SCG, or same isolate (self pairing). A somatic compatibility phenogram was
constructed using somatic compatibility data for grouping tobacco isolates into categories of
somatically compatible groups. This phenogram was constructed using neighbor-joining
phenotypic clustering (Saitou and Nei 1987) performed on the matrix of Manhattan
phenotypic distances (Nei 1987). The somatic compatibility grouping for tobacco isolates
was obtained based on binomially coded compatibility reactions as compatible (1) or
incompatible (0).

DNA extraction.— Total genomic DNA was extracted from lyophilized mycelium of

R. solani AG-3 grown for 5 days at 25°C in potato-dextrose broth (Difco®). DNA for AFLP



analysis was prepared using SDS extraction buffer and phenol-chloroform extraction as
previously described by Vilgalys and Gonzales (1990).

AFLP analysis.—The AFLP analysis procedure was a modification of Vos et al (1995).
Approximately 150 ng of genomic DNA was digested for at least 2.5 hours at 37°C with 5 U
of Eco RI (Promega Corporation) and 5 U of Mse I (Life Technologies, GIBCO BRL®). The
40 pL reaction volumes included the following components: 10.4 mM Tris HCI (pH 7.4), 10
mM Mg acetate, 50 mM K acetate, 5.4 mM NacCl, 0.004 mM EDTA, 5.035 mM
dithiothreitol, 0.06 mg/ml bovine serum albumin, 1.77 % (v/v) glycerol, 0.004 % Triton®X-
100. The templates for PCR amplification were generate by ligating the Mse I-double
stranded (ds) adapter (MA1 and MA2) and Eco RI-ds adapter sequences (EA1 and EA2) to
the Mse I (MA1, 5'-GACGATGAGTCCTGAG-3' + MA2, 3'-TACTCAGGACTCAT-5") and
Eco Rl sites (EA1, 5'-CTCGTAGACTGCGTACC-3"'+ EA2, 3'-
CATCTGACGCATGGTTAA-5") of the double digested fragments of DNA using 1 Weiss
unit of T4 ligase (Promega Corp.) per 50 pL reaction. After ligation, the reaction mixture was
diluted ten-fold with sterile deionized water and stored at —20°C. The first amplification
employed Mse I and Eco RI primers with one selective nucleotide. Two pairs of primers were
used: Eco Rl primer + C (5'-GACTGCGTACCAATTCC-3') and Mse I primer + A (5'-
GATGAGTCCTGAGTAAA-3"); Eco RI primer+ G (5'-GACTGCGTACCAATTCG-3') and
Mse I primer + G (5'-GATGAGTCCTGAGTAAG-3"). The sample included 5 ul of DNA
template, | uM of Mse I primer, 1 uM of Eco RI primer, 0.2 mM dNTPs, 1 mM de MgCl,,
enzyme-specific PCR buffer and 2.5 U of AmpliTag® DNA polymerase, Stoffel fragment
(Perkin-Elmer Corp.). The PCR was performed in a thermal cycler Perkin-Elmer® for 20

cycles of 30 s at 94°C, 1 min at 56 °C and 1 min at 72°C.



For selective amplification of the secondary template, Eco RI and Mse I primers with two
selective nucleotides at 3' end were used. Two pairs of selective primers with the following
sequences were used: Eco RI primer + CA (5'-GACTGCGTACCAATTCCA-3") and Mse
I primer + AC (5'-GATGAGTCCTGAGTAAAC-3"); Eco Rl primer + GT (5'-
GACTGCGTACCAATTCGT-3') and Mse I primer + GT (5'- GATGAGTCCTGAGTAA GT-3").
The Eco RI primer + CA was end-labeled with fluorescent dye 9-TET and the Eco RI primer
+GT with fluorescent dye 6-FAM, at the 5’ end. All the primers described above were
synthesized by Genosys Biotechnologies, Inc.

The selective PCR mixture included, for each 25 pL of reaction, 5 pL of secondary DNA
template obtained from non-selective amplification, 1 uM of selective primer Mse I, 1 uM of
selective primer Eco RI, 0.2 mM dNTPs, 1 mM MgCl,, enzyme-specific PCR buffer and 2.5 U
of AmpliTaq® DNA polymerase, Stoffel fragment (Perkin-Elmer Corp.).

Analysis of AFLP data.—Following PCR amplification, products were diluted 10-fold with
sterile distilled H,O. A volume of 1-2 pL of the resulting diluted samples was vacuum-dried,
mixed with the fluorescent sequencing dye TAMRA-500 containing internal molecular
marker standard (Genset Oligos, Inc.) at 2X concentration, denatured at 90°C for 5 min and
placed inice. A 1 uL sample of each reaction was loaded on a 4.5% denaturing
polyacrylamide gel, in a ABI model 377 sequencing electrophoresis system (Applied
Biosystems, Inc.). The running buffer was 1X TBE and electrophoresis was performed at
80W for 2.5 h. The electrophoresis gel files generated by this system were handled with the
objective of extracting raw information contained in each gel column using the software
GeneScan® (ABIPRISM®, Applied Biosystems). This software automatically analyses the

information collected by the sequencer, and identifies, quantifies, and determines the sizes of



DNA fragments present. The AFLP profiles were scored using the software Genographer©
(Montana State University). The AFLP patterns for potato and tobacco isolates were
obtained based on the scoring of 63 polymorphic bands (27 generated from CA-AC and 36
from GT-GT primer combination), binomially coded as present or absent. The
reproducibility of the AFLP analysis was controlled scoring fragments against two standard
R. solani AG-3 isolates, 9/P217 and 11/T032 from two different DNA extractions, included
in all the gels.

Data analyses.—FEach isolate of R. solani AG-3 was characterized based on its somatic
compatibility grouping and unique AFLP pattern. A conservative approach to the analysis
and interpretation of the DNA fingerprint based on the observed AFLP profiles was used by
assuming the presence and absence of bands as phenotypes. A phenogram was generated to
group isolates based on their similarity according to the AFLP profile. Neighbour-joining
phenotypic clustering (Saitou and Nei 1987) was performed on the matrix of Manhattan
phenotypic distances (Nei 1987) using the software Phyllip 3.5© (Felsenstein 1995). A clone
was defined as a group of isolates (two or more) that shared a unique AFLP pattern and

belonged to the same SCG.

RESULTS

Four pairs of potato isolates (from a sample of 32) were somatically compatible: 5/P139
and 5/P144, 6/P161 and 6/P165, 8/P191 and 8/P199, and 9/P207 and 9/P209 (FIG.1). Isolates
from each of these compatible pairs were collected from infected potato stems in same fields.

The six additional isolates of AG-3 from potato (QSU-02-8, PSB-03-8, dp216, L13, L71, and



NK-04-7), representing different groups of isozyme variation previously observed within
AG-3 (Laroche et al 1992) were all somatically incompatible with one another and also with
all the other potato isolates from NC (data not shown). Eight SCGs were identified in the
tobacco sample (FIG. 2 and 3). The phenotypic clustering of tobacco isolates of R. solani
AG-3 according to SCG is presented in the FIG. 3. In the tobacco sample, there were two
cases of non-transitivity (i.e., where one isolate of a distinct SCG was compatible with a
another isolate belonging to a different SCG). Non-transitivity was observed between isolates
10/T007 (SCG B) - 12/T051 (SCG D) and 16/T100 (SCG E) - 19/T160 (SCG H) (FIG. 2).
However, there was no intransitivity between any of the isolates from SCG A, B, C and D
with any members of SCG E, F, G and H. Several examples of weak incompatible reactions
on PDA plus charcoal between isolates were observed on both potato (frequency of 3.1% of
the total pairings) and tobacco samples (9.8%) of R. solani AG-3 (crosshatch boxes in the
FIGs. 1 and 2). No somatic compatibility was observed between potato and tobacco isolates
of R. solani AG-3.

From 105 AFLP fragments scored using two different sets of primers (Eco RI-CA / Mse 1-
AC and Eco RI-GT / Mse I-GT), 45% were polymorphic on potato samples, 1% was
monomorphic and 54% were only detected on tobacco isolates. In contrast, 15% of the
bands were polymorphic on the tobacco samples, 43% were monomorphic and 42% were
detected only on potato isolates. The AFLP patterns for potato and tobacco isolates were
obtained based on the scoring of 63 polymorphic bands.

Thirty-two AFLP profiles were identified among the potato isolates of R. solani AG-3
(FIG.4, TABLE I) and 28 among the tobacco isolates (FIG. 4, TABLE II). There were no

common AFLP patterns shared among potato and tobacco isolates of R. solani AG-3

10



(TABLES I and II). The additional isolates of AG-3 from potato (QSU-02-8, PSB-03-8,
dp216, L13, L71, and NK-04-7) also had distinct AFLP patterns that differed from NC potato
and tobacco isolates (TABLES I and II).

There were no clones among potato isolates of R. solani AG-3 (i.e., cases in which two or
more isolates belonged to the same SCG and shared the same AFLP pattern). From the
tobacco sample, four clones were identified: 18/T147 and 16/T108 (SCG E), 17/T118 and
17/T125 (SCG E), 14/T068 and 14/T072 (SCG C), 12/T047 and 13/T066 (SCG A). These
clones, represented 22 % of the total tobacco sample. There were two cases among the
tobacco sample in which one AFLP pattern was associated with more than one SCG, as
observed with the isolates 18/T136/B, 18/T147/E or 16/T108/E (with fingerprint designation
#1), 19/T-152/G, 13/T052/H or 18/T132/B, all with fingerprint #4 (FIG. 4, TABLES II and
IID). All eight SCGs of R. solani AG3 isolates from tobacco were associated with more than
one fingerprint (FIG. 4, TABLE II and III).

Isolates of R. solani AG-3 from different SCGs and AFLP patterns were recovered from
each individual tobacco field from most of the counties sampled (TABLE III). For example,
from field 19, in Caswell County, one isolate of SCG A, one of SCG E, two of SCG G and
one from SCG H were recovered. Fields 14 in Craven County and field 17 in Edgecombe
County, had a single SCG present. In terms of geographical distribution of clones (TABLE
III), two clones were recovered from more than one field in the same (12/T047/A and
13/T066/A from Craven) or different counties in North Carolina (16/T108/E and 18/T147/E
from Edgecombe and Caswell, respectively) (TABLE III). Egdecombe and Caswell are

counties about 221 km apart.
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DISCUSSION

R. solani AG-3 isolates from potato and tobacco were studied to determine their genetic
diversity in populations of North Carolina. Based on a priori knowledge about their biology,
it was hypothesized that populations of R. solani AG-3 from potato and tobacco had different
levels of genetic diversity and that these populations are either predominantly clonal or
recombining in structure, respectively. Potato and tobacco populations of R. solani AG-3 did
not exhibit similar levels of genetic diversity. Results suggest that the sample of R. solani
AG-3 from potato in NC is more genetically diverse than the population from tobacco. A
high degree of genetic diversity for R. solani from potato was also found by Balali et al
(1996) in South Australia. Using an AG-3 specific probe (pR3718) for DNA fingerprinting,
thirty-eight different RFLP patterns among 136 potato isolates were identified. In addition,
no clones were detected in potato fields in NC. However, different from NC population, a
clonal structure for that population of R. solani AG-3 from Australia could not be discarded
as one of the fingerprint patterns obtained represented 30% of the isolates tested. In contrast
to the potato population of R. solani AG-3 from NC, the tobacco sample had a clonal
component (eight clones represented 22 % of the total sample of 36 isolates).

Based on AFLP analysis, there were no patterns shared among the potato and tobacco
population of R. solani AG-3. In addition, none of the potato or tobacco isolates were
somatically compatible. These data suggest a population of R. solani AG-3 subdivided by
host specialization, as already had been postulated (Kuninaga et. al 1997, Ceresini et al 1999,

Ogoshi 1987, Stevens Johnk et al 1993, Shew and Melton 1995).
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Although there were differences between potato and tobacco populations of R. solani AG-
3, each potato and tobacco field in North Carolina was infested with R. solani AG-3 isolates
of more than one AFLP pattern. In addition, many isolates with a particular AFLP pattern
were sampled only once. A few isolates of R. solani AG-3 with a common AFLP profile
were dispersed across geographically distant areas of tobacco (over 220 km). Two clones,
composing four isolates or 11 % of the tobacco sample, were recovered from more than one
field in the same or in different counties in North Carolina.

The movement and migration of infected seed pieces from several other states in the US
and also from Canada could be implicated in the geographic distribution of isolates and
occurrence of high levels of variability in R. solani on potato in NC. For tobacco, the
distribution of some isolates with a particular AFLP pattern may result from movement of
sclerotia and mycelial propagules in seedling transplants or in soil. While fungal propagules
associated with aerial dispersal are usually thick-walled and melanized, basidiospores of
T. cucumeris are thin-walled and hyaline. Thus, while airborne movement of basidiospores of
T. cucumeris for small distances within or between fields is possible, the long distance
between Edgecombe and Caswell counties (about 210 km) is more unlikely. However, as
target spot disease was first observed in NC in the middle 80's, the long distance dispersal
could have occurred through gradual short distance dispersal over many years or movement
of transplants.

Under clonality, each progeny of R. solani AG-3 would have its genome as an exact
mitotic copy of the parental one, and all parts of the genome would have the same
evolutionary history (Worrall 1997). At the other extreme, under mating and meiotic

recombination of genetically different parent nuclei, different regions of the genome of the
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novel progeny will have different evolutionary histories (Taylor et al 1999). The
examination of clonal populations of R. solani AG-3 using the two independent criteria
(somatic incompatibility and amplified fragment length polymorphism) would indicate the
same evolutionary history or strict association between analyzed characters. However, it is
not necessary for clonality to be mitotic and asexual if a self-fertilizing or homothallic

T. cucumeris from tobacco can make progeny meiospores identical to parental genome. In
addition, recombination need not be meiotic or sexual if mitotic recombination via
parasexuality can mix parental genotypes of R. solani AG-3 from potato. For 7. cucumeris on
tobacco, it is not known if the mating system is strictly heterothallic or if homothallism (self
fertilization) is common and in what extent it affects population structure. For potato
populations of R. solani AG-3, the sexual stage (teleomorph) is seldom observed on North
Carolina fields. The importance of the sexual structures of the pathogen on disease epidemics
of potato is also not known.

Although only the tobacco population showed a clonal component in its structure, there
was evidence for recombination in both potato and tobacco populations of R. solani AG-3. In
the tobacco samples, deviations from the strict association between SCG and AFLP profiles
were observed. In general, the eight SCGs of R. solani from tobacco were associated with at
least two AFLP patterns. In fact, SCG B was associated with seven, SCG E with six, and
SCG D and G with five different fingerprints. There were also two cases among the tobacco
isolates in which one fingerprint was associated with more than one SCG. Finally, among the
tobacco isolates there were also cases of non-transitivity with somatic compatibility testing.

For instance, isolate 12/T051 was compatible with isolate 10/T001; isolate 12/T051 was
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compatible with 10/T007, but isolate 10/T001 was incompatible with 10/T007. Replications
of these pairings indicated consistent observation of non-transitivity.

With field isolates of most basidiomycetes, a basic assumption is that somatically
compatible isolates are genetically related and represent same genotype (Worrall 1997). In
several studies, isolates that were compatible had the same molecular markers, which were
different in incompatible isolates (DeScenzo and Harrington 1994, Holmer et al 1994, Smith
et al 1994). Other markers, such as isoenzyme patterns and mating type alleles, of field
isolates of several species (e.g. Armillaria luteobubalina, A. ostoyae, A. gemina and A.
calvences, Heterobasidion annosum, Pleurotus ostreatus, and Suillus spp.) support the
concept that different genotypes are somatically incompatible (Falk and Parbery 1995, Rizzo
and Harrington 1993, Stenlind 1985, Kay and Vilgalys 1992, Sen 1990). Results similar to
those observed for R. solani AG-3 from tobacco have been reported for other
basidiomycetes. For example, mycelial compatibility was observed between isolates of
Armillaria spp that differed in a mating type allele (Rizzo and Harrington 1993) and
compatible isolates of Suillus granulatus had different RAPD markers (Jacobson et al 1993).
Finally, non-transitivity also was observed in Suillus granulatus and P. ostreatus (Jacobson
et al 1993, Malik and Vilgalys 1999).

There were several cases of weak incompatible reactions among the pairings within potato
isolates or tobacco isolates, characterized by a small raised area in the hyphal interaction
zone. Isolates from the same SCG and with the same AFLP pattern were compatible.
However, among some groups of isolates with the same AFLP pattern in the tobacco sample,

a range of compatibility reactions were observed that varied in intensity. As somatic
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compatibility is not necessarily a strict character, it is important to consider that these weak
macroscopic incompatible reactions may have biological significance.

Several factors may account for such abnormal incompatible interactions (Worrall 1997).
The range of somatic compatibility reactions among pairings of tobacco isolates of R. solani
AG-3 suggests recombination, and deviations from one-to-one association of SCG to
fingerprint are consistent with recombination. In S. granulatus, somatic mutation or
recombination was considered to be involved in some of the variation observed with RAPD
markers (Jacobson et al 1993). The non-transitivity observed could be originated if
differences between isolates at more than one locus are necessary for detecting somatic
incompatibility (Malik and Vilgalys 1999). In basidiomycetes, somatic incompatibility is also
usually not a strict, binary character. Somatic incompatibility may vary in degree and its
visual intensity is dependent in part on the medium used (Worrall 1997, Yokoyama and
Ogoshi 1988).

The genetic regulation of somatic compatibility in R. solani AG-3 is also not known, but
our observations are consistent with partial compatibility mediated by the sharing of some,
but not all, compatibility loci or alleles in recombination. For basidiomycetes, somatic
compatibility is defined as the “rejection of genetically dissimilar secondary mycelia”
(heterokaryotic) (Worrall 1997). For two isolates to be somatically compatible, all vegetative
compatible loci, which are allelic in some basidiomycetes, must be the same. In the few
cases for which there is evidence, somatic compatibility in basidiomycetes appears to be
controlled primarily by nuclear genes that are not linked with sexual compatibility loci
(Hansen et al 1993, Rizzo et al 1995). Because of the frequency of somatic incompatibility

among field isolates and even among closely related heterokaryons, multiple loci and/or
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multiple alleles have been thought to control somatic compatibility. Differences at one locus
would lead to incompatibility, but in most cases somatic incompatibility is more intense with
greater genetic differences (Hansen et al 1993, Malik and Vilgalys 1999). For R. solani, the
genetics of somatic incompatibility is not known.

This study provided some initial information on population structure of R. solani AG-3
from potato and tobacco in North Carolina. Although the sampling strategies were probably
sufficient for maximizing the genotypic diversity, large within-field studies are needed to
elucidate the magnitude of clonality and/or recombination in local population of this
pathogen.

The ability to survey, reproducibly, a large number of loci at once makes AFLP analysis a
useful method for identification of genetically distinct individuals in populations providing a
high level of resolution. However, the fact that AFLPs are dominant markers is a drawback
for their usage on classical population genetics analyses. Because of the difficulty in inferring
common descent from common state, we have avoided comparison of co-migrating AFLP
fragments especially between samples. Therefore, in this study each AFLP pattern was
compared as a phenotype. In our lab, focus has also being given for the development of co-
dominant markers (e.g. restriction fragment length polymorphism = RFLP) for multilocus
genotyping R. solani AG-3 isolates (Ceresini et al 2000). Co-dominant markers enable
unambiguously scoring of genotypes of any isolate of R. solani AG-3 allowing the distinction
between homo- and heterozygotes. These markers are more appropriate for elucidation of the
role of the evolutionary processes that could be shaping populations of R. solani AG-3.
Successful use of RFLP markers for population genetic studies of R. solani has been

demonstrated for another R. solani pathosystem (Rosewich et al 1999).
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FIG. 1. Macroscopic somatic interactions among potato stem canker isolates of

Rhizoctonia solani AG-3 on PDA amended with 1% charcoal. Isolates for each pairing were
grown for 4 days at 25°C, and examined for their somatic interactions. The categories of
macroscopic somatic interactions were: [l somatically compatible, where paired isolates

grew together without a distinct demarcation; [_| somatically incompatible, represented by

distinct demarcation between cultures and raised hyphae in the interaction zone;

incompatible reaction (MacNish et al 1997).
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FIG. 2. Macroscopic somatic interactions among tobacco target spot isolates of

Rhizoctonia solani AG-3 on PDA amended with 1% charcoal. The categories of macroscopic
somatic interactions were: [l somatically compatible, where paired isolates grew together
without a distinct demarcation; [ ] somatically incompatible, represented by distinct

weak

demarcation between cultures and raised hyphae in the interaction zone;

incompatible reaction (MacNish et al 1997).
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FIG. 3. Phenogram of somatic compatibility grouping (SCG) of Rhizoctonia solani AG-3
isolates from tobacco generated by neighbor-joining method (Saito and Nei 1987) performed
on the matrix of Manhattan phenotypic distances (Nei 1987) using the software Phyllip 3.5

(Felsenstein 1995).
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FIG. 4. Phenogram of DNA fingerprinting based on AFLP patterns of Rhizoctonia solani
AG-3 isolates from potato and tobacco generated by neighbor-joining method (Saito and Nei
1987) performed on the matrix of Manhattan phenotypic distances (Nei 1987) using the
software Phyllip 3.5 (Felsenstein 1995). The designation of each isolate represents its field
of origin, the isolate code and its somatic compatibility group (SCG). For example, the
isolate 07 / P-173 / R is from the potato field 7, code P-173 and belongs to SCG R.
Additional information is presented in the TABLES I and II.
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TABLE 1. AFLP pattern associated with somatic compatibility groups (SCG) of Rhizoctonia

solani AG-3 from infected potato sampled from each of 9 fields in North Carolina.

c

DNA fingerprint based on AFLP analysis using the following two pairs of selective primers

DNA County and Isolate

Fingerprint

scG ?
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CA-AC
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SCG determined by pairing R. solani AG-3 isolates from commercial potato fields in

a

eastern North Carolina on PDA amended with 1% charcoal. Isolates within the same SCG

were somatically compatible.

b

Isolates with the same DNA fingerprint designation have the same unique DNA fingerprint

based on AFLP analysis.

The fingerprint provided is a binomial code of AFLP fragments scored against two standard

C

R. solani AG-3 isolates, P217 and T032, present in all the gels. The DNA fingerprints are

composed by the following order of polymorphic AFLP fragments with the approximate
size in bp: CA-AC 409.08, 285.14, 274.79, 266.88, 264.71, 263.74, 259.27, 246.74,

240.27, 231.86, 222.2, 206.84, 205.28, 204.27, 200.19, 198.14, 191.11, 189.54, 166.74,

157.97,152.16, 126.17, 124.74, 121.05, 119.2, 117.17, 115.11; and GTGT 429.83, 422.06,

375.47,370.77, 366.61, 345, 335.27, 327.04, 320.99, 314.11, 310.17, 296.51, 293.3,

287.67,283.09, 268.66, 263.54, 253.59, 252.45, 251.51, 250.21, 244.45, 242.19, 238.33,
231.38,217.85,213.92, 189.35, 162.68, 161.72, 159.69, 157, 152.98, 150.07, 144.44,

135.51.
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TABLE II. AFLP pattern associated with somatic compatibility groups (SCG) of Rhizoctonia

solani AG-3 from infected tobacco sampled from each of 10 fields in North Carolina.

c

DNA fingerprint based on AFLP analysis using the following two pairs of selective primers

and  Isolate

County

DNA
Fingerprint

SCG

GT-GT

CA-AC

field

b

Designation

FO0000OFrFTrOOFr rrrO0OFrr-rrr00000O0r -~ O0O0~ OO
CO0000O000000O0000000000000O000O0O0O00O000 0O
CO0000O000000O0000000000000O000O0O0O00O0O00 0O
CO0000O000000O0000000000000O00OO0O0O00O000 OO
CO0000O000O0000000000000000000O0O0O00O OO OO
CO0000O000O0000000000000000000O0O0O0OO0O00 OO
CO0000O000O0000000000000000000O0O0O0OO OO OO
CO0000O000O0000000000000000000O0O0O0OO0 00O
CO0000O000000O0000000000000O00OO0O0O00O0O00 0O
CO0000O000000O0000000000000O000O0O0O00O000 OO
CO0000O000000O0000000000000O000O0O0O00O000 0O
CO0000O000000O0000000000000O000O0O0O00O000 OO

CO0000O000000O0000000000000O0000O0O00O000 0O
CO0000O000000O0000000000000O0000O0O00O000 0O
CO0000O000000O000O0000000000O00OO0O0O00O000 0O
CO0000O000000O0000000000000O000O0O0O00O000 0O

CO0000O000000O0000000000000O000O0O0O00O000 0O
CO0O000O000000O0000000000000O00O0O0O00O000 OO
CO0000O000000O0000000000000O00O0O0O00O000 0O
CO0000O000000O0000000000000O00OO0O0O00O000 OO
CO0000O000O0000000000000000000O0O0O0OO 00O
CO00O00O000O0000000000000000000O00O0OO 00O

CO0000O000000O0000000000000O000O0O0O00O000 OO
CO0000O000000O0000000000000O000O0O0O00O000 OO
CO0000O000000O0000000000000O000O0O0O00O000 OO

CO0000O000000O0000000000000O00OO0O0O00O000 OO
CO0000O000000O00000000O00000O00OO0O0O00O000 0O
CO0000O000000O000O0000000000O00O00O0O00O000 OO
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SCG determined by pairing R. solani isolates from commercial tobacco fields in North

a

Carolina on PDA amended with 1% charcoal. Isolates within the same SCG were

somatically compatible.

Isolates with the same DNA fingerprint designation have the same unique DNA fingerprint

based on AFLP analysis.

b

The fingerprint provided is a binomial code of AFLP fragments scored against two standard

C

R. solani AG-3 isolates, P217 and T032, present in all the gels. The DNA fingerprints are

composed by the following order of polymorphic AFLP fragments with the approximate
size in bp: CA-AC 409.08, 285.14, 274.79, 266.88, 264.71, 263.74, 259.27, 246.74,

240.27,231.86, 222.2, 206.84, 205.28, 204.27, 200.19, 198.14, 191.11, 189.54, 166.74,

157.97,152.16, 126.17, 124.74, 121.05, 119.2, 117.17, 115.11; and GTGT 429.83, 422.06,

375.47,370.77,366.61, 345, 335.27, 327.04, 320.99, 314.11, 310.17, 296.51, 293.3,

287.67, 283.09, 268.66, 263.54, 253.59, 252.45, 251.51, 250.21, 244.45, 242.19, 238.33,

231.38,217.85,213.92, 189.35, 162.68, 161.72, 159.69, 157, 152.98, 150.07, 144.44,

135.51.
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TABLE III. AFLP pattern designation and frequencies associated with somatic compatibility
group (SCQG) of Rhizoctonia solani AG-3 isolates from tobacco leaves sampled from each of

10 fields in North Carolina.

DNA fingerprint designation *and frequency on fields b

Lenoir Duplin Craven Edgecombe Caswell

SCG ° Field 10 Field 11 Field 12 Field 13 Field 14 Field 15 Field 16 Field 17 Field 18 Field 19 Total
A 19 (1) 19 (1) 16 (1) 17 (1) 4
B 23 (1) 20 (1) 10 (1), 21 (1) 8(1) 1 (1), 4(1) 7
C 15(2),29(1) 14 (1) 4
D 24 (1) 12(1),28(1)  9(1),18(1) 5
E 22(1) 1(1),7(1) 2(2) 1(1) 6(1) 7
F 11 (1) 13 (1) 2
G 25(1) 26 (1) 27(1) 4(1),5(1) 5
H 4() 3() 2
nd 4 3 5 4 3 3 3 2 4 5 36

* The DNA fingerprint was determined from AFLP analysis of total genomic DNA using two
separate pairs of selective primers: CA-AC or GT-GT. Isolates with the same fingerprint
designation number have an identical DNA fingerprint. Details about the AFLP pattern for
each particular designation is presented in the TABLE II.

b Fingerprint frequency is the number of isolates sampled with a unique DNA fingerprint that
belonged to the designated SCG. Frequencies are in parentheses, e.g. for SCG C in Field
14, two had fingerprint 15 and one 29. The approximate distance between tobacco
commercial fields in North Carolina are: Lenoir is distant 53.8 km from Duplin, 65.9 km
from Craven, 86.2 km from Edgecombe and 231.9 km from Caswell County; Duplin is
distant 131.5 km from Craven, 192.7 km from Edgecombe and 235.2 km from Caswell
County; Craven is distant 125.3 km from Edgecombe and 290.7 km from Caswell County;
Edgecombe is 221.2 km distant from Caswell County.

¢ SCG determined by pairing isolates on PDA amended with 1% charcoal (MacNish et al

1997). Isolates with the same SCG number were somatically compatible.

d Sample size.
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Chapter 2

Genetic diversity and structure of populations of Rhizoctonia solani Kiihn AG-3 (teleomorph
= Thanatephorus cucumeris) from potato in North Carolina
P. C. Ceresini, H. D. Shew, R.Vilgalys, U. L. Rosewich, Marc A. Cubeta

Manuscript to be submitted to: Mycologia
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ABSTRACT

A polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP)
method was used to identify and differentiate genotypes of the heterokaryotic fungus
Rhizoctonia solani anastomosis group 3 (AG-3) from potato. A population sample of 104
isolates from five counties in eastern North Carolina was analyzed using polymorphic
codominant single-locus PCR-RFLP markers identified after sequencing and screening
anonymous DNA from a fungal genomic library. A multilocus genotype was determined for
each isolate using combination of PCR product and polymorphic enzyme for each of seven
different loci. There was evidence for high levels of gene flow between populations of
R. solani AG-3 in NC. The five samples were genetically similar with one another. When
data was clone-corrected. When data was clone-corrected and samples pooled into one single
population from NC, random associations of alleles within and between loci were found for
all the loci or pairs of loci, indicating random mating. However, when all genotype were
analyzed the observed genotypic diversity deviated from panmixia and alleles within and
between loci were not randomly associated. These findings support a model of population
structure for R. solani AG-3 on potato that includes both recombination and clonality.

Key words: PCR-RFLP, codominant markers, population subdivision, gene flow

INTRODUCTION

The soil fungus Rhizoctonia solani anastomosis group 3 (AG-3) is a major pathogen
infecting potato worldwide. Rhizoctonia disease can be found on all underground parts of

the plant including roots, sprouts, stems and stolons. As potato plants reach maturity, the
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fungus can infest daughter tubers, producing black sclerotia on their surface (Carling et al
1989).

In general, R. solani is asexual and survives as vegetative mycelium and sclerotia (Adams
1996). R. solani AG-3 is considered to have distinct reproductive modes dependent on its
host. For example, on potato R. solani reproduces basically asexually while on other
Solanaceuous hosts, such as tobacco, the sexual stage (Thanatephorus cucumeris (Frank)
Donk) predominates (Ogoshi 1987, Shew and Melton 1995). Sexual spores are sometimes
produced on potato but usually play a limited role in disease epidemiology (Carling et al
1989).

The conjecture that R. solani is primarily asexual is associated with our lack of
comprehension of how heterokaryotization occurs in nature. Field isolates of R. solani are
generally presumed to be heterokaryotic (Flentje et al 1970). Therefore, if recombination has
an important role in determining the population structure of this pathogen,
heterokaryotization through fusion of somatic mycelium from two (monokaryotic =
homokaryotic) basidiospores should occur prior to infection. However, the detection of
mating reactions and their consequences to population structure of R. solani is not easily
determined (Cubeta and Vilgalys 1997). Homokaryons of R. solani cannot be readily
distinguished from heterokaryons due to the multinucleate condition of R. solani hyphae and
lack of clamp connection. In addition, isolates of most AG, including AG-3, do not readily
sporulate in vitro, even when basidiospores are produced in nature (Ogoshi 1987). Though
basidiospore-bearing hymenia of R. solani AG-3 have been observed in potato fields, it is
currently unknown whether recombination occurs in field isolates and whether AG-3 is

homothallic or heterothallic.

33



Studies on genetic variation of R. solani AG-3 have focused mostly on genetic
differentiation among laboratory isolates obtained from distinct hosts, including eggplant,
potato, tobacco and tomato (Laroche et al 1992, Liu and Sinclair 1992, Liu et al 1993,
Stevens Johnk et al 1993). For potato, little information is known about the population
structure of this pathogen. Using somatic compatibility and DNA-based genetic markers
(amplified fragment length polymorphism analysis = AFLP), preliminary study showed
evidence for high genetic diversity and recombination in populations of AG-3 from potato
(Ceresini et al 2000). However, basic questions still remain on the population structure and
genetic diversity of R. solani AG-3 from potato. For example: i) How diverse are
populations of R. solani AG-3 from potato fields? ii) Are potatoes infected by many
genotypes? iii) Are populations of R. solani AG-3 on potato clonal or panmictic in structure?

In this study two hypotheses were tested: a) populations of R. solani AG-3 from potato in
North Carolina have no genetic subdivision or differentiation; b) populations of R. solani
AG-3 from potato are predominantly clonal in structure. To address these hypotheses, a
strategy for rapid detection of individual genotypes of R. solani AG-3 using codominant
polymerase chain reaction (PCR)-RFLP markers was employed. These markers were used to
assess the genetic diversity and the structure of population samples of R. solani AG-3
obtained from five different counties in North Carolina. Comparisons of levels of genetic
variation, heterozygosity, clonality and genetic similarity among these samples were
conducted. Data were analyzed to determine the distribution of genotypes within and among
populations and the spatial scale over which population structure arises as a consequence of

recombination and migration (i.e., gene flow).
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MATERIALS AND METHODS

Population sampling and DNA isolation. The population sample of R. solani AG-3 isolates
for this study was obtained from infected potato with symptoms of stem canker. This
population from infected plants was obtained from five commercial fields in eastern North
Carolina. Ten plots (2 per field) with 6-8 rows of 9.14 m length each were planted with
either 240 or 320 seed pieces of potato (cv. 'Atlantic') previously disinfected with 2%

formaldehyde to eliminate indigenous R. solani (Carling et al 1989)- All plants from each

plot were harvested and examined for symptoms of Rhizoctonia stem canker.

Samples were assayed on alkaline water agar (AWA, pH 8.5) to isolate R. solani
(Gutierrez et al 1997). Pure cultures of R. solani were established by transferring mycelium
from single hyphal tips to potato dextrose agar. Isolates were maintained by storing on
sterilized rice grains at —20°C. Isolates were examined for nuclear condition (Kulik and Dery
1995, Martin 1987). The anastomosis grouping of each isolate of R. solani was determined
using standard protocol (Gutierrez et al 1997, Herr and Roberts 1980, Kulik and Dery 1995).
A total of 104 isolates of R. solani AG-3 was obtained from naturally infected plants.
Genomic DNA was extracted using methods described previously (Rosewich et al 1999).
Development of PCR-RFLP markers. Anonymous single-copy DNA markers were
selected using a strategy outlined by Karl & Avise (1993). A library was constructed with
Hind 1I-digested DNA of a randomly chosen NC potato isolate of R. solani AG-3 (P-211)
cloned into pUC18 and used to transform competent Escherichia coli cells as described
previously (Rosewich et al 1998). Sizes of clones resulting from this library were

determined by digestion with Hind 11l and separation of DNA on a 0.8% agarose gel with a
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1-kb ladder. Clones with a single insert between 1 and 1.8 kb were selected (32 total). An
extra 3.2 kb clone was also included in the sample. Both termini from cloned DNA
fragments were sequenced using forward and reverse primers for the multiple cloning site of
pUCI18. An ABI Prism 377 automated sequencer (PE Applied Biosystems) was used for
electrophoresis and data collection. Sequence chromatograms were compiled using
Sequencher software (vers. 2.0, GeneCodes Corp.). Locus-specific PCR primers for 21-26
nucleotides were designed for further screening. Subsequent PCR reactions employed
standard conditions described previously for R. solani (Vilgalys and Gonzales 1990) using
Amplitag® DNA polymerase (Perkin-Elmer). Restrictions polymorphisms were detected
initially screening 21 random isolates of R. solani AG-3 from all five NC counties using 6-
base cutter (Bam HI, Eco R1, Eco RV, Hind 111, Hinc 11, Hae 11, Pst 1, Sac 1, Sty 1, Xho 1) or
4-base cutter (Hha 1, Hae 111, Mbo 1, Msp 1, Rsa 1, Tru 91) restriction enzymes. The entire
remaining sample of 104 isolates was then screened using combinations of PCR fragment
and specific polymorphic restriction enzyme. Typical restriction enzyme reactions consisted
of 5 uL of PCR product, 7.5 U of enzyme (Promega), 2.0 pL of 10X reaction buffer, 0.2 pL
of 10X bovine serum albumin and H,O to a total volume of 20 pl. Reactions were incubated
for 5 hours at 37°C (or according to manufacturer's recommendations) then stopped by
incubation at 70°C for 5 min. PCR products and restrictions digests were subjected to
electrophoresis in 1.2 to 2.4 % MetaPhor® (FMC BioProducts) agarose gels in 1X TBE,
containing ethidium bromide, and viewed by UV transillumination.

Data analysis. The data was arranged into three data sets. The first data set included
isolates with the five geographical populations (NC counties) retained. This data set was

further hierarchically subdivided into sampling location within the five fields. In a second
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data set (clone-corrected), isolates with the same multilocus PCR-RFLP genotypes within
each geographic population were considered only once. A third data set, which was either
uncorrected or clone-corrected, all multilocus PCR-RFLP genotypes were pooled.

For analysis of genetic diversity within R. solani AG-3 populations, three population
genetics measures were applied: (a) Stoddart’s genotypic diversity (Stoddart and Taylor
1988) G, = 1/(2 p;®), where p; is the frequency of a particular multilocus genotype, with G,
ranging from 1 to N, where N is the sample size. The sample corrected genotypic diversity,
G. =G,/ N, was used to allow comparisons between different populations. The expected
overall genotypic diversity for a sample of size N was calculated using Stoddart's expected

1

genotypic diversity (Stoddart 1983) ¢f = , where d = Yg; for all genotypes

d+2
N
when (g, * N)>1 and p = 2.g; for all the genotypes when (g, * N)<1; giis the expected

frequencies of the multilocus genotypes calculated using Hardy-Weinberg expectations; (b)
observed heterozygosity (Ho) which represents the percentage of heterozygosity at each
locus. The mean observed heterozygosity and gene diversity were calculated as the

arithmetic mean of all loci sampled; and (c) Unbiased estimate of expected heterozygosity

A

(He) or mean unbiased gene diversity, H 5= Z hi/r » where hi is the value of h for &A™
k=1

locus, and r is the total number of loci studied; h is an unbiased estimate of heterozygosity for
a single locus given by h = 2n(1 - fo )/ (2n - 1) , where n is the number of diploid

individuals, and x; is the corresponding frequency of the i™ allele at a locus in a sample from
the population (Levene 1949, Nei 1978, Nei 1987). The expected heterozygosity was

calculated using TFPGA version 1.3 (Miller 1997).
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Between population analyses were conducted to test for structure in populations of
R. solani AG-3. Three population genetics measures were applied: (a) Analysis of molecular
variance (AMOVA), which estimates variance components considering the number of
differences between molecular genotypes (Weir and Cockerman 1984, Excoffier et al
1992,Weir 1996). These estimates reflect correlation of diversity at different levels of
hierarchical subdivision (between groups or geographic populations, between sampling
locations within geographic populations). (b) Pairwise @ statistics comparisons (F statistics
equivalents produced by AMOVA), which reveals similarity between the individual
geographic populations. AMOVA analyses were conducted using ARLEQUIN ver 2.000
(Schneider et al 2000). (c) Similarity among the population samples calculated using F
statistics (theta P or Fwcst) as in Weir and Cockerman (1984) and Nei’s unbiased genetic
distance (D) (Ne1 1978, Nei 1987). These tests (Fwcst and D), which are based on allele
frequency differences between population samples, were calculated using GDA version
1.0(d15) (Lewis and Zaykin 2000). UPGMA phenograms were generated based on pairwise
genetic distances D (Hartl and Clark, 1997).

To compare the relative contribution of clonality and recombination in each sample of

R. solani AG-3, two population genetic measures were used: (a) the Hardy-Weinberg
equilibrium (HWE) test, which examines the random association of alleles within a locus by
testing the observed genotypic frequencies for goodness-of-fit with Hardy-Weinberg
expectations (Hartl and Clark 1989). To test for HWE an exact test analogous to Fisher's
exact test (Guo and Thompson 1992) was calculated using ARLEQUIN 2.000 (Schneider et
al 2000). In addition, the likelihood ratio statistic G (recommended for genotypic data for

which the haplotypic phase is unknown) was calculated using POPGENE (Yeh et al 1997).
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(b) Composite genotype disequilibrium or linkage disequilibrium (Weir 1996), which
estimates the allelic association between pairs of polymorphic markers using an exact test for
association through permutation (Zaykin et al 1995). Linkage disequilibrium between all
pairs of loci was calculated using an exact test analogous to Fisher's exact test (Slatkin 1994,
Slatkin and Excoffier 1996). Calculations were performed using ARLEQUIN 2.000

(Schneider et al 2000).

RESULTS

Development of PCR-RFLP markers . ---From the total of 32 randomly cloned Hind III-
digested R. solani AG-3 genomic DNA fragments selected based on size, 15 were partially
sequenced and used to design locus-specific PCR primers. Eight were found to be
monomorphic, hypervariable or otherwise problematic (e.g. failing to amplify, producing
multiple PCR fragments). The remaining seven DNA fragments amplified from all isolates
and possessed unique restriction polymorphisms. Each of four fragments had one
polymorphic restriction site, while three had two polymorphic sites. Each polymorphic
restriction site, which corresponds to a unique combination of primer pair, restriction
enzyme, and restriction site, was defined as a locus (TABLE I). Scoring by this method is
unambiguous as each locus has two alleles: allele 1 represents the presence of the restriction
site, and allele 2 its absence. Examples of this PCR-RFLP genotyping method are presented

in FIG. 1.
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Genotypic analysis.--- Genotypes and genotypic counts for each of the five samples of
Rhizoctonia solani AG-3 are presented in TABLE II. Among the 104 R. solani isolates
analyzed, 32 multilocus PCR-RFLP genotypes (MRG) were identified. On average, 8.8
MRG were found per locality (range:2-15). Most of the MRGs (about 81 %) were site
specific (TABLE II and III). However, isolates with the same genotype were commonly
observed between field sites. Five multilocus genotypes (MRG 3, 2, 1, 48 and 50)
represented 13.5, 9.6, 8.7, 8.7 and 6.7% of the sample, respectively. Altogether, these five
genotypes represented 49 isolates, which accounted for 47.1% of the total population. The
observed count of 14 for MRG3, and 9 for either MRG1 or MRG48 was higher than the
expected counts of 5.28 for both MRG 3 and MRG 1, and of 3.82 for MRG48, which were
derived under the hypothesis of panmixia (Stoddart and Taylor 1987). The observed and
expected counts of genotypes for MRG 2 and 50 were similar.

As a control, a sample of the same tubers used for establishing the plots was submitted to
isolation on AWA, before disinfestation of the tubers with 2% formaldehyde. Six other MRG
were identified on these infected seed potatoes: one MRG16 (1/1 1/1 1/1 1/2 1/1 1/1 2/2),
two MGR17 (1/1 1/1 1/1 1/2 1/1 1/2 2/2), one MRG28 (1/1 1/2 1/1 1/1 1/1 1/1 2/2), one
MRG37 (1/1 1/2 1/1 2/2 1/1 2/2 2/2), one MRG38 (1/1 1/2 1/2 1/1 1/1 1/1 2/2), and two
MRGS59 (1/2 1/1 1/2 1/1 1/1 1/1 1/2). After disinfestations, isolates of R. solani AG-3 were
not recovered.

Stoddart's genotypic diversity (G,) and the sample size-corrected genotypic diversity (G.)
of different samples of R. solani AG-3 are presented in TABLE III. The mean genotypic
diversity (G.) was 0.2945. Overall, there was no difference between any pairs of samples

considering their G; values. In addition, the observed overall genotypic diversity (G, for
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uncorrected data = 16.64) was smaller than the expected value under panmixia (G, = 38.78)

(TABLE II).

Gene diversity, patterns of heterozygosity and deviations from HWE.---Six of the seven loci
surveyed from five geographical populations of R. solani AG-3 were polymorphic in all
localities, with an average of 1.97 alleles per locus. The only exception was the loci pP45-
Hind 111, which was polymorphic only at Hyde County. Most alleles (11/16) were present in
all five populations. Rare alleles were present at low frequencies in one population (allele 2
at locus pP45-Hind 111 in the population sample from Hyde).

The observed and expected heterozygosity of all samples from NC is presented in TABLE
IV. Heterozygosity values varied greatly among loci, from 0.010 to 0.481. Two of the seven
loci had heterozygosity less than 0.100 (pP45-Hind 11l and pP47-Eco RV). The mean
heterozygosity (over loci) of the samples was between 0.186 and 0.381 when all the isolates
were included in the analysis and between 0.229 and 0.357 for clone-corrected data.
Comparisons of mean heterozygosity of each sample indicated no difference between
expected and observed values. The exception was the sample from Currituck, which showed
a smaller mean heterozygosity than the expected value for clone corrected data. In addition,
the sample from Currituck exhibited the higher heterozygosity in comparison with all the
other four samples.

Each sample of R. solani AG-3 from NC was also examined for the association of alleles
within a locus (HWE tests) for each particular locus (TABLE IV). For all the samples, when
data was not clone corrected, most of the loci (at least 5/7) had genotypic counts that did not

deviate from Hardy-Weinberg expectations (HWE). Two loci (pP09-Hha 1 and pP42-Hind

41



III) in the sample from Currituck, one locus (pP83-Hind I1I) in the sample from Hyde, and
one locus (pP46-Hind 111) in the sample from Camden showed significant deviation from
HWE. Whereas in the samples from Currituck and Hyde an excess of homozygotes for the
loci that deviated from HWE was observed, for the sample from Camden the deviation was
due to excess of heterozygotes in the population. For clone corrected data, all loci had

genotypic counts that did not deviate from HWE.

Population structure.--- Analysis of population structure and relationship between samples

was conducted for both uncorrected and clone-corrected data. Using AMOVA (Analysis of
Molecular Variance), overall @gr between geographic populations was 0.0745 for
uncorrected data. When the geographical populations were subdivided into sampling units
within geographic populations (counties), subdivision was found to be only slightly higher
between sampling units than between geographic populations (®sr = 0.1076). For clone
corrected data, overall @grwas -0.0001 between geographic populations. With further
hierarchical subdivision of geographical populations into sampling units, ®gr value was

observed to be higher (0.0111). However, both values of ®gr for clone-corrected data were

not significantly different from zero. In general, most of the molecular variation was detected

within population, with very little variation occurring between geographic populations.
Population differentiation and gene flow were also analyzed using estimates of Theta P

(Fst) as in Weir and Cockerman (1984) (TABLE V). The overall Fst between populations

was 0.0741 for uncorrected data, which was significantly greater than zero. This range of Fgsr

indicates little genetic differentiation among populations. For clone-corrected data overall
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Fsr was —0.0009, which was not significantly different from zero as the 95% confidence
interval of Fgr bootstrap analysis span zero.

Pairwise comparison between geographic populations was performed using estimates of
Fsr equivalents (pairwise @gt values) and Nei’s unbiased genetic distances (D), for both
uncorrected and clone-corrected data (TABLE VI, FIG. 2). Pairwise ®gt values were
significantly greater than zero (indicating population differentiation) only for uncorrected
data. For example, the population from Washington was significantly different from Tyrrell
and Currituck and very similar to Hyde and Camden county populations. For clone-corrected
data, however, there was no indication of population differentiation considering both
pairwise dgr values and D. Both approaches gave similar results, indicating high levels of

gene flow.

HWE test for association of alleles within a locus and exact test for linkage disequilibrium
between pairs of loci.--- Due to the fact that there was no indication of population structure,
all MRG data was pooled into a single data set (for both uncorrected and clone-corrected
samples) to test for HWE (TABLE VII) and composite linkage disequilibrium (TABLE VIII)

between all pairs of loci.

The results from the likelihood ratio test (Gz) and the exact test analogous to Fisher’s
indicated genotypic proportions similar to HWE proportions at all seven loci (for clone-
corrected data) and for six loci considering the uncorrected sample. For uncorrected data,
only the locus pP09-Hha 1 showed proportions of genotypic counts that deviated from HWE.

Overall, for uncorrected data, most pairs of loci were in genotypic disequilibrium (13/21).
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However, for clone-corrected data, the exact test for linkage disequilibrium was not

significant for all pairs of loci.

DISCUSSION

This study describes a PCR-RFLP method for genotyping Rhizoctonia solani AG-3
isolates. We used combinations of two strategies for development of codominant markers as
proposed by Rosewich et al (1999) and Xu et al (1999). The method enables unambiguously
scoring of genotypes of isolate of R. solani AG-3 allowing the distinction between homo-
and heterozygotes, in contrast to DNA fingerprint based methods. It is also efficient,
requiring small amounts of DNA as starting material. Consistent with the heterokaryotic
nature of R. solani, which has been confirmed by similar molecular typing methods
(Rosewich et al 1999), every isolate had one or more heterozygous loci. In addition, isolates
with more than two loci were not observed (TABLE II).

During the process of screening, four of the seven PCR-RFLP markers used for
genotyping R. solani AG-3 from potato (pP42, pP46, pP47 and pP89) also amplified genomic
DNA from tobacco isolates of R. solani AG-3 (data not shown). Except for marker pP42,
none of the alleles present in the tobacco sample of 20 isolates of R. solani AG-3 were shared
with the potato sample. Our findings corroborate previous information that populations of
R. solani AG-3 are subdivided by host specialization (Ceresini et al 2000, Kuninaga et al
1997, Ogoshi, 1987, Shew and Lucas, 1991, Stevens Johnk et al 1993).

Additionally, no allelic variation for these four loci was observed within the tobacco

sample, suggesting low genetic diversity for this population. Especially for these makers, this
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observation was expected as the markers were developed from a library of cloned genomic
DNA fragments obtained from a potato isolate. However, no genetic variation was found in
tobacco isolates of R. solani AG-3 using a set of similar PCR-RFLP markers specifically
developed from cloned genomic DNA from a tobacco isolate. Besides the usefulness for
genetic analysis of potato populations of R. solani AG-3, those four markers could have
potential applicability for phylogenetic analysis within R. solani AG-3 as they were shown to
be conserved enough to amplify genes across these two genetically distinct AG-3 subgroups.
The first objective of this study was to determine the extent of genetic differentiation
among populations of R. solani AG-3 from potato and make inferences about gene flow and
population subdivision. The allelic information from the seven single locus PCR-RFLP
markers allowed us to group the 104 isolates of R. solani AG-3 into 32 multilocus PCR-
RFLP genotypes (MRG). Even though relatively few MRG were shared among localities,
gene flow was high. When data from all isolates were analyzed, overall ®gt between
geographic populations was 0.0745. Subdivision was found to be only slightly higher
between sampling units than between geographic populations (®sr= 0.1076) when data were
subdivided into sampling locations within field. However, using clone corrected data, ®gr
and Fgrestimates were negative. Negative values of these statistics indicate that populations
are genetically more similar than isolates within populations (Schneider et al 1997, Weir and
Cockerman 1984). In addition, for clone corrected data, all pairwise ®@sr values were not
significant at 5% and Nei’s genetic distance (D) indicated no differentiation between
populations. The comparisons of genotype diversity (G.) also did not reveal differences
among the five potato samples (TABLE III). Thus, under the perspective of population

structure in spatial scale, there was strong evidence for a large amount of gene flow (i.e.
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allele frequencies were similar across populations and no genetic subdivision or
differentiation was evident).

Our results support the existence of a mechanism that ensures efficient long distance
dispersal of the genotypes between geographic populations. Recent analysis of the
contribution of tuber-borne genotypes to the overall population of R. solani AG-3 present in
potato fields of North Carolina provided evidence on how tuber-borne inoculum introduced
every year affects population structure of the pathogen. High levels of genetic diversity were
detected in introduced potato-tubers from Canada (New Brunswick), Maine, and Wisconsin
(50 different genotypes among a total sample of 58 isolates) (Ceresini 2000). Seven of these
genotypes were amongst the most frequent genotypes observed in North Carolina fields
(Ceresini 2000).

Similar lack of population structure was found for R. solani AG-1 IA from rice in Texas
(Rosewich et al 1999). The authors characterized seven codominant RFLP loci for 182 AG1-
IA isolates in Texas rice fields and found 36 different multilocus genotypes. As there was no
evidence for genetically isolated groups, all the isolates from rice growing areas were
considered to be part of one single population of R. solani AG-1 IA. Considering the similar
observations of lack of population structure within R. solani AG-3 from potatoes, we used
the same approach as Rosewich et al (1999) of pooling all the multilocus PCR-RFLP
genotypes into one single data set for further analysis of HWE and linkage disequilibrium.

The other specific question addressed in this study was: Does multilocus genetic diversity
analysis support an asexual structure in local populations of R. solani AG-3 on potato? In
general, the population genetic structure of R. solani (T. cucumeris) is considered to be either

predominantly recombinant or clonal with no recombination demonstrated to date (Cubeta
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and Vilgalys 1997, Vilgalys and Cubeta 1994, Yang et al 1995). Macnish et al (1997) found
an association of anastomosis reaction type with enzyme phenotype, and an
overrepresentation of certain phenotypes, which they considered evidence for clonality.
Evidence for clonal reproduction was also demonstrated for R. solani AG-1 IA through
findings of repeated recovery of genotypes in the same and different rice field (Rosewich et
al 1999).

To answer the question on population structure of R. solani AG-3 from potato, we looked
at the main effects of asexual reproduction on pathogen populations. The first major effect of
asexual reproduction is the production of fewer recombinant genotypes, which decreases
genotypic diversity. In this study the hypothesis of clonality was partially supported in that at
least three to four of the population samples from potato shared the most common multilocus
genotypes (MRGs 3, 1 and 48) (TABLE II). The observed counts for the MRG3, MRG1 or
MRG48 was much higher than the expected counts derived under the hypothesis of panmixia
(Stoddart and Taylor 1987). The higher frequency of these genotypes in potato samples may
represent clonal distribution in a larger scale as all three MRG were also found on seed
potato tubers introduced from Maine in NC (Ceresini 2000). In addition, if populations of
R. solani AG-3 were completely panmictic, the observed genotypic diversity would be
similar to the expected value under panmixia (Stoddart 1983). Our results indicated an
observed overall genotypic diversity (G, for uncorrected data = 16.64) considerable smaller

than the expected value under panmixia (G, =38.78) (TABLE II), supporting clonality. The

clonal reproduction of R. solani AG-3 via mycelia or sclerotia provides a mechanism for a
local collection of clones to predominate within a much larger recombining population of the

pathogen on potato. However, the biological features of these asexual structures, especially
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the mode of dissemination, will influence the scale and intensity of clonal spread (Taylor et
al 1999). A clonal structure for a population of R. solani AG-3 from Australia could not be
rejected as one DNA fingerprint pattern represented 30% of the isolates tested (Balali et al

1996).

The multiple occurrence of genotypes of R. solani AG-3 represents a clear acceptance that
populations, in their whole, are not only randomly mating because of asexual cycles that
amplify clones (Milgroom 1996). The multiple occurrence of genotypes can be a
confounding factor in the analyses of population structure of this potato pathogen. Therefore,
the approach of analyzing the population structure of R. solani AG-3 considering only one
representative of each multilocus genotype is appropriate. This approach has been
recommended for making inferences about recombination in other populations of plant
pathogens (Liu et al 1996, MacDonald et al 1994, Rosewich et al 1999, Xu et al 1999).

The second major effect of frequent recombination on population structure is the random
association of alleles both within and between loci. The association of alleles within loci was
determined testing for HWE using an exact test (probability test) (Weir 1996) and a
likelihood test (G?). The tests including all genotypes indicated that only one locus (pP09
Hha 1) was not in HWE. In addition, when all genotypes were considered, linkage
disequilibrium was detected for eight pairs of loci. However, for clone-corrected data, both
tests for HWE indicated that all loci were in equilibrium and no linkage disequilibrium was
detected for any pairs of loci. Comparatively, analyses of the population structure of
R. solani AG-1 IA from rice indicated that just over half of seven RFLP loci were in HW
equilibrium and only one of all possible pairs of loci was in linkage disequilibrium, which

indicates that recombination was occurring (Rosewich et al 1999).
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At the extremes of models of population structure, populations may be panmictic or
strictly clonal. An intermediate model was proposed by Maynard Smith et al (1993) for
bacterial pathogens. This model may also be appropriate for many fungal plant pathogens
that have annual sexual cycles and asexual phases. This model is characterized by frequent
recombination and distinguished by the occurrence of one or a few successful individual
genotypes that reproduce clonally and increase to high frequencies. Differences in fitness
among genotypes expressed in the asexual phase could be responsible for causing nonrandom
associations of alleles. Although unbiased estimates of linkage disequilibrium are difficult for
the R. solani AG-3 potato pathosystem because populations of this plant pathogen in NC are
not in equilibrium, our observations support a model of population structure for R. solani
AG-3 on potato that includes both clonality and recombination.

This study provided some initial information on population genetics of R. solani AG-3
from potato in NC. Although the sampling strategies were probably sufficient, further studies
to elucidate the magnitude of recombination in the pathogen population are needed. It is clear
from this study with R. solani AG-3 and from other study with AG-1 IA from rice (Rosewich
et al 1999) that increased sampling is needed to maximize genotypic diversity and
consequently the power of the tests applied for inferring structure.

This study also provided evidence that recombination is occurring in NC populations of
R. solani AG-3 from potato. Evaluation of whether the sexual stage of R. solani AG-3 plays
an significant role on the epidemics of Rhizoctonia diseases on potato is important, as even a
minor amount of recombination could have significant effects on the population structure of

this pathogen (Milgroom 1996).

49



Focus should also be given to elucidate the role of other evolutionary processes that could
cause linkage disequilibrium on populations of R. solani AG-3, for example gene flow or
migration. Gene flow can cause gametic disequilibrium by the immigration of relatively large
numbers of individuals from populations with different allele frequencies (Milgroom 1996).
The influence of migration from more diverse sexually recombining populations is often
dependent on geographical barriers and the proximity of sexual and asexual populations
(Taylor et al 1999). Several studies have highlighted the potential of fungi to reproduce by
different modes in different locations and to exchange genes among distant locations by
migration (Burdon and Roberts, 1995, Goodwin et al 1995 and 1998, Kolmer JA 1997).
Future work should also examine the populations of R. solani AG-3 from northern United
States (Wisconsin and Maine) and eastern Canada, as these areas are responsible for the
production of most of the seed potatoes imported into eastern North Carolina. More detailed
analysis of the population genetics of R. solani AG-3 from northern North America could
determine the correspondence and distinction between the structure of populations from

north and Southern United States.
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TABLE 1. Polymorphic PCR-RFLP markers for PCR-RFLP analysis of Rhizoctonia solani

AG-3 genotypes from potato.

PCR-RFLP Primer Primer sequence (5'-3") Length Fragment Enzyme Restriction

locus code size ® site®

pP09 F09 TGTCAGTCGAGTTATCCGCGA 21 530 Hhal 320
R12 GATCAAGTGTATGCGCATGCG 21 250

PP42 F12 GTTTTTGTAGTGCACGGGGGT 21 1970 Hind 111 1250
R0O9 ATTCAACGTCTGTCGGTACGG 21 1020

PP45 F09 TTGTTCATCGTCCTCGAGTCTC 22 965 Hind 111 765
RO3 ATCGGGTAAATTGCTACGCGA 21

PP46 F09 ATTAGCCCTGACTGGGTCTCG 21 3050 Hind 111 2560
RO1 ACGATATTGCCTAGTGCGACC 21

PP47 FO08 TTCATACCCAGATCGAGCGAC 21 1960 Eco RV 1460
RO7 GCATATTTAATTTAGACAGGGACGC 25 1190

PP83 FO5 TTGTGAACCTTACAAGTACCCGA 23 1370 Hind 111 1000
R04 AAGTATTATTCTCTGCGGTTCGC 23 890

pP89 F02 TTTGAGGAAGAACGCGTACGC 21 1200 Rsal 660
R10 TGTCATTGAAAATACGGCCGA 21 515

* PCR fragment sizes and restriction polymorphic sites (base pairs) are all approximate based
on physical mapping of the fragment.
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TABLE II. Frequencies of multilocus PCR-RFLP genotypes (MRG) of Rhizoctonia solani
AG-3 from potato fields in North Carolina and estimates of overall observed and expected

genotypic diversity.

§ - % = Observed Expected
M;}G Genotype ™ © (pP09, pP42, pP45, pP46, pP47, E ° g 1 é Count  count ©
pP83, pP89) 2 > 5 & 3

< O ©)

=
1 /i1 1/11/11/111 2 4 3 9 5.28
2 /111 111/11/11/1172 7 10 10.66
3 V1 /11111 11 1/12/2 5 7 2 14 5.28
4 V111111111211 1 1 1.13
5 111 111/11/112172 1 3 4 2.29
6 /111 111/11/11/22/2 2 2 1.13
7 V1 /11111 1/11/32/2 1 1 0.66
12 V1 U/11/11/11/21/22/2 1 1 0.08
14 i1 11 11 1 1 1.19
15 /111111211 1/1 172 1 1 2.41
20 V1111211 U1 1/1172 1 1 0.10
26 /1121117111 /111 3 3 1.41
27 /1121111 1/11/1 172 3 3 2.85
29 1/112111/11721/1 172 1 1 0.20
34 V1121112101 1/1172 2 2 0.64
36 V11/211122121/1172 1 1 0.05
42 /1131111111111 1 0.74
43 /1131111 1/711/1 172 2 2 1.49
45 V1131112 111/12/2 3 0.17
48 1211111111 /111 2 5 1 1 9 3.82
50 1211 1/11/1 /1 1/1 172 1 5 1 7 7.72
51 12111/11/11/112172 1 1 1.66
52 121111111113 1/1 2 1 3 0.47
54 12111112 111/21/2 1 1 0.37
55 1211 1/1 12 1/1 2/2 172 3 3 0.02
56 17211 1/1 12 1/1 2/3 1/2 1 0.02
63 1/21/21/11/1 1/1 1/12/2 4 4 1.02
66 12121112 /1 1/1 172 2 2 0.47
72 2211 1/11/1 1/1 1/3 172 3 3 0.17
77 221211171 1/11/31/2 3 3 0.05
79 221/31/11/721/11/22/2 2 2 0.0046
80 2/22/31/11/21/21/11/2 4 4 0.0004

Sample size (N) 19 16 6 32 31 104
Observed genotypic diverstiy (Go) 16.64

Expected genotypic diversity (Gg) & 38.78




* Multilocus PCR-RFLP genotype. MRG codes are not in sequence. Fifty additional MRG
were identified from potato tuber samples (Ceresini 2000).

® Code and order of PCR marker used to define alleles at RFLP loci.

¢ Six other MRG were identified on these infected seed potatoes: one MRG16 (1/1 1/1 1/1
1/2 1/1 1/1 2/2), two MGR17 (1/1 1/1 1/1 1/2 1/1 1/2 2/2), one MRG28 (1/1 1/2 1/1 1/1 1/1
1/1 2/2), one MRG37 (1/1 1/2 1/1 2/2 1/1 2/2 2/2), one MRG38 (1/1 1/2 1/2 1/1 1/1 1/1
2/2), and two MRG59 (1/2 1/1 1/2 1/1 1/1 1/1 1/2). After disinfestations with 2%
formaldehyde, isolates of R. solani AG-3 were not recovered.

4 Counties from where the isolates were sampled in North Carolina.

¢ Expected count of the multilocus genotypes calculated using Hardy-Weinberg expectations.

f G, =1/(X piz), where p; is the frequency of a particular multilocus genotype, with G,

ranging from 1 to N, where N is the sample size.

g G, = 1 where d =Yg for all genotypes when (g,*N)>1 and p = > g; for all the

d+?2
N

genotypes when (g * N) <1; gi1is the expected frequencies of the multilocus genotypes

calculated using Hardy-Weinberg expectations.
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TABLE III. Genotypic diversity of five population samples of Rhizoctonia solani AG-3

from potatoes in North Carolina.

Source of Sample Total Number of Stoddart’s Sample size
isolates size number of  genotypes only genotypic corrected
genotypes in this sample diversity genotypic
(number of (Go) * diversity
isolates (Go)®
represented by
these
genotypes)
Washington 19 8 3(8) 6.3333 0.3333
Tyrrell 16 6 4 (6) 4.1290 0.2581
Currituck 6 2 1(4) 1.8000 0.3000
Hyde 32 15 11 (16) 9.6604 0.3019
Camden 31 13 7(14) 8.6577 0.2793
Overall Mean 6.1108 0.2945
Standard 2.8860 0.0251
deviation

"Go=1/(2 piz), where p; is the frequency of a particular multilocus genotype, with G,

ranging from 1 to N, where N is the sample size.

®G.=G, /N
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TABLE IV. Patterns of heterozygosity in different samples of Rhizoctonia solani AG-3 from

potato in North Carolina.

Mean heterozygosity

Population Sample type Expected a  Observed No. ofloci in No. of loci with excess No. ofloci with excess
HWE ¢ homozygotes heterozygotes
Washington All genotypes © 0.2392 0.2105 7 0 0
Clone corrected © 0.2714 0.2500 7 0 0
Tyrrell All genotypes 0.2488 0.2946 7 0 0
Clone corrected 0.3333 0.3571 7 0 0
Currituck All genotypes 0.3809 0.3809 5 2 (pP09 and pP42) 0
Clone corrected 0.4286 0.2857 7 0 0
Hyde All genotypes 0.2045 0.1875 6 1 (pP83) 0
Clone corrected 0.2289 0.2286 7 0 0
Camden All genotypes 0.2113 0.2073 6 0 1 (pP46)
Clone corrected 0.2457 0.2527 7 0
Total sample All genotypes 0.2570 0.2562 6
Clone corrected 0.3016 0.2748 7

* Expected heterozygosity (unbiased) was computed according to Levene (1949) using

TFPGA version 1.3 (Miller 1997).

b Analysis performed on total data that included all 104 genotypes.

¢ Clone corrected data comprising 32 multilocus PCR-RFLP genotypes

YHWE test was performed according to an exact test analogous to Fisher’s exact test on a
two-by-two contingency table, but extended to a triangular contingency or arbitrary size
(Guo and Thompson 1992), calculated using ARLEQUIN 2.000 (chain length: 100,000;
dememorization: 1000) (Schneider et al 2000).
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TABLE V. Population differentiation and gene flow of Rhizoctonia solani AG-3 from potato

fields in North Carolina.

Sample Type
All genotypes : Clone corrected o

PCR-RFLP Nu € theta P Ne © theta P
locus (Fwesn) d (Fwcest)
pP09 - Hha 1 208 0.1420 88 -0.0003
pP42 - Hind 111 208 0.1009 88 0.0282
pP45 - Hind 111 208 -0.0116 88 -0.0352
pP46 - Hind 111 208 0.0648 88 -0.0289
pP47 - Eco RV 208 0.2392 88 0.2355
pP83 - Hind 111 208 -0.0055 88 -0.0227
pP89 - Rsa | 208 0.0266 88 -0.0336
Overall 0.0741 -0.0009
Bootstrapping Upper 0.1280 0.0499

value
over loci Lower 0.0290 -0.0264

value

* Analysis performed on total data that included all 104 genotypes.

® Clone corrected data comprising one isolate per multilocus PCR-RFLP genotype;

population was retained.

“N = sample size of alleles for uncorrected (Nu) and clone -corrected data (Nc¢)

4 F statistics were estimated as in Weir and Cockerman (1984) using GDA version 1.0 (d15)

(Lewis and Zaykin 2000).
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TABLE V1. Population pairwise ®sr* of Rhizoctonia solani AG-3 isolates collected from
five commercial potato fields in North Carolina, for clone-corrected data (above diagonal)

and total data (below diagonal).

County Washington Tyrrell Currituck Hyde Camden
Washington - -0.0270 -0.0063 -0.0192 -0.0179
Tyrrell 0.0730 * - -0.0933 0.0186 0.0035
Currituck 02107 ™ 0.1232 ° - 0.0656 0.0452
Hyde 0.0050 0.1057 ™ 02949 ™ - 0.0089
Camden 0.0229 0.0320 * 02572 ™ 0.0146

* Population pairwise ®sr was calculated using ARLEQUIN ver 2.000 (Schneider et al
2000). Asterisks indicate significance of P values at P < 0.05 (*), P <0.01 (**) and P <
0.001 (***) leading to values of ®@gr larger than or equal to the observed value when
permuting multilocus RFLP genotypes between populations (1000 permutations were

performed).



Washi ngt o Washi ngt ol

Tyrrell | Hyde
Currituck L Candem
Canmdem L Tyrrell
Hyde Currituck
0. 0001 0.01
(a) (b)

Nei’s unbiased genetic distance (D)

FIG. 2. UPGMA phenogram describing genetic similarity among five populations of
Rhizoctonia solani AG-3 from North Carolina. The distance measure is based on Nei’s
genetic distance (D). These two phenograms are based on two different sample types: (a) the

clone-corrected samples; (b) the total sample.
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TABLE VII. Test for Hardy-Weinberg Equilibrium for multilocus PCR-RFLP genotypes of

Rhizoctonia solani AG-3.

PCR-RFLP locus Sample type G** p¢ Prob.°
pP09 - Hha 1 All genotypes " 5.5963 0.0180* 0.0220
Clone corrected ° 2.6336 0.1046 0.1647
pP42 - Hind 111 All genotypes 6.6992 0.0719 0.0978
Clone corrected 1.6713 0.6433 1.0000
pP45 - Hind 111 All genotypes 0.0000 1.0000 1.0000
Clone corrected 0.0000 1.0000 1.0000
pP46 - Hind 111 All genotypes 2.2509 0.1335 0.5944
Clone corrected 2.0918 0.1400 0.5546
pP47 - Eco RV All genotypes 0.2090 0.6476 1.0000
Clone corrected 0.2001 0.6546 1.0000
pP83 - Hind 111 All genotypes 5.2690 0.1531 0.0738
Clone corrected 0.5581 0.9060 0.8412
pP89 - Rsa 1 All genotypes 0.1950 0.6588 0.6934
Clone corrected 3.8240 0.5363 0.7249

? Log likelihood statistic (G?) calculated using POPGENE (Yeh et al 1997)
b Analysis performed on total data that included all 104 genotypes.

¢ Clone corrected data comprising 32 multilocus PCR-RFLP genotypes

4 probability of G*

“Exact test analogous to Fisher’s exact test on a two-by-two contingency table, but extended

to a triangular contingency or arbitrary size (Guo and Thompson 1992), calculated using
ARLEQUIN 2.000 (chain length: 100,000; dememorization: 1000) (Schneider et al 2000).

T Asterisk denotes significant P value at P < 0.05 (*), indicating significant deviation from

Hardy Weinberg equilibrium.
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TABLE VIII. Exact tests for linkage disequilibrium * among pairs of individual PCR-RFLP

loci based on 32 multilocus genotypes of the total population of Rhizoctonia solani AG-3".

PCR-RFLP

locus

PP09 Hha 1

pP42 Hind 111

pP45 Hind 111

pP46 Hind 111

pP47 Eco RV

pP83 Hind 111

pP89 Rsa 1

pP09 Hha 1

pP42 Hind 111
pP45 Hind 111
pP46 Hind 111
pP47 Eco RV
pP83 Hind 111

pP89 Rsa 1

0.0103 £ 0.0003

®0.6794 +0.0014

0.9999 £ 0.00002 0.4509 £0.0016

0.0180 + 0.0004 0.00002 + 0.00001

0.0662 + 0.0008

0.0006 + 0.00008

0.0001 £ 0.00004 0.1546 £0.0012

0.4422 £0.0015

0.2082 £0.0013

1+£0

0.5867 £ 0.0015

0.2021 £0.0012

0.0689 £ 0.0008

0.2497 £0.0014

0.7008 £ 0.013

0.2984 £ 0.0014

0.3298 £ 0.0015

1£0

0.0077 £ 0.00008

0.0086 + 0.0003

0.0453 +0.0007

0.9692 + 0.0005

0.0643 £ 0

1£0

0.5768 £0.0012

0.6455 £0.0015

0.2794 £0.0014

0.0938 £ 0.0009

0.1608 £ 0.0012

1+£0

0.4756 £ 0.0016

0.8246 £ 0.0012

0.2875 £0.0015

0.7972 £ 0.0012

0.8782 £ 0.0011

0.9812 £ 0.0004

0.4403 £ 0.0016

0.4847 £ 0.0015

0.7112 £0.0014

* Linkage disequilibrium between pairs of loci was assessed using a exact test analogous to

Fisher’s exact test (Slatkin 1994, Slatkin and Excoffier 1996). The calculations were

performed using ARLEQUIN 2.000 (number of permutations: 100,172; number of initial

conditions for E.M.=10) (Schneider et al 2000).

b p values for the exact test of association between alleles conditional in allelic counts.

Numbers above the diagonal are probabilities of association analyzed from the clone

corrected sample consisting of 32 unique multilocus PCR-RFLP genotypes. Numbers

below the diagonal are probabilities of association analyzed from the total sample

consisting of all 104 isolates. The symbol £ indicates the respective standard deviations.
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Chapter 3

Detecting migration using multilocus genotypes and its effects on gene flow in populations
of Rhizoctonia solani Kiihn AG-3 from potato
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ABSTRACT

This study describes the application of a population genetics-based statistical method for
detecting migration in populations of the plant pathogenic fungus Rhizoctonia solani
anastomosis group 3 (AG-3) from potato using multilocus restriction fragment length
polymorphisms (RFLPs) genotypes. The effect of migration from source populations of the
pathogen on potato seed tuber on the magnitude of gene flow with a recipient (soil
population) in North Carolina (NC) was also examined. Analysis of genetic data indicated
that the NC population of R. solani AG-3 has experienced recent migration. There was also
an indication of high levels of gene flow between the source and the recipient population.
Unidirectional migration from source population(s) followed by establishment of migrant
genotypes in the recipient population through colonization is postulated to explain the high

level of gene flow observed.

Key words: Population genetics, migrant genotypes, unidirectional migration.

INTRODUCTION

Migration plays an important role in the population structure of the plant pathogenic
fungus Rhizoctonia solani anastomosis group 3 (AG-3) on potato. High levels of gene flow
between populations of this pathogen were detected in North Carolina (NC) potato fields
where no population subdivision was found (Ceresini et al 2000). The lack of population
subdivision in plant pathosystems is an indication that the pathogen (and its genes) can
migrate freely throughout the geographic region due to an efficient mechanism of long

distance dispersal (McDermott and McDonald 1993). Seed-borne inoculum on potato tubers
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is the most important component on long distance dispersal of R. solani AG-3 (Adams 1996,
Carling et 1989). Long distance dispersal usually occurs unidirectional from outside sources
(Canada, Maine, Minnesota, North Dakota and Wisconsin) to recipient soil populations in
NC (Peet 1995). Migration occurring predominantly from one population into another,
without an equal amount of migration in the opposite direction, is referred to as one-way
migration (Hartl and Clark 1997). Although gene flow only occurs if the migrant individuals
become established and reproduce in the new population (Endler 1977, Goodwin 1997),
relatively low levels of migration are required to prevent genetic divergence among
subpopulations (Hartl and Clark 1997). Quantification of the amount of recent migration and
gene flow in populations of R. solani AG-3 is important because they constitute strong
evolutionary forces that affect the genetic structure and equilibrium of these populations.

The first specific question addressed in this study was: What is the contribution of migrant
genotypes of R. solani AG-3 present in inoculum on seed potato that is introduced every year
into commercial potato fields to the overall population of the pathogen present in NC soils?
Our hypothesis is that there is a considerable fraction of the genotypes present in recipient or
recipient soil population of R. solani AG-3 in NC which are migrants originating from areas
of seed potato production in Northern USA and Canada. The second question addressed was:
Is there evidence for genetic subdivision between source and recipient soil population of
R. solani AG-3 in NC? Our hypothesis is that high levels of migration have caused no

subdivision between source and recipient populations of the pathogen.
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MATERIALS AND METHODS

Sampling.--- Two samples representing source and recipient soil populations of R. solani AG-
3 were analyzed: one from seed potato with black sclerotia of the fungus (source seed-borne)
and another from naturally infected potato with symptoms of stem canker (recipient
soilborne). The recipient soil population from infected plants was obtained from five
commercial potato production fields in eastern NC. The recipient NC population consisted of
32 multilocus PCR-RFLP genotypes (MRG) from a total of 104 isolates and was not
subdivided (Ceresini et al 2000). To examine the contribution of genotypes present in the
seed-borne inoculum continuously introduced into potato fields to the overall populations
present in NC soils, one hundred seed potatoes were randomly collected from storage bins in
five NC counties. The potato seed tubers infested with R. solani AG-3 originated from farms
in Northern USA and Canada. For establishing the population sample from tubers, ten seed
potatoes with symptoms of black scurf were randomly selected from each lot of 100 seed
potatoes. A total of 58 isolates was obtained from the seed potato sample. Pure cultures of R.
solani were established and the anastomosis grouping of each isolate was determined using
standard protocols (Ceresini 2000).

DNA isolation and genotype identification.-- Genomic DNA was extracted using methods
described previously (Rosewich et al 1999). The isolates from potato seed tuber were
genotyped using polymorphic co-dominant single-locus PCR-restriction fragment length
polymorphism (RFLP) markers developed for R. solani AG-3 (Ceresini et al 2000). Multi-
locus RFLP genotypes were determined screening isolates using combinations of PCR

product and specific polymorphic enzyme for each of seven loci.
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Data analysis.-- The source (seed-borne) population of R. solani AG-3 was analyzed for
linkage disequilibrium between all pairs of loci, which was calculated using a test analogous
to Fisher's exact test (Weir 1996, Zaykin et al 1995). Calculations were performed using
GDA version 1.0(d15) (Lewis and Zaykin 2000).

To identify migrant individuals, or those who have recent migrant ancestry, a statistical
method that uses multilocus genotypes probabilities was employed (Rannala and Mountain
1997). Based on a list of potential source populations, this test categorizes individual
genotypes according to their probable origin (e.g. born to non-migrants parents in a certain
population, or born in a population other than the one from which they were sampled = first
generation migrants). The probability of an observed genotype for an individual is calculated
based on allele frequencies in a population. As the actual allele frequencies in a given
(sampled) population are unknown, this method considers the probability of the genotype for
the individual m, conditional on the sample of alleles for each / locus from the i population.
This is called posterior probability of the genotype, which is calculated using a Bayesian
approach. The method assumes that the set of / loci are in linkage equilibrium in the
populations (i.e. random associations of alleles within and between loci for all the loci or
pairs of loci).

The relative probability that an individual m was born to parents with no recent migration
ancestry in population 7, rather than population ' is given by the ratio of the probabilities

A\ Prx,, ()

TPX, |0 where Pr(X,, |n,)is the probability of the multilocus genotype X, of the
I im ni'

individual m conditional on the observed sample of alleles from the i population (recipient).

The same is true for Pr(X,, | n,), except that the population in question is the 7' ™ (source).
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In practice, the equivalent form used is: InA = ln[Pr(X ol nl.)]— ln[Pr(X ol ni,)]. Positive

values of /n A indicate that the null hypothesis (the individual is not a migrant) is favored
while negative values indicate that the alternative hypothesis (the individual is a migrant is
favored). The critical (rejection) region for the test statistic significance was chosen to be o =
0.05. This region contains all values of the statistic such that A< C, where C is chosen to
satisfy Pr (A< C) = a under the null hypothesis. The power of the test to reject the null
hypothesis when it is false, for specified critical regions a was also estimated. Calculations
were done using the program immanc version 5.14.8.00 (Rannala and Mountain 1997).
Between-population analyses were conducted to test for presence of structure in source
populations of R. solani AG-3 from potato seed tubers compared with the recipient soil
population. The structure of the soil population of R. solani AG-3 from NC was not
subdivided (Ceresini et al 2000). Three independent population genetics measures were used:
(a) Analysis of molecular variance (AMOVA), which estimates variance components
considering the number of differences between molecular genotypes (Weir and Cockerman
1984, Excoffier et al 1992, Weir 1996). These estimates reflect correlation of diversity at
different levels of hierarchical subdivision (e.g., between groups or geographic populations).
(b) Pairwise @ statistics comparisons (F statistics analogues produced by AMOVA), which
reveals similarity between individual geographic populations. AMOVA analyses were
conducted using ARLEQUIN ver 2.000 (Schneider et al 2000). (c) Similarity among the
population samples calculated using Nei’s unbiased genetic distance (D) (Nei 1978, Nei
1987). This test (D), which is based on allele frequency differences between population
samples, was calculated using GDA version 1.0(d15) (Lewis and Zaykin 2000). A UPGMA

phenogram was generated based on pairwise genetic distances D (Hartl and Clark, 1997).
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RESULTS

Genotypes and genotypic counts for each one of the source populations of R. solani AG-3
are presented in TABLE 1. High levels of genetic diversity were detected in seed tubers from
Canada (New Brunswick), Maine, and Wisconsin sampled in five North Carolina potato
fields before planting. Among the 58 isolates of R. solani AG-3 analyzed, 50 multilocus
PCR-RFLP genotypes (MRG) were identified in the sample.

The seven loci analyzed in each source population of R. solani AG-3 were in linkage
equilibrium. This fulfills the assumption of random mating between individuals within each
population, which is required by the method of Rannala and Mountain (1997) for detecting
migration.

The recipient population of R. solani AG-3 from NC is likely to have experienced recent
migration. The power of posterior probability ratio test for recent migration in a potato
population of R. solani AG-3 from NC is presented in TABLE II. A test of hypothesis that an
individual from the NC population is a migrant (generation d = 0) had higher power in four
populations comparisons: Wisconsin #1, # 4 and #7, Maine # 5. However, the test of
hypothesis that an individual has a migrant parent (d = 1) had lower power for all the
comparisons between NC recipient and source populations.

The posterior probability ratio test was also applied to predict whether individuals of R.
solani AG-3 sampled in NC have Maine, Maine / Canada or Wisconsin ancestry. Six
individuals from the complete set of 32 MRG from NC potato fields produced some level of

ancestry in comparison with the source populations (TABLE III). Three isolates from the NC
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recipient population (P137-Tyrrell, MRG 77; P161-Hyde, MRG 20 and P203-Camden,
MRG 72), appeared to be migrants from the sample Maine # 5. Three other isolates were
indicated to be a recent migrant from the samples Wisconsin #1 (P140-Currituck, MRG 80),

Wisconsin #7 (P186-Camden, MRG 04) or Maine / Canada (P172 - Hyde, MRG 42).

Population structure.-- Using AMOVA, overall ®@gt between the recipient soil population of
R. solani AG-3 from NC and the one from tubers was 0.002 (Data not shown). In general,
most of the molecular variation was detected within population, with very little variation
occurring between the groups from soil and tubers. When the source population was
subdivided into sampling units (based on the geographic origin of seed tubers), subdivision
was found to be only slightly higher among sampling units within the seed-borne group than
between the two groups (seed and soilborne) (®sy = 0.016). This value of dgy was
significantly greater than zero (P < 0.05).

Pairwise comparison between the source population samples and the NC recipient soil
population of R. solani AG-3 from potato was performed using estimates of Fgt analogues
(pairwise @gr values) and Nei’s unbiased genetic distances (D) (TABLE 1V, FIG. 1).
Pairwise @gt values for only few population comparisons were significantly greater than
zero, indicating differentiation and consequent subdivision. For example, the recipient soil
population from NC was significantly different from the source population Wisconsin #1 but
very similar to all the other remaining samples. Within the source population, the sample
Wisconsin #4 was significantly different from the samples Wisconsin #1 and #7, Maine #3

and the sample from Maine/Canada. Values of Nei's unbiased genetic distance (D)
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corroborated the former observations of pairwise @gr values, indicating little differentiation

among population samples (FIG.1).

DISCUSSION

This study describes the application of a test for detecting migration from source
populations (seedborne) of a plant pathogenic fungi R. solani AG-3 from potato using
multilocus PCR-RFLPs genotypes and magnitude of gene flow with a recipient soil
population in NC. The statistical method used to analyze migration was originally developed
by Rannala and Mountain (1997) for detecting immigration of human individuals. This
method was postulated as being appropriate for providing relevant information for studying
the influence of migration on population structure of several organisms for which RFLP
markers were used for genotyping. A potential application explored here was the study of
dispersal of seed-borne genotypes of R. solani AG-3 from seed potato production areas and
the contribution of migrants to the gene pool of a recipient soil population of this pathogen in
NC potato fields.

According to the model proposed by Ranalla and Mountain, the population of R. solani
AG-3 has likely experienced recent migration. Six individuals from 32 MRG from NC
recipient soil population produced some level of ancestry in comparison with the source
populations. There was also indication of high levels of gene flow between the source and
recipient soil population of R. solani AG-3 in NC and little differentiation among source
population samples. In addition, seven genotypes found in the source population were

amongst the most frequent genotypes recovered in NC (Ceresini 2000).
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Gene flow causes the establishment of genotypes among populations of the same species
and into new locations (through introduction, survival and colonization). Gene flow tends to
homogenize alleles among the populations, tending to maintain populations genetically inter-
connected (Rogers and Rogers 1999). Our results support that migration of R. solani AG-3
through introduction of seed-borne inoculum is a mechanism that ensures efficient long
distance dispersal of genotypes between geographically separated populations.

The model of Rannala and Mountain may be useful for detecting migration in other
pathosystems for which seed-borne inoculum is the most important component on long
distance dispersal. High rates of gene flow were also found among populations of other plant
pathogenic fungi: Mycosphaerella graminicola on wheat (McDermott and McDonald 1993),
Phytophthora infestans on potato (Fry et al 1992), Magnaporthe grisea on rice (Levy et al
1991). These high levels of gene flow were also probably related to the long-distance
dispersal of these pathogens via infected seed, as observed with R. solani AG-3. The
distinction with the R. solani AG-3-potato pathosystem is that the migration pattern detected
in NC is basically unidirectional, with genotypes originating from the seed potato production
areas in the Northern US and Canada.

The one-way migration model of gene flow proposed by Hartl and Clark (1997) is
reasonable for the potato-R. solani AG-3 pathosystem. Unidirectional migration from source
populations followed by establishment of migrant genotypes in the recipient population
through survival and colonization would explain the high level of gene flow observed
between source and recipient. According to this model, only a short period of constant
migration of genotypes every year would be necessary for a recipient population to mimic the

structure found in a source population. The mathematical expression of the change in allele
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frequencies in a recipient population subject to one-way migration is proposed as being

p,=p +(1-m)(p,—p’),where p, is the frequency of an allele A in the recipient

population in generation ¢, p’ is the frequency of the allele A in the source population, m is
migration rate (frequency of zygotes in the recipient population originated randomly from the

source population), and p, is the frequency of allele A in the recipient population in

generation zero. With one-way migration, the frequency of an allele A in the recipient
population gradually approaches that of the source population, and the rate of approach is m

(migration rate) per generation. When ¢ = 0, then p,= p,, as must be the case, and as ¢

becomes large, p, — p* (Hartl and Clark 1997). Simulation studies on the applicability of

this unidirectional model of migration for explaining the observed structure of R. solani AG-
3 populations on potato would be very appropriate.

Rannala and Mountain's statistical method would be very useful for inferring the value of
migration rate m, necessary for simulation studies. A drawback of the statistical method
proposed by Rannala and Mountain (1997) for detecting migration is that an individual may
incorrectly appear to have originated from a particular population other than the one from
which it was sampled. This may be due to long-term gene flow (leading to similarities in
alleles frequencies) between that population and a third one from which the individual
actually originated, but which was not included in the sample (Ranalla and Mountain 1997).
This phenomenon was noticed in our study, as only one of the source populations of R. solani
AG-3 from tubers (Wisconsin #4) had some level of subdivision in relation the other ones.
The other concern is the precise number of loci needed to obtain a given level of power is
dependent on degree of genetic differentiation between populations. With greater

differentiation between populations fewer loci are needed to obtain the same power of
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resolution (Ranalla and Mountain 1997). However, as source and recipient populations of
R. solani AG-3 from potato showed no subdivision, an increase in the number of loci
analyzed for building multilocus genotypes is recommended.

This study provided some initial information on the magnitude of gene flow affecting
recipient soil population of R. solani AG-3 from potato in NC in comparison with source
populations of the pathogen. Although the sampling strategies were probably sufficient, large
studies to elucidate the magnitude of migration and its effects on gene flow in populations of
this pathogen are needed. It was clear from this and a previous study with R. solani AG-3
that the sampling should be increased to maximize genotypic diversity (especially for NC
soil populations) and consequently the power of the tests applied for inferring migration.

Future work should also examine the populations of R. solani AG-3 from northern United
States (Wisconsin and Maine) and eastern Canada, as these areas are responsible for the
production of most of the seed potato imported into eastern NC and other Southeastern US
potato production fields. For inferring population structure of the pathogen on those locations
in northern USA and Canada, sampling should also be done directly there, instead of
sampling introduced seed tubers locally. More detailed analysis of the population genetics of
R. solani AG-3 from northern North America could determine the correspondence and
distinction between the structure of populations from northern and southeastern United

States.
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TABLE 1. Observed counts of multilocus PCR-RFLP genotypes of Rhizoctonia solani AG-3

present on potato seed tubers introduced from eight locations into North Carolina in 1997.

MRG *Genotype ° (pP09,pP42,pP45,pP46,pP47,pP83, pPYY'

Observed counts ¢

— 5 0 0 W —

13
14
18
19
21
22
23
24
25
27
29
30
31
35
39
40
41

45
46
47
48
49
50
53
54
57
58
60
61
62

65
67
68
69
70
71
73
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/1 1/11/1 11 1/1 3/31/2
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/11111171 1/21/2172
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1/11/21/112 1/1 1/1 272
/112121117211 1/2
/112172122 1/1 1/1 /1
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* Multilocus PCR-RFLP genotype. MRG codes are not in sequence. Other 32 different MRG

were identified from the recipient soil population of R. solani AG-3 in NC (Ceresini

2000).
° Code and order of PCR marker used to define alleles at RFLP loci.

¢ Primary origin of the infected potato seed tubers. The actual sampling of the tuber-borne
population of R. solani AG-3 isolates was obtained from each of five locations in North

Carolina where the potato seed tubers were introduced for planting.
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TABLE II. Power of posterior probability ratio (In A) test for recent migration of R. solani

AG-3 genotypes from potential sources into North Carolina potato fields, with o = 0.05.

Sample Potential source Power atd ®
population 0 1

Wisconsin # 1 0.648 0.339
Maine / Canada (New Brunswick) #2 0.334  0.189
Maine # 3 0.498 0.255
North Wisconsin # 4 0.596 0.320
Carolina Maine # 5 0.707 0.455
Maine # 6 0.361 0.177
Wisconsin # 7 0.560 0.299
Maine # 8 0.496 0.267

* d is the number of generations in the past that the migration is hypothesized to have taken

place. If d = 0, the individual under consideration migrated from source population; d =1,

one parent of the individual migrated.
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TABLE III. Power of the posterior probability ratio test to detect migrant ancestry in a

potato population of Rhizoctonia solani AG-3 from North Carolina.

Individual 2 Genotype  Potential source Hypothetical migrant ancestor
Individual Parent
(d=0) d=1)
In A o Power Ln A a Power

P137 - Tyrrell MRG77 Maine #5 -1.017*  0.046 0.71 | -0.624™ 0.076 043
Maine #6 -1.259 *  0.046 0.36 | -0.792™ 0.052 0.18
P140 - Currituck  MRG80 Wisconsin #1 -2.326*  0.011 0.64 | -1.461* 0.029 0.36
P161 - Hyde MRG20 Wisconsin #1 -0.605 ™ 0.085 0.62 | -1.114* 0.046  0.35
Maine #5 -1.097 *  0.043 0.72 | -1.283* 0.044 044
Wisconsin #7 -1.719*%  0.028 0.55 | -1.875* 0.019  0.31
Maine / Canada | -1.790 *  0.017 037 | -1.410* 0.017 0.20
Maine #6 -1.282*  0.046 036 | -099 * 0.036  0.18
P172 - Hyde MRG42 Maine / Canada | -1.150 *  0.040 0.38 | -0.575™ 0.068 0.19
P186 - Camden = MRGO04 Wisconsin #7 [1.368% 0042 0.56 _0}1267 0.060 0.34
P203 - Camden MRG72 Maine #5 -1.195 *  0.038 0.70 -0;1?67 0.066  0.45
Maine #6 -1.779 *  0.021 036 | -0974* 0.037 0.18

? Six individuals with posterior probability ratios In A indicating possible migration
(* significant at o < 0.05; ™ not significant).

® 4 is the number of generations in the past that the migration is hypothesized to have taken
place. If d = 0, the individual under consideration migrated from source population; d = 1,

one parent of the individual migrated.
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Table IV. Pairwise ®sr” comparison of Rhizoctonia solani AG-3 populations from potato

seed tubers introduced from eight locations into North Carolina in 1997.

Origin b Wisconsin #1 ~ Maine / Canada Maine #3  Wisconsin #4  Maine #5 Maine #6 Wisconsin #7  Maine #8

Wisconsin #1

Maine / Canada -0.006 -

Maine # 3 0.015 0.044 -

Wisconsin #4 0.061 * 0.064 * 0107 *
Maine #5 0.012 0.020 0.038 0.005 -
Maine #6 0.051 0.011 0.013 0.022 -0.051

Wisconsin #7 0.058 -0.003 0.074 0.126 **0.071 0.050 -
Maine #38 0.005 0.006 -0.052 0.047 0.010 -0.003 0.064

North Carolina: gy 0.044 * -0.009 0.011 0.044 0.024 -0.012 0.051 -0.003

* Population pairwise ®sr was calculated using ARLEQUIN ver 2.000 (Schneider et al
2000). Asterisks indicate significance of P values at P < 0.05 (*), P <0.01 (**) and P <
0.001 (***) leading to values of gy larger than or equal to the observed value when
permuting multilocus RFLP genotypes between populations (1000 permutations were
performed).

b Primary origin of the infested potato seed tubers. The actual sampling of the tuber-borne
population of R. solani AG-3 isolates was obtained from each of five locations in North
Carolina where the potato seed tubers were introduced for planting.

¢ Comparisons with the North Carolina population sample was done using clone-corrected

data, which is presented in the last row. The multilocus PCR-RFLP genotypes identified in

North Carolina population of R. solani AG-3 were described by Ceresini et al (2000).
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| Wisconsin #1
Maine/Canada
——— Recipient NC
| Maine #5
| Maine #6
Wisconsin #7
| Maine #3
| Maine #8
Wisconsin #4

0.01

Nei’s unbiased genetic distance (D)

FIG. 1. UPGMA phenogram describing genetic similarity among eight populations of Rhizoctonia

solani AG-3 from potato seed tubers introduced into North Carolina and a local population of the

pathogen. The distance measure is based on Nei’s genetic distance (D). This phenogram is based on

comparisons with the clone-corrected sample of 32 multilocus PCR-RFLP genotypes (MRG).
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