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Abstract

Background Chamaerops humilis L. is the only endemic palm species of the western Mediterranean. Here, we
present a de novo genome assembly with structural and functional annotation that reveals major structural changes
shaping the evolutionary history of this species.

Results The genome, estimated at 3.44 Gbp, comprises 41,738 genes and 2.87 Gbp of repetitive elements.
Evolutionary analyses identified a whole-genome duplication event ~48.0 Mya, shared with other palms, followed
by divergence from its sister genus Phoenix~ 16.6 Mya. Functional enrichment of rapidly evolving genes highlighted
associations with genome plasticity and stress response pathways. Analyses of gene duplication types and K
distributions uncovered recent lineage-specific duplication waves and C. humilis-exclusive duplicated genes,
providing novel insights into palm genome evolution and the adaptive potential of this Mediterranean endemic.

Conclusions This study provides a high-quality reference genome for C. humilis and insights into the possible
genomic basis for Mediterranean adaptation. Future work combining comparative genomics, pangenomics, and
functional studies will be key to fully understanding its evolution.
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Background

The current global biodiversity scenario clearly indi-
cates that the sixth mass extinction is underway [1]. This
awareness, together with rapid technological advances,
is strongly driving research efforts worldwide. Whole-
genome sequencing (WGS) is increasingly used to gain
insights into the molecular basis of evolution and adapta-
tion of living species to environmental change [2]. Refer-
ence genomes and their integration into comprehensive
databases are regarded as the most effective tools for
achieving this goal. They enable biodiversity assessment,
the development of conservation strategies, and ecosys-
tem restoration [3].

Across the Tree of Life, plant genomes remain under-
represented, largely due to their higher complexity in
terms of sequencing and functional analysis than animal
or fungal genomes [2, 4]. Owing to their structural diver-
sity, rapid adaptation, and large size, plant genomes are
often more diverse than those of other eukaryotes [5].
Modern plant genomes are shaped by polyploidy, trans-
posable element activity, gene duplication and loss, and
chromosomal rearrangements [6]. Indeed, all angio-
sperms retain signatures of ancient and more recent
whole-genome duplication (WGD) events [7-9]. The
retention of paralogs following both WGD and small-
scale duplication is considered a key driver of plant diver-
sification. However, the underlying selective mechanisms
remain poorly understood [10]. Genomic variation and
plasticity are thus central to enabling populations to
evolve traits suited to their environments, thereby ensur-
ing survival and reproductive success under changing
conditions [11].

The Mediterranean Basin is recognized as one of the
world’s major biodiversity hotspots, characterized by
exceptional intra- and interspecific diversity adapted to
heterogeneous environments [12]. Its geological history,
particularly the Miocene, profoundly shaped present-day
biota [13]. The Messinian Salinity Crisis and subsequent
Zanclean Flood [14, 15] triggered dramatic environmen-
tal fluctuations, which reshaped Mediterranean vegeta-
tion from tropical-subtropical forests to sclerophyllous
shrublands and grasslands [16, 17]. During this transi-
tion, several lineages disappeared, as confirmed by pol-
len and macroremain records [18]. Palms exemplify this
ecological gap: once widespread across the pre-Mio-
cene Mediterranean, today they are reduced to a single
endemic representative, Chamaerops humilis L [19].

Chamaerops humilis, the only species of its genus,
is a cold-hardy, multi-stemmed, dioecious palm nar-
rowly endemic to the western Mediterranean. It is a key
indicator of thermo-Mediterranean vegetation, often
dominating early successional stages due to its adapt-
ability. Furthermore, it has long been intertwined with
Mediterranean civilizations, providing food, fibers, and
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ethnobotanical products, in addition to its ornamental
use [20].

Here, we report the genome of C. humilis, providing
a high-quality reference assembly that sheds light on its
evolutionary trajectory within palms. Through com-
parative and phylogenomic analyses, including whole-
genome duplications and gene duplication dynamics, we
identify the major genomic changes that shaped its his-
tory. Beyond reconstructing evolutionary history, this
genomic resource provides a foundation for future stud-
ies on adaptation and resilience in C. humilis and related
lineages. It also has important implications for biodiver-
sity conservation in the Mediterranean hotspot.

Results

Genome assembly

We generated a de novo assembly of the C. humilis
genome by integrating three sequencing and assembly
technologies, including PacBio long reads (186.37 Gbp
in Male with a mean read length of 27,939 bp, and 85.73
Gbp in Female with a mean read length of 13,634 bp)
and Illumina short reads (273.81 Gbp in Male and 274.20
Gbp in Female), resulting in a single haploid-representa-
tive consensus genome assembly. K-mer analysis initially
estimated a haploid genome size of ~2.2 Gbp, with low
heterozygosity (2.3%) and a high repeat content (>70%).
Using PacBio long reads, 10,638 contigs were assembled,
yielding a contig N50 of 1.02 Mb, a total genome size of
3.49 Gbp, and 58.1x read depth. BUSCO analysis of the
primary contig assembly indicated 84% completeness,
with 9.2% duplicated, 3.1% fragmented, and 12.9% miss-
ing single-copy genes (Additional file 2: Table S1).

To improve accuracy, the assembly was polished
with Ilumina short reads (38.9x read depth), correct-
ing~20.5 Mbp (=1% of the genome). Unmapped short
reads were then assembled de novo, producing 7,553 con-
tigs with a total length of 30.3 Mbp (N50=4.4 kb; mean
length=4.0 kb). These contigs were incorporated into
the assembly and used as additional sequence evidence
during the scaffolding process. BUSCO completeness
increased to 91%, and a reduction in missing genes was
observed (2.4%) (Additional file 2: Table S1). Redundancy
assessment, based on mapping PacBio reads back to the
raw assembly, revealed a single main peak, indicating a
low fraction of redundant or secondary contigs (Addi-
tional file 1: Fig. S1).

For chromosome-scale scaffolding, we used Hi-C data
(75.48Gbp in male, with 18.6x read depth), which merged
13,313 contigs into 250 scaffolds. A total of 77.12% of the
contigs incorporated into chromosome-scale scaffolds
originated from the long-read assembly, while a smaller
fraction (22.87%) corresponded to short-read SPAdes
contigs that could be confidently integrated based on
scaffolding evidence. The remaining 4,514 unscaffolded
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contigs (0.5% of the genome) were combined into
an artificial scaffold. In total, 251 scaffolds were pro-
duced and aligned to the reference genome available in
NCBI (GCA_042465325.1). Of these, 240 scaffolds were
anchored to 18 chromosomes (Fig. 1), while 11 residual
scaffolds were placed in an artificial chromosome (“chro-
mosome 0”) with 100-bp gaps inserted between consecu-
tive contigs (Fig. 1, Additional file 1: Fig. S2).
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The final assembly spanned 3.44 Gbp, with chromo-
some 2 being the largest (345.9 Mbp) and chromosome
18 the smallest (65.5 Mbp) (Additional file 2: Table S1).

De novo transcriptome assembly

De novo transcriptome assembly with Trinity produced
99,890 transcripts. BUSCO analysis indicated a complete-
ness of 96.0%, with 3.8% fragmented and 0.2% missing
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Fig. 1 Chromosomal features, functional annotation, and gene duplication landscape of Chamaerops humilis. Key chromosomal characteristics and
duplication patterns in C. humilis in the 18 assembled chromosomes. From the outer to the inner rings, the tracks represent: (@) chromosome size in
megabases (Mb); (b) positions of duplicated genes, in green genes>7 fold times duplicated and in red genes <6 fold times duplicated indicates genes
duplicated; (c) gene density (annotated genes per 10-Mb); and (d) in orange transposable element density per 10-Mb, in green LTR/Gypsy and yellow

LTR/Copia density
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genes (Additional file 2: Table S1). Coding regions were
predicted with TransDecoder, identifying 39,812 com-
plete open reading frames, in addition to partial coding
sequences. Functional annotation showed that 68.75% of
predicted proteins had homologs in public databases or
contained conserved domains. This transcriptome was
subsequently used to support genome annotation.

Genome annotation

The final gene set contains 41,738 protein-coding genes,
representing 9.85% of the C. humilis genome (Fig. 1). Of
these genes, 91.47% were located on chromosomes, with
chromosome 2 harbouring the highest number of genes,
whereas chromosome 18 contained the fewest (Addi-
tional file 2: Table S2).

Artificial chromosome 0 contained 8.52% of the anno-
tated genes and comprised 76.31% transposable element
bases. This chromosome mainly represents genomic
regions for which gene models were supported by tran-
scriptomic evidence and annotation, but which could not
be confidently anchored or assigned to specific chromo-
somes in the assembled genome.

Gene Ontology (GO) analysis revealed that the most
represented biological processes were DNA integra-
tion, protein phosphorylation, and proteolysis. Among
molecular functions, nucleic acid binding, ATP bind-
ing, and zinc ion binding were predominant, while the
most enriched cellular components were the membrane,
nucleus, and cytoplasm (Additional file 1: Fig. S3).

Transposable elements (TEs) accounted for the major-
ity of the genome and were classified into two major
classes [21]. Retrotransposons (Class I) comprised ~78%
of the genome, whereas DNA transposons (Class II)
represented 5.3% (Additional file 2: Table S3). The most
abundant superfamilies were LTR/Copia and LTR/Gypsy,
occupying 36.9% and 29.8% of the genome, respectively.
The LTR Assembly Index (LAI) was 19.86, demonstrating
high assembly quality across repetitive regions and sur-
passing values reported for other palm genomes (Addi-
tional file 2: Table S4). TE content varied among palms,
with C. humilis (2.20 Gbp) and Cocos nucifera (2.19 Gbp)
exhibiting the highest levels, followed by Elaeis guineen-
sis (1.80 Gbp), whereas Phoenix dactylifera showed the
lowest TE content (0.40 Gbp) (Additional file 2: Table S4).

Insertion time analysis of full-length LTR retrotranspo-
sons revealed a burst of LTR/Copia insertions around 5.5
Mya, followed by a gradual decline and a minor increase
at ~2 Mya. For LTR/Gypsy, insertion rates steadily
increased between 9 and 4.5 Mya before subsequently
declining (Additional file 1: Fig. S4). Classification of
full-length LTR retrotransposons into lineages showed
that within LTR/Copia, the most abundant groups were
Tork (21.8%), Angela (13.8%), and SIRE (11.7%), whereas
within LTR/Gypsy, CRM (16.6%), Tat (13.9%), and Athila
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(6.9%) were the most represented (Additional file 2: Table
S5).

Chloroplast genome analysis

The final estimated chloroplast genome size of C. humi-
lis is 158.6 Kbp, with a GC content of 37.2%. We anno-
tated 135 genes, of which 90 were protein-coding genes,
38 were tRNA, and 8 were rRNA (Additional file 1: Fig.
S5). A phylogenetic tree across all the plastid genomes
available was constructed (Additional file 1: Fig. S6, Addi-
tional file 2: Table S6). In the phylogenetic reconstruc-
tion, the subfamilies of Arecaceae were well resolved,
with C. humilis placed in subfamily Coryphoideae and
forming a clade that includes diverse species, the major-
ity from the genus Trachycarpus, with the genus Brahea
as the sister clade. Regarding chloroplast genome size, C.
humilis has a genome size similar to Adonidia merrillii
(158.692 Kbp [22]) and larger than that of P dactylifera
(158.462 Kbp [23]).

Gene family evolution

Single-copy orthologs (SOGs) from the embryophyta_
0db10 BUSCO dataset were identified across the spe-
cies analyzed. The final species tree was inferred from
241 high-confidence single-copy orthologous genes.
The inferred phylogenetic tree recovered two major
clades—monocotyledons and eudicotyledons—that
diverged ~ 130 Mya during the Early Cretaceous (Fig. 2a).
Within monocots, the Arecaceae were estimated to have
diverged ~ 110 Mya, and C. humilis branched off from its
closest relatives in the genus Phoenix ~ 16.6 Mya (Fig. 2a).

Collinearity analysis among the Arecaceae species
examined revealed a 1:1 gene ratio, suggesting that they
have undergone the same number of WGD events (Addi-
tional file 1: Fig. S7). Synteny analysis between C. humilis
and P, dactylifera and E. guineensis identified only small
conserved syntenic blocks (Fig. 2b).

A targeted phylogenetic analysis of the Arecaceae, with
Zingiberales as the outgroup, incorporated genome size
dynamics together with gene family expansion and con-
traction (Additional file 1: Fig. S6). The ancestral genome
size of C. humilis and Phoenix ancestor was estimated to
have had a genome size of 1.81 Gbp. Our analysis indi-
cates that the C. humilis lineage subsequently underwent
genome expansion, whereas the Phoenix clade experi-
enced a reduction over evolutionary time (Additional file
1: Fig. S8).

Across nine Arecaceae species and three Zingiberales,
OrthoFinder identified 32,615 orthogroups, of which
9,085 were shared across all species. In C. humilis, 1,139
gene families were shared with other palms, while 1,057
families of genes were unique (Fig. 2c).

Focusing on rapidly evolving gene families, we detected
1,521 families that expanded or contracted in C. humilis
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Fig. 2 Genome evolution of C. humilis. (a) Phylogenetic tree of angiosperm species showing their divergence times in million years. The blue box indi-
cated the WGD event observed across Arecaceae species (39.87-55.2 mya), highlighting the event detected in C. humilis (48.02 mya) (Additional file 1:
Fig. S7). Abbreviations in the figure correspond to geological epochs: Plio (Pliocene), P (Pleistocene), and Q (Quaternary). (b) Synteny blocks identified
among the chromosomes of C. humilis, E. guineensis, and P. dactylifera. (c) Venn diagram illustrating the shared gene families changed among three palm

species: C. humilis, E. guineensis, and P. dactylifera

since its divergence from Phoenix genus, comprising
3,123 gene gains and 2,325 losses (Additional file 1: Fig.
S8). Gene Ontology enrichment analysis revealed that
these families were predominantly associated with DNA
stability processes (including mismatch repair, inter-
strand cross-link repair, DNA repair and regulation of
cell cycle process), followed by stress response categories
such as cellular response to water deprivation, response
to abiotic stimulus and immune response (Additional file
2: Table S7).

Whole-genome duplication

Analysis of paralogous gene families in the C. humilis
genome provided evidence for historical WGD events.
WGD was assessed by calculating the genome-wide dis-
tribution of synonymous substitution rates (Ks) and non-
synonymous substitution rates (K,) for anchor gene pairs
(Additional file 1: Fig. S9). Retained anchor pairs were

detected within the 0-1 K range, with the 95% confi-
dence interval of the log-normal distribution indicating a
peak between 0.16 and 0.60 (Additional file 1: Fig. S10A).
Phylogenetic dating analysis placed this WGD event at
~48.0 Mya (Additional file 1: Fig. S10B).

To further investigate genome expansion, gene dupli-
cation modes in C. humilis were compared with those
in P dactylifera and E. guineensis. In C. humilis, only
20.62% (7,520 genes) of the gene set were WGD-derived,
compared with 50.6% in P dactylifera and 52.0% in E.
guineensis (Additional file 1: Fig. S11A). The proportions
of tandem duplications (TD, 3.61%) were lower than in
the other palms, while transposed derived duplications
(TRD, 32.94%) and proximal duplications (PD, 4.56%)
were slightly higher than those of other palms; C. humilis
contained approximately twice as many genes in the case
of TRD genes. Notably, DD accounted for 38.24% of all
duplicated genes in C. humilis, compared with only 8.91%
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in P. dactylifera and 8.0% in E. guineensis (Additional file
1: Fig. S11A).

K distributions were then analyzed by duplication
type. For WGD-derived genes, a shared peak at K = 0.27
was observed across all three palm species (Additional
file 1: Fig. S11B). This peak was also detected in TRD
genes. The most striking difference lies in the distribution
of dispersed duplications, which shows a nearly constant
frequency across the entire K range, a pattern observed
exclusively in C. humilis (Additional file 1: Fig. S11B).

Homology dot plot analysis revealed extensive collin-
earity among C. humilis chromosomes, with remnants
of gene duplications distributed across all chromosomes
(Fig. 3a). Most of the highlighted duplicated gene pairs
showed Kg values<2, consistent with relatively recent
duplication events.

Intraspecific collinearity analysis of C. humilis
(Fig. 3b) revealed an extensive number of multiplicons

(homeologous regions present in multiple copies within
the genome), with some regions duplicated up to nine
times. Such extensive duplication was not observed in
other palms: E. guineensis and P. dactylifera displayed
no more than four-fold duplications (Additional file 1:
Fig. S12). Comparative analysis identified 729 multipli-
cons uniquely duplicated in C. humilis, 17 of which were
duplicated at least seven times.

Multiplicons duplicated >7-fold comprised 184 genes
distributed across all chromosomes except chromo-
somes 11, 16, and 18 (Fig. 1, Additional file 1: Fig. S13).
The regions exhibiting up to nine-fold duplication were
located on chromosomes 1, 2, 5, 9, 10, 13, 14, and 15,
with chromosome 1 showing the highest concentration
(nine genes) (Additional file 1: Fig. S13). Overall, 74.5%
of the duplicated elements corresponded to coding
genes, whereas 25.5% were repetitive sequences (Fig. 3c).
Among these duplications, DD were the most abundant
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(58%), followed by TRD (24.6%), and WGD-derived
duplications (11.2%).

Examination of K values of genes duplicated >7-fold,
revealed that all duplications exhibit values of log;(K5)
below 0. Genes derived from WGD and TRD show an
increased number of copies with similar substitution
rates (log,((K5) ~ -0.4) (Additional file 1: Fig. S14A),
reflecting the gene expansions associated with the WGD
event. In contrast, DD-derived genes display substitution
rates closer to 0.13, indicating that these duplications
are relatively more recent. An additional peak of genes
with substitution rates near 0.01 may correspond to the
burst of LTR insertions observed approximately 4 million
years ago (Additional file 1: Fig S4, Fig. S14A). Analysis of
K, /K values of DD and TRD genes clustering around 0.4
and 0.3, respectively, while WGD genes are around 0.1,
suggesting stronger functional constraint on the WGD-
derived duplicates (Additional file 1: Fig. S14B).

Discussion

Chamaerops humilis is the only palm native to the west-
ern Mediterranean at day, being one of the most north-
erly palm species in Europe and is also one of the most
cold-tolerant [24]. In this context, the distinct genomic
features observed in C. humilis, likely underpin its adap-
tation to the Mediterranean’s marginal conditions, dif-
ferentiating it from tropical relatives. This study did not
include analyses capable of demonstrating that genomic
structural dynamics conferred resilience to the environ-
mental fluctuations that occurred in the Mediterranean
over geological timescales. Therefore, this putative adap-
tation remains a hypothesis requiring further testing.

Within the palm family, genome size shows remark-
able variation, ranging from 0.53 Gbp in diploid Licu-
ala orbicularis and L. sarawakensis to 30.63 Gbp in the
38-ploid Voanioala gerardii [25]. The C. humilis genome
sequenced here spans 3.44 Gbp, assembled into 18 chro-
mosomes [26], with an LAI value of 19.86, indicating high
assembly quality [27]. The genome size estimated from
k-mer analysis was smaller than the assembled genome
size. This discrepancy likely reflects the high abundance
of repetitive sequences, which are often underrepre-
sented in k-mer spectra, but more comprehensively cap-
tured by assembly-based approaches [28].

Compared with the recently published C. humilis
assembly [29], our genome shows an approximately
276 Mb difference in total chromosome sequence length.
This can be explained we had sequenced both male and
female individuals, whereas the previous assembly was
derived from a single sex. Sex-associated differences
in genome size have also been reported in other palms,
like in P dactylifera [30]. Differences are even greater
in the unplaced scaffold fraction, most likely due to the
high repeat content of these regions, which difficult the
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assembly and chromosomal anchoring. Comparisons
with P, dactylifera and E. guineensis, the closest phyloge-
netic relatives with high-quality genomes [31, 32], high-
light that C. humilis possesses a genome 3.6 and 2.0 times
larger, respectively [33, 34]. Its genome is also ~ 1.9 times
larger than that of the inferred common ancestor with
Phoenix (Additional file 1: Fig. S8). These results suggest
that C. humilis may have underwent genome expansion
relative to its close relatives, likely influenced by repeti-
tive element dynamics.

Increases in genome size in plants can result from poly-
ploidization and repetitive element accumulation [32].
In palms, genome size variation appears to be primarily
driven by repetitive DNA rather than polyploidy [25, 35,
36]. In C. humilis, TEs account for ~85% of the genome, a
proportion similar to that of C. nucifera, but much higher
than in P. roebelenii (~35%) (Additional file 2: Table S4).
TE proliferation is known to drive genome expansion,
sometimes in association with WGD [37]. Comparable
examples include maize, where TE activity after WGD
has resulted in a genome composed of ~85% TEs [38].
As in other plant lineages, the preferential expansion of
specific TE lineages appears to contribute to genome size
diversity in palms [25, 39-41]. In C. humilis, LTR/Copia
and LTR/Gypsy were the dominant retrotransposons,
with lineage composition largely consistent with other
palms [42].

LTR/Copia families, such as SIRE, are reported to
expand preferentially under environmental stress [25,
43]. In C. humilis, we detected a burst of LTR/Copia
insertions around 4 Mya. Although this study does not
demonstrate a direct causal link, the temporal concor-
dance suggests that environmental stress associated with
the Messinian Salinity Crisis and the consequent aridifi-
cation of the Mediterranean Basin [14, 44] may have con-
tributed to TE proliferation in this lineage.

The WGD event identified in C. humilis (~48 Mya)
corresponds to the ancestral WGD reported for Areca-
ceae [45]. This event is inferred to have occurred after the
origin of the family in the Late Cretaceous (~110 Mya)
[46, 47], but before the diversification of the major Are-
coid clade. Rediploidization following WGD is thought
to restore diploid-like inheritance through genome
restructuring and selective retention of paralogs [48].
In C. humilis, functional enrichment of rapidly evolving
gene families highlighted categories related to genome
regulation (e.g., cell cycle control, interstrand cross-
link repair, and transposition) as well as environmental
stress responses. These included brassinosteroid-related
terms, associated in other plants with drought and salt
responses [49], and auxin activated signalling pathway,
which has been reported in E. guineensis and C. nucifera
to be involved in abiotic stresses, including cold, drought,
and osmotic stress [50, 51]. These findings suggest that



Labella-Ortega et al. BMC Plant Biology (2026) 26:654

hormonal regulation may also have contributed to stress
resilience.

Interestingly, only 20.62% of duplicated genes in C.
humilis derive from WGD, compared with >50% in P
dactylifera and E. guineensis. This suggests that other
duplication mechanisms, particularly TRD and DD, have
played a more prominent role, like it had been seen in
other species [52-54]. DD result in non-colinear gene
copies, a mechanism observed across plant genomes
but still not fully understood [55-57]. Notably, a sub-
set of DD may represent remnants of ancient tandem or
proximal duplications. Their original syntenic context
may have been obscured by extensive genome rearrange-
ments, gene loss, and TE insertions. These processes
disrupt collinearity and can cause formerly syntenic para-
logs to be misclassified as dispersed duplicates [58, 59].

Relatively constant Kg distributions for TD and PD
have been reported in other plant species [60]. Accord-
ingly, the apparent continuous occurrence of DD across a
broad Kj range likely reflects their heterogeneous evolu-
tionary origins rather than a single, temporally restricted
duplication burst.

Uniquely duplicated genes in C. humilis, in some cases
expanded up to 7-9 copies, included proteins implicated
in stress responses. These comprised aspartic peptidases
(linked to cold tolerance and pathogen defense [61, 62]),
GTP-binding proteins and RING-type E3 ligases (stress
signaling [63]), NAC transcription factors (abiotic stress
responses [64]), SUT1 transporters (immune regulation
[65]), and LRR proteins (pathogen defense [66]). Ret-
rotransposons such as LTR/Gypsy and LTR/Copia, which
are stress-responsive in other species [67, 68], may also
have contributed to genomic variations. While these
expansions are consistent with potential adaptive advan-
tages, functional validation will be required to confirm
their roles in stress tolerance.

WGD-derived duplicated genes exhibited compara-
tively lower K,/Kg ratios than those originating from
other duplication mechanisms, which may indicate that
these genes have been subject to stronger long-term
purifying selection [69]. In contrast, relatively higher
K, /K ratios were observed in DD and TRD genes, which
have relatively low K values. This pattern may align with
previous studies proposing that positive selection may
contribute to the early retention and functional diver-
gence of duplicated genes [70-72]. However, additional
analyses will be necessary to distinguish selective pres-
sures from neutral processes for understanding duplicate
gene evolution.

The Messinian Salinity Crisis and subsequent Zanclean
flood represented dramatic environmental shifts in the
Mediterranean Basin, leading to widespread extinctions
[15]. The persistence of C. humilis despite these events is
consistent with the hypothesis that genome plasticity and
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stress-related gene family expansions may have facilitated
survival under fluctuating conditions. However, direct
evidence for this link is currently lacking and requires
further investigation.

Conclusion

Overall, our study provides a high-quality reference
genome for C. humilis and new insights into the genomic
mechanisms potentially underpinning its persistence in
the Mediterranean Basin. Future approaches integrat-
ing comparative and population genomics, pangenome
analysis, transcriptomics, proteomics, epigenomics,
and functional validation will be essential to test these
hypotheses and to fully understand the adaptive evolu-
tion of this emblematic palm.

Materials and methods

Plant materials and nucleic acid extraction

The plant material from which nucleic acid was extracted
consisted of young leaves taken from the yearlings of
individuals of C. humilis each carrying remnants of male
and female inflorescences separately. Fresh leaves were
sampled from individuals living in the Circeo National
Park (Latina, Italy).

DNA extraction was performed on leaves from indi-
viduals separately following Russo et al. [73], with slight
modifications as outlined below. Young leaves were col-
lected, flash-frozen in liquid nitrogen, and stored at
- 80 °C until DNA extraction. A 100-mg aliquot of frozen
leaf tissue was ground to a fine powder in liquid nitro-
gen using a mortar and pestle. The powder was then
transferred to a sterile 2-mL centrifuge tube containing
600 uL of SDS lysis buffer (1% polyvinylpyrrolidone 40
(PVP40), 1% sodium metabisulphite, 0.5 M sodium chlo-
ride, 100 mM Tris—HCI (pH 8), 50 mM EDTA (pH 8), 2%
B-mercaptoethanol (B-ME), and 1.5% sodium dodecyl
sulfate (SDS)). The sample was vortexed for 3-5 s
and incubated in a thermomixer with gentle agitation
(400 rpm for 20 min at 55 °C), adding 4 pL of 100 mg/
mL DNase-free RNase A (Qiagen, Germantown, MD,
USA). After the incubation, 200 puL of 5 M potassium
acetate was added, and the mixture was inverted for mix-
ing. Next, 800 pL of phenol: chloroform: isoamyl alcohol
(25:24:1, v/v, pH 8) was added, and the sample was incu-
bated for 10 min at room temperature (RT). The sample
was then centrifuged for 10 min at 10,000 x g at RT. The
supernatant was carefully transferred to a new 2-mL
tube, and the extraction was repeated one more time.
The resulting sample was purified using magnetic beads
(Sera-Mag SpeedBeads™ Carboxyl Magnetic Beads, GE
Healthcare 65152105050250, Fisher Scientific). The sam-
ple underwent three washes with 1 mL of 70% ethanol
(EtOH) before being eluted in 50 pL of 10 mM Tris—HCI
(pH 8.5). Quality control was performed on the extracted
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DNA before proceeding with library preparation and
sequencing.

Crosslinking of the solid tissue samples was done for
HiC [74]. Briefly, 2 g of young male leaf tissue was ground
into a fine powder in a liquid nitrogen-chilled mortar;
once the tissue was powdered, it was resuspended in 10
times its volume in 1% formaldehyde (37%). After resus-
pension, the sample was incubated at room temperature
for 20 min, with periodic mixing or vortexing to ensure
thorough mixing. Following the incubation, glycine was
added to the sample to achieve a final concentration of
125 mM, and the sample was incubated at room tempera-
ture for an additional 15 min, with periodic mixing. After
the second incubation, the sample was centrifuged (1000
x g for 1 min) to pellet the crosslinked tissue powder. The
pellet was then stored at —80 °C until further analysis.

To aid in gene annotation and phylogenomic analy-
ses, fresh leaves from male and female individuals of C.
humilis were collected for RNA sequencing (RNA-seq).
RNA was extracted from leaf samples, which were col-
lected and immediately frozen in liquid nitrogen and
transported to the laboratory without interrupting the
cold chain. The samples were pulverized in liquid nitro-
gen using a mortar and pestle, and 50 mg of each sample
was taken for subsequent extractions using the RNeasy
Plant Mini Kit (QIAGEN) following the manufacturer’s
instructions. High-quality RNA-seq libraries were pre-
pared and sequenced with the Illumina NovaSeq 6000
platform.

Genome sequencing and assembly

Genomic DNA from male and female individuals of C.
humilis was utilized to construct PacBio and Illumina
sequencing libraries, while DNA from male individuals
was employed for Hi-C library preparation. A SMRTbell
library was constructed with Sequel 1.0 reagents using
PacBio Sequel, and paired-end libraries for Illumina were
prepared following the manufacturer’s protocol. Hi-C
library construction was performed with the Proximo™
Hi-C Plant kit (Phase Genomics) following the manu-
facturer’s protocol. Raw reads were evaluated for quality
and filtered using Filtlong (v0.2.0) (https://github.com/r
rwick/Filtlong) and NextDenovo (v2.4.0) [75] and Seqtk
(v4) (https://github.com/lh3/seqtk), removing poor-qua
lity sequences and filtering out sequences<2.5 Kbp and
>50 Kb, which showed skewed nucleotide frequencies.
A k-mer-based statistical approach was used to estimate
the genome size, heterozygosity, and repeat content of
C. humilis. The analysis was conducted using short reads
from whole-genome shotgun and Hi-C libraries with
Jellyfish [76] and GenomeScope tools [77], but the con-
vergence of the k-mer model was achieved only with the
Hi-C reads.
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PacBio reads were utilized for a de novo assembly using
NextDenovo v2.5.0 [75]. The process involved two stages,
an initial correction of the raw reads, followed by the
assembly of a consensus sequence of the corrected reads
using a string graph algorithm. The completeness of the
genome assembly, generated by using primary contigs,
was evaluated using BUSCO (v5.0) against the viridiplan-
tae_odbl10 database [78]. To improve the assembly qual-
ity, a polishing step was performed with NextPolish [79]
using both long and short reads, to correct small inser-
tions, deletions, and single-base substitutions.

To recover the potential portion of the genome not
assembled in the long-reads assembly process, all short
reads were mapped against the draft genome. Approxi-
mately 95-98% of the reads were successfully mapped,
and unmapped reads, accounting for about 15 Gbp of
data, were then extracted and used as input for a de novo
assembly approach using SPAdes (v3.15.5) [80].

Contigs were analysed to detect possible separation of
primary contigs from secondary/alternatives using the
Purge_haplotigs pipeline [81]. Based on the plot distribu-
tion, specific cutoffs were set to identify contigs with very
low or high coverage (representing <1%), and these con-
tigs were marked and excluded from the assembly. Con-
tigs from the sequence assemblers were linked to form
the scaffold-scale assembly, based on the ALLHi-C pipe-
line [82]. The completeness of the genome assembly was
evaluated using BUSCO (v5.0) [78].

Scaffolds were reordered and oriented to chromo-
some level using RagTag [83], with the chromosome-
based genome assembly of C. humilis (NCBI Accession:
GCA_042465385.1 [29]), used as reference. Rag Tag was
applied exclusively for scaffold ordering and orientation,
without altering scaffold sequences. Consequently, chro-
mosome-scale structural interpretations should be made
with consideration of this reference-guided step.

Transcriptome assembly

Prior to further analysis, a quality check was performed
on the raw sequencing data, removing low-quality por-
tions while preserving the longest high-quality part of
reads using BBDuck, normalized with BBNorm (https://
sourceforge.net/projects/bbmap/) and joined to generate
a comprehensive dataset. Normalized high-quality reads
were assembled with Trinity (v2.4.0) and the accuracy
and completeness of the created assembly were checked
using BUSCO (v5.0) against the viridiplantae_odbl0
database [78]. Open reading frames were predicted with
TransDecoder (https://github.com/TransDecoder/Trans
Decoder), generating a reference set of putative protein-c
oding transcripts.
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Genome annotation

Gene prediction was performed using the chromosome-
level genome assembly together with transcriptomic
evidence. The Trinity-derived transcripts and their cor-
responding predicted proteins (99,980 sequences) were
incorporated as evidence. Additionally, RNA-seq reads
were mapped to the assembly using STAR [84]; the total
number of mapped reads was 28.8 million, 92.5% of
which mapped uniquely.

MAKER?2 [85] was used as a framework to organize the
structural genome annotation workflow. For the genome
annotation process, repeats were soft masked using the
Red algorithm [86], masking 82.3% of the genome (2.8
Gbp). A protein database combining 121,927 sequences
from transcriptome assemblies, Viridiplantae UniRef90,
and Coryphoideae was constructed. The soft-masked
genome, protein database, and RNA-seq were used to
generate training models and a draft annotation using
Braker3 [87], with additional annotations provided by
the Helixer pipeline [88]. Proteins from P dactylifera
were mapped using Miniprot [89], and along with all
other results, were integrated using TSEBRA [90]. Trans-
Decoder annotated CDS sequences [91], and functional
annotation was performed with Pannzer2 [92]. To reduce
transcript redundancy and retain a single representative
transcript per gene, we further processed the annotation
set using EvidentialGene pipeline [93], yielding a non-
redundant gene set.

A high-quality non-redundant TE library was gener-
ated by the EDTA pipeline [94] and the inbuilt Repeat-
Modeler [95]. The identification of TE was performed
by using RepeatMasker (v1.332) [96] utilizing the NCBI/
RMBLAST search engine (v2.6.0). The long terminal
repeats (LTR) Assembly Index (LAI) [27], a metric to
evaluate the quality and completeness of genome assem-
bly based on LTR retrotransposons, was determined
using LTR_retriever [97]. Full-length LTR retrotranspo-
sons were annotated based on the Viridiplantae database
v4.0 [98].

The genome karyotype, gene distribution, and trans-
poson density were visualized using Circos [99]. Figures
were generated in R v.4.4.2 (R Core team, 2021) using
ggplot [100] and ggraphExtra [101] packages.

Chloroplast genome analysis

High-accuracy PacBio reads from both male and female
individuals were used to assemble the chloroplast
genome. The selected high-quality reads were processed
with Oatk software (v. 1.0) [102] to reconstruct the com-
plete plastid genome, annotation were obtained using
CPGAVAS2 [103] taking as reference P. dactylifera chlo-
roplast [23]. The assembly was aligned using MAFFT
with the other reference plastid genomes of Arecaceae
(Additional file 2:Table S8), and a maximum-likelihood
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phylogenetic tree was constructed with IQ-TREE3 [104,
105].

Phylogenetic and genomic comparative analysis

To investigate the evolutionary history and genomic
diversification of C. humilis, a phylogenetic tree was
conducted, using a diverse set of eudicots (4 genomes)
and monocotyledons (20 genomes) (Additional file 2:
Table S5), including all the Arecaceae genomes avail-
able (9 genomes) (Additional file 2: Table S4), to evaluate
changes in genome size and gene family evolution.

To obtain putative orthologues from each genome,
HMMER [106] was used taking as reference single-
copy orthogroups (SOG) from the embryophyta_odb10
BUSCO dataset [78], and when multiple hits were
observed, the best hit was selected. The final species
tree was inferred using 241 high-confidence SOGs
genes. Multiple sequence alignment was inferred for
each SOG using MAFFT [107], and a maximum likeli-
hood tree for each alignment was constructed using I1Q-
TREE3 [104, 105]. The resulting individual trees were
supplied to ASTRAL-Pro to summarize the species tree
under default parameters [108]. To obtain the time-cali-
brated tree, SOGs observed in all the species were used
using mcmctree (v4.10) [109] and parameter set was set
as default (use data=3, clock=2, model=0, alpha=0)
[110]. The following calibration points were used: Cof-
fea arabica and Arabidopsis thaliana divergence (114-
123.9 million years ago (mya), Zea mays and Oryza sativa
divergence (41.1-51.9 mya), and Oryza sativa and Elaeis
guineensis divergence (103-119.6 mya). The resulting tree
was plotted using MCMCtreeR package in R [111].

The phytools package in R [112] was used to estimate
the ancestral genome size of Arecaceae, and gene fami-
lies were determined in primary proteins by Orthofinder
v 2.5.5 [113]. Expansion and contraction of gene families
were observed using CAFE (v.5.1.0) [114]. Contracted
and expanded gene families were analyzed, and GO
enrichment was conducted using topGO [115]. Synteny
analysis was performed between the two reference Are-
caceae genomes, P dactylifera and E. guineensis, using
JCVI (v 1.4.25) [116].

Whole-Genome Duplication analysis

WGD analysis was conducted to determine the presence
of lineage-specific and/or shared WGD events among
Arecaceae, using wgd pipeline (v2.0.38) [117].

The whole paranome (complete set of paralogous genes
within a genome) was constructed using ‘wgd dmd’ with
default parameters. Only one transcript per gene was
included to avoid redundancy, gene family clustering was
conducted using the Markov Cluster Algorithm (MCL)
with an inflation factor of 2. To infer genomic collinear-
ity, ‘wgd syn’ was applied using i-ADHoRe (v3.0.01) [118].
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Subsequently, ‘wgd ksd’ was used to construct Kg distri-
butions for both the paranome and anchor pairs (pairs of
duplicated genes derived from WGD events which reside
in duplicated segments) [117]. Ky estimation was per-
formed using the non-pairwise mode (default setting), in
which KS values are inferred from full multiple sequence
alignments, ensuring that the evolutionary history of
each alignment column is traced back to the root of the
gene family, thereby accounting for all gene duplicates
simultaneously and providing a more biologically con-
served estimate of K.

To identify potential WGD components, the expo-
nential-lognormal mixture model (ELMM) and the log-
scale Gaussian mixture model (GMM) were employed
within ‘wgd viz’ to identify potential WGD components
from the whole paranome and anchor pair K distribu-
tions, respectively. For anchor pairs, only K values fall-
ing within the 95% of confidence interval were retained
using ‘wgd peak] excluding outliers and reducing the
influence of K saturation. Using the K distribution of
anchor pairs, WGD peaks were identified through seg-
ment-guided anchor pair clustering, as implemented in
wgd peak. Default parameters were used, including a Ky
saturation cutoff of 5, a confidence interval of 95% for
log-normal distributions, and a component range of 1-4
for mixture model fitting.

Using a phylogenetic tree and fossil calibration of 17
related species previously reported by Chen et al. [117],
orthogroups were constructed by combining the anchor
pairs with related homologous genes. WGD events were
dated with ‘wgd focus’ using mcmctree from PAML
(v4.9) [109].

When the paralogs of C. humilis and orthologs with
other Arecaceae species were identified, only those exclu-
sive of C. humilis and duplicated at least 7 times were
evaluated. A functional analysis (Gene Ontology analysis
and literature review) was conducted to determine their
biological significance.

Duplicated gene pairs were identified and classified into
segmental duplications (WGD-derived) and small-scale
duplications (SSD) derived gene pairs using the R pack-
age doubletrouble [119]. Paralog genes that are used as
anchor pairs in syntenic regions are classified as WGD-
derived, typically originating from whole-genome dupli-
cations. All other duplicates are classified as SSD. These
can be further classified based on their proximity: those
adjacent in the genome are tandem duplications (TD);
those separated by only a few genes (default is 10, adjust-
able) are classified as proximal duplications (PD); and
all others fall under dispersed duplications (DD). Addi-
tionally, some duplicates arise from transposon-derived
duplications (TRD). The location of duplicated genes and
classification were plotted using chromomap in R [120].
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