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ABSTRACT
Zhan, J., Mundt, C. C., and McDonald, B. A. 2001. Using restriction
fragment length polymorphisms to assess temporal variation and estimate
the number of ascospores that initiate epidemics in field populations of
Mycosphaerella graminicola. Phytopathology 91:1011-1017.
Restriction fragment length polymorphisms (RFLPs) and DNA fingerprints were used to assess temporal variation and estimate the effective
population size of the wheat pathogen Mycosphaerella graminicola over
a 6-year period. In each year, the fungal population was founded by
ascospores originating from outside the sampled fields. A total of 605
fungal isolates were included in this study. Our results indicate that the
genetic structure of these M. graminicola populations were stable over
the 6-year period. The common alleles at each RFLP locus were present
at similar frequencies each year. More than 99% of gene diversity was
distributed within populations sampled from the same year and less than

Knowledge of the possible range of temporal variation in
population genetic structure is limited for many organisms (60).
Empirical studies on the population genetic structure of organisms
usually aim to determine the spatial distribution of genetic
variation and infer the relative importance of gene flow, genetic
drift, mating system, and selection in the evolutionary biology of a
species. The majority of previous studies used small collections
sampled from different geographic areas over several years or
decades. These studies implicitly assumed that the population
genetic structures of the investigated organisms were stable over
the period of time covered (60). This assumption might hold true
for some organisms (16,22,44,68) but not for others. Plant pathologists have known for decades that populations of plant pathogen
have the potential to undergo substantial shifts over short periods
of time (57). Much of this information has come from annual
surveys of virulence in cereal rust and mildew fungi (2,26). In addition to the annual virulence surveys that cover large geographical areas, significant changes in population genetic and community structure over short periods of time have been detected in
bacteria (48), fungi (2,5,8,40), plants (28), and animals (20).
Though many evolutionary and demographic factors can affect
temporal variation in the genetic structure of a population (61), the
major forces governing this change may vary among organisms
and ecosystems. These differences can be related to the ecology,
biology, and life history of the studied organisms. In agricultural
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1% was attributed to differences among years. The lack of population
differentiation among collections taken in different years indicated that
the effective size of the source population was sufficiently large that
genetic drift was insignificant in this location. It also suggests that the
initial colonists from ascospore founder populations were a fair reflection
of the source population. We estimate that the effective sizes of these
field populations ranged from 3,400 to 700,000 individuals, depending on
the size of the field sampled and assumptions about mutation rates.
Estimates of the number of ascospores initiating epidemics of leaf blotch
disease in each field plot and factors that contribute to the large effective
population size of M. graminicola are discussed.
Additional keywords: gene flow, genetic drift, population stability, primary
inoculum, reproductive mode.

ecosystems, selection due to widespread deployment of major
resistance genes plays a significant role in temporal changes in
populations of cereal rusts (31,51) and powdery mildews (2). The
roles of genetic drift and migration have not been as intensively
studied. Genetic drift and migration may play major roles in
temporal variation of local pathogen populations (8) through the
continuous extinction and recolonization of local populations that
occur as a result of host dynamics (e.g., deployment of new
resistance genes), chemical applications (e.g., fungicides), and
changing cultural practices (e.g., burning crop stubble). During
annual epidemic cycles of disease that occur in many agroecosystems, local pathogen populations can undergo annual cycles of
expansion and contraction. At the end of each epidemic cycle,
only a small fraction of the pathogen population successfully
overseasons and serves as the founding population for the next
epidemic cycle. If this numerical bottleneck is significant, the resulting genetic drift may lead to significant changes in the genetic
structure of local populations from year to year.
The degree of genetic drift in a population is directly associated
with its effective population size (Ne). Ne is a concept in population genetics theory that refers to the effective number of individuals that contribute sexual progeny to the next generation (49).
Populations with large effective size tend to be stable over time
because the effect from random drift is limited. Effective population size also is related to other evolutionary processes such as
gene flow and mutation. Though it may play an important role in
evolution, effective population size is seldom estimated in natural
populations. This is because Ne is extremely difficult to estimate
accurately (24) and it is sensitive to the level of population subdivision and the geographic scale from which the population is
sampled (11,62).
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Mycosphaerella graminicola (Fuckel) J. Schröt. in Cohn (anamorph Septoria tritici Roberge in Desmaz.) is a heterothallic
ascomycete (25) that causes Septoria tritici leaf blotch on wheat
and other graminaceous grasses (7). This pathogenic fungus is
distributed worldwide and has received increased attention since
Septoria tritici leaf blotch has become more economically important (15). The increased importance of the disease coincides with
the widespread use of early maturing semidwarf wheat cultivars
that are susceptible to the pathogen (3).
The infective organs of the fungus are haploid ascospores and
pycnidiospores. Ascospores produced by the teleomorph can be
found on wheat stubble (50), as well as on growing wheat plants
(23,25,66). The ascospores are dispersed by wind (27) and are the
major source of inoculum leading to initiation of Septoria tritici
leaf blotch epidemics in wheat fields (52–54). Pycnidiospores
produced by the anamorph are disseminated by rain-splash and are
thought to cause the majority of secondary infections during the
growing season (12,55), though ascospores may also make significant contributions to secondary cycles of infection (12,66,67).
M. graminicola has been the subject of population genetic
studies for more than a decade (10,33,34,38,66,67). Population
genetic analysis based on DNA fingerprints and single-locus restriction fragment length polymorphism (RFLP) markers provided
evidence that sexual reproduction played an important role in the
population structure of M. graminicola (10,66) and in the epidemiology of the disease (66,67). These studies also indicated that
genetic variation was high in this fungus (33,34) and that the
majority of this genetic variation was distributed on a small spatial
scale (33). The high similarity in allele frequencies among fungal
populations collected worldwide suggests that long-distance gene
flow has occurred during the recent evolutionary history of the
pathogen (6,39). Though a previous experiment showed that the
genetic structure of M. graminicola populations was stable over a
3-year period (9), it is unclear if the observed stability would be
maintained over a longer period of time. It also is unclear what the
effective population sizes are for these populations and how effective population size relates to the primary inoculum of leaf blotch
disease. Therefore, the objectives of this study were to (i) determine whether the genetic structure of M. graminicola populations
changed over a 6-year period; (ii) estimate Ne and determine its
contribution to the stability of these M. graminicola populations;
and (iii) use Ne to infer the number of ascospores initiating an
epidemic in our experimental field plots.
MATERIALS AND METHODS
Source of fungal isolates. The fungal isolates were collected
from the Oregon State University Botany and Plant Pathology
Field Laboratory at Corvallis, during the winter/spring of 1990,
1991, 1992, and 1995. During the 1990 to 1992 seasons, four
winter wheat cultivars (Gene, Madsen, Malcolm, and Stephens)
that differed in resistance to M. graminicola were planted in pure
stands and in all possible two-, three-, and four-way mixtures
(15 treatments total) in a randomized complete block design
(RCBD) with three replications. Individual plots were 1.5 m wide
and 6.1 m long. The field used to obtain isolates in 1990 was not
planted with known hosts of M. graminicola in the previous
TABLE 1. Genotype diversities, their standard errors and the percentage of
the theoretical maximum obtained for four Mycosphaerella graminicola
collections made from Oregon in 1990, 1991, 1992, and 1995a
Populations

1990

Genotype diversity
335 ± 15.03
( Ĝ )
(406)
Percentage of
theoretical maximum
83
a

1991

1992

1995

50 ± 2.57
(52)

50 ± 3.34
(54)

45 ± 0.00
(45)

96

93

100

The sample size for each population is in parentheses.
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3 years. The same field was used for the 1991 and 1992 collections. At the end of each growing season, grain was harvested and
stubble was left in the field to decay naturally. Several weeks
before the next crop was planted, the wheat stubble was buried in
the soil with a disk and a rototiller (9). Through this process, the
pycnidiospores present on this stubble would decay (21) and not
be able to act as primary inoculum for the next crop. In 1995, two
wheat cultivars (Madsen and Stephens) were planted in pure
stands and in 1:1 mixtures in an RCBD with four replications
(66). The size of individual plots in this year was 3.3 m wide and
5.3 m long. The field used in this experiment was different, but
close to the one used in the 1990 to 1992 experiments. This field
also was not planted with known hosts of M. graminicola in the
previous several years.
In 1990, wheat leaves infected with M. graminicola were
sampled from all field plots twice over the course of the growing
season. The first sample was made midway through the growing
season (6 March), and the second sample was made near the end
of the growing season (30 May). In 1991 and 1992, infected
leaves were collected near the end of the growing season (6 June)
from six plots distributed throughout the field. In 1995, collections
were made from three plots at an early stage of the growing season (10 February). In each year, 20 infected leaves were chosen
randomly along two parallel transects running the length of each
plot. Each leaf was collected from a different plant or tiller.
The infected leaf tissue was air dried at room temperature for
2 weeks before isolations were made. One single-spore isolate of
M. graminicola was made from each infected leaf that expressed a
viable cirrhus. A total of 605 isolates assayed for RFLPs and DNA
fingerprints were included in this analysis. Among these isolates,
444 were from 1990, 58 each were from 1991 and 1992, and 45
were from 1995.
DNA extraction, restriction digestion, Southern blotting,
and hybridization. Total DNA from each isolate was extracted
using a cetyltrimethylammonium bromide (CTAB) extraction protocol described previously (34). The concentrations of the DNA
suspensions were measured with a DNA fluorometer (Hoefer
TKO 100; Hoefer Pharmacia Biotech, San Francisco). Five micrograms of DNA from each isolate was digested with the restriction
enzyme PstI. The DNA fragments were separated by electrophoresis on 0.8% agarose Tris-borate-EDTA gels and were transferred to a nylon membrane by alkaline capillary transfer.
Afterward, the membranes were dried and stored in sealed plastic
bags until needed. Seven anonymous RFLP probes (pSTS192,
pSTS2, pSTS197, pSTL53, pSTS14, pSTL10, and pSTL70) chosen
from a M. graminicola genomic library (34,35) were hybridized in
sequence to the Southern blots. Probe pSTL70 was a DNA
fingerprinting probe that hybridized to a moderately repetitive
DNA sequence dispersed across several chromosomes (35). The
remaining six probes hybridized to seven RFLP loci distributed
across seven chromosomes (pSTS192 hybridizes to two unlinked
loci) (36). The probes were radioactively labeled with dCT32P
through nick translation. The labeled probes were hybridized to
TABLE 2. The mean number of alleles for seven restriction fragment length
polymorphism (RFLP) loci in four Mycosphaerella graminicola collections
made from Oregon, in 1990, 1991, 1992, and 1995a
RFLP loci
pSTS192A-PstI
pSTS192B-PstI
pSTS14-PstI
pSTS2-PstI
pSTL10-PstI
pSTL53-PstI
pSTS197-PstI
Mean
a

1990
(N = 406)

1991
(N = 52)

8
4
4
11
14
11
9
8.7

3
1
2
6
4
5
5
3.6

1992
(N = 54)
3
4
2
7
4
5
4
4.1

1995
(N = 45)
2
1
2
4
6
9
3
3.9

The sample sizes (N) for these collections are indicated in parentheses.

the membranes overnight at 60°C in a hybridization incubator.
Following hybridization, the membranes were washed and exposed to X-ray film at –80°C. The radioactive probes were
stripped off the membranes after the films had been developed.
Hybridization was continued until all isolates had been probed
with the pSTL70 DNA fingerprint probe and the six singlelocus probes.
Data analyses. Each probe × enzyme combination was treated
as a different RFLP locus. DNA fragments or combinations of
fragments with different sizes were treated as alleles at each RFLP
locus. Only alleles that could be scored unambiguously and
isolates that had complete data were included in this analysis.
Isolates with the same DNA fingerprint and multilocus haplotype
were treated as individual members of the same clone (36). Allele
frequencies for each collection were calculated by using only one
representative from each genotype. These clone-corrected allele
frequencies were used to calculate gene diversity and estimate the
magnitude of population subdivision.
Fungal collections made from different cultivars in the same
year were very similar for allele frequency (37) and were treated
as a single population. Genetic variation in the fungal collections
was measured by gene diversity (43) and genotype diversity (58).
Hierarchical analysis (43) was used to partition gene diversity into
two levels according to year: variation within years and among
years. The allele frequencies in different collections were compared with a contingency chi-square test (13). For this comparison, alleles with frequencies lower than 0.05 in all four collections
were combined into a single category. Nei’s measures of genetic
distance (42) and population differentiation (43) were used to
estimate the level of population subdivision among years. The
expected number of new alleles emerging from mutation in each
population, θ (=2Neu for haploid organisms, where Ne is the effective population size and u is the mutation rate of the investigated
locus), was estimated with the method described by Ewens (14).
Assuming an infinite allele model and constant mutation rates, the
average number of alleles (k) detected in a sample would be

sampled (11,62), this bootstrapping procedure allowed us to compare θs of populations collected from different total land areas.
RESULTS
A total of 511 distinct genotypes were detected among the 548
isolates with complete data. The most common genotype was
observed four times, four genotypes were found three times,
24 genotypes were found twice, and the remaining genotypes were
detected only once. Isolates with the same genotypes were
sampled from the same field plots. No identical genotypes were
found among the fungal collections made from different years.
Stoddart and Taylor’s (58) measurement of genotype diversity
ranged from 83 to 100% of its theoretical maximum (Table 1). A
significant difference in genotype diversity was detected only
between the 1990 and 1995 collections.
The average number of alleles per RFLP locus ranged from 3.6
in the 1991 collection to 8.7 in the 1990 collection (Table 2).
There were fewer rare alleles at each locus in the 1991, 1992, and
1995 collections than in the 1990 collection. θ ranged from 0.00
for locus pSTS192B-PstI to 3.46 for locus pSTL53-PstI (Table 3).
The collection made in 1990 had a higher θ than collections from
other years. However, after the effect of differences in field area
sampled was removed by bootstrapping, no significant differences
in resampled θs and the expected number of alleles (Fig. 1) were
found among the collections.
For most RFLP loci, one or two alleles were present at a high
frequency (Table 4). In the collection from 1990, most of the
alleles were present at frequencies lower than 0.02. There were no
significant differences in allele frequencies for any RFLP locus
among the collections (Table 4). On average, over 99% of the total
gene diversity was present within the collections sampled from
the same year. Less than 1% of total gene diversity was attributed
to population differentiation across years. The average genetic
distances between any pair of the collections ranged from 0.00 to
0.02 (Table 5).

θ

∑ θ + j −1

DISCUSSION

j

(j = 1, 2, 3,……n, where n is the sample size) if the locus studied
is selectively neutral (14,32). The θ for each population was calculated twice. The first calculation used all isolates in each clonecorrected collection. The second calculation used a randomly
drawn subsample of 40 isolates from each of the four collections.
The 40 isolates in the 1990 collection were sampled from six plots
(covering the same total land area as the 1991 and 1992 plots) that
were randomly chosen from the total of 45 plots. This resampling
procedure was repeated 100 times. θs of the four populations were
estimated yearly and their means were calculated over the 100
subsamples. Because θ is a direct function of the effective population size and the effective size of a population is positively
correlated with the geographic area over which the population is

The main objectives of our study were to determine the degree
of temporal variation in genetic structure of Oregon M. graminicola

TABLE 3. The expected number of new alleles emerging from mutation in
each population, θ (=2Neu) (14) for the seven restriction fragment length
polymorphism loci in the four Mycosphaerella graminicola collections made
from Oregon in 1990, 1991, 1992, and 1995
Populations

1990

1991

1992

1995

pSTS192A-PstI
pSTS192B-PstI
pSTS14-PstI
pSTS2-PstI
pSTL10-PstI
pSTL53-PstI
pSTS197-PstI
Meana

1.66
0.50
0.50
1.92
2.44
1.92
1.48
1.42

0.82
0.00
0.24
1.52
0.82
1.52
0.82
0.68

0.50
0.80
0.24
1.50
0.80
1.14
0.80
0.82

0.26
0.00
0.26
0.56
1.72
3.46
0.56
0.80

a

Estimated from the mean number of alleles found at a locus.

Fig. 1. The expected number of alleles as a function of the sample size in
Oregon populations of Mycosphaerella graminicola in 1990, 1991, 1992,
and 1995. Values for θ based on resampling for each of the four populations
were 0.89, 0.76, 0.83, and 0.79, respectively. The procedure used to estimate
θ based on resampling populations is described in the text.
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populations and to infer the effective sizes of these populations.
We achieved these objectives by comparing allele frequencies
across seven RFLP loci among collections that were sampled from
the same geographic location over a 6-year period, representing a
potential for at least 30 generations of asexual reproduction and a
minimum of six cycles of sexual reproduction. Zhan (65) showed
that weather conditions could support six generations of asexual
reproduction for M. graminicola during a 4-month period in 1995
in this location. Our results support the previous finding (9) that
the genetic structure of the M. graminicola population exhibited a
high degree of stability over years. We did not detect any significant differences in allele frequencies for seven RFLP loci among
the fungal collections sampled from different years. Though the
total gene diversity was high, the majority of this genetic diversity
(more than 99%) was distributed within a collection sampled from
a single year. Only a small amount of the total gene diversity (less
than 1% on average across all seven loci) was attributed to the
population differentiation among years.
The fungal collection sampled from 1990 had a higher average
number of alleles per locus than the other three collections (Table
2). We believe that this was due to differences in sample size. In
1990, 444 isolates were included in the RFLP analysis compared
with 58 each in 1991 and 1992 and 45 in 1995. With a sample size
of 444, we have a probability >95% to include all alleles present
at a frequency higher than 0.01, assuming that the RFLP markers
TABLE 4. Allele frequencies for seven restriction fragment length
polymorphism (RFLP) loci in four Mycosphaerella graminicola collections
made from Oregon in 1990, 1991, 1992, and 1995a
Populations
RFLP locus
pSTS192-PstIA

pSTS192-PstIB

pSTS14-PstI

pSTS2-PstI

pSTL10-PstI

pSTL53-PstI

pSTS197-PstI

a

Allele

1990

1991

1992

1995

1
2
p
N
1
p
N
1
2
p
N
1
2
3
p
N
1
2
3
p
N
1
2
3
5
6
7
p
N
1
2
3
p
N

0.94
0.03
0.03
401
0.98
0.02
406
0.81
0.18
0.01
407
0.65
0.08
0.20
0.07
400
0.68
0.05
0.22
0.05
409
0.48
0.11
0.16
0.04
0.12
0.03
0.06
404
0.63
0.23
0.11
0.03
259

0.88
0.08
0.04
57
1.00
0.00
56
0.82
0.18
0.00
57
0.67
0.06
0.20
0.07
54
0.65
0.05
0.28
0.02
57
0.56
0.07
0.16
0.05
0.14
0.00
0.02
57
0.64
0.18
0.16
0.02
57

0.91
0.05
0.04
56
0.98
0.02
56
0.82
0.18
0.00
56
0.57
0.13
0.21
0.09
56
0.52
0.10
0.36
0.02
56
0.53
0.11
0.23
0.00
0.11
0.00
0.02
56
0.59
0.28
0.11
0.02
56

0.95
0.05
0.00
43
1.00
0.00
44
0.82
0.18
0.00
44
0.82
0.02
0.14
0.02
44
0.64
0.00
0.29
0.07
43
0.46
0.02
0.07
0.05
0.21
0.05
0.14
43
0.59
0.36
0.05
0.00
44

χ2
6.36 (6)

1.99 (3)

0.85 (6)

8.87 (9)

14.51 (9)

26.86 (18)

9.65 (9)

Alleles with frequencies less than 0.05 in all four collections were pooled
into one category (allele “p”). Sample sizes (N) used to calculate allele
frequencies are shown for each locus. The chi-square values and their
degrees of freedom (in parentheses) for measurement of population
differentiation are also included.
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we used are neutral (37) and that allele frequencies in these fungal
populations followed a multinominal distribution. However, with
sample sizes of 58 or 45, the probability to detect alleles present at
a frequency higher than 0.01 decreases dramatically to 44 or 36%,
respectively. This explanation is consistent with the finding that
many of the alleles detected in the 1990 collection were present at
low frequencies. The difference in the number of alleles among
collections might also reflect differences in the total geographic
area over which the fungal collections were made. In 1990, the
fungal collection was made from an area totaling 412 m2 compared with 55 m2 each in 1991 and 1992 and 52 m2 in 1995.
Ingvarsson and Olsson (24) and Whitlock and Barton (62) demonstrated previously that the effective size of a population is positively associated with the geographic area over which the population was sampled. Populations sampled from larger geographic
areas tend to have larger effective population sizes, and consequently, a higher number of alleles are observed. After the effects
due to sample size and geographical area were corrected by resampling, the difference in the average number of alleles per locus
was not significantly different among collections (Fig. 1).
Each year, the field population of M. graminicola included in
our analysis was founded by a sample of the local population
represented in ascospore showers. During the course of our field
experiments, we took several steps to prevent the carry over of
fungal populations from the previous year. These steps included
the selection of field plots that were not planted previously with
wheat and its related species for several years prior to our experiments and the destruction of crop debris that could harbor S. tritici
pycnidia present in previous wheat crops in these fields. The
finding that no identical genotypes were shared among collections
from different years and our observations that the disease symptoms were uniformly distributed throughout the experimental plots
from early in the season suggest that we successfully eliminated
the pycnidia of previous years. The lack of population differentiation among these samples across years indicates that the effective size of the indigenous (source) population was sufficiently
large enough that random drift made a trivial contribution to its
genetic structure. It also suggests that the founder population each
year was large and diverse enough that its genetic structure was a
fair reflection of the source population. Assuming mutation rates
of 10–4 to 10–6 for our RFLP loci, we estimate that the effective
sizes of these field populations ranged from 3,400 to 420,000,
respectively, in 1991, 1992, and 1995 and from 7,000 to 700,000,
respectively, in 1990. After taking into account the field area
sampled for these collections, we estimate that effective population sizes ranged from 3,800 to 4,400 (based on resampling θs and
a mutation rate of 10–4) in field plots covering an area of 55 m2 or
approximately 70 M. graminicola strains per square meter. We
consider it likely that the effective size in the local source population of this fungus will be far higher than these numbers. It has
been demonstrated (56) that in a population consisting of n
patches, the effective size of the population is n times the effective
population size of a patch, assuming the migration rate between
the patches is high and that each patch has equal effective population size. During the growing season there were many other wheat
fields (patches) present in the Willamette Valley, approximately
100 km from the region where our collections were made, and we
hypothesize that a high level of gene flow probably occurred
among these field populations of M. graminicola (6).
Our estimates of Ne vary greatly depending on the mutation
rates at these RFLP loci. We do not have exhaustive data on mutation rates at these RFLP loci in M. graminicola, but we believe
that these rates are likely to be lower than 10–4 based on our
available data. In a field experiment reported previously (65), we
introduced 10 M. graminicola strains into experimental plots to
initiate an epidemic of Septoria tritici leaf blotch. Seven months
later, and following at least six generations of in planta asexual
reproduction, we recovered approximately 400 asexual progeny of

the 10 inoculated strains and assayed them for nine RFLP loci. We
did not find any mutant RFLP alleles within clones among the
nine loci in the 400 asexual progeny, suggesting that the mutation
rate across these RFLP loci was less than 1 out of 3,600 over six
generations or less than ≈5 × 10–5 per generation.
Only spores that successfully establish infections contribute to
the effective size of a pathogen population (41), and all of the
primary infections by M. graminicola in our system were derived
from sexual ascospores. We believe that our estimate of effective
population size, in this case, reflects the number of ascospores that
successfully infected and colonized the area of wheat sampled in
each year and contributed to the gene pool of the next generations.
Nunney (46) pointed out that the effective size of a random
mating population usually was close to one-half the number of
individuals involved in sexual reproduction. We estimate that
between several thousand and several hundred thousand (depending on mutation rates and field sizes) ascospores initiated infections during each growing season.
Our estimates of effective population size are consistent with
the large number of genotypes, based on DNA fingerprints found
in these field collections. For example, we found 371 distinct
genotypes among the 406 isolates having complete data in the
samples collected from 1990. These genotypes were taken from a
very small portion of the infected leaves present in this field.
Mundt (unpublished data) observed that, when infections from
fall ascospore showers are first expressed, there are approximately
300 plants per square meter of wheat field in the Willamette
Valley and that each plant has at least one lesion. Our previous
results (39) indicate that the majority of isolates sampled from
different leaves have different DNA fingerprints (hence different
genotypes) and many isolates sampled from the same leaf had
different DNA fingerprints. Linde and McDonald (30) collected
and analyzed 40 isolates from each of five lesions in a Swiss
wheat field and found that each lesion was composed of between
two and five different genotypes. Given these findings, we believe
that the actual number of genotypes present in wheat fields would
be at least twice the number of infected leaves or at least several
hundred thousand genotypes.
In contrast to N, the actual number of individuals in the population (45,46), the effective size of a population is directly related
to many other factors that influence the variation of reproductive
success among individuals (1,63). One of these factors is the
mating system of a species (29,64). Inbreeding with close
relatives tends to reduce the effective size of a population (64)
because the reproductive success of individuals is no longer
dependent on the two independent alleles per locus (47). A second
factor associated with the effective size of a population is the
dispersal mechanism of the organism. Organisms with capability
for long-distance dispersal tend to have larger effective population
sizes because long-distance dispersal decreases the chance that

related individuals will meet and mate (17). The level of gene
flow among populations also will affect the effective size of a
population (4). The spatial distribution of many organisms is fragmented, with patches of suitable habitat separated by large areas
of unsuitable habitat (1). High gene flow links these fragmented
populations together, therefore, increasing their effective population size (56). M. graminicola is characterized by sexual reproduction year round (23,25,54,66). Sexual recombination provides
a mechanism to generate a large number of genotypes and, thus,
increases the potential effective population size. In addition, the
potential for long-distance dispersal of ascospores (50) and significant gene flow among populations (6) might also contribute to
the large effective population sizes found in this pathogen.
The number of spores of primary inoculum that initiate a plant
disease epidemic is an important parameter to consider in plant
pathology, especially in the field of epidemiology. Historically,
this parameter has been estimated by spore trapping (18,59) or by
counting lesions. Spore trapping data only indicates the number of
spores present in the air above a field at a given time. It does not
indicate how many of these spores successfully contact, infect,
colonize, and reproduce on the plants. The accuracy of lesion
counts is affected by timing, lesion density, latent period, and
symptomology. The measure of effective population size that we
propose here is based on neutral genetic markers and population
genetics theory and takes into account the number of genetically
distinct individuals that successfully infect and reproduce and
transmit their genes to subsequent generations following the initial
infection. We believe that this method offers an alternative and
complementary measure of the effective inoculum that initiates
and sustains an epidemic. We recognize that the methods we
present here are relatively crude and that these estimates are constrained by some assumptions. For example, the genetic markers
should be selectively neutral and mutation rates often are not
known. Prior knowledge of the population genetics and evolutionary biology of the studied organisms may not be available,
making the data more difficult to interpret. Because the effective
population size of an organism can vary from generation to generation (19), it would be optimum to conduct this type of study by
making collections directly following the initiation of the epidemic.
In our case, some of the fungal collections were sampled from the
later stages of the epidemic, and hence these estimates of Ne
include immigrants that arrived after the first ascospore shower.
We do not believe this significantly alters our estimate of the
number of ascospores initiating epidemics of Septoria tritici leaf
blotch because we found similar effective sizes for fungal population sampled from different seasons of a same year (J. Zhan and
B. A. McDonald, unpublished data) as well as for different years
(Fig. 1). Our evidence suggests that a large number of immigrant
ascospores (at least 70 per square meter) initiated the epidemics in
our experimental plots.

TABLE 5. Nei’s measures of gene diversity, population subdivision, and genetic distance for seven restriction fragment length polymorphism (RFLP) loci in
four Mycosphaerella graminicola collections made from Oregon in 1990, 1991, 1992, and 1995
Dd

Hia
b

RFLP loci

1990

1991

1992

1995

HT

pSTS192A-PstI
pSTS192B-PstI
pSTS14-PstI
pSTS2-PstI
pSTL10-PstI
pSTL53-PstI
pSTS197-PstI
Pooled

0.11
0.04
0.31
0.53
0.49
0.72
0.54
0.39

0.22
0.00
0.29
0.51
0.50
0.63
0.52
0.38

0.17
0.10
0.29
0.61
0.59
0.64
0.56
0.42

0.09
0.00
0.30
0.32
0.53
0.72
0.52
0.35

0.13
0.04
0.31
0.52
0.51
0.70
0.54
0.39

Gst

c

0.01
0.01
0.00
0.01
0.01
0.01
0.01
0.01

1990-91

1990-92

1990-95

1991-92

1991-95

1992-95

0.00
0.00
0.00
0.00
0.00
0.01
0.01
0.00

0.00
0.00
0.00
0.01
0.05
0.01
0.01
0.01

0.00
0.00
0.00
0.01
0.01
0.06
0.03
0.02

0.00
0.00
0.00
0.01
0.02
0.02
0.02
0.01

0.00
0.00
0.00
0.01
0.00
0.05
0.06
0.01

0.00
0.00
0.00
0.03
0.03
0.09
0.01
0.02

a

Gene diversity for each population.
Combined gene diversity across all populations.
c Population differentiation.
d Genetic distance.
b
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