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Abstract. Soils are known to differ in suppressiveness to soil-borne diseases, but the suppressiveness or otherwise to
Fusarium wilt of Australian soils used to grow bananas is unknown. In this work we tested the relative suppressiveness
of six key soil types. Banana (Musa (AAB group) ‘Pome’, cultivar ‘Lady Finger’) was grown in pots of the soils
inoculated or not with Fusarium oxysporum f.sp. cubense (Foc) ‘Race 1’. Sixteen weeks after inoculation the plants
were harvested and disease severity was assessed by measuring discoloration within the rhizome. In the inoculated
pots, disease severity was greatest in the alluvial Liverpool and Virgil soils and least in the basaltic origin Tolga soil. No
disease was detected in the non-inoculated pots. Soils with the lowest disease severity had the highest root mass,
irrespective of inoculation, and the largest (negative) effect of inoculation on root dry mass. Disease severity in inoculated
pots was negatively correlated with soil clay content and b-glucosidase activity. The results indicate that the risk of
Fusarium wilt negatively impacting banana growth differs between soils of the main Australian banana-growing region.
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Introduction

Soils suppressive to soil-borne diseases, recognised for over a
century, are defined as those in which disease development
is minimal despite the presence of both a virulent pathogen
and a susceptible plant host (Mazzola 2002). An active and
functionally diverse soil microbial community, with which
pathogens must compete for nutrients and habitat, is widely
accepted as the basis of disease-suppressive soils (Höper and
Alabouvette 1996; Brady and Weil 2008; Cha et al. 2016). The
key role soil microorganisms perform in the development
of disease suppression was supported by the observation that
suppression could be eliminated through soil pasteurisation
(Mazzola 2002; Adiobo et al. 2007), and may be restored by
mixing a small quantity of suppressive soil into a conducive
soil (Alabouvette 1986; Alabouvette 1999; Siegel-Hertz et al.
2018). However, soil physical and chemical properties may
influence disease severity via their influence on microbial
activity, or the health and defence capabilities of the host
plant (Mazzola 2002). Suppressiveness of soils to soil-borne
diseases has been reported for many diseases, including
Fusarium wilt, an important disease of many plant species
(Höper and Alabouvette 1996; Orr and Nelson 2018).

Fusarium wilt of banana (Musa spp.), caused by Fusarium
oxysporum f.sp. cubense (Foc), threatens banana production
throughout the world. Foc has traditionally been subdivided
into four ‘races’ based on the banana cultivars affected

(Ploetz 2015). Race 1 was responsible for the end of large-
scale commercial production of the once economically
important Gros Michel cultivar. It also affects other cultivars
from the ‘Pome’ subgroup. Race 2 affects cooking bananas
such as Bluggoe, and Race 3 affects Heliconias. Race 4 affects
Cavendish (Musa AAA, Cavendish subgroup) as well as
cultivars susceptible to Races 1 and 2. Race 4 is subdivided
into Subtropical Race 4, which affects susceptible cultivars
under suboptimal growing conditions, and Tropical Race 4
(TR4), which affects susceptible cultivars in all conditions
(Ploetz 2015). Foc TR4 is spreading rapidly throughout
the world (Mostert et al. 2017). It reached the main banana-
growing area of Australia in Far North Queensland in 2015
(O’Neill et al. 2016; Queensland Government 2017). Far North
Queensland supplies more than 90% of Australia’s bananas
(Queensland Government 2016), and Cook et al. (2015)
predicted losses to Australia’s banana industry caused by
TR4 to exceed AU$138million per year, despite a slow rate
of disease spread.

Microbially mediated suppression to Fusarium wilt has
been related to numerous soil biotic and abiotic properties.
Soil abiotic properties have direct and indirect roles, through
their influence on soil microorganisms and plant defence
capabilities (Orr and Nelson 2018). However, little is known
about the relative suppressiveness of Australian soils to Foc.
Knowing the variation in suppressiveness to Foc among the
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main Australian soil types used to grow bananas would
inform decisions about banana cropping and soil management,
and planning of biosecurity measures. This study aimed to
determine whether the main soil types used to grow bananas
in Far North Queensland differ in their suppressiveness to
Fusarium wilt, and to identify soil characteristics that may be
associated with suppression among these soils.

Materials and methods

Six soils with a wide range of characteristics were assayed
for their suppressiveness in a greenhouse pot experiment. The
experiment was a factorial design with randomised blocks.
The treatments were inoculation (inoculated with Foc versus
non-inoculated) and soil (six soils), with six replicates, giving
72 pots in total.

The soil was taken between 28 February and 9 March 2017
from locations and soil series representative of the Far North
Queensland banana-growing region, from fields growing Musa
AAA group, Cavendish subgroup bananas for at least 2 years.
We understood from the growers that the sampled fields
were free from previous Foc infection, and none of the
fields had been used to grow cultivars susceptible to Foc
Race 1. The soils, which have been described by Murtha
(1986), Cannon et al. (1992) and Enderlin et al. (1997),
comprised four well-drained uniform or gradational textured
soils formed on alluvium: Innisfail series, a Brown Dermosol
(17.4851228S, 145.8590478E), Liverpool series, an Orthic
Tenosol (17.4546048S, 145.8642898E), Tully series, a Brown
Dermosol (17.4818908S, 145.8586788E) and Virgil series, a
Red Kandosol (17.8980278S, 145.8322138E), and two red
gradational textured soils formed on basalt, both Red Ferrosols:
Pin Gin series (17.5922578S, 145.8330888E) and Tolga series
(17.0105578S, 145.5270658E). Soil was collected from 0–0.25m
depth, 0.4m from the base of mature, but not bunching, plants.
Rocks, large roots and debris were removed, and samples were
homogenised and left in the shade until pot filling.

Samples of the soil were analysed for several
physicochemical properties. They were analysed by Nutrient
Advantage Laboratory (www.nutrientadvantage.com.au), using

methods described in Rayment and Lyons (2011), for particle
size distribution, pH and electrical conductivity (1 : 5
soil : water), organic C (Walkley–Black), total metals (acid
digest), DTPA-extractible metals, Colwell P, MCP-
extractible S, CaCl2-extractible Si, hot CaCl2-extractible B,
and exchangeable cations (BaCl2/NH4Cl and ammonium
acetate). The water holding characteristics of the soils were
determined by measuring water content at �10 kPa using a
ceramic plate and hanging water column, and at �200 and
�1500 kPa using a WP4 Dew Point Potentiometer (Decagon
Devices, Pullman, WA, USA). Mineralogical analysis was
performed by CSIRO laboratories, South Australia using X-
ray diffraction. Soil mineral contents were expressed as a
percent of the sum of identified mineral contents, ignoring
any amorphous or otherwise unidentified materials. The soils
ranged from sandy clay loam to clay in texture and had pH
ranging from 5.6 to 7.1 (Table 1). Clay mineralogy was
dominated by kaolin, with some mica and haematite in most
soils (Table 1).

The soil was placed into 0.25-m diameter, 7.2-L pots to
~10mm from the rim. Oven-dry equivalent mass and bulk
density of soil ranged from 6804 g pot�1 and 1.02 g cm�3

respectively for Pin Gin to 7615 g pot�1 and 1.14 g cm�3

respectively for Innisfail, being uniform for each soil type.
Each pot was planted on 21 March 2017 with a plantlet of
tissue-culture-raisedMusa (AAB group) ‘Pome’, cultivar ‘Lady
Finger’, which is susceptible to Foc Race 1. After allowing
3 weeks for the plantlets to establish, the pots were inoculated
with Foc Race 1, Vegetative Compatibility Group 0124, by
mixing 10mL of millet seed (Pennisetum glaucum) colonised
with Foc Race 1 (Forsyth et al. 2006), supplied by the
Queensland Department of Agriculture and Fisheries, into
the top 2 cm of soil. Non-inoculated pots were amended in
the same manner with 10mL of autoclaved millet seed.

The greenhouse growing conditions and fertilisation routine
were adapted during the experiment in response to plant
requirements, but all plants were treated the same. Plants
were fertilised fortnightly with 83mg urea (Richgro® fertilisers),
10mg P as ‘Mega Booster’ guano (Richgro® fertilisers), and
124mg KCl, according to the rates recommended by Weinert

Table 1. Soil properties, including all those significantly correlated (P < 0.05) with internal disease severity in inoculated plants, showing
Spearman’s rank correlation coefficient (r) and P value (n = 6)

FCW, field capacity water content (�10 kPa); RAW, readily available water (�10 to �200 kPa); TAW, total available water (�10 to �1500 kPa)

Tolga Tully Pin Gin Innisfail Liverpool Virgil r P

Texture Clay Clay loam Clay Clay loam Clay loam Sandy clay loam
Clay (%) 56 28 39 27 26 21 �0.943 0.005
pH 5.6 6.6 7.1 6.7 7.1 6.8 0.667 0.148
Organic C (%) 1.7 1.0 1.5 1.5 1.0 3.2 0.147 0.781
Total Fe (g kg�1) 100 38 56 30 35 13 �0.886 0.019
Total Cu (mg kg�1) 110 59 89 38 35 20 �0.943 0.005
Total Cd (mg kg�1) 0.57 0.32 0.42 0.30 0.27 0.13 �0.943 0.005
Extr. B (mg kg�1) 5.9 1.4 5.1 1.2 0.8 0.8 �0.886 0.019
Kaolin (%) 69 23 43 24 21 20 �0.824 0.042
Mica (%) <1 10 5 7 9 <1 0.058 0.913
Haematite (%) 12 1 2 2 1 2 �0.309 0.552
FCW (g g�1) 0.320 0.225 0.260 0.245 0.208 0.188 �0.899 0.015
RAW (g g�1) 0.103 0.123 0.091 0.108 0.093 0.069 �0.600 0.208
TAW (g g�1) 0.113 0.135 0.100 0.127 0.108 0.086 �0.600 0.208
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and Simpson (2016). Around 4 weeks post-inoculation, most plants
appeared to be suffering some nutrient deficiency symptoms, most
likely Zn, Ca and B. Consequently 39mg Ca as gypsumwas added
fortnightly from then on, and Yates ‘health tonic trace elements
chelates’ foliar spray (% w/v: S 0.53, Fe 0.34, Mg 0.34, Zn 0.34,
Mn 0.26, B 0.13, Cu 0.043, Mo 0.005) (Yates® Australia) was
applied twice. Nine weeks after planting, plants were subjected to a
water deficit for 3 weeks by reducing watering from every day to
every third day. Over the course of most of the experiment the
average temperature was 25.38C in the air (12.58C minimum to
36.98C maximum) and 24.08C in the soil (14.58C minimum to
33.48C maximum), apart from several unusually hot days at the
beginning of the experiment, when the temperature reached a
maximum of 48.18C in the air and 35.98C in the soil.

Several plant measurements were taken over the course of
the experiment, once per week: number of living, fully unfurled
leaves; pseudostem girth at 5 cm from the soil surface; area of
the third most recently fully unfurled leaf (Turner and Lahav
1983); chlorophyll content of the same leaf (SPAD 502 Plus
Chlorophyll Meter, Spectrum Technologies Inc.) and external
disease severity score. External disease severity was evaluated
using a scale adapted from Nasir et al. (2003) and symptoms
described by Orjeda (1998) and Queensland Government
(2017): number of yellowing leaves; splitting of pseudostem;
and changes to leaves such as narrower, less smooth or paler
margin, lamina ripping, more erect habit, petiole collapse, or
wilting. Scale values ranged from 0 for no symptoms to 3 for
severe symptoms. For each plant, all 10 scores taken over the
course of the experiment were added together to obtain the ‘area
under the disease progression curve’ (AUDPC).

The plants were harvested 19 weeks after planting and
analysed for internal disease severity, fresh mass and dry
mass. Every plant was evaluated for internal disease severity
by measuring discoloration of transverse sections of the
rhizome and pseudostem, using a modified version of the
disease severity methodology and scale for Fusarium wilt of
banana (Carlier et al. 2003). The pseudostem was cut
transversely at the soil surface and 5 cm above it, and the
rhizome was cut into four equal sections. The upper surface
of the two lower pseudostem sections and three lower rhizome
sections was photographed and the area of infected rhizome
tissue was calculated using the program ImageJ 1.49v (National
Institute of Health, USA). The disease severity value for each
plant was calculated as the area of discoloured rhizome vascular
tissue as a percentage of the total rhizome vascular tissue area,
averaged over the three rhizome sections. To determine mass,
each plant was subdivided into four portions (roots, rhizome,
pseudostem and leaves) and the fresh mass of each portion
measured. Dry mass was then determined by measuring water
content of a representative subsample of each portion of each
plant.

Roots were analysed for mycorrhizae and Foc Race 1.
Roots from three replicates were analysed for abundance of
vesicular-arbuscular mycorrhizae using the protocol described
by Koske and Gemma (1989). Roots were also analysed for the
presence of Foc Race 1 VCG 0124, to confirm success of the
inoculation and check that there was no infection in the non-
inoculated pots. The analysis was performed on monoconidial
isolates of Foc recovered from roots, according to the

technique described by Puhalla (1985). Nitrate non-utilising
(nit) mutants produced from the isolates were paired with
tester Nit M mutants obtained from the culture collection of
the Queensland Plant Pathology Herbarium (BRIP). The
nit mutants from the isolates anastomosed to form stable
heterokaryons when paired with VCG 0124 Nit M testers on
minimal media, thus confirming their identity as VCG 0124.

Soil from the harvested pots was analysed for b-glucosidase
activity by measuring fluorescence generated by cleavage of
4-methylumbelliferyl- b-D-glucopyranoside. Subsamples of
soil, shaken from the root system and homogenised, were
refrigerated (<48C) and stored for less than a month between
harvest and analysis. Two replicates from each treatment
combination were analysed, giving 24 samples in total. The
assay protocol was adapted from Marx et al. (2001), Creamer
et al. (2009), and Welc et al. (2014).

All data were tested for normality and homogeneity
of variance. A Levene’s test for homogeneity of variance
showed no significant difference between the arcsine-
transformed variances of the disease severity means of the
inoculated soils (F5, 30 = 1.10; P= 0.382). The effect of the
treatments (inoculation and soil type) on number of leaves
per plant, pseudostem girth, area of the third leaf and leaf
chlorophyll content, external disease severity score (AUDPC),
internal disease severity (arcsine-transformed) and biomass was
analysed by factorial analysis of variance (n = 72) and Tukey
post-hoc analysis. The relationship between internal disease
severity and soil properties was examined using Spearman’s
rank correlation using S-PLUS 8.2 for Windows. Because there
was only one value of each soil property for each soil, this
analysis had n = 6, with the disease severity value being the
mean of inoculated pots in each soil type. The relationship
between internal disease severity and b-glucosidase activity
was examined using Spearman’s rank correlation using S-PLUS
8.2 for Windows, with n= 12 (two inoculated pots from each
soil type).

Results

Over the course of the experiment, development of disease was
evident in some but not all measurements. External disease
severity score, as quantified by the AUDPC, was significantly
influenced by inoculation (P < 0.001) and soil type (P= 0.013).
Of the inoculated plants, the highest external disease severity
score was in Liverpool soil and the lowest was in Tolga, Tully,
Innisfail and Pin Gin soils (Fig. 1). Pseudostem girth, which
increased steadily over time, was significantly influenced at
harvest by inoculation (P= 0.013) and soil type (P= 0.014) but
not their interaction. Non-inoculated plants had a mean girth of
108mm and inoculated plants 112mm. Pin Gin had the lowest
pseudostem girth (106mm) and Virgil the highest (117mm).
Neither soil type nor inoculation had a significant effect on the
number of living leaves per plant, the area of the third leaf, or
leaf chlorophyll content. The number of leaves per plant rose to
a maximum of 7.5 (grand mean, s.e.m. 0.12) at 12 weeks after
planting, where after it fell to 6.3 (grand mean, s.e.m. 0.09) at
harvest. The area of the third leaf rose to 669.9 cm2 (grand
mean, s.e.m. 15.9) at 14 weeks after planting, after which it
remained fairly constant until harvest. Leaf chlorophyll content
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fell steadily over time, from a SPAD value of 52.5 (grand mean,
s.e.m. 0.32) at 5 weeks after planting to 37.8 (s.e.m. 0.50) at
harvest.

Internal disease severity at harvest, as determined by
rhizome discolouration, was significantly influenced by soil
type (P=0.004) and inoculation (P< 0.001). Post-hoc analysis
of the inoculated soil data demonstrated a significant difference
between the mean internal disease severity of Tolga compared
with Liverpool and Virgil soils (P= 0.008, Fig. 1). No
discoloration was observed in the pseudostem of inoculated
plants. None of the plants grown in non-inoculated soil showed
internal symptoms of Foc infection. Vegetative compatibility
group analysis confirmed that Foc Race 1 was present in plants
from the inoculated pots and absent in plants from the non-
inoculated pots, in line with Koch’s postulate.

Several components of plant mass (fresh and dry) were
significantly affected by soil type and inoculation
(Table 2, Fig. 2). Tolga had the highest total fresh mass and
Liverpool the lowest. The difference between soils in total plant
fresh mass was mostly due to a difference in root mass.
Inoculation did not affect total plant mass (fresh or dry), but
it increased rhizome fresh mass and decreased root fresh mass.
The increase in rhizome fresh mass was similar across soils, but
the decrease in root mass (fresh and dry) was most pronounced
in Tolga soil. The difference in disease severity between soils
(in inoculated plants) was related to the difference in plant
biomass between soils. Soils with the highest total fresh mass
had the lowest disease severity and vice versa (r = �0.886,
P= 0.041).

Internal disease severity (rhizome discoloration) was
significantly correlated with several soil properties, especially
clay content and related variables (Table 1). Internal disease
severity was significantly negatively correlated with soil clay
content, water content at �10 kPa, total Fe, Cu and Cd content,

and extractable B content (Table 1), and these variables were
highly correlated with each other. It was also negatively
correlated with b-glucosidase activity (r = �0.631, P= 0.028,
n= 12) (Fig. 3), but b-glucosidase activity was not significantly
correlated with any other measured soil or plant variable.
There was mycorrhizal colonisation of roots from all soils
and treatments, except Pin Gin inoculated. Colonisation
rating was highest in Innisfail soil (inoculated and non-
inoculated). However, several samples did not stain properly
and there was no significant effect of inoculation, so results are
not reported further.

Discussion

The soil types of Far North Queensland examined in this
study differed in their level of suppressiveness to Fusarium
wilt, as determined by internal disease assessment of plants
grown in Foc-inoculated soils. The soils in which disease
severity was lowest (Tolga, Tully and Pin Gin) were
characterised by a relatively high contents of clay, water at
�10 kPa, total Fe, Cu and Cd and extractable B, and microbial
activity, as indicated by b-glucosidase activity. Plants in
these soils also had relatively high root biomass (both fresh
and dry), irrespective of inoculation, suggesting that good
root growth led to low disease severity. All plants in
inoculated soils became infected, so suppression was related
to development of the disease rather than prevention of
infection.

The clay content of suppressive soils is widely credited
with an indirect role in disease suppression. Sandy or sandy
loam soils are often associated with high disease severity
(Amir and Alabouvette 1993; Höper et al. 1995; Hwang
and Ko 2004; Deltour et al. 2017). Coarser-textured soils
typically have lower water- and nutrient-holding capacities,
as well as organic matter content, and are thus less conducive
to microbial and plant growth, relative to finer-textured soils
(Amir and Alabouvette 1993; Pattison and Lindsay 2006).
Clay type has also been associated with suppressiveness in
previous studies. Stotzky and Martin (1963) correlated the
presence of montmorillonite-type clay with wilt suppression.
However, all the soils used in this study had kaolin as the
predominant clay mineral, with no detectable smectite. Given
that nutrients were supplied to all plants in the experiment, we
speculate that the water retention properties of the soils may
have been a major factor explaining the difference in plant
growth and disease severity between the soils.
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Fig. 1. Mean internal disease severity (proportion of rhizome coloured
dark brown) at harvest, of plants inoculated with Fusarium oxysporum f.sp.
cubense ‘Race 1’, and mean external disease severity (area under the disease
progression curve, AUDPC) of inoculated and non-inoculated plants over
the course of the experiment, for each of the six soils. Error bars show
standard error of the mean. Mean internal disease severity values with the
same letter were not significantly different at P= 0.05. All plants in non-
inoculated pots had an internal disease severity of 0% at harvest.

Table 2. P-values from analyses of variance of harvested plant
biomass. Values <0.05 are underlined. Means and standard errors of
variables significantly affected by the treatments are given in Fig. 2

Treatment Leaves Pseudostem Rhizome Roots Total

Fresh weight
Soil 0.031 0.540 0.415 <0.001 <0.001
Inoculation 0.833 0.194 <0.001 0.008 0.412
Soil� Inocul. 0.620 0.524 0.990 0.382 0.173

Dry weight
Soil 0.093 0.967 0.397 0.006 0.703
Inoculation 0.178 0.424 0.364 0.174 0.388
Soil� Inocul. 0.455 0.578 0.748 0.525 0.415
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In this study, root mass increased and disease severity
decreased with increasing soil clay content. Root quantity
varies considerably depending on the health of the banana
plant (Stover and Simmonds 1987), and it is in the roots, as
well as the vascular system, where the plant defence response
determines the success or failure of plant resistance following
infection by Foc (De Ascensao and Dubery 2000). Banana
plants are sensitive to water deficit (Stover and Simmonds
1987), and a reduction of soil water content from field
capacity to 40% field capacity has been reported to increase
Fusarium wilt severity (Peng et al. 1999). Although there
was not a significant correlation between disease severity
and plant-available water holding capacity, it is likely that

plants in the Virgil soil, with the highest sand content, were
subjected to a greater water deficit than plants in the other
soils, contributing to higher disease severity.

Soils conducive to Fusarium wilt are frequently more acidic
than suppressive soils (Höper et al. 1995; Alabouvette 1999;
Shen et al. 2015; Deltour et al. 2017). However, exceptions
have been found when soil pH is in the neutral to alkaline
range (Peng et al. 1999; Domínguez-Hernández et al. 2008).
Interactions between pH and the availability of micronutrients
to the pathogen and plant are complex, and generalisations
about pH and suppression in different contexts are difficult to
make. In this study there was no significant association between
pH and disease severity. Soil pH covered a fairly small range in
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these soils (pH 5.6–7.1), due to regular liming of the banana
fields.

Soil enzyme assays are useful biological indicators due
to their significance in a range of microbial processes i.e.
catalysing biochemical reactions essential to nutrient cycling.
Specifically, b-glucosidase activity has been demonstrated to
be particularly useful for monitoring biological soil quality
(Turner et al. 2002). Furthermore b-glucosidase activity has
been previously linked to Fusarium wilt suppression (Pattison
et al. 2018). Although not all replicates were analysed and thus
a degree of caution should be applied, in this study disease
severity was negatively associated with b-glucosidase activity,
suggesting that greater soil biological activity aided in the
disease-suppressive characteristics of some soils. The
b-glucosidase activity was not significantly associated with
soil clay content (r = 0.714, P= 0.111), organic carbon (r =
�0.353, P= 0.492), or indeed any variable measured, therefore
suggesting that microbial activity in these soils may have been
driven by factors or a combination of factors not examined
here, such as banana field cultivation techniques, fertiliser
application and pest management methods.

Rhizome biomass and pseudostem girth at harvest were
higher for inoculated plants than non-inoculated plants in
this study. Contrary to our findings, previous research has
found a larger pseudostem girth associated with greater plant
growth and lower disease severity (Ting et al. 2008; Zhang
et al. 2014). This difference may be due to our use of juvenile
rather than mature plants. Banana plants are known to respond
to infection by producing tyloses, gums and gels that physically
block the progression of Foc mycelial growth within the plant
tissue (Ploetz 2015). In the juvenile stage, this production of
material may have caused the increase in pseudostem diameter
and rhizome biomass of the inoculated plants.

The negative correlation between disease severity and soil
concentrations of total Fe, Cu and Cd and extractable B may
have been due to their correlation with soil clay content. High
concentrations of metals and nutrients are generally associated
with high clay content and particular parent materials, and they

may not have played a role in disease suppression. Cadmium is
not an essential element and has been shown to reduce mycelial
growth of Fusarium spp. (Gharieb 2001). Boron, Fe and Cu are
essential micronutrients (Lahav and Israeli 2000; Marschner
2012). Copper is essential for the fungal denitrifying system
in F. oxysporum (Matsuoka et al. 2017). Interestingly, neither
total Fe nor DTPA-extractable Fe concentration were positively
associated with disease severity, as is often the case.

Iron has previously been identified as a limiting resource for
microorganisms, including Foc, and limiting available Fe in
the soil may favour suppression of Fusarium wilt (Peng et al.
1999; Domínguez et al. 2001; Cao et al. 2005). Under
experimental conditions, the amendment of a conducive soil
with Fe-EDDHA, a strong Fe ligand, was found to induce
suppression, as well as reduce Foc chlamydospore
germination. In contrast, soil suppressiveness was nullified
by the addition of Fe-EDTA, which maintains Fe in a form
available to microorganisms (Peng et al. 1999). It is possible
that the forms of Fe measured in this study did not reflect Fe
bioavailability, that the range of concentrations in these soils
was not in the range influencing suppression, or that the effect
of Fe was influenced by interactions with other nutrients, as
indicated by Dong et al. (2016).

To gain a better understanding of how soil characteristics
influence disease severity it would be useful to evaluate a wider
range of soils and management histories, and carry out
manipulative experiments to determine the effect of
particular variables. Also, it would be instructive to grow
plants through to maturity and evaluate effects on the
various Foc races, especially TR4.

In conclusion, this study demonstrated that key banana
cropping soils of Australia differed in their suppressiveness
to Fusarium wilt of banana (Foc Race 1). This indicates that risk
of future disease impacts differs between soils. In the soils
examined, disease severity was negatively correlated with soil
clay content and associated variables. Further investigation
of the biotic and abiotic characteristics of the soils associated
with suppressiveness or conduciveness appears worthwhile.
Such information could inform biosecurity measures and
management practices to reduce the impact of this important
disease.
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