
Vol.:(0123456789)1 3

Planta 
https://doi.org/10.1007/s00425-018-2841-x

ORIGINAL ARTICLE

The complete plastome of macaw palm [Acrocomia aculeata (Jacq.) 
Lodd. ex Mart.] and extensive molecular analyses of the evolution 
of plastid genes in Arecaceae

Amanda de Santana Lopes1 · Túlio Gomes Pacheco1 · Tabea Nimz1 · Leila do Nascimento Vieira2 · Miguel P. Guerra2 · 
Rubens O. Nodari2 · Emanuel Maltempi de Souza3 · Fábio de Oliveira Pedrosa3 · Marcelo Rogalski1

Received: 1 November 2017 / Accepted: 10 January 2018 
© Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract
Main conclusion The plastome of macaw palm was sequenced allowing analyses of evolution and molecular markers. 
Additionally, we demonstrated that more than half of plastid protein-coding genes in Arecaceae underwent positive 
selection.

Macaw palm is a native species from tropical and subtropical Americas. It shows high production of oil per hectare reaching 
up to 70% of oil content in fruits and an interesting plasticity to grow in different ecosystems. Its domestication and breeding 
are still in the beginning, which makes the development of molecular markers essential to assess natural populations and 
germplasm collections. Therefore, we sequenced and characterized in detail the plastome of macaw palm. A total of 221 
SSR loci were identified in the plastome of macaw palm. Additionally, eight polymorphism hotspots were characterized at 
level of subfamily and tribe. Moreover, several events of gain and loss of RNA editing sites were found within the subfam-
ily Arecoideae. Aiming to uncover evolutionary events in Arecaceae, we also analyzed extensively the evolution of plastid 
genes. The analyses show that highly divergent genes seem to evolve in a species-specific manner, suggesting that gene 
degeneration events may be occurring within Arecaceae at the level of genus or species. Unexpectedly, we found that more 
than half of plastid protein-coding genes are under positive selection, including genes for photosynthesis, gene expression 
machinery and other essential plastid functions. Furthermore, we performed a phylogenomic analysis using whole plastomes 
of 40 taxa, representing all subfamilies of Arecaceae, which placed the macaw palm within the tribe Cocoseae. Finally, the 
data showed here are important for genetic studies in macaw palm and provide new insights into the evolution of plastid 
genes and environmental adaptation in Arecaceae.
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Introduction

Macaw palm [Acrocomia aculeata (Jacq.) Lodd. Ex Mart.] 
is a native species distributed in the tropical and subtropical 
Americas, with center of origin in Brazil (Henderson et al. 
1995; Lanes et al. 2015). Its fruits are oil-rich, accumulating 
up to 70% of oil (dry-weight) and yielding approximately 
6200 kg of oil per hectare (Pires et al. 2013). If compared 
with current oil crops the macaw palm can reach oil pro-
duction similar to the oil crops with the highest productiv-
ity such as oil palm (Elaeis guineensis Jacq.) (Motoike and 
Kuki 2009). In addition to the high oil productivity its oil 
profile is suitable for biofuel production (Pires et al. 2013; 
Lanes et al. 2014). The integral use of the fruits still provides 
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biomass feedstock for several industrial applications focus-
ing on sustainable energy such as ethanol and charcoal 
(Vilas-Boas et al. 2010; Gonçalves et al. 2013; Pires et al. 
2013). The macaw palm has interesting agronomic and eco-
logical features because it can occupy degraded areas or 
agroforestry systems given that it has high plasticity to grow 
in different ecosystems (Henderson et al. 1995; Motoike and 
Kuki 2009; Pires et al. 2013) avoiding conflict with areas of 
food production.

Due to its attractive features, the macaw palm domes-
tication, genetic breeding and development of commercial 
plantations have encouraged financial investments in basic 
research, biotechnology and industry. Studies in several 
areas have been carried out with this purpose, including eco-
physiology (Pires et al. 2013), mating system (Lanes et al. 
2016), vegetative development (Berton et al. 2013; Machado 
et al. 2016), fruit development (Montoya et al. 2016), phe-
notypic diversity (Ciconini et al. 2013; Lanes et al. 2015; 
Conceição et al. 2015; Coser et al. 2016) and biotechnologi-
cal applications (Moura et al. 2009; Luis and Scherwinski-
Pereira 2014; Padilha et al. 2015).

Considering the interest to make macaw palm an alter-
native platform for the production of renewable energy, the 
characterization of molecular markers has essential impor-
tance to assess the genetic diversity of natural populations 
aiming the establishment of suitable strategies for conserva-
tion, germplasm characterization, domestication and genetic 
breeding. However, a small number of molecular markers 
were developed for macaw palm (Mengistu et al. 2016a, 
b; Nucci et al. 2008) and all of them are based on nuclear 
microsatellites (SSRs). The nonrecombinant and uniparen-
tally inherited nature of plastid genome (plastome) makes 
it a great source of molecular markers, particularly inter-
genic spacers (IGSs) and introns, where the mutation rates 
are higher in comparison with coding sequences (Rogalski 
et al. 2015; Vieira et al. 2016a). Plastid SSRs have been 
used in several genetic studies including phyllogeography, 
population genetic and gene flow analyses (Provan et al. 
2001; Ebert and Peakall 2009; Wheeler et al. 2014). Plas-
tid sequences with high polymorphism are also applied to 
assess the genetic structure and diversity/divergence of natu-
ral populations and germplasm collections (Tsai et al. 2015; 
Wambulwa et al. 2016; Roy et al. 2016).

Plastome sequences are also of great importance to under-
stand evolutionary events in plants based on the knowledge 
of gene content, recombination events, loss of genes, gene 
transfer to the nucleus and genome rearrangements (Vieira 
et al. 2016b; Bock 2017; Lopes et al. 2017; Park et al. 2017; 
Ruhlman et al. 2017), as well as for plastid transformation 
aiming basic research (Rogalski et al. 2006, 2008; Alkatib 
et al. 2012) and biotechnological applications (Daniell et al. 
2016; Zhang et al. 2017) since the complete sequence of 
plastome is a prerequisite to choose target intergenic regions 

for insertion of transgenes and development of transplas-
tomic plants (Daniell et al. 2016; Fuentes et al. 2017). The 
plastid transformation has been used efficiently for metabolic 
engineering (Daniell et al. 2016; Fuentes et al. 2017) and it 
is a viable alternative to manipulate plastid fatty acid biosyn-
thesis (Rogalski and Carrer 2011) given that several efficient 
protocols of plant regeneration based on somatic embryo-
genesis are available for macaw palm (Moura et al. 2009; 
Luis and Scherwinski-Pereira 2014; Padilha et al. 2015).

Macaw palm belongs to the family Arecaceae, which 
contains about 2450 species distributed in five subfamilies, 
Calamoideae, Nypoideae, Arecoideae, Coryphoideae, and 
Ceroxyloideae (Dransfield et al. 2005; Asmussen et al. 2006; 
Barfod et al. 2011). The Arecoideae is the largest subfamily 
of Arecaceae, including A. aculeata, Cocos nucifera L., and 
E. guineensis, which are species of great economic impor-
tance (Baker et al. 2009; Comer et al. 2015). The genus 
Acrocomia is Neotropical occurring from north Mexico to 
south Argentina. The number of species is not taxonomically 
well resolved. The first classification included only two spe-
cies to the genus, A. aculeata and A. hassleri (Henderson 
et al. 1995). The last classification recognizes eight species 
including A. aculeata, A. crispa, A. emensis, A. glauces-
cens, A. hassleri, A. intumescens, A. media, and A. totai 
(Lorenzi et al. 2010; The Plant List 2013). Recently, a new 
species was described, Acrocomia corumbaensis, showing 
an arborescent habit similar to A. aculeata, A. crispa, A. 
intumescens, and A. totai (Vianna 2017). The new data have 
demonstrated an increasing number of new species, which 
makes the plastid genomics a useful tool to classify correctly 
them. According to Barrett et al. (2016) the plastomes of 
Arecaceae have a low rate of variation compared with other 
commelinids (e.g. grasses). Nevertheless, the diversification 
rate over time within palm genera seems to increase and a 
convergent evolution has been reported among palm species 
adapted to shaded areas (Ma et al. 2015; Faurby et al. 2016). 
Despite most plastid genes are conserved, several evolution-
ary events have been described such as new RNA editing 
sites, loss of introns, high divergence of genes, and positive 
signatures (Sen et al. 2012; Williams et al. 2015; He et al. 
2016; Chen et al. 2017). In grasses, one-third of the plastid 
genes underwent positive selection, which shows a relation-
ship between gene evolution and environmental conditions 
regarding the photosynthetic apparatus (Piot et al. 2017). 
The recent diversification of palm species may be related 
to some adaptive changes in plastid genes. However, the 
magnitude of the changes in plastid genes that underwent 
positive selection and how it could be related to adaptation 
to different environmental conditions remain unknown in 
Arecaceae.

Here, we reported the complete plastome of macaw palm, 
which was molecularly characterized in details. The descrip-
tion and location of all SSR loci and polymorphism hotspots 
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within macaw palm plastome were shown. Among the 221 
SSR loci identified, 157 are located in fast-evolving regions 
(IGSs and introns). In addition, we performed a phylog-
enomic analysis using whole plastomes of 40 taxa, includ-
ing 37 species representing all five subfamilies of Arecaceae, 
which placed the macaw palm within tribe Cocoseae. More-
over, some IGSs at the level of subfamily and tribe were 
identified as polymorphism hotspots, especially the trnC-
GCA/petN and psaC/ndhE. Furthermore, 100 putative RNA 
editing sites were found within Arecoideae, including some 
possible events of gain and loss of editing sites. Finally, 
we investigated extensively the molecular evolution of all 
protein-coding genes from 37 palm plastomes. We identified 
some highly divergent genes in a species-specific manner 
suggesting that gene degeneration processes may be occur-
ring within Arecaceae at the level of genus or species. We 
investigated if the plastid genes of Areacaceae underwent 
positive selection and the analysis indicated that more than 
half of the plastid protein-coding genes have one or more 
positive signatures, which can significantly affect essen-
tial plastid functions. Taken together, our data bring new 
molecular markers useful for genetic studies in macaw palm 
natural populations and raise questions about the evolution 
of plastome within Arecaceae and the relationship between 
positive selection and evolution of plastid genes under dif-
ferent environmental conditions.

Materials and methods

Chloroplast isolation, DNA extraction, sequencing, 
assembling, annotation, and data archiving 
statement

Fresh leaves from a young macaw palm plant were collected 
and kept for 1 week at 4 °C to decrease starch level. The 
young plant was obtained from seeds of macaw palm plants 
belonging to the ex situ plant collection, Macaúba Active 
Germplasm Bank (BAG-Macaúba repository: 084/2013/
CGEN/MMA) located in the experimental farm of the Uni-
versidade Federal de Viçosa (208400100S, 4283101500W), 
State of Minas Gerais, Brazil (Coser et al. 2016; Lanes et al. 
2015; Lanes et al. 2016; Mengistu et al. 2016a, b; Montoya 
et al. 2016).

The chloroplast isolation and cp DNA extraction were 
carried out according to Vieira et al. (2014). Approxi-
mately 1 ng of plastid DNA was used to prepare sequenc-
ing 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 paired-end reads 

(total of 907,088 reads), with average length of 280.9 bp, 
were trimmed under the threshold with probability of 
error < 0.05. The trimmed reads (901,031 reads, average 
length of 218.4 bp) were de novo assembled in contigs 
using CLC Genomics Workbench 8.0.2 software (CLC 
Bio, Aarhus, Denmark). The contigs used for assembling 
of macaw palm plastome ranged from 1323.96 to 315.12 
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 plastome was drawn using Organellar Genome 
DRAW (OGDRAW) (Lohse et al. 2013). The complete 
nucleotide sequence of macaw palm plastome sequenced 
in this study was deposited in the GenBank database under 
accession number MG020488.

SSR identification, sliding window analysis and RNA 
editing sites prediction

Simple sequence repeats (SSRs) loci were detected in the 
macaw palm plastome and in other six Arecoideae plas-
tomes available in the GenBank database (Supplementary 
Table S1) 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.

To identify the hotspots of sequence divergence in the 
subfamily Arecoideae and tribe Cocoseae, we performed 
the sliding window analysis. First, complete plastomes 
were aligned using MAFFT v.7 (Katoh and Standley 
2013), and 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 200 and 50 bp, respectively.

Potential RNA editing sites in plastid protein-coding 
genes of species belonging to subfamily Arecoideae were 
predicted by the program predictive RNA editor for plants 
(PREP) suite (Mower 2009). The program PREP uses 35 
reference genes for detecting of possible RNA editing sites 
in plastomes. The cutoff value was set to 0.8. Additional 
RNA editing sites were predicted by comparison with 
Huang et al. (2013) that based on RT-PCR and sequenc-
ing data identified several RNA editing sites in transcripts 
of plastid genes of C. nucifera.
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Comparative analysis of plastome structure

To characterize the general structure of the subfamily Are-
coideae, nucleotide MUMmer (NUCmer) Perl script in 
MUMmer 3.0 (Kurtz et al. 2004) was used to visualize and 
compare the plastome structures between A. aculeata and 
other Arecoideae representatives (Supplementary Table S1).

Phylogenomic reconstruction of the family 
Arecaceae

The phylogenetic reconstruction of the family Arecaceae was 
carried out using whole plastomes. The GenBank accession 
number of each taxon used here is shown in the Supplemen-
tary Table S1. The species Hanguana malayana (Hangua-
naceae: Commelinales), Baxteria australis, and Dasypo-
gon bromeliifolius (Dasypogonaceae: Arecales) were used 
as outgroups. First, whole plastomes were extracted from 
GenBank and the IRB was withdrawn to prevent overrepre-
sentation of the IR sequences. The alignment of plastomes 
was done using MAFFT v.7 (Katoh and Standley 2013) and 
the best substitution model (GTR + I+ G) was selected by 
using jModelTest v.2.1.7 (Darriba et al. 2012). Last, Bayes-
ian 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/soft ware /trac 
er/). The software FigTree 1.4.2 (http ://tree .bio.ed.ac.uk/soft 
ware /figt ree/) was used to visualize the consensus tree.

Molecular evolution analysis of protein‑coding 
genes in Arecaceae plastomes

The 79 protein-coding genes present in Arecaceae plasto-
mes (Supplementary Table S1) were extracted and the codon 
alignment was done using the software Muscle (Edgar 2004) 
implemented in Mega 7.0 (Tamura et al. 2013). Phylogenetic 
reconstruction was performed to assess the gene divergence. 
First, substitution models for each gene were selected using 
jModelTest v.2.1.7 (Darriba et al. 2012), which are listed 
in the Supplementary Table S2. Then, a Bayesian inference 
analysis was performed using MrBayes version 3.2 (Ron-
quist et al. 2012), with two million generations of two runs 
of four Markov Chains, with three hot and one cold in each 
run and the software FigTree 1.4.2 (http ://tree .bio.ed.ac.
uk/soft ware /figt ree/) was used to visualize the consensus 
tree. The gene divergence was estimated by the sum of total 
branch lengths that link the operational taxonomical units 
to the common ancestor of Arecaceae species sampled here. 
The convergence parameters of each tree were checked using 
the software Tracer 1.6 (http ://tree .bio.ed.ac.uk/soft ware /trac 
er/).

Finally, to investigate the presence of positive signatures 
(positive selection), the genes were aligned as described 
before. The positive signatures were analyzed using Selec-
ton version 2.4 (http ://sele cton .tau.ac.il/inde x.html ; Stern 
et al. 2007), performing the comparison M8 (allows positive 
selection) against M8a (null model) with one degree of free-
dom and cutoff (ɛ) of 0.1. We consider in our analysis only 
sites where reliable positive selection was inferred (lower 
bound > 1 and test with probability < 0.01).

Results

General features of macaw palm plastome 
and comparative analyses within the subfamily 
Arecoideae

The macaw palm plastome is a circular molecule of 
155,829 bp in length with a typical quadripartite structure 
found in most plastomes of angiosperms (Wicke et al. 2011; 
Zhu et al. 2016), which include a pair of inverted repeats 
(IRs) between two regions of single copy, the large single 
copy (LSC) and the small single copy (SSC) (Fig. 1). The 
macaw palm plastome contains 113 unique genes, being 79 
protein-coding genes, 30 tRNA genes, and four rRNA genes 
(Table 1). Some of these genes are duplicated in the IRs 
(Fig. 1); they are eight tRNA genes, all rRNA genes, and 
nine protein-coding genes (one of them, the ycf1, is partially 
duplicated). Among the 113 unique genes, 16 possess one 
intron (six tRNA genes and ten protein-coding genes) and 
two contain two introns (clpP and ycf3 genes).

The size of LSC, SSC, and IRs of macaw palm plastome 
is compared with other plastomes from species belong-
ing to the subfamily Arecoideae in the Table 2. They have 
similar dimensions of the quadripartite structure. The only 
exception, Areca vestiaria, contains a very small IR region, 
which is compensated by a larger LSC region. These general 
structural features were also explored by dot-plot analyses 
(Supplementary Fig. S1), which show high similarity and 
absence of rearrangements between macaw palm and other 
Arecoideae plastomes. The only exception is A. vestiaria that 
lost most part of the IR region, which corresponds to IRB 
in the plastome of macaw palm. A more detailed view of 
the IRA and IRB borders of Arecoideae plastomes (Fig. 2), 
except for A. vestiaria plastome, reveals slight differences 
within this subfamily. Most plastomes, including the macaw 
palm, present the rps19 gene completely duplicated in the 
IR region, while in C. nucifera and Syagrus coronata it is 
partially duplicated in the IR borders and encodes a func-
tional protein only in the LSC-IRA junction. A variability 
of nucleotide number in the rps19-rpl22 and rps19-psbA 
intergenic spacers (IGS) is observed in the LSC-IRA and 
LSC-IRB junctions, respectively. Some variability is also 

http://tree.bio.ed.ac.uk/software/tracer/
http://tree.bio.ed.ac.uk/software/tracer/
http://tree.bio.ed.ac.uk/software/figtree/
http://tree.bio.ed.ac.uk/software/figtree/
http://tree.bio.ed.ac.uk/software/figtree/
http://tree.bio.ed.ac.uk/software/figtree/
http://tree.bio.ed.ac.uk/software/tracer/
http://tree.bio.ed.ac.uk/software/tracer/
http://selecton.tau.ac.il/index.html
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present in the IR-SSC junctions, mainly in the ycf1 gene. 
Part of the ndhF gene is located within the IRs (overlapping 
part of the ycf1 gene), which represents a stretch of 56 bp 
highly conserved among all species analyzed here (Fig. 2).

SSR content and nucleotide divergence analysis 
in macaw palm plastome and other Arecoideae 
species

The SSR loci number and distribution among Arecoideae 
plastomes (Fig. 3a), including A. aculeata, are very similar, 

with the majority composed of mononucleotide repeats 
(Fig. 3b). The mononucleotide repeats in Arecoideae plas-
tomes are basically constituted of A/T sequences (ranging 
from 94.8 to 96.8% among the species sampled here). The 
density of SSR loci (SSR number/kilobase) was higher in 
the SSC (mean of 2.28 ± 0.11), followed by LSC (mean of 
1.93 ± 0.07), and lower in the IR (mean of 0.75 ± 0.04). 
The total mean density, considering only one IR, was 1.75 
(± 0.05). In the species A. vestiaria we found the same pat-
tern of SSR distribution in the SSC, LSC, and IR regions 
as delimited in the other Arecoideae species analyzed here.

Fig. 1  Gene map of macaw palm (Acrocomia aculeata) plastome. 
Genes drawn inside the circle are transcribed in the clockwise direc-
tion, 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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A complete description and location of all SSRs identi-
fied in the plastome of macaw palm is shown in Supple-
mentary Table S3. Among the 221 SSR loci identified, 
123 are located in intergenic spacers (IGSs), 61 in coding 
sequences (CDSs), 34 in introns, and three in tRNA genes. 
The CDSs with higher number of SSRs are ycf1 (18 SSRs), 

ycf2 (7 SSRs), and rpoC2 (7 SSRs) genes. In addition, the 
ndhC/trnV-UAC (10 SSRs) and ndhF/rpl32 (6 SSRs) IGSs, 
and the introns of clpP (8 SSRs) and trnK-UUU (7 SSRs) 
genes contain a high number of SSRs. A comparison of 
SSRs found here with SSRs identified in the plastome of 
E. guineensis (the closest taxon sampled to A. aculeata, 

Table 1  List of genes identified in the plastome of Acrocomia aculeata 

a Genes containing introns
b Duplicated genes
c Partially duplicated genes

Group of gene Name of gene

Gene expression machinery
 Ribosomal RNA genes rrn16b; rrn23b; rrn5b; rrn4.5b

 Transfer RNA genes trnA –UGC ab; trnC –GCA; trnD –GUC; trnE –UUC; trnF –GAA; trnfM –CAU; trnG –UCC 
a; trnG –GCC; trnH –GUG b; trnI –CAU b; trnI –GAU ab; trnK –UUU a; trnL –CAA b; trnL –
UAA a; trnL –UAG; trnM –CAU; trnN –GUU b; trnP –UGG; trnQ –UUG; trnR –ACG b; trnR 
–UCU; trnS –GCU; trnS –UGA; trnS –GGA; trnT –UGU; trnT –GGU; trnV –GAC b; trnV 
–UAC a; 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

Table 2  General features of plastid genomes within the subfamily Arecoideae

a The values are an approximation because the nucleotide sequences of these plastomes are not complete in the GenBank database

Acrocomia 
aculeata

Areca vestiaria Cocos nucifera Elaeis guineen-
sis

Podococcus 
barteria

Syagrus coro-
nata

Veitchia arecinaa

Total cpDNA 
size

155,829 130,807 154,731 156,973 157,683 155,053 157,194

Length of LSC 
region

84,265 110,702 84,230 85,192 85,522 84,535 85,647

Length of IR 
region

27,092 1426 26,555 27,071 27,220 26,522 27,050

Length of SSC 17,380 17,253 17,391 17,639 17,721 17,474 17,447
GC content (%) 37.53 36.58 37.44 37.40 37.66 37.46 37.47
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according to our phylogenomic tree showed below) showed 
that 49% of the SSRs located in the IGSs and introns are pol-
ymorphic. Only four polymorphic SSRs (all located in the 
ycf1 gene) are located in CDS (Supplementary Table S3).

Moreover, we performed a nucleotide divergence analysis 
to identify the regions with higher polymorphism within the 
subfamily Arecoideae and tribe Cocoseae, in order to select 
putative fast-evolving plastid sequences in macaw palm plas-
tome (Fig. 4). The trnC-GCA/petN and psaC/ndhE IGSs, 
and the CDS of ycf1 gene (part included in the SSC region) 
are shared between the subfamily Arecoideae and the tribe 
Cocoseae as the regions with the highest nucleotide diver-
gence. Within the subfamily Arecoideae, other three regions 
of high polymorphism are located in the junctions IRB-LSC 
[rps19/psbA (IGS)] and LSC/IRA [rpl22/rps19 (IGS)], and 
in the IGS between the accD and psaI genes. Furthermore, 
aiming to detect more specific polymorphism hotspots, we 

also performed the sliding window analysis aligning the 
plastomes of macaw palm and E. guineensis (Fig. 4). As 
the previous analyses revealed for the subfamily Arecoideae 
and tribe Cocoseae, the plastome regions trnC-GCA/petN 
(IGS), psaC/ndhE (IGS), and the CDS of ycf1 gene, show 
again the highest nucleotide divergence. In addition to them, 
other two regions (the psbC/trnS-UGA and trnL-UAG/ccsA 
IGSs) were found to be exclusive between A. aculeata and 
E. guineensis.

Identification of putative RNA editing sites in plastid 
protein‑coding genes of macaw palm and other 
species within Arecoideae

The prediction of RNA editing sites in the subfamily Are-
coideae was carried out based on PREP program and com-
parison with RNA editing sites validated by Huang et al. 

Fig. 2  Comparison of the IRA and IRB borders among Arecoideae species. The numbers indicate the lengths of IGSs, genes, and spacers 
between IR-LSC and IR-SSC junctions. The ycf1* and rps19* genes have incomplete CDSs
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(2013) for some plastid protein-coding genes in C. nucifera 
(Supplementary Tables S4 and S5). All RNA editing sites 
identified are C-to-U conversions, at the first (24%) or sec-
ond (76%) positions of the codons. A total of 100 RNA edit-
ing sites (distributed among 30 protein-coding genes) were 

predicted here, being 87 of them shared among all species 
sampled in this study. According to Huang et al. (2013), 74 
out of 100 sites identified here are completely or partially 
edited in C. nucifera. Most RNA editing sites predicted here 
change the encoded amino acid from polar to apolar (62 out 

Fig. 3  SSR loci identification in Arecoideae plastomes (IRB omit-
ted). a Distribuition of SSR loci. b Number of SSR loci. 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. Species sampled: Acrocomia aculeata (AA), 
Areca vestiaria (AV), Cocos nucifera (CN), Elaeis guineensis (EG), 
Podococcus barteri (PB), Syagrus coronate (SC), and Veitchia are-
cina (VA)

Fig. 4  Sliding window analyses of aligned whole plastomes (IRB 
omitted) within the subfamily Arecoideae, the tribe Cocoseae, and 
between Acrocomia aculeata and Elaeis guineesis. The regions with 

high nucleotide variability (Pi  >  0.05) are indicated. Pi, nucleotide 
diversity of each window. Window length 200 pb. Step size 50 pb
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of 100). Only one putative RNA editing site changes the 
amino acid from apolar to polar (proline-serine), while the 
remaining do not change de polarity (20, polar-polar; 17, 
apolar-apolar).

Despite the high conservation of RNA editing sites 
among Arecoideae species, we also identified 13 sites that 
are not edited in one or more species. In addition, the RNA 
editing sites shared between this lineage show codon vari-
ants in 6 sites in which the RNA editing recovers the same 
conserved amino acid [e.g. in the site (97) of ndhF gene the 
RNA editing changes different codons TCA (S-L) and CCA 
(P-L) generating the same conserved amino acid]. All those 
codons (edited or unedited) that diverge in one or more spe-
cies are shown in the Table 3. In order to identify if there 
are correlation between the Arecoideae classification and the 
evolution of RNA editing sites among the species analyzed 
here, we performed a Bayesian analysis using the divergent 
codons concatenated from different genes. The reconstructed 
tree (Fig. 5a) distinguishes the three tribes represented in 
the analysis, showing that the tribe Cocoseae is sister to 
the clade composed by the sister tribes Podococceae and 
Areceae.

Analyzing the 13 putative RNA editing sites, that are not 
edited in one or more species of Arecoideae, in the light 
of the Arecoideae phylogenetic tree (based on our phylog-
enomic analysis showed below), it is possible to suggest 

some events of gain and loss of RNA editing sites within the 
subfamily Arecoideae (Fig. 5b). The accD (429) and ndhF 
(131) sites were supposedly gained and lost, respectively, 
in the tribe Areceae given that these features are not shared 
with the tribes Podococceae (sister group) and Cocoseae. 
However, species-specific gains and losses are more fre-
quent. In our analyses we count five gains [the accD (241), 
accD (487), clpP (118), matK (312), and ndhF (607) sites] 
and four losses [the matK (219), ndhF (148), ndhH (182), 
and rpoB (665) sites]. Lastly, the distribution pattern of edit-
ing at accD (389) and ccsA (274) sites among the species 
sampled here do not allow hypotheses about gains or losses 
in the subfamily Arecoideae.

Arecaceae phylogenomic reconstruction based 
on whole plastomes

The Arecaceae phylogenomic was carried out using whole 
plastomes of 40 taxa (Supplementary Table S1), including 
37 species representing all five subfamilies of Arecaceae: 
Calamoideae, Nypoideae, Arecoideae, Coryphoideae, and 
Ceroxyloideae (Dransfield et  al. 2005; Asmussen et  al. 
2006). The three remaining taxa are two species of fam-
ily Dasypogonaceae (most related to Arecaceae) and H. 
malayana (Hanguanaceae: Commelinales), which were used 
as outgroup. Bayesian inference (BI) analysis produced a 

Table 3  List of RNA editing sites whose codons diverge in one or more species of Arecoideae subfamily

The cytidines marked are putatively edited to uridines. The letters in parentheses represent the encoded amino acids. The encoded amino acid 
after RNA editing is also showed

Gene AA position Acrocomia 
aculeata

Elaeis guineen-
sis

Syagrus coro-
nata

Cocos nucifera Podococcus 
barteri

Veitchia are-
cina

Areca vestiaria

accD 241 UUU (F) UUU (F) CUU (L-F) UUU (F) UUU (F) UGU (C) UUU (F)
accD 389 CAU (H-Y) CAU (H-Y) CAU (H-Y) CAU (H-Y) UAU (Y) UAU (Y) UAU (Y)
accD 429 UAC (Y) UAC (Y) UAC (Y) UAC (Y) UAC (Y) CAC (H-Y) CAU (H-Y)
accD 487 UUG (L) UCG (S-L) UUG (L) UUG (L) UUG (L) UUG (L) UUG (L)
ccsA 274 UUA (L) UUA (L) UUA (L) UUA (L) UCA (S-L) UCA (S-L) UCA (S-L)
clpP 118 UUC (F) CUC (L-F) UUC (F) UUC (F) UUC (F) UUC (F) UUC (F)
matK 219 ACA (U) CCA (P-L) CCA (P-L) CCA (P-L) CCA (P-L) CCA (P-L) CCA (P-L)
matK 310 CAU (H-Y) CAU (H-Y) CAU (H-Y) CAU (H-Y) CAC (H-Y) CAC (H-Y) CAC (H-Y)
matK 312 GCC (A-V) GUC (V) GUC (V) GUC (V) GUC (V) GUC (V) GUC (V)
matK 426 CAC (H-Y) CAC (H-Y) CAC (H-Y) CAC (H-Y) CAC (H-Y) CAC (H-Y) CAU (H-Y)
ndhD 225 UCG (S-L) UCG (S-L) UCG (S-L) UCG (S-L) UCG (S-L) UCA (S-L) UCG (S-L)
ndhD 398 UCA (S-L) UCA (S-L) UCA (S-L) UCA (S-L) UCA (S-L) UCG (S-L) UCG (S-L)
ndhF 97 UCA (S-L) UCA (S-L) UCA (S-L) UCA (S-L) CCA (P-L) UCA (S-L) UCA (S-L)
ndhF 131 UCC (S-F) UCC (S-F) UCC (S-F) UCC (S-F) UCC (S-F) UUC (F) UUC (F)
ndhF 148 CAU (H-Y) CAU (H-Y) CAU (H-Y) CAU (H-Y) CAU (H-Y) UAU (Y) CAU (H-Y)
ndhF 607 UUG (L) UUU (F) UUC (F) UUC (F) CUC (L-F) UUC (F) UUC (F)
ndhF 698 UCU (S-F) UCC (S-F) UCC (S-F) UCC (S-F) UCC (S-F) UCC (S-F) UCC (S-F)
ndhH 182 UCU (S-F) UCU (S-F) UCU (S-F) UCU (S-F) UCU (S-F) UCU (S-F) UUU (F)
rpoB 665 UCU (S-F) UCU (S-F) UUU (F) UCU (S-F) UCU (S-F) UCU (S-F) UCU (S-F)
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phylogenetic tree with a − lnL = 510,541.335 (Fig. 6) and 
a high branch support (BI posterior probability value of 1 
for all nodes). Regarding the relationships among the sub-
families within Arecaceae, the subfamily Calaimoideae is 
sister to a clade composed by other four subfamilies. This 
clade contains the subfamily Nypoideae sister to a subclade 
where the subfamily Coryphoideae forms a sister-group with 
the subfamilies Arecoideae and Ceroxyloideae. Among the 
Arecoideae species sampled here, the tribe Cocoseae forms 
a sister-group with the tribes Podococceae and Areceae. The 
macaw palm (A. aculeata) is placed within the tribe Coco-
seae and it is sister to E. guineensis.

Gene divergence analysis and identification 
of positive signatures in plastid protein‑coding 
genes within Arecaceae

Overall, the gene divergence analysis indicates that the plas-
tid protein-coding genes in Arecaceae are well conserved 
(Fig. 7a). The ycf1 gene is the most divergent gene, followed 
by rpl32 and rps16 genes. These genes show extensive vari-
ation of branch length among the species given that some 
of them exhibit high divergent branches such as Podococ-
cus barteri (ycf1 and rpl32) and Salacca ramosiana (rpl16) 
(Supplementary Fig. S2). Other genes, such as ccsA, rpl22, 

psaJ, and ndhK, also occur in one or two species with a 
highlighted long branch in comparison with the remaining 
species with small branches (Supplementary Fig. S2).

To investigate whether any plastid gene of Arecaceae 
underwent positive selection we used the Selecton program. 
We identified a total of 283 putative positive signatures dis-
tributed in more than half of plastid genes (40 out of 79 pro-
tein-coding genes) (Fig. 7b). The positive selection shows 
a tendency to be related to gene divergence rate given that 
most divergent genes have more positive signatures. Positive 
signatures were identified in several genes involved in dif-
ferent essential functions such as photosynthesis [including 
subunits of PSI (ycf3, ycf4 and psa genes), PSII (psb genes), 
ATP synthase (atp genes), cytochrome  b6f (petD gene), and 
ndh complex (ndh genes)], plastid gene expression [includ-
ing subunits of RNA polymerase (rpo genes), RNA mat-
uration (matK gene), and ribosomal proteins (rpl and rps 
genes)], fatty acid biosynthesis (accD gene), cytochrome 
biosynthesis (ccsA gene), import of protein (ycf1 gene), 
uptake of inorganic carbon (cemA gene), and unknown func-
tion (ycf2 gene).

In order to identify the evolutionary patterns across the 
palm family, we plotted the sites under positive selection 
against the phylogeny inferred from whole plastomes (Fig. 8; 
Supplementary Figs. S3–S9). Three evolutionary types are 

Fig. 5  RNA editing analysis. a Relationships within the subfamily 
Arecoideae based on concatenated codons using bayesian inference. 
The codons used were extracted from putative RNA editing sites that 
diverge in one or more species of Arecoideae. The tribes are high-
lighted in red. The bayesian posterior probability of all nodes is 0.99. 
The branch length is proportional to the inferred divergence level and 

the scale bar indicates the number of inferred nucleic acids substitu-
tions per site. b Distribution of putative RNA editing sites across the 
Arecoideae phylogeny based on whole plastome. The codons high-
lighted in red are edited, and the codons in blue codify non-conserved 
amino acids
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noted in the sites of positive selection, including high hetero-
geneity of amino acid type (e.g. the sites 330, 664, and 686 
of ycf1 gene, Supplementary Fig. S5), unique amino acid 
type in a particular clade such as subfamily or tribe (e.g. the 
sites 300, 337, and 338 of rpoA gene; Supplementary Fig. 
S7), and the same amino acid in species or clades that are not 
closely related (e.g. the sites 89, 142, 219, and 251 of rbcL 
gene; Fig. 8). The latter pattern prevailed in comparison with 
other types, particularly among photosynthesis-related genes 
(Fig. 8).

Discussion

The general features of macaw palm plastome are 
conserved but small expansion and contraction 
events at the IR boundaries occurred 
during plastome evolution within Arecoideae

The general structure, the number and type of genes in the 
plastome of macaw palm are similar to most angiosperms, 
including other species of Arecaceae (Wicke et al. 2011; 
Uthaipaisanwong et al. 2012; Huang et al. 2013; Barrett 
et al. 2016). Nevertheless, at the IR-LSC and IR-SSC junc-
tions we identify sequence variability, indicating the occur-
rence of small expansion and contraction events at the IR 
boundaries of Arecoideae plastomes. Similarly, sequence 
variabilities involving few hundreds of base pairs, especially 
in the ycf1 gene at IR-SSC junction and in the rps19 and 
rpl22 genes at IR-LSC junction, are frequently observed as a 
result of expansion and contractions events by gene conver-
sion (Goulding et al. 1996; Zhu et al. 2016). Despite of these 

Fig. 6  Arecaceae phylogenomic tree of 40 taxa (37 Arecaceae spe-
cies and 3 outgroups) based on whole plastomes using bayesian infer-
ence. 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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slight differences at IR borders of most Arecoideae plasto-
mes analyzed here, the extremely reduced IRs of A. vestiaria 
and Tahina spectabilis plastomes as described by Barrett 
et al. (2016) are likely the result of large-scale contraction 

event, which indicates that major changes may have occurred 
in others species of Arecoideae (Barrett et al. 2016). Large-
scale expansion, contraction, and even complete loss of the 
IR have been reported for some plant lineages belonging to 
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Fig. 7  Molecular evolution analyses of plastid genes within the fam-
ily Arecaceae. a It is shown the divergence of protein-coding genes. 
The gene divergence was estimated by the sum of total branch lengths 

in each gene tree inferred (mean ± SD). b It is shown the number of 
putative sites under positive selection
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the families Campanulaceae (Haberle et al. 2008), Fabaceae 
(Cai et al. 2008; Guisinger et al. 2011), Geraniaceae (Chum-
ley 2006; Weng et al. 2014), Linaceae (Lopes et al. 2017) 
and Trochodendraceae (Sun et al. 2013).

The identification of SSR loci and polymorphism 
hotspots in the plastome of macaw palm represent 
special sources of molecular markers

Plastid SSRs represent potentially useful markers given 
that they have demonstrated high levels of intraspecific 
variability in several studies and due to the nonrecombinant 

and uniparental inheritance of the plastomes. Such SSRs 
have been applied in a broad range of researches focusing 
on studies of genetic diversity within and among natural 
populations, and characterization of evolutionary history of 
native and agricultural species (Provan et al. 2001; Ebert and 
Peakall 2009; Wheeler et al. 2014).

The SSRs located in IGS and introns are more interesting 
to use as molecular markers since these regions evolve faster 
than CDSs (Rogalski et al. 2015). In our study we found 
that 49% of the SSRs loci located in the IGSs and introns 
of macaw palm plastome are polymorphic when compared 
with E. guineesis. The ndhC/trnV-UAC (ten SSRs) and 

Fig. 8  Sites under positive selection in plastid genes involved in the 
photosynthetic process. The amino acids are plotted across the palm 
phylogeny based on whole plastomes. 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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ndhF/rpl32 (six SSRs) IGSs, and the introns of clpP (eight 
SSRs) and trnK-UUU (seven SSRs) genes contain a high 
number of SSRs and, therefore, configure important source 
of molecular markers. The SSRs detailed in the macaw palm 
plastome, mainly those located in the IGS and introns, rep-
resent important sequences to be used together with nuclear 
molecular markers developed in other groups (Mengistu 
et al. 2016a, b; Nucci et al. 2008) to study the genetic struc-
ture and genetic flow in natural populations of macaw palm 
(Wheeler et al. 2014). In addition, the SSRs found here are 
useful tools to characterize germplasm collections, prom-
ising genotypes and natural population, in order to search 
suitable strategies for genetic breeding of this wild species. 
It is also important to note that strategies using species-
specific SSR primers have generated an elevated number of 
polymorphic loci than those employing universal primers 
(Wheeler et al. 2014), highlighting the importance of plas-
tome sequencing.

The density of SSR loci was lower in the IRs in Are-
coideae species. The lower number of SSR loci in the IRs 
may be correlated with the duplicative nature of the IRs, 
which enhances the copy-correction activity by gene con-
version, resulting in lower evolutionary rate (Yamane et al. 
2006; Zhu et al. 2016). Interestingly, the species A. vestiaria, 
that underwent massive reduction of the IRs, maintains a 
conserved pattern of SSR distribution in the SSC, LSC, and 
IR regions as found in other Arecoideae species, suggesting 
that the contraction of the IR region in A. vestiaria may be 
a recent event.

Lastly, we identify putative fast-evolving plastid 
sequences in macaw palm plastome based on sliding window 
analyses. Some IGSs at the level of subfamily and tribe were 
identified as polymorphism hotspots, especially the trnC-
GCA/petN and psaC/ndhE. The polymorphism hotspots 
identified here, mainly in IGSs, represent interesting plastid 
markers to be used in genetic studies aiming the improve-
ment of characteristics of the interest in macaw palm. Fast-
evolving plastid IGSs have been used as efficient tools in 
several studies involving biogeography, genetic structure, 
genetic diversity, and germplasm characterization of impor-
tant commercial species (Tsai et al. 2015; Wambulwa et al. 
2016; Roy et al. 2016).

The evolution of putative RNA editing sites 
within the subfamily Arecoideae

The plastid RNA editing is a posttranscriptional modifica-
tion (C-to-U and U-to-C conversions) identified in all groups 
of land plants, except in some species of Marchantiales. The 
mechanism of RNA editing has a monophyletic origin begin-
ning with the evolution of land plants, when hundreds of 
editing sites were created in basal lineages. Following the 
evolution of higher plants several RNA editing sites were 

lost maintaining a relative conserved number of editing sites 
in angiosperms (Tillich et al. 2006; Takenaka et al. 2013; He 
et al. 2016). Plastid RNA editing sites have been identified in 
mRNA, introns, and untranslated regions, being implicated 
primordially as error correctors, but also acting in regula-
tory functions and producing variants of proteins to adapt to 
different physiological needs (Takenaka et al. 2013; Tseng 
et al. 2013; He et al. 2016; Chen et al. 2017).

In this study, a total of 100 RNA editing sites were pre-
dicted to occur within the subfamily Arecoideae. Like most 
angiosperms, all editing sites identified are C-to-U conver-
sions, at the first or second position of the codons (Takenaka 
et al. 2013; He et al. 2016). RNA editing sites at the third 
position of the codon are less common, generally resulting 
in synonymous substitutions and having low frequency (He 
et al. 2016; Chen et al. 2017). From the total sites, 87 are 
shared among all species sampled in this study and 74 are 
completely or partially edited in C. nucifera (Huang et al., 
2013), which suggest high conservation of the RNA edit-
ing mechanism within Arecoideae. Interestingly, most RNA 
editing sites predicted here change the encoded amino acid 
from polar to apolar, increasing the protein hydrophobic-
ity which can affect structural features such as the creation 
of new transmembrane regions (He et al. 2016; Chen et al. 
2017). Thereby, the general editing process is biased towards 
to increase the hydrophobicity of plastid proteins, which 
may be involved in protein–protein interactions and trans-
membrane domains present in the plastid protein complexes.

Despite the high conservation of RNA editing sites 
among species of Arecoideae, we identified 13 sites that 
are not edited in one or more species and six editing sites 
with codon variants. The phylogenetic tree reconstructed 
based on these divergent codons may suggest the mode of 
evolution of the RNA editing sites in the subfamily Are-
coideae (Fig. 5a). The reconstructed tree distinguishes the 
three tribes represented in the analysis (Cocoseae, Podococ-
ceae, and Areceae) and the tribe relationships are in accord-
ance with our Arecaceae phylogenomic analysis (discussed 
below) and Baker et al. (2009). However, the tree based on 
divergent RNA editing sites does not distinguish the rela-
tionships among different genera within the tribe Cocoseae. 
Therefore, the RNA editing evolution within the subfamily 
Arecoideae accumulated enough differences (gains, losses, 
and codon variations) to differentiate tribes but they are not 
enough to differentiate genera.

The loss of RNA editing sites in higher plants usually 
occurs when a mutation in DNA sequence changes the C to 
T, which results in a transcript that codifies the conserved 
amino acid without need for RNA editing. On the other 
hand, gains of RNA editing sites arise from the need to cor-
rect the mutations that change the T to C in DNA restoring 
the conserved amino acid (Kahlau et al. 2006; Hein et al. 
2016). Our data suggest that at least six gains and five losses 
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of RNA editing occurred within the subfamily Arecoideae, 
being species-specific events or events restricted to a closer 
taxa. Generally, the edited sites conserve the same amino 
acid among the species sampled here, except three RNA 
editing sites [accD (241), matK (219), and ndhF (607)] that 
showed some variability regarding the encoded amino acid. 
The editing sites that accept some variability is a common 
feature of plastid transcripts and it can occur in essential and 
nonessential genes (Fiebig et al. 2004). Indeed, nonessential 
ndh genes (Horváth et al. 2000; Li et al. 2004) have been 
reported as the most edited genes (Kahlau et al. 2006; He 
et al. 2016), including in the analysis performed here (37% 
of the editing sites; Supplementary Tables S4 and S5).

The number of RNA editing sites predicted here for pro-
tein-coding genes in palm species is high in comparison with 
others monocots, as rice (21 sites), maize (26 sites), and 
orchids (79 sites) (Corneille et al. 2000; Chen et al. 2017). 
Therefore, future analyses will be important to validate these 
putative sites identified in Arecoideae species. In addition, 
comparisons within Arecaceae and other related families 
may be able to decipher the origin of this unusual high num-
ber of RNA editing sites found here.

Arecaceae phylogenomic reconstruction based 
on whole plastomes

The placement of subfamilies within Arecaceae in our 
phylogenomic tree was similar to reported by Barrett et al. 
(2016) based on maximum likelihood analyses using whole 
plastomes and plastid protein-coding genes. The placement 
of the tribes within the subfamilies Calamoideae and Cor-
yphoideae is also in accordance with Barrett et al. (2016). 
However, some incongruences related to the placement of 
tribes within the subfamily Arecoideae among phylogenies 
based on nuclear genes (Baker et al. 2011), plastid genes 
(Comer et al. 2015), and supertree method (Baker et al. 
2009) are observed. In our tree, the relationships within Are-
coideae are in accordance with Baker et al. (2009). Among 
Arecoideae species, the macaw palm (A. aculeata) is placed 
within the tribe Cocoseae closed to the genus Elaeis, in 
accordance with Baker et al. (2011).

Molecular evolution of plastid protein‑coding genes 
within Arecaceae

The general structure and gene content of most plastomes 
of Arecaceae sequenced to date are conserved and a low 
substitution rate in DNA was observed within Arecaceae in 
comparison with other commelinids (Barrett et al. 2016). 
Nevertheless, some exceptions raise questions concern-
ing the plastome evolution of palms. Barrett et al. (2016) 
reported massive IR loss and a 1944-bp inversion in the 
LSC in T. spectabilis (Coryphoideae), and unusual loss of 

gene (ndhF) and pseudogenization of several genes (ndhA, 
ndhH, and ndhG) in Eugeissoma tristis (Calamoideae). In 
addition, as previously mentioned, the species A. vestiaria 
(Arecoideae) also lost most part of the IRs (Supplementary 
Fig. S1). These structural changes are hypothesized to occur 
idiosyncratically in species or populations instead as synapo-
morphies in the palm plastid phylogeny (Barrett et al. 2016). 
Thus, we performed analyses to assess the gene divergence 
and to investigate the presence of positive selection in each 
protein-coding gene of palm plastomes to provide insights 
into the evolution of palm plastid genes. Our gene diver-
gence analysis shows that some genes present wide variation 
of branch length (e.g. ycf1, rpl32, and rps16 genes) because 
one or two species have notable long branches while the 
remaining species appear with small branches. In the case 
of exceptional genes containing nonconserved structure, the 
particular high gene divergence of some isolated species 
could be related to gene degeneration process in a species-
specific manner rather than a feature shared by a specific 
clade, subfamily or tribe. Such hypotheses of species-level 
idiosyncrasies are in accordance with species-level supertree 
that suggests recent increase and heterogeneity in the diver-
sification rate within genera of family Arecaceae (Faurby 
et al. 2016).

Moreover, we investigated whether any plastid gene of 
Arecaceae underwent positive selection. Unexpectedly, we 
identified a total of 283 putative positive signatures dis-
tributed in more than half of plastid genes (40 out of 79 
protein-coding genes), including genes related to essential 
functions such as photosynthesis, plastid gene expression, 
and fatty acid biosynthesis. In comparison with other mono-
cots, one-third of the plastid genes were reported to evolve 
under positive selection among species of grasses (Piot et al. 
2017) suggesting that positive selection is strongly acting on 
species of Arecaceae. The occurrence of positive signatures 
across the palm phylogeny shows frequently the same amino 
acid change in species or clades that are not closely related. 
This evolutionary pattern prevailed in comparison with other 
types among photosynthesis-related genes, which can indi-
cate convergent evolution associated with environmental 
conditions being shared among unrelated species. Recently, 
an emblematic case was reported in different lineages of  C4 
grasses that show a convergent evolution of several sites 
in the rbcL gene, which underwent positive selection (Piot 
et al. 2017). Within Arecaceae, most species grow on shaded 
lower strata of tropical rain forest and their shade adapta-
tion has been correlated with convergent evolution towards 
high net carbon gain efficiency among different lineages 
(Ma et al. 2015). It was also recently reported the adapta-
tion of palm species to dry environmental conditions. Bacon 
et al. (2017) reported recently the shifting of some palm 
species from tropical rain forest to dry habitats, which is 
correlated with morphological adaptations. Here, we showed 



 Planta

1 3

that several sites in essential genes for photosynthesis (rbcL, 
psbA, psbB, psaA, and psaB) are presumably under positive 
selection. However, the correlation of these sites with the 
habitats of palm species remains unknown and the existence 
of specific selective pressures on plastid genes for adaptation 
to different environmental conditions have to be investigated.

Among photosynthesis-related genes, the rbcL gene 
(which encodes de large subunit of rubisco enzyme) has 
the highest number of putative positive signatures (Fig. 8). 
According to Conserved Domains Database (http s://www.
ncbi .nlm.nih.gov/cdd), the sites 157, 225, 226, and 230 are 
related to the protein–protein interaction on the heterodi-
mer interface. In addition, the sites 464 and 477 are part 
of the C-terminal strand that acts on the closing/opening 
mechanism of the active site and, therefore, they may be 
important for the catalytic activity (Burisch et al. 2007). 
Other essential gene for the photosynthesis is the psbA gene 
(encodes the D1 protein, subunit of the reaction center of 
the PSII). Two positive signatures were identified in this 
gene at the amino acid position 155, located in the region 
of chlorophyll biding site, and at the amino acid position 
243, situated in the region involved in the protein–protein 
interaction on the D1-D2 interface (Conserved Domains 
Database). Positive selection in the amino acid position 
155 was also reported among fern species where the evolu-
tion of psbA gene was related to the competition between 
ferns and angiosperms for light (Sen et al. 2012). Addition-
ally, we found positive selection in other genes acting on 
the photochemical machinery, including the psbB (encodes 
the CP47 subunit of PSII), psaA (encodes a reaction center 
subunit of PSI), psaB (encodes a reaction center subunit of 
PSI), ycf3 (encodes a PSI assembly factor), ycf4 (encodes a 
PSI assembly factor), and petD (encodes the subunit IV of 
Cytochrome  b6f) genes. The selective pressures and the con-
sequences of the changes for the photochemical functions 
are unknown, but positive selections were also identified in 
psbB and petD genes of the species of family Brassicaceae 
(Hu et al. 2015) and grasses (Piot et al. 2017), respectively. 
Finally, among the eleven ndh genes (encode subunits of 
the chloroplast Ndh complex) seven of them have positive 
signatures within Arecaceae. In grasses, nine ndh genes were 
found to evolve under positive selection (Piot et al. 2017). 
The Ndh complex acts in the minor pathway of PSI cyclic 
electron transport (Shikanai 2016), which is important for 
plant fitness under various stress conditions (Horváth et al. 
2000; Li et al. 2004). The ndh genes have a specific dynamic 
of evolution, which includes high number of edition sites, 
pseudogenization, and gene losses or transfer to the nucleus 
(Martín and Sabater 2010). The selective pressures driving 
the conservation, positive selection (Fig. 8), or loss (e.g. E. 
tristis) of the Ndh complex within Arecaceae are a matter to 
be investigated given that it can be an adaptation to different 
environmental conditions (e.g. light intensities and hydric 

stress). Similarly, it is also notorious the amount of genes 
involved in the gene expression machinery containing posi-
tive signatures. They include 3 rpo genes (rpoA, rpoC1 and 
rpoC2), 5 rpl genes (rpl16, rpl20, rpl22, rpl32 and rpl33), 9 
rps genes (rps2, rps3, rps4, rps8, rps11, rps14, rps16, rps18 
and rps19), and the matK gene (Supplementary Fig. S3, S7, 
S8, and S9), which totalizes 18 genes. Several studies have 
reported accelerated evolutionary rates and positive selec-
tion on plastid genes involved in gene expression (Krawczyk 
and Sawicki 2013; Hu et al. 2015; Xu et al. 2015; Weng 
et al. 2016; Piot et al. 2017). However, the effect of these 
signatures on the protein function and the adaptive capacity 
are poorly understood.

The high number of genes containing positive signatures, 
the wide distribution of these signatures across palm phy-
logeny, and several cases of putative convergent evolution 
may be related to the recent increase of diversification rate of 
Arecaceae species (Faurby et al. 2016). However, we cannot 
discard the possibility that some putative positive signatures 
are RNA editing sites involved in the recovery of conserved 
amino acids. Comparing the RNA editing sites predicted 
among species of Arecoideae (Supplementary Tables S4 
and S5) with the putative positive signatures of Arecaceae 
(Fig. 8, Supplementary Figs. S3–S9), we identified five posi-
tive signatures that could be RNA editing sites. These sites 
are located at the position 218 and 309 of matK, 273 of ccsA, 
136 of ycf3, and 607 of ndhF genes, which correspond to 
the RNA editing sites 219, 310, 274, 138, and 607 in the 
respective genes in species of Arecoideae. The use of next-
generation sequencing (NGS) to investigate RNA editing 
sites has expanded the number of new RNA editing sites (He 
et al. 2016; Hein et al. 2016; Chen et al. 2017), including 
positive pressures acting on the editing sites of some genes 
(He et al. 2016). Therefore, it will be interesting to carry out 
RNA editing studies based on NGS technology in Arecaceae 
to confirm putative positive signatures and new editing sites 
expanding our knowledge about the selective pressures act-
ing on plastid genes of Arecaceae species.

Conclusions

Here we reported the complete plastome of macaw palm, 
which was carefully characterized regarding the gene content, 
structure and evolution. A total of 221 SSR loci were identi-
fied and localized along the plastome of macaw palm. Eight 
regions of high polymorphism (hotspots) at level of subfam-
ily and tribe were determined, being the most divergent the 
trnC-GCA/petN and psaC/ndhE IGSs. In addition, we per-
formed a phylogenomic analysis using whole plastomes of 
40 taxa, including 37 species representing all five subfamilies 
of Arecaceae, which placed the macaw palm within the tribe 
Cocoseae closed to Elaeis genus. Moreover, the analysis of 
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RNA editing among Arecoideae species, including A. acu-
leata, indentified 100 putative sites within this subfamily 
and indicated possible events of gain and loss of editing sites 
within this subfamily. Furthermore, we analyzed extensively 
the molecular evolution of plastid genes within the family Are-
caceae, covering the full set of plastid protein-coding genes. 
The data revealed the presence of highly divergent genes in 
a species-specific manner suggesting that gene degeneration 
processes may be occurring within Arecaceae at the level of 
genus and/or species. These analyses also revealed unexpect-
edly that more than half of all plastid protein-coding genes 
within Arecaceae are under positive selection, which can 
presumably affect essential plastid functions. The distribu-
tion of these positive signatures across the Arecaceae phylog-
enomic suggests convergent evolution of most sites, includ-
ing genes involving in photosynthesis. Finally, the SSRs and 
polymorphism hotspots identified here increase significantly 
the genetic information available for boost genetic studies 
in natural populations and germplasm collections of macaw 
palm aiming domestication and genetic breeding. The findings 
showed here via molecular analyses have important implica-
tions in the areas of genetic, evolution, conservation, breed-
ing, and biotechnology of macaw palm and other species of 
Arecaceae.
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