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Abstract Fusarium oxysporum f. sp. cubense (Foc)
causes Panama disease or Fusarium wilt of bananas.
The association between soil-inhabiting fungi and nem-
atodes can increase the severity of symptoms and sup-
press the resistance of plants to diseases. In this study,
the interaction between Foc race 1 and Radopholus
similis, a burrowing nematode that parasitizes banana
plants, was analyzed using one moderately susceptible
cultivar and seven resistant cultivars of banana. Two
Foc isolates that differed in virulence were tested. The
analyses of symptoms and stained fungal structures in
the roots demonstrated that R. similis interacting with
Foc in different inoculation sequences caused changes
in symptom severity and the resistance pattern to Foc
isolate 0801 (race 1) in cultivars ‘Terra Maranhão’,
‘BRS Pacovan Ken’, ‘BRS Vitória’, and ‘BRS Platina’.
The data generated in this study have relevant

implications for banana breeding programs in the clas-
sification of cultivars for durable resistance to Fusarium
wilt and for understanding pathogen interactions during
occurrence of the disease.
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Introduction

Fusarium oxysporum f. sp. cubense (EF Smith) Snyder
and Hansen (Foc) causes Panama disease or Fusarium
wilt (FW) in bananas, a fungal disease that is a serious
threat to both export crops and small-scale banana pro-
duction worldwide (Ploetz, 2015). Another pathogen of
fruit crops, including bananas, is the burrowing nema-
tode Radopholus similis (Cobb) Thorne. Overall,
R. similis is considered the fourth most destructive nem-
atode that attacks different crops and the most damaging
to banana cultivation (Hartman et al. 2010; Jones et al.
2013; Sankar et al. 2017).

Foc is a soil necrotrophic pathogen that produces
chlamydospores, survival spores that remain viable
allowing the disease to persist and preventing the use
of susceptible banana cultivars. Consequently, the use
of resistant cultivars is the most efficient way to control
FW (Li et al. 2013; Costa et al. 2015; Haddad et al.
2018). Banana genotypes have been evaluated via the
banana breeding program of Embrapa in Brazil to detect
genotypes resistant to the pathogens among diploid
accessions with an appropriate level of genetic
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variability, such as M53, Jaran, Birmanie, Pipit, and
Malaccensis and between the Figo type and Silver type
genotypes with Foc race 1 resistance alleles (Silva et al.
2011; Rebouças et al. 2018; Ribeiro et al. 2018).

However, new pathogen variants outperform current
sources of resistance, as observed in 1990 with the
emergence of Subtropical Race 4 (STR4) and Tropical
Race 4 (TR4); the latter is a highly virulent variant of
Foc that decimated plantations of Cavendish bananas in
South East Asia (Stover 1962; Ploetz 2006). Foc TR4 is
pathogenic under tropical and subtropical conditions,
but Foc STR4 is currently known to cause FW only in
Cavendish plants in the subtropics (Ploetz 1990; Ploetz
2006; Ghag et al., 2015). TR4 is a constant threat to
banana production, and the disease has spread to other
countries of Southeast and South Asia, the Middle East,
Africa, and South America (Ploetz 2015; Dita et al.
2018; García-Bastidas et al. 2019). One phenotypic trait
that distinguishes between STR4 and TR4 is the vege-
tative compatibility groups (VCGs) to which the vari-
ants belong. Among the 24 known VCGs of Foc, VCG
0120, 01201, 01202, 01209, 01210, 01211, 01215, and
0120/15 are associated with Foc STR4, whereas only
one VCG, 01213/16, has been reported for Foc TR4
(Buddenhagen 2009; Dita et al. 2018).

In addition to the variants that exist in the Foc pop-
ulation, the interaction of the fungal pathogens with
nematodes may interfere with the expression and dura-
bility of resistance to FW. The breakdown of resistance
is not only related to the damage caused by the nema-
todes that allow the pathogen to enter the roots, but also
to the production and secretion of proteins associated
with the pathogenicity that interfere with gene expres-
sion and the cell metabolism of the host plant (Davis
et al. 2000; Hussey et al. 2002; Davis et al. 2004; Rocha
et al. 2018). Previous studies assessed the effects of the
interactions between Foc and R. similis in banana culti-
vars using susceptible and moderately susceptible culti-
vars to FW. The major conclusion was that the interac-
tion was synergistic (Somu et al. 2013; Dinesh et al.
2014). However, the effects of the interaction between
Foc and R. similis in banana cultivars resistant to FW
remains unknown.

In this sense, knowledge of the interactions between
Foc and R. similis, in the process that leads to FW is
necessary to delineate control strategies for the disease.
This study tested the following hypotheses: (i) Foc
resistance and basal type based on pre-formed barriers
can be overcome because of the interaction with

R. similis; and (ii) the interaction between a virulent
pathotype of Foc and R. similis can lead to more severe
symptoms of FW in resistant cultivars. To test these
hypotheses, the interactions between Foc and R. similis
were evaluated in banana cultivars resistant to FW.

Materials and methods

Selecting and multiplying Foc isolates and R. similis

The CNPMF 0801 and CNPMF 218A Foc isolates were
selected from the biological collection of F. oxysporum
f. sp. cubense in the phytopathology laboratory at
Embrapa. Based on a host range test, the CNPMF
0801 isolate was classified as race 1 and is the standard
for the studies. Isolate 218A was first found in the State
of São Paulo affecting the cultivar Nanica (Cavendish).
In a previous study, the 218A isolate was reported as
virulent because it caused symptoms of FW in Grand
Naine, a Cavendish type cultivar, and was characterized
as possibly a new pathotype of Foc in Brazil (Costa et al.
2015; Velame 2017). Thus, VCGs were used to distin-
guish the 218A isolate between Tropical Race 4 (TR4)
and Subtropical Race 4 (STR4). For the induction and
recovery of nit mutants, the methodology described by
Puhalla (1985) was used.

The culture medium, composed of sand and corn-
meal sterilized and incubated at 25 °C for 15 days, was
used to produce mass inocula of Foc, which was quan-
tified by serial dilution and counting colony forming
units (CFU) and adjusted to 106 CFU/g of substrate.
The inoculum of R. similis was produced in Grande
Naine banana seedlings in containers with autoclaved
soil. Ninety days after inoculation (DAI), the nematodes
were extracted from the roots and soil. A Peters chamber
under an optical microscope was used to count the
nematodes, and the inoculum was adjusted to 1000
nematodes (females and juveniles)/mL of suspension.

Greenhouse trials

Two trials were set up in a greenhouse to test the
hypotheses of the study from February to June 2017.
Based on studies related to FW resistance, eight banana
cultivars were selected (Table 1) (Amorim et al. 2016).
The micropropagated seedlings were acclimated and
planted in 3 L containers that contained a mixture of
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commercia l subst ra te based on Pinus bark
(Tecnomax®) and coconut fiber (5:1; v:v).

In the first trial, the interaction between CNPMF
0801 and R. similis was tested against seven resistant
banana cultivars: BRS Japira, BRS Vitória, BRS Plati-
na, BRS Princesa, BRS Pacovan Ken, Grande Naine,
and Terra Maranhão. Prata-Anã, a cultivar that is mod-
erately susceptible to FW, was also used. As a concep-
tual repetition of the first test, in the second trial, the
effects of the interactions between pathotype 218A able
to infect banana cultivars from the Cavendish group and
R. similis were assessed. The severity of FW when Foc
and R. similis were present was assessed using four
banana cultivars: BRS Vitória, BRS Pacovan Ken,
Grande Naine, and Prata-Anã.

In both trials and for each cultivar, infestation with
Foc was conducted by depositing 40 g of the substrate
(106 UFC/g) in four holes (10 cm deep) around the roots
in each pot. For the inoculation of R. similis, two holes
were made in the soil to expose the roots and a suspen-
sion of approximately 1000 juvenile and females nem-
atodes was added per pot. The plants used as absolute
controls received 40 g of the sand-cornmeal substrate
and were neither inoculated with the fungus nor exposed
to the suspension containing nematodes. After inocula-
tion, the plants were kept in a greenhouse where they
remained until the end of the evaluations, with temper-
atures varying between 25 and 30 °C, approximately
60% relative humidity, and a photoperiod of 12:12 h.
The treatments were composed of six different inocula-
tion sequences of Foc and R. similis (Table 2). The
experimental design was completely randomized. The
treatments were applied to nine experimental units
(replicates) in the first trial and to seven experimental
units in the second trial. An experimental unit consisted
of one plant per pot.

Cultivar response in relation to Foc and R. similis

The evaluation of the response of the cultivars in
relation to FW was assessed based on the expression
of external symptoms. Disease intensity was rated
using a scale established by Dita et al. (2014): (0)
no external symptoms; (1) initial yellowing of old
leaves; (2) yellowing of old leaves with initial dis-
coloration of young leaves; (3) all leaves with in-
tense yellowing; and (4) dead plant. Ninety DAI,
rhizomes from the plants were cross-cut and evalu-
ated using the scale proposed by Dita et al. (2014):

(0) no symptoms; (1) initial rhizome necrosis; (2)
mild necrosis symptoms on the rhizome; (3) intense
necrosis symptoms on the rhizome; (4) rhizome with
most of the internal tissues showing necrosis; and (5)
totally necrotic rhizome.

The obtained scores were converted into a disease
index (DI), based on the formula DI (%) = 100.Σ [(fv)/
(nx)], where DI is the disease index, f is the number of
plants with the same grade, v is the assigned grade, n is
the number of plants evaluated, and x is the maximum
grade from the scale (McKinney, 1923). The area under
the disease progress curve (AUDPC) was also calculat-
ed based on the development of external symptoms over
time, using the formula: AUDPC=Σ [((y1i + yi + 1)/
2)*(ti + 1 – ti)], where yi is the severity of the disease
(based on the DI) in the observed i, yi + 1 is the severity
of the disease at the time of the subsequent evaluation
i + 1, and ti is the assessment time (days) (Campbell and
Madden 1990).

The rhizomes of the plants were evaluated based
on the percentage of necrosis using the scale
established by Bridge (1988). Necrosis in <25% of
the rhizome was considered mild, from 25% to 50%
was moderate, from 51% to 75% was severe, and >
75% was very severe.

The percentage of necrosis in the roots and the num-
ber of functional roots were surveyed according to the
methodologies described by Speijer and De Waele
(1997). After washing, roots were divided into two
categories: dead and functional. The number in each
category was counted and the value was converted into
a percentage. Five 10 cm long functional primary roots
were randomly selected and cut longitudinally. Half of
each of the five roots was evaluated to determine the
percentage of necrosis. The maximum necrosis per seg-
ment of each root was equal to 20% providing a maxi-
mum root necrosis of 100% for the sum of the five root
segments. The sum of the necrosis of each root segment
was used as the total root necrosis for the sample
(Speijer and De Waele 1997).

The densities of the R. similis populations in each
treatment were determined by extracting the nema-
todes from 10 g of roots and 100 cm3 of soil, based
on the methods of Coolen and D’Herde (1972) and
Jenkins (1964), respectively. Subsequently, the num-
ber of nematodes extracted from the roots and soil of
each well was multiplied by root and soil weight and
the nematode reproduction factor (RF = final
population/initial population) was calculated.
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Evaluating the penetration of Foc and R. similis
by clearing and staining roots

The procedure for staining the roots was adapted from
Phillips and Hayman (1970) and Costa (2013). To clear
the roots, samples were cut and placed into containers
with a solution of KOH (10%) for 60min in a water bath
(90 °C). The roots were then acidified in a solution HCl
(1%) for 20 min at room temperature. Next, the roots
were stained with trypan blue in a 0.05% solution of
lactoglycerol (2:1:1; lactic acid:glycerin:water) and
heated for 40 min in a microwave. The roots were then
immersed in a solution of lactoglycerol to remove ex-
cess stain and photographed under an optical
microscope.

Data analysis

The data were submitted to a Shapiro and Wilk (1965)
normality test. In relation to the percentages of function-
al roots and root necrosis in the rhizome caused by
R. similis, the data were arc sin √x/100 transformed.
The data regarding the number of nematodes were log
(x + 1) transformed. These data were transformed so
they conformed to a normal distribution.

The indices of the internal and external symptoms
caused by Foc (AUDPC and disease index –DI) and the
indices of the R. similis (RF, root necrosis, and rhizome
necrosis) were analyzed using a heat map constructed
with the “gplots” package in the R statistical program (R
Core Team 2017). A Pearson correlation analysis was
performed between the variables associated with Foc
and R. similis using the “Performance Analytics” pack-
age in R.

Results

Changes in resistance responses of cultivars

The distributions of internal disease index (IDI) and area
under the disease progress curve (AUDPC), stratified by
cultivars that were evaluated for isolate 0801 (race 1) and
isolate 218A are shown in Fig. 1, and for cultivars evalu-
atedwith only isolate 0801 (race 1), in Fig. 2. Both IDI and
AUDPC were equal to zero in the cultivar ‘Grande Naine’
using the isolate of Foc 0801 (race 1), in relation to Foc
218A, IDI and AUDPC had an increase when Foc and
R. similis were inoculated simultaneously, and when
R. similis was inoculated 7 days before Foc in “Grande

Table 1 Banana cultivars used in the study to investigate the effects of interactions between Fusarium oxysporum f. sp. cubense and
Radopholus similis on Fusarium wilt. Cruz das Almas, BA

Cultivars Genome Genealogy (Origin) Subgroup Foc 218A Foc 0801 R. similis

BRS Japira AAAB Hybrid (Pacovan + M53) Prata – R S

Terra Maranhão AAB Cultivar Plantain – R S

BRS Platina AAAB Hybrid (Prata-Anã +M53) Prata – R S

Prata-Anã AAB Cultivar Prata S S R

Grand Naine AAA Cultivar Cavendish MR R S

BRS Pacovan Ken AAAB Hybrid (Pacovan + M53) Prata S R MR

BRS Princesa AAAB Hybrid (Yangambi n° 2 +M53) Silk – R S

BRS Vitória AAAB Hybrid (Pacovan + M53) Prata S R S

R Resistant, S Susceptible, MRModerately tough, − Not tested

Table 2 Description of treatments applied to evaluate the effects
of interactions between Fusarium oxysporum f. sp. cubense and
Radopholus similis on the susceptibility of banana cultivars to
Fusarium wilt. Cruz das Almas, BA

Treatments Acronym

Foc inoculated isolated Foc

Foc inoculated in the planting and R.similis,
inoculated after 7 days

Foc + Rad
(7)

Foc and R. similis, inoculated simultaneously Foc + Rad
(S)

R. similis inoculated at planting, and Foc inoculated
after 7 days

Rad + Foc
(7)

R. similis inoculated isolated Rad

Non-inoculated control plants Control

Foc Fusarium oxysporum f. sp. cubense
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Naine” (Fig. 1 and Supplementary Fig. 2). When compar-
ing the virulence profiles (ability to cause disease in a
certain variety) of Foc 218A using the host range test, the
isolate did not belong to Tropical Race 4 (TR4). This
isolate appeared to be STR4 based on tests from the
vegetative compatibility group, where it was characterized
as belonging to VCG 0120. The symptoms generated by
Foc 218A started 15 DAI and many plants died quickly
after that, especially when the Foc was inoculated simul-
taneously with R similis. In all experiments, it was possible
to recover the Foc from the samples and conduct Koch’s
postulates to confirm the pathogenicity of the isolates.

Regarding Foc 0801, the cultivars ‘BRS Pacovan-ken’
and ‘BRS Vitória’ only showed IDI and AUDPC when
there were interactions with R. similis. In relation to isolate
218A, these cultivars showed IDI and AUDPC in all
treatments, without marked differences between them
(Fig. 1). The cultivar ‘Prata-Anã’ seems to have a higher
IDI and AUDPCwhen inoculated with isolate 218A com-
pared to isolate 0801. In both cases IDI and AUDPC
increased when Foc and R. similis were inoculated simul-
taneously, and when Foc was inoculated 7 days before
R. similis (Fig. 1 and Supplementary Fig. 1).

The cultivars ‘BRS Platina’ and ‘Terra Maranhão’
did not show IDI and AUDPC when Foc 0801 (race 1)
was inoculated alone (Fig. 2 and supplementary fig. 1).
In the case of ‘BRS Platina’, the average IDI and
AUDPC increased when Foc and R. similis were inoc-
ulated simultaneously (Fig. 2). In relation to ‘Terra
Maranhão’, the mean IDI and AUDPC seem to have
an increase whenR. similiswas inoculated 7 days before
Foc (Fig. 2). The cultivar ‘BRS Japira’ showed high IDI
in the treatment in which Foc and R. similis were simul-
taneously inoculated, however the AUDPC does not
seem to show great differences between treatments
(Fig. 2). In relation to ‘BRS Princesa’, the average
AUDPC and the IDI did not differ in the treatments
and the plants exhibited IDI below 10% (Fig. 2).

Correlation between variables

In both experiments with different Foc isolates, there
were positive correlations between AUDPC and ID, as
well as between the variables rhizome necrosis and root
necrosis. For isolate 218A the internal index of Foc
symptoms was positively correlated with rhizome ne-
crosis (Fig. 3).

A color grouping analysis based on a heat map was
performed to classify the cultivars according to

resistance (Fig. 4). For the variables associated with
Foc (AUDPC and IDI) and the variables associated with
R. similis (RF, root necrosis, and rhizome necrosis), two
groups could be identified in relation to isolates 0801
and 218A (Fig. 4). For both isolates, changes in resis-
tance responses occurred in all treatments with Foc and
R. similis (Fig. 4 a).

For AUDPC with isolate 0801, ‘BRS Vitória’ and
‘BRS Pacovan Ken’ were classified as resistant when
inoculated with Foc alone, but when Foc 0801 was
inoculated 7 days before that of R. similis, and when
the pathogens were simultaneously inoculated both cul-
tivars were classified as moderately resistant (Fig. 4 a).
For both AUDPC and IDI, ‘Prata-Anã’was classified as
susceptible in relation to the isolate Foc 218A. For
isolate Foc 0801, a classification as susceptible was
possible when assessing the variable IDI (Fig. 4a). In
relation to AUDPC, all cultivars were considered sus-
ceptible when isolate Foc 218A was singly inoculated,
when inoculated with Foc 7 days after that of R. similis,
or when inoculated with Foc 218A and R. similis simul-
taneously (Fig. 4a).

All cultivars were classified as resistant based on
the variables associated with R. similis, including
rhizome necrosis, root necrosis, and RF, and when
R. similis was inoculated singly, except for ‘BRS
Pacovan Ken’, and ‘Grande Naine’, which were
classified as susceptible when the reproductive factor
was considered (Fig. 4b). ‘Prata-Anã’ and ‘BRS Vi-
tória’ inoculated with Foc and R. similis simulta-
neously were considered susceptible based on the
reproductive factor of the nematode (Fig. 4b). For
‘Grande Naine’ and ‘BRS Pacovan Ken’, the necro-
sis variable for the rhizome for all the cultivars were
considered highly susceptible when R. similis was
simultaneously inoculated with Foc, whereas ‘Prata-
Anã’ and ‘BRS Vitória’ were classified as moderate-
ly resistant to the nematode (Fig. 4b).

Regarding the cultivars evaluated for IDI with Foc
0801 only (Fig. 4c, d), ‘Terra Maranhão’, and ‘BRS
Princesa’ were considered resistant regardless of the
treatment (Fig. 4c). For AUDPC, the cultivars were
considered highly susceptible (Fig. 4c). When assessing
IDI and AUDPC, ‘BRS Platina’ was considered resis-
tant when Foc was inoculated singly and when inocu-
lated 7 days after R. similis (Fig. 4c). ‘BRS Platina’ was
considered moderately resistant in terms of IDI and
AUDPC when both pathogens were simultaneously
inoculated (Fig. 4c).
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For the RF of R. similis, all cultivars were considered
susceptible in all treatments, except ‘BRS Japira’, which
was resistant in the treatment in which R. similis was
inoculated 7 days prior to that of Foc 0801 (Fig. 4d).
‘Terra Maranhão’ was considered moderately resistant
to necrosis of rhizomes and root necrosis, regardless of
the inoculation method with Foc 0801 (Fig. 4d). In
relation to root necrosis and rhizome necrosis, ‘BRS
Platina’, ‘BRS Japira’, and ‘BRS Princesa’ were con-
sidered resistant to the nematode regardless of the treat-
ment (Fig. 4d).

Evaluation of functional roots

The interaction of Foc with R. similis reduced the per-
centage of functional roots in all cultivars compared to
that of Foc alone (Fig. 5). In ‘Grande Naine’, there was a

greater reduction in the functional roots when R. similis
was inoculated 7 d before that of Foc 0801 and the
interaction with Foc 218A when the inoculations were
simultaneous (Fig. 5). There was a reduction in func-
tional roots in ‘Prata-Anã’ when Foc was inoculated
7 days before that of R. similis and 7 d later (Fig. 4).
As for isolate 218A, the reduction of functional roots
was greater when plants were simultaneously inoculated
with Foc and R. similis and when R. similis was inocu-
lated alone (Fig. 5).

For ‘BRS Pacovan Ken’, Foc 218A inoculated 7 d
before that of R. similis caused a greater reduction in
functional roots and the interaction with Foc 0801 did
not give significantly greater reductions than did
R. similis inoculated alone (Fig. 5). For ‘BRS Vitória’,
the treatment in which Foc 218A and R. similis were
inoculated simultaneously reduced the percentage of

Fig. 1 Effects of the interaction between of two isolates Fusarium
oxysporum f. sp. cubense and Radopholus similis in banana culti-
vars. Foc: Foc inoculated isolated; Foc + Rad (7): Foc inoculated
in the planting and R. similis inoculated after 7 days; Foc + Rad

(S): Foc and R. similis inoculated simultaneously; Rad + Foc (7):
R. similis inoculated in the planting planting and Foc inoculated
after 7 days. AUDPC: area under the disease progress curve
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functional roots in relation to that of other treatments.
For Foc 0801, the treatment in which R. similis was
inoculated singly had a greater reduction in the func-
tional roots (Fig. 5).

Considering functional root reduction, ‘BRS
Princesa’ had the highest percentage of reduction in
functional roots in the treatment with simultaneous in-
oculation of Foc 0801 and R. similis (Fig. 5). For ‘Terra
Maranhão’, Foc inoculation 7 d before that of R. similis
and R. similis 7 days before that of Foc had the greatest
reduction in the percentile of functional roots (Fig. 5).
The percentage of the reduction of functional roots was
similar in ‘BRS Vitória’, ‘BRS Japira’, and ‘BRS Plati-
na’, and in all cultivars, the highest means were recorded

in the treatment in which R. similis was inoculated
singly (Fig. 5).

Visualization of pathogen structures in the roots

For the controls without Foc inoculation, no internal
symptoms or fungal structures were detected (Fig. 6
and Fig. 7). ‘Prata-Anã’ and ‘Grande Naine’ cultivars,
inoculated only with the Foc 0801 isolate, showed
abundant production of chlamydospores within the root
tissue (Fig. 6 g and m). For the Foc treatments 7 d before
inoculation with R. similis and the simultaneous inocu-
lation of both pathogens, the presence of hyphae and
chlamydospores was observed (Fig. 6h, n, i, o). In the

Fig. 2 Effects of the interaction between Fusarium oxysporum f.
sp. cubense (isolate 0801, race 1) and Radopholus similis in
banana cultivars. Foc: Foc inoculated isolated; Foc + Rad (7):
Foc inoculated in the planting andR. similis inoculated after 7 days;

Foc + Rad (S): Foc and R. similis inoculated simultaneously; Rad
+ Foc (7): R. similis inoculated in the planting planting and Foc
inoculated after 7 days. AUDPC: area under the disease progress
curve
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R. similis treatment 7 days prior to that of Foc, the
presence of clustered chlamydospores was observed
(Fig. 6p). Furthermore, for ‘Grand Naine’ it was possi-
ble to detect R. similis in plants inoculated with the
nematode singly (Fig. 6q).

In relation to ‘BRS Platina’, based on the histological
evaluation using light microscopy, there were no struc-
tures for Foc in the internal tissues (Fig. 6a). However,
the presence of chlamydospores inside the tissues was
noted for the Foc treatments 7 days before R. similis, in
the simultaneous inoculation of both pathogens, and in
R. similis inoculated 7 days prior to Foc, (Fig. 6b–d).

R. similis was observed in the tissues of plants that were
inoculated only with the nematode (Fig. 6).

Hyphae and chlamydospores of Foc within the tissues
could be observed in the tissues of all cultivars, except in the
control treatment (Fig. 7f, s, r). For ‘Grand Naine’, the
presence of grouped and chain of chlamydospores was ob-
served for treatments with R. similis (Fig. 7 n, o, p). Addi-
tionally, the presence of R. similiswas confirmed in the roots
of the plants inoculated with R. similis only (Fig. 7q).

For ‘Prata-Anã’, the presence of Foc was confirmed
by visualization of abundant production of chlamydo-
spores and hyphae within the tissue in all treatments in

Fig. 3 Correlograms are shown for the parameters evaluated in
the study of interaction between Fusarium oxysporum f. sp.
cubense and Radopholus similis in banana cultivars: internal dis-
ease index (IDI), area under the disease progress curve (AUDPC),
reproduction factor (RF), root necrosis (NRoot) and rhizome

necrosis (NRhizome). The distribution of each variable is shown
diagonally. At the bottoms of the diagonals, bivariate scatter plots
with a fitted line are shown. At the tops of the diagonals, the
Pearson correlation values plus the significance level as stars are
displayed. *** P < 0.001; ** P < 0.01; * P < 0.05
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which Foc was inoculated (Fig. 7g, h, i, j). Treatments
comprised by the concomitant inoculation of Foc and
R. similis, and that of R. similis 7 d prior to Foc, exhibited

large clustering of chlamydospores (Fig. 7i, j). Regarding
the inoculation of ‘Prata-Anã’, there was no visualization
of R. similis in the internal tissues (Fig. 7k).

Fig. 4 Heat maps and cluster analysis of the interaction between
Fusarium oxysporum f. sp. cubense (Foc) and Radopholus similis
(Rad) in banana cultivars. The cultivars are associated with
different variables related to Foc (A) and Rad (B). Maps A and
B show the result of the first experiment, in which two isolates of
Foc (218A and 0801 race 1) were used. Maps C and D show the
result of a second experiment, in which only one Foc isolate was
used (0801, race 1). The colors of the heat map reflect the data of
the variables converted into a numerical matrix. HS highly
susceptible, S susceptible, RM Moderately susceptible and R

resistant. Description of variables: internal disease index (IDI),
area under the disease progress curve (AUDPC), reproduction
factor (RF), root necrosis (NRoot) and rhizome necrosis
(NRhizome). Description of treatments: Foc: Foc inoculated
isolated; Foc + Rad (7): Foc inoculated in the planting and
R. similis inoculated after 7 days; Foc + Rad (S): Foc and
R. similis inoculated simultaneously; Rad + Foc (7): R. similis
inoculated in the planting planting; Foc inoculated after 7 days and
Rad: R. similis inoculated isolated
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Fig. 5 Influence of different orders of inoculation of Fusarium
oxysporum f. sp. cubense (Foc) and Radopholus similis (Rad) on
the percentage reduction of functional roots of banana cultivars.
Foc + Rad (7): Foc inoculated in the planting and R. similis

inoculated after 7 days; Foc + Rad (S): Foc and R. similis
inoculated simultaneously; Rad + Foc (7): R. similis inoculated
in the planting planting and Foc inoculated after 7 days. Rad:
R. similis inoculated isolated

Fig. 6 Influence of different orders of inoculation of Radopholus
similis (Rad) on the penetration of Fusarium oxysporum f. sp.
cubense (Foc isolate 0801, race 1) in the root tissues of banana
cultivars. Foc: Foc inoculated isolated; Foc + Rad (7): Foc

inoculated in the planting and R. similis inoculated after 7 days;
Foc + Rad (S): Foc and R. similis inoculated simultaneously; Rad
+ Foc (7): R. similis inoculated in the planting planting and Foc
inoculated after 7 days; Rad: R. similis inoculated isolated
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Discussion

In this study, the simultaneous or alternating inoculation
at a 7 days interval of Foc and R. similis in banana
cultivars resistant to FW allowed the verification of the
effects of the interaction on the resistance response of
the banana cultivars to FW using two Foc isolates
differing in virulence characteristics. It was therefore
confirmed that the dietary habits and life cycle of plant
parasitic nematodes are fundamental to their role in the
predisposition of a plant to infection (Simão et al. 2010;
Piedrahita, 2011; Ali et al. 2017).

Thus, the results showed that the type of resistance
experienced by the cultivars in relation to Foc, as well as
the virulence of the isolate are fundamental aspects in
the occurrence of resistance or lack thereof to FW when
it interacts with R. similis. Thus, the hypothesis of
changes in the resistance behavior as a result of the
interaction between Foc 0801 and R. similis was expe-
rienced only for the cultivars ‘BRS Pacovan Ken’, ‘BRS
Platina’, ‘BRS Vitória’, and ‘Terra Maranhão’, whereas
different interactions of Foc with R. similis may lead to
the quantitative type of resistance, where it was possible
to measure different levels of severity in treatments of
interactions between the pathogens.

In some studies, it has been verified that many mech-
anisms of penetration and infection of R. similis and
other migratory endoparasite nematodes are related to
the breaking of preformed barriers, such as lignification
of the cell wall or presence of cellulose and

hemicellulose (Haegeman et al. 2008). These aspects
could be linked with the changes in the resistance be-
havior of some banana cultivars because of the interac-
tion between the nematode and Foc. This is probably
because the rapid penetration of R. similis into the roots
and the secretion of enzimes cellulase and endoxylanase
can lead to the degradation of hemicellulose from the
plant cell walls (Haegeman et al. 2010).

Through the staining of Foc and R. similis structures
with trypan blue inside the tissue, the influence of
R. similis on the penetration of Foc in tissues of resistant
and susceptible cultivars was confirmed (Figs. 6 and 7).
According to Costa (2013), the type of resistance re-
sponse involved in the interaction between the isolate
Foc 0801 and the cultivar BRS Platina is based on cell
wall modifications, such as the formation of a healing
zone, the presence of tylosis, oxalate crystals, and ligni-
fication. Therefore, the data presented here suggest that
the penetration of R. similis causes damage to these
preformed barriers, allowing the penetration and colo-
nization of the pathogen within the tissues and conse-
quent manifestation of symptoms in plants with this type
of resistance mechanisms.

When using the isolate 218A, the qualitative resistance
reaction of bananas cultivars to Foc was not dependent on
the interaction with R. similis and Foc because the viru-
lence was observed even for banana cultivars belonging to
the Cavendish group (‘Grande Naine’) (Fig. 1). However,
a quantitative aspect was observed because there was an
increase in disease severity as measured by root necrosis

Fig. 7 Influence of different orders of inoculation of Radopholus
similis (Rad) on the penetration of Fusarium oxysporum f. sp.
cubense (Foc isolate 218A) in the root tissues of banana
cultivars. Foc: Foc inoculated isolated; Foc + Rad (7): Foc

inoculated in the planting and R. similis inoculated after 7 days;
Foc + Rad (S): Foc and R. similis inoculated simultaneously; Rad
+ Foc (7): R. similis inoculated in the planting planting and Foc
inoculated after 7 days; Rad: R. similis inoculated isolated
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and internal necrosis (Supplementary Fig. 2). In this case,
the interaction with R. similis in most cultivars was related
to the increase in the severity of symptoms, as suggested in
the hypothesis for this study. In previous studies, an in-
crease in the severity of FWwas also observed because of
the concomitant presence of these pathogens in cultivars
susceptible to Foc (Somu et al. 2013; Dinesh et al. 2014).

In the evaluation of the cultivar ‘Grande Naine’,
staining the roots demonstrated that Foc 0801 penetrated
the tissues of the plants, even in the treatments that
lacked R. similis, but there was no manifestation of
FW symptoms for any of the treatments tested (Figs. 1
and 6). The reaction differences expressed distinctions
in the mechanisms inherent to the resistance of the
cultivars to FW. Thus, the resistance of the Cavendish
cultivars is not only related to Foc penetration. These
arguments were confirmed by Li et al. (2013), who
found the existence of different regulatory proteins that
are related to diverse responses of banana cultivars to
Foc, especially cultivars resistant to Foc TR4. Accord-
ing to studies by Li et al. (2012), differentially expressed
genes and signaling pathways revealed the defense sys-
tem of Cavendish bananas could be very complex.

These arguments explain the fact that the high sus-
ceptibility of the cultivar ‘Grande Naine’ to R. similis
does not interfere with the behavior of the cultivar in
relation to Foc 0801 (Race 1). However, when using the
218A isolate the data indicated a greater ability of Foc to
cause disease in more cultivars, including the ‘Grande
Naine’ cultivar (subgroup Cavendish) that is not affect-
ed by FW in Brazil (Fig. 1 and Supplementary Fig. 2).
These results are related to the virulence of the 218A
isolate. Costa et al. (2015) demonstrated the evolution-
ary potential of Foc in Brazil, which resulted in high
genetic variability that gave rise to more virulent path-
ogens capable of infecting resistant cultivars.

For the cultivar ‘BRS Princesa’, the Foc 0801 isolate
data showed there was no interference for the different
orders of inoculation of R. similis and Foc on the behav-
ior of the cultivar in relation to Foc, and that all treat-
ments had low indices of internal, which allowed it to be
grouped as resistant. According to Costa et al. (2015),
the ‘BRS Princesa’ cultivar could exhibit quantitative
resistance, although there are no reports of infections of
this cultivar in the field. Therefore, the results presented
here could be related to the fact that quantitative resis-
tance was considered more durable than qualitative
resistance, as well as that this type of resistance reduces
the multiplication of the pathogen, colonization, and

severity of symptoms (Pilet-Nayel et al. 2017), making
it efficient against both pathogens.

In addition, it was clear in this study that cultivars that
behaved as resistant to isolated R. similis had altered
responses regarding its interaction with Foc 0801 and
218A and became highly susceptible (Fig. 4). Thus, the
increase in the intensity of FW symptoms and increased
reproductive factor or necrosis of roots and rhizomes in
banana plants in relation to the interaction of R. similis
with more virulent isolates or variants of the pathogen
could decrease plant life. In these cases, the incubation
period of Foc was reduced and there was a rapid man-
ifestation of symptoms and plant death, as well as a
reduction in plant productivity because plant develop-
ment parameters were more affected by the joint action.
This fact was related to the increase in necrotic areas in
the root and rhizome tissues that reduced water and
nutrient absorption, debilitated development, reduced
production, and increased the time between harvests
(Gowen and Quénéhervé, 1990).

Thus, it was concluded that the nematode R. similis
has the potential to alter the defense responses of banana
cultivars to FW, which can lead to unexpected results in
the field. For this reason, alternatives for controlling and
managing R. similis populations are needed in cultiva-
tion areas as a control strategy for FW. The results
indicated that both alternating and simultaneous inocu-
lation of the pathogens have effects on the incidence of
FW and development parameters of the plants. This
suggests that controlling populations of the nematode
needs to be conducted both before planting banana
cultivars and while monitoring plant growth to avoid
the introduction of R. similis in the cultivation area.

In this study, for screening of banana cultivars for
resistance to R. similis were used part of the methods
indicated by Speijer and De Waele (1997). Accord-
ing to these authors the evaluation/interpretation of
the data obtained during the nematode resistance/
tolerance screening should be based on a combina-
tion of nematode reproduction data and host plant
response data including at least: number of nema-
todes in the roots, percentage of dead roots and root
necrosis indexmby preference taken at different mo-
ments during plant growth (for instance early plant
growth, e.g. 2 months after planting, at flowering and
at harvesting). The combination of the data will give
a reliable indication that the genotype is resistant or
susceptible, tolerant or sensitive (Speijer and De
Waele 1997).
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Although studies consider that resistance to plant para-
sitic nematodes is commonly defined as a reduction in
nematode reproduction, nematode extraction and counting
processes are not accurate methods. The symptoms and
levels of damage (necrosis in the rhizome, aspects of
productivity and development of the plant) could be more
accurate and more efficient methods in discriminating
banana genotypes resistant to R. similis. Therefore, from
this study, it is considered that in situations of interaction
between Foc and R. similis, the set of efficient and easy
methods to discriminate banana genotypes resistant to both
pathogens may start from symptom measurement tech-
niques, with scales of notes, followed by field evaluations
that include agronomic characterization of plants.

In general, the data generated in this study have relevant
implications for banana breeding programs, because
screening techniques for resistance to WF may include
screening techniques related to resistance toR. similis. This
would allow for greater precision and greater reliability as
to the behavior of cultivars in the field. Therefore, as part of
the routine screening for resistance, in addition to inocula-
tions in the greenhouse, the field test should be performed.
The data herein provide new perspectives to understand
the mechanisms involved in the interaction between Foc
and R. similis in banana plants and will be important in
management and control strategies for FW. In addition,
further studies should be carried out to verify the response
of cultivars to the interaction of Foc and R. similis at
histological and/or genetic levels.
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