
Electronic Journal of Biotechnology 60 (2022) 19–25
Contents lists available at ScienceDirect

Electronic Journal of Biotechnology

journal homepage: www.elsevier .com/locate /e jbt
Short Communication
Chloroplast genome structure and phylogeny of Geoffroea decorticans, a
native tree from Atacama Desert
https://doi.org/10.1016/j.ejbt.2022.09.005
0717-3458/� 2022 Pontificia Universidad Católica de Valparaíso. Production and hosting by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Peer review under responsibility of Pontificia Universidad Católica de Valparaíso.
⇑ Corresponding author

E-mail address: roberto.contreras@uda.cl (R. Contreras-Díaz).
Roberto Contreras-Díaz a,⇑, Felipe S. Carevic b, Wilson Huanca-Mamani c, Rómulo Oses a,
Mariana Arias-Aburto a, María Navarrete-Fuentes a

aCentro Regional de Investigación y Desarrollo Sustentable de Atacama (CRIDESAT), Universidad de Atacama, Copayapu 485, 1530000 Copiapó, Chile
b Laboratorio de Ecología Vegetal, Facultad de Recursos Naturales Renovables. Universidad Arturo Prat, Campus Huayquique, 1100000 Iquique, Chile
c Laboratorio de Biología Molecular de Plantas, Facultad de Ciencias Agronómicas, Universidad de Tarapacá, 1000000 Arica, Chile
g r a p h i c a l a b s t r a c t
a r t i c l e i n f o

Article history:
Received 27 June 2022
Accepted 21 September 2022
Available online 27 September 2022

Keywords:
Atacama Desert
Chloroplast genome
Dalbergieae
Geoffroea decorticans
Legume
Native tree
Phylogeny
Pterocarpus clade
Quadripartite structures
a b s t r a c t

Background: Geoffroea decorticans is a vulnerable native species inhabiting the Atacama Desert. Here, we
describe the structure, gene composition and phylogeny of the complete chloroplast genome of this
legume species.
Results: The chloroplast genome consisted of 158,399 bp, with typical quadripartite structures: a large
single copy (88,081 bp), a small single copy (18,976 bp), and two inverted repeats (25,671 bp).
Geoffroea decorticans chloroplast genome was similar in size and gene number to that of G. spinosa, but
it was slightly different in structure. Complete chloroplast analysis of G. decorticans revealed 129 genes,
including 83 protein-coding genes, 37 tRNA genes, 8 rRNA genes and 1 pseudogene (rpl22). In G. decor-
ticans, the rps16 gene showed a deletion, which led to a premature stop codon, probably causing loss
of functionality. Phylogenetic analysis of 20 complete chloroplast genomes confirmed the placement to
G. decorticans within the Pterocarpus clade.
Conclusions: In this study, we report the complete chloroplast genome of Geoffroea decorticans for the first
time, which can be used for phylogenetic studies and reconstruction of the biogeography history of the
genus Geoffroea in South America.
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1. Introduction

Geoffroea decorticans Burkart is a tree or a shrub characteristic of
arid and semi-arid areas and distributed in Argentina, Chile, Uru-
guay, Bolivia and Peru [1]. This species is considered one of the
most important wild trees for the indigenous populations estab-
lished in the Atacama Desert 4000-1700 years ago [2]. G. decorti-
cans (also called chañar) has been recognized as a multi-purpose
resource providing food and furniture material and expectorant,
anticoagulant, and hypoglycemic medicinal products [3,4,5,6,7,8].
In Chile, chañar has been classified as a vulnerable species owing
to its restricted geographical distribution and anthropic uses [9].
Therefore, the development of forest management plans and con-
servation strategies to reduce the risk of their extinction is
necessary.

The chloroplast genome provides valuable information to sup-
port the conservation of threatened species [10]. Phylogenomic
approaches are now widely used to resolve species relationships
and the evolution of genomes and gene families [11]. A compre-
hensive approach to diversity, whether for a clade or a tree, has
been one of the most important motifs of systematic research for
centuries [12]. A previous study has established that G. decorticans
belongs to the Dalbergieae clade [13]. Molecular phylogenetic stud-
ies have revealed three main Dalbergieae lineages: the Adesmia,
Dalbergia, and Pterocarpus clades [14]. Based on DNA sequence
data, some authors have reported that the genus Geoffroea Jacq.
belongs to the Pterocarpus clade [14,15,16]. Moreover, among the
genus Geoffroea Jacq., the chloroplast genome sequence of G. spi-
nosa Jacq. was the first to be reported [17]. However, the
genome-wide data of G. decorticans have not been studied and its
phylogenetic relationship has not been extensively revised. This
study aimed to analyze the complete chloroplast genome of G.
decorticans, in terms of structure, gene composition, and
phylogeny.
2. Materials and methods

Leaves were collected from a chañar tree in Copiapó, Chile (27�
18’ 42.26‘‘ S 70� 30’ 7.56” W; Voucher EIF13815). DNA was
extracted using a method described by Contreras et al. [18]. The
DNA was then quantified using QubitTM 3.0 fluorometer. The
sequencing library was prepared with the TruSeq Nano DNA LT
Kit. Sequencing was performed on an Illumina sequencing plat-
form. Paired-end sequences of 150 bp were generated for each read
(R1 and R2). The filtered reads were assembled using SPAdes 4
software, version 3.13.0 [19]. The chloroplast was annotated with
CPGAVAS2 [20] and PGA [21] softwares, and then manually cor-
rected. The graphical map of the chloroplast was generated by
Organellar Genome DRAW (OGDRAW) [22], and the complete
nucleotide sequence was deposited in the GenBank database
(MW672397.1). The chloroplast structures (LSC/IR, IR/SSC) of G.
decorticans and 8 closely related species of the Dalbergioid s.I. clade
[23] such as G. spinosa Jacq., Stylosanthes viscosa (L.) Sw., Tipuana
tipu (Benth.) Kuntze 1898, Arachis duranensis Krapov. & W.C. Greg,
Dalbergia sissoo Roxb. ex DC., Smithia erubescens (E. Mey.) Baker f.,
Zornia myriadena Benth. and Amorpha fruticosa L. were visualized
and compared using IRScope [24]. The complete chloroplast gen-
ome sequence of G. decorticans and 17 species of the Dalbergioid
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clade [23], including two Amorpheae species as outgroups (Amor-
pha roemeriana Scheele and A. fruticosa), were aligned using MAFFT
v7 [25], and gaps were trimmed using TrimAL v1.4 [26]. The gen-
ome sequence data were analyzed using the maximum likelihood
(ML) and the Bayesian inference (BI) methods. The best-fitting
nucleotide substitution model of sequence evolution, model
TPM1+I+G4, was determined using the Corrected Akaike Informa-
tion Criterion (AICc) with JModelTest2 on XSEDE [27]. The ML anal-
yses were performed using RAxML-HPC BlackBox v.8.1.12 [28]
with 1,000 bootstrap replicates; and the BI analysis was conducted
using MrBayes on XSEDE v.3.2.7 [29] with the CIPRES Science Gate-
way v3.3 [30]. The Markov chain Monte Carlo (MCMC) algorithm
was calculated for 5,000,000 generations, and the sampling tree
for every 1,000 generations. The first 25% of generations were dis-
carded as burn-in. In the analysis, bootstrap (BS) values were esti-
mated in the ML, and the reliability of clades in the Bayesian
analysis was evaluated by means of posterior probability (PP).
3. Results

The chloroplast genome of G. decorticans comprises 158,399 bp,
the two inverted repeat (IR) regions were of 25,671 bp each, one of
the smallest in the Dalbergioid clade, and separated by a large
single-copy region (LSC) of 88,081 bp and a small single-copy
region (SSC) of 18,976 bp (Fig. 1). A total of 129 genes were iden-
tified, including 83 coding genes, 8 rRNA genes, 37 tRNA genes,
and 1 pseudogene (rpl22) (Table 1). The DNA sequence for rps16
gene of G. decorticans contained a deletion, which resulted in a stop
codon in the functional domain of the protein; therefore, this trun-
cated gene was not considered for chloroplast genome annotation
(Table 1). Length of the IR region of other species of the Dalbergioid
clade varied between 25,239 bp and 25,828 bp (Fig. 2). Length of
the LSC region of G. decorticans (88,081 bp) was smallest to that
of G. spinosa (88,615 bp), and in the other species, length of the
LSC region varied between 84,625 bp and 88,615 bp. In all species
of the Dalbergioid clade, length of the SSC region varied between
18,602 bp and 19,018 bp (Fig. 2). The GC content of G. decorticans
chloroplast genomewas equal to that of G. spinosa (36.2%) and sim-
ilar to that of the rest of species of the Dalbergioid clade.

The IR-SSC and IR-LSC limits of G. decorticans were compared
with that of other species of the Dalbergioid clade. In the intergenic
spacers between rpl2-rps19 genes, specifically in the junction
between the LSC-IRb region (JLB), the rpl2 of G. decorticans was
found to be partially extended in the LSC region (41 bp) compared
with that of other Dalbergioid species (Fig. 2). Similarly, in all Dal-
bergioid species, the ycf1 gene was found extend over the JSA junc-
tion (Fig. 2). In G. decorticans, ycf1 and ndhF genes were found to
extend at JSB junction, whereas, these genes not found to extend
at JSB junction in G. spinosa; in fact, the ndhF gene of G. spinosa
was present 21 bp away from the JSB junction (Fig. 2). In S. viscosa
and A. duranensis, which are very closely related to G. decorticans,
the ycf1 and ndhF genes were also found to extend at JSB junction
(Fig. 2).

The trees generated using complete chloroplast genome
sequences of 20 species of the Dalbergioid clade based on ML and
BI showed similar topologies (Fig. 3). The ML tree revealed four
main clades, all of which were highly supported with BP=100.
Clade I comprised Poiretia bahiana, Zornia diphylla and Zornia myr-
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Figure 1. Circular gene map of the chloroplast genomes of Geoffroea decorticans. Genes were colored according to their functional group. Small single copy (SSC), large single
copy (LSC), and inverted repeats (IRA, IRB) were indicated.

Table 1
Gene composition in the Geoffroea decorticans chloroplast genome.

Category of genes Group of genes Name of genes N�

Photosynthesis Photosystem I psaA, psaB, psaC, psaI, psaJ 5
Photosystem II psbA, psbB, psbC, psbD, psbE, psbF, psbH, psbI, psbJ, psbK, psbL, psbM, psbN, psbT, psbZ 15
ATP synthase atpA, atpB, atpE, atpFb, atpH, atpI 6
NADH-dehydrogenase ndhAb, ndhBa,b, ndhC, ndhD, ndhE, ndhF, ndhG, ndhH, ndhI, ndhJ, ndhK 12
cytochrome b/f complex petA, petB, petDb, petG, petL, petN 6
Large subunit RUBISCO rbcL 1

Protein synthesis and
DNA replication

Transfer RNAs trnA-UGCa,b, trnC-GCA, trnD-GUC, trnE-UUC, trnF-GAA, trnfM-CAU, trnG-UCCb, trnG-GCC, trnH-GUG,
trnI-GAUa,b, trnI-CAUa, trnK-UUUb, trnL-UAAb, trnL-CAAa, trnL-UAG, trnM-CAU, trnN-GUUa,
trnP-UGG, trnQ-UUG, trnR-ACGa, trnR-UCU, trnS-GGA, trnS-UGA, trnS-GCU, trnT-GGU, trnT-UGU,
trnV-UACb, trnV-GACa, trnW-CCA, trnY-GUA

37

Ribosomal RNAs rrn16Sa, rrn23Sa, rrn4.5Sa, rrn5Sa 8
Ribosomal Protein large-subunit rpl14, rpl16, rpl2a,b, rpl20, rpl22, rpl23a, rpl32, rpl33, rpl36 11
DNA dependent RNA polymerase rpoA, rpoB, rpoC1b, rpoC2 4
Ribosomal Protein Small-subunit rps11, rps12a,b, rps14, rps15, rps18, rps19, rps2, rps3, rps4, rps7a, rps8 13

Other functions Subunit of Acetyl-CoA-carboxylase accD 1
c-type cytochrome synthesis gene ccsA 1
Envelop membrane protein cemA 1
Protease clpP 1
Maturase matK 1

Unknown function Conserved open reading frames ycf1a, ycf2a, ycf3b, ycf4, 6

a Duplicated genes.
b Genes containing introns.
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iadena; clade II (Dalbergia clade) comprised four species—Ctenodon
histrix, Dalbergia sissoo, Kotschya aeschynomenoides and Smithia
erubescens; clade III (Pterocarpus clade) comprised eleven spe-
cies—Pterocarpus violaceus, Pterocarpus indicus, Pterocarpus pedatus,
Centrolobium microchaete, Tipuana tipu, Grazielodendron riodocensis,
21
Stylosanthes viscosa, Arachis duranensis, Arachis hypogaea, G. decor-
ticans and Geoffroea spinosa; clade IV comprised the outgroup spe-
cies Amorpha roemeriana and A. fruticosa (Fig. 3a). The BI tree
showed four clades with high support (PP = 1.00), and its topology
was similar to that of the ML tree (Fig. 3b). The Pterocarpus clade



Figure 2. Comparison of chloroplast genomes between the Long Single Copy (LSC), Short Single Copy (SSC) and Inverted Repeat (IRa and IRb) junction regions amongst nine
Dalbergioid species.

Figure 3. Molecular phylogenetic analysis of complete chloroplast genomes of eighteen Dalbergieae species and two outgroup species (A. roemeriana and A. fruticosa) are
inferred by ML (A) and BI (B) methods. Maximum likelihood bootstrap values (ML) and Bayesian posterior probabilities (PP) are shown in the branches on A and B trees,
respectively.
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was divided into two subclades: one containing P. violaceus, P. indi-
cus, P. pedatus, C. microchaete, T. tipu and G. riodocensis (ML,
BP = 100; BI, PP = 1.00), and the other containing S. viscosa, A. dura-
22
nensis, A. hypogaea, G. decorticans and G. spinosa (ML, BP = 100; BI,
PP = 1.00) (Fig. 3). Thus, G. decorticans was strongly resolved as a
sister species of G. spinosa (ML, BP =100; BI, PP = 1.00) (Fig. 3).
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4. Discussion

The Atacama Desert is the driest and oldest desert on the Earth.
These extreme environmental conditions result in high dryness
and exposure to ultraviolet radiation [31]. Many organisms have
adapted to these conditions and play an important role in
organism-environment interaction in this fragile ecosystem.
Genetic studies on organisms that have been thriving successfully
in such harsh environment are of great biological value and under-
standing their phylogenetic placement in the plant tree of Life is
crucial. G. decorticans has a wide geographic distribution across
the Atacama Desert and is one of the few trees species that can sur-
vive in these extreme environmental conditions. To date, a large-
scale comparative study of G. decorticans plastid genome regarding
the phylogeny and structure has not been reported.

The complete chloroplast DNA provides a good understanding
of the phylogenetic relationships at family, genus, and species
levels [32,33], and has been widely used for evolutionary studies
[34]. In the present study, our results showed that the chloroplast
genomes of G. decorticans and G. spinosa had equal percentage of
GC content (36,2%), and their size and gene number were also sim-
ilar [17]. Geoffroea spinosa is found near the Amazon in Venezuela,
Ecuador, Peru, Bolivia, Paraguay, Argentina and Brazil [35,36];
however, it is not found in Chile. Therefore, the populations of G.
decorticans in the Atacama Desert are distantly located from the
populations of G. spinosa. In a previous study, chloroplast genomes
of three species of the Dalbergioid clade (C. histrix, C. microchaete
and G. riodocensis) were reported to have a length of 156,400 bp
to 158,908 bp [23], which is similar to that of G. decorticans. In
the present study, sequence analysis of G. decorticans revealed
129 genes, including 83 protein-coding genes, 37 tRNA genes, 8
rRNA genes, and 1 pseudogene (rpl22). However, without consider-
ing the rpl22 pseudogene, G. decorticanswould have the same num-
ber of genes as G. spinosa (128 genes) [17]. Chloroplast genomes of
several species of the Dalbergieae clade have 128 genes, without
considering gene loss and pseudogenes [17]. However, a previous
study revealed that chloroplast genomes of Pterocarpus spp. have
130 genes, including 86 protein-coding genes (considering ycf68
(2x) and orf42(2x)), 36 tRNA, and 8 rRNA genes [37], whereas,
another study on chloroplast genome of P. macrocarpus revealed
that it has 127 genes, including 84 protein-coding genes, 35 tRNA,
and 8 rRNA genes [38]. In Pterocarpus species, psbJ, rpl22 and trnG-
GCC have been reported to be lost [37], and in P. macrocarpus, rpl22
and trnI-CAU(2x) have been reported to be lost [38]. In addition, in
Dalbergia spp., rpl22 was deleted, but rps16 was conserved [37,39].
Furthermore, structural rearrangements occur in the chloroplast
genome during evolution, resulting in the gains or loss of genes
[40]. G. decorticans lost the genes rpl22 (pseudogene), trnH-GUG
(1x), and rps16, similar to the situation observed in five Pterocarpus
spp. [37], but distinct from that observed in G. spinosa and P. macro-
carpus, in which rps16 was reported to be present [17,38]. The
introns of tRNA genes contain pseudogenes with unknown func-
tion; for example, the introns trnI-GAU and trnA-UGC consist of
the pseudogenes ycf68 and orf42, respectively [41]. Moreover,
studies on 26 genera have revealed that rpl22 has been deleted
from the chloroplast and transferred to the nuclear genome [42].
In some species of Fabaceae, the IR region and genes have been
completely lost [32] probably due to nucleotide substitutions and
dynamic recombination of chloroplast genomes [43]. Our results
revealed that rps16 was lost in the chloroplast of G. decorticans,
similar to that in chloroplast of several Lupinus spp. [44]. The dele-
tion of rps16 gene in G. decorticans resulted in a premature stop
codon, probably causing a loss of functionality. Although some
chloroplast genes, such as rps16, are essential for plant survival
[45], the absence of this gene in the chloroplast can be compen-
sated by the nuclear rps16 gene [44]. In summary, the chloroplast
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of G. decorticans lost rpl22 and rps16 genes, similar to those of most
legumes.

The chloroplast size in legumes varies considerably because of
expansion, contraction or loss of the IR regions, and these rear-
rangements are of phylogenetic relevance [17,46]. In G. decorticans,
rpl2 gene overlaps with the JLB region; length of the overlapping
region is 41 bp. However, we did not find rpl2 gene to overlap with
the JLB region in Stylosanthes, Tipuana, Dalbergia, Smithia, Zornia
and Arachis. Although G. spinosa and G. decorticans are phylogenet-
ically closely related [14], their chloroplast sizes vary moderately.
Among all the regions, the length of the LSC region showed the
greatest difference (534 bp) between G. decorticans and G. spinosa.
In addition, in the Pterocarpus clade, although Geoffroea, Ptero-
caprus and Tipuana species had LSC regions of similar lengths,
lengths of the LSC regions of Arachis and Stylosanthes species were
relatively shorter and varied by approximately 2,000 bp. Similarly,
the length of LSC region of mimosoid chloroplasts also showed rel-
ative variation among species such as Adenanthera microsperma
(88,577 bp) and Leucaena trichandra (93,690 bp) [47]. Expansion
of the IR regions in some legume taxa resulted in a reduction in
the size LSC region and, combined with an accumulation of tandem
repeats in the LSC, yielded the largest plastome [17]. In all species
of the Dalbergioid clade, the ycf1 gene crossed the IRa/SSC border
(JSA) and expanded into the IRa region; the length of the expansion
varied from 452 to 486 bp. However, in G. decorticans, the ycf1 gene
was founded to be extended (28 bp) within the SSC region at the
IRb/SSC border (JSB), similar to that in A. duranensis (8 bp) and S.
viscosa (22 bp); but unlike in G. spinosa, T. tipu, D. sisso, S. erubes-
cens, and Z. myriadena. Furthermore, the ndhF gene was found at
the JSB junction in G. decorticans and other species of the Pterocar-
pus clade, exhibiting substantial differences in the expansion or
contraction of IRs. IR expansion is more commonly related to IR/
SC junction migration, which incorporates or excludes sequences
[17].

In previous studies, the molecular phylogeny of some Geoffroea
spp. was resolved by Bayesian analyses using matK sequences [14]
and maximum parsimony analyses using trnK/trnL/ITS sequences
[15]. However, the genetic relationships of several populations of
G. decorticans were determined based on inter simple sequence
repeat and randomly amplified polymorphic DNA markers [48],
and simple sequence repeat (SSR) markers [49]. Furthermore, co-
dominant SSR markers specific to G. decorticans have recently been
developed for studying the phylogeny and diversity of population
in the future [9]. In addition, the complete chloroplast genome of
Prosopis tamarugo Phill, a legume tree endemic to the Atacama
desert, was recently phylogenetically analyzed [50]. However, the
phylogenetic relationships of G. decorticans have not yet been
assessed using chloroplast genome data. In our study, the ML and
BI analyses of plastome data strongly supported G. decorticans
and G. spinosa as monophyletic groups, which were placed within
the Pterocarpus clade. The results showed two subgroups in the
Pterocarpus clade—one group comprised Pterocarpus, Centrolobium,
Grazielodendron and Tipuana species, and the other group com-
prised Stylosanthes, Arachis and Geoffroea species, which is consis-
tent with previous phylogenetic studies based on matK [14] and
trnK/trnL/ITS [15] sequences. The genus Geoffroea Jacq. comprised
four species (accepted): G. horsfieldii (Lesch.) Oken, G. spinosa Jacq.,
G. violacea (Aubl.) Pers., and G. decorticans (Hook. & Arn.) Burkart;
however, the taxonomic status of eight species remains unresolved
[9]. Thus, by comparing the complete chloroplast sequence of G.
spinosa [17] and the plastome of G. decorticans, regions with highly
variable markers can be identified, which could be used as DNA
barcodes for the genus Geoffroea. Therefore, accepted Geoffroea
species that are not yet resolved can be successfully analyzed using
chloroplast or Geoffroea genus-specific DNA barcode markers. Here,
we report the complete chloroplast genome of G. decorticans,
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which can be used for phylogenetic studies and as a tool to recon-
struct the biogeography history of the genus Geoffroea in South
America.
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