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Abstract

BACKGROUND
Red palm weevil (Rhynchophorus ferrugineus) is a major pest threatening coconut (Cocos nucifera)
production worldwide. The hidden nature of larval feeding in the tree trunk hinders early detection. When
visible symptoms appear, often it is already too late to save infested trees. Despite its economic
importance, the molecular basis of host resistance to this invasive pest remains unclear. This study
aimed to identify differentially expressed genes (DEGs) associated with resistance to red palm weevil
(RPW) and develop gene-based single nucleotide polymorphic markers for coconut improvement.

RESULTS
Comprehensive assessment of internal and external damages of coconut trees in a heavily infested field
identified Malayan Yellow Dwarf (MYD) as a resistant while Pandan and Malayan Tall (MT) as the
susceptible coconut varieties. Illumina NovaSeq platform generated 150 bp paired ends reads from 18
cDNA libraries constructed using RNA from the leaves of these three coconut varieties from infested
fields and non-infested fields (control). Differential expressed genes analysis by DESeq2 showed MYD
had the greatest number of DEGs (4,314 upregulated and 4,469 downregulated), while Pandan had 1,999
upregulated and 1,660 downregulated and MT had 1,988 upregulated and 2,185 downregulated DEGs.
Disease-resistance genes, including the RGA1, RGA3 and RPS2 were significantly upregulated in MYD.
Genes encoding transcription factors (NAC, WRKY, MYB, ERF and CAMTA) as well as phytohormone
signalling (jasmonic acid, salicylic acid and ethylene) and stress responsive (heat shock protein and
hypersensitive response) genes exhibited highest expression levels in MYD and lower or undetectable in
the Pandan and MT. Alignment of 3.0 kb of sequences upstream of the transcriptional start site in the
DEGs encoding disease resistance genes from the different varieties identified SNP variants associated
with differential response to RPW. Three significant SNP variants were identified in RGA3 promoter
region of the Pandan variety. These variants were found in the MYB-binding motif, TATA-box and CAAT-
box.

COCLUSION
Collectively, our findings provide an integrated view of transcriptional and genetic variations linked to
coconut resistance against RPW. The identified DEGs and variants within the RGA3 promoter represent
valuable markers to be used in marker assisted selection in breeding programs for developing RPW-
resistant coconut varieties.

Background
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The coconut palm (Cocos nucifera L.) is a perennial tropical crop of immense socio-economic
importance, particularly across the Asia-Pacific region where it supports the livelihoods of millions of
smallholders. As the sole species of the genus Cocos within the Arecaceae family, coconut exhibits
extensive genetic diversity, with over 1,000 accessions conserved globally through the International
Coconut Genebanks. Despite this diversity, the absence of a standardized molecular taxonomy
continues to limit the efficiency of breeding programs (1). Coconut varieties are broadly categorized as
tall (typica) or dwarf (nana) based on morphology and reproductive behaviour. Tall varieties, such as
Malayan Tall (MT) and Tagnanan Tall, are cross-pollinated and long-lived with high copra yield, while
dwarf types like Malayan Yellow Dwarf (MYD) and Pandan are self-pollinating and early bearing,
preferred for tender nut production. Hybrids between these groups, such as MAWA (MYD × West African
Tall) and MATAG (Malayan Dwarfs × Tagnanan Tall), combine high yield potential with disease tolerance
and early fruiting (2). In Malaysia, coconut remains a key plantation crop, contributing to food security
and rural livelihoods, with dwarf varieties such as MYD, Malayan Red Dwarf (MRD) and Pandan cultivated
for diverse purposes (3).

However, the sustainability of coconut production is increasingly threatened by biotic and abiotic
stresses, particularly infestations by the invasive red palm weevil (Rhynchophorus ferrugineus), one of
the most destructive insect pests of palm species worldwide. Native to Southeast Asia, this pest has
now spread to more than 49 countries across Asia, Africa, and Europe (4). The larvae bore deep into the
trunk, feeding on soft tissues, disrupting vascular transport, and eventually killing the palm within
months (5). In Malaysia, the first confirmed outbreak occurred in Terengganu in 2007, and infestations
have since expanded across all districts, severely affecting smallholder income and replanting efforts
(6). The concealed nature of larval feeding makes early detection extremely difficult, with visible
symptoms such as wilting, trunk holes, foul odour, and apical death only appearing during advanced
stages. Current management practices, including pheromone trapping, insecticide application, and
biological control, have provided limited and costly protection (7, 8). Although recent advances in
acoustic, imaging, and deep learning-based detection methods show promise, their adoption remains
restricted due to high costs and technical constraints (9).

Host-plant resistance represents the most sustainable and environmentally friendly strategy for
controlling RPW infestation. However, limited information is available on the molecular basis of
resistance among coconut varieties. Preliminary field observations suggest that MYD exhibits tolerance
to RPW, whereas Pandan and MT are more susceptible (10). Biochemical studies have shown that
resistant genotypes maintain stronger antioxidant systems and elevated defence responses compared
to susceptible ones (11). These findings suggest that genetic and transcriptional regulation play key
roles in determining resistance levels, yet the specific genes and regulatory elements involved remain
largely unknown.

Plants employ a multifaceted defence system involving structural barriers, signalling molecules, and
secondary metabolites that collectively protect against herbivory (12). Defence mechanisms are typically
mediated through two immune responses: pattern-triggered immunity (PTI) and effector-triggered
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immunity (ETI) (13). PTI involves early pathogen recognition through pattern-recognition receptors,
activating defence-related transcription factors and secondary metabolite production (14). ETI, mediated
by resistance (R) genes such as nucleotide-binding leucine-rich repeat (NLR) proteins, triggers localized
cell death and systemic acquired resistance (15). Resistance gene analogues (RGAs) and ribosomal
protein S2 (RPS2) homologs have been identified in various crops as key regulators of pest resistance
(16). In coconut, several putative R-genes have been annotated from genome sequences (17) but their
functional roles in pest resistance, particularly against RPW, have not been characterized.

The integration of transcriptomic and genomic approaches offers powerful tools to dissect plant-pest
interactions. RNA sequencing (RNA-seq) enables genome-wide identification of differentially expressed
genes (DEGs) under stress conditions, revealing the molecular pathways that underpin resistance
mechanisms (18). Previous transcriptomic studies in coconut have focused primarily on diseases such
as Phytophthora palmivora and phytoplasma (19, 20) but equivalent research on insect-induced
responses remains limited. Complementary to transcriptomics, whole-genome resequencing allows
detection of single nucleotide polymorphisms (SNPs), providing high-resolution markers linked to
resistance traits (21). SNPs located in gene promoter regions are particularly valuable, as they can alter
transcription factor binding motifs (e.g., TATA-box, CAAT-box, and MYB sites), influencing gene
expression and defence activation (22). The recent availability of high-quality reference genomes for tall
and dwarf coconut varieties (23, 24) now facilitates precise detection of such regulatory polymorphisms.

Despite the recent availability of high-quality coconut reference genome, little information exists on the
transcriptional data and promoter variation associated with resistance to R. ferrugineus to understand
the molecular responses. Hence, this study aimed to fill this knowledge gap by phenotypic
characterization of the resistant and susceptible varieties and identifying DEGs and GO enriched
pathways associated with RPW tolerance using RNA-seq. The study hoped to produce potential
molecular markers associated with RPW resistance through identification of functional SNPs within the
regulatory regions of the differentially expressed disease-resistant genes.

Material and Methods

Plant materials and sample collection
Phenotypic characterization was performed on 20-year-old mature coconut palms from three varieties:
MYD, Pandan, and MT. The samples were collected from a field naturally infested with RPW at Pantai
Batu Burok, Kuala Terengganu, Malaysia (Latitude: 5.311750, Longitude: 103.160111). Two non-infested
control locations were selected: Pusat Pertanian Lekir, Perak (Latitude: 4.1379° N, Longitude: 100.7320°
E) and Pusat Pertanian Teluk Bahru, Perak (Latitude: 3.8903° N, Longitude: 100.8975° E). All plant
materials were formally identified by the Science Officer, Department of Agriculture, Marang, and voucher
specimens were deposited at NCBI under BioProject: PRJNA1375459. Collection of plant material
complied with institutional and national guidelines, and permission for sample collection from field-
grown palms was obtained from the respective authorities.
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Eighteen young leaf samples were collected for transcriptome analysis following characterization of
symptoms in RPW infested field. The samples included both naturally infested and healthy palms from
non-infested field from three varieties of coconut, each with three biological replicates, as detailed in
Table 1. A total of nine samples were collected from infested palms located at Pantai Batu Burok in
Terengganu, alongside nine samples from non-infested palms at Pusat Pertanian Lekir and Teluk Bahru
in Perak. The control palms exhibited no apparent signs of RPW attack, functioning as a healthy
benchmark for comparative analysis.

Table 1
Treatment and control groups used for RNA-seq

analysis.
Comparison Treatment group Control group

1 FPI FPC

2 FMTI FMTC

3 FMYDI FMYDC

FPI, FMTI and FMYDI represent Pandan, Malayan Tall and Malayan Yellow Dwarf from infested field,
respectively. FPC, FMTC and FMYDC represent Pandan, Malayan Tall and Malayan Yellow Dwarf from
non-infested field, respectively that served as control.

Twenty-seven spear leaf samples were obtained from three varieties: Pandan (11 accessions), MYD (8
accessions), and MT (8 accessions) for promoter analysis of selected disease resistance DEGs.
Samples were collected from RPW infested palms at Pantai Batu Burok, Terengganu, and from healthy,
non-infested palms at Pusat Pertanian Lekir and Teluk Bahru, Perak. Selection was based on the
phenotypic characterization that categorized palms as control, low-infested, or high-infested to
encompass genetic diversity across infestation levels (Additional file 1). Genomic DNA obtained from
these samples was utilized to identify variants in the promoter regions of disease-resistance genes
potentially linked to resistance against the RPW.

Phenotypic characterization of RPW infestation symptoms and
damage
A field phenotypic characterization was carried out to identify both external and internal symptoms
associated with Rhynchophorus ferrugineus infestation in three coconut varieties: MYD which represents
the tolerant with Pandan and MT representing the susceptible categories. Palms were observed in their
natural field environment for a duration of four months. External symptoms including trunk holes, frond
wilting, leaf discolouration, and crown collapse were assessed using a descriptive scale ranging from 0
to 3, reflecting a progression from no damage to complete plant death in Table 2.
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Palms exhibiting significant external symptoms (score 3) were assessed for internal damage.
Inspections were conducted on the cross-sections of the trunk and cabbage region to identify the
presence of tunnels, larvae, pupae, and adult weevils. Five palms demonstrating significant infestation
were chosen for comprehensive internal evaluation. The findings revealed significant tissue damage
along with various developmental stages of RPW, indicating a notable level of susceptibility. Due to the
qualitative nature of the traits, the results are conveyed through descriptive comparisons among the
varieties instead of through statistical analyses.
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Table 2
Infestation level and its corresponding symptoms.

Infestation Level Symptoms

No infestation (Level 0) • No holes in trunk/petiole

• Healthy apical shoot

• No frond collapse or wilting

• Minimal or no dried leaves

• Healthy crown appearance

• No oozing of sap

Low infestation (Level 1) • Minor physical damage observed

• Presence of 1–2 holes in trunk/petiole

• Healthy apical shoot

• Minimal frond collapse

• Few dried leaves

• Healthy crown appearance

• No oozing of sap

Medium infestation (Level 2) • Moderate physical damage observed

• Presence of 3–6 holes in trunk/petiole

• Apical shoot slightly damaged

• Slight frond collapse or wilting

• Moderate number of dried leaves

• Crown remains partially healthy

• Occasional oozing of sap (thick fluid)

High infestation (Level 3) • Severe physical damage observed

• Presence of > 6 holes in trunk/petiole

• Apical shoot severely damaged or dead

• Extensive frond collapse or wilting

• Majority/all leaves dried

• Crown fully damaged or collapsed

• Visible oozing of sap (thick, foul-smelling fluid)
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RNA Extraction and mRNA Library Construction
RNA was extracted from 200 mg of frozen leaf tissue utilizing the SEPa Plant RNA Isolation Reagent Kit
(1st BASE, Singapore), adhering to a modified lithium chloride (LiCl) precipitation protocol (20). After
washing with 70% ethanol the RNA pellets were dissolved in RNase-free water. The DNase module of the
kit was employed to eliminate DNA contamination. The assessment of RNA quantity and purity was
conducted using a NanoDrop spectrophotometer, while integrity was confirmed through agarose gel
electrophoresis and analysis with an Agilent 2100 Bioanalyzer. Samples were selected for library
construction based on an RIN of 7 or higher and a 28S:18S ratio of 1.5 or greater.

Messenger RNA (mRNA) was isolated through the use of oligo(dT) magnetic beads and subsequently
fragmented before the synthesis of cDNA. Libraries specific to each strand were constructed through the
incorporation of dUTP during the synthesis of the second strand. This process was subsequently
followed by the ligation of adapters, amplification via PCR, and selection based on size. The quality of
the library was validated using Qubit, qPCR, and Bioanalyzer assays. Sequencing was conducted at
NovogeneAIT Genomics in Singapore using the Illumina NovaSeq X Plus platform, resulting in paired-end
reads of 150 bp. Following the removal of adapters and low-quality reads with FastQC v0.11.9, high-
quality clean reads was retained for subsequent analyses.

Read alignment and identification of differentially expressed genes
Clean reads were aligned to the Cocos nucifera reference genome (Accession: GWHBEBU00000000;
https://ngdc.cncb.ac.cn/gwh/Assembly/21822/show) utilizing HISAT2 v2.0.5 following the construction
of the index. Transcript assembly was conducted using StringTie version 1.3.3b, while raw read counts
were obtained through FeatureCounts version 1.5.0. The normalization of gene expression levels was
conducted utilizing the DESeq2 package (v1.38.2) within the R programming environment. Genes
exhibiting |log2 fold change| ≥ 1 and an adjusted p-value (FDR) ≤ 0.05 were identified as differentially
expressed. Genes that were upregulated exhibited increased expression levels in infested palms in
comparison to the control group, whereas downregulated genes demonstrated a decrease in expression.

Gene Ontology (GO) enrichment analysis
The functional enrichment analysis of DEGs was conducted utilizing clusterProfiler (v4.8). We identified
significantly over-represented Gene Ontology (GO) terms in biological process (BP), molecular function
(MF), and cellular component (CC) categories, with a false discovery rate (FDR) of less than 0.05, while
accounting for gene length bias. We visualized enriched GO categories using bar and bubble plots to
emphasize the significant pathways linked to defense and stress response mechanisms.

DNA synthesis and quantitative real-time PCR (qRT-PCR)
validation
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RNA from all 18 samples (three varieties × treatment and control) was treated with DNase and
subsequently reverse-transcribed into cDNA using the RevertAid First Strand cDNA Synthesis Kit
(Thermo Fisher Scientific, USA), adhering to the manufacturer’s guidelines. About 600 ng of cDNA was
generated for each reaction and preserved at − 80°C for future analyses. Quantitative real-time PCR (qRT-
PCR) was employed to confirm the expression levels of specific differentially expressed genes that were
identified through RNA sequencing. Primers specific to the genes were developed utilizing Primer3
v4.1.0 (Additional file 2). The reactions, totalling 10 µL in volume, comprised 1× Maxima SYBR Green
Master Mix (Thermo Fisher Scientific, USA), 0.2 µM of each primer, and 9 ng of cDNA template.
Amplifications were conducted using a Bio-Rad CFX384 Touch Real-Time PCR System with the following
parameters: an initial denaturation at 95°C for 1 minute, succeeded by 40 cycles consisting of 95°C for
15 seconds and a primer-specific annealing step lasting 30 seconds. Melt-curve analysis conducted
within the temperature range of 65 to 95°C, with increments of 0.5°C, validated the specificity of the
amplicon.

The normalization of relative expression was conducted utilizing two validated reference genes, CneIF-
4γ and CnEF-1α (25). CnEF-1α and CneIF-4γ were chosen as reference genes due to their stable
expression across biotic and hormone-induced stress conditions in coconut, ensuring accurate
normalization of RT-qPCR data. The evaluation of statistical significance was conducted using one-way
ANOVA followed by Tukey’s post hoc test (SPSS). The expression data are reported as mean ± SEM,
based on three biological replicates.

SNP discovery from whole genome resequencing data
Seventeen candidate disease-resistance genes identified from transcriptomic analysis were selected for
promoter-region variant screening using data from whole-genome resequencing of 27 leaf samples
representing three coconut varieties Pandan, MYD, and MT collected from both Rhynchophorus
ferrugineus infested and non-infested fields. High-quality reads were aligned to the Cocos nucifera
reference genome, and SNPs were called and filtered for quality. Comparative analyses were conducted
for three pairwise groups: MYD vs. Pandan, MYD vs. MT and MT vs. Pandan. Significant allele-frequency
differences were identified using Fisher’s exact test with false-discovery-rate (FDR) correction. FDR
employed to identify genotype–phenotype associations due to its efficacy in managing small datasets
and categorical distributions. SNPs situated within 3-kilobase promoter region upstream of the
transcriptional start site that coincide with established cis-regulatory motifs were designated as putative
functional variants that may affect gene expression.

SNP variant calling in promoter regions
Variant discovery was confined to 3.0 kb upstream of transcription start sites of 17 disease-resistance
genes identified from transcriptomic data (Additional file 3). Promoter coordinates were established
using BEDTools, and SNPs were identified with GATK HaplotypeCaller v4.4. Variants were refined
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utilizing GATK VariantFiltration with the following criteria: QD > 2.0, QUAL > 30, FS < 60, SOR < 3, MQ > 40,
MQRankSum > − 12.5, and ReadPosRankSum > − 8. Filtered VCFs were compressed, indexed, and
amalgamated using bcftools to generate a consolidated dataset for subsequent analyses.

Comparative analysis of SNPs among varieties
Pairwise SNP comparisons were conducted among Pandan, MYD, and MT varieties. Custom Python
scripts filtered and identified SNPs unique to each comparison group (MYD vs Pandan, MYD vs MT, and
MT vs Pandan). Variety-specific variants were extracted into separate VCF files for further annotation
and statistical analysis.

Variant annotation and visualization
A bespoke SnpEff v5.1 database for coconut was constructed by amalgamating the genome and GFF
annotation files. Annotated VCFs and summary reports (gene and HTML files) were produced for each
comparison. Heatmaps were employed to visualize the distribution of significant SNPs, demonstrating
genotype clustering between resistant and susceptible varieties.

Statistical analysis of SNP variants
FDR was utilized for each SNP to evaluate the correlation between allele presence and resistance
phenotype. P-values were adjusted for multiple comparisons utilizing the Benjamini–Hochberg false
discovery rate method; variants with an FDR < 0.05 were deemed significant. Analyses were conducted
utilizing Python scripts to produce 2 × 2 contingency tables that compare resistant and susceptible
groups (supplementary data)

Annotation of promoter motifs for significant SNPs
The promoter sequences of the 17 candidate genes were extracted using BEDTools getfasta and
analyzed for cis-regulatory motif prediction via the PlantCARE database. SNP positions in BED format
were intersected with motif coordinates utilizing BEDTools intersect to identify variants that overlap with
regulatory motifs. Single nucleotide polymorphisms within motifs were regarded as putative regulatory
markers that may affect gene expression associated with resistance to the RPW.

Results

Phenotypic characterization of external damage of the
palm
Phenotypic characterization examining RPW infestation symptoms across the three coconut varieties
(MT, Pandan, and MYD) focusing on external damage was performed based on Table 2. Most Pandan
and MT palms showed moderate to severe damage (Levels 2–3), including multiple trunk holes,
collapsed fronds, drying leaves and damaged crowns. In contrast, MYD palms exhibited only mild
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symptoms (Level 1), such as a few holes, drying leaves while maintaining healthy crowns and apical
shoots.

The severely damaged Pandan (Level 3) symptoms of RPW infestation include numerous trunk holes, a
severely damaged apical shoot, complete collapsed fronds, widespread leaf drying and a fully collapsed
crown, indicating a high level of infestation (Fig. 1A ad 1B). These observations reflect the high
vulnerability of the Pandan variety. Similarly, the MT variety displayed extensive (Level 3) structural and
physiological damage. Severely infested palms had six or more trunk holes, destroyed apical shoots,
wilting, collapsed fronds, desiccated leaves, and fully damaged crowns (Fig. 1C and 1D). These
symptoms confirm that MT is another susceptible variety prone to severe RPW damage.

In contrast, most of MYD palms were either symptom-free (Level 0) or exhibited low-level symptoms
(Level 1), such as more than three holes, some dried leaves, and slight frond collapse, while maintaining
healthy apical shoots and crowns appearance (Fig. 1E and 1F). These findings suggest that the MYD
variety is more resistant to RPW infestation.

Phenotypic characterization of internal damage of the palm
Both MT and Pandan varieties that exhibited Level 3 RPW infestation, were characterized by severe
internal damage. The MT variety as shown in (Fig. 2) showed severe internal deterioration, with
blackened cabbage tissue, trunk tunneling, and chewed petiole fibers. High larvae and RPW presence
were observed, often accompanied by a foul smell. Notably, MT showed signs of infestation starting at
the base of the trunk, with tunneling progressing upward to the cabbage. Similarly, in the Pandan variety
(Fig. 3), RPW larvae fed extensively on the internal cabbage, destroying fibers and hollowing out tissues,
which led to palm collapse from within before visible external symptoms appeared. The cabbage tissues
were chewed and tunneled through, resulting in blackened, decaying areas with a foul odor, and
numerous pupal cases and larvae were found in the petiole, where eggs had been deposited. These
findings confirm that both varieties are highly susceptible to RPW, suffering extensive structural and
physiological damage that often remains hidden until advanced infestation.

To ensure similar environmental exposure, this study collected leave samples from MT, Pandan, and
MYD coconut cultivars under equal field conditions. RPW infestation caused level 2 damage to MT and
Pandan, with three biological replicates examined for transcriptomics. Due to plant degeneration and
mortality, level 3 damage samples could not be collected. Pandan and MT had no field damage level 1
palms. MYD showed only level 1 damage, suggesting a physiological or genetic basis for its resistance.
The observed differences suggest that inherent genetic variables affect the variety's ability to manage
RPW-induced stress. We hypothesize that Pandan and MT are susceptible to RPW due to the severity of
the damage, while MYD is more resistant due to the least palm damage in the same infested field.

Comparative transcriptomics of susceptible and resistant
varieties under RPW infestation
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Transcriptome sequencing using the Illumina NovaSeq X Plus (Illumina, USA) at Novogene, Singapore of
18 leave samples yielded 720,702,000 properly mapped paired-end clean reads, with 356,495,172 reads
in control samples and 364,206,828 reads in infested samples. Among all the sequenced reads,
91.73%-89.4% were successfully and properly mapped to the reference genome, with an average of
90.50%. The unmapped reads were then excluded from further analysis. The average error rates, Q20%,
and guanine-cytosine content were 0.01, 98.64%, and 48.92%. Figure 4 shows that Pandan reported
115,457,742 (control) and 116,819,824 (infested) read counts for each variety, a log2 fold change of
0.0156. MYD recorded 120,168,520 (control) and 122,346,128 (infested) with 0.03 log2 fold change. MT
had 119,506,828 (control) and 126,402,958 (infested) with the highest log2 fold change of 0.08
(Additional file 4). The constant read counts and fold variations across biological replicates enable
strong identification of stress-related DEGs, revealing resistance mechanisms in the three coconut
varieties.

The mRNA fragments (150 bp) were generated from the FastQC analysis which employs Phred base
calling as a metric to evaluate the base call quality across the sequenced reads. The mean quality
(represented by the blue line) fell to the green region’s scores of 38–40, which denotes very good quality
calls as shown in Fig. 5. The obtained clean paired-end reads were mapped to the Cocos Nucifera
reference genome (23) using the HISAT tool.

MYD showed the highest count of unique genes among the upregulated DEGs, totalling 4,314 (42.1%),
reflecting significant transcriptional activation due to infestation. MT had 1,988 unique DEGs (27.6%),
whereas Pandan recorded the lowest at 1,999 (13.9%). Commonly upregulated DEGs among the
varieties included 207 genes (2.0%) shared by all three. MYD exhibited the highest count of unique
downregulated DEGs, totalling 4,469, which represents 36%, indicating a dynamic regulatory response.
MT exhibited 2,158 unique downregulated DEGs, accounting for 25%, while Pandan showed 1,660,
representing 13.7%. Just 156 genes (1.4%) were consistently downregulated in all varieties. MYD
showed the most significant transcriptional changes in gene activation and repression, suggesting a
more adaptive and responsive defense mechanism against RPW stress than the other two varieties
(Fig. 6).

GO Analysis
The findings from the Gene Ontology (GO) enrichment analysis for the three coconut varieties Pandan,
MYD, and MT are presented in Table 3. The table outlines the number of enriched GO terms for each
variety and regulation type (upregulated or downregulated), along with the total genes associated, the
count of significantly enriched pathways, and the specific genes involved in these pathways across the
three primary GO categories: Biological Process (BP), Cellular Component (CC), and Molecular Function
(MF).
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Table 3
The number of enriched GO terms, total genes, and significant pathways (with genes in

significant pathways) for each cluster
Cluster Pandan MYD MT

UP BP 409 / 2856 / 24 (282) 483 / 5471 / 0 (0) 444 / 4056 / 21 (679)

UP CC 107 / 498 / 0 (0) 125 / 943 / 0 (0) 123 / 1222 / 30 (581)

UP MF 285 / 2314 / 3 (27) 316 / 4106 / 14 (406) 306 / 2702 / 18 (500)

DW BP 415 / 2994 / 1 (23) 493 / 6545 / 21 (1051) 454 / 3229 / 1 (20)

DW CC 91 / 640 / 8 (141) 128 / 1459 / 8 (670) 104 / 671 / 10 (141)

DW MF 263 / 2007 / 3 (83) 313 / 4509 / 25 (1356) 293 / 2315 / 14 (575)

GO, Gene Ontology; BP, Biological Process; CC, Cellular Component; MF, Molecular Function; UP, up-
regulated; DW, down-regulated; MYD, Malayan Yellow Dwarf; MT, Malayan Tall. GO enrichment analysis
was performed using standard thresholds (P < 0.05). Results are formatted as Enriched GO Terms / Total
Genes / Significant Pathways (Genes in Significant Pathways). Numbers in parentheses indicate the
number of genes associated with significant pathways within each category.

As shown in Fig. 7A, Pandan exhibited notable enrichment of metabolic and photosynthetic pathways,
with genes that were upregulated related to trehalose synthesis and RNA glycosylase function.
Upregulated RNA glycosylase activity indicates enhanced RNA surveillance that supports defense gene
expression by eliminating damaged or pathogenic RNA molecules during pest stress, whereas
downregulated genes were associated with photosynthesis and thylakoid activities (Additional file 5).
Figure 7B shows MYD showed a reduced number of enriched pathways in the upregulated genes,
highlighting significant roles in ADP binding, ATPase activity, and ion channel regulation. In contrast,
there was a wider array of enriched processes observed in the downregulated genes, especially
concerning translation, peptide biosynthesis, and ribosomal functions (Additional file 6). In MT, as shown
in Fig. 7C, analysis revealed a variety of enriched pathways among both upregulated and downregulated
genes. The upregulated genes prominently featured pathways related to vesicle-mediated transport,
protein localization, and membrane processes, whereas the downregulated genes were associated with
photosynthesis, thylakoid functions, and transcription regulation (Additional file 7).

The heatmap in Fig. 8 for top 100 upregulated genes, shows expression of a wide range of genes that
help the coconut palms resist disease and respond to stress.

A variety of gene expression changes associated with disease resistance and stress responses were
identified. The biological samples showing increased expression of immune response genes, especially
those in green and yellow tones, are likely associated with the MYD coconut variety, known for its strong
resistance to RPW infestation. The genes RGA1_SOLBU, RGA3_SOLBU, and DRL37_ARATH show
significant elevation in MYD, encoding disease-resistance proteins featuring NB-ARC and RxN-terminal
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domains. The prevalence of RGA3_SOLBU in the dataset suggests the presence of distinct isoforms or
splicing variants. RPS2 expression is notably higher in MYD than in Pandan or MT, highlighting its unique
role in pathogen recognition and defence signaling.

Alongside R genes, various transcription factors and signalling components were identified as
differentially expressed. WRKY23, WRKY33, and WRKY70, together with NAC-domain transcription
factors, are crucial in modulating immune gene expression and augmenting subsequent defences upon
pathogen recognition. The GATA-type transcription factor GAT21_ARATH and the rice-derived kinase
PTI0_ORYSJ, associated with PAMP-triggered immunity (PTI), exhibited increased expression. Similarly,
MAPK3_ARATH, a Mitogen-Activated Protein Kinase, was positioned inside the top 100 genes in MYD
and has a crucial upstream function in hormone signaling, reactive oxygen species (ROS) production,
and cell wall reinforcement (27). Genes associated with cell wall modification, including CAD-C, CAD-D,
and CADH_POPDE downstream in the MAPK3 pathway, exhibited elevated expression in MYD. These
genes facilitate lignin production and cinnamyl alcohol dehydrogenase activity, hence strengthening the
cell wall structure (28).

Furthermore, among the top 100 downregulated genes XTH1 and XTH8 in MYD impede cellulose
degradation, thereby increasing cell wall rigidity alongside other with other downregulated genes such as
endoglucanase 24 and Os09g0533900. A more pronounced downregulation of XTH25, which relaxes cell
wall constituents (29), further substantiates the notion that MYD fortifies structural defenses against
RPW larvae penetration. Likewise, SUS1_TULGE, a sucrose synthase gene, exhibited a more pronounced
downregulation in MYD compared to Pandan and MT, indicating a strategic decrease in sugar availability
that may limit pathogen access to nutrients (30).

Hormonal signalling pathways were significantly active in MYD. MAPK3_ARATH and TMK1 not only
enhanced cell wall fortification but also had a role in hormone signalling. The ethylene signalling system
exhibited activation, notably via the downregulation of CTR1, a high-affinity copper absorption gene that
typically inhibits ethylene responses (31). Our data also showed that genes associated with
brassinosteroid signalling, including BZR1 and P450 85A1, were increased in MYD, reinforcing the
balance between growth and defence as well as immunological activation (32).

In the JA and ET signalling domains, numerous key genes exhibited differential expression.
JAMYB_ORYSJ, which governs JA-dependent secondary metabolite synthesis, ranked among the top
100 most elevated genes in MYD. The increased expression of ACCO_MUSAC and OPR2_ARATH, pivotal
genes in ethylene and jasmonic acid (JA) production respectively, strengthens the activation of these
hormonal pathways. Concurrently, CHI, a chalcone isomerase integral to flavonoid biosynthesis,
exhibited downregulation, indicating a reallocation of metabolic resources from flavonoid synthesis to
jasmonate-mediated defences (33). This metabolic shift presumably facilitates improved JA responses
to pest attack. In addition to this hormonal interaction, WRKY6_ARATH, WRKY75_ARATH and
DRL13_ARATH which facilitate salicylic acid (SA) signalling, exhibited elevated expression in MYD,
indicating the synchronised activation of many hormonal defence mechanisms.
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The heatmap additionally features stress response genes, including BAG5_ARATH and DNJ1_CAEEL,
which encode heat shock proteins that maintain protein stability during immunological responses (34).
HSP82, an additional molecular chaperone, likewise stabilises immunological signalling proteins.
DND1_CUCSA was produced to refine the hypersensitive response (HR), a crucial mechanism that
mitigates excessive cellular apoptosis during immunological activation. Furthermore, genes from the
glutathione S-transferase (GST) family, including GSTFC and GSTF3, were elevated in MYD, significantly
contributing to reactive oxygen species (ROS) detoxification and the preservation of cellular redox
equilibrium (35). Notably, At5g45910, which encodes a GDSL lipase, was downregulated in MYD,
indicating diminished dependence on lipid-mediated signalling (36).

Transporter genes were another essential category that strengthened MYD's defensive capabilities.
ABCB19_ARATH, a member of the ATP-binding cassette (ABC) transporter family, is among the top 100
upregulated genes in MYD and is recognized for its role in mediating auxin transport, therefore enabling
hormonal crosstalk and defense coordination. Transporters such as NtABCG5, ABCB29, and UGT71,
although not ranked among the top 100, were elevated and facilitate the movement of secondary
metabolites and detoxification products (37). Conversely, the TAAC gene, responsible for the transport of
3′-phosphoadenosine 5′-phosphosulfate (PAPS) in glucosinolate production, exhibited downregulation,
indicating a reallocation of ATP and metabolic resources towards more rapid defence responses [33].

Collectively, these findings demonstrate that the MYD variety employs a multifaceted defence
mechanism that includes improved pathogen recognition (through R-genes), activation of immune
signalling (MAPKs, WRKYs, and hormonal pathways), strengthening of structural barriers (cell wall
biosynthesis), and efficient resource allocation (downregulation of sugar and flavonoid biosynthesis).
The incorporation of transporter and detoxifying genes enhances MYD's capacity to respond swiftly and
efficiently to RPW stress. This coordinated genetic response highlights the enhanced resistance of the
MYD coconut variety and provides a significant basis for future coconut breeding initiatives focused on
enhancing pest resilience.

Based on Table 4, in the present study, transcriptomic profiling identified key disease resistance genes
upregulated in RPW-infested coconut palms across varieties, particularly putative disease resistance
proteins RGA1, RGA3, and RGA4 from Solanum bulbocastanum, and RPS2 (Resistance to Pseudomonas
syringae 2), annotated here as DRL37_ARATH from Arabidopsis thaliana. These genes are known to
encode NB-LRR-type proteins involved in the recognition of pathogen-associated molecular patterns
(PAMPs) and effector proteins. RGA proteins contain conserved NB-ARC and Rx N-terminal domains
responsible for nucleotide binding and immune activation, while RPS2 is part of the well-characterized
plant immune receptor family that mediates effector-triggered immunity (ETI), particularly in response to
bacterial pathogens.
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Table 4
Log2fold Change in Disease Resistance DEGs across

Coconut Varieties. The different types of putative
disease resistance gene (RGA) and ribosomal protein

S2 (RPS2) show much higher level of expression in the
resistant variety (MYD) compared to the susceptible

varieties (Malayan Tall and Pandan).
Gene Name Malayan Tall MYD Pandan

RPS2_ARATH - 12.05 -

RGA1_SOLBU 1.21 3.84 3.38

RGA3_SOLBU - 2.91 2.43

RGA3_SOLBU - 2.54 -

RGA3_SOLBU - 2.52 -

RGA3_SOLBU - 2.46 -

RGA3_SOLBU 0.95 2.15 -

RGA1_SOLBU 1.32 2.14 -

RGA3_SOLBU - 2.03 -

RGA1_SOLBU - 1.99 -

RGA3_SOLBU 0.95 1.87 -

RGA4_SOLBU - 1.65 -

RGA3_SOLBU - 1.62 -

RGA3_SOLBU 0.78 1.54 -

RGA1_SOLBU - 1.53 -

DRL13_ARATH - 1.41 -

RGA3_SOLBU 0.65 0.96 1.63

Expression analysis revealed significant upregulation of RGA3 and RPS2 (DRL37_ARATH) in the MYD
variety. Specifically, multiple isoforms of RGA3 exhibited high log2 fold changes in MYD (ranging from ~ 
1.5 to ~ 2.9), indicating strong transcriptional activation of defense pathways. RGA1 was also
upregulated across all varieties, but with notably higher expression in MYD. In contrast, RPS2 was
exclusively upregulated in MYD (log2 fold change ≈ 12.05), with no detectable expression in Pandan or
MT. This dramatic differential suggests that RPS2 may be a critical marker of MYD’s heightened
immunity against pathogens.

As shown in Fig. 9, the MYD variety exhibits the highest upregulation of DEGs across all transcription
factor families, particularly in the MYB family. This suggests that MYD might have a stronger
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transcriptional response in defense-related pathways compared to MT and Pandan.

The findings of this investigation indicate that the defence-related transcription factors were both
upregulated and downregulated across all varieties, with the MYD variety demonstrating the number of
upregulated genes in comparison to the Pandan and MT varieties. This encompasses NAC transcription
factors such as NAC56, NAC-domain-containing proteins NAC22, NAC58, NAC68, NAC100 and NAC73
which are significant in enhancing stress tolerance and activating defense pathways (39). The
expression levels of MYB transcription factors, including MYB30_ORYSJ and JAMYB_ORYSJ, were
observed to increase, while MYB20, MYB44, and MYB60 demonstrated a decrease. This differential
expression plays a crucial role in the regulation of defence gene expression (40). The expression levels
of WRKY family transcription factors, including WRKY24, WRKY76, and WRKY55, were notably elevated in
MYD, suggesting their involvement in facilitating immune responses in the context of RPW infestation
(41). Alongside, the expression levels of ERF transcription factors, specifically ERF17, ERF071, ERF018,
and ERF3, were found to be elevated, whereas ERF023 and ERF5 demonstrated reduced expression
within the MYD integrated key stress signalling pathways, thereby enhancing defence mechanisms (42).
The results highlight the robust defence response exhibited by MYD in relation to other varieties.

There was a notable increase in the expression of Man2_Arath and RCA2_lartr across

all three coconut varieties. Conversely, Xth8_arath, Flz13_arath, Exol2_arath, and Anxd1_arath exhibited a
consistent and significant decrease in expression. This suggests a common transcriptional response
characterized by the activation of basal defence genes, alongside the repression of cell wall remodelling,
oxidative stress response, and hormone-regulated growth processes. In the context of RPW infestation,
Hsop2_arath, Acet1_orysj, and Dre2b_orysj exhibited the highest levels of expression in Pandan, with MT
following, and MYD showing the least expression. Additionally, Crt1_arath and Syt4_arath were also
notably expressed in both Pandan and MT. This pattern suggests that the vulnerable varieties depend on
the transcriptional activation of chaperone and membrane-associated stress response genes to uphold
cellular homeostasis and structural integrity when robust resistance mechanisms are lacking.

RT-qPCR statistical analysis
RT-qPCR was conducted to validate the expression of selected genes as an independent assessment of
RNA-seq data. It was demonstrated that the expression profile based on the up regulated expression of
the selected genes in the three varieties as analyzed by RT-qPCR was coherent with the expression
pattern obtained from RNA-seq data. There was no gene in the table exhibiting an expression pattern
contradictory between both assessments. Additionally, 5 out of 6 genes tested (G245724, G328289,
G35839, G358391, G359637 and G2812948) demonstrated that the infested MYD expression level was
significantly different from the infested Pandan and infested MT as shown in Fig. 10. The substantial
error bar indicates inherent biological variability among field-grown palms, rather than technical
discrepancies. Environmental disparities, genetic diversity, and fluctuating pest infestation rates
frequently amplify variance in biological replicates. This variability is characteristic of field-based plant
defense studies and represents genuine biological diversity rather than measurement error.
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Comparative analysis on SNP Variants
Single-nucleotide polymorphisms (SNPs) were identified within the promoter regions of the 17
differentially expressed disease-resistance genes. These genes include RGA3 and RPS2, that encode NB-
ARC domain–containing resistance proteins that play crucial roles in early pathogen recognition. The
selected genes were previously shown to be highly expressed in the resistant MYD variety and
downregulated in the susceptible Pandan and MT varieties. The identified SNPs were distributed across
8 of the 16 coconut chromosomes (Fig. 11).

Comparative SNP analysis among the three coconut variety pairs identified distinct genetic variation
patterns between resistant and susceptible genotypes. Group 1 (MYD vs. Pandan) exhibited the highest
polymorphism, with 846 SNPs across promoter regions of disease-resistance genes, indicating strong
genetic divergence. Group 2 (MYD vs. MT) showed moderate variation with 684 SNPs, while Group 3
(Pandan vs. MT) had the fewest (368 SNPs), suggesting greater genetic similarity between the two
susceptible varieties. The SNP distribution across the three pairwise comparisons is summarized in
Table 5.

Table 5
The chromosome-wise distribution of SNP variants identified in pairwise

comparisons between three coconut variety groups: Group 1 (MYD vs.
Pandan), Group 2 (MYD vs. MT), and Group 3 (Pandan vs. MT). For each
chromosome, the table includes the chromosome length, the number of

variants detected in each group, and the total number of variants across all
chromosomes for each group.

Chromosome Length (bp) Group 1 Group 2 Group 3

GWHBEBU00000003 186,073,739 213 187 80  

GWHBEBU00000004 180,782,608 119 122 17  

GWHBEBU00000005 175,769,743 70 79 15  

GWHBEBU00000007 173,889,360 73 83 10  

GWHBEBU00000010 151,372,088 1 13 14  

GWHBEBU00000011 140,948,024 243 87 184  

GWHBEBU00000014 91,061,363 60 58 14  

GWHBEBU00000016 82,661,309 67 55 34  

Total 1,182,558,234 846 684 368  

Venn diagram analysis (Fig. 12) of the three pairwise comparisons Group 1 (MYD vs. Pandan), Group 2
(MYD vs. MT), and Group 3 (Pandan vs. MT) revealed substantial overlap in promoter-region SNPs
among the groups. Groups 1 and 2 shared the highest overlap, with 575 common SNPs, indicating
similar genetic variation patterns between MYD and both susceptible varieties. This suggests that MYD
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may share conserved regulatory variants influencing disease resistance. No unique SNPs were detected
in any single group, implying that all identified variants were shared with at least one other comparison.

Group 1 (MYD vs. Pandan) was selected for promoter motif analysis due to its highest SNP count and
strongest overlap with other comparisons, indicating extensive genetic variation in regulatory regions.
This group provided the best framework for identifying promoter motifs potentially linked to resistance
mechanisms. Chromosomal distribution of SNP genotypes (Fig. 13) showed that most variants occurred
in the susceptible Pandan variety, suggesting altered regulatory sequences associated with
Rhynchophorus ferrugineus susceptibility. In contrast, the resistant MYD variety predominantly exhibited
homozygous reference genotypes (0/0), reflecting a more stable promoter architecture and genomic
consistency.

Statistical Analysis of SNP Variants in MYD and Pandan
variety
FDR was applied to associate SNP variants with resistance or susceptibility to Rhynchophorus
ferrugineus. Among 839 SNPs distinguishing the resistant MYD and susceptible Pandan varieties, 70
variants exhibited significant associations (p < 0.05) with the phenotypic classification, indicating their
potential involvement in RPW resistance mechanisms.

The 70 SNPs significantly associated with RPW resistance were subjected to False Discovery Rate (FDR)
correction to minimize Type I errors from multiple testing. Following adjustment, 49 variants with FDR-
corrected p-values < 0.05 were retained as strong candidates for functional analysis and promoter motif
annotation. Most significant SNPs occurred in the susceptible Pandan variety, whereas the resistant
MYD exhibited minimal variation, predominantly homozygous reference genotypes (0/0). This pattern
suggests that genetic variation contributing to RPW susceptibility is concentrated in regulatory promoter
regions of the susceptible genotype, while MYD maintains greater genetic stability and potential
resistance-associated conservation.

Significant SNP Variant in the promoter motif
Among the 49 SNPs significantly linked to susceptibility, 4 SNP variants were found to be significant
above the threshold and only 3 variants were identified within the promoter motif region of gene g76386,
highlighting the specific influence of these variants in the gene's regulatory regions as shown in Fig. 14.

Significant SNPs were located within key promoter motifs, including TATA-box, CAAT-box, and MYB
elements (Table 6). Among the 17 analysed genes, only g76386 contained SNPs within its promoter
region, suggesting its regulatory role in coconut susceptibility to Rhynchophorus ferrugineus. These
variants likely influence transcriptional activity through motif disruption. Three SNPs within these motifs
were identified as potential gene-based markers for RPW susceptibility in coconut germplasm. This table
highlights motifs identified in this sequence of promoter region along with the associated variants found
in these regions. The motifs include TATA, CAAT-box and MYB motif.
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Table 6
Motifs and Variants Identified in the Promoter Region

Motif

SNP Position

Motif sequence in reference genome

TATA

62717576

TTCAGGACTTAGAGCCAT/CATAAAATATAACTTAAAAGAG

CAAT-box

62717891

TGTATTTGAAATACCATCAA/TATTAATATTTTTCTTGTTAAG

MYB

62718576

ATACCTGGAAGGAACTG/CTAACCATGGTTAAAAAGGAG

Discussion
The main findings of this study provide insights into the differential response of three varieties of mature
coconut palm (Pandan, MT, and MYD) grown in Malaysia to RPW, the invasive insect pest. All the palms
were collected from the same field site, minimizing the environmental variability. This setting allows us
to capture the natural infestation of RPW in the coconut field, which makes this study different from
other molecular studies that have been carried out in the past (43, 44). The field phenotypic data aligned
with the molecular evidence to show MYD as the resistant variety while Pandan and MT as the
susceptible varieties.

RPW has specific preferences in its attack points based on coconut variety, which is influenced by
variations in trunk structure, plant height, and environmental exposure. In MT, the RPW was
predominantly found to be entering through the base of the trunk, likely exploiting pre-existing entry
points left by rhinoceros beetles (Oryctes rhinoceros) as a secondary infestation route, similar to
previous observation (45). In contrast, in Pandan, RPW infestation occurred primarily through the crown
region at the top of the tree, suggesting a more direct and aggressive mode of entry as reported in the
previous study by (45). Despite these differences in the initial site of attack, both susceptible varieties
eventually displayed similar characteristics of tissue damage, including wilting, the presence of tunnels
or holes in the trunk, leaf discoloration, the detection of larvae or pupae, chewed cabbage, and death of
the apical shoot as the final stage of infestation.

The transcriptional responses to RPW infestation are distinct among the three coconut varieties, as
evidenced by their GO enrichment profiles. The GO data clearly demonstrate a significant divergence
between the resistant (MYD) and susceptible (MT and Pandan) genotypes, despite a few shared baseline
response pathways. Across all three varieties, there is a common enrichment of terms related to
carbohydrate metabolism, cell wall structure, and primary metabolic processes, indicating that basal
responses to pest attacks, such as reinforcement of the cell wall and adjustment of energy metabolism,
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are enriched in all genotypes (46). GO terms like "cell wall," "cytoplasmic part," and "external
encapsulating structure" suggest an attempt by each variety to maintain structural integrity during biotic
stress (47). This shared profile reflects a generalized, evolutionarily conserved response to insect attack
but does not in itself determine resistance.

Interestingly, genes like Man2_arath and Rca2_lartr were significantly upregulated across all three
varieties, indicating their potential involvement in basal or induced defense mechanisms. The
Man2_arath encodes the β-mannanase enzyme, which facilitates the hydrolysis of (1→4)-β-D-
mannosidic linkages found in mannans, galactomannans, and glucomannans in plant cell walls (48). The
increased activity of β-mannanase may play a role in the localized softening of cell walls, enabling the
liberation of oligosaccharide fragments that function as damage-associated molecular patterns
(DAMPs) (49). DAMPs can initiate subsequent defence signaling pathways, including the JA pathway,
which is often linked to resistance against herbivores (50). Xth8_arath, Flz13_arath, Exol2_arath, and
Anxd1_arath were downregulated across all three coconut varieties, suggesting RPW infestation may
suppress cell wall remodelling, oxidative stress defence, and hormone-regulated growth. Suppression of
Xth8_arath, an enzyme involved in xyloglucan metabolism and cell wall loosening (51) could possibly
restrict tissue softening and insect penetration. Under pest pressure, suppression of Flz13_arath, a
SnRK1-interacting protein, may indicate a change away from energy homeostasis and signalling
integration (52). Downregulation of brassinosteroid-associated Exol2_arath and stress-related
peroxidase Anxd1_arath suggests decreased growth signalling and ROS-scavenging (53). Altogether, the
induced downregulated expression of the above-mentioned genes in all three varieties suggests altered
cell wall modification and defense-related processes affecting structural integrity and stress recovery
following RPW attack.

Several putative disease resistance genes RGA3_ SOLBU and RPS2_ARATH (DRL37_ARATH), that
encode NBC-ARC proteins and NBC-LRR protein, respectively, exhibited significant elevated expression
levels in MYD in comparison to Pandan and MT. The regulation of NB-LRR proteins is mediated by the
NB-ARC domain. NBS-LRR proteins belong to multigene families and play a crucial role in conferring
resistance against a range of pathogens (54). The NB-ARC domain functions as a molecular switch that
modulates immune activation by transitioning between an inactive state associated with Adenosine
Diphosphate (ADP) and an active state associated with Adenosine Triphosphate (ATP). NB-LRR proteins
utilize their LRR (Leucine-rich repeat) domain to detect effectors resulting from infestation and plant cell
damage, thereby regulating NB-ARC activity (55).

The identification of DEGs corresponding to key disease resistance genes such as RPS2 further
supports MYD enhanced immune capacity against RPW infestation, especially under higher weevil
density (Population C), indicating their role in active defense (43). RPS2_ARATH gene that encodes the
disease resistance protein RPS2 was initially characterised in Arabidopsis thaliana for its function in
providing resistance to Pseudomonas syringae. The present dataset indicates that this gene was solely
expressed and highly expressed in the MYD variety and not in the other two varieties. This gene is
essential in effector-triggered immunity, indicating that RPS2 could have a more extensive function in the
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response to biotic stress, potentially encompassing insect herbivory. In alignment with this hypothesis,
an independent transcriptomic investigation conducted on coconut revealed an upregulation of RPS2 in
response to RPW compared to healthy controls (8). The collective findings indicate that RPS2_ARATH
may function as a conserved resistance gene, playing a crucial role in the early recognition and signalling
processes against various biotic threats, such as RPW.

Notably enhanced expression of different families of transcription factors was observed in MYD with
much lower expression or non-induced expression in the susceptible varieties. The findings indicate a
notable increase in the expression levels of WRKY24, WRKY76, and WRKY55 in the MYD coconut variety
only. WRKYs play dual roles in regulating plant stress resistance and growth (41). Expression levels of
ERF17, ERF018, ERF114 and ERF3 were elevated in MYD, contributing to enhanced immune responses.
ERFs collaborate with GRAS transcription factors to annotate plant adaptation to stress and tissue
repair, underscoring their essential function in plant resilience (56). Consistently, upregulated expression
of gene belonging to GRAS transcription factor (NRPB3_ARATH and PGLR2_PLAA) was also observed in
MYD but not in the other two susceptible varieties. NAC transcription factors are significant in regulating
plant defense mechanisms through their interactions with phytohormones such as salicylic acid (SA),
abscisic acid (ABA), JA, and ethylene (ET). The activation of the defense genes and hypersensitive
responses concurrently influence cell division (57, 58). In a comparable way, the downregulation of
NAC68 and NAC100 MYD may promote growth, whereas the upregulation of NAC56, NAC22, and NAC58
has the potential to improve stress tolerance (57). MYB transcription factors play a crucial role in
regulating stress responses, metabolic processes, and tissue development (59). Their impact on defense
mechanisms can be seen through structural alterations and the synthesis of protective compounds (60).
MYD exhibited an elevated expression of the MYB30_ORYSJ and JAMYB_ORYSJ genes, contributing to
the enhancement of defense mechanisms. Conversely, the expression levels of MYB20, MYB44, and
MYB60 were found to be decreased, which has implications for signaling pathways (31).

Mitogen-activated protein kinase (MAPK) cascade facilitates the transition from pathogen recognition to
the activation of defense mechanisms upon the detection of pathogens (61). Receptor-like cytoplasmic
kinases (RLCKs) initiate the activation of MAPKKKs, subsequently leading to the activation of MAPKs
such as MPK3/6 or MPK4 (62). MAPK is a crucial role in the regulation of hormone signaling, the
production of reactive oxygen species (ROS), the activation of defense-related genes, and the
fortification of the cell wall. Recent findings indicate the existence of two signaling pathways associated
with MAPK that are pertinent to insect resistance (63, 64). The MYD coconut variety exhibited a
significant increase in the expression of MAPKKK3 (MAPK3_ARATH) and TMK1, which lesser
upregulated expression in both Pandan and MT varieties. The MAP3K14-MKK3-MPK1/2/7/14 pathway,
as documented in the literature, is known to be dependent on JA and is significant in the response to
insect feeding (65), thereby reinforcing our findings.

MYD exhibits a significant downregulation of genes that are involved in the metabolism of
polysaccharides and glucans, both of which are essential for the fortification of the cell wall, a physical
barrier that can directly impede the penetration of insect larvae (66). Downregulation of XTH gene (
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XTH25, XTH1 and XTH8), which encodes XTH enzymes that modify xyloglucan, would enhance cell wall
flexibility (67, 68). Whereas, CAD genes play a crucial role in the formation of structural barriers and the
regulation of SA-dependent pathways involved in lignin biosynthesis, contributing to resistance
mechanisms (28, 28). The significance of CADH_POPDE in providing protection against pathogens has
been highlighted in recent research (69) and this gene is downregulated in MYD. The present
investigation highlights that cell wall is among gene ontology category enriched in both MYD and
pandan. Interestingly, enrichment is higher in pandan potentially due to the greater extent of RPW attack.
The greater degree of pathogen attack has been correlated with increased downregulation of key
structural and defense-related genes, suggesting that intense biotic stress may suppress critical
protective pathways in plants (70). MYD's capacity for rapid protein synthesis and intracellular
reorganization, which are essential for conducting swift defense actions, is indicated by the additional
enrichment of ribosomal structural constituents and cytoskeletal elements (71) .

The management of plant responses to stress induced by living organisms involves the utilization of
hormonal signaling pathways for enhancement of resistance to pathogens. Ethylene signalling involves
receptors located on the endoplasmic reticulum membrane. In MYD, the ethylene receptor ETR2 and the
transcription factor ERF071 exhibited elevated expression levels, suggesting their potential involvement
in the activation of defense mechanisms. Ethylene plays a crucial role in the stabilization of ERF114, a
transcription factor that plays an important role in PevD1-induced disease resistance in Arabidopsis
thaliana (72) by regulating the phenylpropanoid pathway. Higher expression of ERF114 in the resistant
variety, MYD, suggesting that ERF114 contributes to the enhancement of disease resistance compared
to Pandan and MT. ERF3, found to be elevated in MYD, has been recognized in rice (Oryza sativa) as a
gene that enhances the expression of trypsin proteinase inhibitors and plays a role in mediating
resistance against Chilo suppressalis caterpillars (Lu et al., 2011). The elevation of the ACCO_MUSAC
gene in MYD indicates a rise in ethylene production, highlighting its significance in stress response
mechanisms. JA collaborates with SA, ET, and ABA to enhance stress adaptation through the initiation of
systemic resistance (73), (74). JAMYB_ORYSJ exhibits elevated expression levels in MYD, underscoring
its significance in defense mechanisms mediated by JA (75). The downregulation of the CHI gene in
MYD results in an enhanced JA biosynthesis pathway, subsequently altering the defense responses (81),
(82).

Enrichment in steroid metabolic and biosynthetic processes further implies the activation of hormone
signalling, potentially through brassinosteroids (BRs) or related phytohormones, which are known to fine-
tune immune responses (73). Brassinosteroids play a crucial role in the equilibrium between growth and
defense mechanisms (74). The infestation of RPW results in a decrease in the expression of the BZR1
gene, consequently leading to a reduction in BRs, as reported by (75, 76). The observed downregulation
of this gene indicates a potential mechanism for energy conservation during defense responses (77).
The downregulation of BRs in MYD also indicates a possible alteration in hormone signaling that
prioritizes plant defense mechanisms; reduced levels of BRs may hence enhance JA- and SA-mediated
defense responses (78, 79).



Page 24/55

ABC transporters employ ATP hydrolysis to transport many compounds, including secondary
metabolites like terpenoids, alkaloids, and phenolics, which serve as essential chemical defences
against diseases and herbivorous insects (80) where excessive amounts could be phytotoxic (81).
Particularly, several ABC transporters, including NtABCG5 (also referred to as NtPDR5) increased in
reaction to insect herbivory (82). Hence, the upregulation of the ABC transporter gene in MYD aligns with
the previous studies to enhance the plant defense system with transporting out the toxin due to pest
attack. Apart from that, despite being synthesized intracellularly, BRs perform their function at the cell
surface, necessitating an export route for their action. Recent investigations have identified the ATP-
binding cassette (ABC) transporter ABCB19_ARATH gene, previously identified as a crucial mediator of
BR export. BRs were demonstrated to activate ABCB19's ATPase activity and be translocated via this
pathway (83). In our investigation, the observed overexpression of ABC transporters in response to
insect infestation presumably enhances the export of BRs, hence elucidating the simultaneous
downregulation of intracellular BR levels.

The present study also revealed an increased number of genes that respond indirectly to stress. This
encompasses genes responsible for encoding heat shock proteins (HSPs), with a particular emphasis on
HSP82, which play a vital role in preserving protein stability and enhancing immune responses (84, 85).
The involvement of these entities in both PTI and ETI responses is facilitated through the recognition of
PAMPs and pathogen effector molecules (86, 87). BAG proteins play a crucial role in the regulation of
stress signals and the facilitation of chaperone functions. The increase in expression levels of
BAG5_ARATH and DNJ1_CAEEL in MYD indicate a potential for enhanced stress adaptation, as
evidenced by the findings [86] as BAG proteins are conserved regulators of apoptosis and stress
responses seen in mammals, plants, and yeasts. The TAAC gene is crucial for the 3′-Phosphoadenosine
5′-phosphosulfate (PAPS) transporter and is integral to the process of sulfation in response to stress
(77). The metabolism of sucrose plays a crucial role in defense mechanisms, as a reduction in
SUS1_TULGE may limit sugar availability for pathogens (30, 88, 89). Both TAAC and SUS1_TULGE were
highly downregulated in MYD. The observed reduction in GSTF12 and GSTF3 observed in MYD indicates
a change in the management of reactive oxygen species (90, 91) whereas the decline in CTR1 is
associated with elevated ethylene levels (31, 92).

The expression level of Hsop2_arath, Acet1_orysj, and Dre2b_orysj was notably highest in Pandan,
followed by MT and much lower in MYD. The gene Hsop2_arath belonging to the HOP family encodes a
co-chaperone protein that facilitates the functional interaction between HSP70 and HSP90 chaperones
(93).The calcium-binding molecular chaperone Crt1_arath was highly expressed in in Pandan and MT
indicating increased endoplasmic reticulum (ER) protein-folding activity and quality control under stress.
Crt1 plays significant roles in calcium homeostasis, protein folding, reproduction, and the responses to
both abiotic and biotic stresses in Arabidopsis thaliana, Oryza sativa (rice), Nicotiana tabacum
(tobacco), Solanum lycopersicum (tomato), Zea mays (maize) and Triticum aestivum (wheat) (94).
Syt4_arath, a phloem-associated protein implicated in membrane fluidity and stress responses was
highly expressed in both susceptible varieties. It is associated with membrane trafficking that promotes
defence signalling or cellular repair and was reported to be involved in abiotic stress such as osmotic,
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cold, and salinity stress in Arabidopsis thaliana (95). Altogether, the expression of these genes suggests
that Pandan and MT showed parallel coordinated transcriptional response to regulate cellular stress and
retain metabolic and structural functions, however the defense system is not strong enough to resist
RPW attack resulting in the observed symptoms.

The different category of genes with showed altered expression in MYD including cell wall modification,
hormonal signalling, disease resistance, ABC transporters and stress response genes indicate a
coordinated and strong defence response contributing to resistance to RPW. The condition of the
susceptible plants in the field (damage level 2) most probably led to the unaltered or much reduced
change of expression of these genes in the susceptible coconut varieties, MT and Pandan. However, it
cannot be ruled out these could be attributed to genotypic differences in their defence response
mechanisms such as the presence of DNA mutation in the regulatory region that prevent the gene
activation in response to the insect or elicitor secretion. Molecular responses to important coconut
pests such as Rhynchophorus ferrugineus and Oryctes rhinoceros have uncovered defense-related
genes associated with JA signalling and secondary metabolite biosynthesis (43, 96, 97). SSR and RAPD
marker analyses for coconut mite (Aceria guerreronis) have revealed molecular marker combinations
that account for up to 100% of resistance association, showing the efficacy of molecular techniques in
early screening and breeding (98). Collectively, the previous studies along with this current
transcriptomic data across different coconuts varieties are important contributions in comprehending
resistance mechanisms facilitating marker-assisted selection and guided sustainable pest management
in coconut.

This study identified genetic variations and potential gene-based markers associated with RPW
infestation in three coconut varieties: Pandan, MYD and MT. Resequencing data identified 987 SNPs in
the promoter region of 17 disease-resistance genes, highlighting distinct genetic differences between
resistant and susceptible varieties. MYD exhibited greater genomic stability and resistance, while
Pandan showed a higher frequency of promoter-region SNPs linked to susceptibility. High-throughput
sequencing has revolutionized the discovery of SNP markers that underlie important agronomic traits
such as stress tolerance, flowering, and fruit quality (95, 99). SNPs in both coding and non-coding
regions can alter gene expression by affecting protein structure or transcriptional regulation (100). In this
study, most functionally relevant SNPs were found in promoter regions suggesting a regulatory basis for
RPW susceptibility in Pandan. SNPs have proven effective as reliable molecular markers to differentiate
resistant and susceptible genotypes in plants (101, 102). Similar findings have been reported in other
crops, such as nematode tolerance in sugar beetroot linked to HsBvm-1 (103).

Identifying three SNPs within the RGA3 promoter in the susceptible Pandan variety suggests potential
disruption of transcription factor binding sites and reduced promoter activity. Since RGA3 encodes an
NB-ARC domain–containing resistance protein involved in pathogen recognition and immune signaling,
promoter alterations may downregulate defense gene expression, increasing RPW susceptibility. These
variants represent promising regulatory markers for breeding and functional validation. The presence of
promoter SNPs in this gene likely affects transcriptional activation, thereby modulating defence
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responses. Regulatory SNPs (rSNPs) located in promoter motifs can alter transcription factor binding
and, consequently, gene expression (104). The significant promoter variants identified in this study
support this mechanism, revealing that changes in regulatory motifs can suppress gene expression in
susceptible varieties. For instance, the absence of RGA3 expression in Pandan, compared with its
upregulation in MYD, may result from rSNPs affecting transcription factor binding efficiency. Similar non-
coding SNPs affecting gene regulation have been reported in the FLOWERING LOCUS C (FLC) gene of
Arabidopsis thaliana, influencing phenotypic adaptation (105). Three principal promoter motifs, namely
the TATA-box, CAAT-box, and MYB binding sites, were identified as harbouring rSNPs in the RGA3
promoter of the susceptible Pandan variety. Promoter motifs are essential cis-regulatory elements that
mediate transcription initiation and transcription factor recruitment (106). Mutations within these motifs
can significantly alter gene expression (107). The identified SNPs in Pandan may interfere with
transcription factor binding, leading to reduced transcription of resistance genes during RPW attack.

The MYB transcription factor family plays a pivotal role in plant defence regulation. The R2R3-MYB
proteins recognize conserved DNA motifs (e.g., TAACCA) and modulate transcription of stress-response
genes (41, 108). In this study, a G/C polymorphism immediately upstream of the MYB motif in Pandan
(variant GTAACCA) did not alter the motif itself but may influence local DNA conformation or binding
affinity. Although the core motif remained intact, subtle positional variations may still influence the
timing or strength of MYB-mediated transcriptional activation. The TATA-box, typically positioned 25–35
bp upstream of the transcription start site, serves as the core promoter element that recruits TATA-
binding protein (TBP) for pre-initiation complex formation (109). A T→C substitution identified in Pandan
(TATAAAAT → CATAAAAT) likely disrupts TBP binding. Even minor sequence alterations in the TATA-box
can reduce transcription initiation efficiency, thereby limiting gene expression (110, 111). This mutation
could partly explain the downregulation of RGA3 in the susceptible variety under RPW infestation.
Similarly, a SNP identified within the CAAT-box (CAAAT → CATAT) in Pandan may impair binding of CAAT-
binding factors, essential for transcriptional activation (112, 113). Such mutations can disrupt
transcription initiation, as observed in animal and plant systems (114, 115). In the TNP1 gene of Sahiwal
cattle, similar promoter SNPs affected transcription factor binding and altered gene expression,
demonstrating how promoter polymorphisms can regulate key traits (115). A comparable mechanism
may underlie the decreased resistance gene expression observed in Pandan.

A key observation is that several of the identified heterozygous (0/1) genotype, SNPs are located within
or near promoter regulatory motifs, including the TATA-box, CAAT-box, and MYB-like transcription factor
binding sites. Variants within these cis-regulatory elements are known to affect transcription initiation
and transcription factor binding affinity (115). Even single nucleotide substitutions can modulate
promoter performance by weakening motif integrity, thereby altering the expression of downstream
genes. Thus, the heterozygous SNPs in the susceptible pandan may result in differential promoter
activity between alleles one functioning normally and the other exhibiting reduced regulatory efficiency.

Heterozygous promoter SNPs have also been reported to contribute significantly to phenotypic diversity
in plants, especially traits related to stress response and disease (116). In many crop species, such
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polymorphisms can create dosage effects or incomplete dominance, leading to weakened
transcriptional activation of key defence genes (117). In the context of pandan susceptibility, the
presence of heterozygous SNPs within promoter motifs may reduce the overall regulatory robustness of
the affected genes. Although the reference allele remains the same, the alternate allele may diminish
binding by essential transcription factors such as MYB proteins, potentially impairing defence signalling
pathways.

Overall, these findings reinforce that promoter-region SNPs play a pivotal role in determining gene
expression patterns that define resistance or susceptibility in coconuts. Variations within cis-regulatory
motifs such as the TATA-box, CAAT-box, and MYB-binding sites can significantly alter transcriptional
dynamics. The resistant MYD variety, with fewer promoter SNPs and stable homozygous reference
genotypes, likely maintains optimal transcriptional regulation of resistance genes. In contrast, Pandan’s
accumulation of promoter polymorphisms may weaken defence gene activation, leading to increased
vulnerability to RPW infestation.

Conclusion
This is the first report on comparative transcriptomics on the response of resistant and susceptible
coconut varieties to RPW infestation in the field. The initial phenotypic characterisation showed the
different levels of susceptibility to RPW leading to the classification of MYD as the resistant while both
Pandan and MT as the susceptible varieties. RNA sequencing revealed that the MYD variety exhibits a
more robust molecular defence network, marked by the upregulation of several defence-related genes.
Among them included seventeen candidate genes associated with disease resistance demonstrating
markedly elevated expression levels in MYD variety in contrast to Pandan and MT varieties. The
activation of multiple signalling pathways, with a particular emphasis on the MAPK cascade, essential
for the transmission of stress signals and the modulation of immune responses was observed in MYD.
The participation of ABC transporters and heat shock proteins indicates that MYD not only activates
defence genes but also enhances cellular protective mechanisms to mitigate stress-induced damage.
MYD also showed significantly stronger altered expression of genes associated with phytohormones,
including JA and ET, which are recognised as essential regulators of plant immune responses. Key
transcription factor families such as the NAC, WRKY, MYB, ERF and CAMTA that act as essential
regulators of plant growth, development, and defence, integrating complex signalling networks to
balance stress responses and growth showed stronger up or down-regulated expression in MYD
compared to MT and Pandan. This research has also identified the genetic variation in the promoter
region of the chosen 17 DEGs encoding disease resistance genes among the three coconut varieties
studied. This study reinforces the discovery by identifying three significant SNP variants in the promoter
of the RGA3 disease resistance gene in the MYB-binding motif, TATA-box, and CAAT-box. This variant can
alter the transcription factor binding site, affecting the affinity of the DNA binding protein and ultimately
hindering the initiation and efficiency of gene transcription. The identified SNPs could serve as markers
for breeding efforts aimed at improving resistance traits in coconut crops. Future studies will aim to
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validate these findings by conducting functional analyses of the identified SNPs and exploring their
potential roles in gene regulation and phenotypic expression.
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Figures

Figure 1

Observation on external damage due to high level of RPW infestation in three different varieties in the
same coconut field.  Damage shown on the Pandan variety with collapsed crown and dried fronds (A)
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and chewed fibers with active feeding of RPW adult (B). MT variety with final stage of RPW infestation
without the presence of any apical shoot, crown and fronds (C) and damaged crown and collapsed frond
(D). Healthy MYD palm with few dried leaves and healthy apical shoots (E) and MYD palm with the holes
in the trunk showing the RPW infestation but remain healthy (F).

Figure 2

Observation on Internal damage of the Malayan Tall variety due to RPW infestation. The tunnel made
through the trunk as RPW moves from the bottom of the palm towards the cabbage in Malayan Tall
variety (A); the chewed fiber throughout the tunnel created by the RPW showing severely damaged
cabbage of the palm with black coloration, oozing and foul smell (B); completely chewed fiber of the
cabbage of the palm (C) and active feeding RPW in the cabbage of the palm with the surrounding area of
the feeding to be dark and has the oozing sap (D).
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Figure 3

Observation on Internal damage due to RPW infestation in Pandan Variety. The cabbage fiber of the palm
fully chewed and destroyed by RPW larvae (A); the presence of pupal in the cocoon in the petiole of the
palm which shows the deposition of the egg by adult RPW in the petiole of the palm (B); the presence of
RPW larvae actively feeding in the internal cabbage of the palm (C) and the holes made by RPW larvae in
the cabbage of the palm (D).
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Figure 4

Horizontal Stacked Bar Chart displaying mapping statistics for each sample. The total length of each bar
represents the total reads (total reads), with stacked segments corresponding to the mapping
categories: total map, unique map, and proper map. The chart visualizes the distribution of mapped
reads across different categories for each sample, with the y-axis representing the read count and the x-
axis representing individual samples.
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Figure 5

Per base sequence quality of samples generated by FastQC. Yellow boxes demonstrate base-calling
quality scores across the sample from replicate 1, replicate 2, and replicate 3. The Phred score according
to the number of sequences is presented at the right-hand side of each replicate.
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Figure 6

Venn diagram of upregulated and downregulated DEGs among the three varieties, which are Pandan,
MYD, and Malayan Tall.
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Figure 7

Dot plots of Gene Ontology (GO) enrichment analysis for three coconut varieties: (A) Pandan, (B) (MYD),
and (C) (MT). Differentially expressed genes (DEGs) in each variety were categorized into Biological
Process (BP), Cellular Component (CC), and Molecular Function (MF) terms. The x-axis denotes the
GeneRatio, while the y-axis lists enriched GO terms. The size of each dot corresponds to the number of
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genes associated with that term, and the color gradient indicates the adjusted p-value (padj), with red
representing highly significant terms and purple/blue representing less significant terms.

Figure 8

Heatmap of top 100 upregulated and top 100 downregulated differentially expressed genes in biological
samples from control and infested fields of the three varieties. The color intensity of each plot is based
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on the FPKM value of the gene expression of the DEGs of the Pandan, MYD, and Malayan Tall varieties
compared to the control group, respectively.

Figure 9

Bar charts of distribution of differentially expressed genes (DEGs) across three varieties of coconut
(Malayan Tall, MYD and Pandan). Greater number of genes belonging to the NAC, WRKY, ERF and MYB
families of transcription factor were upregulated in the resistant MYD variety compared to the
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susceptible varieties (Malayan Tall and Pandan) (A) and greater number of genes belonging to the ERF,
NAC, MYB and CAMTA families of transcription factor were downregulated in the resistant MYD variety
compared to the susceptible varieties (Malayan Tall and Pandan) (B).

Figure 10

Validation of RNA-seq data using quantitative polymerase chain reaction (qPCR). The analysis was
performed on Malayan Tall, Pandan and MYD RPW-infested and non-infested field as control samples.
The expression profile of disease resistance protein RPS2-like (G245724) (A); putative disease
resistance protein RGA3 (G2812948) (B); putative disease resistance protein RGA2 (G359637) (C),
putative disease resistance protein RGA1 (G358391) (D) and putative disease resistance protein RGA3
(G2812948) (E) showed significant higher expression in the MYDI infested biological sample and only
one putative disease resistance protein RGA1 (G358392) (F) is not significantly different from others.
qPCR data are expressed as fold change mean, with error bars representing the standard error of the
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mean (SEM) from three biological replicates per group. Each biological replicate consists of three
technical replicates to ensure accurate quantification.

Figure 11

SNP Density Across the chromosomes. This figure shows the SNP density distribution across the
chromosomes with 1Mb window size, visualizing the concentration of SNP variants per chromosome.
The plot highlights regions with varying SNP densities, illustrating the distribution pattern of the SNP
variants identified in the dataset.
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Figure 12

Venn Diagram of SNP Variant Overlaps Among Three Coconut Pairwise Comparison Groups. This figure
illustrates the overlap of SNP variants identified in pairwise comparisons among the three groups: Group
1 (MYD vs. Pandan), Group 2 (MYD vs. MT), and Group 3 (Pandan vs. MT). Each circle represents the set
of SNP variants identified within a specific group, and the intersections indicate shared variants among
the groups. This visualization highlights the unique and common genetic variations across the three
pairwise comparisons.
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Figure 13

Heatmap of Genotype Comparison Between Resistant (MYD) and Susceptible (Pandan) Coconut
Varieties. The heatmap displays the genotype differences between MYD (resistant) and Pandan
(susceptible) varieties, with each row representing a specific SNP and each column corresponding to an
individual sample. The color intensity indicates the genotype, with distinct colours representing varying
alleles at each SNP position.
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Figure 14

Manhattan plot for the presence of significant SNP identified in the Pandan (Susceptible variety) using
Fisher's Exact Test and FDR. This Manhattan plot visualizes the presence or absence of SNPs cross
different chromosomes. The x-axis represents chromosome identifiers, while the y-axis shows the -
log10(p-value), indicating the significance of SNP associations. Each point corresponds to an SNP, with
higher values suggesting stronger statistical significance. Notably, chromosome GWHHEBU0000003
exhibits the most significant SNPs, while other chromosomes show fewer or less significant variants.
The dashed line represents a potential significance threshold where only 4 SNPs passed the significant
threshold.
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