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Abstract: Palm trees are the third most important botanical family for humans
because of their potential use in oils, drugs, cosmetics, food, and feed. Despite
their importance, little information on their genetics and molecular variations
exists, and a better understanding could contribute to breeding programs.
This study aimed to determine the amount, distribution, and organization of
plastid simple sequence repeats (cpSSRs) and their potential use in breeding
in 52 species belonging to the order Arecales. Plastid genomes were analyzed
to identify cpSSRs according to their nature, position, and presence in genic
or intergenic regions. Primer pairs were validated in silico for amplification
and polymorphisms in these SSRs and their dissimilarities were evaluated. The
results showed a high frequency of mononucleotide repeats in the intergenic
regions. Approximately 76 primer pairs were generated and are suggested for
further studies. The dissimilarity analysis of cpSSRs showed that mono- and
trinucleotides were highly abundant in plastid SSRs.
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INTRODUCTION

Arecaceae includes most palm trees and represents the third most important
botanical family for humans (Johnson 1998). This family is part of an order of
flowering plants called Arecales. This order comprises the Arecaceae and, more
recently, the family Dasypogonaceae (The Angiosperm Phylogeny Group 2016).
For Arecales, 192 genera and 2,603 species have been described (Missouri
Botanic Garden 2021, NCBI 2021).

Among its species, most are economically important, given their potential for
use in human and animal food, and production of inputs, oils, drugs, cosmetics,
and decorative utensils, as well as for the ornamentation of gardens and public
roads. Some species, such as Cocos nucifera (coconut), Phoenix dactylifera (date
palm), and Elaeis guineensis (oil palm), deserve special attention because of
their local economic importance and high potential for use. Coconut cultivation
reached an area of 12.3 million hectares in 2017, with production of 60.7
million tons of coconut fruits in 92 countries. The Philippines, Indonesia, and
India account for 72.7% of the total area. Brazil has a planted area of 215,683
hectares and produces approximately 2.4 million tons of fruit per year (FAO
2017). The Northeast region is responsible for 74% of national production and
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is concentrated in the states of Bahia, Sergipe, Rio Grande do Norte, and Pernambuco (IBGE 2015). Despite the progress
achieved with coconuts, poor understanding of the genetic features of palm species slows down their economic spread,
and their full potential is yet to be exploited. In addition, genome sequences and physiological data remain scarce, as
seen in Butia spp. (Nazareno et al. 2011).

Simple sequence repeats (SSRs), also called microsatellites, are highly informative because of their size variation and
are widely used for breeding and genetic studies in many plant species (Weber 1990, Kashi and King 2006, Palliyarakkal
et al. 2012). The development of molecular markers for palm species has expanded after the complete sequencing of
the nuclear genomes of the oil palm (Singh et al. 2013) and coconut (Aljohi et al. 2016). Currently, SSR markers are
used in Arecales to study ecology, systematics, conservation, and phylogeny, and in breeding programs (Elshibli and
Korpelainen 2008, Aljohi et al. 2016, Zhao et al. 2017, Xiao et al. 2017, Bai et al. 2017, Khan et al. 2018, Babu et al.
2019, Bhagya et al. 2020, Kpatenon et al. 2020). Some nuclear SSRs and plastid SSRs (cpSSRs) have been developed
for the most important representative species of this order, such as P. dactylifera, C. nucifera, Calamus simplicifolius,
E. oleifera, and E. guineensis.

The cpSSRs have great potential for use in phylogeography and DNA fingerprint analyses of Arecaceae (Lopes et
al. 2018, Lopes et al. 2019) and many researchers have sought to use hypervariable regions of chloroplast or plastidial
DNA (cpDNA) to characterize the genetic variation in species (Shaw et al. 2005). Therefore, the aim of this study was
to detect the amount, distribution, and organization of cpSSRs in 52 species of the order Arecales, and to identify the
SSRs that contribute the most to the differences found among the plastidial genomes.

MATERIAL AND METHODS

All available plastid genomes from Arecales were downloaded from the National Center for Biotechnology
Information (NCBI) (https://www.ncbi.nlm.nih.gov/genomes/GenomesGroup.cgi?opt=plastid&taxid=2759). We
assessed the SSRs for coding (genic) and non-coding (intergenic) regions according to the information available in the
NCBI database for each species. A total of 52 complete cpDNAs and their coding regions (Supplementary Material 1)
were inserted in SSRlocator (Maia et al. 2008). The minimum repeat size was set to 28-mono, 26-di, >3-tri, tetra, penta,
and hexanucleotides (hexamers).

Primer pairs for sequences flanking each SSR were also designed using SSRLocator according to the following parameters:
GC content 40-60%, melting temperature (T _) range 57-60 °C, primer size range 0.022-0.027 kb, and Polymerase chain
reaction (PCR) product size range 101-300 bp, as suggested by Preethi et al. (2020). Common primers for some species
were validated in silico using the Blastn resource available on the NCBI website. For the SSR comparative analysis, a
heat map based on dissimilarity was generated using CIMminer (https://discover.nci.nih.gov/cimminer/). Organellar
Genome Draw (OGDRAW) was used to represent the SSR annotation (Lohse et al. 2007). A phylogeny based on RuBisCo
sequences was built and the RuBisCo sequence of each species of the order Arecales was extracted and aligned with
ClustalW. Based on the identification of the best nucleotide substitution model, a phylogenetic tree was constructed
based on the Bayesian model using 1 million bootstrap replicates. Principal component analysis was used to highlight
the vector component that contributed the most to the differentiation of the phylogenetically defined groups. For this
analysis, we used the R statistical software v. 4.1.3 (R Core Team 2020).

RESULTS AND DISCUSSION

The cpSSRs from the 52 Arecales species reported in the NCBI database are listed in Supplementary Material 1. The highest
number of cpSSRs was observed in Wallichia densiflora (302), whereas the lowest was found in Dasypogon bromeliifolius
(200). The largest variation in cpSSR size was found between Tahina spectabilis (126,251 bp) (Barrett et al. 2016) and
Caryota obtusa (159,882 bp) (Gao et al. 2020).

Although we identified mono-, di-, tri-, tetra-, penta-, and hexamers in the majority of Arecales species (Supplementary
Material 2), monomers exhibited the highest abundance. Currently, no studies are available that evaluate the distribution
and organization of cpSSRs across all Arecales; however, Palliyarakkal et al. (2012), Al-Faifi et al. (2017), Lopes et al.
(2018), and Khan et al. (2018) identified a high number of monomers in intergenic regions of palm trees (for the species
Acrocomia aculeata, Phoenix dactylifera, and other species). However, monomers are rarely used as markers in palms,
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whereas dimers, trimers, tetramers, pentamers, and hexamers are more useful (Preethi et al. 2020). Monomers may
deteriorate over short periods of time as they have a high replacement rate (Ceplitis et al. 2005). Previous studies on
cpDNAs from palm species (Magnabosco et al. 2020, Zou et al. 2021) have laid a foundation to perform genetic studies
using cpSSRs to analyze populations of these plants.

Most of the SSRs found were monomers in the intergenic regions. Tri and tetramers were also observed, which were
frequent in both genic and intergenic regions (Supplementary Material 2). However, 18 species of the family Arecaceae
and one of Dasypogonaceae presented a high abundance of trimer repeats in genic regions, which presents immense
potential for the development of molecular markers.

Primer pairs for the amplification of all SSRs from the 52 analyzed palm species were designed and are available
online (Supplementary Material 3). In species of high economic interest, such as Cocos nucifera, Elaeis guineensis,
Phoenix canariensis, and Syagrus coronata, 74, 83, 75, and 79 cpSSRs, respectively, were detected that could be
amplified, whereas in species of the family Dasypogonaceae, such as Baxteria australis and Dasypogon bromeliifolius,
66 and 75 cpSSR, respectively, were detected. Primers were developed based on previous reports (Preethi et al. 2020),
for Cocos nucifera. The melting temperature ranged from 57 °C to 60 °C, primer GC content ranged from 40% to 60%,
primer size ranged from 22 bp to 27 bp, and product size ranged from 101 bp to 300 bp.

The palm species Phoenix dactylifera was reported to have 93 polymorphic nuclear SSRs (Al-Faifi et al. 2017). However,
with the parameters used in this study, Phoenix dactylifera presented 76 cpSSRs. Markers based on cpSSRs are more
effective indicators of population subdivision and differentiation than nuclear markers in plants, even with taxonomic
variations, and are generally abundant in most plants (Powell et al. 1995a, Powell et al. 1995b, Provan et al. 2001, Petit
et al. 2005, Ebert and Peakall 2009), as observed in this study. We provide a list of primers validated in silico and common
to some species that can be used in transfer studies between palm species (Supplementary Material 4). Despite the
observation of conserved plastid genomes between sister species (Ebert and Peakall 2009), there is some divergence
between phylogenetically close genomes that does not allow great sharing of microsatellite primers for transfer studies.
This was also observed in our dissimilarity analysis (Figure 1), which indicated divergence between closely related species.
The application of cpSSR markers is especially useful because they can amplify homologous regions in several taxa owing
to their uniparental inheritance and slow accumulation of mutations through the ages, which makes evolutionary studies
easy and effective. The regions that are proposed in this study can be used to explore species with fewer studies, such
as species of Butia (Mistura et al. 2012) or species of Areca, Arenga, Astrocaryum, Brahea, and Phoenix (Supplementary
Material 4). However, a high divergence could be observed when evaluating the molecular evolution of plastids within
the Arecaceae family using every gene that encodes plastid proteins. This suggests that the degeneration process may
occur within Arecaceae at the genus or species level (Lopes et al. 2018). The distribution of positive signatures across the
phylogenomics of Arecaceae suggests convergent evolution at most sites, including genes involved in photosynthesis.
Therefore, researchers have sought to use non-coding regions, including introns and intergenic spacers, to characterize
genetic variation (Shaw et al. 2005, Shaw et al. 2007). However, the use of SSRs as markers can aid in the discovery of
genetic and molecular features that have not been extensively explored in Arecaceae.

In the Cocos nucifera plastid genome map, the most frequent cpSSRs in the 52 species studied in this study were
trnH-psbA, matK, rcbl, and rps19 (Supplementary Materials 5 and 6). The rbc/ and matK genes are used and standardized
for DNA barcoding in terrestrial plants (CBOL Plant Working Group 2009, Hollingsworth et al. 2011, Magnabosco 2020)
given their high levels of high-quality sequences and acceptable levels of species differentiation and identification
(Burgess et al. 2011).

Dissimilarity analysis of cpSSRs in palms (Figure 1) showed highly dissimilar mono- and trimers, reflecting the great
abundance of these SSR types. In addition, we observed that the 52 species evaluated in this study formed two groups
based on SSR frequency. The first group included Dasypogon bromeliifolius and Baxteria australis, both of which belong
to Dasypogonaceae (Liliopsida), whereas the second was a large group, subdivided into four subgroups, all within
Magnoliophyta. The genetic relationship of the second group has been described previously (Meerow et al. 2009) when
analyzing seven WRKY genes between Cocos nucifera and Syagrus coronata. Nevertheless, we observed the proximity
between Astrocaryum sp. and Acrocomia sp., already reported as sibling genera, when evaluating six WRKY genes
(Meerow et al. 2015).
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Figure 1. Dissimilarity analysis of 52 species of the order Arecales based on plastid simple sequence repeats (cpSSRs).
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A number of previously described phylogenetically close species are shown in Figure 1, where the clusters were
divided by the families analyzed. Furthermore, the highest frequency of monomers was found in the order Arecales.
Therefore, studies on the development of cpSSR markers in these species would provide a better understanding of the
genetic relationships within this order (Zhang et al. 2017).

We detected 14,017 SSRs across all the analyzed palm species. A total of 9,087 SSRs consisted of monomers, and
502, 3,676, 483, 204, and 65 consisted of dimers, trimers, tetramers, pentamers, and hexamers, respectively. The most
abundant repetitive motifs found in the 52 species studied were AT and TTC/AAC/TAT for the di- and trimers, respectively.
A total of 38,086 SSRs were found in the Arecaceae family in public domains (Palliyarakkal et al. 2012), whereas 1,563
sequences were found in Syagrus romanzoffiana alone (Laindorf et al. 2019). The most frequent motifs in these studies
were di- and trimers. In contrast, our study showed a higher number of SSRs comprising monomers. The discrepancy
in the values found in different studies can be attributed to the type of data filtering used, as well as the increase in
the amount of information available in databases, or even changes in the pattern of the strings (Laindorf et al. 2019).

The evolution of SSRs has occurred under different pressures, even at the level of closely related species. This was
evident when we compared the dissimilarity analysis based on the number of SSRs and phylogeny based on the conserved
RuBisCo gene (Supplementary Material 7). A difference was observed in the positioning of species of specific groups
between the two analyses, in which we can highlight that, through phylogeny, all species of the same genus were side
by side, as was the case with Arenga sp., Astrocaryum sp., and Areca sp. It is worth noting that the proximity of Cocos
nucifera and Syagrus coronata has been widely discussed in the literature and used in several studies to infer phylogenies
with representatives of the Arecaceae family (Meerow et al. 2009, Meerow et al. 2015). Thus, the distribution of SSRs can
show differences, even between closely related species, as the positioning of the species observed in the dissimilarity
does not follow the same organization as that of the phylogenetic analysis.

Principal component analysis (Figure 2) showed that the motifs that most affect the grouping of species owing to
both their presence x absence and intron x exon positioning are TAT3, GAA3, AAG3, and AGA3, which occur in three or
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Figure 2. Ordering diagram of the principal component analysis (PCA) performed with the five groups from the dissimilarity analysis
of 52 species from the order Arecales based on plastid simple sequence repeats (cpSSRs).
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four groups formed in the dissimilarity analysis, showing persistence and stability. These data can be useful for diversity
analysis because of their capacity to differentiate between closely related species and possibly even populations of the
same species. Motif ATA3, however, exhibited nonlinear behavior and was not selected for further tests.

CONCLUSION

In this study, a high frequency of mononucleotide repeats in the intergenic regions of chloroplast genomes was
observed, and 76 pairs of primers that could be used in future studies are reported. Through cpSSR dissimilarity
analyses, mono- and trinucleotides were found to be highly different from each other and abundant in the plastids. In
the phylogeny analysis, comparison of the Rubisco SSRs of the 52 species studied, presented a distribution pattern of
the species that was very different from that found in the dissimilarity analysis. Furthermore, we identified that the
SSRs that contributed the most to the grouping of species were TAT3, GAA3, AAG3, and AGA3. In summary, studies of
this nature are important because they can provide direction to phylogenies and help in the conservation of germplasm

and genetic improvement of palm trees.
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