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Abstract
As one popular fresh fruit, banana (Musa acuminata) is cultivated in the world’s 
subtropical and tropical areas. In recent years, pathogen Fusarium oxysporum f. sp. 
cubense (Foc) has been widely and rapidly spread to banana cultivated areas, causing 
substantial yield loss. However, the molecular mechanism of banana response to Foc 
remains unclear, and functional identification of disease-related genes is also very 
limited. In this study, nine 90 kDa heat-shock proteins (HSP90s) were genomewide 
identified. Moreover, the expression profile of them in different organs, developmen-
tal stages, and in response to abiotic and fungal pathogen Foc were systematically 
analyzed. Notably, we found that the transcripts of 9 MaHSP90s were commonly 
regulated by melatonin (N-acetyl-5-methoxytryptamine) and Foc infection. Further 
studies showed that exogenous application of melatonin improved banana resistance 
to Fusarium wilt, but the effect was lost when cotreated with HSP90 inhibitor 
(geldanamycin, GDA). Moreover, melatonin and GDA had opposite effect on auxin 
level in response to Foc4, while melatonin and GDA cotreated plants had no signifi-
cant effect, suggesting the involvement of MaHSP90s in the cross talk of melatonin 
and auxin in response to fungal infection. Taken together, this study demonstrated 
that MaHSP90s are essential for melatonin-mediated plant response to Fusarium 
wilt, which extends our understanding the putative roles of MaHSP90s as well as 
melatonin in the biological control of banana Fusarium wilt.
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Identification, transcriptional and functional analysis of  
heat-shock protein 90s in banana (Musa acuminata L.) highlight 
their novel role in melatonin-mediated plant response to 
Fusarium wilt
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1  |   INTRODUCTION

As a popular fresh fruit, banana (Musa acuminata) is widely 
cultivated in the world’s subtropical and tropical areas.1-5  
So far, considering different objections such as yield, storage, 

favor, or resistance, many banana varieties have been screened 
and cultivated in the world. For example, BaXi jiao (Musa 
acuminata L. AAA group cv. Cavendish, BX) is widely culti-
vated in China because of its high production and long-term 
storage, and Fen jiao (Musa ABB Pisang Awak, FJ) is popu-
lar due to its good flavor and abiotic stress resistance.6,7 Since 
1960, virulent pathogen Fusarium oxysporum f. sp. cubense †These authors contributed equally to this work.
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Race 1 (Foc1) and Foc4 have been widely and rapidly 
spread to banana cultivate areas, causing substantial yield 
loss in many countries, especially in Australia and Asia.8-13 
Additionally, because banana is asexually propagated using 
suckers from the rhizomes, the soil-grown pathogens are not 
easily to be removed, thus making the panama disease (a fun-
gal disease of bananas producing yellowing and wiltint of the 
leaves) more and more serious and becoming a worldwide 
problem of banana industry.14-20

Ninety kDa heat-shock protein (HSP90) is one type of 
the highly conserved molecular chaperone, with three con-
served domains. The N-terminal ATPase domain, the mid-
dle domain, and the C-terminal domain are responsible for 
HSP90 protein inhibition, conformation, and dimerization, 
respectively.21,22 HSP90, as molecular chaperone, is involved 
in the growth, development, and immune response in ani-
mals through regulating and maintaining the conformation 
of multiple proteins.23,24 The in vivo roles of HSP90 are 
characterized in several model plants, such as Arabidopsis, 
rice, and wheat.25-32 Using knockout/knockdown mutants 
and specific inhibitor treatment, it is found that HSP90s are 
widely involved in seedling, leaf, hypocotyls and reproduc-
tive development,22,28,29,33-35 abiotic stress response, includ-
ing heat, drought, salt,36-40 as well as Resistant (R) gene 
(which is encoding immune receptor)-mediated immune 
responses.25-29,31,32,37

With the enlargement of the domestic and international 
market, there is a need for worldwide banana production. To 
better develop sustainable banana industry, it is necessary 
to characterize disease-related genes and investigate their 
underlying molecular mechanism.15-18 Based on the public 
available of a double-haploid banana (Musa acuminata L. 
AA) genome sequence,41 many research groups start to iden-
tify differentially expressed genes in response to Foc infec-
tion.11-13,19 However, the molecular mechanism of banana 
response to Foc remains unclear, and functional identification 
of disease-related genes is also very limited.

To investigate the in vivo role of HSP90s and possible 
utilization for genetic breeding in banana, 9 MaHSP90s were 
characterized by genomewide identification and expres-
sion analyses during development and stress response in 
this study. Notably, the relationship between melatonin and 
MaHSP90s in banana resistance to Fusarium wilt was also 
revealed.

2  |   METHODS

2.1  |  Plant materials and growth conditions
Two widely cultivated banana varieties (BX and FJ) were 
used in this study. Five-leaf stage banana seedlings that 
are from Banana Tissue Culture Center (Danzhou, Institute 
of Banana and Plantains, Chinese Academy of Tropical 

Agricultural Sciences) were grown in soil with Hoagland’s 
solution in the greenhouse. The greenhouse was controlled at 
28°C and 12-hour light/26°C and 12-hour dark cycles, with 
the irradiance of 120-150 μmol quanta m−2 s−1.

2.2  |  Genomewide identification and 
systematic analysis of MaHSP90s
The predicted MaHSP90s were first searched in Musa acumi-
nata v1 (Banana) Phytozome database v10.3, and further veri-
fied using NCBI’s conserved domain database (CDD) (http://
www.ncbi.nlm.nih.gov/cdd)42 and Pfam database (http://
pfam.xfam.org).43 After confirmation, the sequences, the 
locus name, and chromosome location of MaHSP90s were 
downloaded from Phytozome database v10.3 and ProtParam 
software (http://web.expasy.org/protparam).

Based on the sequences of 9 MaHSP90s, 8 AtHSP90s, and 
9 OsHSP90s from Phytozome database v10.3, the neighbor-
joining phylogenetic trees were constructed using Clustalx 
1.83 and MEGA5.05 softwares.44 Gene structure (upstream, 
exon, intron, and downstream) and conserved motifs of 
MaHSP90s were analyzed using Gene Structure Display 
Server (GSDS) v2.0 (http://gsds.cbi.pku.edu.cn/index.php)45 
and Multiple Em for Motif Elicitation (MEME) v4.11.0 
(http://meme-suite.org/tools/meme), respectively, according 
to the manufacturer’s protocol.

2.3  |  RNA isolation, reverse transcript, and 
quantitative real-time PCR
Total RNA was extracted with RNAprep Pure Plant Kit 
(TIANGEN, DP441, Beijing, China), followed by the 
elimination of contaminating DNA using RNase-free 
DNase (NEB, M0303S, USA), according to the manufac-
turer’s instruction. After quantification using NANODROP 
2000 (Thermo Scientific, Waltham, MA, USA), the 
extracted RNA was used for the synthesis of first-strand 
cDNA using RevertAid First Strand cDNA Synthesis 
Kit (Thermo Scientific, K1622). Quantitative real-time 
PCR was then performed using the diluted cDNA and 
TransStart Tip Green qPCR SuperMix (TransGen Biotech, 
AQ141, Beijing, China) in LightCycler® 96 Real-Time 
PCR System (Roche, Basel, Switzerland), according to the 
manufacturer’s instruction. The primers used were listed 
in Table S1.

2.4  |  Expression profile 
analysis of MaHSP90s
The transcriptomic data were obtained from published data in 
Hu et al.6,7 and Li et al.12 For this assay, plant samples were 
collected from leaves and roots at five-leaf stage and fruits at 
0, 20, and 80 days after flowering (DAF), and at 8 and 14 days 
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postharvest (DPH) (BX variety), or at 3 and 6 days DPH (FJ 
variety). For abiotic stress treatments, five-leaf stage banana 
seedlings were treated by 4°C for 22 hours, 200 mmol L−1 
Mannitol for 7 days, and 300 mmol L−1 NaCl for 7 days. For 
fungal pathogen of Foc1 and Foc4 treatments, sterile tissue 
cultivated roots were inoculated by control (water), Foc1, or 
Foc4 for 3 hours, 27 hours, and 51 hours.

2.5  |  Hierarchical cluster analysis of 
gene expression
The gene expression data were first normalized to rela-
tive value. Thereafter, the hierarchical cluster analysis was 
performed using CLUSTER software (http://bonsai.hgc.
jp/~mdehoon/software/cluster/software.htm)46 according to 
the manufacturer’s protocol. Then, the underlying heatmap 
was constructed and downloaded using Java Treeview soft-
ware (http://jtreeview.sourceforge.net).47

2.6  |  Chemical treatment
For the gene expression assay, five-leaf stage banana roots 
were pretreated by control (mock) and 100 μmol L−1 mela-
tonin for 0, 1, 3, and 6 hours. For the assays of physiologi-
cal parameters, five-leaf stage banana roots were pretreated 
by control (mock), 100 μmol L−1 melatonin, 10 μmol L−1 
geldanamycin (GDA), 100 μmol L−1 melatonin plus 
10 μmol L−1 GDA for 2 days, thereafter were inoculated by 
Foc4 for indicated time points.

2.7  |  Determination of electrolyte 
leakage and chlorophyll
The relative electrolyte leakage (EL) was calculated as the 
ratio of initial conductivity (Ci) to the maximum conductivity 
(Cmax) of plant leaves, which were assayed by the conductiv-
ity meter (Yueping-DDS-307, Shanghai, China), according 
to the manufacturer’s protocols. Chlorophyll was extracted 
from leaves using 80% (v/v) acetone, and the supernatant 
was determined by examining the absorbance at 645 nm and 
663 nm.

2.8  |  Quantification of endogenous 
melatonin and plant hormones
The melatonin and plant hormone (salicylic acid [SA], jas-
monic acid [JA], ethylene [ETH] and indole-3-acetic acid 
[IAA]) levels in plant extract were quantified using Plant 
melatonin enzyme-linked immunosorbent assay (EIASA) 
Kit, Plant SA ELISA Kit, Plant JA ELISA Kit, Plant ET 
ELISA Kit, Plant IAA ELISA Kit (Jianglai Biotechnology, 
Shanghai, China), respectively, according to the manufac-
turer’s protocols.

3  |   RESULTS

3.1  |  Genomewide identification of 
MaHSP90s
After initial BLAST analysis and further verification 
using CDD42 and Pfam database,43 9 MaHSP90s were 
successfully identified from the banana genome. Totally, 
Arabidopsis, rice, and banana have 7, 9, and 9 HSP90s, 
respectively (Figure 1; Table S2). The unrooted neighbor-
Joining tree was constructed to investigate the evolu-
tionary relationship among MaHSP90s, AtHSP90s, and 
OsHSP90s. Generally, MaHSP90s have closer relationship 
with OsHDP90s than AtHSP90s (Figure 1), which is con-
sistent with the current understanding of plants evolution-
ary history.

To investigate the structural features of 9 MaHSP90s, 
GSDS v2.045 was used to analysis upstream (5′ UTR)/
downstream (3′ UTR) and intron/exon structures. The 
MaHSP90s in the same subfamilies displayed the sim-
ilar structure (Figure 2A), indicating the relationship 
between evolution and gene structure. MaHSP90.1, 2, 3, 
4, 5, 6 have 4-6 introns, while MaHSP90.7, 8, 9 show 19, 
18, 18 introns, respectively (Figure 2A). Additionally, 
MEME v4.11.0 was used to reveal the similar motifs of 

F I G U R E   1   The neighbor-joining phylogenetic trees of MaHSP90s, 
AtHSP90s, and OsHSP90s. AtHSP90s, OsHSP90s, and MaHSP90s were 
indicated in green, blue, and red, respectively

http://bonsai.hgc.jp/~mdehoon/software/cluster/software.htm
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十一1369026984
Highlight



4 of 12  |      WEI et al.

the 9 MaHSP90s. Consistently, two subfamilies (one is 
MaHSP90.1, 2, 3, 4, 5, 6, and the other one is MaHSP90.7, 
8, 9) exhibited more conserved motifs (Figures 2B and 
S1), suggesting the link between evolution and conserved 
motifs.

3.2  |  The expression profiles of MaHSP90s
To get more clues on the roles of MaHSP90s in banana 
growth and development, their expression patterns in two 
widely cultivated varieties (BX and FJ) were analyzed 

F I G U R E   2   The relationship among phylogenetic link, gene structure, and conserved motifs of MaHSP90s. A, The link between phylogenetic relation 
and gene structure of MaHSP90s. B, The link between phylogenetic relation and conserved motifs of MaHSP90s. The 10 conserved motifs were indicated by 
different colored boxes and shown in Fig. S1

F I G U R E   3   The expression profiles 
of MaHSP90s in different organ and 
developmental stages. A, The expression 
profiles of MaHSP90s in five-leaf stage leaves, 
roots, fruits of 80 DAF in BX and FJ varieties. 
B, The expression profiles of MaHSP90s in 
fruits of 0, 20, 80 DAF, 8 and 14 DPH (BX) 
or 3 and 6 DPH (FJ). Asterisk symbol (*) 
indicates fold change >2 in comparison with 
leaves or 0 DAF fruits
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based on transcriptomic analysis.6,7 For BX variety, 
MaHSP90.1 transcripts exhibited higher levels in roots, 
while MaHSP90.2 and MaHSP90.9 transcripts showed 
lower levels in roots and fruits (Figure 3A,B). Moreover, 
MaHSP90.1 displayed higher transcripts accumula-
tion in the later fruit developmental and ripening stages; 
MaHSP90.5 and MaHSP90.6 showed higher transcripts 
accumulation only in the later fruit ripening stage; and 
MaHSP90.2, 7, 8 exhibited lower transcripts in fruit rip-
ening stages (Figure 3A,B). For FJ variety, MaHSP90.4 
transcript exhibited higher levels in roots and fruits, while 
MaHSP90.9 transcripts showed lower levels in roots 
and fruits (Figure 3A,B). Additionally, MaHSP90.7 and 
MaHSP90.8 displayed lower transcript accumulation in the 
later fruit ripening stage, while MaHSP90.4, 5, 6 exhibited 
higher transcripts in fruit ripening stages (Figure 3A,B).

Generally, abiotic stress such as cold, osmotic, and salt 
stresses had slight effects on the transcripts of MaHSP90s 
in the transcriptomic analysis.6,7 MaHSP90.1 transcript was 
downregulated by osmotic stress in BX, but was upregulated 
by cold and salt stresses in FJ (Figure 4). MaHSP90.4 tran-
script was only downregulated by osmotic stress in BX, while 
MaHSP90.8 transcript was upregulated by osmotic stress in 
both BX and FJ varieties (Figure 4).

In comparison with abiotic stress, fungal pathogen 
of Foc1 and Foc4 treatments commonly regulated the 
transcripts of 7 MaHSP90s (Figure 5). Among them, 
MaHSP90.1 transcript was commonly downregulated 
by Foc1 and Foc4 infection, MaHSP90.8 transcript was 
downregulated by Foc4 infection, while MaHSP90.7 and 
MaHSP90.9 transcripts were upregulated by Foc1 and Foc4 
infection, respectively (Figure 5). Unlike the above genes, 
MaHSP90.1, 5, 6 showed complex expression patterns in 
response to Foc infection (Figure 5). After Foc1 infection, 
the transcript levels of MaHSP90.1, 5, 6 were upregulated 
at 3 hours postinfection (hpi), but were downregulated at 27 
or 51 hpi (Figure 5). At 3 hpi of Foc4, MaHSP90.1, and 
MaHSP90.6, transcripts were upregulated; at 27 hpi of Foc4, 
MaHSP90.5, and MaHSP90.6, transcripts were downregu-
lated; at 51 hpi of Foc4, MaHSP90.1, and MaHSP90.5, tran-
scripts were upregulated and downregulated, respectively 
(Figure 5).

3.3  |  The common regulation of MaHSP90s 
in response to melatonin
Interestingly, we found that the transcripts of all MaHSP90s 
were commonly regulated by melatonin, one widely known 

F I G U R E   4   The expression profiles 
of MaHSP90s in response to 4°C for 
22 h, 200 mmol L−1 Mannitol for 7 d, and 
300 mmol L−1 NaCl for 7 d. Asterisk symbol 
(*) indicates fold change >2 in comparison 
with control treatment

F I G U R E   5   The expression profiles of 
MaHSP90s in response to fungal pathogen of 
Foc1 and Foc4 treatments. Asterisk symbol (*) 
indicates fold change >2 in comparison with 
control treatment
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molecule and possible secondary messenger in plant stress 
responses. Overall, most of the MaHSP90s transcripts were 
significantly upregulated after melatonin treatment in banana 
roots and leaves (Figure 6). Together with the common regu-
lation of MaHSP90s by various stresses and widely involve-
ment of melatonin in stress resistance, we concluded the 
possible involvement of MaHSP90s in melatonin-mediated 
disease resistance.

3.4  |  The involvement of MaHSP90s 
in melatonin-mediated plant response to 
Fusarium wilt
To better investigate the phenotypes during fungal infection, 
the green fluorescent protein (GFP)-tagged Foc4 strain was 
used to inoculate five-leaf stage banana roots with 2 days 
of different pretreatments (control, 100 μmol L−1 mela-
tonin, 10 μmol L−1 HSP90 inhibitor (GDA), 100 μmol L−1 
melatonin plus 10 μmol L−1 GDA). At 12- and 24-hour 
postinoculation (hpi), melatonin-pretreated roots and GDA-
pretreated roots showed significantly less and more fluo-
rescence in comparison with control, while melatonin and 
GDA cotreated roots exhibited no significant difference to 
control (Figure 7A). At 4-day postinoculation (dpi) of Foc4, 
melatonin-treated plants continued to display less symp-
toms than control, while symptoms on GDA-treated plants 
were severer (Figure 7B). Consistently, melatonin and GDA 
cotreated plants exhibited similar symptoms to those of 

control plants (Figure 7B). The degree of resistance values 
was further confirmed by the relative EL and chlorophyll 
levels (Figure 8A,B). Melatonin-treated plants showed lower 
EL but higher chlorophyll levels. In contrast, GDA-treated 
plants displayed the opposite results. Melatonin and GDA 
cotreated plants showed no significant difference to control 
plants (Figure 8A,B). All the results indicate the essential 
role of MaHSP90s in melatonin-mediated plant response to 
Fusarium wilt.

To further investigate the possible mechanism, we quan-
tified the effects of 2 days treatments of 100 μmol L−1 
melatonin and 10 μmol L−1 HSP90 inhibitor (GDA) on endog-
enous levels of melatonin and plant hormones in banana. We 
found that both melatonin and GDA had significant effects 
on the accumulation of melatonin and disease-related plant 
hormones (IAA, SA, JA, and ETH) (Figure 9). Melatonin-
treated plants showed lower levels of IAA, SA, JA, and ETH 
at 0 hpi of Foc4, but exhibited higher levels of them at 12 
hpi than control (Figure 9). GDA-treated plants displayed 
lower levels of IAA, SA, JA, and ETH at 0 hpi of Foc4, but 
exhibited higher levels of SA and ETH at 12 hpi than control 
(Figure 9). Overall, melatonin and GDA cotreated plants had 
less significant effects on these hormones than melatonin-
treated plants and GDA-treated plants (Figure 9). The mod-
ulation of melatonin and GDA on various plant hormones 
suggested that these hormones may be involved in melatonin 
and MaHSP90s-mediated plant response to Fusarium wilt, at 
least partially.

F I G U R E   6   The expression profiles of 
MaHSP90s in response to exogenous melatonin 
treatment. For the assay, five-leaf stage banana 
leaves and roots were treated by control and 
100 μmol L−1 melatonin for 0, 1, 3, and 6 h. 
Asterisk symbol (*) indicates a significant 
difference in comparison with control 
treatment

F I G U R E   7   The involvement of MaHSP90s in melatonin-mediated disease resistance in response to Foc4 in banana. A, Micrographs of banana roots 
at 0, 12, 24 hpi with GFP-tagged Foc4 strain. B, The typical Foc4-infected symptoms and symptom scores after 0 and 4 dpi of Foc4 in banana. Symptoms 
were evaluated with a scoring scale for each leave, from 0 to 4 as follows: 0, no symptoms; 1, the leaves turn to be chlorosis slightly; 2, the leaves turn to 
be chlorosis and yellow; 3, the leaves turn to be yellow and most withering; 4, the total leave withering. For the assay, five-leaf stage banana roots were 
pretreated by control, 100 μmol L−1 melatonin, 10 μmol L−1 GDA, 100 μmol L−1 melatonin plus 10 μmol L−1 GDA for 2 d, thereafter were inoculated by 
Foc4. At least, leaves from 30 plants were used for symptom score assays. Asterisk symbol (*) indicates a significant difference in comparison with control 
treatment
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4  |   DISCUSSION

As a widely known amine molecule, melatonin (N-acetyl-
5-methoxytryptamine) is very important in innate immunity 
in animals.48-55 To date, several studies have also reported 
the protective role of melatonin in plant immunity.56-64 Yin 
et al.63 found that melatonin application improved apple 
resistance to Marssonina apple blotch (Diplocarpon mali) 
by regulating antioxidants, hydrogen peroxide (H2O2), and 
pathogen-related proteins (PRs). Arnao and Hernández-
Ruiz49 found that melatonin pretreatment largely resists 
fungal infection (Penicillium spp.) in Lupinus albus seeds, 
and melatonin limited the growth of Alternaria spp. in potato 
dextrose agar (PDA) plate.

Moreover, our group together with other two indepen-
dent groups confirmed the protective effect of melatonin 
treatment on plant disease resistance against bacterial patho-
gen Pseudomonas syringe pv. tomato such as Pst DC3000 
in Arabidopsis, which was also supported by the results in 
Nicotiana benthamiana.56-62,64 Back’s group found that 
SA and ETH signaling as well as mitogen-activated pro-
tein kinase (MAPK) pathways are required for melatonin-
mediated defense resistance in Arabidopsis.56-58 Ma’s group 
found that melatonin-regulated carbohydrate metabolism 

(sucrose, xylose, galactose, and invertase activity including 
cell wall invertase [CWI] and vacuolar invertase [VI]) as well 
as melatonin-activated SA responsive genes could contrib-
uted to disease resistance against Pseudomonas syringae pv. 
tomato DC3000 infection in Arabidopsis.64 Besides some 
consistent results, our studies had some novel findings.59-62 
On one hand, we revealed the involvement of sugars and 
glycerol in melatonin-mediated basal immunity, in SA and 
nitric oxide (NO) signaling-dependent pathways.59,60 On the 
other hand, we demonstrated the diurnal changes of endoge-
nous melatonin and the corresponding changes of C-repeat-
binding factors (CBFs)/Drought response element Binding 
1 factors (DREB1s) expression in the diurnal cycle of plant 
innate immunity in Arabidopsis.61,62

Considering the widely involvement of HSP90s in plant 
stress resistance,25-32 MaHSP90s were chosen as candidate 
genes for possible utilization in genetic breeding. Totally, 9 
MaHSP90s were characterized through genomewide identi-
fication, phylogenetic relationship, gene structure, and con-
served motif analyses. Based on the transcriptomic data,6,7,12 
the transcription profiles of 9 MaHSP90s in different organs, 
developmental stages of fruit, as well as in response to abiotic 
and biotic stress were comprehensively revealed. Compared 
with the effects of abiotic stress, fungal pathogen of Foc1 
and Foc4 treatments commonly regulated the transcripts of 
7 MaHSP90s, indicating their possible role in banana dis-
ease resistance. Notably, the transcripts of 9 MaHSP90s were 
commonly regulated by melatonin, suggesting the possi-
ble involvement of them in melatonin signaling in banana. 
In addition, melatonin confers improved disease resistance 
of banana to Foc infection, whereas exogenous application 
of HSP90 specific inhibitor (GDA) had the converse effect. 
Interestingly, combined application of melatonin and HSP90 
inhibitor nullified the protective role of melatonin on disease 
resistance. We concluded that MaHSP90s may be essential 
for melatonin in the biological control of banana Fusarium 
wilt.

Plant hormone, including SA, JA, ETH, and auxin, 
plays important roles in pathogen-activated defense signal-
ing.65-70 SA is required for plant basal defense, such as R 
protein-mediated plant immunity as well as pattern recogni-
tion receptor (PRR).65-67 JA and ET play important roles in 
plant basal defense especially against fungal infection.65-67 
Auxin is also an important regulator in plant-pathogen inter-
action. Pathogen, such as Pseudomonas syringae, regulated 
host auxin synthesis, and auxin directly modulated plant 
disease resistance.67-70 In recent years, emerging evidence 
has shown that the cross talks among these hormones are 
involved in balancing fitness cost and immune responses.65-67 
So far, the direct effects of these hormones on fungal resis-
tance in banana remain unclear. In this study, both mela-
tonin and GDA had significant effects on the accumulation 
of disease-related plant hormones (IAA, SA, JA, and ETH), 

F I G U R E   8   The relative EL (A) and chlorophyll level (B) in banana 
leaves with different treatment. For the assay, five-leaf stage banana roots 
were pretreated by control, 100 μmol L−1 melatonin, 10 μmol L−1 GDA, 
100 μmol L−1 melatonin plus 10 μmol L−1 GDA for 2 d, thereafter were 
inoculated by Foc4 for 4 d. Asterisk symbol (*) indicates a significant 
difference in comparison with control treatment
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with different effects on IAA level especially after fungal 
pathogen infection, and with the same effects on endogenous 
levels of SA, JA, and ETH. Because melatonin synthesis and 
IAA synthesis share the same substrate of tryptophan, the 
cross talk between melatonin and auxin in defense response 
should be emphasized. In Arabidopsis, tryptophan pathway-
related genes, especially for auxin biosynthesis genes, show 
upregulation in Fusarium oxysporum-infected leaves and 
roots, and auxin signaling and transport are involved in the 
susceptibility to the root-infecting fungal pathogen Fusarium 
oxysporum.71 In banana, melatonin and GDA had opposite 
effect on IAA level in response to Foc4, while melatonin 
and GDA cotreated plants had no significant effect, sug-
gesting the involvement of MaHSP90s in the cross talk of 
melatonin and auxin in response to fungal infection. Thus, 
we highlight IAA as the key hormone in melatonin- and 

MaHSP90s-mediated fungal resistance in banana. Because 
melatonin and MaHSP90s also had complex effects on other 
hormones (SA, JA, and ETH) in response to fungal infec-
tion in banana, the effects and underlying signalings should 
be further dissected. As SA, JA, and ETH play important 
roles in plant disease resistance, the effects of melatonin and 
MaHSP90s on the endogenous levels of SA, JA, and ETH 
may also contribute to the fungal resistance in banana, at 
least partially.

Based on the above results, the possible molecular mecha-
nism of MeHSP90s in melatonin-mediated banana Fusarium 
wilt was proposed in this study (Figure 10). In response to 
fungal pathogen Foc, melatonin activates the transcripts 
of MaHSP90s, which is essential for banana resistance to 
Fusarium wilt. Moreover, melatonin and MaHSP90s trigger 
the reprograming of defense-related plant hormones (IAA, 

F I G U R E   9   The effects of melatonin and HSP90 inhibitor (GDA) on endogenous levels of melatonin and plant hormones in banana. Quantification of 
melatonin (A), IAA (B), SA (C), JA (D), and ETH (E) in banana roots after different treatments. For the assay, five-leaf stage banana roots were pretreated 
by control, 100 μmol L−1 melatonin, 10 μmol L−1 GDA, 100 μmol L−1 melatonin plus 10 μmol L−1 GDA for 2 d, thereafter were inoculated by Foc4 for 0 
and 12 h. Asterisk symbol (*) indicates a significant difference in comparison with control treatment
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SA, JA, and ETH) as well as other protective responses. 
Notably, disease resistance conferred by exogenous mela-
tonin could be reversed by the treatment of HSP90 inhibitor 
(GDA), indicating that MaHSP90s are required for melatonin-
induced banana resistance to Fusarium wilt.

5  |   CONCLUSION

Taken together, this is the first report about the roles of 
melatonin and MaHSP90 gene family in banana resist-
ance to Fusarium wilt. We highlight that MaHSP90s are 
essential for melatonin-conferred disease resistance against 
banana Fusarium wilt (Figure 10), and both melatonin and 
MaHSP90s may be further used in the biological control of 
Fusarium wilt in banana.
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