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Some of the most striking and extreme consequences of rapid, long-distance aerial 
dispersal involve pathogens of crop plants. Long-distance dispersal of fungal spores by 
the wind can spread plant diseases across and even between continents and reestab- 
lish diseases in areas where host plants are seasonally absent. For such epidemics to 
occur, hosts that are susceptible to the same pathogen genotypes must be grown over 
wide areas, as is the case with many modern crops. The strongly stochastic nature of 
long-distance dispersal causes founder effects in pathogen populations, such that the 
genotypes that cause epidemics in new territories or on cultivars with previously 
effective resistance genes may be atypical. Similar but less extreme population 
dynamics may arise from long-distance aerial dispersal of other organisms, including 
plants, viruses, and fungal pathogens of humans. 

Long-distance dispersal (LDD) in the air 
is an important survival strategy for 
many organisms, enabling them to colo- 

nize new territory rapidly or to migrate be- 
tween summer and winter habitats (1). It is 
especially relevant for fungi pathogenic on 
crop plants, because wind dispersal of their 
spores for hundreds or thousands of kilome- 
ters has caused the spread of several impor- 
tant diseases on a continental or global scale 
and allows the regular reestablishment of dis- 
eases in regions where the climate is season- 
ally unfavorable (Fig. 1). For obligately 
biotrophic fungi, including those that cause 
rust, powdery mildew, and downy mildew 
diseases, the production of huge numbers of 
spores, which are wind dispersed from one 
susceptible host to another, is essential for 
reproduction and survival because the patho- 
gens are completely dependent on living host 
tissue for survival (2). The need to control 
these diseases has been a major stimulus for 
recent research on the theory of LDD (3-8), 
and the fungi themselves illustrate some of 
the best characterized and most striking con- 
sequences of aerial LDD. Research on these 
organisms may help in understanding the less 
extreme population dynamics of other aerial- 
ly dispersed organisms, including plants and 
pathogens of humans and other animals. 

The world's agriculture depends largely 
on a small fraction of the many thousands of 
plant species grown worldwide, so intercon- 

1Department of Disease and Stress Biology, John 
Innes Centre, Colney, Norwich NR4 7UH, UK. 2De- 
partment of Plant Protection, Danish Institute of 
Agricultural Sciences, Flakkebjerg, 4200 Slagelse, 
Denmark. 
*To whom correspondence should be addressed. 
E-mail: james.brown@bbsrc.ac.uk (J.K.M.B.) and 
mogens.hovmoller@agrsci.dk (M.S.H.) 

tinental dispersal of pathogens may cause 
diseases of crops on a global scale. As plants 
have been redistributed from their centers of 
origin, fungi have followed, resulting in dev- 
astating outbreaks of such diseases as potato 
late blight (Phytophthora infestans) (9) and 
chestnut blight (Cryphonectria parasitica) 
(10). In the past half-century, improved plant 
quarantine has restricted the movement of 
many pathogens, but it has not halted those 
that cause such destructive diseases as coffee 
leaf rust (Hemileia vastatrix) (11) or sugar- 
cane rust (Puccinia melanocephala) (12) be- 
cause the dispersal of airborne spores cannot 
be constrained. 

The risk of global spread of disease is in- 
creased by the limited genetic diversity of many 
modem crops, as compared to that of related 
wild species or landrace crops. Extreme exam- 
ples are coffee (13) and banana (14), of which 
single clones, propagated throughout the trop- 
ics, are susceptible to leaf rust and black Siga- 
toka disease [black leaf streak (Mycosphaerella 
fijiensis)], respectively. More generally, the in- 
terational exchange of germplasm has been a 
feature of plant breeding since its origin in the 
late 19th century and has accelerated in recent 
decades, so several resistance genes are now 
used on a global scale. Pathogens able to over- 
come those resistances may cause disease 
wherever their spores are dispersed. An impor- 
tant class of genes for resistance to obligate 
biotrophs has specific "gene-for-gene" interac- 
tions with pathogen genotypes (15), such that 
just one mutation may cause a pathogen to 
become virulent (16) on a host with the match- 
ing resistance gene. 

Here, we discuss the role of aerial dispers- 
al over distances of 500 km or more in the 
spread of plant diseases. We consider new 
invasions and periodic reestablishment of dis- 

eases and discuss the effects of limited host 
species and genetic diversity on disease 
spread, bringing together new ideas from 
epidemiology and genetics to discuss the re- 
lation between pathogen dispersal and adap- 
tation to host crops. We also consider the 
implications of research on biotrophic fungal 
pathogens of plants for the study of other 
organisms. 

Invasion of New Territory 
Two forms of aerial dispersal spread diseases to 
places that are distant from the original source 
of inoculum. The more spectacular kind in- 
volves the transport of spores over very long 
distances, even between continents, in a sin- 
gle step, and the other is a gradual, though 
possibly rapid, expansion of the range of a 
pathogen population within a continent. Sin- 
gle-step invasions are rare, inherently unlike- 
ly, and therefore unpredictable, so they are 
usually thought to be unique events requiring 
special explanations. Range expansions, by 
contrast, are generally treated as part of the 
normal dispersal process of pathogens. Re- 
cent research, however, suggests that single- 
step invasions and range expansions may be 
caused by the same dispersal processes. 

It is often difficult to determine the orig- 
inal cause of a single-step pathogen invasion, 
but in a few cases, there is good evidence that 
the inoculum was airborne rather than carried 
by people or on plants or plant products. Most 
of these involve rusts, which may be more 
likely than other diseases to be aerially dis- 
persed over very long distances because their 
spores are comparatively robust against envi- 
ronmental damage (17). Detailed meteoro- 
logical data indicate that sugarcane rust was 
almost certainly introduced into America (the 
Dominican Republic) from Cameroon in 
West Africa through the transport of P. mela- 
nocephala uredospores by cyclonic winds in 
early June 1978 (12) (Fig. 1, dispersal I). A 
general analysis of transatlantic winds 
showed that H. vastatrix uredospores may 
have been carried from Angola, where coffee 
leaf rust was first reported in 1966, to Bahia 
in Brazil in 1970 (11) (Fig. 1, dispersal II), 
although transport on diseased plants could 
not be excluded (18). 

In a wider range of diseases, inoculum has 
been transported from one continent to another 
by means other than the wind, but the subse- 
quent expansion of the pathogen's range 
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through the new area has been by airborne 
spores. Intercontinental dispersal of black Siga- 
toka disease, which, in the past 40 years, has 
devastated banana and plantain crops world- 
wide (Fig. 1, area IX), probably occurred 
through the transport of infected plants, but 
thereafter, dispersal within continents has been 
by airborne ascospores (19). Potato late blight 
was introduced into Europe at least twice in 
infected tubers imported from Mexico (9). The 
original introduction was in the 1840s (20), 
when it destroyed crops in Ireland and else- 
where (Fig. 1, transport V), then in the 1970s, 
when the A2 mating type first appeared outside 
Mexico (21) (Fig. 1, transport VI). A disease 
invasion that was probably caused by spores 
carried on clothing occurred when wheat yel- 
low rust [or stripe rust (Puccinia striiformis f. 
sp. tritici] appeared in Australia in 1979, prob- 
ably from a source in Europe (22) (Fig. 1, 
transport VII). It subsequently spread to New 
Zealand in 1980, probably by wind dispersal of 
uredospores from eastern Australia (23) (Fig. 1, 
dispersal III). 

Population Dynamics of Rare Events 

Single-step pathogen invasions are remark- 
able because they are rare. An emerging view 
is that unusual, extreme events may have 
greater influence on the large-scale distribu- 
tion of populations than do typical or normal 
events (7). Biological invasions have usually 
been modeled by dispersal functions in which 
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the tail of the probability distribution of prop- 
agules is exponentially bounded, so that the 
rate of population expansion is constant (24). 
New insights into invasions, particularly 
those of plant pathogens, are coming from 
models involving non-exponentially bound- 
ed ("fat-tailed") dispersal, in which a relative- 
ly high proportion of propagules are dis- 
persed over long distances and population 
expansion accelerates with increasing dis- 
tance from the source (3, 5, 6). It is often 
assumed that when observed dispersal data 
cannot be modeled by a single, exponentially 
bounded function, as is often the case (5), 
there must be two or more dispersal processes 
at different length scales (24). Turbulent dif- 
fusion, however, may give rise to fat-tailed 
dispersal (3, 6, 8), so a single process may 
account for disease spread at all scales (5). 
Examples of accelerating range expansion 
include the spread of potato late blight 
through Europe and North America in the 
1840s, which was more than three orders of 
magnitude faster than the expansion of a 
single focus (6), and radial expansion of 
wheat yellow rust in Europe, which was five 
orders of magnitude faster (on scales of hun- 
dreds of kilometers) than in primary foci 
(24). 

Few spores are dispersed over very long 
distances, even when dispersal is fat-tailed, 
so rare dispersal events create secondary foci 
at unpredictable sites far from the source. 

Patchy demography and population genetic 
structure may arise from leptokurtic exponen- 
tially bounded dispersal (25), but they are 
especially likely when dispersal is fat-tailed, 
because expanding primary foci may never 
catch up with secondary and subsequent foci 
(4). This is illustrated by C. parasitica, which 
was introduced to North America from east 
Asia, probably Japan (10) (Fig. 1, transport 
VIII), then wind dispersed by ascospores 
throughout the range of the American chest- 
nut, Castanea dentata. There was no correla- 
tion between genetic distance and geographic 
distance of North American C. parasitica 
populations, which is consistent with stochas- 
tic LDD rather than steady expansion of an 
epidemic front (26). 

LDD of pathogens can only occur if there is 
a susceptible host in the target area. A striking 
example of a genetically uniform, globally dis- 
tributed crop is arabica coffee, as the original 
plantations in the Americas can be traced back 
to a single bush taken from Java in 1706 (13). 
Hence, a genotype of H. vastatrix capable of 
attacking any one bush could cause leaf rust in 
coffee plantations throughout the two conti- 
nents. What is important here is not genetic 
uniformity of a general kind, but uniform sus- 
ceptibility to the disease. In Australia, though 
many wheat cultivars were grown in 1979, the 
original epidemic of yellow rust was caused by 
a pathotype (27) of P. striiformis f. sp. tritici 
(22) to which few cultivars had useful resis- 
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Fig. 1. Selected dispersal events of fungal pathogens. Red and blue arrows 
indicate invasions of new territories (first year recorded in brackets). Red 
arrows indicate dispersal that probably occurred by direct movement of 
airborne spores [I (12), II (11), III (23), and IV (52)]. Blue arrows indicate 
pathogens that were probably transported to the new territory in infected 
plant material or by people and spread thereafter as airborne spores [V (9), 

VI (21), VII (22), and VIII (10)]. Orange circles indicate the worldwide spread 
of black Sigatoka disease of banana; the first outbreak recorded on each 
continent is marked [IX (19)]. Green arrows indicate periodic migrations of 
airborne spores in extinction-recolonization cycles [X (32), XI (33), XII (34), 
XIII (35-38), and XIV (41)]. [Background world map ? C. Lukinbeal, Southern 
Connecticut State University, New Haven, Connecticut] 
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tance (23). In an important model of pandemics 
of plant diseases, the velocity of disease spread 
depended only to a limited extent on the density 
of the host population in the target area (28). 
The model used deterministic, exponentially 
bounded dispersal, so one might expect this 
conclusion to be even more strongly supported 
in models that involve stochastic or fat-tailed 
dispersal. 

Establishment of a new population by LDD 
of very few individuals may cause an extreme 
form of genetic drift. If secondary populations 
remain distinct from their primary source (4, 
25), they may contain only a small subset of the 
original variation, and this founder effect may 
persist, particularly in clonal organ- 
isms such as P. striiformis f. sp. 
tritici (23) or the pre-1976 glob- Chir 
al population of Phytophthora 
infestans (29). This difference 
was less marked in M. fijiensis, 
which had genetic diversity in 
dispersed populations in Africa, 
America, and the Pacific Islands 
that was 51% less than the ge- 
netic diversity in the source area 
of southeast Asia (30), or in C. 
parasitica, which had similar 
diversity in North America, Eu- 
rope, and Japan (10), suggesting 
that several genotypes of these 
two fungi may have been dis- SICHU 

persed between continents. 
Fat-tailed dispersal is an in- ( 

teresting model for very long 
distance disease spread, because 
it might account for rare, appar- 
ently unpredictable events. As 
in other organisms, however, in- YUAN 

cluding plant seeds (31), critical 
data on plant pathogens are Fig. 2 Di! 

sp. tritici, 
lacking on empirical dispersal Shaarni 
functions within fields, let alone arrows sh 
on the global or continental the main 
scales. This is a major challenge additiona 
for both experimental and theo- and sprin: 
retical epidemiology. P. striifo 

found (4C 
Local Extinction and brown, 3 

Recolonization 

Obligate biotrophic fungi cannot survive on 
plant debris or in the soil between crops, so 
either they must survive in a dormant stage, 
usually the product of sex, or their popula- 
tions must be reestablished from external 
sources when new host plants are available. 
Such extinction-recolonization cycles may 
involve dispersal on a scale of 500 to 2000 
km. As a survival strategy, this is akin to the 
annual migration of birds and insects whose 
summer range is inhospitable in winter, or 
vice versa. For all of these organisms, the 
atmosphere is a pathway for rapid movement 
between their summer and winter ranges (1). 

LDD has an important role in recoloniza- 

tion, but the population dynamics tend to be 
more predictable than for invasions of new 
territory because larger numbers of spores are 
dispersed and the distances involved are gen- 
erally shorter. Recolonization depends criti- 
cally on the availability of susceptible host 
tissue, and thus the composition of pathogen 
populations differs substantially from year to 
year, sometimes causing host resistance to 
become ineffective. 

Extinction-recolonization cycles occur for 
all three major groups of obligate biotrophs, 
but most of the well-studied cases involve 
rusts; however, a notable exception is the 
downy mildew Peronospora tabacina (tobac- 

spersal of the wheat yellow rust pathogen, Puccinia str 
in China. The main area of winter wheat cultivation 
Shanxi, Henan, Hebei, and Shandong provinces. S 
low dispersal of uredospores from southern Gansu pr 
wheat-growing area in autumn (35-38). Dashed arrow 
I proposed pathways of uredospore dispersal in autur 
g (green) (39). Colored circles indicate sites where gen 
mis f. sp. tritici with indistinguishable genetic fingerpr 
)) (green, genotype 6; red, 10; purple, 34; blue, 35; or 
9; and yellow, 46). 

co blue mold) in the eastern United States 
(32) (Fig. 1, migration X). Recolonization of 
rust pathogens of wheat in North America 
(33) and India (34) generally follows "Puc- 
cinia pathways" that are predictable on the 
basis of host availability and seasonal pre- 
vailing winds (Fig. 1, migrations XI and XII). 

Research on wheat yellow rust in China 
has combined molecular markers with other 
information to investigate extinction and re- 
colonization (Fig. 1, migration XIII; Fig. 2). 
Puccinia striiformis f. sp. tritici, which has 
no sexual phase, must be reestablished each 
autumn in the main wheat-growing provinces 
of northern China because there are no host 

wheat plants during summer (Fig. 2). Data on 
disease distribution (35), environmental 
conditions (36), winds (37), and fungal 
pathotypes (38) indicate that the principal 
source area of the recolonizing populations in- 
cludes the southern Gansu and northern Si- 
chuan provinces, where the pathogen survives 
year-round (Fig. 2, solid blue arrows). Recent- 
ly, additional pathways of interprovincial dis- 
persal have been proposed (Fig. 2, dashed ar- 
rows) (39). With a multicopy restriction frag- 
ment length polymorphism system, 97 DNA 
fingerprints were found in 160 isolates, 7 of 
them in more than one province (40). The dis- 
tribution of six of these fingerprints was con- 

sistent with southern Gansu and 
northern Sichuan being a source for 
dispersal of diverse genotypes of P. 
striiformis f. sp. tritici into the main 
wheat belt, and the presence of fin- 
gerprint 39 (Fig. 2, brown circles) 
in Yunnan and Sichuan supports 
one of the new hypotheses about 
spore dispersal (39). In both cases, 

south uredospores are dispersed hundreds 
or thousands of kilometers from 
western China to the main wheat 
belt. 

LDD of biotrophic fungi also 
occurs in Europe [e.g., 650 km 
across the North Sea from Great 
Britain to Scandinavia when winds 
are favorable (41) (Fig. 1, migra- 
tion XIV)] and presumably else- 
where. This rarely contributes to 
recolonization of crops by patho- 
gens, however, because the cultiva- 
tion of both autumn- and spring- 500 km 
sown crops usually allows patho- 
gens to persist through theyear. It 

iformis f. is relevant, however, when culti- I includes 
olid blue vars, resistant in one country, be- 
ovince to come diseased by virulent fungi 
s indicate from another. 
nn (blue) 
otypes of Adaptation to Host 
ints were Resistance 
ange, 36; 

Spores dispersed over long dis- 
tances may overcome previously 
effective resistance in a target re- 

gion. As in pathogen invasions, dispersal of 
virulent genotypes may be successful even 
when the density of susceptible hosts is low 
(28); neither Mla13 nor Yrl 7, two genes dis- 
cussed below, was deployed over a large area 
when cultivars carrying them first became 
susceptible (42). When a resistance gene is 
used widely, mutation to virulence in a single 
pathogen genotype may mean that previously 
resistant cultivars become susceptible across 
huge areas. In accordance with the prediction 
that unusual events may have a dispropor- 
tionate effect on population dynamics (7), 
virulent clones may initiate local epidemics 
whether they are dispersed with the prevail- 
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ing wind (generally west to east in Europe) or 
against it. Virulent clones may then diversify 
by further mutation or by recombination with 
other genotypes (43, 44). 

When Yrl 7 was introduced widely into Eu- 
ropean wheat breeding in the early 1990s, it 
controlled yellow rust completely until 1994, 
when the first outbreak on wheat with Yrl 7 was 
reported in Great Britain, involving one patho- 
gen genotype (45) (Fig. 3, type K). Type K 
isolates were then found in 1997 in the first 
outbreak of yellow rust on Yrl 7 wheat in Den- 
mark, then in France and Germany in 1997 and 
1998 (46), respectively. Limited diversification 
of type K has occurred since (Fig. 3, type K*). 
In 1995, a different Yrl 7-virulent genotype 
(Fig. 3, type 0) was found in England, then in 
1997, it was found elsewhere in northwestern 
Europe at sites up to 1700 km apart (46). The 
most likely explanation for the widespread dis- 
tribution of types K and O in northwest Europe 
was wind dispersal of uredospores from a com- 
mon source, presumably Britain. In Denmark, 
the establishment of these types was in part the 
result of a recolonization after the local extinc- 
tion of P. striiformis f. sp. tritici for 1 year (45, 
47), whereas dispersal of type O to western 
France was against the prevailing wind. 

The evolution of virulence of Blumeria gra- 
minis (synonym Erysiphe graminis) f. sp. hor- 
dei, the powdery mildew pathogen, to Mla13 
resistance in barley followed a similar pattern. 
Mlal3 was first used in the former Czechoslo- 
vakia around 1980, then elsewhere in continen- 
tal Europe, and finally in 
Great Britain in 1986. In 
1988, when Mlal3 cultivars 
in Britain first had substan- 
tial levels of mildew, three 
clones of the fungus were 
found in widespread loca- 
tions (43, 48). One of these 
was indistinguishable from 
older isolates from Czecho- 
slovakia and was mostly 
likely dispersed to Britain 
from continental Europe 
(49). Diverse genotypes of 
B. graminis f. sp. hordei 
now have Mlal3 virulence 
(50), through further muta- 
tion and recombination. 

Occasionally, single- 
step intercontinental dis- 
persal overcomes an effec- 
tive resistance. In 1981, a 
genotype of the wheat 
brown rust (or leaf rust) 
fungus, Puccinia triticina, 
of unknown origin but 
clearly from outside Aus- 
tralasia, appeared in New 
Zealand, where it over- 
came the brown rust resis- 
tance of cv. Karamu, 
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which was >90% of the wheat grown in the 
North Island at the time (51). By contrast, 
two genotypes of the wheat stem rust fungus, 
Puccinia graminis f. sp. tritici, which were 
found in Australia in 1969 and had almost 
certainly been wind dispersed from southern 
Africa, possibly Angola (52) (Fig. 1, dispers- 
al IV), did not cause disease on any previous- 
ly resistant cultivar because they lacked the 
necessary virulences. 

How Unusual Are Crop Pathogens? 
Aerial LDD is not unique to fungal pathogens 
of crop plants, but these species show its 
consequences for population distribution and 
genetics at their most extreme. Four critical 
points, common to both invasions of new 
territory and adaptation to new resistances, 
are that (i) these species are adapted for LDD; 
(ii) they can reproduce clonally; (iii) they are 
highly specific to particular host species or 
genotypes; and (iv) uniquely, humans fre- 
quently create new niches for them by glob- 
al trade in host species or by the wide- 
spread release of effective resistances in 
new cultivars (2). 

The last point means that similar dynam- 
ics are rare in nature. New islands and vol- 
canoes, for example, may be colonized by 
LDD, but conditions are rarely specifically 
suitable for just a few genotypes of just one 
species. An exception is the moss Campylo- 
pus pyriformis, of which a single clone, pre- 
sumably dispersed by airborne spores, has 

colonized snow-free ground near the summits 
of two very remote volcanoes in Antarctica, 
Mount Melbourne and Mount Erebus, and 
diversified thereafter (53). The extreme con- 
ditions involved in this example emphasize 
the unusual nature of the population dynam- 
ics of crop pathogens. LDD of seeds, by wind 
as well as other agents, was important in the 
colonization of new territory in the form of 
previously glaciated regions in the Holocene 
(31) and led to spatial clustering of genotypes 
that persists to the present (54). The role of 
farmers in creating vacant niches for patho- 
gens is emphasized by the current pandemic 
of foot-and-mouth disease (FMD), in which 
herds in countries kept free of disease 
through quarantine, culling, or vaccination 
are potential hosts for the PanAsia strain of 
the FMD virus (FMDV) serotype 0, which is 
now found worldwide (55). The transmission 
kernel of FMD, which approximates to an 
inverse power function (56), is consistent 
with rare, wind-bore LDD of FMDV parti- 
cles (57), although wind dispersal seems to 
have been less important in the 2001 epidem- 
ic in Great Britain than in previous epidemics 
(56). 

The limited data available for pathogenic 
fungi in natural populations generally show no 
evidence of dispersal on the scale of hundreds 
of kilometers, except where human intervention 
has brought together aggressive pathogens and 
uniformly susceptible hosts, as in chestnut 
blight (10, 26). This is because of the patchi- 

Fig. 3. Distribution of Puccinia striiformis f. sp. tritici (wheat yellow rust) genotype 
found in more than one country in northwest Europe between 1988 and 1998 (45, 46) 
Letters indicate genotypes of indistinguishable amplified fragment length polymorphisn 
phenotype (45) and pathotype (27); numbers refer to the year of sampling. Genotype 
virulent on Yrl 7 were 0, K, and K* (which differed from K only in being virulent to Yr6) 
Phylogenetic analysis indicated that each type shown on this map had a single clona 
origin within the European population of the fungus (46). 

ness and diversity of host 
populations, since spores of 
fungal pathogens of wild 
plants presumably have the 
same dispersal characteris- 
tics as those of crops. The 
patchiness of populations 
following postglacial ex- 
pansion should be as fasci- 
nating a topic with fungi 
as it is with plantsand ani- 
mals (54), but to our 
knowledge, only one case 
has been studied so far. 
Coccidioides immitis, an 
aggressive pathogen of 
mammals, is endemic to 
North America but appears 
to have codispersed from 
Texas to South America, 
which has comparatively 
little genetic diversity, with 
one of its hosts, probably 
humans, in the late Pleisto- 
cene. Although Coccid- 

s ioides immitis undergoes 
) LDD by windblown arthro- 
n 

conidia, it is more likely 
that intercontinental dis- 
persal was by cysts in its 
human host (58). 
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The unique combination of biological fac- 
tors and human intervention in the life histo- 
ries of wind-dispersed plant pathogens can 
result in such exceptional events as invasions 
of new territory on global or continental 
scales or the rapid spread of virulent geno- 
types on previously resistant cultivars. It is a 
considerable challenge to develop a predic- 
tive model that would describe such rare 
events. The combination of separate lines of 
research in epidemiology and population ge- 
netics has provided qualitative insights into 
the causes and consequences of these pro- 
cesses, and a goal for the next few years is to 
define with greater precision the limits of 
predictability of the occurrence of such un- 
usual events. 

References and Notes 
1. S. H. Gage, S. A. Isard, M. Colunga-Garcia, Agric. For. 

Meteorol. 97, 249 (1999). 
2. J. K. M. Brown, M. S. Hovm0ller, R. A. Wyand, D.-Z. Yu, 

in Dispersal, J. M. Bullock, R. E. Kenward, R. S. Hails, 
Eds. (Blackwell Science, Oxford, 2002), pp. 395-409. 

3. F. J. Ferrandino, Phytopathology 83, 795 (1993). 
4. M. W. Shaw, Annu. Rev. Phytopathol. 32, 523 (1994). 
5. M. Kot, M. A. Lewis, P. van den Driessche, Ecology 77, 

2027 (1996). 
6. H. Scherm, Ecol. Model. 87, 217 (1996). 
7. M. J. Jeger, Agric. For. Meteorol. 97, 331 (1999). 
8. A. Stockmarr, J. Math. Biol., in press. 
9. W. E. Fry et al., Plant Dis. 77, 653 (1993). 

10. M. G. Milgroom, K.-R. Wang, Y. Zhou, S. E. Lipari, S. 
Kaneko, Mycologia 88, 179 (1996). 

11. J. Bowden, P. H. Gregory, C. G. Johnson, Nature 229, 
500 (1970). 

12. L. H. Purdy, S. V. Krupa, J. L. Dean, Plant Dis. 69, 689 
(1985). 

13. L. C. Monaco, Ann. N.Y. Acad. Sci. 287, 57 (1977). 
14. R. H. Stover, N. W. Simmonds, Bananas (Longman, 

London, ed. 3, 1987). 
15. In a typical gene-for-gene relationship, the host is 

able to mount a successful defense against the 
pathogen if it has a resistance gene that corresponds 
to a specific pathogen avirulence gene (59). Pheno- 

typic data indicate that gene-for-gene relationships 
operate in diseases caused by bacteria, viruses, in- 
sects, and nematodes, as well as fungi, but the num- 
ber of cases in which this has been proven by genetic 
analysis is relatively small. 

16. "Virulence" is used here, as usual in plant pathology, 
to mean the qualitative ability of a pathogen to cause 
disease on a specific plant genotype. 

17. J. Rotem, B. Wooding, D. E. Aylor, Phytopathology 75, 
510 (1985). 

18. S. Becker-Raterink, Z. Pflanzenkr. Pflanzenschutz 89, 
619 (1982). 

19. X. Mourichon, R.A. Fullerton, Fruits 45, 213 (1990). 
20. P. M. A. Bourke, Nature 203, 805 (1964). 
21. J. S. Niederhauser, in Phytophthora, J. A. Lucas et al., 

Eds. (Cambridge Univ. Press, Cambridge, 1991), pp. 
25-45. 

22. C. R. Wellings, R. A. Mcintosh, J. Walker, Plant Pathol. 
36, 239 (1987). 

23. C. R. Wellings, R. A. Mcintosh, Plant Pathol. 39, 316 
(1990). 

24. J. C. Zadoks, F. van den Bosch, Annu. Rev. Phyto- 
pathol. 32, 503 (1994). 

25. K. M. Ibrahim, R. A. Nichols, G. M. Hewitt, Heredity 
77, 282 (1996). 

26. M. G. Milgroom, S. E. Lipari, Phytopathology 85, 155 
(1995). 

27. A pathotype is a specific array of virulence pheno- 
types matching resistances in a panel of host culti- 
vars. 

28. F. van den Bosch, J. A. J. Metz, J. C. Zadoks, Phytopa- 
thology 89, 495 (1999). 

29. A. Drenth, I. C. Q. Tas, F. Govers, Eur. J. Plant Pathol. 
100, 97 (1994). 

30. J. Carlier, M. H. Lebrun, M. F. Zapater, C. Dubois, X. 
Mourichon, Mol. Ecol. 5, 499 (1996). 

31. M. L. Cain, B. G. Milligan, A. E. Strand, Am. J. Bot. 87, 
1217 (2000). 

32. D. E. Aylor, Agric. For. Meteorol. 97, 275 (1999). 
33. L. M. Hamilton, E. C. Stakman, Phytopathology 57, 

609 (1967). 
34. S. Nagarajan, D. V. Singh, Annu. Rev. Phytopathol. 

28, 139 (1990). 
35. S.-X. Xie et al., Acta Phytophylacica Sin. 24, 29 

(1997). 
36. S.-X. Xie et al., Acta Phytophylacica Sin. 15, 85 

(1988). 
37. S.-X. Xie, K.-N. Wang, Y.-L Chen, W.-Q. Chen, Acta 

Phytopathol. Sin. 23, 203 (1993). 
38. A.-M. Wan, D. Yang, L-R. Wu, in Proceedings of the 

1st Asian Conference on Plant Pathology, Beijing, 

China G.-H. Zhou, H.-F. Li, Eds. (China Agricultural 
Scientech Press, Beijing, 2000), pp. 98-99. 

39. W.-Q. Chen, S.-X. Xie, in Research Progress in Plant 
Protection and Plant Nutrition, F.-Z. Hong, K.-X. Li, 
Eds. (China Agriculture Press, Beijing, 1999), pp. 276- 
277. 

40. W.-X. Shan, S.-Y. Chen, Z.-S. Kang, L.-R. Wu, Z.-Q. Li, 
Can. J. Bot. 76, 587 (1998). 

41. J. E. Hermansen, U. Torp, L P. Prahm, Grana 17, 41 
(1978). 

42. In the United Kingdom, seed sales of Mla13 barley 
cultivars for the 1988 harvest and of Yr17 wheat for 
the 1994 harvest were 5.3 and 15.7% of the totals, 
respectively (60). 

43. J. K. M. Brown, Trends Microbiol. 2, 470 (1994). 
44. _ , Adv. Plant Pathol. 11, 75 (1995). 
45. A. F. Justesen, C. J. Ridout, M. S. Hovmoller, Plant 

Pathol. 51, 13 (2002). 
46. M. S. Hovmeller, A. F. Justesen, J. K. M. Brown, Plant 

Pathol. 51, 24 (2002). 
47. M. S. Hovmeller, Plant Pathol. 50, 181 (2001). 
48. J. K. M. Brown, A. C. Jessop, H. N. Rezanoor, Proc. R. 

Soc. London Ser. B 246, 83 (1991). 
49. M. S. Wolfe et al., Euphytica 63, 125 (1992). 
50. M. S. Hovmeller et al., Agronomie 20, 729 (2000). 
51. N. H. Luig, J. J. Burdon, W. M. Hawthorn, CanJ. Plant 

Pathol. 7, 173 (1985). 
52. I. A. Watson, C. N. A. de Sousa, Proc. Linn. Soc. N.S.W. 

106, 311 (1982). 
53. M. L Skotnicki, P. M. Selkirk, P. Broady, K. D. Adam, 

J. A. Ninham, Antarct. Sci. 13, 280 (2001). 
54. G. Hewitt, Nature 405, 907 (2000). 
55. N. J. Knowles, A. R. Samuel, P. R. Davies, R. P. Kitching, 

A. I. Donaldson, Vet. Rec. 148, 258 (2001). 
56. M. J. Keeling et al., Science 294, 813 (2001); 

published online 3 October 2001 (10.1126/ 
science.1065973). 

57. A. I. Donaldson, S. Alexandersen, J. H. Serensen, T. 
Mikkelsen, Vet. Rec. 148, 602 (2001). 

58. M. C. Fisher et al., Proc. Natl. Acad. Sci. U.S.A. 98, 
4558 (2001). 

59. H. H. Flor, Annu. Rev. Phytopathol. 9, 275 (1971). 
60. Cereals Statistics (Home-Grown Cereal Authority, 

London 1988, 1994). 
61. We thank H. 0stergard and M. Jeger for helpful 

comments on the manuscript, and several colleagues 
in China, especially W. Q. Chen and A. M. Wan, for 
advice on the Chinese literature. We acknowledge 
financial support from the Department of Environ- 
ment, Food and Rural Affairs for England and the 
Danish Ministry of Food, Agriculture and Fisheries. 

www.sciencemag.org SCIENCE VOL 297 26 JULY 2002 541 


