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Abstract Continuous exploratory use of tree species is
threatening the existence of several plants in South
America. One of these threatened species is Myracroduron
urundeuva, highly exploited due to the high quality and
durability of its wood. The chloroplast (cp) has been used
for several evolutionary studies as well traceability of
timber origin, based on its gene sequences and simple
sequence repeats (SSR) variability. Cp genome organiza-
tion is usually consisting of a large single copy and a small
single copy region separated by two inverted repeats
regions. We sequenced the complete cp genome from M.
urundeuva based on Illumina next-generation sequencing.
Our results show that the cp genome is 159,883 bp in size.
The 36 SSR identified ranging from mono- to hexanu-
cleotides. Positive selection analysis revealed nine genes
related to photosystem, protein synthesis, and DNA repli-
cation, and protease are under positive selection. Genome
comparison a other Anacardiaceae chloroplast genomes
showed great variability in the family. The phylogenetic
analysis using complete chloroplast genome sequences of
other Anacardiaceae family members showed a close
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relationship with two other economically important genera,
Pistacia and Rhus. These results will help future investi-
gations of timber monitoring and population and evolu-
tionary studies.
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Introduction

With the constant anthropogenic disturbances in nature,
tropical areas have been extensively degraded by the ex-
pansion of agriculture frontiers and cattle breeding. The
remaining areas have been isolated in small fragments or
resulting in solitary trees. In Brazil, deforestation over last
year’s reached alarming levels, with perspectives of loss of
more than one thousand plant species in the next 30 years
in the Brazilian savannah (Crouzeilles et al. 2017).
Myracrodruon urundeuva (Anacardiaceae), commonly
known as ’aroeira’, is an important tree species with wide
distribution in several biomes of Brazil, including Cerrado
(Brazilian savannah), Pantanal, Atlantic forest, Caatinga
and its transition areas (Carvalho 1994; Lorenzi 2008;
Nogueira 2010). In some of the biome hotspots, such as
Brazilian savannah, the consequent fragmentation of
habitats has greatly reduced the number of individuals of
the species. It is possible only to find specimens only in
private properties or government protected areas (Moraes
et al. 2005). Aroeira is an arboreous tree, dioecious species
and pollinated by bees (Santin and Leitao Filho 1991) has
great importance due to the wood quality, durability and
medicinal properties. It has been used widely in con-
struction and luxury furniture (Almeida et al. 1998; Lorenzi
2008; Viana et al. 2014). During the best growth period
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some of specimens could reach more than 30 m in height
and upto 100 cm of diameter in girth (Nogueira 2010),
however the growth is slow and very time-consuming.
(Ferretti et al. 1995).

Considering the rapid decline of natural forest popula-
tions, conservation studies in ’aroeira’ and maintenance of
progeny tests have been conducted in order to assess the
genetic variability of the species and also to identify the
mating systemand other factors that help to understand the
population dynamics and also to help the conservation
programs (Moraes et al. 2004; Freitas et al. 2006; Viegas
et al. 2011; Souza et al. 2018). However, limited genomic
and population genetics studies have been undertaken in
this species (Viegas et al. 2011; Souza et al. 2018). In this
context, the sequencing of chloroplast genomes can play an
important role for phylogenetics studies. This can further
help in the development of new SSR markers associated to
cpDNA for population studies and species identification.

The next generation sequencing (NGS) has significantly
increased the availability of sequencing data for non-spe-
cies model, allowing comparative genomics and phyloge-
netic studies (Kersten et al. 2016; Yin et al. 2017; Zhang
and Chen 2018; Santos and Almeida 2019). The cpDNA
are maternally inherent in higher plants (Birky 1995), cir-
cular and organized by two inverted repeat regions (IR),
separated by two single-copy regions (LSC and SSC
regions, large single-copy and small single-copy respec-
tively), with approximately 130 genes related to photo-
synthesis and carbon fixation (Daniell et al. 2016). Until
now more than 4,800 chloroplast genomes for land plants
have been submitted in the National Center for Biotech-
nology Information (NCBI) organelle genome database.

Only eight complete cpDNA genomes are publicaly
available in NCBI (data retrieved in August 2020) from
Anacardiaceae family consisting of approximately 81
genera and more than 800 species (Pell et al. 2011). We
describe here for first time the complete chloroplast gen-
ome of M. urundeuva using low coverage Illuminase-
quencing. We also report the phylogenetic relationships
within the family and also characterized SSR associated to
cpDNA. Further conducted an evalutionery analysis in
order to supliment future studies on population and con-
servation genetics of the species and related genera.

Materials and methods

Sampling, DNA extraction and construction
of libraries

Fresh leaves were collected from M. urundeuva progeny

test population maintained as ex-situ conservation site in
Fazenda de Ensino, Pesquisa e Extensdo da Faculdade de
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Engenharia de Ilha Solteira, Ilha Solteira, Sdo Paulo, Brazil
(20° 20’ S, 51° 24’ W). Sample collection was authorized
by the Institute for Biodiversity Conservation (ICMBio),
associated with the Brazilian Ministry of the Environment
(MMA) under number SISBIO-52181-1. The leaves were
dried in silica and stored in —20 °C until DNA extraction.
Total DNA was extracted by CTAB protocol (Doyle and
Doyle 1990). Quality of the extracted DNA was verified in
1% agarose gel (with TBE 1X) stained by GelRed (Bi-
otium, Fremont, USA) and quantified by spectophotometer
(NanoDrop 1000, Thermofisher Scientific, Wilmington,
DE, USA). For sequencing, Illumina libraries were con-
structed using Nextera DNA library preparation kit using a
pool of ten individuals. The librarries were sequenced on
MiSeq Sequencing System (Illumina) using a V2 reagent
kit of 500 cycles (2 x 250 pb) in a paired-end run.

Chloroplast genome assembly and simple sequence
repeats analysis

Sequencing reads were assembled using NOVOPlasty
version 3.0 (Dierckxsens et al. 2016) with default param-
eters. As starting seed, we wused Pistacia vera
(NC_034998.1) chloroplast genome as input. The annota-
tion was performed in CPGAVAS2 using the option of
2544 plastomes (Shi et al. 2019), followed by manual
correction in Geneious 8.1.9 software (https://www.gen
eious.com). Validation was done by Sanger sequencing
using trnH-psbA, trnD—trnT, accD-psal and trnK—rpdl16
regions using available protocols (Hamilton 1999; Scarcelli
et al. 2011). The PCR products were visualized on 2%
agarose gel and then sequenced using BigDye Terminator
v3.1 Cycle Sequencing Kit (Applied Biosystems) on a
3500 Genetic Analyzer (Applied Biosystems). The circular
cp genome map was drawn with OGDRAW (Greiner et al.
2019). The PERF was used for SSR analysis (Avvaru et al.
2018) using criterion for mono- to hexanucleotides with
minimum of ten repeats for mononucleotides, four to din-
ucleotides and three to other motifs. The cp genome se-
quence has been submitted to GenBank (accession number:
MTO017571) as well as Sanger validation sequences of the
four cp regions (accession numbers: MT955660-
MT955669).

Codon usage, nucleotide diversity and positive
selection analyses

The codon usage frequency and relative synonymous
codon usage (RSCU) was investigated using CodonW
software (John Peden, <https://sourceforge.net/projects/
codonw/> , version 1.4.2). We included all protein coding
genes of M. urundeuva cp genome in the analysis. Relative
synonymous codon usage analysis is used to measure
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codon usage bias and is defined by the ratio of observed
frequency of codons to the frequency expected considering
equal usage of the synonymous codons for an amino acid
(Sharp and Li 1986). RSCU values > 1 are considered as a
preferred codon, otherwise the value < 1 are used with less
frequency and value equal to 1 means no codon usage bias
(Sharp and Li 1987).

The nucleotide diversity (Pi) from Anacardiaceae cp
genomes was evaluated for all unique genes extracted with
PhyloSuite v. 1.2.2 (Zhang et al. 2020) and aligned by
MAFFT v. 7.313 (Katoh and Standley 2013). Following
this method the nucleotide diversity was calculated for
each unique gene using DnaSP v. 6.12.03 (Rozas et al.
2017).

Positive selection of cp coding genes was evaluated
using EasyCodeML software v1.31 (Gao et al. 2019a)
assuming codon frequencies estimation (F3 x 4) and site
model. A total of 73 coding sequences (CDS) presented in
all species analyzed were included in this analysis. The
comparison was made between model 1a (nearly neutral)
against model 2a (selection), with likelihood ratio test
(LRT) selection of critical value of 5.99 at 5% with two
degrees of freedom as stated in Gao et al (2019b) and
Jeffares et al. (2014). The identification of codons under
positive selection was based in Bayes Empirical Bayes
(BEB) with a probability threshold of 0.95 for genes with
significant LRT p-values (Yang et al. 2005). We also tested
the branch-site model considering M. urundeuva as a
foreground and the other species as background in attempt
to identify variations of ® across the phylogenetic tree. We
considered the comparison between model A and model A
null (Yang and Nielsen 2002; Zhang et al. 2005) using LRT
calculations as before.

Comparative analysis of genome structure

The sequence identity of the cp genomes, from the
Myracrodruon clade, were compared with mVISTA with
A. occidentale annotated cp genome as a reference against
other six cp genome from Anacardiaceae family using
shuffle-LAGAN mode (Frazer et al. 2004). We focused to
the Myracrodruon clade since Spondias species are a dis-
tant group from Myracrodruon genus as revealed by the
phylogenetics analysis. The complete analysis including all
species is presented in Supplementary Figure S1. Multiple
genome alignments were conducted with MAUVE (Dar-
ling et al. 2004) to detect rearrangements or inversions. We
also examined the borders of LSC, IR and SSC regions
with IRscope (Amiryousefi et al. 2018) focused on M.
urundeuva clade with other six cp genome resulted from
phylogenetics analysis.

Phylogenetics analysis

Ten chloroplast genomes were included in the analysis of
Anacardiaceae family including M. wrundeuva with
Sapindus mukorossi (Sapindaceae) as outgroup (Supple-
mental table S1). The chloroplast genomes were aligned
using MAFFT 7.402 (Katoh and Standley 2013) and the
maximum likelihood (ML) analysis was conducted using
RAxXML 8.2.10 (Stamatakis 2006; Stamatakis et al. 2008)
with GTR + G model as well 1000 bootstrap replications
in CIPRES Science gateway (Miller et al. 2010).

Results
Genome assembly

The MiSeq paired-end run generated 17,330,264 of paired-
end reads with average 251 bp read length and in
total 2.59 Gb data obtained. Considering genome size from
other Anacardiaceae genus, such as Pistacia vera of 600 Mb
(Motalebipour et al. 2016) and Mangifera indica of 439 Mb
(Singh et al. 2016), we obtained a minimum of 4.31 x se-
quencing coverage for the entire genome size. Raw reads
were analyzed using NOVOPlasty software that generated
three contigs, ranging from 20,212 bp to 140,786 bp resulting
in a final sequence of 159,883 bp for the complete chloroplast
genome with average organelle coverage of 2615x. The two
IR regions (26,507 bp) were separated by an LSC region
(87,772 bp) and a SSC region (19,097 bp) (Fig. 1).

The 110 unique genes were identified, including 27
tRNAs, 4 rRNAs and two pseudogenes. It also included
four RNA polymerase genes, 20 from ribosome subunits
and 46 genes for the photosynthesis, from which seven
corresponding to photosystem I, 15 for the photosystem II,
six for cythochrome b/f complex, six encoded different
subunits of ATP synthase, 11 encoded NADH-dehydro-
genase subunits and one encoded the large chain of the
ribulose bisphosphate carboxylase (RUBISCO). The other
genes are related to acetyl-CoA carboxylase, cythochrome
¢ synthesis, maturase, protease, envelope membrane pro-
tein, translational initiation factor genes and component of
TIC complex. From these, 15 contained introns (atpF,
clpP, ndhA, ndhB, rpll6, rpl2, rpoCl, rpsi6, trnA-UGC,
trnE-UUC, trnK-UUU, trnL-UAA, trnT-CGU, trnV-UAC,
ycf3). The total GC content for cp genome was 37.8%
(Table 1).

Simple sequence repeats analysis
We identified 36 SSRs in the chloroplast genome of M.

urundeuva, of which the mononucleotides motifs were the
most abundant (33.3%; Fig. 2 and Supplemental Table S2).
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Fig. 1 Chloroplast genome map of M. urundeuva. Thick lines represent LSC, SSC and IR regions. Inside the circle gene transcription are on
clockwise and outside, counterclockwise. Different colors represent different gene groups

Second most abundant motif was tetranucleotide repeats
(27.7%) and only one hexanucleotide was found. More
than 87% of these SSR are present in the intergenic spacer
region and introns. The remaining repeats are located
within CDS region of ycfi.

Codon usage analysis, nucleotide diversity
All protein-coding regions presented 26,006 codons in M.

urundeuva chloroplast genome (Table 2). From these,
Leucine (Leu) and Cysteine (Cys) with 10.49% and 1.17%

@ Springer

were the most and lower representative amino acids,
respectively. The RSCU values returned that 31 codons
showed codon usage bias (values > 1), which 28 were
A/U-ending codons. For codons with RSCU values < 1,
the preferential were C/G-ending codons.

The phylogenetic analysis revealed, that the clade of M.
urundeuva is more distant than Spondias genus and sub-
sequently to other genera. The study explored only the
nucleotide diversity as well as genome structure of this
clade. Considering only genes present in all the species, the
nucleotide diversity (P;) was calculated to determine
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Table 1 Characteristics list of genes identified for M. urundeuva chloroplast genome. Duplicated genes are included into brackets

Group of genes

Name of genes

Protein synthesis and
DNA replication

Photosynthesis

tRNA genes

rRNA genes

Small subunit of
ribosome

Large subunit of
ribosome

RNA polymerase
Photosystem I
Photosystem II

Cythochrome b/f complex
ATP synthase
NADH-dehydrogenase

trnA-UGC (2x), trnC-GCA, trnD-GUC, trnE-UUC (4x), trnF-GAA, trnG-GCC, trnH-
GUG, trnK-UUU, trnL-CAA (2x), trnL-UAA, trnL-UAG, trnM-CAU (4x), trnN-GUU
(2x), trnP-UGG, trnQ-UUG, trnR-ACG (2x), trnR-UCU, trnS-GCU, trnS-GGA, trnS-
UGA, trnT-CGU, trnT-GGU, trnT-UGU, trnV-GAC (2x), trnV-UAC, trnW-CCA, trnY-
GUA

rrnd.5 (2x), rrnS (2x), rrnl6 (2x), rrn23 (2Xx)
rps2, rps3, rps4, rps7 (2x), rpsS, rpsli, rpsl2 (2x), rpsi4, rpsl5, rpsi6, rpslS, rpsl9

rpl2 (2x), rpll4, rpll6, rpl20, rpl22, rpl23 (2x), rpl33, rpl36

rpoA, rpoB, rpoCl, rpoC2
psaA, psaB, psaC, psal, psal, ycf3, ycf4

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
ndhA, ndhB (2x), ndhC, ndhD, ndhE, ndhF, ndhG, ndhH, ndhl, ndhJ, ndhK

Large subunit RUBISCO  rbcL
Other genes Acetyl-CoA carboxylase  accD

Cythochrome c synthesis  ccsA
gene

Maturase matK

Protease clpP

Envelope membrane cemA
protein

Translational initiation infA
factor

Component of TIC vefl
complex

Pseudogene unknown
function

Conserved hypothetical
chloroplast ORFs

yef2 (2x), yefl5 (2x)

sequence level of divergence between cp genomes. These
values ranged from 0 to 0.15, with the high average level of
genetic variation detected for LSC (P; = 0.026) and SSC
regions (P; = 0.042), followed by IR region (P; = 0.004).
Six gene regions showed high levels of nucleotide diversity
(P; > 0.08), trnH-GUG-psbA (P; = 0.099), trnG-UCC (P;.
= 0.15), trnM-CAU (P; = 0.103), ndhF-rpl32 (P; = 0.083),
rpl32-trnL-UAG ((P; = 0.087) and cssA-ndhD (P; = 0.113).

The selective pressure estimation based in site model
among the 73 CDS common in all species revealed, nine
genes under positive selection in Anacardiaceae family
(ndhB, rpl23, ndhD, rbcL, petD, clpP, rpl2, rpl33 and
rpoA) from LRT (p-value < 0.05). The BEB posterior
probability found positively selected sites for all genes
excluding 7poA (Supplemental Table S3). From these, five
are present in the LSC (rbcL, petD, clpP, rpl33, rpoA),
three in IR (ndhB, rpl23, rpl2) and one in SSC region

(ndhD). Considering their functions, four are related to
photosynthesis (ndhB, ndhD, rbcL, petD), four to protein
synthesis and DNA replication (rpl23, rpl2, rpl33, rpoA)
and one related to other functions (Protease, clpP; Sup-
plemental Table S4). We did not detect any evidence of
branch-site selection in the coding genes tested (Fig. 3).

Comparative analysis of genome structure

To investigate the structural characteristics within
Myracrodruon clade cp genomes, the similarity percentage
was plotted using mVISTA with A. occidentale cp genome
as a reference while included all Anacardiacae cp genomes
with S. mukorossi as a reference (Supplemental Figure S1).
The high similarity was detected among Anacardiaceae
species, with the coding regions more conserved than non-
coding regions (CNS in Fig. 4). Also, there are two
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insertions (approximately 6,500 pb) in A. occidentale when
compared with other Anacardiaceae genomes. These
results were also found in MAUVE analysis (Supplemental
Figure S2), in addition to an inversion in the M. indica
(~ 16,000 bp) and a deletion in the R. chinensis
(~ 10,000 bp) when compared among other members of
the M. urundeuva clade cp genomes.

The length of the inverted repeat region and single-copy
boundaries were analysed with a variation of IR regions
from 16,741 bp for R. chinensis to 32,713 in A. occiden-
tale. The junction of IRb and SSC showed the presence of
ndhF gene for all species as well as ycfl for R. chinensis
and S. birrea (duplicated also found in IRa and SSC
junction). Other regions exhibited a great variation of genes
(Fig. 5).

Phylogenetic analysis

In this study, we included nine publicly available chloro-
plast genomes from Anacardiaceae family and S. muko-
rossi as outgroup. Phylogenetic analyses were performed
using ML analysis with the complete sequence of chloro-
plast genomes (Fig. 6). In the ML tree, all nodes showed
bootstrap values higher than 99%. The results showed a
close relationship of M. urundeuva with Pistacia and Rhus
as well as Mangifera and Anacardium genera. The other
genera, Spondias and Sclerocarya are more distant related.

@ Springer

Discussion

The complete sequencing of cp genomes from tropical
trees can aid studies of evolution and traceability timber.
The study of plastid genomes plays an important role of
phylogenetics in angiosperms (Moore et al. 2007). Despite
that the rapid development of sequencing technologies the
availability of chloroplast genomes y remains
scarce in Anacardiaceae family. The assembly of cp gen-
ome based on short reads here showed as a alternative for
several plant without prior genomic information (Santos
and Almeida 2019; Souza et al. 2019; Khan et al. 2019).
The characterization of genome structure, as well as
repeat markers, is important, since chloroplast markers
have been used for population studies and traceability of
genetic materials (Finkeldey et al. 2010; Blanc-Jolivet and
Lisebach 2015; Phumichai et al. 2015; Nowakowska et al.
2015; Schroeder et al. 2016; Yue et al. 2018). In Hevea
brasiliensis, cp SSR exhibited greatest variability in
Brazilian genetic stocks comparing with other world pop-
ulations (Phumichai et al. 2015). To avoid illegal logging
of valuable trees, cp markers contribute in determining
haplotypes for origin of timber (Blanc-Jolivet and Lisebach
2015; Schroeder et al. 2016). Moreover, a combination of
cp SSR and haplotypes also contributed to the under-
standing of the origin and formation of a basis for future
studies of genetic improvement in pears (Yue et al. 2018).
In M. urundeuva, the identification of microsatellite loci
in the intergenic spacer region and introns can show a
potential polymorphism since coding regions showed to be
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Table 2 Relative synonymous codon usage in M. urundeuva cp genome
Amino Codon Number of RSCU  Proportion Amino Codon Number of RSCU  Proportion
acid occurrences (%) acid occurrences (%)
Phe Uuuu 936 1.27 5,68 Tyr UAU 748 1.59 3,61
uucC 541 0.73 UAC 192 0.41
Leu UUA 791 1.74 10,49 His CAU 478 1.48 2,48
uuG 577 1.27 CAC 168 0.52
CUU 558 1.23 Gln CAA 694 1.54 3,47
cuCc 193 0.42 CAG 208 0.46
CUA 409 0.90 Asn AAU 975 1.53 4,90
CUG 199 0.44 AAC 300 0.47
Ile AUU 1075 1.46 8,47 Lys AAA 1042 1.48 5,41
AUC 460 0.63 AAG 365 0.52
AUA 668 0.91 Asp GAU 854 1.57 4,18
Met AUG 596 1.00 2,29 GAC 232 0.43
Val GUU 500 1.45 5,29 Glu GAA 1018 1.49 5,26
GUC 176 0.51 GAG 350 0.51
GUA 513 1.49 Cys UGU 226 1.49 1,17
GUG 188 0.55 uGcc 77 0.51
Ser UCU 548 1.63 5,68 Trp UGG 450 1.00 1,73
ucc 339 1.01 Arg CGU 332 1.24 3,66
UCA 399 1.18 CGC 120 0.45
UCG 192 0.57 CGA 366 1.37
Pro CCU 408 1.55 4,05 CGG 134 0.50
ccCc 199 0.76 Ser AGU 420 1.25 2,09
CCA 291 1.10 AGC 124 0.37
CCG 156 0.59 Arg AGA 488 1.82 2,52
Thr ACU 495 1.55 4,92 AGG 167 0.62
ACC 251 0.78 Gly GGU 587 1.30 6,93
ACA 386 1.21 GGC 165 0.37
ACG 147 0.46 GGA 722 1.60
Ala GCU 622 1.77 5,40 GGG 327 0.73
GCC 230 0.66 Stop UGA 16 0.59 0,32
GCA 385 1.10 UAA 45 1.65
GCG 167 0.48 UAG 21 0.77

conserved across other genomes. There is a predominance
of mononucleotides, followed by tetranucleotides. As
described in other studies, the number of SSR identified for
other Anacardiaceae chloroplast genomes range from 53 in
Spondias bahiensis to 57 in Mangifera indica, where the
most representative motifs are related to A/T repeats, with
a predominance of mononucleotides repeats (Jo et al. 2017,
Santos and Almeida 2019). These high rates of A/T are
related to great content of these bases in these chloroplast
genomes, as found in this study. When considering other
families, such as Oleaceae, the number of SSR can reach
more than 250, as reported for Syringa pinnatifolia (Zhang
et al. 2019). Therefore, the characterization of SSR

markers, as well as the sequence of M. urundeuva cp
genome, will contribute to future population studies and
timber origin control in ’aroeira’ and related species.
Codon bias is a phenomenon that occurs when syn-
onymous codons are used at different frequencies related to
a more efficient mechanism of translation influenced by
mutation pressure and natural selection (Hershberg and
Petrov 2008; Machado et al. 2017; Zhang et al. 2018a, b).
In M. urundeuva cp genome there is a great number of
codon usage bias (values > 1) for A/U-ending codons.
When analyzing 12 chloroplast genomes of Solanum, a
codon usage bias analysis showed that the most preferred
are A/U-ending codons and there are significant RSCU
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Fig. 3 Nucleotide diversity across seven chloroplast genomes from M. urundeuva clade including genes and intergenic regions

differences between wild and cultivated species (Zhang
et al. 2018a). Similar results obtained in this study have
been also reported in other plants (Li et al. 2019; Zhang
et al. 2019). Considering the nucleotide diversity, we
identified four gene regions with high levels of nucleotide
diversity (P; > 0.08). These loci can be used in phyloge-
netic and evolution studies, as evidenced by studies of
molecular identification (DNA barcode; trnH-psbA) and
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phylogenetic studies from angiosperms (Scarcelli et al.
2011; Bolson et al. 2015).

The strategies of plants against the adversities of envi-
ronment may lead sequence evolution of cp genomes, with
some genes under positive selection in numerous plant
lineages (Rockenbach et al. 2016; Wu et al. 2020). The
selective pressure can be measured as a ratio (®) of the
nonsynonymous substitution rate (dN) to the synonymous
substitutions rate (dS) and using the site-model, we can
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Fig. 4 Genome alignment comparison of seven chloroplast genomes from M. urundeuva clade using mVISTA using A. occidentale as reference.

Grey arrows indicate gene orientation, blue indicate exons and light red

assess the variability at different sites of a gene by com-
paring different models of evolution, such nearly neutral
against selection by a LRT (Nielsen and Yang 1998; Jef-
fares et al. 2014; Wu et al. 2020). We did not detect evi-
dence of branch-site selection, which reflects that M.
urundeuva is not evolving faster than the other species in
the family. On the other hand, significant evidence from
site-model selection indicates that there are nine genes
which are under positive selection, with the most genes
under purifying selection in Anacardiaceae family. Several
plastid genes were reported to be under selective pressure
from different lineages of angiosperms, such clpP and
accD (Erixon and Oxelman 2008; Rockenbach et al. 2016).
In our study, we found that clpP gene has at least three
codons under positive selection, but none related to accD
gene. Furthermore, approximately 45% of genes from
photosystem are under positive selection (ndhB, ndhD,

the conserved non-coding sequences (CNS)

rbcL and petD). In Chrysosplenium and Oryza genera,
several genes related to photosynthesis (such rbcL and
psbB) are associated to the environment due to high levels
of UV radiation, which may lead to DNA damages and
mutations, resulting in high mutation levels (Gao et al.
2019b; Wu et al. 2020). In fact, rbcL was proposed as a
DNA barcoding marker in association with matK from
Consortium for the Barcode of Life (CBOL) Plant Working
Group (CBOL 2009). Dong et al. (2015) also reported high
levels of discrimination success in plants based in rbcL and
matK markers, and also proposed ycfI as a new universal
DNA barcoding marker, but in this work, the LRT revealed
that ycf1 was not significant in the family. Thus, in addition
to the genes already proposed as discriminating species in
the literature, there is a need for intraspecific investigation
of these positively selected genes identified in this work at
the population level to assess their potential as markers for

@ Springer
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use in species identification.The mVISTA analysis showed
that the coding regions are more conserved than non-cod-
ing regions. The presence of insertions in A. occidentale as
well as the inverted region in M. indica and the deletion in
R. chinensis shows that the family exhibits a great vari-
ability in the cp genome evolution. On the other hand,
Pistacia and Sclerocarya genus found to be more con-
served with M. urundeuva. If we consider the IR bound-
aries, there is still a variation in the size of the IR regions
with R. chinensis (~ 16,000 bp) to A. occidentale
(32,000 bp). In Leguminosae family species, Souza et al
(2019) do not identified such variation, with the IR regions
close to 26,000 bp. Other species, such Plantago ovata has
has more than 37 kb of IR region (Asaf et al. 2020). These
contraction and expansion of IR borders are considered as a
key of plastomes sizes variations, where these variations
could arise markers of distinctive evolutionary lineages
(Raubeson et al. 2007; Niu et al. 2018). In case when
considering the Myracrodruon clade (containing Sclero-
carya, Mangifera, Anacardium, Rhus and Pistacia), the
closest lengths to the species studied were found to P.
weinmannifolia (26,618 bp), S. birrea (26,790 bp) and M.
indica (26,379 bp). Also, there is variation even within
Pistacia species and so, they reflect on the different cp
genome sizes found in the family.

The phylogenetic relationships of Anacardiaecae mem-
bers points that M. urundeuva is in a well-supported clade

@ Springer

together Pistacia and Rhus with Mangifera and Anac-
ardium as a sister group. On the other hand, the position of
Spondias was confirmed as being more distant from the
other genera in Anacardiaceae (Santos and Almeida 2019).
Based on morphological and molecular traits, the phylo-
genetic studies show P. vera and P. weinmannifolia in
different sections and as a sister group of Rhus (Yi et al.
2007, 2008; Al-Saghir 2010). Through molecular markers,
Weeks et al. (2014) confirmed that Pistacia is sister group
of Rhus and that Spondias (S. tuberosa and S. mombin) is a
distant group (basal position) from other members of
Anacardiaceae, being closely related to Asian Spondias
species. Moreover, based on nuclear I7S] and chloroplast
trnL-F sequences, Astronium urundeuva (synonym of M.
urundeuva) has grouped in Anacardioideae subfamily
along with Schinus, Pistacia and Rhus, and Spondias in the
Spondioideae subfamily (Wheeler and Madeira, 2007). In
an extensive study of Schinus genus based on the external
and internal transcribed spacers (ETS and ITS), cp inter-
genic spacer (trnL-trnF) and cp intron (rpsi6), confirmed
that Myracrodruon (M. urundeuva and M. balansae) is a
sister group of Astronium (A. fraxinifolium and A. lecontei)
genus, but not directly related to Schinus as reported earlier
(Silva-Luz et al. 2019). These results and other previous
studies with cp genomes of the family Anacardiaceae (Lee
et al. 2016; Jo et al. 2017; Xu et al. 2019; Zhang et al.
2018b; Zheng et al. 2018; Santos and Almeida 2019),
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Fig. 6 Maximum likelihood tree of Anacardiaceae species based in complete chloroplast genomes. Number on nodes corresponds to bootstrap

support values

support that M. urundeuva is closely related to Pistacia
group. Thus, the use of Pistacia as a reference genome
(Zeng et al. 2019) for M. urundeuva and R. chinensis can
represent an alternative for genomic studies in this family.

Conclusions

In this study we reported for the first time the complete cp
genome for M. urundeuva based on Illumina sequencing.
The characteristics of genes and regions are compatible
with other cp family published genomes, as well as GC
content. Also, the SSR analysis shows a great potential for
future populations and timber traceability studies as well as
the evidence of positive selected genes can be useful for
further phylogenetic studies. Genome comparisons showed
a wide variability across Anacardiaceae cp genomes, with
insertions, deletions, and inverted regions on other mem-
bers of the family. The phylogenetic analysis based on
complete cp genome indicated that Myracrodruon is clo-
sely related to Rhus and Pistacia and confirmed to be more
distant than Brazilian endemic genus Spondias. These
results may help in the development of new markers, as

well as the use of the Pistacia as a reference genome for
other genomic studies in Myracrodruon and related genera.
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