Genome Downloaded Trom cansciencepun.com by EMBRAPA EMPRESA BRASILEIRA DE PESQUISA AGROPECUARIA on Uo/Z22/26

‘Genome

An International Journal

for Genetics and Genomics OPEN ACCESS | Research Article

The genome sequence of the acai berry (Euterpe oleracea
Mart.) and RNA-Seq analysis of the fruit ripening

Maria Silvanira Ribeiro Barbosa®®, Savio de Souza Costa®, Davi Josué Marcon®, Adan Rodrigues de Oliveira®, Lucas da
Silva e Silva®, Maria Paula Cruz Schneider®®, Juarez Antonio Simées Quaresma’, Diego Assis das Gracas®*, Adonney
Allan de Oliveira Veras®, Maria do Socorro Padilha de Oliveira’, Simone de Miranda Rodrigues’, Elisa

Ferreira Moura’, Artur Silva®®, and Rafael Azevedo Baratina ©%°

?Laboratério de Engenharia Biolégica, Espaco Inovacdo, Parque de Ciéncia e Tecnologia Guamd, 66075-750, Belém, PA, Brazil;
®Centro de Gendmica e Biologia de Sistemas, Instituto de Ciéncias Bioldgicas, Universidade Federal do Pard, 66075-110, Belém, PA,
Brazil; °Nucleo de Medicina Tropical, Instituto de Ciéncias da Satide, Universidade Federal do Pard, 66055-240, Belém, PA, Brazil;
“Embrapa Amazonia Oriental, Tv Doutor Enéas Pinheiro, 66095-903, Belém, PA, Brazil

Corresponding author: Rafael Azevedo Baratina (email: rabarauna@ufpa.br)

Abstract

Euterpe oleracea Mart. is a perennial wetland palm native to the eastern Amazon that produces a fruit called acai, which is
used to prepare a beverage of great social and economic importance to the region. We have sequenced the acai genome using
Oxford Nanopore long-read platform, and we have evaluated the gene expression of the fruit during the ripening process
in both the white and purple varieties via RNA-Seq analysis. The assembled genome had a size of 3066 969 163 bp, with the
longest contig displaying 430834 bp, an N50 of 54 646, and a GC content of 49.97%. The transcriptome analysis identified
crucial genes that regulate the production of anthocyanins in purple acai. For example, the upregulation of the flavonoid
3’5’-hydroxylase enzyme plays a crucial role in the synthesis of purple anthocyanins, such as delphinidin 3-glucoside, between
70 and 130 days after flowering. In contrast, a general downregulation of the enzymes responsible for the initial stages of the
anthocyanin synthesis was observed in the white variety. Our findings provide a valuable contribution to the understanding

of the molecular mechanisms that regulate the ripening process of acai fruits and present the first genome of E. oleracea.
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Introduction

Euterpe oleracea Mart. is a perennial wetland palm of the
family Arecaceae native to the eastern Amazon region and
the main bioeconomy product from the Brazilian amazon
(Yamaguchi et al. 2015). The tree grows in multiple stems
and produces a berry-like purple fruit called acai, which is
one of the most commercialized and appreciated products
of regional agriculture. Some trees are capable of produc-
ing fruits with a low anthocyanin content, called white acai
(Oliveira et al. 2019; Laurindo et al. 2023). The molecular pro-
cesses that control the production of this type of fruit are un-
known, although a previous study suggests some important
metabolic pathways (Darnet et al. 2023). The acai beverage is
produced by mechanical extraction of the fruit’s mesocarp
with water. The Brazilian state of Pard, located in the west-
ern Amazon, accounts for 96% of the acai cultivation area in
the country (about 188 000 ha) (Oliveira et al. 2019; Bezerra
2025).

Two other palm trees of the same genera have been docu-
mented in the Americas. Euterpe precatoria Mart. is a single-
stemmed palm that naturally occurs in western Amazonia
and Central America, while Euterpe edulis Mart. is found in the
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Atlantic Forest and evolved from a common ancestor with the
Amazonian species (Pichardo-Marcano et al. 2019). Vicariant
speciation due to the formation of the dry forest belt (emer-
gence of Cerrado and Caatinga) is the main explanation for
the current dispersal of these species. Thus, the Amazon is
the geographical origin of these palm trees (Antonelli et al.
2009). Both E. edulis and E. precatoria have lower organolep-
tic quality and fruit pulp yield compared to E. oleracea and
therefore are used to blend with E. oleracea for acai bever-
ages. Molecular studies using RAPD and SSR markers have
shown that E. oleracea has high genetic variability (Oliveira
et al. 2007). Using flow cytometry, the genomes of E. edulis,
E. oleracea, and E. precatoria were predicted to be 4, 4.13, and
4.61 Gpb in size, respectively (Oliveira et al. 2016). All three
species have a 2n = 36 karyotype, with significant differences
in chromosome morphology (Oliveira et al. 2016). This is the
largest karyotype in the subfamily Arecoideae, a characteris-
tic observed only in New World species (Oliveira et al. 2016).
The plastomes of E. edulis and E. oleracea have already been
sequenced (Lopes et al. 2021). Lopes et al. (2021) have shown
that more than half of the protein-coding genes in the plas-
tomes have undergone positive selection.
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Transcriptomic studies have been widely applied across
plant species of economic and environmental relevance. In
Vaccinium uliginosum (Ericaceae), a high-value wild fruit, tran-
scriptome analysis enabled the annotation of 42 837 genes,
revealing that the absence of anthocyanins in white-fruited
varieties is linked to the downregulation of specific genes
(Yang et al. 2018). Similarly, in tomato fruits, transcriptional
profiling identified 31905 transcripts, with enrichment of
carbon metabolism and amino acid biosynthesis pathways
during ripening (Zhao et al. 2024). This developmental pat-
tern is also observed in strawberry (Fragaria x ananassa),
where the transition between green, white, and red stages
involves the differential expression of 6608 genes (Galli et al.
2019). In contrast to these well-established species, genomic
studies on acai palm (E. oleracea) remain scarce. Recently, us-
ing the Ion Proton sequencing platform, Darnet et al. (2023)
generated 255 million reads, identifying 22 486 transcripts.

From a genomic perspective, recent studies have expanded
knowledge of the genus Euterpe. Francisconi et al. (2022) char-
acterized the complete plastid genomes of E. edulis, E. oleracea,
and E. precatoria, revealing the typical quadripartite structure
of angiosperm chloroplasts, with two inverted repeat regions
(IRA and IRB) flanking the large and small single-copy regions
(LSC and SSC). Phylogenetic analyses indicated a closer rela-
tionship between E. oleracea and E. precatoria, while nuclear
and mitochondrial genome analyses revealed 1077 SNPs and
high interspecific divergence, particularly between E. edulis
and E. precatoria, suggesting that, despite the few structural
differences among plastomes, point mutations are sufficient
to distinguish E. edulis from the other species in the genus.
Complementarily, Francisconi et al. (2025), analyzing 160 in-
dividuals of E. oleracea from the eastern and western Amazon,
identified signals of selection in the eastern region, character-
ized by a higher number of outlier SNPs and distinct gene pro-
files, possibly associated with more intense extraction pres-
sure. Taken together, these studies reinforce the importance
of integrated genomic approaches for understanding the di-
versity, population structure, and molecular basis of the acai
palm.

Due to the global socio-economic importance of acai, es-
pecially the species E. oleracea, several research projects have
been carried out to develop new technologies to support the
fruit production chain. For example, Embrapa (the Brazilian
Agricultural Research Corporation) launched a dryland culti-
var with high productivity and an off-season fruit-producing
cultivar in 2004 and 2019, respectively. The acai fruit is rich
in a-tocopherol, fiber, lipids, polyphenols (anthocyanins),
and minerals (Rufino et al. 2010). The fruit extract showed
anti-inflammatory, antinociceptive, and antioxidant activ-
ity, mainly due to polyphenols (especially anthocyanins and
flavonoids) (Mertens-Talcott et al. 2008; Kang et al. 2012).
These properties make acai not only a globally appreciated
beverage, but also one of the most important bioeconomy
assets of the Amazonian biodiversity for the formulation of
cosmetic and pharmaceutical products.

In this study, we present the first version of the E. ol-
eracea genome, using the long-read DNA sequencing plat-
form PromethION 2 Solo (Oxford Nanopore Technologies).
We sequenced a representative strain of the eastern Ama-

zon maintained in a plant nursery at Embrapa Amazonia
Oriental. In addition, to improve gene annotation and shed
light on the molecular process of fruit ripening in two acai
varieties (white and purple fruits), a comparative RNA-Seq
analysis was performed at the three main stages of fruit
ripening.

Materials and methods

Sampling

The strains of E. oleracea used in this study were main-
tained by the Empresa Brasileira de Pesquisa Agropecudria
(Embrapa)—Amazonia Oriental. Access to Brazilian genetic
heritage was registered in the SisGen web platform under
No. A740F98. For the RNA-Seq analysis, the fruits of the two
varieties were collected from one plant of each variety—one
white acai plant (accession 294-7) and one purple acai plant
(accession 33.1)—both from the acai germplasm bank main-
tained at the experimental area of Embrapa Amazoénia Ori-
ental. A single plant per variety was intentionally selected to
minimize excess genetic variation between samples. The fol-
lowing stages of ripeness were analyzed: unripe (70 days af-
ter flowering—70 DAF), intermediate (130 DAF), and ripe (160
DAF). In each group, biological triplicates were analyzed, to-
talizing 18 samples. The fruits were collected aseptically and
immediately frozen in liquid nitrogen until RNA extraction.
For the genome sequence, the DNA was extracted from a frag-
ment of the root of a strain maintained at a plant nursery of
the Embrapa Amazo6nia Oriental.

DNA and RNA extraction

The agai fruits were macerated in liquid nitrogen, and total
RNA was extracted using the RNeasy PowerPlant kit (Qiagen)
according to the manufacturer’s instructions. The extracted
RNA was quantified using a Qubit 2.0 fluorometer (Invitro-
gen). Before preparing the libraries, the mRNAs were cap-
tured using the Dynabeads™ mRNA Purification kit (Thermo
Fisher Scientific) according to the manufacturer’s instruc-
tions. For genomic DNA extraction, 5g of root was macer-
ated in liquid nitrogen together with polyvinylpyrrolidone
(PVP) and 2-mercaptoethanol. Total DNA was obtained us-
ing an extraction solution and chloroform-isoamyl alcohol
method. Quantification was performed on a Qubit 2.0 fluo-
rometer (Invitrogen), and DNA integrity was observed on a
1% agarose gel. NanoDrop was used to assess the purity of the
extract.

Oxford nanopore long-read sequencing

Sequencing was performed on the PromethION 2 Solo plat-
form (Oxford Nanopore Technologies). The genomic library
was prepared with 1ug of DNA according to the Ligation se-
quencing DNA v14 protocol (SQK-LSK114). DNA strands were
repaired using Ultra End_prep Enzyme Mix, followed by pu-
rification and ligation of adapters to the fragments. The li-
brary concentration was adjusted to 20 fmol, and sequencing
was performed using the R10 flow cell, according to the man-
ufacturer’s protocol.

Genome 69: 1-14 (2026) | dx.doi.org/10.1139/gen-2025-0105



http://dx.doi.org/10.1139/gen-2025-0105

Genome Downloaded Trom cansciencepun.com by EMBRAPA EMPRESA BRASILEIRA DE PESQUISA AGROPECUARIA on Uo/Z22/26

Genome assembly and annotation

Trimmomatic v.0.39 was used to remove low-quality bases
in the raw reads. The main parameters used in this step were
SE, -phred33, LEADING:20, and -threads (Bolger et al. 2014).
The BWA (Burrows-Wheeler Aligner) software v0.7.17 (Li and
Durbin 2009) was used to map the trimmed reads against
the chloroplast reference sequence of E. oleracea (accession
No. NC_057603.1). Mapped reads were removed from the
analysis.

The Shasta software v.0.11.1 (Shafin et al. 2020) was used
to perform the genome assembly. The parameters used were
—config, —assemblyDirectory, -threads, -Assembly.mode, -
ReadGraph.strandSeparationMethod, -memoryBacking, and
finally, -memoryMode. This process was executed on the
Apollo 2000 computational cluster, located at the High-
Performance Computing Center of the Federal University of
Pard, using 200 processing cores and 480 TB of memory. Quast
software v.5.2.0 (Gurevich et al. 2013) was used to evaluate
the assembly results. The main metrics observed were N50,
largest contig, total number of contigs, and total number of
bases. Finally, gene completeness was assessed using BUSCO
software, using the parameters “genome” and “-auto-lineage-
euk” (Simao et al. 2015).

For genome annotation, the machine learning-based soft-
ware Helixer v.0.3.4 with the land plant option was used
(Stiehler et al. 2021). This method facilitated the pre-
diction of genic regions, CDS, and UTR regions. Func-
tional enrichment and COG prediction were conducted
using emapper v.2.1.12 (Cantalapiedra et al. 2021) with
the eggNOG database v.5.0.2, employing an ortholog genes
seed e-value of 1e-2 and utilizing the genome method. All
KEGG enrichments were retrieved for pathways through
the web tool KEGG Mapper Reconstruct (https:/[www.
genome.jp/kegg/mapper/reconstruct.html). The comparative
genomic analysis was performed using the following
species: Phoenix dactylifera (GCF_000413155.1), Cocos nucifera
(GCA_008124465.1), Elaeis guineensis (GCA_000442705.2), and
Elaeis oleifera (GCA_000441515.2). The figures were plotted us-
ing R and RStudio.

RNA-Seq analysis

The cDNA library was constructed using the Ion Total RNA
Seq v2 kit (Thermo Fisher Scientific) according to the man-
ufacturer’s instructions. To this end, mRNA was fragmented
using RNase III for 3 min, thereby generating fragments with
a size of 200 bp. Subsequently, the reactions were purified us-
ing the Magnetic Bead Cleanup module. Thereafter, the mR-
NAs were ligated to adapters, followed by reverse transcrip-
tion and purification. The library was then quantified using
the QuantStudio™ 12K Flex system (Thermo Fisher Scientific),
and concentrations were adjusted to 50 pmol/L. The chip 550
was automatically prepared on the Ion Chef™ Instrument
(Thermo Fisher Scientific). Sequencing was carried out on the
Ion GeneStudio™ S5 Plus platform (Thermo Fisher Scientific).

De novo transcriptome assembly and

annotation
Unknown nucleotides (Ns), low-quality nucleotides, and
hexamers were removed from the analysis. The treatment
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was performed using Trimmomatic v.0.39 (Bolger et al. 2014)
removing reads with an average quality lower than 25, and fi-
nal length below 50 bp. Quality control was conducted using
FastQC.

De novo assembly was performed using Trinity v.2.15
(Grabherr et al. 2011). The assembly was conducted in three
modes: (i) assembly of all samples into a single file; (ii) assem-
bly of the white and purple acai samples separately; (iii) as-
sembly every two samples, according to pairwise comparison
for differential expression analysis: 70 DAF versus 130 DAF
and 130 DAF versus 160 DAF. To corroborate the significance
of the gene that was found to be differentially expressed dur-
ing the ripening process, a gene expression analysis between
varieties at the same stage was also performed. The Trinity
Statistics tool was utilized to assess assembly statistics.

The TransDecoder v.5.4 (available at https://github.com/T
ransDecoder/TransDecoder) was used for peptide prediction
according to the following parameter: training with the top
longest Open Reading Frames (ORFs) for each assembler used
in the study. Gene prediction was performed with EggNOG-
mapper database v.2.1 (Huerta-Cepas et al. 2019). Initial steps
involved the acquisition and preparation of target genomic
sequences for subsequent analysis. These sequences were
then subjected to the EggNOG database to identify orthologs
and paralogs, facilitating a thorough examination of gene
groups and their evolutionary relationships. Subsequently,
functional annotation of the predicted genes was conducted
using the information provided by EggNOG. GhostKOALA
web server v.3.1 was used for KEGG Ontology (KO) assignment
and KEGG pathway mapping (Kanehisa et al. 2016).

Differential expression analysis

The Trinity pipeline was used to analyze differential expres-
sion. The Align Reads and Estimate Abundance tools were em-
ployed to perform abundance estimation using the Salmon
method. Subsequently, isoform files were obtained. Follow-
ing this step, mapping tables were generated through the
Build Expression Matrix tool, employing the Salmon abun-
dance estimation method. Differential Expression (DE) anal-
ysis was executed by estimating RNA-Seq fragment isoform
counts using DESeq2 v.2.11.40 (Love et al. 2014). The DE-
Seq2 package was used to extract and cluster differentially
expressed transcripts with a p-value cutoff of approximately
0.001. Differentially expressed genes (DEGs) were filtered
based on Log2FoldChange values, with a >2 cutoff to identify
upregulated genes and <2 to identify downregulated genes.
Graphical representations were obtained using the RStudio
v.2024.12, with the DESeq2 (Love et al. 2014), edgeR (Robinson
etal. 2010), limma (Ritchie et al. 2015), and ggplot2 (Wickham
2016) libraries.

Results

Whole genome sequencing

After long-read sequencing and raw data processing, a to-
tal of 12202098 reads were obtained, constituting 99.99%
of all sequenced reads. The BWA (Burrows-Wheeler Aligner)
software was used to identify and remove reads that ex-
hibited a match with the plastome sequence of E. oleracea

3
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Fig. 1. Distribution of genes in COG functional categories for each palm tree genome. The COG categorization took into account
26 different functional groups. The columns represent relative values, and the uncategorized genes are included as the last

category.
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(NC_057603.1). A total of 64 802 reads aligned with the plas-
tome reference and were consequently removed from the
analysis, resulting in a dataset of 12 137 296 reads. Sequences
smaller than 10 000 bp were discarded prior to assembly. Fi-
nally, the average read length was 17931, and the N50 was
18505. The assembled genome was assessed using QUAST
software, revealing a size of 3066 969 163 bp, with the longest
contig displaying 430 834 bp, an N50 of 54 646, and a GC con-
tent of 49.97%. This size corresponds to approximately 75% of
the expected acai genome size, as determined by flow cytom-
etry studies (Oliveira et al. 2016).

The acai genome annotation through Helixer revealed
41.703 genes across the 3.1 Gbp genome. To understand the
overall genome function of palm trees, we performed a COG-
based functional annotation and identified a significant num-
ber of genes related to replication and repair in all five palm
tree species. Notably, P. dactylifera, whose genome was se-
quenced and reported by Al-Mssallem et al. (2013), exhibited
areduced repertoire of genes in this functional category com-
pared to the other species analyzed, while the other four
species showed more than 50% of their genome related to
the aforementioned COG (Fig. 1). A deeper analysis of the
raw data revealed a high number of transposable elements
in palm tree genomes, categorized as COG “L—Replication

. A - RNA processing and modification
B — Chromatin Structure and dynamics
C - Energy production and conversion
. D - Cell cycle control and mitosis

F - Nucleotide metabolism and transport
- G - Carbohydrate metabolism and transport
I H - Coenzyme metabolis

- L - Replication and repair
M - Cell wall/membrane/envelop biogenesis

N - Cell motility
O - Post-translational modification, protein turnover, chaperone functions
P - Inorganic ion transport and metabolism

. Q - Secondary Structure

E - Amino Acid metabolis and transport . R — General function prediction only

S - Function unknown
T - Signal Transduction
I U - intracellular trafficing and secretion
V - Defense mechanisms
. W - Extracellular structures
Y — Nuclear structure
. Z - Cytoskeleton
Uncategorized

and repair”, which biased the COG annotation. The second
most abundant COG was “S—Function unknown”, indicating
a substantial genomic content without functional character-
ization in all palm trees analyzed. Interestingly, P. dactylif-
era, which has the smallest genome (573 Mbp) among the
analyzed samples, displayed a significantly divergent pro-
file, showing larger content related to intracellular traffick-
ing, RNA processing, and carbohydrate and lipid metabolism
(Fig. 1).

Aiming to classify acai genes into functional hierarchies,
we used KEGG gene enrichment to compare the five palm
tree genomes by gene category enrichment (Fig. 2A). Our re-
sults showed a set of core cellular functions strongly enriched
in all species, including mechanisms such as membrane traf-
ficking, the ubiquitin system, and exosomes. Interestingly,
the hierarchical categorization of genes grouped E. oleracea
with Elaeis guineensis, the African oil palm, while the Amer-
ican oil palm, Elaeis oleifera, was grouped with P. dactylifera,
one of the oldest and main staple crops in Southwest Asia
and North Africa.

A detailed analysis of metabolic pathways (Fig. S1) revealed
that the three palm trees with the largest genomes, E. ol-
eracea, Elaeis guineensis, and Elaeis oleifera (Low et al. 2024),
possess a high number of genes for terpenoid backbone
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Fig. 2. Functional analysis of palm tree genomes through the categorization of genes and identification of unique complete
pathways. (A) Heatmap illustrating the relative values of overall enriched metabolic categories, with warmer colors indicating
high gene abundance and colder colors representing low gene abundance; the data has been scaled by column using empirical
percentile transformation. (B) Presence or absence heatmap depicting the distribution of complete pathways, where rows
represent specific complete pathways, columns correspond to the palm tree genomes, and the presence of color indicates
a complete pathway within the genome. The top and side dendrograms represent hierarchical clustering of genomes and

metabolic pathways, respectively.
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biosynthesis, which are absent in the other two palms. They
also possess genes related to the sulfur cycle, which are pos-
sibly important for sulphured amino acids such as methion-
ine. Methionine was found to be produced solely from aspar-
tate in the three aforementioned palm trees (Fig. 2B). There-
fore, we identified a significant lack of complete pathways
across the C. nucifera genome, which, despite having a low
number of genes for sulfur metabolism, showed a particu-
lar assimilatory sulfate reduction pathway (Fig. 2B). In con-
trast, Elaeis guineensis exhibited a lack of some widely shared
pathways and the exclusive presence of others, such as the
alternative isoleucine biosynthesis pathway through pyru-
vate instead of threonine. Elaeis oleifera, on the other hand,
was found to have a lysine biosynthesis pathway through
the succinyl—-DAP pathway rather than the DAP aminotrans-
ferase pathway.

Differential expression during fruit ripening
The correlation matrix and dendrogram in Fig. 3 show
the degree of similarity among the samples in terms of the
transcriptional profile of white and purple acai at different
stages of ripeness. In all cases, the replicates from each phase
demonstrated increased similarity to each other and were
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Abscisic acid biosynthesis, beta—carotene => abscisic acid

Tryptophan biosynthesis, chorismate => tryptophan

Inositol phosphate metabolism, Ins(1,3,4)P3 => phytate

Histidine biosynthesis, PRPP => histidine

Lysine biosynthesis, DAP aminotransferase pathway, aspartate => lysine
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Methionine salvage pathway

Glycogen degradation, glycogen => glucose-6P

C5 isoprenoid biosynthesis, mevalonate pathway
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Tetrahydrofolate biosynthesis, GTP => THF

NAD biosynthesis, aspartate => quinolinate == NAD
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Leucine degradation, leucine => acetoacetate + aceryl CoA

Succinate ehydrogenase (ubiguinone)

Ascorbate biosynthesis, plants, fructose-6P => ascorbate

Citrate cycle, first carbon oxidation, oxaloacetate => 2-oxoglutarate

Citrate cycle, second carbon oxidation, 2-oxoglutarate => oxaloacetate

Polyamine biosynthesis, arginine => ornithine => putrescine

Glyoxylate cycle

Flavonoid biosynthesis, naringenin => pelargonidin

Flavanone biosynthesis, phenylalanine => naringenin

Isaleucine biosynthesis, threonine => 2-oxobutanoate => isoleucine

Monolignol biosynthesis, phenylalanine/tyrosine => monolignol

|| Adenine ribonucleotide degradation, AMP => Urate
Assimilatory sulfate reduction, sulfate => H2S

|| Lysine biosynthesis, succinyl-DAP pathway, aspartate => lysine

grouped into clusters, with the exception of the 70 DAF and
130 DAF samples of white acai, suggesting a greater relation-
ship between the transcriptional profiles of these two phases
in the white variant. The same result can be observed when
the data are analyzed using Principal Component Analysis
(PCA) (Fig. S2).

In terms of differential expression, the white acai exhib-
ited 76 541 transcript isoforms between the 70 DAF and 130
DAF, with 3972 upregulated genes and 8938 downregulated
genes. Between the 130 DAF and 160 DAF, a total of 54 198
transcripts were detected, with 3188 upregulated and 4766
downregulated. For purple acai between 70 DAF and 130 DAF,
62 577 transcripts were detected, with 4330 upregulated and
4812 downregulated. Finally, between 130 DAF and 160 DAF,
68926 transcripts were described, with only 1208 genes up-
regulated and 4457 downregulated (Table 1).

The number of DEGs in each pairwise analysis is rep-
resented in the volcano plots of Figs. 4 and 5. The x-axis
represents statistical significance (—log10 FDR), while the y-
axis represents the magnitude of the differential expression
(Log2FoldChange, FC). Upregulated genes are highlighted in
red, while downregulated genes are in blue. It is important
to note that the process of fruit ripening in both varieties is
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Fig. 3. The analysis was conducted to ascertain the correlation of samples based on gene expression using log-transformed
CPM values. The resulting correlation matrix between replicates for (A) white acai 70 DAF vs. 130 DAF and (B) 130 DAF vs. 160
DAF; (C) purple acai 70 DAF vs. 130 DAF and (D) 130 DAF vs. 160 DAF are illustrated in the form of heat maps. The similarity
values are represented in a gradient from purple (low correlation) to yellow (high correlation). The phylogenetic trees reflect
the hierarchical grouping of the samples based on the transcriptional profile.
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Table 1. Summary of the analyses of differential gene expression throughout the ripening phases in white and purple acai.

Acai variety Condition No. of transcripts Upregulated genes Downregulated genes
White 70 DAF vs. 130 DAF 76 541 3972 8938
White 130 DAF vs. 160 DAF 54198 3188 4766
Purple 70 DAF vs. 130 DAF 62577 4330 4812
Purple 130 DAF vs. 160 DAF 68926 1208 4457

Note: The total number of transcripts identified, as well as the number of up and downregulated genes between the consecutive phases, are highlighted. Differentially
expressed genes (DEGs) were determined based on log2foldchange values, with a >2 cutoff to identify upregulated genes and <2 to identify downregulated genes.

characterized by the regulation of numerous metabolic pro-
cesses.

Among the most significant DEGs upregulated in white
acai between 70 DAF and 130 DAF, we can highlight
phosphoenolpyruvate carboxykinase (PEPCK) (COG1866,
Log2FC = 6.37), purple acid phosphatase (PAP) (COG1409,
Log2FC = 9.95), and Tify domain protein (COG5641,
Log2FC = 8.27) (Fig. 4A). On the other hand, the most

significant downregulated genes encompass the BEL1-like
homeodomain protein (KOG0773, Log2FC = —2.41), ser-
ine/threonine phosphatase (COG0631, Log2FC = —6.50), and
saposin-like type B protein (KOG1339, Log2FC = —3.14) (Fig.
4A). The most significant DEGs that were found to be upregu-
lated in purple acai between 130 DAF and 160 DAF were as fol-
lows: Chaperonin (HSP60) (COG0459, Log2FC = 2.01), RCD1-
SRO-TAF4 (RST) domain protein (28SQZ, Log2FC = 4.18),
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Fig. 4. Volcano plots showing the differential expression of genes between different stages of white acai fruit ripeness. (A)
Comparison between stages 70 DAF and 130 DAF. (B) Comparison between stages 130 DAF and 160 DAF. The red dots represent
upregulated genes, while the blue dots indicate downregulated genes. The grey dots represent genes with no significant change
in expression. Genes with the highest or lowest Log2FC values were annotated and identified on the plots.
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Fig. 5. Volcano plots showing the differential expression of genes between different stages of purple acai fruit ripeness. (A)
Comparison between stages 70 DAF and 130 DAF. (B) Comparison between stages 130 DAF and 160 DAF. The red dots represent
upregulated genes, while the blue dots indicate downregulated genes. The grey dots represent genes with no significant change
in expression. Genes with the highest or lowest Log2FC values were annotated and identified on the plots.

A Diferential expression - Purple_F2XF3

200+

Expression
 Down-reguiated
* Unchanged

* Up-reguiated

-log10 (FOR)

0
Log2 Fold Change (FC)

glycosyl hydrolase 1 family (COG2723, Log2FC = 5.74), and
tRNA synthetases class II (COG0017, Log2FC = 3.65) (Fig. 4B).
In contrast, the most significant downregulated DEGs were
the WRKY transcription factor (28]IG, Log2FC = —2.65), pyru-
vate kinase (COG0469, Log2FC = —2.61), and RNA-binding
component of elF-3 complex (COG2072, Log2FC = —4.24)
(Fig. 4B).

In the purple acai, the most significant DEGs that were
found to be upregulated between 70 DAF and 130 DAF
were 2BZUX (log2FC = 9.08), invertase/pectin methylesterase
(log2FC = 7.33), and a UDP-glycosyltransferase family protein
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(log2FC = 9.31) (Fig. 5A). The latter is potentially associated
with the biosynthesis and modification of secondary metabo-
lites, which play important roles in the flavor, color, and
texture of the fruit. In contrast, the most significant down-
regulated genes were nectarine-3 (log2FC = —5.28) and
2C8M3 (log2FC = —6.26) (Fig. 5A). The former may be indica-
tive of a decline in antioxidant defenses as the fruit ripens,
while the latter has been linked to the protease inhibitor
family and seed storage. Finally, the most significant DEGs
of purple acai that were found to be upregulated between
130 DAF and 160 DAF were the Iron ascorbate-dependent
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Fig. 6. The bar charts illustrate the most significant categories of Clusters of Orthologous Groups (COGs) identified in the
Differentially Expressed Genes (DEGs). The bar graphs show the most relevant categories of clustered orthologues (COGs)
identified in the differentially expressed genes (DEGs). The most abundant COGs in purple acai between 70 and 130 DAF and
130 and 160 DAF are represented in A and B, respectively. The most abundant COGs in white acai between 70 and 130 DAF
and 130 and 160 DAF are represented in C and D, respectively. The blue bars represent statistically significant DEGs, while the

grey bars show the total frequency of genes per category.
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oxidoreductase family (COG3491, log2FC = 3.10) and
the MIP aquaporin family (COG0580, log2FC = 4.19),
while the COGO0667, belonging to the aldose/ketose

reductase family (log2FC = —6.24) and the chal-
cone stilbene synthase family gene (COG3424,
log2FC = -5.59), which is involved in changes in

flavonoid levels, were the most downregulated genes
(Fig. 5B).

The DEGs were selected and classified into COGs. Figure
6 shows the most relevant COGs identified during the fruit
ripening. In the purple variety, between 70 DAF and 130 DAF,
the main functional categories identified were O (DNA repli-
cation and repair), K (protein translation, modification, and
turnover), and S (unknown general functions). Between 130
and 160 DAF, significant changes were observed in the ex-
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pression of genes classified into categories G (carbohydrate
metabolism and transport) and Q (biosynthesis of secondary
compounds). In the white variety, between 70 and 130 DAF,
the most represented categories were O (DNA replication and
repair) and E (Amino acid metabolism). Between 130 and 170
DAF, the following categories were most represented: X (Cell
wall metabolism) and F (Nucleotide metabolism). In compar-
ison with the purple variety, the white variety exhibited a re-
duced number of metabolic changes associated with pigmen-
tation, indicative of a ripening pattern that is more focused
on structural characteristics.

A significant disparity in the chemical composition of
white and purple fruit is the concentration of anthocyanins.
Consequently, a comprehensive analysis of the genes respon-
sible for synthesizing these metabolites was conducted. No
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Fig. 7. Schematic representation of the anthocyanin biosynthesis pathway in white and purple acai. The substrates and prod-
ucts of the pathway are connected by arrows. The acronyms of the enzymes that catalyze the biochemical reactions are shown
next to the arrows. The anthocyanin synthesis pathway begins with the reaction between 4-coumaroyl-CoA and three molecules
of malonyl-CoA to form the chalcone naringenin, catalyzed by the enzyme chalcone synthase (CHS). The first part of the path-
way ends with the production of dihydrokaempferol, which can serve as a substrate for several enzymes that initiate the
synthesis of anthocyanins of different colors. In purple acai, the enzyme flavonoid 3'5’-hydroxylase (F3'5'H) is upregulated,
which may explain the development of the fruit’s characteristic color. CHI: chalcone isomerase; F3H: flavanone 3-hydroxylase;
F3'H: flavonoid 3’-hydroxylase; DFR: dihydroflavonol 4-reductase; ANS: anthocyanidin synthase.
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upregulated in the white acai. The majority of these genes,
including the enzymes CHS (Chalcone Synthase), CHI (Chal-
cone Isomerase), F3H (Flavanone 3-Hydroxylase), DFR (Dihy-
droflavonol 4-Reductase), and ANS (Anthocyanidin Synthase),
exhibited reduced levels of expression, indicating that the
synthesis of anthocyanins is repressed in white acai, thereby
conferring its definitive characteristics (Fig. 7). Conversely,
the expression of the enzyme UFGT (UDP-Glucose: Flavonoid
3-O-Glucosyltransferase) remained stable, indicating that its
activity is predominantly influenced by the substrate avail-
ability in the preceding stages of the pathway. In purple acai,
the gene encoding for the enzyme F3'5'H (Flavonoid 3',5'-
Hydroxylase) was found to be upregulated, which may result
in a substantial increase in the synthesis of dihydromyricetin
and, consequently, a concomitant increase in the production
of the anthocyanin delphinidin 3-glucosidase, whose deriva-
tives are directly associated with the fruit’s purple pigmen-
tation (Fig. 7). The up regulation of the F3'5'H enzyme is pri-
marily observed between the 70 DAF and 130 DAF, suggesting
that these stages are pivotal in determining the appearance
of the purple variety.
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The first genome sequence of the species

Euterpe oleracea

This work presents the first version of the genome of'E. oler-
acea. Our comparative results with other palm tree genomes
show that the acai genome is the largest among them. De-
spite the size difference, the overall genomic function of
palm trees appears to be highly similar, with COG functions
widely shared and only P. dactylifera exhibiting notable dif-
ferences. Interestingly, all palm tree genomes contain a high
number of transposable elements (TE), as clearly evidenced
by COG analysis. This result is expected given that the oil
palm has been reported to harbor a high number of trans-
posable elements (TEs) (Kubis et al. 2003; Beulé et al. 2015).
Other tree species, such as the Madagascar palm from the
Apocynaceae family, have also been shown to possess TE-rich
genomes (Cuello et al. 2024). Although some genomes of the
genus Elaeis have already been published (Low et al. 2024),
our results indicate that a significant proportion of the genes
have unknown functions. This highlights the need for more
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extensive efforts to characterize the function of the genes in
these plants.

Despite phylogenetic evidence indicating a closer evolu-
tionary relationship between the genera Elaeis and Cocos, both
of which are distant from E. oleracea (Darnet et al. 2023), a
more precise phylogenetic analysis has shown the strongest
relationship between the genera Elaeis and P. dactylifera, along
with highly similar genomic content between Elaeis guineen-
sis and Elaeis oleifera (Singh et al. 2013; Low et al. 2024). This
supports our findings from the genome enrichment analy-
sis. A study that used transcripts to gather genomic informa-
tion from E. oleracea detected structural changes between this
species and both P. dactylifera and Elaeis guineensis (Darnet et al.
2023). However, this transcript-based approach must be vali-
dated through structural genomic analysis in future studies.

Searching for complete pathways in palm tree genomes re-
vealed that Elaeis oleifera, Elaeis guineensis, P. dactylifera, and
E. oleracea have unique, complete pathway profiles that are
quite similar, with many shared pathways. By contrast, C. nu-
cifera is positioned as an outgroup and lacks many impor-
tant pathways, such as those involved in ascorbate and heme
biosynthesis. It may therefore possess uncharacterized mech-
anisms to perform these functions due to its genomic adap-
tations to environmental and salt-related stress (Yang et al.
2021). However, while four palm trees possess the ascorbate
biosynthesis pathway, only three of them possess the glyoxy-
late cycle pathway. Both pathways are important resources
for reactive oxygen species (ROS) detox in plants (Zhang et al.
2020), and this result may suggest an improved detox activ-
ity in Elaeis oleifera, E. oleracea, and P. dactylifera. Other specific
pathways were found, such as a pathway for isoleucine syn-
thesis from pyruvate instead of threonine for Elaeis guineensis
(Risso et al. 2008) or the lysine biosynthesis through succinyl-
DAP instead of DAP aminotransferase, event known for bac-
teria (Liu et al. 2021) and found in C. nucifera and Elaeis oleifera.

General aspects of the RNA-Seq analysis

Intense pigmentation has been demonstrated to be associ-
ated with a few ecological advantages, including the attrac-
tion of seed dispersers and protection against environmental
stresses, such as UV radiation and herbivory. During the pro-
cess of acai ripening, significant transcriptional changes were
observed. The total number of bases that were sequenced
amounted to 265 billion, which resulted in the assembly of
69405 transcript isoforms. This number of isoforms reflects
the high complexity of the acai transcriptome, which showed
an average GC content of 50% and a Phred score of 26. These
data are consistent with those from other plants, such as
Spartina alterniflora (Ye et al. 2023).

A comparison of the transcriptome profiles of white and
purple acairevealed that the white variety exhibited a greater
number of DEGs between 70 and 130 days DAF. These results
suggest that the white variety requires greater gene regula-
tion during the early stages of ripening to produce the white
fruit. On the other hand, the changes observed in the ripen-
ing process of purple fruit have yielded results that are like
those in tomatoes (Solanum lycopersicum), grapes (Vitis vinifera),
and apples (Malus domestica) (Klee and Giovannoni 2011). For
example, studies on tomatoes have demonstrated that the
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initial stages of ripening are characterized by elevated ex-
pression levels of genes associated with primary metabolism,
while the subsequent stages of ripening are associated with
the activation of secondary metabolic pathways, including
the biosynthesis of carotenoids and anthocyanins (Klee and
Giovannoni 2011).

The differences in the main COG categories between the
ripening stages of white and purple acai reflect the marked
distinctions in the gene regulation and metabolism of these
two varieties (Fig. 6). The functional categories observed in
purple acai suggest a marked transition to the production of
secondary compounds, especially anthocyanins. In contrast,
the predominant COG categories in white acai are associated
with structural processes, including amino acid metabolism
(E) and genomic maintenance (O). The absence of categories
related to the biosynthesis of secondary compounds is in-
dicative of the lack of significant pigmentation in white acai.
This phenomenon is consistent with the observations made
in studies conducted on fruits such as white tomatoes, where
ripening is more closely associated with changes in fruit tex-
ture than with changes in color (Klee and Giovannoni 2011).

Regarding the gene expression at different ripening stages
(70 vs. 130 DAF and 130 vs. 160 DAF), the greatest similarity
in the early stages observed for both varieties suggests the ex-
pression of common biological processes, such as cell expan-
sion and carbohydrate synthesis. These processes have also
been documented in other species, such as apple (Malus do-
mestica) and strawberry (Fragaria ananassa) (Chen et al. 2022;
Lietal. 2023). However, the expression pattern of enzymes in-
volved in the anthocyanin biosynthetic pathway represents a
notable exception to this trend. The most prominent DEGs
associated with the production of purple pigments were de-
tected in the comparison between 70 and 130 DAF. In the
case of purple acai, the marked down regulation of genes
in the anthocyanin pathway likely reflects a developmen-
tal shift in the metabolic requirements as the fruit matures
(Fig. 7). In particular, one of the most strongly downregulated
genes was a member of the chalcone-stilbene synthase fam-
ily (COG3424, log,FC = —5.59), which is a key enzyme in the
early stages of flavonoid biosynthesis. Also, between 70 and
130 DAF, the gene 2BZUX (log,FC = 9.08), annotated as inver-
tase/pectin methylesterase, was found to be highly upregulated.
This gene is associated with the accumulation of sugars in
ripe fruit and plays a role in fruit softening (Coculo and Li-
onetti 2022).

The marked difference in gene expression profiles at ad-
vanced stages (130 vs. 160 DAF) reflects, in the purple vari-
ety, the accumulation of anthocyanins and changes in the
cell structure metabolism. Studies on grapes have shown that
fruit ripening is associated with the activation of genes re-
lated to the synthesis of phenolic compounds and cell wall
polysaccharides (Zhang et al. 2021). Corresponding patterns
have been observed in pigmented orange (Citrus sinensis) and
red pepper (Capsicum annuum), where differential expression
of anthocyanin pathway genes has been correlated with fruit
pigmentation (Butelli et al. 2008). Furthermore, in the ad-
vanced stages of ripening, the expression of the HSP60 and
RCD1-SRO-TAF4 genes highlights a robust response to oxida-
tive stress, a common phenomenon in ripening fruit that
face high rates of respiration and production of reactive
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oxygen species. These processes are vital for maintaining cell
integrity, as demonstrated in studies with tomatoes and ba-
nanas (Bhadouria and Giri 2022; Gambhir et al. 2024).

In white acai, the most upregulated DEGs were found to be
associated with adaptation and resistance. For example, the
up regulation of the PEPCK gene between 70 and 130 DAF,
is indicative of a metabolic adaptation mechanism preva-
lent in fruits such as tomatoes and grapes, in which gluco-
neogenesis plays a key role in regulating the redistribution
of sugars and organic acids. Another notable gene that en-
codes the enzyme Purple Acid Phosphatase (PAP) exhibited
high levels of expression, suggesting an adaptive mechanism
linked to phosphorus metabolism and the detoxification of
reactive oxygen species (Walker et al. 2015). It has previously
been demonstrated that tropical fruits such as mangoes and
bananas also use this enzyme to respond to environmental
stress (Bhadouria and Giri 2022).

Among the DEGs identified in purple acai, those related to
the synthesis of phenolic compounds and anthocyanins are of
particular interest. One such example is the gene containing
the TIFY domain (COG5641), which exhibited elevated expres-
sion levels in the advanced stages of ripening. This conserved
domain characterizes a plant-specific family of transcription
factor (TF) genes involved in florescence and plant develop-
ment (Nishii et al. 2000). Also, the up regulation of this gene
has been linked to the accumulation of anthocyanins (Qing
et al. 2025). The anthocyanin concentration in acgai fruit in-
creases progressively during ripening, reaching its peak in
fully mature fruits (Gordon et al. 2012). A similar pattern has
been reported in other fruits, such as jabuticaba (Myrciaria
cauliflora), where anthocyanins have been shown to play key
roles in pigmentation and protection against abiotic stresses
(Lima et al. 2011). Furthermore, during the later stages of
ripening, the up-regulation of genes associated with aquapor-
ins underscores their pivotal function in water transporta-
tion and the preservation of osmotic cell pressure (Maurel et
al. 2015).

Differential expression of enzymes from the

anthocyanin synthesis pathway

The present study provides evidence to suggest that the
low production of purple pigments in white acai is directly
associated with the generalized downregulation of genes en-
coding key enzymes of the anthocyanin biosynthesis path-
way. The analysis revealed the downregulation of chalcone
synthase (CHS) and chalcone isomerase (CHI) at all stages of
white acai development (Fig. 7). This downregulation has the
potential to compromise the synthesis of vital intermediates,
thereby impeding the metabolic flux towards the final prod-
ucts, i.e., anthocyanins (Petroni and Tonelli 2011; Xu et al.
2015). Further genetic studies are required to ascertain the
extent to which epigenetic factors, other regulatory mecha-
nisms, or structural mutations in specific promoter elements
may influence the low synthesis of anthocyanins in the white
variety (He et al. 2010). In addition, it is important to em-
phasize that environmental factors and local adaptations also
play important roles in the observed differential expression
(Jaakola 2013).
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The absence of differential expression for the enzyme UDP-
glucosyltransferase (UFGT) indicates that, although the en-
zymes downstream of CHS, CHI and DFR are not repressed,
the lack of substrates from the initial steps limits its activ-
ity (Fig. 7). This finding underscores the necessity for fur-
ther investigation into the interplay between transcriptional
regulation and the availability of metabolites, as reported
in other species exhibiting analogous regulatory patterns in
metabolic pathways (Wang et al. 2014).

In contrast, the analysis of purple acai revealed a gene ex-
pression profile that favors the synthesis of pigments respon-
sible for the fruit’s distinctive purple coloration. The up regu-
lation of the enzyme flavonoid 3'5-hydroxylase (F3'5'H) indi-
cates a preferential synthesis of delphinidin, thereby substan-
tiating the pivotal function of this enzyme in the diversifica-
tion of anthocyanins across diverse species (Jaakola 2013) (Fig.
7). Although a reduction in the expression of initial enzymes
in the pathway, such as CHS and CHI, was also observed, this
effect may be compensated by post-transcriptional regulation
mechanisms or by greater catalytic efficiency (Petroni and
Tonelli 2011). Intense pigmentation has been demonstrated
to be associated with a few ecological advantages, including
the attraction of seed dispersers and protection against envi-
ronmental stresses, such as UV radiation and herbivory.

Conclusion

The first version of the acai genome has a size of 3.1
Gbp, which is about 75% of the expected size. With this vast
amount of genetic information, it was possible to identify the
main COG categories associated with the 41703 annotated
genes. The most abundant COGs were “L—Replication and re-
pair”, mostly represented by transposable genetic elements,
and “S—Function unknown”. Due to the lack of genomes
from plants of the genus Euterpe, we compared the genome
of E. oleracea with other palm trees of the family Aracaceae
and found a high degree of functional similarity with the
genus Elaeis. The difference between the number of annotated
genes and the number of isoforms assembled from the tran-
scriptome reveals a high degree of complexity in the post-
transcriptional mechanisms. Thousands of DEGs were identi-
fied at different stages of ripening of white and purple fruits.
The up regulation of the enzyme flavonoid 3'5’-hydroxylase
seems to be crucial for the increase in anthocyanin synthe-
sis in purple acai. On the other hand, a general down reg-
ulation of the genes responsible for the initial stages of the
anthocyanin synthesis pathway was observed in the white va-
riety. Our findings provide a valuable contribution to the un-
derstanding of the molecular mechanisms that regulate the
ripening process of acai fruits and present the first genome
of E. oleracea, which is one of the most significant symbols of
the Amazonian biodiversity.
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