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ABSTRACT

Ploetz, R. C. 2015. Fusarium wilt of banana. Phytopathology 105:1512-1521.

Banana (Musa spp.) is one of the world’s most important fruits. In 2011, 145 million metric tons, worth an estimated $44 billion, were produced in over
130 countries. Fusarium wilt (also known as Panama disease) is one of the most destructive diseases of this crop. It devastated the ‘Gros Michel’-based
export trades before the mid-1900s, and threatens the Cavendish cultivars that were used to replace it; in total, the latter cultivars are now responsible for
approximately 45% of all production. An overview of the disease and its causal agent, Fusarium oxysporum f. sp. cubense, is presented below. Despite a
substantial positive literature on biological, chemical, or cultural measures, management is largely restricted to excluding F. oxysporum f. sp. cubense from
noninfested areas and using resistant cultivars where the pathogen has established. Resistance to Fusarium wilt is poor in several breeding targets, including
important dessert and cooking cultivars. Better resistance to this and other diseases is needed. The history and impact of Fusarium wilt is summarized with
an emphasis on tropical race 4 (TR4), a ‘Cavendish’-killing variant of the pathogen that has spread dramatically in the Eastern Hemisphere.

Additional keywords: cooking banana, dessert banana, East African Highland bananas, Fusarium oxysporum species complex, plantain.

Banana and plantain (a type of cooking banana) rank among the
world’s most valuable primary agricultural commodities. In 2011,
combined global productionwas about 145million tonswith a gross
production value of US$44 billion. Only 15% of these fruit, worth
about $9 billion year

_1, are traded internationally (Table 1); they are
major sources of foreign currency for the leading producers. In
2009, banana was the most important export commodity for
Ecuador, Costa Rica, Panama, and Belize, and the second or third
most important in Colombia, Guatemala, the Philippines, Honduras,
and Cameroon (FAOSTAT 2013). The remaining 85% is consumed
by producers, or sold in local or regional markets (FAOSTAT 2013).
Locally consumedbananas are staple foods or significant additions to
the diets of those in Africa, southern Asia, and tropical America
(Perrier et al. 2011; Van den Bergh et al. 2013).

ORIGINS, TAXONOMY, AND PRODUCTION OF BANANA

The edible bananas are predominantly hybrids between Musa
acuminata and M. balbisiana (Musaceae: Zingiberales) (Perrier
et al. 2011). Local and export cultivars are usually parthenocarpic,
vegetatively propagated triploids that were selected in antiquity by
farmers in Southeast Asia (Perrier et al. 2011). Banana was one of
the first cultivated food crops. Its domestication is thought to have

begun after the Pleistocene (approximately 12,000 B.P.), and there
is archeological evidence that domesticates were used at least 6,500
B.P. (Denham et al. 2003; 2004).

A shorthand system is used to indicate the relative haploid
contributions of these species to the cultivars:M. acuminata (A) and
M. balbisiana (B) (Simmonds 1962; Simmonds and Shepherd
1955). For example, the Gros Michel and Cavendish cultivars are
triploid, pure M. acuminata and thus AAA, whereas plantains are
triploid, 2/3M. acuminata, 1/3M. balbisiana, and AAB. The Linnaean
binomials M. paradisiaca (the AAB plantains) and M. sapientum
(the dessert banana, ‘Silk’ AAB) refer to interspecific hybrids
(Stover and Simmonds 1987).

Although hundreds of banana cultivars exist, few are responsible
for most production (Perrier et al. 2011; Van den Bergh et al. 2013).
The Cavendish subgroup is most significant, as it is responsible for
most export production (about 15% of the total) and also accounts for
28%of the locally consumed fruit. TheAABplantain subgroup,which
is important inWest Africa and tropical America, is responsible for an
additional 21%.Thus, 2 of the 50 subgroupsofbanana account for 64%
of all production. The importance of such a limited genetic base signals
a perilous situation for global production.

FUSARIUM WILT (PANAMA DISEASE)

History. The early history of this disease is tightly linkedwith the
first banana export trades (Stover 1962; Wardlaw 1961). Many of
the first reports in a given country were on damage in export
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plantations of ‘GrosMichel’, the banana on which the export trades
were then based, and one of the disease’s common names, Panama
disease, refers to damage in export plantations in that country, first
reported in 1890 (Brandes 1919; McKenny 1910; Ploetz 2005;
Stover 1962). Throughout the banana belt, production was eli-
minated or became increasingly difficult. In 1933, the Governor of
Jamaica indicated that the final destruction ofGrosMichelwas not a
question of if, but when, this would occur (Anonymous 1933). He
indicated that the island’s banana industry depended upon the
development of “an immune variety which also fulfills market re-
quirements.” Fortunately, productive Cavendish cultivars that re-
sisted Fusarium wilt were available, and they ultimately replaced
Gros Michel in the American and African trades (Stover 1962).

Simmonds (1966) considered Fusarium wilt of banana to be one
of the most destructive of all plant diseases. When Stover’s (1962)
figures were converted to 2005 dollars (Ploetz 2005), losses in the
Gros Michel-based trades totaled at least US$2 billion. Increasing
losses and the scarcity of pathogen-free soil played significant roles
in the trades’ conversion to the Cavendish subgroup (Stover 1962).
Cavendish is resistant to race1ofFusariumoxysporum f. sp. cubense,
the cause of theGrosMichel epidemics. AsCavendish replacedGros
Michel, Fusarium wilt disappeared as a problem for the trades
(Buddenhagen 1990). Black leaf streak, caused by Mycosphaerella
fijiensis, became the new primary disease, and Fusarium wilt was
forgotten as a threat to the industry.

The risk of relying on such a narrow genetic base (the Cavendish
cultivars are a closely related set of clones) was recognized by those
who were familiar with the above history. Stover (1986) indicated
that the export trades were “…extremely vulnerable to a new
disease, especially a tropical race of Fusarium wilt that could
devastate the basis of the industry—the Cavendish varieties.”
Shortly after Stover’s (1986) warning, the tropical race of Fusarium
wilt that he feared began to devastate Cavendish in Southeast Asia.
In the 1990s, new plantations of Cavendish began to succumb in the
region and a new race ofF. oxysporum f. sp. cubense, tropical race 4
(TR4), became apparent (Ploetz 2006b). In the ensuing decades,

TR4 spread rapidly, first within Southeast Asia but more recently to
Africa and Western Asia. As of the writing of this article, TR4 had
been confirmed in Australia (Northern Territory and Queensland),
China (Hainan, Hunan, Guangdong, andGuangxi), Indonesia (Bali,
Halmahera,Kalimantan, Java,PapuaProvince,Sulawesi, andSumatra),
Jordan, Lebanon, Malaysia (Peninsular and Sarawak), Mozambique,
Oman, Pakistan, the Philippines (Mindanao), and Taiwan (Fig. 1)
(Butler 2013; Freshplaza 2015; Garcia et al. 2013; Molina et al. 2010;
Ordonez et al. 2015; Ploetz 2006b; Ploetz et al. 2015b).

Host range and variation in the pathogen. Fusarium wilt of
banana is caused by a forma speciales in the F. oxysporum species
complex (Michielse and Rep 2009; O’Donnell et al. 2009).
Plant-pathogenic forms of the F. oxysporum species complex
affect a single or limited set of host plants. F. oxysporum f. sp.
cubense causes disease on species in the genus Musa, including
M. acuminata,M. balbisiana,M. schizocarpa, andM. textilis (Ploetz
and Pegg 2000; Waite 1954). Diverse weed hosts of the pathogen
have been identified (Hennessy et al. 2005; Pittaway et al. 1999;
Waite and Dunlap 1953), but they do not develop symptoms when
infected (see below). A recent report, which indicated a wider host
range for F. oxysporum f. sp. cubense (Waman et al. 2013), is
probably not reliable as it utilized detached leaf assays to assess
susceptibility.

Although Fusarium wilt was first reported in Australia (Bancroft
1876) and gained its greatest notoriety in tropical American export
plantations (Stover 1962), the pathogen probably evolved with
banana in Southeast Asia (Ploetz and Pegg 1997; Ploetz 2007;
Vakili 1965). F. oxysporum f. sp. cubense has spread widely and
may be the most widely disseminated banana pathogen (Ploetz
2015). Stover and Simmonds (1987) indicated that it was present in
all banana-producing regions except islands in the South Pacific and
Melanesia, Somalia, and countries surrounding the Mediterranean
Sea. Since their summary, F. oxysporum f. sp. cubense has spread to
the southwestern Pacific,Melanesia, and theMediterranean (Ammar
2007; Davis 2005; Garcia et al. 2013; Ordonez et al. 2015; Ploetz
et al. 2015b; Smith et al. 2002).

TABLE 1
Leading producers of banana in 1961 and 2011a

Total production Export production

Countries 1961 2011 % of 2011 total Countries 1961 2011 % of 2011 total

India 2.26 29.67 20.34 Ecuador 0.99 5.78 30.60

Uganda 3.90 10.18 7.21 Colombia 0.21 1.83 10.10

China 0.18 10.40 6.82 Philippines 0.00002 2.05 9.90

Ecuador 2.82 8.02 5.85 Costa Rica 0.23 1.91 9.80

Brazil 2.82 7.33 4.99 Guatemala 0.16 1.43 7.89

a Figures are in millions of metric tons (FAOSTAT 2013).

FIGURE 1

Geographic distribution of tropical race 4 of Fusarium

oxysporum f. sp. cubense.
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Race designations facilitate comparisons among different
populations of F. oxysporum f. sp. cubense and are usually used
when discussing the pathogen. Nonetheless, they imprecisely clas-
sify pathogenic variation in this pathogen (Ploetz 2006a, b). There
is a critical need for better understandings of cultivar and host spe-
cificity in this pathogen.

Four races of F. oxysporum f. sp. cubense have been recognized
(Ploetz et al. 2015b; Stover 1990; Stover and Buddenhagen 1986;
Stover and Simmonds 1987). Race 1, which was responsible for
the Gros Michel epidemics, also affects ‘Maqueno’ (Maia Maoli–
Popoulu subgroup, AAB), Silk, ‘Pome’ AAB, and ‘Pisang Awak’
ABB. Race 2 affects ABB cooking bananas, such as ‘Bluggoe’
(ABB). Race 4 has been split into subtropical race 4 (SR4), which
affects Cavendish and race 1 and 2 suscepts in the subtropics, and
TR4, which affects many of the same cultivars as SR4 but in the
absence of disease-predisposing conditions that occur in the
subtropics. Race 3, a pathogen ofHeliconia spp. (tropical American
banana relatives) (Waite 1961, 1963), is no longer recognized as a
banana pathogen (Ploetz et al. 2015b).

That Cavendish succumbs to different strains of F. oxysporum
f. sp. cubense requires some explanation. Before the TR4 outbreaks

in Southeast Asia, Cavendish cultivars had been affected in the
subtropics (Canary Islands, South Africa, and Australia) (Ploetz
1990), presumably due to disease-predisposing low temperatures in
these areas (Moore et al. 1993; Ploetz and Pegg 2000). Several
vegetative compatibility groups (VCGs) are responsible for this
damage, including VCG 0120, VCG 0129, and VCG 01211.
Cavendish was also affected in the tropics, but in more restricted
areas and as a result of other predisposing factors. For example,
Cavendish was affected in soils in Guadeloupe that were acidified
by a volcanic eruption, and inwaterlogged soils in Jamaica. In these
and other cases, isolates that would not normally affect Cavendish
in the tropics were responsible (VCGs 0120, 0124-5, and 01220 are
represented) (Aguilar et al. 2000; Ploetz 1990; Ploetz and Pegg
2000; Thangavelu and Mustaff 2010). In contrast, a unique and
uniform population of the pathogen, VCG 01213-01216, affects
Cavendish in the tropics in good soils and under optimum
conditions (Dita et al. 2010; Ploetz 2006a, b). Unlike SR4, TR4 is
competent in the absence of disease-predisposing factors. Although
race 4 was originally described in Taiwan before TR4 was re-
cognized (Su et al. 1977), hindsight indicates that TR4, not SR4, is
responsible for damage there (Ploetz et al. 2015b).

FIGURE 2

Tropical race 4-induced damage on Cavendish in A
and B, Hainin, China, and C, Mindanao, the Phil-

ippines. A, The first external symptoms of Fusa-

rium wilt include the chlorosis and death of the

oldest leaves, which typically buckle and collapse

against the pseudostem, and B, internally include

a brown to brick red discoloration of the vascular

system which ranges from discrete dots to large

confluent areas. C, The symptomatic mat in the

upper left indicates the failure of rice hull burning

to control the disease.
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F. oxysporum f. sp. cubense has no known sexual cycle. In a
global collection of the pathogen, Koenig et al. (1997) showed that
gametic disequilibrium among pairs of 34 of 36 restriction fragment
length polymorphic (RFLP) alleles was significantly nonrandom,
and that strains with identical genotypes were widespread. These
attributes supported the notion that F. oxysporum f. sp. cubense
reproduces in a clonal manner. However, when Taylor et al. (1999)
reanalyzed some of the RFLP data of Koenig et al. (1997), they
noted that there was little resolution and only one internal branch in
one of the largest clades identified by Koenig et al. (1997) (it con-
tained lineages I and lineages VIII in Figure 2 as shown in Koenig
et al. 1997), which was consistent with recombination. By ex-
amining the 25 unique genotypes in the lineage I + lineage VIII
clade, Taylor et al. (1999) found no statistical support that isolates in
the clade reproduced in a strictly clonal fashion. Whether recom-
bination in lineages I and VIII is ongoing or occurred in the past is
not clear, nor are the mechanisms by which recombination
(parasexuality or sexual recombination?) occurred.

The MAT1-1 and MAT 1-2 genes that are responsible for sexual
reproduction andwhich are found in sexual species ofFusarium are
also present and expressed in isolates of the F. oxysporum species
complex (Arie et al. 2000; Yun et al. 2000). Fourie et al. (2009)
indicated that all isolates of F. oxysporum f. sp. cubense that they
examined possessed one or the otherMATallele, but not both. They
reported that perithecia (sexual fruiting structures)werenot produced
when any of the isolates in their study were paired, although
protoperithecium-like structures were formed when isolates with
differentMAT alleles from the same evolutionary clade were paired.
Asexual ascomycetes such as these may represent potentially
heterothallic strains that have either lost or have rare fertile mating
partners (Kereńyi et al. 2004; Turgeon 1998). If sexual reproduction
occurs in these fungi, it is presumably rare (Kereńyi et al. 2004).
Better understandings of how and whether genetic recombination
occurs in F. oxysporum f. sp. cubense are needed.

Over 20VCGs ofF. oxysporum f. sp. cubense have been reported,
and diverse amplified fragment length polymorphisms, DNA fin-
gerprint group, electrophoretic karyotype, random amplified poly-
morphicDNA,andRFLPs are recognized inglobalpopulationsof the
pathogen (Bentley and Bassam 1996; Bentley et al. 1998; Boehm
et al. 1994; Fourie et al. 2011; Koenig et al. 1997; O’Donnell et al.
1998; Ploetz andCorrell 1988; Ploetz and Pegg 2000). Several clonal
lineages have been recognized in F. oxysporum f. sp. cubense, re-
flecting its polyphyletic composition, and most strains of the path-
ogen are in lineages that are present in Southeast Asia (Fourie et al.
2011; Koenig et al. 1997; O’Donnell et al. 1998).

Structurally, the Fusarium genome is divided into “core” and
“accessory” regions (Ma et al. 2010, 2013; Rep and Kistler 2010).
Core regions are vertically transmitted and perform essential
functions, whereas accessory regions are located on horizontally
transferred supernumerary (SP) chromosomes. SP chromosomes
encode host-specific factors that are responsible for host-specific
pathogenicity in the F. oxysporum species complex, which in
F. oxysporum f. sp. cubense and other members of the F. oxysporum
species complex is often polyphyletic (Baayen et al. 2000;O’Donnell
et al. 1998). Phylogenetic relationships in the F. oxysporum species
complex have been examined with genes from the core region
(O’Donnell et al. 2009), and additional phylogenetic markers are
under development (L.-J. Ma, personal communication).

Accessory genes have been examined in TR4 strain II5 (also
known as CBS 102025 and NRRL 36114) (Ploetz et al. 2015a), and
small secreted cysteine rich proteins (potential effectors) and
candidate secondary metabolite biosynthesis gene clusters have
been found (L.-J. Ma, personal communication). Interestingly,
some of the SIX (secreted in xylem) genes that were identified in
F. oxysporum f. sp. lycopersici (Rep 2005; Rep and Kistler 2010)
have also been detected in F. oxysporum f. sp. cubense. SIX1 is
found consistently in strains of F. oxysporum f. sp. cubense, and

three homologs of SIX1 are found in TR4, SIX1a,b and c (L.-J. Ma,
personal communication; M. Rep, personal communication).
Preliminary results indicate that SIX1a has a virulence function
on Cavendish (M. Rep, personal communication). SIX8 is present
multiple times in the subtelomeric regions of theF. oxysporum f. sp.
lycopersici genome and is also found asmultiple copies in strains of
TR4 and SR4 (L.-J. Ma, personal communication). Polymerase
chain reaction amplification revealed two SIX8 homologs, SIX8a
and SIX8b, in over 500 strains of F. oxysporum f. sp. cubense
(Fraser-Smith et al. 2014). Future work should distinguish different
pathotypes of F. oxysporum f. sp. cubense further and indicate
which genetic features are responsible for host specificity and the
range of cultivars that they affect.

Symptoms and epidemiology. Fusarium wilt of banana is a
typical vascular wilt disease. Below, “tolerance” is used to describe
cultivars that tolerate infection by F. oxysporum f. sp. cubense
without developing severe symptoms, whereas “resistance” is
used for cultivars that overcome to some degree the effects of
F. oxysporum f. sp. cubense (Zadoks and Schein 1979). Notably,
F. oxysporum f. sp. cubense infects roots of both susceptible and
resistant banana cultivars, but infection of vascularized portions of
the rhizome ismost pronounced in susceptible genotypes (Beckman
1987, 1990). Tyloses, gums, and gels are produced in xylem lumena
in response to infection, but in resistant cultivars these host products
are produced earlier and far more rapidly than in susceptible cultivars.
Systemic infection of the pseudostem does not occur in tolerant
cultivars, due to the obstruction of the pathogen by these host products,
but in susceptible cultivars proceeds in advanceof these host responses.

The oldest leaves of affected plants wilt, die, and often split at
their base (Fig. 2A) (Stover 1962, 1972;Wardlaw 1961). Yellowing
of leaf lamina is common (Fig. 2A), but nonyellowing wilt
symptoms are also known. As additional leaves are affected, a
bunched appearance develops at the top of the pseudostem.Younger
and younger leaves develop symptoms and skirt the pseudostem,
and eventually the plant collapses. Affected xylem becomes reddish
brown and is eventually plugged, thereby impeding water and
nutrient transport (Fig. 2B). Discontinuous flecking of the vascular
tissue develops on the inner side of leaf sheaths, and symptoms do
not develop on or in fruit, or on rhizomes/suckers that are 4 to
5 months old or younger.

Fusaric acid (FA), a phytotoxin that is produced by F. oxysporum
f. sp. cubense and other members of the F. oxysporum species
complex, has been indicted as the cause of the leaf chlorosis
symptom (Dong et al. 2012, 2014). Chloroplast damage, reduced
photochemical efficiency of photosystem II (FV/Fmax), and a
concomitant reduction in photosynthesis (net CO2 assimilation)
were associatedwith the progression of leaf yellowing in artificially
inoculated plants of Gros Michel. FA, but not the pathogen, was
detected in symptomatic leaves, and chlorosis was induced after FA
was injected into leaf lamina. Transpirationwas reduced in diseased
leaves, due to stomatal closure, and reduced hydraulic conductivity
that was detected in diseased stems was associated with the
development of the above symptoms (Dong et al. 2012, 2014; Page
1959). Structural and biochemical changes in affected plants were
consistent with plant senescence (Dong et al. 2014).

Fusarium wilt of banana is a “polycyclic” disease (Ploetz 2015).
Devastating losses can develop even when small amounts of the
pathogen infest fields and the disease initially raises little concern.
For example, the first outbreaks of TR4 inChina and the Philippines
were not taken seriously but eventually developed into uncontrol-
lable problems (Buddenhagen 2009).

F. oxysporum f. sp. cubense is disseminated in several ways, but
infected rhizomes are most efficient (Stover 1962). After the
infectious nature of this disease was demonstrated by Brandes
(1919), the trades established new plantations with rhizomes from
disease-free portions of fields (Stover 1962). Those that exhibited
vascular discoloration were discarded, and in many cases suckers
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were also washed and treated with fungicides or biocides (Stover
1962). However, even with these precautions it was still impossible
to establish pathogen-free banana plantations.

Surfacewaters are also infestedwithF. oxysporum f. sp. cubense,
and their use for irrigation has been responsible for the pathogen’s
rapid dissemination along river basins. Furthermore, F. oxysporum
f. sp. cubense is moved on contaminated tools, farm equipment,
clothes, and footwear (Rishbeth 1955; Stover 1962;Wardlaw1961).
Recently, Meldrum et al. (2013) detected TR4 on the exoskeletons
of the banana weevil, Cosmopolites sordidus, and suggested that it
was a possible vector or disease predisposing agent.

Stover (1962) indicated that banana-free rotations were in-
effective measures for managing the disease, and that Gros Michel
could not be produced in previously affected plantations, due to the
pathogen’s long survival. Twenty years is typical (Stover 1962), and
40 years have been reported (Simmonds 1966; Buddenhagen 2009).
Stover (1962) suggested that chlamydospores ofF. oxysporum f. sp.
cubense in decayed banana tissuewere responsible for its durability
in infested soil.

Although chlamydospores clearly enable the pathogen to survive
inhospitable conditions, it seems doubtful that they would be
responsible for its decades-long persistence in the absence of a
living banana host. Survival as a nonpathogenic parasite of weeds
may be more plausible (Ploetz 2015). Asymptomatic colonization
of the roots ofweedsbyplant-pathogenicmembers of theF.oxysporum
species complex is a common phenomenon (Altinok 2013; Hennessy
et al. 2005; Pittaway et al. 1999; Postic et al. 2012; Rekah et al. 2001;
Waite and Dunlap 1953). For example, in banana plantations in
Australia,F. oxysporum f. sp. cubense strains inVCGs 0120 (SR4) and
01213/01216 (TR4) were recovered from surface-disinfested, asymp-
tomatic roots of, respectively, Amaranthus sp. and Paspalum sp., and
Chloris inflata, Cyanthilium cinereum, Euphorbia heterophylla, and
Tridax procumberens (Hennessy et al. 2005; Pittaway et al. 1999).
Hennessy et al. (2005) indicated that additional weed hosts of TR4
were probable, and suggested that management of theseweeds should
be considered when managing this disease. Better understandings are
needed for the persistence of this pathogen in the absence of its banana
host as theymay assist diseasemanagement efforts and provide insight
into how TR4 was moved to Africa and Western Asia.

The survival of F. oxysporum f. sp. cubense in banana leaf trash
was recognized during the Gros Michel era (Rishbeth 1955;
Wardlaw1961). Considerable leaf trash and other banana tissues are
associatedwith export shipments of banana fruit. In the early 2000s,
the Australian government published a risk assessment for the
importation of Cavendish fruit from the Philippines that considered
these banana tissues as vehicles in which nonendemic strains of
F. oxysporum f. sp. cubense could be moved to Australia (Common-
wealth of Australia 2004). It indicated thatF. oxysporum f. sp. cubense
could move as both symptomless infections of the vasculature of fruit
crowns, and in pieces of infected leaf trash that would be associated
with fruit shipments. Large quantities of Cavendish fruit are exported
from Mindanao to the Middle East. For example, from 2008 to 2012,
export to Jordan averaged 418,000 18-kg boxes year-1, and substantial
quantitiesof fruitwerealso exported tootherbanana-producingnations
in the Middle East, including Oman and Pakistan (Republic of the
Philippines 2012). Thus, there would have been ample opportunities
for the introduction ofTR4 to theMiddleEast via this route. The extent
to which fruit crowns and leaf trash are reservoirs for TR4 should be
examined experimentally.

OnceF. oxysporum f. sp. cubensemoves into a production area, it
is very difficult to exclude from noninfested plantations. Although
mixed plantings in subsistence agriculture, in which different
banana cultivars are grown with other crops, typically develop
moderate losses, monocultures of susceptible cultivars are usually
decimated (Stover 1962).

Management. Pathogen exclusion is essential in pathogen-free
regions. F. oxysporum f. sp. cubense cannot be eradicated from an

area once it is infested, and exclusion of the pathogen from
noninfested plantations can be very difficult once it moves into a
region. Effective quarantine measures are necessary, and regional
awareness and contingency programs, such as those created in the
Western Hemisphere, should be considered in all threatened areas
(Ploetz et al. 2015a).

Although numerous publications indicate that different methods
can be used to manage this disease (Thangavelu andMustaff 2010),
there are actually few effective measures. In general, susceptible
banana cultivars can be grown only if pathogen-free propagation
materials are used in pathogen-free soil. Tissue-culture-derived
plantlets are themost reliable source of cleanmaterial. Even though
they are more susceptible to Fusarium wilt than traditional banana
seed pieces (Smith et al. 1998), they should be used to propagate this
cropwhenever possible. In subsistence agriculture or other situations in
which their expense is an issue, tissue-culture plantlets have been used
to start nurseries for the production of pathogen-free conventional seed
pieces (Lule et al. 2013).

Unfortunately, the perennial nature of this crop and need for long-
term efficacy are seldom considered when management strategies
are developed (Ploetz 2015). Much of the literature on this topic
reports results from short-term in vitro or greenhouse studies with
no indication that the results would be useful in the field. For
example, even though many biological control studies have been
conducted, none of the published results indicate that cost-effective
management in the field is possible via this approach (Ploetz 2015).
Likewise, limited or questionable efficacy has been associated with
chemical, cultural, andphysicalmeasures (Ploetz2015). For example,
although rice hull burning (heat sterilization of the soil) has been
recommended in southern Mindanao in the Philippines, and in
Indonesia (Molina et al. 2010), there are no supporting data (Fig. 2C).

In F. oxysporum f. sp. cubense-infested soils, resistant cultivars
have been the only consistently effective tool for managing this
disease. Cultivars that resist different races of F. oxysporum f. sp.
cubense exist, but may not be profitable in a given situation
(Buddenhagen 1990). Xu et al. (2011) analyzed the economics of
producing race 1- and TR4-resistant cultivars in China. Market
preferences and the race that was present in infested fields
determined which cultivars would be profitable. In infested soils
in which lower rents were charged but fewer cultivars could be
grown, Xu et al. (2011) recommended replacing susceptible
cultivars with other crops or resistant cultivars.

There is a critical need for resistant bananas that meet local and
export market standards (Ploetz et al. 2015b). The susceptibility of
different cultivars to different races is well understood (Ploetz and
Pegg 2000), but few are resistant to TR4. Dessert (Cavendish,
‘Pisangmas’AA, ‘Berangan’AAA, ‘Mysore’AAB, Silk, and Pome)
and cookingbananas (Maia-MaoliAAB,Bluggoe, andPisangAwak)
are susceptible, but there are notable exceptions (Table 2).

Molina (personal communication) indicates that a selection of
‘Dwarf Pisang Awak’ is resistant to TR4 in Asia. Given the im-
portance of Pisang Awak in many areas and its consistent sus-
ceptibility to Fusarium wilt elsewhere (including to TR4 in
Australia; Walduck and Daly 2007), this selection should be more
widely tested and its performance against TR4 confirmed in
replicated field trials. Recent results also suggest that two other
subgroups that are important staple crops in Africa have useful
resistance to TR4. Although the reactions of plantain hybrids from
the International Institute of Tropical Agriculture (IITA) and
Fundación Hondureña de Investigación Agrı́cola (FHIA) breeding
programs (respectively, ‘Bita-3’ and ‘FHIA21’) suggested that the
plantains were vulnerable (Ploetz and Evans 2015), plantain
cultivars have generally done well in screening trails in China,
Indonesia, and Mindanao (Huang et al. 2005; Molina et al. 2012;
A. B. Molina, unpublished data). Likewise, Molina et al. (2012)
indicated that East African Highland Bananas (also known as the
Lujugira-Mutika subgroup) were also resistant to TR4, based on a
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TABLE 2
Response of important banana genotypes to tropical race 4 of Fusarium wilt

Genome Subspecies or subgroup Cultivars/genotypesa Disease response(s), reference(s)b

Pre-existing cultivars/wild genotypes

AA Musa acuminata subsp. malaccensis ‘Pahang’ S/R (G. Kema, personal communication)c

AA ‘Sucrier’ S (Daniells 2011; Molina et al. 2010)

AA ‘Pisang Jari Buaya’ SS (Walduck and Daly 2007) R (Huang et al.
2005)

AA ‘Rose’ R (Huang et al. 2005)

AAA ‘Berangan’ VS (Daly et al. 2007; Molina et al. 2010;
Walduck and Daly 2007)

AAA Cavendish ‘Grand Nain’, ‘Williams’, ‘Ambon
hijau’

VS (Molina et al. 2010; Walduck and Daly
2007) XS (Huang et al. 2005)

AAA Lujugira-Mutika Numerous R (Molina et al. 2012)

AAA Gros Michel ‘Pisang embung’ XS (Huang et al. 2005) S (Walduck and Daly
2007)

AAA ‘Red’, ‘Green Red’ VS (Walduck and Daly 2007)

AAA ‘Ibota Bota’ XS (Huang et al. 2005)

AAB Plantain Numerous R/SS (Molina et al. 2005; 2012; in press)

AAB Pome ‘Improved Lady’s Finger’ VS (Huang et al. 2005; Walduck and Daly
2007)

AAB Maia-Maoli S (Daly et al. 2007) VS (Walduck and Daly
2007)

AAB ‘Silk’ VS (Molina et al. 2010)

AAB ‘Mysore’ VS (Huang et al. 2005) S (Walduck and Daly
2007)

ABB Bluggoe ‘Bluggoe’ XS (Huang et al. 2005)

ABB ‘Pisang Awak’ S (Daly et al. 2007; Walduck and Daly 2007)

ABB ‘Blue Java’ S (Daly et al. 2007; Walduck and Daly 2007)

Somaclonal selections and bred hybrids

AAA Somaclone ‘Formosana’ (GCTCV218)d S (Daly et al. 2007; Walduck and Daly 2007)

AAA Somaclone GCTCV119d SS (Huang et al. 2005; Walduck and Daly
2007)

AAAA Bred hybrid FHIA 2 (‘Mona Lisa’)e R (Huang et al. 2005)

AAAA Bred hybrid FHIA 17e VS (Walduck and Daly 2007) XS (Huang et al.
2005)

AAAA Bred hybrid FHIA 23e VS (Walduck and Daly 2007) XS (Huang et al.
2005)

AAB Bred hybrid FHIA 25e R (Huang et al. 2005; Walduck and Daly
2007)

AAAB Bred hybrid CRBP-39f SS (Huang et al. 2005)

AAAB Bred hybrid FHIA 01 (Gold finger)e SS/R (Walduck and Daly 2007) R (Huang et al.
2005)

AAAB Bred hybrid FHIA 18e SS/R (Walduck and Daly 2007) R (Huang et al.
2005)

AAAB Bred hybrid FHIA 21e MS (Huang et al. 2005)

AAAB Bred hybrid SH-3640 (High Noon)e VS (Walduck and Daly 2007) XS (Huang et al.
2005)

AABB Bred hybrid FHIA 3e SS (Huang et al. 2005)

a Cultivar names are the most common internationally recognized synonym of a given clone. With the exceptions of ‘Sucrier’, which is a dessert
banana, the other AA diploids in this table have been used primarily as parents in breeding programs.

b To enable comparisons among different sets of data, ratings from some studies were converted to a uniform scale, where: XS 5 extremely
susceptible; VS 5 very susceptible; S 5 susceptible; MS 5 moderately susceptible; SS 5 slightly susceptible; and R 5 resistant.

c Seedling progeny of ‘Pahang’ segregate for TR4 response.
d GCTCV 5 Giant Cavendish Tissue Culture Variants from the Taiwan Banana Research Institute (Hwang and Ko 2004).
e Hybrids bred at the Fundación Hondureña de Investigación Agrı́cola (FHIA) in Honduras.
f Hybrid bred at the Centre Africain de Recherches sur Bananiers et Plantains (CARBAP) in Cameroon.
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study in Mindanao and another in China. These are encouraging
results, but few trials in only a few locations have been conducted.
Since no trial lasted formore than72months, additional studies over at
least two production cycles are needed. Importantly, results with these
important bananas need to be reported in peer-reviewed journals.

Many banana improvement programs exist, many of which were
established to improve Fusarium wilt resistance in the crop
(Buddenhagen 1993; Ortiz 2013). These programs face enormous
challenges. Primitive diploids that havebeen used as parents usually
have very poor agronomic and fruit traits, and introgression of
disease resistances that they possess into advanced lines can take
several generations. The polyploid nature of the crop, genetic
abnormalities that exist in many parental lines, the need for end
products to be parthenocarpic and sterile, the low fertility of
cultivars that need improvement, and the expense of evaluating
large hybrid populations are additional hurdles that impede
progress (Ortiz and Swennen 2014).

Resistance to TR4 is found in several bred hybrids, especially
those developed by the program at the FHIA in Honduras. The
FHIA hybrids have been widely disseminated and are especially
important in low-input production systems. For example, FHIA
hybrids that resist Fusarium wilt, as well as black leaf streak and
nematodes, are significant inAfrica (Dzomeku et al. 2007;Gaidashova
et al. 2008;Njuguna et al. 2008;Nowakunda andTushemereirwe2004;
Uazire et al. 2008) and Cuba (Alvarez 1997; Alvarez and Rosales
2008). Unfortunately, they do not meet the high standards that are
needed for an export banana. For example, the high-yielding dessert
clones ‘FHIA-01’ and ‘FHIA-02’ had lower pulp-to-peel ratios,
were not as sweet, and had lower overall consumer acceptance than
two Cavendish cultivars, ‘Grand Nain’ and ‘Williams’ (Dadzie 1998).

Cavendish production has a long and profitable history in Taiwan
(Hwang and Ko 2004). In the 1980s, Hwang began evaluating
somaclonal variants of ‘Giant Cavendish’ for response to Fusarium
wilt. By recurrently selecting tissue cultured lines in heavily
infested fields, he developed variants with improved resistance to
this disease. An array of the Giant Cavendish Tissue Culture
Variants (GCTCVs) have been produced, several of which are now
widely tested and used in Asia (Hwang and Ko 2004). However, the
GCTCV lines are not completely resistant, and can usually be grown
for nomore than two cycles in TR4-infested sites. Furthermore, poor
finger and hand architecture of fruit produced by the GCTCV lines
further complicates their use by the export trades. Nonetheless, they
are currently the best TR4-resistant alternatives for the exported
Cavendish clones.

Genetic transformation of banana has become commonplace,
and disease resistance is one of themost sought-after traits (Khanna
et al. 2007; Ortiz and Swennen 2014; Remy et al. 2013). Genetic
transformation to create resistant genotypes is particularly important
when improvement targets, such as the Cavendish bananas, are
difficult to improvevia conventional breeding (AguilarMorán 2013).
A range of transgenes have been tested, but only short-term results
from greenhouse or incubator experiments are usually reported. For
example, there are generally no results from race 1 (Ghag et al. 2012;
Paul et al. 2011; Subramaniam et al. 2006) or TR4 field trials (Hu
et al. 2013; Mahdavi et al. 2012; Yip et al. 2011). Long-term field
results are needed for these bananas.

CONCLUSIONS

Given the value of export production and the importance of
Cavendish for small-holders, TR4 may eventually cause even
greater losses than occurred during the Gros Michel era. Greater
losses will surely develop as TR4 spreads, as it is now found in only
one of the world’s top five producing countries and only one of the
top five exporters (Table 1). To date, loss figures are available for
only Indonesia, andTaiwanandMalaysia,whereTR4causedestimated

losses of USD$121 million and USD$253 million (respectively,
Hermanto et al. 2011 and Peng et al. 2013, as cited in Aquino et al.
2013). Greater losses must occur in significant Cavendish-producing
countries, such as China and the Philippines.

After decades of research on managing Fusarium wilt of banana,
effective alternatives to the use of resistant cultivars have not been
found (Ploetz 2015). In order to manage this disease biologically,
chemically, or culturally, better understandings would be needed of
the factors that are responsible for disease development and how
theymight bemanipulated for disease control.Although the complex
interactions that occur between F. oxysporum f. sp. cubense and
banana are only beginning to be understood (Bai et al. 2014; Li et al.
2013; Wang et al. 2015), virulent races of this hemibiotrophic
pathogen induce apoptosis (a type of programmed cell death) in
susceptible cultivars during the necrotrophic phase of host infection
(Paul et al. 2011). Transgenic bananaswith anti-apoptosis genes have
enhanced resistance to this disease (Paul et al. 2011). Recently,
transgenic lineswithplant derivedanti-apoptosis geneswere resistant
to TR4 in field studies in the Northern Territory of Australia (J. Dale,
personal communication).

There is a critical need for new bananas that resist TR4 and other
races of F. oxysporum f. sp. cubense (Ortiz and Swennen 2014;
Rowe and Rosales 2000). However, assuming that they are produced
their success may require consumers to accept new tastes and
appearances in this fruit, as well as genetic transformation as a safe
means for the production of new genotypes. And for some important
extant bananas, such as the plantain and Eastern African highland
banana cultivars, their response to TR4 needs to be detailed and
described in refereed journals.

TR4 threatens export and small-holder production of Cavendish
in tropical America. Preparation for its arrival and impact in the
region has begun. For example, stakeholders have been informed
about TR4 (Pocasangre et al. 2011) and responses have been
formulated for its possible arrival in the Western Hemisphere (Dita
Rodrı́guez et al. 2013). Similar contingency plans are needed in
Africa, the Indian subcontinent, and other unaffected areas.
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Van den Bergh, I., Vézina, A., and Picq, C. 2013. Where bananas are grown.
ProMusa. Bioversity International. http://www.promusa.org/tiki-index.php?
page5Banana-producing+countries+portal

Waite, B. H. 1954. Vascular disease of abaca or Manila hemp in Central
America. Plant Dis. Rep. 38:575-578.

Waite, B. H. 1961. Variability and pathogenesis in Fusarium oxysporum
f. cubense. Ph.D. thesis, University of California, Berkeley.

Waite, B. H. 1963. Wilt of Heliconia spp. caused by Fusarium oxysporum
f. sp. cubense race 3. Trop. Agric. 40:299-305.

Waite, B. H., and Dunlap, V. C. 1953. Preliminary host range studies with
Fusarium oxysporum f. cubense. Plant Dis. Rep. 37:79-80.

Walduck, G., and Daly, A. 2007. Banana Tropical Race 4 Panama Disease
Management. Pages 7-11 in: Northern Territory Department of Primary
Industry, Fisheries & Mines Primary Industries. Tech. Annu. Rep. 2006-07.

Waman, A. A., Bohra, P., Sathyanarayana, B. N., Chandrashekar, S. C., and
Rani, R. T. 2013. Are bananas (Musa spp.) really safe from their aesthetic

relatives? Screening potential alternative hosts of Fusarium oxysporum
f. sp. cubense. J. Hortic. Sci. Biotechnol. 88:559-562.

Wang, Z., Jia, C., Li, J., Huang, S., Xu, B., and Jin, Z. 2015. Activation of
salicylic acid metabolism and signal transduction can enhance resistance to
Fusarium wilt in banana (Musa acuminata L. AAA group, cv. Cavendish).
Funct. Integr. Genomics 15:47-62.

Wardlaw, C. W. 1961. Banana Diseases Including Plantain and Abaca. John
Wiley & Sons, Inc., New York.

Xu, L., Huang, B., Wu, Y., Huang, Y., and Dong, T. 2011. The cost-benefit analysis
for bananas diversity production in China Foc zones. Am. J. Plant Sci. 2:561-568.

Yip, M.-K., Lee, S.-W., Su, K.-C., Lin, Y.-H., Chen, T.-Y., and Feng, T.-Y.
2011. An easy and efficient protocol in the production of pflp transgenic
banana against Fusarium wilt. Plant Biotechnol. Rep. 5:245-254.

Yun, S.-H., Arie, T., Kaneko, I., Yoder, O. C., and Gillian Turgeon, B. 2000.
Molecular organization of mating type loci in heterothallic, homothallic,
and asexual Gibberella/Fusarium species. Fungal Genet. Biol. 31:7-20.

Zadoks, J. C., and Schein, R. D. 1979. Epidemiology and Plant Disease
Management. Oxford University Press, Oxford, UK.

Vol. 105, No. 12, 2015 1521

http://www.promusa.org/tiki-index.php?page=Banana-producing+countries+portal
http://www.promusa.org/tiki-index.php?page=Banana-producing+countries+portal
http://www.promusa.org/tiki-index.php?page=Banana-producing+countries+portal
http://www.promusa.org/tiki-index.php?page=Banana-producing+countries+portal

