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ABSTRACT
Fusarium oxysporum, an ecologically and phylogenetically diverse fungal species, is widely
found as a plant pathogen, an endophyte, and a soil saprobe. The objective of this dissertation
was to research the evolution and ecology of the interactions between plants and F. oxysporum
isolates pathogenic and nonpathogenic to a given host. We concentrated on chickpea as a model
system. Specifically, the diversity and phylogenetic relationships within and between F.
oxysporum f. sp. ciceris, the causal agent of Fusarium wilt of chickpea, and F. oxysporum
endophytes of chickpea were assessed. Furthermore, the interactions of endophytic F.
oxysporum and their host plants were studied under controlled and field conditions. In a search
for polymorphic sequences to address the evolutionary relationships between pathogenic races of
F. oxysporum f. sp. ciceris, 33 genetic markers were screened, including 10 microsatellite loci.
Twenty-two of these markers were completely identical, showing that there is a limited degree of
diversity in F. oxysporum f. sp. ciceris and confirming its monophyletic origin. Additional
phylogenetic analysis of the 10 microsatellite markers across F. oxysporum revealed that the
majority of the loci are evolving according to a stepwise mutational model and that point
mutations are accumulating within the core repeat region, leading to the degradation of the
microsatellite. No evidence was found that recombination is acting as a mutational force in these
microsatellites, consistent with the hypothesis that clonality is the predominant mode of
reproduction in F. oxysporum. Phylogenetic analysis of 74 F. oxysporum endophytes isolated
from chickpea from various chickpea-growing regions of the world revealed that these
endophytes are not related to the pathogenic F. oxysporum f. sp. ciceris and that the majority of
the endophytes belonged to three lineages within the F. oxysporum phylogeny. These lineages
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contained isolates from distant geographic locations, suggesting that genotypes in these lineages
may be preferentially found as chickpea endophytes in many chickpea-growing areas.
Therefore, endophytes within these lineages may be host-adapted to chickpea. The growth
patterns in planta of 38 of these chickpea endophytes were compared to 20 other F. oxysporum
isolates from different hosts by inoculating chickpea plants under controlled conditions. All F.
oxysporum were able to colonize the roots and crown of chickpea plants, and many were able to
colonize the stem and seeds of the plant. Many of the isolates recovered from the stem and seeds
were different from the inoculated genotype, suggesting that aerial spread of the fungus may
have occurred, and confounding the detection of differences in colonization between isolates
from chickpea-endophyte lineages and isolates from other lineages. The degree of niche
specialization of nonpathogenic F. oxysporum under field conditions was studied by comparing
populations of F. oxysporum associated with asymptomatic tomato plants. Over 600 isolates of
both endophytic and soil populations were collected from two nearby fields in Pennsylvania.
Populations were highly diverse, and significant genetic differentiation was observed between
the fields and between some of the soil and plant populations, with different tomato cultivars
harbored significantly genetically differentiated endophytic populations. Two genotypes
composed the majority of the population, suggesting that these genotypes may preferentially
associate with tomato, similar to host-adapted endophytes from chickpea. In summary, the
results of this research indicate that nonpathogenic plant associations may have an important role
in the ecology of F. oxysporum and nonpathogenic populations may compose a significant part
of the diversity within this species.
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Chapter 1
Literature Review

Introduction to Fusarium oxysporum
Fusarium oxysporum is a ubiquitous Ascomycete fungus found in soils worldwide. It is a
common, economically-important plant pathogen on a wide range of hosts, mainly causing vascular wilts,
although it may also cause root rots (Jarvis and Shoemaker, 1978; Vakalounakis, 1996), crown rots (Van
Bakel and Kerstens, 1970), bulb rots (Linderman, 1981) and damping-off (Bloomberg, 1979). In addition
to causing disease, F. oxysporum is an ecologically diverse fungus and can also survive as a saprophyte or
as an endophyte colonizing asymptomatic plants. F. oxysporum has been found in a diverse range of
ecosystems, including grasslands (Opperman and Wehner, 1994), forests (Cabello and Arambarri, 2002),
deserts (Mandeel et al., 2005), and seabed sediments (Palmero et al., 2010), from the tropics (Sangalang
et al., 1995) to the Arctic (Kommedahl et al., 1988). Endophytic F. oxysporum appear to be equally
widespread; a review by Kuldau and Yates (2000) found reports of F. oxysporum endophytes on nearly
100 plant species, despite the relatively limited available number of systematic surveys of F. oxysporum
endophytes.
F. oxysporum is a haploid fungus that is generally considered to reproduce clonally. However,
although a sexual stage has never been observed in nature or induced in the laboratory, the possibility of
cryptic sex cannot be ruled out. Both mating-type genes are present in F. oxysporum and can be
expressed (Yun et al., 2000). Although some studies have supported the clonality of F. oxysporum based
on association of alleles (Bentley et al., 1998; Koenig et al., 1997), re-analysis of the data by Taylor et al.
(1999) showed that the possibility of recombination cannot be excluded. F. oxysporum has been
hypothesized to undergo recombination besides sexual reproduction, such as parasexual recombination,
although this has not been proved to occur in nature (Gordon and Martyn, 1997). Other types of genetic
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exchange may have occurred in F. oxysporum in the past. Two nonorthologous ribosomal internal
transcribed spacer (ITS) sequences have been found in F. oxysporum and in species in the Gibberella
fujikuroi species complex, which may have been generated by a past hybridization event or gene
duplication (O’Donnell, 1997). Horizontal gene transfer may additionally play an important role in
generating new genetic diversity in F. oxysporum. The genome sequencing of F. oxysporum f. sp.
lycopersici (pathogenic to tomato) identified large regions, including four entire chromosomes, with low
levels of homology in F. verticillioides, F. graminearum, and F. solani (Ma et al., 2010). One of these
unique chromosomes was successfully transferred to another isolate of F. oxysporum under laboratory
conditions (Ma et al., 2010). Individual genes are also hypothesized to have been horizontally transferred
to F. oxysporum: for example, a homologue to bacterial glucosyltransferase has been found in only two
fungal species besides F. oxysporum (Klosterman et al., 2011). These examples show that although F.
oxysporum has not been observed to reproduce sexually, other mechanisms of genetic exchange may
occur between isolates of this fungus.
Besides genetic exchange between F. oxysporum isolates, other mutational mechanisms generate
new diversity within F. oxysporum genomes. F. oxysporum contains a large number of transposons,
making up 4% of the F. oxysporum f. sp. lycopersici genome, compared to 0.14% of the genome of the
closely-related species F. verticillioides (Ma et al., 2010). These transposons include LTR and non-LTR
retrotransposons (Class I transposons) and DNA-mediated transposons (Class II) (Daboussi and Capy,
2003). Many of these transposons have been experimentally demonstrated to be active by transposontrapping in targeted genes such as the nitrate reductase gene, resulting in a mutant phenotype (Daboussi
and Capy, 2003). Transposable elements have been hypothesized to be involved in chromosomal
rearrangements, as high densities of transposons within the F. oxysporum genome have been correlated to
regions prone to rearrangements (Hua-van, 2000), and many transposons were observed in the regions of
the F. oxysporum f. sp. lycopersici genome that were not orthologous to other Fusarium species (Ma et
al., 2010). Chromosomal polymorphisms are quite common in F. oxysporum, and karyotypes can differ
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even among isolates within the same vegetative compatibility group (VCG) (Boehm, 1994), a group of
isolates that can undergo heterokaryon formation and are usually closely related. Gene duplications also
seem to have occurred in F. oxysporum (Kistler et al., 1995), and genome sequencing discovered
approximately 7 Mb of duplicated chromosome segments (Ma et al., 2010).

Ecology of Fusarium oxysporum

Plant pathogenic Fusarium oxysporum
Plant pathogenic F. oxysporum are best known for causing vascular wilt, although some isolates
are also known to cause rots and damping-off (Bloomberg, 1979; Jarvis and Shoemaker, 1978;
Linderman, 1981; Vakalounakis, 1996; Van Bakel and Kerstens, 1970). Pathogenic F. oxysporum
penetrate into the root system and colonize the root cortex (Olivain and Alabouvette, 1999). The fungus
then spreads into the vascular bundle and proliferates in the xylem (Pennypacker and Nelson, 1972).
Microconidia can be transported in the xylem, and spores blocked by xylem perforation plates can
germinate and penetrate into the next xylem vessel (Beckman et al. 1962). Occlusion of the xylem by
fungal growth and host defenses such as tyloses block the flow of water, producing wilting and death of
the plant (Beckman, 1987). Phytotoxins have also been hypothesized to be involved in disease
development (Beckman, 1987; Roncero et al., 2003). However, the phytotoxins that have been identified
as being produced by F. oxysporum, fusaric acid, beauvericin, and enniatin, have not been definitely
linked to pathogenesis (Moretti et al., 2002; O’Donnell et al., 2009; Roncero et al. 2003). In resistant
hosts, F. oxysporum can penetrate host tissues, but further spread of the fungus is blocked by the host, and
much more limited colonization of host tissue occurs than in susceptible hosts (Baayen et al., 1989;
Harrison and Beckman, 1982; Mueller and Morgham, 1996; Rodríguez-Molina et al., 2003; Shi et al.,
1992; Tessier et al., 1990). Pathogenic isolates of F. oxysporum can survive in soil in the form of
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chlamydospores and are efficient colonizers of crop debris (Gordon and Okamoto, 1990; Suárez-Estrella
et al., 2004). Pathogenic isolates have been experimentally demonstrated to survive in soil for more than
one year (Elmer and Lacy, 1987; Vakalounakis and Chalkias, 2004), and have been reported to survive in
fields without a susceptible host for as long as 25 years without losing pathogenicity (Smith and Snyder,
1975).
The host range of F. oxysporum is very broad, with over 120 plant species reported as hosts
(Armstrong and Armstrong, 1981), including important crops such as banana, cotton, palm, tomato,
melon, and many other vegetables and ornamentals. Although F. oxysporum has a broad host range as a
species, individual isolates are host specific and only cause disease on one or a few plant species
(Armstrong and Armstrong, 1981). These plant-pathogenic isolates are classified by their host range into
formae speciales (ff. spp., plural; forma specialis, f. sp., singular). F. oxysporum can also cause disease
in animals (Ortoneda et al., 2004) and humans (O'Donnell et al., 2004), especially immuno-compromised
individuals.
The majority of formae speciales are polyphyletic, meaning that genetically unrelated isolates
share the same host range, or in other words, pathogenicity to a given host seems to have evolved multiple
times independently (Baayen et al., 2000; O'Donnell et al., 2009; O'Donnell et al., 1998). The polyphyly
of a forma specialis was first definitively shown by O’Donnell et al. (1998) with f. sp. cubense,
pathogenic to banana. A multi-gene phylogenetic analysis of f. sp. cubense isolates, along with isolates
from other formae speciales, showed that f. sp. cubense isolates belonged to five distinct clades within F.
oxysporum (O’Donnell et al. 1998). Isolates of f. sp. cubense therefore can be more closely related to
isolates of other formae speciales than to other f. sp. cubense isolates. The finding that formae speciales
are often polyphyletic was surprising, as pathogens on the same host were expected to have derived from
a common ancestor (Kistler, 1997). Instead, pathogenicity to a particular host may have evolved
independently in each clade of a polyphyletic formae speciales. Based on this hypothesis, F. oxysporum
within a forma specialis are similar only by convergent evolution and pathogenicity to a given host may
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have arisen from different ancestral traits. Alternatively, polyphyletic formae speciales may have
emerged by the horizontal transfer of pathogenicity genes to unrelated isolates. In this scenario,
pathogenicity to a given host may have evolved only once, but then have been transferred to other F.
oxysporum, so all F. oxysporum within a forma specialis share the same basic mechanism for causing
disease on that host. Divergent evolution could then lead to further diversification of each clade within
the polyphyletic forma specialis.
Formae speciales frequently comprise several pathogenic races, defined by virulence on
differentially-resistant host cultivars. Mutations in virulence-related genes could lead to the creation of
new races within a forma specialis. The best evidence of how this process could occur comes from the
polyphyletic f. sp. lycopersici, pathogenic to tomato. Eleven effector genes involved in virulence to
tomato have been identified so far in f. sp. lycopersici, three of which are also avirulence (avr) genes,
corresponding to the three known pathogenic races of f. sp. lycopersici (races 1, 2, and 3) (Takken and
Rep, 2010). The effectors Avr2 and Avr3 are needed for full virulence on tomato and are recognized by
the R genes I-2 and I-3, respectively. Avr1 suppresses host defenses mediated by I-2 and I-3 but is itself
recognized by the R genes I and I-1. These avr genes are found on a small supernumerary chromosome
that has not found in other formae speciales and that was experimentally transferred to a F. oxysporum
isolate nonpathogenic to tomato, causing it to become pathogenic to tomato (Ma et al., 2010). Takken
and Rep (2010) hypothesized that this chromosome could have been distributed in the most widespread
clonal lineage of f. sp. lycopersici and then horizontally transferred to locally adapted F. oxysporum,
creating a polyphyletic forma specialis. New races could then arise through mutation and be selected for
by the extensive use of resistant cultivars. For example, point mutations in Avr2 have lead to a loss of
recognition by I-2, leading to the origin of race 3 of f. sp. lycopersici (Takken and Rep 2010). Race 3
may have evolved independently several times, given that three different point mutations have been found
in the AVR2 gene (Takken and Rep 2010) and that race 3 isolates can be closely related to race 2 isolates
in the same area (Cai et al., 2003). Avr genes have not yet been identified in other formae speciales, and
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whether pathogenic races for other formae speciales fit into the gene-for-gene model of host resistance
has not been proven.
How pathogenicity originally evolves in F. oxysporum is still unknown. New formae speciales
are frequently reported, for example f. sp. palmarum (pathogenic to queen palm and Mexican fan palm) in
2010 (Elliott et al., 2010), f. sp. loti (pathogenic to birdsfoot trefoil) in 2009 (Wunsch et al., 2009), and f.
sp. rapae (pathogenic to Brassica rapa) in 2008 (Enya et al., 2008). It is not clear whether these reports
of novel hosts are due to better surveillance, movement of the host or pathogen, or the evolution of new
formae speciales. Nonpathogens living in close association with plants, especially endophytes, may
develop ways of invading further into host tissues and causing disease (Gordon and Martyn, 1997). This
hypothesis is supported by the frequency which F. oxysporum is found as an endophyte and the large
amount of genetic variation found within nonpathogenic populations. After pathogenicity evolves, the
ability of the pathogen to infect the host and further exploit this niche could lead to selection of more
virulent pathogens in the population. Wang et al. (2008) experimentally tested this hypothesis by serial
passage of isolates which were weakly virulent to cotton. Of the 50 isolates tested, all except one lost
pathogenicity before 10 serial passages, but the one isolate that remained pathogenic was much more
virulent by the final passage than at initial isolation. Possibly this selective effect occurs in nature,
especially in agricultural setting where large monocultures of plant hosts are available.
Agriculture plays a major role in the spread of pathogens, and the movement of pathogenic F.
oxysporum in infected plant material is well documented. For example, f. sp. dianthi is hypothesized to
have been introduced to Argentina, because pathogenic isolates do not share a VCG or ribosomal
intergenic spacer region restriction fragment length polymorphism (IGS-RFLP) group with local isolates
(Lori et al., 2004), while f. sp. radicis-lycopersici is hypothesized to have spread from Florida to Europe,
because populations of this pathogen in Florida are much more diverse (Rosewich et al., 1999). Many
formae speciales are also known to be seed-transmitted, such as basilici (Vannacci et al., 1999),
erythroxyli (Gracia-Garza et al., 1999), lactucae (Garibaldi et al., 2004b), koa (Gardner, 1980), and over
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twenty other formae speciales (Agarwal and Sinclair, 1997). After geographically isolated populations of
a forma specialis have been established, the populations may then diverge, possibly leading to the
evolution of new pathogenic races within the forma specialis.

Nonpathogenic Fusarium oxysporum
F. oxysporum isolates living as endophytes or saprophytes are often referred to as nonpathogens.
This terminology may be misleading, as pathogenic F. oxysporum is well known to be able to live as
saprophytes or as endophytes in plants other than the host (Gordon and Okamoto, 1990; Helbig and
Carroll, 1984; Katan, 1971; MacDonald and Leach, 1976; Smith and Snyder, 1975; Suárez-Estrella et al.,
2004). Therefore, F. oxysporum isolated from soil or from asymptomatic plants may potentially be
pathogenic, and can only be concluded to be nonpathogenic to the host from which it was isolated.
Whether some F. oxysporum isolates are completely nonpathogenic to all hosts has yet to be proven, as
inoculation on all possible hosts of F. oxysporum is unfeasible. For example, the best-studied
nonpathogen, the biocontrol agent Fo47, may be entirely unable to cause disease, as it has never been
shown to be pathogenic, despite inoculation on multiple plant species, including asparagus (Blok et al.,
1997), banana (Nel et al., 2006), carnation (Lemanceau et al., 1992), chickpea (Kaur and Singh, 2007),
cucumber (Benhamou et al., 2002), Eucalyptus (Salerno et al., 2000), flax (L'Haridon et al., 2007),
muskmelon (L'Haridon et al., 2007), pea (Benhamou and Garand, 2001), and tomato (Fuchs et al., 1999).
However, the possibility that Fo47 may be pathogenic on some other host cannot be excluded.
As a saprophyte, F. oxysporum has been found in many different types of soil, including silts,
clays, and sand (Edel et al., 2001; Mandeel et al., 2005; Sarquis and Borba, 1997), and can survive
environmental conditions such as low moisture (Mandeel et al., 2005), periodic flooding (Bettucci et al.,
2002), and fairly high salt concentrations (up to 10% in culture) (Mandeel, 2006; Palmero et al., 2010).
F. oxysporum can also be found at a wide range of altitudes, and was found from sea level to altitudes of
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1,400 m in a survey in South Africa (Jeschke et al., 1990). In surveys of Fusarium species across
Australia, F. oxysporum was found across a wide range of climates and habitats, including woodlands,
cultivated fields, and grasslands, although it was relatively rare in some tropical areas and grasslands
(Burgess and Summerell, 1992; Sangalang et al., 1995; Summerell et al., 1993).
Nonpathogenic isolates may represent a source of under-studied diversity within F. oxysporum.
Relatedness among F. oxysporum isolates is frequently studied by VCGs. A typing scheme based on
VCGs was established in 1998, and initially described over 125 VCGs in 32 formae speciales (Kistler et
al., 1998). In contrast, several studies found similar numbers of VCGs in only one nonpathogenic
population (Table 1.1). Nonpathogenic populations are also highly diverse based on molecular markers
(Table 1.1). A recent phylogenetic study (O'Donnell et al., 2009) used DNA sequences for the ribosomal
DNA intergenic spacer region (IGS) and the translation elongation factor 1-α gene (TEF) to define
sequence types. In the initial survey of 850 isolates, mainly pathogens from 68 different formae
speciales, 256 sequence types were found. A subsequent study (Balmas et al., 2010) used the same
typing scheme to classify F. oxysporum isolates from soil in Sardinia and found 26 previouslyundescribed TEF-IGS sequence types out of a total of 37. A survey of F. oxysporum from non-cultivated
soils across Australia found even more diversity, with 21 novel sequence types out of a total of 46, based
only on the TEF gene (Laurence et al., 2012). Overall, results from both molecular data and VCGs
suggest that the true extent of genetic diversity in F. oxysporum may be underestimated if nonpathogens
are not included in population studies.
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Table 1.1 Reported diversity of nonpathogenic Fusarium oxysporum populations from various
substrates.
Number of
Substrate

Isolates

Number of Groups a

Reference

Tomato roots

317

179 VCGs

Elias et al., 1991

Bean roots and hypocotyls 119

93 VCGs

Alves-Santos et al., 1999

Melon roots and soil

78

54 VCGs

Appel and Gordon, 1994

Melon roots and soil

200

39 VCGs

Gordon and Okamoto, 1992

Carnation roots and soil

129

97 VCGs, 23 IGS-RFLP types Lori et al., 2004

Carnation roots and soil

68

68 VCGs

Katan et al., 1994

Soil

350

26 IGS-RFLP types

Edel et al., 2001

a

VCG, Vegetative Compatibility Group; IGS-RFLP, ribosomal intergenic spacer region restriction

fragment length polymorphism.

A few studies have compared the composition of soil populations in different locations and found
divergent populations. Edel et al. (2001) compared soil populations from six locations in France and
found differentiation between almost all of the populations based on IGS restriction patterns.
Furthermore, no common IGS types were found in all six locations. Appel and Gordon (1994) compared
soil populations from two fields in Maryland and one in California, and found only one VCG in common
between the Maryland fields and between Maryland and California. From two fields in California, 9 of
39 VCGs identified were found in both fields, and the overall frequency of VCGs was different for each
field (Gordon and Okamoto, 1992). F. oxysporum populations in soil therefore seem to be quite
geographically heterogeneous.
Given the close association of F. oxysporum and plants, it is not surprising that soil populations of
F. oxysporum appear to be strongly influenced by resident plant populations. Edel et al. (1997)
researched this influence under experimental conditions by planting wheat, flax, tomato, and melon into
pots of field soil and comparing populations before and after cultivation. The population composition,
based on IGS-RFLP types, was different in wheat roots and tomato roots than from melon roots, flax
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roots, or uncultivated soil, suggesting that wheat and tomato may have a selective effect on soil
populations of F. oxysporum. Agriculture appears to have a strong influence on soil populations of F.
oxysporum, and Nash and Synder (1965) found that F. oxysporum populations can increase when an area
becomes cultivated. The interactions of F. oxysporum and plants, along with its ubiquitous distribution,
make it an important part of soil ecosystems.

Fungal endophytes

Major classes of endophytes
Endophytes, a term first coined by Anton de Bary, are broadly defined as microorganisms that
can cause a symptomless infection within plant tissues (Wilson, 1995). Although infection by an
endophyte does not cause symptoms, an endophyte may be a latent pathogen that causes disease later in
its life cycle. Fungal endophytes are distinct from mycorrhizae, which grow both inside and outside the
plant host. Defined in this way, endophytic fungi comprise a highly diverse group of species. Rodriguez
et al. (2009) categorized endophytic fungi into four classes: Class 1, Clavicipitaceous; Class 2, nonClavicipitaceous fungi colonizing the entire plant; Class 3, non-Clavicipitaceous hyper-diverse fungi
colonizing aerial plant tissues; and Class 4, dark septate endophytes (DSE).
The Clavicipitaceous endophytes of grasses (Class 1) are the best-studied group of fungal
endophytes (Saikkonen et al., 1998). Endophytes in this group belong to Epichloë/Neotyphodium and
related genera, and they colonize temperate grasses in the subfamily Pooideae (Schardl, 2001).
Clavicipitaceous endophytes can colonize the plant systemically by infecting the leaf meristematic tissue
and growing along with the plant, although they do not usually infect the roots or vascular tissue, and
entire tillers of the plant may be free of the fungus (Schardl, 2001). The endophyte can also infect the
seed and be seed transmitted; however, some highly antagonistic species prevent seed production and are
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only horizontally transmitted between plants by sexual spores (Chung and Schardl, 1997).
Clavicipitaceous endophytes are generally mutualistic, and some species may enhance growth and seed
production (Clay, 1987) or protect against environmental stresses such as drought (Gibert and Hazard,
2011) or phosphorous deficiency (Malinowski et al., 2000). This class of endophytes is best known for
providing defense against herbivory through the synthesis of alkaloids. These compounds deter insect
feeding, decrease insect survival (Cheplick and Clay, 1988; Clay et al., 1985; Johnson et al., 1985), and
are also toxic to vertebrate herbivores such as cattle (White, 1987) and sheep (Bazely et al., 1997).
Clavicipitaceous endophytes are not always mutualistic, and the symbiotic relationship with the host may
depend on the fungal genotype, the host genotype, and environmental conditions (Zaurov et al., 2001).
Additionally, endophytes may have a negative effect on individual host plants but a positive effect on the
host population as a whole (Rudgers et al., 2012).
Another fairly well-studied class of fungal endophytes is the dark septate endophytes (DSE)
(Class 4), which are found in roots. These endophytes were named because their pigmented, septate
hyphae were used to distinguish them from arbuscular mycorrhizae on roots (Grünig et al., 2011). Fungi
in this group are not phylogenetically related and include species from the Helotiales, Pleosporales,
Sordariales, and Pezizales (Grünig et al., 2011). They are geographically widespread on many hosts,
especially woody plants in temperate and boreal forests (Rodriguez et al., 2009). DSE appear to be
generalists, colonizing many plant species (Knapp et al., 2012). The effect of inoculated DSE ranges
from mutualistic (Jumpponen and Trappe, 1998) to pathogenic (Tellenbach et al., 2011), although
whether they are beneficial or detrimental to the host may depend on the isolate (Tellenbach et al., 2011),
like in the Clavicipitaceous endophytes.
The final classes of endophytes (2 and 3) are the non-Clavicipitaceous endophytes that are not
confined to the roots like the DSE. F. oxysporum belongs to Class 2 endophytes, which can colonize both
the roots and aerial parts of the plant. Class 2 endophytes are very diverse, from both the Ascomycota
and Basidiomycota, although many are from the Pezizomycotina (Rodriguez et al., 2009). Fungi in this
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endophyte class have not been studied as much as Clavicipitaceous endophytes or DSE. Communities of
these endophytes may be extremely diverse within one plant, and communities may vary among different
locations within one plant (Gamboa and Bayman, 2001; Lodge et al., 1996). Endophytes are often
assumed to be mutualistic, based on the mutualistic Clavicipitaceous endophytes that are the most well
known class (Saikkonen et al., 1998). However, the effects of non-Clavicipitaceous endophytes on their
hosts have not been as well characterized. Some species of endophytes may be pathogenic under certain
environmental conditions (Álvarez-Loayza et al., 2011), while others appear to confer adaptive traits to
the host, such as the ability to outcompete other plant species (Aschehoug et al., 2012) or tolerance to
drought, heat, and other abiotic stresses (Rodriguez et al., 2009 and references therein). Some endophytes
may also be saprophytic, and the endophytic lifestyle may optimize the ability of the fungi to be the first
organism present on decaying plant material after senescence of the host (Promputtha et al., 2007).

Fusarium oxysporum as an endophyte
F. oxysporum are very common endophytes but have been most extensively studied as potential
biocontrol agents of Fusarium wilts (reviewed by Fravel et al., 2003). Endophytic F. oxysporum can
compete with pathogenic forms for nutrients on the root surface (Olivain et al., 2006) and can extensively
colonize plant roots, although they appear to be unable to enter vascular tissues (Olivain and Alabouvette,
1997; Paparu et al., 2006). More extensive colonization of host tissues has been reported, such as an
endophytic isolate that was found as high as 60 cm up the stem in inoculated carnations (Postma and
Luttikholt, 1996). Katan (1971) found that F. oxysporum endophytes could colonize the upper parts of
inoculated weeds, but only 0 to 3% of upper stems were colonized compared to 11 to 42% of roots. On
rice, Fisher and Petrini (1992) found F. oxysporum endophytes could colonize to the top of leaf sheaths
and sometimes to the top of leaves. As well as outcompeting pathogenic forms, endophytic F. oxysporum
can act as biocontrol agents by inducing host defense responses such as systemic resistance (for example,
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see Fuchs et al., 1997; Kaur and Singh, 2007; Larkin and Fravel, 1999) and thickening of cell walls and
protuberances into intercellular spaces. These defenses seem to limit the growth of endophytes, similar to
defenses limiting the growth of pathogens in resistant plants (Benhamou and Garand, 2001; Olivain and
Alabouvette, 1997; Olivain and Alabouvette, 1999; Olivain et al., 2003). Systemic resistance induced by
endophytic F. oxysporum can protect against pathogens besides F. oxysporum, such as nematodes (Vu et
al., 2006). The best-developed F. oxysporum biocontrol agent, Fo47, was isolated in France from soils
suppressive to Fusarium wilt, and has been shown to decrease the incidence of Fusarium wilt on many
plants, especially in greenhouse systems (Alabouvette et al., 1993). The genome of Fo47 has recently
been sequenced (http://www.broadinstitute.org), which may provide more insights into which traits are
needed for F. oxysporum to act as an effective biocontrol agent.
Whether endophytic F. oxysporum affect plant health and growth beyond protecting against
pathogens is not known. Postma and Rattink (1992) reported no differences between carnation plants
inoculated with a nonpathogenic F. oxysporum and uninoculated controls. However, Newsham et al.
(1994) found that the fecundity of wild grasses was negatively correlated to the level of F. oxysporum
colonizing the roots, even though the plants were asymptomatic. This finding suggests that F. oxysporum
endophytes may be parasites of their host plants, although they do not cause overt disease. It is also
possible that the type of interaction with plants varies between isolates, as has been seen with other
species of endophytes (Tellenbach et al., 2011; Zaurov et al., 2001). Many surveys of potential biocontrol
agents have noted that some isolates are better than others at protecting against disease (for example, Bao
et al., 2004; Nel et al., 2006) and one isolate was reported to increase the severity of Fusarium wilt in
banana (Forsyth et al., 2006), suggesting that different isolates interact with plants in individual ways.
Trouvelot et al. (2002) generated mutants of the biocontrol agent Fo47 with altered protective ability,
suggesting that nonpathogen-plant interactions are governed by specific genetic mechanisms. The hostendophyte relationship most likely also depends on the host species and fungal genotype. For example, in
pathogenicity tests, F. oxysporum f. sp. ciceris was reported to endophytically colonize pigeon pea, lentil,
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pea, and cowpea (Haware and Nene, 1982b; Westerlund et al., 1974) but not bean or soybean (Westerlund
et al., 1974). Overall, much more research needs to be done on endophytic F. oxysporum to understand
the symbiotic relationships with their hosts.
A few reports suggest that endophytic F. oxysporum can be seed-transmitted like some other
fungal endophyte species. F. oxysporum is often reported in surveys of seed-borne fungi, and some of
these isolates are nonpathogenic in pathogenicity testing, as has been reported for cowpeas (Rodrigues
and Menezes, 2005), basil (Vannacci et al., 1999), coca (Gracia-Garza et al., 1999), and arugula
(Garibaldi et al., 2004). F. oxysporum is also found occasionally in the seeds of grasses, such as rice,
barley, and wheat (Desjardins et al., 2000; Fakhrunnisa and Ghaffar, 2006), on which F. oxysporum does
not cause vascular wilts and colonizes as an endophyte.

Chickpea as a model host
Chickpea (Cicer arietinum) is the third most widely produced legume and is an important crop
for subsistence farmers in many developing countries (Knights et al., 2007). Chickpea is believed to have
been domesticated approximately 10,000 years ago in a region located in present-day Turkey and Syria,
based on archaeological evidence and the present geographic range of wild Cicer spp. (Lev-Yadun et al.,
2000). The Middle East remains a center of diversity for chickpea (Serret et al., 1997), along with a
secondary center of diversity in Ethiopia (Vavilov, 1992). Chickpeas are currently widely grown in
southern Asia, the Middle East, and the Mediterranean region, as well as parts of Africa, North America,
South America, and Australia (FAOSTAT, 2010). The wide geographical distribution of chickpea means
that chickpeas have been exposed to a diverse group of F. oxysporum from soils around the world.
Pathogenic F. oxysporum causing Fusarium wilt has been found in all chickpea-growing areas except
Australia, and the disease can be a serious limiting factor to chickpea yield (Jiménez-Díaz et al., 2011).
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Chickpea is a good model host for studying the evolution of pathogenic and nonpathogenic F.
oxysporum because the causal agent of Fusarium wilt of chickpeas, forma specialis ciceris, is
monophyletic (Jiménez-Gasco et al., 2002). The majority of F. oxysporum formae speciales are
polyphyletic (Baayen et al., 2000), which could obscure the phylogenetic relationships between the forma
specialis and nonpathogenic isolates associated with the same host. Despite being monophyletic, f. sp.
ciceris is highly diverse, consisting of eight pathogenic races (named 0, 1A, 1B/C, 2, 3, 4, 5, and 6)
identified so far (Haware and Nene, 1982a; Jiménez-Díaz et al., 1993). It is not yet known whether
resistance to each race is based on a gene-for-gene system as in f. sp. lycopersici. This model seems
plausible, given that resistance in chickpea to most of the f. sp. ciceris races is based on one or a few
genes (Sharma and Muehlbauer, 2007), but whether there are corresponding avirulence genes that interact
with resistance genes has not been determined. When the virulence of each race to differential cultivars
was mapped onto a phylogeny of the races based on repetitive DNA sequences, races appear to have
evolved in a stepwise fashion, with each new race gaining the ability to cause disease on a previouslyresistant chickpea cultivar (Jiménez-Gasco et al., 2004a). F. oxysporum f. sp. ciceris can also be
classified into two pathotypes, the yellowing pathotype (composed of races 0 and 1 B/C) that causes a
yellowing syndrome in susceptible chickpea cultivars and the wilting pathotype (composed of races 1A,
2, 3, 4, 5, and 6) that induces a rapid wilting syndrome (Jiménez-Gasco et al., 2004b). These races are
found in different geographic areas, with races 0, 1B/C, 5 and 6 reported in the Mediterranean region and
in California; race 1A reported in India, the Mediterranean, and the United States; races 2 and 3 reported
in India, Ethiopia, and Turkey; and race 4 reported in India and Ethiopia (Bayraktar and Dolar, 2012;
Halila and Strange, 1996; Haware and Nene, 1982a; Jiménez-Díaz et al., 1993; Jiménez-Gasco et al.,
2001; Shehabu et al., 2008). Well-validated PCR markers have been developed to identify F. oxysporum
f. sp. ciceris and races 0, 1A, 5, and 6 (Jiménez-Gasco and Jiménez-Díaz, 2003). These markers are
useful in the initial identification of pathogenic versus nonpathogenic F. oxysporum from chickpeas.
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Research statement, hypotheses, and objectives
The aim of this dissertation is to study the evolution of molecular and ecological traits in
pathogenic and nonpathogenic F. oxysporum. With chickpea as a model host, this research uses
phylogenetics as a tool to investigate aspects of F. oxysporum biology. Areas of research include how
pathogenic races within a monophyletic forma specialis evolve, how different nonpathogenic F.
oxysporum isolates interact with plants, and how populations of nonpathogenic F. oxysporum are
structured in an agricultural setting.
The first hypothesis driving this research is that F. oxysporum f. sp. ciceris is a monophyletic
forma specialis composed of closely-related, monophyletic pathogenic races. The objectives of Chapter 2
were to assess the level of diversity within F. oxysporum f. sp. ciceris and its eight pathogenic races to
confirm its monophyly and to study the phylogenetic relationships between pathogenic races. Thirtythree molecular markers were compared between races, including coding regions, non-coding regions,
and microsatellites.
In Chapter 3, the evolution of the microsatellite markers developed in Chapter 2 was studied in
more detail. I hypothesized that microsatellites in F. oxysporum will mutate without recombination in
similar patterns as in other organisms that undergo meiotic recombination. The specific objective was to
investigate the evolutionary patterns of microsatellite formation, mutation, and degradation. The
microsatellites were also used to test for signs of recombination among isolates of F. oxysporum.
The research in Chapter 4 focuses on F. oxysporum endophytic to chickpea. I hypothesized that
certain lineages within F. oxysporum are better adapted to living as an endophyte of chickpea than other
lineages. The objective of this research was to look for evidence of host adaptation among endophytic F.
oxysporum from chickpea. Phylogenetic analysis was used to investigate the relationships among a
global collection of chickpea endophytes and F. oxysporum from other substrates.
In Chapter 5, I hypothesized that genotyptes from host-adapted chickpea-endophyte lineages will
be able to colonize chickpea plants more extensively (i.e. higher up the stem) than F. oxysporum
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genotypes from other lineages. Futhermore, genotypes from host-adapted chickpea-endophyte lineages
were hypothesized to be able to increase the growth and fitness of their host. The specific objective was
to determine if there are differences in endophytic colonization of chickpea by various F. oxysporum
isolates. Endophytic isolates from the phylogenetic analysis, as well as related and unrelated F.
oxysporum from other hosts, were inoculated onto chickpea plants under controlled conditions, and the
degree of colonization by each isolate was examined. The ability of endophytic F. oxysporum to infect
seeds was also tested. Additionally, the vegetative growth and the number of seeds produced, used as an
indicator of plant fitness, were compared between plants inoculated with host-adapted endophytes and
plants inoculated with other F. oxysporum.
Finally, the research in Chapter 6 focused on the population genetics of nonpathogenic F.
oxysporum under field conditions. Populations of F. oxysporum endophytes were hypothesized to be less
diverse than surrounding soil populations and genetically differentiated from soil populations, indicating
adaptation to an endophytic lifestyle. The specific objective was to compare the diversity and population
composition of field populations of F. oxysporum associated with asymptomatic plants, within the plant
and in the soil. This objective used tomato, an important crop and a well-studied host of pathogenic F.
oxysporum, as a host rather than chickpea.
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Chapter 2
Low genetic diversity among races of Fusarium oxysporum f. sp. ciceris support its
monophyletic origin
Fusarium oxysporum f. sp. ciceris, the causal agent of Fusarium wilt of chickpea, can be divided
into eight pathogenic races based on virulence on differential chickpea cultivars. Thirty-three regions of
the genome were analyzed to search for polymorphic markers by sequencing the regions for one isolate
from each of the eight races. Additionally, ten microsatellite markers were developed from an enriched
library. Twenty-five isolates of F. oxysporum were used for microsatellite development. Sequences for
translation elongation factor 1-α, internal transcribed spacer of the ribosomal DNA, five mitochondrial
regions, a xylanase gene (xyl4) and its regulator (xlnR), two microsatellite-flanking regions, and eleven
microsatellites were completely identical for all races. Polymorphisms were observed between races for
the β-tubulin gene, intergenic spacer of the ribosomal DNA, endopolygalacturonase 1 and
exopolygalacturonase 4 genes, two microsatellite-flanking regions, and four microsatellite regions.
However, in five of these regions, only one race differed from the rest, which were identical. Two
isolates of race 3, a race previously reported to be Fusarium proliferatum, were confirmed to be part of
the F. oxysporum f. sp. ciceris lineage. The low level of polymorphism observed among races highlights
the limited diversity in this forma specialis and supports its monophyletic origin.

Introduction
The evolution of plant-pathogenic fungi to overcome host resistance is a serious threat to disease
management in agricultural crops. Mutations in avirulence (avr) genes can allow fungal pathogens to
gain virulence on resistance gene-carrying host cultivars. These virulent mutants may spread quickly in a
population, especially under strong selective pressure such as that imposed by the widespread use of
resistant cultivars. Understanding the rate at which such mutations can arise and spread through a
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population is crucial to assess the risk of a pathogen overcoming host resistance (McDonald and Linde,
2002).
Within Fusarium oxysporum, a ubiquitous soil-borne fungus, plant pathogenic isolates are often
categorized into formae speciales (ff. spp.), which are pathogenic on a small subset of plants within the
larger host range of this species. F. oxysporum f. sp. ciceris is defined by pathogenicity on chickpeas
(Cicer arietinum), a crop that has been cultivated since the beginning of agriculture approximately 10,000
years ago (Lev-Yadun et al., 2000). F. oxysporum f. sp. ciceris is further subdivided into pathogenic
races defined by the ability of groups of isolates to cause disease on differential chickpea cultivars. Eight
races of f. sp. ciceris (0, 1A, 1B/C, 2, 3, 4, 5, and 6) have been identified to date (Haware and Nene, 1982;
Jiménez-Díaz et al., 1993). Isolates of f. sp. ciceris can also be assigned to one of two pathotypes,
defined by their ability to induce a given syndrome on susceptible chickpea cultivars: the yellowing
pathotype (composed of races 0 and 1B/C) that causes a syndrome characterized by progressive foliar
yellowing, followed by plant death within 40 days of inoculation; and the wilting pathotype (composed of
races 1A, 2, 3, 4, 5, and 6) that induces severe chlorosis and flaccidity, and plant death within 20 days of
inoculation (Trapero-Casas and Jiménez-Díaz, 1985). Races 0, 1A, 1B/C, 5 and 6 have been reported in
the Mediterranean region and in California (Halila and Strange, 1996; Jiménez-Díaz et al., 1993; JiménezGasco et al., 2001), and races 1A, 2, 3, and 4 have been reported in India (Haware and Nene, 1982).
Races 2 and 3 were recently reported in Ethiopia (Shehabu et al., 2008) and Turkey (Bayraktar and Dolar,
2012), and race 4 has been reported in Ethiopia as well (Shehabu et al., 2008). PCR-SCAR (sequence
characterized amplified regions) markers for identification of f. sp. ciceris and races 0, 1A, 5, and 6 have
been developed (Jiménez-Gasco and Jiménez-Díaz, 2003).
In contrast to the observation that most F. oxysporum formae speciales are polyphyletic (Baayen
et al. 2000), phylogenetic analysis of f. sp. ciceris using the translation elongation factor 1-α gene
indicated that it is monophyletic, despite its extensive pathotypic variability (Jiménez-Gasco et al., 2002).
Additionally, all isolates of f. sp. ciceris belong to the same vegetative compatibility group (Nogales-
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Moncada et al., 2009) and share the same RFLP pattern for mtDNA (Pérez-Artés et al., 1995) regardless
of race. Differences between races have been observed with more variable markers, such as AFLPs
(Gurjar et al., 2009; Sivaramakrishnan et al., 2002), repetitive DNA sequences (Jiménez-Gasco et al.,
2004a), and random amplification of polymorphic DNA (RAPD) markers (Jiménez-Gasco et al., 2001;
Kelly et al., 1994). In an attempt to understand the evolution of pathogenic races in f. sp. ciceris, a
phylogeny was inferred from DNA fingerprints generated by hybridization of restricted genomic DNA
with several transposable elements. Mapping the virulence of races to chickpea differential cultivars onto
the inferred phylogeny indicated that races appear to have evolved in a stepwise fashion, with races
evolving from another and gaining the ability to cause disease on a previously-resistant chickpea cultivar
(Jiménez-Gasco et al., 2004a). This hypothesis was established from a phylogeny based on transposons,
under the assumption that the three transposable elements used are equally active in all f. sp. ciceris races.
Unfortunately, no independent phylogeny inferred from non-mobile DNA markers was available to
confirm that the genealogy inferred based on transposable elements is the same as the hypothesized
organismal genealogy.
The most commonly and successfully used sequence-based markers in Fusarium include
housekeeping genes such as beta-tubulin and translation elongation factor 1-alpha (Geiser et al., 2004;
O’Donnell et al., 2000; O’Donnell et al., 2009). However, races 0, 1 B/C, 1A, 4, 5, and 6 were previously
found to have identical sequences for genes encoding β-tubulin, histone 3, actin, and calmodulin
(Jiménez-Gasco et al., 2002). Other markers commonly used at the species and population level in fungi
include the ribosomal internal transcribed spacer region (ITS) and the ribosomal intergenic spacer region
(IGS) (Bruns et al. 1991), as well as markers based on mitochondrial DNA (Cunnington, 2006; Jacobson
and Gordon, 1990; Kistler et al. 1987). Given that activity among cell-wall degrading enzymes has been
reported to vary among f. sp. ciceris races (Jorge et al., 2006; Pérez-Artés and Tena, 1990), genes
encoding these enzymes may be more polymorphic within F. oxysporum than housekeeping genes,
although they would not be appropriate for inferring organismal genealogical patterns underlying
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pathogen evolution. Microsatellites can be good genetic markers for closely related taxa, as they
generally mutate at faster rates than non-repetitive sequences (Henderson and Petes, 1992) and may
provide higher resolution. Barve et al. (2001) compared the Indian races (1A, 2, 3, and 4) using
hybridizations with microsatellite probes and observed a minimum of 67% similarity among races, while
Gurjar et al. (2009) found 10 polymorphic ISSR (Inter-Simple Sequence Repeat) profiles of 80 tested
primers.
Recently, Gurjar et al. (2009) reclassified F. oxysporum f. sp. ciceris race 3 as Fusarium
proliferatum. F. oxysporum and F. proliferatum are generally easy to distinguish morphologically, based
on discrete microconidial characters and the presence or absence of chlamydospores (Leslie and
Summerell, 2006). A number of studies searching for differential genotypic regions among the Indian
races (1A, 2, 3, and 4) have noted that race 3 is distinct from the other Indian races (Barve et al., 2001;
Chakrabarti et al., 2001; Gurjar et al., 2009; Sivaramakrishnan et al., 2002). All of these studies used the
same race 3 standard available from the International Crop Research Institute for Semi Arid Tropics
(ICRISAT). Gurjar et al. (2009) performed a phylogenetic analysis based on the DNA sequence for TEF
using the race 3 standard, NRRL 32155, and an isolate classified as “race 3-like”, Fu-7, and found the
analyzed isolates to be F. proliferatum. This is in contrast to other studies using different isolates, 8606
and 1992 R3N, which found that race 3 is F. oxysporum, has the same differential virulence as originally
reported (Haware and Nene, 1982; Jiménez-Gasco et al., 2001; Kelly et al., 1994), and is closely related
to the other f. sp. ciceris races, especially the Indian races 2 and 4 (Jiménez-Gasco et al., 2002; JiménezGasco et al., 2004a; Jiménez-Gasco et al., 2001; Kelly et al., 1994; Nogales-Moncada et al., 2009; PérezArtés et al., 1995).
The goal of this study was to identify polymorphic markers for investigation of the levels of
diversity among f. sp. ciceris races and the relationships among them. As part of this goal, an additional
objective was to generate new microsatellite markers. A final objective of this study was to verify the
identity of two isolates of race 3 as F. oxysporum or F. proliferatum. A number of new genetic markers
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suitable for studies of the F. oxysporum species complex were developed. Very few polymorphisms were
seen among the races of f. sp. ciceris, highlighting the limited diversity within this lineage.

Materials and methods

Fungal isolates
Forty-two isolates, representing each of the eight pathogenic races and diverse geographic origins
(India, Israel, Morocco, Spain, Syria, Tunisia, Turkey, and USA), were used in this study (Table 2.1).
These isolates were previously typed to race by pathogenicity testing on differential chickpea lines
(Jiménez-Díaz et al., 1993; Jiménez-Gasco et al., 2001; Kelly et al., 1994) and well-characterized by
molecular methods (Jiménez-Gasco et al., 2001; Jiménez-Gasco and Jiménez-Díaz, 2003; Kelly et al.,
1994). Eight of these were chosen as representatives of each pathogenic race and used to screen for
polymorphic markers (in bold, Table 2.1). Markers that were found to be polymorphic were further
sequenced for all isolates in each race (Table 2.1). Isolates had been previously stored in tubes of sterile
soil at 4oC (Jiménez-Gasco et al., 2001), and were stored for this research as lyophilized cultures on
carnation leaves (Leslie and Summerell, 2006). Active subcultures for DNA extraction were grown on
potato-dextrose agar. Mycelium was grown in potato dextrose broth, filtered out of the liquid culture, and
lyophilized. DNA extraction was done using commercial kits (Qiagen, Valencia, CA), according to the
manufacturer’s instructions.
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Table 2.1 Pathogenic race and geographical origin of the Fusarium oxysporum f. sp. ciceris isolates used.
Isolate a
Race b
Originc
0
Spain
Foc-82102
Foc-9032
0
Spain
Foc-9605
0
Tunisia
Foc-82113
0
Spain
Foc-8207
0
Spain
Foc-9018 PV1
0
Spain
Foc-7952
0
Spain
Foc-7802
0
Spain
Foc-9018 JG62
0
Spain
1A
India
Foc-7989
Foc-8272
1A
Spain
Foc-9168
1A
Morocco
1 B/C
USA (California)
Foc-USA 3-1 JG62
Foc-T96 2-1
1B/C
Turkey
Foc-USA W17
1B/C
USA (California)
Foc-T96 1-1
1B/C
Turkey
Foc-T96 1-2
1B/C
Turkey
Foc-Sy 96 10-4
1B/C
Syria
2
India
Foc-8605
Foc-1992 R2N
2
India
3
India
Foc-1992 R3N
Foc-8606
3
India
4
India
Foc-8607
Foc-1992 R4N
4
India
5
Spain
Foc-8012
Foc-USA 1-1 JG62
5
USA (California)
Foc-9094 PV1
5
Spain
Foc-9035
5
Spain
Foc-8508
5
Spain
Foc-USA 14201
5
USA
Foc-USA W6-1
5
USA
6
Spain
Foc-9093 PV1
Foc-9166
6
Morocco
Foc-9023
6
Spain
Foc-Tonini
6
USA (California)
Foc-8924
6
Spain
Foc-9622 KC2
6
Israel
Foc-9027 PV1
6
Spain
Foc-9628 KC5
6
Israel
Foc-9164
6
Morocco
Foc-8905
6
Spain
Foc-9620 KC1
6
Israel
a
Isolates in bold were chosen as representative isolates for each race.
b
Isolates were previously characterized to race by pathogenicity testing on differential chickpea lines
(Jiménez-Díaz et al., 1993; Kelly et al., 1994).
c
Isolates were provided by Dr. R. M. Jiménez-Díaz, Instituto de Agricultura Sostenible, CSIC, Córdoba,
Spain; isolates from India were originally provided by Dr. M. P. Haware, International Crops Research
Institute for the Semiarid Tropics, Hyderabad, India.
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Microsatellite marker development
Microsatellite markers were developed from a genomic library enriched for repeating regions
(Glenn and Schable, 2005). Briefly, genomic DNA from the race 5 isolate Foc-USA 1-1 JG62 was
restricted with RsaI and AluI (New England Biolabs) and fragments were ligated to the linkers
SuperSNX24 (5’-GTTTAAGGCCTAGCTAGCAGAATC-3’) and SuperSNX24 + 4P (5’pGATTCTGCTAGCTAGGCCTTAAACAAAA-3’). Ligated fragments were then amplified by PCR
using primers based on the linker regions. The DNA was subsequently enriched for microsatellites by
hybridization with 3’-biotinylated probes: (AC)12, (AG)12, (GT)12, (CT)12, (AAC)6, (AAT)12, (ACT)12,
(GGT)12, (AAG)8, and (CTT)8, followed by capture of hybridized fragments using streptavidin M-280
Dynabeads (Invitrogen). The microsatellite-enriched fragments were then amplified by PCR using
primers based on the SuperSNX24 linkers, and PCR products were ligated into the cloning vector pCR21-TOPO (Invitrogen), followed by transformation into competent TOP10 E. coli cells (Invitrogen).
The microsatellite-enriched library was screened by PCR amplification and sequencing using
M13 plasmid-specific primers. Repeating sequences were identified using the tools WebSat
(http://wsmartins.net/websat/) (Martins et al., 2009) and Perfect Microsatellite Repeat Finder
(http://sgdp.iop.kcl.ac.uk/nikammar/repeatfinder.html). Primers were designed for microsatellite loci
using software on the WebSat website (Martins et al., 2009) and PrimerSelect 3.11 (DNAStar package,
Lasergene). The loci were screened for polymorphisms by amplifying and sequencing two isolates of F.
oxysporum from asymptomatic chickpea plants unrelated to f. sp. ciceris (Fo90105 and MX4) and two
isolates of f. sp. ciceris from races 0 and 5 (race 0 isolates Foc-7802, Foc-8207, or Foc-82108, and race 5
isolates Foc-9035 or Foc-8012), the two races previously inferred to be most divergent (Jiménez-Gasco et
al., 2004a). For the microsatellite loci FoAB11, FoDF7, and FoFE5, primers designed from the publically
available F. oxysporum 4287 genome (http://www.broadinstitute.org) to amplify and sequence larger
fragments than the original clone. Regions where a polymorphic number of core repeats was identified
were sequenced for an additional 25 F. oxysporum isolates representing most of the known diversity of F.
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oxysporum (O'Donnell et al., 2009; Chapter 4) (Table 2.2) to calculate the gene diversity for these
microsatellites across F. oxysporum.
The loci FoAB12, FoAH10, FoDC5, and FoDD7 had overlapping peaks in sequencing
electropherograms for some f. sp. ciceris isolates, suggesting the presence of multiple copies of these loci.
Individual sequences were separated by cloning into the vector pCR-4-TOPO (Invitrogen), transformation
of the vector into competent TOP10 E. coli cells (Invitrogen), and amplification and sequencing of the
region using M13 vector-specific primers.

Table 2.2 Fusarium oxysporum isolates used to calculate the gene diversity of each microsatellite locus.
Isolate name
Original substrate
Geographic origin
ET1A
asymptomatic chickpea
Ethiopia
ET25A
asymptomatic chickpea
Ethiopia
ET5A
asymptomatic chickpea
Ethiopia
Fo526
asymptomatic chickpea
Italy
Fo623A
asymptomatic chickpea
Italy
Fo804
asymptomatic chickpea
Italy
Fo813
asymptomatic chickpea
Italy
Fo90101
asymptomatic chickpea
Spain
Fo90105
asymptomatic chickpea
Spain
Fo9081
asymptomatic chickpea
Spain
Fo91114
asymptomatic chickpea
Spain
Fo9169
asymptomatic chickpea
Morocco
Focc14J
asymptomatic chickpea
Israel
Fsp7V
asymptomatic chickpea
Algeria
Fsp9
asymptomatic chickpea
Algeria
IC100
asymptomatic chickpea
Syria
IC51
asymptomatic chickpea
Syria
IC67
asymptomatic chickpea
Syria
MX4
asymptomatic chickpea
Mexico
Foc-82108
chickpea
Spain
Foc-8012
chickpea
Spain
NRRL 38305
guar
Egypt
NRRL 25594
sweet potato
USA
NRRL 25603
banana hybrid
Australia
NRRL 26406
muskmelon
unknown
NRRL 26994
carnation
Netherlands
NRRL 28973
potato
Korea
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PCR and sequencing
Genomic regions chosen for this study include genes previously used in phylogenetic studies of
Fusarium species [translation elongation factor 1-α (TEF), β-tubulin, the ribosomal internal transcribed
spacer region (ITS), the ribosomal intergenic spacer region (IGS), and five mitochondrial regions], genes
related to cell wall-degrading enzymes [endopolygalacturonase 1, exopolygalacturonase 4, xylanase 4,
xylanase 4 regulator], markers previously used in identification of f. sp. ciceris (a ciceris-specific region
and a race 5-specific region), and microsatellites generated in a previous study and herein (Table 2.3).
Previously published primers were used in amplifications as described in the original reference (Bogale et
al., 2005; Cunnington, 2006; Hirano and Arie, 2006; Jiménez-Gasco and Jiménez-Díaz, 2003; O'Donnell
et al., 1998; White et al., 1990). New primers pairs were developed from GenBank accessions for βtubulin (O'Donnell et al., 1998), xylanase 4 (Gómez-Gómez et al., 2002), xylanase regulator (CaleroNieto et al., 2007), and a race 5-specific marker (Jiménez-Gasco and Jiménez-Díaz, 2003). Primers were
designed using the PrimerSelect 3.11 software program (DNAStar package, Lasergene).
Polymerase chain reactions (20 μL) consisted of 2 μL 10x reaction buffer, 200 μM of each dNTP,
0.5 U Taq polymerase (New England Biolabs, Ipswich, MA), 0.4 μM of each primer, and 10 to 25 ng
genomic DNA. The PCR conditions were 94oC for 4 min, followed by 35 cycles of 94oC for 1 min, the
annealing temperature for 1 min (Table 2.3), and 72oC for 1 min, followed by 72oC for 6 min.
Amplification was checked by visualization on an agarose gel stained with ethidium bromide. The PCR
product was purified with ExoSAP-IT (USB, Cleveland, OH) before sequencing and was sequenced at the
Genomics Core Facility, Penn State University.
For the race 3 analysis, two isolates of race 3 (8606 and 1992 R3N) were sequenced for TEF and
ITS using primers and PCR conditions as previously published (O'Donnell et al., 1998; White et al.,
1990). All isolates were additionally tested for the presence of a ciceris-specific PCR marker using
published conditions (Jiménez-Gasco and Jiménez-Díaz, 2003).
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Sequence and phylogenetic analyses for race 3 of Fusarium oxysporum f. sp. ciceris
Sequences were edited and aligned using the software SEQUENCHER v. 4.1.4 (Gene Codes
Corp.). For the microsatellite loci, the number of repeats in each sequence was counted manually.
Phylogenetic analysis of the two race 3 isolates was performed in PAUP* v.4.0b10 (Swofford, 2002)
based on TEF gene sequences. Representatives of all f. sp. ciceris races were included in the analysis, as
were sequences obtained from GenBank of the “race 3 standard” (NRRL 32155) (Gurjar et al. 2009), F.
oxysporum, and F. proliferatum. As isolate of Fusarium redolens from chickpea was included as an
outgroup. Maximum likelihood analysis was done using the HKY85 model and the heuristic search
option with 1,000 random addition sequences and the tree-bisection-reconnection algorithm. Bootstrap
analysis was performed with 1,000 replicates.

Results

Microsatellite marker development and sequencing
For the development of the new microsatellite markers, a microsatellite-enriched genomic library
was generated. A total of 335 clones were sequenced and analyzed for the presence of microsatellites. Of
these, 54 clones were identified as containing a microsatellite. Primers were designed based on the
flanking regions of all 54 microsatellites and used to screen for polymorphic sequences in a race 0 and a
race 5 isolate (race 0 isolates Foc-7802, Foc-8207, or Foc-82108, and race 5 isolates Foc-9035 or Foc8012), as well as two additional F. oxysporum isolates (MX4 and Fo90105). Twenty-four of the 54
microsatellite screened did not amplify or sequence cleanly for the tested isolates. BLAST searches of
these regions in the published F. oxysporum genome 4287 resulted in multiple hits or no hits
(http://www.broadinstitute.org), meaning that these loci are duplicated in the genome or not present in
some isolates of F. oxysporum and would not be useful microsatellite markers. Of the

47

48
remaining 30 microsatellite loci, ten loci were identified as polymorphic for F. oxysporum (Table 2.4).
The gene diversity of these markers ranged from 0.14 to 0.80. Primers for the ten new markers amplified
consistently across F. oxysporum, except FoED2, which did not amplify for 2 of the 25 isolates tested
(Fo91114 and Fo526) and amplified a non-homologous region for an additional two isolates (MX4 and
ET5A).
The 30 microsatellite loci, including both polymorphic and monomorphic loci, were additionally
screened for polymorphisms in the regions flanking the microsatellite. All loci were sequenced for an
isolate of race 0 (Foc-7802, Foc-8207, or Foc-82108) and an isolate of race 5 (Foc-9035 or Foc-8012).
None of the flanking regions for the 10 polymorphic microsatellite markers contained any polymorphisms
among f. sp. ciceris races. Single nucleotide polymorphisms were observed in the regions flanking the
microsatellite for two monomorphic loci, FoAB12 and FoAH10, while all other loci (approximately 9 kb
total) were completely identical in both number of microsatellite repeats and in sequences flanking the
repeats for the race 0 and race 5 isolates.

Polymorphisms among races
A representative isolate of each race of f. sp. ciceris was sequenced for the translation elongation
factor 1-α gene (TEF), the β-tubulin gene, the internal transcribed spacer region (ITS), the intergenic
spacer region (IGS), five mitochondrial intergenic regions, the endopolygalacturonase 1 gene, the
exopolygalacturonase 4 gene, the xylanase 4 gene, a xylanase regulator gene, two ciceris-specific
markers, fifteen microsatellite regions, and two microsatellite-flanking regions (FoAB12 and FoAH10)
that were identified as polymorphic during microsatellite marker development. Sequences were identical
for all races for TEF, ITS, the mitochondrial regions, the xylanase regulator, xylanase 4, the two cicerisspecific markers, and eleven of the microsatellites (Table 2.5). Polymorphisms were observed among
races for β-tubulin, IGS, and the two microsatellite-flanking regions FoAB12 and FoAH10. For AH10,
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Table 2.5 Polymorphisms observed for each region among Fusarium oxysporum f. sp. ciceris races and
the percent identity of the most different sequences.
Genomic region
TEF
β-tubulin
ITS
IGS
Mitochondrial region - MIS1
Mitochondrial region - MIS2
Mitochondrial region - MIS3
Mitochondrial region - MIS4
Mitochondrial region - MIS5
Xylanase regulator
Xylanase 4
Ciceris-specific region
Race 5-specific region
Endopolygalacturonse 1
Exopolygalacturonase 4

Microsatellite-flanking region
- FoAB12
Microsatellite-flanking region
- FoAH10
Microsatellite - FO2
Microsatellite - FO11
Microsatellite - FO13
Microsatellite - FO14
Microsatellite - FO17
Microsatellite - FO18
Microsatellite - FoAB11
Microsatellite - FoAD12
Microsatellite - FoAG11
Microsatellite - FoDC5
Microsatellite - FoDD7
Microsatellite - FoDE7
Microsatellite - FoDF7
Microsatellite – FoED2

Microsatellite - FoFA4
Microsatellite - FoFE5

Polymorphisms
None
1 SNP in race 2 isolates compared to
other races
None
222 bp deletion in race 2 isolates
compared to other races
None
None
None
None
None
None
None
None
None
No amplification for race 3 and some
race 1B/C isolates
No amplification for race 3, race 6, and
some race 1A isolates; 16 SNPs in
amplified race 1A isolate
4 SNPs in race 0
10 SNPs among race 0 and 1B/C
isolates, multiple alleles for races 2 and 3
None
None
None
None
None
Polymorphic among races, 7 alleles
observed in total
Polymorphic for races 0, 1B/C, and 3
None
None
Multiple copies present in races 3 and 4
Additional repeat in race 3
None
None
Primers FoED2 F/R amplified a
transposon region for races 2 and 3,
amplicons with primers FoED2a F/R
were identical for all races
None
None

Minimum % identity
100%
99.9%
100%
90.5%
100%
100%
100%
100%
100%
100%
100%
100%
100%
100% for amplified
fragments
98.8% for amplified
fragments
96.5%
91.9%
100%
100%
100%
100%
100%
83.7%
90.7%
100%
100%
84.8%
98.9%
100%
100%
100%

100%
100%
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four alleles were observed: one in the race 0 isolate Foc-82108, one in all other race 0 isolates, one in the
representative race 1B/C isolate, and one in the wilting pathotype races 1A, 2, 3, 4, 5, and 6. Double
peaks were observed in sequencing electropherograms for races 2 and 3 for FoAH10. Separation of these
sequences by cloning was done for the race 2 isolate Foc-8605, and two alleles were found in this isolate.
Amplification of some regions failed for some isolates despite repeated attempts. PCR
amplifications for exopolygalacturonase 4 were not successful for race 3, race 6, or race 1A isolates
except Foc-7989, which contained 16 single-nucleotide polymorphisms relative to other races. Sequences
for all other amplicons were identical. PCRs for endopolygalacturonase 1 were unsuccessful for race 3
and two race 1B/C isolates from California, although amplification was successful for other race 1B/C
isolates from Syria, Turkey, and Tunisia. All successfully amplified isolates had identical sequences for
endopolygalacturonase 1.
Of the fifteen microsatellite markers, FO18, FoAB11, FoDC5, and FoDD7 had polymorphic
numbers of tandem repeats among f. sp. ciceris races. The regions flanking the tandem repeats were
identical for all races. FO18 and FoAB11 were the most polymorphic, and the gene diversity of both
markers was calculated for each race (Table 2.6). Races 0 and 1B/C were highly diverse for FoAB11, but
only one allele was present in races 1A, 2, 4, 5, and 6 and one other allele present in race 3. For FO18,
multiple alleles were present within races 0, 4, and 5, while the other races had only one allele for all
isolates of that race. For FoDC5, all races contained four repeats except races 3 and 4, which appear to
contain two alleles based on double peaks in electropherograms. Sequences with 4 repeats and 9 repeats
were obtained for race 3 in different sequencing reactions. Separation of the sequences by cloning was
attempted for race 4, but all resulting clones contained 9 repeats. FoDD7 differed only for race 3, which
contained 5 tandem repeats while all other races contained 6 repeats. Non-specific PCR products were
also frequently observed for race 3 using the FoDD7 primers, which did not occur with the other races.
FoED2 was not polymorphic for the microsatellite region, but the primers FoED2F and FoED2R
amplified a non-homologous region for both race 2 isolates and the race 3 isolate Foc-1992 R3N,
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although not for the race 3 isolate Foc-8606 or isolates of any other race. The non-homologous region
appears to be a transposon based on sequence homology, but clear sequences were not obtained despite
repeated attempts. New primers (FoED2aF and FoED2aR) were designed for the microsatellite locus and
amplified an identical region for all isolates.

Table 2.6 Gene diversity among Fusarium oxysporum f. sp. ciceris races for the microsatellites FoAB11
and FO18.

FoAB11
Race
0
1B/C
1A

Allelesa
10, 11, 12, 13
10, 11, 12
9

Gene Diversityb
0.7
0.5
0

FO18
Alleles
12, 13, 15
13
13

Gene Diversity
0.52
0
0

2
9
--c
14
-3
10
-16
-4
9
-16, 22
-5
9
0
18, 22
0.24
6
9
0
13
0
a
Number of tandem repeats for FoAB11 and FO18
b
Gene diversity = 1 - ∑xi2, where xi is the frequency of the ith allele (Nei 1987)
c
Gene diversity was not calculated for races 2, 3, and 4 as only two isolates of each were
available.

Phylogenetic analysis of Fusarium oxysporum race 3
To confirm the identity of f. sp. ciceris race 3 as F. oxysporum, two isolates of race 3 were
sequenced for TEF and ITS. For both regions, there was 100% sequence identity among the races (658
bp for TEF and 508 bp for ITS). Based on phylogenetic analyses, all f. sp. ciceris races, including race 3,
were closely related to other F. oxysporum isolates and not to F. proliferatum (Figure 2.1). The race 3
isolates were also tested for the presence of a ciceris-specific PCR marker (Jiménez-Gasco and JiménezDíaz, 2003), and the marker was amplified for both race 3 isolates, but not for the negative control, an
isolate of F. oxysporum not belonging to f. sp. ciceris. The two isolates were also observed
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microscopically, and neither isolate produced microconidia in short chains from polyphialidic
conidiophores, key diagnostic characters for distinguishing F. proliferatum from F. oxysporum (Leslie
and Summerell, 2006).

Figure 2.1 The most likely tree (-lnL = 1492.06168) of the “Fusarium oxysporum f. sp. ciceris race 3”
standard NRRL 32155 and representative isolates of each f. sp. ciceris race based on TEF sequence.
Maximum likelihood analysis was implemented in PAUP* with the model HKY85, using tree-bisectionreconnection branch swapping and 1000 random stepwise additions. F. redolens was used as an
outgroup.
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Discussion
The goal of this study was to investigate the relationships among pathogenic races of F.
oxysporum f. sp. ciceris and the amount of diversity within each race. Very few polymorphisms were
detected, confirming the close relationships of races within this monophyletic group (Jiménez-Gasco et
al., 2002). The polymorphisms that were detected grouped isolates together by race or by pathotype, as
would be expected based on phenotype and previous molecular studies (Jiménez-Gasco et al., 2004a).
A second objective of this study was to verify the identity of F. oxysporum f. sp. ciceris race 3,
recently reclassified as F. proliferatum by Gurjar et al. (2009). The representative isolate of race 3 used
in this study, Foc-1992 R3N, was highly similar to the other races of f. sp. ciceris for all markers
observed. Foc-1992 R3N and an additional race 3 isolate, Foc-8606, were completely identical to other
races based on TEF, as has been previously reported (Jiménez-Gasco et al., 2002), and completely
identical based on ITS. The race 3 isolates used in this study are routinely used for pathogenicity testing
using traditional bioassays and have maintained their capability of causing Fusarium wilt in the
differential chickpea lines JG-62, C-104, CPS-1, BG-212, WR-315, ICCV-2, ICCV-4, and P-2245 (R.M.
Jiménez-Díaz, personal communication) (Jiménez-Gasco et al., 2004a). In a phylogenetic analysis, the
two race 3 isolates are related to the other f. sp. ciceris races within F. oxysporum and not with F.
proliferatum. The two isolates also amplified a ciceris-specific PCR marker and morphologically appear
to be F. oxysporum. Previous studies showing race 3 to be highly divergent from other f. sp. ciceris races
used the same race 3 standard from the International Crop Research Institute for Semi-Arid Tropics
(ICRISAT) (Barve et al., 2001; Chakrabarti et al., 2001; Gurjar et al., 2009; Sivaramakrishnan et al.,
2002). The two isolates used in this study, Foc-8606 and Foc-1992 R3N, were also originally obtained
from ICRISAT, provided by Dr. M. P. Haware. As Gurjar et al. provide convincing evidence that the
race 3 standard isolate is F. proliferatum, we suggest that this isolate may have been mislabeled or
become contaminated in the years since its isolation. It is unfortunate that we possess only two isolates of
f. sp. ciceris race 3 to confirm its classification, but despite the low number of isolates in this analysis, we
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conclude that f. sp. ciceris race 3 is in fact Fusarium oxysporum f. sp. ciceris as previously reported and
not F. proliferatum.
An additional goal of this study was to develop microsatellite markers polymorphic for f. sp.
ciceris races and for F. oxysporum as a species. Microsatellites were chosen as a genetic marker because
these regions generally mutate at a much higher rate than nonrepetitive regions such as introns, at 10-5 to
10-6 mutations per locus per generation (Dettman and Taylor, 2004; Henderson and Petes, 1992).
Additionally, variation among the Indian races of f. sp. ciceris was found using microsatellite-based
methods (Barve et al., 2001; Gurjar et al., 2009). Ten microsatellite markers were developed that are
polymorphic for F. oxysporum. These markers were analyzed by comparing sequences, not by fragment
size analysis, in order to detect additional base changes and insertions/deletions. Several nucleotide
substitutions were observed in the microsatellite markers, both in the flanking regions and in the tandem
core repeats, among F. oxysporum isolates outside of f. sp. ciceris, and four markers, FoAB11, FoDC5,
FoDD7, and FoDF7, contained insertions/deletions in the flanking regions. These markers are therefore
more appropriate for analyses using DNA sequence rather than amplicon size, as the insertions and
deletions can lead to fragment size homoplasy and the nucleotide substitutions in the flanking regions
provide additional informative characters. Fragment size comparisons can be made for f. sp. ciceris
isolates, as these loci have identical sequences in the flanking regions for all f. sp. ciceris races. FoFE5
contains two repeat motifs, GTT and poly(T), which could also result in homoplastic fragment sizes.
FoED2 did not amplify for all isolates tested and is not present in six of the eleven published F.
oxysporum genomes (http://www.broadinstitute.org). FoED2 appears to be part of a transposon inverted
terminal repeat based on genome annotation and failure to amplify the fragment may be due to movement
of the transposon or absence of the transposon from the genome.
Most regions sequenced did not contain any polymorphisms among f. sp. ciceris races. Five
mitochondrial intergenic spacers, previously found to be polymorphic among F. oxysporum populations
(Cunnington, 2006), were identical for all f. sp. ciceris races. Likewise, Pérez-Artés et al. (1995) found

55
no differences between races using RFLPs of mitochondrial DNA. These results suggest that
mitochondrial DNA is extremely conserved among f. sp. ciceris races. A PCR marker designed for
identification of f. sp. ciceris also was identical for all isolates sequenced. This marker does not amplify
for some isolates of race 0 (isolates not used in this study, unpublished results), so sequences for these
isolates must be polymorphic, possibly at one of the primer-binding sites. Another PCR marker specific
to race 5, homologous to a urea active transporter based on genome annotation,
(http://www.broadinstitute.org), was amplified and sequenced for all races using newly designed internal
primers. All sequences were identical, although race 5 must contain polymorphisms in the area outside of
the internal primers that cause specific amplification of the PCR marker. Other previously-developed
race-specific PCR markers were not examined for polymorphisms as they are based on transposons and
are present in multiple copies in all races (Jiménez-Gasco and Jiménez-Díaz, 2003).
Genes relating to cell wall-degrading enzymes were chosen as potential markers because enzyme
activity has been reported to differ among f. sp. ciceris races (Jorge et al., 2006; Pérez-Artés and Tena,
1990). Sequences from two genes related to xylanase production, the xylanase 4 gene and its regulator,
were identical for all races, and other genes related to xylanase activity may be responsible for the
observed differences in xylanase activity between f. sp. ciceris pathotypes (Jorge et al., 2006). Like
xylanases, polygalacturonase activity has been shown to differ among f. sp. ciceris races. Jorge et al.
(2006) found that the more virulent race 5 generally has higher polygalacturonase activity in planta than
the less virulent race 0. Pérez-Artés and Tena (1990) observed that race 0 produces two
endopolygalacturonases and one exopolygalacturonase in vitro, while race 5 produces only one
exopolygalacturonase. Endopolygalacturonase 1 had identical sequences for all races sequenced, but the
region did not amplify for the two race 3 isolates or for two of six race 1B/C tested despite multiple
attempts. The region was not amplified for the two race 1B/C isolates from California, but did amplify
for isolates from Turkey and Syria, which may indicate divergence between populations in different areas.
Exopolygalacturonase 4 sequences were identical for races 0, 1B/C, 2, 4, and 5, but the region was not
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successfully amplified for race 3, race 6, and two of the three race 1A isolates tested. Sequences obtained
for the race 1A isolates Foc-7989 differed from the other races by 16 single-nucleotide polymorphisms.
Only one nonsynonymous mutation was seen, with all other changes occurring in introns or producing
synonymous codons. In conclusion, the polymorphisms observed may not be sufficient to explain the
variation in polygalacturonase activity seen among races.
There were also only a few polymorphisms found among f. sp. ciceris races in microsatellite loci,
both in number of tandem repeats and in sequences flanking the microsatellite regions. Of the total 54
clones of the genomic library, only three microsatellites (FoAB11, FoDC5, and FoDD7) were
polymorphic in numbers of repeats and two other loci (FoAB12 and FoAH10) were found to contain
polymorphisms in the flanking regions for f. sp. ciceris. The initial screening was done with only two
isolates, one of race 0 and the other of race 5, so some polymorphisms among the f. sp. ciceris races may
have been missed. However, race 0 and race 5 are highly divergent (Jiménez-Gasco et al., 2004a) so this
screening is expected to detect the majority of variable regions. Approximately 9 kb of sequence data
was completely identical between races 0 and 5, again emphasizing the limited diversity within f. sp.
ciceris.
For the polymorphisms that were found, the Indian races 2, 3, and 4 appeared to be the most
divergent. Race 2 differed from all other races for IGS and β-tubulin. β-tubulin was previously reported
to be identical for races 0, 1B/C, 1A, 4, 5, and 6 (Jiménez-Gasco et al., 2002). A larger region of the βtubulin gene was sequenced for all races, and one single-nucleotide polymorphism was found in both
isolates of race 2 sequenced. IGS was also found to be polymorphic for both isolates of race 2, which
contained a 222 nucleotide deletion not present in any other race. Race 2 has been previously reported to
differ from the other Indian races (1A, 3, and 4) based on IGS-RFLPs (Chakrabarti et al., 2001).
Chakrabarti et al. (2001) also reported that race 3 differs from races 1A and 4, which was not observed in
this study and may have been due to problems with the race 3 standard isolate used by these authors. For
microsatellites, race 3 had a unique sequence for FoDD7 and differed from the other wilting races for
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FoAB11. The divergence seen for races 2, 3, and 4 may possibly be due to geographical separation, as
these races are only found in India (Jiménez-Gasco et al., 2004b). The other Indian race, race 1A, did not
appear to be as highly diverged, but this race is more widespread and also found in the Mediterranean
area (Jiménez-Gasco et al., 2004b).
Duplication of regions of the genome and movement of transposons also may have occurred in
the Indian races relative to the other races. Races 3 and 4 had multiple copies of FoDC5 and races 2 and
3 had multiple copies of FoAH10. Differences were also observed in the PCR amplifications of FoED2
for race 2 and one isolate of 3, which amplified a transposon region rather than the targeted microsatellite.
A second set of primers designed to amplify locus FoED2, named FoED2a, amplified the microsatellite
region, which was identical for all races. The FoED2a primers were slightly external to the original
primers but did not amplify the transposon region, indicating that a transposon had not inserted into the
FoED2 region. The FoED2 primers were therefore amplifying a transposon located elsewhere in the
genome, probably because the original FoED2 locus appears to be part of a transposon long terminal
inverted repeat. These differences among the Indian races suggest that large mutations such as
transposition or gene duplication may be significant mechanisms of genetic change in f. sp. ciceris.
Races were observed to group together by pathotype for some markers. For AH10, the wilting
races 1A, 4, 5, and 6 amplified one allele, races 2 and 3 contained at least two copies per isolate, and the
yellowing races (0 and 1B/C) contained one copy per isolate but were polymorphic among isolates.
Similarly, for FoAB11, races 1A, 2, 4, 5, and 6 all share the same allele, while isolates of races 0 and
1B/C have differing alleles, effectively grouping the yellowing pathotype races and the wilting pathotype
races. Race 3, a wilting pathotype race, grouped with the yellowing races 0 and 1B/C for FoAB11, a
presumably homoplastic relationship since race 3 is not closely related to races 0 and 1B/C based on
phenotype or other analyses (Jiménez-Gasco et al., 2004a). The grouping of races by pathotype is
expected based on phenotype and previous phylogenetic studies using RAPDs and repetitive DNA
sequences (Jiménez-Gasco et al., 2004a; Jiménez-Gasco et al., 2001; Kelly et al., 1994).
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The diversity of races was assessed using the two most polymorphic microsatellites, FoAB11 and
FO18. Race 0 has the highest gene diversity for the two microsatellite markers, followed by race 1B/C,
while races 1A, 5, and 6 show very little intra-race diversity (Table 2.6). The diversity of the Indian races
2, 3, and 4 was not calculated as only two isolates each of these races were available. These findings are
consistent with the hypothesis that the yellowing races, 0 and 1B/C, are the most diverse races and
therefore possibly ancestral (Jiménez-Gasco et al., 2004a). Interestingly, for FO18, more diversity was
found among the races of f. sp. ciceris than was originally reported for a diverse group of F. oxysporum
isolates (Bogale et al., 2005), and for FoAB11, almost as much diversity was found among f. sp. ciceris
isolates as for other F. oxysporum isolates. Variable mutation rates across a species have been observed
before for other microsatellites (Jin et al. 1996), and these loci seem to be mutating at a faster rate within
f. sp. ciceris than for other genotypes of F. oxysporum.
In conclusion, little genetic diversity was observed between races of f. sp. ciceris despite the
significant phenotypic differences between races. Considering this genetic uniformity, race phenotypes
may be based on a few, key mutations in genes associated with virulence. The molecular basis of
virulence in f. sp. ciceris is not known, however it may be governed by a gene-for-gene system, in which
avirulence of a race on a particular chickpea cultivar is caused by recognition of a pathogen avirulence
gene (avr) product by a plant resistance gene product. In F. oxysporum, avirulence to tomato has been
shown to be controlled by avr genes (Takken and Rep, 2010). If the F. oxysporum f. sp. ciceris-chickpea
pathosystem is governed by a gene-for-gene system, evolution of new races could be caused by mutations
in avr genes, allowing the pathogen to escape recognition by the host. It is also interesting to note that the
most polymorphic genetic markers for f. sp. ciceris so far observed are based on transposons (JiménezGasco and Jiménez-Díaz, 2003; Jiménez-Gasco et al., 2004a), and a transposon-based polymorphism was
observed for FoED2. Many active transposons have been found in the F. oxysporum genome (Ma et al.,
2010), and transposition events could potentially play a role in the evolution of f. sp. ciceris races.
Duplication of the loci FoDC5 and FoAH10 were observed for some races, and gene duplications,
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deletions, or other genomic rearrangements might also be involved in f. sp. ciceris race evolution. The
genes controlling virulence will have to be identified to determine how exactly f. sp. ciceris races have
evolved, but the scarcity of observed genotypic differences suggests that new races in f. sp. ciceris may
arise due to critical point mutations in a few genes or by mutational mechanisms causing larger genomic
changes.
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Chapter 3

Microsatellite evolution in the haploid asexual fungus Fusarium oxysporum
The evolution of nine microsatellites and one minisatellite was investigated in the haploid asexual
fungus Fusarium oxysporum and sister taxa Fusarium redolens and Fusarium verticillioides. Mutational
patterns over evolutionary time were studied by mapping changes in core repeat numbers to a phylogeny
based on the sequence of the translation elongation factor 1-α gene. The patterns of microsatellite
formation, expansion, and interruption by base substitutions could be followed across the phylogeny,
showing that these loci are evolving in a manner similar to that of microsatellites in eukaryotes that do
undergo meiotic recombination. The microsatellites were estimated to be mutating at approximately
1,350 times faster than surrounding sequences, similar to mutation rates for microsatellites in other fungi.
Most mutations could be fit to a stepwise mutation model, but a few appear to have involved multiple
repeat units, indicating that recombination may not be needed to cause large mutations or that past
recombination events may have occurred in these loci. No evidence of gene conversion was seen at the
minisatellite locus, which may also be mutating by replication slippage. Some homoplastic numbers of
repeat units were observed for these loci, and polymorphisms in the regions flanking the microsatellites
may provide better genetic markers for phylogenetic studies of these species. The loci appear to be
inherited clonally without meitotic recombination, suggesting that the contribution of recombination to
microsatellite evolution rather than replication slippage is negligible.

Introduction
Microsatellites, or simple sequence repeats, are tandemly repeated regions of 1-6 DNA base pairs
that are widely used as genetic markers. While microsatellites have been extensively studied in a number
of organisms, less attention has been paid to microsatellites in fungi (Dutech et al., 2007), with the
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exception of the yeast Saccharomyces cerevisae [for example (Bagshaw et al., 2008; Gendrel et al., 2000;
Henderson and Petes, 1992; Petes et al., 1997; Pupko and Graur, 1999)]. Fungi generally have lower
microsatellite densities than most eukaryotes (Karaoglu et al., 2005; Katti et al., 2001; Tóth et al., 2000;
but see also Dieringer and Schlötterer, 2003), and significantly fewer microsatellite markers have been
developed for fungi than for plants and animals (Dutech et al., 2007).
Microsatellites are theorized to mutate by two main mechanisms. The main mechanism is
replication slippage (Levinson and Gutman, 1987), in which misalignment of DNA strands during
replication leads to the addition or subtraction of repeats (reviewed in Eisen, 1999). Mutation due to
replication slippage occurs at a much higher rate than that of point mutations, at a minimum of 10-4
mutations per division in S. cerevisae (Henderson and Petes, 1992). A second proposed mechanism for
mutation of microsatellites is through recombination, both unequal crossing-over and gene conversion
(reviewed in Richard and Pâques, 2000 and Sia et al., 1997). Recombination is thought to play a role in
the evolution of trinucleotide repeats associated with certain human/animal diseases (Richard and Pâques,
2000), which form complex secondary structures that affect their mutation (Pearson and Sinden, 1998),
and in the evolution of minisatellites consisting of 10-15 bp tandem repeats (Jeffreys et al., 1999).
However, recombination appears to be less important in the evolution of other microsatellites.
Microsatellite mutation rates are not affected by mutations that lower the rate of recombination
(Henderson and Petes, 1992; Levinson and Gutman, 1987) and are similar for the human y-chromosome,
which does not undergo recombination, as for somatic chromosomes (Heyer et al., 1997; Kayser et al.,
2000). However, there is at least one report of a microsatellite mutating due to homologous
recombination (Gendrel et al., 2000) and, in S. cerevisiae, a correlation was found between recombination
hotspots and the frequency of microsatellites (Bagshaw et al., 2008). Only a few studies (Paun and
Hörandl, 2006; Sunnucks et al., 1996; Weetman et al., 2002) have investigated the dynamics of
microsatellite evolution in asexual organisms, in which meiotic recombination does not occur.
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Microsatellite evolution has been described as a life cycle, with microsatellites being “born” by
the formation of repetitive sequences (Messier et al., 1996), then expanding and contracting during its
“life”, and finally “dying” when the repetitive sequence degenerates (Taylor et al., 1999). Microsatellites
may originate from mutations in a cryptically simple sequence (Messier et al., 1996) or from insertion
events creating duplicated sequence (Zhu et al., 2000). After formation of the microsatellite, mutations
can add or subtract units, generally one unit at a time, although larger changes can occur (Henderson and
Petes, 1992). Microsatellites with more repeats usually have a higher mutation rate than smaller regions
(Brandström and Ellegren, 2008; Wierdl et al., 1997). Point mutations may occur within repeats,
interrupting the repetitive sequence and slowing the rate of mutation (Petes et al., 1997). Accumulation
of interruptions may lead to the “death” of the microsatellite (Taylor et al., 1999), although interruptions
may also be removed from the microsatellite by replication slippage, restoring the repetitive sequence
(Harr et al., 2000). Microsatellites are also hypothesized to “die” by losing repeats through replication
slippage (Taylor et al., 1999). Buschiazzo and Gemmell (2006) further suggest that the cryptically simple
sequence left from a “dead” microsatellite could undergo a renaissance and become a new microsatellite.
The life cycle of microsatellites over evolutionary time has mainly been studied in a phylogenetic context
by comparing homologous loci across related species (Brohede and Ellegren, 1999; Buschiazzo and
Gemmell, 2006; Messier et al., 1996; Taylor et al., 1999; Zhu et al., 2000).
In this study, microsatellite evolution was investigated using a phylogenetic perspective in two
haploid fungi in the genus Fusarium. F. oxysporum and F. redolens have never been observed to produce
sexual structures (Baayen et al., 2001), although the possibility of cryptic sex cannot be excluded (Taylor
et al., 1999). In this study, F. oxysporum is treated as one species, although given that F. oxysporum
appears to be composed of clonal lineages, controversy exists whether it is a true species or a species
complex composed of multiple undescribed species (Leslie et al., 2001). Sequences of nine microsatellite
loci and one minisatellite locus were obtained for 37 isolates of F. oxysporum and 3 isolates of F.
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redolens. The objective of this study was to investigate the patterns of microsatellite mutations over
evolutionary history in a species in which recombination is unlikely to be a major mutational force.

Materials and methods

Fungal isolates and sequenced genomes
The microsatellite loci were amplified for 27 isolates of F. oxysporum, chosen as representative
of the known diversity of this taxon (O'Donnell et al. 1998; Demers and Jimenez-Gasco, unpublished
data) and for 3 isolates of F. redolens (Table 3.1). Sequences were obtained for an additional ten isolates
of F. oxysporum from publically available genome sequences (http://www.broadinstitute.org), as well as
for the taxon used as outgroup, the sexually-reproducing fungus F. verticillioides (teleomorph Gibberella
moniliformis) (Table 3.1). Sequences from the isolate F. o. NRRL 26406 were obtained by sequencing
each locus and not from the sequenced genome, which was released after the initial experiments.

Microsatellite loci and gene markers
Primers for nine microsatellite loci (FoAB11, FoAD12, FoAG11, FoDC5, FoDE7, FoDF7,
FoFA4, FoFE5) and one minisatellite locus (FoED2) were developed in a previous study (Chapter 2).
Primers were developed from a genomic library enriched for microsatellite repeats, created from an
isolate of F. oxysporum. Only microsatellites identified as polymorphic within F. oxysporum were
included in this study. DNA extraction, PCR, and DNA sequencing were done as previously described
(Chapter 2). The number of repeats in each microsatellite sequence was manually recorded.
Microsatellite data were mapped onto a phylogeny based on the translation elongation 1-α gene (TEF),
commonly used for phylogenetics of Fusarium species (O'Donnell et al., 1998). TEF sequences were
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Table 3.1 Isolates of Fusarium oxysporum, Fusarium redolens, and Fusarium verticillioides used in
this study.
Original
Country of
Microsatellite
Isolate namea
substrate
origin
sequence sourceb
TEF sequence sourceb
F. o. 4287
tomato
Spain
published genome
published genome
F. o. CL57
tomato
USA
published genome
published genome
F. o. cotton
cotton
unknown
published genome
published genome
F. o. ET1A
chickpea
Ethiopia
PCR
PCR
F. o. ET25A
chickpea
Ethiopia
PCR
PCR
F. o. ET5A
chickpea
Ethiopia
PCR
PCR
F. o. Fo47
soil
France
published genome
published genome
F. o. Fo526
chickpea
Italy
PCR
PCR
F. o. Fo623A
chickpea
Italy
PCR
PCR
F. o. Fo804
chickpea
Italy
PCR
PCR
F. o. Fo813
chickpea
Italy
PCR
PCR
F. o. Fo90101
chickpea
Spain
PCR
PCR
F. o. Fo90105
chickpea
Spain
PCR
PCR
F. o. Fo9081
chickpea
Spain
PCR
PCR
F. o. Fo91114
chickpea
Spain
PCR
PCR
F. o. Fo9169
chickpea
Morocco
PCR
PCR
F. o. Foc8012
chickpea
Spain
PCR
PCR
F. o. Foc82108
chickpea
Spain
PCR
PCR
F. o. Focc14J
chickpea
Israel
PCR
PCR
F. o. FOSC 3-a
human blood
unknown
published genome
published genome
F. o. Fsp7V
chickpea
Algeria
PCR
PCR
F. o. Fsp9
chickpea
Algeria
PCR
PCR
F. o. HDV247
pea
unknown
published genome
published genome
F. o. IC100
chickpea
Syria
PCR
PCR
F. o. IC51
chickpea
Syria
PCR
PCR
F. o. IC67
chickpea
Syria
PCR
PCR
F. o. II5
banana
Indonesia
published genome
published genome
F. o. MN25
tomato
USA
published genome
published genome
F. o. MX4
chickpea
Mexico
PCR
PCR
F. o. NRRL 25594
sweet potato
USA
PCR
GenBank - AY337717.1
F. o. NRRL 25603
banana
Australia
PCR
GenBank - AF008487.1
F. o. NRRL 26406
muskmelon
unknown
PCR
GenBank - AF008504.1
F. o. NRRL 26994
carnation
Netherlands
PCR
GenBank - AF246848.1
F. o. NRRL 28973
potato
Korea
PCR
GenBank - AF246878.1
F. o. NRRL 38305
guar
Egypt
PCR
GenBank - FJ985376.1
F. o. PHW808
cabbage
USA
published genome
published genome
F. o. PHW815
radish
France
published genome
published genome
F. r. 91117
chickpea
Spain
PCR
PCR
F. r. IC17
chickpea
Syria
PCR
PCR
F. r. IC69
chickpea
Syria
PCR
PCR
F. v. 7600
maize
USA
published genome
published genome
a
F. o. = Fusarium oxysporum, F. r. = Fusarium redolens, F. v. = Fusarium verticillioides
b
Published genomes are publically available through the Broad Institute
(http://www.broadinstitute.org). Accession numbers are given for sequences obtained through
GenBank. PCR = amplified by PCR in this study
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obtained from GenBank, sequenced genomes, or by amplification and sequencing with the primers EF1
and EF2 according to previously published conditions (O'Donnell et al., 1998). All sequences were
initially aligned using the program SEQUENCHER v. 4.1.4 (Gene Codes Corp.) and then manually
adjusted.

Data analysis
All analyses were done on the F. oxysporum isolates, excluding F. redolens, F. verticillioides, as
well as any F. oxysporum isolate with more than one copy of that microsatellite locus. Analyses were
based on the number of repeats or the size of the repetitive region, not on amplicon size. F. oxysporum
sequences were tested for patterns indicating recombination using the haploid disequilibrium test, which
is based on the variance of the number of loci for which two isolates are different (Taylor et al., 1999).
This test determines if there is a non-random association of alleles in a multilocus haplotype, which
would suggest that these loci are inherited as a group with no recombination between them, based on the
probability of observing, in a random subsample, a variance as extreme as for the original sample, using
999 random subsamplings (GenAlEx v. 6.4) (Peakall and Smouse, 2006).
Estimations of θ (2Ne μ, with Ne equaling the effective population size) and testing of the
stepwise mutational model versus the multi-step mutational model were done using a maximum
likelihood approach with the program MISAT, using the default program settings (Nielsen, 1997).
Microsatellite gene diversity was calculated based on 1 - ∑xi2, where xi is the frequency of the ith allele
(Nei, 1987). The values of Watterson’s θ per base pair and average pair-wise differences per base pair
were estimated for the flanking sequences, including both putatively coding and noncoding bases but not
insertions and deletions using the program SITES (Hey and Wakeley, 1997).
Phylogenies for TEF and for the regions flanking the microsatellites were inferred using PAUP*
v.4.0b10 (Swofford, 2002) by maximum parsimony analysis, performed using the heuristic search option.
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Bootstrap support was determined based on 1,000 replicates. To infer a phylogeny based on
microsatellites, genetic distances were calculated based on allele frequencies, using both the number of
repeat units and amplicon size (GenAlEx v. 6.4) (Peakall and Smouse, 2006), and neighbor-joining trees
were inferred from the genetic distances (PAUP* v.4.0b10) (Swofford, 2002).
In mapping the microsatellite sequences to the TEF phylogeny, microsatellite sequences from F.
redolens were generally presumed to represent a more ancestral form of the microsatellite, as F. redolens
appears to be basal to F. oxysporum and F. verticillioides (Skovgaard et al., 2003). However, sequences
in F. redolens have also been evolving since these species differentiated, complicating the determination
of ancestral versus derived characters. Because replication slippage occurs at a faster rate than mutations
in non-repetitive sequences (Henderson and Petes 1992), F. redolens sequences containing long repeat
arrays were also assumed to have mutated since the time of speciation.

Results

Microsatellite loci
Sequences for the nine microsatellite loci were obtained for 37 isolates of F. oxysporum, three
isolates of F. redolens, and one isolate of F. verticillioides (Table 3.1), except for locus FoAG11, which
did not amplify for the F. redolens isolates, and locus FoDD7, which was not found in the genome
sequence of isolate F. o. PHW815. Each microsatellite locus was present in one copy in the eleven
available F. oxysporum genomes and the F. verticillioides genome (http://www.broadinstitute.org), except
for FoDC5, which was present twice in the genomes of isolates F. o. MN25, F. o. cotton, and F. o.
PHW815; and FoDD7, which was present twice in the genome of isolate F. o. HDV247, although these
may be artifacts of the genome assembly and not true duplications. Based on genome annotation, the
microsatellites in loci FoAB11, FoAD12, FoDC5, FoDD7, and FoFA4 are located in non-coding regions,
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the microsatellites for FoAG11 and FoDF7 are located in the introns of hypothetical proteins, the
microsatellite for FoFE5 is located in the exon of a NAD-specific glutamate dehydrogenase gene, and the
microsatellite for FoDE7 is located in the 3’ untranslated region (UTR) of a hypothetical protein
(http://www.broadinstitute.org).
The minisatellite FoED2 was amplified for 23 of the 27 isolates of F. oxysporum and none of the
F. redolens or F. verticillioides isolates. Non-homologous regions not containing the minisatellite were
amplified for F. oxysporum isolates MX4 and ET5A in multiple attempts. The minisatellite was not
found in six of the eleven sequenced genomes, including isolate F. o. NRRL 26406, from which it was
amplified by PCR from extracted DNA. All genome sequences that contained FoED2 had different
repeat sequences than those individually sequenced, suggesting that the genome was not well assembled
at this locus, and all genome data were excluded from further analysis. Based on genome annotation,
FoED2 is located in a putative transposable element (http://www.broadinstitute.org), which may explain
why non-homologous regions were amplified by PCR or the locus was not found in some isolates.

Test for recombination
The assumption that F. oxysporum has a clonal population structure was tested using the haploid
linkage disequilibrium test, as developed by Souza et al. (1992). For F. oxysporum isolates, the variance
in mismatched alleles was significantly different from that expected for randomly generated subsamples
(999 randomizations, p = 0.001), consistent with a clonal population structure. The association of alleles
is not due to physical linkage, as the loci are located on at least four different chromosomes in the
published genome (Table 3. 2) (http://www.broadinstitute.org). However, the isolates used in this study
were from geographically-distant areas and may be reproductively isolated, which would bias the results
of any test for recombination.
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Table 3.2 Chromosome locations of each microsatellite in the published genome of Fusarium oxysporum
4287.
Locus name
Chromosome location
FoAB11
4
FoAD12
7
FoAG11
4
FoDC5
7
FoDD7
Unmapped in genome
FoDE7
9
FoDF7
4
FoED2
Not in genome sequence
FoFA4
4
FoFE5
10

Evolution of mini- and microsatellites across the Fusarium oxysporum phylogeny
The microsatellite loci were mapped onto a tree of the translation elongation 1-α gene (TEF) to
analyze the evolution of microsatellite repeats (Figure 3.1). The microsatellites were conserved across the
three species and could be identified in the outgroup F. verticillioides. Alleles with similar number of
repeats were generally closely related and followed the pattern of the phylogeny. Numerous interruptions
of the microsatellites were observed, and these polymorphisms also grouped together by clade on the tree,
as did polymorphisms in the regions flanking the microsatellite (data not shown).
Mapping the microsatellite sequences also allowed identification of unrelated taxa with identical
numbers of repeats. When compared to the TEF gene phylogeny, nearly all nine loci, with the exception
of FoFE5 that had very few alleles, had instances where isolates in different parts of the phylogeny had
the same number of microsatellite repeats (Figure 3.1). Patterns of polymorphisms in the flanking region
or interruptions of the repeat cores in these regions agreed with the TEF gene tree, suggesting that these
shared alleles could be due to convergent evolution, although they may also be due to conservation of an
ancestral sequence in some branches of the phylogeny.
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Amplicon sizes were even more likely than repeat number to be shared among unrelated taxa due
to insertions and deletions in the flanking regions. Size homoplasy due to indels was observed for
FoAB11, FoDC5, and FoDD7. Size homoplasy was also observed with the compound microsatellite
FoAG11, in which differing numbers of each repeat unit could produce the same size fragment, for
example (CT)6(GT)10 and (CT)8(GT)8. The level of homoplasy in the microsatellites is reflected in
comparisons of phylogenies of the sequences (Figure 3.2). The trees of the flanking region sequences
(Figure 3.2b) and the TEF gene (Figure 3.2a) are highly similar, with differences only in poorly supported
branches, while the tree based on the number of microsatellite repeats (Figure 3.2c) shows some differing
branches, notably F. o. II5 and F. o. NRRL 25603 no longer forming a separate clade. The tree based on
amplicon size is clearly biased by homoplasy, with the F. redolens isolates falling within F. oxysporum
(Figure 3.2d).
The minisatellite FoED2 was also mapped onto a TEF gene phylogeny (Figure 3.3). This
minisatellite had four variant repeat units (coded A through D in Figure 3.3). Only one of the units
(coded B) was polymorphic across F. oxysporum. Only one polymorphism in the flanking region and no
base substitutions in the repeats were observed. The locus did not amplify for F. redolens and was not
found in the F. verticillioides genome sequence. Non-homologous regions were amplified for two taxa
using the FoED2 PCR primers. The minisatellite is located within a putative transposable element, and
null alleles may have occurred due to movement of the transposon.
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Models of mutation rate and stepwise versus multi-step mutations
Mutation rates (μ) were estimated from θ, which for haploid organisms equals 2Ne μ, with Ne
equaling the effective population size. θ was estimated for both the microsatellite repeats and for the
flanking non-repetitive sequences (Table 3.3). Although values of θ varied greatly among loci, on
average, the microsatellites were estimated to be mutating 1,350 times faster than the surrounding
sequences. Slippage mutations appeared to occur for some isolates with as few as two repeat units, as in
FoAB11, FoDE7, FoFA4, and FoFE5. Loci with larger repeat arrays, such as FoAB11, FoAD12,
FoAG11, and FoDC5, were also the most diverse (Table 3.4). Microsatellites with more allele diversity
also frequently had higher rates of polymorphisms in the flanking regions (Table 3.4). The two least
diverse microsatellites were FoDE7, located in a 3’UTR, and FoFE5, located in an exon.
The data were fit to two mutational models, a stepwise model assuming that only one repeat unit
is gained or lost during replication slippage and a multi-step model that allows for mutations involving
more than one repeat unit. The multi-step model was inferred to be a significantly better fit than the
stepwise model for loci FoAB11, FoAG11, and FoDD7, while the stepwise model was significantly better
for loci FoAD12 and FoDC5 (log likelihood ratio test, p < 0.05) (Table 3.3). The models were not
significantly different for loci FoDE7, FoDF7, FoFA4, and FoFE5. Evidence of multi-step mutations
could be seen in F. o. CL57 for locus FoAB11, which had 24 repeats compared to 4 repeats in close
relatives, and in F. o. Fo91114 for locus FoAG11, which had 26 CT repeats compared to 13 or 14 repeats
in close relatives (Figure 3.1). Non-adjacent duplications of interruptions of the repeat region can also be
taken as evidence of multi-step mutations, as the same interruption is unlikely to occur twice (Dettman
and Taylor, 2004). In FoAG11, the interruption ATTT was observed twice in isolate F. o. FOSC 3-a,
suggesting a slippage event involving up to 9 repeat units, while the sequence (CT)5AT occurs twice in
isolate F. o. ET5A, suggesting a slippage event of up to 6 repeat units (Figure 3.1).
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Microsatellite formation
Microsatellite sequences mapped to the TEF gene tree (Figure 3.1) were analyzed to determine if
the repetitive sequence had been formed by base substitutions in cryptically simple sequences or by short
sequence duplications. The compound microsatellites in FoAG11 and FoDE7 appear to have been
formed by base substitutions in the cryptically simple sequence surrounding the microsatellite. For locus
FoAG11, F. verticillioides contains a pure microsatellite surrounded by cryptically simple sequence: CG
(CT)4 GT CT TT GT, while F. oxysporum contains the perfect compound microsatellite (CT)n(GT)n. The
(GT)n repeat in F. oxysporum may be derived from an ancestral version of the cryptically simple sequence
in F. verticillioides, which in turn may be derived from base substitutions in the (CT)4 microsatellite. For
locus FoDE7, the pure microsatellite (CGTT)n is followed by the cryptically simple sequence CCTT
CGTC in F. oxysporum and by CATC in F. redolens. In F. verticillioides, two different repeat motifs are
repeated in the complex microsatellite CTGT (CTTT)3 CCTT CTTT (CGTC)3. The microsatellite in F.
verticillioides therefore may have been formed by base substitutions in a cryptically simple sequence,
followed by expansion of the repeat arrays of certain motifs.
No evidence was found to support whether any of the nine microsatellites formed by short
sequence duplications. However, duplications of a small number of bases that created a short repetitive
sequence were frequently seen in the regions flanking the microsatellite (Figure 3.4). One microsatellite
region, found only F. redolens, appears to have been interrupted by base substitutions in F. oxysporum
and F. verticillioides; however, a duplication of three nucleotides in the same locus has created a new
cryptically simple sequence in F. oxysporum and F. verticillioides (Figure 3.4c).
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Figure 3.4 Examples of insertions/deletions in the microsatellite flanking regions creating cryptically
simple sequence. Duplicated regions are shown in bold. (a) and (b) Examples of duplications, and
reversed duplicated sequence in (b). (c) Example of a duplication degrading a microsatellite region with
the repeat motif AGACAG (underlined) but creating the crypically simple sequence (GAG)2.

Microsatellite degradation
Microsatellite sequences mapped to the TEF gene tree (Figure 3.1) were also analyzed to
determine if the repetitive sequence had been degraded by loss of repeat units or by accumulation of
interrupting point mutations within the repeat array. Of the nine microsatellites, only FoFE5 and FoAB11
appear to have lost their repetitive structure by the removal of repeat units. In locus FoFE5, only one
repeat unit is present in isolates F. o. 4287, F. o. NRRL 26406, and F. o. MX4. For locus FoAB11, the
microsatellite (CACAGCA)n in F. redolens and F. oxysporum appears to have mutated to CACAGCA
CAGTA in F. verticillioides due to the deletion of CA.
Interruptions of the repeat array were a more common cause of microsatellite degradation.
Numerous base substitutions interrupting the repeats were observed within the F. oxysporum isolates, in
loci FoAB11, FoAG11, FoDD7, FoDE7, FoFA4, and FoFE5 (Figure 3.1). Independent base substitutions
occurred at least twice in FoAB11, and at least eight times in FoAG11. In some cases, the interruption
did not completely disrupt the microsatellite, as in isolate F. o. Fo47 in locus FoDD7, where a base
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substitution in one unit still left a string of three perfect repeat units. In other instances, the microsatellite
was completely degraded by a base substitution, as in isolate F. o. 4287 in locus FoAB11 (Figure 3.1).
Removals of interruptions that restore the perfect repeat array may have occurred two times
independently in FoAG11. In a clade where the majority of taxa contain the interrupted microsatellite
(CT)7-8(GT)3-4AT(GT)4, five isolates contain the perfect microsatellite (CT)8,10(GT)7,8. The AT
interruption is found in two taxa outside of the clade, suggesting that it is ancestral and has been removed
in the isolates with perfect repeats. An interruption may have also been removed in isolate F. oxysporum
MN25, which has the perfect repeat (CT)20(GT)10, lacking the ATTT interruption found in all other taxa
in that clade (Figure 3.1).

Discussion

Microsatellites in asexual, haploid fungi
This study addressed the mutational dynamics of microsatellites in a haploid, putatively asexual
fungus. Besides the model organism S. cerevisae, microsatellites have not been well studied in fungi.
Microsatellites are more difficult to isolate in fungi than in other eukaryotes, possibly due to a lower
density of microsatellites in fungal genomes (Dutech et al., 2007). The actual density of microsatellites in
fungal genomes is a matter of debate, as calculated values appear to depend greatly on the taxa examined
(Lim et al., 2004; Malpertuy et al., 2003) and the method used for counting microsatellites (Merkel and
Gemmell, 2008), but calculated densities are generally lower for fungi than other eukaryotes (Dutech et
al., 2007). The reason for the low number of microsatellites found in fungal genomes is unclear. The
small size of these genomes may be a contributing factor (Hancock, 2002), although microsatellite density
is not necessarily correlated to genome size (Karaoglu et al., 2005; Morgante et al., 2002; Neff and Gross,
2001). Fungi have also been speculated to have a more efficient mismatch repair system than other
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eukaryotes, leading to fewer changes in microsatellite repeat numbers, but this hypothesis has not been
tested (Karaoglu et al., 2005). Possibly, the low density of transposable elements in fungal genomes [e.g.
4% of the F. oxysporum genome (Ma et al., 2010) compared to 45% of the human genome (International
Human Genome Sequencing Consortium 2001)], may contribute to the low density of microsatellites in
fungi, as some microsatellites appear to have been created from repetitive sequences in certain
transposable elements (Kelkar et al., 2011).
Studying microsatellite evolution in asexual organisms allows the role of recombination in
microsatellite mutation to be addressed. Microsatellites are hypothesized to mutate primarily by
replication slippage but may also mutate by recombination, which should occur at lower rates in asexual
organisms that do not undergo frequent meiotic recombination. F. oxysporum and F. redolens have not
been observed to reproduce sexually, although sex may be occurring at low levels. Some other Fusarium
species are capable of sexual reproduction, including F. verticillioides, used as an outgroup in this study,
and both mating types genes are present and capable of being expressed in F. oxysporum (Yun et al.,
2000). Other forms of recombination, such as mitotic recombination, parasexual recombination, and
horizontal gene transfer may also be occurring (Taylor et al., 1999). Therefore, meiotic and mitotic
recombination in F. oxysporum cannot be entirely ruled out but is expected to occur much less frequently
than recombination in organisms that undergo sexual reproduction on a regular basis. Recombination was
not detected among the isolates investigated here using the haploid linkage equilibrium test, which
indicated F. oxysporum has a clonal population structure. Recombination between paralogous genes is
also unlikely to occur except at low levels, as the microsatellite loci investigated were present in only one
copy in the F. oxysporum genome with the exceptions of FoDC5 and FoDD7, which may be duplicated in
some isolates. Recombination between homologous chromosomes, as in a diploid organism, is also
unlikely, since only the haploid stage of F. oxysporum has ever been observed. Given these low or absent
levels of recombination, replication slippage may be assumed to be the primary mutational force acting on
microsatellite evolution in F. oxysporum. Microsatellites have previously been studied in the apomicitic
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flowering plant Ranunculus carpaticola (Paun and Hörandl, 2006), parthenogenetic Sitobion aphids
(Sunnucks et al., 1996), and the apomictic snail Potamopygrus antipodarum (Weetman et al., 2002).
Meiotic recombination does not occur in these asexual organisms, but they are all diploid or polyploid so
recombination between homologous chromosomes could occur. Microsatellites in these organisms
behaved similarly to microsatellites in sexual organisms (Paun and Hörandl, 2006; Sunnucks et al., 1996),
except for a strong bias towards loss of microsatellite repeats in P. antipodarum that did not seem to be
caused by asexual reproduction (Weetman et al., 2002).

Variability and mutation rates
The number of different alleles, and therefore the inferred rate of mutation, differed among the
microsatellite loci. The rate of microsatellite mutation has been linked to many factors, including the
local mutation and mismatch repair rate and the microsatellite’s length, orientation in the DNA strand,
and genome location (Eisen, 1999). The two microsatellites located in conserved regions, FoDE7 and
FoFE5, had the lowest θ values and lowest levels of diversity (Tables 3.3 and 3.4), as would be expected.
FoDE7 is located in the 3’ UTR of a hypothetical protein (http://www.broadinstitute.org). 3’ UTRs are
involved in regulation of RNA translation, and microsatellite mutations in 3’ UTRs have been linked to
cancer in humans (Paun et al., 2009). FoFE5 is located in the exon of a NAD-specific glutamate
dehydrogenase gene (http://www.broadinstitute.org). It contains a trinucleotide repeat, as do many
microsatellites in exons, most likely because slippage mutations would not introduce frameshift errors
(Gemayel et al., 2010). Microsatellites in exons appear to be a source of genome plasticity, but have also
been linked to several diseases in humans (Gemayel et al., 2010). The rest of loci appear to be located in
introns or non-coding regions (http://www.broadinstitute.org). The compound microsatellite FoAG11
was the most diverse in terms of repeat unit alleles and also contained the highest number of base
substitutions within the repeats, suggesting that it may be located in a hypervariable region. Longer
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microsatellites generally were more diverse, as has been frequently observed for many microsatellites
(Wierdl et al., 1997). For example, locus FoAD12, which contained 4 to 17 AG repeats was more diverse
than locus FoFA4, which contained 2 or 4 AG repeats, and locus FoDC5, which contained 4 to 19 TG
repeats, was more diverse than locus FoDF7, which contained 4 to 7 GT repeats.
In the sexually reproducing fungus Neurospora, Dettman and Taylor (2004) estimated the relative
mutation rate of microsatellites compared to their flanking regions using estimations of θ. Replicating
this analysis for F. oxysporum, the microsatellites are estimated to be mutating at approximately 1,350
times faster than the flanking regions, based on the ratio of the average value of θ for the nine
microsatellite loci to the average value of θ for the flanking regions. This value is a very rough
approximation of the relative mutation rate and varies greatly from locus to locus, but is not significantly
different from the average value of 2,500 calculated by Dettman and Taylor (2004), (unpaired t-test, p <
0.05). Based on these results, the low or absent rate of meiotic recombination in F. oxysporum does not
appear to have significantly changed the microsatellite mutation rate compared to a fungus that undergoes
regular meiosis.

Microsatellite life cycle
Microsatellites are hypothesized to originate from regions that contain repetitive patterns but not
a clear microsatellite repeat structure, often referred to as cryptically simple sequences. Chambers and
MacAvoy (2000) attempted to standardize this distinction by defining a microsatellite as at least 8
nucleotides of perfect repeats, while shorter regions are cryptically simple. Microsatellites may be
created from cryptically simple regions by base substitutions, base duplications, insertions, or deletions
that mutate the region into a perfect repeat (Messier et al., 1996; Zhu et al., 2000). The loci studied here
appear to have been generated mainly by base substitutions, although duplications of short sequences may
also have contributed to their formation. The compound microsatellites studied appear to have been
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derived from an ancestral microsatellite that became interrupted by base substitutions, followed by
expansion of the new repeat motif, as hypothesized by Kofler et al. (2008).
Multiple insertions and deletions (indels) were observed in the flanking regions of F. oxysporum
microsatellites compared to F. verticillioides, as has been observed in the flanking regions of
microsatellites for many organisms (Dettman and Taylor, 2004; Matsuoka et al., 2002; Zhu et al., 2000).
Eleven of the 19 indels involving multiple bases in the flanking regions created cryptically simple
sequences (Figure 3.4) that may act as progenitors of microsatellite sequences, although it cannot be
determined from these data that these regions will become microsatellites. Some authors speculate that a
minimum number of repeats is needed for replication slippage to occur (Rose and Falush, 1998),
suggesting that short duplications may not expand into microsatellites, but other authors found no
evidence of such a threshold (Leclercq et al., 2010; Pupko and Graur, 1999). Dieringer and Schlötterer
(2003) suggested that replication slippage may only act on regions with more repeats, while
insertion/deletion-like events may add or subtract repeats to shorter microsatellites. However, Kelkar et
al. (2010) suggested that replication slippage can occur at any point in the genome but occurs at much
higher rates in microsatellites longer than 10 bp. In the loci studied here, slippage mutations appeared to
occur for some isolates with as few as two repeat units, but the more diverse loci tended to have larger
repeat arrays, supporting the idea that slippage mutations can occur at low repeat number but are more
common at higher repeat numbers.
Many models of microsatellite evolution assume the gain or loss of one repeat unit at a time,
although larger mutations also appear possible, albeit less frequently (Henderson and Petes, 1992). The
majority of F. oxysporum isolates differed from close relatives by only a few units, suggesting that most
mutations were stepwise mutations. A few larger changes were observed, however, which could also be
the result of multiple small mutations, but multi-step mutations are a more parsimonious explanation
given the close phylogenetic relationships between these taxa. Some authors have speculated that large
changes in repeat number are more likely to be caused by recombination than by replication slippage (Sia
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et al., 1997), but experimental evidence has found that the frequency of multi-step mutations is not
affected by mutations that decrease the recombination rate (Wierdl et al., 1997). Infrequent multi-step
mutations have been observed in other asexual organisms, such as the apomictic plant Ranunculus
carpaticola (Paun and Hörandl 2006) and parthenogenetic Sitobian aphids (Sunnucks et al. 1996). Given
the low level of recombination in F. oxysporum, the large changes in repeat numbers observed are most
likely due to large expansions or contractions of the repeat array by replication slippage.
Microsatellites are hypothesized to “die”, or lose their repetitive structure, by the loss of all repeat
units or by the accumulation of point mutations within the repeat array. In these microsatellites,
accumulation of interrupting point mutations was more common than the loss of repeat units (observed in
four loci versus two loci, respectively). Microsatellites in F. redolens and F. verticillioides generally had
more interruptions than in F. oxysporum, most likely due to ascertainment bias, in which long, perfect
microsatellites are preferentially selected in the taxon used for primer development, in this case F.
oxysporum (Ellegren et al., 1995). It cannot be determined from these data if the interruptions observed
will prevent replication slippage from taking place, as has been previously observed (Petes et al., 1997).
However, in FoAG11, after the microsatellite was divided into two regions by point mutations, the
number of perfect repeats in the smaller region did not change but the number of perfect repeats in the
larger region did, suggesting that the point mutation may be decreasing the rate of replication slippage in
the smaller region. The base substitutions have not completely prevented slippage from occurring,
though, as two multi-step mutations that include imperfect repeats can be observed. Additionally, base
substitutions do not necessarily lead to the death of the microsatellite, as Harr et al., (2000) found that
interruptions can be purified from the repeat array, most likely by replication slippage. Evidence
suggesting the independent removal of two interruptions was found in loci FoAG11, indicating that this
process may occur with some frequency.
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Minisatellites
Minisatellites are regions of 10 to 15 bp long tandem repeats that, despite apparent similarities to
microsatellites, can behave much differently than microsatellites. Minisatellites contain variable repeat
regions within each array, mutate faster during meiosis than mitosis, and may display mutational polarity,
meaning that mutations preferentially occur at one end (Armour et al. 1999). Mutations often appear to
involve gene conversion between different alleles, as can be seen by the rearrangement of variable
repeats, although replication slippage may possibly cause some mutations (Jeffreys et al. 1999). Mapping
the sequences of the minisatellite FoED2 to the F. oxysporum phylogeny showed gains and loss of one or
two repeat units at a time and no complex rearrangements of units (Figure 3.3), suggesting that mutation
by replication slippage rather than gene conversion could have caused all of the observed alleles. Locus
FoED2 appears to be located in the long terminal inverted repeat of a transposon
(http://www.broadinstitute.org). Minisatellites in transposon terminal repeats have also been reported for
other organisms (Liebermann et al., 1983; Martienssen and Baulcombe, 1989) and for the F. oxysporum
transposon marsu (Hua-Van et al., 2000).

Utility of microsatellites and microsatellite flanking regions in phylogenetics
The rapid mutation rate of microsatellites makes them informative markers for population
genetics studies and phylogenetics. However, this high mutation rate also increases the probability of the
occurrence of homoplasy. Under the stepwise mutation model, microsatellites are equally likely to gain
or lose repeats (Estoup et al., 2002), potentially leading to unrelated isolates with the same number of
repeats. Despite the occurrence of homoplasy, in some instances microsatellites may still be appropriate
phylogenetic markers, such as in recently diverged populations, in which fewer mutations would have had
time to occur, therefore making homoplasy less likely (Takezaki and Nei, 1996). More phylogenetic
resolution may also be achieved by the use of multiple loci (Fisher et al., 2000). For the nine
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microsatellites used here, the combined gene tree displayed a few differences from the tree based on the
non-repetitive TEF gene sequence (Figure 3.2), suggesting that these markers therefore may be more
appropriate for intra-specific population studies than for phylogenetic reconstruction. However, the tree
based on flanking region sequence is quite similar to the TEF tree (Figure 3.2). Many authors have
observed a high rate of base substitutions and indels in the regions flanking microsatellites [for example
(Brohede and Ellegren, 1999; Dettman and Taylor, 2004; Gauthier et al., 2007; Matsuoka et al., 2002)],
which Brohede and Ellegren (1999) suggest could be due to a higher rate of mismatch repair at the ends
of microsatellites. Alternatively, the correlation between the frequency of polymorphisms in the flanking
regions and polymorphic microsatellites may reflect a higher local mutation rate in that part of the
genome (Brandström et al., 2008; Santibáñez et al., 2001). Based on the sequences investigated here,
polymorphisms in microsatellite flanking regions may serve as informative genetic markers among
closely related organisms, and the generation of new microsatellite markers may lead to the identification
of useful markers in the flanking regions.
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Phylogenetic analysis reveals lineages within Fusarium oxysporum adapted to
endophytism in chickpea

A collection of 74 Fusarium oxysporum isolates obtained from chickpea plants but not
pathogenic to this plant host were used for this study. Isolates originated from chickpea-cultivating
countries in the Mediterranean region and the Middle East, as well as Ethiopia and Mexico. The
phylogenetic placement of these isolates within F. oxysporum was assessed using partial sequences of the
translation elongation factor 1-α gene, the β-tubulin gene, and the nuclear ribosomal intergenic spacer
region (IGS). Although there was discordance in the placement of some isolates in each gene tree, the
majority of the isolates belonged to three lineages within the F. oxysporum phylogeny. These lineages
were phylogenetically unrelated to isolates pathogenic to chickpea. Isolates from distant geographic areas
often had identical sequences for all three genes. Further analysis using four microsatellite loci revealed
that some isolates from different areas also had identical microsatellite alleles for all four loci. The close
phylogenetic relationship among endophytic isolates from chickpea suggests that genotypes from these
three lineages may be better adapted at colonizing chickpea as endophytes than other F. oxysporum
genotypes, indicating certain adaptation to this plant host. Sequence similarities among isolates from
different geographic areas suggest that these host-adapted endophytes may have been spread to different
chickpea cultivation areas in infected plant material, possibly seeds.

Introduction
Fusarium oxysporum is an ecologically and genetically diverse fungus found worldwide in soils
and plants. F. oxysporum is an important plant pathogen, causing Fusarium wilt on a wide range of plant
species, although individual isolates are in the extreme of host specificity. Isolates with the same host
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range are classified as formae speciales (ff. spp.). Isolates within a forma specialis (f. sp.) belong to
specific lineages of F. oxysporum, although the majority of formae speciales are polyphyletic, composed
of multiple unrelated lineages (Baayen et al., 2000; O'Donnell et al., 1998).
F. oxysporum has been well characterized as a plant pathogen; however, F. oxysporum can
colonize asymptomatic hosts as an endophyte. Unlike pathogenic isolates which colonize the xylem and
spread throughout the plant, F. oxysporum endophytes appear to be limited to cortical tissues, especially
the roots (Olivain and Alabouvette, 1997). F. oxysporum endophytes are generally assumed to be nonhost-specific, but this hypothesis has not been thoroughly tested. Several studies have found that
populations of F. oxysporum associated with asymptomatic plant roots are highly diverse based on
vegetative compatibility groups (VCGs), including for bean (Alves-Santos et al., 1999), carnation (Katan
et al., 1994), cotton (Katan and Katan, 1988), and tomato (Elias et al., 1991). In contrast, populations
from celery roots, although diverse, were found to be mainly composed of two VCGs (Correll et al.,
1986). However, only a few studies have examined the diversity of endophytic F. oxysporum in a
phylogenetic context (Baayen et al., 2000; O'Donnell et al., 2009). These phylogenetic studies have
concluded that endophytic isolates belong to different clades within F. oxysporum and are generally
unrelated to isolates pathogenic to the same host; however, relatively few endophytic isolates have been
analyzed.
Given the diversity of F. oxysporum, understanding the phylogenetic placement of particular
isolates is not straightforward. A sexual stage has never been observed for F. oxysporum, so the species
may be composed of clonal lineages, but recombination (Taylor et al., 1999) and horizontal gene transfer
(Ma et al., 2010) could be occurring between isolates. A close phylogenetic relationship between two
isolates does not guarantee shared phenotypic traits, as pathogens from different formae speciales are
frequently closely related (O'Donnell et al., 2009). This complexity is compounded by the relative lack of
informative sequence markers (O'Donnell et al., 1998) and the tendency for different gene regions to be
phylogenetically incongruent (O'Donnell et al., 2009). DNA sequence from the translation elongation
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factor 1-α gene (TEF) is frequently used for identification and phylogenetics in F. oxysporum (Geiser et
al., 2004), and a database of TEF and ribosomal intergenic spacer region (IGS) sequences has been
compiled for sequence typing (O'Donnell et al., 2009). The β-tubulin gene has been less widely used
within F. oxysporum because of its limited resolution (O'Donnell et al., 2009; O'Donnell et al., 1998).
This study focuses on endophytes from chickpea plants. Chickpeas are the third most widely
produced legume and are grown in many regions of the world, especially in arid and Mediterranean-type
climates (Knights et al., 2007). Only the monophyletic forma specialis ciceris, comprising eight
pathogenic races, is known to cause Fusarium wilt of chickpea (Jiménez-Gasco et al., 2002). A previous
study of 25 nonpathogenic isolates from chickpea found that most isolates were vegetatively
incompatible, suggesting that a diverse group of F. oxysporum may be found associated with
asymptomatic chickpea plants (Nogales-Moncada et al., 2009).
The objective of this study was to assess the host adaptation of 74 F. oxysporum endophytes
isolated from chickpea using a phylogenetic approach based on various gene and microsatellite regions.
If chickpea endophytes belong to specific lineages within F. oxysporum, this would suggest that these
lineages are adapted to colonizing chickpea plants, while if chickpea endophytes are widespread across
the phylogeny, this would suggest that any F.oxysporum genotype can potentially be associated to
chickpea endophytically, indicating a lack of host adaptation. The endophytic isolates were found to fall
mainly into three lineages suggesting that genotypes within these lineages may be more adapted to
colonizing chickpea as an endophyte than other genotypes outside the lineages.
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Materials and methods

Fungal isolates
A collection of 74 F. oxysporum isolates nonpathogenic to chickpea was obtained from
collaborators in many of the major chickpea-growing regions of the world, including Algeria, Ethiopia,
Israel, Italy, Mexico, Morocco, Spain, Syria, and Tunisia (Table 4.1). Isolates were cultured from
different tissues from field-grown chickpea plants, including roots, crown and stems of asymptomatic
plants, while others were obtained from diseased plants during disease diagnosis. Cultures were
maintained long-term as lyophilized mycelium on carnation leaves (Leslie and Summerell, 2006). For
DNA extraction, mycelium was grown in potato dextrose broth, filtered out of the liquid culture,
lyophilized, and ground. DNA extraction was done using phenol:chloroform extraction (Raeder and
Broda, 1985) or commercial kits according to the manufacturer’s instructions (Qiagen, Valencia, CA; Mo
Bio Laboratories, Carlsbad, CA).
One well-characterized isolate of each race of F. oxysporum f. sp. ciceris (Jiménez-Gasco et al.,
2001) (Table 4.1), as well as isolates from other formae speciales [representing all of the previously
identified clades within F. oxysporum (O'Donnell et al., 1998)], were also included in the phylogenetic
analysis. When available, sequences for these isolates were obtained from GenBank, the Fusarium-ID
database (Geiser et al., 2004), or the published genome of isolate lycopersici 4287
(http://www.broadinstitute.org). Additional sequences were generated using the same protocol as for the
nonpathogenic isolates. An isolate of F. commune was included as an outgroup.
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Pathogenicity testing
Thirty-eight chickpea isolates representing the genetic and geographic diversity of the collection
were tested for pathogenicity to chickpea to confirm their inability to cause disease. Inoculum was grown
in a cornmeal-sand mixture and then added to sterilized soil before sowing for a final inoculum
concentration of approximately 104 to 105 cfu/g soil (Jiménez-Gasco et al., 2001; Nene and Haware,
1980). Seeds of universal susceptible cultivar P2245, susceptible to all known races of f. sp. ciceris, were
surface sterilized, pre-germinated on wet filter paper, and then planted in the inoculated soil. Plants were
grown in a growth chamber at 24oC with a 14-hour light period (Jiménez-Gasco et al., 2001) until seed
set, and disease symptoms were rated weekly. A known pathogenic isolate (Foc-82108, race 0) and a
non-inoculated treatment were included as controls. There was one plant per pot [2.5” diameter by 10”
deep conical pots (Deepots Cone-tainers)] and three replicates per treatment, and the experiment was
performed twice.
Furthermore, all 74 chickpea isolates were tested for the presence of a DNA marker specific to f.
sp. ciceris by PCR using primers Foc0-12F and Foc0-12R according to published conditions (JiménezGasco and Jiménez-Díaz, 2003). This complete region has only been detected by PCR in the known
chickpea pathogenic lineage of f. sp. ciceris (Demers and Jimenez-Gasco, unpublished).

DNA amplification and sequencing
DNA sequences were generated from three regions: the translation elongation factor 1-α (TEF)
gene, the β-tubulin gene, and the nuclear ribosomal intergenic spacer region (IGS). New primers for the
β-tubulin gene, described in Chapter 2, were used to amplify a larger region than previously-described
primers (O'Donnell et al., 1998) in order to capture more polymorphic sites. PCRs were performed for
TEF using the primers EF1 and EF2 (O'Donnell, K., et al., 1998), for β-tubulin using the new primers
BtubF and BtubR, and for IGS using the primers CNL12 and CNS1 as described in Chapter 2. Cycling
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conditions for IGS were 94oC for 1 min 30 s, followed by 40 cycles of 94oC for 30 s, 52oC for 30 s, and
68oC for 3 min, followed by 68oC for 5 min. Amplification was checked by visualization on an agarose
gel stained with ethidium bromide, and the PCR product was purified with ExoSAP-IT (Affymetrix,
Santa Clara, CA) before sequencing at the Genomics Core Facility, Penn State University. TEF was
sequenced using the primers EF1 and EF2; β-tubulin was sequenced using the primers BtubF and BtubR;
and IGS was sequenced using the primers PN22 (5’-CAAGCATATGACTACTGGC) (Edel et al., 1995),
CNSa (5’-TCTCATRTACCCTCCGAGACC) (O'Donnell et al., 2009), iNL11 (5’-AGGCTTCGGCTTA
GCGTCTTAG) (O'Donnell et al., 2009), U:49-67 (5’-AATACAAGCACGCCGACAC) (Appel and
Gordon, 1996) and PNFo (5-CCCGCCTGGCTGCGTCCGACTC) (Edel et al., 1995).

Data analyses
Sequences were aligned using SEQUENCHER v. 4.1.4 (Gene Codes Corp.) and the alignments
were manually adjusted. Maximum parsimony analyses were done for each of the individual genes in
PAUP* v. 4.0b10 (Swofford, 2002), using the parsimony ratchet (Nixon, 1999) executed in PAUPRat
(Sikes and Lewis, 2001). Five parsimony ratchet runs of 200 iterations were performed to ensure that the
shortest trees were found. Maximum parsimony analysis was done using the heuristic search option, with
1,000 random addition sequences, the tree-bisection-reconnection branch-swapping algorithm, and the
MulTrees option on. Gaps were not included in the phylogenetic analysis. Support for each branch was
evaluated with 1,000 bootstrap replicates. Trees were rooted with F. commune 38348.
The congruency of each gene tree was evaluated by visual analysis of highly supported nodes.
Topologies of the gene trees and of lineages within the trees were compared using one-to-one branch
mapping in Compare2Trees (Nye et al., 2006). Whether the chickpea endophytes are more closely related
to each other than to the reference isolates was tested using the nearest-neighbor statistic (Hudson, 2000)
implemented in DnaSP 5.10 (Librado and Rozas, 2009), which determines if the most similar nucleotide
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sequences belong to the same subdivision in a population. This test may be biased because the reference
sequences were not randomly sampled from a natural population, for which the test was designed;
however, the sequences were chosen a priori based on the known diversity in F. oxysporum.
Sequence types were defined from TEF and IGS sequences and compared to reference sequences
in the Fusarium-ID database (Geiser et al., 2004; O'Donnell et al., 2009). Sequences that did not match
any in the database were considered to be new sequence types.

Microsatellite analysis
Further resolution of the clades containing endophytic isolates from chickpea was obtained by
comparing haplotypes based on TEF, β-tubulin, IGS, and four microsatellite loci (FoAB11, FoAD12,
FoAG11, and FoDC5). Ten microsatellite markers were previously developed from a genomic DNA
library enriched for microsatellites (Chapter 2), and the four most polymorphic loci were used in this
analysis. The microsatellite loci were amplified as previously described (Chapter 2). All endophytic
isolates from chickpea were sequenced for each locus, as well as selected isolates from other substrates.
Sequencing was done using the primers FoAB11R, AD12F, AG11R, and DC5F. Alleles were based on
the number of repeats in each microsatellite, rather than amplicon size.

Results

Pathogenicity testing
None of the putatively endophytic isolates caused disease symptoms on inoculated chickpea
plants. Some chlorosis was observed for some plants, but appeared to be unrelated to fungal inoculation.
No other symptoms of Fusarium wilt were observed on the stem or roots of the inoculated plants or on the
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non-inoculated plants. The control plants inoculated with a known isolate of f. sp. ciceris race 0
developed typical symptoms of Fusarium wilt and died within 10 weeks.
The PCR marker specific to f. sp. ciceris was not amplified for any of the endophytic isolates,
although it was amplified for a pathogenic isolate used as a control.

Phylogenetic analysis
Maximum parsimony trees were inferred for TEF (Figure 4.1), β-tubulin (Figure 4.2), and IGS
(Figure 4.3) sequences. IGS was the most informative region, with 318 parsimony informative sites out
of 2,203 characters, while TEF had 53 informative sites out of 636 characters, and β-tubulin had 26
informative sites out of 1,102 characters. Visual inspection of the trees found that the IGS phylogeny was
incongruent with the TEF and β-tubulin phylogenies. The TEF and β-tubulin trees did not differ at highly
supported nodes, although they were different at some nodes with lower bootstrap support. The overall
topology scores found that all three trees were only 55% to 59% similar (Table 4.2), but this includes
poorly supported nodes.

Table 4.2 Topological congruency among phylogenetic trees. The trees based on TEF, β-tubulin, and
IGS, as well as the three main lineages containing chickpea endophytes within those trees, were compared
using mapping of corresponding branches in Compare2Trees (Nye et al., 2006).
TEF and β-tubulin

TEF and IGS

IGS and β-tubulin

Gene tree

59.9%

55.4%

59.3%

Chickpea endophyte lineage I

94.4%

88.9%

94.1%

Chickpea endophyte lineage II

73.3%

44.4%

34.3%

Chickpea endophyte lineage III

76.9%

72.7%

57.1%
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The phylogenetic analyses show that the chickpea endophytic isolates are not widely spread
throughout the phylogenetic tree but instead mainly fall within three separate clonal lineages within F.
oxysporum (labeled lineage I, II, and III in Figures 4.1-4.3). Seventeen isolates fall within lineage I, 37
isolates belong to lineage II, 7 isolates belong to lineage III, and the remaining 13 isolates are more
widely scattered in the phylogeny. These lineages were present in phylogenies based on all three gene
regions, except lineage II was divided into smaller, less closely related clades in the IGS gene tree (Figure
4.3). Topological scores show a good correlation of nodes at the base of each lineage, with the exception
of lineage II in IGS compared to TEF and β-tubulin (Table 4.2). A few isolates grouped differently in
different gene trees: IC100, which was part of lineage I for TEF but not for β-tubulin or IGS; and ET15A
and Fo623A, which were part of lineage II for TEF and IGS but not for β-tubulin; and Fo91114, which
was not clearly resolved within any lineage. Although the chickpea endophytes were not monophyletic,
they were more closely related to each than to the reference isolates based on nearest-neighbor analysis (p
< 0.0001).
The three lineages of chickpea endophytes were not closely related to the monophyletic f. sp.
ciceris clade. Three endophytic isolates, ET5A, ET6A, and 7.96, were closely related to f. sp. ciceris
based on TEF and β-tubulin but not IGS. All f. sp. ciceris isolates, but not these three isolates, shared a
100% identical TEF sequence.
Isolates from very distant locations were often closely related (Figures 4.1-4.3), and all three
lineages contained isolates from multiple countries. Both lineage I and lineage II contained isolates from
Algeria, Israel, Italy, Spain, and Syria, and lineage II also contained isolates from Ethiopia. Lineage III
contained all of the isolates from Mexico, as well as one isolate from Israel. Most, but not all, of the
isolates that did not belong to one of the three main lineages were from Italy.
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Figure 4.1 Maximum parsimony tree based on translation elongation factor 1-α sequences (100 steps,
consistency index = 0.910, retention index = 0.979, rescaled consistency index = 0.891) implemented
with the parsimony ratchet in PAUP*, with F. commune 38348 used as an outgroup. Bootstrap support
>50% indicated above each node.
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Figure 4.1 (continued) Maximum parsimony tree based on translation elongation factor 1-α sequences
(100 steps, consistency index = 0.910, retention index = 0.979, rescaled consistency index = 0.891)
implemented with the parsimony ratchet in PAUP*, with F. commune 38348 used as an outgroup.
Bootstrap support >50% indicated above each node.
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Figure 4.2 Maximum parsimony tree based on β-tubulin gene sequences (56 steps, consistency index =
0.982, retention index = 0.998, rescaled consistency index = 0.980) implemented with the parsimony
ratchet in PAUP*, with F. commune 38348 used as an outgroup. Bootstrap support >50% indicated
above each node.
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Figure 4.2 (continued) Maximum parsimony tree based on β-tubulin gene sequences (56 steps,
consistency index = 0.982, retention index = 0.998, rescaled consistency index = 0.980) implemented
with the parsimony ratchet in PAUP*, with F. commune 38348 used as an outgroup. Bootstrap support
>50% indicated above each node.
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Figure 4.3 Maximum parsimony tree based on IGS sequences (877 steps, consistency index = 0.600,
retention index = 0.858, rescaled consistency index = 0.514) implemented with the parsimony ratchet in
PAUP*, with F. commune 38348 used as an outgroup. Bootstrap support >50% indicated above each
node.
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Figure 4.3 (continued) Maximum parsimony tree based on IGS sequences (877 steps, consistency index
= 0.600, retention index = 0.858, rescaled consistency index = 0.514) implemented with the parsimony
ratchet in PAUP*, with F. commune 38348 used as an outgroup. Bootstrap support >50% indicated
above each node.
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Microsatellite analysis
Isolates within each lineage were further compared using four microsatellite markers. While
most isolates had different microsatellite haplotypes, a few isolates did share identical markers for all four
microsatellites, as well as for TEF, β-tubulin, and IGS (Table 4.3). This included isolates from different
geographic areas, such as JG62-8, 9-JG62-6, Fo90101, Fo90105 from Spain, Fo511 from Italy, and
Fo9169 from Morocco; Fo420 from Italy, Fo9081 from Spain, and Fsp9 from Algeria; and cc42K from
Israel, Fo819 from Italy, and IC74 from Syria. Chickpea isolates were not differentiated based on
microsatellite haplotype from isolates from other substrates that fell within the same clade.

TEF and IGS sequence typing
Sequence types were defined for each isolate and compared to the Fusarium-ID database of TEF
and IGS sequences. A total of 41 sequence types were found for the 74 chickpea endophyte isolates, and
33 of them were not found in the Fusarium-ID database (Table 4.4). The largest chickpea endophyte
lineage, lineage II, was composed entirely of novel sequence types.

Table 4.4 TEF and IGS sequence type analysis. Novel sequence types were those not found in the
Fusarium-ID database.
Total sequence types

Novel sequence types

All chickpea endophytes

41

33

Chickpea endophyte lineage I

4

1

Chickpea endophyte lineage II

24

24

Chickpea endophyte lineage III

4

2

Isolates not in lineages

9

6
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Discussion
This study used phylogenetic inferences to look for patterns of host adaption among endophytic
F. oxysporum. Phylogenetic analyses were performed on a collection of F. oxysporum isolated from
chickpea plants from multiple geographic regions where chickpea is cultivated, including Ethiopia, Israel,
Italy, Mexico, Spain, and Syria, as well as reference sequences from other substrates. The chickpea
isolates were obtained from surface-sterilized plants and did not cause disease in pathogenicity assays, so
we consider them to be endophytes.
The Ethiopian isolates used here were previously reported to be pathogenic to chickpea and were
typed as races 0, 2, 3, and 4 by inoculation on differentially-susceptible chickpea lines (Shehabu et al.,
2008). Isolates F13 (renamed as ET13B in this study), F20 (not included in this study), and F22 (not
included in this study) were found to be particularly virulent and were typed as race 2 for F13 and F20
and race 4 for F22. Based on the ciceris-specific PCR marker (Jiménez-Gasco and Jiménez-Díaz, 2003)
and TEF phylogeny, we found that only isolates F20 and F22 were F. oxysporum f. sp. ciceris. Further
testing using race-specific PCR markers (Jiménez-Gasco and Jiménez-Díaz, 2003) identified isolate F20
as race 1A and F22 as race 0 (data not shown), although these identifications were not verified by
pathogenicity testing. The 18 Ethiopian isolates used in this study (Table 4.1) did not cause disease in our
pathogenicity assay, including ET13B. The results of Shehabu et al. (2008) show that these
“nonpathogenic” isolates may cause some symptoms under certain environmental conditions and that the
variability inherent in bioassays may lead to discrepancies in identification.
Phylogenetic analyses were based on three gene regions: TEF, β-tubulin, and IGS. TEF is the
most frequently-used genetic region for phylogenetics and identification of F. oxysporum (Baayen et al.,
2000; Geiser et al., 2004; O'Donnell et al., 2009; O'Donnell et al., 1998). β-tubulin has been less widely
used because of its lower phylogenetic resolution (O'Donnell et al., 1998). For this study, a larger, more
informative region of the β-tubulin gene was used, but still only 26 characters were parsimony
informative, compared to 53 for TEF and 318 for IGS. The β-tubulin gene tree was congruent with the

121
TEF gene tree at most highly supported nodes, but most nodes had much lower support and were not
always congruent. The IGS gene tree was quite different from the TEF and β-tubulin gene trees, as has
been previously observed (O’Donnell et al., 2009).
Recently, a two-locus typing scheme based on TEF and IGS sequences was proposed for F.
oxysporum (O'Donnell et al., 2009). The online Fusarium-ID database of these sequences is composed
mainly of plant pathogenic isolates, from a large number of formae speciales. Of the 74 chickpea
endophytes in this study, 80% of TEF-IGS sequence types were not found in the Fusarium-ID database.
There is no evidence of a clade composed entirely of nonpathogenic F. oxysporum within the species
phylogeny (Baayen et al., 2000; O'Donnell et al., 2009). However, the large number of novel sequence
types among these chickpea endophytes suggests that although these isolates are often closely related to
pathogenic isolates, they do not necessarily share genotypes. Two other studies have used the FusariumID database to investigate the diversity of F. oxysporum isolated from soil, and have found 26 of 37 TEFIGS sequence types to be novel (Balmas et al., 2010) and 21 of 46 TEF sequence types to be novel
(Laurence et al., 2012). These findings suggest that endophytes and soil isolates may comprise a
significant portion of the diversity in F. oxysporum, in addition to the pathogenic formae speciales.
The phylogenetic analysis performed on these isolates was used to search for evidence of hostadaptation among F. oxysporum endophytic to chickpea. We hypothesized that host-adapted endophytes
would fall into specific lineages within F. oxysporum, while endophytes that are not host-adapted would
be found across the F. oxysporum phylogeny. The principal result of this study was that the chickpea
endophytic isolates were not randomly distributed in the F. oxysporum phylogeny, but fell into three main
lineages, although there were a few exceptions. Isolates in lineages I and III formed distinct clades in
gene trees based on all three markers, while lineage II, the largest lineage, had more phylogenetic
structure and was subdivided into smaller groups in the IGS gene tree. These isolates are part of a culture
collection, not a representative sampling of a natural population, and may not reflect the entire diversity
of endophytes that can be found on chickpea. However, the occurrence of similar genotypes from
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multiple locations suggests that these genotypes are highly prevalent in chickpea endophyte populations.
Our interpretation of these results is that not any F. oxysporum isolate can establish an endophytic
relationship with chickpea, but that the interaction seems to be somewhat specific, indicating a certain
level of adaptation. Isolates from these lineages therefore may be better adapted to live as an endophyte
on chickpea than other F. oxysporum genotypes.
Few previous studies have examined the diversity of endophytic F. oxysporum in a phylogenetic
context. Baayen et al. (2000) included six F. oxysporum isolates nonpathogenic to carnation and seven
isolates nonpathogenic to lily in a phylogenetic analysis and found that isolates from neither host formed
a monophyletic group, although all nonpathogens from carnation belonged to one clade of F. oxysporum.
Interestingly, one of the isolates nonpathogenic to carnation (26994) was included in this study and was
closely related to the chickpea isolates Fo816, Fo817, Fo818, and Fo91114 (Figures 4.1-4.3). These
isolates did not fall within one of the three main lineages of chickpea endophytes, but this suggests that
other lineages of F. oxysporum may also be adapted to endophytic lifestyles. Another phylogenetic
analysis of F. oxysporum that included nonpathogenic isolates from different hosts was performed by
O'Donnell et al. (2009). No phylogenetic patterns were seen, but relationships among isolates from the
same host were not investigated.
Numerous studies have found that isolates from asymptomatic plants are highly diverse based on
VCGs (Alves-Santos et al., 1999; Correll et al., 1986; Elias et al., 1991; Katan et al., 1994; Katan and
Katan, 1988). VCG testing was previously performed on many of these chickpea isolates from the
Mediterranean area (Nogales-Moncada et al., 2009), and almost all isolates belonged to different VCGs.
However, isolates Fo90105, Fo511, Fo90101, and Fsp9 do belong to the same VCG (Nogales-Moncada et
al., 2009) and Fo90101, Fo511, and Fo90101 have identical alleles for all markers sequenced (Table 4.3).
Conversely, Fo9169, which also has the same alleles as Fo90105, Fo511, and Fo90101, belongs to a
different VCG. Therefore, it is possible for endophytic F. oxysporum from the same host to have an
underlying phylogenetic structure among isolates that is not apparent in population genetic studies, or
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there can be mutations in the genes controlling vegetative compatibility that result in heterokaryon
incompatibility even among closely related isolates.
Isolates from distant geographic locations were frequently closely related and even had identical
sequences for TEF, β-tubulin, and IGS. Furthermore, some of these isolates from different geographic
areas even had identical microsatellite sequences, such as Fo511 from Italy, Fo90101 from Spain, and
Fo9169 from Morocco; and cc42K from Israel, Fo819 from Italy, and IC74 from Syria. Because
microsatellites mutate more rapidly than other parts of the genome, isolates that share a microsatellite
haplotype may be very closely related. One possible explanation to the close genetic relationships found
between geographically distant isolates could be selection of the same genotypes from local soil
populations. However, it is more plausible that chickpea endophytes have spread to distant chickpeacultivating areas along with the plant host in infected plant material or by seed transmission. F.
oxysporum f. sp. ciceris has been spread to almost all chickpea-growing areas (Jiménez-Díaz et al., 2011),
so possibly endophytes have also been distributed around the world on plant material.
Isolates from different geographic areas had varying levels of phylogenetic diversity. Although
this diversity may be biased by the number of isolates and by sampling method in each location, a few
patterns are apparent. Isolates from the Mediterranean area (Algeria, Israel, Italy, Morocco, Spain, Syria,
and Tunisia) were very diverse and were found in several places in the phylogeny, especially isolates
from Italy, which often fell outside of the main chickpea endophyte lineages. Chickpeas are thought to
have been domesticated in a small core region located in present-day Turkey and Syria (Lev-Yadun et al.,
2000), and the Middle East remains a center of diversity for chickpea (Serret et al., 1997). We
hypothesize that endophytic F. oxysporum from chickpea have co-evolved with their host, and the Middle
East may also be a center of diversity for F. oxysporum associated with chickpea. Ethiopia is considered
to be a secondary center of diversity for chickpea (Vavilov, 1992), and likewise isolates from Ethiopia
were also diverse, although almost all isolates belonged to lineage II. All isolates from Mexico were very
closely related and only belonged to lineage III. These isolates were from different Mexican states, so
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they do not represent multiple isolations of the same clone in one field. The isolates from Mexico may
represent a more recent introduction of chickpea F. oxysporum endophytes into the Western hemisphere,
or, alternatively, may have been selected from a distinct North American F. oxysporum population.
The possibility that certain genotypes are better able than others to colonize plants as endophytes
has intriguing implications for the evolution of host-specific pathogenic forms in F. oxysporum. Plant
pathogenic F. oxysporum have been hypothesized to have evolved from endophytic F. oxysporum that
gained the ability to overcome host defenses and colonize further into host tissues (Gordon and Martyn,
1997). Three isolates, ET5A, ET6A, and 7.96, had similar sequences as f. sp. ciceris for TEF and βtubulin, but not for IGS. Therefore, this study does not provide any direct evidence that pathogenic F.
oxysporum evolved from nonpathogens, or, conversely, that endophytic F. oxysporum evolved from
pathogens that lost pathogenicity. However, if there are lineages within the F. oxysporum phylogeny that
are adapted to infecting plants as endophytes, genotypes in these lineages may be the most likely to
evolve pathogenicity factors and evolve into vascular pathogens. Additionally, Ma et al. (2010)
experimentally demonstrated that a small chromosome containing genes necessary for pathogenicity to
tomato could be transferred from a pathogenic isolate of F. oxysporum to an isolate nonpathogenic to
tomato, conferring pathogenicity to the recipient isolate. As endophytes are more likely to come into
close contact with pathogenic F. oxysporum inside the host than F. oxysporum in the soil, endophytes
may be likely candidates to receive transferrable chromosomes from pathogens, creating a polyphyletic
forma specialis.
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Endophytic colonization of chickpea by Fusarium oxysporum
isolated from chickpea and other plant hosts
In this study we addressed the hypothesis that as a result of adaptation F. oxysporum chickpea
endophytes may be able to colonize chickpea more effectively than isolates obtained from other hosts.
For this, chickpea plants were inoculated with a total of 58 Fusarium oxysporum isolates obtained from
chickpea and other substrates. The ability of each isolate to colonize the roots, crown, stem, and seeds of
the inoculated plants was determined by plating surface-sterilized plant tissues on nutrient media. No
disease was observed in any inoculated chickpea plants, except for the ones inoculated with F. oxysporum
f. sp. ciceris, the causal agent of Fusarium wilt of chickpea. The rest of plants remained asymptomatic,
and there were no significant differences among treatments in stem height, dry weight of the plant, and
number of seeds produced by each plant. No significant differences in endophytic growth were observed
for any of the isolates tested. All isolates were able to colonize the roots and crown of the chickpea
plants. Inoculated F. oxysporum was also detected in 19% of the plant stems and 5.2% percent of all
seeds, regardless of the host of origin, or the isolate’s phylogenetic placement. Isolates recovered from the
seeds were frequently different than the isolate inoculated in the soil of the respective plant, although
isolates recovered from the crown were usually the same as the inoculum, suggesting that colonization of
the flowers or upper part of the plant may have occurred through airborne spores. We conclude that
under controlled conditions, all F. oxysporum appear to be able to colonize chickpea plants
endophytically, including the stem and seeds, although additional factors possibly could affect endophytic
growth under field conditions.

Introduction
Endophytic fungi live within plants without causing symptoms, although these organisms may be
latent pathogens or saprophytes (Promputtha et al., 2007; Wilson, 1995). The best-studied fungal
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endophytes belong to the Clavicipitaceae and infect grasses (Saikkonen et al., 1998). Clavicipitaceous
endophytes are often mutualistic (Clay and Holah, 1999), and some isolates can increase the vegetative
growth of their host (Clay, 1987) and provide chemical defenses against herbivory (Bazely et al., 1997;
Johnson et al., 1985). Other species of fungal endophytes can be found infecting most, if not all, plant
species (Petrini, 1986). Endophytic fungal populations are highly diverse, even within one plant
(Gamboa and Bayman, 2001; Lodge et al., 1996), and the symbiotic relationship with their host may
range from mutualistic (Rodriguez et al., 2008) to antagonistic (Álvarez-Loayza et al., 2011). Endophytes
can be transmitted horizontally between plants, but some species have been reported to be transmitted
vertically through seeds (Posada and Vega, 2005; Redman et al., 2002; White et al., 1991).
F. oxysporum can be found in many asymptomatic plants as an endophyte (Helbig and Carroll,
1984; Katan, 1971). Endophytic F. oxysporum is frequently found in plant roots (Correll et al., 1986;
Elias et al., 1991; Katan et al., 1994) but has occasionally been reported from stems (Katan, 1971), leaves
(Fisher and Petrini, 1992), and seeds (Rodrigues and Menezes, 2005). Endophytic F. oxysporum has been
most thoroughly studied as a biocontrol agent, mostly for protection against pathogenic F. oxysporum
(Fravel et al., 2003) as well as against nematodes (Sikora et al., 2008). Biocontrol F. oxysporum can
induce systemic resistance (Fuchs et al., 1997; Kaur and Singh, 2007; Vu et al., 2006) and compete with
pathogenic F. oxysporum for infection sites and nutrients (Couteaudier and Alabouvette, 1990; Mandeel
and Baker, 1991). Not all endophytic isolates are equally effective as biocontrol agents (L'Haridon et al.,
2007; Larkin and Fravel, 1998), possibly due to the differential interaction between isolates and the host
plant (Larkin and Fravel, 1999). F. oxysporum endophytes have not been reported to have any effect on
vegetative growth (Postma and Rattink, 1992), but this aspect of endophyte-host interactions has not been
well investigated.
A previous study (Chapter 4) using a collection of chickpea endophytes from many
geographically distant locations found that endophytic isolates from chickpea mostly belong to three
lineages with the F. oxysporum phylogeny, hereafter referred to as chickpea-endophytic lineages.
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Furthermore, isolates from different areas were frequently closely related, with a few isolates from
different locations having identical sequences for up to seven genetic markers. The close phylogenetic
relationships among these isolates suggests that these genotypes are more likely than other genotypes to
be isolated from chickpea plants, and therefore that these genotypes may be better adapted to colonizing
chickpea as an endophyte.
The objectives of this research were to determine (1) if particular F. oxysporum isolates are more
likely than others to colonize the roots, stems, and seeds of chickpea plants (2) if this differential
colonization is correlated with the isolate’s phylogenetic placement in the F. oxysporum phylogeny and
(3) if colonization by these isolates affects the vegetative growth and seed production of the plant. Plants
inoculated with isolates originally obtained from chickpea were compared to plants inoculated with
isolates obtained from other hosts, and plants inoculated with isolates from the chickpea-endophytic
lineages were compared to plants inoculated with isolates from other F. oxysporum lineages. All isolates
were found to be equally able to colonize chickpea plants, including up to the seeds, and no significant
differences were observed based on the origin or phylogenetic placement of the isolates.

Materials and methods

Fungal isolates
Cultures of F. oxysporum from chickpea were obtained from researchers in many of the major
chickpea-growing regions of the world, including Ethiopia, Italy, Mexico, and Spain. Cultures were
isolated from surface-sterilized chickpea plants, some of which were asymptomatic and some of which
were diseased. Isolates were previously determined not to belong to forma specialis ciceris, the causal
agent of Fusarium wilt on chickpea, based on phylogenetic analysis of the translation elongation factor 1α gene (TEF) and the lack of amplification of a ciceris-specific PCR marker (Jimenez-Gasco and
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Jimenez-Diaz, 2003) (Chapter 4). A total of 74 chickpea endophytes, as well as representatives of other
formae speciales, were used in the previous phylogenetic study (Chapter 4). Isolates representative of the
phylogenetic diversity among chickpea nonpathogens and other formae speciales were chosen for
inoculations, including 38 putative chickpea endophytes, 20 isolates from host plants other than chickpea,
and one known chickpea pathogen Foc-82108, a race 0 isolate (Table 5.1). Isolates were stored as
lyophilized cultures on carnation leaves in skim milk (Leslie and Summerell, 2006).

Plant inoculation and growth
Inoculum was grown on a sterilized cornmeal and sand mixture (9:1:2 sand, cornmeal, and water
by volume) (Nene and Haware, 1980; Trapero-Casas and Jiménez-Díaz, 1985) inoculated with agar plugs
that were colonized by mycelium. The inoculum was incubated at 24⁰C with a 14 hr photoperiod for two
weeks. Inoculum was incorporated into the soil (55% peat moss, 45% perlite and vermiculite, sterilized
for 1 hr at 120⁰C for two consecutive days) at a rate of 1:12 by weight (Jiménez-Gasco et al., 2001). Final
inoculum levels were estimated by plating soil samples on nutrient media. The control treatment was
non-inoculated sterile cornmeal-sand mixture. The chickpea cultivar P2245, susceptible to all known
races of Fusarium oxysporum f. sp. ciceris, the causal agent of Fusarium wilt of chickpea, was used for
this study. Seeds were produced in Fusarium wilt-free fields in Mexico and Spain, kindly provided by
Sixto Velarde Felix (INIFAP, Culiacan Sinaloa, Mexico) and Dr. Rafael M. Jimenez-Diaz (University of
Cordoba, Cordoba, Spain), respectively. Seeds were surface sterilized in 2.5% commercial bleach (6.15%
NaOCl) for 5 min and then pre-germinated for 3 days on wet filter paper. One germinated seed per pot
was planted in the inoculated soil in 2.5” diameter by 10” deep conical pots (Deepots Cone-tainers). Any
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seedlings that failed to grow were replanted with a new pre-germinated seed. Each treatment was
repeated three times, and pots were arranged in a completely randomized design in the growth chamber.
Plants were grown at 24⁰C with a 14 hr photoperiod and watered with approximately 100 ml water three
times per week and with approximately 20 ml Hoagland’s nutrient solution (Hoagland and Arnon, 1950)
one time per week. Disease symptoms were rated weekly following a 0-4 scale, with 0 = no symptoms, 1
= 1-33% foliage affected, 2 = 34-66% foliage affected, 3 = 67-100% foliage affected, and 4 = dead plant
(Jiménez-Gasco et al. 2001).

Fungal isolation from inoculated plants
Preliminary studies showed that the inoculated fungus can be consistently isolated from the root
system two weeks after planting pre-germinated seeds in colonized soil. However, the fungus was not
isolated consistently from the stems until after seed set stage. Based on these preliminary results, we
decided to perform fungal isolations at the stage after seed set but before senescence, at approximately
two months after inoculation. At this time, plants were removed from the pots, washed with tap water,
and surface-sterilized in 2% commercial bleach for 1.5 min. Seeds were removed from their pods and
surface-sterilized separately. The stem height and dry weight (excluding seeds) of each plant was
recorded. Small pieces (approximately 0.5 cm long) were cut from the plant at 10 cm below crown for
multiple roots, at the crown, 10 cm above the crown, and 20 cm above the crown. Plant pieces were
plated on potato dextrose agar (PDA) and checked for fungal growth after several days. Seeds were
placed in 1.7 ml microcentrifuge tubes with 0.5 ml potato dextrose broth, slightly macerated, incubated
for at least three days, and then plated on PDA to check for fungal growth. DNA was extracted from all
isolates recovered from the crown, stem, and seeds, and amplification and sequencing of the TEF region
was done as previously described (Chapter 2). TEF sequences of the recovered isolates were compared to
the sequences of the inoculum to determine their identity.
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Data analysis
The percent colonization of the plants by each isolate was mapped onto a phylogeny of the
isolates. The phylogeny was based on TEF sequences generated in Chapter 4. Maximum parsimony
analyses were performed in PAUP* v. 4.0b10 (Swofford, 2002) using the heuristic search option, with
1,000 random addition sequences, the tree-bisection-reconnection branch-swapping algorithm, the
MulTrees option on, and gaps not included as characters. An isolate of F. commune, 38348, was included
in the phylogenetic analysis as an outgroup but was not included in the inoculation study. Support for
each branch of the phylogeny was assessed with 1,000 bootstrap replicates.
Statistical analyses of the data were done in SAS v. 9.2 (SAS Institute, Inc.). Comparisons of
height, weight, number of seeds per plant, and percent colonized seeds per plants between isolates from
chickpea or from other substrates and between isolates within one of the chickpea endophyte lineages or
outside of the lineages were done using a two-sample t-test, excluding the pathogenic isolate Foc-82108
and with non-normal data log-transformed. Comparisons between groups of the maximum height of
colonization were done using the non-parametric Wilcoxon two-sample t-test. Variables were compared
among individual isolates using a one-way ANOVA with proc glm or, for the maximum height of
colonization, with the non-parametric Kruskal-Wallis ANOVA. Correlations between variables were
analyzed using proc corr.

Fungal isolation from field-grown seeds
Field-grown chickpea seeds, from the same lot that was used for the inoculation study, were
tested for the presence of F. oxysporum endophytes using the blotter method (Neergaard, 1977). Five
hundred seeds were surface-sterilized in 1% commercial bleach for 1 minute, placed on wet filter paper in
glass petri dishes, and incubated at 21⁰ C with a 12-hour photoperiod for one week. As very little fungal
growth was seen on the seeds after one week, small (3-5 mm long) pieces of both the stem and roots of
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germinated seedlings were surface- sterilized in 1% commercial bleach for 1 minute, plated on PDA, and
observed for signs of fungal growth for one week.

Results

Pathogenicity of the isolates
The inoculum density for each treatment was determined by dilution plating before sowing and
inoculum densities were approximately 104 to 105 cfu/g soil (Table 5.2). Plants were rated weekly for
disease on a 0-4 scale, with 0 = no symptoms, 1 = 1-33% foliage affected, 2 = 34-66% foliage affected, 3
= 67-100% foliage affected, and 4 = dead plant (Jiménez-Gasco et al. 2001). Only the plants inoculated
with the pathogenic control, Foc-82108, showed symptoms of Fusarium wilt. Many of the other plants
had minor chlorosis (disease rating 1), but did not display any other typical symptom of Fusarium wilt,
such as vascular discoloration, wilting, necrotic lesions on the roots, and death.

Fungal isolation from inoculated plants
All of the plants were colonized by F. oxysporum in the roots and crown, except for one plant
inoculated with Fo807 that was colonized in the crown but not in the roots that were plated. All noninoculated plants were found to be colonized by F. oxysporum, and all plants were excluded from
subsequent analyses of vegetative growth. Thirty-six plants were found to have F. oxysporum
colonization in the stem, from 28 different treatment groups, including the pathogenic control. There was
no apparent correlation between the highest detected point of colonization and phylogenetic placement of
the inoculated isolate (Figure 5.1). There was also no significant difference between the maximum height
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Table 5.2 Inoculum densities for each isolate as determined by dilution plating of the inoculated soil
before sowing.
Inoculum density
Inoculum density
Isolate
(cfu/g soil)
Isolate
(cfu/g soil)
5
Fo816
1.3 x 10
ET10A
1.9 x 105
Fo91114
1.6 x 106
ET13B
1.7 x 105
passiflorae 22549
1.7 x 105
ET8A
3.6 x 104
carnation 26994
1.4 x 104
cc44J
1.3 x 104
5
dianthus 39464
3.6 x 10
cc61c
3.2 x 104
Fo550B
2.6 x 104
raphani 1115
2.7 x 105
allium 38293
1.3 x 105
conglutinans 38272
2.3 x 104
Fo802
6.1 x 104
coreopsii Krane2
2.5 x 104
4
Fo807
1.0 x 10
ET25A
2.4 x 104
lycopersici26383
3.4 x 104
Fo804
3.6 x 105
Fsp7V
2.9 x 104
ET15A
6.5 x 104
Fo442
2.0 x 103
ET2A
1.5 x 105
4
Focc14J
1.4 x 10
cc42K
2.5 x 105
Fo8250
3.8 x 104
Fo819
2.5 x 104
Fo506
7.6 x 104
Fo812
1.8 x 104
heliotropii 26412
3.7 x 104
glycines 25598
1.2 x 105
5
opuntiarum 28279
2.2 x 10
embothrium 38303
1.1 x 105
ET5A
1.8 x 105
boxwood 38300
2.2 x 105
7.96
3.0 x 104
prunus 38354
8.7 x 104
Fo511
8.3 x 104
elaeidis 38313
3.1 x 104
4
Fo90101
3.7 x 10
MX446
9.9 x 104
Fo9169
8.9 x 104
MX4
7.5 x 104
ET11A
3.5 x 105
MX472
3.1 x 104
ET1A
4.8 x 104
Fo526
2.2 x 105
4
Fo420
2.4 x 10
ciceris Foc-82108
6.0 x 103
Fo9081
7.6 x 104
pini 38290
1.5 x 105
Fsp9
1.6 x 104
cubense 25603
1.0 x 106
Fo448-CM
2.4 x 104
glycines 38328
1.8 x 105
4
Fo623A
2.6 x 10
passiflorae 38273
2.1 x 104
melonis 26178
4.0 x 105
non-inoculated
no colonies observed

Figure 5.1 (Following page) Number of colonized plants at the roots, crown, and stem for each treatment,
mapped onto one of 12 most parsimonious trees of the isolates (82 steps, consistency index = 0.939,
retention index = 0.971, rescaled consistency index = 0.912). The tree is based on TEF sequence using
maximum parsimony analysis with 1,000 random stepwise addition sequences, tree- bisectionreconnection branch-swapping, and the MulTrees option on. Bootstrap values >50% are given for each
node (1,000 replicates). The three main lineages of chickpea endophytes are indicated on the tree and
chickpea isolates are shown in bold. The key for the number of plants colonized is given in the upper left.
Plants are not necessarily colonized by the inoculated isolate.

138

139
of colonization of in plants inoculated with isolates from chickpea or in plants inoculated with isolates
from other substrates [Wilcoxon two-sample, z(1) = 1.48, p = 0.14], between plants inoculated with
isolates within one of the chickpea endophyte lineages or plants inoculated with isolates outside of the
lineages [Wilcoxon two-sample, z(1) = 1.22, p = 0.22], or among individual treatments [Kruskal-Wallis
non-parametric ANOVA, H(58) = 70.98, p = 0.12]. However, subsequent sequencing of the recovered
isolates from the stem revealed that many isolates were different than the inoculum for that treatment.
Approximately 15% of the isolates recovered from the crown were different from the inoculated
genotype. Isolates were frequently not recovered continuously up the stem, meaning that detection of F.
oxysporum at 20 cm above the ground did not necessarily result in detection of F. oxysporum 10 cm. The
majority of the isolates found only at the top of the plant had different genotypes than the inoculum.
Likewise, detection of F. oxysporum in the seeds did not mean that F. oxysporum was detected in the
stem, and approximately 90% of the isolates recovered from the seeds were different from the inoculum.
There was no correlation between the maximum height of detected colonization up the stem and the
percentage of seeds colonized [r(173) = 0.01, p = 0.91]. The majority of plants did not have any seeds
colonized, but a few plants had as many as seven colonized seeds, although there were no isolates that
consistently infected high numbers of seeds. Overall, 5.2% of the seeds were colonized, with an average
of 5.0% colonization per plant.

Vegetative growth and seed production of inoculated plants
Because the non-inoculated plants were colonized, it was not possible to determine if plants
colonized with F. oxysporum endophytes had differences in vegetative growth or seed production
compared to sterile plants. However, there were no significant differences in a one-way ANOVA among
plants inoculated with different isolates in stem height [F(58,118) = 1.17, p = 0.24] or in the percentage of
seeds colonized with F. oxysporum [F(58,116) = 0.72, p = 0.92]. There were significant differences for
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plants inoculated with different isolates in dry weight [F(58,118) = 2.66, p < 0.0001] and number of seeds
[F(58,116) = 2.24, p < 0.0001], but pair-wise comparisons using the Tukey HSD test showed that only
plants inoculated with the pathogenic isolate Foc-82108 were significantly different from other
inoculations. There were also no significant differences in two-sample t-tests in height, dry weight, or
number of seeds between plants inoculated with isolates from chickpea and isolates from other substrates,
or between plants inoculated with isolates from chickpea-endophyte lineages and isolates from outside of
the lineages (Table 5.3). Additionally, no correlation was found between the maximum detected height of
colonization up the stem and the stem height [r(173) = 0.05, p = 0.47], dry weight [r(175) = 0.04, p =
0.56], or number of seeds produced [r(173) = 0.10, p = 0.18], although this analysis considered all
detected colonization by F. oxysporum, not just colonization by the inoculated isolate.

Fungal isolation from field-grown seeds
Five hundred seeds from field-grown chickpea cv. P2245 produced in Spain were tested for the
presence of endophytic F. oxysporum by plating of seeds and germinated seedlings. Fungi, mainly
Penicillium, were observed on some of the seeds and plated seedlings, but no signs of F. oxysporum were
seen on the surface of any of the seeds after one week of incubation or on the roots or stems of plated
seedlings.
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Table 5.3 Comparisons of mean stem height, dry weight, number of seeds, height of Fusarium
oxysporum colonization up the stem, and percentage of seeds colonized by Fusarium oxysporum for
plants inoculated with isolates from chickpea, isolates not from chickpea, isolates belonging to lineages
previously identified as containing chickpea endophytes, isolates not belonging to chickpea endophyte
lineages, and all isolates total, including 82108. Mean height of colonization up the stem and mean
percentage of colonized seeds refers to any recovered F. oxysporum, not necessarily the inoculated
isolate. P-values less than 0.05 were considered significant.
Isolates from other
Isolates from chickpea

sources

P-value

Mean stem height

31.5 cm (± 3.32)

31.9 cm (±3.48 )

0.44

Mean dry weight

3.40 g (± 0.66)

3.42 g (± 0.60)

0.83

10.2 (± 3.6)

10.2 (± 3.0)

0.98

3.60 cm (± 7.18)

1.83 cm (± 5.04)

0.14

4.4% (± 8.3)

6.5% (± 12.0)

0.14

Mean number of seeds
Mean height of colonization
Mean percentage of colonized seeds

Isolates within
chickpea endophyte

Isolates outside chickpea

lineages

endophyte lineages

P-value

Mean stem height

31.8 cm (± 3.44)

31.3 cm (±3.22 )

0.35

Mean dry weight

3.40 g (± 0.66)

3.42 g (± 0.59)

0.85

10.3 (± 3.3)

9.9 (± 3.5)

0.45

2.65 cm (± 6.35)

3.68 cm (± 6.98)

0.22

4.7% (± 9.1)

6.0% (± 11.0)

0.40

Mean number of seeds
Mean height of colonization
Mean percentage of colonized seeds

All isolates
Mean stem height

31.5 cm (± 3.45)

Mean dry weight

3.36 g (± 0.73)

Mean number of seeds
Mean height of colonization
Mean percentage of colonized seeds

10.0 (± 3.6)
3.28 cm (± 6.87)
5.0% (± 9.7)

142
Discussion
The objective of this study was to research how different endophytic F. oxysporum genotypes
interact with chickpea. A previous study (Chapter 4) found phylogenetic evidence that some genotypes of
F. oxysporum may be better adapted than others to colonizing chickpea as an endophyte. We
hypothesized that these host-adapted genotypes would have a higher incidence of endophytic colonization
and would be able to colonize further up the stem than genotypes from outside of these lineages.
Furthermore, we hypothesized that colonization by a host-adapted endophyte would increase the
vegetative growth and seed production of the host plant. Additionally, in the previous phylogenetic
study, chickpea endophytes from distant areas were frequently closely related, with some isolates from
different countries having identical alleles for as many as seven genetic markers. Based on this finding,
we hypothesized that host-adapted endophytes may be able to colonize chickpea seeds, resulting in longdistance movement of the endophyte along with the seeds through agricultural trade. In the current study,
58 F. oxysporum isolates nonpathogenic to chickpea (38 of them originally isolated from chickpea plants
and 20 from other hosts) were inoculated on chickpea plants to determine if all isolates are equally
capable of acting as an endophyte under controlled conditions and if colonization by endophytic F.
oxysporum affects the vegetative growth and seed production of chickpea.
Pathogenic genotypes of F. oxysporum are highly host-specific and only cause vascular wilt on a
narrow host range (Armstrong and Armstrong, 1981). In contrast, endophytic F. oxysporum have been
hypothesized to be able to colonize the roots of plants regardless of fungal genotype (Gordon and Martyn,
1997). In this study, all isolates tested were able to colonize the roots and crown of chickpea under
controlled conditions. For all plants, several pieces of the root system 10 cm below the crown were plated
to check for colonization. Not all root pieces from each plant were colonized, so colonization can be
localized within the root. Colonization of the roots was not detected for one plant inoculated with Fo807,
although the roots of the other two plants inoculated with Fo807 were colonized. The plant where
colonization was not detected may have been colonized in other parts of the root system, just not in the
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plated segments. Previous studies of endophytic F. oxysporum have all focused on the root system, for
example, (Correll et al., 1986; Elias et al., 1991; Gordon and Okamoto, 1992; Katan and Katan, 1988),
and in this experiment, the root system up to the crown was colonized by all genotypes of inoculum.
In addition to the roots, F. oxysporum colonization was also detected in the stems of 36 of the 174
plants inoculated with endophytes. A major finding of this study is that the upper stems and seeds of the
plants appear to have been colonized aerially, rather than upwards from the roots. Because F. oxysporum
was found in the non-inoculated controls, all recovered isolates from the crown, stem, and seeds were
sequenced for TEF to determine the identity of the recovered isolates and to check for the spread of F.
oxysporum between plants. Approximately 15% of the isolates recovered from the crown were different
from the inoculum, and this percentage increased the further up the stem the isolations were done, with
approximately 90% of the isolates from the seeds not matching the inoculated isolates. Since some of the
isolates share the same TEF sequence, some mismatches between inoculum and recovered isolate may not
have been detected, and the actual percentage of mismatched genotypes may be higher. As the isolates
from the crown usually were the expected genotype, the mismatch of recovered isolates and inoculum
does not appear to be due to mistakes in inoculation or contamination of the soil during watering. Instead,
the most likely explanation is that colonization of the upper parts of the plant occurred aerially. Isolates
recovered from the seeds were often not those genotypes inoculated in neighboring plants, suggesting that
the fungus was not spread through the splash of soil onto leaves during watering, but through airborne
spores. Fungal growth and sporulation was observed on the soil surface in some pots, which may have
been the source of inoculum. The very high percentage of mismatched genotypes in the seeds suggests
that infection by airborne spores could have occurred through the flowers, although infection through the
leaves or upper stem could also be possible. Further experiments will need to be conducted to confirm
that F. oxysporum is capable of aerial spread. However, if confirmed, this result would affect how the
epidemiology of F. oxysporum is studied. Fusarium wilt is currently considered to be a monocyclic
disease with infection occuring through the roots, but airborne dispersal of spores could create polycyclic
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disease cycles. The possibility of the aerial spread of F. oxysporum should be further investigated to
determine if it could occur under field conditions as well as under controlled conditions, and if pathogenic
F. oxysporum can cause disease by infecting through the flowers or foliage of the host.
Another important finding of this study was that nonpathogenic F. oxysporum could be detected
in seeds. Seed transmission of nonpathogenic F. oxysporum does not seem to have been previously
researched, but in this study, F. oxysporum were found in 5.2% of all seeds. Many pathogenic formae
speciales are known to be seed-transmitted, including basilici (Vannacci et al., 1999), erythroxyli (GraciaGarza et al., 1999), lactucae (Garibaldi et al., 2004b), koa (Gardner, 1980), and many others (Agarwal
and Sinclair, 1997). F. oxysporum f. sp. ciceris can be seed-transmitted and was found in 22% of seeds
produced by wilted plants, with a similar infection rate seen in plants grown from field-grown seeds from
an infected plant (Pande et al., 2007). Haware et al. (1978) found differences in seed infection among
chickpea cultivars with 18-22% on cultivar JG-62 and 19-29% on cultivar P-436 but only 2% infection on
the more resistant cultivar Chafa. However, no information was given by either set of authors on what
pathogenic race of F. oxysporum f. sp. ciceris was infecting the plants, and it is possible that seed
infection may vary according to the race. F. oxysporum has been isolated from all parts of the chickpea
seed, especially in the seed coat and cotyledons, as well as in the radicle and plumule, although these
isolates were not tested for pathogenicity (Dawar et al., 2007). Several studies have found F. oxysporum
in seeds that are nonpathogenic to the host plant in pathogenicity trials (Garibaldi et al., 2004a; GraciaGarza et al., 1999; Rodrigues and Menezes, 2005; Vannacci et al., 1999), and F. oxysporum can be
detected in the seeds of asymptomatic host plants such as grasses (Desjardins et al., 2000; Fakhrunnisa
and Ghaffar, 2006), suggesting that endophytic colonization of seeds by F. oxysporum may be common.
This study detected the presence of F. oxysporum endophytes in seeds but did not demonstrate
transmission to the next generation of plants, thus we cannot conclude that all isolates that are found in
the seed can actually establish on the subsequent plant after germination. No signs of F. oxysporum
colonization were detected on seedlings sprouted from 500 field-grown seeds. These seeds had been
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dried and stored for eight years, while the seeds from the inoculation trials were still green, and it may be
possible that F. oxysporum is not able to survive in dried seeds for long periods of time. Alternatively,
colonization of seeds may occur at a much higher rate under controlled conditions with high inoculum
densities than under field conditions. Since almost all isolates recovered from the seeds were not the
same as the isolate inoculated in the soil, colonization of the seeds by endophytes infecting through the
roots may be rare, and colonization of the seeds may occur through the flower under certain
environmental conditions, such as high humidity like was used in this experiment. Overall, this
inoculation study shows that F. oxysporum endophytes can colonize seeds and long-distance movement in
seeds might be possible, which could explain why endophytes from distant locations, such as Spain and
Ethiopia or Mexico and Israel, were frequently found to be closely related phylogenetically, or even share
the same genotype for TEF, β-tubulin, IGS, and four microsatellite markers (Chapter 4). This result has
serious implications for agriculture, as many of the isolates used in this study and recovered from
chickpea seeds were pathogenic to hosts besides chickpea. This finding suggests that pathogenic F.
oxysporum could be moved long-distance in the seeds of asymptomatic hosts and therefore be introduced
into new areas.
In the previous phylogenetic study of these chickpea endophytes, endophytic isolates mostly fell
within three lineages within the F. oxysporum phylogeny. This result indicates that genotypes within
these lineages are more likely to be found in asymptomatic chickpea plants than genotypes outside these
lineages. Therefore, genotypes within these lineages may be adapted to colonizing chickpea as an
endophyte. In this inoculation study, no differences in asymptomatic colonization of chickpea were
observed among isolates. However, these results were confounded by the colonization of plants by F.
oxysporum besides the inoculated isolate. Therefore, isolates belonging to host-adapted lineages may in
fact be more capable of colonizing chickpea plants than other isolates, but the experiment would have to
be repeated with each treatment isolated from other treatments to test this hypothesis without crossinfection by other F. oxysporum.
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Other factors may affect the colonization of endophytic F. oxysporum under field conditions.
These inoculations were performed under optimal environmental conditions at high inoculum densities
(104 to 105 cfu/g soil). Under field conditions, competition among F. oxysporum genotypes for nutrients
or space on the root surface may affect the ability of each isolate to colonize as an endophyte, as has been
hypothesized for F. oxysporum biocontrol agents competing with pathogenic F. oxysporum (Larkin and
Fravel, 1999; Mandeel and Baker, 1991; Postma and Rattink, 1992). Some F. oxysporum biocontrol
agents have been found to inhibit chlamydospore germination and germ tube growth of pathogenic F.
oxysporum (Larkin and Fravel, 1999; Mandeel and Baker, 1991). Differences among isolates in their
ability to colonize sterilized soil have also been reported (Nagao et al., 1990). Genotypes in the hostadapted chickpea endophyte lineages therefore might be better at out-competing other F. oxysporum in
the rhizosphere of the chickpea plant or inhibiting the growth of other F. oxysporum genotypes,
differences which would not be observed in inoculation of single isolates at high inoculum levels. Host
genotype may also be important to the ability of each isolate to infect chickpea. Hervás et al. (1995)
tested the ability of two nonpathogenic F. oxysporum isolates to act as biocontrol agents against
pathogenic F. oxysporum on chickpea and found that the effectiveness of the biocontrol depended on the
host cultivar. The cultivar used in this study, cv. P2245, is susceptible to all known races of F.
oxysporum f. sp. ciceris, and it is possible that cultivars carrying resistance genes to Fusarium wilt, or
from a different genetic background, might only be colonized by specific genotypes of F. oxysporum.
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Comparative analysis of Fusarium oxysporum populations from
soil and plants from tomato fields
This study investigated the diversity and genetic differentiation of populations of Fusarium
oxysporum nonpathogenic to tomato, obtained from field-grown tomato plants (endophytes) and from
surrounding soil samples. A total of 609 isolates of F. oxysporum were obtained, 295 isolates from 32
asymptomatic tomato plants and 314 isolates from 8 soil samples surrounding the plants. Included in this
total are 112 isolates from the stems of all 32 plants, a niche that has not been previously included in F.
oxysporum population genetics studies. Isolates were characterized using the DNA sequence of the
translation elongation factor 1-α gene. Twenty-six sequence types were found, although two sequence
types represented nearly two-thirds of the isolates studied. Sequences types were phylogenetically
diverse, and endophytic isolates did not form a monophyletic group within F. oxysporum. Multiple
sequence types were found in all plants, with an average of 4.2 per plant. No clear patterns of genetic
differentiation were observed between endophyte populations and soil populations, suggesting a lack of
specialization of endophytic isolates. A certain degree of differentiation was seen between populations
associated with different tomato cultivars, suggesting host genotype may affect the composition of
associated nonpathogenic F. oxysporum populations. The tomato endophyte populations were overall
more diverse than the populations from soil, possibly due to the introduction of endophytic isolates on
tomato transplants.

Introduction
Fusarium oxysporum, an economically-important plant pathogen, is commonly found as an
endophyte or soil saprobe. Nonpathogenic F. oxysporum have been found in habitats around the world,
and endophytic colonization by F. oxysporum has been reported on nearly 100 plant species (Kuldau and
Yates, 2000). Plant pathogenic F. oxysporum are highly specific, with only particular clonal lineages
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within F. oxysporum capable of causing disease on a given host. In contrast, much higher levels of
diversity have been reported for nonpathogenic F. oxysporum populations in soil and plant roots than for
pathogens associated with the same plant species (Alves-Santos et al., 1999; Appel and Gordon, 1994;
Katan and Katan, 1988; Lori et al., 2004). Despite the cosmopolitan nature of F. oxysporum and its
diversity as a nonpathogen, the structure of nonpathogenic F. oxysporum populations has not been well
elucidated.
How endophytic F. oxysporum interact with their plant hosts also deserves additional research.
Microscopy studies of nonpathogens inoculated on to plants have found that endophytic F. oxysporum
can colonize the root cortex, but appear to be blocked by host defenses from penetrating further into the
plant, unlike pathogenic F. oxysporum that invades the xylem and spreads throughout the plant (Olivain
and Alabouvette, 1999; Olivain et al., 2003). However, a few studies have reported re-isolating
endophytic F. oxysporum from host stems following inoculation (Katan, 1971; Postma and Luttikholt,
1996). Previous population genetics studies have focused on the root systems of plants (Appel and
Gordon, 1994; Correll et al., 1986; Elias et al., 1991; Katan and Katan, 1988; Katan et al., 1994), and
systemic isolation of nonpathogenic F. oxysporum from stems of plants grown under field conditions does
not appear to have been attempted. An additional unaddressed topic is the diversity of F. oxysporum
within an individual plant. Endophytic F. oxysporum are commonly isolated from plants infected with
pathogenic F. oxysporum (for example Alves-Santos et al., 1999; Fiely et al., 1995), suggesting that
colonization of plants by multiple genotype of F. oxysporum may be common, but the diversity of
endophytes within individual plant has not been well studied (but see Katan et al., 1994).
A few studies suggest that a certain degree of specialization may exist among nonpathogenic
populations from plants. Numerous biocontrol studies have found particular isolates to be better
biocontrol agents than others (for example Bao et al., 2004; Larkin and Fravel, 1998), suggesting that
these nonpathogens interact with their host plant in different ways. A few studies have reported an overrepresentation of a few genotypes within endophytic populations (Correll et al., 1986; Edel et al., 1997),
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suggesting a possible selective effect by the host on soil populations. Finally, a previous study of
nonpathogens from chickpea found certain lineages were more likely to be associated with chickpeas than
others (Chapter 4).
This study investigated the population genetics of F. oxysporum associated with asymptomatic
tomato plants. The first objective of the study was to assess the diversity of nonpathogenic F. oxysporum
populations in the field. Specific goals of this objective were to study populations within individual
plants and to look for endophytes within plant stems. The second objective of this research was to look
for evidence of specialization of nonpathogenic F. oxysporum to different environmental niches, such as
soil, roots, or stems.

Material and methods

Sampling and fungal isolation
F. oxysporum populations were isolated from 16 asymptomatic tomato plants and 4 soil samples
from each of two tomato fields, for a total of 32 plant samples and 8 soil samples. These fields are
research plots located in the Russell Larson Research Center, Penn State University, Rock Springs, PA,
and are located approximately 1.5 km apart from each other. The fields chosen for isolation of F.
oxysporum populations had no previous known history of Fusarium wilt of tomato. Four sets of four
plants in a row with one-foot spacing were randomly sampled from across the field. Six 4-inch soil cores
were taken from between each set of four plants and bulked together to make each soil sample. Plants in
field 1 were all of the processing tomato cultivar ‘Heinz 9907’. In field 2, each set of four plants
consisted of a different cultivar, the processing tomato cultivars ‘Gem 611’ and ‘Heinz 3402’ and the
fresh market cultivars ‘FL 47’ and ‘Mountain Fresh’. These cultivars are all resistant to F. oxysporum f.
sp. lycopersici races 1 and 2, and the resistance of cv. Heinz 9907 is unknown. No fungicides had been
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applied to the plants. Plants in field 1 were sampled at the green fruit stage and plants in field 2 were
sampled after fruits were mature.
Sampling from plants was done by uprooting plants, washing off the soil under tap water, and
surface-sterilizing the plants with a solution of 2% commercial bleach (6.15% NaOCl) for 1.5 minutes for
field 1 samples and a 2.5% bleach solution for 2.5 minutes for field 2 samples. Small pieces
(approximately 5 mm) of the roots and stems were placed on Nash-Snyder Fusarium-selective growth
medium for fungal isolation (Nash and Snyder, 1962). Soil samples were air-dried for at least 10 days
and sieved to remove large particles. Five g of soil were suspended in 50 ml sterile water by mixing for
20 minutes, and then ten-fold serial dilutions of 10-1 to 10-4 were plated on Nash-Snyder medium (Lori et
al., 2004). A maximum of 10 isolates were collected per plant: four from each the roots and stem and two
from the crown, for a maximum total of 40 isolates for each set of four plants, and a maximum of 40
isolates was collected per soil sample for each set of four plants. F. oxysporum isolates were identified
based on colony morphology and monocondial cultures were grown on potato dextrose agar. Isolates
were stored long-term at 4⁰C in sand in 1.5 ml microcentrifuge tubes with 250 μl potato dextrose broth.

DNA extraction and sequencing
DNA was extracted following the protocol of Cenis (1992). Briefly, mycelium was grown in
potato dextrose broth in 1.5 ml microcentrifuge tubes for at least three days, centrifuged to remove the
medium, and ground in an SDS-based extraction buffer. Cellular debris was precipitated with sodium
acetate, and finally DNA was precipitated with isopropanol. The translation elongation factor 1-α gene
(TEF), a region commonly used for Fusarium identification, was amplified using the primers EF1 and
EF2 as described in Chapter 2. Amplification was checked on agarose gels stained with ethidium
bromide, and PCR products were cleaned with EXO-SAP (Affymetrix, Santa Clara, CA) before
sequencing. Sequencing was done using the primers EF1 and EF2 at the PSU Genomic Core Facility.
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Data analysis
Sequences were compared to reference sequences in GenBank and the Fusarium-ID database
(Geiser et al., 2004) to confirm their identity as F. oxysporum. Isolates that were not F. oxysporum were
excluded from further analysis. Sequence types were defined and randomly numbered for each allele,
including gaps as informative characters. Genetic differentiation among subpopulations was measured
with two analyses: the nearest-neighbor statistic (Snn) (Hudson, 2000), which is based on nucleotide
sequence and determines how often isolates with the most similar DNA sequences (the nearest neighbors)
are found in the same population; and the haplotype statistic (HST), which is based on allele frequency:
specifically HST = 1 – (average haplotype diversity in the subpopulations/average haplotype diversity in
the total population) (Hudson et al., 1992). Analyses were performed using DnaSP 5.10 (Librado and
Rozas, 2009), and statistical significance was assessed with 1,000 permutations using Monte Carlo
simulations (Hudson et al., 1992). Gaps were considered as a fifth character for HST analysis but not for
Snn. Population genetic diversity was measured with Shannon’s diversity index based on the frequency of
sequence types, using the program GENALEX 6 (Peakall and Smouse, 2006). Diversity was compared
between subpopulations based on Shannon’s mutual information index SHUA and significance was
assessed using the log-likelihood test statistic G (Sherwin et al., 2006). A phylogenetic network of the
sequence types was estimated with statistical parsimony analysis, performed using TCS v. 1.21 (Clement
et al., 2000). Maximum parsimony analysis was inferred from the DNA sequences using the program
PAUP* v.4.0b10 (Swofford, 2002). Parsimony analysis was performed using the heuristic search option
with the MulTrees option on, 1,000 random addition sequences, the tree-bisection-reconnection branchswapping algorithm, and gaps not considered as characters. Support for each branch was assessed with
1,000 bootstrap replicates. Included in the phylogenetic analysis were sequences representative of the
known diversity in F. oxysporum based on previous phylogenetic analyses (Baayen et al., 2000;
O'Donnell et al., 1998; O'Donnell et al., 2009), downloaded from GenBank or the Fusarium-ID database
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(Geiser et al., 2004). Selected sequences of nonpathogenic F. oxysporum associated with chickpea plants
from Chapter 4 were also included in the phylogenetic analysis for comparison purposes.

Results

Fungal isolation
F. oxysporum was successfully isolated from all 32 plants and soil samples from both fields, and
a total of 609 isolates were collected and analyzed, 314 from soil and 295 from plants. Isolates from
plants were considered to be endophytes because the plants were asymptomatic. A maximum of ten
isolates were collected for each plant, and the majority of the plants yielded nine or ten isolates. The
plant which yielded the fewest isolates (six) was heavily colonized by Geotrichum spp. Soil samples
contained approximately 1,000 cfu of F. oxysporum per gram soil, based on estimations from soil dilution
plating.
Within each plant, F. oxysporum was isolated from the roots, crown, and stem of all plants,
although some plants yielded only one isolate per plant tissue. F. oxysporum was isolated from the top
third of the stem (approximately 60 cm above the soil) for 19 plants of the 32 plants, suggesting that
colonization up the entire stem is not uncommon. Whether F. oxysporum can also be found in the leaves
and fruit was not tested.
Other Fusarium species observed but excluded from further study were identified as F. commune,
F. proliferatum, and members of the F. solani species complex, the Gibberella fujikuroi species complex,
and the F. incarnatum – F. equiseti species complex using the Fusarium-ID database (Geiser et al., 2004).
F. commune was frequently isolated, but this was due to difficulties distinguishing it morphologically
from F. oxysporum and not to its relative abundance in the samples.
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Sequence types and population diversity
A fragment of approximately 589 bp of the TEF gene was amplified for all isolates. Fifty-seven
sites were polymorphic, with 45 single nucleotide polymorphisms and 12 insertions/deletions (indels).
Including indels as informative characters, 26 different sequence types (STs) were observed. Twenty-one
STs were found in field 1 and 18 in field 2. Two STs, 5 and 13, were especially common and composed
35% and 30% of all isolates respectively. These two STs were equally common in soil as in plant tissues,
and were found in both fields, although ST 5 was twice as common in field 2 compared to field 1 and ST
13 was three times more common in field 1 than in field 2. The most abundant STs were found in both
locations and in both soil and endophyte populations, but some of the rare STs, including ten that were
only observed once, were unique to field 1 (eight STs), field 2 (five STs), plant tissues (eight STs only in
roots or crowns, 1 ST only in stems), or soil (six STs). Of the average of 9.2 isolates per plant, an average
of 4.2 STs was found per plant, ranging from two to seven. One to four STs were found per stem and per
root system, with an average of 2.2 STs per stem (out of an average of 3.5 isolates per stem) and 2.6 STs
per roots (out of an average of 3.8 isolates per root system).
The diversity of populations from plants and from soil was compared using the Shannon’s
diversity index (Table 6.1). Based on this index, endophytic populations were significantly more diverse
than soil populations for each individual field and for both fields combined. For individual plots,
endophytes were significantly more diverse for three plots (plot 3 in field 1, and plots 5 and 6 in field 2),
diversity was not significantly different for three plots (plots 1, 2, and 4 in field 1), and soil populations
were significantly more diverse for two plots (plots 7 and 8 in field 2).
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Table 6.1 Pair-wise comparisons of Shannon's diversity indices (SHA) between populations from soil and
from plants. P-values of the log-likelihood test of differences between soil and endophyte populations
are given, with statistical significant values (p < 0.05) in bold.
Plant population
S
HA

Soil population
S
HA

All locations

2.729

Field 1

S

HUA a

Gb

P-value

2.672

0.081

68.437

< 0.001

2.607

2.440

0.077

33.354

0.031

Field 2

2.529

2.364

0.147

60.822

< 0.001

Plot 1 (Heinz 9907)

2.318

2.478

0.150

16.044

0.098

Plot 2 (Heinz 9907)

1.653

2.084

0.117

13.001

0.224

Plot 3 (Heinz 9907)

2.709

1.703

0.225

24.041

0.020

Plot 4 (Heinz 9907)

2.436

2.512

0.185

19.702

0.073

Plot 5 (FL 47)

2.542

2.190

0.180

18.484

0.047

Plot 6 (Gem 611)

2.710

1.619

0.351

37.426

< 0.001

Plot 7 (Heinz 3402)

1.386

2.052

0.158

16.405

0.022

Plot 8 (Mountain Fresh)

2.277

2.748

0.218

21.746

0.026

aS

HUA = Shannon's mutual information index

b

G = log-likelihood test statistic

Genetic differentiation among populations
The genetic differentiation between various subpopulations was calculated based on both
haplotypes (HST) and nucleotide sequence (Snn) (Table 6.2). Gaps were considered in calculations based
on haplotypes, but results were similar when gaps were excluded (results not shown). Populations were
compared between the two fields to determine if populations were differentiated based on physical
separation. Total populations were significantly different between the two fields, which were
approximately 1.5 km apart (p < 0.001 for both Snn and HST), as were the soil and endophyte populations
in each field (p < 0.001 for both Snn and HST). Populations from plots in field 1, all planted with the same
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tomato cultivar, were compared to determine if populations are also differentiated among locations
several meters apart. Based on Snn, endophyte populations were significantly different for plot 1
compared to all other plots, but not in any other pair-wise comparison. Soil populations were not
significantly differentiated among the plots based on Snn (p > 0.05), although plots 1 and 3 and plots 3 and
4 were differentiated based on HST. Physical separation therefore does not appear to be a significant
cause of population differentiation on a small scale (meters) but is significant on a larger scale
(kilometers).
Populations were compared among plots in field 2, planted with different tomato cultivars, to
determine if host genotype affects F. oxysporum populations. Different sequence types predominated in
each cultivar, most notably ST 5 composing 72% of the endophyte population from ‘Heinz 3402’
compared to 47% in ‘Gem 611’, 27% in ‘FL 47’, and 21% in ‘Mountain Fresh’ (Figure 6.1). These
differences were reflected in the genetic differentiation analyzes using HST, which is based on allele
frequency. Endophyte populations from ‘Heinz 3402’ were significantly different from populations in all
three other cultivars, as well as between populations from ‘FL 47’ and ‘Mountain Fresh’ (Table 6.2).
However, based on Snn, which incorporates genetic distance between alleles, ‘Heinz 3402’ was only
significantly differentiated from ‘Gem 611’ and ‘Mountain Fresh’. Differences in allele frequency
between cultivars therefore may be based on closely-related clones. Soil populations were also compared
to determine if differences between cultivars are biased by the physical separation among plots. In pairwise comparisons, only soil populations associated with ‘Gem 611’ and ‘FL 47’, and ‘Gem611’ and
‘Mountain Fresh’ were significantly differentiated (based on both Snn and HST). Differences between
these cultivars were not seen for endophyte populations, suggesting that the genetic differentiation
observed was due to host genotype rather than physical location of each host.
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Populations were also compared between endophyte and soil populations to determine if
populations were differentiated based on environmental niche. The total soil population was
differentiated from the total endophyte population for both fields combined (p < 0.001 for Snn and p =
0.039 for HST) and for each field individually (field 1: p = 0.011 for Snn, non-significant for HST; field 2: p
< 0.001 for Snn and p = 0.007 for HST). However, the differentiation observed between the total soil
population and the total endophyte population could be biased by the combining populations from
different locations and different tomato cultivars, so soil and endophyte populations were compared for
each plot. Endophyte and soil populations were significantly differentiated for plot 5, planted with cv.
Gem 611 (p < 0.001 for both Snn and HST). Soil and endophyte populations were not clearly differentiated
for any of the other plots, although there was population differentiation for plot 3 and plot 8 (cv.
Mountain Fresh) based on HST (p = 0.050 and 0.044, respectively) and for plot 4 based on Snn (p = 0.037).

Phylogenetic analysis
A statistical parsimony network of the sequence types was inferred, and the sequence types
grouped into two networks (Figure 6.2). Three loops were present in the larger network, indicating
homoplastic relationships or possibly recombination between isolates. Sequence types mainly from soil
were frequently closely related to sequence types mainly from plants, although one branch of the tree was
composed entirely of endophytic isolates (STs 17, 14, and 15).
A phylogenetic analysis of the tomato-associated sequence types compared to other F. oxysporum
isolates showed that the isolates were highly diverse and belonged to many different clades within F.
oxysporum (Figure 6.3). While some STs were closely related, no clear pattern was observed based on
whether isolates were from plant tissues or soil, and isolates from soil and plants often shared the same
sequence type. The two most common STs, 5 and 13, were not closely related.
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Figure 6.2 Statistical parsimony network of the translation elongation factor 1-α sequences types,
constructed in TCS v. 1.21 (Clement et al., 2000). Sequence types are represented by circles, with the
size of the circle proportional to the number of isolates with that sequence type. Colors represent the
percentage of isolates in each sequence type from different substrates (red: from soil, dark blue: from
root, purple: from crown, cyan blue: from stem). The inferred ancestral sequence types are indicated with
stars.
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Figure 6.3 One of four most parsimonious trees (94 steps, consistency index = 0.926, retention index =
0.973, rescaled consistency index = 0.901) based on the translation elongation factor 1-α gene using
maximum parsimony analysis. The tree is rooted with F. commune NRRL 38348 and bootstrap support
>50% based on 1,000 replicates is indicated for each branch. Tomato sequence types are in bold, with the
number of isolates per sequence type and the original substrates (plants or soil) given in parentheses.
Arrows indicate the two most abundance sequences types, ST 5 and ST 13.
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Sequences of other putatively nonpathogenic F. oxysporum were used in the phylogeny, including
one from carnation (Baayen et al., 2000), one from soil (O'Donnell et al., 2009), and twelve from
chickpea (Chapter 4). A few of the nonpathogens from tomato were closely related to nonpathogens from
other sources, such as ST 13, the second most populous ST, which had an identical TEF allele as the
carnation nonpathogen NRRL 26994 and the chickpea nonpathogen Foc816; and ST 8, which was the
same as chickpea nonpathogen 90101. However, nonpathogens are equally closely related to putative
pathogenic isolates, so close phylogenetic relationships between nonpathogens may not be meaningful.

Discussion
The main objectives of this study were to investigate the genetic diversity of nonpathogenic F.
oxysporum associated with asymptomatic tomato plants and to look for evidence of specialization to
particular environmental niches among nonpathogenic F. oxysporum. Over 600 isolates were collected
from plants and soil samples from two fields, and endophytic F. oxysporum were successfully isolated
from all 32 plants sampled.
F. oxysporum was isolated from the stems of all plants, a niche that has not been previously
studied for F. oxysporum. Since these isolates were obtained from surface-sterilized tissues and plants
were asymptomatic, we consider them to be endophytes. Nonpathogenic F. oxysporum is assumed to be
more common in the roots than stems (Gordon and Martyn, 1997), and previous population genetics
studies of nonpathogenic F. oxysporum have focused on the root system (Appel and Gordon, 1994;
Correll et al., 1986; Elias et al., 1991; Katan et al., 1994) or occasionally also the crown or hypocotyl of
the plant (Alves-Santos et al., 1999). Inoculation assays in Chapter 5 showed that under controlled
conditions, all F. oxysporum isolates tested, regardless of what plant host they were originally isolated
from, always colonized the roots and crown of chickpea plants and occasionally also colonized the stem.
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These isolations from tomato show that colonization of plant stems by endophytic F. oxysporum may
commonly occur under field conditions.

Genetic diversity of Fusarium oxysporum nonpathogens
Populations of F. oxysporum living nonpathogenically in soil or on asymptomatic plant roots
have been previously reported to be highly diverse. Most studies of F. oxysporum populations used
vegetative compatibility groups (VCGs) to determine relatedness and usually found nonpathogenic
populations to comprise large numbers of VCGs even within one field, with the majority of isolates
belonging to single-isolate VCGs (Alves-Santos et al., 1999; Appel and Gordon, 1996; Elias et al., 1991;
Katan et al., 1994; Lori et al., 2004). Molecular markers do not seem to resolve as much variation as
VCGs, as Appel and Gordon (1994) found 197 isolates from soil and asymptomatic melon roots
comprised 25 mtDNA haplotypes but 56 VCGs, and Lori et al. (2004) found 129 isolates from soil and
asymptomatic carnation roots comprised 23 IGS-RFLP types but 97 VCGs. Laurence et al. (2012)
analyzed the diversity of 214 F. oxysporum isolates from soils across Australia using TEF sequence and
found 46 STs. Twenty-six TEF sequence types were found in the two tomato fields, suggesting a
comparable level of diversity to previous studies given the differences in sampling and markers.
F. oxysporum populations between the two tomato fields for both soil and plant samples were
significantly different (p < 0.001 for both Snn and HST) (Table 6.2), although the two fields were only
approximately 1.5 km apart. Populations in each field are not entirely isolated, as half of the 26 total STs
were found in both fields, but the distribution of sequence types is heterogeneous between the two fields.
Studies of nonpathogenic populations of F. oxysporum in melon fields in California and Maryland found
highly differentiated populations between fields in each state and between both states (Appel and Gordon,
1994; Gordon and Okamoto, 1992). Populations of F. oxysporum in each field might also differ due to
factors such as management practices, previous planting history, or soil type.
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F. oxysporum populations were also surprisingly diverse within each plant, with an average of 4.2
STs found per plant. Even within an individual stem, the presence of multiple STs was common, with an
average of 2.2 STs per plant. The ability of multiple inoculated F. oxysporum genotypes to infect the
same plant has been previously reported, both for two pathogenic isolates in muskmelon (Meyer and
Maraite, 1971), two endophytic isolates in carnation (Katan et al., 1994), and a pathogen and an
endophyte in tomato (Olivain et al., 2006) and in carnation (Postma and Luttikholt, 1996). Also, isolation
of nonpathogenic F. oxysporum from plants also infected with pathogenic F. oxysporum is common (for
example Fiely et al., 1995; Skovgaard et al., 2002). Endophytic F. oxysporum therefore do not
necessarily exclude other F. oxysporum from colonizing the same plant, and wild plants might commonly
harbor a population of F. oxysporum endophytes rather than just a single individual.
One unexpected result of this study was that endophytic populations were frequently more
genetically diverse than populations from the surrounding soil (Table 6.1). Our initial hypothesis was that
endophytic populations would be less diverse than soil populations if the interaction between plant and
fungal endophyte is somewhat specific, leading to selection by the plant on the resident fungal soil
population. Instead, Shannon’s diversity index indicated that in some of the locations analyzed, the
populations isolated from plants were significantly more diverse than populations from soil (p < 0.001).
Possibly, the STs found only in the plants could have colonized the plants prior to transplantation. The
tomato plants sampled were grown from seed in a greenhouse and then transplanted to the field as
seedlings, and may have been colonized by F. oxysporum in the potting soil or from tools. This
hypothesis is supported by the higher degree of genetic differentiation among plots for endophyte
populations than for soil populations (Table 6.2), suggesting that soil populations are relatively uniform
across the field and not the source of the unique endophytic genotypes. The introduction of pathogenic F.
oxysporum on plant material is well known (for just a few of many examples, see Hibar et al. 2007; Lori
et al. 2004). The introduction of endophytic F. oxysporum seems equally likely, if not more so, given that
no attempts are made to limit the movement of endophytes as is done to prevent the movement of
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pathogens. Given that some nonpathogenic F. oxysporum in soil have been found to suppress disease by
pathogenic F. oxysporum (Alabouvette 1990), while some other endophytic F. oxysporum may be
pathogenic to plants species besides the endophyte host (Helbig and Carroll 1984; Katan 1971), the
possible movement of endophytic F. oxysporum may have important implications for agriculture. The
introduction of new genotypes of endophytic F. oxysporum into a population conceivably could increase
or decrease the incidence of Fusarium wilt and other diseases, and this possibility warrants further
research.

Niche adaptation of Fusarium oxysporum nonpathogens
No definitive evidence was found to support the hypothesis that certain genotypes of F.
oxysporum are specialized to colonize tomato plants as endophytes. If only specific genotypes can form
an endophytic association with tomato, we hypothesize that populations within the plant would be
genetically differentiated from populations in the soil. This was true on a field-wide level (based on Snn
analysis, p < 0.05 for field 1 and p < 0.001 for field 2) (Table 6.2). However, closer analysis did not show
consistent differentiation between populations from different parts of the plants (roots and stems) and the
soil or between soil and plant populations for each plot within the fields (Table 6.2). Moreover, diversity
was generally higher or not statistically different for populations from plants compared to populations
from soil (Table 6.1). If only specialized genotypes could colonize the plant, diversity within the plant
should be lower than diversity in the soil, as is seen for pathogenic isolates of F. oxysporum compared to
soil populations (Katan and Katan, 1988). Differences between plant and soil populations on a field-wide
level may be confounded by uneven distribution of sequence types in the field or by introduction of
endophytic isolates on transplanted tomatoes, as discussed above. Gordon and Okamoto (1992)
attempted to determine if populations of nonpathogens from melon roots were distinct from soil
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populations and concluded that the populations were the same, although their results were ambiguous due
the uneven distribution of rare VCGs, similar to our study.
One result that may suggest selection of specialized genotypes within the population is the
predominance of two STs, 5 and 13, in all samples. The majority of isolates belonged to ST 5 and ST 13,
including isolates from both fields and from both plants and soil. In a study by Correll et al. (1986), most
isolates from asymptomatic celery roots belonged to one of two VCGs, suggesting that isolates in these
VCGs may be better adapted than others to colonizing celery roots. In contrast, a study by Elias et al.
(1991) of isolates from asymptomatic tomato roots from multiple locations found a diverse group of
isolates and no particular VCG predominated in the samples. ST 5 and ST 13 may be better adapted to
colonizing tomato plants than other isolates, leading these STs to prevail in endophytic populations.
Their prevalence in the soil could be due a selective effect of the plant roots on soil populations, or higher
populations in the plant may lead to higher populations in the surrounding soil. Edel et al. (1997)
cultivated repeatedly wheat, flax, tomato, and melon and observed differences in F. oxysporum
populations from wheat and tomato roots compared to uncultivated soil, suggesting that some plants
could have a selective effect on soil populations. Alternatively, the frequent isolation of ST 5 and ST 13
may reflect their abundance in the local F. oxysporum soil population and not a selective effect by tomato.
Soil was not sampled from fields not cultivated with tomato, so it cannot be determined if STs 5 and 13
are equally common in other local fields in the absence of tomato plants.
Based on haplotype network results, isolates were not necessarily more closely related to other
isolates from the same substrate than to isolates from other substrates, whether soil or the roots, crown, or
stem of the plants (Figure 6.2). No obvious clustering of isolates from plants versus isolates from soil
was seen in the network, although a few of the STs only found in plants grouped together in the network.
In a phylogenetic analysis of the isolates from tomato compared to F. oxysporum isolated from other
hosts, genotypes associated with asymptomatic tomato, either from plants or from soil, were not
necessarily closely related (Figure 6.3). Some sequence types differed by only one single-nucleotide
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polymorphism and therefore clustered together in the phylogeny, while other sequence types were quite
different. Overall, putatively nonpathogenic isolates are distributed throughout the phylogeny and do not
form a separate lineage. This result agrees with the findings of a large phylogenetic analysis of F.
oxysporum (O'Donnell et al., 2009), in which the included putative nonpathogens did not belong to any
specific lineage within the species complex. The phylogenetic tree did share some similarities with the
inferred phylogeny of chickpea endophytes (Chapter 4). In that analysis, most chickpea endophytes fell
into three lineages within F. oxysporum, with a few isolates in other clades. In the phylogenetic analysis
of the tomato endophytes, most isolates belonged to ST 5 (214 isolates), ST 13 (185 isolates), or lineages
composed of STs 7, 8, and 21 (57 isolates); STs 10 and 20 (42 isolates); or STs 2, 3, and 23 (30 isolates).
Differences in phylogenetic patterns between the chickpea endophytes and the tomato endophytes may be
due to sampling, as the chickpea endophytes were a collection of isolates from geographically-distant
areas, while the tomato endohytes represent an intensive sampling in one area. As for the chickpea
endophytes, the predominance of certain genotypes, in this case ST 5 and ST 13, is suggestive of
adaptation of F. oxysporum to a particular host plant.
The potential effect of host genotype on the composition of nonpathogen populations was studied
using the samples from field 2, where four different tomato cultivars were sampled. Populations of
endophytic isolates were significantly different among cultivars (p < 0.01 for Snn, p < 0.0001 for HST)
(Table 6.2). Isolates from cv. Heinz 3402 in particular were differentiated from all three other cultivars
based on HST. No clear patterns were observed based on whether the cultivars were bred for fresh market
(‘FL 47’ and ‘Mountain Fresh’) or for processing (‘Gem 611’ and ‘Heinz 3402’). The differentiation of
endophyte populations among cultivars suggests that different host genotypes interact differently with F.
oxysporum genotypes, leading to different F. oxysporum populations within each cultivar. This
interpretation is tenuous, however, as differentiation among endophyte populations was also observed
among the plots in field 1, which contained only one cultivar, ‘Heinz 9907’, and an uneven distribution of
STs in the field could influence the results. However, ‘Gem 611’ and ‘Heinz 3402’ were planted next to
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each other and contained distinct populations, and the pattern of differentiation among soil populations in
field 2 is different than for endophyte populations, which suggests that differences in endophyte
populations are not due to uneven spatial distribution of STs. For example, endophyte populations from
‘Heinz 3402’ and ‘Mountain Fresh’ are highly differentiated (p < 0.001 for both Snn and HST) but soil
populations are not (p > 0.1 for both Snn and HST), suggesting that differences in endophytes are not likely
due to underlying differences in soil populations in that part of the field. Population differentiation
among cultivars could also be influenced by the introduction of F. oxysporum during transplantation. If
so, differences in introduced isolates could be due to a selective effect by the host genotype or merely due
to exposure to different isolates of F. oxysporum during seeding and transplantation. While the patterns
observed are suggestive of the host genotype influencing endophyte populations, firm conclusions cannot
be drawn from these results.
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Chapter 7

Discussion and conclusions
The objectives of this dissertation were to investigate the nature of interactions between Fusarium
oxysporum and plants and to establish hypotheses about the evolutionary ecology of plant pathogenicity.
F. oxysporum is a cosmopolitan fungus, found in soils worldwide, and is an economically-important plant
pathogen. However, the ecology of F. oxysporum is still poorly understood, especially for F. oxysporum
established in nonpathogenic interactions. This research addressed the evolution of pathogenic and
nonpathogenic F. oxysporum and the relationships with their host plants, specifically using chickpea as a
model host, but also expanding to tomato. We chose these two hosts to conduct our studies in regards to
our current knowledge on the pathogenic forms that cause disease in these plants. The causal agent of
Fusarium wilt of chickpea, F. oxysporum f. sp. ciceris, has been previously shown to be monophyletic,
despite comprising eight pathogenic races (Jiménez-Gasco et al., 2002). Based on previous research, we
hypothesized that all pathogenic races should be closely related phylogenetically and that they have
evolved in a stepwise manner, with new races formed by the accumulation of mutations (Jiménez-Gasco
et al., 2004). However, this hypothesis is based on DNA fingerprinting with transposon sequences
(Jiménez-Gasco et al., 2004). A limited amount of diversity was found among the races of f. sp. ciceris,
confirming that the causal agent of Fusarium wilt of chickpeas originated from a small population or
single individual and since then has evolved with chickpea as a domesticated crop.
F. oxysporum has been assumed to be asexual since no teleomorph has ever been found in nature
or induced under laboratory conditions (Booth, 1981). The lack of sexual recombination in F. oxysporum
is further supported by the study of the evolutionary patterns in microsatellites. Models of microsatellite
formation, mutation, and degradation were studied in F. oxysporum, assuming that recombination was not
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occurring. The majority of the microsatellite loci were found to be mutating in a stepwise manner, with a
gradual accumulation of interrupting point mutations in the tandem repeats, similar to mutational patterns
previously reported for other organisms (Dettman and Taylor, 2004), and no evidence was found to
indicate that recombination is an important mutational force in microsatellite evolution in F. oxysporum.
These results do not exclude the possibility of cryptic sex and recombination in F. oxysporum, but suggest
that clonality is the norm for F. oxysporum.
As well as studying the evolution of pathogenic F. oxysporum, this research focused on the
evolution of nonpathogenic F. oxysporum associated with chickpea. Endophytic F. oxysporum from
chickpea were found to be more diverse than f. sp. ciceris, as has been reported for many comparisons of
pathogenic and nonpathogenic F. oxysporum associated with the same host (Appel and Gordon, 1994;
Katan and Katan, 1988; Lori et al., 2004). Additionally, many of the chickpea endophyte sequence types,
based on translation elongation factor 1-α (TEF) and the ribosomal intergenic spacer region (IGS), had
not been previously identified in typing of other formae speciales (O'Donnell et al., 2009). Populations of
nonpathogenic F. oxysporum associated with tomato, both endophytes and from soil samples, were also
found to be highly diverse and belong to several clades within the F. oxysporum phylogeny. The genetic
diversity observed among nonpathogenic F. oxysporum, from both chickpea and tomato, shows how
nonpathogenic F. oxysporum may be a significant, unexplored component of the diversity in F.
oxysporum.
Another objective of this dissertation was to investigate if some nonpathogenic F. oxysporum are
specialized to particular environmental niches. Host-specific pathogenic F. oxysporum isolates are
specialized to cause disease on a narrow host range, so we hypothesized that there may also be
specialization and adaptation among endophytic F. oxysporum to given host plants. A phylogenetic
analysis of a collection of chickpea endophytes showed that endophytes from chickpea mostly fell within
three lineages in the F. oxysporum phylogeny, even isolates from distant geographic locations. Because
genotypes from these lineages seem to be more likely to be found as chickpea endophytes than other
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genotypes, we speculate that these lineages may be host-adapted to chickpea. We further hypothesized
that this adaptation may be reflected during chickpea colonization and that host-adapted endophytes in
these lineages would colonize chickpea plants more extensively than other F. oxysporum outside of these
lineages. We tested this by analyzing how far up the stem endophytes grow and how likely they are to be
found in seeds after inoculation of chickpea cv. PP245 plants with different nonpathogenic F. oxysporum.
However, no obvious differences in endophytic growth were identified among isolates, although crossinfection by F. oxysporum other than the inoculum may have biased the results. The results did indicate
that all F. oxysporum appear to have the potential to colonize chickpea endophytically under controlled
conditions and under high inoculum densities. Differences in endophytic colonization might be obvious
under selective constraints imposed by other factors, such as environmental stress, competition with other
microbes, and selection by host genotypes. Our hypothesis of endophytes being host-adapted was further
tested using a population of nonpathogenic F. oxysporum associated with tomato plants. Populations
from asymptomatic plants were compared to soil populations, and we hypothesized that endophytic
populations would be less diverse and genetically differentiated from soil populations. We found that
endophyte populations were almost always more diverse than soil populations, suggesting that some
endophyte genotypes may have infected tomato plants prior to transplant through contamination from soil
during transplant production or through seed transmission. Endophyte populations were not significantly
differentiated from soil populations for six out of eight plots, suggesting that there is no selection between
these two niches. However, both populations were dominated by two TEF sequence types, which may be
evidence of selection driven by tomato plants of these genotypes from the local F. oxysporum population.
As speculated for the chickpea endophytes, interactions among the host, the environment, and different F.
oxysporum genotypes in the population may lead to these two F. oxysporum sequence types being more
likely to associate with tomato plants than others, although all F. oxysporum nonpathogenic to tomato
might be capable of colonizing tomato as an endophyte.

181
The results of this dissertation have implications for understanding the evolution of new traits
such as plant-pathogenicity in F. oxysporum. Although we hypothesize that F. oxysporum may be
composed of clonal lineages, F. oxysporum is a phylogenetically diverse species, as can be seen from the
diversity of isolates found in just one tomato field. This diversity may have evolved through mutational
mechanisms such as chromosomal rearrangements (Boehm et al., 1994), gene duplications and deletions
(Kistler et al., 1995), or transposition events (Daboussi and Capy, 2003). Possible gene duplications were
observed in the locus FoDC5 for f. sp. ciceris races 3 and 4 and in locus FoAH10 for races 2 and 3.
Transposon movement may have been observed in the microsatellite marker FoED2, which was located
in a transposable element and did not amplify for some isolates of F. oxysporum. The ability of F.
oxysporum to undergo large mutations like these may lead to increased genomic plasticity and the
evolution of new traits. Another mechanism hypothesized to be important in the evolution of F.
oxysporum is horizontal gene transfer and even the transfer of entire small chromosomes (Ma et al.,
2010). Under experimental conditions, a chromosome containing genes necessary for pathogenicity to
tomato was transferred from a pathogen to an unrelated isolate nonpathogenic to tomato, conferring
pathogenicity (Ma et al., 2010). If certain nonpathogenic F. oxysporum are adapted to living as an
endophyte within a particular host, as the results from this dissertation suggest, these host-adapted
endophytes might be the most likely to receive pathogenicity genes transferred from pathogenic F.
oxysporum, as they would be more likely to come into close contact with pathogenic F. oxysporum within
a co-infected plant than would saprophytes in the soil. If pathogenicity genes are transferred to
endophytic F. oxysporum, the newly-created pathogen would be adapted to that host plant and to local
environmental conditions, allowing it to be competitive in the F. oxysporum population. The transfer of
genes to an unrelated isolate therefore would lead to the creation of a polyphyletic forma specialis, which
the majority of formae speciales are (Baayen et al., 2000).
One future direction for this research is searching for evidence of host adaptation among
endophytes of other host plants. This research focused on chickpea and tomato, two well-studied hosts of
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pathogenic F. oxysporum. Phylogenetic analysis of endophytic F. oxysporum associated with other hosts
may reveal more phylogenetic patterns indicative of host-adaptation. Another future research direction is
studying host-endophyte interactions under natural conditions, rather than under agricultural conditions.
Although F. oxysporum has been extensively observed in natural environments, its population genetics
and interactions with plants in non-agricultural settings has not been researched. A final future research
topic is investigating the implications on agriculture resulting from the interactions of endophytic F.
oxysporum and plants. Nonpathogenic F. oxysporum populations in the soil can suppress the incidence of
Fusarium wilt (Alabouvette, 1990), and endophytic F. oxysporum adapted to a particular host or
environment may provide the best disease suppression. Results of this work also suggested that
endophytic F. oxysporum could be transported long-distance in seeds or infected plant material, and
introduction of nonpathogenic F. oxysporum could contribute to disease suppression or could lead to the
movement of pathogenic F. oxysporum in asymptomatic host species. Furthermore, the introduction of
new F. oxysporum genotypes to a population would increase the genetic diversity and possibly contribute
to the evolution of traits such as pathogenicity through horizontal gene transfer and other mutational
forces. Testing these hypotheses may lead to a better understanding of the evolution of pathogenicity in
F. oxysporum.
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