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Abstract

Roystonea oleracea (Caribbean royal palm), a prominent 
ornamental species in coastal landscapes, exhibits moderate 
salinity tolerance, yet its molecular responses to salt stress 
remain underexplored. This study conducted RNA-seq anal-
ysis on leaf tissues from mature palms grown under relative 
freshwater and saltwater conditions at Montgomery Bo-
tanical Center, Coral Gables, to elucidate salinity-responsive 
mechanisms. De novo transcriptome assembly using Trinity 
yielded 237,451 unigenes with high completeness (BUSCO: 
98.2% embryophyta_odb10). Differential Gene Expression 
(DGE) via DESeq2 identified 1,045 DEGs (|log2FC| ≥1, FDR 
≤0.05), with 552 upregulated and 493 downregulated in 
freshwater relative to saltwater. GO enrichment highlighted 
stress response, osmotic adjustment, and metabolic regu-
lation, while KEGG pathways revealed shifts in hormone 
signaling, nitrogen metabolism, and photosynthesis. Key 
salinity-responsive genes included heat shock proteins, ion 
transporters (e.g., KAT1, ATPase), transcription factors (e.g., 
NAC, WRKY, MYB), and ROS scavengers, suggesting multi-
faceted adaptations. Additionally, 77,868 Simple Sequence 
Repeats (SSRs) were identified, providing markers for breed-
ing and population studies. These findings provide the first 
transcriptomic insights into R. oleracea’s responses to salin-
ity, informing strategies for enhancing coastal palm resil-
ience amid changing conditions and rising sea levels.

Keywords: Adaptability; Differential genes; Ornamental plant; 
Royal palms; Stress response; Transcriptome.

Introduction

Royal palms (Genus Roystonea) are globally renowned 
as premier ornamental trees, prized for their imposing stat-
ure, smooth columnar trunks, and prominent crownshafts. 
Roystonea oleracea, in particular, ranks among the few tallest 
palms worldwide, frequently exceeding 30 meters and occa-
sionally reaching up to 40 meters in height. It is highly valued in 
tropical and subtropical landscapes for its rapid growth and aes-

thetic appeal in urban and coastal settings [36,14]. In addition 
to its ornamental role, the genus provides modest local eco-
nomic benefits, such as timber for construction and occasional 
harvesting of palm hearts as a food source in native regions.

R. oleracea is native to the Lesser Antilles, northern South 
America (including Colombia, Venezuela, and Trinidad and To-
bago), and Guatemala, with extensive naturalization through 
cultivation in other tropical areas [14]. Despite its ecological, 
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ornamental, and localized economic significance, Roystonea 
remains genetically understudied compared to other commer-
cially important palms. Genomic efforts in palms have predomi-
nantly targeted species like date palm (Phoenix dactylifera), oil 
palm (Elaeis guineensis), and coconut (Cocos nucifera) [36]. To 
date, no chromosome-scale nuclear genome assembly exists 
for R. oleracea, and transcriptomic resources are limited, high-
lighting the need for foundational datasets to support gene-
level investigations in this non-model species and to uncover 
mechanisms underlying abiotic stress responses [36,14].

Salinity is a principal abiotic constraint in coastal and irrigat-
ed landscapes and is particularly relevant to coastal palms like 
Roystonea, which exhibit moderate salt tolerance but may face 
growth limitations in highly saline environments [18]. Work in P. 
dactylifera shows that date palm combines multiple tolerance 
strategies, including ion homeostasis, osmotic adjustment, 
ROS detoxification, and ABA-mediated signaling to persist un-
der high salinity, although yield declines at excessive salt loads 
[2,11,30,52]. Transcriptome-scale analyses in date palm demon-
strate broad remodeling of ion transport, antioxidant systems, 
and hormone pathways under salt stress [1,51]. In coconut, 
comparative RNA-seq across varieties under salt stress similarly 
highlights roles for ion transporters, osmolyte biosynthesis, and 
stress-hormone signaling in tolerance, often in a variety-specific 
manner [40,43]. Collectively, these studies in related palms mo-
tivate an understudied salt-stress expression atlas for Roystonea 
to illuminate conserved and lineage-specific responses.

In the absence of a high-quality genome for R. oleracea, de 
novo RNA-seq assembly provides a viable route to generate gene 
catalogs and quantify expression. Trinity remains a standard ap-
proach for assembling full-length transcripts from short reads 
in non-model organisms, and subsequent gene-level quantifica-
tion enables robust differential expression [20,22,35] as dem-
onstrated in comparative transcriptomic studies of floral trait 
variation in Hippeastrum spp. [17], drought responses in Agave 
sisalana [39], and water stress in tall fescue (Festuca arundina-
cea) [44]. In this study, we present the first de novo transcrip-
tome assembly for R. oleracea using RNA-sequencing data from 
leaf tissue collected under naturally varying freshwater and 
saline field conditions. Our primary objectives were (1) to es-
tablish a comprehensive reference transcriptome for functional 
genomic research in this species, (2) to identify Differentially Ex-
pressed Genes (DEGs) and enriched pathways potentially asso-
ciated with salinity exposure, and (3) to compare the molecular 
mechanisms employed by R. oleracea with known salt tolerance 
pathways. We assembled a de novo R. oleracea leaf transcrip-
tome from RNA-seq data under low- and high-salinity field condi-
tions, followed by differential gene expression analysis between 
these environments. By pairing environmental measurements 
(soil/water chemistry) with transcriptomics, our study delivers 
foundational Roystonea resources and identifies salt-responsive 
pathways in ion transport, osmoprotection, ROS management, 
and hormone signaling expected from related palms but hither-
to undocumented in R. oleracea, while considering the observa-
tional context of our sampling [43,51,52]. R. oleracea, a tropical 
palm species, demonstrates an extraordinary ability to thrive 
in environments with varying salinity levels. This study delves 
into the underlying transcriptomic mechanisms that enable this 
resilience, providing vital insights into the plant’s survival strate-
gies. Understanding how this species copes with salinity stress 
is particularly significant in today’s context of climatic challeng-
es and habitat degradation. By shedding light on the molecu-
lar pathways involved, we aim to inform conservation efforts, 

enhance our knowledge of plant adaptations, and promote the 
continued success of R. oleracea in diverse ecological settings.

Materials and methods

Plant materials and growth conditions

The study utilized mature Royal palm (R. oleracea) trees 
grown at Montgomery Botanical Center in Coral Gables, Florida, 
a coastal area with varying salinity levels. Leaf tissue samples 
were collected from palms growing under two distinct con-
ditions: freshwater and saltwater environments, with three 
biological replicates per condition. The plants were naturally 
exposed to these conditions due to the garden’s proximity to 
coastal saline areas and less saline inland zones fed by freshwa-
ter wellsprings [21]. Water characteristics, including pH, salin-
ity, and conductivity, were measured for each replicate and are 
summarized in Table 1. Total RNA was isolated from leaf tissue 
using the RNeasy Plant Mini Kit (Qiagen, Hilden, Germany) ac-
cording to the manufacturer’s instructions. RNA quality and in-
tegrity were evaluated using a NanoDrop 2000 spectrophotom-
eter (Thermo Fisher Scientific, MA, USA) and an Agilent 2100 
Bioanalyzer (Agilent Technologies, CA, USA). Only samples with 
an RNA Integrity Number (RIN) exceeding 7.0 were selected for 
subsequent analyses.

Table 1: Physicochemical properties of water.

Parameter
Freshwater  
(Mean ± SD)

Saltwater  
(Mean ± SD)

Mean Difference  
(Saltwater – Freshwater)

pH 7.57 ± 0.09 7.55 ± 0.06 -0.02

Salinity (ppt) 1.03 ± 0.15 5.80 ± 1.18 4.77 (**)

Conductivity (mS/cm) 2.05 ± 0.28 10.32 ± 1.77 8.27 (**)

** = p < 0.01 (two-sample t-test)
RNA sequencing and quality control

RNA sequencing libraries were constructed using the TruSeq 
Stranded mRNA Sample Preparation kit (Illumina, CA, USA). 
Poly(A)-enriched mRNA was fragmented and converted into 
cDNA through reverse transcription, followed by adapter at-
tachment and amplification. Sequencing was performed on the 
Illumina NovaSeq 6X Plus platform (Illumina, CA, USA) with a 
NovaSeq SP reagent kit, producing paired-end reads of 150 bp. 
Raw sequence data quality was checked using FastQC [4], and 
low-quality reads and adapter sequences were removed us-
ing Trimmomatic [8]. All sequence reads were deposited in the 
public NCBI Sequence Read Archive database under BioSample 
accessions - PRJNA1370088.

De novo Transcriptome Assembly and Functional Annotation 

A total of 143,560,205 high-quality filtered reads were as-
sembled de novo using Trinity v2.15.1 [20,22] with standard pa-
rameters (K = 25), incorporating edge analysis for precise contig 
assembly. Redundancy was reduced by clustering the transcrip-
tome with CD-HIT-EST v4.6.7 [15] at a 95% sequence identity 
threshold. Following assembly filtering, TransDecoder (https://
github.com/TransDecoder/TransDecoder) predicted coding se-
quences by detecting probable Open Reading Frames (ORFs) 
based on homology and coding potential, aiding in functional 
annotation [22]. Contig NX statistics were computed using the 
Trinity script ‘contig_Nx.pl’ to assess assembly quality, with the 
N50 metric being the most commonly referenced. Assembly 
completeness was evaluated using Benchmarking Universal Sin-
gle-Copy Orthologs (BUSCO v.5.8.2) [41] against the databases 
eukaryota_odb10 and viridiplantae_odb10.
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Functional annotation of unigenes was conducted using 
BLASTx and BLASTp against protein databases including NCBI 
Non-Redundant protein sequences (Nr), NCBI non-redundant 
nucleotide sequences (Nt), SwissProt [7], TrEMBL [5], Clusters of 
Orthologous Groups (COG) [45], and transcriptome databases 
of Phoenix dactylifera (date palm), Elaeis guineensis (oil palm), 
and Cocos nucifera (coconut), with an E-value cutoff of 1e-5.

Differential gene expression analysis

Reads from each sample were aligned to the assembled tran-
scriptome to measure transcript abundance using the ‘align_
and_estimate_abundance.pl’ script within the Trinity package. 
Transcript abundance was estimated using Salmon [32], which 
adjusts for sequencing biases with its bias-aware model. The 
Trinity script ‘abundance_estimates_to_matrix.pl’ was then 
employed to create count and expression matrices. Differential 
expression analysis was performed using DESeq2 (1.40.2) [28] in 
R, utilizing raw read counts to compare expression profiles be-
tween freshwater and saltwater conditions. Transcripts with low 
expression (TPM < 1 across all samples) were excluded to mini-
mize noise. Genes were deemed differentially expressed with 
a False Discovery Rate (FDR) ≤ 0.05 and an absolute log2FC ≥1.

Data visualization and statistical analysis

Differential expression outcomes were depicted using MA 
plots and volcano plots in R. Heatmaps of differentially ex-
pressed genes were produced using heatmap3 (v1.1.9) [57], 
and Venn diagrams were generated with the ggplots package in 
R [48]. All statistical analyses were conducted in R.

Functional annotation and gene ontology enrichment

Functional annotation of the assembled R. oleracea tran-
scriptome was carried out using the Trinotate pipeline with 
default settings [9]. Coding sequences were predicted from as-
sembled transcripts using TransDecoder (https://github.com/
TransDecoder/TransDecoder), identifying likely Open Reading 
Frames (ORFs) based on homology and coding potential. Pre-
dicted protein sequences underwent similarity searches using 
BLASTx and BLASTp against the UniProt/SwissProt database with 
an E-value threshold of 1e-5. Conserved protein domains were 
detected using HMMER against the Pfam database [29]. Gene 
Ontology (GO) terms were assigned using eggNOG-mapper [10] 
and TrEMBL-based annotation. Results were integrated into the 
Trinotate SQLite database and summarized in a final annota-
tion report. Gene Ontology (GO) enrichment analysis identi-
fied overrepresented biological processes, molecular functions, 
and cellular components among Differentially Expressed Genes 
(DEGs). GO terms were assigned based on sequence homology 
using Trinotate and eggNOG-mapper. The GOseq R package [54] 
performed enrichment analysis, correcting for transcript length 
bias in RNA-seq data. DEGs were divided into upregulated and 
downregulated groups for analysis, with GO terms assessed for 
significance using the Wallenius non-central hypergeometric 
test and a False Discovery Rate (FDR) cutoff of ≤ 0.05. Enriched 
GO terms were visualized with bar plots using the ggplot2 pack-
age (v3.5.0) in R [49]. KEGG pathway enrichment of DEGs was 
conducted using clusterProfiler (v4.10.0) [50].

Results

Transcriptome assembly quality assessment

The de novo assembled transcriptome of R. oleracea was 
evaluated for completeness using Benchmarking Universal Sin-
gle-Copy Orthologs (BUSCO) against the Viridiplantae (n=425) 

and Eukaryota (n=255) datasets (Table 2). For Viridiplantae, 
420(98.8%) complete BUSCOs were identified, comprising 
94(22.1%) single-copy and 326(76.7%) duplicated BUSCOs. 
Fragmented BUSCOs accounted for 4(0.9%), with only 1(0.2%) 
missing. Similarly, for Eukaryota, 250(98.0%) complete BUSCOs 
were detected, including 47(18.4%) single-copy and 203(79.6%) 
duplicated, with 4(1.6%) fragmented and 1(0.4%) missing. 
These metrics indicate a high-quality, near-complete assembly.

Table 2: BUSCO Assessment of Transcriptome Completeness in 
R. oleracea Assembly. 
Summary of BUSCO analysis results using three reference datasets: 
eukaryota_odb10 (general eukaryotic genes) and viridiplantae_
odb10 (land plants) are presented in Table 2. This table presents 
the number and percentage of complete, single copy, duplicat-
ed, fragmented, and missing BUSCO genes, indicating the com-
pleteness and quality of the de novo transcriptome assembly of 
R. oleracea.

BUSCO Type
Eukaryota_odb10 Vviridiplantae_odb10

Count % Count %

Complete 250 98.0 420 98.8

Complete and single copy 47 18.4 94 22.1

Complete and duplicated 203 79.6 326 76.7

Fragmented 4 1.6 4 0.9

Missing 1 0.4 1 0.2

Total BUSCO groups searched 255 425

Functional annotation

The functional annotation of the de novo assembled R. 
oleracea transcriptome provided valuable insights into its 
genetic profile (Table 3). Out of 237,451 total transcripts, 
147,024(61.92%) were annotated in at least one database, 
while 70,720(29.78%) were annotated across all databases. 
The NT database yielded the highest annotation rate, matching 
125,546 transcripts (52.87%), followed by TrEMBL with 115,379 
transcripts (48.59%) and NR with 114,570 transcripts (48.25%). 
Among related species, Elaeis guineensis (Oil palm) annotated 
106,617 transcripts (44.9%), Phoenix dactylifera (Date palm) 
matched 105,019 transcripts (44.23%), and Cocos nucifera [Co-
conut (Hainan Tall)] annotated 101,513 transcripts (42.75%). 
The lowest annotation rate was observed with SwissProt, cov-
ering 81,563 transcripts (34.35%). 

Table 3: Functional Annotation of the R. oleracea Transcrip-
tome.

Database
Number  

annotated
Annotated transcript 

ratio (%)

NR 114,570 48.25

Nt 125,546 52.87

Swissprot 81,563 34.35

TrEMBL 115,379 48.59

Phoenix dactylifera (Date palm) 105,019 44.23

Cocos nucifera (Coconut) 101,513 42.75

Elaeis guineensis (Oil palm) 106,617 44.90

Annotated in all databases 70,720 29.78

Annotated in at least one database 147,024 61.92

Total transcripts 237,451 100
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Gene ontology (GO) and COG classifications

COG classification showed functional class distribution, 
with the highest counts in general function prediction only 
(R; ~5,000), posttranslational modification/protein turnover/
chaperones (O; ~4,000), and signal transduction mechanisms 
(T; ~3,000), followed by categories like transcription (K) and 
replication/recombination/repair (L) (Figure 1a). GO classifi-
cation revealed the distribution of annotated unigenes across 
three categories: Molecular Function (MF), Biological Process 
(BP), and Cellular Component (CC) (Figure 1b). In MF, the top 
terms included binding (e.g., heterocyclic compound binding, 
ion binding) and catalytic activity, with over 20,000 genes in the 
highest category. BP was dominated by cellular and metabolic 
processes, while CC highlighted membrane-bound organelles 
and intracellular components. 

Figure 1: Classification of R. oleracea Transcriptome. (a) KOG 
classification. (b) Gene Ontology (GO) Classification.

Differential gene expression analysis

Differential gene expression analysis between freshwater 
and saltwater conditions in R. oleracea leaves revealed distinct 
patterns of gene regulation, as illustrated in Figure 2. Hierarchi-
cal clustering (Figure 2a) demonstrated clear separation of the 
three freshwater and three saltwater replicates, with DEGs exhib-
iting upregulation (yellow) predominantly in one condition and 
downregulation (blue) in the other, indicating condition-specific 
responses to salinity variations. The MA plot (Figure 2b) further 
visualized these differences, where red dots represent signifi-

Figure 2: Differentially Expressed Genes (DEGs) between 
Freshwater and Saltwater R. oleracea. (a) Hierarchical clustering 
analysis of DEGs. The gene expression levels are depicted through 
a color gradient, with blue representing downregulation and or-
ange denoting upregulation. (b) MA plot analyzing the differential 
expression of genes in freshwater and saltwater plants. Black dots 
show non-significant DEGs, and red dots show significant DEGs.

cantly differentially expressed genes (FDR ≤ 0.05, |log2FC| ≥ 1) 
against a backdrop of non-significant genes (black dots), high-
lighting genes with high fold changes at varying expression levels.

Gene Ontology (GO) enrichment analysis of Differentially Ex-
pressed Genes (DEGs) in R. oleracea leaves under freshwater 
versus saltwater conditions highlighted key biological processes 
associated with salinity adaptation, as depicted in the bar plots 
(Figure 3a). The left panel illustrates enriched GO terms for up-
regulated DEGs in saltwater conditions, with prominent catego-
ries including response to stress, osmotic stress response, and 
ion homeostasis, indicated by varying bar lengths representing 
significance levels (-log10 p-value) or gene counts. The right 
panel shows enriched terms for downregulated DEGs in catego-
ries, emphasizing processes such as metabolic regulation and 
cellular response to stimulus, suggesting a reprogramming of 
gene expression to mitigate salinity-induced damage. Overall, 
these enrichments reveal a focused activation of stress-related 
pathways in response to increased salinity.	

KEGG pathway enrichment analysis of Differentially Ex-
pressed Genes (DEGs) in R. oleracea leaves under freshwater 
versus saltwater conditions revealed distinct metabolic and reg-
ulatory responses, as illustrated in the bubble plots (Figure 3b). 
For DEGs upregulated in freshwater, enriched pathways includ-
ed zeatin biosynthesis, N-glycan biosynthesis, tyrosine metabo-
lism, tryptophan metabolism, TGF-beta signaling, starch and su-
crose metabolism, sphingolipid signaling, and photosynthesis, 
with rich factors ranging from 0.05 to 0.25 and gene numbers 
from 2.5 to 7.5, indicating significant activation of growth and 
metabolic processes under low salinity (-log10 p-value up to 5). 
Conversely, DEGs downregulated in freshwater (upregulated in 
saltwater) highlighted pathways such as plant hormone signal 
transduction, nitrogen metabolism, glycerolipid metabolism, 
flavone and flavanol biosynthesis, and the citrate cycle (TCA 
cycle), with rich factors from 0.04 to 0.12 and gene numbers 
from 2 to 10 (-log10 p-value up to 2.75). These contrasting en-
richments suggest a shift from growth-oriented metabolism in 
freshwater to stress-adaptive pathways in saltwater, reflecting 
salinity-induced response.

Figure 3: Enrichment analysis of DEGs. (A) The bar plot of Gene 
Ontology (GO) enrichment of up and down – regulated DEGs from 
Freshwater vs. Saltwater R. oleracea (B) The bubble plot of KEGG 
pathway enrichment of up and down – regulated DEGs from 
Freshwater vs. Saltwater R. oleracea. The point size represents 
the number of DEGs, and colors indicate the padj ranges.
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Differential gene expression analysis identified ~30 key sa-
linity-responsive genes in R. oleracea, as summarized in Table 4 
and Figure 4, with log2fold changes ranging from -10.59 to 4.25 
and adjusted p-values indicating high statistical significance 
(padj < 0.05). These DEGs spanned categories such as osmolyte 
biosynthesis and chaperones (e.g., chaperonin-like RbcX pro-
tein, heat shock proteins), transcription factors as stress regula-
tors (e.g., NAC domain-containing protein, WRKY transcription 
factor 17, MYB83), ion transport and homeostasis (e.g., high-
affinity nitrate transporter, potassium channel KAT1, plasma 
membrane ATPase), ROS and antioxidants (e.g., glyoxalase I4, 
anaerobic nitrate reductase), and ABA/MAPK/Ca2+ signaling 
(e.g., BZIP transcription factor 46, calmodulin-binding receptor-
like kinase, cytoplasmic kinase 2), highlighting multifaceted mo-
lecular adaptations to salinity stress.

Figure 4: Hierarchical clustering and heatmap of differential 
gene expression for salinity response genes.

Table 4: Differentially expressed salinity-responsive genes of R. 
oleracea.  

Gene Annotation Log2FC padj Category
DN117_c2_g1 bZIP transcription factor 46 -1.40 3.4E-02 ABA/MAPK/Ca²⁺ signaling
DN1294_c1_g1 Calmodulin-binding receptor-like cytoplasmic kinase 2 -1.97 2.2E-09 ABA/MAPK/Ca²⁺ signaling
DN1092_c1_g1 Plasma membrane ATPase 1 -1.09 3.9E-03 Ion transport & homeostasis
DN124357_c0_g1 Putative polyol transporter 1 -10.59 1.3E-02 Ion transport & homeostasis
DN1319_c0_g1 Potassium channel KAT1 -1.68 2.5E-02 Ion transport & homeostasis
DN13506_c0_g1 Plasma membrane ATPase 2 -1.77 3.2E-02 Ion transport & homeostasis
DN1386_c0_g3 Inositol transporter 1 -2.53 1.2E-03 Ion transport & homeostasis
DN142132_c0_g1 Plasma membrane ATPase 1 -9.23 5.5E-05 Ion transport & homeostasis
DN1462_c1_g1 High-affinity nitrate transporter-activating protein 2.1 -2.80 8.2E-04 Ion transport & homeostasis
DN14621_c0_g1 High-affinity nitrate transporter-activating protein 2.1 -2.81 6.2E-04 Ion transport & homeostasis
DN1801_c3_g2 Tonoplast dicarboxylate transporter -2.44 6.4E-06 Ion transport & homeostasis
DN22000_c2_g1 K(+) efflux antiporter 2, chloroplastic -7.44 3.1E-02 Ion transport & homeostasis
DN9209_c0_g2 Potassium channel AKT1 -3.59 2.7E-02 Ion transport & homeostasis
DN15796_c0_g1 18.1 kDa class I heat shock protein 5.01 4.9E-02 Osmolyte biosynthesis & chaperones
DN2233_c0_g1 Chaperonin-like RBCX protein 1, chloroplastic 4.25 2.1E-10 Osmolyte biosynthesis & chaperones
DN2686_c0_g1 17.9 kDa class I heat shock protein 2.25 2.3E-06 Osmolyte biosynthesis & chaperones
DN2687_c0_g1 Chalcone--flavanone isomerase -1.93 2.0E-02 Osmolyte biosynthesis & chaperones
DN2892_c3_g1 17.3 kDa class II heat shock protein 3.42 4.6E-06 Osmolyte biosynthesis & chaperones
DN1135_c0_g4 Nitrate reductase [NADH] 1 -3.04 1.6E-11 ROS & antioxidants
DN28062_c0_g3 Glutamate dehydrogenase 2 -3.31 6.7E-03 ROS & antioxidants
DN5407_c0_g1 Glyoxylase I 4 -4.62 2.6E-02 ROS & antioxidants
DN8755_c0_g2 Anaerobic nitrite reductase HBII -9.63 7.0E-07 ROS & antioxidants
DN1383_c0_g2 NAC domain-containing protein 48 -2.36 1.1E-02 TFs (stress regulators)
DN2336_c0_g1 Transcription factor bHLH148 -1.34 2.7E-02 TFs (stress regulators)
DN376_c0_g1 Probable WRKY transcription factor 17 -1.34 2.0E-02 TFs (stress regulators)
DN50_c0_g2 Transcription factor MYBS3 -1.88 7.0E-03 TFs (stress regulators)
DN57225_c0_g1 NAC domain-containing protein 48 -3.34 2.8E-02 TFs (stress regulators)

Microsatellite (SSR) analysis

Microsatellite search identified 23,7451 SSRs across 237,451 
examined sequences (total size: 239,446,924 bp), with 77,868 
sequences containing SSRs and 54,371 containing more than 
one SSR (Table 5). Complex SSRs numbered 16,220, with distri-
bution by repeat type as follows: dinucleotide (20,380), trinucle-
otide (8,983), tetranucleotide (2,004), pentanucleotide (283), 
and hexanucleotide (133). Dinucleotide repeats were the most 
abundant, consistent with patterns in plant transcriptomes.

Discussion

The de novo transcriptome assembly of R. oleracea demon-
strated high completeness, as evidenced by BUSCO scores ex-
ceeding 98% for both plant and eukaryotic orthologs, indicating 
minimal fragmentation and a robust resource for downstream 
analyses. This quality is comparable to assemblies in related 

Table 5: Summary of SSRs identified in R. oleracea 
transcriptome.

   Total number of sequences examined              237451
   Total size of examined sequences (bp) 239446924
   Total number of identified SSRs 77868
   Number of SSRs containing sequences 54371
   Number of sequences containing more than 1 SSR 16220
   Number of complex SSRs 7988

Distribution to different repeat type classes
   Unit size Number of SSRs

   Dinucleotide SSRs 20380
   Trinucleotide SSRs 8983
   Tetranucleotide SSRs 2004
   Pentanucleotide SSRs 283
   Hexanucleotide SSRs 133
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palms, such as date palm (P. dactylifera), where similar BUSCO 
metrics (e.g., 95-99% completeness) have supported stress re-
sponse studies [34]. The annotation of 61.92% of R. oleracea 
transcripts reflects a moderate success rate. The strong align-
ment with P. dactylifera (44.23%) and E. guineensis (44.9%) 
suggests conserved genetic elements, consistent with RNA-
seq studies on related species where P. dactylifera achieved a 
78% annotation rate against multiple databases [3]. Similarly, 
E. guineensis reported an 85% annotation rate, emphasizing 
the importance of species-specific transcriptomes for capturing 
salinity-related genes [42]. The reduced SwissProt annotation 
(34.35%) aligns with findings in other non-model plants, where 
limited curated data restricts annotation depth, underscoring 
the need for expanded genomic resources to fully elucidate sa-
linity tolerance mechanisms in Royal palm.

GO and COG classifications underscored metabolic and cel-
lular adaptations, with enrichment in binding, catalytic activity, 
and signal transduction hallmarks of abiotic stress responses. 
The prominence of metabolic processes in BP and membrane 
components in CC aligns with salinity-induced osmotic and ion-
ic adjustments, as seen in oil palm transcriptomes under salt 
stress, where similar categories were upregulated to maintain 
cellular integrity [6].

Analyzing gene expressions under different environmental 
conditions reveals how pathways respond to stressors, aiding 
in the development of more effective agronomic strategies. Uti-
lizing genomic technologies like CRISPR and RNA-Seq enhances 
desirable traits, promoting crop improvement and sustain-
ability. Establishing a genetic framework for R. oleracea could 
greatly enhance oil palm varieties, supporting food security and 
agricultural productivity amid global challenges. The observed 
clustering and differential expression patterns in R. oleracea 
underscore potential molecular adaptations to salinity, with 
DEGs likely involved in osmotic adjustment, ion transport, and 
stress signaling, similar to mechanisms reported in related palm 
species. For instance, in P. dactylifera, RNA-seq analyses under 
salinity stress identified comparable DEGs in pathways for salt 
tolerance, including those regulating ion homeostasis and anti-
oxidant responses, with hierarchical clustering revealing distinct 
salt-responsive gene modules [53]. Likewise, transcriptome 
profiling in P. dactylifera exposed to high salinity showed modu-
lated expression of genes for compatible solute accumulation, 
mirroring the upregulation patterns in our saltwater samples 
and suggesting conserved evolutionary strategies across Areca-
ceae [34]. These findings emphasize the value of sampling in 
coastal environments for uncovering salinity resilience across 
plants for comparative studies.

The GO enrichment results in R. oleracea demonstrate a 
pronounced emphasis on stress response and osmotic adjust-
ment mechanisms, with upregulated DEGs enriched in terms 
related to salt stress signaling and ion exclusion, which are 
critical for maintaining cellular homeostasis in coastal saline 
environments. This aligns with transcriptome studies in other 
species, where similar GO terms for oxidative stress response 
and carbohydrate metabolism facilitate osmotic balance under 
salinity; for instance, in date palm, RNA-seq analysis under sa-
linity stress identified enriched GO categories like response to 
salt stress and osmotic stress, with DEGs involved in ion trans-
port and antioxidant pathways contributing to tolerance [53]. 
Similarly, in oil palm, core transcriptome responses to salinity 
included enriched terms for abiotic stress and osmotic regula-
tion, highlighting genes for drought and salt adaptation through 

metabolic reprogramming [13,25]. In mango (Mangifera in-
dica), comparative transcriptome profiling of salt-tolerant and 
sensitive genotypes revealed enriched GO terms for response 
to stimulus and osmotic stress, with upregulated genes linked 
to ion homeostasis and reactive oxygen species scavenging [33]. 
Furthermore, in wheat (Triticum aestivum), salt-stress transcrip-
tome analysis showed enrichment in biological processes like 
response to oxidative stress and carbohydrate metabolism, aid-
ing osmotic adjustment and ion compartmentalization [19,46]. 
In tomato (Solanum lycopersicum), RNA-seq under salinity iden-
tified DEGs enriched in stress response and osmotic pathways, 
including those for hormone signaling and solute accumulation, 
underscoring conserved mechanisms [38]. These parallels sug-
gest that Royal palm’s salinity tolerance may involve evolution-
arily conserved modules across the plants. 

The KEGG enrichment analysis of R. oleracea reveals a dy-
namic interplay between growth-oriented pathways upregulat-
ed in freshwater and stress-adaptive pathways upregulated in 
saltwater, underscoring its potential salinity tolerance mecha-
nisms. The upregulation of photosynthesis, starch and sucrose 
metabolism, and secondary metabolite biosynthesis in freshwa-
ter aligns with reduced stress demands, while the downregu-
lation of plant hormone signal transduction, nitrogen metabo-
lism, and flavone biosynthesis suggests their activation under 
salinity to manage osmotic and ionic stress, a pattern observed 
across plant transcriptomes. In quinoa (Chenopodium quinoa), 
RNA-seq under salinity stress identified upregulated pathways 
like hormone signaling and nitrogen metabolism for osmotic 
adjustment, contrasting with their lower activity in control con-
ditions [37]. In barley (Hordeum vulgare), transcriptome pro-
filing under salt stress enriched pathways such as glycerolipid 
metabolism and citrate cycle for energy redirection to stress tol-
erance, mirroring the saltwater upregulation in Royal palm [31]. 
In soybean (Glycine max), salinity-responsive RNA-seq showed 
enhanced flavone biosynthesis and hormone signaling under 
stress, with reduced activity in non-stressed plants, supporting 
the freshwater downregulation observed here [47]. In rice, salt 
stress induced upregulation of the TCA cycle and nitrogen me-
tabolism for ion homeostasis, contrasting with their suppres-
sion in low-salinity controls [59]. In sorghum (Sorghum bicolor), 
transcriptomic analysis under salinity enriched plant-pathogen 
interaction and hormone signaling pathways, indicating stress-
specific activation absent in unstressed conditions [56]. These 
comparative insights suggest that Royal palm’s differential path-
way regulation reflects conserved salinity response strategies, 
offering potential targets for breeding programs to enhance 
abiotic stress resilience.

The identified salinity-responsive DEGs in R. oleracea, in-
cluding heat shock proteins, ion transporters, and signaling 
components, suggest mechanisms for osmotic regulation, ion 
homeostasis, and oxidative stress mitigation, which are crucial 
for survival in coastal saline environments. Similar gene sets 
have been reported in other plant RNA-seq studies, where heat 
shock proteins and chaperones contribute to protein stability 
under salinity, as observed in barley mutants where rapid ion 
transporter activation enhanced salt tolerance [26,55]. In rice, 
comparative transcriptome analysis of salt-tolerant and sensi-
tive cultivars revealed upregulated NAC and WRKY transcrip-
tion factors for stress regulation, paralleling the TF categories in 
Royal palm [12]. Tomato root RNA-seq under salt stress showed 
transcriptome reprogramming involving ABA/MAPK signaling 
and alternative splicing, akin to the signaling DEGs here, em-
phasizing early response pathways [16]. In chickpea, molecular 



7

MedDocs Publishers

Journal of Plant Biology and Crop Research

regulation of salt tolerance involved ion homeostasis genes like 
potassium transporters, supporting the ion transport category 
in our study [24]. Soybean root time-series transcriptome un-
der salt stress highlighted gene networks with ROS scavengers 
and hormone signaling, mirroring the antioxidant and signaling 
DEGs in R. oleracea [23]. These parallels indicate conserved sa-
linity tolerance strategies across species, providing a basis for 
functional and potential genetic enhancement in palms.

SSR analysis identified abundant dinucleotide repeats, which 
are valuable for marker development in breeding, population 
genetics, conservation, and species variation assessment pro-
grams. This distribution is typical in palms, as in date palm, 
where trinucleotide SSRs predominate in coding regions for 
salt-tolerant varieties [58]. Comparative studies in rice reveal 
similar SSR frequencies associated with salinity QTLs, aiding 
marker-assisted selection [27].

In summary, this study provides the first high-quality de novo 
transcriptome for the ornamental royal palm, R. oleracea, filling 
a crucial genomic gap within the Arecaceae family. Our analysis 
of the response to salinity shows that this palm quickly initiates 
a coordinated defense involving the upregulation of ion homeo-
stasis, redox balance, and metabolic reprogramming, which are 
conserved across palms and crops like rice, tomato, and wheat. 
R. oleracea has strong, pre-existing transcriptional machinery 
capable of responding to environmental stress. Future func-
tional validation could improve coastal palm cultivation amid 
climate-driven salinization. The identified DEGs serve as a valu-
able resource for comparative genomics across palms, offering 
molecular targets for the enhanced selection or genetic engi-
neering of improved salt and drought tolerance in economically 
and ornamentally important palm species facing rising coastal 
salinity and drought due to environmental change.
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