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Abstract

Musa spp. (banana and plantain) is the most widely consumed and exported
fruit globally, and it plays a crucial role in the diets of billions of people
worldwide. Over the years, many diseases have threatened this crop, including
the recent emergence of Fusarium wilt, caused by Fusarium oxysporumrace 4.
Puerto Rico is home to numerous economically significant variants
of Musa spp. Due to the crop's importance in the island's economy and nutrition,
research on maintaining existing varieties and developing new ones has been
initiated. Although Fusarium oxysporum f.sp. cubense race 4 has not been
detected in Puerto Rico, it has been detected in the Caribbean region. Therefore,
it is essential to know both the plant and the pathogen to prevent and fight
this disease. This review summarizes information about Musa spp, including
its plant description, morphology, and genetic characteristics. Furthermore,
it covers information about Fusarium sp., its pathogenicity, detection methods,
and prevention of its spread. We also reviewed the few articles published for
the island of Puerto Rico about Musa and Fusarium, and the guidelines
suggested regarding the threat of the Fusarium wilt race 4 for the island.
Finally, we underline Puerto Rico's opportunities to develop disease-resistant
Musa cultivars.
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Introduction of the Musaceae family. This family of more than 50
Bananas and plantains are a perennial crop, large,  species, originate predominantly in Southeast Asia,
herbaceous, monocotyledonous' that contain an  specifically in the Indo-Malesian, Asian, African,
underground stem, and belong to the Musa genus  and Australian tropics,? being known in the Medi-
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terranean after the conquest of the Arabs in the year
650 AD. The species arrived in the Canary Islands
in the 15th century and was brought to America in
1516.2 Among the latter, bananas and plantains are
important crops in tropical and subtropical countries*
and represent the fourth most important food
worldwide after rice, wheat, and corn.® The banana
contains a low percentage of proteins (1.2%) and
lipids (0.3, highlighting its high content of
carbohydrates (20%). In the immature banana, the
primary carbohydrate is starch.

Starch is converted to sucrose, glucose and fructose
when the fruit reaches ripening. It also contains inulin
and other compounds called fructooligosaccharides
that are not digestible by the enzymes present in
the intestine, which also reach the final part of the
intestine and have beneficial effects on intestinal
transit itself. Additionally, it is a source of potassium
that contributes to muscle function and is also a source
of vitamin B6.°

The banana is considered the first globalized product
in the world and is the fruit with the largest export
market, in addition to being the most consumed.”
Itis estimated that there are more than 1,000 varieties
of bananas worldwide, which provide essential
nutrients to the population. The most commercialized
variety is the Cavendish, which represents a little
less than half of world production, with an estimated
50 million tons. Bananas are very important in
underdeveloped, low-income countries with a lack of
food, where they help maintain food security as a basic
food, and contribute to the generation of economic
income as a crop of high commercial value. The global
banana trade has developed at unprecedented levels
in recent years, with an estimated export volume
of 21 million tons in 2019. Key trade drivers include
strong supply growth in Ecuador and the Philippines
as main exporting countries, and a significantincrease
in import demand, particularly from China and
the European Union.® The global production of
bananas for 2021 was 124,978,578.48 tons in a
harvested area of 5,336,862.00 hectares. In Puerto
Rico, it was estimated that this year's production
was 77,470.60 tons in a harvested area of 1,559.0
hectares.® There are many economically important
varieties of Musa spp. in Puerto Rico despite not
being originally from the Americas. Both the dietary
and the economic importance of these crops on
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the island have led to studies focused on the
preservation of varieties and the development of new
ones. Furthermore, Puerto Rico acts as an important
reservoir of Musa spp., mainly

through the efforts of the USDA-ARS Tropical
Agricultural Research Station (TARS) and the
University of Puerto Rico (UPR) Agricultural
Experimental Station. By 2016, the USDA-ARS
TARS developed the "Catalog of Musa Accessions
Maintained at the USDA-ARS Tropical Agriculture
Research Station." This catalog has over 130 plant
accessions held by USDA-ARS TARS. These
accessions consist of individuals with origins from
Malaysia, Papua New Guinea, Borneo, Taiwan,
Eastern Africa, Congo, Cameroon, Honduras, Brazil,
and Nigeria, among many others, whose origins are
unknown.

Musa spp. crops can be susceptible to a wide variety
of viral, bacterial, and fungal etiology diseases.
In this sense, one of the most worrying diseases
worldwide today is the Fusarium Tropical Race 4 (TR4)
fungus, a disease that affects banana plants
and is currently present in 21 banana-producing
countries. According to the cases reported, once a
cropland has been contaminated with TR4, disease
management is difficult and costly.

The importance of the different banana diseases will
be discussed with particular emphasis on Fusarium
oxysporum f.sp. cubense tropical race 4 (Foc TR4),
its implications, and the latent risk it represents for
the producing regions of this crop, as well as new
tools to predict its presence in risk areas such as the
Puerto Rican island.

Genetic Variability in Musa spp

Genetic and Morphological Characteristics
Musa species consist of 11 chromosomes."" Edible
crops are a union of the wild subspecies Musa
acuminata and Musa balbisiana which are referred
to as genomes A and B, respectively.'? Although
hybridization has produced diploid (AA, AB, BB) and
tetraploid (AAAA, AAAB, AABB, ABBB) varieties, '
the varieties grown commercially are triploid (AAA,
AAB, ABB)." Some cultures such as the AAAbanana
varieties can be eaten raw when ripe, while AAB
(plantain) or ABB (banana) need to be cooked before
being ingested.?
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Musa Grown in Puerto Rico

Once the agricultural importance of the plantain
and banana industry for Puerto Rico is established,
it is not surprising that there are a large number
of economically important varieties of Musa spp,
in Puerto Rico despite not being originally from the
Americas, but from Southeast Asia and the Indian
subcontinent.” The island, consequently, thanks to
the studies carried out in Puerto Rico in the search
for the preservation of varieties and the development
of new ones, Puerto Rico is an important reservoir
of Musa spp, mainly through the efforts of the USDA-
ARS Tropical Agricultural Research Station (TARS)
and the University of Puerto Rico (UPR) Agricultural
Experimental Station'® sampled Musa spp. plants.
In this sense, in Puerto Rico we can find Musa spp.
with diverse genomic composition. Garcia'®
characterized Fusariumspeciesin Puerto Rico (Isabela,
Mayaglez, Gurabo and Aguada). Their sampled
Musa spp. had A.B., AAA, AAB, ABB, and AABB
genomes; 5 of the 8 genomic compositions of
agricultural importance. However, collections
present in Puerto Rico show additional genomic
compositions (A.A., B.B., AAAB).'7:18.19

By 2009 the USDA-ARS TARS repository contained
some 135 accessions; however, the genomic
composition was unknown for most of them. Thus,
a study carried out by Irish and collaborators in 2009
elucidated the individuals in the collection at the level
of polyploidy and genomic composition, determining
the great variety thatis possessed, for more information
you can review the work of Irish' where it refers
to the USDA-ARS TARS collection, however, other
research has been carried out on the island where
variants not mentioned in this work have been
imported and used, such as FHIA-01 (AAAB) and
FHIA-25 (AAB)."®

The varieties of Musaspp. presentbothin collectionsand
research has already been established. Additionally,
USDA-ARS TARS developed the "Catalog of Musa
Accessions," where the 148 available plants in 2016
can be found. The collection has individuals with
origins from Malaysia, Papua New Guinea, Borneo,
Taiwan, East Africa, Congo, Cameroon, Honduras,
Brazil, Nigeria, among many others whose origins
are unknown. In addition, it is worth mentioning that
there are varieties developed in Puerto Rico such
as TARS 17164 - "1-A', TARS 17125 - '2-A’, TARS
17154 - '3-A', TARS 17135 - '5-A' TARS 17130 - '6-
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A', TARS 17159 - '8-A', TARS 17131 - '2-R-2, 500',
TARS 17141 - '3-R-2, 500', TARS 17151 - '4-R-2,
500", TARS 17152 -'10 -A', TARS 17179 - 'Corozal
Selection 25' (se-lections made by the University of
Puerto Rico at the Corozal Experimental Station)
and TARS 18061 - 'Johnson'."® In summary, Puerto
Rico is an important reservoir of different species and
varieties of Musa spp. Therefore, their management
is imperative, specifically referring to the established
policies to control or prevent the arrival of potential
pests to the Island. In addition, due to this important
genetic variability in Puerto Rico, this working group
is working on projects related to the development
of new resistant varieties from which we hope to have
results in the short term.

Musa spp Diseases

The Musa agricultural industry and scientists have
looked into species that have developed mechanisms
that protect them from abiotic and biotic factors.
For example, M. balbisiana has developed resistance
to pests, drought, and diseases within its genotype.
Similarly, M. acuminata produces phytochemical
compounds capable of treating diseases.? However,
despite these mechanisms, Musa spp. crops can be
negatively affected by many diseases of biological
origin, such as viruses, bacteria, and/or fungi.?®

Viral Disease

For example, the Banana Streak Virus (BSV),
Cucumber Mosaic Virus (CMV), Banana Bract
Mosaic Virus (BBMV), and Banana Bunchy Top Virus
(BBTV)?' are viruses of greatest concern. Moreover,
there are viruses of lower infectivity in these plants,
such as Abaca Bunchy top, Abaca Mosaic, Banana
Mosaic, Banana Mild Mosaic, and Banana Virus
X.22 Among the aforementioned viruses, this review
will address those that have the greatest negative
impact on Musa sp. The BBTV virus causes the
most significant economic losses in the old world,
where losses in yields have reached up to 100%.%
The presence of this virus has not been identified
in the Americas, although it has been identified
in Hawaii,?* and all species of the family of this
plant are susceptible to it. In the case of BBMV,
it has caused significant economic losses in India
and the Philippines, and it has also been reported
in Colombia and Costa Rica, indicating that it is
already near the Caribbean islands. Furthermore,
the virus is transmitted by aphids. In the Puerto
Rico area, the presence of BSV has been identified
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in the same way in other nearby countries such as
Brazil, Colombia, Costa Rica, Ecuador, Cuba, Haiti,
Honduras, Jamaica, Nicaragua, Venezuela, the state
of Florida (USA) and the Dominican Republic.?0-2225
It is worth mentioning that this virus has caused
losses of up to 90% in the Ivory Coast area. However,
in many affected areas, its damage appears to be
slight.2® Analyzing the recent literature regarding
the identification of viruses in Musa sp. since 2016,
we can find new reports such as BBTV in Togo,*
and in South Africa,?” CMV in Musa x paradisiaca
cv Chini Champa in Northeast India?® and Banana
mild Mosaic virus in India.?® Solving problems due
to viruses causes an increase in production costs.
For example, an investigation by Selvarajan et al.
(2017) determined that applying 125 to 150% more
fertilizers than average was essential to maintain the
yields of the French plantain cv. Nendran that were
infected with BBMV.*0

Bacterial Disease

One of the diseases of bacterial origin found in
Musa spp is the moko. The bacterium Ralstonia
solanacearum, the causal agent ofthis disease, triggers
pseudostem tissue rotting. Its dissemination can
occur through plant propagation, aphids, machinery,
water in irrigation systems, and the movement
of people.?' Although this bacterium has not
been recorded affecting crops in Puerto Rico,
it has been identified in countries of America
such as Honduras, Panama, Costa Rica, Belize,
Colombia, Ecuador, El Salvador, Granada,
Nicaragua, Suriname, Venezuela, Brazil, Peru,
Guatemala, Jamaica, and part of Mexico.2° Another
disease of bacterial origin is the bacterial wilt
of plantain, which is caused by Xanthomonas
campestris pv. musacearum. This disease, identified
in East Africa, has spread in this continent due to its
easy dispersal by insects that visit the flowers. The
bacterial wilt of plantain is also easily transmitted
by contact with work tools. Some areas have
experienced a total loss of production because
of the fruit rotting that this bacterium causes.?032
Furthermore, the bacteria Erwinia spp. causes a
disease characterized by rotting in the pseudostem,
generating an exudate with a bad smell, and bending
of the stem.** One of the Erwinia species identified in
Puerto Rico is E. chrysanthemi, which is the cause
of the soft rot that causes abortion of the bunch. This
bacterium was isolated from the banana of the Hua
Moa variety.®* Finally, recent research determined
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the presence of Klebsiella variicola in Haiti. This
bacterium causes soft rot in bananas and other plants,
such as carrots. Therefore, there could be a large
number of bacteria thatcan cause damage to Musaspp.
plants and especially close to the Puerto Rico area.®

Phytopathogenic Fungi

The main concern for the cultivation of Musa spp
lies with phytopathogenic fungi. Some fungi of great
concern belong to the mycosphaerella-like group,
since some 30 species have been described that
directly affected plantain and banana leaves.
However, only the following three species of the
micosphaerella-like group cause considerable
losses in these crops: Pseudocercospora eumusae
(Mycosphaerella eumusae) is the cause of eumusae
leaf spot; P. musae (M. musicola) causes yellow
Sigatoka; and P. fijjiensis (M. fijiensis) the black
Sigatoka, the latter being the one of greatest concern
worldwide.*® These 3 species directly affect the leaf
of Musa spp., which alters the quality of the fruit.
Regarding P. eumusae, itis found in India, Sri Lanka,
Thailand, Malaysia, Vietnam, Mauritius, and Nigeria,
however, it has not been found in the Americas.?° The
yellow Sigatoka has been present in Puerto Rico
since 1938-1939. This disease is characterized by
yellow stripes in the leaves that later turn brown in
the center. The described discoloring of the leaves
affects the photosynthesis process that this organ
carries out and, consequently, its adverse effect on
the fruit. In the case of black Sigatoka, its presence in
Puerto Rico has been identified since 2007.% These
are observed as reddish spots parallel to the venation
of the leaves that later begin to turn a dark brown
color. Then, the center of the spot begins to turn a
grayish-white color, which ends up causing necrosis,
affecting the production of chlorophyll. This can
lead to a production loss of 85%.3¢ Other fungi that
affect the production of plantain and banana are:
1) the cause of Cortana (Cordana musae), which is
characterized by brown spots surrounded by yellow
areas found on the margins of the leaf; 2) Cigar end
rot, which is a rot at the tip of the fruit which causes
many of these to mature prematurely. Among the
fungi that cause this disease are: Stachylidium spp.,
Fusarium spp., and Deightoniella spp.* All the fungi
previously mentioned, except M. eumusae, have been
observed in Puerto Rico. However, there is a fungal
threat of primary concern to Musa spp. farmers
worldwide and is the so called Panama Disease
caused by Fusarium oxysporum.®
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Fusarium oxysporum

Fusarium oxysporum is one of the fungal species
of most significant phytopathological importance,
the greatest number of host plants, and that causes
the most critical economic damage among plant
pathogens.* Although pathogenic and non-pathogenic
variants have been found in soil, this species can
affect multiple plants of agricultural interest. This
fungus mainly produces vascular wilting, followed
by plant death. Some species can also cause crown
and root rot. Fusarium oxysporum special forms
(formae specialis) have caused significant epidemics
in various crops such as banana, plantain, tomato,
cotton, carnation, chrysanthemum, lentil, and
chickpea, causing very substantial economic losses.*

TheF. oxysporumspecial forms cannotbe differentiated
by their morphology or by the cultural characteristics
of the colonies. However, they are physiologically
different due to their ability to invade and cause
diseases in specific host plants.*' This pathogenic
selectivity of the special forms of F. oxysporum is
because only the host plants and their radical
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exudates satisfy the nutritional requirements of the
fungus, and, therefore, it can only grow and develop
inthese plants.“? The F. oxysporumspecial forms have a
very dynamic genomic organization. Notable features
of these and several species complexes within the
genus Fusarium are chromosomal polymorphism*®
and abundant transposable mobile elements,
studied as possible contributors to differences
in virulence.* Further subdivisions of special
forms in races are often made based on their
virulence to a set of hosts of different cultivars,
haplotypes, or varieties.* Therefore, F. oxysporum
is a very broad organism at the species level,
with more than 120 different special forms that
have been classified. Fusarium spp is part of
the community of soil fungi and considered a
natural component of the rhizosphere of plants:
all strains of the species are saprophytic and can
survive on organic matter, and some of them are
phytopathogens that penetrate the roots of the
plant host, inducing vascular wilt.*6 Around 150
special forms and physiological races have been
identified, including Foc F. oxysporum sp. cubense.

Dispersion pathways
of Foc TR4

handicrafts manufacturing

shoots
seedlings
corms
mather plants

floods
fivers
runorf
frrigationchannels

agricwitural implements
shoes
animal legs

Fig. 1: Common dispersion mechanisms for Foc TR4

F. oxysporum sp. cubense

From here on, this review will focus on F. oxysporum
sp. cubense (Foc), the special form that colonizes
Musa spp. The main dispersal mechanisms of this

pathogen are the movements of infected soil, runoff
water, and the use of infected equipment on a farm
(Figure 1).47 Since infected rhizomes are often
symptomless, they effectively spread the pathogen
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when used as seeds. This fungus can survive for up
to 30 years in the soil in the absence of banana due
to its resistance structures called chlamydospores,
making crop rotation ineffective in the short term.*®
Furthermore, non-host weed species infected by the
pathogen become inoculum reservoirs. Foc, a highly
variable pathogen, comprises different evolutionary
lineages.*® Somatic fusion and heterokaryon
formation can occur between individuals regardless
of sexual reproduction, but generally only between
strains with similar genotypes.®® These unique
networks of strains capable of heterokaryosis are
termed vegetative compatible groups (VCG).%

The fungus is characterized by producing fast-growing
colonies and three types of spores: microconidia,
macroconidia, and chlamydospores. Microconidia are
unicellular spores without septa, hyaline, ellipsoidal to
cylindrical, straight, or curved. This fungus produces
a white mycelium with a reddish background,
producing elliptical or oval microconidia. Whereas
macroconidia are thin-walled spores, spindle-shaped,
long, moderately curved, with several cells and three
to five transverse septa, with elongated basal cells
and attenuated basal cells. While chlamydospores
are spores formed by the transformation of cells
of hyphae or macroconidia. They are characterized
by having relatively thick walls, making them very
resistant to unfavorable environmental conditions
or the absence of host plants. Chlamydospores are
formed singly or in pairs, are terminal or intercalary,
and are mainly responsible for the survival of the
fungus in dead tissues of host plants or soil.*' These
chlamydospores can be present individually or in a
chain that can last up to 30 years in the soil.®

The colonization of plants by Fusarium oxysporum
f sp. cubense begins with its development in the root,
inadditiontoaccess tothe xylem. which does notalways
cause the disease.®®% Once the plant recognizes
the fungus, it produces antimicrobials and proteins
that have to do with the pathogenesis process.5:5¢
Additionally, tyloses and other pectic binders are
produced that help block the xylem vessels to prevent
the spread of the fungus.%” This response passes
between incompatible and compatible interactions,
but the reaction seems to be very slow to prevent
systemic infection in the latter. The first internal
symptom seen is a reddish-brown discoloration
of the xylem, which occurs in the feeder roots. This
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vascular discoloration extends to the rhizome and is
largest where the stele meets the bark and continues
to include large portions of the pseudostem. In plants
four months old or older, symptoms can be seen on
olderleaves, such as yellowed leaves or longitudinally
split leaves at the base.

Also the youngest leaves can wither and collapse
until the entire canopy is made up of dead leaves
or in that process.%® The growth of hyphae through
the vascular vessels helps achieve rapid upward
movement.®® The Xylem deterioration will limit or
reduce water flow through the vessels, causing the
wilting symptoms observed in infected plants.
At the proteome level, “effector” proteins have been
detected that help colonization with suppression
or protection against the plant's immune system.®

Banana root exudates help stimulate the germination
of F. oxysporum f sp. cubense chlamydospores in
the soil. The advance of the fungus through the
roots is somewhat slow at first, but once it enters
the pseudostem, it can spread very quickly through
the formation of microconidia in the xylem vessels.
Symptoms of infection may take two to six months to
appear depending on the amount of initial inoculum,
the environment and the resistance of the plant itself.
In the last phase of the disease, the fungus moves
from the xylem to the parenchyma and bark of the
plant, where there are many chlamydospores and
conidia that form in the degraded plant tissue 61. The
virulence and epidemic nature of F. oxysporum f sp.
cubense fall to its high pathogenicity and its enormous
hostrange within the Musa genus. Differentraces ofthe
pathogen are identified according to the pathogenicity
in relation to the host cultivar. For instance, Race 1
(R1) affects Gros Michel (AAA) and Manzano / Apple
/ Latundan (Silk, AAB); Race 2 (R2) affects the
Bluggoe's cooking bananas (ABB); and Race 4 (R4)
affects all cultivars in the Cavendish Subgroup (AAA)
in addition to those susceptible to R1 and R2.%2
Nevertheless, a population pathogen of Fusarium
wilt in Heliconia spp was described as Race 3 but
is no longer considered part of Foc.5?

For Race 4, two variants have been identified: the
tropical race (TR4), present in the tropical zone, and
ST4, avariant present in the subtropical zone. These
pathogen variants can infect bananas and plantains,
as reported by Siamak and Zheng (2018).%* During
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the evaluation of the vegetative forms,*® concluded
that the species associated with VCG1213, the
causal agent of the current epidemic, belongs to
a different species. This situation led to a new
taxonomic classification for tropical race 4 and other
species associated with races 1 and 2; therefore,
since October 2018, TR4 has been known as F.
odoratissimum, identified with the code FUSACA4.

In Latin America, TR4 is a quarantine pest due to
the effects on bananas and plantains from Member
Countries ofthe Andean Community (Bolivia, Colombia,
Ecuador, and Peru), which require control of the
pathogen to prevent spread.®® Several authors
mention that it is essential to better understand
where the pathogen is currently located and where
it is expected to spread due to climate change.
This way, they converted a database that includes
the geodatabase and metadata about the 40 most
important special forms of F. oxysporum, including
FOC 4, into an interactive map.¢-” This map allows
exploring the distribution of F. oxysporum incidence
reports at the country level and its localities, as
well as downloading essential metadata, and even
submitting data from future studies to constantly
update the web map and, in this way, serve as a
long-term resource for the global Fusarium research
community, as well as for governments as responsible
for the policy formulation and other parties involved.

F. oxysporum races in Puerto Rico

Banana and plantain crops are the third most
important in Puerto Rican agriculture after milk
and poultry, according to USDA 2012 and 2017.%8
However, opportunistic organisms such as Fusarium
oxysporum f. sp. cubense (FOC) affect banana and
plantain production. During the first decade of the
twentieth century, a group of scientists found some
symptomatic FOC characteristics after the rainy
season.®® Later, during this decade, FOC race 2
was documented in the Mayagtiez area.” With the
advent of technology, it was possible to isolate the
organism and determine its genera using histologic
observation techniques. However, these techniques
did not permit the identification of the FOC race.”
Some studies in the late 1920s found FOC type 1
and FOC type 2 as the most common races present
in Puerto Rico.

Further technological advances permitted the
molecular identification to the level of species of
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Fusarium. Forexample, F. oxysporumf. sp. lycopersici
affecting tomatoes was found from Puerto Rico to
the U.S. south, including North Carolina, Arkansas,
Georgia, and Florida.” In addition, FOC race one was
found in the north of the Island, in an Isabela banana
plantation.’® However, there is still work to do to see
FOC distribution in Puerto Rico using molecular
approaches such as Next Generation Sequencing
and phylogenetic methodologies.

Fusarium Biotechnology

Identification and Detection Methodologies
The identification of Fusarium spp based on
morphological and molecular characteristics, and
the use of Koch's postulates, are methodologies
that lead to the identification of causal agents of
diseases in plants. The morphological characterization
of F. oxysporum is based on the macroconidia's
shape, the microconidiophores structure, and the
chlamydospores formation and arrangement.”
Cultures are grown in nutritive media such as 1.5%
agar-potato-dextrose (PDA) or Komada media
for morphological characterization. A small piece
of mycelium of approximately 5 mm? is placed in
each plate from a monosporic isolate of the fungus.
The dishes are placed in an incubation chamber at a
temperature of 22 °C for 8 days. Asexual reproduction
in F. oxysporum is achieved by macroconidia
and microconidia, whereas a sexual state of the fungus
has never been observed.™

Pathogenic and nonpathogenic F. oxysporum species
cannot be distinguished by morphology alone.
It becomes necessary to perform pathogenicity tests.
Pathogenic isolates of F. oxysporum exhibit a high
level of host specificity directly related toits pathogenicity
for various plant species.” Therefore, the verification
of Koch's postulates is done by the inoculation of the
pathogen in seedlings from several axenic cultures.
Two inoculation methods with wounds and without
wounds are implemented. Furthermore, absolute
controls without wounds or inoculum are kept.

Molecular diagnostic studies of different banana
growing areas found variants among the races of Foc,
for which 20 compatible VCGs were found.
DNA fingerprinting analyzes established genetic
variation between compatible vegetative groups and
physiological races. This pattern was specific for the
VCG groups and showed evolution in four lineages,
suggesting their evolution in Asia and multiple other
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areas.” In general, mitochondrial DNA (mtDNA) RFLP
patterns are identical within a VCG but vary between
different VCGs in the same specific ways. VCG breed
diversity is supported by genomic and mtDNA, and
Restriction Fragment Profiling Length Polymorphism
(RFLP). VCG and compatibility trials can identify TR4
77; however, these are time-consuming techniques.™
Researchers proposed a classification system for
F. oxysporum strains based on their vegetative
compatibility, and described a method based on
nitrate pairing thatdoes notuse mutantstodetermine the
VCG of each strain. At least 24 vegetative compatibility
groups (VCG) are known to date in Foc,%!® which can
affect M. acuminata, M. balbisiana, M. schizocarpa,
and M. textilis (Musaceae: Zingiberales).? Isolates
that are vegetatively compatible form a VCG group
and typically share common biological, physiological,
and pathological traits. Of the VCGs, 21 have been
characterized, with most groups present in Asia,
where the pathogen is believed to have evolved.®
The Foc-TR4 isolates are designated as VCG
01213 (or VCG 012186, a different designation for the
same VCG). The Foc-STR4 isolates are designated as
VCG0120,0121,0122,0129, and 01211.78 Since their
emergence in SoutheastAsia in the 1990s, they have
caused severe damage to Cavendish plantations
in Malaysia, Indonesia, China, the Philippines, the
Northern Territory and Queensland in Australia, and
Mozambique.8?# Various DNA-based methods have
been developed and tested for detecting Fusarium
spp. associated with the disease. Most have focused
on rapid identification of race 4, including VCGs
associated with tropical and subtropical races. The
primer group most used are the primers W2987 F
W2987 R reported by Li et al. (2013), which encode
a hypothetical protein that allows the discrimination
of some genotypes associated with Foc.8* Other
researchers developed a conventional PCR primer
set capable of specifically detecting TR4 (VCG 01213)
based on two SNPs in the IGS region. This primer
set, Foc R4T F and R4T R, can differentiate between
SR4 and TR4 more reliably than TEF-1a based
primers. When multiplexed with appropriate primers,
the 1GS-based primer set can detect the pathogen
in soil and the plant.®

The development of a real-time PCR test to detect
VCGs 01213/16 and 0121 was based on a virulence
gene previously described. The test is optimal for
detecting the fungus in plant material, and evaluating
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reproducibility and specificity parameters, making
it a useful test for rapidly identifying the fungus.
This PCR test has been included as an initial part of a
pre-diagnosis in pre-symptomatic and symptomatic
plants. It has been considered as part of the diagnosis
in a large number of reports and scientific articles,
including the most re-cent incursions of the Tropical
Race 4.5

The pre-diagnosis test requires isolating DNAsamples
from several suspected sources, symptomatic
plants and soil. To isolate the fungus present in the
plant, the PDA medium is used for plant sample
cultivation, and the Komada medium is used for the
soil sample using the methodology described by
Garcia-Bastidas et al. (2020) in the Andean Guide for
Fusarium oxysporum race 4 diagnoses. Once a
monoculture sample is obtained, it can be used for
DNA extraction and PCR tests.®”

Comparative genomic studies have revealed that
the host-specific pathogenicity of the F. oxysporum
complex species (FOSC) was determined by different
sets of supernumerary chromosomes (S.P.).
In contrast to common vertical transfer, where
genetic materials are transmitted through dividing
cells, S.P. chromosomes can be transmitted
horizontally between phylogenetic lineages, which
explains the polyphyletic nature of the host-specific
pathogenicity of FOSC.

With the increased understanding of gene interactions
between Foc and bananas, future approaches for
detecting specific pathotypes within the species
complex could involve host-specific virulence
factors, such as effectors. Such an approach
enabled discrimination between different formae
speciale of F. oxysporum tomato pathogens.®8°
To establish the presence of Fusarium race 4, the
following actions are required to carry out the official
report of the organism's presence or new investment
in a TR4-free country. The first stage is a molecular
pre-diagnosis complemented with single spore tests
if the samples taken from the plant are positive. The
second stage requires sequencing, phylogenetic
analysis, or the vegetative compatibility test (VCG3).
This second stage requires a comparative analysis
with the data obtained from countries previously
reported with the presence of Race 4. Based on
positive results from these previous stages, the
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third stage is carried out, which is the pathogenicity
test, to verify the virulence of the isolated strains
and complete Koch's postulates. All these tests will
confirm the presence of race 4 in a country.®

Efforts to Create Tolerance or Resistance
Testing of hundreds of banana cultivars in Indonesia,
many totally or partially resistant to Fusarium wilt, found
that wild M. acuminata varieties were resistant.%® Also,
the wild M. acuminata var. malaccensis from the
Malaysian Peninsula®! or Sumatra were experimentally
resistant to the disease. They argue that Indonesia
is the primary gene center of Foc; therefore, it is
likely to find a variety of disease resistance markers
for the disease in bananas. Conventional breeding
in bananas is difficult because of the extremely rare
pro-duction of seeds. However, its parthenocarpy
reduces the possibility of cross fertilization, making
it an excellent candidate for genetic modification.
The wild bananas identified as resistant to TR4 are
appropriate candidates for gene mining.®® Several
groups have identified such genes.

Apossible methodology to generate diversity and test
for resistant/tolerant phenotypes is to induce mutations
during breeding.®® In addition, collaborative efforts have
been established to evaluate banana cultivars, such as
the International Musa Testing Program coordinated
by Bioversity International.®> For example, using
prolonged multiplication intissue culture and meticulous
field screening, generated TR4-resistant Cavendish
somaclones.®* Unfortunately, tissue culture variants
selected for TR4 resistance (e.g., Cavendish-derived
GCTCV genotypes) are not more resistant to other
diseases than other varieties of Cavendish.** However,
these TR4-resistant varieties could become necessary
if TR4 arrived in Puerto Rico.*?

Formosana, a TR4-resistant variety of Giant
Cavendish, has been developed in Taiwan. This variety,
developed from somaclonal variation, has the same
horticultural characteristics as Giant Cavendish but
with moderate resistance to TR4. This variety has
been approved for commercialization around the
world. To our knowledge, Formosana has not been
characterized in terms of its resistance mechanisms
to TR4.%¢ Resistance genes could come from foreign
sources, and some have conferred resistance in
greenhouse ftrials. Paul ef al. (2011) introduced an
anti-apoptosis gene, a fungal-derived, and defense

genes.?”%% A Cavendish line transformed with
Ced9, an anti-apoptosis gene from C. elegans,
demonstrated TR4 field resistance100. The
determination of their agronomic quality is pending .°

Some studies have developed transgenic Cavendish
lines resistant to TR4."%" Three-year field resistance
was demonstrated in one line transformed with the
resistance gene RGA2 from a TR4-resistant diploid
banana.'® Others are developing TR4-resistant
Cavendish bananas by traditional efforts.'? TR4-
resistant Cavendish (such as GCTCV-218) are
planted in TR4-infested places, even if the cycling
time is com-promised.® In addition, efforts are
underway to generate nontransgenic bananas us-ing
CRISPR-Cas9." Ultimately, acceptance of these
Cavendish cultivars depends on growers, traders,
and consumers.®® The best control alternative
is banana resistance to Fusarium. However,
conventional screening processes are costly and
time-consuming. Therefore, plants have evolved
resistance proteins to detect effectors, which can
be used as biological probes to reduce cost and
time.®1%3 This information about resistance proteins
and the genetic variability in the island has led our
research group to explore the possibility of developing
plantains resistant to TR4.

Field Analysis for Resistance against Foc R4T

Foc TR4 was first detected in Australia in June
1997 initiating an immediate biosecurity response.
However, more areas were found infected with Foc
R4T and containment of the pathogen failed. Since
then there has been a decline in the banana industry
in the Northern Territory of Australia, and by 2012, the
pathogen was declared endemic in this area; This part
of the country being the only place in Australia where
you can work with TR4. Since 2016, experiments
began including reference banana varieties
such as 'Williams' (very susceptible), 'GCTCV
218' (medium susceptible), 'FHIA 01' (resistant)
and 'FHIA 25' (highly resistant). The evaluations in
this trial were on external and internal symptoms in
banana plants during harvest and during death, in
addition to agronomic evaluations. After the trial, a
disease severity score was assigned to each tested
variety that ranged from 0 to 2, where 0 means
that banana plants do not show disease symptoms
under high inoculum pressure, and 2 means
that the symptoms of the disease are serious, in
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addition to presenting high mortality rates due to the
disease. As a result, more than 70% of the plants
were affected. The first period of variety analysis
was from June 2016 to 2018, in which all trials were
artificially infected with approximately 200 ml of Foc
R4T inoculum. Specifically, 24 banana varieties
were evaluated, which were predominantly '‘Cavendish'
('"GCTCV 106', 'GCTCV 215", 'GCTCV 247',
'GCTCV 218','CJ19"), FHIA hybrids ('FHIA-18""and

'FHIA-25'") and parental lines ('SH-3436', 'SH-3656",
'SH-3748' and 'SH-3217"). The plants were evaluated
during two growing cycles that ended in March 2018.
The results of this experiment show that 50% of the
banana plants tested are resistant. Furthermore,
some of the Chinese Cavendish varieties
analyzed were rated as highly resistant.'®* Table 1
summarizes some important data and characteristics
of these varieties.

Table 1: Variants that have shown resistance in the field against Foc RT4

Cultivar Origin Characteristics Reference
FHIA-25 FHIA Musa acuminata x Vézina (2019)'%
Honduras Balbisiana Walduck and Daly(2017)'%
(AAB) Mintoff et al (2021)'%4
FHIA-01 FHIA Musa acuminata x Martinez- Soloérzano et al
(2020)17
Honduras balbisiana Pome Mintoff et al (2021)'%4
hybrid(AAAB)
GCTCV 215 TBRI Cavendish Mintoff et al (2021)'%4
Taiwan (AAA)
FHIA-02 FHIA Williams(AAA) x Mintoff et al (2021)'%4
SH-3393
Honduras Dessert hybrid
(AAAA)
SH-3362 (AT) FHIA Elite parent Mintoff et al (2021)'%4
Honduras (AA)
SH-3362 FHIA Cooking hybrid Mintoff et al (2021)'%4
Honduras (AAB)
Pisang Gajih Merah Indonesia ABB Saba Mintoff et al (2021)'%4
SH-3142 FHIA Elite parent Mintoff et al (2021)'%4
Honduras (AA)
SH-3748 FHIA Cooking hybrid Mintoff et al (2021)'%4
Honduras (AAB)
SH-3641 FHIA Pome hybrid Mintoff et al (2021)'°4
Honduras (AAAB)
CJ19 Indonesia Cavendish Mintoff et al (2021)'°4
(AAA)
FHIA-18 FHIA Prata Ana (AAB, Mintoff et al (2021)'°4
Pome) x SH-3142
Honduras Pome hybrid
(AAAB)
GCTCV 247 TBRI Cavendish Mintoff et al (2021)'°4
Taiwan (AAA) FAO (2022)10®

Efforts to Prevent Fusarium Tr4 World Wide
Fusarium Threat and Preventive Measures
It has been recognized world-wide that the best option

to avoid the impact of Foc TR4 on the production
of Musaceae in a country is the exclusion of entry.
Once this pest invades an area, the phytosanitary
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measures needed to prevent the movement of the
pathogen from infected areas to free areas are
costly and require trained personnel.'® "% Therefore,
biosecurity measures for collecting, handling, and
transporting suspicious samples can be successful
if they become part of the Integrated Management
of Pests and Diseases strategies. In 2019, the Food
and Agriculture Organization of the United Nations
(FAQ), in its Regional Office for Latin America and the
Caribbean, implemented an emergency project
within its Technical Cooperation Program (TCP)
"Strengthening of regional capacities for surveillance,
prevention, and management against the possible
spread of Fusarium wilt of bananas, caused by tropical
race 4 of Fusarium oxysporumf.sp. cubense (Foc TR4)"
to help the countries of Latin America and Caribbean
countries fight against the spread of Fusarium
TR4. The project sought to support regional
coordination to achieve uniform application of
phytosanitary measures and improve management
and surveillance systems for this pest. It focuses on
developing a regional action plan for the prevention,
monitoring, and possible response to Foc TR4,
among many other regional and national actions.""

The European Union defines interventions as the
rationale for combining biological, biotechnological,
chemical, cultivation, or plant selection measures.
Regarding chemical intervention, it should be limited
to the minimum necessary to keep the pest population
at lower levels and reduce risks to human health
and the environment. Furthermore, the intervention
must implement an eradication-confinement
program and an alternative program of containment
suppression. The European Food Safety Authority
has recommended measures to achieve the
exclusion, containment, eradication, suppression,
and surveillance of pathogens so that their
own spread can be avoided or delayed in some way,
as well as lower the level of intensity of emerging
strains new Fusarium oxysporum outbreaks,
including local outbreaks and endemic diseases."?

Phytosanitary Geospatial Analysis

Phytosanitary geospatial analysis is a new tool that
can help strengthen and direct preventive actions for
the spread of Fusarium wilt of Musaceae. This tool
acts as a complement to the technical and scientific
type that leads to the strengthening of the risk

analysis carried out by the different organizations.
This analysis can be carried out at the regional and
national levels for phytosanitary protection.

This study has been carried out for other diseases, such
as huanglongbing in Colombia or Xylella fastidiosa
in Mexico."3"4 |n this scene, Mexican researchers
carried out a study to characterize potential areas
under some level of phytosanitary risk from Fusarium
oxysporum, f. sp. cubense race 4 tropical, to identify
possible scenarios of introduction and establishment
of the pathogen on a global scale with emphasis on
the Americas. Spatial patterns of Foc TR4 at the
global and subcontinental (pantropical America)
levels were modeled, integrating the epidemic and
spatial components. They included the potential
distribution (pathogen/host) and the potential for
economic damage by spatial association of trade
nodes (origin/destination). At the territorial level,
five levels of phytosanitary risk were characterized.
On a global scale, they determined the existence
of four focal areas with conditions for the presence
of the disease. In pantropical America, 26,598 km?
were determined to be at very high phytosanitary risk
(>0.9), located to a greater extent in Ecuador, Brazil,
Mexico, Guyana, Guatemala, Venezuela, Panama,
and Colombia. On a subcontinental scale, in the
pantropical region of America, they identified an
area of 15.8 million km? with a lower level of risk."®

As an example, a recent study reported the first
detection of Foc TR4 in the French department of
Mayotte. In September 2019, leaf yellowing and wilting
symptoms were observed in individual plants of the
Silk (cv. Kissoukari) and Bluggoe (cv. Baraboufaka).

The Mayotte islands are very close to other islands,
where bananas are considered an essential
food, this discovery describes a great threat to
the production of this fruit and to the economy of
the population that depends on this crop.'® This
situation could be extrapolated to Puerto Rico due
to its geographical location in the Caribbean and
the risk area in which it is located, as mentioned
above, which is confirmed in another work where it is
mentioned that the risk that represent Foc-TR4 is
enormous in banana producing countries in America
continent especially, in the south and the Caribbean
due to the close proximity of these zones."”
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Consideration of this type of approach would be
important in the strategies needed to protect our
plantain crops. No reports have been found where
the government of Puerto Rico has considered this
approach.

Government Level

Governments in potentially affected areas have
implemented the request for certificates for disease
indexing and strengthening of border control to avoid
imports of bananas and plant parts from countries
in which Foc-TR4 has been reported. Furthermore,
they have also emphasized the importance
of strengthening surveillance for early detection
of potential pathogen introductions at farm sites,
establishing quarantine sectors and promoting
awareness campaigns to inform producers of the
severe threat that Foc TR4 represents. Additionally,
managing and controlling the movement of visitors
and vehicles to farms by stringent cleaning and
disinfection protocols of agricultural machinery,
equipment, and tools among neighboring farms.

In the last decades, the Puerto Rico Department of
Agriculture has promoted agricultural strategies to
improve crop protection and help farmers care for their
land, yetalways dependenton Federal Aid fromthe USA.
These efforts towards building up environmentally
responsible agriculture have always demanded
much and created a financial burden for farmers.
Additionally, Puerto Rico's location in the Caribbean
has always increased its vulnerability to severe
weather conditions, namely hurricanes, known to
cause devastation on the island. Nonetheless, the
government and Puerto Rico's population have
made serious efforts to create awareness, especially
among young people, of the vital role we can all play
in working towards sustainable agriculture."®

As stated in this text, agricultural products such as
bananas and their different varieties, specifically
plantain and Cavendish bananas, have become a
significant part of our tropical cuisine. Consequently,
these crops are in great demand, and their disease-
free harvest is a constant need and challenge.
In 2019, the former secretary of the Department of
Agriculture in Puerto Rico, the agronomist Carlos
Flores-Ortega, expressed concerns to banana plant
producers about the appearance of Fusarium sp. TR4
in Colombia. Flores-Ortega confirmed what other
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studies had also reported, namely, that the fungus
TR4 did not exist on the Island, yet preventive
measures should be outlined and followed. The
former secretary also stated that bananas had not
been imported for several years, and their
consumption had been 100% from local farms."®

The same year, the government of Puerto Rico
proceeded to announce and implement specific
measures similar to those accepted worldwide
to prevent FOC TR4. Among the phytosanitary
measures were rigorous quarantine for imports of
bananas to Puerto Rico; establishing a program, in
coordination with the College of Agricultural Sciences
of the Mayaguiez Campus of the University of Puerto
Rico, to educate and train agronomists; monitoring
farms by regions and establishing biosafety controls.
The government of Puerto Rico, based on Law 76
for Emergency Situations or Events Procedures Act,
gave legal support to Phytosanitary Emergencies
for all measures to help cope with pests and apply
regional sanitation standards. They demanded
that deficiencies in compliance be identified and
periodically evaluated. As of 2019 and still in 2023,
no TR4 strains have been identified in Puerto
Rico, yet the island is not exempt from a possible
epidemic. There is hope that banana researchers
(such as those working at the research center-
CEIBA) can develop a resistant cultivar and the use
of fungicides, such as Isotianil (Stout®), can induce
systemic acquired resistance in plants 120. The use
of diagnostics protocols for Foc TR4 should also be
encouraged among farm personnel. The research
group in CEIBA is also developing diagnostic
protocols to meet those needs.

Conclusions

Due to its lethality, Panama disease, or Fusarium
wilt, is the most important banana dis-ease. It
is present in all commercial areas of this crop
worldwide on four continents, except Europe.
The disease's epidemic spread exacts immense
economic tolls, amounting to millions of dollars for
producing nations, owing to its severe repercussions.
A framework of risk elements and criteria has been
established to counteract this threat, aimed at
preventing disease entry, establishment, spread, and
impact. Consequently, enhancing the sensitivity of
detection methods becomes pivotal to preempting
disease dissemination within disease-free regions.
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Concurrently, reinforcing surveillance endeavors in
at-risk areas necessitates advanced tools that align
with scientific and technological advancements.
Puerto Rico, a densely populated small island,
struggles with challenges concerning food security.
Within this context, bananas and plantains emerge
as paramount local food crops, amplifying the
need for effective disease management. In Puerto
Rico's unique circumstances, a comprehensive
review of local research on Musa spp. and
associated pathogens takes on vital importance.
The island's compact area houses a multitude
of physical landscapes, fostering continuous
research endeavors that yield substantial insights.
Nonetheless, the island's diverse environments
are dual, bringing challenges and opportunities
for developing disease-resistant Musa cultivars.
Crafting cultivars capable of adapting to the island's
multiple physical settings, containing test pathogens,
and mitigating crop losses from tempestuous
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