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Histological and transcriptome
analysis uncover a robust early
PTI and ETI-associated immune
response in Musa acuminata
subsp. burmannica accession
‘Calcutta 4’ to Fusarium
oxysporum f. sp. cubense
Subtropical Race 4
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Andresa Priscila de Souza Ramos2, Leandro de Souza Rocha2,
Edson Perito Amorim2, Claudia Fortes Ferreira2,
Nicola Vergara Lopes Serão3, Roberto Coiti Togawa4,
Priscila Grynberg4 and Robert Neil Gerard Miller1*
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Fruticultura, Cruz das Almas, BA, Brazil, �Departamento de Zootecnia, Universidade Federal de Lavras,
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Introduction: Banana (Musa spp.) is a globally signi�cant crop and a staple food
in the diet of millions of people. However, commercial cultivars are highly
susceptible to Fusarium wilt, a devastating disease caused by Fusarium
oxysporum f. sp. cubense (Foc). Tropical race 4 (TR4) and Subtropical race 4
(STR4) pose signi�cant threats to banana production, including ‘Cavendish’ (AAA
group), with STR4 pathogenic only in subtropical regions. Genetic resistance is
the most effective strategy to combat Foc, underscoring the importance of
advancing understanding of resistance mechanisms.
Methods: Here, we identi�ed and validated genes involved in the resistance
response to Foc STR4 through RNA-seq and RT-qPCR analyses. Two genotypes
were evaluated: ‘Calcutta 4’ (a resistant wild genotype, AA) and ‘Prata-Anª’ (a
susceptible commercial genotype, AAB). Seedlings of ‘Calcutta 4’ and ‘Prata-Anª’
were inoculated with Foc STR4 isolate 218A, and root samples from ‘Calcutta 4’
were collected at 1, 2, and 4 days after inoculation (DAI) for RNA-seq analysis.
Results: Comparative histological studies between the genotypes revealed
defence responses, such as callose deposition and phenolic compound
production, occurring exclusively in ‘Calcutta 4’ at 1 and 2 DAI, while
colonization by Foc STR4 was observed only in ‘Prata-Anª’ at 8 and 15 DAI.
RNA-seq analysis identi�ed 1416 differentially expressed genes (DEGs) in
‘Calcutta 4’, based on comparisons between inoculated and non-inoculated
control plants, log2FC >2 and <-2, and adjusted p-value for FDR at <0.05, with a
rapid upregulation of 752 DEGs at 2 DAI, including genes associated with pattern
recognition receptors, chitinases, phytohormones, resistance genes (from the
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NLR family), TFs, and systemic acquired resistance. Functional pathway analysis
highlighted coordinated defence responses in ‘Calcutta 4’ to Foc STR4.
Discussion: Together with functional validation of selected genes via RT-qPCR,
these �ndings provide a foundation for the application of candidate genes in
genetic improvement via introgression or gene-editing approaches. Given the
close phylogenetic relationship between Foc STR4 and TR4, introgression of
defense-related genes also holds promise for developing varieties that are
resistant to both race 4 pathogens, relevant for mitigating the global impact of
Fusarium wilt epidemics on banana production.
KEYWORDS

banana, Fusarium wilt, transcriptomics, genetic resistance, disease
1 Introduction
Banana is globally the most widely cultivated, consumed, and

exported fruit crop, with an annual production of 125 million tons
(FAO, 2024). Together with plantains, they represent a staple food for
over 400 million people globally (Voora et al., 2023), providing a
source of carbohydrates, essential nutrients, vitamins A, B1, B2, B3,
B6, and C, and minerals such as iron, potassium, phosphorus and
calcium (Chandler, 1995). Banana cultivation faces numerous
challenges that prevent further expansion of the international
market (FAO, 2024). Diseases caused by phytopathogens are the
primary cause of yield and quality losses, affecting plants at planting
through to post-harvest and storage (Ghag et al., 2015). Among the
fungal diseases, Yellow Sigatoka, caused by Pseudocercospora musae
(Zimm.) Deighton, Black Sigatoka, caused by P. � jiensis (Morelet)
Deighton, and Fusarium wilt, caused by Fusarium oxysporum f. sp.
cubense (Foc) (E. F. Smith) Snyder & H.N. Hansen, are particularly
destructive and can decimate entire banana plantations (Cordeiro
et al., 2016; Ploetz et al., 2015). Fusarium wilt is a classic vascular wilt
disease, where the pathogen enters the plant via direct penetration of
the root epidermal cells, eventually reaching the vascular tissues. The
�rst visible symptoms of disease include a discoloration of the
rhizome and subsequent necrosis, with fungal colonization of
vascular bundles in the pseudostem leading to xylem blockage. At
this stage, the plant typically exhibits yellowing of the younger leaves
and wilt symptoms. The period for appearance of symptoms can vary
between two to six months, complicating early diagnosis of the
disease (Cordeiro et al., 2016; Dita et al., 2018; Rishbeth, 1957).
Disease progression will eventually cause death of the plant.

Foc is subdivided into three pathogenic races based on
pathogenicity to different Musa cultivars. Race 1 affects ‘Gros
Michel’ (AAA group), ‘Silk’, and ‘Pome’ (AAB group) cultivars;
race 2 affects ‘Bluggoe’ (ABB group) (Ploetz, 2006); and race 4 is
pathogenic to all cultivars, including ‘Cavendish’ (AAA group).
Race 4 is further subdivided into Tropical Race 4 (TR4) and
Subtropical Race 4 (STR4), with STR4 being less aggressive and
capable of causing disease in ‘Cavendish’ only in subtropical regions
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(Buddenhagen, 2009). Conversely, TR4 comprises highly virulent
isolates that cause disease in ‘Cavendish’ in both tropical and
subtropical regions. An epidemic caused by Foc race 1 towards
the end of the 19th Century (Ve�zina, 2022a) devastated plantations
of the susceptible ‘Gros Michel’ cultivar (AAA group), which was
extensively cultivated in Central America at the time (Zheng et al.,
2018). In Brazil, the �rst record of Fusarium Wilt occurred in 1930
in Piracicaba, Sªo Paulo state, in the ‘Silk’ cultivar (AAB group),
rapidly spreading throughout the country and decimating entire
plantations (Cordeiro et al., 2016). The advance of the pathogen in
banana production, especially in ‘Gros Michel’, prompted extensive
research into the genetic improvement of Musa genotypes for
resistance, resulting in the development of Foc race 1 - resistant
‘Cavendish’ cultivars (Buddenhagen, 1990). However, symptoms of
Fusarium wilt were observed in ‘Cavendish’ cultivars in Taiwan in
1976, with the pathogen identi�ed as Foc Tropical Race 4 (TR4) (Su
et al., 1986). Rapid pathogen spread to ‘Cavendish’ plantations was
subsequently reported in Asian countries including Indonesia and
Malaysia (Pin, 1996) and China by the late 1990s (Ve�zina, 2022b).
Foc TR4 was reported in Australia, Oman, Jordan, and
Mozambique in 2015, in Pakistan and Lebanon in 2018, and in
Vietnam, Laos, Myanmar, and Israel shortly thereafter (Nadiah
Jamil et al., 2019; Maymon et al., 2020). The �rst case of Foc TR4 in
Latin America was reported in Colombia in 2019 (Garcõ�a-Bastidas
et al., 2019), followed by Peru in 2021 (Acuæa et al., 2022), and
Venezuela in 2023 (Mejõ�as Herrera et al., 2023). In Brazil, Foc TR4 is
a quarantine pathogen, regulated by the Ministry of Agriculture,
Livestock and Food Supply. Foc STR4, meanwhile, infects
‘Cavendish‘ bananas in Australia, the Canary Islands, China,
South Africa, and Taiwan (Munhoz et al., 2024), with widespread
distribution in Brazil (Batista et al., 2022).

Banana production has declined over the past decade, primarily
due to abiotic factors such as drought, heavy rainfall, and hurricanes, as
well as biotic factors including pests and diseases. Despite the
replacement of ‘Gros Michel’ with ‘Cavendish’ after Foc Race 1
devastation, one of the greatest challenges for the industry,
exacerbated by climate change, is the increased spread of diseases
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(Voora et al., 2023). Salvacion et al. (2019), for example, estimated that
climate change could expand areas affected by Foc by 67% in a study in
the Philippines. Globally, Fusarium wilt caused by all pathogenic races
currently results in an annual yield loss of 60–90% (Sankari et al., 2023).
In Brazil, disease incidence in ‘Silk’ �elds has reached up to 41.42%,
with a production impact of 1856.7 kg ha-� year-�, translating to an
average loss of USD 109.8 ha-� year-� (Heck et al., 2021).

Considering that Foc chlamydospores can persist in the soil for
over 30 years in the absence of a host (Stover, 1962; Ploetz, 2006; Pegg
et al., 2019), the most effective management strategy to control
Fusarium wilt is via exclusion, preventing the introduction of the
pathogen into banana-producing areas. Chemical, cultural, and
biological control methods for managing Fusarium wilt, by
contrast, have not yet proven to be suf�ciently effective to protect
susceptible cultivars (Ploetz et al., 2015). Given this scenario, the only
effective control method, when the pathogen is present in production
�elds, is to employ resistant cultivars against Foc (Xu et al., 2011;
Ploetz, 2015; Kema et al., 2021). Whilst vegetative propagation of
sterile commercial bananas equates to a low genetic variability,
increasing vulnerability to rapidly evolving pathogen races
(Simmonds, 1953; Silva et al., 2013, 2016), greater genetic
variability can be found in wild subspecies of M. acuminata and
their varieties. The M. acuminata subsp. burmannica accession
‘Calcutta 4’, which originates from Southeast Asia at the Musa
center of origin, has co-evolved with several pathogens and, as a
result, has developed an arsenal of defense mechanisms to biotic
stress. This accession is widely used in breeding programs to develop
disease-resistant cultivars (Miller et al., 2010; Sachter-Smith, 2023).

To combat recurring outbreaks, research is also increasingly
focused on understanding the genetic mechanisms underlying host
resistance to Foc, with focus on candidate gene discovery including
resistant wild bananas such as M. acuminata ‘Pahang’ and M.
acuminata subsp. burmannica ‘Calcutta 4’ (Miller et al., 2008;
Kotari et al., 2018; Zhang et al., 2018, 2019; Chen et al., 2019).
Genes expressed in wild Musa genotypes during interactions with
Foc have been applied to enhance resistance in commercial cultivars.
Genes such as MusaDAD1, MusaBAG1, and MusaBI1, which regulate
cell death, are ef�cient after cisgenesis in banana cv. ‘Rasthali’ (AAB
subgroup), with minimum symptom development after inoculation
with Foc race 1 (Ghag et al., 2014). Through introgression of an NLR
RGA2 gene from a wild species, together with the Ced9 gene from
Caenorhabditis elegans, which plays a crucial role in the regulation of
apoptosis, Dale et al. (2017) also transformed Cavendish cv. ‘Grande
Naine’, with cisgenic plants exhibiting high resistance to Foc TR4,
including in �eld trials. In a subsequent advancement, QCAV-4,
containing a single RGA2 transgene, was approved in 2025 by
Australian regulatory authorities for commercial cultivation and
human consumption, representing the �rst genetically modi�ed
‘Cavendish’ authorized for such use (Harding et al., 2025).

Cultivars such as ‘Pome’ (AAB), ‘Silk’ (AAB) and ‘Gros Michel’,
all of which are susceptible to Foc races 1 STR4 and TR4,
predominate in local Latin American and Caribbean markets
(Munhoz et al., 2024). Given the widespread presence of STR4 in
the region, the aim of this study was to identify genes involved in the
defense response of M. acuminata subsp. burmannica accession
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‘Calcutta 4’ (AA), during interaction with the pathogen F.
oxysporum f. sp. cubense race STR4. RNA-seq-based analysis of
differential gene expression together with investigation of structural
defense responses provided insights into the immune response in
this resistant wild diploid. Data serve as a basis for future
introgression of defense genes into commercial varieties such as
‘Prata’, ‘Silk’ and ‘Cavendish’.
2 Materials and methods

2.1 Preparation of Musa seedlings

In vitro-propagated seedlings of the wild accession ‘Calcutta 4’
(Musa acuminata subsp. burmannica, subgroup AA), resistant to F.
oxysporum f. sp. cubense race 1 and 4 (STR4 and TR4), and the
susceptible cultivar to both races ‘Prata-anª’ (Musa sp., subgroup
‘Pome’, AAB), were obtained from the Embrapa Cassava and Fruits
Germplasm Bank (Cruz das Almas, BA, Brazil). Seedlings were
transplanted to sterile coconut �ber substrate and acclimatized in a
greenhouse at 24°C with irrigation every 48 h. After 30 days, 100 mL
per plant of a 1g/L monoammonium phosphate (MAP) solution
was applied. After 45 days, plants were transferred to 2L pots with
fresh sterile coconut �ber. A second fertilization was applied after
30 days using a nutrient mixture of urea, magnesium sulfate, MAP,
calcium sulfate, and potassium sulfate (1 g/L each), followed 10 days
later with a �nal fertilization with zinc sulfate (1 g/L).
2.2 Inoculum preparation

F. oxysporum f. sp. cubense STR4 strain 218A, isolated from
Nanica (‘Cavendish’) plants in Sªo Paulo, Brazil and classi�ed as
VCG 0120, recognized as Foc STR4 (Rocha et al., 2018), was
maintained at Embrapa Cassava and Fruits. Inoculum was
prepared using rice infested with 106 CFU/g of Foc STR4 218A,
according to Santana et al. (2024).
2.3 Bioassays

‘Calcutta 4’ and ‘Prata-anª’ plants were inoculated by adding
50g of Foc STR4 218A-infested rice to the coconut �ber substrate;
controls received non-infested rice. The experiment followed a
completely randomized design, with each treatment comprising
three independent biological replicates. Total roots from inoculated
and non-inoculated control plants were collected at 1, 2, and 4 days
after inoculation (DAI) for RNA-seq and RT-qPCR, �ash-frozen in
liquid nitrogen, and stored at -80°C.
2.4 Histological analyses

Root samples from both genotypes were collected at 1, 2, 4, 8,
and 15 DAI. Root fragments collected at 1, 2, and 4 DAI were
frontiersin.org
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analyzed for callose and phenolic compound deposition following
Rocha et al. (2022).

For scanning electron microscopy (SEM), root samples from
the same timepoints were post-�xed in 1% osmium tetroxide (1h),
dehydrated in an acetone gradient (30%, 50%, 70%, 90%, and
100%), dried in a critical point dryer (Blazers CPD 030), gold-
coated using a sputter coater (Leica EM SCD 500), and visualized
using a scanning electron microscope (JEOL JSM 7001F).To assess
Foc STR4 colonization of host tissues, root fragments collected at 1,
2, 4, 8, and 15 DAI from ‘Calcutta 4’ and ‘Prata-anª’ were assessed
through clearing and staining according to Rocha et al. (2022).
2.5 Symptom evaluation

Seedlings of both genotypes were inoculated with Foc STR4
218A (106 CFU/g rice), with non-inoculated controls as per Santana
et al. (2024). Wilt symptoms, leaf yellowing, and rhizome necrosis,
were recorded as present or absent at 90 and 120 DAI.
2.6 Total RNA extraction

Roots from ‘Calcutta 4’ and ‘Prata-anª’ at 1, 2, and 4 DAI were
�ash-frozen in liquid nitrogen and stored at -80°C. Root fragments
were ground in liquid nitrogen, and total RNA was extracted using
1 mL of PureLink™ Plant RNA Reagent (Invitrogen –
ThermoFisher Scienti�c, Waltham, MA, USA) per sample for
5 min, followed by centrifugation (10 min, 15,000 rpm, 4°C). The
supernatant was puri�ed using the Direct-zol™ RNA Miniprep
Plus Kit (Zymo Research, Irvine, CA, USA) following the
manufacturer’s instructions. RNA integrity was veri�ed by
agarose gel electrophoresis and quanti�ed via NanoDrop™ One
Microvolume spectrophotometry (ThermoFisher Technologies,
Waltham, MA, USA).
2.7 RNA-seq library preparation and
sequencing

Total RNA from ‘Calcutta 4’ at 1, 2, and 4 DAI, and from non-
inoculated controls, was stabilized using RNA stable™ (Biomatrica, San
Diego, CA, USA) and sequenced at the Genome Quebec Innovation
Center, Canada. RNA-Seq libraries were constructed using the mRNA
stranded Library Prep Kit (Illumina Inc., San Diego, CA, USA) and
sequenced as paired-end reads (2x100 bases) on an Illumina NovaSeq
6000 system (Illumina Inc., San Diego, CA, USA).
2.8 RNA-seq data processing and
differential expression analysis

Raw paired-end reads were quality-checked with FastQC
(FastQC - https://www.bioinformatics.babraham.ac.uk/projects/
fastqc/)), then �ltered (Fastq QC>30 and minimum length � 100
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bp following trimming and adapter removal) using Trimmomatic
(Bolger et al., 2014). High-quality reads were aligned in batch mode
to the M. acuminata DH-Pahang v.4 reference genome (available at
the Banana Genome HUB: h t tps : / /banana-genome-
hub.southgreen.fr/organism/Musa/acuminata), using the STAR
software in two-pass Basic Mode (Dobin et al., 2013). Multi-
mapped reads were excluded from downstream analyses.
Quanti�cation of reads mapping to annotated gene models was
conducted using HTSeq-count (Python Software Foundation,
Portland, OR, USA) (Anders et al., 2015).

Differential expression analysis was performed using EdgeR’s
exact test in Rstudio (Robinson et al., 2010). Differentially expressed
genes (DEGs) were identi�ed based on signi�cance determined
based on adjusted p-values (FDR � 0.05) using the Benjamini–
Hochberg procedure to control the false discovery rate, with the
log2 Fold Change (log2FC) employed for determining expression
changes between treatments [‘Calcutta 4’-inoculated (I) vs. non-
inoculated (NI)].
2.9 Functional analysis of DEGs

Multiple functional annotation strategies were employed to
identify key processes and metabolic pathways affected by biotic
stress, including Gene Ontology (GO), the Kyoto Encyclopedia of
Genes and Genomes (KEGG - https://www.genome.jp) (Kanehisa
et al., 2016a), EuKaryotic Orthologous Groups (KOG) (Tatusov
et al., 2003), and MapMan (Thimm et al., 2004). GO annotation of
DEGs was performed by homology using GO enrichment software
(https :/ /banana-genome-hub.southgreen.fr/content/go-
enrichment), with parameters “Merge similar GO-term: sensitive”,
p-value �0.05, and q-value �0.01 (Droc et al., 2013). For KEGG
pathway mapping, DEG protein sequences were analyzed with
BlastKOALA (https://www.kegg.jp/blastkoala/) to generate KEGG
identi�ers (KOs) based on sequence similarity to the KEGG gene
database subset (Kanehisa et al., 2016b). Generated KOs were then
used to construct KEGG pathway maps (https://www.genome.jp/
kegg/mapper/) (Kanehisa and Sato, 2020; Kanehisa et al., 2022).
KOG annotation was performed using eggNOG v5.0 (http://
eggnog5.embl.de) (Huerta-Cepas et al., 2019) based on sequence
similarity. For MapMan pathway analysis (v. 3.5.1) (Thimm et al.,
2004), DEG protein sequences were hierarchically annotated using
Mercator4 v.5 (Lohse et al., 2014) and mapped to the M. acuminata
gene matrix, along with corresponding Log2FC expression values.

Additionally, InterPro (https://www.ebi.ac.uk/interpro/)
(Mitchell et al., 2019) and InterProScan (Jones et al., 2014) were
employed to assign functional domains to DEG protein products,
providing insight into the protein families and domains involved.
2.10 Validation of candidate genes via RT-
qPCR

Fifteen DEGs were selected for expression validation via reverse
transcription quantitative real-time PCR (RT-qPCR) (Table 1).
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Primers targeting the transcript sequence of each gene were
designed using the PrimerQuest Tool (IDT - https://
www.idtdna.com/pages/tools/primerquest), with the following
parameters: amplicon size 80–150 bp, primer length 18–25 nt,
GC content 40-60%, and melting temperature 57 - 63°C (ideally
60°C). Primer speci�city was veri�ed using NCBI Primer-BLAST
for eukaryotic organisms (https://www.ncbi.nlm.nih.gov/tools/
primer-blast). For each treatment, for both ‘Calcutta 4’ and
‘Prata-anª’, total RNA was Dnase-treated as described previously
(Section: Total RNA extraction). cDNA synthesis was conducted
using the SuperScript™ IV First-strand Synthesis System with
Oligo(DT) primers (Invitrogen Thermo Fisher Scienti�c,
Waltham, MA, USA) following the manufacturer’s protocol,
using RNA from each sample at a standardized initial
concentration of 100 ng/mL. For RT-qPCR validation of target
genes, cDNA was diluted 1:20 from stock solutions. Each 10 µL
reaction comprised 0.2 µM of each primer (forward and reverse), 5
µL of iTaq Universal SYBR Green Supermix (BioRad, Hercules, CA,
USA), 2 µL of diluted cDNA, and 2.6 µL of ddH2O. Stable reference
genes L2 and bTUB3 were employed for ‘Calcutta 4’, and ACTIN1
and GAPDH for ‘Prata-anª’, as previously described for these two
pathosystems by Costa et al. (2024). Thermocycling was performed
on an ABI StepOne Plus Real-Time Thermocycler (Applied
Biosystems, Thermo Fisher Scienti�c, Waltham, MA, USA) with
three independent biological and three technical replicates per
reaction. Cycling conditions were as follows: initial denaturation
at 50°C for 2 min, 95°C for 10 min; 40 cycles of 95°C for 15 s and
Frontiers in Plant Science 05
60°C for 60 s. Melting curves were generated in three steps: 95°C
for 15 s, 60°C for 60 s, and 95°C for 15 s.
2.11 Statistical analysis of RT-qPCR data

The qPCR data were analyzed according to the linear mixed
model below, following the strategy proposed by Steibel et al.
(2009). Data on the target and endogenous control genes are
analyzed simultaneously:

CTijklm = m + Gi + P(G)(i)j + Tk + (GT)ik + ‰P(G)T�(i)jk + Dl

+ (GD)ik + ‰P(G)D�(i)jl + (TD)kl + (GTD)ikl + ‰P(G)TD�(i)jkl

+ Sm + eijklm

where CTijklm is the CT value; m is the overall mean, Gi is the
�xed effect of the ith level of Genotype, with i = 1 or 2; P(G)(i)j is the
�xed effect of the jth level of Primer (target/endogenous) within
Genotype, with j = 1 to 3; Tk is the �xed effect of the kth level of
Treatment, with k = 1 or 2; Dl is the �xed effect of the lth level of
Day, with k = 1 to 3; (GT)ik, ‰P(G)T�(i)jk, (GD)ik, ‰P(G)D�(i)jl , (TD)kl ,
(GTD)kl , and ‰P(G)TD�(i)jkl , represent the �xed effect interactions
among the previously described parameters; Sm is the random effect
of the mth Sample, assuming S � N(0, Iss 2

s ), where Is represents the
identity matrix with dimensions equal to the number of samples
and s 2

s the sample variance; and eijklm is the random error
associated with CTijklm, assuming e � N(0, Ies 2

e ), where Ie
TABLE 1 Differentially expressed genes (DEGs) identi� ed from the in silico RNA-seq analysis of ‘Calcutta 4’ following infection with Foc STR4 at 1, 2,
and 4 DAI, selected for validation via RT-qPCR.

Gene Product Primer F Primer R

Macma4_01_g21300 Acidic endochitinase GGACTAGATACCACGACAGA AGACTTCACCGGCATAGA

Macma4_02_g09450
Leucine-rich repeat receptor-like serine/threonine/tyrosine-protein

kinase SOBIR1
TACGGATCGCCATCTTCT GGCTTTGGCTGTTAGTGT

Macma4_03_g08040 Lipoxygenase 3-2C chloroplastic CCTCCTGTGAGTAAGCTAGA GCAGAGACATGCCATTAAGA

Macma4_03_g29630 Basic endochitinase C GGACTGCTACAACCAGAAAC CGGAGTCGCTATCTCAGTAA

Macma4_04_g03250 Salicylic acid-binding protein 2 TGTCATCGAGACCTCCTTT ACACATCTGCGGCATTAC

Macma4_04_g37480 putative Disease resistance protein RPS5 CACTATGGGATCTCGGAATTG GACGGCTTGGGAGTATATTG

Macma4_06_g16370 Peroxidase 4 GACACTACTGTCCCTTGATTAC GTGGCAGTATCATCCAGAAG

Macma4_06_g30880 putative L-type lectin-domain containing receptor kinase IX.1 CGGGTTTGCCTTCTTCTT CGTGGTGTCGTTGGATAAA

Macma4_07_g21750 Premnaspirodiene oxygenase GAACAAAGGACGGCAAGTA CAGGAAGTAGCACTCACAAG

Macma4_09_g31980 NDR1/HIN1-like protein 10 GTGTGATGTGGATCTCTTCTG GAGACAGTCTGCTGCTAAAC

Macma4_10_g08320 Nematode resistance protein-like HSPRO2 AATCGAGCGGAGGATACA TCTATCAGCATGTGGAGGT

Macma4_10_g17470 Cysteine-rich repeat secretory protein 55 GGTGCGCTACGAGATTTAT AACAAGATGGCCTATGGATG

Macma4_10_g24620 Stilbene synthase 1 GATCGAGTCAGCAAGCATAG AAGCGAGGAAACAGAAAGG

Macma4_08_g16850 Protein SAR DEFICIENT 1 CTAACGGAGAGGTTCCTTTATC GGTCCACTCATTTCCATCTC

Macma4_03_g08420 Pathogenesis-related protein 1 GGGTACGTGAAGGAAAGATTGG TCGGCTCGAACTTGAAATGG

Macma4_05_g17130 Thaumatin-like protein 1 GATGCGACGCTGATGAAA AGACCGGCCATAAGATACA
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represents the identity matrix with dimensions equal to the total
number of observations.

Orthogonal contrasts were constructed for model terms
including the effect of Primer to obtain P-values for effect of
interest: P(G)(i)j for the main effect of Genotype, ‰P(G)T�(i)jk for
the main effect of Treatment and Genotype-Treatment interaction,
‰P(G)D�(i)jl for the main effect of Day and Genotype-Day
interaction, and ‰P(G)TD�(i)jkl � for the Genotype-Treatment-Day
interaction. Similarly, contrasts were used to compute � DadjCT as
the difference in CTs between the target and the average of the two
endogenous genes, and � DDCT for pairwise comparisons of
interest. This analysis enables the appropriate modelling of all
sources of variation, based on the assumption of a Gaussian
distribution for log-transformed expression levels, utilizing
heteroscedastic models that allow for heterogeneous variances
and providing a more realistic and precise �t for gene expression
data. Additionally, the inclusion of sample-speci�c effects,
representing the total mRNA level, enhances the accuracy and
applicability of the results obtained. All analyses were performed
in SAS Studio 3.81 (Enterprise Edition, SAS Institute Inc., Cary, NC,
USA). The � DDCT and Log2FC values were used to calculate
relative expression values using the 2�DDCT method (Livak and
Schmittgen, 2001). These values were then employed in graphical
representations generated using the R software (R Core Team,
2023), speci�cally the ggplot2 package (Wickham, 2016).
3 Results

3.1 Histological analysis of the host-
pathogen interactions in ‘Calcutta 4’ and
‘Prata-anã’

Root sections from resistant ‘Calcutta 4’ inoculated with Foc
STR4 218A showed the presence of callose deposition at 1 DAI,
indicated by a strong �uorescence in the root cortex cells (Figure 1A).
Lower �uorescence was observed at 2 and 4 DAI (Figures 1B, C), with
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no �uorescence observed in the non-inoculated control treatment
(Figure 1G). In susceptible ‘Prata-anª’, by contrast, neither inoculated
or non-inoculated control samples showed any evidence for callose
deposition in the stained root sections (Figures 1D–F, H). A similar
pattern of physiological responses was observed regarding the
formation of phenolic compounds. Parenchymal cells in ‘Calcutta
4’ root fragments revealed deposition of phenolic compounds at 1
and 2 DAI (Figures 2A, B), followed by a reduction at 4 DAI
(Figure 2C). No phenolic compound deposition was observed in
C4 non-inoculated controls (Figure 2G). In the case of the susceptible
genotype ‘Prata-anª’, none of the investigated time points or controls
revealed evidence for phenolic compound formation (Figures 2D–H).

SEM analysis showed only the presence of spores, potentially
chlamydospores, on the root surface of ‘Calcutta 4’ at all examined
time points (Figures 3A–C). In contrast, ‘Prata-anª’ showed spores
(Figures 3D, E), abundant hyphae and conidiophores on the root
surface by 4 DAI (Figure 3F). No fungal-related structures were
observed in the non-inoculated controls of either genotype
(Figures 3G, H). Clearing and staining of root samples revealed
spore germination, hyphal growth, and chlamydospore accumulation
exclusively on the outer root surface of ‘Calcutta 4’ at all examined time
points (Figures 4A–E), with no evidence of colonization within internal
root tissues. Similarly, spores, hyphae and chlamydospores were
abundant on the outer root surface of ‘Prata-anª’ at 1 and 2 DAI
(Figures 4F, G). In contrast, a clear colonization of internal root tissues
by Foc STR4 was evident only in ‘Prata-anª’, particularly at 4, 8, and 15
DAI (Figures 4H–J). Non-inoculated controls of both genotypes
exhibited an absence of fungal spores or hyphae (Figures 4K, L).
3.2 Fusarium wilt symptoms in ‘Calcutta 4’
and ‘Prata-anã’

Fusarium wilt symptoms were assessed at 90 and 120 DAI in
both inoculated and control plants of resistant ‘Calcutta 4’ and
susceptible ‘Prata-anª’ (Figure 5). In the case of ‘Calcutta 4’ plants,
no Fusarium wilt symptoms were observed in either inoculated or
FIGURE 1

Histological analyses of callose deposition in root tissues in ‘Calcutta 4’ (C4) and ‘Prata-anª’ (PA). (A-C) Callose deposition analysis in C4 at 1, 2, and
4 DAI, respectively; (D-F) Callose deposition analysis in PA at 1, 2, and 4 DAI, respectively; (G, H) Non-inoculated controls for C4 and PA. Arrows
highlight �uorescence, indicative of callose deposition (cd). (Bar = 100 µm).
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non-inoculated control plants at either time point (Figures 5A–H).
In contrast, inoculated ‘Prata-anª’ plants exhibited characteristic
wilt symptoms at both 90 and 120 DAI, including above ground
symptoms of yellowing of older leaves progressing to younger leaves
(Figures 5I, J), and necrosis of rhizome tissues (Figures 5M, N).
Non-inoculated control plants of ‘Prata-anª’ (Figures 5K, L, O, P)
did not display any disease symptoms.
3.3 RNA-seq data overview in ‘Calcutta 4’

Illumina NovaSeq 6000 PE100 sequencing resulted in
447,843,971 reads from the cDNA libraries representing the
treatments 1, 2, and 4 DAI with Foc STR4 218A and non-
inoculated controls in ‘Calcutta 4’. Following �ltering, the total
number of reads was reduced to 437,740,123, with 326,407,220
originating from the inoculated treatments and 111,332,903 from
the non-inoculated controls. Between 77% and 92% of the ‘Calcutta
4’ reads were correctly mapped to 36,769 gene models in the M.
acuminata subsp. malaccensis DH-Pahang v.4 reference genome
(Table 2). Illumina RNA-Seq raw sequence data were deposited in
the NCBI Sequence Read Archive (SRA) database as a BioProject,
accessible under SRA submission number SUB14923683 and
BioProject accession number PRJNA1198017.
3.4 Differential gene expression analysis in
‘Calcutta 4’

DEGs with signi�cant fold change (at least �2-fold and at a
probability level of p � 0.05) between inoculated and non-
inoculated control treatments were identi�ed following
comparison of mapped read counts. A total of 1,416 DEGs were
identi�ed in total across the three examined time points
(Supplementary Table S1). Of these, 1,223 were upregulated, with
270, 872, and 81 DEGs at 1, 2, and 4 DAI, respectively. Conversely,
193 DEGs were downregulated, with 150, 33, and 10 identi�ed at 1,
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2, and 4 DAI, respectively (Figure 6). The greatest number of DEGs
was observed at 2 DAI, with 905, followed by 1 DAI with 420, and 4
DAI with 91 DEGs. Comparison of DEGs across treatments
revealed a greater number of shared DEGs at 1 DAI and 2 DAI
(Figure 6), indicating a higher expression of certain genes in the
early stages of Foc STR4 infection in ‘Calcutta 4’. Changes in
expression of shared DEGs across treatments are shown in
Figure 7, where shades of red represent upregulation, and shades
of blue represent downregulation. Most genes were highly expressed
at 2 DAI, with a distinct expression pattern observed at 1 and 4 DAI.
These data highlight the signi�cance of the 2 DAI time point in
modulating the early defense response of ‘Calcutta 4’ to Foc
STR4 (Figure 7).
3.5 Functional analysis of DEGs in
‘Calcutta 4’

3.5.1 Gene ontology
GO analysis revealed that the upregulated DEGs were enriched

in 81 biological processes, seven molecular functions, and 40
cellular component categories, with most terms related to the 2
DAI treatment. Downregulated DEGs were enriched in 20
biological processes, three molecular functions, and 14 cellular
component categories, again mostly associated with the 2 DAI
treatment, with no enrichment observed for the 4 DAI treatment.
Key processes related to biotic stress were identi�ed among the
upregulated DEGs, including pathways associated with early
pathogen recognition, chitin response, oxidative stress, membrane
receptor signaling, chitin binding, and several signaling pathways
related to plant hormones such as ethylene, jasmonic acid (JA), and
abscisic acid (ABA) (Figure 8). Differential modulation of cellular
components, particularly related to cell wall and apoplast
modi�cations were observed between 1 and 2 DAI, potentially
indicating structural alterations, such as callose deposition,
hindering pathogen colonization of host tissues. Negative
regulation of secondary root formation, which is the primary
FIGURE 2

Histological analyses of phenolic compound deposition in root tissues in ‘Calcutta 4’ (C4) and ‘Prata-anª’ (PA). (A-C) Phenolic compound analysis in
C4 at 1, 2, and 4 days after inoculation (DAI), respectively; (D-F) Phenolic compound analysis in PA at 1, 2, and 4 DAI, respectively; (G, H) Non-
inoculated controls for C4 and PA. Arrows indicate the presence of phenolic compounds (pc). (Bar = 100 µm).
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entry point for Foc STR4 in banana roots, was also observed at
2 DAI.

3.5.2 KEGG pathway analysis
At 1 DAI and 2 DAI, upregulated DEGs were involved in

MAPK signaling pathways related to early responses to pathogen
attack, cell death, ROS, hydrogen peroxide production involved in
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programmed cell death, and signaling of ethylene and ABA
(Supplementary Figure S1). The plant hormone signal
transduction pathway map also showed that DEGs, particularly at
2 DAI, were involved in the activation of cell expansion and
elongation, ubiquitin-mediated proteolysis, and disease resistance
via auxin, ABA, ethylene, brassinosteroid, JA, and SA pathways
(Supplementary Figure S2). In the plant-pathogen interaction map
FIGURE 3

Scanning microscopy analysis of roots from ‘Calcutta 4’ (C4) (A-C) and ‘Prata-anª’ (PA) (D-F) inoculated at 1, 2, and 4 days after inoculation (DAI),
respectively. (G) non-inoculated C4 control; (H) non-inoculated PA control. Scale bars: (A, B, D, E) = 1 µm; (C, G, H) = 10 µm; (F) = 100 µm.
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