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ARTICLE INFO ABSTRACT

Keywords: The betel nut (Areca catechu L., Arecaceae) is a monoecious cultivated palm tree that is widespread in tropical
Betel nut domestication regions. It is mainly cultivated for producing areca nuts, from which seeds are extracted and chewed by local
Hedrba"ufz populations principally in the Indo-Pacific region. Seeds contain alkaloids which are central nervous system
In. o-Pacific stimulants and are highly addictive. Wild relatives of the betel nut are distributed in South Asia and Australasia,
Mitogenome . . . . .. .

Phylogeography with ca. 40-50 Areca species currently recognized. The geographic origin(s) of the betel nut and its subsequent
Plastome diffusion and diversification remains poorly documented. Here, a genome skimming approach was applied to

screen nucleotidic variation in the most abundant genomic regions. Low coverage sequencing data allowed us to
assemble full plastomes, mitochondrial regions (either full mitogenomes or the full set of mitochondrial genes)
and the nuclear ribosomal DNA cluster for nine representatives of the Areca genus collected in the field and
herbarium collections (including a 182-years old specimen collected during the Dumont d’Urville’s expedition).
These three genomic compartments provided similar phylogenetic signals, and revealed very low genomic di-
versity in our sample of cultivated betel nut. We finally developed a genotyping method targeting 34 plastid DNA
microsatellites. This plastome profiling approach is useful for tracing the spread of matrilineages, and in com-
bination with nuclear genomic data, can resolve the history of the betel nut. Our method also proves to be
efficient for analyzing herbarium specimens, even those collected >100 years ago.

1. Introduction

The betel nut (also called arecanut; Areca catechu L., Arecaceae) is a
monoecious cultivated palm tree that is widespread in tropical regions
(Staples and Bevacqua, 2006). Archeological and ethnobotanical evi-
dence suggests that this crop originated during the Neolithic either from
Mainland Asia (Oxenham et al., 2002; Zumbroich, 2008) or the Malesian
region (Whitmore, 1977; Valdes, 2014). Areca catechu is mainly culti-
vated for producing areca nuts, from which seeds are extracted and
chewed by local populations, as well as for religious rituals (Staples and
Bevacqua, 2006; Valdes, 2014). Nowadays, as many as 600 million
people worldwide, concentrated in the Indo-Pacific region, regularly

chew betel nut. Seeds contain four major alkaloids (Gheddar et al.,
2020) which are central nervous system stimulants and are highly
addictive (acting on the same receptor proteins in the brain as nicotine).
They have psychoactive effects and are appreciated for their appetite
suppressant and antimycobacterial properties (Gautam et al., 2007).
However, they are carcinogenic and intoxicating, and their consumption
can spread major diseases, because users spit pathogenic saliva which
increases the spread of tuberculosis (e.g., Thomas and MacLennan,
1992; Norton, 1998; Amarasinghe et al., 2010; Sharan et al., 2012; Chen
et al., 2017). The tree is also frequently exploited for floor material,
natural fibers, and fishing stakes, as well as ornamentals (Koonlin, 1979;
Heatubun et al., 2012; Sunny and Rajan, 2021). While the origins of the

Abbreviations: CDS, coding sequence; cpDNA, Plastid DNA; cpSSR, Plastid Simple Sequence Repeats; ETS, External Transcribed Sequence; ITS, Internal Tran-
scribed Spacers; mtDNA, Mitochondrial DNA; nrDNA, Nuclear ribosomal DNA; PNG, Papua New Guinea; SNP, Single Nucleotide Polymorphism.
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betel nut cultivation in Southeast Asia and the Malesian region remains
unclear (Oxenham et al., 2002; Zumbroich, 2008), there is archaeolog-
ical evidence that the crop has been spread in southeasternmost regions
[e.g., Papua New Guinea (PNG) and surrounding archipelagos and
Micronesia] over the last three millennia (Yen, 1993; Bourke, 2009;
Denham, 2010; Fitzpatrick et al., 2013), before it was introduced on
different continents during recent historical times (e.g., Tropical Africa,
Madagascar, Caribbean Islands; Oreca et al., 2009). All wild relatives of
the betel nut are distributed in South Asia and Australasia, with ca.
40-50 Areca species currently recognized, but no comprehensive
phylogenetic work has been done on this group until now (Loo et al.,
2006; Dransfield et al., 2008; Henderson, 2009; Heatubun, 2011).
Several of these species are frequently used as inferior substitutes for
betel chewing, such as Areca macrocalyx Zipp in PNG and Areca vestiaria
Giseke in North Sulawesi and North Maluku (Murthy and Pillai, 1982;
Heatubun et al., 2012; FXR and ML, pers. observ.). Both wild and
cultivated forms may locally coexist in the native distribution area of the
Areca genus, and spontaneous populations are also exploited (Whitmore,
1977). Because cultivated trees are exclusively propagated via seedlings
(Staples and Bevacqua, 2006), such a mix of trees with putatively
different origins may have led to frequent admixture during the crop
diffusion. This could have promoted diversification of the cultivated
betel nut, and at the same time blurred phylogeographic patterns, as has
already been shown in several perennial crops (e.g., Myles et al., 2011;
Cornille et al., 2012; Besnard et al., 2013; Roullier et al., 2013; Flowers
et al., 2019). Therefore, documenting the geographic origin(s) of the
betel nut as well as its subsequent diffusion and diversification in
southern Asia and Australasia is still necessary, and a phylogeographic
approach may bring new insights on this topic.

Polymorphisms of the organellar genomes (i.e., plastome and mito-
genome) have been often screened for inferring the diffusion of plants,
and particularly of crops (e.g., Carreel et al., 2002; Petit et al., 2002;
Besnard et al., 2013). Plastid DNA has, however, been more frequently
used than mitochondrial DNA due to its higher substitution rate
(Duminil and Besnard, 2021). The common use of organellar DNA data
is due to six main reasons: (i) these genomes are usually uniparentally
inherited, mostly from the mother, and in this case, gene dispersal by
seeds without the recombination effect can be investigated (Schaal and
Olsen, 2000); (ii) their haploid nature facilitates their sequencing; (iii)
such genomes are more prone to stochastic events because their effective
population size is half that of diploid genomes, allowing a more accurate
detection of evolutionary events such as a long persistence of relict
populations in refuge zones during last glaciations (Petit et al., 1993). In
addition, the dispersion of maternally inherited genomes by seed
dissemination occurs at shorter geographic distances than for nuclear
genomes. The consequence of a reduced gene dispersal and high genetic
drift in organelle genomes is a generally pronounced geographic struc-
ture, which facilitates phylogeographic analyses and tracing the origins
of crops or invasive populations (Schaal and Olsen, 2000); (iv) they
exhibit a high number of copies per cell (Bendich, 1987), which may
represent a significant advantage for forensic or ancient DNA analyses;
(v) they are circular and protected by a double-membrane envelope,
which makes them resistant to exonucleases and less prone to endonu-
clease degradation (another advantage for forensics and archae-
ogenomics); and finally (vi) they exhibit a lower mutation rate than
nuclear genomes (Wolfe et al., 1987), and such stability is generally
required for traceability analyses. Due to this low mutation rate, it may
be useful to target the most variable regions of the plastome when
studying relatively recent demographic process. For this reason, several
studies have targeted plastid microsatellites (or Simple Sequence Re-
peats; hereafter referred to cpSSRs) in plants for which extremely low
plastid mutation rates have been recorded (e.g., Provan et al., 2001;
Besnard and Bervillé, 2002; Navascués and Emerson, 2005; Gryta et al.,
2017). Such extremely low substitution rates have also been observed in
plastomes of palm trees (Wilson et al., 1990; Comer et al., 2015; Barrett
et al., 2016) that may call for the use of cpSSRs in population genetic
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studies. These markers have found applications in various fields, such as
phylogeography, taxonomy, conservation and agronomy (e.g., Li et al.,
2020; Sharma et al., 2020; Gorrilliot et al., 2021;Monteiro et al., 2021).
The combined use of organellar DNA data with nuclear genome infor-
mation remains, however, necessary to contrast phylogeographic pat-
terns due to seed- and seed + pollen-mediated gene dispersals, and to
improve understanding of population demographic events (e.g., Magri
et al., 2006; Tollefsrud et al., 2009).

In this study, we aimed to generate new genomic data of the Areca
genus that will help to reconstruct its phylogeography and document the
domestication of the betel nut (A. catechu), which will be essential in-
formation to manage genetic resources of the crop. A genome skimming
approach was applied to screen variation in the most abundant genomic
regions. Low coverage sequencing data thus allowed us to assemble full
plastomes (cpDNA), mitochondrial DNA regions (mtDNA; including all
coding genes) and the nuclear ribosomal DNA cluster (nrDNA) on a few
representatives of the Areca genus collected in the field (in PNG) and
from herbarium collections. Phylogenetic signals from these three
genomic compartments were compared and discussed. Finally, to track
the diffusion of betel nut, we targeted the most variable regions of the
plastid genome (cpSSRs) and developed a set of loci to characterize
cpDNA variation from fresh and herbarium samples.

2. Material and methods
2.1. Plant sampling and DNA extraction

Our study was conducted on six Areca taxa from Southeast Asia to
Australasia (Table 1), including the cultivated betel nut (A. catechu) and
wild relatives frequently used as inferior betel substitutes. Five fresh
samples were collected by ML and FXR during 2019 field seasons in
PNG. These samples consisted of three specimens of A. catechu and two
specimens of A. macrocalyx (commonly named ’Kavivi’ in PNG).
Permission to conduct research was granted by the National Research
Institute of PNG (permit 99902292358), with full support from the
School of Humanities and Social Sciences, University of PNG. Five
additional herbarium specimens (two of them were + 100 years old)
were provided by the Museum d’Histoire Naturelle de Paris (MNHNP).
In particular, P02146304 (A. vestiaria) was collected in North Maluku
during the Dumont d’Urville’s expedition (“Voyage de l’Astrolabe et de la
Zélée, 1838-1840"), 182 years ago (stop in Ternate from January 31st to
February 1st, 1839; Dumont d'Urville and Jacquinot, 1842-1853).

For all samples, DNA extractions were performed from 20 mg of
dried leaves with the BioSprint method (Qiagen Inc.), in a dedicated
facility for samples with low DNA quantity (e.g., Staats et al., 2013).

2.2. Sequence assembly of plastome, mitochondrial genes and nuclear
ribosomal DNA cluster

We used a genome skimming approach (i.e., Straub et al., 2012;
Besnard et al., 2014; Zedane et al., 2016) to attempt the assembly of the
plastome (cpDNA), the mitogenome or mitochondrial genes (mtDNA),
and a nearly complete nuclear ribosomal DNA unit (nrDNA) on each
sample. Fourteen (for SBORNEO’) to 200 ng of double-stranded DNA
(according to the Qubit quantification; Table S1) were used for library
preparation followed by shotgun sequencing with the Illumina tech-
nology (HiSeq 3000, Illumina Inc.) as described in Olofsson et al. (2019).
For herbarium samples, DNA was highly fragmented, and a short soni-
cation (20 s instead of 40 s) was carried out before library construction.
Plastomes and nrDNA clusters were assembled using the approach
described by Olofsson et al. (2019). The nrDNA cluster is composed of
three genes (18S, 5.8S, and 26S), internal transcribed spacers (ITS1 and
ITS2), and an incomplete intergenic spacer that includes external tran-
scribed sequences (ETS). Two mitogenomes were also assembled on one
accession of A. catechu PNG-1") and A. macrocalyx ("PNG-5’) following
the method described by Van de Paer et al. (2018). Thirty-seven
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Table 1

Plant material used in the present study. Ten trees belonging to six Areca species
were characterized with a genome skimming approach. Two accessions from
GenBank (full plastome) were added to our study for comparison. Five samples
are from herbarium specimens (vouchered at MNHN Paris) collected between
1839 and 2010.

Species Sampling Yr of Accession / GPS
locality, collect Voucher coordinates
country [CODE]
Areca caliso Mt Balusan, 1916 A.D.E. Elmer 12°46'07"°N,
Becc. Philippines® 14,839 124°03'18"E
(P00742110)
[PHIL]
A. catechu L. Iles Torres, 2007 Y. Pillon 1136 13°15'00"°S,
Vanuatu® (P01815581) 166°37'00"”E
[VANUATU]
Kavieng, New 2019 M. Leavesley 2°34'40"S,
Ireland, PNG [PNG-1] 150°48'26"'E
Manim, 2019 M. Leavesley & 5°54'18"S,
Western F.X. Ricaut 144°18'05"E
Highland, [PNG-2]
PNG
Awim, East 2019 M. Leavesley & 4°45'08"’S,
Sepik, PNG F.X. Ricaut 143°34'48"E
[PNG-3]
South Kanara, 2020 M.K. Rajesh 12°46'20"N,
Karnataka, et al. [INDIA] 75°06'58"E
India*
A. macrocalyx Kundiman, 2019 M. Leavesley & 4°36'07"S,
Zipp East Sepik, F.X. Ricaut 143°30'13"E
PNG [PNG-4]
Manim, 2019 M. Leavesley &  5°54'18"’S,
Western F.X. Ricaut 144°18'05"E
Highland, [PNG-5]
PNG
A. mogeana E. 1992 J. VV 1192B 1°40'N,
Heatubun Kalimantan, (P01675050) 115°00'E
Borneo, [BORNEO]
Indonesia®
A. aff. triandra Thong 2010 M. Jeanson 69 7°51'49"N,
Roxb. ex Phaphum, (P00889502) 99°05'40”E
Buch.-Ham. Thailand” [THAI]
A. vestiaria Ternate, N. 1839 M. Le Guillou 0°47'45"°N,
Giseke Maluku, 1841 127°21'41"E
Indonesia® (P02146304)
[MOL-1]
Sulawesi- 2008 W.B. Zomlefer na (Fairchild
Maluku, 2310 (FTG, NY) Tropical
Indonesia* [MOL-2] Botanic

Garden, Miami)

" Herbarium specimen; *Accessions from GenBank (complete plastome; Comer
et al., 2015; Rajesh et al., 2020); na = data not available.

mitochondrial genes were then assembled for other samples using one
generated reference (PNG-1°) following the method described in Dupin
etal. (2020). Reads were mapped onto the different regions using Bowrie
2 with default parameters (Langmead and Salzberg, 2012) and the
average depth of coverage was estimated from the generated bam files
using MospeptH (Pedersen and Quinlan, 2018).

2.3. Development of a plastome profiling approach in arecanuts

Based on complete plastome sequences of Areca (including two ac-
cessions from GenBank), we searched for length polymorphisms that
were due to a variable number of repeats in microsatellite motifs (or
cpSSRs; Table S1). Several criteria were used to select cpSSR loci among
the eleven available plastomes: i) first, primers need to be defined in
conserved regions to ensure the transferability of loci among close rel-
atives of A. catechu. We targeted short segments (generally inferior to
250 bp, except for locus Ac-cpl6; Table S1) to facilitate the PCR
amplification on degraded DNA; the absence of highly conserved regions
flanking microsatellite motif led us to exclude the region. Finally, two
non-exclusive criteria were considered: ii) the longest microsatellite
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stretch should contain at least 12 repeats, or iii) at least three length
variants among Areca species, or at least two variants among the four A.

catechu accessions. With these three criteria, we selected 34 variable
microsatellite regions: 24, three, and one loci with one type of mono-, di-
, or penta-nucleotide stretches, respectively, and the six remaining being
composite with at least two different types of repeats (loci Ac-cp3, 4, 5,
16, 31, and 32; Table S1).

We then amplified 33 loci in nine PCR multiplexes, while Ac-cpl6
was amplified separately. For each multiplex (including three to five
loci; see Table S1), the annealing temperature of all primers was the
same, while the size of PCR products of each locus was as different as
possible. The cost-effective labeling method of Schuelke (2000) was
used for PCR reactions. An 18-bp tail of M13 was added to each forward
primer (Table S1). All primer pairs and specific characteristics of
generated fragments are given in Table S1. Each PCR reaction (25 pL)
contained 10-ng DNA template, 1 x reaction buffer, 5 mM MgCly, 0.2
mM dNTPs, 0.2 pmol of one universal fluorescent labeled M13(-21)
primer (5’-TGTAAAACGACGGCCAGT-3’; labeled with one of the four
following fluorochromes: YAK, 6-FAM, AT565, or AT550), 0.04 pmol of
the reverse primer, 0.01 pmol of the forward primer, and 0.5 U of Taq
DNA polymerase (Promega). The reaction mixtures were incubated in a
T1 thermocycler for 2 min at 95 °C, followed by 28 cycles of 30 s at
95 °C, 30 s at 57 °C, and 1 min at 72 °C, and then by 9 cycles of 30 s at
95°C, 30sat51.5°C, and 1 min at 72 °C. The last cycle was followed by
a 20-min extension at 72 °C. Two series of PCR multiplexes were finally
mixed together with GeneScan-600 LIZ as internal standard to run 17
loci at the same time (Table S1): Mix I included PCR multiplexes I-A, I-B,
I-C, and I-D, while Mix Il included II-A, II-B, II-C, II-D, II-E, and II-F. PCR
products were separated on an ABI Prism 3730 DNA analyzer (Applied
Biosystems), and the size of amplified fragments was determined with
Genelous v9.1.2 (Kearse et al., 2012).

2.4. Data analyses

We first annotated and aligned our genomic data: i) Plastomes were
annotated using PGA (Qu et al., 2019) and aligned using Mauve to detect
potential rearrangements. They were then aligned using Marrr v7.313
(Katoh and Standley, 2013). The resulting alignment was manually
curated in some short-inverted regions (less than 30 bp) and finally
cleaned using TrimAl (parameters -gt 0.8 -st 0.001 -cons 60; Capella-
Gutierrez et al., 2009). For each plastid gene, coding sequence (cds) was
aligned as codons using Decierer (Wright, 2016); ii) Secondly, we an-
notated mtDNA regions. The assembled mitogenome of A. catechu
(PNG-1") was not circular and composed of a single contig, whereas the
mitogenome of A. macrocalyx ("PNG-5’) was composed of two contigs
(see below). We annotated these contigs by transferring annotations
from the Cocos nucifera mitogenome (KX028885) in Gentious. As some
genes were split between the two contigs in 'PNG-5" and unannotated,
the annotation was completed using blastn searches against C. nucifera
annotations. Mitochondrial genes of these two accessions were extracted
and aligned with those assembled from other accessions using Marer,
and their cds was aligned as codons with Deciprer (Wright, 2016); iii)
Finally, the nrDNA region composed of ETS, 18S, ITS1, 5.8S, ITS2 and
26S was aligned with MaFrr.

Phylogenetic analyses were conducted using IQ-Tree2 (Minh et al.,
2020b). Cocos nucifera (from GenBank) was used as an outgroup in all
analyses. For each dataset (ptDNA, mtDNA and nrDNA), we used a
concatenation approach with an edge-linked proportional partition
model and assessed branch support with 1000 ultrafast bootstrap (UFB)
replicates with UFBoot2 (Hoang et al., 2018). The best partition scheme
(gene, codon positions or gene and codons positions) for each dataset
was determined with ParTiTioNFINDER v2.1.1 (Lanfear et al., 2017) and
the best fitted evolutionary model for each partition was selected ac-
cording to the best BIC score with MobtLFINDER, as implemented in IQ-
Tree2, using the maximum likelihood (ML).

We also estimated an ML phylogeny for nine Areca accessions and the
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outgroup (C. nucifera) combining nuclear and organellar information
(full plastome matrix, mtDNA genes and the nrDNA cluster). We quan-
tified the concordance between this phylogeny and each dataset by
calculating the gene concordance factor (gCF) and the site concordance
factor (sCF) for each branch of the reference tree (Minh et al., 2020a).
The gCF indicates the fraction of individual trees (here, topology built
from each compartment) concordant with a given branch, and the sCF,
the proportion of sites that support that branch in the alignment. It thus
described the presence of sites inside each dataset supporting the com-
bined topology, even if it is different from the one obtained with a given
individual dataset.

Finally, we reconstructed a haplotype network based on cpSSR data.
A reduced-median network was reconstructed with Nerwork v10 (Ban-
delt et al., 1999). Multi-state microsatellites were treated as ordered
alleles and coded by the number of repeated motifs for each allele (e.g.,
number of T or A). Basically, this coding strategy assumes that variation
at cpDNA microsatellites is mainly due to single-step mutations (Gryta
et al., 2017). Areca aff. triandra from Thailand was used as outgroup.
When comparing distantly related taxa, length variation at a locus can
be due to a mix of microsatellite polymorphisms plus other indels in
flanking regions. For such loci (loci Ac-cpl6, 18, 27, 31), the allele was
treated as missing data in the outgroup.

3. Results
3.1. Assembled genomic data

In the present study, we generated genome skims of ten Areca sam-
ples (Table S2). The number of paired-end reads generated on each
sample ranged from 9'608'805 to 22'981'975 (Table S2). Based on these
data, we first assembled and annotated nine complete plastid genomes
(ranging from 157582 to 158’692 bp), excluding A. mogeana for which
very low sequencing coverage (< 1 x) hampered the assembly of
organellar genomic regions. Sequencing depth of the nine plastomes was
superior to 30 x, except for A. vestiaria (23 x). The mean insert size of
reads mapped on this genome was ca. 380-400 bp in libraries recon-
structed from recent silica dried samples, but inferior to 250 bp for
herbarium samples (Table S2), confirming that DNAs extracted from old
specimens were initially degraded. Gene content and order were iden-
tical across all nine Areca plastomes, which were also collinear with the
C. nucifera plastome and the A. catechu plastome recently released
(Rajesh et al., 2020). In addition, we produced the first mitogenome
assemblies (766 kb for 'PNG-1’, and 731 kb for ’PNG-5") for the Areca
genus and 37 mitochondrial protein-coding sequences (ca. 59 kb) for six
other individuals (excluding A. mogeana). Sequencing depth of these
mtDNA regions varied from 40 to 50 x for 'PNG-1" and 'PNG-5’ to 5-6
x in 'PNG-4" and "THAT’. Very short segments were not covered in some
genes of 'PNG-4’, "THAI’, ‘PHIL’ and ‘MOL-1" (1,606, 1,030, 444 and 43
bp of missing data, respectively), whereas mtDNA sequences of other
accessions were complete. All genes annotated in the C. nucifera mito-
genome were annotated in our two mitogenome assemblies, which
further supports their completeness. Finally, we obtained nearly com-
plete nrDNA clusters (ca. 6.7 to 7.3 kb; sequencing depth > 36 x) for the
same nine samples. For the A. mogeana specimen, sequencing data
allowed us to assemble only full ITS and ETS regions of the nrDNA
cluster (ca. 2 kb; sequencing depth of 9 x). Sequence alignments are
provided in Supplementary Information (Supplementary Materials S1 to
S3).

3.2. Comparative phylogenetic analyses of Areca based on three genomic
regions

Similar phylogenetic topologies were revealed on plastid, mito-
chondrial, and nuclear ribosomal DNAs (Fig. 1). Compared to the to-
pologies based on organellar genomes, only the placement of A. aff.
triandra differs on the nrDNA cluster, but this placement remains poorly
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supported. In our combined analysis, the topology sustained the
organellar scenario. However, concordance factors convey some
incongruence (sCF = 60%) meaning that a large proportion of sites do
not support this branching. Based on our limited species sampling, we
did not reveal any clear phylogeographic structure since A. vestiaria
from Moluccas (with A. mogeana from Borneo on nrDNA) is sister to a
clade including other wild Areca species collected in PNG
(A. macrocalyx), Philippines (A. caliso), and Thailand (A. aff. triandra). In
contrast, phylogenetics of all three genomes supports one clade
including commercial betel nuts from India, PNG, and Vanuatu. The
nucleotide diversity revealed in this group is, however, very low, with
only 12 SNPs in the full plastome (of which five were detected in genes,
and three were non synonymous), four SNPs in mitochondrial genes, and
seven variable sites in the nrDNA cluster (Table S3). In addition, ac-
cessions 'PNG-2’ and 'PNG-3° were identical based on SNPs from
organellar genomes and nrDNA, and these two accessions were also not
distinguished from accession 'INDIA’ based on the plastome sequence
deposited in GenBank (Table S3). Such a low variation calls for the use of
the most variable regions of the organellar genome to track back the
diffusion of matrilineages.

3.3. Plastid genome variation of the betel nut revealed with a cpSSR
profiling approach

We finally developed a method targeting cpSSRs, expected to be the
most variable regions of the plastome. All 34 tested cpSSR loci were
successfully amplified on the five DNAs extracted from recent samples
desiccated in silica (i.e., A. catechu and A. macrocalyx from PNG;
Table S4). In contrast, frequent failures were recorded on the three
tested herbarium DNAs for the longest loci (>180 bp) when used in PCR
multiplexes, as expected on highly fragmented DNA (see above).
Nonetheless, their separated amplification was usually successful,
except for loci Ac—cp10, 16, 19, 20, 30 and 31, which were not amplified
on two or three samples (Table S4). For all successful cpSSR amplifica-
tion, allele sizes were fully congruent with genome sequences. The
combination of cpSSR polymorphisms allowed defining a chlorotype for
each tree. Each tree analyzed in our study harbors a distinct chlorotype.
Nine cpSSR loci revealed polymorphisms in our A. catechu samples.
Phylogenetic relationships deduced from a reduced-median network
(Fig. 3) of betel nut chlorotypes show that the closely related accessions
from India and PNG mentioned above ("PNG-2’, ’PNG-3’, and "INDIA’)
were distinguished from each other by one or two loci (Ac-cpl and 23)
and form a distinct lineage compared with the accession from Vanuatu
and the third PNG sample ("PNG-1" from Kavieng).

4. Discussion

4.1. New genomic datasets for investigating Areca phylogeography and
the origins of betel nut

In this study, we generated new genomic datasets for the betel nut
and wild relatives. In particular, the first mitogenomes of the Areca
genus were assembled and annotated, and we also released nine plas-
tomes, mitochondrial genes, and nearly complete nrDNA clusters for five
taxa. A comparative phylogenetic analysis proved their utility for dis-
tinguishing Areca taxa and investigating their phylogeographic history.
Overall, phylogenetic information provided by organellar genomes and
the nrDNA cluster were congruent (except for the poorly supported
position of A. aff. triandra *'THATI’; Figs. 1 and 2), but our sample is far
from being comprehensive. Our phylogenetic trees already constitute
backbones for more exhaustive studies of the Areca genus, but consid-
ering the relatively small number of wild taxa (ca. 40-50 species;
Dransfield et al., 2008; Henderson, 2009; Heatubun, 2011), a genome-
skimming analysis of all species is a reachable objective. Here, we also
analyzed one of the oldest herbarium specimens of Areca collected in
Maluku during the Dumont d’Urville’s expedition in 1839, and another
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Fig. 1. Maximum likelihood phylogenies obtained with (a) full plastome matrix, (b) mitochondrial protein-coding sequences, and (c) nuclear ribosomal DNA
(nrDNA) data. All trees were rooted on Cocos nucifera. The scale is in substitution per site. Ultrafast bootstrap support values are indicated on nodes when inferior

to 100.
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Fig. 2. Maximum likelihood topology
estimated from the complete parti-
tioned concatenation of the full plas-
tome matrix, 37 mitochondrial genes,
and the nuclear ribosomal DNA cluster.
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collected in Philippines in 1916. This shows how herbarium collections
can provide material for phylogenomics studies, and facilitate an
exhaustive taxa sampling (e.g., Zedane et al. 2016; Hardion et al., 2021),
especially in remote islands of Wallacea (Strijk et al., 2020).
Generating genomic references is also an important prerequisite
before investigating betel nut history and characterizing its genetic re-
sources. Such data are key to developing molecular tools (e.g.,
Chapman, 2019), so we can define the best approaches for screening the
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Fig. 3. Network of Areca catechu chlorotypes
based on cpSSR data (Table S4). A reduced-
median network was reconstructed with
Nerwork v10 (Bandelt et al., 1999). Areca aff.
triandra (Thailand) was used as an outgroup.
The traits on branches represent each individ-
ual change. Each haplotype is represented by a
green or red color (for A. catechu and A. aff.
triandra, respectively). The missing, interme-
diate nodes are indicated by small black points.
PNG = Papua New Guinea. (For interpretation
of the references to color in this figure legend,
the reader is referred to the web version of this
article.)

A. catechu
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genetic diversity of a crop. Organellar genome sequences could also
represent appropriate references for archaeogenomic analyses (due to
their repeated nature facilitating their analysis). Here, our screening
reveals very low nucleotidic variation in plastomes and mitogenomes of
the investigated betel nut accessions, which were nevertheless sampled
from distant locations (i.e., India, PNG, and Vanuatu). This could result
from a genetic bottleneck associated with domestication and its subse-
quent spread toward Southeast Asia and Australasia, as shown in other
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woody crops (Arroyo-Garcia et al., 2006; Besnard et al., 2013). A wide
genomic analysis may provide important insights on betel nut domes-
tication, but we recommend that organellar genome variation is
screened with appropriate tools to detect genetic variants that may have
accumulated in the most recent times during human history. Plastid
DNA microsatellites may provide such information (e.g., Besnard et al.,
2013).

4.2. Plastid genome profiling to investigate the spread of betel nut
matrilineages

A cpSSR profiling method was developed to investigate the spread of
maternal lineages of the betel nut and wild relatives. The method proves
to work on degraded herbarium DNAs, although the longest loci (>180
bp) were generally more difficult to amplify on such samples. Besides,
the transferability of loci among Areca samples may allow generating a
plastome profiling database on geo-referenced samples (including her-
barium specimens), to assist the identification of species and develop a
provenance test. A rapid screening of Areca species may also be useful to
target relevant taxa involved in A. catechu domestication. The profiling
method on the betel nut revealed a distinct plastid haplotype for each
investigated tree, which was not possible based on the 12 SNPs detected
in full plastome and mitochondrial gene sequences. This means that
plastid DNA diversity may be efficiently screened with such markers,
which is also far cheaper than a genome skimming approach. Our
network analysis does not reveal any geographic clustering of the five
investigated accessions, calling for an extended sampling of betel nut
over its whole distribution area to investigate phylogeographic patterns
in A. catechu and closely related taxa.

4.3. Further prospects

We showed that cultivated betel nut trees from India, Vanuatu, and
PNG are very closely related according to organellar DNA, indicating a
probable human-mediated spread of the crop in most of its cultivated
range as suggested by archaeological evidence (Yen, 1993; Bourke,
2009; Denham, 2010; Fitzpatrick et al., 2013). Yet, wild substitutes may
have been used before the introduction of the betel nut. Wild and
cultivated arecanuts (both exploited) thus co-exist in numerous places,
such as in Indonesia and PNG (Murthy and Pillai, 1982; Heatubun et al.,
2012). Documenting betel nut origins may thus address different topics
such as the identification of its domestication cradle, the consequences
of its multiplication mode on genetic diversity, and the putative role of
interspecific hybridizations on its diversification. A combination of nu-
clear and cytoplasmic genomic data may be very useful to tackle these
open questions, and document patterns of gene flow mediated by seeds
and pollen. Our cpSSR profiling method can investigate the spread of
cultivated matrilineages and contrasted patterns of diversity due to
various practices of propagation.

5. Data accessibility

All genomic sequences assembled and analyzed in this study have
been deposited in GenBank (accession numbers are given in Table S2).
Sequence alignments are also provided in Supplemental Materials.
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