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A B S T R A C T

Production of many crops, including bananas, is threatened worldwide by the spread of pathogenic strains of Fusarium oxysporum, the causal agent of Fusarium wilt.
Severity of the disease is related to soil biotic and abiotic attributes, which influence the plant, the pathogen and the other soil organisms. Across a variety of crops,
soil temperature, redox potential, and extractable iron and manganese contents are generally positively correlated with disease severity, whereas pH, ni-
trate:ammonium ratio, organic matter content and extractable calcium, zinc, silicon, potassium, phosphorus and boron contents are negatively correlated, but less
consensus exists for bananas. There are numerous incompletely understood interactions between soil abiotic attributes and disease severity, including those between
pH- and redox-controlled micronutrient availability, buffering by organic matter and clay, and effects of nutrients on plant defence mechanisms. Though not all soil
attributes can be managed, pH, organic matter content and availability of nutrients show promise for manipulation to reduce disease severity and mitigate risk.

1. Introduction

‘Fusarium wilt’, a vascular wilt disease, is caused by soil-borne pa-
thogenic strains of Fusarium oxysporum, a diverse species complex of
fungus including both pathogenic and non-pathogenic forms (Leslie and
Summerell, 2008). The pathogenic strains are largely host specific and
are responsible for yield losses in a variety of important crops such as
tomato, cucumber, melons, flax, lettuce, strawberry, oil palm, tobacco,
carnation, cotton, and banana (Table 1) and can even affect humans
(Leslie and Summerell, 2008). F. oxysporum is currently subdivided into
formae speciales based on host plant species rather than taxonomic
distinctness (Kang et al., 2014; Leslie and Summerell, 2008). As a
hemibiotroph, F. oxysporum attacks susceptible hosts, but it is a fa-
cultative saprophyte, able to survive on dead organic material for ex-
tended periods of time. It can also live as an endophyte in symptomless
host plants, including common weed species (Altinok, 2013; Hennessy
et al., 2005). While the impact of pathogenic strains has been geo-
graphically limited in the past, the rise of global transport has vastly
increased their spread and importance (Desprez-Loustau et al., 2007).
The relationship between soil properties and disease severity may differ
between species and strains of Fusarium (Jarvis and Thorpe, 1980).

Several reviews (Dordas, 2008; Höper and Alabouvette, 1996;
Janvier et al., 2007) outlined the effects of soil abiotic characteristics on
severity of soil-borne diseases but did not focus on Fusarium wilts.
Höper and Alabouvette’s (1996) review did discuss Fusarium wilt, but
subsequent research has furthered the understanding of several me-
chanisms. A recent review of management of Fusarium wilt of banana
by Ploetz (2015b) only briefly addressed manipulation of soil proper-
ties. This review focuses on bananas due to the recent spread of Panama

disease, but it also includes relevant results from a variety of other
crops affected by F. oxysporum. We review the effects of soil abiotic
attributes on Fusarium wilt, based on field surveys, manipulative trials
and laboratory experiments.

This review focusses primarily on soil chemical characteristics, with
special emphasis on micronutrient availability. The effects of soil phy-
sical characteristics are only briefly examined due to the limited
number of studies that have been performed. Most physical properties
are best measured in the field, but most research has focused on soil
characteristics amenable to analysis in the laboratory. Many soil char-
acteristics influence availability of micronutrients to organisms, and
manipulation of micronutrient availability has been proposed as a
method to reduce the severity of Fusarium wilt (Lemanceau, 1989). The
relationships between Fusarium wilt severity and soil attributes are
complex and far from being fully understood. However, a rapidly im-
proving understanding of the mechanisms involved suggests that
management interventions to mitigate effects of the disease may be
possible in the future.

2. Fusarium wilt of bananas (Panama disease)

Bananas and plantains are a major source of food and income for
people in many tropical and subtropical regions (Lescot, 2015). Nearly
50% of world production is of the Cavendish cultivar (Musa AAA),
which is susceptible to a currently spreading pathogenic strain of F.
oxysporum. Similarly susceptible cultivars cover a large proportion of
remaining production (Lescot, 2015).

The causal agent of Panama disease, Fusarium oxysporum f.sp. cu-
bense (Foc), is subdivided into ‘races’ based on the cultivars of banana
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affected (Ploetz, 2015a). Race 1 (R1) affects Maqueno, Silk, Pome, Pi-
sang Awak and Gros Michel cultivars, Race 2 affects cooking bananas,
Race 3 does not affect bananas, and Race 4 affects Race 1- and 2-sus-
ceptible cultivars as well as Cavendish (Ploetz, 2015a). Race 4 is sub-
divided into Subtropical Race 4 (SR4), that affects susceptible cultivars
under stressful growing conditions in the subtropics, and Tropical Race
4 (TR4), that affects susceptible cultivars in all conditions (Ploetz,
2015a).

Over the past hundred years Panama Disease has had devastating
effects on global banana production (Ploetz, 2015a). The disease was
originally described in 1874 in Brisbane, and again in 1890 in Central
America. In the first half of the 20th century over 40,000 ha of com-
mercial Gros Michel (Musa AAA) bananas, plus lesser amounts of other
susceptible cultivars, were destroyed by Foc R1 (Pegg et al., 1996). The
spread of Foc R1, subsequent production losses of Gros Michel, and
associated economic drivers caused a large-scale transition to Ca-
vendish, the most agronomically successful resistant cultivar. The
clonal nature of bananas and reliance upon a single cultivar in large
plantations means the industry is vulnerable to rapid spread of diseases.

Foc TR4, which was first identified in the 1990’s, now poses a ser-
ious threat to global banana production due to its continual spread, and
the widespread cultivation of susceptible cultivars (Ploetz and Pegg,
1997). Foc TR4 has now been confirmed throughout Southeast Asia
(Chittarath et al., 2017; Hung et al., 2017; Mostert et al., 2017), and in
China, South Asia, the Middle-East, Africa (García-Bastidas et al., 2013;
Ploetz et al., 2015) (Ordonez et al., 2015) (Qi et al., 2008) (Thangavelu,
2016) and Australia (Cook et al., 2015; O’Neill et al., 2016). Future
spread to growing regions in Latin America would make the impact
global.

There is not yet a commercially effective method of controlling
Panama disease (Ploetz, 2015b). Quarantine measures have slowed, but
are unlikely to stop the spread of Foc TR4. Selection and breeding of
Foc TR4-resistant varieties has generated some promising cultivars such
as Goldfinger and Taiwanese GCTCV somaclones (Hwang and Ko,
2004), but a suitably productive alternative to Cavendish has not yet
been found. Fungicides will not be able to control this soil-borne pa-
thogen in the field, for a variety of reasons, but they have shown pro-
mise for disinfection of farm implements contaminated by F. oxysporum
of tomato (Amini and Sidovich, 2010; Song et al., 2004), watermelon
(Everts et al., 2014) and banana (Nel et al., 2007). The rotation of
crops, or fallowing of fields is ineffective as Foc commonly persists in
soil beyond 20 years (Stover, 1962). Recently, addition of micro-
organisms (Cha et al., 2016; Cotxarrera et al., 2002; Fu et al., 2017;
Shen et al., 2015a; Wu et al., 2013) and chemical amendments
(Fortunato et al., 2012a; Liu et al., 2016; Peng et al., 1999) have shown
promise for reducing disease severity. In case of only partially resistant
cultivars being found, continued large-scale production of bananas
would rely upon agronomic management of the disease.

3. Mechanisms of soil-borne disease suppression

Suppressiveness or conduciveness is the tendency of a soil to inhibit
or enhance soil-borne disease. Suppressive soils are those in which
disease impact is low despite the presence of a susceptible host, pa-
thogen and a suitable environment (Baker and Cook, 1974). This in-
volves inhibition of the pathogen’s growth or virulence, enhancement
of plant defence mechanisms, enhancement of the abundance or ac-
tivity of microorganisms antagonistic or competitive to the pathogen, or
a combination of these mechanisms (Fig. 1).

Suppression is primarily a function of soil microbiology and can be
classed as general or specific. General suppression involves competition
between the pathogen and other soil microorganisms for limited re-
sources (Janvier et al., 2007). Edaphic, climatic and management fac-
tors affect these microbial interactions (Weller et al., 2002). Specific
suppression involves the direct effects of an antagonistic organism on
the pathogen (Janvier et al., 2007). Specific suppression can be induced

or enhanced through the introduction of a specific organism (Fu et al.,
2017; Nel et al., 2006; Xue et al., 2015). General suppression is typi-
cally considered non-transferrable and must be enhanced in situ (Weller
et al., 2002). General and specific suppression are not mutually ex-
clusive; they can operate simultaneously and in varying degrees. The
size and diversity of the soil microbial community strongly influences
suppressiveness (Shen et al., 2015b), and soil microbial community
composition depends on soil abiotic properties. Similarly the suscept-
ibility and effectiveness of the host plant defence is dependent on soil
characteristics. Therefore alteration of the soil properties can influence
suppression and disease severity. By shifting environmental conditions
to favour organisms competitive with, or antagonistic to, Foc, or en-
hancing host plant defence, the suppressiveness of the soil may be in-
creased.

4. Impacts of soil abiotic attributes

A wide variety of abiotic soil attributes have been correlated with
suppression of Fusarium wilt in a range of crops, including bananas
(Fig. 2, Table 1). Effects on suppression are generally consistent across
susceptible crops but there are exceptions. The effect of soil attributes
on suppression is usually described in terms of a particular attribute,
but it should be kept in mind that attributes and their associations with
suppression are interrelated (Fig. 3). Studies may have manipulated a
particular soil attribute and report results accordingly, but it is certain
that other attributes would also have been altered, and the effect of the
measured attribute may have been indirect. It is impossible to test the
effect of individual attributes, due to the complexity of the soil en-
vironment. For example, manipulation of pH alters bioavailability of
most nutrients. Furthermore, as suppressiveness is a relative measure, it
is important to understand the differences between test and control
treatments, as many factors may influence responses. Finally, trans-
lating results from one environment to another may not be wise because
such conditions may influence the treatment effects. Nevertheless, ex-
amining multiple studies can give insights into the importance of var-
ious attributes. To explore the studied effects of soil attributes, each of
the following sections identifies, as far as possible, the mechanisms of
suppression, as well as links to related attributes, gaps in under-
standing, and possible implications for management.

4.1. Temperature

Fusarium wilt severity is positively correlated with soil temperature
in pot trials of banana (Peng et al., 1999), tomato (Larkin and Fravel,
2002) and lettuce (Ferrocino et al., 2013; Scott et al., 2010). For ex-
ample, an increase from a high/low diurnal temperature regime of 26/
18 °C–28/20 °C substantially increased disease severity in a pot trial
with lettuce (Scott et al., 2010). Similarly, an increase from 24 to 34 °C
significantly increased disease severity in both conducive and sup-
pressive soils in a pot trial with banana (Peng et al., 1999).

Controlling growing temperature for banana is difficult due to its
perennial growth and large land coverage. Unlike short-season crops,
whose growing season can be shifted to align with optimum seasonal
temperature, banana is cultivated year-round. Soil temperature can be
reduced by shading, with a denser planting or cultivation of ground
cover. Ground cover has been shown to reduce Foc incidence and se-
verity in a field trial with bananas (Pattison et al., 2014) and the effect
may have been partially due to reduced soil temperature. Covering the
ground with plant residues or mulch has also been shown to modulate
daily temperature variation (Horton et al., 1994). Temperature-con-
trolled greenhouses are not practical for large scale commercial culti-
vation of banana due to the large areas required.

4.2. Water and oxygen

Reductive soil disinfestation has been found effective as a potential
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means of controlling Foc in field trials in China (Huang et al., 2015b).
The procedure, initially developed in Japan and the Netherlands, was
based on observations of soil-borne disease suppression in irrigated rice
paddies, which are regularly flooded. A suppressive anaerobic en-
vironment is created by consumption of oxygen during decomposition
of soil organic matter, as replenishment by diffusion is minimal in sa-
turated soil (Huang et al., 2015b; Momma et al., 2013; Shrestha et al.,
2016). This anaerobic decomposition generates antifungal acids and
volatile organic compounds and shifts microbial community composi-
tion to being bacteria-dominated and suppressive to Fusarium wilt
(Hewavitharana et al., 2014; Huang et al., 2015a; Liu et al., 2016;
Momma, 2015). Once aerobic conditions resume, the suppressive
community remains (Goud et al., 2004). It is worth noting that sup-
pression did not occur when soil was saturated without organic matter
addition in laboratory experiments (Wen et al., 2015), nor when oxygen
was available to surface soil in field trials (Stover, 1955). This indicates
that suppression is unlikely to occur during natural flood events that are
typically short lived, with aerated water and variable addition of or-
ganic matter. Reductive soil disinfestation by flooding is generally not
feasible for banana production due to the constraints of water

Fig. 1. Soil is the habitat for all organisms involved in soil-borne diseases such as Fusarium wilt. Soil physicochemical conditions govern the resources available for
those organisms and can thereby influence severity of the disease.

Fig. 2. Summary of the studies describing relationships between soil char-
acteristics and severity of Fusarium wilt. More or less severe correspond to an
increase in the listed characteristic. See Table 1 for references.

Fig. 3. Soil physical, chemical and biological properties and processes interact in many ways to influence severity of soil-borne diseases. Arrows indicate influences
and fluxes.
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availability, topography and fallow time required; waterlogging is
detrimental to banana root development and functioning (Aguilar et al.,
1998; Rishbeth, 1957).

Although reducing conditions have been shown to control Fusarium
wilt, opposing processes may also occur. A reducing soil environment
tends to increase the solubility and bioavailability of redox-sensitive
micronutrients. Increased micronutrient bioavailability from reduced
pockets within the crop root zone has been theorized to increase F.
oxysporum pathogenicity (Dominguez et al., 2001). Furthermore, a re-
ducing environment inhibits nitrification, increasing the concentration
of soil ammonium, which is generally conducive to Fusarium wilt de-
velopment. In the trials showing disinfestation by waterlogging, such
effects were presumably overcome by the negative effects on the pa-
thogen, such as an inability to function anaerobically, the release of
antifungal bacterial exudates and the absence of a host crop to infect
(Stover, 1954).

Low soil water content has been shown to be conducive to Fusarium
wilt in several crops. In pot trials, soil water content below field ca-
pacity was conducive to Fusarium wilt of banana (Peng et al., 1999),
tomato (Ghaemi et al., 2011), chickpea (Bhatti and Kraft, 1992) and
melon (Jorge-Silva et al., 1989), possibly due to water stress of the host
plant.

4.3. Mineralogy, texture and structure

A correlation between Fusarium wilt suppression and soil miner-
alogy was first identified in Central and South America (Rishbeth, 1957;
Stotzky et al., 1961; Stotzky and Torrence Martin, 1963). As Foc R1
moved through the region, banana plantations that remained in pro-
duction longer than 10 years before abandonment due to disease losses
were all observed to have montmorillonite-like clays present (Stotzky
and Torrence Martin, 1963). Pot trials with wheat and flax have also
found montmorillonite more suppressive to Fusarium wilt than other
clays (Amir and Alabouvette, 1993; Höper et al., 1995). Deltour et al.
(2017) identified a positive correlation between clay content and sup-
pression of Fusarium wilt of banana in a field survey in Brazil, but did
not identify the types of clay involved.

Clay may influence suppression by altering oxygen diffusion
(Dominguez et al., 2001; Stotzky and Rem, 1967), pH buffering
(Rosenzweig and Stotzky, 1979) and availability of nutrients (Lavie and
Stotzky, 1986). Early research suggested that reduced oxygen diffusion
is harmful to pathogen growth (Stotzky and Rem, 1967). More recently
however, it has been suggested that the formation of anaerobic mi-
cropores in soil aggregates actually promotes Foc SR4 pathogenicity, by
increasing iron availability (Dominguez et al., 2001). Such anaerobic
micropores are more likely to form in soils with higher clay content.
The ability of clay to buffer pH and ion concentrations may reduce the
impact of pH change on suppression (Siebner-Freibach et al., 2004).
Smectite has been demonstrated to reduce the micronutrient acquisi-
tion effectiveness of siderophores produced by pathogenic fungi,
through adsorption of the ferrisiderophore complex (Fig. 4) (Lavie and
Stotzky, 1986; Siebner-Freibach et al., 2004). Conversely, Pseudomonas
siderophores and the synthetic chelate EDDHA, both of which suppress
Fusarium wilt (Lemanceau and Alabouvette, 1993; Scher and Baker,
1982), are highly successful at iron acquisition in the presence of
smectite clays (Ferret et al., 2014). Siderophores are typically organism-
specific, though some micronutrient piracy does occur (Harrington
et al., 2015). Greater adsorption of fungal siderophores than competing
chelates by clay could be expected to reduce micronutrient uptake by F.
oxysporum. Thus the impacts of clay on suppression of fungal diseases
may involve interactions with soil characteristics such as pH, redox
state and micronutrient bioavailability.

Analysis of soil physical characteristics in suppression studies has
almost exclusively focused on those that can be measured in the la-
boratory, such as texture and aggregation (Deltour et al., 2017;
Dominguez et al., 2001). Only limited field research on the effects of

hydraulic conductivity, porosity and structural stability on disease has
been carried out. A field survey of bananas and Foc SR4 in the Canary
islands found that hydraulic conductivity and macroporosity were ne-
gatively correlated with disease severity, and that structural stability
was also important (Gutierrez Jerez et al., 1983). Further research is
required to investigate the effect of soil structural characteristics on
disease severity.

4.4. pH

Soil pH is often referred to as a master variable due to its substantial
effect on biotic and abiotic processes (Brady and Weil, 2000), and ef-
fects on Fusarium wilt have been shown in several studies. A negative
relationship between Fusarium wilt severity and soil pH has been de-
monstrated for banana and a variety of other hosts (Fig. 5). However,
there have also been contradictory results demonstrating a positive
relationship, with both banana (Peng et al., 1999) and other crops (Cao
et al., 2016; Hopkins and Elmstrom, 1976; Huang et al., 2012). One
possible reason for the difference may be related to the nature of the
soils studied. Peng et al. (1999) studied a soil with pH 8, which they
acidified, whereas most other studies examined mildly acidic soils,
which they limed. Soil pH is a major determinant of microbial com-
munity composition (Rousk et al., 2010) and the soil organisms accli-
matized to the naturally high pH in Peng et al.’s (1999) pot trial with
banana may have responded differently to those found in acidic soils. In
the case of the other anomalous studies, pH varied as a result of various
treatments but was not deliberately manipulated; Cao et al. (2016), in
pot and field experiments with watermelon, and Huang et al. (2012), in
a pot trial with cucumber, varied organic amendment type, whereas
Hopkins and Elmstrom (1976), in a field trial with watermelon, varied
ammonium fertilizer rates. Although a correlation between pH and
suppression was observed, it may have been coincidental. The incon-
sistency amongst results demonstrates the complexity of the response to
changes in pH and the importance of directly versus indirectly ma-
nipulated variables.

Soil pH, in combination with redox state, modulates the bioavail-
ability of essential elements, particularly redox-sensitive micronutrients
such as iron, manganese, zinc and copper (Collins and Buol, 1970).
Availability of nutrients influences health of the host plant, F. oxy-
sporum and other soil microorganisms. To obtain micronutrients many
organisms produce siderophores with stability constants differing in
magnitude and pH dependence. Therefore, the relative ability of dif-
ferent species to obtain essential micronutrients differs with pH, due to
the effect of pH on solubility of the metals and stability of the chelated
forms (Boukhalfa and Crumbliss, 2002; Dhungana and Crumbliss,
2005).

Soil pH is also strongly positively correlated with bacterial diversity
and abundance, with a doubling of bacterial diversity between pH 4
and 8 (Rousk et al., 2010), which encompasses the ideal soil pH range
for most crops. Increased diversity of the bacterial population enhances
general suppression and broadens the array of nutrient acquisition
strategies, increasing the likelihood of a strong competitor to F. oxy-
sporum being present. Increased competition, combined with reduced
availability of nutrients, means F. oxysporum is less likely to meet its
metabolic requirements at higher pH.

Soil pH can be altered by inputs and losses of materials, including
cycling of nitrogen and carbon; this is particularly important in agri-
cultural systems in which nitrogen fertilizer and organic matter are
applied. Application of ammonium-based fertilizers or urea, or gen-
eration of ammonium from organic matter breakdown, leads to acid-
ification of the rhizosphere due to excretion of protons by roots when
ammonium is taken up, and to nitrification and leaching loss of nitrate.
On the other hand, application of nitrate-based fertilizers tends to in-
crease soil pH (Tinker and Nye, 2000). Organic matter, either produced
in situ or imported from elsewhere, has a large cation exchange capa-
city, which buffers soil pH through adsorption of ions (Baldock and
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Nelson, 2000). These changes to pH then initiate other changes in the
soil environment, such as nutrient availability, influencing suppression.

Although there have been numerous studies on the effects of pH on
F. oxysporum, our understanding of the relationship is far from com-
plete. The optimum soil pHwater for growing bananas is approximately
5.0–7.5 (Weinert and Simpson, 2016). If pH modification were to be
used as a means of reducing disease severity in the field, then the
possible detrimental effect of raising pH above the optimum for

bananas must be outweighed by the effect on disease suppression. For
each combination of soil conditions and management regime there is
presumably an optimum pH for plant growth and disease suppression.
The relationship between pH and suppression requires in-field research
to better understand these complex interactions.

Fig. 4. Micronutrient acquisition by chelating ligand (purple ‘c’s). Step 1: Competition between microbially-produced chelating ligand (siderophores) of different
stability (the more stable the greater the amount of iron chelated). Step 2: Bound iron is transported by diffusion, which is hampered by adsorption to organic matter
and clay, and piracy of iron by more stable chelating ligands. Step 3: Microorganisms take up their specific siderophores with bound iron and siderophore is
regenerated. Step 4: Loss of stability in acidic/reducing rhizosphere, freeing iron cation. Step 5: Chelating ligand leaves rhizosphere and regains structure and
chelating ability. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Generalized additive model for the meta-analysis of pH and disease severity from 21 studies of Fusarium wilt across a variety of crops and regions (see Table 1
for crops). In the studies included, soil pH was measured but not necessarily deliberately manipulated. Disease severity values reported in studies were normalized for
comparison, with 0 representing the average disease severity for all studies. The overall trend is negative (full line, p= 0.013), as is the trend for most of the
individual studies. The four studies demonstrating a positive correlation have been individually identified. Dashed lines represent the 95% confidence interval.
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4.5. Organic matter

Organic matter strongly affects plant health, the chemical, physical
and biological characteristics of soil, and disease suppression. It is also
one of the most commonly added (as organic amendment applications
or via exudation and death of plant roots) and compositionally diverse
soil amendments. Furthermore, the amount and composition of organic
matter within soil depend upon the inputs, climate, mineralogy, or-
ganisms and management. It is difficult to identify the mechanisms of
suppression attributable to organic matter versus what are unimportant
or confounding factors. This, in combination with limited analytical
characterization of organic matter, and variability of results, makes it
difficult to identify consistent trends. Reviews linking organic matter
characteristics to disease suppression have had mixed success at iden-
tifying unifying trends (Baum et al., 2015; Bonanomi et al., 2007;
Griffin, 2012; Hoitink and Fahy, 1986; Janvier et al., 2007). That said, a
meta-analysis has found at least some suppression from organic matter
application in 74% of cases involving Fusarium across more than 150
studies (Bonanomi et al., 2007).

Suppression of Fusarium wilt associated with organic matter is
generally attributable to a combination of interlinked biotic and abiotic
characteristics (Baum et al., 2015). The biotic controls include total
microbial community size, which creates competition for organic
carbon, nutrients and space, and microbial antagonism by specific or-
ganisms (Baum et al., 2015). The importance of microbial populations
to disease suppression has been demonstrated through a loss of sup-
pressiveness when soil is sterilised (Cotxarrera et al., 2002; Noble and
Coventry, 2005; Reuveni et al., 2002). The abiotic characteristics of the
organic matter and soil influence the microbial population composition,
both directly and indirectly affecting the pathogen (Figs. 1, 3). Physi-
cally, the organic matter impacts on the structure and structural sta-
bility of the soil, including pore spaces (Baldock and Nelson, 2000).
Chemically, organic matter impacts the soil pH, pH buffering capacity,
amounts, forms and bioavailability of carbon and nutrients, and con-
centrations of important molecules such as siderophores (Baum et al.,
2015).

The decomposability of organic matter appears of principal im-
portance for disease suppression, as it affects the balance between the
pathogen and competitive microorganisms (Fig. 6) (Bonanomi et al.,
2010). As decomposability declines, from fresh plant residues, through

composts to different forms of peat, suppression tends to increase in-
itially then decline steadily (Bonanomi et al., 2010). Application of
compost has been demonstrated to generally increase suppression of
Fusarium wilt of flax, melon and chrysanthemum in pot trials, though
the effect varied with the type of compost (Chef et al., 1983; Saadi
et al., 2010; van Rijn et al., 2007).

During the process of decomposition labile carbon sources are pre-
ferentially converted to carbon dioxide by microbes, increasing the
overall recalcitrance of the remaining organic matter. This progressive
loss of carbon and increased competition has been demonstrated to play
a central role in the suppressiveness of some soils to F. oxysporum (Elad
and Baker, 1985b; Lemanceau, 1989; Mazurier et al., 2009). High
concentrations of labile carbon sources such as sugars in fresh plant
residues mean there is little competition for carbon when they are
added and thus no suppression. Increasing levels of glucose addition
increased Fusarium wilt severity in a pot trial with flax (Lemanceau,
1989). An increased proportion of more complex compounds such as
carboxylic and amino acids in amendments, has been found to increase
suppression in pot trials with tomato and field trials with flax (Borrero
et al., 2006; Senechkin et al., 2014). Castaño et al. (2011) correlated
hemicellulose concentration in organic amendments with suppression
of F. oxysporum in tomato and carnation. Eventually, when decom-
position has reduced carbon availability below that required to support
a suppressive microbial community, suppression declines (Hoitink
et al., 1997). In summary, if there is little competition and carbon is
readily available to F. oxysporum, disease appears to increase, whereas
if competition is strong, or carbon sources are more difficult for F.
oxysporum to metabolise, suppression occurs.

The carbon-to-nitrogen (C:N) ratio of organic matter appears to be
related to suppression. C:N ratio is a commonly measured characteristic
of organic matter associated with the extent of decomposition (Brady
and Weil, 2000), and it differs substantially amongst organic amend-
ments and soils. C:N ratio is positively correlated with F. oxysporum
suppression, primarily due to its control on microbial community dy-
namics and ammonium generation during decomposition (Griffin,
2012). A very high C:N ratio (> 70:1) generally lowers the mineral
nitrogen concentration as microorganisms scavenge nitrogen; this re-
duces ammonium production, which can otherwise mitigate compost
suppressiveness (Cotxarrera et al., 2002; Yogev et al., 2006). A C:N
ratio above 20:1 also reduces plant-available nitrogen stressing the
plant and likely increasing susceptibility to disease (De Ceuster and
Hoitink, 1999). A full understanding of the relationship between C:N
ratio and suppression will require further research and a better un-
derstanding of the relative importance of the effects on the host plant,
pathogen and competing microorganisms.

Soil organic matter greatly affects pH and nutrient availability due
to its cation exchange capacity and wide range of acidic and basic
functional groups (Brady and Weil, 2000). Soil pH was found to
strongly positively correlate with suppression in a field trial with flax
where varying combinations of plant residues and animal dung were
added (Senechkin et al., 2014), as well as in pot trials with tomato and
carnation where various plant residues were added (Borrero et al.,
2009; Borrero et al., 2004). In addition to supplying energy to hetero-
trophs, nutrients in organic matter can be important for plants and soil
organisms (Brady and Weil, 2000). Finally, siderophores, molecules
produced by microorganisms to acquire micronutrients, can adsorb to
organic matter, affecting their acquisition effectiveness (Fig. 4) (Ahmed
and Holmström, 2014). In summary, the substantial effects of organic
matter on suppression are complex, varied and incompletely under-
stood, though provide promise for future research.

4.6. Nitrogen

In addition to nitrogen in organic matter being important for disease
severity and management, so is the nature of mineral nitrogen com-
pounds in soil. Typically, the addition of nitrate fertilizer increases the

Fig. 6. Schematic representation of disease suppression dynamics during or-
ganic matter decomposition (Bonanomi et al., 2010).
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suppressiveness of soils to F. oxysporum, whereas addition of ammo-
nium decreases suppressiveness (Table 1), although results vary. Stu-
dies have shown ammonium to be disease conducive relative to nitrate
in field trials with melon (Jones et al., 1975), in pot trials with lime,
cucumber, tomato and chrysanthemum (Morgan and Timmer, 1984;
Wang et al., 2016; Woltz and Engelhard, 1973; Woltz et al., 1992), and
in hydroponics trials with tomato and cucumber (Borrero et al., 2012;
Duffy and Défago, 1999; Wang et al., 2016; Zhou et al., 2017). On the
contrary, ammonium application has been found suppressive relative to
nitrate application in a pot trial with tomato (López-Berges et al.,
2010), and a hydroponics trial with banana (Zhang et al., 2013). Also,
soil ammonium concentration was negatively correlated with disease
severity of watermelon in field and pot experiments with piggery waste
(following anaerobic biogas generation) application (Cao et al., 2016).
Finally, ammonium application has been reported to have no impact on
disease severity on a field trial with cucumber (Jones et al., 1975) and
pot trial with tomato (Jarvis and Thorpe, 1980). The effects of mineral
nitrogen form on disease severity presumably occur through their ef-
fects on rhizosphere chemistry, plant defence mechanisms and fungal
pathogenicity.

Ammonium and nitrate differ in their impact on rhizosphere
chemistry. Nitrogen fertilizer is predominantly applied as ammonium,
nitrate or urea, which rapidly hydrolyses to generate ammonium. When
organic matter with a low C:N ratio decomposes ammonium is also
generated, as nitrogen is surplus to the needs of the decomposers (Brady
and Weil, 2000). Ammonium skews plant ion uptake to cations, hence
altering the uptake of other ions such as potassium, chloride and nitrate
(Hawkesford et al., 2012). Also, as the plant takes up ammonium,
protons are excreted into the rhizosphere, acidifying the soil. Con-
versely, nitrate uptake increases relative cation uptake, and protons are
removed from the rhizosphere for plant reduction of nitrate to ammonia
(Tinker and Nye, 2000). This increases the pH of the rhizosphere
(Neumann and Römheld, 2012), which has been shown to decrease
Fusarium wilt severity.

Nitrogen supply and form affect plant defence, via the regulation of
intracellular concentrations of cell sugars and amino acids, which
provide nutrients for invading fungi upon cell apoptosis; polyamines,
which act as defence signals; and nitric oxide (Mur et al., 2016). For an
in-depth review of the role of nitrogen in plant defence against patho-
gens, see the recent work by Mur et al. (2016). The reduction of nitrate
(NO3

−) to nitrite (NO2
−) generates nitric oxide (NO) through the ni-

trate reductase pathway (Gupta et al., 2005). A high concentration of
ammonium inhibits this reaction, thereby reducing the concentrations
of nitric oxide in the plant (Gupta et al., 2013). Nitric oxide is involved
in plant defence both initially, as part of the pathogen-triggered im-
munity response (Zeidler et al., 2004), and upon cell death as a sca-
venger, reacting with superoxide (O2

−) as part of the pathogen-induced
hypersensitivity response (Delledonne et al., 1998; Delledonne et al.,
2001; Swarupa et al., 2014). This scavenging function is particularly
important in limiting cell death in relation to F. oxysporum infection. As
a facultative saprophyte, F. oxysporum can survive on living or dead
tissue and so can benefit from cell apoptosis due to the discharge of
nutrient-rich cytoplasm (Anthony et al., 2017).

Nitrogen supply also affects pathogenicity of F. oxysporum. Most
experiments have shown increased severity of Fusarium wilt with in-
creasing supply of ammonium (Fig. 2), but López-Berges et al. (2010)
found the opposite in a pot trial with tomato. Invasive growth, hyphal
fusion and host adhesion were all suppressed by ammonium and in-
creased in the presence of nitrate (López-Berges et al., 2010). When
deprived of nitrogen in their preferred form (organic nitrogen or am-
monium), saprophytic fungi entered a nutrient exploration mode re-
sulting in rapid infection of the host (Walters and Bingham, 2007).
Zhou et al. (2017) tested suppression both in vitro and in vivo to dif-
ferentiate between the suppression of the pathogen and the disease.
They determined that both the plant and pathogen grew better with
addition of nitrate but it was the balance of the F. oxysporum

pathogenicity mechanism against the opposing plant defence me-
chanism that determined infection success and disease severity (Zhou
et al., 2017).

Nitrogen amount, as well as form, is important for Fusarium wilt
suppression. Nitrogen deficiency stress in the plant is likely to increase
susceptibility to disease, and increased nitrogen application has been
shown to decrease disease severity in a field trial with fava bean (Dong
et al., 2013), and a hydroponic trial with cucumber (Zhou et al., 2017)
but was observed to increase disease severity in banana fields in Ja-
maica (Rishbeth, 1957). Despite this, research has shown no correlation
between plant tissue nitrogen concentrations and suppression of Fu-
sarium wilt of tomato in a pot trial (Hoffland et al., 2000). This may
indicate that above the concentration that the plant can take up, further
nitrogen fertilising has no benefit, or may even be detrimental. Further
research is needed to identify the optimal level of nitrogen in each
system, as well as understand better the effects of nitrogen form on F.
oxysporum, particularly Foc TR4.

4.7. Calcium

The addition of calcium to soil has been shown to suppress Fusarium
wilt across a wide variety of host plants and soil conditions (Table 1).
Calcium supply has often been manipulated together with pH (Everett
and Blazques, 1967; Gatch and du Toit, 2016; Jones and Overman,
1971; Jones and Woltz, 1969; Jones and Woltz, 1970). Soil pH is ty-
pically manipulated with calcium hydroxide (Ca(OH)2) or limestone
(CaCO3). To manipulate calcium supply without altering pH, calcium
sulphate has been used. An additive benefit from increasing both pH
and calcium concentration has been identified in pot trials with tomato
(Jones and Woltz, 1969).

Calcium, like silicon, stabilizes the cell structure, accumulating at
the cell wall and the middle lamella (Hawkesford et al., 2012). In-
creased calcium concentration in the cell wall helps to reduce the loss of
cytoplasmic compounds in the case of cellular penetration by fungi.
Higher concentrations of calcium in the intercellular space can also
inhibit attack by parasitic fungi (such as F. oxysporum) by inhibiting
enzymes designed to degrade the middle lamella (Huber et al., 2012).

Calcium is also involved in intracellular mechanisms regulating
plant defence and pathogen growth. In the plant cytosol, calcium
concentration change has been identified as a key secondary messenger
in defence against both biotic and abiotic stressors (Lecourieux et al.,
2006). Plant cytosol calcium concentrations modulate response to both
parasitic and symbiotic fungi, such as arbuscular mycorrhizal fungi
(Johnson and Oelmüller, 2013; Navazio and Mariani, 2008; Sherameti
et al., 2014). Inoculation with arbuscular mycorrhizal fungi has shown
promise for Foc R1 suppression in bananas by increasing nutrient
availability, and high calcium supply enhances this symbiosis (Smith,
2006). In the cytosol of F. oxysporum, calcium is involved in sporulation
and in signalling pathways regulating hyphal growth rate and mor-
phology (Hoshino et al., 1991; Kim et al., 2015) indicating that F.
oxysporum may be controlled by limiting calcium. However, there is no
evidence to suggest that calcium supply could be regulated at a level
that benefits the host plant but not the pathogen, so future research
would best focus on maximising the relative benefit for the host plant
compared to the pathogen.

4.8. Iron and manganese

Iron and manganese are here discussed together, as they are similar
with respect to environmental effects on their availability and me-
chanisms of suppression. The lower the supply of bioavailable iron or
manganese in soil, the more successful host plants and beneficial bac-
teria appear to be in the presence of F. oxysporum (Table 1). Micro-
nutrient requirements differ amongst organisms, and F. oxysporum has a
particularly high requirement (Woltz and Jones, 1981). The bioavail-
ability of metals essential for microorganisms and plants, particularly
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iron and manganese, is determined largely by their oxidation state,
which is driven by soil pH and redox potential. These metals change
from soluble, mobile and plant-available forms with low oxidation state
to insoluble, immobile forms with high oxidation state as soil pH and
redox potential increase (Lindsay and Schwab, 1982). The ability of soil
organisms to obtain bioavailable micronutrients can be altered by
manipulating the soil pH and redox state (Höper and Alabouvette,
1996; Jones and Woltz, 1970).

Organisms have developed specific acquisition strategies to compete
for micronutrients, as naturally occurring concentrations of available
forms in soil are typically below those required for continued growth
(Fig. 4). Strategy 1 plants, such as bananas, excrete protons and organic
acids to acidify the rhizosphere, and reduce insoluble Fe3+ to soluble
Fe2+ with reductases (Marschner and Römheld, 1995). Strategy 2
plants, comprised entirely of grasses, excrete phytosiderophores that
chelate Fe3+, increasing its bioavailability (Marschner and Römheld,
1995). This acquisition strategy is similar to that of fungi and bacteria,
which also produce siderophores (Lemanceau et al., 2009; Marschner
and Römheld, 1995). Plants are able to take up iron bound by bacte-
rially produced siderophores either directly, by taking up the entire
siderophore-metal complex (Vansuyt et al., 2007; Xiong et al., 2013), or
indirectly, by acidifying and reducing the rhizosphere, destabilising the
complex (Bienfait, 1986). Once free of the siderophore, diffusion moves
iron ions to the root, where they are taken up. Fungal and bacterial
siderophores must compete with each other to make iron available. The
higher the stability of a metal-chelate complex, the greater the pro-
portion of available metal cations captured by the chelate.

Chelating agents with high chelate stability (K) have long been
shown to induce suppression of F. oxysporum, as shown with application
of 8-quinolinol to Fusarium wilt of cotton by Subramanian (1956). In
later experiments the strong artificial chelating agent ethylenediami-
nedi-O-hydroxyphenylacetic acid (EDDHA, K=1033.9) (Lindsay, 1979)
outcompeted the weaker F. oxysporum siderophore fusarinine
(K=1029) for iron (Scher and Baker, 1982). Pseudobactin (K= 1032)
(Meyer and Abdallah, 1978), produced by Pseudomonas fluorescens, also
outcompetes fusarinine for iron, leading to F. oxysporum suppression
(Saritha et al., 2015; Scher and Baker, 1982; Van Peer et al., 1990).
Both EDDHA, which binds free iron, and Fe-EDDHA have been shown
to suppress F. oxysporum growth and Fusarium wilt severity in rhizo-
sphere soil (Scher and Baker, 1982). The plant is able to take up iron
from Fe-EDDHA and release the EDDHA to bind free iron (Fig. 4) (Elad
and Baker, 1985a). In bulk soil, away from the roots, EDDHA but not
Fe-EDDHA, decreases F. oxysporum chlamydospore germination (Elad
and Baker, 1985a). EDDHA in bulk soil, unlike saturated Fe-EDDHA,
sequesters available iron, decreasing F. oxysporum germination. EDDHA
has also been shown to shuttle iron from clay-adsorbed fungal side-
rophores to the plant due to its low adsorption affinity, further en-
hancing plant growth at the expense of soil fungi (Siebner-Freibach
et al., 2004). Lemanceau and Alabouvette (1993) provided a compre-
hensive (to that date) review of suppression by addition of chelate and
production of siderophores by Pseudomonas.

Effects of iron availability on suppression of Fusarium wilt (F.
oxysporum) have been attributed to the effect of the pathogen’s iron
status on virulence. Iron is essential for many processes in fungi, so it
must be acquired at an adequate rate for growth and pathogenicity.
Iron deficiency and toxicity can both occur, so organisms have complex
processes to maintain specific internal concentrations. The deletion of
Hap-X, a bZIP protein in F. oxysporum responsible for iron homeostasis,
substantially reduces the virulence and growth of the pathogen under
iron-depleted conditions (Gsaller et al., 2014; López-Berges et al., 2012;
López-Berges et al., 2013). Virulence is further reduced if competition
for iron is increased by the presence of siderophore producing antag-
onistic bacteria (López-Berges et al., 2013). The environmental con-
centration of iron required for F. oxysporum f. sp. cucumerinum chla-
mydospore germination has been identified in laboratory studies as
between 10−22 and 10−27 M, and concentrations in the rhizosphere

may fall below this value (Simeoni et al., 1987). The link between
pathogenicity, propagation and iron status points to possible future
management strategies. Reducing bioavailable micronutrient con-
centrations below the levels required by the pathogen may provide a
means of reducing disease severity.

Manganese has similar effects to iron. It is essential for photo-
synthesis, nitrogen metabolism and the formation of variety of enzymes
in plants (Millaleo et al., 2010). Manganese is also involved in the
production of lignin, an important component for plant defence against
fungal invasion (Broadley et al., 2012; Dordas, 2008; Gatch, 2013). Like
iron, manganese is acquired by fungi and bacteria through chelation,
and has similar vulnerabilities to treatment with chelates. Low avail-
able manganese has been shown to reduce Fusarium wilt disease se-
verity in a pot trial with tomato (Jones and Woltz, 1970) and F. oxy-
sporum chlamydospore germination in laboratory trials (Sneh et al.,
1984).

4.9. Zinc and other trace elements

Zinc, like iron and manganese, is a redox-sensitive essential mi-
cronutrient, but it tends to have the opposite effect on Fusarium wilt,
decreasing disease severity. In plants, zinc is involved in protein and
starch synthesis, membrane stability and defence mechanisms, and as
an enzyme cofactor (Siddiqui et al., 2015). Studies have shown zinc is
important in the oxidative burst defence mechanism of plants (Cakmak,
2000; Kawano et al., 2002) which reduced disease severity of F. solani
in wheat, except if zinc was deficient (Khoshgoftarmanesh et al., 2010).

Increased zinc bioavailability reduces production of fusaric acid by
F. oxysporum (Duffy and Défago, 1997). Fusaric acid has been identified
as a cause of phytotoxicity, a trigger for plant defence mechanisms, and
a virulence factor in pathogenic F. oxysporum, but its effect is sup-
pressed by the addition of zinc, copper and iron (López-Díaz et al.,
2017). This indicates that fusaric acid is both a phytotoxin and a che-
lator, produced as part of a feedback loop to provide necessary mi-
cronutrients to pathogenic F. oxysporum (López-Díaz et al., 2017).
However, increased bioavailability of zinc has shown mixed effects on
Fusarium wilt in pot trials with tomato (Jones and Woltz, 1970), except
in high concentrations where phytotoxicity is likely to be involved
(Duffy and Défago, 1997). While most studies suggest that zinc has a
suppressive effect on Fusarium wilt, its requirement for so many bio-
logical processes makes it difficult to identify mechanisms for the ef-
fects.

Other essential micronutrients also appear to influence Fusarium
wilt severity. A molybdenum concentration< 20mg/L decreased
Fusarium wilt severity in hydroponic studies of tomato (Duffy and
Défago, 1999). Molybdenum is necessary for the conversion of nitrate
nitrogen to amino acids in plants (Siddiqui et al., 2015) and plant
molybdenum requirements are highly dependent upon the nitrogen
fertiliser form supplied (Broadley et al., 2012). However, molybde-
num’s role in plant defence and Fusarium wilt suppression is unclear.
Copper suppressed Fusarium wilt of tomato at concentrations> 20mg/
L in hydroponic trials (Duffy and Défago, 1999). Copper is important
for formation of a physical lignin barrier to disease, and for production
of phenolic compounds, part of the plant response to pathogens
(Siddiqui et al., 2015). Boron deficiency has also been demonstrated to
increase Fusarium wilt disease severity in flax (Keane and Sackston,
1970), though no change was found in a hydroponic study of bananas
(Dong et al., 2016). Like copper, boron plays a role in cell wall structure
and the production of defence-related compounds. Other trace elements
may also influence Fusarium wilt but their effects have not been re-
ported.

4.10. Silicon

Although not qualifying as an essential element for plants (Arnon
and Stout, 1939), silicon has long been identified as an important
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constituent in plant defence (Huber et al., 2012). Various pot trials have
concluded that the addition of soluble silicon reduces Fusarium wilt
severity (Foc R1 and TR4) in bananas (Fortunato et al., 2012a;
Fortunato et al., 2012b; Jones, 2013; Kidane and Laing, 2008; Wibowo
et al., 2014). The mechanisms of defence in bananas are not entirely
clear but have been hypothesized to encompass both physical and
biochemical factors (Sakr, 2016). For an in-depth review of silicon in
plant defence against pathogens, see the recent reviews by Sakr (2016)
and Wang et al. (2017).

Silicon fertilizer increases plant silicon uptake, allowing formation
of a barrier in root cell walls that resists fungal penetration and ingress
(Fortunato et al., 2012b; Jones, 2013). Research has shown silicon is
most effective for defence, and is most efficiently absorbed, when ap-
plied to the roots (Liang et al., 2005), triggering both the biochemical
and cell wall physical mechanisms (Dallagnol et al., 2015).

Biochemical defence mechanisms involving silicon include local and
whole-plant responses to attack. A whole-of-plant response is evident
from enhanced resistance to both root and foliar diseases when silicon
supply to the roots is increased (Dallagnol et al., 2015). Plant defence
responses include activation of the phenylpropanoid pathway
(Fortunato et al., 2014) and silicon-mediated accumulation of phenolics
and lignin at infection sites (Fortunato et al., 2012a; Whan et al., 2016).

Silicon is a major constituent of most soil minerals but little is
available in soluble form. Accelerated mineral weathering by root
exudates has been shown to increase bioavailable silicon in the rhizo-
sphere, compared to bulk soil (Gattullo et al., 2016). This enhanced
weathering was linked to phytosiderophore production in graminacious
plants suffering iron deficiency (Gattullo et al., 2016). Bananas, as iron
acquisition strategy 1 type plants (Marschner and Römheld, 1995), do
not produce phytosiderophores, but they do exude protons, reductases
and organic acids, and this is likely to increase mineral weathering and
silicon availability. Bananas are also likely to benefit from fungal and
bacterial siderophore-mediated weathering in the rhizosphere.

5. Conclusions

Fusarium wilt severity is influenced by numerous soil abiotic attri-
butes and their interactions. Several promising avenues for mitigating
Fusarium wilt are suggested by previous research with a variety of
crops, however this research is mostly pot trials and field observations.
These avenues have yet to be tested in field conditions and commercial
production systems. We hypothesise that suppression will be maximised
by: increasing soil pH to the highest value possible without impacting
plant growth; maintaining soil water content, which largely controls the
soil redox state, consistent and high to avoid stress on the plant;
maintaining high concentrations of bioavailable calcium, silicon and
zinc; keeping concentrations of bioavailable iron and manganese low to
disadvantage the pathogen; and, when mineral nitrogen fertiliser is
added, applying nitrate rather than ammonium. Addition of partially
decomposed organic matter with C:N ratio between 20:1 and 70:1,
amended with suppressive organisms, also appears to decrease disease
severity. To assess their effectiveness these approaches need to be tested
in manipulative field experiments, individually and in combination, in
different regions, soil types, cultivars and management systems. For
bananas, due to the semi-perennial nature of production, trials must be
long term to examine possible accumulation or dissipation of effects
over time. Despite the complexities and challenges involved, further
elucidation of the mechanisms discussed here appears well worthwhile,
with the ultimate goal of developing commercially feasible cultural
techniques to reduce severity of Fusarium wilt.

Acknowledgements

Thank you to Anthony Pattison and the staff at the Queensland
Department of Agriculture and Fisheries for their input regarding ba-
nana cultivation in Australia, and to Tobin Northfield for his statistical

advice. This project has been funded by Hort Innovation, using the Hort
Innovation banana research and development levy, co-investment from
Queensland Government and contributions from the Australian
Government. Hort Innovation is the grower-owned, not-for-profit re-
search and development corporation for Australian horticulture.

References

Abadie, C., Edel, V., Alabouvette, C., 1998. Soil suppressiveness to fusarium wilt: influ-
ence of a cover-plant on density and diversity of fusarium populations. Soil Biol.
Biochem. 30, 643–649.

Aguilar, E.A., Turner, D.W., D. J. Gibbs, Sivasithamparam, K., Armstrong, W., 1998.
Response of banana (Musa sp.) roots to oxygen deficiency and its implication for
Fusarium Wilt, in: Sauco, G. (Ed.), Proc. Int. Symp. Banana in Subtropics. Acta Hort.
490, ISHS 1998.

Ahmed, E., Holmström, S.J.M., 2014. The effect of soil horizon and mineral type on the
distribution of siderophores in soil. Geochim. Cosmochim. Acta 131, 184–195.

Akhter, A., Hage-Ahmed, K., Soja, G., Steinkellner, S., 2016. Potential of Fusarium wilt-
inducing chlamydospores, in vitro behaviour in root exudates and physiology of to-
mato in biochar and compost amended soil. Plant Soil 406, 425–440.

Altinok, H.H., 2013. Fusarium species isolated from common weeds in eggplant fields and
symptomless hosts of Fusarium oxysporum f. sp. melongenae in Turkey. J.
Phytopathol. 161, 335–340.

Alvarez, C.E., Garcia, V., Robles, J., Diaz, A., 1981. Influence des caractéristiques du sol
sur l'incidence de la Maladie de Panama. Fruits 36, 71–81.

Amini, J., Sidovich, D., 2010. The effects of fungicides on Fusarium Oxysporum F. SP.
Lycopersici associated with Fusarium Wilt of tomato. J. Plant Prot. Res. 172.

Amir, H., Alabouvette, C., 1993. Involvement of soil abiotic factors in the mechanisms of
soil suppressiveness to fusarium wilts. Soil Biol. Biochem. 25, 157–164.

Anthony, K.K., George, D.S., Baldev Singh, H.K., Fung, S.M., Santhirasegaram, V., Razali,
Z., Somasundram, C., 2017. Reactive oxygen species activity and antioxidant prop-
erties of Fusarium infected bananas. J. Phytopathol. 165, 213–222.

Arnon, D.I., Stout, P.R., 1939. The essentiality of certain elements in minute quantity for
plants with special reference to copper. Plant Physiol. 14, 371–375.

Baker, K., Cook, R.J., 1974. Biological Control of Plant Pathogens. W.H. Freeman and
Company, San Francisco.

Baldock, J., Nelson, P., 2000. Soil Organic Matter. CRC Press.
Baum, C., Eichler-Löbermann, B., Hrynkiewicz, K., 2015. Impact of organic amendments

on the suppression of Fusarium wilt. In: Meghvansi, M.K., Varma, A. (Eds.), Organic
Amendments and Soil Suppressiveness in Plant Disease Management. Springer
International Publishing, Cham, pp. 353–362.

Bhatti, M., Kraft, J., 1992. Influence of soil moisture on root rot and wilt of chickpea.
Plant Disease (USA) 76, 1259–1262.

Bienfait, H.F., 1986. Iron-efficiency reactions of monocotyledonous and dicotyledonous
plants. In: Swinburne, T.R. (Ed.), Iron, Siderophores, and Plant Diseases. Springer,
US, Boston, MA, pp. 21–27.

Blok, W.J., Lamers, J.G., Termorshuizen, A.J., Bollen, G.J., 2000. Control of soilborne
plant pathogens by incorporating fresh organic amendments followed by tarping.
Phytopathology 90, 253–259.

Bonanomi, G., Antignani, V., Pane, C., Scala, F., 2007. Suppression of soilborne fungal
diseases with organic amendments. J. Plant Pathol. 89, 311–324.

Bonanomi, G., Antignani, V., Capodilupo, M., Scala, F., 2010. Identifying the character-
istics of organic soil amendments that suppress soilborne plant diseases. Soil Biol.
Biochem. 42, 136–144.

Borrero, C., Trillas, M.I., Ordovas, J., Tello, J.C., Aviles, M., 2004. Predictive factors for
the suppression of fusarium wilt of tomato in plant growth media. Phytopathology
94, 1094–1101.

Borrero, C., Ordovás, J., Trillas, M.I., Avilés, M., 2006. Tomato Fusarium wilt suppres-
siveness. The relationship between the organic plant growth media and their mi-
crobial communities as characterised by Biolog®. Soil Biol. Biochem. 38, 1631–1637.

Borrero, C., Trillas, I., Avilés, M., 2009. Carnation Fusarium wilt suppression in four
composts. Eur. J. Plant Pathol. 123, 425–433.

Borrero, C., Trillas, M.I., Delgado, A., Avilés, M., 2012. Effect of ammonium/nitrate ratio
in nutrient solution on control of Fusarium wilt of tomato by Trichoderma asperellum
T34. Plant. Pathol. 61, 132–139.

Boukhalfa, H., Crumbliss, A.L., 2002. Chemical aspects of siderophore mediated iron
transport. Biometals 15, 325–339.

Brady, N.C., Weil, R.R., 2000. Elements of the nature and properties of soils. Prentice Hall
Upper Saddle River, NJ, USA.

Broadley, M., Brown, P., Cakmak, I., Rengel, Z., Zhao, F., 2012. Chapter 7 - Function of
Nutrients: Micronutrients A2 - Marschner, Petra, Marschner's Mineral Nutrition of
Higher Plants (Third Edition). Academic Press, San Diego, pp. 191–248.

Cakmak, I., 2000. Possible roles of zinc in protecting plant cells from damage by reactive
oxygen species. New Phytol. 146, 185–205.

Cao, Y., Wang, J., Wu, H., Yan, S., Guo, D., Wang, G., Ma, Y., 2016. Soil chemical and
microbial responses to biogas slurry amendment and its effect on Fusarium wilt
suppression. Appl. Soil Ecol. 107, 116–123.

Castaño, R., Borrero, C., Avilés, M., 2011. Organic matter fractions by SP-MAS 13C NMR
and microbial communities involved in the suppression of Fusarium wilt in organic
growth media. Biol. Control 58, 286–293.

Cha, J.-Y., Han, S., Hong, H.-J., Cho, H., Kim, D., Kwon, Y., Kwon, S.-K., Crüsemann, M.,
Lee, Y.B., Kim, J.F., Giaever, G., Nislow, C., Moore, B.S., Thomashow, L.S., Weller,
D.M., Kwak, Y.-S., 2016. Microbial and biochemical basis of a Fusarium wilt-

R. Orr, P.N. Nelson Applied Soil Ecology 132 (2018) 20–33

29

http://refhub.elsevier.com/S0929-1393(17)31269-6/h0005
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0005
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0005
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0015
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0015
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0020
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0020
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0020
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0025
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0025
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0025
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0030
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0030
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0035
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0035
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0040
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0040
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0045
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0045
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0045
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0050
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0050
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0055
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0055
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0060
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0065
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0065
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0065
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0065
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0070
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0070
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0075
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0075
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0075
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0080
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0080
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0080
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0085
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0085
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0090
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0090
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0090
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0095
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0095
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0095
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0100
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0100
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0100
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0105
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0105
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0110
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0110
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0110
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0115
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0115
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0120
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0120
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0125
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0125
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0125
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0130
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0130
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0135
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0135
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0135
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0140
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0140
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0140
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0145
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0145
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0145


suppressive soil. ISME J. 10, 119–129.
Chef, D., Hoitink, H., Madden, L., 1983. Effects of organic components in container media

on suppression of Fusarium wilt of chrysanthemum and flax. Phytopathology 73,
279–281.

Chittarath, K., Mostert, D., Crew, K.S., Viljoen, A., Kong, G., Molina, G., Thomas, J.E.,
2017. First report of Fusarium oxysporum f. sp. cubense tropical race 4 (VCG 01213/
16) associated with Cavendish bananas in Laos. Plant Dis.

Collins, J.F., Buol, S.W., 1970. Effects of fluctuations in the Eh-pH environment on iron
and/or manganese equilibria. Soil Sci. 110, 111–118.

Cook, D.C., Taylor, A.S., Meldrum, R.A., Drenth, A., 2015. Potential economic impact of
panama disease (Tropical race 4) on the australian banana industry. J. Plant Dis. Prot.
122, 229–237.

Cotxarrera, L., Trillas-Gay, M.I., Steinberg, C., Alabouvette, C., 2002. Use of sewage
sludge compost and Trichoderma asperellum isolates to suppress Fusarium wilt of
tomato. Soil Biol. Biochem. 34, 467–476.

Dallagnol, L.J., Rodrigues, F.A., Pascholati, S.F., Fortunato, A.A., Camargo, L.E.A., 2015.
Comparison of root and foliar applications of potassium silicate in potentiating post-
infection defences of melon against powdery mildew. Plant Pathol. 64, 1085–1093.

De Ceuster, T.J.J., Hoitink, H.A.J., 1999. Prospects for composts and biocontrol agents as
substitutes for methyl bromide in biological control of plant diseases. Compost Sci.
Util. 7, 6–15.

Delledonne, M., Xia, Y., Dixon, R.A., Lamb, C., 1998. Nitric oxide functions as a signal in
plant disease resistance. Nature 394, 585–588.

Delledonne, M., Zeier, J., Marocco, A., Lamb, C., 2001. Signal interactions between nitric
oxide and reactive oxygen intermediates in the plant hypersensitive disease re-
sistance response. Proc. Natl. Acad. Sci. U.S.A. 98, 13454–13459.

Deltour, P., França, S.C., Liparini Pereira, O., Cardoso, I., De Neve, S., Debode, J., Höfte,
M., 2017. Disease suppressiveness to Fusarium wilt of banana in an agroforestry
system: influence of soil characteristics and plant community. Agric. Ecosyst.
Environ. 239, 173–181.

Desprez-Loustau, M.-L., Robin, C., Buée, M., Courtecuisse, R., Garbaye, J., Suffert, F.,
Sache, I., Rizzo, D.M., 2007. The fungal dimension of biological invasions. Trends
Ecol. Evol. 22, 472–480.

Dhungana, S., Crumbliss, A.L., 2005. Coordination chemistry and redox processes in
siderophore-mediated iron transport. Geomicrobiol. J. 22, 87–98.

Domínguez, J., Negrín, M.A., Rodríguez, C.M., 1996. Soil chemical characteristics in re-
lation to Fusarium wilts in banana crops of Gran Canaria Island (Spain). Commun.
Soil Sci. Plant Anal. 27, 2649–2662.

Dominguez, J., Negrin, M.A., Rodriguez, C.M., 2001. Aggregate water-stability, particle
size and soil solution properties in conducive and suppressive soils to Fusarium wilt
of banana from Canary Islands (Spain). Soil Biol. Biochem. 33, 449–455.

Domínguez, J., Rodríguez, C.M., Hernández-Moreno, J.M., 1995. Iron and Fusarium wilts
in banana crops on Andic soils. In: Abadía, J. (Ed.), Iron Nutrition in Soils and Plants:
Proceedings of the Seventh International Symposium on Iron Nutrition and
Interactions in Plants, June 27–July 2, 1993. Springer Netherlands, Dordrecht,
Zaragoza, Spain, pp. 255–258.

Domínguez-Hernández, J.D., Negrín-Medina, M.A., Rodríguez-Hernández, C.M., 2010.
Potassium selectivity in transported volcanic soils (Sorribas) under banana cultiva-
tion in relation to banana-wilt expression caused by Fusarium oxysporum f. sp.
Cubense. Commun. Soil Sci. Plant Anal. 41, 1674–1692.

Dong, X., Wang, M., Ling, N., Shen, Q., Guo, S., 2016. Effects of iron and boron combi-
nations on the suppression of Fusarium wilt in banana. Sci. Rep. 6, 38944.

Dong, Y., Yang, Z.X., Dong, K., Tang, L., Zheng, Y., Hu, G.B., 2013. Effects of nitrogen
application rate on faba bean fusarium wilt and rhizospheric microbial metabolic
functional diversity. Chin. J. Appl. Ecol. 24, 1101–1108.

Dordas, C., 2008. Role of nutrients in controlling plant diseases in sustainable agriculture.
A review. Agron. Sustainable Dev. 28, 33–46.

Duffy, B.K., Défago, G., 1997. Zinc improves biocontrol of fusarium crown and root rot of
tomato by pseudomonas fluorescens and represses the production of pathogen me-
tabolites inhibitory to bacterial antibiotic biosynthesis. Phytopathology 87,
1250–1257.

Duffy, B., Défago, G., 1999. Macro-and microelement fertilizers influence the severity of
Fusarium crown and root rot of tomato in a soilless production system. HortScience
34, 287–291.

Duijff, B.J., Meijer, J.W., Bakker, P.A.H.M., Schippers, B., 1993. Siderophore-mediated
competition for iron and induced resistance in the suppression of fusarium wilt of
carnation by fluorescent Pseudomonas spp. Neth. J. Plant Pathol. 99, 277–289.

Duijff, B.J., Bakker, P.A.H.M., Schippers, B., 1994. Suppression of fusarium wilt of car-
nation by pseudomonas putida WCS358 at different levels of disease incidence and
iron availability. Biocontrol Sci. Technol. 4, 279–288.

Duuff, B.J., Erkelens, A., Bakker, P.A.H.M., Schippers, B., 1995. Influence of pH on sup-
pression of Fusarium wilt of carnation by pseudomonas fluorescens WCS417r. J.
Phytopathol. 143, 217–222.

Ebihara, Y., Uematsu, S., 2014. Survival of strawberry-pathogenic fungi Fusarium oxy-
sporum f. sp. fragariae, Phytophthora cactorum and Verticillium dahliae under
anaerobic conditions. J. Gen. Plant Pathol. 80, 50–58.

Elad, Y., Baker, R., 1985a. Influence of trace amounts of cations and siderophore-pro-
ducing pseudomonads on chlamydospore germination of Fusarium oxysporum.
Phytopathology 75, 1047–1052.

Elad, Y., Baker, R., 1985b. The role of competition for iron and carbon in suppression of
chlamydospore germination of Fusarium spp. by Pseudomonas spp. Phytopathology
75, 1053–1059.

Everett, P.H., Blazques, C.H., 1967. Influence of lime on the development of fusarium wilt
of watermelons. Florida State Hortic. Soc. 80, 143–148.

Everts, K.L., Egel, D.S., Langston, D., Zhou, X.-G., 2014. Chemical management of
Fusarium wilt of watermelon. Crop Prot. 66, 114–119.

Fan, X.-L., Li, J., 2014. Effectiveness of alkaline fertilizer on the control of banana
Fusarium wilt and regulation of soil acidity in banana orchard. J. Plant Nutr. Fert. 20,
938–946.

Fang, X., Phillips, D., Li, H., Sivasithamparam, K., Barbetti, M.J., 2011. Comparisons of
virulence of pathogens associated with crown and root diseases of strawberry in
Western Australia with special reference to the effect of temperature. Sci. Hortic. 131,
39–48.

Fang, X., You, M.P., Barbetti, M.J., 2012. Reduced severity and impact of Fusarium wilt
on strawberry by manipulation of soil pH, soil organic amendments and crop rota-
tion. Eur. J. Plant Pathol. 134, 619–629.

Fernández-Falcón, M., Borges, A.A., Borges-Pérez, A., 2004. Response of Dwarf Cavendish
banana plantlets to inoculation with races 1 and 4 of Fusarium oxysporum f. sp.
cubense at different levels of Zn nutrition. Fruits 59, 319–323.

Ferret, C., Sterckeman, T., Cornu, J.-Y., Gangloff, S., Schalk, I.J., Geoffroy, V.A., 2014.
Siderophore-promoted dissolution of smectite by fluorescent Pseudomonas. Environ.
Microbiol. Rep. 6, 459–467.

Ferrocino, I., Chitarra, W., Pugliese, M., Gilardi, G., Gullino, M.L., Garibaldi, A., 2013.
Effect of elevated atmospheric CO2 and temperature on disease severity of Fusarium
oxysporum f.sp. lactucae on lettuce plants. Appl. Soil Ecol. 72, 1–6.

Fortunato, A.A., Rodrigues, F.A., Do Nascimento, K.J.T., 2012a. Physiological and bio-
chemical aspects of the resistance of banana plants to Fusarium wilt potentiated by
silicon. Phytopathology 102, 957–966.

Fortunato, A.A., Rodrigues, F.C.A.V., Baroni, J.L.C.P., César, G., Soares, B., Rodriguez,
M.A.D., Pereira, O.L., 2012b. Silicon suppresses Fusarium wilt development in ba-
nana plants. J. Phytopathol. 160, 674–679.

Fortunato, A.A., da Silva, W.L., Rodrigues, F.Á., 2014. Phenylpropanoid pathway is po-
tentiated by silicon in the roots of banana plants during the infection process of
Fusarium oxysporum f. sp. cubense. Phytopathology 104, 597–603.

Fu, L., Penton, C.R., Ruan, Y., Shen, Z., Xue, C., Li, R., Shen, Q., 2017. Inducing the
rhizosphere microbiome by biofertilizer application to suppress banana Fusarium
wilt disease. Soil Biol. Biochem. 104, 39–48.

García-Bastidas, F., Ordóñez, N., Konkol, J., Al-Qasim, M., Naser, Z., Abdelwali, M.,
Salem, N., Waalwijk, C., Ploetz, R.C., Kema, G.H.J., 2013. First report of Fusarium
oxysporum f. sp. cubense Tropical Race 4 associated with panama disease of banana
outside Southeast Asia. Plant Dis. 98, 694.

Gatch, E., 2013. In: Managment of Fusarium Wilt in Spinach seed crops in the Maritime
Pacific Northwest USA, Department of Plant Pathology. Washington State University,
pp. 338.

Gatch, E.W., du Toit, L.J., 2016. Limestone-mediated suppression of Fusarium wilt in
spinach seed crops. Plant Dis PDIS-04-16-0423-RE.

Gattullo, C.E., Allegretta, I., Medici, L., Fijan, R., Pii, Y., Cesco, S., Mimmo, T., Terzano,
R., 2016. Silicon dynamics in the rhizosphere: connections with iron mobilization. J.
Plant Nutr. Soil Sci. 179, 409–417.

Ghaemi, A., Rahimi, A., Banihashemi, Z., 2011. Effects of water stress and Fusarium
oxysporum f. sp. lycoperseci on growth (leaf area, plant height, shoot dry matter) and
shoot nitrogen content of tomatoes under greenhouse conditions. Iran Agric. Res. 29,
51–62.

Goud, J.-K.C., Termorshuizen, A.J., Blok, W.J., van Bruggen, A.H.C., 2004. Long-term
effect of biological soil disinfestation on Verticillium wilt. Plant Dis. 88, 688–694.

Griffin, D.E., 2012. Managing abiotic factors of compost to increase soilborne disease
suppression. J. Nat. Resour. Life Sci. Educ. 41, 31–34.

Gsaller, F., Hortschansky, P., Beattie, S.R., Klammer, V., Tuppatsch, K., Lechner, B.E.,
Rietzschel, N., Werner, E.R., Vogan, A.A., Chung, D., Mühlenhoff, U., Kato, M.,
Cramer, R.A., Brakhage, A.A., Haas, H., 2014. The Janus transcription factor HapX
controls fungal adaptation to both iron starvation and iron excess. EMBO J. 33,
2261–2276.

Gupta, K.J., Stoimenova, M., Kaiser, W.M., 2005. In higher plants, only root mitochon-
dria, but not leaf mitochondria reduce nitrite to NO, in vitro and in situ. J. Exp. Bot.
56, 2601–2609.

Gupta, K.J., Brotman, Y., Segu, S., Zeier, T., Zeier, J., Persijn, S.T., Cristescu, S.M., Harren,
F.J.M., Bauwe, H., Fernie, A.R., Kaiser, W.M., Mur, L.A.J., 2013. The form of nitrogen
nutrition affects resistance against Pseudomonas syringae pv. phaseolicola in to-
bacco. J. Exp. Bot. 64, 553–568.

Gutierrez Jerez, F., Trujillo Jacinto del Castillo, I., Borges Pérez, A., 1983. Estudio sobre el
Mal de Panamá en las Islas Canarias. I. Carcterísticas físicas y químicas de los suelos y
su relación con la aparición de la enfermedad.

Harrington, J.M., Duckworth, O.W., Haselwandter, K., 2015. The fate of siderophores:
antagonistic environmental interactions in exudate-mediated micronutrient uptake.
Biometals 28, 461–472.

Hawkesford, M., Horst, W., Kichey, T., Lambers, H., Schjoerring, J., Møller, I.S., White, P.,
2012. Chapter 6 - Functions of Macronutrients A2 - Marschner, Petra, Marschner's
Mineral Nutrition of Higher Plants (Third Edition). Academic Press, San Diego, pp.
135–189.

Hecht-Buchholz, C., Borges-Pérez, A., Fernández Falcón, M., Borges, A.A., 1998. Influence
of Zinc Nutrition on Fusarium Wilt of Banana - An Electron Microscopic Investigation,
490, ed. International Society for Horticultural Science (ISHS), Leuven, Belgium, pp.
277–284.

Hennessy, C., Walduck, G., Daly, A., Padovan, A., 2005. Weed hosts ofFusarium oxy-
sporum f. sp.cubense tropical race 4 in northern Australia. Australas. Plant Pathol.
34, 115–117.

Hewavitharana, S.S., Ruddell, D., Mazzola, M., 2014. Carbon source-dependent anti-
fungal and nematicidal volatiles derived during anaerobic soil disinfestation. Eur. J.
Plant Pathol. 140, 39–52.

Hoffland, E., Jeger, M.J., van Beusichem, M.L., 2000. Effect of nitrogen supply rate on
disease resistance in tomato depends on the pathogen. Plant Soil 218, 239–247.

Hoitink, H.A.J., Fahy, P.C.A., 1986. Basis for the control of soilborne plant pathogens

R. Orr, P.N. Nelson Applied Soil Ecology 132 (2018) 20–33

30

http://refhub.elsevier.com/S0929-1393(17)31269-6/h0145
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0150
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0150
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0150
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0155
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0155
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0155
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0160
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0160
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0165
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0165
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0165
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0170
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0170
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0170
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0175
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0175
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0175
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0180
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0180
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0180
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0185
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0185
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0190
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0190
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0190
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0195
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0195
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0195
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0195
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0200
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0200
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0200
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0205
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0205
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0210
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0210
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0210
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0215
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0215
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0215
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0220
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0220
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0220
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0220
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0220
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0225
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0225
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0225
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0225
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0230
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0230
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0235
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0235
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0235
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0240
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0240
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0245
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0245
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0245
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0245
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0250
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0250
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0250
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0255
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0255
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0255
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0260
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0260
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0260
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0265
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0265
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0265
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0270
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0270
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0270
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0275
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0275
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0275
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0280
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0280
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0280
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0285
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0285
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0290
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0290
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0295
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0295
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0295
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0300
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0300
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0300
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0300
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0305
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0305
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0305
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0310
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0310
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0310
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0315
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0315
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0315
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0320
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0320
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0320
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0325
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0325
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0325
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0330
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0330
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0330
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0335
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0335
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0335
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0340
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0340
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0340
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0345
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0345
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0345
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0345
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0350
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0350
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0350
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0355
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0355
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0360
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0360
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0360
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0365
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0365
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0365
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0365
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0370
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0370
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0375
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0375
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0380
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0380
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0380
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0380
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0380
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0385
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0385
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0385
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0390
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0390
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0390
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0390
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0400
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0400
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0400
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0405
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0405
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0405
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0405
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0410
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0410
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0410
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0410
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0415
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0415
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0415
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0420
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0420
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0420
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0425
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0425
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0430


with composts. Ann. Rev. Phytopathol. 24, 93–114.
Hoitink, H., Stone, A., Han, D., 1997. Suppression of plant diseases by composts.

HortScience 32, 184–187.
Höper, H., Alabouvette, C., 1996. Importance of physical and chemical soil properties in

the suppressiveness of soils to plant diseases. Eur. J. Soil Biol. (France).
Höper, H., Steinberg, C., Alabouvette, C., 1995. Involvement of clay type and pH in the

mechanisms of soil suppressiveness to fusarium wilt of flax. Soil Biol. Biochem. 27,
955–967.

Hopkins, D.L., Elmstrom, G.W., 1976. Effect of soil pH and nitrogen source on Fusarium
Wilt of watermelon on land previously cropped in watermelons. Proc. Florida State
Hortic. Soc. 89, 141–143.

Horton, R., Kluitenberg, G.J., Bristow, K.L., 1994. Surface crop residue effects on the soil
surface energy balance. Managing Agric. Residues 143–162.

Hoshino, T., Mizutani, A., Shimizu, S., Hidaka, H., Yamane, T., 1991. Calcium ion reg-
ulates the release of lipase of Fusarium oxysporum. J. Biochem. 110, 457–461.

Huang, C.-H., Roberts, P.D., Datnoff, L.E., 2011. Silicon suppresses Fusarium crown and
root rot of tomato. J. Phytopathol. 159, 546–554.

Huang, X., Shi, D., Sun, F., Lu, H., Liu, J., Wu, W., 2012. Efficacy of sludge and manure
compost amendments against Fusarium wilt of cucumber. Environ. Sci. Pollut. Res.
19, 3895–3905.

Huang, X., Wen, T., Zhang, J., Meng, L., Zhu, T., Cai, Z., 2015a. Toxic organic acids
produced in biological soil disinfestation mainly caused the suppression of Fusarium
oxysporum f. sp. cubense. Biocontrol 60, 113–124.

Huang, X.Q., Wen, T., Zhang, J.B., Meng, L., Zhu, T.B., Liu, L.L., Cai, Z.C., 2015b. Control
of soil-borne pathogen Fusarium oxysporum by biological soil disinfestation with
incorporation of various organic matters. Eur. J. Plant Pathol. 143, 223–235.

Huber, D., Römheld, V., Weinmann, M., 2012. Chapter 10 - Relationship between
Nutrition, Plant Diseases and Pests A2 - Marschner, Petra, Marschner’s Mineral
Nutrition of Higher Plants (Third Edition). Academic Press, San Diego, pp. 283–298.

Hung, T.N., Hung, N.Q., Mostert, D., Viljoen, A., Chao, C.-P., Molina, G., 2017. First
report of Fusarium wilt on Cavendish bananas, caused by Fusarium oxysporum f. sp.
cubense tropical race 4 (VCG 01213/16), in Vietnam. Plant Dis.

Hwang, S.-C., Ko, W.-H., 2004. Cavendish banana cultivars resistant to Fusarium wilt
acquired through somaclonal variation in Taiwan. Plant Dis. 88, 580–588.

Janvier, C., Villeneuve, F., Alabouvette, C., Edel-Hermann, V., Mateille, T., Steinberg, C.,
2007. Soil health through soil disease suppression: which strategy from descriptors to
indicators? Soil Biol. Biochem. 39, 1–23.

Jarvis, W.R., Thorpe, H.J., 1980. Effects of nitrate and ammonium nitrogen on severity of
Fusarium foot and root rot and on yield of greenhouse tomatoes. Plant Dis. 64,
309–310.

Johnson, J.M., Oelmüller, R., 2013. Agony to Harmony—What Decides? Calcium
Signaling in Beneficial and Pathogenic Plant-Fungus Interactions—What We Can
Learn from the Arabidopsis/Piriformospora indica Symbiosis, Molecular Microbial
Ecology of the Rhizosphere. John Wiley & Sons Inc, pp. 833–850.

Jones, K.W., 2013. Silicon in Banana Plants: Uptake, Distribution and Interaction with the
Disease Fusarium WiltBrisbane, School of Agriculture & Food Sciences. The
University of Queensland.

Jones, J.P., Overman, A.J., 1971. Control of Fusarium wilt of tomato with lime and soil
fumigante. Phytopathology 61, 1415–1417.

Jones, J.P., Woltz, S.S., 1968. Field control of Fusarium Wilt (Race 2) of Tomato by liming
and stake disinfestation. Florica Agric. Exp. Statins J. Ser. 81, 187–191.

Jones, J.P., Woltz, S., 1969. Fusarium wilt (race 2) of tomato: calcium, pH, and micro-
nutrient effects on disease development. Plant Dis. Rep. 53, 276–279.

Jones, J.P., Woltz, S.S., 1970. Fusarium wilt of tomato: interaction of soil liming and
micronutrient amendments on disease development. Phytopathology 60, 812–813.

Jones, J.P., Woltz, S.S., Everett, P.H., 1975. Effect of liming and nitrogen source on
Fusarium wilt of cucumber and watermelon. Proc. Florida State Hortic. Soc. 88,
200–203.

Jorge-Silva, M.L., Rodrigues, M.L., Ferraz, J.F.P., Ricardo, C.P.P., 1989. Effect of water
availability on growth of Fusarium oxysporum f. sp. melonis and on host-parasite in-
teractions. Mycol. Res. 92, 157–161.

Kang, S., Demers, J., del Mar Jimenez-Gasco, M., Rep, M., 2014. Fusarium oxysporum. In:
Dean, R.A., Lichens-Park, A., Kole, C. (Eds.), Genomics of Plant-Associated Fungi and
Oomycetes: Dicot Pathogens. Springer, Berlin Heidelberg, Berlin, Heidelberg, pp.
99–119.

Kawano, T., Kawano, N., Muto, S., Lapeyrie, F., 2002. Retardation and inhibition of the
cation-induced superoxide generation in BY-2 tobacco cell suspension culture by
Zn2+ and Mn2+. Physiol. Plant. 114, 395–404.

Keane, E.M., Sackston, W., 1970. Effects of boron and calcium nutrition of flax on
Fusarium wilt. Can. J. Plant Sci. 50, 415–422.

Khoshgoftarmanesh, A.H., Kabiri, S., Shariatmadari, H., Sharifnabi, B., Schulin, R., 2010.
Zinc nutrition effect on the tolerance of wheat genotypes to Fusarium root-rot disease
in a solution culture experiment. Soil Sci. Plant Nutr. 56, 234–243.

Kidane, E., Laing, M., 2008. Cold stress ameliorating effect of silicon and its impact on
Fusarium wilt of banana, Silicon in Agriculture. in: 4th International Conference,
South Africa, p. 50.

Kim, H.S., Kim, J.E., Frailey, D., Nohe, A., Duncan, R., Czymmek, K.J., Kang, S., 2015.
Roles of three Fusarium oxysporum calcium ion (Ca(2+)) channels in generating Ca
(2+) signatures and controlling growth. Fungal Gen. Biol.: FG & B 82, 145–157.

Kloepper, J.W., Leong, J., Teintze, M., Schroth, M.N., 1980. Pseudomonas siderophores: a
mechanism explaining disease-suppressive soils. Curr. Microbiol. 4, 317–320.

Larkin, R.P., Fravel, D.R., 2002. Effects of varying environmental conditions on biological
control of Fusarium wilt of tomato by nonpathogenic Fusarium spp. Phytopathology
92, 1160–1166.

Lavie, S., Stotzky, G., 1986. Interactions between clay minerals and siderophores affect
the respiration of Histoplasma capsulatum. Appl. Environ. Microbiol. 51, 74–79.

Lecourieux, D., Ranjeva, R., Pugin, A., 2006. Calcium in plant defence-signalling path-
ways. New Phytol. 171, 249–269.

Leeman, M., Ouden, F.M.D., Pelt, J.A.V., Dirkx, F.P.M., Steijl, H., Bakker, P.A.H.M.,
Schippers, B., 1996. Iron availability affects induction of systemic resistance to
Fusarium wilt of radish by Pseudomonas fluorescens. Phytopathology 86, 149–155.

Lemanceau, P., 1989. Role of competition for carbon and iron in mechanisms of soil
suppressiveness to Fusarium wilts. In: Tjamos, E.C., Beckman, C.H. (Eds.), Vascular
Wilt Diseases of Plants: Basic Studies and Control. Springer, Berlin Heidelberg, Berlin,
Heidelberg, pp. 385–396.

Lemanceau, P., Alabouvette, C., 1993. Suppression of fusarium wilts by fluorescent
pseudomonads: mechanisms and applications. Biocontrol Sci. Technol. 3, 219–234.

Lemanceau, P., Alabouvette, C., Couteaudier, Y., 1988. Studies on the disease suppres-
siveness of soils. XIV. Modification of the receptivity level of a suppressive and a
conducive soil to fusarium wilt in response to the supply of iron or of glucose.
Agronomie 8, 155–162.

Lemanceau, P., Bauer, P., Kraemer, S., Briat, J.-F., 2009. Iron dynamics in the rhizosphere
as a case study for analyzing interactions between soils, plants and microbes. Plant
Soil 321, 513–535.

Lescot, T., 2015. In: Genetic Diversity of the Banana, Fruitrop. CIRAD, Montpellier,
France, pp. 98–102.

Leslie, J.F., Summerell, B.A., 2008. The Fusarium Laboratory Manual. John Wiley & Sons.
Liang, Y.C., Sun, W.C., Si, J., Römheld, V., 2005. Effects of foliar- and root-applied silicon

on the enhancement of induced resistance to powdery mildew in Cucumis sativus.
Plant. Pathol. 54, 678–685.

Lindsay, W.L., 1979. Chemical Equilibria in Soils. John Wiley and Sons Ltd., Chichester,
Sussex.

Lindsay, W.L., Schwab, A.P., 1982. The chemistry of iron in soils and its availability to
plants. J. Plant Nutr. 5, 821–840.

Liu, L., Kong, J., Cui, H., Zhang, J., Wang, F., Cai, Z., Huang, X., 2016. Relationships of
decomposability and C/N ratio in different types of organic matter with suppression
of Fusarium oxysporum and microbial communities during reductive soil disin-
festation. Biol. Control 101, 103–113.

López-Berges, M.S., Rispail, N., Prados-Rosales, R.C., Di Pietro, A., 2010. A nitrogen re-
sponse pathway regulates virulence in plant pathogenic fungi. Plant Signaling Behav.
5, 1623–1625.

López-Berges, M.S., Capilla, J., Turrà, D., Schafferer, L., Matthijs, S., Jöchl, C., Cornelis,
P., Guarro, J., Haas, H., Di Pietro, A., 2012. HapX-mediated iron homeostasis is es-
sential for rhizosphere competence and virulence of the soilborne pathogen Fusarium
oxysporum. Plant Cell 24, 3805–3822.

López-Berges, M.S., Turrà, D., Capilla, J., Schafferer, L., Matthijs, S., Jöchl, C., Cornelis,
P., Guarro, J., Haas, H., Di Pietro, A., 2013. Iron competition in fungus-plant inter-
actions. Plant Signaling Behav. 8, e23012.

López-Díaz, C., Rahjoo, V., Sulyok, M., Ghionna, V., Martín-Vicente, A., Capilla, J., Di
Pietro, A., López-Berges, M.S., 2017. Fusaric acid contributes to virulence of
Fusarium oxysporum on plant and mammalian hosts. Mol. Plant Pathol n/a-n/a.

Markakis, E.A., Fountoulakis, M.S., Daskalakis, G.C., Kokkinis, M., Ligoxigakis, E.K.,
2016. The suppressive effect of compost amendments on Fusarium oxysporum f.sp.
radicis-cucumerinum in cucumber and Verticillium dahliae in eggplant. Crop Prot.
79, 70–79.

Marschner, H., Römheld, V., 1995. Strategies of plants for acquisition of iron. In: Abadía,
J. (Ed.), Iron Nutrition in Soils and Plants: Proceedings of the Seventh International
Symposium on Iron Nutrition and Interactions in Plants, June 27–July 2, 1993.
Springer Netherlands, Dordrecht, Zaragoza, Spain, pp. 375–388.

Mazurier, S., Corberand, T., Lemanceau, P., Raaijmakers, J.M., 2009. Phenazine anti-
biotics produced by fluorescent pseudomonads contribute to natural soil suppres-
siveness to Fusarium wilt. ISME J. 3, 977–991.

Meyer, J.M., Abdallah, M.A., 1978. The fluorescent pigment of pseudomonas fluorescens:
biosynthesis, purification and physicochemical properties. Microbiology 107,
319–328.

Millaleo, R., Reyes-Díaz, M., Ivanov, A., Mora, M., Alberdi, M., 2010. Manganese as es-
sential and toxic element for plants: transport, accumulation and resistance me-
chanisms. J. Soil Sci. Plant Nutr. 10, 470–481.

Momma, N., 2015. Studies on mechanisms of anaerobicity-mediated biological soil dis-
infestation and its practical application. J. Gen. Plant Pathol. 81, 480–482.

Momma, N., Kobara, Y., Uematsu, S., Kita, N., Shinmura, A., 2013. Development of
biological soil disinfestations in Japan. Appl. Microbiol. Biotechnol. 97, 3801–3809.

Morgan, K.T., Timmer, L.W., 1984. Effect of inoculum density, nitrogen source and sa-
prophytic fungi on Fusarium wilt of Mexican lime. Plant Soil 79, 203–210.

Mostert, D., Molina, A.B., Daniells, J., Fourie, G., Hermanto, C., Chao, C.-P., Fabregar, E.,
Sinohin, V.G., Masdek, N., Thangavelu, R., Li, C., Yi, G., Mostert, L., Viljoen, A., 2017.
The distribution and host range of the banana Fusarium wilt fungus, Fusarium oxy-
sporum f. sp. cubense, in Asia. PLoS One 12, e0181630.

Mur, L.A., Simpson, C., Kumari, A., Gupta, A.K., Gupta, K.J., 2016. Moving nitrogen to the
centre of plant defence against pathogens. Ann. Bot.

Navazio, L., Mariani, P., 2008. Calcium opens the dialogue between plants and arbuscular
mycorrhizal fungi. Plant Signaling Behav. 3, 229–230.

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.

Nel, B., Steinberg, C., Labuschagne, N., Viljoen, A., 2007. Evaluation of fungicides and
sterilants for potential application in the management of Fusarium wilt of banana.
Crop Prot. 26, 697–705.

Neumann, G., Römheld, V., 2012. Chapter 14 - Rhizosphere Chemistry in Relation to
Plant Nutrition A2 - Marschner, Petra, Marschner's Mineral Nutrition of Higher Plants
(Third Edition). Academic Press, San Diego, pp. 347–368.

Noble, R., Coventry, E., 2005. Suppression of soil-borne plant diseases with composts: a

R. Orr, P.N. Nelson Applied Soil Ecology 132 (2018) 20–33

31

http://refhub.elsevier.com/S0929-1393(17)31269-6/h0430
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0435
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0435
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0440
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0440
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0445
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0445
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0445
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0450
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0450
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0450
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0455
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0455
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0460
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0460
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0465
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0465
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0470
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0470
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0470
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0475
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0475
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0475
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0480
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0480
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0480
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0485
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0485
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0485
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0490
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0490
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0490
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0495
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0495
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0500
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0500
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0500
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0505
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0505
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0505
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0510
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0510
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0510
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0510
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0515
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0515
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0515
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0520
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0520
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0525
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0525
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0530
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0530
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0535
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0535
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0540
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0540
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0540
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0545
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0545
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0545
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0550
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0550
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0550
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0550
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0555
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0555
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0555
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0560
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0560
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0565
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0565
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0565
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0575
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0575
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0575
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0580
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0580
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0585
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0585
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0585
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0590
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0590
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0595
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0595
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0600
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0600
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0600
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0605
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0605
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0605
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0605
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0610
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0610
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0615
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0615
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0615
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0615
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0620
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0620
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0620
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0625
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0625
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0630
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0635
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0635
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0635
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0640
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0640
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0645
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0645
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0650
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0650
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0650
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0650
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0655
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0655
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0655
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0660
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0660
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0660
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0660
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0665
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0665
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0665
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0670
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0670
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0670
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0675
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0675
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0675
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0675
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0680
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0680
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0680
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0680
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0685
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0685
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0685
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0690
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0690
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0690
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0695
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0695
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0695
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0700
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0700
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0705
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0705
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0710
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0710
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0715
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0715
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0715
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0715
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0720
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0720
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0725
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0725
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0730
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0730
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0730
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0735
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0735
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0735
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0740
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0740
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0740
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0745


review. Biocontrol Sci. Tech. 15, 3–20.
O’Neill, W.T., Henderson, J., Pattemore, J.A., O’Dwyer, C., Perry, S., Beasley, D.R., Tan,

Y.P., Smyth, A.L., Goosem, C.H., Thomson, K.M., Hobbs, R.L., Grice, K.R.E.,
Trevorrow, P., Vawdrey, L.L., Pathania, N., Shivas, R.G., 2016. Detection of Fusarium
oxysporum f. sp. cubense tropical race 4 strain in northern Queensland. Australas.
Plant Dis.Notes 11, 33.

Ollagnier, M., Renard, J.L., 1976. Effect of potassium on the resistance of oil palm to
Fusarium disease. Oleagineux 31, 203–208.

Ordonez, N., Seidl, M.F., Waalwijk, C., Drenth, A., Kilian, A., Thomma, B.P., Ploetz, R.C.,
Kema, G.H., 2015. Worse comes to worst: bananas and Panama disease—when plant
and pathogen clones meet. PLoS Pathog 11, e1005197.

Oritsejafor, J.J., 1986. Influence of moisture and pH on growth and survival of Fusarium
oxysporum f.sp. elaeidis in soil. Trans. Br. Mycol. Soc. 87, 511–517.

Pattison, A.B., Wright, C.L., Kukulies, T.L., Molina, A.B., 2014. Ground cover manage-
ment alters development of Fusarium wilt symptoms in Ducasse bananas. Australas.
Plant Pathol. 43, 465–476.

Pegg, K., Moore, N., Bentley, S., 1996. Fusarium wilt of banana in Australia: a review.
Aust. J. Agric. Res. 47, 637–650.

Peng, H.X., Sivasithamparam, K., Turner, D.W., 1999. Chlamydospore germination and
Fusarium wilt of banana plantlets in suppressive and conducive soils are affected by
physical and chemical factors. Soil Biol. Biochem. 31, 1363–1374.

Pérez Salas, R.A., Tapia Fernández, A.C., Soto, G., Benjamin, T., 2013. Efecto del Bio-
carbón sobre Fusarium oxysporum f. sp. cubense y el desarrollo de plantas de banano
(Musa AAA). InterSedes 14, 66–100.

Ploetz, R.C., 2015a. Fusarium Wilt of banana. Phytopathology 105, 1512–1521.
Ploetz, R.C., 2015b. Management of Fusarium wilt of banana: a review with special re-

ference to tropical race 4. Crop Prot. 73, 7–15.
Ploetz, R., Freeman, S., Konkol, J., Al-Abed, A., Naser, Z., Shalan, K., Barakat, R., Israeli,

Y., 2015. Tropical race 4 of Panama disease in the Middle East. Phytoparasitica 43,
283–293.

Ploetz, R., Pegg, K., 1997. Fusarium wilt of banana and Wallace's line: was the disease
originally restricted to his Indo-Malayan region? Australas. Plant Pathol. 26,
239–249.

Qi, Y.X., Zhang, X., Pu, J.J., Xie, Y.X., Zhang, H.Q., Huang, S.L., 2008. Race 4 identifi-
cation of Fusarium oxysporum f. sp.cubense from Cavendish cultivars in Hainan
province China. Australas. Plant Dis. Notes 3, 46–47.

Renard, J.L., Franqueville, H.D., 1991. Effectiveness of crop techniques in the integrated
control of oil palm vascular wilt. Oléagineux 46, 255–265.

Reuveni, R., Raviv, M., Krasnovsky, A., Freiman, L., Medina, S., Bar, A., Orion, D., 2002.
Compost induces protection against Fusarium oxysporum in sweet basil. Crop Prot.
21, 583–587.

Rishbeth, J., 1957. Fusarium wilt of bananas in Jamaica: II. Some aspects of host-parasite
relationships. Ann. Bot. 21, 215–245.

Román Jerí, C.H., 2012. Epidemiological considerations for the management of Fusarium
wilt (Fusarium oxysporum f. Sp. Cubense) of banana in the central region of Peru,
Agricultura Ecológica. Centro Agronomico tropical de investigacion y ensenanza,
Turrialba, Costa Rica.

Rosenzweig, W.D., Stotzky, G., 1979. Influence of environmental factors on antagonism of
fungi by bacteria in soil: clay minerals and pH. Appl. Environ. Microbiol. 38,
1120–1126.

Rousk, J., Baath, E., Brookes, P.C., Lauber, C.L., Lozupone, C., Caporaso, J.G., Knight, R.,
Fierer, N., 2010. Soil bacterial and fungal communities across a pH gradient in an
arable soil. ISME J. 4, 1340–1351.

Saadi, I., Laor, Y., Medina, S., Krassnovsky, A., Raviv, M., 2010. Compost suppressiveness
against Fusarium oxysporum was not reduced after one-year storage under various
moisture and temperature conditions. Soil Biol. Biochem. 42, 626–634.

Saikia, R., Srivastava, A.K., Singh, K., Arora, D.K., Lee, M.-W., 2005. Effect of iron
availability on induction of systemic resistance to Fusarium wilt of chickpea by
Pseudomonas spp. Mycobiology 33, 35–40.

Saikia, R., Varghese, S., Singh, B.P., Arora, D.K., 2009. Influence of mineral amendment
on disease suppressive activity of Pseudomonas fluorescens to Fusarium wilt of
chickpea. Microbiol. Res. 164, 365–373.

Sakr, N., 2016. The role of silicon (Si) in increasing plant resistance against fungal dis-
eases. HPPJ 9, 1.

Saritha, B., Panneerselvam, P., Ganeshamurthy, A., 2015. Antagonistic potential of my-
corrhiza associated Pseudomonas putida against soil borne fungal pathogens. Plant
Arch. 15, 763–768.

Scher, F.M., Baker, R., 1980. Mechanism of biological control in a Fusarium-suppressive
soil. Phytopathology 70, 412–417.

Scher, F.M., Baker, R., 1982. Effect of Pseudomonas putida and a synthetic iron chelator on
induction of soil suppressiveness to Fusarium wilt pathogens. Ecol. Epidemiol. 72,
1567–1573.

Scott, J.C., Gordon, T.R., Shaw, D.V., Koike, S.T., 2010. Effect of temperature on severity
of fusarium wilt of lettuce caused by fusarium oxysporum f. sp. lactucae. Plant Dis.
94, 13–17.

Segarra, G., Casanova, E., Avilés, M., Trillas, I., 2010. Trichoderma asperellum Strain T34
controls Fusarium wilt disease in tomato plants in soilless culture through competi-
tion for iron. Microb. Ecol. 59, 141–149.

Senechkin, I.V., Overbeek, L.S.V., Bruggen, A.H.C.V., 2014. Greater Fusarium wilt sup-
pression after complex than after simpleorganic amendments as affected by soil pH,
total carbon andammonia-oxidizing bacteria. Appl. Soil Ecol. 73, 148–155.

Shen, Z., Ruan, Y., Wang, B., Zhong, S., Su, L., Li, R., Shen, Q., 2015a. Effect of bio-
fertilizer for suppressing Fusarium wilt disease of banana as well as enhancing mi-
crobial and chemical properties of soil under greenhouse trial. Appl. Soil Ecol. 93,
111–119.

Shen, Z., Ruan, Y., Xue, C., Zhong, S., Li, R., Shen, Q., 2015b. Soils naturally suppressive

to banana Fusarium wilt disease harbor unique bacterial communities. Plant Soil 393,
21–33.

Sherameti, I., Vahabi, K., Ludwig, A., Sun, C., Oelmüller, R., 2014. Role of fungal bio-
molecules for establishing mutualistic/pathogenic interactions with Arabidopsis
roots: possibilities to decipher downstream signaling events. Albanian J. Agric.
Sci. 3–9.

Shrestha, U., Augé, R.M., Butler, D.M., 2016. A meta-analysis of the impact of anaerobic
soil disinfestation on pest suppression and yield of horticultural crops. Front. Plant
Sci. 7.

Siddiqui, S., Alamri, S.A., Alrumman, S.A., Meghvansi, M.K., Chaudhary, K.K., Kilany, M.,
Prasad, K., 2015. Role of soil amendment with micronutrients in suppression of
certain soilborne plant fungal diseases: a review. In: Meghvansi, M.K., Varma, A.
(Eds.), Organic Amendments and Soil Suppressiveness in Plant Disease Management.
Springer International Publishing, Cham, pp. 363–380.

Siebner-Freibach, H., Hadar, Y., Chen, Y., 2004. Interaction of iron chelating agents with
clay minerals. Soil Sci. Soc. Am. J. 68, 470–480.

Simeoni, L.A., Lindsay, W., Baker, R., 1987. Critical iron level associated with biological
control of Fusarium wilt. Phytopathology 77, 1057–1061.

Smith, L.J., 2006. In: Developing Healthier Banana Roots with Mycorrhizae and
Rhizobacteria, School of Agronomy and Horticulture. University of Queensland,
Gatton, Queensland, pp. 346.

Smith, L., O’Neill, W., Kochman, J., Lehane, J., Salmond, G., 2005. Silicon shows promise
for Fusarium wilt suppression. Aust. Cottongrower 26, 50–52.

Sneh, B., Dupler, M., Elad, Y., Baker, R., 1984. Chlamydospore germination of Fusarium
oxysporum f. sp. cucumerinum as affected by Fluorescent and lytic bacteria from a
Fusarium-suppressive soil. Ecol. Epidemiol. 74, 1115–1124.

Song, W., Zhou, L., Yang, C., Cao, X., Zhang, L., Liu, X., 2004. Tomato Fusarium wilt and
its chemical control strategies in a hydroponic system. Crop Prot. 23, 243–247.

Spiegel, Y., Netzer, D., Kafkafi, U., 1987. The role of calcium nutrition on Fusarium-wilt
syndrome in Muskmelon. J. Phytopathol. 118, 220–226.

Stotzky, G., Dawson, J.E., Martin, R.T., Ter Kuile, C.H.H., 1961. Soil mineralogy as factor
in spread of Fusarium wilt of banana. Science 133, 1483–1485.

Stotzky, G., Rem, L.T., 1967. Influence of clay minerals on microorganisms. IV.
Montmorillonite and kaolinite on fungi. Can. J. Microbiol. 13, 1535–1550.

Stotzky, G., Torrence Martin, R., 1963. Soil mineralogy in relation to the spread of fu-
sarium wilt of banana in central America. Plant Soil 18, 317–337.

Stover, R.H., 1954. Flood-fallowing for eradication of Fusarium oxysporum f. cubense: II.
Some factors involved in fungus survival. Soil Sci. 77, 401–414.

Stover, R.H., 1955. Flood-fallowing for eradication of Fusarium oxysporum F. cubense:
III. Effect of oxygen on fungus survival. Soil Sci. 80, 397–412.

Stover, R.H., 1956. Studies on Fusarium Wilt of bananas: I. The behavior of F. oxysporum
f. cubense in different soils. Can. J. Bot. 34, 927–942.

Stover, R.H., 1962. Fusarial Wilt (panama disease) of Bananas and Other Musa Species.
Commonwealth. Mycological Institute.

Subramanian, D., 1956. Role of trace element chelation in the fusarium wilt of cotton.
Proc. Indian Acad. Sci. – Section B 43, 302–307.

Swarupa, V., Ravishankar, K.V., Rekha, A., 2014. Plant defense response against Fusarium
oxysporum and strategies to develop tolerant genotypes in banana. Planta 239,
735–751.

Thangavelu, R., 2016. Status Report on Fusarium Wilt Disease in India, 2016 ISHAS-
ProMusa Symposium, Montpellier, France.

Tinker, P.B., Nye, P.H., 2000. Solute Movement in The Rhizosphere, 2nd;2; ed. Oxford
University Press, New York.

Triky-Dotan, S., Yermiyahu, U., Katan, J., Gamliel, A., 2005. Development of crown and
root rot disease of tomato under irrigation with saline water. Phytopathology 95,
1438–1444.

van Bruggen, A.H.C., Sharma, K., Kaku, E., Karfopoulos, S., Zelenev, V.V., Blok, W.J.,
2015. Soil health indicators and Fusarium wilt suppression in organically and con-
ventionally managed greenhouse soils. Appl. Soil Ecol. 86, 192–201.

Van Peer, R., Van Kuik, A.J., Rattink, H., Schippers, B., 1990. Control of Fusarium wilt in
carnation grown on rockwool by Pseudomonas sp. strain WCS417r and by Fe-
EDDHA. Neth. J. Plant Pathol. 96, 119–132.

van Rijn, E., Termorshuizen, A.J., van Bruggen, A.H.C., 2007. Storage method affects
disease suppression of flax wilt induced by composts. Soil Biol. Biochem. 39,
2743–2749.

Vansuyt, G., Robin, A., Briat, J.-F., Curie, C., Lemanceau, P., 2007. Iron acquisition from
Fe-Pyoverdine by Arabidopsis thaliana. Mol. Plant Microbe Interact. 20, 441–447.

Walters, D.R., Bingham, I.J., 2007. Influence of nutrition on disease development caused
by fungal pathogens: implications for plant disease control. Ann. Appl. Biol. 151,
307–324.

Wang, M., Sun, Y., Gu, Z., Wang, R., Sun, G., Zhu, C., Guo, S., Shen, Q., 2016. Nitrate
protects cucumber plants against Fusarium oxysporum by regulating citrate exuda-
tion. Plant Cell Physiol. 57, 2001–2012.

Wang, M., Gao, L., Dong, S., Sun, Y., Shen, Q., Guo, S., 2017. Role of silicon on plant–-
pathogen interactions. Front. Plant Sci. 8.

Weinert, M., Simpson, M., 2016. Sub tropical banana nutrition - matching nutrition re-
quirements to growth demands. NSW Department of Primary Industries, Wollongbar,
NSW.

Weller, D.M., Raaijmakers, J.M., Gardener, B.B.M., Thomashow, L.S., 2002. Microbial
populations responsible for specific soil suppressiveness to plant pathogens. Ann.
Rev. Phytopathol. 40, 309–348.

Wen, T., Huang, X., Zhang, J., Zhu, T., Meng, L., Cai, Z., 2015. Effects of water regime,
crop residues, and application rates on control of Fusarium oxysporum f. sp. cubense.
J. Environ. Sci. 31, 30–37.

Whan, J.A., Dann, E.K., Aitken, E.A.B., 2016. Effects of silicon treatment and inoculation
with Fusarium oxysporum f. sp. vasinfectum on cellular defences in root tissues of

R. Orr, P.N. Nelson Applied Soil Ecology 132 (2018) 20–33

32

http://refhub.elsevier.com/S0929-1393(17)31269-6/h0745
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0750
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0750
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0750
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0750
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0750
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0755
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0755
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0760
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0760
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0760
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0765
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0765
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0770
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0770
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0770
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0775
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0775
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0780
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0780
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0780
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0785
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0785
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0785
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0790
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0795
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0795
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0800
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0800
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0800
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0805
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0805
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0805
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0810
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0810
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0810
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0815
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0815
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0820
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0820
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0820
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0825
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0825
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0835
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0835
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0835
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0840
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0840
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0840
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0845
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0845
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0845
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0850
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0850
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0850
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0855
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0855
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0855
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0860
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0860
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0865
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0865
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0865
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0870
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0870
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0875
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0875
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0875
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0880
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0880
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0880
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0885
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0885
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0885
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0890
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0890
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0890
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0895
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0895
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0895
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0895
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0900
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0900
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0900
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0905
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0905
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0905
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0905
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0910
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0910
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0910
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0915
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0915
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0915
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0915
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0915
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0920
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0920
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0925
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0925
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0930
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0930
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0930
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0935
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0935
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0940
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0940
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0940
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0945
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0945
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0950
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0950
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0955
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0955
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0960
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0960
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0965
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0965
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0970
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0970
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0975
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0975
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0980
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0980
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0985
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0985
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0990
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0990
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0995
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0995
http://refhub.elsevier.com/S0929-1393(17)31269-6/h0995
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1005
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1005
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1010
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1010
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1010
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1015
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1015
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1015
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1020
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1020
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1020
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1025
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1025
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1025
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1030
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1030
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1035
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1035
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1035
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1040
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1040
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1040
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1045
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1045
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1050
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1050
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1050
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1055
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1055
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1055
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1060
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1060
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1060
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1065
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1065


two cotton cultivars. Ann. Bot. 118, 219–226.
Wibowo, A., Utami, S.N.H., Subandiyah, S., Somala, M.U.A., Pattison, A., Forsyth, L.,

Molina, A., 2014. In: The Effect of Silica and Manure Addition into Suppressive and
Conducive Soil on the Incidence of Fusarium Wilt Disease of Banana. International
Society for Horticultural Science (ISHS), Leuven, Belgium, pp. 55–60.

Woltz, S., Engelhard, A., 1973. Fusarium wilt of chrysanthemum: effect of nitrogen source
and lime on disease development. Phytopathology.

Woltz, S., Jones, J.P., 1973. Tomato Fusarium wilt control by adjustments in soil fertility.
Proc. Fla. State Hortic. Soc. 157–159.

Woltz, S.S., Jones, J.P., 1981. Nutritional requirements of Fusarium oxysporum: basis for a
disease control system. In: Nelson, P.E., Tousson, T.A., Cook, R. (Eds.), Fusarium:
Disease, Biology and Taxonomy. Pennsylvania State University Press, University
Park, PA, pp. 340–349.

Woltz, S.S., Jones, J.P., Scott, J.W., 1992. Sodium chloride, nitrogen source, and lime
influence Fusarium crown rot severity in tomato. HortScience 27, 1087–1088.

Wu, Y., Yi, G., Peng, X., Huang, B., Liu, E., Zhang, J., 2013. Systemic acquired resistance
in Cavendish banana induced by infection with an incompatible strain of Fusarium
oxysporum f. sp. cubense. J. Plant Physiol. 170, 1039–1046.

Xiong, H., Kakei, Y., Kobayashi, T., Guo, X., Nakazono, M., Takahashi, H., Nakanishi, H.,
Shen, H., Zhang, F., Nishizawa, N.K., Zuo, Y., 2013. Molecular evidence for phyto-
siderophore-induced improvement of iron nutrition of peanut intercropped with
maize in calcareous soil. Plant, Cell Environ. 36, 1888–1902.

Xue, C., Penton, C.R., Shen, Z., Zhang, R., Huang, Q., Li, R., Ruan, Y., Shen, Q., 2015.
Manipulating the banana rhizosphere microbiome for biological control of Panama

disease. Nat. Sci. Rep.
Yao, Y., Xue, Z., Hong, C., Zhu, F., Chen, X., Wang, W., Cai, Z., Huang, N., Yang, X., 2016.

Efficiency of different solarization-based ecological soil treatments on the control of
Fusarium wilt and their impacts on the soil microbial community. Appl. Soil Ecol.
108, 341–351.

Yogev, A., Raviv, M., Hadar, Y., Cohen, R., Katan, J., 2006. Plant waste-based composts
suppressive to diseases caused by pathogenic Fusarium oxysporum. Eur. J. Plant
Pathol. 116, 267–278.

Yogev, A., Laor, Y., Katan, J., Hadar, Y., Cohen, R., Medina, S., Raviv, M., 2011. Does
organic farming increase soil suppression against Fusarium wilt of melon? Org. Agric.
1, 203–216.

Yuen, G.Y., McCain, A.H., Schroth, M.N., 1983. The Relation of Soil Type to Suppression
of Fusarium Wilt of Carnation, 141, ed. International Society for Horticultural
Science (ISHS), Leuven, Belgium, pp. 95–102.

Zeidler, D., Zähringer, U., Gerber, I., Dubery, I., Hartung, T., Bors, W., Hutzler, P., Durner,
J., 2004. Innate immunity in Arabidopsis thaliana: lipopolysaccharides activate nitric
oxide synthase (NOS) and induce defense genes. Proc. Natl. Acad. Sci. U.S.A. 101,
15811–15816.

Zhang, M.-X., Zhang, M.-C., Chen, P., Ruan, Y., Zhu, Y.-Y., Shen, Q.-R., 2013. Influence of
nitrate/ammonium ratio on the plant growth of banana and related wilt disease
development. J. Plant Nutr. Fert. 19, 1241–1247.

Zhou, J., Wang, M., Sun, Y., Gu, Z., Wang, R., Saydin, A., Shen, Q., Guo, S., 2017. Nitrate
increased cucumber tolerance to Fusarium wilt by regulating fungal toxin production
and distribution. Toxins 9, 100.

R. Orr, P.N. Nelson Applied Soil Ecology 132 (2018) 20–33

33

http://refhub.elsevier.com/S0929-1393(17)31269-6/h1065
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1070
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1070
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1070
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1070
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1075
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1075
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1080
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1080
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1085
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1085
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1085
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1085
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1090
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1090
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1095
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1095
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1095
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1100
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1100
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1100
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1100
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1105
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1105
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1105
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1110
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1110
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1110
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1110
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1115
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1115
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1115
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1120
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1120
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1120
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1125
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1125
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1125
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1130
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1130
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1130
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1130
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1135
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1135
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1135
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1140
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1140
http://refhub.elsevier.com/S0929-1393(17)31269-6/h1140

	Impacts of soil abiotic attributes on Fusarium wilt, focusing on bananas
	Introduction
	Fusarium wilt of bananas (Panama disease)
	Mechanisms of soil-borne disease suppression
	Impacts of soil abiotic attributes
	Temperature
	Water and oxygen
	Mineralogy, texture and structure
	pH
	Organic matter
	Nitrogen
	Calcium
	Iron and manganese
	Zinc and other trace elements
	Silicon

	Conclusions
	Acknowledgements
	References




