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ABSTRACT 
 

LOPES, Amanda de Santana, D.Sc., Universidade Federal de Viçosa, March, 2018. 
Evolutionary and genetic aspects of the plastome of oleaginous species. Adviser: 
Marcelo Rogalski. 
 
The plastid genome (plastome) is usually a circular molecule of about 150 kb and bears 

about 120 genes involved mainly in photosynthesis and gene expression. Its evolutionary 

trajectory includes structural rearrangements, gene degenerations, gene transfer to 

nucleus, positive selection, and events of gain and loss of RNA editing sites. These 

features are subject of interest in several areas of plant science such as phylogeny, 

evolution, basic research, and biotechnology. Additionally, plastomes bear a set of 

conserved genes useful for phylogenetic studies of deep relationships, so phylogenomic 

approaches based on whole plastomes have been also applied to resolve intrageneric 

relationships. Fast-evolving regions of plastid DNA such as intergenic spacers and 

introns, are source of molecular markers used routinely in phylogeographic and genetic 

studies. Finally, plastomes are a promising platform for biotechnological applications via 

plastid transformation. Over the last few years with the improvement of sequencing 

technology, many plastomes have been sequenced. Nevertheless, plastomes of several 

species belonging to different families remain unknown. Therefore, the purpose of this 

study was the sequencing of five plastomes of oleaginous species useful for different 

industry demands as follows: Linum ustitatissimum (Linaceae), Crambe abyssinica 

(Brassicaceae), Acrocomia aculeata, Astrocaryum murumuru, and A. aculeatum 

(Arecaceae). Here, it is presented a detailed characterization regarding molecular 

markers, phylogenetic inferences, and evolution. Molecular evolution analyses of protein-

coding genes in Arecaceae show that highly divergent genes seem to evolve in a species-

specific manner and more than half of the genes bear signatures of positive selection. 

Additionally, within Arecaceae and Linaceae were identified unique plastome 

rearrangements. It was also found events of gain and loss of RNA editing sites in all 

sequenced species, indicating a relatively high evolutionary rate of the RNA editing 

machinery. Hundreds molecular markers were identified in the plastomes sequenced here, 

providing information useful for several genetic studies aiming to stablish strategies for 

genetic breeding, domestication, and conservation of natural resources. Moreover, the 

phylogenies presented in this study, based on concatenated plastid genes or whole 

plastomes resulted in well-supported and well-resolved trees. Finally, this study sheds 

light on the evolutionary trajectory of plastomes, which give rise to questions about the 

relationships between environment adaptation and plastid gene expression. 
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RESUMO 
 

LOPES, Amanda de Santana, D.Sc., Universidade Federal de Viçosa, março de 2018. 
Aspectos evolutivos e genéticos do plastoma de espécies oleaginosas. Orientador: 
Marcelo Rogalski. 
 
O genoma plastidial (plastoma), em geral, é uma molécula circular apresentando cerca de 

150 kb e 120 genes, os quais atuam, principalmente, na fotossíntese e na expressão gênica. 

A trajetória evolutiva dos plastomas abrange rearranjos estruturais, degeneração de genes, 

transferência de genes para o núcleo, seleção positiva e ganhos e de perdas de edições de 

RNA. Tais eventos são do interesse de diversas áreas da ciência vegetal, como filogenia, 

evolução, pesquisa básica e biotecnologia. Somado a isto, plastomas têm um conjunto de 

genes conservados útil na resolução de filogenias entre taxa distantes, sendo que o uso de 

plastomas inteiros em abordagens filogenômicas tem sido aplicado na resolução de 

relações intragenéricas. Em adição, sequências plastidiais de rápida evolução, como 

espaços intergênicos e introns, são fontes de marcadores moleculares aplicados em 

filogeografia e estudos genéticos. Por fim, plastomas são promissoras plataformas para 

aplicações biotecnológicas por meio da transformação plastidial. Muitos plastomas têm 

sido sequenciados com o avanço da tecnologia de sequenciamento nos últimos anos. 

Porém, plastomas de diversas espécies permanecem desconhecidos. Em vista disso, este 

estudo propôs-se a fornecer as sequências dos plastomas de cinco espécies oleaginosas 

utilizadas em diferentes demandas industriais: Linum ustitatissimum (Linaceae), Crambe 

abyssinica (Brassicaceae), Acrocomia aculeata, Astrocaryum murumuru, and A. 

aculeatum (Arecaceae).  Neste estudo, uma detalhada caracterização destes plastomas 

relativo a marcadores moleculares, filogenia e evolução foi realizada. Análises de 

evolução molecular de genes plastidiais em Arecaceae mostram que genes altamente 

divergentes parecem ser traços evolutivos distintos de determinadas espécies, e que mais 

da metade dos genes carregam assinaturas de seleção positiva. Ademais, rearranjos únicos 

foram identificados em plastomas de Arecaceae e Linaceae. Ganhos e perdas de edições 

de RNA foram encontrados em todas as espécies sequenciadas, sugerindo uma 

relativamente alta taxa evolutiva deste processo nos plastídios. Adicionalmente, centenas 

de marcadores moleculares plastidiais foram mapeados, constituindo informação útil para 

estudos genéticos visando estabelecer estratégias de melhoramento genético, 

domesticação e conservação dos recursos naturais. Também são apresentadas filogenias 

com alta resolução e suporte, baseadas em genes concatenados e plastomas inteiros. Em 

síntese, este estudo lança luz acerca da trajetória evolutiva dos plastomas e suscita 

discussões sobre a relação entre adaptação ao ambiente e expressão de genes plastidiais.
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General introduction 

 

 Plastids are essential organelles for plant cell viability. They can develop from 

proplastids located in meristematic cells to different types, such as chloroplasts, 

chromoplasts, amyloplasts, and elaioplasts, which are found in different specialized cells 

(Pyke 2007). Taken together, the different types of plastids harbor a huge number of 

metabolic reactions and specific functions, including photosynthesis, and biosynthesis of 

several compounds such as lipids, pigments, starch, vitamins and amino acids, which are 

specifically regulated during growth and development (Tetlow et al. 2004; Rogalski e 

Carrer 2011; Galili et al. 2014; Rogalski et al. 2015). Plastids contain their own genome 

(plastome), which, has usually a conserved structure, gene content, and gene order. 

Typically, plastomes of land plants are circular molecules ranging from 120 to 220 kb 

with a quadripartite structure [two single copy regions (SCs) separated by two inverted 

repeats (IRs)] and contain about 100-130 genes (Wicke et al. 2011; Tonti-Filippini et al. 

2017). Based on endosymbiotic theory, the plastids were originated from an engulfment 

of a cyanobacterium by a heterotrophic protist. After the endosymbiosis several 

evolutionary changes occurred, including genome streamlining and massive gene transfer 

of the cyanobacterial endosymbiont to the host nucleus (Bock 2015; Bock, 2017). 

Nowadays, plastomes have a reduced number of genes in comparison with the genome 

of extant cyanobacteria (Kaneko et al. 1996; Bock 2015; Rogalski et al. 2015). The 

remaining plastid genes are involved in  photosynthesis (subunits of the Photosystem I, 

Photosystem II, Cytochrome b6f, ATP synthase, and NDH complex; large subunit of 

Rubisco; and a gene required to C-type cytochrome synthesis), gene expression 

machinery (subunits of RNA polymerase, ribosomal RNA, ribosomal proteins, tRNAs 

and a maturase), fatty acids biosynthesis (subunit of acetyl-CoA carboxylase), protein 

degradation (subunit of the protease Clp), and import of proteins (subunit of the TIC 

complex) (Bock 2007; Rogalski et al. 2015). 

The plastome gathers features of interest in several areas of research, including 

functional genetics, population genetics, biotechnology, plant evolution, and phylogeny. 

Plastids are typically uniparental inheritance and the nonrecombinant nature of plastids 

have been widely explored in studies regarding to genetic structure of natural populations 

and in phylogeography (Wheeler et al. 2014; Rogalski et al. 2015). Fast-evolving plastid 

sequences, as intergenic spacers and introns, are source of molecular markers (e.g. SSRs 

and SNPs) that have been used to genetic population analyses (Roy et al. 2016), 

germplasm collection characterization (Wambulwa et al. 2016), inference of intrageneric 
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relationships (Li et al. 2014) and ancestry studies (Provan et al. 2001; Ebert and Peakall 

2009; Wheeler et al. 2014). On the other hand, the notorious conservative nature of the 

plastid genes has been explored in phylogenetic studies, specially to resolve deep 

relationships, using a large data set composed by concatenated genes or even whole 

plastomes (Xi et al. 2012; Barret et al. 2016; Wei et al. 2017). Phylogenies based on whole 

plastome also have been applied to understand the evolutionary relationships between 

very close taxa. For example, relationships between cultivated rice and related wild 

species have been analyzed using whole plastomes as basic information to trace strategies 

aiming crop improvement and conservation of natural resources (Wambugo et al. 2015).  

Additionally, the occurrence of plastome rearrangements are powerful 

phylogenetic markers due to their low level of homoplasy (Kim et al. 2005; Cosner et al. 

2004; Martin et al. 2014). The rarity of occurrence of these events make them lineage-

specific, providing synapomorphies useful to delimit related taxa (Martin et al. 2014; 

Weng et al. 2014). For example, members of the families Geraniaceae, Campanulaceae 

and Fabaceae bear unique and highly rearranged plastomes (Haberle at al. 2008; 

Guisinger et al. 2011; Cai et al. 2008). The rearrangements reported includes expansion 

and contraction of the IRs, IR loss, and inversion and deletions of large segments, which 

can result in deletion of genes, variation in the gene order, and disruption of conserved 

operons (Harbele et al. 2008; Guisinger et al. 2011; Wicke et al. 2011; Vieira et al. 2016; 

Zhu et al. 2016). Furthermore, plastome rearrangements are also a feature of interest for 

basic research, given that they can bring evidences to explain why and how plastomes of 

some lineages evolve in a different way from the common structure. The mechanism 

involved in inversions and/or deletions of large and short stretches of DNA segments 

have been explained as the result of homologous recombination between inverted and 

directed repeats, respectively (Milligan et al. 1989; Svab and Maliga, 1993; Rogalski et 

al. 2006; Rogalski et al. 2008a e b; Vieira et al. 2016). Indeed, several small dispersed 

repeats have been identified in highly rearranged plastomes (Harbele et al. 2008; 

Guisinger et al. 2011; Weng et al. 2014). High rates of nucleotide substitution are a 

common feature present in highly rearranged plastomes, which could be explained by a 

dysfunction during DNA replication, recombination and repair (DNA-RRR) (Guisinger 

et al. 2011; Weng et al. 2014; Zhang et al. 2016).  

The plastome evolution also includes other modifications at gene level, as 

degeneration, transfer to nucleus, loss of introns, duplication, alternative translation 

initiation site, transcriptional slippage, positive selection and RNA editing (Daniell et al. 

2008, 2016; Barthet et al. 2015; Lin et al. 2015a, 2015b; Xu et al. 2015; Piot et al. 2017). 
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However, little is understood about the role of such plastome molecular changes in the 

plant physiology and adaptation to different environmental cues. For example, 

degeneration or loss of the ndh genes (encoding the NDH complex) in many 

photosynthetic lineages raise questions about the adaptation required by these lineages to 

cope with stress conditions (Ruhlman et al. 2015; Lin et al. 2015b), since the NDH 

complex is supposed to act mainly in the cyclic electron transfer under different stress 

conditions (Horváth et al. 2000; Li et al. 2004; Yamori and Shikanai 2016). Similarly, the 

ycf1 gene is a highly divergent plastid gene and it was lost or is a pseudogene in several 

lineages (Vries et al. 2015). However, targeted disruption by reverse genetics in tobacco 

plastids showed that it is essential for cell viability (Drescher et al. 2000). The ycf1 gene 

encodes a subunit of the TIC complex involved in protein import from cytosol to plastid 

(Kikuchi et al. 2013) and has been hypothesized that its absence in some lineages co-

evolved with modifications in the plastid protein import machinery (Nakai 2015). In some 

lineages ycf1 and ndh genes are absent or pseudogenes in the plastome, however the 

presence of functional copies of them in the nucleus were not evidenced to date. On other 

hand, gene transfer to nucleus and subsequent acquisition of active transcription, capture 

of plastid transit peptide and import of the protein into the plastids have been reported for 

other plastid genes such as infA, rpl32, rpl22, and rps16 in different plant lineages (Gantt 

et al. 1991; Millen et al. 2001; Ueda et al. 2007, 2008; Jansen et al. 2011; Keller et al. 

2017). In other infrequent cases, plastid genes were replaced by a eukaryotic homologous 

protein imported into the plastids (Bubunenko et al. 1994; Konishi et al. 1996). 

Notwithstanding the occurrence of plastid gene degenerations and losses, the 

evolutionary trajectory of plastomes also includes genes that bear signatures of positive 

selection. In grasses, across the PACMAD clade, Piot et al. (2017) reported that 25 plastid 

genes evolved under positive selection, including a strong positive selection during the 

C3-C4 photosynthetic transition in the rbcL gene (codify the large subunit of Rubisco). 

Positive selection of mutations at particular sites of the rbcL gene has been related to 

adaptive response to increased chloroplast CO2 concentrations in C4 photosynthesis 

(Kapralov et al. 2011). Positive selection was also found in ten plastid genes within the 

family Brassicaeae, being the signatures identify in the species Cardamine resendifolia 

supposed be a consequence of adaptation to high altitude enviroments (Hu et al. 2015).  

However, except for rbcL gene, the link between adaptive mutations in plastid genes and 

physiology responses to environmental constraints is poorly understood (Tonti-Filippini 

et al. 2017).  
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Another interesting acquisition during the plastome evolution is the process of 

RNA editing, resulting in posttranscriptional nucleotide substitutions (C-to-U and U-to-

C). The changes C-to-U are more frequent, and the only type reported in most flowering 

plants (Takenaka et al. 2013). Since no editing has been observed in any alga, it is 

supposed that the plastid RNA editing arose with the evolution of land plants. Among 

land plants, only some species of liverworts within the order Marchantiales do not have 

RNA editing, presumably because they lost this process secondarily (Rüdinger et al. 

2008; Takenaka et al. 2013). Generally, the mainly function of RNA editing is to restore 

evolutionarily conserved codons and, consequently, to codify the conserved amino acids 

(Tillich et al. 2005). Some RNA editing sites, if do not occur, can affect severely the 

protein function (Schmitz-Linneweber and Barkan 2007), while other sites occur in 

regions more flexibles or in nonessential genes (Fiebig et al. 2004). Other functions of 

plastid RNA editing in protein-coding genes include the creation of initiation codon and 

protein variants (Takenaka et al. 2013). RNA editing does not affect only protein-coding 

genes but also tRNAs, introns, and untranslated regulatory regions, highlighting the role 

of RNA editing in the folding and stabilization of secondary structures (Takenaka et al. 

2013; Chen et al. 2017). It has been identified distinct patterns of editing between 

different tissues, development stages, and environmental conditions (Tseng et al. 2013; 

Chen et al. 2017; Mirzaei et al. 2017). Additionally, several gains and losses of RNA 

editing sites have been identified across land plants (Freyer et al. 1997; Fiebig et al. 2004; 

He et al. 2016; Chen et al. 2017), indicating that this process is very dynamic and 

relatively fast-evolving. 

Finally, the plastome has been targeted for biotechnology and basic research 

approaches via plastid transformation (Bock, 2015; Rogalski et al., 2015; Daniell et al., 

2016). The plastid transformation offers several advantages over the nuclear 

transformation such as high transgene expression levels, multigene stacking in synthetic 

operons in a single transformation event, precisely targeted insertion of transgenes via 

homologous recombination, absence of epigenetic transgene silencing effects, and 

increased biosafety due to exclusion of transgenes transmission by pollen since the 

plastids are maternally inherited in most angiosperms (Bock, 2015; Jin and Daniell, 2015; 

Rogalski et al., 2015). The plastid transformation has been used for several applications 

in plant biotechnology, including resistance to biotic and abiotic stresses (Jin et al., 2011; 

Zhang et al., 2015), metabolic engineering of different plant metabolic pathways (Apel 

and Bock, 2009; Rogalski e Carrer 2011; Kumar et al., 2012; Lu et al., 2013), improve 

photosynthetic performance (Dhingra et al., 2004; Lin et al., 2014; Whitney et al., 2015), 
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production of vaccines, biopharmaceutical compounds and enzymes for biofuel 

production (Boyhan and Daniell, 2011; Daniell et al., 2016; Herzog et al., 2017). The 

availability of complete plastome sequences provides an essential tool to develop specific 

plastid transformation vectors, allowing the choice of target intergenic sequences within 

the plastome for correct transgene integration via homologous recombination. 

Additionally, the complete sequence permits the exact characterization of endogenous 

regulatory elements that should not be affected by insertion of transgenes and can be used 

for an optimized transgene expression and RNA stability (Bock et al. 2014; Daniell et al. 

2016). Although heterologous flanking sequences have been used for chloroplast 

transformation (Sidorov et al., 1999; Ruf et al., 2001), studies have showed that the use 

of specific flanking sequences can increase the plastid transformation efficiency 

(Ruhlman et al., 2010; Scotti et al., 2011), probably due to the occurrence of complex 

homologous recombination events when heterologous flanking sequences are used 

(Ruhlman et al., 2010). In addition, the use of endogenous regulatory elements favors the 

correct interaction with the endogenous trans-acting factors maximizing the efficiency of 

transgene expression (Ruhlman et al., 2010; Daniell et al., 2016).  

The next-generation sequencing technology has boosted the complete 

characterization of huge number of plastomes in the last years, supporting advances in 

several areas of knowledge such as phylogeny, genetic, evolution, and biotechnology 

applications (Tonti-Filippini et al. 2017). Here, this work presents the complete plastomes 

of five oleaginous species and their detailed characterization concerning breeding, genetic 

and evolutionary aspects. 

Flax (Linum usitatissimum L.)  

Flax is an annual crop widely cultivated in the world (Kvavadze et al. 2009; FAO 2017: 

http://www.fao.org/faostat/en/#home). The flaxseeds are rich in polyunsaturated fatty 

acids, lignans, proteins, and soluble fibers, making them adequate for human nutrition 

and industrial applications. In addition, from the stem of flax is extracted bast fibers used 

in textile industry (Singh et al. 2011).  Flax belongs to the family Linaceae and this study 

represents the first plastome sequenced of a species belonging to family Linaceae.  

Crambe (Crambe abyssinica Hochst. ex R.E.Fr.) 

Crambe is an oilseed plant rich in erucic acid, which is an important fatty acid to industrial 

applications and biofuel production (Lazzeri et al. 1997; Carlsson 2009). Studies aiming 

to improve agronomic traits and oil profile have been carried out (Mastebroek et al. 1994; 

Li et al. 2012; Cheng et al. 2015). Crambe belongs to the tribe Brassiceae (Brassicaceae), 
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which includes other species economically important. This study represents the first 

plastome within the genus Crambe to be sequenced. 

Macaw palm [Acrocomia aculeata (Jacq.) Lodd. ex Mart.] 

Macaw palm produces oil-rich fruits that reach up to 70% of oil suitable for biofuel 

production (Pires et al. 2013). It is distributed in the tropical and subtropical Americas 

and adapted to different ecosystems (Henderson et al. 1995; Motoike and Kuki 2009). 

Macaw palm belongs to the tribe Cocoseae (Arecoideae: Arecaceae) along with other 

economically important species as Cocos nucifera and Elaeis guineensis. This study 

represents the first plastome within the genus Acrocomia to be sequenced. 

Murumuru (Astrocaryum murumuru) and Tucumã (Astrocaryum aculeatum) 

Murumuru and Tucumã are palm trees of the tribe Cocoseae (Arecoideae: Arecaceae) 

distributed throughout tropical and subtropical ecosystems (Dransfield et al. 2008), being 

murumuru adapted to wet forests and tucumã adapted to terra firme areas (Kahn 2008). 

Both species bear oil-rich fruits that are source of food, oil for cosmetic industry, and 

feedstock to make crafts (Clement et al. 2005; Bezerra 2012). Since the extractivism is 

the main form of exploitation, it is required studies aiming to improve agronomic traits 

and conserve the natural resources (Ramos et al. 2011, 2012, 2016; Oliveira et al. 2017). 

This study represents the first plastomes within the genus Astrocaryum to be sequenced.  

 Beyond the plastome sequencing, the data gathered here includes molecular 

markers mapping, phylogenetic inferences, prediction of RNA editing sites, structural 

analyses, and analyses of gene divergence and positive selection. Taken together, these 

data provide useful genetic information to conservation, crop improvement and 

biotechnology strategies to be applied in these species or related ones. Moreover, the 

present data bring new insights about plastome evolution concerning structure, gene 

content, positive selection, and RNA editing within the families Linaceae, Brassicaceae, 

and Arecaceae. 
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Supplementary Fig. S2. Pairwise distance based on nucleotide and amino acid sequence 
for 69 protein coding genes 
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Supplementary Fig. S3. The ClpP amino acid sequence was analyzed using Conserved Domains (NCBI). All the ClpP proteins, including 

flax, belong to the family S14_ClpP_2. The residues of the active site and of the oligomer interface are highlighted  
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Supplementary Fig. S4. Multiple sequence alignment of Ycf1 proteins from flax 
(Linum) and related species. The alignment was made using ClustalW. Eight conserved 
domains are highlighting (TMD1-8), in accordance with Kikuchi et al. (2013), six 
predicted transmembrane segments (TMD1-TMD6) and two moderately hydrophobic 
stretches (TMD7 and TMD8) 
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Supplementary Fig. S5. Multiple sequence alignment of the gene atpF from flax (Linum) 

and representatives of the family Chrysobalanaceae. The alignment was made using 

ClustalW. The codon highlighted in red is at position 31, and the nucleotide highlighted 

by arrow is the nucleotide 92. For this alignment was used one specie from each genus of 

the family Chrysobalanaceae present in the data base 
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Supplementary Tables 

Supplementary Table S1. List of simple sequence repeats identified in the plastome of 

Linum usitatissimum 

SSR Sequence Number of repeats Total 
 

3 4 5 7 8 9 10 11 12 13 14 16 20 
 

A/T - - - - 60 31 15 2 2 3 3 1 1 118 

C/G - - - - 5 - 1 - - - - - - 6 

AC/GT - 2 - - - - - - - - - - - 2 

AG/CT - 10 - - - - - - - - - - - 10 

AT/AT - 16 6 1 - - - - - - - - - 23 

AAT/ATT - 7 - 
 

- - - - - - - - - 7 

AAAG/CTTT 4 - - - - - - - - - - - - 4 

AAAT/ATTT 2 - - - - - - - - - - - - 2 

ACAT/ATGT 1 - - - - - - - - - - - - 1 

AAAAG/CTTTT 2 - - - - - - - - - - - - 2 

AATCCC/ATTGGG 1 - - - - - - - - - - - - 1 

 

Supplementary Table S2. Distribution of simple sequence repeats (SSRs) loci in the 

plastome of Linum usitatissimum 

SSR type SSR size start end Location 

mono (A)8 8 356 363 matK (CDS) 

di (AT)7 14 559 572 matK (CDS) 

mono (A)8 8 627 634 matK (CDS) 

mono (A)8 8 676 683 matK (CDS) 

mono (C)8 8 2006 2013 trnK-UUU/trnQ-UUG (IGS) 

mono (T)8 8 2159 2166 trnK-UUU/trnQ-UUG (IGS) 

mono (A)16 16 2170 2185 trnK-UUU/trnQ-UUG (IGS) 

tetra (TAAA)3 12 3486 3497 psbI/trnS-GCU (IGS) 

mono (A)9 9 3702 3710 trnS-GCU/trnG-UCC (IGS) 

mono (A)8 8 3756 3763 trnS-GCU/trnG-UCC (IGS) 

mono (T)9 9 3824 3832 trnS-GCU/trnG-UCC (IGS) 

di (AT)4 8 3925 3932 trnS-GCU/trnG-UCC (IGS) 

di (AT)4 8 5694 5701 trnR-UCU/atpA (IGS) 

mono (T)9 9 5787 5795 trnR-UCU/atpA (IGS) 

mono (A)9 9 5846 5854 trnR-UCU/atpA (IGS) 

tetra (CTTT)3 12 7466 7477 atpF (CDS) 

mono (C)8 8 7795 7802 atpF (CDS) 

tri (TAA)4 12 8060 8071 atpF (intron) 

mono (T)9 9 8182 8190 atpF (intron) 

mono (A)8 8 8646 8653 atpF (CDS) 

mono (A)9 9 8956 8964 atpF/atpH (IGS) 

mono (T)10 10 8972 8981 atpF/atpH (IGS) 

mono (T)8 8 8997 9004 atpF/atpH (IGS) 

mono (T)8 8 9136 9143 atpF/atpH (IGS) 

di (AT)4 8 9858 9865 atpH/atpI (IGS) 
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mono (T)9 9 12075 12083 rps2 (CDS) 

mono (C)10 10 12312 12321 rps2/rpoC2 (IGS) 

mono (A)9 9 12322 12330 rps2/rpoC2 (IGS) 

mono (A)10 10 12342 12351 rps2/rpoC2 (IGS) 

tetra (ACAT)3 12 13452 13463 rpoC2 (CDS) 

mono (A)8 8 13970 13977 rpoC2 (CDS) 

mono (T)8 8 14043 14050 rpoC2 (CDS) 

mono (T)20 20 14559 14578 rpoC2 (CDS) 

di (AT)5 10 15953 15962 rpoC2 (CDS) 

mono (C)8 8 18535 18542 rpoC1 (intron) 

mono (A)8 8 18637 18644 rpoC1 (intron) 

mono (T)8 8 19456 19463 rpoC1 (CDS) 

di (AT)5 10 20525 20534 rpoB (CDS) 

mono (T)10 10 21567 21576 rpoB (CDS) 

mono (T)10 10 22313 22322 rpoB (CDS) 

mono (A)9 9 23413 23421 rpoB/trnC-GCA (IGS) 

mono (T)9 9 23445 23453 rpoB/trnC-GCA (IGS) 

mono (T)8 8 24475 24482 trnC-GCA/petN (IGS) 

mono (A)8 8 24872 24879 petN/psbM (IGS) 

mono (A)8 8 24975 24982 petN/psbM (IGS) 

mono (T)8 8 25096 25103 petN/psbM (IGS) 

mono (T)10 10 25276 25285 psbM/trnD-GUC (IGS) 

mono (A)8 8 25829 25836 psbM/trnD-GUC (IGS) 

mono (T)8 8 26316 26323 psbM/trnD-GUC (IGS) 

mono (A)9 9 27441 27449 trnE-UUC/trnT-GGU (IGS) 

mono (T)8 8 28698 28705 trnT-GGU/psbD (IGS) 

mono (T)8 8 30798 30805 psbC (CDS) 

tetra (TCTT)3 12 31757 31768 psbC/trnS-UGA (IGS) 

mono (T)10 10 31804 31813 psbC/trnS-UGA (IGS) 

di (GA)4 8 31921 31928 trnS-UGA (CDS) 

mono (T)9 9 32032 32040 trnS-UGA/psbZ (IGS) 

di (TA)5 10 32155 32164 trnS-UGA/psbZ (IGS) 

mono (A)8 8 32766 32773 psbZ/trnG-GCC (IGS) 

mono (A)8 8 33006 33013 psbZ/trnG-GCC (IGS) 

penta (TTTTC)3 15 33802 33816 rps14 (CDS) 

mono (A)8 8 34973 34980 psaB (CDS) 

di (AG)4 8 37806 37813 psaA (CDS) 

mono (A)10 10 38938 38947 psaA/ycf3 (IGS) 

mono (T)8 8 39925 39932 ycf3 (intron) 

mono (T)8 8 41244 41251 ycf3/trnS-GGA (IGS) 

mono (A)8 8 43279 43286 trnT-UGU/trnL-UAA (IGS) 

mono (T)8 8 44074 44081 trnL-UAA/trnF-GAA (IGS) 

mono (T)8 8 46315 46322 ndhK/ndhC (IGS) 

tri (TTA)4 12 47109 47120 ndhC/trnV-UAC (IGS) 

mono (A)14 14 47368 47381 ndhC/trnV-UAC (IGS) 

mono (T)10 10 47842 47851 ndhC/trnV-UAC (IGS) 

mono (T)8 8 47949 47956 trnV-UAC (intron) 

tri (ATA)4 12 50907 50918 atpB/rbcL (IGS) 
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mono (A)12 12 50951 50962 atpB/rbcL (IGS) 

di (GA)4 8 52159 52166 rbcL (CDS) 

mono (A)9 9 53574 53582 rbcL/accD (IGS) 

mono (T)10 10 53669 53678 rbcL/accD (IGS) 

mono (T)8 8 54150 54157 accD (CDS) 

di (TA)4 8 55937 55944 accD/psaI (IGS) 

di (TA)4 8 55977 55984 accD/psaI (IGS) 

di (TA)4 8 55987 55994 accD/psaI (IGS) 

mono (A)9 9 56581 56589 psaI/ycf4 (IGS) 

mono (A)13 13 57394 57406 cemA (CDS) 

di (AT)4 8 58318 58325 petA (CDS) 

di (TG)4 8 58410 58417 petA (CDS) 

mono (C)8 8 58604 58611 petA (CDS) 

mono (A)8 8 58678 58685 petA (CDS) 

mono (T)10 10 59523 59532 petA/psbJ (IGS) 

mono (T)9 9 59611 59619 petA/psbJ (IGS) 

mono (A)8 8 59763 59770 petA/psbJ (IGS) 

mono (A)9 9 61435 61443 psbE/petL (IGS) 

mono (A)8 8 61693 61700 psbE/petL (IGS) 

mono (T)8 8 62108 62115 petG/trnW-CCA (IGS) 

di (TG)4 8 62369 62376 trnW-CCA/trnP-UGG (IGS) 

mono (A)8 8 62771 62778 trnP-UGG/psaJ (IGS) 

tri (TTA)4 12 62938 62949 trnP-UGG/psaJ (IGS) 

di (AT)5 10 63870 63879 rpl33/rps18 (IGS) 

di (AT)5 10 63905 63914 rpl33/rps18 (IGS) 

tri (TAA)4 12 64381 64392 rps18 (CDS) 

mono (T)11 11 64693 64703 rps18/rpl20 (IGS) 

mono (A)9 9 65274 65282 rpl20/rps12 (IGS) 

mono (A)8 8 65387 65394 rpl20/rps12 (IGS) 

mono (T)8 8 65832 65839 rpl20/rps12 (IGS) 

di (CT)4 8 65915 65922 rpl20/rps12 (IGS) 

di (AT)4 8 66787 66794 rps12/psbB (IGS) 

mono (G)8 8 67572 67579 rps12/psbB (IGS) 

di (AT)4 8 69493 69500 psbT/psbN (IGS) 

mono (T)9 9 70071 70079 psbH/petB (IGS) 

mono (A)8 8 72342 72349 petD (intron) 

di (AT)4 8 73316 73323 rpoA (CDS) 

mono (T)9 9 73552 73560 rpoA (CDS) 

mono (T)8 8 75883 75890 rps8/rpl14 (IGS) 

mono (T)8 8 75973 75980 rps8/rpl14 (IGS) 

mono (A)9 9 76432 76440 rpl14/rpl16 (IGS) 

mono (T)8 8 77148 77155 rpl16 (intron) 

mono (T)9 9 77572 77580 rpl16 (intron) 

mono (T)9 9 77915 77923 rpl16 (intron) 

mono (T)8 8 78003 78010 rpl16/rps3 (IGS) 

mono (T)8 8 78832 78839 rpl22 (CDS) 

tri (ATT)4 12 79425 79436 rpl22/rps19 (IGS) 

mono (T)10 10 79475 79484 rps19 (CDS) 
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mono (T)8 8 79680 79687 rps19 (CDS) 

mono (T)9 9 79712 79720 rps19 (CDS) 

tetra (TTTC)3 12 83877 83888 psbA/trnH-GUG (IGS) 

di (AT)5 10 84188 84197 trnH-GUG/ycf2 (IGS) 

mono (T)14 14 84415 84428 trnH-GUG/ycf2 (IGS) 

mono (A)8 8 85865 85872 ycf2 (CDS) 

hexa (GATTGG)3 18 86394 86411 ycf2 (CDS) 

mono (A)9 9 86913 86921 ycf2 (CDS) 

di (GA)4 8 86934 86941 ycf2 (CDS) 

mono (A)12 12 88139 88150 ycf2 (CDS) 

di (AT)4 8 91431 91438 trnL-CAA/ndhB (IGS) 

mono (A)8 8 91444 91451 trnL-CAA/ndhB (IGS) 

di (AT)4 8 91530 91537 trnL-CAA/ndhB (IGS) 

di (AG)4 8 99069 99076 rrn16/trnI-GAU (IGS) 

di (CT)4 8 102965 102972 rrn23 (CDS) 

di (AG)4 8 104716 104723 rrn5/trnR-ACG (IGS) 

tetra (AAGA)3 12 105035 105046 trnR-ACG/trnN-GUU (IGS) 

mono (T)9 9 105455 105463 trnN-GUU/ycf1 (IGS) 

mono (A)13 13 106460 106472 ycf1 (CDS) 

mono (T)8 8 106778 106785 ycf1 (CDS) 

mono (A)8 8 106942 106949 ycf1 (CDS) 

mono (T)9 9 107873 107881 ycf1 (CDS) 

penta (AAAAG)3 15 108072 108086 ycf1 (CDS) 

mono (A)10 10 108582 108591 ycf1 (CDS) 

mono (A)8 8 108603 108610 ycf1 (CDS) 

mono (A)10 10 108717 108726 ycf1 (CDS) 

mono (A)9 9 108764 108772 ycf1 (CDS) 

mono (A)8 8 109242 109249 ycf1 (CDS) 

mono (A)8 8 110650 110657 ycf1 (CDS) 

mono (A)8 8 110834 110841 ycf1 (CDS) 

di (AT)4 8 111011 111018 ycf1/rps15 (IGS) 

mono (A)8 8 111168 111175 ycf1/rps15 (IGS) 

mono (A)8 8 111194 111201 ycf1/rps15 (IGS) 

di (AG)4 8 113723 113730 ndhA (intron) 

mono (A)11 11 113732 113742 ndhA (intron) 

mono (A)8 8 114425 114432 ndhF (pseudo) 

mono (T)13 13 114579 114591 ndhF (pseudo) 

mono (T)9 9 114643 114651 ndhF (pseudo) 

di (AT)4 8 115829 115836 ndhF (pseudo) 

di (AT)4 8 116224 116231 ndhF/rpl32 (IGS) 

tri (TAA)4 12 116433 116444 ndhF/rpl32 (IGS) 

mono (T)8 8 116754 116761 ndhF/rpl32 (IGS) 

mono (T)8 8 116808 116815 ndhF/rpl32 (IGS) 

mono (A)10 10 116877 116886 rpl32 (CDS) 

mono (A)9 9 117565 117573 rpl32/trnL-UAG (IGS) 

mono (T)8 8 117753 117760 rpl32/trnL-UAG (IGS) 

mono (T)10 10 117862 117871 rpl32/trnL-UAG (IGS) 

mono (T)14 14 119276 119289 ccsA/ndhD (IGS) 
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mono (T)8 8 119344 119351 ccsA/ndhD (IGS) 

tetra (AATA)3 12 119586 119597 ndhD (CDS) 

di (AT)4 8 120769 120776 ndhD (CDS) 

mono (T)9 9 120941 120949 ndhD/psaC (IGS) 

di (AG)4 8 122522 122529 ndhG (CDS) 

mono (A)9 9 122753 122761 ndhG/ndhI (IGS) 

mono (A)8 8 122956 122963 ndhG/ndhI (IGS) 

 

Supplementary Table S3. Distribution of tandem repeats in the plastome of Linum 

usitatissimum 

Copy 
number 

Consensus  
length 

Start End Location 

2.0 45 32128 32220 trnS-UGA/psbZ (IGS) 

3.0 54 54380 54532 accD (CDS) 

2.0 33 54912 54976 accD (CDS) 

3.0 22 54979 55040 accD (CDS) 

2.0 49 55021 55117 accD (CDS) 

2.0 35 63854 63923 rpl33/rps18 (IGS) 

3.0 21 64132 64194 rps18 (CDS) 

5.0 27 64383 64508 rps18 (CDS) 

3.0 24 66877 66948 rps12/psbB (IGS) 

4.0 18 66933 67004 rps12/psbB (IGS) 

2.0 23 83827 83873 psbA/trnH-GUG (IGS) 

4.0 21 86087 86165 ycf2 (CDS) 

2.0 21 86334 86374 ycf2 (CDS) 

2.0 42 88705 88788 ycf2 (CDS) 

3.0 28 90120 90188 ycf2 (CDS) 

5.0 18 107915 108004 ycf1 (CDS) 

6.0 9 109786 109839 ycf1 (CDS) 

3.0 24 110075 110146 ycf1 (CDS) 

4.0 24 110496 110586 ycf1 (CDS) 

2.0 36 116333 116404 ndhF/rpl32 (IGS) 
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Supplementary Table S4. Distribution of direct (D) and inverted (I) sequence repeats 

loci in the plastome of Linum usitatissimum 

Type Size (bp) Start  Location 

repeat 1  repeat 2 repeat 3  repeat 1 repeat 2  repeat 3  

D 119 87016 87169   ycf2 (CDS) ycf2 (CDS)  

D 46 67221 81279   rps12/psbB (IGS) rpl23 (pseudo)  

D 45 64409 64463   rps18 (CDS) rps18 (CDS)  

D 41 54316 54433   accD (CDS) accD (CDS)  

D 40 95750 124140   rps12/trnV-GAC (IGS) ndhA (intron)  

D 39 110499 110547   ycf1 (CDS) ycf1 (CDS)  

D 38 54443 54497   accD (CDS) accD (CDS)  

D 38 40250 124142   ycf3 (intron) ndhA (intron)  

D 38 90069 90132   ycf2 (CDS) ycf2 (CDS)  

D 37 40252 95754   ycf3 (intron) rps12/trnV-GAC (IGS)  

D 36 107914 107968   ycf1 (CDS) ycf1 (CDS)  

D 35 54405 54450   accD (CDS) accD (CDS)  

D 35 55029 55077   accD (CDS) accD (CDS)  

D 35 64382 64433 64460  rps18 (CDS) rps18 (CDS) rps18 (CDS) 

D 34 86064 86340   ycf2 (CDS) ycf2 (CDS)  

D 34 116082 116194   ndhF/rpl32 (IGS) ndhF/rpl32 (IGS)  

D 32 110074 110122   ycf1 (CDS) ycf1 (CDS)  

D 32 35237 37461   psaB (CDS) psaA (CDS)  

D 32 54325 54442   accD (CDS) accD (CDS)  

D 32 54911 55082   accD (CDS) accD (CDS)  

D 32 66876 66912   rps12/psbB (IGS) rps12/psbB (IGS)  

D 32 86078 86354   ycf2 (CDS) ycf2 (CDS)  

D 31 107920 107956   ycf1 (CDS) ycf1 (CDS)  

D 31 54326 54398 54497  accD (CDS) accD (CDS) accD (CDS) 

D 31 66855 66933   rps12/psbB (IGS) rps12/psbB (IGS)  

D 31 67116 78050   rps12/psbB (IGS) rpl16/rps3 (IGS)  

D 30 67082 78005   rps12/psbB (IGS) rpl16/rps3 (IGS)  

D 30 66945 66981   rps12/psbB (IGS) rps12/psbB (IGS)  

D 30 35311 37535   psaB (CDS) psaA (CDS)  

D 30 54938 55076   accD (CDS) accD (CDS)  

D 30 54911 55034   accD (CDS) accD (CDS)  

D 30 3546 31914   trnS-GCU (CDS) trnS-UGA (CDS)  

D 30 90060 90150   ycf2 (CDS) ycf2 (CDS)  

D 30 86033 86258   ycf2 (CDS) ycf2 (CDS)  

D 30 107938 107974   ycf1 (CDS) ycf1 (CDS)  

D 30 110510 110558   ycf1 (CDS) ycf1 (CDS)  

I 30 3549 41486   trnS-GCU (CDS) trnS-GGA (CDS)  

I 31 69459 69491   psbT/psbN (IGS) psbT/psbN (IGS)  

I 30 40251 70854    ycf3 (intron) petB (intron)   
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Supplementary Table S5. Species included in the phylogenetic inference of the 

position of Linum usitatissimum (Linaceae) 

Species Clade Order Family GenBank 

Linum usitatissimum+ fabids Malpighiales Linaceae KY849971 

Acioa guianensis fabids Malpighiales Chrysobalanaceae NC_030534.1 

Afrolicania elaeosperma fabids Malpighiales Chrysobalanaceae NC_030544.1 

Angelesia splendens fabids Malpighiales Chrysobalanaceae NC_030545.1 

Atuna racemosa fabids Malpighiales Chrysobalanaceae NC_030546.1 

Chrysobalanus icaco+ fabids Malpighiales Chrysobalanaceae NC_024061 

Couepia guianensis+ fabids Malpighiales Chrysobalanaceae NC_024063 

Dactyladenia bellayana fabids Malpighiales Chrysobalanaceae NC_030555.1 

Exellodendron barbatum fabids Malpighiales Chrysobalanaceae NC_030558.1 

Gaulettia elata fabids Malpighiales Chrysobalanaceae NC_030559.1 

Grangeria borbonica fabids Malpighiales Chrysobalanaceae NC_030560.1 

Hunga gerontogea fabids Malpighiales Chrysobalanaceae NC_030564.1 

Hirtella physophora+ fabids Malpighiales Chrysobalanaceae NC_024066 

Kostermanthus robustus fabids Malpighiales Chrysobalanaceae NC_030565.1 

Licania alba+ fabids Malpighiales Chrysobalanaceae NC_024064 

Magnistipula butayei fabids Malpighiales Chrysobalanaceae NC_030576.1 

Maranthes gabunensis fabids Malpighiales Chrysobalanaceae NC_030577.1 

Neocarya macrophylla fabids Malpighiales Chrysobalanaceae NC_030580.1 

Parastemon urophyllus fabids Malpighiales Chrysobalanaceae NC_030517.1 

Parinari campestris+ fabids Malpighiales Chrysobalanaceae NC_024067 

Euphorbia esula fabids Malpighiales Euphorbiaceae NC_033910.1 

Hevea brasiliensis+ fabids Malpighiales Euphorbiaceae NC_015308 

Jatropha curcas+ fabids Malpighiales Euphorbiaceae NC_012224 

Manihot esculenta+ fabids Malpighiales Euphorbiaceae NC_010433 

Ricinus communis+ fabids Malpighiales Euphorbiaceae NC_016736 

Vernicia fordii fabids Malpighiales Euphorbiaceae NC_034803.1 

Erythroxylum novogranatense fabids Malpighiales Erythroxylaceae NC_030601.1 

Passiflora edulis fabids Malpighiales Passifloracea NC_034285.1 

Idesia polycarpa fabids Malpighiales Salicaceae NC_032060.1 

Populus alba+ fabids Malpighiales Salicaceae NC_008235 

Salix interior+ fabids Malpighiales Salicaceae NC_024681 

Viola seoulensis+ fabids Malpighiales Violaceae NC_026986 

Morus mongolica+ fabids Rosales Moraceae NC_025772 

Prunus persica+ fabids Rosales Rosaceae NC_014697 

Cucumis melo+ fabids Cucurbitales Cucurbitaceae NC_015983 

Glycine max+ fabids Fabales Fabaceae NC_007942 

Castanea mollissima+ fabids Fagales Fagaceae NC_014674 

Arabidopsis thaliana*+ malvids Brassicales Brassicaceae NC_000932 
*Out-group; +Species used in the Pairwise distance and dN/dS analyses. 
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Key message: 

The evolution of Crambe abyssinica plastome: characterization of molecular markers and 

phylogenomic of Brassicaceae 

 

Abstract 

Crambe abyssinica is an important oilseed crop that accumulates high levels of erucic 

acid being recognized as a potential oil platform for several industrial purposes. It belongs 

to the Brassicaceae family and it is assigned within the tribe Brassiceae. Both, family and 

tribe have been targeted for several phylogenetic studies, but the relationship between 

some lineages and genera remains unclear. Here, we report the complete sequencing and 

characterization of Crambe abyssinica plastome. Plastome structure, gene order, and gene 

content of C. abyssinica are similar to other species of the family Brassicaceae. The only 

exception is the rps16 gene, which is absent in many genera within family Brassicaceae, 

but seems to be functional in the tribe Brassiceae, including C. abyssinica. However, the 

analysis of gene divergence shows that the rps16 is the most divergent gene in C. 

abyssinica and whitin the tribe Brassiceae. In addition, species of the tribe Brassiceae also 

show similar SSR loci distribution, with some regions containing a high number of SSRs, 

which are located mainly at the single copy regions. Six hotspots of nucleotide divergence 

among Brassiceae species were located in the regions of single copy by sliding window 

analysis. Brassicaceae phylogenomic, based on whole-plastome of 72 taxa, resulted in a 

well-supported and well-resolved tree. The genus Crambe is positioned within the 

Brassiceae clade together with genera Brassica, Raphanus, Sinapis, Cakile, 

Orychophragmus and Sinalliaria. Moreover, species of the tribe Brassiceae showed 

several events of losses and gains of RNA editing sites during the evolution. 

 

Keywords: Plastid molecular markers; genetic divergence; extranuclear inheritance; 

organellar DNA; gene function; oilseeds. 
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1. Introduction 

Crambe abyssinica is an oilseed plant that naturally accumulates up to 60 % of 

erucic acid, which is a useful source for industrial feedstock and several other applications 

(Lazzeri et al., 1997). Therefore, C. abyssinica has been recognized as a potential oil 

platform for sustainable industrial feedstock production and an alternative to petroleum 

(Carlsson, 2009). Several studies have been carried out to improve agronomic traits and 

oil profile in C. abyssinica by traditional breeding (Mastebroek et al., 1994) and nuclear 

genetic engineering (Li et al., 2012; Cheng et al., 2015; Zhu et al., 2016b). 

The plastid genome (plastome) transformation has been proved to be a great tool 

for metabolic engineering (Apel and Bock, 2009; Kumar et al., 2012; Lu et al., 2013) and 

it is a viable alternative to manipulate plastid fatty acid biosynthesis (Rogalski and Carrer, 

2011). The plastome sequencing and characterization is essential to reveal target 

intergenic sequences aiming the insertion of transgenes and the development of 

transplastomic plants with new desired characteristics (Rogalski and Carrer, 2011; Bock, 

2015; Daniell et al., 2016). 

In addition to the biotechnological interest, plastomes are sources of information 

for several genetic studies. The use of conserved plastid genes and also whole-plastomes 

have generated highly precise phylogenetic inferences (Jansen et al., 2007; Xi et al., 2012; 

Ruhfel et al., 2014; Barret et al., 2016; Vieira et al., 2016a). Plastid intergenic spacers, 

introns, and molecular makers such as single nucleotide polymorphisms (SNPs) and 

single sequence repeats (SSRs) have been used for genetic analyses in natural plant 

populations and phylogeographycal studies (Besnard et al., 2011; Rogalski et al., 2015; 

Qiao et al., 2016). Gene content, loss of genes, gene transfer to the nucleus, recombination 

events, and genome rearrangements of plastomes are also explored to understand 

evolutionary events in plants (Guo et al., 2007; Jansen et al., 2011; Wicke et al., 2011; 

Vieira et al., 2014a, 2016b). Additionally, comparison between plastome and plastid 

transcript sequences is important to study the evolution of RNA editing, widely spread 

among land plants organelles (Takenaka et al., 2013), and the implication of this process 

to the nuclear-plastome incompatibility upon hybridization (Greiner and Bock, 2013). 

C. abyssinica belongs to the family Brassicaceae, which comprises 3660 species 

classified within 321 genera, according to BrassiBase database 

(https://brassibase.cos.uni-heidelberg.de/; Al-Shehbaz, 2012). Most Brassicaceae genera 

are assigned to 49 tribes (Al-Shehbaz, 2012; BrassiBase, 2017). The genus Crambe is 

assigned within the tribe Brassiceae, which contains approximately 50 genera and 240 

species, including the genera Brassica and Raphanus (Warwick and Sauder, 2005). The 

https://brassibase.cos.uni-heidelberg.de/
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family Brassicaceae is characterized by high speciation rate (Couvreus et al., 2010; Karl 

and Koch, 2013). Part of this high diversification has been correlated with ancient 

polyploidization events (Lysak and Koch, 2011; Kagale et al., 2014; Hohmann et al., 

2015). Moreover, gene flow and incomplete lineage sorting in Brassicaceae have been 

associated with nonbifurcating speciation and phylogenetic inconsistences between 

plastid and nuclear datasets (Hu et al., 2016; Novikova et al., 2016). Furthermore, data 

from phylogenetic studies within the tribe Brassiceae also suggest polyphyletic origins 

for some genera, including Brassica, and show incongruence between plastid and nuclear 

data (Warwick and Sauder, 2005; Hall et al., 2011; Hu et al., 2016). 

Until the present date, 71 Brassicaceae complete plastomes are fully sequenced 

and available at the organelle genome database (https://www.ncbi.nlm.nih.gov/genome/ 

organelle/), encompassing 36 genera. In order to increase the resolution of previous 

Brassicaceae phylogenetic studies based on plastid sequences (Hohmann et al., 2015; Guo 

et al., 2017) we present here a plastid phylogenomic covering all plastomes available and 

the inclusion of Crambe abyssinica, which we sequenced the whole plastome and 

analyzed in detail. Finally, we also present here a characterization of plastid SSRs, 

identification of hotspots, analysis of gene divergence, and a prediction of RNA editing 

sites in the tribe Brassiceae, which may be useful for data selection in future phylogenetic 

and evolutionary studies of the tribe. 

 

2. Materials and Methods 

2.1. Chloroplast isolation, DNA extraction, sequencing, assembling, and annotation 

Fresh young leaves of Crambe abysinica were collected at the Federal University 

of Viçosa, MG, Brazil, and kept for 96 hours at 4°C to decrease starch level. The 

chloroplast isolation and cp DNA extraction were carried out according to Vieira et al. 

(2014b). Approximately 1 ng of cp DNA was used to prepare sequencing libraries with 

Nextera XT DNA Sample Prep Kit (Illumina Inc., San Diego, CA, USA) according to the 

manufacturer’s instructions. The obtained library was sequenced using Illumina MiSeq 

platform (Illumina Inc., San Diego, CA, USA) at the Federal University of Paraná, PR, 

Brazil. The paired-end reads (2 x 300 bp) were trimmed under the threshold with 

probability of error <0.05. The trimmed reads (813,731) were de novo assembled in 

contigs using CLC Genomics Workbench 8.0.2 software (CLC Bio, Aarhus, Denmark). 

The average coverage of the contigs used for assembling of plastome ranged from 709.67 

to 101.37. The program Dual Organellar GenoMe Annotator (DOGMA) (Wyman et al., 

2004) and BLAST were used for preliminarily gene annotation. From this initial 
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annotation, putative start codons, stop codons, and intron positions were determined 

based on comparisons to homologous genes in other plastid genomes at the GenBank 

database. All tRNA genes were further verified by using tRNAscan-SE server (Lowe and 

Eddy, 1997). The physical circular map of the plastome was drawn using Organellar 

Genome DRAW (OGDRAW) (Lohse et al., 2013). The complete plastid genome of C. 

abyssinica was deposited in the GenBank database under accession number  KY883663. 

2.2. Genome structure analysis  

Nucleotide MUMmer (NUCmer) Perl script in MUMmer 3.0 (Kurtz et al., 2004) 

was used to visualize and compare the plastome structures between C. abyssinica and 

other Brassicaceae representatives, as well as Carica papaya belonging to family 

Caricaceae as external group. 

2.3. Repeat sequences identification 

Simple sequence repeats (SSRs) were detected using the MIcroSAtellite (MISA) 

Perl script (Thiel et al., 2003). The thresholds were set to eight repeat units for 

mononucleotide SSRs, four repeat units for di- and trinucleotide SSRs, and three repeat 

units for tetra-, penta- and hexanucleotide SSRs. Tandem repeats were identified using 

the program Tandem Repeats Finder (TRF) (Benson, 1999). The setting parameters were 

2, 7 and 7 for match, mismatch, and indel, respectively. The minimum alignment score 

to report repeat and maximum period size were set to 80 and 500, respectively. After, the 

repeats found were manually verified, and the nested or redundant results were removed. 

REPuter (Kurtz et al., 2001) was used to locate inverted and directed dispersed repeats. 

The minimal repeat size was set to 30 bp and the identity of repeats ≥ 90% (hamming 

distance = 3).  

2.4. Sliding window analysis of the tribe Brassiceae  

The hotspots of sequence divergence in Brassiceae tribe were investigated by 

sliding window analysis. The complete plastomes of all Brassiceae species available in 

the organelle genome database (NCBI), including C. abyssinica characterized here, were 

aligned using ClustalW implemented in Mega 7.0 (Tamura et al., 2013). Posteriorly, the 

sliding window analysis was conducted by using the DnaSP v.5 software (Librado and 

Rozas, 2009). The window length and the step size were set as 400 bp and 100 bp, 

respectively.  

2.5. RNA editing prediction analysis 

Potential RNA editing sites in plastid protein-coding genes of species belonging 

to tribe Brassiceae were predicted by the program Predictive RNA Editor for Plants 

(PREP) suite (Mower, 2009). The program PREP uses 35 reference genes for detecting 
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of possible RNA editing sites in plastomes. The cutoff value was set to 0.8. The analyzed 

genes were defined as follows: accD, atpA, atpB, atpF, atpI, ccsA, clpP, matK, ndhA, 

ndhB, ndhD, ndhF, ndhG, petB, petD, petG, petL, psaB, psaI, psbB, psbE, psbF, psbL, 

rpl2, rpl20, rpl23, rpoA, rpoB, rpoC1, rpoC2, rps2, rps8, rps14, rps16, and ycf3. 

2.6. Phylogenetic inference 

The phylogenetic inference of the family Brassicaceae were carried out using 

whole plastid genomes. The GenBank accession number of each taxon used in both 

approaches is shown in the Supplementary Table S1.  

Whole plastid genomes (IRB was omitted to prevent overrepresentation of the IR 

sequences) were extracted and aligned using MAFFT v.7 (Katoh and Standley, 2013). 

The best substitution model (GTR+I+G) was selected by using jModelTest v.2.1.7 

(Darriba et al., 2012). Bayesian inference analysis was performed using MrBayes version 

3.2 (Ronquist et al., 2012), with one million generations of two runs of four Markov 

Chains, with three hot and one cold in each run. The software Tracer 1.6 

(http://tree.bio.ed.ac.uk/software/tracer/) was used to check the parameters convergence 

and the software FigTree 1.4.2 (http://tree.bio.ed.ac.uk/software/figtree/) was used to 

visualize the consensus tree. 

2.7. Estimation of gene divergence in the tribe Brassiceae 

The seventy-eight protein coding genes present in the plastomes of Brassiceae 

tribe and A. thaliana (as external group) were extracted and aligned individually (codon 

alignment) using the software Muscle (Edgar, 2004) implemented in Mega 7.0 (Tamura 

et al., 2013). The substitution models for each gene were selected using jModelTest 

v.2.1.7 (Darriba et al., 2012). Bayesian inference analyses and visualization of the trees 

were performed as described in the topic 2.6. The gene divergence was estimated by the 

sum of total branch lengths that link the operational taxonomical units to the common 

ancestor among the species of Brassiceae sampled. 

 

3. Results 

3.1. Size, gene content and organization of Crambe abyssinica plastome 

Crambe abyssinica complete plastid genome (plastome) is 153,771 bp in length 

(Fig. 1), and includes a pair of inverted repeats (IRA and IRB) of 26,195 bp long, separated 

by a large single copy (LSC) and a small single copy (SSC) regions of 83,600 bp and 

17,782 bp, respectively. The gene content of the C. abyssinica plastome consists of 112 

unique genes, which are 78 protein-coding genes, 30 tRNA genes, and 4 rRNA genes 

(Table 1). There are 19 duplicated genes, all of them located in the IRA and IRB, two of 
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them, the ycf1 and rps19 genes, are partially duplicated in the boundary of IRs. Six tRNA 

genes and 10 protein-coding genes contain one intron and the two protein-coding genes, 

clpP and ycf3, possess two introns. Comparison of these general features between the C. 

abyssinica plastome and other twelve plastomes of the tribe Brassiceae available in the 

organelle genome database (NCBI) (Hu et al., 2011; Jeong et al., 2014; Hu et al., 2016; 

Prabhudas et al., 2016; Zeng et al., 2016; Seol et al., 2017) shows a high similarity to the 

genome content, GC percentage, total size, and the structure of LSC, SSC, and IR regions 

(Table 2). The rps16 gene, which is absent or pseudogene in several genera of family 

Brassicaceae (Guo et al., 2017), is functional in all plastomes already sequenced from 

species belonging to the tribe Brassiceae. In addition, comparison by dot plot analyses 

among plastomes of C. abyssinica and other species of Brassicaceae, including the tribe 

Brassiceae, shows a conserved structure and gene order in the family (Supplementary Fig. 

S1), as previously observed (Hu et al., 2015; Guo et al., 2017). 

3.2. Estimation of gene divergence in C. abyssinica and within the tribe Brassiceae 

Trees based on plastid protein coding genes sequences were constructed and the 

sum of total branch lengths for each species/gene was used to evaluate the gene 

divergence within the tribe Brassiceae. Arabidopsis thaliana was used to root all trees. 

The Fig. 2 shows that most genes are highly conserved in the tribe, presenting branch 

lengths below 0,02. The rps16 gene is the most divergent one in C. abyssinica and in the 

tribe Brassiceae (Fig. 2 and Supplementary Fig. S2, and S3). Analyzing the average 

branch lengths of the tribe Brassiceae, the genes rps16 and ycf1 present the highest values, 

as well as in C. abyssinica plastid genes (Supplementary Fig.S2 and S3). The genes rpl22, 

matK, ndhG, and ndhF are also among the most divergent genes in C. abyssinica as well 

as in the tribe Brassiceae.  

3.3. RNA editing sites predicted in plastid protein-coding genes in the tribe 

Brassiceae 

As in other angiosperms (Takenaka et al., 2013), the RNA editing sites predicted 

in the tribe Brassiceae occur in the first or second position of the codon and all base 

changes observed here were from cytidine (C) to uridine (U) (Table 3). Among the 35 

plastid genes analyzed by cp-PREP program, 18 are predicted to harbor RNA editing 

sites, accounting for a total of 51 sites. From the total number of editing sites, 40 are 

conserved among all species of Brassiceae tribe analyzed here, while the accD (472), 

matK (45), ndhD (16, 225), ndhF (97), psbE (72), rpoB (293, 754), rpoC2 (765, 850), and 

rps14 (27) editing sites are not present in one or more species of Brassiceae. 
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3.4. Repeat sequences identification and sliding window analysis of the tribe 

Brassiceae  

The occurrence, type, and distribution of SSRs in C. abyssinica and other 

Brassiceae plastomes were analyzed. In total, 273 SSRs were identified in C. abyssinica 

(Supplementary Table S2), close to number of SSRs identified in other species of the tribe 

Brassiceae (Fig. 3) that ranged from 252 in Sinapis arvensis to 294 in Sinalliaria 

limprichtiana (Supplementary Table S3-S13). Monopolymers and dipolymers constitute 

the most part of SSR identified (Fig. 3), accounting for over 94% of the total with 92-

94% constituted by A/T sequences. Among the monopolymers and dipolymers identified 

in C. abyssinica plastome, only six monopolimers and none dipolymer presented more 

than 15 repeats which is in accordance to the nature of plastid microsatellites, which occur 

generally with less than 15 mononucleotide repeats (Provan et al., 2001). 

The sequence, size, and location of all SSRs in C. abyssinica plastome are shown 

in the Supplementary Table S14. Among the 273 SSRs identified, 157 are located in the 

intergenic spacers (IGSs), 76 in coding sequences (CDSs), and 40 in introns. The 76 SSRs 

identified in CDSs are distributed among 23 genes, of which the ycf1 (28 SSRs), rpoC2 

(7 SSRs), and ycf2 (6 SSRs) genes harbor the highest number of SSRs. The introns 

harboring SSRs are located in 12 genes, of which the rpl16 gene with 7 SSRs harbors the 

highest number of markers (Supplementary Table S14).  

The distribution of SSRs among Brassiceae plastomes shows a great similarity 

with points of high numbers of SSRs located within the LSC and SSC regions and minor 

occurrence of SSRs within the IR regions (Fig. 4). This result is in accordance with 

previous studies that showed greater gene conservation of IRs in comparison with LSC 

and SSC regions (Zhu et al., 2016a). In addition to that, through sliding window analysis, 

we find six hotspots of sequence divergence in Brassiceae plastomes, all of them located 

within LSC and SSC regions (Fig. 5). Several SSRs in C. abyssinica are located within 

these hotspots, except the hotspot trnL-UAA/ trnF-GAA where none was identified. The 

hotspot rps15/ycf1, whose sequence covers part of the CDSs of rps15 and ycf1, presents 

25 SSRs in the C. abyssinica plastome. 

In addition to SSRs, eight tandem repeats were identified in C. abyssinica 

plastome, of which one is located in the CDS of ycf2, one is located in the clpP intron, 

and six are located in IGSs (Supplementary Table S15). Eight small dispersed repeats 

(SDRs) ≥ 30 bp were also identified distributed among IGSs, introns, and CDSs, of which 

five are direct and three are inverted (Supplementary Table S16). Four of them were 

classified due to the similarity shared among the tRNA genes, trnS-GCU, trnS-GGA, and 
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trnS-UGA, as well as between the genes psaA and psaB. These types of SDRs have also 

been reported in plastomes of other angiosperms (Raubeson et al., 2007). 

3.5. Brassicaceae phylogenetic inference 

The Brassicaceae phylogenetic inference was carried using whole plastid genomes 

of 74 taxa (Supplementary Table S1), including 72 species of Brassicacea (37 genera, 20 

tribes) and two species, Carica papaya (Caricacea: Brassicales) and Tarenaya 

hassleriana (Cleomaceae: Brassicales), as out-group. Bayesian inference (BI) analysis 

produced a phylogenetic tree with a –lnL = 829998.5617 (Fig. 6). The BI posterior 

probability values were 100% for all nodes, except one that was 51% (within the genus 

Arabidopsis).  

Phylogenetic relationships among the genera are in accordance to previous tribe 

and lineage classifications of Brassicaceae family (Al-Shehbaz, 2012; BrassiBase, 2017). 

Two major clades were well supported within Brassicaceae, a clade including only the 

genus Aethionema (tribe Aethionemeae) and a clade including all other tribes. The second 

clade is divided in two subclades, one including the tribes of the lineage I (Alyssopsideae, 

Camelineae, Cardamineae Crucihimalayeae, Microlepidieae, and Lepidieae), and other 

including the linage II (Alysseae, Anastaticeae, Arabideae, Brassiceae, Biscutelleae, 

Cochlearieae, Eutremeae, Isatideae, Megacarpaeeae, and Thalaspideae) sister to lineage 

III (Anchonieae, Euclidieae, and Hesperideae).  

In our phylogeny tree, Crambe is positioned in the Brassiceae clade which also 

includes the genera Brassica, Cakile, Orychophragmus, Raphanus, Sinalliaria, and 

Sinapis. The genera Orychophragmus and Sinalliaria formed a clade sister to all other 

genera within the Brassiceae clade. Lastly, the species C. abyssinica, Brassica nigra, and 

Sinapis arvensis formed a group sister to B. juncea, B. napus and Raphanus sativus.  

 

4. Discussion 

4.1. The plastome structure, gene content and evolution of plastid genes within the 

tribe Brassiceae 

The C. abyssinica plastome is divided in four major segments (LSC, SSC, IRA, 

and IRB), showing the common quadripartite structure found in most angiosperms 

(Wicke et al., 2011; Zhu et al., 2016a), including all published plastomes of the family 

Brassicaceae (Guo et al., 2017). The size, gene order, and gene content of the LSC, SSC, 

and IRs of the C. abyssinica plastome are highly conserved among the other species of 

the tribe Brassiceae (Hu et al., 2011; Jeong et al., 2014; Hu et al., 2016; Prabhudas et al., 

2016; Zhou et al., 2016; Seol et al., 2017), which include the presence of a functional 
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rps16 gene, that encodes an essential ribosomal protein for plastid ribosome biogenesis 

and cellular viability (Fleischmann et al., 2011). In several genera of the family 

Brassicaceae and other families the plastid rps16 gene is absent or is a pseudogene (Xu 

et al., 2015; Guo et al., 2017). The rps16 is one of the plastid genes with highest parallel 

loss (or pseudogenization) rate and transference from plastome to the nucleus (Xu et al., 

2015). Although the rps16 gene is present in all Brassiceae plastomes published so far, 

our gene divergence inference shows that it is the most divergent gene of the tribe. It 

suggests a possible transference of the gene to the nucleus in this tribe and the 

maintenance of a plastid copy in process of degeneration. 

The second more divergent gene of the Brassiceae tribe is the ycf1. The ycf1 gene 

is essential for cell viability (Drescher et al., 2000) and its function was already 

characterized as a subunit (Tic214) of the TIC complex, a protein translocon located at 

the inner membrane of plastids (Kikuchi et al., 2013). Nevertheless, this gene is described 

as one the most divergent gene present in angiosperm plastomes with several reports of 

gene loss, pseudogenization and transfer to the nucleus (Wicke et al., 2011; Vries et al., 

2015). 

4.2. The evolution of RNA editing sites within the tribe Brassiceae 

It is suggested that evolution of RNA editing in plant organelles (plastid and 

mitochondria) is correlated with the evolution of land plant, since this process occurs in 

all land plants, with the notable exception of a bryophyte lineage, the Marchantiales 

(Rüdinger et al., 2008; Fujii and Small, 2011; Takenaka et al., 2013), which has no RNA 

editing sites in organelles. Hundreds of editing sites are present in plastomes of some 

bryophytes lineages, lycopods and ferns, while among angiosperms only approximately 

30-40 editing sites are still present (Kahlau et al., 2006; Mower, 2009; Ruwe et al., 2013; 

Takenaka et al., 2013). Nevertheless, although the number of sites is similar in different 

species, a high diversity of editing sites has been found among species of flowering plant 

(Freyer et al., 1997; Fiebig et al., 2004). The reduction of the number and even complete 

loss of editing sites in some land plant lineages open several questions about the selection 

and maintenance of these sites. RNA editing can restore conserved codons and create start 

and stop codons. However, RNA editing seems also to act in regulatory functions and in 

the creation of variant proteins to better deal with different physiological needs (Takenaka 

et al., 2013). 

Although high interspecific diversity of RNA editing sites has been reported 

(Freyer et al., 1997; Fiebig et al., 2004), a high conservation of RNA editing sites is 

predicted within the tribe Brassiceae as observed in our data. The RNA editing data are 
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in accordance with the low gene divergence observed also within this tribe. Among the 

51 sites predicted, 25 of them occur in A. thaliana and were validated by Tillich et al. 

(2005), including the sites in accD (269), atpF (31), clpP (188), ndhA (114), ndhB (50, 

156, 196, 204, 249, 277, 419, and 494), ndhD (1, 128, 225, 293, and 296), ndhF (97), 

psbE (72), psbF (26), rpoB (113, 184, 811), and rps14 (27 and 50) genes. These data 

suggest that some sites may be common in the family Brassicaceae and a complete and 

detailed description of RNA editing sites among Brassicaceae species may be useful to 

evolutionary studies of the family. 

Of the total of 51 RNA editing sites predicted, 11 are not present in all species of 

the tribe Brassiceae, confirming a diversity of RNA editing in different species even 

belonging to the same tribe. In 8 of these 11 sites, the species that do not undergo RNA 

editing have a conserved T replacing the C at the edition site in the DNA sequence. 

Correlating the distribution of these 8 sites and phylogenetic relationships among the 

Brassiceae species based on our plastome data, we found possible events of losses and 

gains of RNA editing sites (Fig. 7A-B). The accD (472) editing site is not present in B. 

nigra and S. arvensis (clade I) and the ndhF (97) site is not present in B. nigra, S. arvensis, 

and C. abyssinica (clade H). In accordance with our phylogenetic, these data suggest that 

the common ancestral I and H lost, respectively, the sites accD (472) and ndhF (97) in 

the course of molecular evolution. The accD (16) editing site seems to have been lost in 

S. grandifolia, while is kept in other species of Brassiceae such as in its close relative S. 

limprichtiana, suggesting a species-specific loss. Similarly, the ndhD (225) editing site 

seems to have been lost solely in C. abyssinica, but this hypothesis need to be proved by 

analyses of other species in the genus Crambe. The rps14 (27) editing site seems to have 

been lost in the ancestral K, since this site is not present in the sisters B. juncea and B. 

napus. Lastly, two parallel losses seem to have been happened at the psbE (72) site, in 

the C. arabica branch and in the clade J, which includes the species R. sativus, B. napus, 

and B. juncea.  

On the other hand, the distribution of the rpoB (754) and rpoC2 (765) sites among 

Brassiceae species suggests that these RNA editing sites arose within this tribe (Fig. 7B). 

The rpoB (754) mRNA editing is predicted to happen only in C. abyssinica, suggesting 

that a new site of editing may be arisen in the genus Crambe. This RNA editing site occurs 

in a highly conserved region of the rpoB gene (Conserved Domains search; 

https://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml). The rpoC2 (765) editing site is 

predicted to happen in the species R. sativus, B. napus, and B. juncea, which are grouped 

in the same clade of the common ancestral (J). Although this site occurs in a conserved 

https://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml
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region of rpoC2 gene among the Brassiceae species studied here, this region is slightly 

variable when compared to other species by Conserved Domains search. Both, rpoB and 

rpoC2 genes encode subunits of the E. coli-like plastid RNA polymerase (PEP) and the 

inactivation of them produce plants with reduced transcription and photosynthetic 

capacity (Allison et al., 1996; Serino and Maliga, 1998). Detection of several new RNA 

editing sites was reported by Fiebig et al. (2004) in the petL gene of different species 

belonging to various plant taxa. Several RNA editing data show that the RNA editing site 

evolution occurs more readily in genes or domains of genes whose transitory loss of 

function can be tolerated (Fiebig et al., 2004). Moreover, the high protein diversity of the 

editosome complex and the relative flexibility to bind to cis-elements may facilitate the 

fixation of new RNA editing site (Sun et al., 2016). 

The last three RNA editing sites predicted to occur only in some Brassiceae 

species are matK (45), rpoB (293), and rpoC2 (850). We correlated the relationships 

among different species of the tribe with the codon usage and RNA editing data (Fig. 7C). 

Our correlation for the matK (45) editing site would suggest that the distant common 

ancestral (A) carried the codon UCU and a possible mutation in the first nucleotide 

position created later the CCU codon and the eventual need for RNA editing in the 

ancestral J. However, it was lost by a sequential mutation on the second position of the 

codon creating the codon CUU and further loss the editing site in R. sativus branch. 

However, it is important to note that this site flanks a highly variable region in MatK 

protein analyzed by Conserved Domain search and, consequently, it could dispense the 

essentiality of RNA editing in this site. Similarly, codon diversification is present among 

rpoC2 mRNAs in the tribe Brassiceae. The editing at site position 850 of rpoC2 transcript 

is predicted to be edited only in C. abyssinica, which creates the codon UCU (serine) in 

comparison with the sequence observed in O. diffusus, Raphanus, Sinapis, Sinalliaria and 

Brassica species, where a TCT is already fixed in the DNA sequence. Nevertheless, at 

the same amino acid position a tyrosine is present in C. arabica (codon UAU), and a 

cysteine in O. hupehensis and O. taibaiensis (codon UGU), suggesting that some 

variability is possible. Indeed, the amino acid at position 850 in RpoC2 protein is highly 

polymorphic (by Conserved Domain search) and the predicted editing site in C. 

abyssinica may not be necessary for a functional RpoC2 protein. Lastly, the change CCC 

to CUC at rpoB (293) transcript is predicted to occur only in B. napus, while in all other 

species a codon UUG (leucine) is found. In this case, due to genetic code degeneration, 

both codons codify the same amino acid (leucine). The amino acid located in this position 

is well conserved (by Conserved Domain search), but some divergences located next to 



60 

 

this site in B. napus (Supplementary Fig. S4) suggest that other modifications may have 

driven during rpoB gene evolution without the need for RNA editing in this stretch. 

Future experiments will be necessary to validate the RNA editing sites predicted 

here within the tribe Brassiceae, mainly for non-conserved sites, which are interesting 

sources of information regarding to the evolution of RNA editing and useful to outline 

relationships among species of the tribe. 

4.3. Nucleotide divergence hotspots as a tool for phylogenetic analyses of the tribe 

Brassiceae 

Plastome sequences are valuable source of molecular markers for resolving 

phylogenetic relationships between closely related taxa (Rogalski et al., 2015; Daniell et 

al., 2016) as well as for unresolved relationships among related genera in the tribe 

Brassiceae. 

Most part of the genera within tribe Brassiceae is distributed in seven major 

lineages: Cakile, Crambe, Nigra, Savignya, Rapa/Oleraceae, Vella, and Zilla, while the 

genera Henophyton, Pseuderucaria, and Orychophragmus remain unrelated (Warwick 

and Sauder, 2005; Hall et al., 2011). Phylogenetic studies of the tribe Brassiceae based 

on nuclear sequences (PHYA and ITS) and plastid sequences (matK, trnL intron, and 

restriction site polymorphism) support the monophyletic origin of the tribe and the 

inclusion of some controversial genera, but the limits and the relationships among 

lineages and genera remain unclear, with some genera presenting polyphyletic origins 

(Warwick and Sauder, 2005; Hall et al., 2011; BrassiBase, 2017).  

Six plastid nucleotide divergence hotspots were identified in this study based on 

sliding window analysis, none of them used before for Brassiceae phylogenetic studies. 

In addition, a mapping of SSRs loci, within Brassiceae plastomes, showed here suggests 

some regions in the LSC and SSC as promising molecular markers, complementing 

previous studies that identified loci of plastid SSRs in Brassica (Hu et al., 2011) and 

Raphanus (Jeong et al., 2014) plastomes. Furthermore, the most divergent plastid genes 

identified here, rps16, ycf1, rpl22, and ccsA, together with matK database used in previous 

analyses (Hall et al., 2011), are attracting sources of useful genetic information to improve 

the phylogenetic resolution of the tribe Brassiceae.  

4.4. Phylogenomic analysis based on whole plastomes of different genera within the 

family Brassicaceae are well supported 

Several phylogenies based on nuclear and plastid nucleotide sequences have been 

used to resolve the relationships among tribes, genera, and species within the family 

Brassicaceae (Warwick et al., 2010; Couvreur et al., 2010; Hall et al., 2011; Hohmann et 
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al., 2015; Huang et al., 2015; Hu et al., 2016; Novikova et al., 2016). The early radiation 

of the major clades and high speciation rates associated to polyploidization, gene flow, 

and incomplete lineage sorting events (Baker et al., 2009; Hohmann et al., 2015; 

Novikova et al., 2016; Guo et al., 2017) make the evolutionary history of Brassicaceae a 

challenging task. 

The most recent phylogeny of Brassicaceae based on plastome sequences was 

done by Guo et al. (2017) using 51 taxa and a partitioned supermatrix of 77 protein coding 

genes. Our Brassicaceae phylogenomic represents a modified (based on whole plastomes) 

and expanded phylogeny of Brassicaceae, including 72 taxa that resulted in enrichment 

of three genera (Arabidopsis, Brassica, and Lobularia) and inclusion of 13 new genera in 

comparison with previously work from Guo et al. (2017). Generally, several phylogenetic 

studies agreed each other to divide the family Brassicaceae in four major lineages: the 

lineages I, II, and III (i.e., core Brassicaceae), and a basal lineage composed by 

Aethionemeae tribe (Warwick et al., 2010; Couvreur et al., 2010; Al-Shehbaz, 2012; Guo 

et al., 2017; BrassiBase, 2017). The phylogeny presented here based on whole-plastomes 

includes several genera belonging to all of these lineages (Fig. 6) and in accordance with 

those previous classifications, in our Brassicaceae phylogenomic the genera Aethionema 

(Aethionemeae tribe) is the most basal lineage (Warwick et al., 2010; Couvreur et al., 

2010; Al-Shehbaz, 2012) and the lineage I form a sister-group with a clade including the 

lineage II sister to lineage III (Guo et al., 2017). 

Previous phylogeny about the relationships within the lineage I showed that the 

Lepidideae tribe is sister to Cardamineae tribe (Homann et al., 2015), while in our tree 

the Cardamineae tribe is well supported as sister to a clade composed by all the other 

tribes of the lineage I. Guo et al. (2017) showed no distinct bifurcating divergence among 

the tribes Lepidieae and others of the lineage I, when all mutation sites of the 77 

concatenated plastid genes were used. However, when they excluded the third codon 

position or used only high conserved genes with slow evolving rates located at the IRs, 

the resulting phylogenies were efficient to resolve the relationships in the lineage I (Guo 

et al., 2017). When the nucleotide of third position of the codon was excluded, the 

Cardamineae tribe formed a clade sister to all other tribes corroborating our 

phylogenomic inference within the lineage I. On the other hand, when they used only IR 

genes, the tribe Lepidieae formed a clade sister to all other tribes instead. To solve this 

incongruence, future phylogenies need to be inferred including more taxa within the 

lineage I. The relationships that we found within the lineage II and III using whole-

plastomes, are in accordance to previous phylogenies based on plastid sequence dataset 
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(Guo et al., 2017), just with the difference that our phylogeny has two new tribes, 

Anastaticeae (lineage II) and Hesperideae (lineage III), which changed slightly the 

topology of the tree. 

It is worth to note that several incongruences occur in relationships within the core 

Brassicaceae (lineages I, II, and III) based on plastid (our phylogeny, Hohmann et al., 

2015; Guo et al., 2017) and nuclear sequences (Warwick et al., 2010; Huang et al., 2016), 

indicating complex evolutionary events, as non-bifurcating radiation in the genera 

Arabidopsis (Novikova et al., 2016) and presumably in Orychophragmus (Hu et al., 

2016). In the Brassiceae tribe the phylogenetic inconsistences are also observed between 

plastid and nuclear sequences (Warwick and Sauder, 2005; Hall et al., 2011) and some 

genera seem to have polyphyletic origins, for example the genus Brassica (Warwick and 

Sauder, 2005; Hall et al., 2011), whose polyphyletic origins are corroborated by the 

phylogeny presented here. Within the tribe Brassiceae, according to our data, three 

Brassica species (B. juncea, B. rapa, and B. napus) formed a clade with Rhaphanus 

sativus that is sister to other clade formed by Crambe abyssinica sister to Brassica nigra 

and Sinapis arvensis. The first clade belongs to the lineage Rapa/Oleraceae, which has 

different polyphyletic origins, and the second includes the lineages Crambe and Nigra 

(Warwick and Sauder, 2005; Hall et al., 2011). The monophyly of Crambe lineage is well-

resolved, but some phylogenies indicate polyphyly of Nigra lineage (Warwick and 

Sauder, 2005; Hall et al., 2011).  

Lastly, the small genus Sinalliaria, recently described by Zhou et al. (2014), 

includes only two species and is kept unassigned in tribes according BrassiBase (2017). 

Our analysis phylogenetic shows Sinalliaria sister to Orychophragmus with high support, 

forming a clade sister to the other genera of Brassiceae sampled here. Thereby, our data 

strongly suggest that the genus Sinalliaria belongs to the tribe Brassiceae. In addition, 

previous works have showed that Sinalliaria is a distinct group related to 

Orychophragmus based on morphological characters and molecular sequences from 

nucleus and plastid (Zhou et al., 2014; Zeng et al., 2016). Because of these close 

relationships among the plastomes of Sinalliaria and the genera of Brassiceae tribe, we 

included the two species of Sinalliaria in all analyses showed here about the tribe 

Brassiceae. 

 

4.5 Conclusion 

The plastome organization of C. abyssinica is quite similar to other species of the 

family Brassicaceae. However, analysis of gene divergence among species of the tribe 
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Brassicea showed high divergent genes such as rps16 and ycf1, being the first lost in 

several species in other tribes of Brassicaceae family. The data suggest a possible process 

of degeneration of rps16 gene in the tribe Brassiceae, particularly in C. abyssinica which 

shows higher divergence value. The RNA editing predictions revealed a highly 

conservation of RNA editing sites within the tribe Brassiceae and some of them shared 

with A. thaliana. Nevertheless, among the non-conservative sites, events of losses and 

gains are suggested. Among Brassiceae species, the locations of hotspots of nucleotide 

divergence and SSR loci prevail in the regions of single copy. Lastly, our Brassicaceae 

phylogenomic resulted in a well-supported and well-resolved tree, including several 

genera belonging to the core Brassicaceae (lineages I, II, and III) and the basal lineage 

(tribe Aethionemeae), and represents an update of the plastomes available in the organelle 

genome database (NCBI). Nevertheless, further phylogenetic studies should be 

performed as the Brassicaceae plastome database is enriched with plastome sequences of 

other species. 
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FIGURES 

 

 

Fig. 1 Gene map of Crambe abyssinica plastome. Genes drawn inside the circle are 

transcribed in the clockwise direction, and genes drawn outside are transcribed in the 

counterclockwise direction. Different functional groups of genes are color-coded. The 

darker gray in the inner circle corresponds to GC content, and the lighter gray corresponds 

to AT content. LSC, Large Single Copy; SSC, Small Single Copy; IRA/B, Inverted 

Repeat A/B 
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Fig. 2 Divergence of the plastid protein coding genes among species of the tribe 

Brassiceae. The gene divergence was estimated by the sum of total branch lengths in each 

gene tree inferred 
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Fig. 3 Number of SSR loci among Brassiceae species. It was set eight repeat units for 

mononucleotide SSRs, four repeat units for di- and trinucleotide SSRs, and three repeat 

units for tetra-, penta- and hexanucleotide SSRs 
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Fig. 4 Distribution of SSRs into plastomes of the tribe Brassiceae. Species sampled: 1) 

Crambe abyssinica; 2) Brassica nigra; 3) B. napus; 4) B. juncea; 5) Cakile arabica; 6) 

Raphanus sativus; 7) Orychophragmus diffusus; 8) O. taibaiensis; 9) O. hupehensis; 10) 

Sinalliaria grandifolia; 11) S. limprichtiana; 12) Sinapis arvensis 
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Fig. 5 Sliding window analysis of aligned whole-plastomes of the tribe Brassiceae. The 

regions with high nucleotide variability (Pi > 0.050) are indicated. Pi, nucleotide diversity 

of each window. Window length, 400 pb. Step size, 100 pb 
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Fig. 6 Brassicaceae phylogenomic tree of 72 taxa based on whole-plastomes using 

bayesian inference. The numbers at the nodes are Bayesian posterior probabilities. The 

branch length is proportional to the inferred divergence level and the scale bar indicates 

the number of inferred nucleic acids substitutions per site. The Brassicales Carica papaya 

(Caricaceae) and Tarenaya hassleriana (Cleomaceae) were used as out-group to root the 

tree 
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Fig. 7 Correlation between plastidial phylogenomic and the distribution of the RNA 

editing sites predicted that were not unanimous among the species of Brassiceae tribe. 

The codons highlighted in colors are codons without editing sites; red for codons that 

have a T fixed in the plastome, blue for codon variation but conserved amino acid, and 

light/dark green for non-conserved codons and amino acids. The letters on the nodes of 

the tree represent the ancestors. A) Possible events of losses of RNA editing sites; B) 

Possible events of gains of RNA editing sites; C) RNA editing sites in positions without 

codon conservation among all species of the tribe.  
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TABLES 

 

Table 1. List of genes identified in Crambe abyssinica plastome 

Group of gene Name of gene 

Gene expression. Machinery  
Ribosomal RNA genes rrn16b; rrn23b; rrn5b; rrn4.5b 
Transfer RNA genes trnA –UGCab; trnC –GCA; trnD –GUC; trnE –UUC; trnF –GAA; 

trnfM –CAU; trnG –UCCa; trnG –GCC; trnH –GUG; trnI –CAUb; 
trnI –GAUab; trnK –UUUa; trnL –CAAb; trnL –UAAa; trnL –
UAG; trnM –CAU; trnN –GUUb; trnP –UGG; trnQ –UUG; trnR –
ACGb; trnR –UCU; trnS –GCU; trnS –UGA; trnS –GGA; trnT –
UGU; trnT –GGU; trnV –GACb; trnV –UACa; trnW –CCA; trnY –
GUA 

Small subunit of ribosome rps2; rps3; rps4; rps7b; rps8; rps11; rps12ab; rps14; rps15; 
rps16a; rps18; rps19c 

Large subunit of ribosome rpl2ab; rpl14; rpl16a; rpl20; rpl22; rpl23b; rpl32; rpl33; rpl36 
DNA-dependent RNA polymerase rpoA; rpoB; rpoC1a; rpoC2 
Genes for photosynthesis  
Subunits of photosystem I (PSI) psaA; psaB; psaC; psaI; psaJ; ycf3a; ycf4 
Subunits of photosystem II (PSII) psbA; psbB; psbC; psbD; psbE; psbF; psbH; psbI; psbJ; psbK; 

psbL; psbM; psbN; psbT; psbZ 
Subunits of cytochrome b6f petA; petBa; petDa; petG; petL; petN 
Subunits of ATP synthase atpA; atpB; atpE; atpFa; atpH; atpI 
Subunits of NADH dehydrogenase ndhAa; ndhBab; ndhC; ndhD; ndhE; ndhF; ndhG; ndhH; ndhI; 

ndhJ; ndhK 
Large subunit of Rubisco rbcL 
Others genes  
Maturase matK 

Envelope membrane protein cemA 
Subunit of acetyl-CoA carboxylase accD 
C-type cytochrome synthesis gene ccsA 
Protease clpPa 

Component of TIC complex ycf1c 
Genes of unknown function  ycf2b 

aGenes containing introns; bDuplicated gene; cPartial duplicated genes 
 

 

Table 2. Summary of the plastome characteristics among species within the tribe 

Brassiceae 
 

Size (Kb) LSC (Kb) IRs (Kb) SSC (Kb) GC% 
Crambe abyssinica 153,771 83,600 26,195 17,782 36.37 
Brassica juncea 153,483 83,285 26,211 17,776 36.36 
Brassica napus 152,860 83,030 26,035 17,760 36.32 
Brassica nigra 153,633 83,552 26,193 17,695 36.39 
Brassica rapa 153,482 83,281 26,213 17,775 36.36 
Cakile arabica 153,378 83,800 25,819 17,940 36.41 
Orychophragmus diffusus 153,777 83,456 26,255 17,811 36.29 
Orychophragmus hupehensis 153,184 83,060 26,224 17,676 36.35 
Orychophragmus taibaiensis 153,255 83,106 26,233 17,683 36.34 
Raphanus sativus 153,368 83,170 26,217 17,764 36.34 
Sinalliaria grandifolia 154,113 83,820 26,253 17,788 36.01 
Sinalliaria limprichtiana 154,060 83,749 26,274 17,768 36.05 
Sinapis arvensis 153,590 83,391 26,240 17,719 36.31 
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Table 3. List of RNA editing sites predicted by PREP program. All species analyzed 

belong to the tribe Brassiceae. Orychophragmus diffusus (OD), O. hupehensis (OH), O. 

taibaiensis (OT), Sinalliaria grandifolia (SG), S. limprichtiana (SL), Cakile arabica 

(CAr), Crambe abyssinica (CAb), Brassica nigra (BNi), Sinapis arvensis (SA), B. juncea 

(BJ), B. napus (BNa) 

  
Gene 

  
Align position 

  
Codon position 

  
Effect 

AA Position 
OD OH OT SG SL CAr  CAb BNi SA  RS BJ BNa 

accD 256 1 CAT (H) => TAT (Y) 248 248 248 248 248 248 250 250 248 252 248 250 
  269 2 TCG (S) => TTG (L) 261 261 261 261 261 261 263 263 261 265 261 263 
  472 1 CCT (P) => CTT (L) 464 464 464 464 464 464 466 - - 468 464 466 

atpF 31 2 CCA (P) => CTA (L) 31 31 31 31 31 31 31 31 31 31 31 31 
clpP 188 1 CAT (H) => TAT (Y) 187 187 187 187 187 188 188 187 187 187 188 187 
matK 45 1 CCT (P) => TCT (S) - - - - - - - -  - 45 45 

  212 1 CAT (H) => TAT (Y) 212 212 212 212 212 212 212 212 212 212 212 212 
  393 2 TCA (S) => TTA (L) 393 393 393 393 393 393 393 393 393 393 393 393 

ndhA 42 2 ACA (T) => ATA (I) 42 42 42 42 42 42 42 42 42 42 42 42 
  114 2 TCA (S) => TTA (L) 114 114 114 114 114 114 114 114 114 114 114 114 

ndhB 50 2 TCA (S) => TTA (L) 50 50 50 50 50 50 50 50 50 50 50 50 
  156 2 CCA (P) => CTA (L) 156 156 156 156 156 156 156 156 156 156 156 156 
  196 1 CAT (H) => TAT (Y) 196 196 196 196 196 196 196 196 196 196 196 196 
  204 2 TCA (S) => TTA (L) 204 204 204 204 204 204 204 204 204 204 204 204 
  249 2 TCT (S) => TTT (F) 249 249 249 249 249 249 249 249 249 249 249 249 
  277 2 TCA (S) => TTA (L) 277 277 277 277 277 277 277 277 277 277 277 277 
  419 1 CAT (H) => TAT (Y) 419 419 419 419 419 419 419 419 419 419 419 419 
  494 2 CCA (P) => CTA (L) 494 494 494 494 494 494 494 494 494 494 494 494 

ndhD 1 2 ACG (T) => ATG (M) 1 1 1 1 1 1 1 1 1 1 1 1 
  16 2 TCT (S) => TTT (F) 16 16 16 - 16 16 16 16 16 16 16 16 
  128 2 TCG (S) => TTG (L) 128 128 128 128 128 128 128 128 128 128 128 128 
  225 2 TCA (S) => TTA (L) 225 225 225 225 225 225 - 225 225 225 225 225 
  293 2 TCA (S) => TTA (L) 293 293 293 293 293 293 293 293 293 293 293 293 
  296 2 CCC (P) => CTC (L) 296 296 296 296 296 296 296 296 296 296 296 296 
  437 2 TCA (S) => TTA (L) 437 437 437 437 437 437 437 437 437 437 437 437 
  469 1 CTT (L) => TTT (F) 469 469 469 469 469 469 469 469 469 469 469 469 

ndhF 69 1 CAT (H) => TAT (Y) 69 69 69 69 69 69 69 69 69 69 69 69 
  97 2 TCA (S) => TTA (L) 97 97 97 97 97 97 - - - 97 97 97 
  196 1 CTT (L) => TTT (F) 196 196 196 196 196 196 196 196 196 196 196 196 
  712 2 ACA (T) => ATA (I) 712 712 712 712 712 712 712 712 712 712 712 712 

ndhG 56 1 CAT (H) => TAT (Y) 56 56 56 56 56 56 56 56 56 56 56 56 
  105 2 ACA (T) => ATA (I) 105 105 105 105 105 105 105 105 105 105 105 105 

petD 102 2 GCT (A) => GTT (V) 102 102 102 102 102 102 102 102 102 102 102 102 
petG 5 2 TCT (S) => TTT (F) 5 5 5 5 5 5 5 5 5 5 5 5 
psbE 72 1 CCT (P) => TCT (S) 72 72 72 72 72 - 72 72 72 - - - 
psbF 26 2 TCT (S) => TTT (F) 26 26 26 26 26 26 26 26 26 26 26 26 
rpoB 113 2 TCT (S) => TTT (F) 113 113 113 113 113 113 113 113 113 113 113 113 

  184 2 TCA (S) => TTA (L) 184 184 184 184 184 184 184 184 184 184 184 184 
  189 2 TCG (S) => TTG (L) 189 189 189 189 189 189 189 189 189 189 189 189 
  293 2 CCC (P) => CTC (L) - - - - - - - - - - - 293 
  325 1 CTC (L) => TTC (F) 325 325 325 325 325 325 325 325 325 325 325 325 
  754 1 CAT (H) => TAT (Y) - - - - - - 754 - - - - - 
  811 2 TCA (S) => TTA (L) 811 811 811 811 811 811 811 811 811 811 811 811 

rpoC1 651 2 ACT (T) => ATT (I) 647 647 647 647 647 651 647 647 647 647 651 647 
rpoC2 765 2 GCC (A) => GTC (V) - - - - - - - - - 763 763 763 

  767 1 CGG (R) => TGG (W) 765 765 765 765 765 765 765 767 765 765 765 765 
  783 1 GCC (A) => GTC (V) 781 781 781 781 781 781 781 783 781 781 781 781 
  850 1 CCT (P) => TCT (S) - - - - - - 848 - - - - - 

rps14 27 2 TCA (S) => TTA (L) 27 27 27 27 27 27 27 27 27 27 - - 
  50 2 CCA (P) => CTA (L) 50 50 50 50 50 50 50 50 50 50 50 50 

rps16 71 2 TCA (S) => TTA (L) 71 71 71 71 71 71 71 71 71 71 71 71 
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SUPPLEMENTARY MATERIAL 

 

Supplementary Figures 

 

 

Supplementary Fig. S1. Dot-plot analyses of Crambe abyssinica (X-axis) plastome 

against selected species (Y-axis) within Brassicaceae family. A positive slope denotes 

that the pair of sequences compared is in the same orientation. A negative slope denotes 

that the pair of sequences compared can be aligned, but their orientation is opposite. 

Sequences in the same direction are red and inversions are blue 



79 

 

Branch length

0,00 0,01 0,02 0,03 0,04 0,05 0,06

G
en

es

rpl23
psbF
rps7

psbN
rpl2

psbM
ndhB
petL
rpl36
psbJ
psbI

rps12
ycf3

psbL
psbZ
rps18
petN
ycf2

petG
psbD
petB
psaI
rps2

psaB
psbC
psbE
atpH
rps3

cemA
psaA
rps4
ndhJ
psbT
petA
psbA

atpI
psbB
rps14
psaJ
petD
ndhE
rps11
atpF

rpoC1
ndhA
ycf4

rpoB
ndhK
psbH
atpE
rps8
atpA
atpB
ndhI
clpP

psbK
ndhH
rpl16
rpoA

rps19
rpl14
rpl20
rbcL

ndhC
rpl32
rpl33

rpoC2
ndhD
psaC
rps15
accD
ndhF
ndhG
ccsA
rpl22
matK
ycf1

rps16

 

Supplementary Fig. S2. Divergence of the plastid protein coding genes within the tribe 

Brassiceae. The gene divergence was estimated by the sum of total branch lengths in each 

gene tree inferred.  Mean ± SD 
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Supplementary Fig. S3. Divergence of the plastid protein coding genes of C. abyssinica. 

The gene divergence was estimated by the sum of total branch lengths in each gene tree 

inferred 
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Supplementary Fig. S4. Alignment among RpoB proteins of Brassiceae species. The 

arrow points to the site 293 (without RNA editing). The region highlighted is very 

variable in B. napus and highly conserved in the other Brassiceae species 
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Supplementary Tables 

 

Supplementary Table S1. List of species included in the Brassicaceae phylogenomic 

Specie Genus Tribe Family GenBank 

Carica papaya* Carica - Caricaceae NC_010323.1 

Tarenaya hassleriana* Tarenaya - Cleomaceae NC_034364.1 

Aethionema cordifolium Aethionema Aethionemeae Brassicaceae NC_009265.1 

Aethionema grandiflorum Aethionema Aethionemeae Brassicaceae NC_009266.1 

Aethionema arabicum Aethionema  Aethionemeae Brassicaceae NC_034367.1 

Alyssum desertorum Alyssum  Alysseae Brassicaceae NC_034299.1 

Olimarabidopsis pumila Olimarabidopsis Alyssopsideae Brassicaceae NC_009267.1 

Lobularia marítima Lobularia Anastaticeae Brassicaceae NC_009274.1 

Lobularia libyca Lobularia  Anastaticeae Brassicaceae NC_035513.1 

Morettia canescens Morettia  Anastaticeae Brassicaceae NC_035514.1 

Matthiola incana Matthiola  Anchonieae Brassicaceae NC_034358.1 

Arabis alpina Arabis Arabideae Brassicaceae NC_023367.1 

Arabis hirsuta Arabis Arabideae Brassicaceae NC_009268.1 

Draba nemorosa Draba Arabideae Brassicaceae NC_009272.1 

Megadenia pygmaea Megadenia  Biscutelleae Brassicaceae NC_034357.1 

Crambe abyssinica Crambe Brassiceae Brassicaceae KY883663 

Brassica juncea Brassica Brassiceae Brassicaceae NC_028272.1 

Brassica napus Brassica Brassiceae Brassicaceae NC_016734.1 

Brassica nigra Brassica Brassiceae Brassicaceae NC_030450.1 

Brassica rapa Brassica Brassiceae Brassicaceae NC_015139.1 

Cakile arabica Cakile Brassiceae Brassicaceae NC_030775.1 

Orychophragmus diffusus Orychophragmus Brassiceae Brassicaceae NC_033498.1 

Orychophragmus hupehensis Orychophragmus Brassiceae Brassicaceae NC_033500.1 

Orychophragmus taibaiensis Orychophragmus Brassiceae Brassicaceae NC_033499.1 

Raphanus sativus Raphanus Brassiceae Brassicaceae NC_024469.1 

Sinapis arvensis Sinapis  Brassiceae Brassicaceae NC_035303.1 

Sinalliaria limprichtiana Sinalliaria Brassiceae Brassicaceae NC_034287.1 

Sinalliaria grandifolia Sinalliaria Brassiceae Brassicaceae NC_034286.1 

Arabidopsis arenicola Arabidopsis Camelineae Brassicaceae NC_030346.1 

Arabidopsis arenosa Arabidopsis Camelineae Brassicaceae NC_029334.1 

Arabidopsis cebennensis Arabidopsis Camelineae Brassicaceae NC_029335.1 

Arabidopsis croatica Arabidopsis Camelineae Brassicaceae NC_030347.1 

Arabidopsis neglecta Arabidopsis Camelineae Brassicaceae NC_030348.1 

Arabidopsis pedemontana Arabidopsis Camelineae Brassicaceae NC_029336.1 

Arabidopsis petrogena Arabidopsis Camelineae Brassicaceae NC_030349.1 

Arabidopsis suecica Arabidopsis Camelineae Brassicaceae NC_030350.1 

Arabidopsis thaliana Arabidopsis Camelineae Brassicaceae NC_000932.1 

Arabidopsis umezawana Arabidopsis Camelineae Brassicaceae NC_030351.1 

Arabidopsis halleri Arabidopsis  Camelineae Brassicaceae NC_034366.1 

Arabidopsis lyrata Arabidopsis Camelineae Brassicaceae NC_034365.1 

Camelina sativa Camelina Camelineae Brassicaceae NC_029337.1 

Capsella bursa-pastoris Capsella Camelineae Brassicaceae NC_009270.1 

Capsella grandiflora Capsella Camelineae Brassicaceae NC_028517.1 

Capsella rubella Capsella Camelineae Brassicaceae NC_027693.1 

Barbarea verna Barbarea Cardamineae Brassicaceae NC_009269.1 

Cardamine impatiens Cardamine Cardamineae Brassicaceae NC_026445.1 

Cardamine resedifolia Cardamine Cardamineae Brassicaceae NC_026446.1 

Nasturtium officinale Nasturtium Cardamineae Brassicaceae NC_009275.1 

Cochlearia borzaeana Cochlearia Cochlearieae Brassicaceae NC_029253.1 

Cochlearia islandica Cochlearia Cochlearieae Brassicaceae NC_029254.1 

Cochlearia pyrenaica Cochlearia Cochlearieae Brassicaceae NC_029331.1 

Cochlearia tridactylites Cochlearia Cochlearieae Brassicaceae NC_029332.1 

Ionopsidium acaule Ionopsidium Cochlearieae Brassicaceae NC_029333.1 
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Crucihimalaya wallichii Crucihimalaya Crucihimalayeae Brassicaceae NC_009271.1 

Braya humilis Braya  Euclidieae Brassicaceae NC_035515.1 

Neotorularia korolkowii Neotorularia  Euclidieae Brassicaceae NC_034361.1 

Solms-laubachia eurycarpa Solms-laubachia  Euclidieae Brassicaceae NC_034359.1 

Eutrema botschantzevii Eutrema Eutremeae Brassicaceae NC_029379.1 

Eutrema halophilum Eutrema Eutremeae Brassicaceae NC_029378.1 

Eutrema heterophyllum Eutrema Eutremeae Brassicaceae NC_028728.1 

Eutrema salsugineum Eutrema Eutremeae Brassicaceae NC_028170.1 

Eutrema yunnanense Eutrema Eutremeae Brassicaceae NC_028727.1 

Hesperis sylvestris Hesperis  Hesperideae Brassicaceae NC_035512.1 

Hesperis matronalis Hesperis matronalis Hesperideae Brassicaceae NC_035511.1 

Isatis tinctoria Isatis Isatideae Brassicaceae NC_028415.1 

Lepidium virginicum Lepidium Lepidieae Brassicaceae NC_009273.1 

Lepidium meyenii Lepidium  Lepidieae Brassicaceae NC_034363.1 

Pugionium cornutum Pugionium Megacarpaeeae Brassicaceae NC_030516.1 

Pugionium dolabratum Pugionium Megacarpaeeae Brassicaceae NC_030515.1 

Megacarpaea delavayi Megacarpaea  Megacarpaeeae Brassicaceae NC_034360.1 

Pachycladon cheesemanii Pachycladon Microlepidieae Brassicaceae NC_021102.1 

Pachycladon enysii Pachycladon Microlepidieae Brassicaceae NC_018565.1 

Thlaspi arvense Thlaspi  Thlaspideae Brassicaceae NC_034362.1 

Schrenkiella parvula Schrenkiella Unassigned Brassicaceae NC_028726.1 

(*) out-group 

 

Supplementary Table S2. List of SSRs identified in Crambe abyssinica plastome 

Repeats 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 total 

A/T - - - - - 94 43 20 10 9 4 3 1 2   2     1 189 

C/G - - - - - 6 2                         8 

AC/GT - 2                  2 

AG/CT - 11                  11 

AT/AT - 33 10 4 1  1             49 

AAG/CTT - 1                                   1 

AAT/ATT - 4                                   4 

ACC/GGT - 1                                   1 

AAAC/GTTT 1                   1 

AAAT/ATTT 2                   2 

AAGT/ACTT 1                   1 

AGAT/ATCT 1                   1 

AACAT/ATGTT 1                                     1 

AATAG/ATTCT 1                                     1 

AATAT/ATATT 1                                     1 

Total                                       273 
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Supplementary Table S3. List of SSRs identified in Brassica nigra plastome 

Repeats 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 total 

A/T - - - - - 87 41 20 10 6 11 2   2   1   2 182 

C/G - - - - - 2 1 1                     4 

AC/GT - 1                 1 

AG/CT - 9  1               10 

AT/AT - 34 9 5 1  1            50 

AAG/CTT - 1                                 1 

AAT/ATT - 2 1                               3 

AAAC/GTTT 1                  1 

AAAT/ATTT 3                  3 

AGAT/ATCT 1                  1 

AAATC/ATTTG 1                                   1 

AATAT/ATATT 1                                   1 

AAAAGT/ACTTTT 1                  1 

AAGTAG/ACTTCT 1                  1 

AATACC/ATTGGT 1                                   1 

Total                   261 

 
 
Supplementary Table S4. List of SSRs identified in Brassica napus plastome 

Repeats 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 total 

A/T - - - - - 86 58 22 16 5 6 2 3 1   1 1 201 

C/G - - - - - 3 2 2                   7 

AC/GT - 2                2 

AG/CT - 10                10 

AT/AT - 37 10 3 1 2            53 

AAT/ATT - 3                               3 

AAAC/GTTT 1                 1 

AAAG/CTTT 1                 1 

AAAT/ATTT 2                 2 

AGAT/ATCT 2                 2 

AAGAT/ATCTT 1                                 1 

Total                  283 

 

Supplementary Table S5. List of SSRs identified in Brassica juncea plastome 

Repeats 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 total 

A/T - - - - - 90 61 21 16 6 7 4 1 1         1 208 

C/G - - - - - 4 4   1                     9 

AC/GT - 2                  2 

AG/CT - 10                  10 

AT/AT - 38 10 2 2 1              53 

AAT/ATT - 3                                   3 

AAAC/GTTT 1                   1 

AAAG/CTTT 1                   1 

AAAT/ATTT 2                   2 

AGAT/ATCT 2                                     2 

Total                                       291 
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Supplementary Table S6. List of SSRs identified in Cakile arabica plastome 

Repeats 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 total 

A/T - - - - - 83 50 29 19 6 2 6 2 1 2 1     1 202 

C/G - - - - - 4 2 2                       8 

AC/GT - 2                  2 

AG/CT - 9                  9 

AT/AT - 33 9 2 5 2 1             52 

AAT/ATT - 4                                   4 

AAAC/GTTT 1                   1 

AAAT/ATTT 4                   4 

AGAT/ATCT 2                                     2 

Total                                       284 
 

 

Supplementary Table S7. List of SSRs identified in Raphanus sativus plastome 

Repeats 3 4 5 6 7 8 9 10 11 12 13 14 15 16 total 

A/T - - - - - 86 52 26 8 5 8 5   2 192 

C/G - - - - - 5 1 1             7 

AC/GT - 2             2 

AG/CT - 10             10 

AT/AT - 30 9 5 4 1         49 

AAT/ATT - 2                         2 

AAAG/CTTT 1              1 

AAAT/ATTT 4              4 

AATT/AATT 2              2 

AGAT/ATCT 1              1 

AACAC/GTGTT 1                           1 

Total                             271 
 

 

Supplementary Table S8. List of SSRs identified in Orychophragmus diffusus plastome 

Repeats 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 total 

A/T - - - - - 86 57 25 20 6 6 3 1 1   1 1 1 208 

C/G - - - - - 2 3   1                   6 

AC/GT - 2                 2 

AG/CT - 10                 10 

AT/AT - 32 6 5 1 1 3  1          49 

AAG/CTT - 1                                 1 

AAT/ATT - 2                                 2 

AAAT/ATTT 3                  3 

AATT/AATT 1 1                 2 

AGAT/ATCT 1                  1 

AAATC/ATTTG 1                                   1 

AATACT/AGTATT 1                                   1 

Total                                     286 
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Supplementary Table S9. List of SSRs identified in Orychophragmus taibaiensis 

plastome 

Repeats 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 total 

A/T - - - - - 100 48 25 11 5 5 3 2 2       1 202 

C/G - - - - - 3                         3 

AC/GT - 2                 2 

AG/CT - 10                 10 

AT/AT - 28 6 11 1 1 1            48 

AAG/CTT - 1                                 1 

AAT/ATT - 2                                 2 

AAAG/CTTT 1                  1 

AAAT/ATTT 5                  5 

AACC/GGTT 1                  1 

AATT/AATT 3                  3 

AGAT/ATCT 1                  1 

AATAT/ATATT 1                                   1 

Total                                     280 

 

Supplementary Table S10. List of SSRs identified in Orychophragmus hupehensis 

plastome 

Repeats 3 4 5 6 7 8 9 10 11 12 13 14 15 total 

A/T - - - - - 93 53 22 10 3 5 5 4 195 

C/G - - - - - 2 1             3 

AC/GT - 2            2 

AG/CT - 10            10 

AT/AT - 31 3 12 1 1 1       49 

AAG/CTT - 1                       1 

AAT/ATT - 2                       2 

AAAG/CTTT 1             1 

AAAT/ATTT 4 1            5 

AATT/AATT 2             2 

AGAT/ATCT 1             1 

AATAT/ATATT 1                         1 

AAATAT/ATATTT 1                         1 

Total                           273 
 

 

Supplementary Table S11. List of SSRs identified in Sinalliaria grandifolia plastome 

Repeats 3 4 5 6 7 8 9 10 11 12 13 14 15 16 total 

A/T - - - - - 90 50 24 10 4 8 7 3 5 201 

C/G - - - - - 5 1   1     7 

AC/GT - 2             2 

AG/CT - 10             10 

AT/AT - 31 9 6 2 2         50 

AAG/CTT - 1             1 

AAT/ATT - 2             2 

AAAT/ATTT 4              4 

AGAT/ATCT 2              2 

AAAAT/ATTTT 1              1 

AATGG/ATTCC 1              1 

AAAAAG/CTTTTT 1              1 

Total                             282 
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Supplementary Table S12. List of SSRs identified in Sinalliaria limprichtiana plastome 

Repeats 3 4 5 6 7 8 9 10 11 12 13 14 15 16 total 

A/T - - - - - 104 49 32 8 6 7 3 1 2 212 

C/G - - - - - 3 1 2  1     7 

AC/GT - 2             2 

AG/CT - 9             9 

AT/AT - 34 8 10   1        53 

AAG/CTT - 1             1 

AAT/ATT - 2             2 

AAAT/ATTT 4              4 

AATT/AATT 1              1 

AGAT/ATCT 1              1 

AAAAT/ATTTT 1              1 

AATAT/ATATT 1              1 

Total                             294 

 

Supplementary Table S13. List of SSRs identified in Sinapis arvensis plastome 

Repeats 3 4 5 6 7 8 9 

1

0 

1

1 

1

2 

1

3 

1

4 

1

5 

1

6 

1

7 

1

8 

1

9 

2

0 

2

1 

2

2 

tota

l 

A/T - - - - - 

7

7 

5

3 

1

5 8 7 4 5 1 1  1  1  1 174 

C/G - - - - - 3 2              5 

AC/GT - 1                   1 

AG/CT - 9  1                 10 

AT/AT - 

2

9 

1

2 7 2  1              51 

AAG/CTT - 1                   1 

AAT/ATT - 2 1                  3 

AAAC/GTTT 1                    1 

AAAT/ATTT 4                    4 

AGAT/ATCT 1                    1 

AAGTAG/ACTTC

T 1                    1 

Total                                         252 

 

Supplementary Table S14. Location of SSRs in Crambe abyssinica plastome 

SSR type SSR size start end Location 

mono (A)12 12 113 124 trnH-GUG/psbA (IGS) 

mono (A)8 8 176 183 trnH-GUG/psbA (IGS) 

mono (T)9 9 1491 1499 psbA/trnK-UUU (IGS) 

mono (T)10 10 2190 2199 matK (CDS) 

mono (A)9 9 2784 2792 matK (CDS) 

mono (T)9 9 2859 2867 matK (CDS) 

mono (A)8 8 3378 3385 matK (CDS) 

di (AT)5 10 3703 3712 trnK-UUU (intron) 

mono (T)8 8 3716 3723 trnK-UUU (intron) 

mono (T)15 15 3923 3937 trnK-UUU (intron) 

mono (T)14 14 4008 4021 trnK-UUU (intron) 

mono (C)8 8 4245 4252 trnK-UUU/rps16 (IGS) 

mono (A)9 9 4253 4261 trnK-UUU/rps16 (IGS) 

di (TA)4 8 4517 4524 trnK-UUU/rps16 (IGS) 

di (AT)4 8 4549 4556 trnK-UUU/rps16 (IGS) 

mono (C)9 9 5189 5197 rps16 (intron) 

mono (A)9 9 5279 5287 rps16 (intron) 

mono (T)8 8 5345 5352 rps16 (intron) 
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mono (T)8 8 5462 5469 rps16 (intron) 

mono (T)10 10 5783 5792 rps16 (intron) 

di (CA)4 8 6342 6349 rps16/trnQ-UUG (IGS) 

mono (T)8 8 6590 6597 trnQ-UUG/psbK (IGS) 

mono (A)8 8 7325 7332 psbK/psbI (IGS) 

mono (T)10 10 7372 7381 psbK/psbI (IGS) 

mono (A)10 10 7731 7740 trnS-GCU/trnG-UCC (IGS) 

di (AT)5 10 7840 7849 trnS-GCU/trnG-UCC (IGS) 

mono (T)9 9 7849 7857 trnS-GCU/trnG-UCC (IGS) 

di (TA)5 10 7874 7883 trnS-GCU/trnG-UCC (IGS) 

di (TA)4 8 7953 7960 trnS-GCU/trnG-UCC (IGS) 

di (AT)7 14 7965 7978 trnS-GCU/trnG-UCC (IGS) 

di (TA)6 12 7985 7996 trnS-GCU/trnG-UCC (IGS) 

mono (T)10 10 8174 8183 trnS-GCU/trnG-UCC (IGS) 

mono (T)9 9 8336 8344 trnS-GCU/trnG-UCC (IGS) 

di (TA)4 8 9599 9606 trnR-UCU/atpA (IGS) 

mono (A)11 11 11183 11193 atpA/atpF (IGS) 

mono (A)10 10 11661 11670 atpF (intron) 

di (AT)4 8 11835 11842 atpF (intron) 

di (CA)4 8 12354 12361 atpF (intron) 

mono (T)9 9 12547 12555 atpF/atpH (IGS) 

penta (CTATT)3 15 12632 12646 atpF/atpH (IGS) 

tri (AAT)4 12 12679 12690 atpF/atpH (IGS) 

mono (A)8 8 12742 12749 atpF/atpH (IGS) 

mono (A)8 8 12780 12787 atpF/atpH (IGS) 

mono (A)9 9 12922 12930 atpF/atpH (IGS) 

mono (A)9 9 12936 12944 atpF/atpH (IGS) 

di (AT)5 10 13418 13427 atpH/atpI (IGS) 

mono (A)9 9 13706 13714 atpH/atpI (IGS) 

mono (T)9 9 14522 14530 atpI/rps2 (IGS) 

mono (T)9 9 15739 15747 rpoC2 (CDS) 

mono (T)9 9 16878 16886 rpoC2 (CDS) 

mono (T)11 11 17632 17642 rpoC2 (CDS) 

mono (A)8 8 17775 17782 rpoC2 (CDS) 

mono (T)9 9 18167 18175 rpoC2 (CDS) 

di (CT)4 8 18463 18470 rpoC2 (CDS) 

di (TA)5 10 19004 19013 rpoC2 (CDS) 

di (AT)4 8 20045 20052 rpoC1 (CDS) 

mono (A)8 8 21463 21470 rpoC1 (CDS) 

mono (C)8 8 21595 21602 rpoC1 (intron) 

mono (A)8 8 22115 22122 rpoC1 (intron) 

mono (T)11 11 22164 22174 rpoC1 (intron) 

mono (T)8 8 25277 25284 rpoB (CDS) 

mono (T)10 10 25381 25390 rpoB (CDS) 

mono (A)9 9 26305 26313 rpoB/trnC-GCA (IGS) 

mono (T)10 10 26428 26437 rpoB/trnC-GCA (IGS) 

di (AT)5 10 26621 26630 rpoB/trnC-GCA (IGS) 

mono (A)8 8 27089 27096 rpoB/trnC-GCA (IGS) 

di (CT)4 8 27857 27864 petN (CDS) 

mono (T)8 8 27970 27977 petN/psbM (IGS) 

mono (T)9 9 27982 27990 petN/psbM (IGS) 

tetra (CAAA)3 12 28133 28144 petN/psbM (IGS) 

mono (T)8 8 28390 28397 petN/psbM (IGS) 

mono (T)9 9 28549 28557 psbM/trnD-GUC (IGS) 

di (TA)4 8 29222 29229 psbM/trnD-GUC (IGS) 

tri (AAT)4 12 29355 29366 psbM/trnD-GUC (IGS) 

mono (A)12 12 29430 29441 psbM/trnD-GUC (IGS) 

mono (A)10 10 29486 29495 psbM/trnD-GUC (IGS) 

mono (T)10 10 29511 29520 psbM/trnD-GUC (IGS) 
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mono (A)12 12 29832 29843 trnD-GUC/trnY-GUA (IGS) 

mono (A)9 9 30499 30507 trnE-UUC/trnT-GGU (IGS) 

mono (A)9 9 30559 30567 trnE-UUC/trnT-GGU (IGS) 

mono (T)18 18 30590 30607 trnE-UUC/trnT-GGU (IGS) 

di (TA)4 8 30791 30798 trnE-UUC/trnT-GGU (IGS) 

di (AT)6 12 30803 30814 trnE-UUC/trnT-GGU (IGS) 

di (AT)4 8 31141 31148 trnT-GGU/psbD (IGS) 

mono (T)8 8 31285 31292 trnT-GGU/psbD (IGS) 

di (GA)4 8 34451 34458 trnS-UGS (CDS) 

mono (T)8 8 34563 34570 trnS-UGA/psbZ (IGS) 

mono (G)8 8 35198 35205 psbZ/trnG-GCC (IGS) 

mono (A)9 9 35299 35307 psbZ/trnG-GCC (IGS) 

di (AT)9 18 35434 35451 psbZ/trnG-GCC (IGS) 

mono (A)9 9 35795 35803 trnG-GCC/trnfM-CAU (IGS) 

mono (T)9 9 36428 36436 rps14/psaB (IGS) 

mono (A)10 18 36439 36448 rps14/psaB (IGS) 

di (TA)4 8 36449 36456 rps14/psaB (IGS) 

c (C)8 18 41189 41196 psaA/ycf3 (IGS)  
(T)10 

 
41197 41206 psaA/ycf3 (IGS) 

mono (A)11 11 41668 41678 psaA/ycf3 (IGS) 

mono (A)8 8 42127 42134 ycf3 (intron) 

mono (T)12 12 42562 42573 ycf3 (intron) 

tri (AAG)4 12 43245 43256 ycf3 (intron) 

mono (A)9 9 43554 43562 ycf3 (intron) 

mono (T)8 8 44301 44308 trnS-GGA/rps4 (IGS) 

mono (T)8 8 45074 45081 rps4/trnT-UGU (IGS) 

di (AT)4 8 45094 45101 rps4/trnT-UGU (IGS) 

di (AT)4 8 45173 45180 rps4/trnT-UGU (IGS) 

tetra (TAAA)3 12 45533 45544 trnT-UGU/trnL-UAA (IGS) 

mono (T)9 9 45644 45652 trnT-UGU/trnL-UAA (IGS) 

mono (T)8 8 45684 45691 trnT-UGU/trnL-UAA (IGS) 

tri (TAT)4 12 45707 45718 trnT-UGU/trnL-UAA (IGS) 

mono (A)9 9 45915 45923 trnT-UGU/trnL-UAA (IGS) 

di (AT)4 8 45982 45989 trnT-UGU/trnL-UAA (IGS) 

mono (A)8 8 46076 46083 trnT-UGU/trnL-UAA (IGS) 

mono (A)8 8 47209 47216 trnF-GAA/ndhJ (IGS) 

mono (T)8 8 47425 47432 trnF-GAA/ndhJ (IGS) 

mono (T)8 8 48887 48894 ndhK/ndhC (IGS) 

mono (T)8 8 48897 48904 ndhK/ndhC (IGS) 

tetra (ACTT)3 12 49512 49523 ndhC/trnV-UAC (IGS) 

mono (T)8 8 49598 49605 ndhC/trnV-UAC (IGS) 

mono (A)8 8 49890 49897 ndhC/trnV-UAC (IGS) 

mono (T)11 11 50301 50311 trnV-UAC (intron) 

mono (A)10 10 50370 50379 trnV-UAC (intron) 

mono (T)11 11 51192 51202 trnM-CAU/atpE (IGS) 

mono (T)8 8 51234 51241 trnM-CAU/atpE (IGS) 

mono (A)8 8 53385 53392 atpB/rbcL (IGS) 

mono (T)11 11 53502 53512 atpB/rbcL (IGS) 

mono (C)9 9 53560 53568 atpB/rbcL (IGS) 

mono (A)9 9 55522 55530 rbcL/accD (IGS) 

mono (T)9 9 55717 55725 rbcL/accD (IGS) 

mono (T)8 8 55798 55805 rbcL/accD (IGS) 

mono (T)9 9 56384 56392 accD (CDS) 

di (AT)4 8 58062 58069 accD/psaI (IGS) 

di (AT)4 8 58100 58107 accD/psaI (IGS) 

mono (A)10 10 58350 58359 psaI/ycf4 (IGS) 

di (AT)4 8 58763 58770 psaI/ycf4 (IGS) 

mono (T)8 8 58941 58948 ycf4 (CDS) 

mono (T)8 8 59438 59445 ycf4/cemA (IGS) 
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mono (T)8 8 59847 59854 cemA (CDS) 

di (TC)4 8 59888 59895 cemA (CDS) 

di (AT)4 8 60805 60812 petA (CDS) 

mono (C)8 8 61091 61098 petA (CDS) 

mono (A)8 8 61165 61172 petA (CDS) 

mono (A)8 8 61742 61749 petA/psbJ (IGS) 

di (AT)4 8 62219 62226 petA/psbJ (IGS) 

di (TA)5 10 62236 62245 petA/psbJ (IGS) 

di (AT)5 10 62254 62263 petA/psbJ (IGS) 

di (AT)6 12 62286 62297 petA/psbJ (IGS) 

di (TA)4 8 62310 62317 petA/psbJ (IGS) 

tetra (AAAT)3 12 64384 64395 psbE/petL (IGS) 

mono (A)12 12 64560 64571 psbE/petL (IGS) 

mono (T)8 8 64655 64662 psbE/petL (IGS) 

mono (T)8 8 64668 64675 psbE/petL (IGS) 

mono (T)8 8 65363 65370 petG/trnW-CCA (IGS) 

mono (A)9 9 65567 65575 trnW-CCA/trnP-UGG (IGS) 

mono (T)8 8 65872 65879 trnP-UGG/psaJ (IGS) 

di (AT)4 8 65897 65904 trnP-UGG/psaJ (IGS) 

mono (T)8 8 65920 65927 trnP-UGG/psaJ (IGS) 

di (TA)4 8 66101 66108 trnP-UGG/psaJ (IGS) 

di (TA)4 8 66113 66120 trnP-UGG/psaJ (IGS) 

mono (T)8 8 66277 66284 psaJ (CDS) 

mono (T)8 8 66371 66378 psaJ/rpl33 (IGS) 

mono (G)8 8 66403 66410 psaJ/rpl33 (IGS) 

mono (T)8 8 66561 66568 psaJ/rpl33 (IGS) 

mono (T)8 8 66611 66618 psaJ/rpl33 (IGS) 

di (AT)4 8 66985 66992 rpl33/rps18 (IGS) 

mono (A)8 8 67072 67079 rpl33/rps18 (IGS) 

mono (A)10 10 67559 67568 rps18/rpl20 (IGS) 

mono (A)8 8 68187 68194 rpl20/rps12 (IGS) 

mono (T)16 16 69043 69058 rps12/clpP (IGS) 

mono (T)21 21 69687 69707 clpP (intron) 

mono (A)8 8 70210 70217 clpP (CDS) 

mono (T)9 9 70519 70527 clpP (intron) 

mono (T)8 8 70691 70698 clpP (intron) 

mono (T)10 10 70710 70719 clpP (intron) 

mono (A)8 8 71246 71253 clpP/psbB (IGS) 

mono (T)9 9 73299 73307 psbB/psbT (IGS) 

mono (T)8 8 73521 73528 psbT (CDS) 

penta (AACAT)3 15 74778 74792 petB (intron) 

di (GA)4 8 74886 74893 petB (intron) 

mono (T)8 8 74941 74948 petB (intron) 

di (AT)4 8 76484 76491 petD (intron) 

mono (T)8 8 77272 77279 petD/rpoA (IGS) 

mono (T)8 8 77281 77288 rpoA (CDS) 

mono (T)13 13 77467 77479 rpoA (CDS) 

mono (T)9 9 78804 78812 rps11/rpl36 (IGS) 

tri (GGT)4 12 79375 79386 rpl36/rps8 (IGS) 

mono (T)9 9 79401 79409 rpl36/rps8 (IGS) 

di (TA)4 8 79925 79932 rps8/rpl14 (IGS) 

mono (T)8 8 80046 80053 rps8/rpl14 (IGS) 

mono (A)12 12 80513 80524 rpl14/rpl16 (IGS) 

mono (T)8 8 81119 81126 rpl16 (intron) 

mono (T)11 11 81294 81304 rpl16 (intron) 

mono (A)10 10 81330 81339 rpl16 (intron) 

mono (T)12 12 81596 81607 rpl16 (intron) 

mono (T)12 12 81861 81872 rpl16 (intron) 

mono (T)8 8 82007 82014 rpl16 (intron) 
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mono (T)8 8 82016 82023 rpl16 (intron) 

mono (T)8 8 82125 82132 rpl16/rps3 (IGS) 

di (AT)4 8 83309 83316 rpl22 (CDS) 

mono (A)10 10 83387 83396 rpl22/rps19 (IGS) 

mono (T)8 8 83414 83421 rps19 (CDS) 

mono (T)9 9 83689 83697 rsp19 (CDS) 

mono (T)8 8 83728 83735 rps19/rpl2 (IGS) 

di (TA)4 8 84313 84320 rpl2 (intron) 

di (GA)4 8 85953 85960 ycf2 (CDS) 

di (GA)4 8 86940 86947 ycf2 (CDS) 

mono (A)9 9 89143 89151 ycf2 (CDS) 

di (GA)4 8 89164 89171 ycf2 (CDS) 

di (CT)4 8 91197 91204 ycf2 (CDS) 

di (TA)4 8 92511 92518 ycf2 (CDS) 

di (TA)5 10 93915 93924 trnL-CAA/ndhB (IGS) 

di (AG)4 8 94675 94682 ndhB (CDS) 

mono (A)8 8 96570 96577 ndhB/rps7 (IGS) 

mono (A)14 14 98741 98754 rps12/trnV-GAC (IGS) 

mono (T)9 9 98774 98782 rps12/trnV-GAC (IGS) 

mono (T)13 13 99546 99558 rps12/trnV-GAC (IGS) 

di (CT)4 8 105757 105764 rrn23S 

mono (T)8 8 107935 107942 trnR-ACG/trnN-GUU (IGS) 

mono (A)10 10 109775 109784 ycf1 (CDS) 

mono (T)8 8 110591 110598 ndhF (CDS) 

mono (A)8 8 111548 111555 ndhF (CDS) 

tetra (ATAG)3 12 111820 111831 ndhF (CDS) 

di (AT)4 8 112166 112173 ndhF/rpl32 (IGS) 

mono (A)8 8 112222 112229 ndhF/rpl32 (IGS) 

mono (T)18 18 112239 112256 ndhF/rpl32 (IGS) 

mono (A)8 8 112396 112403 ndhF/rpl32 (IGS) 

mono (T)8 8 112502 112509 ndhF/rpl32 (IGS) 

mono (T)8 8 112536 112543 ndhF/rpl32 (IGS) 

di (TA)4 8 113069 113076 rpl32/trnL-UAG (IGS) 

mono (T)8 8 113082 113089 rpl32/trnL-UAG (IGS) 

tri (ATA)4 12 113351 113362 rpl32/trnL-UAG (IGS) 

mono (T)11 11 113390 113400 rpl32/trnL-UAG (IGS) 

mono (A)9 9 114149 114157 ccsA (CDS) 

mono (A)8 8 114886 114893 ccsA/ndhD (IGS) 

mono (T)9 9 115044 115052 ccsA/ndhD (IGS) 

mono (A)8 8 115362 115369 ndhD (CDS) 

mono (T)8 8 115658 115665 ndhD (CDS) 

mono (A)8 8 116668 116675 ndhD/psaC (IGS) 

di (AT)4 8 117642 117649 ndhE/ndhG (IGS) 

mono (T)8 8 118448 118455 ndhG/ndhI (IGS) 

penta (ATATA)3 15 118574 118588 ndhG/ndhI (IGS) 

mono (A)8 8 120253 120260 ndhA (intron) 

mono (T)8 8 120565 120572 ndhA (intron) 

di (AT)5 10 120784 120793 ndhA (intron) 

mono (T)9 9 122758 122766 rps15 (CDS) 

mono (T)8 8 122925 122932 rps15 (CDS) 

di (TA)6 12 123261 123272 rps15/ycf1 (IGS) 

mono (T)8 8 123447 123454 ycf1 (CDS) 

mono (T)12 12 123546 123557 ycf1 (CDS) 

mono (T)8 8 123639 123646 ycf1 (CDS) 

mono (T)11 11 123658 123668 ycf1 (CDS) 

di (TA)4 8 123724 123731 ycf1 (CDS) 

mono (A)8 8 124353 124360 ycf1 (CDS) 

mono (T)9 9 124499 124507 ycf1 (CDS) 

di (TA)4 8 124711 124718 ycf1 (CDS) 
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mono (T)9 9 125172 125180 ycf1 (CDS) 

mono (T)16 16 125220 125235 ycf1 (CDS) 

mono (T)8 8 125275 125282 ycf1 (CDS) 

mono (A)8 8 125291 125298 ycf1 (CDS) 

mono (A)8 8 125375 125382 ycf1 (CDS) 

mono (T)8 8 125431 125438 ycf1 (CDS) 

mono (T)8 8 125597 125604 ycf1 (CDS) 

mono (T)13 13 125718 125730 ycf1 (CDS) 

mono (T)8 8 125857 125864 ycf1 (CDS) 

mono (T)8 8 125898 125905 ycf1 (CDS) 

mono (T)14 14 125974 125987 ycf1 (CDS) 

mono (T)9 9 126386 126394 ycf1 (CDS) 

mono (T)10 10 126416 126425 ycf1 (CDS) 

mono (A)13 13 126445 126457 ycf1 (CDS) 

mono (A)8 8 126473 126480 ycf1 (CDS) 

mono (A)8 8 126937 126944 ycf1 (CDS) 

mono (T)8 8 127068 127075 ycf1 (CDS) 

mono (T)8 8 127336 127343 ycf1 (CDS) 

mono (A)8 8 127447 127454 ycf1 (CDS) 

 

Supplementary Table S15. Distribution of tandem repeats in Crambe abyssinica 

plastome 

Copy 

number 

Consensus  

size 

Start End Location 

8 20 7866 8009 trnS-GCU/trnG-UCC (IGS) 

2 42 35364 35448 psbZ/trnG-GCC (IGS) 

3 21 58438 58504 psaI/ycf4 (IGS) 

2 25 59504 59555 ycf4/cemA (IGS) 

2 43 62306 62386 petA/psbJ (IGS) 

2 21 70848 70890 clpP (intron) 

4 22 88500 88582 ycf2 (CDS) 

2 32 107131 107191 rrn4.5S/rrn5S (IGS) 

 

Supplementary Table S16. Distribution of direct (D) and inverted (I) sequence repeats 

loci in Crambe abyssinica plastome 

Type Size (bp) Start Location 

repeat 1 repeat 2 repeat 1 repeat 2 

D 41 37812 40036 psaB (CDS) psaA (CDS) 

D 39 42901 98211 ycf3 (intron) rps12/trnV-GAC (IGS) 

D 37 98214 119791 rps12/trnV-GAC (IGS) ndhA (intron) 

D 31 7606 34446 trnS-GCU trnS-UGA 

D 30 58434 58476 psaI/ycf4 (IGS) psaI/ycf4 (IGS) 

I 30 7607 44009 trnS-GCU trnS-GGA 

I 30 34514 43947 trnS-UGA trnS-GGA 

I 30 34447 44009 trnS-UGA trnS-GGA 
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SUPPLEMENTARY MATERIAL 

 

Supplementary Figures 

 

 

Supplementary Fig. S1. Dot-plot analyses of Acrocomia aculeata (X-axis) plastome 

against selected species (Y-axis) within the subfamily Arecoideae. A positive slope 

denotes that the pair of sequences compared is in the same orientation. A negative slope 

denotes that the pair of sequences compared can be aligned, but their orientation is 

opposite. Sequences in the same direction are red and inversions are blue  
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Supplementary Fig. S2. Nucleotide divergence of protein-coding genes in Arecaceae 

plastomes based on phylogenetic reconstruction. The gene divergence for each species 

was estimated by the sum of total branch lengths until the common ancestor node. The 

letters highlighted in red are abbreviations of species: Eugeissoma tristis (Et), 

Podococcus barteri (Pb), Lodoicea malvidica (Lma), Tahina spectabilis (Ts), 

Eremospatha macrocarpa (Em), Salacca ramosiana (Sra), Borassodendron machadonis 

(Bm), Nypa fruticans (Nf), Colpothrinax cookie (Cc), and Elaeis guineensis (Eg) 
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Supplementary Fig. S3. Sites under positive selection across the Arecaceae phylogeny 

inferred based on whole plastomes. Sites identified in accD, cemA, and matK genes. 

Different amino acid types identified at the same position are highlighted in distinct 

colors. The amino acid positions are relative to macaw palm plastid genes 

 
 
Supplementary Fig. S4 Sites under positive selection across the Arecaceae phylogeny 

inferred based on whole plastomes. Sites identified in ccsA gene. Different amino acid 

types identified at the same position are highlighted in distinct colors. The amino acid 

positions are relative to macaw palm plastid gene 
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Supplementary Fig. S5. Sites under positive selection across the Arecaceae phylogeny 

inferred based on whole plastomes. Sites identified in ycf1 gene. Different amino acid 

types identified at the same position are highlighted in distinct colors. The amino acid 

positions are relative to macaw palm plastid gene 
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Supplementary Fig. S6. Sites under positive selection across the Arecaceae phylogeny 

inferred based on whole plastomes. Sites identified in ycf2 gene. Different amino acid 

types identified at the same position are highlighted in distinct colors. The amino acid 

positions are relative to macaw palm plastid gene 

 
 

 
 
Supplementary Fig. S7. Sites under positive selection across the Arecaceae phylogeny 

inferred based on whole plastomes. Sites identified in rpoA, rpoC1, and rpoC2 genes. 

Different amino acid types identified at the same position are highlighted in distinct 

colors. The amino acid positions are relative to macaw palm plastid genes 
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Supplementary Fig. S8. Sites under positive selection across the Arecaceae phylogeny 

inferred based on whole plastomes. Sites identified in rpl16, rpl20, rpl22, rpl32, and rpl33 

genes. Different amino acid types identified at the same position are highlighted in 

distinct colors. The amino acid positions are relative to macaw palm plastid genes 

 
 

 
 
Supplementary Fig. S9. Sites under positive selection across the Arecaceae phylogeny 

inferred based on whole plastomes. Sites identified in rps2, rps3, rps4, rps8, rps11, rps14, 

rps16, rps18, and rps19 genes. Different amino acid types identified at the same position 

are highlighted in distinct colors. The amino acid positions are relative to macaw palm 

plastid genes 
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Supplementary Tables 

 

Supplementary Table S1. List of species included in the Arecaceae phylogenomic 

analysis 
Species Subfamily Family Order GenBank 
Acrocomia aculeata (Jacq.) Lodd. ex Mart. Arecoideae Arecaceae Arecales MG020488 
Areca vestiaria Giseke Arecoideae Arecaceae Arecales NC_029972.1 
Cocos nucifera L. Arecoideae Arecaceae Arecales NC_022417.1 
Elaeis guineensis Jacq. Arecoideae Arecaceae Arecales NC_017602.1 
Podococcus barteri G.Mann & H.Wendl. Arecoideae Arecaceae Arecales NC_027276.1 
Syagrus coronata (Mart.) Becc. Arecoideae Arecaceae Arecales NC_029241.1 
Veitchia arecina Becc. Arecoideae Arecaceae Arecales NC_029950.1 
Calamus caryotoides A.Cunn. ex Mart. Calamoideae Arecaceae Arecales NC_020365.1 
Eremospatha macrocarpa H.Wendl. Calamoideae Arecaceae Arecales NC_029964.1 
Eugeissona tristes Griff. Calamoideae Arecaceae Arecales NC_029963.1 
Mauritia flexuosa L.f. Calamoideae Arecaceae Arecales NC_029947.1 
Metroxylon warburgii (Heimerl) Becc. Calamoideae Arecaceae Arecales NC_029959.1 
Pigafetta elata (Mart.) H.Wendl. Calamoideae Arecaceae Arecales NC_029956.1 
Salacca ramosiana Mogea Calamoideae Arecaceae Arecales NC_029954.1 
Phytelephas aequatorialis Spruce Ceroxyloideae Arecaceae Arecales NC_029957.1 
Pseudophoenix vinifera (Mart.) Becc. Ceroxyloideae Arecaceae Arecales NC_020364.1 
Acoelorraphe wrightii (Griseb. & H.Wendl.) H.Wendl. ex Becc. Coryphoideae Arecaceae Arecales NC_029973.1 
Arenga caudata (Lour.) H.E.Moore Coryphoideae Arecaceae Arecales NC_029971.1 
Bismarckia nobilis Hildebr. & H.Wendl. Coryphoideae Arecaceae Arecales NC_020366.1 
Borassodendron machadonis (Ridl.) Becc. Coryphoideae Arecaceae Arecales NC_029969.1 
Brahea brandegeei (Purpus) H.E.Moore Coryphoideae Arecaceae Arecales NC_029968.1 
Caryota mitis Lour. Coryphoideae Arecaceae Arecales NC_029948.1 
Chamaerops humilis L. Coryphoideae Arecaceae Arecales NC_029967.1 
Chuniophoenix nana Burret Coryphoideae Arecaceae Arecales NC_029966.1 
Colpothrinax cookii Read Coryphoideae Arecaceae Arecales NC_028026.1 
Corypha lecomtei Becc. ex Lecomte Coryphoideae Arecaceae Arecales NC_029965.1 
Leucothrinax morrisii (H.Wendl.) C.Lewis & Zona Coryphoideae Arecaceae Arecales NC_029961.1 
Lodoicea maldivica (J.F.Gmel.) Pers. Coryphoideae Arecaceae Arecales NC_029960.1 
Phoenix dactylifera L. Coryphoideae Arecaceae Arecales NC_013991.2 
Pritchardia thurstonii (F.Muell.) Drude Coryphoideae Arecaceae Arecales NC_029955.1 
Sabal domingensis Becc. Coryphoideae Arecaceae Arecales NC_026444.1 
Serenoa repens (W.Bartram) Small Coryphoideae Arecaceae Arecales NC_029953.1 
Tahina spectabilis J.Dransf. & Rakotoarin. Coryphoideae Arecaceae Arecales NC_029952.1 
Trithrinax brasiliensis Mart. Coryphoideae Arecaceae Arecales NC_029951.1 
Wallichia densiflora Mart. Coryphoideae Arecaceae Arecales NC_029949.1 
Washingtonia robusta H.Wendl. Coryphoideae Arecaceae Arecales NC_029974.1 
Nypa fruticans Wurmb Nypoideae Arecaceae Arecales NC_029958.1 
Baxteria australis R. Br. ex Hook.* - Dasypogonaceae Arecales NC_029970.1 
Dasypogon bromeliifolius R. Br.* - Dasypogonaceae Arecales NC_020367.1 
Hanguana malayana (Jack) Merr.* - Hanguanaceae Commelinales NC_029962.1 

*outgroup 
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Supplementary Table S2. List of substitution models for each plastid gene selected 

using jModelTest v.2.1.7 

Gene Model Gene Model Gene Model Gene Model 
accD GTR+I+G ndhI HKY+G psbH K80 rpoB GTR+G 
atpA GTR+G ndhJ GTR+G psbI K80 rpoC1 GTR+G 
tpB GTR+I ndhK HKY+I psbJ JC rpoC2 GTR+I+G 
atpE HKY petA HKY+I psbK HKY rps2 HKY+I 
atpF GTR+I petB HKY+I psbL JC rps3 HKY+G 
atpH K80+I petD HKY+G psbM JC rps4 HKY+I 
atpI GTR+I petG JC psbN K80 rps7 HKY 
ccsA GTR+G petL JC psbT JC rps8 GTR+I 
cemA GTR+G petN JC psbZ HKY rps11 HKY+I+G 
clpP HKY+G psaA GTR+G rbcL GTR+I+G rps12 HKY 
infA HKY+I psaB GTR+I+G rpl2 HKY rps14 HKY 
matK GTR+G psaC K80+I rpl14 HKY+G rps15 HKY+I 
ndhA GTR+I+G psaI JC rpl16 HKY+G rps16 HKY+G 
ndhB HKY+I psaJ K80+I rpl20 HKY rps18 HKY+G 
ndhC HKY psbA GTR+I+G rpl22 GTR+I rps19 F81+G 
ndhD GTR+I+G psbB GTR+G rpl23 F81+I ycf1 GTR+G 
ndhE HKY+G psbC GTR+I+G rpl32 HKY+G ycf2 GTR+I+G 
ndhF GTR+I+G psbD GTR+I rpl33 HKY ycf3 HKY+I+G 
ndhG GTR+G psbE HKY+I rpl36 K80 ycf4 GTR+G 
ndhH GTR+I+G psbF JC rpoA GTR+G     

 
 
 
Supplementary Table S3. Location of SSRs in the plastome of Acrocomia aculeata (IRB 

was omitted). The polymorphic loci were identified upon comparison with the SSRs 

located in the plastome of Elaeis guineensis 

SSR type Sequence Size Start End Location 
Polymorphic  

locus (P) 
di (AT)4 8 1332 1339 psbA/trnK-UUU (IGS)  

mono (A)9 9 2649 2657 matK (CDS)  

mono (T)9 9 2895 2903 matK (CDS)  

di (AT)4 8 3391 3398 trnK-UUU (intron)  

mono (A)9 9 3619 3627 trnK-UUU (intron) P 
mono (T)12 12 3819 3830 trnK-UUU (intron) P 
mono (A)8 8 3844 3851 trnK-UUU (intron)  

mono (A)8 8 3931 3938 trnK-UUU (intron)  

mono (A)10 10 4592 4601 trnK-UUU/rps16 (IGS) P 
mono (C)11 11 4795 4805 trnK-UUU/rps16 (IGS) P 

di (GT)4 8 6031 6038 rps16/trnQ-UUG (IGS)  

tetra (TCTA)5 20 6065 6084 rps16/trnQ-UUG (IGS) P 
mono (T)10 10 6565 6574 rps16/trnQ-UUG (IGS) P 
mono (A)11 11 6885 6895 rps16/trnQ-UUG (IGS) P 
mono (T)9 9 7362 7370 trnQ-UUG/psbK (IGS)  

mono (A)9 9 7386 7394 trnQ-UUG/psbK (IGS)  

mono (T)10 10 7415 7424 trnQ-UUG/psbK (IGS) P 
mono (A)8 8 7432 7439 trnQ-UUG/psbK (IGS) P 
mono (T)8 8 7622 7629 psbK (CDS)  

mono (A)8 8 8047 8054 psbK/psbI (IGS)  

mono (A)8 8 8182 8189 psbI/trnS-GCU (IGS)  

mono (T)9 9 8221 8229 psbI/trnS-GCU (IGS) P 
di (GA)4 8 8326 8333 trnS-GCU  

hexa (TCCCCA)3 18 8409 8426 trnS-GCU/trnG-UCC (IGS)  

di (TA)8 16 8580 8595 trnS-GCU/trnG-UCC (IGS) P 
di (AT)4 8 8598 8605 trnS-GCU/trnG-UCC (IGS)  

mono (T)8 8 9618 9625 trnG-UCC (intron) P 
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mono (T)9 9 11903 11911 atpA/atpF (IGS) P 
mono (T)10 10 12517 12526 atpF (intron)  

mono (T)8 8 12727 12734 atpF (intron)  

mono (T)9 9 12769 12777 atpF (intron) P 
mono (A)8 8 13205 13212 atpF (CDS)  

mono (T)11 11 13444 13454 atpF/atpH (IGS) P 
mono (A)9 9 14130 14138 atpH/atpI (IGS)  

mono (T)9 9 14192 14200 atpH/atpI (IGS) P 
di (AT)5 10 14559 14568 atpH/atpI (IGS) P 
di (AT)9 18 14582 14599 atpH/atpI (IGS) P 

mono (T)9 9 14784 14792 atpH/atpI (IGS)  

mono (A)10 10 15874 15883 atpI/rps2 (IGS) P 
mono (T)9 9 16678 16686 rps2/rpoC2 (IGS) P 
mono (A)8 8 18041 18048 rpoC2 (CDS)  

mono (T)10 10 18754 18763 rpoC2 (CDS)  

mono (T)11 11 18860 18870 rpoC2 (CDS)  

mono (A)8 8 19003 19010 rpoC2 (CDS)  

di (AT)4 8 20134 20141 rpoC2 (CDS)  

di (AT)5 10 20224 20233 rpoC2 (CDS)  

mono (A)8 8 22676 22683 rpoC1 (CDS)  

di (TA)4 8 23237 23244 rpoC1 (intron)  

di (TC)4 8 23264 23271 rpoC1 (intron)  

mono (T)9 9 23308 23316 rpoC1 (intron) P 
mono (T)8 8 26559 26566 rpoB (CDS)  

penta (ATGTA)3 15 27334 27348 rpoB/trnC-GCA (IGS) P 
mono (A)8 8 27456 27463 rpoB/trnC-GCA (IGS)  

mono (A)9 9 28358 28366 rpoB/trnC-GCA (IGS) P 
mono (A)8 8 28785 28792 trnC-GCA/petN (IGS)  

mono (A)8 8 29013 29020 trnC-GCA/petN (IGS) P 
di (GT)4 8 29022 29029 trnC-GCA/petN (IGS)  

mono (A)10 10 29401 29410 petN/psbM (IGS)  

mono (T)9 9 29436 29444 petN/psbM (IGS) P 
di (TA)4 8 29451 29458 petN/psbM (IGS)  

mono (A)9 9 29604 29612 petN/psbM (IGS) P 
di (TA)4 8 29689 29696 petN/psbM (IGS)  

mono (T)8 8 30217 30224 psbM/trnD-GUC (IGS) P 
mono (T)8 8 31036 31043 trnD-GCU/trnY-GUA (IGS) P 
mono (T)8 8 31076 31083 trnD-GCU/trnY-GUA (IGS) P 
mono (T)8 8 31884 31891 trnT-GGU/psbD (IGS) P 
mono (T)8 8 32232 32239 trnT-GGU/psbD (IGS)  

mono (T)11 11 32520 32530 trnT-GGU/psbD (IGS) P 
di (TA)4 8 32620 32627 trnT-GGU/psbD (IGS)  

mono (A)8 8 32688 32695 trnT-GGU/psbD (IGS)  

mono (G)8 8 34144 34151 psbC (CDS)  

mono (G)8 8 34415 34422 psbC (CDS)  

di (GA)4 8 35403 35410 trnS-UGA  

mono (A)8 8 36116 36123 psbZ/trnG-GCC (IGS)  

mono (A)8 8 36503 36510 trnG-GCC/trnfM-CAU (IGS) P 
mono (A)9 9 36672 36680 trnfM-CAU/rps14 (IGS)  

mono (T)11 11 37022 37032 rps14 (CDS)  

mono (A)8 8 37247 37254 rps14/psaB (IGS) P 
mono (C)10 10 40214 40223 psaA (CDS)  

di (AG)4 8 41116 41123 psaA (CDS)  

penta (TATTT)3 15 41868 41882 psaA/ycf3 (IGS)  

mono (A)9 9 42901 42909 ycf3 (intron) P 
mono (A)9 9 45217 45225 trnS-GGA/rps4 (IGS)  

mono (G)9 9 45485 45493 rps4 (CDS)  

di (TA)4 8 46112 46119 rps4/trnT-UGU (IGS)  

mono (A)8 8 46275 46282 rps4/trnT-UGU (IGS)  

di (AT)6 12 46935 46946 trnL-UAA (intron) P 
di (AG)4 8 47080 47087 trnL-UAA (intron)  

di (AT)4 8 47661 47668 trnF-GAA/ndhJ (IGS)  
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mono (T)8 8 47790 47797 trnF-GAA/ndhJ (IGS) P 
di (AT)8 16 47865 47880 trnF-GAA/ndhJ (IGS) P 

mono (A)9 9 47882 47890 trnF-GAA/ndhJ (IGS)  

mono (T)8 8 50220 50227 ndhC/trnV-UAC (IGS)  

mono (A)8 8 50356 50363 ndhC/trnV-UAC (IGS) P 
mono (A)10 10 50397 50406 ndhC/trnV-UAC (IGS) P 

di (AT)4 8 50565 50572 ndhC/trnV-UAC (IGS)  

di (AT)4 8 50577 50584 ndhC/trnV-UAC (IGS)  

mono (A)10 10 50654 50663 ndhC/trnV-UAC (IGS) P 
mono (T)9 9 50740 50748 ndhC/trnV-UAC (IGS)  

mono (A)8 8 50944 50951 ndhC/trnV-UAC (IGS)  

mono (A)9 9 51038 51046 ndhC/trnV-UAC (IGS)  

di (CA)4 8 51474 51481 ndhC/trnV-UAC (IGS)  

mono (T)9 9 52828 52836 trnM-CAU/atpE (IGS) P 
mono (T)8 8 54820 54827 trnM-CAU/atpE (IGS)  

mono (T)8 8 55155 55162 atpB/rbcL (IGS) P 
di (AT)4 8 55360 55367 atpB/rbcL (IGS)  

mono (A)9 9 57103 57111 rbcL/accD (IGS)  

mono (C)8 8 57632 57639 rbcL/accD (IGS)  

mono (A)8 16 57640 57647 rbcL/accD (IGS) P 
mono (T)8 8 58166 58173 accD (CDS)  

mono (A)10 10 58469 58478 accD (CDS)  

di (TG)4 8 58898 58905 accD (CDS)  

mono (A)9 9 59354 59362 accD/psaI (IGS) P 
mono (A)9 9 59562 59570 accD/psaI (IGS)  

mono (A)8 8 59605 59612 accD/psaI (IGS)  

di (TA)4 8 59701 59708 accD/psaI (IGS)  

di (TA)4 8 59727 59734 accD/psaI (IGS) P 
mono (T)8 8 60569 60576 ycf4 (CDS)  

mono (A)8 8 60973 60980 ycf4/cemA (IGS) P 
mono (A)11 11 61168 61178 cemA (CDS) P 

di (TC)5 10 61235 61244 cemA (CDS)  

tetra (AATG)3 12 61845 61856 cemA (CDS)  

mono (C)8 8 62441 62448 petA (CDS)  

mono (A)8 8 63571 63578 petA/psbJ (IGS)  

mono (T)9 9 65219 65227 psbE/petL (IGS) P 
mono (A)10 10 65326 65335 psbE/petL (IGS)  

mono (T)8 8 66135 66142 petG/trnW-CCA (IGS)  

mono (T)8 8 66190 66197 petG/trnW-CCA (IGS)  

mono (A)8 8 66697 66704 trnP-UGG/psaJ (IGS)  

mono (A)8 8 66734 66741 trnP-UGG/psaJ (IGS) P 
mono (A)9 9 66874 66882 trnP-UGG/psaJ (IGS) P 
mono (T)8 8 67071 67078 psaJ (CDS)  

mono (T)9 9 67161 67169 psaJ/rpl33 (IGS)  

di (AT)7 14 67986 67999 rpl33/rps18 (IGS)  

mono (T)9 9 68552 68560 rps18/rpl20 (IGS)  

mono (T)8 8 68603 68610 rps18/rpl20 (IGS) P 
mono (A)9 9 69258 69266 rpl20/rps12 (IGS)  

mono (T)10 10 69295 69304 rpl20/rps12 (IGS)  

di (TA)4 8 69884 69891 rps12/clpP (IGS)  

mono (T)8 8 69954 69961 rps12/clpP (IGS) P 
mono (A)9 9 70328 70336 clpP (intron) P 
mono (A)8 8 70511 70518 clpP (intron)  

mono (T)10 10 70617 70626 clpP (intron)  

mono (T)10 10 70881 70890 clpP (intron) P 
tetra (ATAA)3 12 71079 71090 clpP (CDS)  

mono (A)9 9 71267 71275 clpP (intron)  

mono (T)9 9 71318 71326 clpP (intron) P 
mono (A)9 9 71416 71424 clpP (intron) P 
mono (A)8 8 72102 72109 clpP (intron) P 
mono (T)8 8 73282 73289 psbB (CDS)  

mono (T)9 9 74107 74115 psbB/psbT (IGS) P 
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mono (A)9 9 75235 75243 petB (intron) P 
tetra (AAAT)3 12 75549 75560 petB (intron)  

mono (T)9 9 78051 78059 rpoA/rps11 (IGS) P 
mono (T)10 10 79930 79939 rpl36/infA (IGS) P 
mono (T)13 13 80804 80816 rps8/rpl14 (IGS) P 

di (TA)4 8 81981 81988 rpl16 (intron)  

mono (T)10 10 82502 82511 rpl16 (intron)  

mono (T)8 8 82513 82520 rpl16 (intron) P 
tetra (TTTA)3 12 82525 82536 rpl16 (intron)  

mono (T)15 15 82874 82888 rpl16 (intron) P 
penta (TTTTA)3 15 84297 84311 rpl22/rps19 (IGS)  

mono (T)8 8 84313 84320 rpl22/rps19 (IGS) P 
mono (T)9 9 84641 84649 rps19/trnH-GUG (IGS)  

mono (T)8 8 84677 84684 rps19/trnH-GUG (IGS)  

mono (A)8 8 84892 84899 trnH-GUG/rpl2 (IGS)  

di (GA)4 8 87041 87048 ycf2 (CDS)  

di (GA)4 8 87053 87060 ycf2 (CDS)  

di (GA)4 8 88055 88062 ycf2 (CDS)  

mono (A)8 8 88764 88771 ycf2 (CDS)  

mono (A)8 8 88957 88964 ycf2 (CDS)  

mono (A)9 9 90225 90233 ycf2 (CDS)  

di (TA)4 8 93605 93612 ycf2 (CDS)  

di (TA)4 8 95011 95018 trnL-CAA/ndhB (IGS)  

di (AG)4 8 95752 95759 ndhB (CDS)  

mono (T)8 8 96738 96745 ndhB (intron) P 
mono (T)9 9 99692 99700 rps12/trnV-GAC (IGS)  

mono (A)8 8 99859 99866 rps12/trnV-GAC (IGS)  

mono (T)8 8 103725 103732 trnI-GAU (intron)  

di (CT)4 8 107047 107054 rrn23  

hexa (CTTTTT)3 18 109158 109175 trnR-ACG/trnN-GUU (IGS) P 
mono (T)8 8 111190 111197 ycf1 (CDS)  

mono (A)8 8 111348 111355 ycf1 (CDS)  

mono (A)8 8 111376 111383 ndhF (CDS)  

mono (C)10 10 111410 111419 ndhF (CDS)  

mono (T)9 9 113561 113569 ndhF/rpl32 (IGS)  

mono (A)8 8 113643 113650 ndhF/rpl32 (IGS) P 
di (AT)5 10 113661 113670 ndhF/rpl32 (IGS) P 
di (AT)6 12 113673 113684 ndhF/rpl32 (IGS) P 

mono (A)10 10 113734 113743 ndhF/rpl32 (IGS) P 
mono (A)8 8 113778 113785 ndhF/rpl32 (IGS)  

mono (T)9 9 114275 114283 rpl32/trnL-UAG (IGS) P 
mono (T)8 8 114334 114341 rpl32/trnL-UAG (IGS) P 
mono (A)10 10 114346 114355 rpl32/trnL-UAG (IGS) P 
mono (T)8 8 115301 115308 ccsA (CDS)  

tetra (AATA)3 12 116178 116189 ndhD (CDS)  

di (AT)6 12 118164 118175 psaC/ndhE (IGS)  

tri (AAT)4 12 118239 118250 psaC/ndhE (IGS)  

tetra (TTTA)3 12 118937 118948 ndhE/ndhG (IGS)  

mono (T)9 9 119660 119668 ndhG/ndhI (IGS) P 
mono (T)9 9 120134 120142 ndhI (CDS)  

di (AT)5 10 121337 121346 ndhA (intron)  

tetra (ATTC)3 12 121447 121458 ndhA (intron)  

di (TC)5 10 123399 123408 ndhH (CDS)  

mono (A)9 9 123897 123905 ndhH/rps15 (IGS) P 
di (AT)4 8 124610 124617 ycf1 (CDS)  

mono (T)8 8 125004 125011 ycf1 (CDS)  

mono (T)11 11 125426 125436 ycf1 (CDS) P 
mono (T)10 10 125549 125558 ycf1 (CDS) P 
mono (A)8 8 125755 125762 ycf1 (CDS)  

tri (ATA)4 12 126526 126537 ycf1 (CDS) P 
mono (T)8 8 126675 126682 ycf1 (CDS)  

mono (T)9 9 126954 126962 ycf1 (CDS)  



125 

 

mono (T)9 9 127167 127175 ycf1 (CDS)  

mono (T)10 10 127209 127218 ycf1 (CDS)  

mono (T)12 12 127330 127341 ycf1 (CDS) P 
mono (T)9 9 127702 127710 ycf1 (CDS)  

mono (T)11 11 127718 127728 ycf1 (CDS)  

di (TC)4 8 127778 127785 ycf1 (CDS)  

mono (A)10 10 127836 127845 ycf1 (CDS)  

mono (T)8 8 128683 128690 ycf1 (CDS)   
 
 
Supplementary Table S4. List of RNA editing sites predicted by PREP program in 

Arecoideae plastomes 

Gene AA 

position 

A. aculeata E. guineensis S. coronata C. nucifera P. barteri V. arecina A. vestiaria Huang et al. 

(2013)* 

accD 52 

CGG (R) =>  

UGG (W) 

CGG (R) =>  

UGG (W) 

CGG (R) =>  

UGG (W) 

CGG (R) =>  

UGG (W) 

CGG (R) =>  

UGG (W) 

CGG (R) =>  

UGG (W) 

CGG (R) =>  

UGG (W) - 

 241 
UUU (F) UUU (F) 

CUU (L) =>  

UUU (F) 
UUU (F) UUU (F) UGU (C) UUU (F) 

 

 267 

UCG (S) =>  

UUG (L) 

UCG (S) => 

UUG (L) 

UCG (S) =>  

UUG (L) 

UCG (S) =>  

UUG (L) 

UCG (S) =>  

UUG (L) 

UCG (S) =>  

UUG (L) 

UCG (S) =>  

UUG (L) + 

 388 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) + 

 389 

CAU (H) =>  

UAU (Y) 

CAU (H) =>  

UAU (Y) 

CAU (H) =>  

UAU (Y) 

CAU (H) =>  

UAU (Y) 
UAU (Y) UAU (Y) UAU (Y) 

- 

 429 
UAC (Y) UAC (Y) UAC (Y) UAC (Y) UAC (Y) 

CAC (H) =>  

UAC (Y) 

CAU (H) =>  

UAU (Y)  

 470 

CCU (P) =>  

CUU (L) 

CCU (P) =>  

CUU (L) 

CCU (P) =>  

CUU (L) 

CCU (P) =>  

CUU (L) 

CCU (P) =>  

CUU (L) 

CCU (P) => 

 CUU (L) 

CCU (P) =>  

CUU (L) - 

 487 
UUG (L) 

UCG (S) =>  

UUG (L) 
UUG (L) UUG (L) UUG (L) UUG (L) UUG (L) 

 

atpA 305 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) + 

 383 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) +/- 

atpB 
395 

UCA (S) =>  

UUA (L) 

UCA (S) => 

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 
pseudo* 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) + 

atpF 
31 

CCA (P) =>  

CUA (L) 

CCA (P) =>  

CUA (L) 

CCA (P) =>  

CUA (L) 

CCA (P) =>  

CUA (L) 

CCA (P) =>  

CUA (L) 

CCA (P) =>  

CUA (L) 

CCA (P) =>  

CUA (L) +/- 

atpI 
143 

CCC (P) =>  

CUC (L) 

CCC (P) =>  

CUC (L) 

CCC (P) =>  

CUC (L) 

CCC (P) =>  

CUC (L) 

CCC (P) =>  

CUC (L) 

CCC (P) =>  

CUC (L) 

CCC (P) =>  

CUC (L) + 

 
210 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) + 

ccsA 
218 

ACU (T) =>  

AUU (I) 

ACU (T) => 

 AUU (I) 

ACU (T) =>  

AUU (I) 

ACU (T) =>  

AUU (I) 

ACU (T) =>  

AUU (I) 

ACU (T) =>  

AUU (I) 

ACU (T) =>  

AUU (I) - 

 
274 UUA (L) UUA (L) UUA (L) UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L)  

clpP 28 

CAU (H) =>  

UAU (Y) 

CAU (H) =>  

UAU (Y) 

CAU (H) =>  

UAU (Y) 

CAU (H) =>  

UAU (Y) 

CAU (H) =>  

UAU (Y) 

CAU (H) =>  

UAU (Y) 

CAU (H) =>  

UAU (Y) + 

 118 
UUC (F) 

CUC (L) =>  

UUC (F) 
UUC (F) UUC (F) UUC (F) UUC (F) UUC (F) 

 

 187 

CAU (H) =>  

UAU (Y) 

CAU (H) =>  

UAU (Y) 

CAU (H) =>  

UAU (Y) 

CAU (H) =>  

UAU (Y) 

CAU (H) =>  

UAU (Y) 

CAU (H) =>  

UAU (Y) 

CAU (H) =>  

UAU (Y) + 

matK 63 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) - 

 219 
ACA (T) 

CCA (P) =>  

CUA (L) 

CCA (P) =>  

CUA (L) 

CCA (P) =>  

CUA (L) 

CCA (P) =>  

CUA (L) 

CCA (P) =>  

CUA (L) 

CCA (P) =>  

CUA (L) - 

 
310 

CAU (H) =>  

UAU (Y) 

CAU (H) =>  

UAU (Y) 

CAU (H) =>  

UAU (Y) 

CAU (H) =>  

UAU (Y) 

CAC (H) =>  

UAC (Y) 

CAC (H) =>  

UAC (Y) 

CAC (H) =>  

UAC (Y) - 

 
312 

GCC (A) =>  

GUC (V) 
GUC (V) GUC (V) GUC (V) GUC (V) GUC (V) GUC (V) 

 

 426 

CAC (H) =>  

UAC (Y) 

CAC (H) =>  

UAC (Y) 

CAC (H) =>  

UAC (Y) 

CAC (H) =>  

UAC (Y) 

CAC (H) =>  

UAC (Y) 

CAC (H) =>  

UAC (Y) 

CAU (H) =>  

UAU (Y) + 
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ndhA 17 

UCG (S) =>  

UUG (L) 

UCG (S) =>  

UUG (L) 

UCG (S) =>  

UUG (L) 

UCG (S) =>  

UUG (L) 

UCG (S) =>  

UUG (L) 

UCG (S) =>  

UUG (L) 

UCG (S) =>  

UUG (L) + 

 159 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) + 

 
189 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) + 

 
358 

UCC (S) =>  

UUC (F) 

UCC (S) =>  

UUC (F) 

UCC (S) =>  

UUC (F) 

UCC (S) =>  

UUC (F) 

UCC (S) =>  

UUC (F) 

UCC (S) =>  

UUC (F) 

UCC (S) =>  

UUC (F) - 

ndhB 
50 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) +/- 

 
156 

CCA (P) =>  

CUA (L) 

CCA (P) =>  

CUA (L) 

CCA (P) =>  

CUA (L) 

CCA (P) =>  

CUA (L) 

CCA (P) =>  

CUA (L) 

CCA (P) =>  

CUA (L) 

CCA (P) =>  

CUA (L) + 

 
181 

ACG (T) =>  

AUG (M) 

ACG (T) =>  

AUG (M) 

ACG (T) =>  

AUG (M) 

ACG (T) =>  

AUG (M) 

ACG (T) =>  

AUG (M) 

ACG (T) =>  

AUG (M) 

ACG (T) =>  

AUG (M) + 

 
196 

CAU (H) =>  

UAU (Y) 

CAU (H) =>  

UAU (Y) 

CAU (H) =>  

UAU (Y) 

CAU (H) =>  

UAU (Y) 

CAU (H) =>  

UAU (Y) 

CAU (H) =>  

UAU (Y) 

CAU (H) =>  

UAU (Y) + 

 
235 

UCC (S) =>  

UUC (F) 

UCC (S) =>  

UUC (F) 

UCC (S) =>  

UUC (F) 

UCC (S) =>  

UUC (F) 

UCC (S) =>  

UUC (F) 

UCC (S) =>  

UUC (F) 

UCC (S) =>  

UUC (F) + 

 
246 

CCA (P) =>  

CUA (L) 

CCA (P) =>  

CUA (L) 

CCA (P) =>  

CUA (L) 

CCA (P) =>  

CUA (L) 

CCA (P) =>  

CUA (L) 

CCA (P) =>  

CUA (L) 

CCA (P) =>  

CUA (L) + 

 
277 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) + 

 279 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) + 

 371 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

 UUA (L) + 

 398 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) + 

 419 

CAU (H) =>  

UAU (Y) 

CAU (H) =>  

UAU (Y) 

CAU (H) =>  

UAU (Y) 

CAU (H) =>  

UAU (Y) 

CAU (H) =>  

UAU (Y) 

CAU (H) =>  

UAU (Y) 

CAU (H) =>  

UAU (Y) + 

 494 

CCA (P) =>  

CUA (L) 

CCA (P) =>  

CUA (L) 

CCA (P) =>  

CUA (L) 

CCA (P) =>  

CUA (L) 

CCA (P) =>  

CUA (L) 

CCA (P) =>  

CUA (L) 

CCA (P) =>  

CUA (L) +/- 

ndhD 1 

ACG (T) =>  

AUG (M) 

ACG (T) =>  

AUG (M) 

ACG (T) =>  

AUG (M) 

ACG (T) =>  

AUG (M) 

ACG (T) =>  

AUG (M) 

ACG (T) =>  

AUG (M) 

ACG (T) =>  

AUG (M) +/- 

 
20 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) + 

 
128 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) + 

 
225 

UCG (S) =>  

UUG (L) 

UCG (S) =>  

UUG (L) 

UCG (S) =>  

UUG (L) 

UCG (S) =>  

UUG (L) 

UCG (S) =>  

UUG (L) 

UCA (S) => 

UUA (L) 

UCG (S) =>  

UUG (L) + 

 
316 

ACA (T) =>  

AUA (I) 

ACA (T) =>  

AUA (I) 

ACA (T) =>  

AUA (I) 

ACA (T) =>  

AUA (I) 

ACA (T) =>  

AUA (I) 

ACA (T) =>  

AUA (I) 

ACA (T) =>  

AUA (I) + 

 
398 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCG (S) =>  

UUG (L) 

UCG (S) =>  

UUG (L) + 

 
437 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) + 

ndhF 
21 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) +/- 

 
97 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

CCA (P) =>  

CUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) +/- 

 
131 

UCC (S) =>  

UUC (F) 

UCC (S) =>  

UUC (F) 

UCC (S) =>  

UUC (F) 

UCC (S) =>  

UUC (F) 

UCC (S) =>  

UUC (F) 
UUC (F) UUC (F) 

+ 

 
148 

CAU (H) =>  

UAU (Y) 

CAU (H) =>  

UAU (Y) 

CAU (H) =>  

UAU (Y) 

CAU (H) =>  

UAU (Y) 

CAU (H) =>  

UAU (Y) 
UAU (Y) 

CAU (H) =>  

UAU (Y) + 

 
196 

CUU (L) =>  

UUU (F) 

CUU (L) =>  

UUU (F) 

CUU (L) =>  

UUU (F) 

CUU (L) =>  

UUU (F) 

CUU (L) =>  

UUU (F) 

CUU (L) =>  

UUU (F) 

CUU (L) =>  

UUU (F) - 

 
465 

CAC (H) =>  

UAC (Y) 

CAC (H) =>  

UAC (Y) 

CAC (H) =>  

UAC (Y) 

CAC (H) =>  

UAC (Y) 

CAC (H) =>  

UAC (Y) 

CAC (H) =>  

UAC (Y) 

CAC (H) =>  

UAC (Y) - 

 
607 UUG (L) UUU (F) UUC (F) UUC (F) 

CUC (L) =>  

UUC (F) 
UUC (F) UUC (F) 

 

 
698 

UCU (S) =>  

UUU (F) 

UCC (S) =>  

UUC (F) 

UCC (S) =>  

UUC (F) 

UCC (S) =>  

UUC (F) 

UCC (S) =>  

UUC (F) 

UCC (S) =>  

UUC (F) 

UCC (S) =>  

UUC (F) - 

ndhG 
105 

ACA (T) =>  

AUA (I) 

ACA (T) =>  

AUA (I) 

ACA (T) =>  

AUA (I) 

ACA (T) =>  

AUA (I) 

ACA (T) =>  

AUA (I) 

ACA (T) =>  

AUA (I) 

ACA (T) => 

 AUA (I) - 
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petB 
140 

CGG (R) =>  

UGG (W) 

CGG (R) =>  

UGG (W) 

CGG (R) =>  

UGG (W) 

CGG (R) =>  

UGG (W) 

CGG (R) =>  

UGG (W) 

CGG (R) =>  

UGG (W) 

CGG (R) =>  

UGG (W) + 

 
204 

CCA (P) =>  

CUA (L) 

CCA (P) =>  

CUA (L) 

CCA (P) =>  

CUA (L) 

CCA (P) =>  

CUA (L) 

CCA (P) =>  

CUA (L) 

CCA (P) =>  

CUA (L) 

CCA (P) =>  

CUA (L) + 

psaI 
27 

UCU (S) =>  

UUU (F) 

UCU (S) =>  

UUU (F) 

UCU (S) =>  

UUU (F) 

UCU (S) =>  

UUU (F) 

UCU (S) =>  

UUU (F) 

UCU (S) =>  

UUU (F) 

UCU (S) =>  

UUU (F) + 

rpl2 
1 

ACG (T) =>  

AUG (M) 

ACG (T) =>  

AUG (M) 

ACG (T) =>  

AUG (M) 

ACG (T) =>  

AUG (M) 

ACG (T) =>  

AUG (M) 

ACG (T) =>  

AUG (M) 

ACG (T) =>  

AUG (M) - 

rpl20 
9 

ACA (T) =>  

AUA (I) 

ACA (T) =>  

AUA (I) 

ACA (T) =>  

AUA (I) 

ACA (T) =>  

AUA (I) 

ACA (T) =>  

AUA (I) 

ACA (T) =>  

AUA (I) 

ACA (T) =>  

AUA (I) - 

 
103 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) - 

rpoA 
123 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) + 

 
277 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) + 

 296 

UCG (S) =>  

UUG (L) 

UCG (S) =>  

UUG (L) 

UCG (S) =>  

UUG (L) 

UCG (S) =>  

UUG (L) 

UCG (S) =>  

UUG (L) 

UCG (S) =>  

UUG (L) 

UCG (S) =>  

UUG (L) - 

rpoB 156 

UCG (S) =>  

UUG (L) 

UCG (S) =>  

UUG (L) 

UCG (S) =>  

UUG (L) 

UCG (S) =>  

UUG (L) 

UCG (S) =>  

UUG (L) 

UCG (S) =>  

UUG (L) 

UCG (S) =>  

UUG (L) +/- 

 182 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) + 

 187 

UCG (S) =>  

UUG (L) 

UCG (S) =>  

UUG (L) 

UCG (S) =>  

UUG (L) 

UCG (S) =>  

UUG (L) 

UCG (S) =>  

UUG (L) 

UCG (S) =>  

UUG (L) 

UCG (S) =>  

UUG (L) + 

 206 

CCG (P) =>  

CUG (L) 

CCG (P) =>  

CUG (L) 

CCG (P) =>  

CUG (L) 

CCG (P) =>  

CUG (L) 

CCG (P) =>  

CUG (L) 

CCG (P) =>  

CUG (L) 

CCG (P) =>  

CUG (L) +/- 

 665 

UCU (S) =>  

UUU (F) 

UCU (S) =>  

UUU (F) 
UUU (F) 

UCU (S) =>  

UUU (F) 

UCU (S) =>  

UUU (F) 

UCU (S) =>  

UUU (F) 

UCU (S) =>  

UUU (F) + 

 807 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) +/- 

rpoC1 14 

CCA (P) =>  

CUA (L) 

CCA (P) =>  

CUA (L) 

CCA (P) =>  

CUA (L) 

CCA (P) =>  

CUA (L) 

CCG (P) =>  

CUG (L) 

CCA (P) =>  

CUA (L) 

CCA (P) =>  

CUA (L) + 

 
206 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) + 

 
555 

CAU (H) =>  

UAU (Y) 

CAU (H) =>  

UAU (Y) 

CAU (H) =>  

UAU (Y) 

CAU (H) =>  

UAU (Y) 

CAU (H) =>  

UAU (Y) 

CAU (H) =>  

UAU (Y) 

CAU (H) =>  

UAU (Y) - 

rpoC2 
461 

CAU (H) =>  

UAU (Y) 

CAU (H) =>  

UAU (Y) 

CAU (H) =>  

UAU (Y) 

CAU (H) =>  

UAU (Y) 

CAU (H) =>  

UAU (Y) 

CAU (H) =>  

UAU (Y) 

CAU (H) =>  

UAU (Y) - 

 
759 

CGG (R) =>  

UGG (W) 

CGG (R) =>  

UGG (W) 

CGG (R) =>  

UGG (W) 

CGG (R) =>  

UGG (W) 

CGG (R) =>  

UGG (W) 

CGG (R) =>  

UGG (W) 

CGG (R) =>  

UGG (W) - 

 
770 

UCG (S) =>  

UUG (L) 

UCG (S) =>  

UUG (L) 

UCG (S) =>  

UUG (L) 

UCG (S) =>  

UUG (L) 

UCG (S) =>  

UUG (L) 

UCG (S) =>  

UUG (L) 

UCG (S) =>  

UUG (L) + 

rps2 
83 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) + 

rps8 
61 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) + 

rps14 27 

UCA (S) => 

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) + 

 50 

CCA (P) =>  

CUA (L) 

CCA (P) =>  

CUA (L) 

CCA (P) =>  

CUA (L) 

CCA (P) =>  

CUA (L) 

CCA (P) =>  

CUA (L) 

CCA (P) =>  

CUA (L) 

CCA (P) =>  

CUA (L) + 

ycf3 15 

UCU (S) =>  

UUU (F) 

UCU (S) =>  

UUU (F) 

UCU (S) =>  

UUU (F) 

UCU (S) =>  

UUU (F) 

UCU (S) =>  

UUU (F) 

UCU (S) =>  

UUU (F) 

UCU (S) => 

 UUU (F) + 

 64 

ACG (T) =>  

AUG (M) 

ACG (T) =>  

AUG (M) 

ACG (T) =>  

AUG (M) 

ACG (T) =>  

AUG (M) 

ACG (T) =>  

AUG (M) 

ACG (T) => 

 AUG (M) 

ACG (T) =>  

AUG (M) + 

 66 

CCA (P) =>  

CUA (L) 

CCA (P) =>  

CUA (L) 

CCA (P) =>  

CUA (L) 

CCA (P) =>  

CUA (L) 

CCA (P) =>  

CUA (L) 

CCA (P) =>  

CUA (L) 

CCA (P) =>  

CUA (L) + 

 138 

UCC (S) =>  

UUC (F) 

UCC (S) =>  

UUC (F) 

UCC (S) =>  

UUC (F) 

UCC (S) =>  

UUC (F) 

UCC (S) =>  

UUC (F) 

UCC (S) =>  

UUC (F) 

UCC (S) =>  

UUC (F) + 

(*) Huang et al (2013) validated by RT-PCR the RNA editing sites in plastid genes of Cocos nucifera 
(+) Presence of RNA editing in all transcripts 
(+/-) Presence of RNA editing in part of the transcripts 
(-) Absence of RNA editing in all transcripts 
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Supplementary Table S5. List of RNA editing sites predicted in Arecoideae plastomes 

by comparison with validated sites in Cocos nucifera (Huang et al. 2013) that were not 

predicted by PREP program 

 
Gene AA 

position 

A. aculeata E. guineensis S. coronata C. nucifera P. barteri V. arecina A. vestiaria Huang et al. 

(2013) 

ndhA 321 
CCU (P) =>  

UCU (S) 

CCU (P) =>  

UCU (S) 

CCU (P) =>  

UCU (S) 

CCU (P) =>  

UCU (S) 

CCU (P) =>  

UCU (S) 

CCU (P) =>  

UCU (S) 

CCU (P) =>  

UCU (S) 
+ 

ndhG 116 
CCA (P) =>  

CUA (L) 

CCA (P) =>  

CUA (L) 

CCA (P) =>  

CUA (L) 

CCA (P) =>  

CUA (L) 

CCA (P) =>  

CUA (L) 

CCA (P) =>  

CUA (L) 

CCA (P) =>  

CUA (L) 
+ 

ndhH 169 
CAU (H) =>  

UAU (Y) 

CAU (H) =>  

UAU (Y) 

CAU (H) =>  

UAU (Y) 

CAU (H) =>  

UAU (Y) 

CAU (H) =>  

UAU (Y) 

CAU (H) =>  

UAU (Y) 

CAU (H) =>  

UAU (Y) 
+ 

  182 
UCU (S) =>  

UUU (F) 

UCU (S) =>  

UUU (F) 

UCU (S) =>  

UUU (F) 

UCU (S) =>  

UUU (F) 

UCU (S) =>  

UUU (F) 

UCU (S) =>  

UUU (F) 

UUU (F) 
+/- 

ndhK 44 
UCG (S) =>  

UUG (L) 

UCG (S) =>  

UUG (L) 

UCG (S) =>  

UUG (L) 

UCG (S) =>  

UUG (L) 

UCG (S) =>  

UUG (L) 

UCG (S) =>  

UUG (L) 

UCG (S) =>  

UUG (L) 
+ 

psaI 29 
CAU (H) =>  

UAU (Y) 

CAU (H) =>  

UAU (Y) 

CAU (H) =>  

UAU (Y) 

CAU (H) =>  

UAU (Y) 

CAU (H) =>  

UAU (Y) 

CAU (H) =>  

UAU (Y) 

CAU (H) =>  

UAU (Y) 
+ 

rpl23 24 
UCU (S) =>  

UUU (F) 

UCU (S) =>  

UUU (F) 

UCU (S) =>  

UUU (F) 

UCU (S) =>  

UUU (F) 

UCU (S) =>  

UUU (F) 

UCU (S) =>  

UUU (F) 

UCU (S) =>  

UUU (F) 
+/- 

  30 
UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 
+/- 

rpoA 67 
UCU (S) =>  

UUU (F) 

UCU (S) =>  

UUU (F) 

UCU (S) =>  

UUU (F) 

UCU (S) =>  

UUU (F) 

UCU (S) =>  

UUU (F) 

UCU (S) =>  

UUU (F) 

UCU (S) =>  

UUU (F) 
+ 

  176 
UCC (S) =>  

UUC (F) 

UCC (S) =>  

UUC (F) 

UCC (S) =>  

UUC (F) 

UCC (S) =>  

UUC (F) 

UCC (S) =>  

UUC (F) 

UCC (S) =>  

UUC (F) 

UCC (S) =>  

UUC (F) 
+ 

rpoC1 171 
CGG (R) =>  

UGG (W) 

CGG (R) =>  

UGG (W) 

CGG (R) =>  

UGG (W) 

CGG (R) =>  

UGG (W) 

CGG (R) =>  

UGG (W) 

CGG (R) =>  

UGG (W) 

CGG (R) =>  

UGG (W) 
+ 

rps2 45 
ACA (T) =>  

AUA (I) 

ACA (T) =>  

AUA (I) 

ACA (T) =>  

AUA (I) 

ACA (T) =>  

AUA (I) 

ACA (T) =>  

AUA (I) 

ACA (T) =>  

AUA (I) 

ACA (T) =>  

AUA (I) 
+ 

rps3 157 
ACA (T) =>  

AUA (I) 

ACA (T) =>  

AUA (I) 

ACA (T) =>  

AUA (I) 

ACA (T) =>  

AUA (I) 

ACA (T) =>  

AUA (I) 

ACA (T) =>  

AUA (I) 

ACA (T) =>  

AUA (I) 
+/- 

  195 
CAU (H) =>  

UAU (Y) 

CAU (H) =>  

UAU (Y) 

CAU (H) =>  

UAU (Y) 

CAU (H) =>  

UAU (Y) 

CAU (H) =>  

UAU (Y) 

CAU (H) =>  

UAU (Y) 

CAU (H) =>  

UAU (Y) 
+ 

ycf4 85 
UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) =>  

UUA (L) 

UCA (S) => 

UUA (L) 
+/- 

(+) Presence of RNA editing in all transcripts 
(+/-) Presence of RNA editing in part of the transcripts 
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Abstract 

Astrocaryum murumuru Mart. and A. aculeatum G.Mey. are source of food, oil for 

industry and row material useful for small Amazonian communities. Genetic studies 

aiming to establish strategies for conservation and domestication of both species are still 

in the begining given that the exploitation is mostly by extractivist activity. Therefore, 

the development of molecular markers is essential to evaluate natural populations, 

germplasm collection and the selection of elite genotypes. The platomes are great source 

of molecular markers due to their nonrecombinant and uniparentally inheritance 

constituting efficient tools for genetic and evolutionary analyses. Here, we present the 

complete sequence and a full characterization of A. murumuru and A. aculeatum 

plastomes. Additionally, we carried out structural analysis, RNA editing prediction, and 

synonymous/non-synonymous substitutions mapping to identify evolutionary traits 

within the genus Astrocaryum. Moreover, we identify 27 polymorphic SSR loci, 120 

SNPs, 35 indels, and six hotspots of nucleotide diversity comparing both species. From 

the total of 120 SNPs mapped, 54 are located in coding sequences (CDSs), resulting 18 

synonymous and 25 non-synonymous substitutions. The non-synonymous substitutions 

affect the sequence of genes involved in several essential plastid functions such as 

photosynthesis and gene expression machinery. We also report a gain of RNA editing in 

the ccsA gene exclusively in A. murumuru. Structural analysis shows that the plastomes 

of both species present a 4.6-kb inversion between the genes trnT-UGU and trnV-UAC, 

enwrapping a set of genes involved in chlororespiration and plastid translation. 

Comparison with other palm species indicates that this 4.6-kb inversion is a lineage-

specific structural feature of the genus Astrocaryum originated from a flip-flop 

recombination. Furthermore, our phylogenetic analysis using whole plastomes of 39 

Arecaceae species placed the Astrocaryum species sister to Acrocomia within the 

Cocoseae tribe. Finally, our results indicate that substantial changes have been occurred 

in the plastome structure and sequence within Astrocaryum, providing several molecular 

markers to genetic and evolutionary studies within Arecaceae and their relationship with 

environmental adaptation. 

 

Keywords: Palm tree, Plastid genome, Flip-flop recombination, Plastome evolution, 

Plastid SSRs, Plastid SNPs 
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Introduction 

 The palm family (Arecaceae) comprises 188 genera and approximately 2,585 

species distributed throughout tropical and subtropical ecosystems. This family has great 

ecological and economical importance in different regions of the planet (Dransfield et al. 

2008; Palmweb, http://www.palmweb.org/). The genus Astrocaryum G. Mey. contains 40 

species, which are divided into three subgenera, Astrocaryum, Munbaca and 

Monogynanthus (Kahn 2008). Among the species of Astrocaryum genus, A. murumuru 

Mart. and A. aculeatum G.Mey produce oil-rich fruits and are two of the most 

economically important species in the Amazon region as source of food, oil for cosmetic 

industry, and raw material for several uses (Clement et al. 2005; Bezerra 2012). A. 

murumuru (subgenus Monogynanthus Burret) is a stemmed palm adapted to seasonal 

swamp forest of the Amazon region, with occurrence in French Guiana, Guyana, 

Suriname, and North of Brazil. A. aculeatum (subgenus Astrocaryum), is a large palm 

adapted to terra firme forest of the Amazon region, with occurrence in Bolivia, Guyana, 

Suriname, Trinidad, Venezuela and North of Brazil (Kahn 2008).  

Since the fruit harvesting of both species is majorly based on extractivist activity, 

several efforts have been made to access the genetic diversity and structure of natural 

populations to trace conservation strategies and improve the commercial significance of 

these palm fruits (Ramos et al. 2011, 2012, 2016; Oliveira et al. 2017). The identification 

and the characterization of molecular markers has essential importance to assess the 

genetic diversity of natural populations of both species. Only few nuclear microsatellites 

loci were developed for A. murumuru and A. aculeatum to date (Ramos et al. 2012; 

Oliveira et al. 2017). The plastome, a nonrecombinant and uniparentally inherited DNA 

molecule, is a great source of molecular markers such as single nucleotide polymorphisms 

(SNPs) and SSRs located majorly in the intergenic spacers (IGSs) and introns, where the 

mutation rates are higher in comparison with coding sequences (Rogalski et al. 2015; 

Vieira et al. 2016a; Lopes et al. 2018a). Several genetic studies have been employed 

plastid sequences, including phylogeographical, population genetic, and germplasm 

collections analyses (Ebert and Peakall 2009; Wheeler et al. 2014; Tsai et al. 2015; 

Wambulwa et al. 2016; Roy et al. 2016). 

Plastome sequences have been also used to understand evolutionary events and to 

infer phylogenetic relationships with high efficacy (Lopes et al. 2018b). Due to the 

conservative nature of plastid genes and plastome structures, the presence of gene 

degeneration, gene transfer to nucleus, plastome rearrangements, and RNA editing, it is 

possible to delimit specific lineages (Martin et al. 2014; Vieira et al. 2016b; Bock 2017; 
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Lopes et al. 2018a, 2018b). The availability of 37 complete plastomes of different species 

belonging to the palm family, revealed that some species bear uncommon plastome 

structures, high gene divergence, and gene degeneration (Barret et al. 2016; Lopes et al. 

2018a). Additionally, more than half plastid protein-coding genes in Arecaceae show one 

or more putative positive signatures (Lopes et al. 2018a). Therefore, the sequencing of 

plastomes belonging to other genera within Arecaceae, as Astrocaryum, may reveal new 

uncommon features.  

Moreover, the genus Astrocaryum belongs to the subtribe Bactridinae 

(Arecoideae: Cocoseae), which comprises five genera (Astrocaryum, Acrocomia, 

Aiphanes, Bactris, and Desmoncus) whose relationships have been widely studied, 

however, they remain unresolved (Hahn 2002; Gunn 2004; Eiserhardt et al. 2011; Ludeña 

et al. 20011). Similarly, there are incongruences about the relationships between the 

species within the genus Astrocaryum, and the removal of two taxa (A. mexicanum Liebm. 

ex Mart. and A. alatum Loomis) and the creation of a new genus representing them has 

been suggested based on morphological and phylogenetic data (Pintaud et al. 2008; 

Eiserhardt et al. 2011; Ludeña et al. 2011). Currently, only the plastome of Acrocomia 

[A. aculeata (Jacq.) Lodd. Ex Mart.] is available within the subtribe Bactridinae, (Lopes 

et al. 2018a), which makes the sequencing of other genera important to identify 

evolutionary markers within Bactridinae. 

Here, we reported the complete sequencing and characterization in detail of A. 

murumuru and A. aculeatum plastomes. Structural analysis showed a 4.6 kb inversion in 

the LSC of both plastomes, which is not present in the other palm species already 

sequenced, including the related genus Acrocomia. Our analyses demonstrate the 

occurrence of flip-flop recombination on small inverted repeat sequences which generates 

this rearrangement in the plastid genome of Astrocaryum. In addition, the rearrangement 

occurred in a common ancestor plastome. Moreover, we mapped all polymorphic sites by 

comparison between A. murumuru and A. aculeatum plastomes, which revealed 27 

polymorphic SSR loci, 120 SNPs, 35 indels, and six hotspots of nucleotide diversity. 

Among the 120 SNPs characterized here, 54 are located in 16 coding sequences resulting 

in 18 synonymous and 25 non-synonymous substitutions, changing the conserved amino 

acid. Furthermore, we performed a phylogenetic analysis using whole plastomes of 39 

Arecaceae species, which placed the Astrocaryum species sister to Acrocomia within the 

Cocoseae tribe. Finally, our data present a novel lineage-specific rearrangement, several 

molecular markers, non-synonymous substitutions, gain of RNA editing sites within the 
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genus Astrocaryum and raise questions about the relationship between plastome evolution 

and environmental adaptation of close related species within Arecaceae. 

 

Materials and methods 

Plant material, chloroplast isolation and DNA extraction 

Fresh and young leaves from Astrocaryum murumuru and A. aculeatum plants 

were collected in the city of Irituia, State of Pará, Brazil, and kept for 1 week at 4 °C to 

decrease starch level before the chloroplast isolation process. The chloroplast isolation 

and DNA extraction were carried out according to Vieira et al. (2014). 

Plastome sequencing, assembling, and annotation  

Approximately 1 ng of plastid DNA was used to prepare sequencing libraries with 

Nextera XT DNA Sample Prep Kit (Illumina Inc., San Diego, CA, USA) according to the 

manufacturer’s instructions. The obtained library was sequenced using Illumina MiSeq 

platform (Illumina Inc., San Diego, CA, USA) at the Federal University of Paraná, State 

of Paraná, Brazil. The reads obtained were trimmed (threshold with probability of error 

< 0.05) and de novo assembled in contigs using CLC Genomics Workbench 11.0 software 

(CLC Bio, Aarhus, Denmark). The sequencing of A. murumuru and A. aculeatum 

resulted, respectively, in 1,344,610 reads of average length 187.0 and 648,656 reads of 

average length 148.3. The contigs used for assembling the plastomes ranged from 440.57 

to 118.38 (A. murumuru) and from 185.06 to 68.87 (A. aculeatum) of average coverage. 

The program Dual Organellar GenoMe Annotator (DOGMA) (Wyman et al. 2004) and 

BLAST were used for preliminarily gene annotation. From this initial annotation, putative 

start codons, stop codons, and intron positions were determined based on comparisons to 

homologous genes of other plastomes at the GenBank database. All tRNA genes were 

further verified by using tRNAscan- SE server (Lowe and Eddy 1997). The physical 

circular map of the plastomes were drawn using Organellar Genome DRAW (OGDRAW) 

(Lohse et al. 2013). 

Comparative analysis of plastome structure 

To characterize the general plastome structure of the species A. murmuru and A. 

aculeatum, nucleotide MUMmer (NUCmer) Perl script in MUMmer 3.0 (Kurtz et al. 

2004) was used to visualize and compare the plastome structures within the genus 

Astrocaryum and among other Arecaceae representatives.  
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Identification of polymorphic SSRs, SNPs, Indels, nucleotide divergence hotspots 

and dispersed repeats 

Simple sequence repeats (SSRs) loci were detected in the two species of 

Astrocaryum using the MIcroSAtellite (MISA) Perl script (Thiel et al. 2003). The 

thresholds were set to eight repeat units for mononucleotide SSRs, four repeat units for 

di- and trinucleotide SSRs, and three repeat units for tetra-, penta-, and hexanucleotide 

SSRs. After, we manually located the polymorphic SSRs based on the alignment 

produced between A. murumuru and A. aculeatum using MAFFT v.7 (Katoh and Standley 

2013). To identify single nucleotide polymorphisms (SNPs), small insertions/deletions 

(indels), and nucleotide divergence hotspots, we used the alignment between A. 

murumuru and A. aculeatum as input data in the DnaSP v.5 software (Librado and Rozas 

2009). The nucleotide divergence hotspots were located by sliding window analysis with 

window length of 200 bp and step size of 50 bp. Dispersed repeats of length ≥ 30 bp and 

identity of repeats ≥ 90 % were additionally identified using the program REPuter (Kurtz 

et al. 2001). 

Prediction of RNA-editing sites 

Potential RNA editing sites in plastid protein-coding genes of A. murumuru and 

A. aculeatum were predicted by using the program Predictive RNA Editor for Plants 

(PREP) (Mower 2009). The program PREP uses 35 reference genes to detect possible 

RNA editing sites (reference genes: accD, atpA, atpB, atpF, atpI, ccsA, clpP, matK, ndhA, 

ndhB, ndhD, ndhF, ndhG, petB, petD, petG, petL, psaB, psaI, psbB, psbE, psbF, psbL, 

rpl2, rpl20, rpl23, rpoA, rpoB, rpoC1, rpoC2, rps2, rps8, rps14, rps16, and ycf3). The 

cutoff value was set to 0.8. Additional RNA editing sites were predicted by comparison 

with the RT-PCR and sequencing data from Huang et al. (2013) that identified several 

RNA editing sites in transcripts of plastid genes of Cocos nucifera L. 

Phylogenomic reconstruction 

The inference of A. murumuru and A. aculeatum phylogenetic positions within the 

family Arecaceae was carried out using whole plastomes. The GenBank accession 

number of each taxon used is shown in the Supplementary Table S1, including 39 palm 

species representing all five subfamilies of Arecaceae. The species Hanguana malayana 

(Hanguanaceae: Commelinales), Baxteria australis, and Dasypogon bromeliifolius 

(Dasypogonaceae: Arecales) were used as outgroups. First, whole plastomes were 

extracted from GenBank and the IRB was withdrawn to prevent overrepresentation of the 

IR sequences. The plastomes were aligned using MAFFT v.7 (Katoh and Standley 2013) 

and based on jModelTest v.2.1.7 we select the substitution model GTR+I+G. Last, 



135 

 

Bayesian inference analysis was performed using MrBayes version 3.2 (Ronquist et al. 

2012), with one million generations of two runs of four Markov Chains, with three hot 

and one cold in each run. To check the parameter convergence, we used the software 

Tracer 1.6 (http://tree.bio.ed.ac.uk/software/tracer/). The software FigTree 1.4.2 

(http://tree.bio.ed.ac.uk/software /figtree/) was used to visualize the consensus tree. 

 

Results 

Structure and gene content of Astrocaryum plastomes  

 The plastomes of A. murumuru (Fig. 1) and A. aculeatum (Fig. 2) are circular 

molecules with the typical quadripartite structure, including two inverted repeat regions 

(IRA and IRB) between two single copy regions (LSC and SSC). The size of LSC, SSC, 

and IR regions of both Astrocaryum plastomes are very similar (Table 1), being the total 

size of A. murumuru plastome only 16 bp larger than A. aculeatum plastome. A more 

detailed view about the plastome structure, by dot-plot analyses, shows high structure 

conservation between the two species of Astrocaryum sequenced here (Fig. 3a), and 

highlights an inversion of about 4.6-kb within the LSC region when compared with most 

common palm plastome structure (Fig. 3b), like Acrocomia aculeata (Lopes et al. 2018a). 

The inverted region comprises of a block of genes, including ndhC, ndhK, ndhJ, trnF-

GAA, and trnL-UAA genes.  

 The gene content of both Astrocaryum plastomes includes 113 unique genes, of 

which 79 are protein-coding genes, 30 are tRNA genes, and four are rRNA genes (Table 

2). Within the IR regions there are 20 duplicated genes, being eight protein-coding genes 

(one of them, the ycf1 gene, is partially duplicated), eight tRNA genes, and four rRNA 

genes. The clpP and ycf3 genes have two introns, and other 16 genes have only one intron, 

including six tRNA genes and ten protein-coding genes.  

Sequence repeats and polymorphic sites in Astrocaryum plastomes 

 We identified 220 and 223 SSR loci in the plastomes of A. murumuru and A. 

aculeatum, respectively. Most of them, about 65-66%, comprises A/T mononucleotide 

repeats (Supplementary Fig. S1). The density of SSR loci (SSR number / kilobase) was 

similar between the plastomes sequenced here, being 2.2 in the SSC, 1.9 in the LCS, and 

only 0.7 in the IR regions. The total density was 1.7, considering one IR. These values 

are in accordance with previously analysis within the subfamily Arecoideae (Lopes et al. 

2018a). The number and distribution of SSR loci are well conserved between A. 

murumuru and A. aculeatum (Supplementary Table S2). However, a total of 27 loci 

have polymorphic sequences (Table 3), being 20 of them within intergenic spacers (IGSs) 
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and only five and two of them located in introns and coding sequences (CDSs), 

respectively. 

 The plastomes of Astrocaryum species have also a conserved set of eight dispersed 

repeats (three inverted and five direct repeats; Supplementary Table S3), including an 

inverted repeat between the trnT-UGU/ndhC and trnL-UAA/ trnV-UAC intergenic 

regions, located in the flanks of the inversion of 4.6 kb abovementioned. Other dispersed 

repeats identified are in conserved genes (e.g. psaA/psaB and trnS genes), as usually 

found in plastomes (Raubeson et al. 2007). Additionally, five dispersed repeats are 

present only in A. murumuru (two repeats) or A. aculeatum (three repeats). 

 To map all polymorphic sites between the plastomes of A. murmuru and A. 

aculeatum, we also identified the indels and the SNPs. A total of 35 indels of one to 35 

pb are present in the plastomes of Astrocaryum (Supplementary Table S4), most of them 

within IGSs (26 indels), but also located in introns (8 indels) and CDS (one indel in the 

rps3 gene). Comparing the plastomes of A. murumuru and A. aculeatum we found 120 

SNPs, of which 57 are in IGSs, 54 are in CDSs, and nine are in introns (Supplementary 

Table S5). The highest number of SNPs is in the ycf1 gene (28 SNPs). The SNPs located 

in CDSs changed 44 codons in 16 genes (Table 4), resulting in 18 synonymous 

substitutions and 25 non-synonymous substitutions. The ycf1 gene have the highest 

number of non-synonymous substitutions (16). 

 Ultimately, based on sliding window analysis, six regions were identified as 

hotspots of nucleotide diversity in the plastomes of Astrocaryum (Fig. 4). All these IGSs 

are located within single copy regions, LSC and SSC. The highest nucleotide diversity is 

in the rps19/psbA IGS and in the ycf1 gene (the part of the gene included within the SSC). 

Prediction of RNA editing in plastid genes of Astrocaryum 

 The prediction of RNA editing sites in plastid genes of A. murumuru and A. 

aculeatum was carried out based on PREP program and comparison with Huang et al. 

(2013) that validated several RNA editing sites in plastid genes of Cocos nucifera. All 

RNA editions predicted are C-to-U conversions, at the first (20.4 %) or second (79.6 %) 

positions of the codons (Table 5). We identified 92 RNA editing sites shared by both 

species of Astrocaryum sequenced here. Only one RNA editing site, in the ccsA gene 

(amino acid position 21), seems to be unique for A. murumuru, since in this position there 

is a T fixed in the A. aculeatum plastome, as well as in the other 37 species of Arecaceae 

that has a complete plastome published. We found that 91 RNA editions predicted in 

Astrocaryum are conserved within the subfamily Arecoideae, and one seems to be specific 

for the tribe Cocoseae (accD gene, amino acid position 387) based on comparison with 
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our previously analysis (Lopes et al. 2018a). From the 93 RNA editing sites predicted 

here, according to Huang et al. (2013), 57 sites are completely edited and 16 are partially 

edited in C. nucifera. Most RNA editions identified here change the encoded amino acid 

from polar or electrically charged to apolar (60 out of 93), specially changing serine to 

leucine. Only one predicted RNA edition changes the amino acid from apolar to polar 

(proline-serine; amino acid position 321 in the ndhA gene), and the last 32 editions do not 

change the amino acid polarity (15, apolar-apolar; 17, polar-polar). 

Phylogenomic inference 

 We carried out a phylogenomic analysis aiming to infer the position of 

Astrocaryum within the family Arecaceae based on whole plastomes. This analysis is an 

update from our Arecaceae phylogenomic previously published in Lopes et al. (2018a), 

which includes species representing all five subfamilies of Arecaceae, with the addition 

of A. murumuru and A. aculeatum sequenced here. Bayesian inference (BI) analysis 

produced a phylogenetic tree with a -lnL = 516,094.965 (Fig. 5) and high branch support 

(BI posterior probability value of 1 for all nodes). The relationships among the 

subfamilies and within the subfamilies are in accordance to previously published (Lopes 

et al. 2018a). The two species of Astrocaryum formed a sister-group with Acrocomia 

aculeate, within the tribe Cocoseae in the subfamily Arecoideae. Within the tribe 

Cocoseae, two mainly clades are formed: one including the species Elaies guineensis, A. 

aculeata, Astrocaryum murmuru, and A. aculeatum; and other including the species C. 

nucifera and Syagrus coronata. 

 

Discussion 

The evolution of plastome structure within the genus Astrocaryum included a flip-

flop recombination that resulted in a lineage-specific rearrangement 

 The general features, such as gene content and most part of the gene order, in the 

plastomes of A. murumuru and A. aculeatum are shared with the plastomes of other palms 

already known (Huang et al. 2013; Barret et al. 2016; Lopes et al. 2018a). The only 

exception is the 4.6-kb inversion within the LSC that we identified in both plastomes 

sequenced. Among the 37 species of palm with a complete plastome sequenced and 

available at the GenBank, only Tahina spectabilis present a rearrangement event which 

resulted in a 1.9-kb inversion located between the genes rps16 and trnG-UUC (Barret et 

al. 2016). Different from Tahina, the 4.6-kb inversion of Astrocaryum plastomes is 

inserted between the genes trnT-UGU and trnV-UAC, encompassing a block of genes 
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composed by five genes. Thereby it is very probable that this 4.6-kb inversion is a lineage-

specific structural feature of the genus Astrocaryum.   

Several studies have been suggested the association between the plastome 

rearrangements and the presence of dispersed repeats (Milligan et al. 1989; Haberle et al. 

2008; Martin et al. 2014; Weng et al. 2014). Rogalski et al. (2006) previously 

demonstrated the potential of inverted repeats to cause flip-flop recombination, changing 

the orientation of the segment between the repeated sequences. Curiously, among the 

dispersed repeats identified in the plastomes of Astrocaryum, we identify a pair of 

inverted repeats located in the rearrangement endpoints (the rearrangement endpoints 

were inferred based on alignment with close taxa). This pair of inverted repeats was not 

found in other species included in the subfamily Arecoideae, although Veitchia arecina, 

E. guineensis, and A. aculeata conserve a single segment (between the genes ndhC and 

trnV-UAC) homologue to the pair of repeats in Astrocaryum. Based on these findings, we 

hypothesized that the ancestor of the genus Astrocaryum evolved a segment between the 

genes trnT-UGU and trnL-UAA homologue to the conserved sequence present in the 

ndhc/trnV-UAC IGS, thus acquiring a pair of inverted repeats. After, flip-flop 

recombination gave rise the current structure of Astrocaryum plastomes (Fig. 6).  

The presence of active flip-flop recombination between inverted repeats can create 

isomeric forms of the plastome. In fact, the presence of two isoforms in different 

individuals, ecotypes or in a single plant have been demonstrated (Guo et al. 2014; 

Gurdon and Maliga, 2014; Vieira et al. 2016b). However, the assembling of the paired-

end reads in contigs do not resulted in any other isoform in both species of Astrocaryum, 

indicating that the inverted form is the only plastome structure present. Future PCR 

amplification and sequencing of the rearrangement endpoints using different individuals 

of A. murumuru and A. aculeatum will be important to clarify this issue.  

The evolution of plastid genes in the genus Astrocaryum included more non-

synonymous substitutions than synonymous substitutions and gain of RNA editing 

site  

 In comparison with other commelinids, the plastomes within Arecaceae has the 

lower substitution rate (Barret et al. 2016). However, some plastid genes have high 

nucleotide divergence in a few distinct species/genera and more than half of plastid genes 

within the palm family has one or more putative positive signatures (Lopes et al. 2018a). 

Within the genus Astrocaryum, we found high level of conservation among the plastid 

genes of A. murumuru and A. aculeatum, sharing the same sequence of all tRNA and 

rRNA genes and in 62 out of 79 protein-coding genes. Only one gene (rps3) diverges due 
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indel, the other 16 genes are different due presence of SNPs, changing the sequence of 44 

codons. Interestingly, most part of the codon changes resulted in non-synonymous 

substitutions (25 out of 44), affecting genes acting in the photosynthesis (atpF, ndhA, and 

ndhF genes), gene expression (matK, rpoC2, rps11, and rps15 genes), cytochrome 

synthesis (ccsA gene), TIC complex (ycf1 gene), and unknown function (ycf2 gene).  

Comparing these sites of non-synonymous substitutions in Astrocaryum with the 

sequence of amino acid coded in other palms (Supplementary Fig. S2 and S3), we 

observe the tendency of A. aculeatum to keep the most conserved amino acid, while A. 

murumuru tends to evolve unique amino acids [ccsA (21), ndhA (204), and ycf1 (1072) 

genes] or to converge in the same amino acid coded by other distantly related species [e.g. 

matK (230), ndhF (565), rps11 (75), and rps15 (41)]. These non-synonymous 

substitutions between A. murumuru and A. aculeatum plastid genes may be part of an 

adaptive response to different environments. While A. murumuru grows in wet or 

temporarily flooded area and is shade-tolerant (Bezerra 2012; Kahn 2008; Choo et al. 

2017), A. aculeatum, in turn, is adapted to non-flooded and non-shaded areas such as 

deforested areas or areas that underwent anthropic action (Kahn 2008; Ramos et al. 2016). 

Among the 25 non-synonymous substitutions identified, the site 21 in the ccsA 

gene was predicted to be a RNA editing site in A. murumuru, recovering the conserved 

amino acid [GCG (A) => GUG (V)]. In all Arecales species with a complete plastome 

sequence available, including two species of the family Dasypogonaceae, is codified a 

valine in this site without need for edition (Supplementary Fig. S2). Therefore, 

additionally to non-synonymous substitutions, it is probable that the species A. murumuru 

gained a new RNA editing site. In a previously study about prediction of RNA editing 

within the subfamily Arecoideae we also found some gain and loss events of RNA 

editions (Lopes et al. 2018a). Although the number of RNA editing sites underwent a 

decrease across the evolution of higher plants (Takenaka et al. 2013), the RNA editing 

sites has a dynamic pattern and is hypothesized that they evolve more readily in genes, or 

regions of the genes, non-essentials for cell survival (Fiebig et al. 2004). The other 92 

RNA editing sites predicted here are shared between both Astrocaryum species and are 

also present in representatives of the subfamily Arecoideae (Lopes et al. 2018a), being 

prevalent the editions that increase the protein hydrophobicity, which may improve the 

hydrophobic interactions of protein complexes and transmembrane domains (He et al. 

2016; Chen et al. 2017; Lopes et al. 2018a).  
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Comparison between the plastome sequences of A. murumuru and A. aculeatum 

revels several polymorphic sites 

 The genetic informations from plastomes are useful tools to several evolutionary 

and genetic studies, since, overall, they present a nonrecombinant nature and uniparental 

inheritance (Provan et al. 2001; Wheeler et al. 2014; Rogalski et al. 2015). Here, we 

mapped all polymorphic sites between the plastomes of A. murumuru and A. aculeatum, 

resulting in 35 indels, 120 SNPs, and 27 SSRs loci. In addition, based on sliding window 

analysis, we identified the junction IRB-LSC (IGS between the rps19 and psbA genes) 

and the ycf1 gene as the major hotspots of nucleotide diversity. The high polymorphism 

in the junction IRB-LSC may be due expansion and contractions events by gene 

conversion common in the IR borders (Goulding et al. 1996; Zhu et al. 2016). The other 

hotspot, the ycf1 gene, has the higher substitution rate among the plastid genes within 

Arecaceae (Lopes et al. 2018a), and we found a high number of non-synonymous 

substitutions, suggesting a fast-evolution rate of this gene in the genus Astrocaryum.  

 Until now, few specific molecular markers have been identified for A. aculeatum 

and A. murumuru, being limited to nuclear SSRs loci (Ramos et al. 2011, 2012; Oliveira 

et al. 2017). Scarcelli et al. (2011) developed a set of 100 primer pairs to amplify plastid 

markers for monocots, including Arecaceae, aiming genetic studies of populations and 

phylogeny. Nevertheless, studies using specific primers instead universal primers 

reported a greater number of polymorphic loci (Wheeler et al. 2014). The complete 

sequencing and mapping of all polymorphisms in the plastomes of A. murumuru and A. 

aculeatum are important to design specific primers targeting selected markers. The 

insertion of plastid markers along with the nuclear ones will improve population studies 

such as access the genetic structure, diversity and gene flows in natural populations 

(Wheeler et al. 2014), contributing with pioneer studies (Ramos et al. 2011, 2012, 2016; 

Oliveira et al. 2017).  

 Further, the plastid markers will contribute to phylogenetic analysis of the subtribe 

Bactridinae and the genus Astrocaryum, that are still unresolved (Dransfield et al. 2008; 

Eiserhardt et al. 2011; Ludeña et al. 2011). Our phylogenomic tree placed the genus 

Astrocaryum sister to Acrocomia, which is in accordance with the accepted classifications 

that put both genera in the subtribe Bactridinae (Dransfield et al. 2008). However, the 

absence of data from the other genera precludes us to infer about the relationships at 

subtribe level. The rearrangement that we found in the plastomes of A. murumuru and A. 

aculeatum (the 4.6-kb inversion within the LSC) configures in an important evolutionary 

trait, since plastome rearrangements are rare events in angiosperms (Rogalski et al. 2015). 
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Thus, major lineages within Bactridinae may be defined based on presence or absence of 

this 4.6-kb inversion. So far, we know that within Bactridinae, Astrocaryum bears this 

rearrangement while Acrocomia does not, but remains unknow if the other three genera 

of the subtribe bear this trait.   

 

Conclusions 

 In this study we reported the complete plastomes of two species of the genus 

Astrocaryum, A. murumuru and A. aculeatum. From detailed comparison between both 

plastomes we mapped all polymorphic sites, including 27 polymorphic SSR loci, 120 

SNPs, 35 indels, and six hotspots of nucleotide diversity, providing several molecular 

markers for genetic studies of these important natural resources of Amazon region. We 

also found unique features between A. murumuru and A. aculeatum plastid genes, such 

as non-synonymous substitutions, some of them in codons that codify amino acid very 

conserved within Arecaceae, and a putative gain of RNA editing. These molecular 

divergences associated with the different environmental adaptations between A. 

murumuru and A. aculeatum may indicate that substantial molecular evolution occurs in 

plastids even between very close related species. Finally, the plastomes of Astrocaryum 

species bear a 4.6-kb inversion originated from a flip-flop recombination, and comparison 

with other Arecaceae genera indicates that this rearrangement is a lineage-specific 

structural feature. The plastomes of the family Arecaceae are, in general, conserved and 

has a low substitution rate, therefore, the rearrangement found here is an important 

evolutionary trait within the family and can be a helpful tool to resolve phylogeny 

conflicts within the subtribe Bactridinae.  
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FIGURES 

 

 

 
 

Fig. 1 Gene map of Astrocaryum murumuru plastome. Genes drawn inside the circle are 

transcribed in the clockwise direction, and genes drawn outside are transcribed in the 

counterclockwise direction. Different functional groups of genes are color-coded. The 

darker gray in the inner circle corresponds to GC content, and the lighter gray corresponds 

to AT content. LSC, Large Single Copy; SSC, Small Single Copy; IRA/B, Inverted 

Repeat A/B 
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Fig. 2 Gene map of Astrocaryum aculeatum plastome. Genes drawn inside the circle are 

transcribed in the clockwise direction, and genes drawn outside are transcribed in the 

counterclockwise direction. Different functional groups of genes are color-coded. The 

darker gray in the inner circle corresponds to GC content, and the lighter gray corresponds 

to AT content. LSC, Large Single Copy; SSC, Small Single Copy; IRA/B, Inverted 

Repeat A/B 
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Fig. 3 Dot-plot analyses comparing the plastomes of (a) Astrocaryum murumuru (X-axis) 

against A. aculeatum (Y-axis) and (b) A. murumuru (X-axis) against Acrocomia aculeata 

(Y-axis). A positive slope denotes that the pair of sequences compared is in the same 

orientation. A negative slope denotes that the pair of sequences compared can be aligned, 

but their orientation is opposite. Sequences in the same direction are red and inversions 

are blue. The arrow highlights an inversion of approximately 4.6 kb in the LSC region 

 

 

 

 
 

Fig. 4 Sliding window analysis of aligned whole plastomes of Astrocaryum murumuru 

and A. aculeatum. The regions with high nucleotide variability (Pi > 0.01) are indicated. 

Pi, nucleotide diversity of each window. Window length, 200 pb. Step size, 50 pb 
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Fig. 5 Arecaceae phylogenomic tree of 42 taxa (39 Arecaceae species and 3 outgroups) 

based on whole plastomes using bayesian inference. The bayesian posterior probability 

of all nodes is 1. The branch length is proportional to the inferred divergence level and 

the scale bar indicates the number of inferred nucleic acids substitutions per site. 

Hanguana malayana (Commelinales) was used to root the tree (omitted from the figure). 
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Fig. 6 Hypothesis about the mechanism that generated the inversion in the plastomes of 

Astrocaryum. a) General gene order of most plastomes, including Acrocomia aculeata 

and Elaeis guineensis that have a conserved sequence (highlighted by red arrow) in the 

ndhC/trnV-UAC intergenic region. b) The ancestor of Astrocaryum plastomes gained 

inverted repeats with the arising of an inverted sequence in the trnT-UGU/trnL-UAA 

intergenic region. c) A flip-flop rearrangement between the inverted repeats gave rise to 

the extant plastome structure of Astrocaryum. d) The repeats 1 and 2 identified in the 

plastomes of Astrocaryum species have high identity with a stretch of 40 nucleotides 

identified in the plastomes of A. aculeata and E. guineensis 
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TABLES 

 

Table 1. General features of Astrocaryum murumuru and A. aculeatum 

 Astrocaryum murumuru Astrocaryum aculeatum 
Total size 156,812 156,796 
Length of LSC region 85,028 85,046 
Length of IR region 27,081 27,081 
Length of SSC region 17,622 17,588 
GC content (%) 37.42 37.43 

 

Table 2. List of genes identified in the plastomes of Astrocaryum murumuru and A. 

aculeatum 

Group of gene Name of gene 

Gene expression machinery  
Ribosomal RNA genes rrn16b; rrn23b; rrn5b; rrn4.5b 
Transfer RNA genes trnA –UGCab; trnC –GCA; trnD –GUC; trnE –UUC; trnF –

GAA; trnfM –CAU; trnG –UCCa; trnG –GCC; trnH –GUGb; 
trnI –CAUb; trnI –GAUab; trnK –UUUa; trnL –CAAb; trnL –
UAA a; trnL –UAG; trnM –CAU; trnN –GUUb; trnP –UGG; 
trnQ –UUG; trnR –ACGb; trnR –UCU; trnS –GCU; trnS –UGA; 
trnS –GGA; trnT –UGU; trnT –GGU; trnV –GACb; trnV –UACa; 
trnW –CCA; trnY –GUA 

Small subunit of ribosome rps2; rps3; rps4; rps7b; rps8; rps11; rps12ab; rps14; rps15; 
rps16a; rps18; rps19b 

Large subunit of ribosome rpl2ab; rpl14; rpl16a; rpl20; rpl22; rpl23b; rpl32; rpl33; rpl36 
DNA-dependent RNA polymerase rpoA; rpoB; rpoC1a; rpoC2 
Translational initiation factor infA 
Intron maturase matK 

Genes for photosynthesis  
Subunits of photosystem I (PSI) psaA; psaB; psaC; psaI; psaJ; ycf3a; ycf4 
Subunits of photosystem II (PSII)  psbA; psbB; psbC; psbD; psbE; psbF; psbH; psbI; psbJ; psbK; 

psbL; psbM; psbN; psbT; psbZ 
Subunits of cytochrome b6f  petA; petBa; petDa; petG; petL; petN 
Subunits of ATP synthase atpA; atpB; atpE; atpFa; atpH; atpI 
Subunits of NADH dehydrogenase ndhAa; ndhBab; ndhC; ndhD; ndhE; ndhF; ndhG; ndhH; ndhI; 

ndhJ; ndhK 
Large subunit of Rubisco rbcL 
Other functions  
Envelope membrane protein cemA 
Subunit of acetyl-CoA carboxylase accD 
C-type cytochrome synthesis  ccsA 
Subunit of protease Clp clpPa 

Component of TIC complex ycf1c 
Unknown function ycf2b 

aGenes containing introns; bDuplicated gene; cPartially duplicated genes 
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Table 3. Location of polymorphic SSR loci in the plastomes of Astrocaryum murumuru 

and A. aculeatum 
 Astrocaryum murumuru Astrocaryum aculeatum 
Location Type Sequence Size Start End Type Sequence Size Start End 
psbA (CDS) tri (CAG)4 12 710 721 - - - - - 
trnK-UUU (intron) mono (T)12 12 3794 3805 mono (T)10 10 3818 3827 
trnK-UUU/rps16 (IGS) mono (T)9 9 4843 4851 mono (T)11 11 4863 4873 
rps16/trnQ-UUG (IGS) mono (T)9 9 6610 6618 mono (T)10 10 6632 6641 
rps16/trnQ-UUG (IGS) mono (A)12 12 6930 6941 mono (A)11 11 6952 6962 
trnQ-UUG/psbK (IGS) mono (T)10 10 7459 7468 mono (T)9 9 7480 7488 
trnS-GCU/trnG-UCC (IGS) - - - - - hexa (TCCCCA)3 18 8475 8492 
atpF/atpH (IGS) mono (T)9 9 13444 13452 mono (T)10 10 13470 13479 
atpH/atpI (IGS) mono (T)10 10 14777 14786 mono (T)11 11 14804 14814 
rps2/rpoC2 (IGS) - - - - - mono (T)12 12 16699 16710 
rpoC1 (intron) mono (T)14 14 22970 22983 mono (T)12 12 23008 23019 
rpoC1 (intron) mono (T)10 10 23294 23303 mono (T)11 11 23324 23334 
rpoB/trnC-GCA (IGS) - - - - - mono (A)8 8 27474 27481 
petN/psbM (IGS) mono (T)15 15 29413 29427 mono (T)13 13 29434 29446 
petN/psbM (IGS) di (AT)4 8 29453 29460 - - - - - 
trnT-GGU/psbD (IGS) - - - - - mono (T)8 8 32206 32213 
trnfM-CAU/rps14 (IGS) mono (A)9 9 36608 36616 mono (A)10 10 36644 36653 
psbE/petL (IGS) mono (T)9 9 65929 65937 mono (T)10 10 65966 65975 
psbE/petL (IGS) mono (A)11 11 66037 66047 mono (A)12 12 66075 66086 
clpP (intron) mono (T)10 10 71631 71640 mono (T)11 11 71635 71645 
psbB/psbT (IGS) mono (T)11 11 74856 74866 mono (T)10 10 74861 74870 
rpl36/infA (IGS) mono (T)10 10 80700 80709 mono (T)9 9 80704 80712 
rpl16 (intron) mono (T)9 9 83279 83287 mono (T)10 10 83284 83293 
ndhF/rpl32 (IGS) mono (A)12 12 114475 114486 mono (A)9 9 114493 114501 
rpl32/trnL-UAG (IGS) - - - - - mono (T)8 8 115215 115222 
rpl32/trnL-UAG (IGS) - - - - - mono (A)10 10 115227 115236 
ycf1 (CDS) mono (T)11 11 126531 126541 mono (T)10 10 126515 126524 
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Table 4. List of synonymous (S) and non-synonymous (N) substitutions in plastid genes 

of Astrocaryum murumuru and A. aculeatum 

Gene S/N Nt position AA position 
A. murumuru – A. aculeatum 

Codon change AA change 
atpF N 256 86 CGG-TGG R-W 
ccsA N 62 21 GCG-GTG A-V 
matK S 612 204 TCG-TCT S-S 
 N 690 230 TTC-TTA F-L 
ndhA N 280 94 GAT-TAT D-Y 
 N 611 204 TTG-TGG L-W 
 S 753 251 ATA-ATC I-I 
ndhF S 54 18 GTG-GTT V-V 
 S 246 82 TCC-TCT S-S 
 N 1695 565 ATA-ATG I-M 
 S 1842 614 ATA-ATT I-I 
petN S 60 20 TCG-TCA S-S 
psbA S 459 153 GCT-CGA A-A 
psbB S 561 187 GCA-GCG A-A 
psbK S 93 317 GCT-GCC A-A 
psbT S 45 15 GGA-GGG G-G 
rpl32 S 39 13 AAA -AAG K-K 
rpoC2 S 216 72 GTT-GTC V-V 
 S 1254 418 GTA-GTG V-V 
 N 1336 446 AGA-AAA  E-K 
 S 2652 884 TCT-TCC S-S 
rps11 N 223 75 ACA-GCA T-A 
 S 249 83 GTA-GTC V-V 
rps15 N 121 41 AAA -GAA K-E 
ycf2 N 3625 1209 GGG-CGG G-R 
ycf1 S 828 276 GAG-GAA E-E 
 N 1882 628 AAA -GAA K-E 
 N 1927 643 CTT-GTT L-V 
 N 1964 655 TTG-TCG L-S 
 S 2280 760 CTT-CTC L-L 
 S 2658 886 GAT-GAC D-D 
 N 3215 1072 CGA-CTA R-L 
 N 4005 1335 TTA-TTT L-F 
 N 4049 1350 AGT-AAT S-N 
 N 4051/4052 1351 CCT-TAT P-Y 
 N 4054/4055/4056 1352 TCC-GGG S-G 
 N 4057 1353 TAT-AAT Y-N 
 N 4060/4061/4062 1354 TCC-AGG S-R 
 N 4063/4065 1355 CAT-AAG H-K 
 N 4066/4068 1356 AAT-GAC N-D 
 N 4325/4326 1442 AAA -AGT K-S 
 N 4327/4328/4329 1443 CAC-GTT H-V 
 N 4474 1492 CAT-GAT H-D 
 N 4531 1511 AAA -CAA K-Q 
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Table 5. List of RNA editing sites predicted in plastid genes of Astrocaryum murumuru 

and A. aculeatum 

Gene Nt Pos AA Pos Effect Observations based on  
Lopes et al. (2018a) 

Huang et al. 
(2013)* 

accD 154 52 CGG (R) => UGG (W) conserved in the subfamily Arecoideae -  
794 265 UCG (S) => UUG (L) conserved in the subfamily Arecoideae +  
1157 386 UCA (S) => UUA (L) conserved in the subfamily Arecoideae +  
1159 387 CAU (H) => UAU (Y) conserved in the tribe Cocoseae -  
1403 468 CCU (P) => CUU (L) conserved in the subfamily Arecoideae - 

atpA 914 305 UCA (S) => UUA (L) conserved in the subfamily Arecoideae +  
1148 383 UCA (S) => UUA (L) conserved in the subfamily Arecoideae +/- 

atpB 1184 395 UCA (S) => UUA (L) conserved in the subfamily Arecoideae + 
atpF 92 31 CCA (P) => CUA (L) conserved in the subfamily Arecoideae +/- 
atpI 428 143 CCC (P) => CUC (L) conserved in the subfamily Arecoideae +  

629 210 UCA (S) => UUA (L) conserved in the subfamily Arecoideae + 
ccsA 62 21 GCG (A) => GUG (V) present only in A. murumuru; the other species 

of the subfamily Arecoideae has a T fixed 
T 

 
647 216 ACU (T) => AUU (I) conserved in the subfamily Arecoideae - 

clpP 559 187 CAU (H) => UAU (Y) conserved in the subfamily Arecoideae + 
matK 188 63 UCA (S) => UUA (L) conserved in the subfamily Arecoideae -  

653 218 CCA (P) => CUA (L) conserved in the subfamily Arecoideae; 
exception: lost in A. aculeata 

- 
 

919 307 CAU (H) => UAU (Y) conserved in the subfamily Arecoideae -  
1267 423 CAC (H) => UAC (Y) conserved in the subfamily Arecoideae + 

ndhA 50 17 UCG (S) => UUG (L) conserved in the subfamily Arecoideae +  
476 159 UCA (S) => UUA (L) conserved in the subfamily Arecoideae +  
566 189 UCA (S) => UUA (L) conserved in the subfamily Arecoideae +  
961 321 CCU (P) => UCU (S) conserved in the subfamily Arecoideae +  
1073 358 UCC (S) => UUC (F) conserved in the subfamily Arecoideae - 

ndhB 149 50 UCA (S) => UUA (L) conserved in the subfamily Arecoideae +/-  
467 156 CCA (P) => CUA (L) conserved in the subfamily Arecoideae +  
542 181 ACG (T) => AUG (M) conserved in the subfamily Arecoideae +  
586 196 CAU (H) => UAU (Y) conserved in the subfamily Arecoideae +  
704 235 UCC (S) => UUC (F) conserved in the subfamily Arecoideae +  
737 246 CCA (P) => CUA (L) conserved in the subfamily Arecoideae +  
830 277 UCA (S) => UUA (L) conserved in the subfamily Arecoideae +  
836 279 UCA (S) => UUA (L) conserved in the subfamily Arecoideae +  
1112 371 UCA (S) => UUA (L) conserved in the subfamily Arecoideae +  
1193 398 UCA (S) => UUA (L) conserved in the subfamily Arecoideae +  
1255 419 CAU (H) => UAU (Y) conserved in the subfamily Arecoideae +  
1481 494 CCA (P) => CUA (L) conserved in the subfamily Arecoideae +/- 

ndhD 2 1 ACG (T) => AUG (M) conserved in the subfamily Arecoideae +/-  
59 20 UCA (S) => UUA (L) conserved in the subfamily Arecoideae +  
383 128 UCA (S) => UUA (L) conserved in the subfamily Arecoideae +  
674 225 UCG (S) => UUG (L) conserved in the subfamily Arecoideae +  
947 316 ACA (T) => AUA (I) conserved in the subfamily Arecoideae +  
1193 398 UCA (S) => UUA (L) conserved in the subfamily Arecoideae +  
1310 437 UCA (S) => UUA (L) conserved in the subfamily Arecoideae + 

ndhF 62 21 UCA (S) => UUA (L) conserved in the subfamily Arecoideae +/-  
290 97 UCA (S) => UUA (L) conserved in the subfamily Arecoideae +/-  
392 131 UCC (S) => UUC (F) conserved in the subfamily Arecoideae; 

exception: lost in V. arecina and A. vestiaria 
+ 

 
442 148 CAU (H) => UAU (Y) conserved in the subfamily Arecoideae; 

exception: lost in V. arecina 
+ 

 
586 196 CUU (L) => UUU (F) conserved in the subfamily Arecoideae -  
1393 465 CAC (H) => UAC (Y) conserved in the subfamily Arecoideae -  
2093 698 UCC (S) => UUC (F) conserved in the subfamily Arecoideae - 

ndhG 314 105 ACA (T) => AUA (I) conserved in the subfamily Arecoideae -  
347 116 CCA (P) => CUA (L) conserved in the subfamily Arecoideae + 

ndhH 505 169 CAU (H) => UAU (Y) conserved in the subfamily Arecoideae +  
545 182 UCU (S) => UUU (F) conserved in the subfamily Arecoideae; 

exception: lost in A. vestiaria 
+/- 

ndhK 131 44 UCG (S) => UUG (L) conserved in the subfamily Arecoideae + 
petB 418 140 CGG (R) => UGG (W) conserved in the subfamily Arecoideae +  

611 204 CCA (P) => CUA (L) conserved in the subfamily Arecoideae + 
psaI 80 27 UCU (S) => UUU (F) conserved in the subfamily Arecoideae +  

85 29 CAU (H) => UAU (Y) conserved in the subfamily Arecoideae + 
rpl2 2 1 ACG (T) => AUG (M) conserved in the subfamily Arecoideae - 
rpl20 26 9 ACA (T) => AUA (I) conserved in the subfamily Arecoideae -  

308 103 UCA (S) => UUA (L) conserved in the subfamily Arecoideae - 
rpl23 71 24 UCU (S) => UUU (F) conserved in the subfamily Arecoideae +/-  

89 30 UCA (S) => UUA (L) conserved in the subfamily Arecoideae +/- 
rpoA 200 67 UCU (S) => UUU (F) conserved in the subfamily Arecoideae +  

368 123 UCA (S) => UUA (L) conserved in the subfamily Arecoideae +  
527 176 UCC (S) => UUC (F) conserved in the subfamily Arecoideae +  
830 277 UCA (S) => UUA (L) conserved in the subfamily Arecoideae + 

(*) Huang et al. (2013) validated by RT-PCR and sequencing the RNA editing sites in plastid genes of C. nucifera 
(+) Presence of RNA editing in all transcripts 
(+/-) Presence or RNA editing in part of the transcripts 
(-) Absence of RNA editing in all transcripts 
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Supplementary Fig. S1. Number of SSR loci in the plastomes of Astrocaryum murumuru 

and A. aculeatum (IRB omitted) 

 
 
 

 
 
 
Supplementary Fig. S2. Non-synonymous substitutions in conserved sites. The amino 

acids are plotted across the palm phylogeny based on whole plastomes. Different amino 

acid types identified at the same position are showed in distinct colors. The two species 

of Astrocaryum are highlighted by red square. The amino acid positions are relative to 

Astrocaryum 
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Supplementary Fig. S3. Non-synonymous substitutions in the ycf1 gene. The amino 

acids are plotted across the palm phylogeny based on whole plastomes. Different amino 

acid types identified at the same position are showed in distinct colors. The two species 

of Astrocaryum are highlighted by red square. The amino acid positions are relative to 

Astrocaryum 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



157 

 

Supplementary Tables 
 
Supplementary Table S1. List of species used in the phylogenomic analysis 

Species Subfamily Family Order GenBank 
Acrocomia aculeata (Jacq.) Lodd. ex Mart. Arecoideae Arecaceae Arecales MG020488 
Areca vestiaria Giseke Arecoideae Arecaceae Arecales NC_029972.1 
Cocos nucifera L. Arecoideae Arecaceae Arecales NC_022417.1 
Elaeis guineensis Jacq. Arecoideae Arecaceae Arecales NC_017602.1 
Podococcus barteri G.Mann & H.Wendl. Arecoideae Arecaceae Arecales NC_027276.1 
Syagrus coronata (Mart.) Becc. Arecoideae Arecaceae Arecales NC_029241.1 
Veitchia arecina Becc. Arecoideae Arecaceae Arecales NC_029950.1 
Calamus caryotoides A.Cunn. ex Mart. Calamoideae Arecaceae Arecales NC_020365.1 
Eremospatha macrocarpa H.Wendl. Calamoideae Arecaceae Arecales NC_029964.1 
Eugeissona tristes Griff. Calamoideae Arecaceae Arecales NC_029963.1 
Mauritia flexuosa L.f. Calamoideae Arecaceae Arecales NC_029947.1 
Metroxylon warburgii (Heimerl) Becc. Calamoideae Arecaceae Arecales NC_029959.1 
Pigafetta elata (Mart.) H.Wendl. Calamoideae Arecaceae Arecales NC_029956.1 
Salacca ramosiana Mogea Calamoideae Arecaceae Arecales NC_029954.1 
Phytelephas aequatorialis Spruce Ceroxyloideae Arecaceae Arecales NC_029957.1 
Pseudophoenix vinifera (Mart.) Becc. Ceroxyloideae Arecaceae Arecales NC_020364.1 
Acoelorraphe wrightii (Griseb. & H.Wendl.) H.Wendl. ex Becc. Coryphoideae Arecaceae Arecales NC_029973.1 
Arenga caudata (Lour.) H.E.Moore Coryphoideae Arecaceae Arecales NC_029971.1 
Bismarckia nobilis Hildebr. & H.Wendl. Coryphoideae Arecaceae Arecales NC_020366.1 
Borassodendron machadonis (Ridl.) Becc. Coryphoideae Arecaceae Arecales NC_029969.1 
Brahea brandegeei (Purpus) H.E.Moore Coryphoideae Arecaceae Arecales NC_029968.1 
Caryota mitis Lour. Coryphoideae Arecaceae Arecales NC_029948.1 
Chamaerops humilis L. Coryphoideae Arecaceae Arecales NC_029967.1 
Chuniophoenix nana Burret Coryphoideae Arecaceae Arecales NC_029966.1 
Colpothrinax cookii Read Coryphoideae Arecaceae Arecales NC_028026.1 
Corypha lecomtei Becc. ex Lecomte Coryphoideae Arecaceae Arecales NC_029965.1 
Leucothrinax morrisii (H.Wendl.) C.Lewis & Zona Coryphoideae Arecaceae Arecales NC_029961.1 
Lodoicea maldivica (J.F.Gmel.) Pers. Coryphoideae Arecaceae Arecales NC_029960.1 
Phoenix dactylifera L. Coryphoideae Arecaceae Arecales NC_013991.2 
Pritchardia thurstonii (F.Muell.) Drude Coryphoideae Arecaceae Arecales NC_029955.1 
Sabal domingensis Becc. Coryphoideae Arecaceae Arecales NC_026444.1 
Serenoa repens (W.Bartram) Small Coryphoideae Arecaceae Arecales NC_029953.1 
Tahina spectabilis J.Dransf. & Rakotoarin. Coryphoideae Arecaceae Arecales NC_029952.1 
Trithrinax brasiliensis Mart. Coryphoideae Arecaceae Arecales NC_029951.1 
Wallichia densiflora Mart. Coryphoideae Arecaceae Arecales NC_029949.1 
Washingtonia robusta H.Wendl. Coryphoideae Arecaceae Arecales NC_029974.1 
Nypa fruticans Wurmb Nypoideae Arecaceae Arecales NC_029958.1 
Baxteria australis R. Br. ex Hook. - Dasypogonaceae Arecales NC_029970.1 
Dasypogon bromeliifolius R. Br. - Dasypogonaceae Arecales NC_020367.1 
Hanguana malayana (Jack) Merr. - Hanguanaceae Commelinales NC_029962.1 

 
 
Supplementary Table S2. List of conservative SSR loci identified in the plastomes of 

Astrocaryum murumuru and A. aculeatum 
   A. murumuru A. aculeatum  

Type Sequence Size Start End Start End Location 
di (AT)4 8 1313 1320 1337 1344 psbA/trnK-UUU (IGS) 
mono (A)9 9 2624 2632 2648 2656 matK (CDS) 
mono (T)9 9 2870 2878 2894 2902 matK (CDS) 
mono (A)9 9 3594 3602 3618 3626 trnK-UUU (intron) 
mono (A)8 8 3819 3826 3841 3848 trnK-UUU (intron) 
mono (A)8 8 3972 3979 3992 3999 trnK-UUU (intron) 
mono (A)8 8 4633 4640 4653 4660 trnK-UUU/rps16 (IGS) 
mono (C)9 9 4834 4842 4854 4862 trnK-UUU/rps16 (IGS) 
di (GT)4 8 6070 6077 6092 6099 rps16/trnQ-UUG (IGS) 
tretra (TCTA)5 20 6104 6123 6126 6145 rps16/trnQ-UUG (IGS) 
hexa (TTAATA)3 18 6339 6356 6361 6378 rps16/trnQ-UUG (IGS) 
mono (T)9 9 7408 7416 7429 7437 trnQ-UUG/psbK (IGS) 
mono (A)9 9 7476 7484 7496 7504 trnQ-UUG/psbK (IGS) 
mono (T)8 8 7667 7674 7687 7694 psbK (CDS) 
mono (A)8 8 8092 8099 8112 8119 psbK/psbI (IGS) 
mono (A)9 9 8227 8235 8247 8255 psbI/trnS-GCU (IGS) 
mono (T)9 9 8267 8275 8287 8295 psbI/trnS-GCU (IGS) 
di (GA)4 8 8372 8379 8392 8399 trnS-GCU 
di (AT)4 8 8537 8544 8563 8570 trnS-GCU/trnG-UCC (IGS) 
di (AT)7 14 8558 8571 8584 8597 trnS-GCU/trnG-UCC (IGS) 
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mono (T)9 9 9619 9627 9645 9653 trnG-UCC (intron) 
mono (T)8 8 11907 11914 11933 11940 atpA/atpF (IGS) 
mono (T)9 9 12520 12528 12546 12554 atpF (intron) 
mono (T)8 8 12770 12777 12796 12803 atpF (intron) 
mono (A)8 8 13205 13212 13231 13238 atpF (CDS) 
mono (A)9 9 14128 14136 14155 14163 atpH/atpI (IGS) 
mono (T)8 8 14190 14197 14217 14224 atpH/atpI (IGS) 
di (AT)5 10 14556 14565 14583 14592 atpH/atpI (IGS) 
di (AT)7 14 14579 14592 14606 14619 atpH/atpI (IGS) 
mono (A)9 9 15868 15876 15896 15904 atpI/rps2 (IGS) 
mono (A)8 8 18033 18040 18065 18072 rpoC2 (CDS) 
mono (T)10 10 18746 18755 18778 18787 rpoC2 (CDS) 
mono (T)11 11 18852 18862 18884 18894 rpoC2 (CDS) 
mono (A)8 8 18995 19002 19027 19034 rpoC2 (CDS) 
di (AT)4 8 20126 20133 20158 20165 rpoC2 (CDS) 
di (AT)5 10 20216 20225 20248 20257 rpoC2 (CDS) 
mono (A)8 8 22662 22669 22700 22707 rpoC1 (CDS) 
di (TA)4 8 23223 23230 23253 23260 rpoC1 (intron) 
di (TC)4 8 23250 23257 23280 23287 rpoC1 (intron) 
mono (T)8 8 26546 26553 26577 26584 rpoB (CDS) 
di (CA)4 8 26976 26983 27007 27014 rpoB (CDS) 
penta (ATGTA)3 15 27321 27335 27352 27366 rpoB/trnC-GCA (IGS) 
mono (A)9 9 28319 28327 28346 28354 rpoB/trnC-GCA (IGS) 
mono (A)8 8 28752 28759 28773 28780 trnC-GCA/petN (IGS) 
mono (A)9 9 28984 28992 29005 29013 trnC-GCA/petN (IGS) 
di (GT)4 8 28994 29001 29015 29022 trnC-GCA/petN (IGS) 
mono (A)15 15 29373 29387 29394 29408 petN/psbM (IGS) 
di (TA)4 8 29444 29451 29463 29470 petN/psbM (IGS) 
mono (A)9 9 29600 29608 29609 29617 petN/psbM (IGS) 
di (TA)4 8 29690 29697 29699 29706 petN/psbM (IGS) 
mono (T)8 8 30213 30220 30229 30236 psbM/trnD-GUC (IGS) 
mono (T)8 8 31033 31040 31049 31056 trnD-GUC/trnY-GUA (IGS) 
mono (T)9 9 31841 31849 31857 31865 trnT-GGU/psbD (IGS) 
mono (T)9 9 32478 32486 32494 32502 trnT-GGU/psbD (IGS) 
di (TA)4 8 32556 32563 32592 32599 trnT-GGU/psbD (IGS) 
mono (A)8 8 32624 32631 32660 32667 trnT-GGU/psbD (IGS) 
mono (G)8 8 34080 34087 34116 34123 psbC (CDS) 
mono (G)8 8 34351 34358 34387 34394 psbC (CDS) 
di (GA)4 8 35339 35346 35375 35382 trnS-UGA  
mono (T)8 8 35683 35690 35719 35726 trnS-UGA/psbZ (IGS) 
mono (A)8 8 36052 36059 36088 36095 psbZ/trnG-GCC (IGS) 
mono (A)8 8 36439 36446 36475 36482 trnG-GCC/trnfM-CAU (IGS) 
mono (T)11 11 36958 36968 36995 37005 rps14 (CDS) 
mono (A)8 8 37183 37190 37220 37227 rps14/psaB (IGS) 
mono (C)10 10 40150 40159 40187 40196 psaA (CDS) 
di (AG)4 8 41052 41059 41089 41096 psaA (CDS) 
penta (TATTT)3 15 41804 41818 41841 41855 psaA/ycf3 (IGS) 
mono (A)9 9 42837 42845 42874 42882 ycf3 (intron) 
mono (A)9 9 45169 45177 45206 45214 trnS-GGA/rps4 (IGS) 
mono (G)9 9 45437 45445 45474 45482 rps4 (CDS) 
di (TA)4 8 46064 46071 46101 46108 rps4/trnT-UGU (IGS) 
mono (A)8 8 46226 46233 46263 46270 rps4/trnT-UGU (IGS) 
di (TA)5 10 46456 46465 46493 46502 trnT-UGU/ndhC (IGS) 
di (TA)4 8 46808 46815 46845 46852 trnT-UGU/ndhC (IGS) 
mono (T)9 9 46996 47004 47033 47041 trnT-UGU/ndhC (IGS) 
mono (T)8 8 47038 47045 47075 47082 trnT-UGU/ndhC (IGS) 
mono (A)8 8 47174 47181 47211 47218 trnT-UGU/ndhC (IGS) 
mono (T)9 9 49511 49519 49548 49556 ndhJ/trnF-GAA (IGS) 
di (AT)9 18 49521 49538 49558 49575 ndhJ/trnF-GAA (IGS) 
di (AT)4 8 49734 49741 49771 49778 ndhJ/trnF-GAA (IGS) 
di (CT)4 8 50315 50322 50352 50359 trnL-UAA (intron) 
di (AT)8 16 50456 50471 50493 50508 trnL-UAA (intron) 
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di (AT)4 8 50992 50999 51029 51036 trnL-UAA/trnV-UAC (IGS) 
mono (T)10 10 51066 51075 51103 51112 trnL-UAA/trnV-UAC (IGS) 
tretra (AAAT)3 12 51220 51231 51257 51268 trnL-UAA/trnV-UAC (IGS) 
di (AT)4 8 51293 51300 51330 51337 trnL-UAA/trnV-UAC (IGS) 
di (TA)4 8 51301 51308 51338 51345 trnL-UAA/trnV-UAC (IGS) 
di (AT)4 8 51322 51329 51359 51366 trnL-UAA/trnV-UAC (IGS) 
mono (A)11 11 51368 51378 51405 51415 trnL-UAA/trnV-UAC (IGS) 
mono (T)9 9 51455 51463 51492 51500 trnL-UAA/trnV-UAC (IGS) 
mono (A)9 9 51752 51760 51789 51797 trnL-UAA/trnV-UAC (IGS) 
di (CA)4 8 52188 52195 52225 52232 trnL-UAA/trnV-UAC (IGS) 
mono (T)9 9 53546 53554 53583 53591 trnM-CAU/atpE (IGS) 
mono (T)8 8 55538 55545 55575 55582 atpB/rbcL (IGS) 
mono (T)8 8 55868 55875 55905 55912 atpB/rbcL (IGS) 
di (AT)4 8 56073 56080 56110 56117 atpB/rbcL (IGS) 
mono (A)9 9 57816 57824 57853 57861 rbcL/accD (IGS) 
mono (C)9 9 58347 58355 58384 58392 rbcL/accD (IGS) 
mono (T)8 8 58879 58886 58916 58923 accD (CDS) 
mono (A)10 10 59182 59191 59219 59228 accD (CDS) 
di (TG)4 8 59611 59618 59648 59655 accD (CDS) 
mono (A)9 9 60062 60070 60099 60107 accD/psaI (IGS) 
mono (A)10 10 60270 60279 60307 60316 accD/psaI (IGS) 
mono (A)8 8 60314 60321 60351 60358 accD/psaI (IGS) 
di (TA)4 8 60441 60448 60478 60485 accD/psaI (IGS) 
mono (T)8 8 61277 61284 61314 61321 ycf4 (CDS) 
mono (A)10 10 61681 61690 61718 61727 ycf4/cemA (IGS) 
mono (A)11 11 61878 61888 61915 61925 cemA (CDS) 
di (TC)5 10 61945 61954 61982 61991 cemA (CDS) 
tretra (AATG)3 12 62555 62566 62592 62603 cemA (CDS) 
mono (C)8 8 63151 63158 63188 63195 petA (CDS) 
mono (A)8 8 64281 64288 64318 64325 petA/psbJ (IGS) 
mono (T)8 8 66847 66854 66886 66893 petG/trnW-CCA (IGS) 
mono (T)8 8 66902 66909 66941 66948 petG/trnW-CCA (IGS) 
mono (A)8 8 67415 67422 67454 67461 trnP-UGG/psaJ (IGS) 
mono (A)8 8 67452 67459 67491 67498 trnP-UGG/psaJ (IGS) 
mono (A)10 10 67592 67601 67631 67640 trnP-UGG/psaJ (IGS) 
mono (T)8 8 67790 67797 67829 67836 psaJ (CDS) 
mono (T)9 9 67880 67888 67919 67927 psaJ/rpl33 (IGS) 
di (AT)7 14 68737 68750 68741 68754 rpl33/rps18 (IGS) 
mono (T)9 9 69303 69311 69307 69315 rps18/rpl20 (IGS) 
mono (T)8 8 69354 69361 69358 69365 rps18/rpl20 (IGS) 
mono (A)9 9 70009 70017 70013 70021 rpl20/rps12 (IGS) 
mono (T)10 10 70046 70055 70050 70059 rpl20/rps12 (IGS) 
di (TA)4 8 70635 70642 70639 70646 rps12/clpP (IGS) 
mono (T)8 8 70705 70712 70709 70716 rps12/clpP (IGS) 
mono (A)8 8 71079 71086 71083 71090 clpP (intron) 
mono (A)8 8 71261 71268 71265 71272 clpP (intron) 
mono (T)10 10 71367 71376 71371 71380 clpP (intron) 
tretra (ATAA)3 12 71829 71840 71834 71845 clpP (CDS) 
mono (A)9 9 72017 72025 72022 72030 clpP (intron) 
mono (T)9 9 72068 72076 72073 72081 clpP (intron) 
mono (A)9 9 72166 72174 72171 72179 clpP (intron) 
mono (A)8 8 72851 72858 72856 72863 clpP/psbB (IGS) 
mono (T)8 8 74031 74038 74036 74043 psbB (CDS) 
mono (A)8 8 75986 75993 75990 75997 petB (intron) 
tretra (AAAT)3 12 76299 76310 76303 76314 petB (intron) 
mono (T)9 9 78821 78829 78825 78833 petD/rpoA (IGS) 
tri (GGA)4 12 81092 81103 81095 81106 infA/rps8 (IGS) 
mono (T)10 10 81574 81583 81577 81586 rps8/rpl14 (IGS) 
di (TA)4 8 82760 82767 82763 82770 rpl16 (intron) 
mono (A)8 8 82896 82903 82894 82901 rpl16 (intron) 
tretra (TTTA)3 12 83300 83311 83298 83309 rpl16 (intron) 
mono (T)18 18 83670 83687 83668 83685 rpl16 (intron) 
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mono (T)9 9 85399 85407 85417 85425 rps19 (CDS) 
mono (T)8 8 85435 85442 85453 85460 rps19/trnH-GUG (IGS) 
mono (A)8 8 85650 85657 85668 85675 trnH-GUG/rpl2 (IGS) 
di (GA)4 8 87799 87806 87817 87824 ycf2 (CDS) 
di (GA)4 8 87811 87818 87829 87836 ycf2 (CDS) 
di (GA)4 8 88813 88820 88831 88838 ycf2 (CDS) 
mono (A)8 8 89522 89529 89540 89547 ycf2 (CDS) 
mono (A)8 8 89715 89722 89733 89740 ycf2 (CDS) 
mono (A)9 9 90983 90991 91001 91009 ycf2 (CDS) 
di (TA)4 8 94363 94370 94381 94388 ycf2 (CDS) 
di (TA)4 8 95769 95776 95787 95794 trnL-CAA/ndhB (IGS) 
di (AG)4 8 96510 96517 96528 96535 ndhB (CDS) 
mono (T)8 8 97496 97503 97514 97521 ndhB (intron) 
mono (T)9 9 100450 100458 100468 100476 rps12/trnV-GAC (IGS) 
mono (A)8 8 100617 100624 100635 100642 rps12/trnV-GAC (IGS) 
mono (T)8 8 104483 104490 104501 104508 trnI-GAU (intron) 
di (CT)4 8 107805 107812 107823 107830 rrn23 
mono (T)8 8 111942 111949 111960 111967 ycf1 (CDS) 
mono (A)8 8 112100 112107 112118 112125 ycf1 (CDS) 
mono (A)8 8 112128 112135 112146 112153 ndhF (CDS) 
mono (C)10 10 112162 112171 112180 112189 ndhF (CDS) 
mono (T)10 10 114313 114322 114331 114340 ndhF/rpl32 (IGS) 
mono (A)8 8 114396 114403 114414 114421 ndhF/rpl32 (IGS) 
di (AT)6 12 114414 114425 114432 114443 ndhF/rpl32 (IGS) 
mono (A)8 8 114521 114528 114536 114543 ndhF/rpl32 (IGS) 
mono (A)9 9 115287 115295 115295 115303 rpl32/trnL-UAG (IGS) 
mono (T)8 8 116241 116248 116249 116256 ccsA (CDS) 
tretra (AATA)3 12 117118 117129 117126 117137 ndhD (CDS) 
di (AT)6 12 119104 119115 119095 119106 psaC/ndhE (IGS) 
mono (A)8 8 119182 119189 119173 119180 psaC/ndhE (IGS) 
tri (AAT)4 12 119188 119199 119179 119190 psaC/ndhE (IGS) 
tri (AAT)4 12 119202 119213 119193 119204 psaC/ndhE (IGS) 
tretra (TTTA)3 12 119913 119924 119904 119915 ndhE/ndhG (IGS) 
mono (T)9 9 121108 121116 121099 121107 ndhI (CDS) 
di (AT)5 10 122311 122320 122302 122311 ndhA (intron) 
tretra (ATTC)3 12 122421 122432 122412 122423 ndhA (intron) 
mono (A)8 8 122973 122980 122957 122964 ndhA (intron) 
di (TC)5 10 124381 124390 124365 124374 ndhH (CDS) 
mono (A)9 9 124879 124887 124863 124871 ndhH/rps15 (IGS) 
di (AT)4 8 125592 125599 125576 125583 ycf1 (CDS) 
mono (T)8 8 125986 125993 125970 125977 ycf1 (CDS) 
mono (T)11 11 126408 126418 126392 126402 ycf1 (CDS) 
mono (T)8 8 126746 126753 126721 126728 ycf1 (CDS) 
tri (ATA)4 12 127508 127519 127492 127503 ycf1 (CDS) 
mono (T)8 8 127663 127670 127647 127654 ycf1 (CDS) 
mono (T)9 9 127942 127950 127926 127934 ycf1 (CDS) 
mono (T)9 9 128155 128163 128139 128147 ycf1 (CDS) 
mono (T)10 10 128197 128206 128181 128190 ycf1 (CDS) 
mono (T)12 12 128318 128329 128302 128313 ycf1 (CDS) 
mono (T)9 9 128690 128698 128674 128682 ycf1 (CDS) 
mono (T)11 11 128706 128716 128690 128700 ycf1 (CDS) 
di (TC)4 8 128766 128773 128750 128757 ycf1 (CDS) 
mono (A)10 10 128824 128833 128808 128817 ycf1 (CDS) 
mono (T)8 8 129677 129684 129661 129668 ycf1 (CDS) 
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Supplementary Table S3. List of dispersed repeats in the plastomes of Astrocaryum 
murumuru and A. aculeatum 
 

Astrocaryum murumuru 
    Repeat 1 Repeat 2   
Type Size Nt position Location Nt position  Location E-value 
P 35 46742 trnT-UGU/ndhC (IGS) 51329 trnL-UAA/trnV-UAC (IGS)  4.21e-10 
F 37 43483 ycf3 (intron) 100079 rps12/trnV-GAC (IGS)  5.26e-08 
P 34 8364 trnS-GCU 44964 trnS-GGA  8.10e-08 
F 32 38558 psaB (CDS) 40782 psaA (CDS)  2.59e-06 
F 32 8366 trnS-GCU 35333 trnS-UGA  3.44e-05 
P 31 35333 trnS-UGA 44964 trnS-GGA 3.44e-05 
F 31 3956 trnK-UUU (intron) 119169 psaC/ndhE (IGS) 1.25e-04 
P 30 46736 trnT-UGU/ndhC (IGS) 60450 accD/psaI (IGS)  1.25e-04 
F 30 3957 trnK-UUU (intron) 119167 psaC/ndhE (IGS) 4.50e-04 
F 30 46992 trnT-UGU/ndhC (IGS) 83275 rpl16 (intron)  4.50e-04 
              
Astrocaryum aculeatum 
    Repeat 1   Repeat 2     
Type Size Nt position Location Nt position  Location E-value 
P 35 46779 trnT-UGU/ndhC (IGS) 51366 trnL-UAA/trnV-UAC (IGS)  4.21e-10 
F 37 43520 ycf3 (intron) 100097 rps12/trnV-GAC (IGS) 5.26e-08 
P 34 8384 trnS-GCU 45001 trnS-GGA 8.10e-08 
F 34 38595 psaB (CDS) 40819 psaA (CDS) 2.59e-06 
F 32 8386 trnS-GCU 35369 trnS-UGA 3.44e-05 
P 32 35369 trnS-UGA 45001 trnS-GGA 3.44e-05 
F 31 3976 trnK-UUU 119160 psaC/ndhE (IGS) 1.25e-04 
F 31 29428 petN/psbM (IGS) 47026 trnT-UGU/ndhC (IGS) 1.25e-04 
P 31 60476 accD/psaI (IGS) 82707 rpl16 (intron) 1.25e-04 
P 30 3969 trnK-UUU 83256 rpl16 (intron) 4.50e-04 
F 30 3977 trnK-UUU 119158 psaC/ndhE (IGS) 4.50e-04 
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Supplementary Table S4. List of indels identified in the plastomes of Astrocaryum 

murumuru and A. aculeatum. The nucleotide positions showed are based on the 

positions in the alignment site 

Indel position Length  Location 
1 24 rps19/psbA (IGS) 
3818 2 trnK-UUU (intron) 
3920 8 trnK-UUU (intron) 
3977 10 trnK-UUU (intron) 
4875 2 trnK-UUU/rps16 (IGS) 
6644 1 rps16/trnG-UUG (IGS) 
6964 2 rps16/trnG-UUG (IGS) 
7494 1 trnQ-UUG/psbK (IGS) 
8495 6 trnS-GCU/trnG-UCC (IGS) 
13485 1 atpF/atpH (IGS) 
14819 1 atpH/atpI (IGS) 
16714 4 rps2/rpoC2 (IGS) 
21094 6 rpoC2/rpoC1 (IGS) 
23035 8 rpoC1 (intron) 
23356 1 rpoC1 (intron) 
27712 4 rpoB/trnC-GCA (IGS) 
28792 6 trnC-GCA/petN (IGS) 
29467 2 petN/psbM (IGS) 
29498 10 petN/psbM (IGS) 
30223 7 psbM/trnD-GUC (IGS) 
32563 20 trnT-GGU/psbD (IGS) 
36689 1 trnfM-CAU/rps14 (IGS) 
66011 1 psbE/petL (IGS) 
66120 1 psbE/petL (IGS) 
68238 35 psaJ/rpl33 (IGS) 
71715 1 clpP (intron) 
74941 1 psbB/psbT (IGS) 
80785 1 rpl36/infA (IGS) 
82903 5 rpl16 (intron) 
83982 20 rps3 (CDS) 
114580 3 ndhF/rpl32 (IGS) 
115251 10 rpl32/trnL-UAG (IGS) 
115324 3 rpl32/trnL-UAG (IGS) 
119091 17 psaC/ndhE (IGS) 
122600 7 ndhA (intron) 
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Supplementary Table S5. List of SNPs identified in the plastomes of Astrocaryum 

murumuru and A. aculeatum. The nucleotide positions showed are based on the 

positions in the alignment site 

SNP position Location Change SNP position Location Change 
26 rps19/psbA (IGS) A-T 83370 rpl16 (intron) T-A 
28 rps19/psbA (IGS) T-A 83373 rpl16 (intron) C-T 
73 rps19/psbA (IGS) T-C 91490 ycf2 (CDS) G-C 
74 rps19/psbA (IGS) A-T 96262 trnL-CAA/ndhB (IGS) A-C 
75 rps19/psbA (IGS) T-A 109607 rrn5/trnR-ACG (IGS) T-A 
76 rps19/psbA (IGS) C-A 109641 rrn5/trnR-ACG (IGS) A-C 
77 rps19/psbA (IGS) T-A 110334 trnR-ACG/trnN-GUU (IGS) A-G 
78 rps19/psbA (IGS) T-A 110410 trnR-ACG/trnN-GUU (IGS) G-A 
79 rps19/psbA (IGS) G-C 111702 ycf1 (CDS) G-A 
80 rps19/psbA (IGS) T-A 112555 ndhF (CDS) T-A 
81 rps19/psbA (IGS) T-A 112702 ndhF (CDS) T-C 
82 rps19/psbA (IGS) T-G 114151 ndhF (CDS) G-A 
83 rps19/psbA (IGS) T-A 114343 ndhF (CDS) C-A 
84 rps19/psbA (IGS) A-T 114740 rpl32 (CDS) A-G 
85 rps19/psbA (IGS) G-A 115322 rpl32/trnL-UAG (IGS) C-T 
744 psbA (CDS) A-T 115328 rpl32/trnL-UAG (IGS) T-A 
1233 psbA/trnK-UUU (IGS) A-G 115363 rpl32/trnL-UAG (IGS) G-T 
2580 matK (CDS) G-T 115364 rpl32/trnL-UAG (IGS) A-T 
2658 matK (CDS) C-A 115365 rpl32/trnL-UAG (IGS) A-C 
4823 trnK-UUU/rps16 (IGS) A-G 115901 ccsA (CDS) C-T 
7658 psbK (CDS) T-C 116979 ccsA/ndhD (IGS) T-A 
7790 psbK/psbI (IGS) A-C 118630 ndhD/psaC (IGS) A-G 
8280 psbI/trnS-GCU (IGS) C-A 119257 psaC/ndhE (IGS) C-A 
8511 trnS-GCU/trnG-UCC (IGS) T-A 119273 psaC/ndhE (IGS) C-A 
8766 trnS-GCU/trnG-UCC (IGS) C-A 120840 ndhG/ndhI (IGS) C-A 
12321 atpF (CDS) G-A 121919 ndhA (CDS) T-G 
15921 atpI/rps2 (IGS) A-G 122061 ndhA (CDS) A-C 
16722 rps2/rpoC2 (IGS) C-T 122243 ndhA (intron) C-T 
18372 rpoC2 (CDS) A-G 123132 ndhA (intron) G-A 
19688 rpoC2 (CDS) C-T 123442 ndhA (CDS) C-A 
19770 rpoC2 (CDS) T-C 125162 rps15 (CDS) T-C 
20808 rpoC2 (CDS) A-G 125582 rps15/ycf1 (IGS) T-C 
23044 rpoC1 (intron) A-C 126649 ycf1 (CDS) T-G 
23300 rpoC1 (intron) G-A 126706 ycf1 (CDS) G-C 
23475 rpoC1 (intron) C-A 126851 ycf1 (CDS) G-A 
27503 rpoB/trnC (IGS) G-A 126852 ycf1 (CDS) T-A 
29015 trnC-GCA/petN (IGS) G-A 126853 ycf1 (CDS) G-C 
29323 petN (CDS) G-A 126854 ycf1 (CDS) T-A 
29483 petN/psbM (IGS) G-T 126855 ycf1 (CDS) T-C 
31689 trnE-UUC/trnT-GGU (IGS) T-C 127112 ycf1 (CDS) A-G 
31694 trnE-UUC/trnT-GGU (IGS) G-A 127114 ycf1 (CDS) T-C 
32258 trnT-GGU/psbD (IGS) G-T 127115 ycf1 (CDS) A-C 
32687 trnT-GGU/psbD (IGS) T-A 127117 ycf1 (CDS) G-T 
60468 accD/psaI (IGS) T-G 127118 ycf1 (CDS) G-C 
60548 accD/psaI (IGS) A-T 127119 ycf1 (CDS) G-C 
60550 accD/psaI (IGS) A-T 127120 ycf1 (CDS) A-T 
65664 psbE/petL (IGS) A-G 127123 ycf1 (CDS) A-T 
66473 psbE/petL (IGS) G-T 127124 ycf1 (CDS) G-C 
67947 psaJ/rpl33 (IGS) A-C 127125 ycf1 (CDS) G-C 
68277 psaJ/rpl33 (IGS) A-T 127126 ycf1 (CDS) A-C 
68280 psaJ/rpl33 (IGS) T-C 127128 ycf1 (CDS) G-T 
68283 psaJ/rpl33 (IGS) A-T 127129 ycf1 (CDS) G-A 
69364 rps18/rpl20 (IGS) A-C 127131 ycf1 (CDS) C-T 
70238 rpl20/rps12 (IGS) T-C 127175 ycf1 (CDS) T-A 
73943 psbB (CDS) A-G 127965 ycf1 (CDS) C-A 
75149 psbT (CDS) A-G 128522 ycf1 (CDS) A-G 
80224 rps11 (CDS) T-G 128900 ycf1 (CDS) A-G 
80250 rps11 (CDS) T-C 129216 ycf1 (CDS) A-G 
83362 rpl16 (intron) A-T 129253 ycf1 (CDS) G-C 
83367 rpl16 (intron) T-A 129298 ycf1 (CDS) T-C 
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General conclusions  

 

Here, it is reported the complete plastomes of the oilseed and oil palm species 

Linum ustitatissimum (Linaceae), Crambe abyssinica (Brassicaceae), Acrocomia 

aculeata, Astrocaryum murumuru, and A. aculeatum (Arecaceae). In the plastomes of all 

families represented here it was identified unique evolutionary traits. Structurally, the 

plastome of L. usitatissimum underwent large expansion and contraction events in the 

borders of the IRs, which changed gene order and gene copy number. Similarly, within 

the family Arecaceae, the species of genus Astrocaryum bear a 4.6-kb inversion, which 

is a result from a flip-flop recombination event between short inverted repeat sequences. 

Since the plastome rearrangements are rare events, these unique structural modifications 

can be useful synapomorphies within the families Linaceae and Arecaceae.  

Concerning the gene content, the plastome of L. usitatissimum also presents 

uncommon features such as gene loss (rsp16), pseudogenes (ndhF, rpl23), loss of introns 

(clpP), and highly divergent genes (ycf1, ycf2, and clpP). ycf1 and rps16 genes are also 

among the most divergent genes within the families Brassicaceae and Arecaceae. In 

Brassicaceae the rps16 gene was lost in many species, but in others, including C. 

abyssinica, although theoretically still functional, it shows evidences for degeneration. 

Additionally, more than half of the plastid genes in Arecaceae bear signatures of positive 

selection, including several photosynthesis-related genes, indicating that subtle changes 

are selected as adaptive response to different environmental cues. The features of plastid 

genes of the plastomes sequenced here also included events of gain and loss of RNA 

editing sites, inclusive specifically at the genera level, which indicates a relatively high 

evolutionary rate in the RNA editing machinery. 

Taken together, the exceptional features concerning structure and gene content of 

L. usitatissimum indicates the family Linaceae as an interesting lineage to study 

evolutionary traits in plastids, since this family has a high morphological and ecological 

diversity. Within the family Arecaceae, the high incidence of positive selection raise 

question about the role of plastid genes in the adaptation to specific contrasting 

environmental conditions, an intriguing topic for future studies. In Brassicaceae, the 

plastome of C. abyssinica confirms the high conservation of plastome sequence and 

structure within this family, although minor changes concerning the gene content and 

RNA editing have been also identified.  

Moreover, the phylogenies presented here, based on concatenated plastid genes 

and specially based on whole plastomes, resulted in well-supported trees and were able 
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to resolve deep and close relationships. Furthermore, a plenty of plastid molecular 

markers were mapped, providing genetic information useful for several genetic studies 

aiming to stablish strategies for genetic breeding, domestication, and conservation of 

natural genetic resources. Finally, the complete plastome sequencing and its 

characterization in detail provide tools to several biotechnology applications based on 

plastid transformation for these species or related ones.  

 

 


