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Abstract

Fusarium oxysporum f. sp. cubense tropical race 4 (Foc TR4) is one
of the most destructive banana pathogens worldwide. Until now,
it has been generally accepted that Foc TR4 mainly colonizes the
roots, rhizomes, pseudostems, and leaves of banana plants and
spreads among plantations with infected planting material, soil
residues, and water. Because banana Fusarium wilt is a typical
vascular bundle disease, the pathogen is accepted to possess the
ability toQ:2 enter the peduncle. However, no scientific proof has
been presented. Recently, more and more signs of peduncle Foc
TR4 in ‘Cavendish’ plants in different banana production prov-
inces of China suggest that further investigations ought to be

made regarding fungal colonization. We observed discoloration
inside some peduncles from the Foc TR4-infected plants. The
fungus isolated from these symptoms was identified using Foc
TR4-specific PCR, sequencing, and a host inoculation assay. In a
greenhouse bioassay, the Foc TR4 isolates from the peduncle
showed the capacity for reinfecting Brazilian plants (Cavendish,
AAA) up into the leaves. Collectively, we isolated the Foc TR4 from
the peduncle and directly testified that this pathogen can invade
the peduncle via xylem vascular bundle.
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Banana (Musa spp.) is one of the most popular and most traded
fruits globally and is a major food crop for hundreds of millions of
people (Nayar 2010). But global banana production is severely
threatened by Fusarium wilt disease caused by Fusarium oxy-
sporum f. sp. cubense (Foc), especially by the virulent strain
tropical race 4 (Foc TR4) (Maymon et al. 2020; Zheng et al. 2018).
Fusarium wilt of banana is a typical vascular wilt disease. The

pathogen normally infects banana plants through roots, and it
subsequently invades the rhizome, pseudostem, and leaves via
xylem (Dong et al. 2019; Li et al. 2011; Ploetz 2015). The oldest
leaves first show yellow symptom progressing from the leaf edges
to the midrib, before it becomes necrotic and dies. There is usually a
split at the base of the infected leaves (Stover 1962). As more leaves

are infected by Foc, the whole plant becomes yellow from bottom to
top, and dead leaves may form a skirt around the pseudostem. Af-
fected xylem vessels in the pseudostem become visible as continuous
reddish-brown streaks when the stem is split longitudinally.
Foc is classified into three races (Foc 1, Foc 2, and Foc 4) based

on their infection of different banana cultivars. Foc 4 is further
divided into Foc TR4 and subtropical race 4 (Ploetz 2006). Foc 1
was recorded to infect the susceptible ‘Gros Michel’ cultivar in
Panama as early as 1890; thus, Fusarium wilt disease has been
commonly known as Panama disease (Stover 1962). It had seriously
affected banana production for more than 60 years in tropical
America until the 1960s, when the (race 1) resistant ‘Cavendish’
replaced Gros Michel (Su et al. 1977). Commercial Cavendish
cultivars have been planted widely around the world from then on.
Unfortunately, relatively recently emerging Foc TR4 appears to
infect many banana cultivars including Cavendish and is responsible
for current banana Fusarium wilt epidemics globally (Ploetz 2006).
There is still no completely effective control measure, although
deployment of partially resistant/tolerant cultivars might help reduce
the impact of Foc TR4. Today the pathogen is present in Asian
countries, Australia, the Middle East, the Indian subcontinent, and
Africa and was also recently detected in Columbia in Central
America (Garcı́a-Bastidas et al. 2014, 2019; Ordonez et al. 2015;
Ploetz 2015; Zheng et al. 2018). Therefore, FocTR4 is recognized as
one of the most serious diseases in banana production.
China is the largest Cavendish banana-producing country (http://

www.fao.org/faostat/en/). The main banana producing areas in
mainland China are Guangdong, Guangxi, Hainan, Yunnan, and
Fujian Provinces, where banana planting has been a pillar industry
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of agriculture. Researchers in mainland China first discovered Foc
TR4 infesting Brazilian bananas (Cavendish) in Panyu, Guangdong
Province in 1996 (Wang 2006). Then the pathogen spread rapidly in
other provinces of mainland China (Lin et al. 2000; Qin et al. 2016;
Xie et al. 2005; Zeng et al. 2016). By May 2019, Fusarium wilt of
banana had been reported in all banana-producing areas in China,
causing serious impact on the banana industry and even leading to
the destruction and loss of banana plantations. It has now become
the most important factor restricting banana production in China (Li
et al. 2019). Although there is no completely effective method to
control banana Fusarium wilt, the disease can be managed to some
degree through comprehensive measures, such as combining
planting of Foc TR4-tolerant or partially resistant cultivars with
biofertilizer application (Fu et al. 2017; Li et al. 2011). Disease
incidence in an experimental field planted with partially resistant
Cavendish cultivars in China ranged from 8 to 28.5%, whereas it
was 71.5% in the susceptible Cavendish cultivar tested (Zuo et al.
2018).
Due to the planting of resistant cultivars and the improvement of

management strategies, a field survey revealed some Cavendish
banana plants in Yunnan, Guangdong, Guangxi, Hainan, and Fujian
Provinces for which fruit could be harvested from plants with
typical external and internal Foc TR4 symptoms (F1 Fig. 1A). There is
a huge concern that Foc TR4 may also move into banana peduncle
and even fruit, thereby contaminating fruits with mycotoxins
harmful to humans and animals. Previously, there were several
Fusarium species (including F. oxysporum but not Foc) that were
routinely found in banana fruit associated with crown rot and other
disorders, which had the potential for mycotoxin production, and
these were probably a much higher risk (Li et al. 2013; Pegg et al.
2019).
Therefore, Cavendish banana peduncle samples of these plants

were taken fromYunnan (Ganlanba Town, 21�519560N, 100�559500
E) on 11 July 2018, Guangxi (Wuming County, 23�89450 N,
108�59480 E) on 13 August 2018, and Fujian (Shancheng Town,
24�329210N, 117�219430 E) on 23 October 2018, respectively.When
the peduncles were cut lengthwise, some xylem vessels appeared
reddish brown (Fig. 1B and C). When these peduncles were cut
transversely, infected xylem vessels looked like reddish-brown spots

(Fig. 1D and E). The symptomatic peduncle tissues were surface
sterilized with 75% ethyl alcohol for 30 s and then sterilized with
0.1% mercuric chloride for 30 s. These symptomatic tissues were
rinsed in sterile distilled water three times and then placed on potato
dextrose ager (PDA) with 40 µg/ml of ampicillin sodium to isolate
the pathogen. After incubating for 3 days, white colonies developed
( F2Fig. 2A). Single spores were transferred onto fresh PDA for further
identification. A cotton-like white colony with aerial mycelia grew
after 7 days of incubation at 28�C in the dark (Fig. 2B). The colony
morphology of isolates resembled Fusarium oxysporum (Leslie and
Summerell 2006). Macroconidia were typically four-septate, and
microconidia were aseptate; zero Q:4-septate single cells were observed
(Fig. 2D).
Total genomic DNAwas extracted frommycelium of five isolates

incubated for 5 days using the TaKaRa MiniBEST Plant Genomic
DNA Extraction Kit (TaKaRa, Kyoto, Japan) according to the
manufacturer’s instructions. The sequences from the intergenic
spacer region were amplified by the polymerase chain reaction
(PCR) technique using primer set FocTR4-F/FocTR4-R designed by
Dita et al. (2010). These PCR products were observed by agarose gel
electrophoresis, and each sample was positive for Foc TR4 (Fig.
2C). All the PCR products were then cloned and sequenced in the
pMD18-T vector, and the sequences were compared with sequences
available on the NCBI GenBank database. NCBI-BLAST analysis
showed 100% identity with the sequence of NRRL36114 (Foc strain
VCG 01213). This result indicated that our isolates were Foc TR4,
and the amplicon sequences were deposited as accessions
MN830360, MN830361, MN830362, MN830363, and MN830364.
One isolate was used in a pathogenicity test by inoculating 60-

day-old healthy Cavendish tissue culture plantlets. The wounded
roots of 20 plantlets were dipped in a 106 CFU/ml spore suspension
for 30 min. Five plantlets were treated with distilled water as a
negative control. All treated plantlets were planted in 12-cm-
diameter pots with pathogen-free coconut bran and soil (volume
1:1). Banana plants and rhizomes treated with the pathogen showed
typical wilting symptoms 45 days after inoculation (Fig. 2E and G).
No symptoms were observed in the leaves and rhizomes in the
negative control treated with distilled water (Fig. 2F and H). Koch’s
postulates were fulfilled by reisolation and further molecular

FIGURE 1
Symptoms of Fusarium wilt in the banana peduncle. A, Wilt symptoms with fruit setting. B and C, Wilt symptoms in peduncle cut lengthwise. D and E, Wilt
symptoms in peduncle cut transversely. Red arrows identify reddish-brown vessels.
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FIGURE 2
Pathogenmorphology andmolecular identification of Fusarium oxysporum f. sp. cubense tropical race 4 (Foc TR4) and Koch’s postulates in Cavendish banana.A,
Fusarium colonies developing around symptomatic peduncle tissues. B, A Fusarium colony developing from a single spore. C, PCR identification of Foc TR4; lane
M = molecular weight maker; lanes 1 to 4 = Foc TR4 isolates from symptomatic banana peduncle derived from a single spore; lane CK = positive control; and
scale bar = 25 mm. D,Macroconidia and microconidia. E, Banana plants with Foc TR4 symptoms inoculated with the pathogen. F, Negative control treated with
distilled water. G, Banana rhizomes with Foc TR4 symptoms inoculated with the pathogen. H, Banana stems in negative control treated with distilled water.
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identification of the pathogen from the plantlets inoculated with Foc
TR4. These results suggested that the pathogen was Foc TR4.
Our results confirmed that Foc TR4 can infect the peduncles. The

xylem of such infected banana peduncles exhibited reddish-brown
streaks or spots (Fig. 1). Similar Fusarium symptom was also
reported by Pegg et al. (2019). However, in that reviewQ:5 paper there
was no detailed description on pathogen isolation and reconfir-
mation if the isolate could infect a plant again to complete Koch’s
postulates. The infected banana peduncles are becoming more and
more prevalent in Cavendish-cultivated areas in China due to the
planting of the resistant cultivars and the improvement of man-
agement strategies, which result in an increasing number of infected
plants still producing banana bunches.
Therefore, this is the first scientific evidence-based report to

document that Foc TR4 can reach and infect peduncles, which
pathogen could be isolated to infect new plants and may cause
potential risk for spreading Foc TR4 in other regions (Figs. 1 and 2).
The Cavendish-based banana industry is one of the main income

sources for people in the Greater Mekong Subregion (GMS). In order
to meet increasing market demand, Cavendish cultivars have been
progressively introduced and are now grown abundantly in GMS
countries, where banana bunches complete with peduncle are traded in
the traditional markets. Vietnam, Laos, and Myanmar have become
increasingly under threat from banana Fusarium wilt since Foc TR4
recently appeared in these countries (Zheng et al. 2018). Therefore, it
is necessary for banana growers and industry stakeholders to avoid
moving infected planting material, contaminated nursery soils, and
farming equipment, and thus help reduce Foc TR4 spreading further
to TR4-free banana-growing areas. In this study, the banana peduncle
was testified through Koch’s postulates as a mediator for spreading
banana Fusarium wilt (Fig. 1). Blood disease, Moko disease, and
Bugtok disease, all of which are caused by bacterial pathogens, were
also reported to occur in the whole banana plant including pseu-
dostem, rhizome, leaf sheath, peduncle, and fruit (Blomme et al. 2017;
Liberato and Gasparotto 2006). Thus, pathogen-bearing banana pe-
duncles, as well as infected banana plants, cannot be discarded or
carried to other banana-producing areas, especially not to “non-
epidemic” areas. We also surveyed whether Foc TR4 subsequently
infected fruit from the infected peduncles like bacterial pathogens. The
crowns and fruits from the same plants with the diseased peduncles
were cut, and no typical discoloration could be observed in our study,
althoughF. oxysporum could be isolated from crowns by Lassois et al.
(2010). However, it was not demonstrated if the F. oxysporum strains
were indeed Foc strains. Some tissues with indistinct discoloration in
crowns were used to isolate the pathogen, but no fungus grew from the
experimental PDA medium. Because banana Fusarium wilt usually
results in host plant death before the banana fruits appear, no fruit has
been found to be infected with Foc TR4 to date (Pegg et al. 2019).
However, Fusarium species, such as F. oxysporum Schlecht, were
found both inside and outside the fruit; hence, the banana fruit be-
haved as an ideal substrate for development of mycoflora (Jiménez
et al. 1993). This suggested that banana fruits are still potentially able
to support Foc TR4 growth. In summary, here we testified the
symptoms caused by Foc TR4 in the banana peduncles through
Koch’s postulates. However, further sampling and research are needed
to ascertain whether Foc TR4 will reach and contaminate the fruit
through the banana peduncle.
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