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Root Interactions with Nonpathogenic
Fusarium oxysporum

Hey Fusarium oxysporum, What Do You Do in Life
When You Do Not Infect a Plant?

Christian Steinberg, Charline Lecomte, Claude Alabouvette,
and Véronique Edel-Hermann

Abstract In this review, we tried to present Fusarium oxysporum in an ecological
context rather than to confine it in the too classic double play of the nonpathogenic
fungus that protects the plant against the corresponding forma specialis. Moreover,
F. oxysporum is sometimes one, sometimes the other, and only the fungus can
reveal its hidden face, according to it is or not in front of the target plant. Despite the
quality and richness of the studies conducted to date, molecular approaches high-
light some of the evolutionary mechanisms that explain the polyphyletic nature of
this species, but still they do not identify a nonpathogenic F. oxysporum.

This soilborne fungus has primarily an intense saprophytic life, and it finds its
place in the functioning of the ecosystem of which it actively occupies all com-
partments, thanks to an impressive metabolic flexibility and a high enzyme poten-
tial. This adaptability is exploited by F. oxysporum first to get carbon from different
organic sources and energy through variable strategies including nitrate dissimila-
tion under severe anaerobic conditions and also to colonize extreme environments,
some of which being dramatically anthropized. This adaptability is also exploited
by man for bioremediation of polluted sites, for detoxification of xenobiotic com-
pounds including pesticides, and furthermore for industrial and biotechnological
processes. The presence of the fungus in water distribution networks of city stresses
again the adaptable nature of the fungus, but more precisely, this highlights the
presence of clonal populations worldwide and raises the question of the role of man
in the transfer of biological resources.

We conclude in a provocative manner by asking if nonpathogenic F. oxysporum
would not be the all-purpose fungal tool needed to ensure a good soil functioning.
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1 Introduction

If there are microorganisms, especially soilborne fungi, that fascinate mycologists,
plant pathologists, doctors, and microbial ecologists, without forgetting evolution-
ists, geneticists and taxonomists, Fusarium or more precisely Fusarium oxysporum
is one of those. We should probably also mention in the list that growers and
horticulturists are equally concerned with survival, evolution, and activities of
F. oxysporum Schlecht, but maybe they do not feel the same fascination as the
aforementioned corporations. Indeed, F. oxysporum is primarily known for its
ability to cause disease on a large number of host plants, while the predominant
role of this fungus in soils is essentially determined by its saprophytic activity in
raw and rhizospheric soils whether they are cultivated or not, by its biochemical
activity in anthropic environments, and by its long survival in various environments
(Burgess 1981; Bao et al. 2004; Christakopoulos et al. 1991; Holker et al. 1999).

2 To Be or Not to Be a Nonpathogenic F. oxysporum?

F. oxysporum is an ascomycete, belonging to the family of Nectriaceae and the
order of Hypocreale. This is an asexual fungus whose teleomorph is unknown.
Actually, the F. oxysporum species complex includes both pathogenic and non-
pathogenic populations, the former being split into more than 100 formae speciales,
each of them being specific of a plant species (Armstrong and Armstrong 1981;
Correll 1991; Baayen et al. 2000). This morphological species is now recognized as
a species complex because of its high level of phylogenetic diversity (O’Donnell
et al. 2009). Phylogenetic analyses also revealed how diverse is the origin of the
pathogenicity of most of the various formae speciales. Only a few of them such as
F. oxysporum f. sp. albedinis, ciceri, and loti are monophyletic (Tantaoui
et al. 1996; Wunsch et al. 2009; Demers et al. 2014). Therefore, a great effort of
research is devoted to characterize the diversity of formae speciales of peculiar
interest in agriculture (Elias and Schneider 1992; Kistler 1997; Abo et al. 2005;
Lievens et al. 2008; Edel-Hermann et al. 2012) and in horticulture (Loffler and
Rumine 1991; Lori et al. 2012; Canizares et al. 2015; Lecomte et al. 2016), in order
to identify some specific molecular markers allowing to detect and monitor both
pathogenic and nonpathogenic populations in the rhizosphere of host plants
(Recorbet et al. 2003; Edel-Hermann et al. 2011). However, to date and despite
these efforts, it is still not possible to generally discriminate nonpathogenic
populations from pathogenic populations except by the fact that a strain is said to
be nonpathogenic if it does not cause any symptom on the plant on which it has been
inoculated, but even so it is not possible to say whether this strain is definitively
nonpathogenic regardless of the plant species. Thus, the very definition of
nonpathogen is blurred because it relies on the absence of a trait that can only be
expressed by a pathogenic strain in the presence of the host plant on which it is
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specifically subservient; we talk about compatibility. So, while highlighting that the
polyphyletic nature of the origins of the pathogen status has been acquired in the
course of evolution by a fungus that originally is not pathogenic, doubt always
exists that a strain incapable of causing symptoms on a given plant is not pathogen
of a plant species with which the compatibility was not tested. Nevertheless, the
notion of risk associated to this doubt is limited and should not be considered as a
foil to the positive role that F. oxysporum plays in the biological functioning of the
soil and can also play in the protection of plants as a biocontrol agent. Indeed, the
already mentioned polyphyletic nature of the origin of pathogenicity in most of the
formae speciales can be explained especially by the presence and mobility of a
large number of transposable or repetitive elements, responsible for timely and
random mutations in the genomes of pathogenic strains, and by horizontal transfers
of chromosomal regions (Daboussi and Langin 1994; Daviere et al. 2001; Ma
et al. 2010; Inami et al. 2012; Schmidt et al. 2013). The presence of many
transposable elements in F. oxysporum, as in other Deuteromycetes, is probably a
consequence of the asexual lifestyle of these fungi and the resulting absence of the
meiosis process that normally eliminates repetitive elements (Daboussi 1996). In
the case of formae speciales, it can be assumed that the ongoing compatible
interaction of the pathogen with the plant is an additional selection pressure that
strengthens the interest for the phytopathogenic fungus to have generators of
diversity and adaptation mechanisms to overcome the defense reactions opposed
by the plant. In the case of the few nonpathogenic populations that have been
studied so far on that point, it seems they harbor much less transposable elements
than pathogenic strains (Migheli et al. 1999). Therefore, one could assume a greater
genetic stability from a nonpathogenic population than from a pathogenic popula-
tion. However, this putative genetic stability for a given population is probably
compensated by an incredible diversity within the species giving F. oxysporum the
ability to colonize a huge variety of environments (Edel et al. 2001; Lori et al. 2004;
O’Donnell et al. 2004; Sautour et al. 2012). In addition, the host pathogen-plant
compatibility is a mark enabling to appreciate the diversity and evolutionary history
of a given forma specialis. This kind of reference is not available for the nonpatho-
genic populations, and although nonpathogenic strains are generally used as a
control in the analyses of diversity of pathogenic populations, rare phylogenetic
studies are dedicated to the evolutionary history of nonpathogenic populations;
therefore, it is difficult to comment on their genetic stability (Inami et al. 2014).

3 Is F. oxysporum Only a Soilborne Fungus?

The geographic distribution of formae speciales is probably affected by that of host
plants and by anthropogenic activities; however, all the various data in the literature
for many years issuing from local surveys have shown that F. oxysporum occurs
primarily in soils in most parts of the world without recourse to pathogenesis (Park
1963; McKenzie and Taylor 1983; Backhouse et al. 2001). Anyway, the
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terminology “nonpathogenic” is a default appellation regarding the very likely
initial saprotrophic status of this species complex, and studies on the ecology of
F. oxysporum do not discriminate between pathogenic and nonpathogenic
populations. So we will do the same. The places over the world where
F. oxysporum can be found include natural extreme conditions such as saline soil
habitats of the hot arid desert environment (Mandeel 2006), tropical dry forests
(Bezerra et al. 2013), Arctic circle (Kommedahl et al. 1988), and environments
affected by human activities such as industrially polluted sediments (Massaccesi
et al. 2002), metal mine wastes (Ortega-Larrocea et al. 2010), biofilms in household
appliances such as washing machines (Babic et al. 2015), and water system of
hospitals (Anaissie et al. 2001; Steinberg et al. 2015). It is likely that the diversity
hosted by F. oxysporum explains the adaptation of the fungi to various niches under
various soil and climatic conditions, as well as in water and in the air. Their
concentration was estimated to vary between 10% and 10* propagules per gram of
soil (Park 1963; Alabouvette et al. 1984; Larkin et al. 1993,) while it is much less
(a few propagules per liter) in seawater or springwater (Palmero et al. 2009). It can
reach up to 10° propagules per mL when accidentally colonizing water pipes
(Sautour et al. 2012). Spores of F. oxysporum have been found associated with
rain dust (0.1-45 propagules per gram of dust) and transported over long distances
including overseas (Palmero et al. 2011). Spores of F. oxysporum are also found in
the air outdoor as well as in air-conditioned indoor environments (Debasmita
et al. 2014; Khan et al. 2009). So clearly F. oxysporum is a ubiquitous fungus
that is able to adapt to many types of environments, although it is more frequently
encountered in the soil where its density is important both in cultivated and
noncultivated ecosystems. Focus is generally made on the diversity of pathogenic
populations to understand the origins of this particular trait (Baayen et al. 2000;
Groenewald et al. 2006; Luongo et al. 2015; O’Donnell et al. 1998, 2004). How-
ever, many studies have revealed an incredible intraspecific diversity within
F. oxysporum (Demers et al. 2015; Edel et al. 2001; Edel-Hermann et al. 2015;
Laurence et al. 2012; Lori et al. 2004). It is not forbidden to think that this diversity,
although it is often assessed by the analysis of noncoding DNA regions, could
explain the ability of F. oxysporum to colonize such different environments, among
which is the rhizosphere of putative host plants. Abundant and more or less specific
exudates released by plant roots in the rhizosphere are a main food source for
microorganisms and a driving force of their population density and activities.
F. oxysporum populations are particularly affected by this privileged habitat, and
they are actively involved in the colonization of the rhizospheric soil, the rhizo-
plane, and also root tissues (Fravel et al. 2003; Landa et al. 2001; Ling et al. 2012;
Toyota and Kimura 1992). The selective nature of root exudates linked to the
genotype of the host plant determines the composition of the populations of
F. oxysporum associated with the plant (Edel et al. 1997; Demers et al. 2015).
Actually, all the strains do not respond in the same way to released exudates, what
explains that the abundance ratios between strains of the same population are
different from one to another rhizosphere. This difference in ability to use root
exudates of a given plant depends on the own characteristics of each strain but is not
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linked to the pathogenicity or nonpathogenicity of the strains (Steinberg
et al. 1999a, b). Consequently, the ability in using efficiently the root exudates
determines the issue of the competition for trophic sources between pathogenic and
nonpathogenic F. oxysporum and therefore the selection for efficient biocontrol
agents (Eparvier and Alabouvette 1994; Olivain et al. 2006) (see below). Non-
pathogenic strains of F. oxysporum can cross the epidermis cells of the root surface,
but they are unable to cause disease (Olivain and Alabouvette 1997). They colonize
the root cortex of a plant and may establish as endophytes (Belgrove et al. 2011;
Demers et al. 2015), but the main point is that this narrow interaction between
nonpathogenic F. oxysporum and the host-plant results in the so-called priming
effect, i.e., the implementation of defense reactions of the plant that slow down their
progress and prevent any further invasion by a pathogenic strain (Aime et al. 2013;
Benhamou and Garand 2001). Similarly to the absence of preferential selection
between pathogenic and nonpathogenic populations of F. oxysporum at the root
surface of the host plant (Olivain et al. 2006), there is no clear genetic differenti-
ation in the composition of endophyte populations and rhizosphere populations
(Demers et al. 2015).

All these interactions in the rhizosphere of the host plant between pathogenic
and nonpathogenic populations of F. oxysporum reveal protective ability of the
latter against the pathogen and invite to consider the use of nonpathogenic strains in
biocontrol strategy against formae speciales of F. oxysporum or other pests
(Alabouvette et al. 2009; Vos et al. 2014).

4 Would There Be a New Robin Hood in the Rhizosphere
of Plants to Be Protected?

Evidence of a possible role of nonpathogenic Fusarium spp. in controlling patho-
gens resulted from the observation that soils suppressive to Fusarium wilt harbored
high populations of nonpathogenic F. oxysporum and F. solani whose involvement
in the mechanism of soil suppressiveness was confirmed experimentally (Rouxel
et al. 1979). Strains of F. oxysporum were much more efficient in establishing
suppressiveness in soil than other species of Fusarium (Tamietti and Alabouvette
1986). Moreover, there is a great variability among soilborne nonpathogenic strains
of F. oxysporum for their capacity to protect plants against their specific pathogens
(Forsyth et al. 2006; Nel et al. 2006), and some effective strains have not been
isolated from soil but from the stem of healthy plants (Ogawa and Komada 1984;
Postma and Rattink 1992). In addition, it is well established that a pathogenic strain
applied to a non-host plant is able to protect this plant against further infection by its
specific forma specialis. A review was recently published by Alabouvette
et al. (2009) describing the main modes of action of biological control agents in
soil and listing a large number of situations in which selected strains of nonpatho-
genic F. oxysporum succeeded or not in protecting the plant against pathogenic
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formae speciales. Since the publication of this review, many other examples of the
protective potential of nonpathogenic F. oxysporum were also published (Belgrove
et al. 2011; Morocko-Bicevska et al. 2014), and it would be tedious to list them all.
Actually what is noticeable is the fact that nonpathogenic F. oxysporum have been
shown to control not only pathogenic F. oxysporum but also Verticillium dahliae
causing wilting of eggplant, pepper, and cotton (Gizi et al. 2011; Veloso and Diaz
2012; Zhang et al. 2015), nematodes causing damage on banana and tomato roots
(Paparu et al. 2009; El-Fattah et al. 2007), and insects such as the sucking Aphis
gossypii and the whitefly Trialeurodes vaporariorum affecting tomato (Martinuz
et al. 2012; Menjivar et al. 2012). While in the case of V. dahliae on eggplant and
cotton, volatile organic compounds produced by the strains of F. oxysporum control
the pathogen; in the case of nematodes, weevils, and insects, the F. oxysporum
strains are endophyte and elicit the plant defense reactions of the host plants.

It must be admitted that most of the examples cited here and in the review
published in 2009 (Alabouvette et al. 2009) correspond to controlled situations that
reveal the potential of nonpathogenic strains, but a very limited number of the most
powerful strains are licensed, registered, and available in the market with a bio-
control allegation. The protective capacity in F. oxysporum is not a simple trait and
many genes are likely to be involved. Identifying some traits linked to the protec-
tive capacity would help in differentiating pathogenic from protective strains and in
screening among soilborne strains to identify potential protective strains. Success of
microbiological control requires a sufficient understanding of the modes of action
of the antagonist and also of its interactions with the plant, the pathogen, and the
rest of the microbiota. All these studies take time, and most of the biocontrol agents
other than F. oxysporum and already on the market have been studied for more than
20 years before registration. The work already done and the results obtained with
nonpathogenic strains of F. oxysporum augur an imminent placing on the market of
representatives of this species to control pathogens. It is however necessary to be
wary of the too rapid interpretation found in recent papers (Schmidt et al. 2013)
concerning the results of Ma et al. (2010). Ma et al. showed that under very special
laboratory conditions, the nonpathogenic strain Fo47, isolated from the suppressive
soil of Chateaurenard (France) and whose protective capability was already proved
(Olivain et al. 2004), was likely to integrate by horizontal transfer, a fragment of
chromosome 14, bearer genes involved in the pathogenicity of a strain of
F. oxysporum f. sp. lycopersici. Actually, the experimental conditions were such
that the likelihood of such a natural realization is zero; the authors simply wanted to
show that the horizontal transfer was possible, which is different from likely. We
can thus consider as reliable the strains of nonpathogenic F. oxysporum to be used
in biological control strategies.
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5 Dormant or Active Actor of the Biological Functioning
of Soils?

5.1 Carbon Utilization

The distribution of F. oxysporum in numerous, complex, and varied environments
is explained by the enzymatic machinery at its disposal and its ability to modify its
metabolism within the constraints of these environments including microaerobic
and very-low-oxygen conditions, which gives it this remarkable adaptability and an
important role in the biodegradation of the organic matter. F. oxysporum produces
indeed a large spectrum of extracellular oxidative enzymes of various types includ-
ing cellulases, laccases, xylanases, lignin-degrading enzymes, and manganese
peroxidases (Falcon et al. 1995; Rodriguez et al. 1996; Silva et al. 2009; Zhou
et al. 2010; Xiros et al. 2011; Huang et al. 2015). Apart from study cases dedicated
to the ability of F. oxysporum to metabolize a given C source or to denitrify a
nitrogen-containing substrate (Rodriguez et al. 1996; Takaya and Shoun 2000; Ali
et al. 2014), there is no global data to quantify the relative importance of the role of
F. oxysporum, within the fungal community, in the decomposition, reorganization,
and mineralization of organic matter in soils and litter. However, its ubiquitous
presence and its high abundance mean that the contribution of this fungus in the
carbon and nitrogen cycles must be significant. Beyond its ecological role in the
saprophytic phase of F. oxysporum, this important enzymatic potential is usable in
processes for bioproduction and/or biodegradation of natural resources under solid-
state fermentation but also in bioremediation process and phytoextraction of heavy-
metal under field conditions. For instance, F. oxysporum is used to produce ethanol
from agricultural sources such as cereal straw, thanks to its ability to combine both
the cellulose and hemicellulose degradation system and the capability to ferment
hexoses and pentoses to ethanol (Christakopoulos et al. 1989; Ruiz et al. 2007,
Anasontzis et al. 2011; Xiros et al. 2011; Ali et al. 2012). Similarly, F. oxysporum
appears as an efficient biotechnological partner. It is grown in solid-state fermen-
tation process to degrade by-products of the olive oil production or the citrus-
processing industry (Sampedro et al. 2007; Mamma et al. 2008).

5.2 Nitrogen Utilization

Nitrogen sources in the environment including soil are variable in nature (organic
and mineral) as in structural complexity. It is often difficult to separate the use of
nitrogen from that of carbon, but it nevertheless appears that biomass production
and secretion of hydrolytic enzymes to use carbon by F. oxysporum is strongly
impacted by the nitrogen source at its disposal (Da Silva et al. 2001; Escobosa
et al. 2009). This phenomenon has been mainly shown in biotechnology processes
to solicit the enzyme potential of F. oxysporum to degrade a carbon substrate such
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as lignin or agriculture by-products or to obtain a product of interest (Cheilas
et al. 2000; Panagiotou et al. 2003, 2005; Lee et al. 2011). It is also noticeable
that, thanks to the incredible flexibility of its metabolism, F. oxysporum adapts to
moderately up to severe anaerobic conditions by replacing the energy-producing
mechanism of O, respiration with the reduction of NO;~ and NO, to
N,O. Denitrification is a dissimilating metabolic mechanism for nitrate and was
described in F. oxysporum not so long ago (Shoun and Tanimoto 1991). This
dissimilatory nitrate reduction allows F. oxysporum to regenerate the cofactor
NAD(+) during the denitrification process to then efficiently hydrolyze xylose to
achieve its anaerobic growth (Panagiotou et al. 2006). F. oxysporum could not only
denitrify nitrate through the classical sequential reactions of nitrate and nitrite
reductases but it can also reduce nitrate to ammonium through ammonia fermen-
tation (Takaya 2002; Takasaki et al. 2004; Zhou et al. 2010). A deep focus has been
given to the specific pathways used by this fungus to denitrify nitrate and nitrite to
gain energy. It was shown that F. oxysporum denitrification activities are localized
in the mitochondria and are coupled to the synthesis of ATP (Kobayashi et al. 1996)
and that cytochrome P-450, designated as P450nor, was involved in the respiratory
nitrite reduction of F. oxysporum, while the equivalent NO reductase (NOR) system
in bacteria is derived from cytochrome c-oxidase (Shoun and Tanimoto 1991;
Takaya and Shoun 2000; Dalber et al. 2005). Recent studies related to the use of
nitrogen by F. oxysporum help at explaining the role of soilborne fungi in the
nitrogen cycle and more specifically in soils (Long et al. 2013; Mothapo
et al. 2015). For instance, fungal denitrifiers including F. oxysporum generally do
not have the gene encoding N,O reductase (NosZ) as bacteria have and thus are
incapable of reducing N,O to N, (Shoun et al. 2012). Many studies dedicated to the
fungal release of N,O as a powerful greenhouse gas contributing both to global
warming and ozone depletion underlined the contribution of F. oxysporum to this
phenomenon (Shoun et al. 2012; Jirout et al. 2013; Chen et al. 2014; Maeda
et al. 2015). An equivalent strategy allows F. oxysporum to reduce sulfur in anoxic
condition to recover energy (still via NADH cofactor) and ensure efficient oxida-
tion of the carbon source and subsequent fungal growth. As for nitrate dissimilation,
the anaerobic sulfur reduction by F. oxysporum results in the release of a gas, the
hydrogen sulfide (H,S), but in amounts that are less than those noted for N,O (Abe
et al. 2007; Sato et al. 2011). This reveals how the fungus adapts to anaerobic
conditions and replaces the energy-producing mechanism of O, respiration by a
dissimilative strategy. This ability to reduce sulfide in anoxic conditions can confer
a competitive advantage to populations of F. oxysporum when Brassica, rich in
sulfur, are ground and incorporated into the soil to reduce densities of primary
inoculums of plant pathogenic fungi (Larkin and Griffin 2007).
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5.3 Bioremediation

As mentioned above, F. oxysporum has also attracted interest for bioremediation of
soil and purification of water due to its capability to detoxify and colonize polluted
environments. For instance, F. oxysporum excretes alkaline substances that
increase the pH of the medium around its mycelium, which affects the status of
certain minerals. Thus, by issuing chelators produced during its growth in the
presence of glutamate, F. oxysporum hydrolyzes coal without producing specific
enzymes. On the other side, Trichoderma viride produces enzymes attacking coal
under alkaline conditions; therefore, these fungi combine solubilization of coal and
ligninolyse of humic acids, which enables them to colonize mineral soils (Holker
etal. 1999). In an iron ore area in Brazil, F. oxysporum associated with mycorrhizal
fungi facilitates the solubilization of phosphorus, thus facilitating the installation of
legumes to ensure revegetation of the soil (Matias et al. 2009). F. oxysporum was
isolated from industrially polluted effluents highly contaminated with cadmium
alone or cadmium and lead. Thanks to its ability to grow in the presence of heavy
metals and its associated metabolic activity, F. oxysporum may, in aqueous
medium, either sequester cadmium in its mycelial biomass (Massaccesi
et al. 2002) or turn Pb®>* and Cd** metal ions into the corresponding carbonates
that can then be recovered. Besides the removal of toxic heavy-metal ions from
water, the crystals thus created have a specific morphology making them exploit-
able as biominerals for biological and materials sciences (Sanyal et al. 2005).
Moreover, the capability of F. oxysporum to reduce extracellularly metal ions and
in particular silver ions into silver nanoparticles which have an antibacterial effect
has been proposed for the production of sterile clothing for hospitals to prevent
infection with pathogenic bacteria such as Staphylococcus aureus. In this case, the
bioremediation of water is ensured by the cyanogenic bacterium Chromobacterium
violaceum (Duran et al. 2007). It may be admitted that despite the anthropogenic
character of mining and the presence of heavy metals at industrial sites, pollutants,
although toxic, are natural constituents of the environment that man has concen-
trated, certainly, but that F. oxysporum particularly ubiquitous fungus was
confronted to and was able to adapt to their presence, tolerate them, and even
exploit them. By cons, it is notable that the enzymatic equipment of F. oxysporum
makes it capable of degrading synthetic molecules. So F. oxysporum was used to
degrade and to detoxify a new chemical class of textile dyes called glycoconjugate
azo dye and is proposed in the frame of remediation strategies of textile effluents
(Porri et al. 2011). The ability of F. oxysporum to grow in the presence of arsenic
and to volatilize this element present in polluted environments allows considering
its exploitation for the bioremediation of As-contaminated soils, sediments, and
effluents (Zeng et al. 2010; Feng et al. 2015). As well, the efficiency with which
F. oxysporum is capable of extracting the iron from asbestos fibers due to a change
of its metabolism and thereby reduce its toxicity makes the fungus a potential
candidate for the bioremediation of contaminated sites. First, the internalization of
asbestos fibers is prevented in F. oxysporum, thanks to its rigid cell wall. Then a
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proteomic analysis revealed an upregulation of two proteins, homologous of
already known proteins in F. graminearum and Coccidioides immitis, and a
rerouting of F. oxysporum metabolism to the pentose-phosphate pathway to coun-
teract the deleterious consequences of oxidative stress (Chiapello et al. 2010).
Indirectly, F. oxysporum also contributes to the bioremediation of soils contami-
nated with zinc and cadmium or mining soils by facilitating the phytoextraction of
heavy metals from the soils by plants introduced for that purpose in the areas
concerned (Ortega-Larrocea et al. 2010; Zhang et al. 2012).

6 Adaptation to Human Activities

6.1 A Ticket for the Degradation of Xenobiotics?

With a stated goal of protecting crops, chemical control against pests, either weeds,
insects, or plant pathogenic microorganisms, results in a spill of more or less
complex molecules, most of which being xenobiotic compounds. The accumulation
of these molecules can negatively impact human, animal, plant, and microbial
populations under increasing pressure. The enzymatic equipment of F. oxysporum
allows the fungus to degrade pesticides, including organophosphates such as
malathion and fenitrothion which are neurotoxic insecticides (Hasan 1999; Peter
et al. 2015). According to the initial concentration (400—1000 ppm) and to the
availability of additional nutrients (carbon, nitrogen, phosphate), F. oxysporum was
capable of degrading malathion in less than 8 days up to 3 weeks of incubation. The
insecticide chlordecone is a contaminant found in most of the banana plantations in
the French West Indies. Microbial communities were severely negatively affected
by this organochlorine, but F. oxysporum was able to tolerate the presence of the
toxic molecules in soil as well as some few other fungal genera belonging to the
Ascomycota phylum (Merlin et al. 2013). However, F. oxysporum was the only
species able to grow on chlordecone as only carbon source in controlled conditions
and to dissipate up to 40 % of chlordecone. So also there, the enzyme potential
confers to the fungus a ubiquitous adaptability leading to exploit those skills to
address the presence of xenobiotic pesticides in soil and water (Pinto et al. 2012).

6.2 A Ticket for the Hospital?

Nosocomial infections are more and more frequently attributed to the presence of
Fusarium in hospital settings (Girmenia et al. 2000; Anaissie et al. 2001; Dignani
and Anaissie 2004; Sautour et al. 2012). The diseases often affect dramatically
immunocompromised patients (Nucci and Anaissie 2007) but can also target more
specifically and less dramatically contact-lens wearers and patients with infectious
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keratitis (Jureen et al. 2008). F. oxysporum and F. solani are the most dominant
species involved among the various Fusarium species that have been detected so far
(Anaissie et al. 2001; O’Donnell et al. 2007; Short et al. 2011; Scheel et al. 2013).
An epidemiological investigation conducted over 2 years in hospital and
nonhospital buildings in France revealed the existence of homogeneous populations
of F. oxysporum and F. dimerum common to all contaminated hospital sites
(Steinberg et al. 2015). The waterborne isolates tolerated higher concentrations of
chlorine dioxide used to disinfect the hospital water distribution systems and of
copper sulfate released by copper pipes and higher temperatures than did soilborne
isolates but did not show any specific resistance to fungicides. These populations
are present at very low densities in natural waters, making them difficult to detect,
but they are adapted to the specific conditions offered by the complex water systems
of public hospitals in France and probably other localities in the world (Steinberg
et al. 2015). Molecular analyses on the genetic diversity of populations of
F. oxysporum in hospitals brought evidence for the recent release of a clonal lineage
geographically widespread (O’Donnell et al. 2004).

These studies conducted by doctors, mycologists, taxonomists, and ecologists
led the different hospital departments to take measures to reduce the risk of spread
of the fungus in the premises, including minimizing the effects of aerosolization to
prevent nosocomial infections, what is quite good of course. They especially
highlight the impact of man on the evolution of microorganisms and their distribu-
tion throughout the world because here are clonal populations of F. oxysporum
adapted to urban water supply systems that are found in countries from different
continents.

7 Conclusion

There is no doubt that nonpathogenic F. oxysporum interact firstly with pathogenic
formae speciales of F. oxysporum or other pathogenic fungal species for the use of
trophic resources and space in the rhizosphere of host plants and also with the plant,
and they elicit defense reactions. These are the reasons why many strains of
nonpathogenic F. oxysporum are proposed as biocontrol agents to control the
infectious activity of pathogens or pests and reduce the severity of the disease
even if not so many strains are actually registered and available on the market.
Although this biocontrol activity is particularly important, it would be a shame to
reduce F. oxysporum to a simple role-playing in the rhizosphere of a plant that
distributes the game depending on its compatibility with one or the other of the
strains. Indeed, only the interaction with the plant discriminates pathogenic strains
from nonpathogenic ones. Molecular markers exist for a few number of formae
speciales, but for most of the others, these markers, if any, are difficult to identify.
The reasons are the very high genetic diversity within this species and the poly-
phyletic origin of the pathogenicity. In return, this diversity is a major asset for
F. oxysporum that can colonize and exploit all the compartments of the terrestrial
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ecosystem, even the most unexpected, whether they are extreme in nature or a result
of excessive anthropization. Thanks to a diverse enzymatic equipment and a
flexible metabolism, F. oxysporum is able to adapt to many environmental condi-
tions and above all to actively contribute to the biochemical processes governing
the functioning of the niches used by the fungus, whatever they are.

Beyond the biocontrol activity of F. oxysporum, the mechanisms of which are
beginning to be elucidated, at least partially, the bioremediation of contaminated
soils and the detoxification of harmful xenobiotics used in agriculture become
particularly attractive, as well as the potential its enzymatic equipment offers for
biotechnological processes including food processing. Finally, its ability to reduce
nitrates makes F. oxysporum the preferred study model to understand the role of
fungi in the denitrification process and particularly in their contribution to the
production of N,O and the resulting greenhouse gas. F. oxysporum, whether it is
pathogenic or nonpathogenic F. oxysporum, deserves its qualification as a ubiqui-
tous fungus because actually it is everywhere and it is active throughout. It appears
as the multipurpose fungal toolbox that pathologists sometimes ignore but which
nevertheless actively contributes to the global functioning of soil.

References

Abe T, Hoshino T, Nakamura A, Takaya N (2007) Anaerobic elemental sulfur reduction by fungus
Fusarium oxysporum. Biosci Biotechnol Biochem 71:2402-2407

Abo K, Klein KK, Edel-Hermann V, Gautheron N, Traore D, Steinberg C (2005) High genetic
diversity among strains of Fusarium oxysporum f. sp. vasinfectum from cotton in Ivory Coast.
Phytopathology 95:1391-1396

Aime S, Alabouvette C, Steinberg C, Olivain C (2013) The endophytic strain Fusarium oxysporum
Fo47: a good candidate for priming the defense responses in tomato roots. Mol Plant-Microbe
Interact 26:918-926

Alabouvette C, Couteaudier Y, Louvet J (1984) Studies on disease suppressiveness of soils—
dynamics of the populations of Fusarium spp. and F. oxysporum f. sp. melonis in a wilt-
suppressive and a wilt conducive soil. Agronomie 4:729-733

Alabouvette C, Olivain C, Migheli Q, Steinberg C (2009) Microbiological control of soil-borne
phytopathogenic fungi with special emphasis on wilt-inducing Fusarium oxysporum. New
Phytol 184:529-544

Ali S, Khan M, Fagan B, Mullins E, Doohan F (2012) Exploiting the inter-strain divergence of
Fusarium oxysporum for microbial bioprocessing of lignocellulose to bioethanol. AMB
Express 2:16

Ali SS, Khan M, Mullins E, Doohan F (2014) Identification of Fusarium oxysporum genes
associated with lignocellulose bioconversion competency. Bioenergy Res 7:110-119

Anaissie EJ, Kuchar RT, Rex JH, Francesconi A, Kasai M, Muller FMC, Lozano-Chiu M,
Summerbell MC, Dignani MC, Chanock SJ, Walsh TJ (2001) Fusariosis associated with
pathogenic Fusarium species colonization of a hospital water system: a new paradigm for
the epidemiology of opportunistic mold infections. Clin Infect Dis 33:1871-1878

Anasontzis GE, Zerva A, Stathopoulou PM, Haralampidis K, Diallinas G, Karagouni AD,
Hatzinikolaou DG (2011) Homologous overexpression of xylanase in Fusarium oxysporum
increases ethanol productivity during consolidated bioprocessing (CBP) of lignocellulosics. J
Biotechnol 152:16-23



Root Interactions with Nonpathogenic Fusarium oxysporum

Armstrong GM, Armstrong JK (1981) Formae speciales and races of Fusarium oxysporum causing
wilt diseases. In: Nelson PE et al (eds) Fusarium: diseases, biology, and taxonomy. Pennsyl-
vania State University Press, University Park, pp 391-399

Baayen RP, O’Donnell K, Bonants PJM, Cigelnik E, Kroon J, Roebroeck EJA, Waalwijk C (2000)
Gene genealogies and AFLP analyses in the Fusarium oxysporum complex identify monophy-
letic and nonmonophyletic formae speciales causing wilt and rot disease. Phytopathology
90:891-900

Babic MN, Zalar L, Zenko B, Schroers HJ, Deroski S, Gunde-Cimerman N (2015) Candida and
Fusarium species known as opportunistic human pathogens from customer-accessible parts of
residential washing machines. Fungal Biol 119:95-113

Backhouse D, Burgess LW, Summerell BA (2001) Biogeographie of Fusarium. In: Summerell BA
et al (eds) Fusarium, Paul Nelson Memorial Symposium. The American Phytopathological
Society (APS), St Paul, pp 122-137

Bao J, Fravel D, Lazarovits G, Chellemi D, van Berkum P, O’Neill N (2004) Biocontrol genotypes
of Fusarium oxysporum from tomato fields in Florida. Phytoparasitica 32:9-20

Belgrove A, Steinberg C, Viljoen A (2011) Evaluation of nonpathogenic Fusarium oxysporum and
Pseudomonas fluorescens for panama disease control. Plant Dis 95:951-959

Benhamou N, Garand C (2001) Cytological analysis of defense-related mechanisms induced in
pea root tissues in response to colonization by nonpathogenic Fusarium oxysporum Fod7.
Phytopathology 91:730-740

Bezerra JDP, Santos MGS, Barbosa RN, Svedese VM, Lima DMM, Fernandes MJS, Gomes BS,
Paiva LM, Almeida-Cortez JS, Souza-Motta CM (2013) Fungal endophytes from cactus
Cereus jamacaru in Brazilian tropical dry forest: a first study. Symbiosis 60:53-63

Burgess LW (1981) General ecology of the Fusaria. In: Nelson PE et al (eds) Fusarium: diseases,
biology, and taxonomy. Pennsylvania State University Press, University Park, pp 225-235

Canizares MC, Gomez-Lama C, Garcia-Pedraja MD, Perez-Artes E (2015) Study of phylogenetic
relationships among Fusarium oxysporum f. sp. dianthi isolates: confirmation of intrarace
diversity and development of a practical tool for simple population analyses. Plant Dis
99:780-787

Cheilas T, Stoupis T, Christakopoulos P, Katapodis P, Mamma D, Hatzinikolaou DG, Kekos D,
Macris BJ (2000) Hemicellulolytic activity of Fusarium oxysporum grown on sugar beet pulp.
Production of extracellular arabinanase. Process Biochem 35:557-561

Chen HH, Mothapo NV, Shi W (2014) The significant contribution of fungi to soil N,O production
across diverse ecosystems. Appl Soil Ecol 73:70-77

Chiapello M, Daghino S, Martino E, Perotto S (2010) Cellular response of Fusarium oxysporum to
crocidolite asbestos as revealed by a combined proteomic approach. J Proteome Res
9:3923-3931

Christakopoulos P, Macris BJ, Kekos D (1989) Direct fermentation of cellulose to ethanol by
Fusarium oxysporum. Enzyme Microb Technol 11:236-239

Christakopoulos P, Koullas D, Kekos D, Koukios E, Macris B (1991) Direct conversion of straw to
ethanol by Fusarium oxysporum: effect of cellulose crystallinity. Enzyme Microb Technol
13:272-274

Correll J (1991) The relationship between formae speciales, races, and vegetative compatibility
groups in Fusarium oxysporum. Phytopathology 81:1061-1064

Da Silva MC, Bertolini MC, Ernandes JR (2001) Biomass production and secretion of hydrolytic
enzymes are influenced by the structural complexity of the nitrogen source in Fusarium
oxysporum and Aspergillus nidulans. ] Basic Microbiol 41:269-280

Daboussi MJ (1996) Fungal transposable elements: generators of diversity and genetic tools. J
Genet 75:325-339

Daboussi MJ, Langin T (1994) Transposable elements in the fungal plant pathogen Fusarium
oxysporum. Genetica 93:49-59

Dalber A, Shoun H, Ullrich V (2005) Nitric oxide reductase (P450(nor)) from Fusarium
oxysporum. J Inorg Biochem 99:185-193



C. Steinberg et al.

Daviere JM, Langin T, Daboussi MJ (2001) Potential role of transposable elements in the rapid
reorganization of the Fusarium oxysporum genome. Fungal Genet Biol 34:177-192

Debasmita G, Priyanka D, Tanusree C, Naim U, Das AK (2014) Study of aeromycoflora in indoor
and outdoor environment of National Library, Kolkata. Int J Plant Anim Environ Sci
4:663-672

Demers JE, Garzon CD, Jiménez-Gasco MDM (2014) Striking genetic similarity between races of
Fusarium oxysporum f. sp. ciceris confirms a monophyletic origin and clonal evolution of the
chickpea vascular wilt pathogen. Eur J Plant Pathol 139:303-318

Demers JE, Gugino BK, Jimenez-Gasco MD (2015) Highly diverse endophytic and soil Fusarium
oxysporum populations associated with field-grown tomato plants. Appl Environ Microbiol
81:81-90

Dignani MC, Anaissie E (2004) Human fusariosis. Clin Microbiol Infect 10:67-75

Duran N, Marcato PD, De Souza GIH, Alves OL, Esposito E (2007) Antibacterial effect of silver
nanoparticles produced by fungal process on textile fabrics and their effluent treatment. J
Biomed Nanotechnol 3:203-208

Edel V, Steinberg C, Gautheron N, Alabouvette C (1997) Populations of nonpathogenic Fusarium
oxysporum associated with roots of four plant species compared to soilborne populations.
Phytopathology 87:693—-697

Edel V, Steinberg C, Gautheron N, Recorbet G, Alabouvette C (2001) Genetic diversity of
Fusarium oxysporum populations isolated from different soils in France. FEMS Microbiol
Ecol 36:61-71

Edel-Hermann V, Aime S, Cordier C, Olivain C, Steinberg C, Alabouvette C (2011) Development
of a strainspecific real-time PCR assay for the detection and quantification of the biological
control agent Fo47 in root tissues. FEMS Microbiol Lett 322:34—40

Edel-Hermann V, Gautheron N, Steinberg C (2012) Genetic diversity of Fusarium oxysporum and
related species pathogenic on tomato in Algeria and other Mediterranean countries. Plant
Pathol 322:34-40

Edel-Hermann V, Gautheron N, Mounier A, Steinberg C (2015) Fusarium diversity in soil using a
specific molecular approach and a cultural approach. J Microbiol Methods 111:64-71

El-Fattah A, Dababat A, Sikora RA (2007) Influence of the mutualistic endophyte Fusarium
oxysporum 162 on Meloidogyne incognita attraction and invasion. Nematology 9:771-776

Elias KS, Schneider RW (1992) Genetic diversity within and among races and vegetative
compatibility groups of Fusarium oxysporum f.sp. lycopersici as determined by isozyme
analysis. Phytopathology 82:1421-1427

Eparvier A, Alabouvette C (1994) Use of ELISA and GUS-transformed strains to study compe-
tition between pathogenic and non-pathogenic Fusarium oxysporum for root colonization.
Biocontrol Sci Technol 4:35-47

Escobosa ARC, Figueroa JAL, Corona JFG, Wrobel K (2009) Effect of Fusarium oxysporum f. sp
lycopersici on the degradation of humic acid associated with Cu, Pb, and Ni: an in vitro study.
Anal Bioanal Chem 394:2267-2276

Falcon MA, Rodriguez A, Carnicero A, Regalado V, Perestelo F, Milstein O, Delafuente G (1995)
Isolation of microorganisms with lignin transformation potential from soil of Tenerife Island.
Soil Biol Biochem 27:121-126

Feng QF, Su SM, Zeng XB, Zhang YZ, Li LF, Bai LY, Duan R, Lin ZL (2015) Arsenite resistance,
accumulation, and volatilization properties of Trichoderma asperellum SM-12F1, Penicillium
Jjanthinellum SM-12F4, and Fusarium oxysporum CZ-8F1. Clean: Soil Air Water 43:141-146

Forsyth LM, Smith LJ, Aitken EAB (2006) Identification and characterization of non-pathogenic
Fusarium oxysporum capable of increasing and decreasing Fusarium wilt severity. Mycol Res
110:929-935

Fravel D, Olivain C, Alabouvette C (2003) Fusarium oxysporum and its biocontrol. New Phytol
157:493-502

Girmenia C, Pagano L, Corvatta L, Mele L, Del Favero A, Martino P (2000) The epidemiology of
fusariosis in patients with haematological diseases. Br J Haematol 111:272-276



Root Interactions with Nonpathogenic Fusarium oxysporum

Gizi D, Stringlis IA, Tjamos SE, Paplomatas EJ (2011) Seedling vaccination by stem injecting a
conidial suspension of F2, a non-pathogenic Fusarium oxysporum strain, suppresses
Verticillium wilt of eggplant. Biol Control 58:387-392

Groenewald S, Van den Berg N, Marasas WFO, Viljoen A (2006) The application of high-
throughput AFLP’s in assessing genetic diversity in Fusarium oxysporum f. sp cubense.
Mycol Res 110:297-305

Hasan HAH (1999) Fungal utilization of organophosphate pesticides and their degradation by
Aspergillus flavus and A-sydowii in soil. Folia Microbiol 44:77-84

Holker U, Ludwig S, Scheel T, Hofer M (1999) Mechanisms of coal solubilization by the
deuteromycetes Trichoderma atroviride and Fusarium oxysporum. Appl Microbiol Biotechnol
52:57-59

Huang YH, Busk PK, Lange L (2015) Cellulose and hemicellulose-degrading enzymes in Fusar-
ium commune transcriptome and functional characterization of three identified xylanases.
Enzyme Microb Technol 73-74:9-19

Inami K, Yoshioka-Akiyama CY, Yamasaki M, Teraoka T, Arie T (2012) A genetic mechanism
for emergence of races in Fusarium oxysporum f. sp. lycopersici: inactivation of avirulence
gene AVRI1 by transposon insertion. PLoS One 7(8), e44101

Inami K, Kashiwa T, Kawabe M, Onokubo-Okabe A, Ishikawa N, Perez ER, Hozumi T, Caballero
LA, De Baldarrago FC, Roco MJ, Madadi KA, Peever TL, Teraoka T, Kodama M, Arie T
(2014) The Tomato wilt fungus Fusarium oxysporum f. sp lycopersici shares common ances-
tors with nonpathogenic F. oxysporum isolated from wild tomatoes in the Peruvian Andes.
Microbes Environ 29:200-210

Jirout J, Simek M, Elhottova D (2013) Fungal contribution to nitrous oxide emissions from cattle
impacted soils. Chemosphere 90:565-572

Jureen R, Koh TH, Wang G, Chai LYA, Tan AL, Chai T, Wong YW, Wang Y, Tambyah PA,
Beuerman R, Tan D (2008) Use of multiple methods for genotyping Fusarium during an
outbreak of contact lens associated fungal keratitis in Singapore. BMC Infect Dis 8:92

Khan AAH, Karuppayil SM, Manoharachary C, Kunwar IK, Waghray S (2009) Isolation, identi-
fication and testing for allergenicity of fungi from air-conditioned indoor environments.
Aerobiologia 25:119-123

Kistler HC (1997) Genetic diversity in the plant-pathogenic fungus Fusarium oxysporum. Phyto-
pathology 87:474-479

Kobayashi M, Matsuo Y, Takimoto A, Suzuki S, Maruo F, Shoun H (1996) Denitrification, a novel
type of respiratory metabolism in fungal mitochondrion. J Biol Chem 271:16263-16267

Kommedahl T, Abbas HK, Burnes PM, Mirocha CJ (1988) Prevalence and toxigenicity of
Fusarium species from soils of Norway near the Artic-circle. Mycologia 80:790-794

Landa BB, Navas-Cortes JA, Hervas A, Jimenez-Diaz RM (2001) Influence of temperature and
inoculum density of Fusarium oxysporum f. sp ciceris on suppression of fusarium wilt of
chickpea by rhizosphere bacteria. Phytopathology 91:807-816

Larkin RP, Griffin TS (2007) Control of soilborne potato diseases using Brassica green manures.
Crop Prot 26:1067-1077

Larkin RP, Hopkins DL, Martin FN (1993) Effect of successive watermelon plantings on Fusar-
ium oxysporum and other microorganisms in soil suppressive and conducive to fusarium wilt of
watermelon. Phytopathology 83:1097-1105

Laurence MH, Burgess LW, Summerell BA, Liew ECY (2012) High levels of diversity in
Fusarium oxysporum from non-cultivated ecosystems in Australia. Fungal Biol 116:289-297

Lecomte C, Edel-Hermann V, Cannesan MA, Gautheron N, Langlois A, Alabouvette C, Robert F,
Steinberg C (2016) Fusarium oxysporum f. sp. cyclaminis, an underestimated genetic diversity.
Eur J Plant Pathol 145:421-431

Lee HS, Kang JW, Kim BH, Park SG, Lee C (2011) Statistical optimization of culture conditions
for the production of enniatins H, I, and MK1688 by Fusarium oxysporum KFCC 11363P. J
Biosci Bioeng 111:279-285



C. Steinberg et al.

Lievens B, Rep M, Thomma BPHJ (2008) Recent developments in the molecular discrimination of
formae speciales of Fusarium oxysporum. Pest Manag Sci 64:781-788

Ling N, Zhang WW, Tan SY, Huang QW, Shen QR (2012) Effect of the nursery application of
bioorganic fertilizer on spatial distribution of Fusarium oxysporum f. sp niveum and its
antagonistic bacterium in the rhizosphere of watermelon. Appl Soil Ecol 59:13-19

Loffler HIM, Rumine P (1991) Virulence and vegetative compatibility of Dutch and Italian
isolates of Fusarium oxysporum f. sp. lilii. J Phytopathol 132:12-20

Long A, Heitman J, Tobias C, Philips R, Song B (2013) Co-occurring anammox, denitrification,
and codenitrification in agricultural soils. Appl EnvironMicrobiol 79:168-176

Lori G, Edel-Hermann V, Gautheron N, Alabouvette C (2004) Genetic diversity of pathogenic and
nonpathogenic populations of Fusarium oxysporum isolated from carnation fields in Argentina.
Phytopathology 94:661-668

Lori GA, Petiet PM, Malbran I, Mourelos CA, Wright ER, Rivera MC (2012) Fusarium wilt of
cyclamen: pathogenicity and vegetative compatibility groups structure of the pathogen in
Argentina. Crop Prot 36:43-48

Luongo L, Ferrarini A, Haegi A, Vitale S, Polverari A, Belisario A (2015) Genetic diversity and
pathogenicity of Fusarium oxysporum f.sp melonis races from different areas of Italy. J
Phytopathol 163:73-83

Ma LJ, van der Does C, Borkovich KA, Coleman JJ, Daboussi MJ, Di Pietro A, Dufresne M,
Freitag M et al (2010) Comparative genomics reveals mobile pathogenicity chromosomes in
Fusarium. Nature 464:367-373

Maeda K, Spor A, Edel-Hermann V, Heraud C, Breuil MC, Bizouard F, Toyoda S, Yoshida N,
Steinberg C, Philippot L (2015) N,O production, a widespread trait in fungi. Sci Rep 5. doi: 10.
1038/srep09697

Mamma D, Kourtoglou E, Christakopoulos P (2008) Fungal multienzyme production on industrial
by-products of the citrus-processing industry. Bioresour Technol 99:2373-2383

Mandeel QA (2006) Biodiversity of the genus Fusarium in saline soil habitats. J Basic Microbiol
46:480-494

Martinuz A, Schouten A, Menjivar RD, Sikora RA (2012) Effectiveness of systemic resistance
toward Aphis gossypii (Hom, Aphididae) as induced by combined applications of the endo-
phytes Fusarium oxysporum Fol62 and Rhizobium etli G12. Biol Control 62:7

Massaccesi G, Romero MC, Cazau MC, Bucsinszky AM (2002) Cadmium removal capacities of
filamentous soil fungi isolated from industrially polluted sediments, in La Plata (Argentina).
World J Microbiol Biotechnol 18:817-820

Matias SR, Pagano MC, Muzzi FC, Oliveira CA, Carneiro AA, Horta SN, Scotti MR (2009) Effect
of rhizobia, mycorrhizal fungi and phosphate-solubilizing microorganisms in the rhizosphere
of native plants used to recover an iron ore area in Brazil. Eur J Soil Biol 45:259-266

McKenzie F, Taylor GS (1983) Fusarium populations in British soils relative to different cropping
practices. Trans Br Mycol Soc 80:409-413

Menjivar RD, Cabrera JA, Kranz J, Sikora RA (2012) Induction of metabolite organic compounds
by mutualistic endophytic fungi to reduce the greenhouse whitefly Trialeurodes vaporariorum
(Westwood) infection on tomato. Plant Soil 352:233-241

Merlin C, Devers M, Crouzet O, Heraud C, Steinberg C, Mougin C, Martin-Laurent F (2013)
Characterization of chlordecone-tolerant fungal populations isolated from long-term polluted
tropical volcanic soil in the French West Indies. Environ Sci Pollut Res 21:4914-4927

Migheli Q, Lauge R, Daviere JM, Gerlinger C, Kaper F, Langin T, Daboussi MJ (1999) Transpo-
sition of the autonomous Fotl element in the filamentous fungus Fusarium oxysporum.
Genetics 151:1005-1013

Morocko-Bicevska I, Fatehi J, Gerhardson B (2014) Biocontrol of strawberry root rot and petiole
blight by use of non-pathogenic Fusarium sp strains. In: 7th International strawberry sympo-
sium (Vol. 1049, pp. 599-605)


http://dx.doi.org/10.1038/srep09697
http://dx.doi.org/10.1038/srep09697

Root Interactions with Nonpathogenic Fusarium oxysporum

Mothapo N, Chen HH, Cubeta MA, Grossman JM, Fuller F, Shi W (2015) Phylogenetic, taxo-
nomic and functional diversity of fungal denitrifiers and associated N,O production efficacy.
Soil Biol Biochem 83:160-175

Nel B, Steinberg C, Labuschagne N, Viljoen A (2006) The potential of nonpathogenic Fusarium
oxysporum and other biological control organisms for suppressing fusarium wilt of banana.
Plant Pathol 55:217-223

Nucci M, Anaissie E (2007) Fusarium infections in immunocompromised patients. Clin Microbiol
Rev 20:695

O’Donnell K, Kistler HC, Cigelnik E, Ploetz RC (1998) Multiple evolutionary origins of the
fungus causing Panama disease of banana: concordant evidence from nuclear and mitochon-
drial gene genealogies. Proc Natl Acad Sci USA 95:2044-2049

O’Donnell K, Sutton DA, Rinaldi MG, Magnon KC, Cox PA, Revankar SG, Sanche S, Geiser DM,
Juba JH, van Burik JAH, Padhye A, Anaissie EJ, Francesconi A, Walsh TJ, Robinson JS (2004)
Genetic diversity of human pathogenic members of the Fusarium oxysporum complex inferred
from multilocus DNA sequence data and amplified fragment length polymorphism analyses:
evidence for the recent dispersion of a geographically widespread clonal lineage and nosoco-
mial origin. J Clin Microbiol 42:5109-5120

O’Donnell K, Sarver BAJ, Brandt M, Chang DC, Noble-Wang J, Park BJ, Sutton DA, Benjamin L,
Lindsley M, Padhye A, Geiser DM, Ward TJ (2007) Phylogenetic diversity and microsphere
array-based genotyping of human pathogenic fusaria, including isolates from the multistate
contact lens—associated US Keratitis outbreaks of 2005 and 2006. J Clin Microbiol
45:2235-2248

O’Donnell K, Gueidan C, Sink S, Johnston PR, Crous PW, Glenn A, Riley R, Zitomer NC,
Colyer P, Waalwijk C, van der Lee T, Moretti A, Kang S, Kim HS, Geiser DM, Juba JH,
Baayen RP, Cromey M, Bithell S, Sutton DA, Skovgaard K, Ploetz R, Kistler HC, Elliott M,
Davis M, Sarver BAJ (2009) A two-locus DNA sequence database for typing plant and human
pathogens within the Fusarium oxysporum species complex. Fungal Genet Biol 46:936-948

Ogawa K, Komada H (1984) Biological control of Fusarium wilt of sweet potato by
non-pathogenic Fusarium oxysporum. Ann Phytopathol Soc Jpn 50:1-9

Olivain C, Alabouvette C (1997) Colonization of tomato root by a non-pathogenic strain of
Fusarium oxysporum. New Phytol 137:481-494

Olivain C, Alabouvette C, Steinberg C (2004) Production of a mixed inoculum of Fusarium
oxysporum Fod7 and Pseudomonas fluorescens C7 to control Fusarium diseases. Biocontrlol
Sci Technol 14:227-238

Olivain C, Humbert C, Nahalkova J, Fatehi J, L’Haridon F, Alabouvette C (2006) Colonization of
tomato root by pathogenic and nonpathogenic Fusarium oxysporum strains inoculated together
and separately into the soil. Appl Environ Microbiol 72:1523-1531

Ortega-Larrocea MD, Xoconostle-Cazares B, Maldonado-Mendoza IE, Carrillo-Gonzalez R,
Hernandez-Hernandez J, Garduno MD, Lopez-Meyer M, Gomez-Flores L, Gonzalez-Chavez
MDA (2010) Plant and fungal biodiversity from metal mine wastes under remediation at
Zimapan, Hidalgo, Mexico. Environ Pollut 158:1922-1931

Palmero D, Iglesias C, de Cara M, Lomas T, Santos M, Tello JC (2009) Species of Fusarium
isolated from river and sea water of Southeastern Spain and pathogenicity on four plant
species. Plant Dis 93:377-385

Palmero D, Rodriguez JM, de Cara M, Camacho F, Iglesias C, Tello JC (2011) Fungal microbiota
from rain water and pathogenicity of Fusarium species isolated from atmospheric dust and
rainfall dust. J Ind Microbiol Biotechnol 38:13-20

Panagiotou G, Kekos D, Macris BJ, Christakopoulos P (2003) Production of cellulolytic and
xylanolytic enzymes by Fusarium oxysporum grown on corn stover in solid state fermentation.
Ind Crops Prod 18:37-45

Panagiotou G, Christakopoulos P, Olsson L (2005) The influence of different cultivation condi-
tions on the metabolome of Fusarium oxysporum. J Biotechnol 118:304-315



C. Steinberg et al.

Panagiotou G, Christakopoulos P, Grotkjaer T, Olsson L (2006) Engineering of the redox
imbalance of Fusarium oxysporum enables anaerobic growth on xylose. Metabol Eng
8:474-482

Paparu P, Dubois T, Coyne D, Viljoen A (2009) Dual inoculation of Fusarium oxysporum
endophytes in banana: effect on plant colonization, growth and control of the root burrowing
nematode and the banana weevil. Biocontrol Sci Technol 19:639-655

Park D (1963) Presence of Fusarium oxysporum in soils. Trans Br Mycol Soc 46:444-448

Peter L, Gajendiran A, Mani D, Nagaraj S, Abraham J (2015) Mineralization of Malathion by
Fusarium oxysporum strain JASA1 isolated from sugarcane fields. Environ Prog Sustainable
Energy 34:112-116

Pinto AP, Serrano C, Pires T, Mestrinho E, Dias L, Teixeira DM, Caldeira AT (2012) Degradation
of terbuthylazine, difenoconazole and pendimethalin pesticides by selected fungi cultures. Sci
Total Environ 435:402-410

Porri A, Baroncelli R, Guglielminetti L, Sarrocco S, Guazzelli L, Forti M, Catelani G, Valentini G,
Bazzichi M, Franceschi M, Vannacci G (2011) Fusarium oxysporum degradation and detox-
ification of a new textile-glycoconjugate azo dye (GAD). Fungal Biol 115:30-37

Postma J, Rattink H (1992) Biological control of fusarium wilt of carnation with a nonpathogenic
isolate of Fusarium oxysporum. Can J Bot 70:1199-1205

Recorbet G, Steinberg C, Olivain C, Edel V, Trouvelot S, Dumas-Gaudot E, Gianinazzi S,
Alabouvette C (2003) Wanted: pathogenesis-related marker molecules for Fusarium
oxysporum. New Phytol 159:73-92

Rodriguez A, Perestelo F, Carnicero A, Regalado V, Perez R, DelaFuente G, Falcon MA (1996)
Degradation of natural lignins and lignocellulosic substrates by soil-inhabiting fungi
imperfecti. FEMS Microbiol Ecol 21:213-219

Rouxel F, Alabouvette C, Louvet J (1979) Recherches sur la résistance des sols aux maladies. [V—
Mise en évidence du role des Fusarium autochtones dans la résistance d’un sol a la Fusariose
vasculaire du Melon. Annal Phytopathol 11:199-207

Ruiz E, Romero I, Moya M, Sanchez S, Bravo V, Castro E (2007) Sugar fermentation by Fusarium
oxysporum to produce ethanol. World J Microbiol Biotechnol 23:259-267

Sampedro I, D’ Annibale A, Ocampo JA, Stazi SR, Garcia-Romera I (2007) Solid-state cultures of
Fusarium oxysporum transform aromatic components of olive-mill dry residue and reduce its
phytotoxicity. Bioresour Technol 98:3547-3554

Sanyal A, Rautaray D, Bansal V, Ahmad A, Sastry M (2005) Heavy-metal remediation by a fungus
as a means of production of lead and cadmium carbonate crystals. Langmuir 21:7220-7224

Sato I, Shimatani K, Fujita K, Abe T, Shimizu M, Fujii T, Hoshino T, Takaya N (2011)
Glutathione reductase/glutathione is responsible for cytotoxic elemental sulfur tolerance via
polysulfide shuttle in fungi. J Biol Chem 286:20283-20291

Sautour M, Edel-Hermann V, Steinberg C, Sixt N, Laurent J, Dalle F, Aho S, Hartemann P,
L’Ollivier C, Goyer M, Bonnin A (2012) Fusarium species recovered from the water distri-
bution system of a French university hospital. Int J Hyg Environ Health 215:286-292

Scheel CM, Hurst SF, Barreiros G, Akiti T, Nucci M, Balajee SA (2013) Molecular analyses of
Fusarium isolates recovered from a cluster of invasive mold infections in a Brazilian hospital.
BMC Infect Dis 13:12

Schmidt SM, Houterman PM, Schreiver I, Ma LS, Amyotte S, Chellappan B, Boeren S, Takken
FLW, Rep M (2013) MITEs in the promoters of effector genes allow prediction of novel
virulence genes in Fusarium oxysporum. BMC Genomics 14:21

Short DG, O’Donnell K, Zhang N, Juba JH, Geiser DM (2011) Widespread occurrence of diverse
human pathogenic types of the fungus Fusarium detected in plumbing drains. J Clin Microbiol
49:4264e4272

Shoun H, Tanimoto T (1991) Denitrification by the fungus Fusarium oxysporum and involvement
of cytochrome P-450 in the respiratory nitrite reduction. J Biol Chem 266:11078-11082

Shoun H, Fushinobu S, Jiang L, Kim SW, Wakagi T (2012) Fungal denitrification and nitric oxide
reductase cytochrome P450nor. Philos Trans R Soc B Biol Sci 367:1186-1194



Root Interactions with Nonpathogenic Fusarium oxysporum

Silva IS, Grossman M, Durranta LR (2009) Degradation of polycyclic aromatic hydrocarbons (2-7
rings) under microaerobic and very-low-oxygen conditions by soil fungi. Int Biodeterior
Biodegrad 63:224-229

Steinberg C, Whipps JM, Wood D, Fenlon J, Alabouvette C (1999a) Mycelial development of
Fusarium oxysporum in the vicinity of tomato roots. Mycol Res 103:769-778

Steinberg C, Whipps JM, Wood D, Fenlon J, Alabouvette C (1999b) Effects of nutritional sources
on growth of one non-pathogenic strain and four strains of Fusarium oxysporum pathogenic on
tomato. Mycol Res 103:1210-1216

Steinberg C, Laurent J, Edel-Hermann V, Barbezant M, Sixt N, Dalle F, Aho S, Bonnin A,
Hartemann P, Sautour M (2015) Adaptation of Fusarium oxysporum and Fusarium dimerum
to the specific aquatic environment provided by the water systems of hospitals. Water Res
76:53-65

Takasaki K, Shoun H, Yamaguchi M, Takeo K, Nakamura A, Hoshino T, Takaya N (2004) Fungal
ammonia fermentation, a novel metabolic mechanism that couples the dissimilatory and
assimilatory pathways of both nitrate and ethanol—role of acetyl CoA synthetase in anaerobic
ATP synthesis. J Biol Chem 279:12414-12420

Takaya N (2002) Dissimilatory nitrate reduction metabolisms and their control in fungi. J Biosci
Bioeng 94:506-510

Takaya N, Shoun H (2000) Nitric oxide reduction, the last step in denitrification by Fusarium
oxysporum, is obligatorily mediated by cytochrome P450nor. Mol Gen Genet 263:342-348

Tamietti G, Alabouvette C (1986) Studies on the disease suppressiveness of soil. 13. Role of non
pathogenic Fusarium oxysporum in the wilt suppressive mechanisms of a soil from
Noirmoutier. Agronomie 6:541-548

Tantaoui A, Ouinten M, Geiger JP, Fernandez D (1996) Characterization of a single clonal lineage
of Fusarium oxysporum ft sp albedinis causing Bayoud disease of date palm in Morocco.
Phytopathology 86:787-792

Toyota K, Kimura M (1992) Growth of Fusarium oxysporum f. sp. raphani in the host rhizosphere.
Jpn J Soil Sci Plant Nutr 63:566-570

Veloso J, Diaz J (2012) Fusarium oxysporum Fo47 confers protection to pepper plants against
Verticillium dahliae and Phytophthora capsici, and induces the expression of defence genes.
Plant Pathol 61:281-288

Vos CM, Yang Y, De Coninck B, Cammue BPA (2014) Fungal (-like) biocontrol organisms in
tomato disease control. Biol Control 74:65-81

Wunsch MJ, Baker AH, Kalb DW, Bergstrom GC (2009) Characterization of Fusarium
oxysporum f. sp loti Forma Specialis nov., a monophyletic pathogen causing vascular wilt of
birdsfoot trefoil. Plant Dis 93:58-66

Xiros C, Katapodis P, Christakopoulos P (2011) Factors affecting cellulose and hemicellulose
hydrolysis of alkali treated brewers spent grain by Fusarium oxysporum enzyme extract.
Bioresour Technol 102:1688—-1696

Zeng XB, Su SM, Jiang XL, Li LF, Bai LY, Zhang YR (2010) Capability of pentavalent arsenic
bioaccumulation and biovolatilization of three fungal strains under laboratory conditions.
Clean: Soil Air Water 38:238-241

Zhang XC, Lin L, Chen MY, Zhu ZQ, Yang WD, Chen B, Yang XE, An QL (2012) A
nonpathogenic Fusarium oxysporum strain enhances phytoextraction of heavy metals by the
hyperaccumulator Sedum alfredii Hance. ] Hazard Mater 229:361-370

Zhang QH, Yang L, Zhang J, Wu MD, Chen WD, Jiang DH, Li GQ (2015) Production of anti-
fungal volatiles by non-pathogenic Fusarium oxysporum and its efficacy in suppression of
Verticillium wilt of cotton. Plant Soil 392:101-114

Zhou ZM, Takaya N, Shoun H (2010) Multi-energy metabolic mechanisms of the fungus Fusar-
ium oxysporum in low oxygen environments. Biosci Biotechol Biochem 74:2431-2437



	Root Interactions with Nonpathogenic Fusarium oxysporum
	1 Introduction
	2 To Be or Not to Be a Nonpathogenic F. oxysporum?
	3 Is F. oxysporum Only a Soilborne Fungus?
	4 Would There Be a New Robin Hood in the Rhizosphere of Plants to Be Protected?
	5 Dormant or Active Actor of the Biological Functioning of Soils?
	5.1 Carbon Utilization
	5.2 Nitrogen Utilization
	5.3 Bioremediation

	6 Adaptation to Human Activities
	6.1 A Ticket for the Degradation of Xenobiotics?
	6.2 A Ticket for the Hospital?

	7 Conclusion
	References




