REVIEW ARTICLE

INTERNATIONAL MICROBIOLOGY (2004) 7:95-104

WWww.im.microbios.org

M. Mar Jiménez-Gasco'
Juan A. Navas-Cortés’

Rafael M. Jiménez-Diaz>**

'Department of Plant Pathology,
The Pennsylvania State University,
University Park, PA, USA
*Department of Crop Protection,
Institute for Sustainable
Agriculture, CSIC, Cérdoba, Spain
*College of Agronomy and Forestry,
University of Cérdoba, Spain

Received 4 December 2003
Accepted 30 January 2004

*Corresponding author:

Rafael M. Jiménez-Diaz

Departamento de Proteccion de Cultivos
Instituto de Agricultura Sostenible, CSIC
Apartado 4084

14080 Cérdoba, Spain

Tel. +34-957499221. Fax +34-957499252
E-mail: agljidir@uco.es

The Fusarium oxysporum

f. sp. ciceris/Cicer arietinum
pathosystem: a case study
of the evolution of
plant-pathogenic fungi

into races and pathotypes

Summary. The use of resistant cultivars is one of the most practical and cost-
efficient strategies for managing plant diseases. However, the efficiency of resist-
ant cultivars in disease management is limited by pathogenic variability in
pathogen populations. Knowledge of the evolutionary history and potential of the
pathogen population may help to optimize the management of disease-resistance
genes, irrespective of the breeding strategy used for their development. In this
review, we examine the diversity in virulence phenotypes of Fusarium oxysporum
f. sp. ciceris, the causal agent of Fusarium wilt of chickpeas, analyze the genetic
variability existing within and among those phenotypes, and infer a phylogenetic
relationship among the eight known pathogenic races of this fungus. The inferred
intraspecific phylogeny shows that each of those races forms a monophyletic lin-
eage. Moreover, virulence of races to resistant chickpea cultivars has been acquired
in a simple stepwise pattern, with few parallel gains or losses. Although chickpea
cultivars resistant to Fusarium wilt are available, they have not yet been extensive-
ly deployed, so that the stepwise acquisition of virulence is still clearly evident.
[Int Microbiol 2004; 7(2):95-104]
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Introduction

The use of resistant cultivars is one of the most practical
and cost-efficient strategies for plant disease management.
Possibly, this control strategy will become increasingly wide-

Plant diseases continue to threaten crop production in mod-
ern agriculture, thus challenging plant pathologists for their
efficient management. A recent study indicates an average
12.4% loss of attainable harvest for eight crops of signifi-
cance for food and industry, which together account for more
than half of the cultivated area in the world (i.e. barley, cot-
ton, coffee, maize, potato, rice, soybean and wheat) [30]. The
monetary value of that loss amounts to 13% of the potential
harvest value, to which not less than 10% post-harvest loss
should be added.

spread in the coming years in order to satisfy consumers’
demand for healthier foods and better environmental quality
through new forms of agricultural production, i.e. sustainable
agriculture, organic agriculture, and ecological agriculture.
However, the efficiency of resistant cultivars in disease man-
agement can be seriously limited by pathogenic variability
occurring in pathogen populations, including the existence of
pathogenic races (defined as biotypes of a pathogen able to
cause disease on host cultivars carrying specific resistance
genes) and pathotypes (defined as biotypes of a pathogen
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able to cause a particular disease syndrome in the host plant).

For almost 100 years, since the discovery of pathogenic
races in plant pathogens and ‘major gene’-regulated com-
plete disease resistance in plants (defined as the ability to
prevent the establishment of infection), plant pathologists
have witnessed the breakdown of valuable disease resistance
as a result of adaptations in the pathogen population to the
presence of major disease-resistance genes (R). The most
dramatic and best documented examples of resistance break-
down concern biotrophic pathogens, in which there is a gene-
for-gene interaction [6] between virulence in the pathogen
(defined as the ability to cause disease on plants with race-
specific resistance) and resistance in the host (e.g. downy
mildews, powdery mildews, rusts). In this interaction, aviru-
lence genes in the pathogen show a functional correspon-
dence with their matching genes in the host so that molecules
encoded by avirulence genes are recognized directly or indi-
rectly by the matching R gene product.

The breakdown in resistance was a consequence of direc-
tional selection for better-adapted mutants, recombinants, or
immigrants, posed by the widespread and intense deployment
of R genes favored by monoculture-type practices and genet-
ic uniformity that prevails in modern agriculture [2]. The vul-
nerability of major-gene resistance has emphasized the advan-
tages of partial, quantitatively inherited resistance based on
the efficient expression of plant defense mechanisms against
pathogens (i.e. phytoalexins, pathogenesis-related proteins,
hydrolytic enzymes, phenolic compounds, cell wall reinforce-
ment, etc.) that do not follow (or the it is difficult to demon-
strate) the gene-for-gene relationship. Quantitative resistance
tends to be effective against all pathogen variants. However,
there have been examples in this type of resistance of an ‘ero-
sion’ in efficiency rather than a breakdown, as a result of evo-
lution in pathogen populations [5,18]. Therefore, knowledge
of the evolutionary history and potential of the pathogen pop-
ulation may help to optimize the management of disease-
resistance genes, irrespective of the breeding strategy used for
their development, ie. conventional plant breeding or genetic
engineering [27]. In this review, we examine the genetic vari-
ability existing within and among pathogenic races in a fun-
gal plant pathogen, and infer a phylogenetic relationship
among them, using Fusarium oxysporum f. sp. ciceris/chickpea
(Cicer arietinum) as a model pathosystem for the analysis.

Virulence phenotypes in Fusarium
oxysporum f. sp. ciceris

Fusarium oxysporum f. sp. ciceris is a soil-borne fungus
pathogenically specialized on Cicer spp. [19] that causes

Fusarium wilt in chickpea, the only cultivated species of
Cicer. This disease, which is one of the most important fac-
tors limiting chickpea production worldwide [11], has been
the target of breeding for resistance [13,24,33]. Resistant cul-
tivars are one of the few means for managing Fusarium wilt
of chickpeas, but their deployment has not been extensive
because of undesirable agronomic characteristics. However,
the high pathogenic variability in F. oxysporum f. sp. ciceris
may limit the effectiveness of resistance [9,13]. Two patho-
types have been distinguished within F. oxysporum f. sp.
ciceris based on the distinct yellowing or wilting syndromes
they cause in chickpeas [36]. The yellowing pathotype
induces progressive foliar yellowing with vascular discol-
oration, while the wilting one induces severe and fast chloro-
sis, flaccidity and vascular discoloration.

In addition to major symptom types, eight pathogenic
races (races 0, 1A, 1B/C, 2, 3, 4, 5 and 6) can be identified in
F oxysporum f. sp. ciceris based on disease reactions on a set
of differential chickpea cultivars [9,13]. Races 0 and 1B/C
induce the yellowing symptoms (yellowing pathotype),
whereas the remaining races cause wilting (wilting patho-
type) [3,15,20]. The eight races also have a distinct geo-
graphic distribution. Races 2, 3 and 4 have only been report-
ed in India [9], whereas races 0, 1B/C, 5 and 6 are found
mainly in the Mediterranean region and the United States
(California) [8,13,15]. Unlike the other races, race 1A is
more widespread and has been reported in India, California,
and the Mediterranean region [9,15].

Besides the differences in virulence phenotype, pathogen-
ic races of F. oxysporum f. sp. ciceris differ also in aggres-
siveness (defined as the amount of disease caused by a
pathogen genotype on a given genotype of the host plant), as
indicated by differences in the amount of inoculum needed to
cause severe disease in a chickpea cultivar. At 25°C, the opti-
mum temperature for Fusarium wilt development, the maxi-
mum amount of disease in ‘P-2245’ chickpea was attained
despite a very low initial inoculum density (i.e. 650 chlamy-
dospores/g soil) of the wilt-inducing race 5 (Fig. 1A) [28].
Conversely, an inoculum density of 20,000 chlamy-
dospores/g soil of the yellowing-inducing race 0 was
required to cause similar amount of disease in that same cul-
tivar (Fig. 1B) [28]. Also, when the aggressiveness of race
1B/C (yellowing pathotype) was compared with that of races
1A and 5 (wilting races) on race O-resistant ‘PV-61’ chickpea,
maximum intensity of disease occurred with an inoculum
density of 1000 chlamydospores/g soil of race 5, which was
not significantly different from that reached with 5000
chlamydospores/g soil. However, 5000 chlamydospores/g
soil of race 1A were required for the same intensity of disease
to develop, and the maximum intensity of disease attained
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Fig. 1. Fusarium wilt disease progress in chickpea cultivar P-2245 grown in
soil infested with different inoculum densities of Fusarium oxysporum f. sp.
ciceris races 5 (A) and 0 (B). Each point is the mean disease intensity index
calculated with data from four randomized blocks, each with three pots and
four plants per pot at 2-day intervals. The solid line represents the predicted
disease progress curve calculated by the Gompertz function.

with 5000 chlamydospores/g soil of race 1B/C was similar to
that attained with 1000 chlamydospores/g soil of race 1A
(Fig. 2).

Note that races 0 and 1B/C share symptom type but differ
in virulence to just one of the 10 race-differential cultivars
used in this study, whereas races 1B/C and 1A differ in symp-
tom type as well as in partial or full virulence, respectively,
to race-differential cv. C-104 (Table 1). Therefore, it appears
that, as a whole, the yellowing F. oxysporum f. sp. ciceris
pathotype is less aggressive than the wilting pathotype, but
differences in aggressiveness to chickpea cultivars can also
occur among races within a pathotype. Differences in the
stages of plant-pathogen interaction might account for the
difference in aggressiveness between F. oxysporum f. sp.
ciceris races observed in our studies. One of these would be,
for example, the faster and more extensive colonization of
xylem vessels in ‘P-2245’ chickpea roots and stem by race 5
than by race 0, as revealed in histological studies [12].

Evolutionary pattern in Fusarium
oxysporum f. sp. ciceris

Fusarium oxysporum is a cosmopolitan soil-borne species
complex composed of pathogenically specialized formae

speciales and nonpathogenic root-inhabiting parasitic popu-
lations, for which no sexual means of reproduction is yet
known. The forced asexual reproduction in F oxysporum
precludes regular recombination, and genetic variation must
result mainly from the accumulation of mutations. As a con-
sequence, in these fungi the whole genome is linked, trans-
mitted as a unit from one generation to the next, and their nat-
ural populations should be clonal in nature.

Clonality in F oxysporum has been associated with vegeta-
tive compatibility [7,21], i.e. the ability of fungal isolates to
establish stable heterokaryons by continued anastomosis
between adjacent homokaryotic hyphae [4,7,23]. Compatible
isolates belong to the same vegetative compatibility group
(VCG) and are in effect genetically isolated from isolates in
other VCGs within the species by incompatibility mech-
anisms. In ascomycetes, to which teleomorphic stages of
Fusarium belong, vegetative compatibility is homogenic in a
set of incompatibility loci (designated vic or v-c), so that
strains in the same VCG carry the same alleles at all vic loci
[23]. Results of studies in VCG diversity and molecular genet-
ics in F. oxysporum indicate that VCGs and molecular markers
are usually not independently associated, which has been inter-
preted to mean that VCGs in F. oxysporum represent clones or
lineages [23]. Furthermore, studies also indicate that the for-
mae speciales in pathogenic F. oxysporum may have different
evolutionary patterns. Thus, some formae speciales (i.e. albe-
dinis, canariensis, conglutinans) must have originated once
and are therefore monophyletic [1,22], whereas others (i.e.
cubense, lycopersici, melonis) must have originated multiple
and independent times and are therefore polyphyletic [1,29].
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Fig. 2. Fusarium wilt disease intensity in chickpea cultivar PV-61 grown in
soil infested with different inoculum densities of Fusarium oxysporum f. sp.
ciceris races 1A, 1B/C and 5. Each bar is the mean disease intensity index
calculated with data from four randomized blocks, each with three pots and
four plants per pot at the end of the experiment 48 days after inoculation.
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Table 1. Disease reaction of differential chickpea lines to inoculation with pathogenic races of Fusarium oxysporum

f. sp. ciceris®

Pathogenic race

Differential chickpea line Code®

0 1A 1B/C 2 4 5 6
12-071/10054 A S M S R R R R M
JG-62 B R S S S S S S S
C-104 C M M R/M S S S S M
JG-74 D R R R S R R M R
CPS-1 E R R R S M M M R
BG-212 F R R R S M M R R
WR-315 G R R R R S R R R
ICCV-2 H R R R S S S S M
ICCV-4 I R R R S S S S M
P-2245 J S S S S S S S S

“Disease was evaluated on a 0—4 severity scale depending on the percentage of affected foliar tissue (0 = 0%, 1 = 1-33%,
2 =34-66%, 3 = 67-100%, 4 = dead plant) at 40 days after sowing in an infested soil [9,13]. Average disease reactions of
<1 and >3 were considered resistant (R) and susceptible (S), respectively. Intermediate disease reactions were considered

moderately susceptible (M) [9,13].

°Code used to map each differential cultivar onto the neighbor-joining tree inferred from DNA fingerprints (see Fig. 6).

Whether F. oxysporum f. sp. ciceris has monophyletic or
polyphyletic origin has a direct consequence on the prospects
for disease management through genetic resistance. The high
phenotypic and geographic diversity observed within the fun-
gus raises the possibility that F. oxysporum f. sp. ciceris
might be polyphyletic. However, despite this high degree of
variability, a series of studies showed that all isolates of the
pathogen studied—regardless of pathotype, race and geo-
graphic origin—are genetically identical for VCG [Nogales-
Moncada AM (1997) Ph. D. Thesis, University of Cordoba,
Spain], mitochondrial DNA restriction fragment length poly-
morphism [31], and the sequences of five genes highly con-
served in fungi: the translation elongation factor 1o (EFla),
B-tubulin, histone 3, actin, and calmodulin [16]. Moreover,
when sequences of the EFla gene from 17 F. oxysporum f.
sp. ciceris isolates representative of all races, pathotypes and
geographic range of the pathogen, and three F. oxysporum
isolates nonpathogenic to chickpea were compared with 24
EFla sequences from isolates of 11 different formae spe-
ciales of F. oxysporum by parsimony analysis, F. oxysporum
f. sp. ciceris isolates formed a clade distinct from other for-
mae speciales and nonpathogenic isolates (Fig. 3) [16].
Altogether, the above information indicates that F. oxyspo-
rum f. sp. ciceris has a monophyletic origin.

The simplest interpretation of monophyly and lack of
multilocus sequence variation in F. oxysporum f. sp. ciceris is
that the pathogen derives from a small founder population
that became pathogenic to Cicer spp.; as a consequence, vari-
ation in virulence phenotypes must have resulted from the
accumulation of relatively recent genetic changes [7]. Based
on the monophyly of F. oxysporum f. sp. ciceris, we hypo-
thesized that such a variation must have arisen after the
pathogen diverged from other taxa in the F. oxysporum

species complex; and in particular that variation in patho-
types and races on chickpea arose in geographically isolated
subpopulations which postdated that divergence [15].

Molecular variability and markers in
Fusarium oxysporum f. sp. ciceris

The few, hypothesized genetic changes in F. oxysporum f. sp.
ciceris are not reflected in the sequences of the genes studied,
but they were detected by association with random amplified
polymorphic DNA (RAPD) markers. Some 63 [20] and 57
[15] F. oxysporum f. sp. ciceris isolates, representative of all
pathotypes, races and geographic origin of the pathogen,
were independently assayed using different sets of three and
seven RAPD primers, respectively. UPGMA (unweighted
paired group method with arithmetic averages) cluster analy-
ses of both RAPD data sets were consistent in grouping F.
oxysporum f. sp. ciceris isolates into two main clusters that
correlated with the yellowing and wilting pathotypes, respec-
tively [15,20]. Results in the two studies were similar and are
illustrated in Fig. 4 [15]. Furthermore, the yellowing isolates
were divided into two distinct sub-clusters, which corre-
sponded to races 0 and 1B/C. Results from cluster analysis
also were consistent with the analysis of molecular variance;
genetic differences between isolates of the yellowing and
wilting pathotypes were highly significant, as were differ-
ences between races 0 and 1B/C [15].

The DNA banding patterns in the RAPD assays allowed
the identification of markers that unambiguously differenti-
ate the yellowing and wilting pathotypes [20], as well as
pathogenic races 0, 1B/C, 5 and 6 [15]. The reliability of
those markers for diagnostic purposes was confirmed by bio-
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Fig. 3. Genealogy of the translation elongation factor 10¢ (EF1Q() gene,
demonstrating monophyly in Fusarium oxysporum f. sp. ciceris [16]. The tree
shown is one of the three most-parsimonious trees (73 steps; consistency
index, CI = 0.904; retention index, RI = 0.953; rescaled consistency index,
RC = 0.862). Sequences from F. oxysporum f. sp. ciceris and F. oxysporum
nonpathogenic to chickpea are denoted by * in comparison to sequences
from the Fusarium oxysporum complex available in GenBank (identified by
their NRRL [Agricultural Research Service Culture Collection, National
Center for Agricultural Utilization Research, Peoria, IL, USA) isolate num-
ber]. The tree was rooted with the sequence from Fusarium sp. isolate NRRL
22903 [1,29]. Numbers on branches represent bootstrap values >50% based
on 1000 replicates.

logical and molecular blind trials and found to be repro-
ducible in repeated experiments [15,20]. Moreover, the race-
specific RAPD markers identified were cloned and sequenced,
and primers for specific PCR were developed that unambigu-
ously differentiate races 0, 1A, 5, and 6, which are prevalent
in the Mediterranean Basin [14].

Genetic variability within and between
races of Fusarium oxysporum f. sp. ciceris

The association between RAPD markers, pathotypes and
races in F. oxysporum f. sp. ciceris allowed the development
of diagnostic markers for them; however, RAPDs lack the
resolution needed to assess the genetic variability existing
within races of the pathogen as well as for inferring an evo-
lutionary relationship among them [15,20]. Nonetheless, dis-
cerning the evolutionary pathways for pathogenic variation
within F oxysporum f. sp. ciceris was possible by means of
DNA fingerprinting using three repetitive DNA sequences
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from the pathogen genome that share similarities with fungal
transposons as probes [14,17]. A total of 36 F oxysporum f.
sp. ciceris isolates and three nonpathogenic F. oxysporum
isolates representative of all pathotypes, races and geogra-
phic origins of the pathogen were assayed with the three
probes, resulting in 88 fragments being scored in the
hybridization patterns [17].

Phenetic UPGMA analysis of the combined fingerprint-
ing data clearly delineated pathogenic isolates from nonpath-
ogenic ones, and further divided F. oxysporum f. sp. ciceris
isolates into two distinct clusters highly correlated with the yellow-
ing and wilting pathotypes (data not shown). Furthermore, isolates
within each pathotype were distributed in sub-clusters that corre-
sponded to their race. The amount of fingerprinting similarity
within races, calculated using Jaccard’s coefficient [35] in
NYSYSpc2.0 (Exeter Software, Setauket, NY), varied because of
differences in sample size and geographic distribution of races.
Nonetheless, with samples roughly comparable in size and geo-
graphic variation, the most extreme difference was between the
average similarities within races 0 and 5, which were approximate-
ly 64% and 93%, respectively [17].
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Inferred phylogeny of Fusarium
oxysporum f. sp. ciceris races based
on DNA fingerprints

The phylogeny of Fusarium oxysporum f. sp. ciceris isolates
was inferred from fingerprinting haplotypes in PAUP*
4.0b4a (Sinauer Associated, Suderland, MA, USA) by neigh-
bor-joining [32] analysis. This cladistic analysis produced
trees with branching pattern similar to that obtained with the
phenetic UPGMA analysis; pathogenic isolates grouped
together in a clade with high bootstrap support and they were
clearly delineated from isolates nonpathogenic to chickpea.
Within pathogenic isolates, two well-supported clades clearly

correlated with the yellowing and wilting pathotypes, and
fingerprint lineages correlated to races, with each race corre-
sponding to a unique lineage with moderate to high bootstrap
support for most races (Fig. 5). Neither UPGMA nor neighbor-
joining trees showed any association between fingerprint lin-
eage and geographic origin of isolates, except for grouping of
races 2, 3, and 4, which have been reported only from India.
Several lines of evidence indicate that the yellowing race 0 is
probably ancestral to the wilting races. First, race 0 is virulent on
the fewest race-differential cultivars of all pathogen races
[13] and is the most widespread race in the Mediterranean
region, although it has not been reported in the Indian sub-
continent [9,11,13]. Second, F. oxysporum f. sp. ciceris has a
monophyletic origin [16,31], which argues for this pathogen
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Fig. 5. Inferred phylogeny of races within Fusarium oxysporum f.
sp. ciceris based neighbor-joining analysis of DNA fingerprint
haplotypes [17]. Fingerprints were generated by hybridization of
genomic DNA to three repetitive probes: FocB10, FocO2 and
FocP18. Three F. oxysporum isolates (NP) nonpathogenic to chick-
pea were included for comparison. Numbers on branches represent

Int. Microbiol.

to be derived from parasitic, nonpathogenic populations or
from single individuals that acquired pathogenicity on chick-
pea [3,25]. Therefore, we would expect an ancestral race to
be virulent on fewer resistant cultivars than the more recent-
ly derived races. Moreover, in this asexually reproducing
fungus, genetic variation results mainly from accumulation
of mutations over time, which should give rise to greater
diversity in older lineages. The relatively low average simi-
larity of fingerprinting [17] and RAPD [15] haplotypes
(higher diversity) within race 0 is consistent with the hypoth-
esis of it being an old race. Conversely, race 5 shows the low-
est diversity in fingerprinting and RAPD haplotypes and is
the most virulent of all races reported in the Mediterranean
region [13,15,17]. According to this hypothesis, race 1B/C is
the closest to race 0 in evolutionary terms. These two races share the
ability to induce the yellowing syndrome in chickpea and show very
similar patterns in genetic diversity and virulence [13,15,17].

Stepwise evolution of races in Fusarium
oxysporum f. sp. ciceris

The origin of pathogenic variation has intrigued plant pathologists
since the discovery of pathogenic races in the early twentieth cen-
tury. For asexually reproducing fungal pathogens such as
formae speciales of F. oxysporum, races capable of over-

bootstrap values >50% based on 1000 replicates.

coming resistance genes are thought to evolve by successive
accumulation of mutations. In particular, races with close
genetic relatedness in monophyletic formae speciales were
hypothesized to derive in a stepwise process rather than
independently [7]. Although this hypothesis is reasonable,
the lack of phylogenetic resolution within monophyletic for-
mae speciales of F. oxysporum made it difficult to analyze
the evolutionary pathways of pathogenic variation. Mapping
of virulence to each race-differential chickpea cultivar (see
Table 1) onto the inferred phylogeny of clonal lineages (Fig. 6)
showed for the first time that races of F. oxysporum f. sp.
ciceris had evolved in a stepwise process [17]. Mapping was
done manually to minimize the number of evolutionary
events and to infer the two simplest scenarios: (i) considering
only the gain, but not the loss of virulence (Fig. 6A); and (ii)
allowing virulence to be either gained or lost (Fig. 6B).

The first scenario postulates at least three parallel gains of
virulence and the existence of three ancestral races that have
never been observed (Fig. 6A), the first acquisition of viru-
lence from the oldest unknown race giving rise to race O.
Thereafter, yellowing race 1B/C evolved from race 0, and
wilting races evolved in a stepwise manner from a second
ancestral, an unknown race. This scenario is consistent with
the phylogeny of races inferred above, with yellowing race 0
being ancestral to wilting races.
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Fig. 6. Mapping of virulence acquisition by races of Fusarium oxysporum f. sp. ciceris onto the inferred neighbor-joining tree in Fig. 5. Each race is defined
by virulence to differential cultivars as shown in Table 1. Capital letters (coded A through J) indicate virulence, and capital letters in parentheses represent
partial virulence. Dotted and bold branches indicate the races inferred to be ancestral during the evolution of other races (races 0, 1A and 4 in scenario A;
races 1B/C, 1A and 4 in scenario B) (for more details see text and reference [17]). Races that are inferred but have not been found in nature are labeled
“unknown”. (A) Scenario that allows only the gain, not loss of virulence. (B) Scenario that allows both gains and losses of virulence. Loss of partial viru-
lence to cultivar A is indicated by — [A]; loss of virulence to cultivar B is indicated by —[B].

The second scenario inferred in the study [17] seems to be
simpler. It suggests that wilting race 1 A could be the common
ancestor of all races (Fig. 6B), instead of a race that is not
known to be extant, as proposed in the first scenario. As
expected for an ancient lineage, race 1A is the most wide-
spread geographically; it was first described in India [9] and
was later found in the Mediterranean Basin and California [13].

Final remarks

The inferred phylogeny and stepwise evolution of F. oxyspo-
rum f. sp. ciceris provides some insights into long-distance
migrations that have occurred for this pathogen. It can be
speculated that there were at least two migration events
between the Mediterranean region and India, most probably
as a consequence of the spread of infected seeds [10]. If F.
oxysporum f. sp. ciceris evolved in the Mediterranean region,
then race 1A and the common ancestor of races 2, 3, and 4
must have been introduced into India. Alternatively, if the
pathogen evolved in India, then race 1A, which may be the
progenitor of all races (Fig. 6B), should have migrated in the
opposite direction. In addition, a common ancestor of races

2, 3, 4 and 5 would have migrated from India to the Medite-
rranean region. In either case, at least two different races
have migrated in or out of India. It can be speculated that the
Mediterranean region, or the Fertile Crescent, which is the
diversity center for Cicer spp. [26], is the most probable ori-
gin of F. oxysporum f. sp. ciceris, at some time after the
domestication of chickpea, 80009000 years ago [26,34].
Regardless of the origin, the similarities in race composition
between the Mediterranean region and California indicate
that repeated migration has occurred between these two areas
rather than the independent evolution of races in different
regions.

It is not probable that the stepwise evolution of races
in F. oxysporum f. sp. ciceris resulted from selection by spe-
cific resistance in chickpea populations. Some pathogen
races are widely distributed geographically even where
resistant cultivars have not been deployed. For example,
resistant cultivars generally have not been used in the
Mediterranean region; this region, however, has a high diver-
sity of races [8,13—15]. Conversely, widespread use of
racel A-resistant cultivars H and I in India has not yet led to
reports on development of race 6, which specifically over-
comes that resistance and derives from racel A (see Table 1)
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[13,15]; rather, races 2, 3, and 4, which are virulent to culti-
vars H and I, were reported in India [9] long before the
release of these cultivars [24]. Thus, unlike other pathosys-
tems (e.g. downy mildews, rusts, rice blast), there may have
been little or no selection for resistance-breaking races of F.
oxysporum f. sp. ciceris, which minimizes the probabilities
of obtaining parallel changes in virulence, such as those fre-
quently observed in other systems. Limited selection by
resistance deployment might help to explain why a relatively
simple relationship between clonal lineages and virulence
acquisition, with few parallel events, can still be detected.
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arietinum: un modelo de la evolucion de los hongos pato-
genos de plantas en razas y patotipos

Resumen. La utilizacion de cultivares resistentes es una de las estrategias
mas practicas y econodmicas para el control de las enfermedades de las plan-
tas. No obstante, la eficiencia de los cultivares resistentes en dicho control
estd limitada por la variabilidad patogénica en las poblaciones de los
patdgenos. El conocimiento de la historia y el potencial evolutivo de las
poblaciones de los patdogenos puede ayudarnos a optimizar el uso de los
genes de resistencia contra enfermedades, independientemente de la estrate-
gia de mejora genética del huésped empleada para su desarrollo. En esta revision
examinamos la diversidad de los fenotipos de virulencia en Fusarium oxysporum f.
sp. ciceris, el agente causal de la Fusariosis vascular del garbanzo, analizamos la
variabilidad genética intra- e interfenotipica, e inferimos la relacion filogenética
existente entre las ocho razas patdgénicas conocidas de este hongo. La filo-
genia intraespecifica inferida muestra que cada una de estas ocho razas con-
stituye un linaje monofilético. Ademas, las razas virulentas sobre los cultivares
resistentes de garbanzo han adquirido esta capacidad segiin un modelo gradual
simple, con pocas ganancias o pérdidas paralelas de virulencia. A pesar de
que existen cultivares de garbanzo resistentes a la Fusariosis vascular, la utilizacion
restringida de ellas realizada hasta ahora permite que la adquisicion gradual
de virulencia sea ain claramente perceptible. [Int Microbiol 2004; 7(2):95-104]
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O patosistema Fusarium oxysporum f. sp. ciceris/Cicer
arietinum: um modelo de evolucio de fungos fitopatogé-
nicos de plantas em ragas e patétipos

Resumo. A utilizagéo de cultivares resistentes ¢ uma das estratégias mais
praticas e econdmicas para o controle das doengas de plantas. Entretanto, a
eficiéncia dos cultivares resistentes no referido controle esta limitada pela
variabilidade da patogenicidade nas populagdes dos patogenos. O conheci-
mento sobre a historia e o potencial evolutivo das populagdes de patdogenos,
podem ajudar na otimiza¢do do uso dos genes de resisténcia contra as
doengas, independentemente da estratégia empregada para o cultivo do hos-
pedeiro durante seu desenvolvimento. Na presente revisdo examinamos a
diversidade dos fenotipos de viruléncia em Fusarium oxysporum f. sp.
ciceris, o agente etiologico da fusariose vascular do feijao garbanzo, anal-
isamos a variabilidade genética intra- e interfenotipica, e inferimos a relagdo
filogenética existente entre as oito ragas patogénicas conhecidas deste fungo.
A filogenia intraespecifica inferida mostra que as oito ragas constituem
uma linhagem monofilética. Por outro lado, as ragas virulentas sobre os cul-
tivares resistentes de garbanzo adquiriram esta capacidade segundo um
modelo gradual simples, com poucos ganhos ou perdas paralelas de virulén-
cia. Apesar de existirem cultivares de garbanzo resistentes a fusariose vascu-
lar, seu uso fica restrito, de modo que a aquisi¢do gradual de viruléncia con-
tinua evidente. [Int Microbiol 2004; 7(2):95-104]
Palavras chave: Cicer arietinum - fusariose vascular - variabilidade
patogénica - perfil de DNA - genealogia génica - transposons



