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45 Abstract

46  The Brazilian palm fruits and hearts-of-palm of Euterpe edulis, E. oleracea and E.
47  precatoria are an important source for agro-industrial production, but overexploitation
48  requires conservation strategies to maintain genetic diversity. Chloroplast genomes have
49  conserved sequences, which are useful to explore evolutionary questions. Besides the
50  plastid DNA, genome skimming allows the identification of other genomic resources,
51  such as single nucleotide polymorphisms (SNPs), providing information about the genetic
52 diversity of species. We sequenced the chloroplast genome and identified gene content in
53  the three Euterpe species. We performed comparative analyses, described the
54 polymorphisms among the chloroplast genome sequences (repeats, indels and SNPs) and
55  performed a phylogenomic inference based on 55 palm species chloroplast genomes.
56  Finally, using the remaining data from genome skimming, the nuclear and mitochondrial
57 reads, we identified SNPs and estimated the genetic diversity among these Euterpe
58  species. The Euterpe chloroplast genomes varied from 159,232 to 159,275 bp and
59  presented a conserved quadripartite structure with high synteny with other palms. In a
60  pairwise comparison, we found a greater number of insertions/deletions (indels = 93 and
61  103) and SNPs (284 and 254) between E. edulis/E. oleracea and E. edulis/E. precatoria
62  when compared to E. oleraceal/E. precatoria (58 indels and 114 SNPs). Also, the
63  phylogeny indicated a closer relationship between E. oleracea/E. precatoria. The nuclear
64  and mitochondrial genome analyses identified 1,077 SNPs and high divergence among
65  species (Fst = 0.77), especially between E. edulis and E. precatoria (Fst = 0.86). These
66  results showed that, despite the few structural differences among the chloroplast genomes
67  of these Euterpe palms, a differentiation between E. edulis and the other Euterpe species

68  can be identified by point mutations. This study not only brings new knowledge about the
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69  evolution of Euterpe chloroplast genomes, but also these new resources open the way for
70  future phylogenomic inferences and comparative analyses within Arecaceae.
71
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73 Arecaceae, SNPs, genome-skimming, genome comparison, polymorphism

74  Introduction

75  The palm family (Arecaceae) comprises 188 genera and ca. 2,400 species, distributed
76  throughout tropical and subtropical regions [1,2]. Palms are often keystone species,
77  providing ecosystem services, shaping their environment and offering many products
78  used for fabrics, fuel, food, medicine and as ornamentals [2—4]. Within Arecaceae, the
79  genus Euterpe originated in South America and includes seven species distributed
80  throughout Central America and tropical South America [2,5,6]. In Brazil, among the
81  native species of Euterpe, E. edulis Mart., E. oleracea Mart. and E. precatoria Mart. are
82  the most important from an agro-industrial point of view [7].

83 Euterpe edulis is endemic to the Atlantic Forest and has substantial importance
84  for the functioning of the ecosystem [8,9]. However, the overexploitation of heart-of-
85 palm [10,11] has placed this palm species in the Brazilian Flora Red Book [12] as
86  “vulnerable (VU)”, which makes conservation strategies for it extremely necessary.
87  Recently, as an alternative to palm heart-of-palm extraction, local communities have
88  started to cultivate this species for fruit pulp extraction, due to the similarity with the
89  Amazonian agai (E. oleracea and E. precatoria) [9,10,13]. This practice has been
90 fundamental to capture and conserve the species genetic diversity present in older forests
91 [10].

92 Euterpe oleracea and E. precatoria are the main sources for the production of acai
93 fruit pulp, estimated to be 760,000 tons in 2017, mostly in the northern region of Brazil

94 (98,36% of the national production) [14,15]. E. oleracea is a multiple-stemmed palm,
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95  commonly found in the Amazon estuary, especially prevalent in the Brazilian states of
96  Par4, Maranhdo and Amapa [15-17]. However, in the last 20 years, the intense demand
97  for agai fruit in Pard resulted in a significant loss of local tree species richness, which
98  presumably is occurring after decades of thinning to reduce interspecific competition with
99  acai palm trees [18]. This resulted in a reduction of pollinators, which in turn decreased
100  the fruit production [19]. E. precatoria is a single stemmed palm, predominantly found
101  in the Brazilian states of Amazonas, Acre and Ronddnia [20], in non-flooded areas [21].
102 This species is highly promising for agai fruit extraction, as the state of Amazonas is
103  already the second largest producer of Brazil [15]. Therefore, the establishment of
104  strategies for E. precatoria domestication, conservation and management of populations
105 is extremely necessary, in addition to the support of riverside communities and farmers
106  to conserve this species based on their genetic diversity [15].
107 The fast growth of agai (E. oleracea and E. precatoria) pulp production in the last
108  decades and the threats of extinction for E. edulis indicate an urgent demand for new
109  genomic resources in this genus, contributing to the understanding of the evolution and
110  population dynamics of the species, which can result in the best planning of sustainable
111 development and conservation [9,15]. Fortunately, high-throughput sequencing
112 technologies have revolutionized how genomic data can be obtained for plant species and
113 have allowed the complete assembly of the chloroplast genome for an increasing number
114 ofnon-model species [22—-24], while providing useful information for the study of genetic
115  variation of native species.
116 The common structure of the chloroplast genomes typically has four parts: two
117  single copy regions, one large (LSC) and one small (SSC), and a pair of inverted regions
118  (IRs) [25] which basically consist of long circular or linear molecules (120 to 180 kb),

119  usually conserved across palms species [26]. Apart from the conservative nature and low
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120  nucleotide substitution rates of the chloroplast sequences [27], the description of this
121  organellar genome is important to identify repetitive sequences and polymorphic regions,
122 useful to further obtain molecular markers, which can be applied to assess genetic
123 structure and diversity of natural populations [28,29]. Whole chloroplast genomes and
124 chloroplast sequences have been used to infer phylogenetic relationships and investigate
125  diversification patterns [24,30-32]. The tribe Euterpeaec was already analyzed with
126  combined chloroplast and nuclear sequence data [33], and whole chloroplast genomes
127  have been reported in reference for two species in the Euterpe genus (E. oleracea and E.
128  edulis) [34]. These priors research emphasize the differentiation of E. edulis, due to its
129  distribution in a different Brazilian biome (Atlantic Forest biome). But, the addition of
130  new chloroplast genomes can give more consistency to the evolutionary processes of the
131  genus.

132 Moreover, the amount of plastid sequences present in a data from total genomic
133 DNA extraction depends on different factors and can vary substantially, from 0.4% to
134 29.5% [23], and the recovery of these sequences can occur through the use of genome
135  skimming. Therefore, the remaining nuclear and mitochondrial sequences can provide
136 genomic resources [27,35], representing useful information to study the genetic variation
137  of native species.

138 Considering the effectiveness of genome skimming to produce genomic data, we
139  employed this approach to obtain three newly sequenced complete chloroplast genomes,
140  thereby facilitating the study of genetic diversity from Euterpe species. We were able to
141  investigate: 1) the plastid organization in Euterpe and the synteny level with other
142  available Arecaceae species; i1) the repetitive sequences and polymorphic regions in the
143 chloroplast genomes; iii) the Arecaceae family evolution based on a phylogenomic study

144 with complete chloroplast genomes; and iv) the species divergence using the remaining
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145  nuclear and mitochondrial data from genome-skimming.

146

147  Material and Methods

148 Leaf material

149 The leaf material from Euterpe edulis and E. oleracea were collected from the ex
150  situ collection at the Escola Superior de Agricultura “Luiz de Queiroz” (ESALQ),
151  Universidade de Sao Paulo (USP) in Piracicaba, Sao Paulo, Brazil
152  (http://www.esalq.usp.br/trilhas/palm/) and the sample of E. precatoria was collected at
153  the Instituto Nacional de Pesquisas da Amazodnia (INPA), in Manaus, AM, Brazil. The
154  collections were registered according to the Brazilian laws (SISGEN number A411583,
155  Brazil).

156

157 Intact chloroplast isolation in sucrose gradient and chloroplast

158  DNA extraction

159 The chloroplast organelles were isolated using the sucrose gradient method [36].
160  About 20 g of fresh leaves from each species were frozen with liquid nitrogen and
161  macerated. The material was resuspended in 200 mL of isolation buffer (50 mM Tris-HCI
162  pH 8.0, 0.35 M sucrose, 7 mM EDTA, 5 mM 2-mercaptoethanol and 0.1% BSA) and
163  incubated for 10 min in the dark. The suspension was filtered through two layers of
164  Miracloth (Merck), and the filtrate was centrifuged at 1,000 x g for 10 min.

165 The pellet was resuspended in 5 mL of isolation buffer and the suspension slowly
166  laid out in the density gradients of 20/45% sucrose in 50 mM Tris-HCI (pH 8.0), 0.3 M
167  sorbitol and 7 mM EDTA. The gradients were centrifuged at 2000 x g for 30 min, and

168  the green band formed at the interface containing intact chloroplasts were collected. The
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169  solution containing the chloroplasts were diluted in three volumes of buffer and
170  centrifuged at 3,000 x g for 10 minutes to obtain the purified chloroplasts in the pellet.
171 The pellet was resuspended in 2% CTAB buffer to promote lysis. The suspension
172 was incubated and stirred at 65°C for 1 h. The supernatant was extracted twice with an
173 equal volume of chloroform: isoamyl alcohol (24: 1) and centrifuged at 10,000 x g for 20
174  min. An equal volume of isopropanol was added and incubated at 20°C for 1h. Finally,
175  the aqueous phase was centrifuged for 10,000 x g for 20 min, and the chloroplast DNA
176 (cpDNA) pellet was washed with ethanol (70%), dried and resuspended with 40 uLL TE
177 (1 M Tris-HCl, 0.5 M EDTA, pH 8).

178

179 Chloroplast genome sequencing, assembly and annotation

180 The genomic libraries were constructed using 100 ng of cpDNA and the Nextera
181 DNA Flex kit (Illumina), following the manufacturer's instructions. Paired-end
182  sequencing (2x 150 bp) was performed on the Illumina NextSeq550 platform (Fundagao
183  Hemocentro de Ribeirdo Preto, Brazil).

184 The assembly was conducted in three steps: First, the filtered reads from Euterpe
185  oleracea were assembled in NOVOPlasty % 4.2 [37]
186  (https://github.com/ndierckx/NOVOPlasty) using the rbcL gene sequence as a seed
187  (NCBI accession number: MN621452.1) and the chloroplast genome of Acrocomia
188  aculeata (NCBI accession number: NC _037084.1), a native Brazilian palm, as a reference
189  to ordinate the contigs. Subsequently, all the three chloroplast genomes (E. precatoria, E.
190 edulis and E. oleracea) were assembled in GetOrganelle v 1.7.3.1 [38]
191  (https://github.com/Kinggerm/GetOrganelle/) using the E. oleracea chloroplast sequence
192  obtained in NOVOPIlasty as seed. Briefly, in GetOrganelle, the chloroplast genomes were

193  assembled using default settings, starting with the recruitment of target-associated reads
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194  using Bowtie2 [39]. In this step, the seed chloroplast genome was used as target for the
195 extension in five iterations. Then, the total target-associated reads were de novo
196  assembled into a fasta assembly graph using SPAdes [40]. The de novo assemblies were
197  trimmed and used to calculate all possible paths of a complete organelle genome [38].
198  Finally, the correctness and coverage of the assembly was assessed and confirmed in

199  Geneious v2020 2.4. (https://www.geneious.com/, last assessed January, 2021). We used

200  the “Map to reference” function to map the paired-end raw data onto the final assembled
201  chloroplast genomes.

202 The chloroplast genome annotation was performed in GeSeq (Organellar Genome
203  Annotation) [41] from the Chlorobox platform, with settings for the identification of
204  protein coding sequence (CDS), rRNAs and tRNAs based on reference chloroplast
205  sequences and homologies through BLAST search. Following the automatic annotation,
206  amanual correction of start and stop codons and a verification of pseudogenes and intron
207  positions were performed using GenomeView [42]. We then obtained the chloroplast
208  circular genome maps using OGDRAW [43].

209
210  Chloroplast genome structure comparison
211 To perform a comparative study and access the synteny between the obtained

212 chloroplast sequences, we used a Perl script of MUMmerd [44]

213 (https://github.com/mummer4/mummer) to align the chloroplast genome from E. edulis,

214  E. oleracea and E. precatoria with the function NUCmer. This analysis enables the
215  identification of the conserved regions among sequences between species. The results
216  were visualized in dot plots created by the function MUMmerplot. Additionally, to
217  compare and align the Euterpe chloroplast sequences obtained with the GenBank

218  sequences [34], MAFFT v.7 [45] was used as a way to identify differences between them.
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219  The location of the additional sequences found between them was also annotated in
220  GeSeq[41].

221 Taking into account the species relationships from Arecoideae subfamily, and the
222 previous evidence from palms chloroplast genome structures [28,46], we decided to
223 conduct two multiple progressive sequence alignment in Mauve v.2.4.0 [47]. The first
224 one only included chloroplast genomes from Brazilian native species of subfamily
225  Arecoideae: Euterpe edulis, Euterpe oleracea, Syagrus coronata, Astrocaryum
226  aculeatum, Astrocaryum murumuru and Acrocomia aculeata. The second analysis was
227  carried out using 17 chloroplast genomes from different palm species (S1 Table) available
228  in GenBank. Taking into the account the evolution of the group, we selected the species
229  that represented the five palm subfamilies: Phytelepas aequatoriallis and Pseudophoenix
230  vinifera (Subfamily: Ceroxyloideae); Trachycarpus fortune and Caryota mitis
231  (Subfamily: Coryphoideae); Nypa fruticans (Subfamily: Nypoideae); Calamus
232 caryotoides and Eresmopatha macrocarpa (Subfamily: Calamoideae); Veitchia arecina
233 (Subfamily: Arecoideae) and the Brazilian native species also from the Arecoideae
234 subfamily.

235 Expansions and contractions in the inverted repeats (IR) regions from the
236  chloroplast genome structure were also explored. The chloroplast genome junctions
237  (IRB/LSC; IRB/SSC, SSC/IRA; IRA/LSC) from the Euterpe species, and other Brazilian
238  palm species from subfamily Arecoideae were examined to identify differences between
239  individuals within the same genus and among subfamilies.

240

241 Identification of SSRs, dispersed repeats, indels, SNPs and

242 nucleotide divergence hotspots
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243 Simple sequence repeats (SSR) consisting of 1-6 nucleotide units were carefully

244  determined wusing the web package MISA (available at https://webblast.ipk-

245  gatersleben.de/misa/) [48]. The criteria to search SSR motifs were: SSR of one to six

246  nucleotides long, with a minimum repeat number of 10, 5, and 4 units for mono-, di-, and
247  trinucleotide SSRs, respectively, and three units for tetra-, penta- and hexanucleotide
248  SSRs. The SSRs sequences and location were compared among the species. The
249  dispersed repeats (forward, reverse, palindrome and complement sequences) identified in
250  REPuter [49] were based on the following criteria: minimum repetition size > 30 bp and
251  sequence identity > 90% (Hamming distance = 3). Posteriorly, the position of the SSRs
252 and repeats were manually compared with the gene annotation of each chloroplast
253  genome.

254 MAFFT v.7 [45] was used to obtain pairwise alignments between the chloroplast
255  genomes to pinpoint small insertions/deletions (indels) in the sequences. The alignment
256  between the three species was also used to identify single nucleotide polymorphisms
257  (SNPs) and nucleotide divergence hotspots with DnaSP v.5 [50]. Specific coding genes
258  with a high number of SNPs were aligned with the software Muscle [51] in the Selecton
259  Server [52], which was also used to identify the synonymous (Ka) or non-synonymous
260  (Ks) mutations. With this analysis, according with the Ka/Ks ratios, it was possible to
261  determine positive (Ka/Ks > 1) or purifying (Ka/Ks < 1) selection, estimated under the
262  evolutionary model M8.

263 A sliding window analysis (window length of 200 bp and step size of 50 bp) was
264  conducted to find nucleotide divergence hotspots. All the positions of indels, SNPs and
265  divergence hotspots were manually identified using the annotation of the aligned
266  chloroplast genomes, performed previously in GeSeq (Organellar Genome Annotation)

267 [41].

10
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268

260 Phylogenomic studies

270 Plastid sequences of 54 palm species plus one outgroup (Daypogon bromeliifolius,
271  Dasypogonaceae) (S1 Table) curated annotated features in Genbank format were
272  separated into genes and entered into a SQLITE database using a custom Python script
273  (available on demand from the corresponding author). Sequences of all putative coding
274  proteins were then grouped by species and aligned with MAFFT, and later assembled into
275 an interleaved NEXUS file for phylogenetic analyses. Species with missing sequences
276  were filled with missing data in each gene matrix. Each block of gene sequences was then
277  manually checked for start and stop codons and evidence of non-coding behaviour. For
278  the coding genes, we annotated first, second and third positions for each codon, but the
279  regions cemA and rpll6 presented strange start codons and non-triplet insertions and were
280  notannotated for codon positions. We tested three ad hoc partitioning schemes for models
281  of molecular evolution: i) single model for the whole matrix, ii) four partitions: 1%, 2nd,
282 3" codon positions and a partition for cemA +rpll6 (not split into codon positions), iii)
283  five partitions: 1%, 2", 31 codon positions, cemA (not split into codon positions), rpll6
284  (not split into codon positions). The assessment of molecular evolution model for each
285  partition was calculated in the different partition schemes with the Akaike Information
286  Criterion (AIC) in MrModelTest 2.0 [53], but they were all GTR+I+G, probably due to
287  the complexity of mixing different genes in each partition. The assessment of the best
288  partition scheme was then made using stepping stone (SS) [54] which is more accurate
289  than taking the harmonic means of the likelihoods for model comparison. Bayesian
290 inference were carried out with MrBAYES 3.2.7 [55] in the CIPRES platform [56], with
291  one run of two chains, and 10 x 10° generations, sampling one tree every 1,000. Marginal

292 likelihoods of the SS runs were then compared using the standard Bayes Factors scale

11
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293 [57]. The same partition schemes were run separately to estimate the phylogeny with two
294 runs of four chains (three hot and one cold), and 20 x 10° generations, sampling one tree
295  every 1,000 and discarding 25% initial generations for burn-in. The remaining trees were
296  checked for estimated sample sized (ESS) > 200 in all parameters, and the final majority-
297  rule was computed with MrBayes, rooted with the single outgroup D. bromeliifolius and
298  the tree was exported to FigTree 1.4 [58] for drawing, and later improved with InkScape
299  [59] for designing the figures.

300

301  Genetic variation and comparative analyses with nuclear and

302  mitochondrial sequences

303 After the assembly of the chloroplast genomes, the reads were also used to obtain
304  SNPs for preliminary comparative analysis between species. Initially, the raw reads of
305 each species were aligned in their respective assembled chloroplast genome using
306 Bowtie2 [39]. Subsequently, the non-aligned sequences (non-chloroplast) were obtained
307  with SAMTools [60], and converted to fastq file using Picard Tools program [61].

308 The reads corresponding to non-chloroplast genome (nuclear and mitochondrial
309 data) were cleaned using process shortreads from the Stacks package v.1.42 [62].
310  Sequences from each species were used to build loci with a minimum depth of three and
311  up to two mismatches, applying the ustacks program (-m 3, -M 2) [62]. Subsequently, a
312 catalog was built from each species, allowing for up to two mismatches (-n 2, cstacks)
313 [62], and using sstacks [62] loci were matched with the catalog of each species. Rxstacks
314  [62] was used as a correction step, assuming a mean log likelihood of -10 to discard loci
315  with lower probabilities. The populations [62] program was administered for a final

316 filtering to retain loci with a maximum missing data of 5%, and also used to verify the

12
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317  number of private alleles (4p), observed heterozygosity (/) and expected heterozygosity

318  (Hg; S1 Fig).

319 Finally, the mean sequence depth and the mutation counts of the SNPs were

320  determined in vcftools [63]. The number of alleles (4) in each species and the genetic

321  differentiation (Fsr ) between them were estimated with Adegenet v 1.3 -1 [64] and

322 Genpop v 1.1.7 [65] for the platform R v 4.0.3 [66] .

323

324 Results

325 Organization of the three Euterpe species chloroplast genomes

326 The chloroplast genomes of E. edulis, E. oleracea and E. precatoria had the

327  typical quadripartite structure (Fig 1), with the presence of two copies of inverted repeat

328  regions (Inverted Repeats A and B = IRA and IRB) and two single copy regions (Large

329  Single Copy = LSC and Small Single Copy = SSC). E. precatoria had the largest

330  chloroplast genome size (159,275 bp) and the largest LSC and SSC (87,282 bp and 17,756

331  bp, respectively), while E. edulis had the largest IR regions and E. oleracea a slightly

332 larger amount of GC content (37,3%) (Tablel). All three chloroplast genome annotations

333 resulted in the identification of 113 unique genes, with 30 tRNAs, 4 rRNAs and 79 protein

334  coding genes (Fig 1, Table 2).

335

336  Table 1. General features of chloroplast genomes of three Euterpe species.

Length Protein tRNA rRNA
Total Length of Length of GC ) ) ) Intergenic
) ) ) of SSC coding coding  coding Introns ]
Species cpDNA LSC region IR region ) content Regions
ze (bp) (bp) (bp) region %) genes genes genes (bp) (bp)
s1ze (bp 0
(bp) (bp) (bp) (bp)

Euterpe edulis 159,232 87,237 54,280 17,715 37.20 80,462 2,880 9,052 18,068 48,770
Euterpe 159,260 87,273 54,232 17,755 37.30 80,415 2,881 9,052 18,062 48,850
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oleracea

Euterpe

159,275 87,282 54,234 17,759 3720 80411 2,881 9,052 18,064 48,867

precatoria

337

338

339

Table 2. Gene content in Euterpe edulis, E. oleracea and E. precatoria chloroplast

genomes according to each respective category.

Category

Gene

Subunits of photosystem |

Subunits of photosystem II
Subunits of cytochrome b/f
complex

Subunits of ATP synthase

Large subunit of rubisco

Subunits of NADH-dehydrogenase
Proteins of large ribosomal subunit
Proteins of small ribosomal subunit

Subunits of RNA polymerase

psaA, psaB, psaC, psal, psaJ
psbA, psbB, psbC, psbD, psbE, psbF, psbH, psbl, psbJ, psbK, psbL, psbM, psbN, psbT, psbZ

petA, petB?, petD, petG, petL, petN

atpA, atpB, atpE, atpF*, atpH, atpl

rbcL

ndhA®, ndhB*?, ndhC, ndhD, ndhE, ndhF, ndhG, ndhH, ndhl, ndhJ, ndhK

rpl2¢ rpll4, rpll6°, rpl20, rpl22, rpl23°, rpl32, rpl33, rpl36

rps2, rps3, rps4, rps7P, rps8, rpsll, rps124%<, rpsi4, rpsl5, rpsl6¢, rps18, rps19°
rpod, rpoB, rpoC1¢, rpoC2

Maturase matK

Translational initiation factor infA

Protease clpPe

Envelope membrane protein cemA

Subunit of acetyl-CoA carboxylase  accD

Cytochrome ¢ biogenesis ccsA

Conserved hypothetical genes yef34, yefd

Component of TIC complex yefl

AARTPase complex Y

Ribosomal RNAs 17n4.5°, rrnst, rrml6®, rrn23°
Transfer RNAs trnd ~UGC *; trnC —GCA; trnD —~GUC; trnE ~UUC; trnF —GAA; trnfM —CAU; trnG —UCC*

trnG —GCC; trnH —GUG?; trnl —CAUP; trnl —GAU*Y; trnK —UUU?;, trnl —CAA?; trnl —UAA?,
trnl —UAG; trnM —CAU; traN —-GUUP; trnP —UGG; trnQ —UUG; trnR —ACGP?; trnR-UCU,
trnS —GCU; trnS —UGA; trnS —GGA; trnT —UGU; trnT —-GGU; trnV —GAC?; trnV-UACY,

trnW —CCA; trnY —GUA

a[ntron-containing gene; "Two gene copies in the Irs; °Gene divided into two independent transcription units.

340
341  Fig 1. Gene map of the Euterpe edulis, E. oleracea and E. precatoria chloroplast
342  genomes. Genes represented inside the large circle are oriented clockwise and the ones
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343 outside are oriented counter clockwise. The different colors represent functional groups,
344  and the darker gray in the inner circle indicates the GC content. The quadripartite structure
345 s also reported as: LSC = Large Single Copy, SSC = Small Single Copy, IRA/IRB =
346  Inverted Repeats A and B.

347 Considering the duplicated genes in the IRs, more than 50% of the three
348  chloroplast genome sequences are from protein coding regions (86 genes, Table 1 and
349  Table 2). Among genes, ycf2 presented a slight difference between species, 6,903 bp in
350  Euterpe edulis and 6,879 bp in E. oleracea and E. precatoria. Furthermore, chloroplast
351 tRNA and rRNA were conserved among species, constituting 1.8% and 5.7% of their
352 sequences, respectively. Introns constituted ca. 12% and intergenic regions represented
353  almost 31% of the chloroplast genomes (Table 1).

354 All chloroplast genomes had 17 unique genes (11 protein- and six tRNA-coding
355  genes) with introns, five duplicated genes in the inverted repeats regions with introns, and
356  two introns in the ycf3 and c/pP genes. Accounting for the lengths, the largest intron was
357 identified in trnK — UUU (2,621 bp — E. edulis; 2,615 bp — E. oleracea; 2,618 bp — E.
358  precatoria) and the smallest in trnL-UAA (519 bp — E. edulis, 519 bp — E. oleracea, 521
359  bp— E. precatoria).

360

361 Chloroplast genome structures and comparative analyses

362 The comparative analysis enabled us to identify a high level of synteny between
363  the three Euterpe chloroplast genomes, with large conserved blocks. The only structural
364  difference among Euterpe chloroplast genomes were three small inversions and single
365 nucleotide polymorphisms (SNPs) between E. edulis and E. oleracea chloroplast
366  sequences (S2A, B and C Figs). In a local alignment we detected these divergences in the

367 region between 66,081 to 69,440 bp; the first corresponding to an intergenic region
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368  between petd and psbJ genes from E. oleracea; the second found in the psbJ gene and
369 the third in the intergenic region of trnW-CCA and trnP-UGG from E. oleracea (S2D Fig).
370 The parallel between the chloroplast genomes of Euterpe edulis and Euterpe
371  oleracea with the ones available in Genbank [34] showed differences in the total number
372  of base pairs. E. edulis and E. oleracea were 835 bp and 458 bp, respectively, larger than
373  the others. The alignment revealed that these increases were due to insertions that
374  occurred mainly in intergenic spacers (83.3% of insertions in E. edulis and 100% in E.
375  oleracea; S2 Table).

376 Although exhibiting high synteny and only a few structural rearrangements in
377  their chloroplast genome, the most notable divergence among the three Brazilian native
378  species from subfamily Arecoideae was in the length of the LSC, between 40,000 and
379 50,000 bp (Fig 2). A high level of synteny was also observed in a comparison of palm
380  chloroplast genomes from 12 genera, with five subfamilies (S3 Fig). Astrocaryum
381  aculeatum, A. murumuru and Syagrus coronata are native palms from subfamily
382  Arecoideae with smaller LSCs compared with Euterpe palms (Fig 2 and S3 Fig).
383  Acrocomia aculeata, also a Brazilian palm, presented a reduction in the size of the region
384  comprising the genes ndhJ, ndhK, ndhC, trnF-GAA and trnL-UAA (in lime green Fig 2).
385  Additionally, Astrocaryum aculeatum and A. murumuru showed a flip-flop
386  recombination in this same region (in lime green, Fig 2) [67].

387  Fig 2. Synteny and divergence in the SSC size detected in Arecaceae chloroplast
388 genomes using the Mauve multiple-genome alignment program. A sample of nine
389  different chloroplast genomes is shown. Color bars indicate syntenic blocks and the lines

390 indicate the correspondence between them. Blocks on the top row are in the same

391  orientation, while blocks on the bottom row are in inverse orientation.
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392 In addition, we explored in more details the chloroplast IR expansions and
393  contractions of the Brazilian palm species from the subfamily Arecoideae (Fig 3).
394  Comparing the IR borders from Genbank available for Euterpe edulis chloroplast genome,
395 it was possible to observe a small difference in the rp/22-rpsi9 location and an increase
396 in the length of rps/9-psbA intergenic spacers. Among the chloroplast genomes from
397  Euterpe genus, we identified an expansion in the ndhF gene at the IRB region from
398  Euterpe precatoria. Among the Brazilian palm species, a contraction in the IR from
399  Syagrus coronata influenced the position of 7ps/9. Among all species analyzed, the most
400  common variations were identified around the positions of 7p/22-rps19 (IRB-SSC), the
401  ycfl length (IRB and IRA), and the rpsi9-ycfI (IRA-LSC) (Fig 3).

402  Fig 3. Comparison of the IRA and IRB borders among Brazilian palms from the
403  Arecoideae species. The numbers indicate the lengths of IGSs, genes, and spacers
404  between IR-LSC and IR-SSC junctions. The ycfI* and rpsi9* genes have incomplete
405  CDSs.

406

407 Sequence repeats and polymorphisms between Euterpe

408 chloroplast genomes

409 We identified a total of 323 SSRs (E. edulis: 111, E. oleracea: 105, E. precatoria:
410 107 SSRs) in the chloroplast genomes from the three species. Most of them were located
411  in intergenic spacer regions (IGS: 72.07% E. edulis, 72.38% E. oleracea, 71.96 % E.
412 precatoria; Fig 4A), especially in the IGS between the tRNAs trnS-GCU/trnG-UCC (S3
413  Table). The SSRs were more abundant in the LSC region of the chloroplast genomes
414  (78.38% E. edulis, 78.10% E. oleracea, 77.57% E. precatoria; S3 Table) and less frequent
415 in the IR regions. They were mostly mononucleotides (62.16% E. edulis, 62.86% E.
416  oleracea, 60.75% E. precatoria; Fig 4B) and composed with A/T motifs (60.36% E.
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417  edulis, 60.00% E. oleracea, 59.81% E. precatoria; SAA Fig). From the 323 SSRs, 47 had
418  the same sequence and gene location among E. edulis, E. oleracea and E. precatoria. We
419  also identified 62 SSRs between E. edulis/E. oleracea and E. edulis/E. precatoria, and 68
420  between E. oleracea and E. precatoria (S4 Table).

421 Considering the dispersed repeats, we observed 66 in E. edulis, 55 in E. oleracea
422  and 49 in E. precatoria, ranging from 30 to 77 bp (S4B Fig). These repeats were
423 distributed mostly in the IGS regions (65.15% E. edulis, 70.91% E. oleracea, 73.47% E.
424 precatoria; Fig 4C). Comparing the species, in E. precatoria, most of the repeats were
425  found in the intergenic region of psaC/ndhE. However, in E. edulis and E. oleracea the
426  repeats were concentrated in the ycf2 gene (S5 Table). Regarding repeat types, most of
427  the repeats are palindrome or forward sequences, 40% and 30%, respectively (Fig 4D).
428  They were also mainly found in the LSC region (48.48% E. edulis, 52.73% E. oleracea,
429  44.90% E. precatoria; S5 Table).

430  Fig 4. Distribution and classification of SSR and dispersed repeats in the chloroplast
431  genomes of Euterpe edulis, E. oleracea and E. precatoria. (A) Proportion of coding and
432 non-coding regions containing SSRs; (B) Proportion of different types of SSR present in
433 the chloroplast genomes; (C) Proportion of regions containing repeats; (D) Frequency
434  distribution of different types of repeats: F = Forward, P = Palindrome, R = Reverse and
435  C=Complement. CDS = Coding sequence, IGS = Intergenic spacer.

436 Based on the pairwise alignment between the species chloroplast genomes, we
437  identified 93 indels between E. edulis/E. oleracea, 103 between E. edulis/E. precatoria
438  and 58 between E. oleracea/E. precatoria. Most indels were distributed in the IGS (Fig
439  5A), especially between the E. oleracea/E. precatoria chloroplast genome, located
440  mainly in the LSC region (80.65% ~ 72.41%; S6 Table). The highest occurrence of indels

441  was identified in the #rnS-GCU/trnG-UCC of the three alignments (S6 Table).
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442 A total of 325 SNPs were detected between the three species (Fig 5B). In a
443  pairwise comparison, 283 SNPs were detected between E. edulis/E. oleracea and 254
444  SNPs between E. edulis/E. precatoria, which were most frequent in the CDS regions
445  (50.35% and 54.72%, respectively; Fig 5C). Between E. oleracea/E. precatoria, a lower
446  number of SNPs was found (113 SNPs), having the greatest number concentrated in the
447  IGS (50.44%; Fig 5C). Only one SNP was found shared among the three species (Fig
448  5B).

449  Fig 5. Indels and single nucleotide polymorphisms (SNPs) detected in comparisons
450  between Euterpe chloroplast genomes. (A) Proportion of indels in different coding and
451  non-coding regions; (B) Comparison of the number of SNPs found in the alignment (C)
452  Proportion of SNPs in different coding and non-coding regions of the chloroplast
453  genomes.

454 The large number of SNPs in the CDS region occurs mainly in the atpE, ycfl and
455  psbJ genes (S7 Table). These atpE, psbJ and ycfI genes presented respectively 19, 18 and
456 18 SNPs for E. edulis/E. oleracea and 20, 19 and 21 SNPs for E. edulis/E. precatoria.
457  For E. oleracea/E. precatoria there were only 1 (atpE) and 7 (ycfI) SNPs (S7 Table).
458 The LSC region had the highest number of SNPs in the chloroplast genomes
459  (69.01% E. edulis/E. oleracea, 66.54% E. edulis/E. oleracea, 64.91% E. oleracea/E.
460  precatoria; S7 Table). For E. edulis/E. oleracea the greatest number of SNPs
461  corresponded to C/T - T/C (74) substitutions, the same was saw for E. edulis/E. precatoria
462  T/C - C/T (66), and 29 substitutions of G/A - A/G and C/T - T/C was observed for E.
463  oleracea/E. precatoria (S5 Fig).

464 Considering pi > 0.02, the sliding window analysis revealed six hotspots of high
465  nucleotide polymorphism among the E. edulis, E. oleracea and E. precatoria chloroplast

466  genome sequence. The six hotspots were in IGS regions (Fig 6). Among them, the two
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467  hotspots with the highest polymorphism were located between the truM/atpE (Pi> 0.06;
468  Fig 6) and psbJ/psbL (P1> 0.06; Fig 6). Comparing with the SNP identification, the atpE
469  gene had the highest number of SNPs among the species E. edulis/E. oleracea and E.
470  edulis/E. precatoria. The psbJ gene had 18 SNPs in E. edulis/E. oleracea and 19 SNPs
471  in E. edulis/E. precatoria.

472  Fig 6. Sliding window analysis of the alignment from the chloroplast genome of
473  Euterpe edulis, E. oleracea and E. precatoria chloroplast genomes. The regions with
474  high nucleotide variability (Pi> 0.02) are indicated. Pi is the nucleotide diversity of each
475  window, and the window length was 200 bp with 50 bp step sizes.

476 Both genes, atpE and psbJ, were analyzed for positive or purifying selection
477  across the palm phylogeny using the estimation of Ka/Ks ratio. In both cases, the Ka/Ks
478 <1 revealed that no positively selected sites were found in the corresponding protein
479  sequences, indicating purifying selection. The analysis of the amino acid sequence
480  resulted in Ka/Ks rates varying from 0.17 to 0.87 for a#pE (S8 Table) and ranging from
481  0.50 to 0.96 for psbJ. Also, from the 134 amino acids of the atpE protein, 68 had Ka/Ks
482  <0.19 and from the 40 amino acids, 37 had Ka/Ks < 0.55, in the case of psbhJ (S9 Table).

483

484 Phylogenomic of Euterpe based on chloroplast sequences

485 In the phylogenomic analysis, the marginal mean likelihoods of partition schemes
486  for the two runs were 1) -186887.39, ii) -178507.00, and iii) -178497.59. Therefore, the
487  Dbest partition schemes were by far the ones considering codon positions, although ‘iii’
488  was strongly better than ‘i1’ with the 2*log difference = 18,82 (>10 is strong in Kass and
489  Raftery 1995). We also compared the majority-rule consensus trees of the three partition

IEEEE)

490  scheme analyses, which did not differ in topology, but in general the scheme ‘iii
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491  presented better support in some nodes. For that reason, the figure presented and used in
492  our discussion will be based on partition scheme ‘iii’.

493 The phylogeny using coding sequences from 54 whole chloroplast genomes from
494  palm species rooted in the outgroup species Dasypogon bromeliifolius revealed the same
495  relationships in subfamilies previously reported [34], with highly supported nodes (Fig
496 7). According to our results, the species from FEuterpe were placed in subfamily
497  Arecoideae, tribe Euterpeae, and were sister to tribe Areceae. The new samples of E.
498  oleracea and E. edulis were grouped with the respective previously published chloroplast
499  genomes and the E. precatoria was placed in a branch sister to E. oleracea.

500  Fig 7. Majority-rule consensus tree of 30,000 trees obtained from a Bayesian

501 inference analysis of chloroplast protein coding genes of 55 taxa. Posterior

502  probabilities (PP) for each are indicated above branches. Co = Coryphoideae, Ar =

503  Arecoideae, Ny = Nypoideae, Ce = Ceroxyloideae, Ca = Calamoideae.

504

505 Species divergence with nuclear and mitochondrial genome

506 From the 11,738,792 reads that were generated for E. edulis, 553,857 (4.71%)
507  aligned to the assembled chloroplast genome. The remaining (ca. 95%) reads correspond
508  tonuclear and mitochondrial regions. Similar proportions were also found for E. oleracea
509 and E. precatoria for which 12,987,827 and 12,612,001 reads were generated,
510  respectively. Moreover, 249,387 (1.92%) and 132,227 (1.04%) were aligned to the
511 assembled chloroplast sequence for both species, respectively. Using Stacks, we found
512 1,077 SNPs in the nuclear and mitochondrial genome sequences, with 10X mean
513  sequencing depth per locus (S6A Fig). Among Euterpe species, more transitions than
514  transversions were detected, and the most frequent mutations were A-G and C-T

515  transitions (S6C Fig).
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516 The highest number of alleles (4 = 1,309) and highest observed heterozygosity
517  (Hop= 0.162) was identified in E. oleracea, while the highest number of private alleles
518  was observed in E. precatoria (Ap = 421). All the three species had a higher value of Hyp
519  compared with the expected heterozygosity (Hg, Table 3).

520  Table 3. Parameters of genetic diversity using 1,077 SNPs found the nuclear and

521  mitochondrial genome sequences from three Euterpe species.

E. edulis E. oleracea E. precatoria
A 1,251 1,309 1,263
Ap 292 260 421
Hyp 0.162 (£0.011) 0.215 (£ 0.013) 0.173 (£0.012)
Hg 0.081 (+0.006) 0.108 (+0.006) 0.086 (+0.006)

522 4 =number of alleles, Ap = number of private alleles, Hy = observed heterozygosity, Hg
523 = expected heterozygosity.

524 The pairwise Fsr showed high and significant divergence between species, with
525  wvalues higher than 0.770. Although all the Fsr values were high, the species E. edulis and
526  E. precatoria presented the greatest genetic divergence (0.860, S7 Fig) among the three
527  pairs of species, and E. edulis and E. oleracea had the lowest divergence (0.779, S7 Fig).

528

529  Discussion

530 High level of conservation between Brazilian palms

531 chloroplast genomes

532 Among the chloroplast genomes from the Euterpe genus, we found a conserved
533  organization and gene content, with small differences between species, as in the length of
534  the duplicated ycf2 gene. The ycf2 is the largest plastid gene reported in angiosperms [68],
535 and is part of the 2-MD heteromeric AAA-ATPase complex directly interacting with
536  various translocating preproteins [69]. Particularly, ycf2 has an insertion in the E. edulis

537  chloroplast genome that is absent in E. oleracea and E. precatoria, a feature previously
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538  observed in Euterpe chloroplast genomes [34]. Across palm species, the chloroplast
539  genome structure is highly conserved as reported in other studies [28,34,70]. The multiple
540  alignments with 15 different palms from five subfamilies did not exhibit significant
541  rearrangements in the chloroplast structure. The only rearrangement observed was an
542  inversion of 4.6 kb in the Astrocaryum chloroplast genome. It was possibly to have a
543  lineage-specific structural variation, creating a isoform from a flip-flop recombination
544  between inverted repeats [67]. However, differences in the total size of chloroplast
545  genomes were observed in the same species, such as in E. edulis and E. oleracea, which
546  may be due to the assembly method used. Different from the approach of all possible
547  paths’ calculation to complete target organelle genome, as applied by GetOrganelle, other
548  widely used pipelines utilize reference genomes to select and filter scaffolds/contigs for
549  further concatenation or post-assembly gap filling and closing [38].

550 Besides these conserved general features, similar occurrences of SSRs were
551  identified among the three Euterpe species. Currently, SSR markers are very useful in
552 studies of population structure, genetic mapping, and evolutionary processes [71]. The
553  SSR identified here can be a valuable resource for studies aiming at the conservation of
554  the species or their sustainable exploitation. These SSR are mostly composed of A/T
555  motifs, and are more frequently located in the IGS of the single-copy regions from the
556  chloroplast genomes [1,72,73], which is expected since these regions evolve faster than
557  the CDS [74]. Also, the limited occurrence of SSRs in the IRs is related to a lower
558  mutation rate observed in these regions, caused by an efficient mechanism of gene copy-
559  correction, as observed in other palm chloroplast genomes [34,75].

560 The dispersed repeats (forward, palindrome, reverse and complement) showed the
561  same pattern of the SSRs and were frequently distributed in the IGS of the single copy

562  regions, differing from a predominant occurrence of reverse repeats (18,37%) in E.
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563  precatoria. Actually, the number of repeats found in the Euterpe chloroplast genomes
564  were not considered high [76]. According to Milligan et al. [77], repetitive sequences are
565  substrates for recombination and chloroplast genome rearrangements. Since non-
566  structural rearrangements were detected in the Euterpe chloroplast genomes, low
567  frequency of repetitive elements was also expected.

568 Regarding the structure patterns of the IRs, we could identify most of the variation
569  related to expansion/contractions when comparing only Brazilian palm species from
570  subfamily Arecoideae. Events of expansion and contraction at the IR boundaries was
571  previously observed in the ycfI gene at IR-SSC/LSC junction and rps/9 intergenic spacer

572 with rpl22/psbA in IR-SSC/LSC junctions of other species [28,75].
573

574 Indels and single nucleotide polymorphisms clearly
575 demonstrate differentiation among the three Euterpe species,

576  which was reflected in the phylogeny

577 We identified six hotspots of high nucleotide polymorphism with the largest
578  polymorphism (Pi > 0.06) in intergenic regions composed mainly by genes with a great
579  number of SNPs. The genes atpE and psbJ had the greatest number of SNPs, especially
580  when considering the nucleotide substitutions between E. edulis and the Euterpe
581  Amazonian species, E. oleracea and E. precatoria. This divergence between E. edulis in
582  relation to the two Amazonian species was also observed in the number of indels and
583  plastid SNPs and was almost 50% higher than the number of polymorphisms detected in
584  apairwise analysis with E. oleracea and E. precatoria.

585 Indels display no ambiguity in complex mutation patterns and SNPs are the most
586  abundant type of markers [78], giving us a clear pattern of divergence between E. edulis

587 inrelation to E. oleracea and E. precatoria. In our study, these mutations were frequently

24


https://doi.org/10.1101/2022.03.21.485093
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.21.485093; this version posted March 21, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under a CC-BY 4.0 International license.

588  found in the CDS than in the intergenic spacers. This high number of indels and SNPs
589  between E. edulis/E. oleracea had already been identified in a previous study [34], but
590  they were mainly found in non-coding regions, which presumably may be related to a
591  more recent event of divergence.

592 Regarding the phylogenetic relationships among the palm species, we identified
593  aclear distinction among subfamilies using the informative chloroplast coding sequences,
594  corroborating previous studies [28,34,67,79]. Our phylogeny suggests that E. oleracea
595 and E. precatoria are sister species with an early split of E. edulis from these two,
596  differently from what was observed previously, having four nuclear low copy markers
597  and one plastid region [33]. Our result reveals the possibility of incongruences between
598  nuclear and plastid phylogenies in Euterpe, since the previous study using nuclear
599  markers reported paraphyly in E. precatoria and showed one of the E. precatoria varieties
600  as sister to E. edulis [33].

601 The closest relationship between E. oleracea and E. precatoria could reflect their
602  environmental occupation since both species occur in the Brazilian Amazon. E. edulis,
603  nonetheless, evolved via vicariant split from its common ancestor (around 1.4 Mya), and
604  the speciation was intensified by the savanna barrier composed from the Cerrado and
605  Caatinga biomes [33,34,80]. Furthermore, the phenotypic plasticity and local adaptation
606  may have favored the successful expansion of E. edulis throughout the Atlantic Forest
607  [11,80].

608 Regarding the coding sequences, the rpl22, rpl32, rpli14, rpsi4, matK, accD, rbcl,
609  ccsA, ycf2 and ycfl genes have been reported to harbor positive selection in an analysis
610 using 41 species of the Arecaceae family, including the E. oleracea and E. edulis
611  chloroplast genomes [34]. This was highlighted as indicative of convergent evolution,

612  associated with environmental adaptation in E. edulis. However, using 52 palm species,

25


https://doi.org/10.1101/2022.03.21.485093
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.21.485093; this version posted March 21, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under a CC-BY 4.0 International license.

613  we could only identify a tendency of purifying selection for psbJ and atpE, the genes with
614  higher SNPs and polymorphisms hotspots. This may reflect the typically conservative
615 nature of the chloroplast genome sequences across most angiosperms [81,82]. These
616  genes are essential for plant development, since atpE encodes a subunit of the ATP
617  synthase complex that participates in the photosynthetic phosphorylation [83] and psbJ is
618  associated with photosystem II (PSII) [84].

619

620 A comparison using nuclear and mitochondrial genome

621 sequences detected high divergence between Euterpe species

622 The reads from nuclear and mitochondrial DNA obtained from the sequencing
623  were used in this first-time comparison of the genetic diversity and genomic divergence
624  among the three species from the Euterpe genus. The advances in next-generation
625  sequencing (NGS) is allowing the discovery of a large number of single nucleotide
626  polymorphism (SNPs), even for non-model species [85-88]. This generates a valuable
627  source of bi-allelic genetic markers that are appropriate to evaluate the genetic diversity
628  even when sample sizes are small [89]. Additionally, SNPs occurs at higher density across
629  the genome, with lower genotyping error rates than other markers [90], enabling robust
630  estimates of genetic diversity and structuring [9].

631 The three Euterpe species had similar number of alleles and low observed
632  heterozygosity. Yet, they are higher than the expected heterozygosity, with E. oleracea
633  presenting slightly higher results. However, despite this enlightening information
634  obtained with the remaining nuclear and mitochondrial sequences, we highlight that these
635  findings could be biased because they were based on only one individual per species.
636  Considering assessments of genome-wide diversity, previous studies identifying SNPs in
637  palms were only performed for E. edulis [9,80]. Furthermore, the genetic diversity
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638  estimates from our E. edulis sample, that was also from the Atlantic rainforest of Sdo
639  Paulo state, were in agreement with previously published studies. This observed genetic
640  variability could be influenced by the type of vegetation and the altitude where the
641  samples were collected [9,80].

642 In summary, our results open the way for future genome-skimming studies in
643  palms. Also, the addition of larger sample sizes from different sampling locations will
644  provide a better understanding on the evolution and diversification of this important group
645  of plants. However, the high differentiation found between the three Euterpe species may
646  indicate that they are evolving independently and that this differentiation is caused by a
647  private pool of alleles from each species, which is in accordance with the phylogenetic
648  analyses.
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(Y-axis), (C) E. oleracea (X —axis) x E. precatoria (Y -axis). The positive slope, in purple,
represents the pair of sequences aligned and in the same orientation. The negative slope,
in blue, represents the pair of sequence aligned, but in opposite orientation. The blue
arrow in A highlights the region with inversions and SNPs between E. edulis and E.
oleracea. (D) Local alignment with the chloroplast genomes of E. edulis, E. oleracea and
E. precatoria in the region where inversions and SNPs were detected in A.

(TIFF)

S3 Fig. Synteny and divergence in the size of the SSC detected in Arecaceae
chloroplast genome sequences. A sample of 20 different chloroplast genomes is shown.
Color bars indicate syntenic blocks and the lines indicate the correspondence between
them. Blocks on the top row are in the same orientation, while blocks on the bottom row
are in inverse orientation.

(TIFF)

Fig S4. SSR and dispersed repeats in the chloroplast genomes of Euterpe edulis, E.
oleracea and E. precatoria. (A) The number of SSR motifs found in the three
chloroplast genomes, considering sequence complementarities; (B) Number of
dispersed repeats present in different size classes.

(TIFF)

SS Fig. Number and type of SNPs found in the alignment of three Euterpe
chloroplast genomes

(TIFF)
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S6 Fig. Description of 1,077 SNPs found among the nuclear and mitochondrial
genome sequences from three Euterpe species. A) Mean depth per loci; B) Mean
depth per species sequenced; C) Mutation count in the present in the 1,077 SNPS.

(TIFF)

S7 Fig. Pairwise Fgrbased on 1,077 SNPs of nuclear and mitochondrial genomes
sequences from three Euterpe specie

(TIFF)

S1 Table. List of complete chloroplast genomes used in comparative analysis.
Synteny and rearrangement, border comparison and phylogenomics.

(XSLX)

S2 Table. Insertions identified in the alignment of Euterpe edulis and E. oleracea
chloroplast genomes with sequences from GenBank (de Santana Lopes et al. 2021).
CDS = Coding sequence; IGS = intergenic spacer; LSC = Large single copy; SSC =
Small single copy.

(XSLX)

S3 Table. Simple sequence repeats (SSR) identified in the complete chloroplast
genomes of three Euterpe species. CDS = Coding sequence; IGS = intergenic spacer;
LSC = Large single copy; SSC = Small single copy; IRs = Inverted Repeats.

(XSLX)
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S4 Table. Simple sequence repeats (SSR) among the chloroplast genomes of
Euterpe edulis, E. oleracea and E. precatoria according to their location.

(XSLX)

S5 Table. Repeats identified in the chloroplast genomes of Euterpe edulis, E.
oleracea and E. precatoria. F = Forward; P = Palindrome; R = Reverse; C =
Complement; CDS= Coding sequence; IGS = intergenic spacer; LSC = Large single
copy; SSC = Small single copy; IRs = Inverted Repeats.

(XSLX)

S6 Table. Indels identified in the pairwise comparison of three Euterpe species
complete chloroplast genomes. CDS = Coding sequence; IGS = intergenic spacer;
LSC = Large single copy; SSC = Small single copy; IRs = Inverted Repeats.

(XSLX)

S7 Table. Single nucleotide polymorphisms (SNPs) identified in the pairwise
comparison of three Euterpe species complete chloroplast genomes. CDS = Coding
sequence; IGS = intergenic spacer; LSC = Large single copy; SSC = Small single copy;
IRs = Inverted Repeats.

(XSLX)

S8 Table. Bayesian selection results based on synonymous (Ka)/non-synonymous
(Ks) ratio of amino acid substitutions from the a#pE gene in 54 palm species.

(XSLX)
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S9 Table. Bayesian selection results based on synonymous (Ka)/non-synonymous
(Ks) ratio of amino acid substitutions from the psbJ gene in 54 palm species.

(XSLX)
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