
Vol. 87, No. 3, 1997  353

Genetics

Gene Flow and Sexual Reproduction
 in the Wheat Glume Blotch Pathogen Phaeosphaeria nodorum

(Anamorph Stagonospora nodorum)

S. M. Keller, J. M. McDermott, R. E. Pettway, M. S. Wolfe, and B. A. McDonald

First, third, and fifth authors: Department of Plant Pathology and Microbiology, Texas A&M University, College Station 77845-2132; sec-
ond author: TerraGen Diversity Inc., Suite 300, 2386 East Mall, University of British Columbia, Vancouver, BC V6T 1Z3 Canada; and
fourth author: Institute for Plant Sciences, Phytopathology Group, Federal Institute of Technology, Zurich, Switzerland.

Accepted for publication 19 November 1996.

ABSTRACT

Keller, S. M., McDermott, J. M., Pettway, R. E., Wolfe, M. S., and
McDonald, B. A. 1997. Gene flow and sexual reproduction in the wheat
glume blotch pathogen Phaeosphaeria nodorum (anamorph Stagono-
spora nodorum). Phytopathology 87:353-358.

Restriction fragment length polymorphisms (RFLPs) were used to
characterize the genetic structures of three field populations of Phaeo-
sphaeria nodorum from Texas, Oregon, and Switzerland. Data from seven
nuclear RFLP loci were used to estimate gene diversity and genetic dis-
tances and to make indirect measures of gene flow between populations.
Three of the seven RFLP loci differed significantly in allele frequencies
across populations. On average, 96% of the total gene diversity was
found within populations. There was little evidence for population subdi-

vision, suggesting that gene flow was not restricted among populations.
Based on an average population differentiation of 0.04, we estimated that
the exchange of 11 migrants among populations per generation would be
needed to account for the present level of population subdivision. Geno-
type diversity based on DNA fingerprints was at a maximum for the
Swiss population, whereas populations in Texas and Oregon had lower
genotype diversities. Many multilocus haplotypes were found in each
population. Ninety-five percent of RFLP allele pairs were in gametic
equilibrium. The data were consistent with random mating within each
population.

Additional keywords: population genetics, Septoria nodorum.

Phaeosphaeria nodorum (E. Müller) Hedjaroude ( = Lepto-
sphaeria nodorum E. Müller, anamorph Stagonospora nodorum
(Berk.) Castellani & E.G. Germano, = Septoria nodorum (Berk.)
Berk. in Berk. & Broome) causes Septoria glume blotch on wheat
(Triticum aestivum L.). Previous studies indicate that three issues
are of major interest in this plant pathosystem: (i) the geographical
distribution of neutral and selected genes (10,21), (ii) the adap-
tation of isolates to specific host varieties (1,18), and (iii) the
source of the primary inoculum that starts the epidemic (7,22).
These topics are of interest because of the need to develop better
strategies for disease management. Early studies of genetic varia-
tion that focused on virulence had limited resolution, because of
the lack of clear gene-for-gene interactions in the wheat/P. no-
dorum pathosystem (6). The ability to resolve discrete genotypes
was increased by using restriction fragment length polymorphisms
(RFLPs) (22). RFLP markers are especially well suited for studies
that focus on the role of selectively neutral evolutionary processes
such as mating system, genetic drift, and gene flow.

Long distance gene flow is a potential threat to the successful
use of resistance genes in local disease management programs.
New epidemics can be started by a few immigrants already
adapted to resistance genes present in other countries or conti-
nents, e.g., rust isolates in Australia (5). Behind an epidemic front,
recombination may incorporate new alleles into resident popula-
tions through sexual reproduction (3). McDonald et al. (10) as-
sayed the genetic structure of P. nodorum within a Texas field
population using nuclear RFLP markers. The population was
characterized by high gene and genotype diversity, and alleles at

different loci were in gametic equilibrium. This provided evidence
for the regular occurrence of sexual reproduction in populations of
P. nodorum in Texas, although perithecia have been difficult to
identify in the field. Because of the high degree of genotype di-
versity found within populations and the limited number of iso-
lates that can be assayed with current molecular techniques, direct
estimates of gene flow through detection of identical genotypes
are not likely to be practical in P. nodorum. However, gene flow
can be estimated indirectly based on the distribution of alleles at
RFLP loci in different populations (9,27).

The objectives of this experiment were to (i) characterize the
amount and distribution of genetic variation within and among
populations of P. nodorum from Europe and the United States and
(ii) use this information to infer the role of different evolutionary
forces on the population genetics of P. nodorum.

MATERIALS AND METHODS

Hierarchical collection of isolates. Hierarchical sampling
strategies were used to investigate genetic structure at different
spatial scales within each population. All fields were infected
naturally. The sampling strategy used for the population from
Overton, TX, was described previously (10). The 68 Texas iso-
lates originated from 65 lesions on 27 leaves collected from eight
sites separated by 10 m within a single field in 1992. The 77 iso-
lates of P. nodorum from Oregon originated from infected flag
leaves and heads collected at the end of the growing season in
1993 from three sites in a field in Hyslop. Sites were separated by
at least 10 m. The 43 leaf isolates were taken from 43 lesions on
18 leaves. Ten of these 43 isolates were taken from different le-
sions on a single leaf. The 34 head isolates were sampled from 34
kernels on 17 heads. In Zurich, Switzerland, collections of in-
fected flag or F-1 leaves were made at 10-m intervals along each

Corresponding author: B. A. McDonald; E-mail address: b-mcdonald@tamu.edu

Publication no. P-1997-0207-01R
© 1997 The American Phytopathological Society



354  PHYTOPATHOLOGY

of two parallel 50-m transects from a commercial field at the end
of the 1994 growing season. One isolate was taken from each of
five infected leaves from each of 10 sites in the field, giving 50
Swiss isolates. In total, 195 isolates were analyzed in this experi-
ment.

RFLP analysis. DNA extractions from lyophilized fungal cul-
tures, Southern blotting, and hybridizations were carried out as
described previously (10). All fungal DNA were digested with
EcoRI. Seven anonymous probes (Table 1) that hybridized to in-
dividual loci were used to obtain RFLP allele frequency data for
each RFLP locus (10). An anonymous probe (pSNS4) that hy-
bridized to a dispersed repetitive element was used as a DNA fin-
gerprint to detect clones and measure genotype diversity (10).

Data analysis. The different restriction fragment size variants
detected by each probe were treated as alleles at individual RFLP
loci. Allele frequencies were calculated for individual RFLP loci
for all populations. In the Texas and Oregon populations, DNA
fingerprints detected several clones, often originating from differ-
ent lesions on the same leaf or head. At least two isolates, on av-
erage, were sampled from each leaf or head in these populations.
The result was that the degree of clonality in the Texas and Ore-
gon populations was likely overrepresented relative to the Swiss
population, in which only one isolate was taken from each leaf. To
correct for the effect of sampling the same clone from a leaf sev-

eral times in these populations, gametic disequilibrium was meas-
ured among individual RFLP loci using only a single representa-
tive of each genotype. This subsample of isolates was called a
“clone-corrected” sample. The purpose of using a clone-corrected
sample was to eliminate artifactual associations among loci that
result from sampling the same clone many times and, thus, correct
the bias introduced by the different sampling methods used in
these populations.

Genetic variation within populations. Nei’s measure of gene
diversity (Hi) (14) was calculated for each population. Hi is the
probability that two random draws from population i yield differ-
ent alleles at one locus. Genotype diversity in each population was
estimated with Stoddart and Taylor’s measure (24) as described
previously (10). The resolution of DNA fingerprints based on hy-
bridization to pSNS4 was conservatively estimated using the
method described by Jeffreys et al. (8). Two sets of 24 isolates
were used for this analysis. One set (S1) was part of the Swiss
population considered in this paper, where as the second set (S2)
of isolates came from a different Swiss field population sampled
in the same year. Each set of 24 isolates was present on one gel and
only fragments <14 kb in size were scored. The frequencies of indi-
vidual DNA fragments and the average number of fragments <14 kb
in size per isolate were determined for each set of DNA finger-
prints. The probability of sharing the same DNA profile by chance

TABLE 1. Clone-corrected allele frequencies and Nei’s measures of gene diversity for seven restriction fragment length polymorphism loci in field populations
of Phaeosphaeria nodorum from Switzerland (CH-T2), Texas (TX-92), and Oregon (OR-93)

Probe-enzyme combination Allelea CH-T2 (N = 50)b TX-92 (N = 50) OR-93 (N = 61) Total (N = 161) χ2c df HT
d GL

e

pJSN121-EcoRI 9.8 6 0.66 0.98
1 0.36 0.41 0.24 0.34
2 0.47 0.35 0.41 0.41
3 0.16 0.24 0.35 0.25
4 0.02 … … 0.01

pJSN73-EcoRI 44.7f 10 0.58 0.89
1 0.50 0.85 0.40 0.58
2 0.23 0.09 0.44 0.25
3 0.09 0.04 0.06 0.06
4 0.02 0.02 0.10 0.05
5 0.14 … … 0.05
6 0.02 … … 0.01

pSNL15-EcoRI 19.4f 6 0.64 0.95
1 0.15 0.38 0.12 0.22
2 0.36 0.30 0.25 0.30
3 0.47 0.32 0.63 0.47
4 0.02 … … 0.01

pJSN35-EcoRI 7.1 2 0.38 0.96
1 0.63 0.76 0.84 0.74
2 0.38 0.24 0.16 0.26

pJSN3-EcoRI 6.3 6 0.28 0.99
1 0.89 0.82 0.80 0.84
2 0.07 0.14 0.18 0.13
3 0.02 0.04 0.02 0.03
4 0.02 … … 0.01

pJSN27-EcoRI 6.5 6 0.33 0.99
1 0.74 0.83 0.83 0.80
2 0.19 0.13 0.13 0.15
3 0.02 0.04 0.05 0.04
4 0.04 … … 0.01

SNL13-EcoRI 19.1f 6 0.43 0.94
1 0.78 0.54 0.86 0.73
2 0.15 0.30 0.14 0.20
3 0.04 0.10 … 0.05
4 0.02 0.06 … 0.03

a Allele designation according to the order of McDonald et al. (11).
b N is the number of single spore isolates.
c Contingency chi-square test for heterogeneity of allele frequencies among field populations.
d Nei’s measure of gene diversity across the three populations.
e GL is the proportion of gene diversity found within field populations.
f P < 0.005.
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was then estimated as qn, in which q was the mean frequency of
individual DNA fragments for each population and n was the av-
erage number of DNA fragments per isolate for each population (8).

If allele frequencies were distributed evenly at each locus and
each locus was independent, then we would expect to find multi-
locus haplotypes at equal frequencies in a random mating popula-
tion. In this case, the ability of multilocus haplotypes to differenti-
ate individuals can be estimated based on the possible number of
multilocus haplotypes in a population.

Since allele frequencies usually exhibit an uneven distribution
for each locus, the probability that two randomly chosen isolates
will share the same multilocus haplotype is

P l
l

n

=
−

∏ Ji
1

(1)

in which Ji is Nei’s measure of genetic identity (14) for each of l
loci.

To directly compare the resolution of DNA fingerprints versus
multilocus haplotypes for differentiating genotypes, a most com-
mon haplotype was constructed: on one hand, based on allele fre-
quency data at individual RFLP loci and, on the other hand, based
on the DNA fingerprint data (pSNS4) in each set of 24 isolates
used for the quantitative analysis of the DNA fingerprint. With
uneven allele frequency distributions, the probability that two
randomly chosen isolates will share the same multilocus haplo-
type is closer to the square of the expected frequency of the most
common multilocus haplotype, which is the squared product of the
frequency of the most common allele c at each of n loci.
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Pairs of RFLP loci were tested for departures from gametic
equilibrium as suggested by Weir (25). Disequilibrium between
two loci was measured by the disequilibrium coefficient (D) for
two alleles at different loci. D was calculated as the observed fre-
quency of a particular gamete minus the expected frequency of the
gamete. Tests for significance were as described previously (10).

Comparisons between populations. Differences in allele fre-
quencies between populations were tested using contingency χ2

tests (26). Nei’s measures of genetic identity and distance were
used to measure genetic similarity between populations (13). In
cases in which variable rates of gene substitution occur among
loci and identities are large at individual loci, Nei (13) proposed a
more appropriate measure of genetic distance given by

′ = =
∑

D

dj

n
j

n

1

in which dj is the value of –ln Ij (I = genetic identity) at the jth
locus and n is the number of loci examined. In this case, D′ is
based on the geometric mean of the gene identities instead of the
arithmetic mean.

The amount of gene flow between populations was quantified
by using population differentiation (GST) to estimate the average

Fig. 1. Sharing of restriction fragment length polymorphism (RFLP) alleles and similarity of DNA fingerprints between Oregon and Swiss populations of
Phaeosphaeria nodorum. A, Probe pSNL15 hybridized to DNA digested with EcoRI. Shared RFLP alleles are indicated with arrows. Alleles 1, 2, and 3 were
detected in the Swiss and the Oregon populations. The private allele 4 was only found in the Swiss population. The letter p indicates a partial digestion for this
isolate, which had allele 1 at this locus. B, DNA fingerprints based on hybridization of probe pSNS4 to the same P. nodorum isolates shown in A. Vertical ar-
rows (c) indicate clones in the Oregon population. All DNA fingerprints in the Swiss population were different.
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number of migrants (Nm) that would need to be exchanged across
populations each generation to maintain the observed level of GST

as described previously (2).

RESULTS

In total, 28 alleles were found at the seven RFLP loci. The
number of alleles per locus ranged from two to six. All alleles
found previously in the Texas population (10) were in the popula-
tion from Switzerland (Fig. 1 and Table 1). Six new alleles were
detected at low frequencies in the Swiss population. Two alleles
found in Texas were not detected in the Oregon population.
Clone-corrected allele frequencies and measures of gene diversity
for each population are shown in Table 1. Gene diversities within
each field were high, averaging 0.47 across the seven RFLP loci.
Three out of seven loci showed significant differences in allele
frequencies between populations (Table 1).

DNA fingerprints based on hybridization with probe pSNS4 are
shown in Figure 1. A total of 60 fragments were scored in both
sets (S1 and S2) of 24 Swiss isolates. On average, 14.4 fragments
per isolate were scored in set S1, and 14.1 fragments were scored
in the second set (S2). Average fragment frequencies were 0.239
and 0.252 in S1 and S2, respectively. For probe pSNS4, the prob-
ability of shared DNA fingerprints by chance was estimated as 2.4
× 10–9, on average, for the two sets used for the quantitative
analysis of the DNA fingerprint. The expected frequency of the
theoretical most common DNA fingerprint was 3.0 × 10–7. DNA
fingerprints had greater resolution to distinguish genotypes than
multilocus haplotypes. In the Swiss population, four pairs of iso-
lates having identical multilocus haplotypes were differentiated by
the DNA fingerprint probe pSNS4. This finding was also reflected
by the higher probability of shared multilocus haplotypes (8.1 ×
10–5 by equation 1) compared with DNA fingerprints and the
higher expected frequency of the most common multilocus haplo-
type (4.1 × 10–2 by equation 2). The probability that two randomly
chosen isolates would share the same multilocus haplotype by

chance was estimated (by equation 1 based on Nei’s Ji) as 0.01 for
the Swiss and Texas populations and 0.02 for the Oregon popula-
tion.

Genotypic diversity based on DNA fingerprints was at 100% of
its theoretical maximum in the Swiss population, i.e., every isolate
had a unique fingerprint. Genotype diversity was lower in the
Oregon ($G  = 69% of maximum value) and Texas ($G  = 42% of
maximum value) populations, in which sampling of several le-
sions per leaf or head increased the proportion of clones. In the
Oregon population, nine genotypes were found more than once.
Eight of these nine clones originated from different lesions on the
same leaf or from different kernels on the same head. One of the
clones was found twice on different heads at the same site in the
field. The most common clone was found four times in an assay of
10 isolates from different lesions on the same leaf. The other six
isolates from this leaf all had different genotypes. No shared DNA
fingerprints were detected across the populations.

On average, 96% of the gene diversity in the three populations
was distributed within populations (Table 1). According to Nei’s
measures of genetic identity (I) and population differentiation
(GST), the differences between pairs of populations were small
across all RFLP loci (Table 2). The average GST across loci was
0.04. This value was used to calculate Nm, the average number of
migrants that would need to be exchanged across populations each
generation to maintain the observed level of GST. Nm = 11, on
average, across the three populations. Measures of genetic identity
averaged across all loci suggested that the Oregon and Texas
populations were more similar to the Swiss population than they
were to each other (Table 3).

Allele-by-allele comparisons were made for the Swiss and Ore-
gon clone-corrected data sets. The results were similar to the
Texas population, as summarized in McDonald et al. (10) (Table
4). A total of 21 overall locus-by-locus comparisons were made in
each population. The Swiss population showed one comparison
(pJSN121/pJSN3) with significant departure (P < 0.01) from
equilibrium. This high level of significance was due to one isolate
that had rare alleles for both loci. The two departures from equi-
librium (P < 0.05) in the Oregon population did not involve rare
alleles.

DISCUSSION

The genetic structure of populations of P. nodorum. Our re-
sults show that field populations of P. nodorum exhibit high de-
grees of gene and genotype diversity distributed on very small
spatial scales. In one case, seven different genotypes were col-
lected from a single leaf. On average, over 95% of the gene diver-
sity was distributed on a local level, i.e., within fields. Although
allele frequencies differed significantly for three of the seven
RFLP loci, there was a high degree of genetic similarity among
three populations separated by large geographical distances. The
low GST value indicated little evidence for geographical subdivi-
sion among the three populations. All populations exhibited a high
degree of genotype diversity and no evidence for clonal lineages,

TABLE 2. Nei’s measure of gene identity (I) and the gene flow parameter
(Nm) between Swiss (CH-T2), Texas (TX-92), and Oregon (OR-93) popula-
tions and across populations of Phaeosphaeria nodorum

Probe-enzyme I Nm

combination TX-92 OR-93 TX-92 OR-93 Total Nm GST
a

pJSN121-EcoRI 23 0.02
CH-T2 0.97 0.92 51 23
TX-92 … 0.93 … 28

pJSN73-EcoRI 4 0.11
CH-T2 0.91 0.89 6 16
TX-92 … 0.74 … 4

pSNL15-EcoRI 10 0.05
CH-T2 0.89 0.96 16 28
TX-92 … 0.80 … 7

pJSN35-EcoRI 11 0.04
CH-T2 0.97 0.94 23 8
TX-92 … 0.99 … 46

pJSN3-EcoRI 33 0.02
CH-T2 0.99 0.99 44 23
TX-92 … 0.99 … 211

pJSN27-EcoRI 54 0.01
CH-T2 0.99 0.99 48 54
TX-92 … 1.00 … 5750

pSNL13-EcoRI 8 0.06
CH-T2 0.94 0.99 11 68
TX-92 … 0.92 … 6

a Population differentiation.

TABLE 3. Pairwise comparisons of Nei’s measures of genetic distance (D)
and D′ (corrected for large genetic identities) among Swiss (CH-T2), Texas
(TX-92), and Oregon (OR-93) populations of Phaeosphaeria nodoruma

Measures across all loci
Measures across loci pJSN73,

pSNL13, and pSNL15

D D′ D

TX-92 OR-93 TX-92 OR-93 TX-92 OR-93

CH-T2 0.06 0.04 0.05 0.05 0.09 0.05
TX-92 … 0.09 … 0.10 … 0.19

a Nei’s measures are also shown based on the three loci that showed signifi-
cant differences in allele frequencies among populations.
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the results being consistent with the hypothesis of random mating.
The distribution of genotypes at the end of the growing season
combined with the finding of gametic equilibrium to provide evi-
dence for a significant degree of sexual reproduction in the ex-
amined populations.

Evidence for gene flow. Gene flow is one of the evolutionary
forces that can have a significant impact on the genetic structure
of a population. In the absence of gene flow, genetic drift will
cause isolated populations to develop different allele frequencies
at neutral loci, leading to population differentiation. The high ge-
netic similarity among populations of P. nodorum suggests that
gene flow occurred across long distances. Since none of isolates
shared DNA fingerprints among populations, there was no direct
evidence for gene flow. However, the shared alleles at neutral loci
could be used to make an indirect measure of gene flow.

The average GST of 0.04 indicated little genetic differentiation
among the three populations. The genetic distances were very
small considering that the geographic distances between popula-
tions ranged from ~2,000 to 7,000 km. If we assume that the high
degree of similarity is due exclusively to gene flow and that the
populations are at equilibrium, we can use GST to estimate Nm,
the average number of migrants that would need to be exchanged
among populations each generation to account for their present
lack of subdivision. Nm averaged 11 across all loci and popula-
tions, suggesting a level of gene flow that was 11 times greater
than needed to prevent populations from diverging by genetic drift.

Indirect estimates of gene flow do not take into account the
possibility of periodic, large scale migration events. It is possible
that gene flow is not presently occurring between North American
and European populations, rather the present lack of subdivision
reflects the history of agriculture in North America. If the North
American P. nodorum population on wheat originated from in-
fected seed brought by European immigrants (20) and later by the
U.S. Department of Agriculture (17,23), the North American
population may not yet differ significantly from the European
population. Since the introduction of wheat to North America is
relatively recent (200 to 500 years ago), differentiation through
genetic drift would only be expected among populations with
small effective population size and limited dispersal potential
(28). Under this scenario, the founding population in North
America was very large, and there has not been sufficient time for
genetic drift to cause significant population subdivision to de-
velop.

Evidence for sexual reproduction. Another factor that appears
to have a significant impact on the genetic structure of P. nodorum
populations is the mating system. It has been known for some
time that the sexual stage of P. nodorum occurs in nature and that
ascospores may be a source of primary inoculum (15). However, it
has not been clear whether ascospores make a substantial contri-
bution to the epidemic spread of the fungus or whether the sexual
stage plays a major role in its population biology. Our data sug-
gest that the sexual stage plays a significant role in the population
biology of this fungus, and it may play an important role in the
epidemiology of the disease. Our evidence for sexual reproduction
consists of a high degree of genotypic diversity based on DNA
fingerprints, a large number of multilocus haplotypes based on
seven RFLP loci, and the finding that pairs of alleles at RFLP loci
were at gametic equilibrium in each population. We found no evi-
dence for clonal lineages in any population.

The finding of gametic equilibrium among neutral loci does not
by itself prove that sexual recombination occurs regularly. The
sample sizes per population were too small in this experiment for
a statistically powerful test of gametic equilibrium between all but
the most common allele pairs. The finding of gametic equilibrium
is more significant when considered together with the lack of
clones that are distributed over spatial scales exceeding 10 m and
the prior knowledge that ascospores may be a source of primary in-
oculum (19). Our findings provide new evidence that the sexual stage
plays an important role in agricultural populations of P. nodorum.

What is the source of primary inoculum for P. nodorum?
Shah et al. (22) described four potential sources of primary in-
oculum for P. nodorum, three that were asexual (pycnidiospores
from infected wheat debris or alternative hosts and infected seeds)
and one that was sexual (ascospores from infected wheat debris).
Their experiment showed that P. nodorum isolates that originated
from infected seed could persist to infect leaves and seeds. How-
ever, it is not clear whether their experiment was representative of
the principal source of inoculum in fields that are infected natu-
rally. Their infected seed came from spikes that had been inocu-
lated with two P. nodorum strains at the rate of 106 spores/ml.
This rate probably overwhelmed any natural infection that was
present.

While Shah et al. (22) showed that infected seed can lead to
persistence of genotypes over time, we consider it unlikely that
infected seed can explain the distribution and diversity of geno-
types found at the end of the growing season in natural field

TABLE 4. Measures of gametic disequilibrium among pairs of restriction fragment length polymorphism (RFLP) loci in Swiss and Oregon populations of
Phaeosphaeria nodorum

Probe

Probe pJSN121 pJSN73 pSNL15 pJSN35 pJSN3 pJSN27 pSNL13

pJSN121 …a 2/24b 1/16 2/8 2/16 1/16 1/16
16.2 (15)c 9.9 (9) 2.2 (3) 23.0d (9) 9.3 (9) 11.8(9)

pJSN73 3/12 … 1/24 0/12 2/24 0/24 0/24
13.6e (6) 22.4 (15) 3.0 (5) 15.2 (15) 5.2 (15) 4.0 (15)

pSNL15 0/9 0/12 … 0/8 0/16 1/16 0/16
0.9 (4) 4.5 (6) 2.8 (3) 3.8 (9) 8.4 (9) 4.4 (9)

pJSN35 3/6 0/8 1/6 … 0/8 0/8 0/8
5.3 (2) 1.9 (3) 4.0 (2) 2.3 (3) 5.2 (3) 3.2 (3)

pJSN3 0/9 2/12 0/9 0/4 … 1/16 0/16
3.7 (4) 11.7(6) 3.8 (4) 0.3 (2) 5.8 (9) 1.5 (9)

pJSN27 0/9 0/12 0/9 0/9 0/9 … 0/16
4.5 (4) 3.7 (6) 2.1 (4) 1.5 (2) 1.1 (4) 5.2 (9)

pSNL13 0/6 3/8 0/6 0/4 0/6 0/6 …
1.0 (2) 9.9e (3) 1.3 (2) 0.5 (1) 0.4 (2) 0.6 (2)

a Numbers above the diagonal are the measures of gametic disequilibrium in the Swiss population. Numbers below are measures for the Oregon population.
b The first row shows the number of significant (P < 0.05) chi-square tests between individual alleles at different RFLP loci over the total number of tests that

were made.
c The second row shows a chi-square test for significance of association between all alleles at two loci. The number in parentheses is the degrees of freedom for

this test.
d P < 0.01.
e P < 0.05.
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populations. If the main source of primary inoculum was asexual
and from seeds, we would expect to find some clones that were
distributed among different locations in a field. Over time, genetic
drift and selection would limit the number of genotypes present in
field populations, unless sexual reproduction generated new
genotypes and wind dispersal distributed ascospores among
populations every year. In support of the hypothesis of Shah et al.
(22), we found five examples of clones that were distributed
among different locations in a field midway through the growing
season in the Texas population (10). In the Oregon and Swiss
populations, however, we did not find any clones that were shared
among different locations within the field. These fields were sam-
pled at the end of the growing season. In eight other populations
sampled in Switzerland (50 isolates per population, 400 isolates
total), the same pattern emerged. In total, six pairs of clones were
found among the 400 isolates, and clone pairs always originated
from the same site in the field (S. M. Keller, unpublished data).
These findings are not consistent with the hypothesis that the ma-
jority of primary inoculum is asexual and seedborne (22).

Since pycnidiospores are so restricted in movement (4), the
scale of sampling can have a major impact on the interpretation of
our results. Hierarchical sampling on a very small scale is needed
to resolve the actual distribution of genotypes in a field. On the
finest spatial scale we tested (lesions from the same leaf), it was
common to find the same genotype. This probably reflects auto-
infection by pycnidiospores. When the scale of sampling was in-
creased to locations separated by 10 m in a field, the same geno-
type was found in different locations only in the Texas population,
suggesting that pycnidiospores were not dispersed across long
distances over the course of the epidemic cycle in the Oregon and
Swiss populations. It appears likely that sampling on an interme-
diate scale (25 to 50 cm) is needed to resolve the actual distribu-
tion of clones in a field. Our sampling strategy for these three
fields was not adequate to accurately delimit the spread of par-
ticular clones.

Earlier studies revealed that ascospores can germinate and in-
fect when temperatures are lower than 5°C, while pycnidiospores
require temperatures above 5°C to infect leaves (16). This sug-
gests that young wheat plants are more likely to be infected by
ascospores in late fall and early spring, in synchrony with the as-
cospore showers that have been detected at this time of year (12).
The spore trapping data, combined with our findings, suggest that
ascospores are a major part of the primary inoculum. We believe
that pycnidiospores are likely to play an important role in epide-
miology on small spatial scales (1 to 2 m), but ascospores proba-
bly play a more important role in the population biology and per-
haps in the epidemiology of disease on a regional scale (tens to
hundreds of kilometers; S. M. Keller, unpublished data).

In Switzerland, populations of P. nodorum exhibit moderate
levels of virulence, and new resistance genes tend to provide pro-
tection over many years (M. Winzeler, personal communication).
Although variation in pathogenicity was thought to indicate the
potential for local adaptation, this was never confirmed by field
experiments. Sexual reproduction could explain the high genotype
variation in populations of P. nodorum. It may also explain why
field populations are so similar on a regional scale. Ascospore-
mediated gene flow among fields separated by tens or hundreds of
kilometers would unify populations on a regional basis into a large
metapopulation.
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