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Abstract

Global banana production is affected by Fusarium wilt, a devastating disease caused
by the soilborne root-infecting fungus, Fusarium oxysporum f. sp. cubense (Foc).
Fusarium wilt is notoriously difficult to manage because infection arises through com-
plex below-ground interactions between Foc, the plant, and the soil microbiome in
the root-soil interface, defined as the rhizosphere. Interactions in the rhizosphere play
a pivotal role in processes associated with pathogen development and plant health.
Modulation of these processes through manipulation and management of the banana
rhizosphere provides an auspicious prospect for management of Fusarium wilt. Yet, a
fundamental understanding of interactions in the banana rhizosphere is still lacking.
The objective of this review is to discuss the state-of-the-art of the relatively scant
data available on banana below-ground interactions in relation to Fusarium wilt and,
as a result, to highlight key research gaps. Specifically, we seek to understand (a) the
biology of Foc and its interaction with banana; (b) the ecology of Foc, including the
role of root-exuded metabolites in rhizosphere interactions; and (c) soil management
practices and how they modulate Fusarium wilt. A better understanding of molecular
and ecological factors influencing banana below-ground interactions has implications
for the development of targeted interventions in the management of Fusarium wilt

through manipulation of the banana rhizosphere.
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1 | INTRODUCTION

Banana (Musa spp.) is a giant perennial herb with a pantropical distri-
bution (Heslop-Harrison & Schwarzacher, 2007). Bananas originated
in South-east Asia following interspecific and intraspecific hybrid-
ization between two wild diploid species, Musa acuminata (AA)
and M. balbisiana (BB). These two species contributed the A and B

genomes, respectively, resulting in more than 1000 banana variet-
ies comprising diploids (AA, AB, BB), triploids (AAA, AAB, ABB) and
tetraploids (ABBB) (Heslop-Harrison & Schwarzacher, 2007). Most
of the cultivated bananas are triploids, which include sweet dessert
bananas such as Cavendish (AAA), Gros Michel (AAA), Apple (Silk
AAB), Pome (AAB) and Pisang Awak (ABB), and cooking bananas
such as Matooke bananas (Musa spp. genomic group AAA), plantains
(AAB) and Bluggoe (ABB) (Heslop-Harrison & Schwarzacher, 2007).
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Bananas are cultivated in more than 135 countries and on ap-
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proximately 11 million ha. In 2020, the global banana production
quantity reached 163 million tonnes, an increase from 154.4 million
tonnes in 2015 (FAOSTAT, 2022). Commercial production is done
on large-scale monoculture plantations, with considerable agricul-
tural inputs such as inorganic fertilizers, pesticides and irrigation. In
contrast, subsistence production is done on small plots (0.2-4ha) in
mixed-cultivar systems, or intercropped with other perennial and
annual crops, and with minimal or even no inputs (Bellamy, 2013;
Kimunye et al., 2020). Bananas play an important role in food secu-
rity and provide income for over 400 million people globally. About
87% of bananas produced globally are consumed locally or sold in
informal markets. Cavendish (AAA) cultivars such as Grande Naine,
Williams and Valery constitute almost half of the bananas cultivated
in the world and dominate banana exports (Heslop-Harrison &
Schwarzacher, 2007).

Globally, bananas are threatened by Fusarium wilt disease
caused by the notorious soilborne, root-infecting fungus, Fusarium
oxysporum f. sp. cubense (Foc; Figure 1a) (Viljoen et al., 2020). Three
physiological races of Foc are pathogenic to banana (Ploetz, 2015).
The strain that caused significant losses of Gros Michel bananas in
Latin America in the 20th century is Foc race 1, which is also patho-
genic to other dessert bananas such as Apple (Silk AAB), Pome (AAB)
and Pisang Awak (ABB) bananas. Foc race 2 affects Bluggoe (ABB)
and other cooking bananas. Foc races 1 and 2 are not virulent to
Cavendish bananas. Cavendish bananas are affected by Foc race
4, which can also cause disease to banana cultivars susceptible to
Foc races 1 and 2 (Ploetz, 2015). Foc race 4 is subdivided into Foc
“subtropical” race 4 (STR4) and “tropical” race 4 (TR4). Foc STR4
causes disease in Cavendish bananas in the subtropics due to pre-
disposition to abiotic stresses such as low temperatures (Moore
et al., 1993; Viljoen, 2002). However, unlike Foc STR4, Foc TR4 is
virulent to Cavendish bananas under all environmental conditions
(Ploetz, 2015). Like other F. oxysporum species, Foc produces three
kinds of asexual spores: microconidia, macroconidia and chlamydo-
spores (Figure 1b-e) (Leslie & Summerell, 2006). Chlamydospores
serve as the source of primary Foc inoculum in soil, whereas micro-
and macroconidia are responsible for colonization and multiplication
of Foc in vascular tissues of the plant (Ploetz, 2015).

The process by which Foc infects banana roots occurs in the
rhizosphere, a narrow zone of soil approximately 2 mm immediately
adjacent to the roots, and is influenced by roots primarily through
root exudates (Beckman, 1987; Li et al., 2011). Root exudates stim-
ulate the germination of Foc chlamydospores, producing hyphae
that infect host roots and subsequently colonize the plant vascu-
lar tissues, which results in water stress, severe leaf chlorosis and
wilting of the plant (Beckman, 1987; Ploetz, 2015; Stover, 1962).
Chlorosis and wilting progress from the older to younger leaves,
after which the leaves droop at the petiole (Figure 1f) (Viljoen
et al., 2020). Pseudostems of infected plants are sometimes char-
acterized by longitudinal splits in the lower portion of the outer leaf
sheaths (Figure 1g,h). When split open, the pseudostems reveal nu-
merous yellow to dark red strands caused by infected xylem vessels

(Viljoen et al., 2020). In the field, infected plants show symptoms as
early as 3months after planting but are most severely affected at
the flowering stage (Viljoen et al., 2020). Depending on the phase
and magnitude of infection, infected plants may die before produc-
ing fruit (Rishbeth & Naylor, 1957; Viljoen et al., 2020). As the plant
dies, it decomposes releasing masses of chlamydospores into the
soil. Chlamydospores remain quiescent in soils, thereby limiting the
cultivation of susceptible banana varieties in Foc-infested soils for
decades (Rishbeth & Naylor, 1957).

Losses associated with Fusarium wilt during the era of Gros
Michel were estimated at $2 billion (Ploetz, 2015) while losses
caused by Foc TR4 are very considerable. Annual economic losses
due to Foc TR4 were estimated at $253 million in Taiwan (Aquino
etal.,, 2013) and $121 million in Indonesia (Hermanto et al., 2009). In
2013, Foc TR4 was detected in Africa on a commercial banana plan-
tation in Mozambique (Viljoen et al., 2020). The pathogen destroyed
the commercial banana plantation, killing nearly a million plants at a
rate of about 15,000 plants per week, which prompted measures to
be instituted to curb the spread of Foc TR4 (Viljoen et al., 2020). In
China, Li et al. (2013) reported a fourfold increase (40,000 hectares)
in banana production area infested by Foc within a period of years
from 2002. Scheerer et al. (2018) projected that by 2040, 17% of
the current banana-growing area could be infested by Foc TR4. This
could result in losses worth about $10 billion. Foc TR4 has contin-
ued to spread inexorably throughout the world's banana-growing
regions (Drenth & Kema, 2021) causing very considerable damage
and impact on banana production.

Banana varieties resistant to Foc are the most effective and
efficient strategy to reduce the impact of Fusarium wilt (Viljoen
et al.,, 2020; Zorrilla-Fontanesi et al., 2020). However, disease resis-
tant hybrids are undermined by inferior fruit characteristics such as
taste and postharvest properties (Viljoen et al., 2020). For instance,
FHIA-01 (Goldfinger), FHIA-02 and FHIA-18 hybrids are resistant
to Foc TR4, but not popular among consumers because they have
a lower pulp-to-peel ratio and are not as sweet as Grand Naine or
Williams (Dadzie, 1998; Smith et al., 2014). Similarly, variants of
Giant Cavendish (GCTCVs) developed in Taiwan were shown to
be partially resistant to Foc TR4 (Hwang & Ko, 2004), but have a
longer cycle time than Cavendish cultivars. The majority of disease-
resistant hybrids are produced through conventional breeding,
which is a tedious and slow process that can take more than 15years
(Tenkouano et al., 2011).

Genetic engineering may provide multiple and durable resis-
tance to plant pathogens (Collinge & Sarrocco, 2022). Genetic engi-
neering has been shown to provide resistance to Foc in commercial
banana cultivars without altering the desired fruit and agronomic
traits (Dale et al., 2017; Paul et al., 2011). However, a key challenge
facing genetically modified bananas is the concern of regulators and
consumers regarding the possible adverse effects of transgenes on
human health and/or the environment (Ishii & Araki, 2016). More
recently, technologies such as gene-editing using the CRISPR/Cas?
system are profoundly revolutionizing the ability to precisely engi-
neer the banana genome by introducing genetic modifications to
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FIGURE 1 A colony of Fusarium
oxysporum f. sp. cubense (Foc) growing
on potato dextrose agar medium (a);
bright-field microscopy micrographs

of spore types produced by Foc:
microconidium (white arrowhead) and
macroconidium (black arrowhead) (b), and
chlamydospores (c). Scanning electron
microscopy micrographs of a dormant (d)
and germinating (e) chlamydospore with
a protruding germ tube (white asterisk).
Typical symptoms of banana Fusarium
wilt disease: wilting and drooping of
leaves (f), and rotting and splitting of the
pseudostem (g, h). [Colour figure can be
viewed at wileyonlinelibrary.com]

favour a desired trait in a relatively short time (Tripathi et al., 2020).
However, it remains uncertain if banana modified with gene-editing
will be acceptable to consumers. Moreover, the current regulatory
uncertainties may further impact research and development of
genome-edited crops, which could interfere with international trade
in commodity crops including banana (Conko et al., 2016).

Infection of host roots by Foc arises through complex inter-
actions in the banana rhizosphere, including interactions with the
microbiome, parasitic nematodes and soil physicochemical factors
(Dita et al., 2018; Stover, 1962). Moreover, management of Fusarium
wilt is particularly difficult because (a) Foc is a soilborne pathogen
that can persist in infested soils for decades even in the absence

) W ev L

of the host; (b) Foc can spread easily, for instance through contam-
inated soil, farm machinery, irrigation water or via infected planting
material; and (c) Foc is a vascular pathogen that, once established
within the plant vascular tissues, becomes inaccessible to control
measures such as nonsystemic fungicides and non-endophytic bi-
ological control agents (BCAs) (Bubici et al., 2019; Dita et al., 2018;
Rishbeth, 1955; Stover, 1962; Viljoen et al., 2020). Because of
this, containment (exclusion and early quarantine) measures are
the only effective strategy for the control of Fusarium wilt when
disease-resistant varieties are not available (Dita et al., 2018; Viljoen
et al.,, 2020). However, once the disease is established in a field,
containment becomes impractical and management must focus
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FIGURE 3 Publication on strategies for management of banana Fusarium wilt. (a) Boxplots show the upper and lower quartile, median
(bold horizontal bar), mean (white circle) and whiskers (vertical lines). The points represent the cumulative number of articles for each
category and percentages. (b) Studies on biological control of Fusarium wilt are conducted under in vitro laboratory conditions, greenhouse
(or pot) trials and in the field, and exhibit varying efficacies. [Colour figure can be viewed at wileyonlinelibrary.com]

on integrating the available disease management strategies (Dita
et al., 2018; Pattison et al., 2018).

Previous studies showed that manipulation of the banana rhizo-
sphere can suppress Fusarium wilt (Ferndndez-Falcon et al., 2004;
Nowembabazi et al., 2021; Peng et al., 1999). This includes alteration
or supplementation of soil microbiota into the rhizosphere along
with adjustment of soil physicochemical properties. For the former
case, Fusarium wilt was suppressed by application of microbial in-
oculants such as strains of Bacillus, Pseudomonas and Trichoderma
(Catambacan & Cumagun, 2021; Fu et al., 2016; Yadav et al., 2021).
For the latter case, increasing the bioavailability of nutrients such as
calcium, phosphorus and zinc, or decreasing iron bioavailability was
shown to alleviate the impact of Fusarium wilt and to promote plant
growth and vigour (Fernandez-Falcén et al., 2004; Nowembabazi
etal., 2021; Peng et al., 1999).

Integrating rhizosphere manipulation with existing disease man-
agement strategies could thus be suggested as an option to reduce
the build-up of Foc inoculum in soil, prevent pathogen spread and
alleviate the impact of Fusarium wilt on susceptible banana va-
rieties. However, the prospect of rhizosphere manipulation has

been compromised largely by inconsistent efficacy in the field (Orr
etal., 2021; Thangavelu & Mustaffa 2010; Wibowo et al., 2013). This
is attributed to several factors arising from interactions in the banana
rhizosphere including interactions with the microbiome, parasitic
nematodes and soil physicochemical factors (Belgrove et al., 2011;
Orr & Nelson, 2018; Peng et al., 1999). The rhizosphere is intrigu-
ingly complex and dynamic (Sasse et al., 2018). As a result, ecolog-
ical interactions in the banana rhizosphere in relation to Fusarium
wilt remain poorly understood. Therefore, realizing the potential of
rhizosphere manipulation for suppression of Fusarium wilt requires
a comprehensive understanding of the versatile interactions and
mechanisms in the banana rhizosphere.

The objective of this review is to bring together the relatively
scant data available to date on the subject of banana below-ground
interactions in relation to Fusarium wilt and to highlight the key re-
search gaps. Specifically, we sought to understand (a) the biology of
Foc and its interaction with banana; (b) the ecology of Foc, including
the role of root-exuded metabolites in rhizosphere interactions; and
(c) soil management practices and how they modulate Fusarium wilt.
First, we summarize the scope of research on the banana rhizosphere
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by showing the key research domains. Then, we describe abiotic and
biotic interactions and how they potentially influence Fusarium wilt.
In so doing, we illustrate how the known mechanisms involved in
these interactions can yield distinct effects on Fusarium wilt. Details
related to the epidemiology of Fusarium wilt and pathogen genomics
are covered to a lesser extent in this review because these have been
thoroughly reviewed elsewhere (Dita et al., 2018; Pegg et al., 2019;
Viljoen et al., 2020).

2 | LITERATURE SEARCH AND ARTICLE
SELECTION

A literature search was conducted in four electronic databases:
AGRIS, CAB Direct, SciVerse Scopus and ProQuest, which rep-
resent the main comprehensive databases for research in agricul-
tural and life sciences. Databases were searched from their first
entries up to 15 November 2021. The search strategy consisted
of compiling four search strings, one for each category (banana,
Foc, Fusarium, rhizosphere), while combining these with the
Boolean operator “AND” to obtain only the intersection. Due to
limited resources for translation, publications in languages other
than English were excluded. Duplicates were identified using que-
ries targeting identical digital object identifiers, titles, authors or
first 50 characters of the abstract. Articles without an abstract or
articles clearly indexed either as review, editorial or errata were
excluded. Frequencies and percentages were used to summarize
the nominal data.

A total of 3409 titles and abstracts were retrieved from the
databases, of which 2281 studies on the banana rhizosphere were
eligible for data extraction. Through synthesis of the data, four gen-
eral research domains were identified: (a) studies on Foc (n = 1186);
(b) studies on nematodes (n = 396); (c) studies on the microbiome
(nh = 341); (d) studies on soil physicochemical properties (n = 187);
and (e) studies on banana roots (n = 171). Publications on Foc mainly
focused on pathogen biology, host-pathogen interactions and dis-
ease management and showed a continuous increase over time
(Figure 2). This could be attributed to the increased importance of
Foc and the increased digitalization of information. Management of
Fusarium wilt is a dominant element of banana rhizosphere research
(Figure 3a). Biological control dominates the strategies for manage-
ment of Fusarium wilt with 222 (40.4%) publications. This was fol-
lowed by studies on breeding or screening bananas for resistance
to Foc with 144 publications (26.2%). Studies on soil amendments,
agronomic practices and genetic modification accounted for 83
(15.1%), 68 (12.4%) and 32 (5.8%) of the publications, respectively
(Figure 3a). Nearly half (48.0%) of the studies on biological control
have been conducted under in vitro laboratory conditions, while
39.5% were pot (greenhouse) trials, and less 15% were field stud-
ies (Figure 3b). Generally, BCA strains were highly effective in vitro
and in the greenhouse, with a mean efficacy of 77.1% and 73.5%,
respectively, whereas efficacy was less than 25.0% in the field
(Figure 3b). In the field, the majority of studies reported only a delay
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in the development of disease symptoms and plants still succumbed

to Fusarium wilt.

3 | INTERACTIONS IN THE BANANA
RHIZOSPHERE

3.1 | Therhizosphere

The characteristics of the rhizosphere, a narrow volume of soil sur-
rounding plant roots, may be drastically different from those of the
bulk soil (i.e., soil without roots). Generally, the rhizosphere consists
of three distinct regions: the rhizosphere per se (the soil closely ad-
hered to the root), the rhizoplane (root surface) and the root (Sasse
et al., 2018). The banana plant consists of a subterranean corm from
which new suckers and more than 500 adventitious main roots (cord
roots) emerge and branch to form numerous smaller secondary and
tertiary lateral roots (Blomme, 2000). Cord roots originate from the
corm in groups of about four and can grow up to a length of about
5 m. Cord roots are 4-10mm in diameter, relatively straight and cy-
lindrical, and possess a prominent root cap of up to 10mm thick at
the root tip (Blomme, 2000; Lecompte et al., 2002). Cord roots pos-
sess root hairs that occur 4-6 cm behind the root tip and can grow
over 2mm long. Secondary and tertiary lateral roots are the most
active portion of the banana root system (Blomme, 2000; Lecompte
et al., 2002). Functionally, the banana root system is important for
anchorage, acquisition of nutrients and water, and for the synthe-
sis and storage of some plant hormones (Blomme, 2000; Lecompte
etal., 2002).

Generally, the cytoarchitecture of banana cord roots and lateral
roots is similar and consists of concentric cell layers (Figure 4). The
outermost epidermis/rhizodermis is followed by the cortex, endo-
dermis, pericycle and the central cylinder (stele), which contains
phloem and xylem vascular tissues (Lecompte et al., 2002). Because
of this internal structure, it can be anticipated that root cell layers
respond to infection by Foc or nonpathogenic soil microorganisms
and symbionts in a transcriptionally distinctive manner. Yet, the
functional significance of the banana root cytoarchitecture remains
elusive and little is known about the biochemical and structural con-
tribution of particular cell layers in the establishment of pathogenic,
nonpathogenic and beneficial interactions with microorganisms in
the banana rhizosphere.

Plant roots influence the rhizosphere primarily through root exu-
dates and rhizodeposits, which can attract or deter soil microorgan-
isms (Sasse et al., 2018). Rhizodeposits include volatile compounds,
sloughed root cap cells and debris (Sasse et al., 2018). On the other
hand, root exudates include an assortment of primary and second-
ary metabolites of both low (<1 kDa) and high (>1 kDa) molecular
weight (Badri & Vivanco, 2009). Root exudation and rhizodeposition
in banana with regard to Fusarium wilt remain largely unexplored.
Moreover, assessment of the mechanisms and effective concentra-
tion of root-secreted metabolites in the banana rhizosphere under
field conditions presents a substantial challenge.
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3.2 |

Interactions of Foc and host roots

Infection of banana roots by Foc occurs in two phases: a pri-
mary determinative phase and a secondary determinative phase
(Beckman, 1987). The primary determinative phase occurs in the
rhizosphere and entails germination of Foc chlamydospores, hyphal
growth, penetration of host roots and colonization of the root cor-
tex and endodermis. These events are followed by the secondary
determinative phase in which the fungus colonizes and establishes
in the vascular bundles leading to disease (Beckman, 1987). While
the secondary determinative phase has been extensively studied,
little is known about the primary determinative phase. The source
of primary Foc inoculum is hardy thick-walled asexual spores called
chlamydospores, which can remain quiescent in soil for decades
(Rishbeth, 1955). Generally, the thick wall surrounding a chlamydo-
spore is tacitly agreed upon to confer resistance to adverse condi-
tions that are often encountered in the soil. Foc can also survive
in soil by saprophytic colonization of plant debris, or by commensal
colonization of nonhost plants without apparent disease symptoms
(Hennessy et al., 2005; Pittaway et al., 1999). Generally, the factors
that contribute to the formation, quiescence and persistence of chla-
mydospores in soil remain elusive.

When suitable conditions are encountered, chlamydospores
in soil undergo a revival cellular process called germination
(Figure 1d,e) and produce hyphae that infect host roots (Ploetz, 2015;
Rishbeth, 1955). Chlamydospore germination is a crucial step in the
life cycle of Foc, yet this process remains largely uncharacterized.
Moreover, most of the studies on spore germination in Foc have been
conducted using conidia (Deng et al., 2015; Li et al., 2011), which
may not be appropriate substitutes for chlamydospores. Previous

FIGURE 4 Bright-field microscopy
micrographs showing the structural
organization of a primary root (about

7 cm from the root tip) and a secondary
root of Cavendish banana cultivar Grande
Naine stained with Safranin O and Alcian
blue 8GX. Lignified tissues are stained in
red while celluloses are stained in blue.
Transverse section of a primary root (a)
with an emerging secondary root (black
arrowhead; b). Transverse sections of

a primary (c) and secondary (d) root
focusing only on the root stele. The root
layers are marked: epidermis; cortex;

Ed, endodermis; Pe, pericycle; St, stele.
Aerenchyma is marked by asterisks. MX,
metaxylem; pX, peripheric xylem vessel;
Ph, phloem cells. [Colour figure can be
viewed at wileyonlinelibrary.com]

studies suggest that chlamydospore germination is stimulated by
metabolites related to amino acids or sugars in root exudates of ba-
nana (Buxton, 1962; Li et al., 2011) or when in contact with pieces
of fresh uncolonized plant residue (Stover, 1962). However, a direct
underpinning of root exudate metabolites that can stimulate chlam-
ydospore germination is still lacking. In the study of Buxton (1962),
root exudates of the susceptible banana cultivar Gros Michel did not
inhibit spore germination, whereas root exudates of the resistant
cultivar Lacatan had an inhibitory effect, which diminished with the
age of the plant. Further analysis revealed a higher composition of
sugars in root exudates of Gros Michel than Lacatan. Moreover, only
13 of the 18 amino acids identified were common in root exudates
of both cultivars. Buxton (1962) therefore suggested that the differ-
ences in root exudate metabolites may contribute to host resistance
against Foc race 1 in the rhizosphere through their effects on chlam-
ydospore germination.

After germination, hyphae grow and colonize the rhizoplane
prior to infection of roots (Li et al., 2017). This is followed by the sec-
ondary determinative phase in which hyphae penetrate host roots
and subsequently establish in the vascular bundles (Beckman, 1987,
Stover, 1962). Penetration of roots occurs mostly directly through
the tips (cap region) of lateral roots at distances of about 5-15cm
from the corm (Li et al., 2017; Pegg et al., 2019; Rishbeth, 1955;
Wardlaw, 1961). Infection rarely occurs through cord roots, and
the radial spread of the pathogen by direct root-to-root contact is
unlikely (Rishbeth, 1955). Upon infection, roots undergo extensive
transcriptome reprogramming (Bai et al., 2013). In particular, tran-
scripts of genes associated with defence such as cell wall lignification
are highly and more rapidly expressed in roots of tolerant/resistant
plants compared to susceptible plants (Bai et al., 2013). Invasion of
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host tissues is facilitated by a repertoire of carbohydrate-active en-
zymes, which degrade the host cell wall (Qin et al., 2017).

Inside host roots, hyphae colonize the cortex and endodermis,
and invade the xylem vessels of lateral roots through pits. The root
xylem acts as a barrier that mounts defence responses to intercept
pathogen ingress (Rishbeth & Naylor, 1957). Other host defence
responses include the production of antifungal compounds, sub-
erization and lignification of the plant cell wall, production of gels
and tyloses, and the accumulation of gums (Beckman, 1987; Mace
& Wilson, 1964; Rishbeth & Naylor, 1957). Paratracheal cells (pa-
renchyma cells surrounding the xylem vessels) as well as the sur-
rounding tissue exude gums containing mostly polysaccharides
and phenolic metabolites (Mace, 1963; Mace & Wilson, 1964).
Phenolic metabolites may possess limited toxicity, but their oxida-
tion products are both toxic and denaturants of fungal enzymes
(Beckman, 2000). Successful colonization of roots is followed by
colonization of the corm, which marks a key stage in pathogen es-
tablishment (Beckman, 1987; Stover, 1962). Foc penetrates the stele
and invades the xylem vessels. Mycelia remain within xylem vessels
and produce conspicuous masses of microconidia, which germinate
and produce more hyphae that further colonize the plant, spread-
ing within the cell apoplast and causing profound cytological dis-
tortions (Beckman, 1987). Consequently, the pathogen's mycelium
and conidia, as well as the gels and gums produced by the plant in
response to infection, clog the host's xylem vessels. The activated
host resistance responses lead to crushing of xylem vessels by
the proliferating adjacent parenchyma cells via callose deposition
(Beckman, 1987). Ultimately, this results in the blockage of water and
nutrient transport, leading to plant wilting and death (Li et al., 2017).
Wilting is further exacerbated by fusaric acid, a toxin produced by
Foc (Liu et al., 2020).

3.3 | Interactions with the rhizosphere microbiome
Communities of plant-associated microorganisms such as bacte-
ria, fungi, archaea and protists constitute the plant microbiome
(Compant et al., 2019). The plant and its microbiome function to-
gether physically and have intertwined metabolism such that they
are together termed the holobiont (Compant et al., 2019). Plants
rely on the rhizosphere microbiome to facilitate nutrient acquisition,
in exchange for carbon-rich root exudates for nutrition (Compant
et al., 2019; Sasse et al., 2018). Furthermore, interactions between
beneficial microorganisms and plant roots can result in systemic host
resistance to pathogens, due to activation of induced systemic re-
sistance (Bakker et al., 2013). As a result, there is growing interest
to elucidate how banana-associated microbial communities impact
Fusarium wilt. However, a large proportion of bacteria and fungi as-
sociated with banana remain unidentified and their functional poten-
tial unknown (Kaushal, Swennen, et al., 2020a; Kéberl et al., 2015).
Traditional culture-dependent approaches and advanced culture-
independent approaches, such as next-generation sequencing and
DNA metabarcoding (Table 1), have been used to profile microbial
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assemblages associated with banana under different management
practices (Kaushal, Swennen, et al., 2020a; Kéberl et al., 2015; Yuan,
Hong, et al., 2021a; Yuan, Wang, et al., 2021b).

Soil management practices, such as the application of organic
amendments, intercropping or crop rotation, have been shown to
modulate the structure and composition of banana-associated mi-
crobial communities (Yuan, Hong, et al., 2021a; Yuan, Wang, et al.,
2021b) that can be harnessed for effective disease suppression
(Tables 2 and 3). Generally, bulk soil harbours diverse bacterial and
fungal communities, which progressively decline in the rhizosphere
and roots of the banana plant, suggesting that bulk soil serves as
the pool of microbial communities (Kaushal, Mahuku, et al., 2020b).
Nevertheless, the majority of the bacterial and fungal communities
present in bulk soil have also been frequently found in the rhizo-
sphere, and as endophytes inside the roots and corm of the banana
plant (Kaushal, Swennen, et al., 2020a; Kéberl et al., 2015).

Kaushal, Swennen, et al. (2020a) reported that the rhizosphere,
roots and corm of Sukari Ndizi (AAB) with symptoms of Fusarium wilt
exhibited lower bacterial and fungal diversity compared to symptom-
less plants. It was suggested that the impact of disease stress on ba-
nana plants may have altered the quality and/or quantity of available
root exudates in the rhizosphere (Kaushal, Swennen, et al., 2020a).
In support of this, Yuan et al. (2018) reported that Cavendish banana
challenged with Foc exhibited enhanced exudation of phenolics such
as phthalic acid, salicylic acid (SA) and cinnamic acid. The phenolics
stimulated the expression of genes associated with antibiotic pro-
duction and biofilm formation in the biocontrol bacterium Bacillus
amyloliquefaciens NJN-6 (Yuan et al., 2018). Organic acids and plant
hormones are key components of root exudates known to stimulate
chemotaxis, a phenomenon in which cell movement is directed in re-
sponse to an extracellular chemical gradient (Li et al., 2012). Fumaric
acid in root exudates of banana stimulated biofilm formation and col-
onization of banana roots by the plant growth-promoting bacterium
Bacillus subtilis N11 (Zhang et al., 2014). Similarly, in chemotaxis in
vitro assays, bacterial species from the genera Bacillus, Brevibacillus,
Paenibacillus, Providencia and Pseudomonas, isolated from the banana
rhizosphere, were attracted by SA (Li et al., 2012). Chemotaxis is an
essential component of bacterial aggregation and biofilm formation,
which are crucial for establishing and maintaining intimate spatial as-
sociation with the plant, thereby improving plant growth and health
(Li et al., 2012). Moreover, biofilm formation in bacterial BCAs may
provide protection from predation and fluctuating environmental
conditions (Li et al., 2012).

In Cavendish banana, inoculation with an incompatible Foc race
1 showed enhanced resistance to a compatible Foc TR4, when sub-
sequently inoculated in the roots (Wu et al., 2013). The enhanced
resistance to Foc TR4 was associated with elevated levels of SA and
expression of PR-1 and several other defence-related genes in roots
compared to the roots of plants not pre-inoculated with Foc race 1
(Wu et al., 2013). However, how these host defences may affect the
banana rhizosphere microbiome is largely unknown. Studies in the
model plant Arabidopsis thaliana have demonstrated that the fungal
endophyte Trichoderma T-78 colonized an SA-impaired mutant faster
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TABLE 2 Soil nutrient management practices, their effect on Fusarium wilt disease of banana, and proposed mechanisms

Soil parameter Effect on disease

Iron (Fe) High Fe bioavailability
increases disease severity to root infection
Soil pH Low (acidic) pH increases

disease severity. High
(neutral or slightly alkaline)
pH decreases disease
severity

Proposed mechanisms

Fe promotes chlamydospore germination leading

pH influences nutrient bioavailability (e.g., Fe) in
the rhizosphere by altering the cation exchange
capacity of the soil

pH profoundly influences metabolic activity of
rhizosphere microorganisms

References

Dominguez et al. (2001),
Peng et al. (1999)

Segura-Mena et al. (2021),
Stover (1962)

Komada (1975), Peng et al. (1999)

Low pH (pH 3.8-4.0) is ideal for in vitro
culture of Foc from soils and may stimulate
chlamydospore germination. Low pH increases
bioavailability of micronutrients (e.g., Fe)
and Mg, which are known to influence host
susceptibility to Fusarium wilt

Potassium (K) High K decreases disease

severity

K is essential for strengthening plant cells, thereby
limiting Foc infection and ingress; K is essential

Navajothy et al. (2011),
Nowembabazi et al. (2021)

for expression of host defence-related proteins

Nitrogen (N) Nitrate (NO;") fertilizers

decrease disease severity

NO," enhances host resistance by increasing
lignification of plant tissues; improves

Delvaux et al. (2005), Epp (1987),
Nasir et al. (2003)

absorption of other nutrients required for
host resistance thereby maintaining a higher
photosynthetic rate

Ammonium (NH,*) fertilizers
increase disease severity

Selective absorption of NH4+ over NO,™ coupled
with a high demand and uptake of K results

in acidification of the rhizosphere due to
extrusion of protons from banana roots

Phosphorus (P) High P is associated with

disease suppression

Magnesium (Mg) High Mg reduces disease

severity
Zinc (Zn) Zn deficiency is associated
with high disease severity
ingress
Silicon (Si) Si application reduces disease

severity

P is important for root development

Mg is a cofactor for enzymes in many cellular
process in the plant including photosynthesis

Zn supposedly improves formation of tyloses in
the xylem th occlude Foc and limit pathogen

Si stimulates defence responses of the
phenylpropanoid pathway (e.g.,

Shen, Ruan, Xue, et al. (2015b)

Hu et al. (2021), Wu et al. (2020)

Borges-Pérez et al. (1991),
Fernandez-Falcon et al. 2004),
Hecht-Buchholz et al. (1998)

Fortunato et al. (2012, 2014)

lignin, phenylalanine ammonia-lyase,
polyphenoloxidase, peroxidase, $-1,3-glucanase

and chitinase)

Calcium (Ca) Ca application reduces disease

severity; high Ca increases
susceptibility

than the wild type (Martinez-Medina et al., 2017). Similarly, involve-
ment of jasmonic acid signalling in the assembly of the rhizosphere
microbiome was reported in jasmonic acid-defective A. thaliana mu-
tants (Carvalhais et al., 2015).

Microbiome interactions typically occur via complex networks
consisting of a plethora of interdependent individuals that interact
in a mutualistic, synergistic or parasitic mode. Ou et al. (2019) high-
lighted the importance of constructing microbial networks in the
soil to manage banana Fusarium wilt. Microbial network analysis
can be highly instrumental to zoom into specific microbial consor-
tia such as communities of beneficial microorganisms. However, in-
depth insight in plant metabolites and traits that shape and sustain
the rhizosphere microbiome, which in turn contribute to defence,
could emerge through carefully designed experiments in which

Cais involved in cellular signalling processes that
are essential for defence plant response; Ca is
an important component of plant cell walls

Peng et al. (1999)

metagenomics, metatranscriptomics and root metabolomics ap-
proaches are integrated (Hultman et al., 2015). Given the decreas-
ing cost of metagenome sequencing, adoption of high-throughput
sequencing and network analysis may reveal the role of microbiome
variability across field sites and banana genotypes. Metagenome-
wide association studies, coupled with machine-learning pred-
ications of both bulk soil and the rhizosphere, could enable the
prediction of plant productivity at different field sites based on
site-specific microbiome data (Yuan et al., 2020). This information
could inform plant pathologists and banana breeders to make well-
informed choices regarding field sites for variety testing, selection
and performance in soils infested with Foc. Thus, in future, analysis
of interactions involving genotype x environment x microbiome will

probably emerge.
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3.4 | Interactions with parasitic nematodes

Bananais affected by parasitic nematodes that differ in their lifestyle
and feeding habits, and often occur in mixed populations (Coyne
et al., 2018). Parasitic nematodes of banana include the root-knot
nematode (Meloidogyne spp.), root-lesion nematodes (Pratylenchus
spp.), spiral nematode (Helicotylenchus multicinctus) and the burrow-
ing nematode Radopholus similis, which is considered the nematode
of major concern (Coyne et al., 2018). Interactions between para-
sitic nematodes and Foc seem to vary considerably across banana
genotypes. For example, in the field, Epp (1987) found no associa-
tion between the incidence and severity of Fusarium wilt and the
infestation of Cavendish with nematodes (R. similis, Meloidogyne
spp.). Conversely, Loos (1959) reported that R. similis aggravated the
severity of Fusarium wilt and early expression of disease symptoms
in Gros Michel. Similarly, Almeida et al. (2018) found that banana
fields severely affected by Fusarium wilt were heavily infested with
Pratylenchus spp.

In pot trials, synergistic albeit inconsistent interactions between
Foc and R. similis have been reported (Chaves et al., 2014; Dinesh
et al., 2014; Rocha et al., 2020). Unlike R. similis, Meloidogyne spp. are
sedentary endoparasites that infect host roots resulting in abnormal
vessel elements and disruption of the arrangement and continuity of
the vascular tissues (Coyne et al., 2018). Moreover, giant cells asso-
ciated with the feeding of Meloidogyne spp. serve as a nutrient sink,
which may predispose the roots to infection by Foc. Collectively,
as parasitic nematodes and Foc occupy a similar ecological niche
in the banana rhizosphere, they may develop complex interactions
depending on the species of nematode. While there are far fewer
reports so far, concomitant infection with Foc and parasitic nema-
todes may aggravate Fusarium wilt, for instance, through nematode-
induced wounds, which can provide a portal for root entry by Foc
(Almeida et al., 2018). Future studies are needed to untangle the
mechanisms underlying the interactions between parasitic nema-
todes and races of Foc, for example, by analysis of metabolites se-
creted by nematode-infected roots in relation to the lifestyle of the
nematode. Such information would foster appropriate use of the
Fusarium wilt-resistant or tolerant banana cultivars in soils infested

with both Foc and nematodes.

3.5 | Interactions with physicochemical
soil properties

Optimal supply of nutrients is essential for optimal growth and
health of banana plants (Nowembabazi et al., 2021; Shen, Ruan,
Chao, et al., 2015a). The nutritional status can affect plant meta-
bolic activity including the expression of host defences against
invading pathogens (Marschner et al., 2011). Several studies have
demonstrated that manipulation of the bioavailability of nutrients
in soil (e.g., nitrogen, phosphorus, potassium, magnesium, manga-
nese, iron, zinc) and soil pH can reduce the incidence and severity of
Fusarium wilt (Table 2). However, the mechanisms by which nutrient

IR i v

bioavailability and soil chemical properties may impact Fusarium wilt
are complex and poorly understood. Moreover, assessing the impact
of the infinitely varied forms of nutrients on Fusarium wilt remains a
challenge due to the influence of other abiotic and biotic factors in
the soil environment. Further studies are needed to assess the inde-
pendent effects of physicochemical soil factors on Foc, the banana
plant and the banana microbiome.

Bioavailability of iron in soil is one of the critical factors that
has been linked to the severity of Fusarium wilt (Dominguez
et al., 1996; Orr & Nelson, 2018). Although iron is abundant in soil,
its bioavailability is generally limited (c.10 *® M), and well below the
optimal requirement for plants (1077-10™* M) and microorganisms
(107-107° M) (Robin et al., 2008). In a pot trial, Peng et al. (1999)
reported that application of the synthetic iron chelator EDDHA
reduced disease severity and germination of Foc chlamydospores
by one-third to one-half. Iron chelators with a high stability con-
stant (K), such as HBED (K = 10**7) and EDDHA (K = 10%%7), se-
quester iron with high affinity (Robin et al., 2008). This limits iron
bioavailability and can thereby cause iron starvation to Foc (Peng
et al.,, 1999). However, in a field study, Orr et al. (2021) suggested
that the iron nutrition of Foc is not effectively altered by chelators,
as no decrease in disease severity was observed when HBED and
EDDHA were applied to Foc-infested soils. Studies are needed to
establish the requirement of iron in the germination of Foc chlam-
ydospores and to determine if Foc can subvert iron chelators and
thereby evade iron starvation.

Soil pH is another factor that has been reported to modulate
Fusarium wilt (Table 2). The optimum soil pH for growing bananas
is approximately 5.0-7.5, while soil pH values of 5.6-6.0 have been
recommended for management of Fusarium wilt (Dita et al., 2018;
Dominguez et al., 2001). A high incidence of Fusarium wilt has been
associated with lower soil pH, whereas soils suppressive to Fusarium
wilt have a neutral or slightly alkaline pH (Deltour et al., 2017;
Stover, 1962). In a pot trial, Peng et al. (1999) found that disease pro-
gression was slower in acidic soils than alkaline soils (pH 8). This was
attributed to the influence of pH on chlamydospore germination, as
high pH favoured chlamydospore germination. The effects of pH on
Fusarium wilt are multifaceted and complex as pH also controls the
bioavailability of nutrients and trace elements and affects the activi-
ties of extracellular enzymes and the reactivity of soil organic matter
(Paul et al., 2006). Future studies are needed to further understand
the impact of soil pH on banana root exudation, chlamydospore ger-
mination and growth of Foc, and the rhizosphere microbiome.

Other abiotic soil factors, such as soil type, temperature and
water content have been shown to affect the severity of Fusarium
wilt, but the precise mechanisms are not well known (Pattison
et al., 2014). Regarding soil water content, Aguilar et al. (2000) re-
ported that waterlogged soils result in hypoxia or anoxia, which
greatly restricts oxygen to banana roots. Under oxygen-deficient
conditions, the activities of enzymes involved in phenol metabolism
are enhanced, resulting in the formation of lysigenous aerenchyma
in the mid cortex (Figure 4a) from about 50mm behind the root tip.
Lysigenous aerenchyma is a gas space created by death of cells in the
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root cortex that enables efficient diffusion of oxygen within plants

t Patho'i.ogy

and thereby reduces the energy costs associated with root cells.
Aguilar et al. (2003) suggested that aerenchyma may also provide
a by-pass for Foc hyphae around barriers in the stele. Collectively,
manipulation of physicochemical soil properties is a promising strat-
egy for management of Fusarium wilt. Understanding the interplay
between the soil and banana-associated microbiota will expand our
knowledge on the impact of soil abiotic factors on biological control
of Fusarium wilt.

Soil management practices, such as crop rotation and intercrop-
ping, have been reported to suppress Fusarium wilt (Table 3). Disease
suppression has been linked to root-secreted metabolites, which in
part target the early stages of Foc development (Table 3), yet the
underlying mode of inhibition remains unclear. Zuo et al. (2015) sug-
gested that the inhibitory effect of Allium tuberosum volatiles could
be intensified by root-secreted phenolic compounds, but the effect
of phenolic compounds on the early development of Foc is not com-
pletely understood. Phenolic compounds are abundantly secreted
by legumes (Fabaceae), such as Desmodium uncinatum and Mucuna
pruriens (Hooper et al., 2015). Accordingly, legumes could be useful
intercrops when developing sustainable banana production systems
(MclIntyre et al., 2001; Ocimati et al., 2019). In this line, it will be
relevant to identify legumes with root-secreted metabolites that can
suppress Foc development and disease incidence in the field.

4 | CONCLUSION AND FUTURE OUTLOOK

Research on banana Fusarium wilt has a long history. However, it is
remarkable how little progress has been made towards understand-
ing the rhizosphere ecology of Foc. Research is needed to integrate
previous advancements with consideration of disease management,
host genetics and the biology of Foc to synthesize a clarified view of
how banana below-ground interactions influence Fusarium wilt. The
rhizosphere is a complex adaptive environment of closely interacting
biological, chemical and physical components. Management and ma-
nipulation of the banana rhizosphere has great potential for improv-
ing plant growth and suppression of Fusarium wilt. To realize the
potential of rhizosphere manipulation for suppression of Fusarium
wilt, a comprehensive understanding of banana below-ground inter-
actions and the mechanisms involved is required.
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