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Abstract: Every 3 to 7 year angiosperms species of the flowering desert appear in the Atacama Region of Chile, as a result of the climatic
phenomenon "El Nifio". Our objective was to evaluate the universality of matK and rbcL barcode markers of these species, and validate their
taxon through phylogenetic relationships. Argemone hunnemannii, Oenothera coquimbensis, Malesherbia humilis, Leucocoryne
appendiculata, Loasa elongata, Nicotiana solanifolia, Stachys grandidentata, Aristolochia chilensis, Alstroemeria kingii and Adesmia
eremophila, almost all classified as endemic to Chile, were collected in Pan de Azlcar and Llanos de Challe National Park (Atacama
Region, Chile) at the end of October 2017. The phylogeny of these ten angiosperm species from the flowering desert was analyzed using
rbcL and matK markers with the maximum likelihood and Bayesian inference methods. The results showed that 70% of the species can be
distinguished with the matK or rbcL locus, however, 100% were distinguished using both loci. The phylogenetic results showed that the
species formed clades with high reliability and high support with both the matK and rbcL genes, when comparing our results with sequences
obtained from GenBank. The matK and rbcL genes are efficient markers for analyzing phylogenetic relationships and validating the
taxonomy of flowering species.

Keywords: Atacama Desert; matK; rbcL; DNA barcoding; Flowering Desert

Resumen: Las especies de angiospermas del Desierto Florido de la Regidn de Atacama de Chile aparecen cada 3 a 7 afios, influenciado por
el fendémeno climatico “El Nifio”. Nuestro objetivo fue evaluar la universalidad de los marcadores de codigo de barra matK y rbcL de estas
especies, y validar su taxén por medio de relaciones filogenéticas. Las especies Argemone hunnemannii, Oenothera coquimbensis,
Malesherbia humilis, Leucocoryne appendiculata, Loasa elongata, Nicotiana solanifolia, Stachys grandidentata, Aristolochia chilensis,
Alstroemeria kingii y Adesmia eremophila son clasificadas la mayoria endémicas de Chile. Estas especies fueron colectadas en el Parque
Nacional Pan de Azucar y Llanos de Challe, Region de Atacama, Chile. La colecta se realiz6 a fines de octubre de 2017. Con los
marcadores rbcL y matK se analizé la filogenia con los métodos méxima verosimilitud e inferencia bayesiana en diez especies de
angiosperma del Desierto Florido. Los resultados mostraron que el 70% de las especies pueden ser distinguidas con un locus matK o rbcL,
sin embargo, el 100% se distingui6 usando ambos locus. Los resultados filogenéticos mostraron que las especies formaron clados con alta
fiabilidad y alto soporte tanto con los genes matK y rbclL, al comparar con accesos de secuencias obtenidas de GenBank. Lo genes matK y
rbcL son marcadores eficientes para analizar relaciones filogenéticas y validar el taxdn de las especies de flor.
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INTRODUCTION

Occasional rains in the Atacama Desert reveal a high
biodiversity of plant species that germinate, flower
and reproduce in a short period of time. The Atacama
Desert is the driest and oldest desert on the planet,
with constant hyper aridity for the last 10 million
years (Sun et al., 2018). The flora that survives in the
Atacama Desert has adapted to long periods of
drought; where, plant structures such as bulbs and
seeds can wait for years for a rain event to germinate,
grow and bloom. In 2015 and 2017 the Atacama
Desert received abundant rain for a short period,
producing flash floods that caused serious damage to
homes and infrastructure. In the following days the
humidity generated the germination and growth of
various flowering plant species, covering vast areas
of the desert. This phenomenon is called “Flowering
Desert” and is activated by a winter rainfall larger
than 15 mm, associated with the El Nifio-Southern
Oscillation (ENSO) (Gutiérrez et al., 2008). Several,
otherwise latent, plant species appear shortly after the
rain, and flower with great intensity.

In 1830, Claudio Gay carried out the first
systematic study of plants in the Atacama Region,
and since 1885 more specimens were studied by
Rodulfo Philippi and Federico Phillipi (Mufoz-
Schick et al., 2012). These studies have identified
around 980 native plant species, of which 200 species
are associated with the flowering desert (Gutiérrez et
al., 2008, Squeo et al., 2008, MMA, 2018). Due to
the high diversity of species, the areas where the
flowering occurs were declared priority sites for the
Regional Biodiversity Strategy of Atacama in 2002,
and highly valued by both the scientific community
and tourism (MMA, 2018).

There are around 100 families of
angiosperms associated with the Atacama Region
and, some of these grow only when the desert is
flowering. On a tour of the Flowering Desert in 2017,
10 species were found in Pan de Azucar and Llanos
de Challe National Parks, corresponding to the
families (with total number of endemic species
between brackets): Fabaceae (38 species), Solanaceae
(22  species), Alstroemeriaceae (13  species),
Amaryllidaceae (12 species), Loasaceae (7 species),
Passifloraceae (6 endemic species), Papavereaceae (4
species and one extinct), Lamiaceae (4 species),
Onagraceae (2 species), and Aristolochiaceae (2
species) (Pefia, 2002; MMA, 2008; Squeo et al.,
2008). However, not all of these species have been
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properly classified taxonomically so far. Within the
species that grow when the desert flowers, there are
species that have differences in the color of petals,
classifying them, in the case of the genus
Rhodophiala (afiafiuca), as two species: R. bagnoldii
(Herb.) Traub (yellow flower) and R. phycelloides
(Herb.) Hunz. (red flower). However, there are other
species with color variation of petals which still
classify as one species. In the family
Alstroemeriaceae, for example, the species
Alstroemeria kingii Phil. has individuals with cream
and yellow petals. Genetic analyses could clarify if
differences in petal color separates these individuals
into different species. Unfortunately, the genetics of
most of the plant species of the flowering desert have
been poorly studied, and more molecular studies are
needed to classify the taxonomy and phylogeny of
these species, on a solid base.

DNA barcoding is a standardized procedure
and optimal tool for monitoring biodiversity and
conducting phylogeny and evolution studies of plant
species (Pei et al., 2017), that uses universal DNA
sequences. The Consortium for the Barcode of Life
(CBOL Plant Working Group, 2009) proposed two
chloroplast loci (matK and rbcL) as DNA barcode of
plants. The most important challenge in the DNA
barcoding of plants is the discrimination between
taxa or specific genera (Seberg & Petersen, 2009). It
has been shown that barcodes can be successfully
applied to study diversity (Kesanakurti et al., 2011),
classify herbarium species (de Vere et al., 2012) and
discriminate taxa in families with complex taxonomy
(Sass et al., 2007). This means that poorly studied
desert plant species and their biodiversity could be
evaluated and classified with DNA barcoding. The
objective of this work is to evaluate the universality
of the plant barcodes (matK and rbcL), using the
phylogenetic relationships of the species from the
flowering desert, which form geographically isolated
populations as a result of that same desert.

MATERIALS AND METHODS

Plant sampling

Fresh leaves were collected from species that
emerged in the flowering desert, after an abundant
rainfall generated in 2017. The samples were
collected in the Llanos de Challe (PLC) and Pan de
Azlcar (PPA) national parks, located in the Atacama
Region (Figure No. 1). The samples were
georeferenced (see Table No. 1) and the collected
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material was stored at -80°C.

DNA Extraction and Sequencing

DNA was extracted from fresh leaves using a
modified CTAB method described by Contreras et al.
(2018a). When the previous method produced low-
quality or contaminated DNA, another method of
extraction, CTAB-phenol-coloform-isoamyl alcohol-
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column of silica, was used (Contreras et al., 2018b).
The DNA samples were stored at -80°C in the DNA
bank of the University of Atacama. Two chloroplast
primers, namely rbcL and matK, were used for the
polymerase chain reaction (PCR). A partial region of
the rbcL gene was amplified with the following
primers:

5'-ATGTCACCACCACAACAGAGAGTAAAGC-3 '(forward) and
5'-CTTCTGCTACAAATAAGAATCGATCTC-3' (reverse),

as described by Kress & Erickson (2007). Similarly, a partial region of the matK gene was amplified using

390F 5'-CGATATTCATTCATTCAATTTC-3 *(forward) and
1326R 5'-TCTAGCACACGAAAGTCGAAGGAAGTSZ' (reverse),

29°30

25°17 b/v/f
o™

Pan de Aztcar

Atacama
Region

Llanos de Challe

Figure No. 1
Map showing the collection sites Pan de Azucar and Llanos de Challe National Parks
in the Atacama Region

as described by Cuenoud et al. (2002). The PCR
mixture used contained: 10 pl of master mixture
(Takara SapphireAmp 2X, Clontech), 1.5 ul of each
primer (advance and rewind to 5 pM), 6 pl of
genomic DNA (5 ng/ul) and 1 ul of nuclease-free

water. The PCRs were performed in a Swift Max Pro
thermal cycler (ESCO) using the following protocol:
initial step 94°C for 4 min, then 40 denaturation
cycles at 94°C for 30 seconds, annealing at 52°C or
55°C (for rbcL and matK, respectively) for 30
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seconds, and polymerization at 72°C for 1 min, as
well as a final extension stage at 72°C for 10 min.
The PCR products obtained were separated on a 1%
(w/v) agarose gel in a TBE buffer (100 V for 40 min),
dyed using GelRedTM 10,000X (10 pL), and purified
with the "Wizard® SV Gel and PCR Clean-Up" kit
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(Promega). The purified PCR products were
sequenced in an ABI 3730xI DNA analyzer (Applied
Biosystems Inc.) according to the manufacturer's
protocols. For the sequencing of the purified
products, the Genescan Service of Macrogen Inc
(Seoul, South Korea) was used.

Table 1
Family, species name, code, origin, geographic coordinates, DNA barcode (rbcL and matK) and
corresponding GenBank accession numbers

created by the software Chromas Pro vl
(Technelysium Pty, Ltd). The sequence fragments,
obtained with the forward and reverse primers, were
assembled using DNA Baser Sequence Assembler
v4.10 (Biosoft, 2012). Automatic adjustments and
analyses were used to edit the collection of
contiguous DNA  sequences (contigs)  with
predetermined  parameters.  Multiple  sequence
alignments were performed using MEGA 6 software
(Tamura et al., 2013). All sequences obtained in this
study were entered into GenBank, the international
nucleotide sequence database (see Table No. 1 for
access numbers). In addition, all rbcL and matK
sequences obtained were validated by transcribing

Family Species Code Origen (*)  Latitud Longitud rbcL matK
Papaveraceae Argemone hunnemannitto Ah699  Endemic 28°07'03.4"S 71°05'55.9"W MKO77752
Onagraceae Oenothera coquimbensiay 0Oc691  Endemic 26°27'30.9"S 70°40'51.6"W MKO77750
Passifloraceae Malesherbia humili®oepp. Mh682  Native 26°06'18.7"S 70°38'09.6"W  MKQ77754
Amaryllidaceae Leucocoryne appendiculakePhil. La680 Endemic 26°06'33.3"S 70°38'34.1"W  MK089789
Loasaeae Loasa elongat#look. & Arn. Le675  Endemic 26°12'03.9"S  70°38'03.3"W  MKO077755 MK077751
Solanaceae Nicotiana solanifoliaValp. Ns659  Endemic 26°11'46.2"S 70°37'08.7"W  MKO077752 MKO77749
Lamiaceae Stachys grandidentataindl. Sg671 Endemic 26°12'06.6"S 70°36'58.4"W  MK124961 MK124962
Sg673  Endemic 26°12'06.2"S  70°36'57.2"W
Sg709  Endemic 27°52'06.3"S  70°59'30.2"W
Aristolochi@eae  Avristolochia chilensBridges ex Lindl.  Ac704  Endemic 28°09'47.9"S 71°03'26.0"W MK032806
Alstroemerigeae  Alstroemeria kingii (ambhil. Ak703  Endemic 28°09'27.7"S 71°03'19.6"W  MK124959 MK124957
Alstroemeria kingii (chil. Ak705  Endemic 28°09'53.6"S 71°03'24.5"W  MK124960 MK124958
Ak708  Endemic 27°52'06.2"S  70°59'30.1"W  MK124960 MK124958
Fabaceae Adesmia eremophilghil. Ae712  Endemic 27°55'15.5"S 70°56'33.7"W  MKO077756
DNA Barcode Analysis nucleotide sequences into protein chains. The rbcL
The sequences "Forward" and "Reverse" were and matK sequences that coincided with species from

the flowering desert were downloaded from
GenBank. To achieve this, the first five sequences
with the highest score were consulted in GenBank
(BLASTn with the predetermined parameters of
NCBI), using the rbcL and matK sequences of each
of the species we collected. These sequences, both
from our study and GenBank, were then used
together for the phylogenetic analysis.

Maximum likelihood (ML) and Bayesian
inference (BI) methods were used to evaluate the
phylogeny of the studied species. ML analysis was
inferred based on the Tamura-Nei model (Tamura &
Nei, 1993) using MEGAG6 software (Tamura et al.,
2013) with 1000 bootstrap (BS) replicas used for the

Boletin Latinoamericano y del Caribe de Plantas Medicinales y Aromaticas/303



Contreras et al.

reliability of the analysis support. Bayesian
phylogenetic inference analysis was performed with
MrBayes 3.2 (Ronquist et al., 2012). Two
independent analyses of Monte Carlo Markov Chains
(MCMC) were performed, each consisting of
1,000,000 generations, with an average frequency
deviation of less than 0.01. Trees were sampled at a
frequency of 200 generations, and 10% of the initial
trees were discarded as burn-in. TRACER v. 1.5
(Rambaut & Drummond, 2007) was used to verify
the stabilization of the overall probability and
convergence between generations for each separate
file. The reliability of clades in the Bayesian analysis
was evaluated by means of posterior probability (PP).
Values of PP lower than 0.8 were considered low
support; between 0.8 and 0.89 were considered
moderate support; and values of PP higher than 0.9
were considered high support. In the analysis,
bootstrap (BS) values for internal nodes were
estimated with 100 replicas, defining values greater
than 70 to be reliable. Finally, the tree was visualized
with the FigTree program (Rambaut, 2012).

RESULTS

A successful amplification and partial DNA sequence
of most of the analyzed species was obtained with the
rbcL and matK markers. However, when using only
the rbcL marker, Argemone hunnemannii Otto,
Oenothera coquimbensis Gay and Aristolochia
chilensis Bridges ex Lindl., did not amplify as the
sequence-end could not be determined. Likewise,
with the matK gene promoters it was not possible to
obtain PCR fragments nor DNA sequences of
Malesherbia humilis Poepp, Leucocoryne
appendiculata Phil. and Adesmia eremophila Phil.

In the following section we present the
phylogenetic relationships based on partial sequences
of the rbcL gene and matK of the flowering species
that spontaneously germinated during the flowering
desert event in 2017 (Atacama Region, Chile).

Phylogenetic relationships based on rbcL
Seven main clades were observed in the dendrograms
in Figures No. 2 and No. 3, when we compared the
different topology of the maximum likelihood (ML)
and Bayesian inference (BI) methods, which grouped
the individuals in the families: Fabaceae,
Alstroemeriaceae,  Amaryllidaceae,  Loasaceae,
Lamiaceae, Solanaceae and Passifloraceae.

All these families formed clades with reliable
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and high supporting values (BS > 81% and PP >
0.99), with the exception of the Fabaceae family
clade (BS=51%, PP=0.76). The BI tree showed a
more determined topology than the ML tree among
the different species and families; therefore, the BI
tree was explored and analyzed in greater detail. The
Fabaceae family formed two groups, in one of these,
Adesmia eremophila was grouped with A. exilis Clos
(U74254.1), differing in  four  nucleotide
replacements. In the Passifloraceae family,
Malesherbia humilis formed a clade with M. lirana
Gay (AB536557.1), with reliable and high support
(BS=96%, PP=0.97), separating itself from the rest of
species of the genus Malesherbia. However, our
sample of Malesherbia humilis was not grouped
(BS=100%, PP=1.00) with the known sequence of M.
humilis (AB536556.1), differing in four nucleotide
replacements. Nicotiana solanifolia Walp. was
grouped with four species of the genus Nicotiana (N.
attenuata Steud., N. tabacum L., N. attenuata, N.
sylvestris Speg. & S. Comes), in the family
Solanaceae, with high support (BS=100%, PP=1,00),
differing from the other species in two nucleotide
replacements. In the Lamiaceae family, three samples
of Stachys grandidentata Lindl. collected in different
areas formed a single clade, reliable and with high
support (BS=77%, PP=0.97), separating itself from
the rest of the species of the genus Stachys. S.
grandidentata differed in only one nucleotide
substitution ~ with  S.  chamissonis  Benth.
(KU724138.1) and S. lindenii Benth. (AF502013.1),
while it differed in three nucleotide replacements
from the other species S. sylvatica L. and S. coccinea
Ortega. The species from the Loasaceae family
formed two clades with reliable and high support
(BS=81%, PP=0.99), one with the genus Fendlera,
and one with the genera Loasa and Nasa, in which
Loasa elongata Hook. & Arn. formed a clade with
Nasa loxensis (Kunth) Weigend (U17876.1) with
reliable and high support (BS=81%, PP=0.98),
differing in the replacement of nine nucleotides. The
species of the family Alstroemeriaceae and
Amaryllidaceae were separated into two clades with
maximum reliability and high support (BS=100%,
PP=1,00). In the family = Amaryllidaceae,
Leucocoryne appendiculata formed a subgroup with
L. coquimbensis F.Phil. ex Phil. (Z269199.1) and
Nothoscordum gracile (Aiton) Stearn (HQ690454.1)
with low reliability but high support (BS=42%,
PP=0.98), however, L. appendiculata was closer to L.
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coquimbensis (differing in the substitution of one
nucleotide) than with the species of the other genus
(differing in two nucleotides). In the family
Alstroemeriaceae, three samples of Alstroemeria
kingii collected in different zones and of different
petals color formed a single clade, with reliability and

Phylogenetic relationships of plant species

high support (BS=92%, PP=0,92), separating them
from the rest of species of the genus Alstroemeria,
however, with strong support (BS=100%, PP=1,00)
the known sequence A. kingii (JQ404678.1) did not
nest into the clade of our Alstroemeria kingii
samples, differing in two nucleotide replacements.

S. grandidentata (Sg673)
S. grandidentata (Sg671)
S. grandidentata (Sg709)

S
. S. lindenii AF502013.1

S.

S. coccinea KU724139.1

chamissonis KU724138.1

sylvatica KU724140.1

[N. Solanifolia (Ns659)

1 MKO077752

N. tabacum KU
68

N. attenuata MG182422.1

N. attenuata JF419563.1
N. sylvestris AB237912.1

199713.1

76 |:| L. elongata (Le675)
L. loxensis U17876.1

F. rupicola AF206766.1
99 |

84

F. rupicola AF323200.1

MKO077755

59

|L. appendiculata (La680) !

51

4 L. paucifora AF

98

73
100

100

L. coquimbensis 769199.1

G. graminea 1Q273897.1
|_ N. gracile HQ690454.1

{

MK089789

116998.1

A. kingii (Ak705)
MK124959

A. kingii [Ak708

A. ligtu 1Q404679.1

MK124960

A. kingii 1Q404678.1

A. crispata 1Q404666.1

A. versicolor 1Q404707.1
L A. philippii JQ404689.1

781 [A- eremophila (Ae712)
100 —l_ A. exilis U74254.1

M. lavinii JNO83774

o1 M.

100
50

51
88

0.01

94| P. tinctorius JN083762.1

| M. ardens AB536555.1

MKO77756

Al
humilis AB536556.1

M. linearifolia AF206792.1
[ M. humitis (Mheg2)

M. lirana AB536557.1

Figure No. 2

Maximum likelihood (ML) tree with bootstrap (BS

) values of rbcL sequences of seven species from the

Atacama Region, using the Tamura-Nei evolution model
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A. eremophila (Ae712)

Phylogenetic relationships of plant species

b A exilis U74254.1
s Fabaceae
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97/0,9; [ P. tinctorius JN083762.1
92j092 e A kingii (Ak705)
— A.kingii (Ak703)
100/1.00 A J.«'ngr’f’ (Ak708)
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s0/05 icolor 10404707.1
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42/0.98 L. appendiculata (La680)
L. coquimbensis Z69199.1
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81/0.98 G. graminea 1Q273897.1
57/0.17 Lﬁ/ongara (Le675)
81/0.99 g
L. loxensis U17876.1 Loasaceae
F. rupicala AF206766.1
100/1.00 F. rupicola AF323200.1
77/09 S. grandidentata (Sg673)
68/0.89 S. grandidentata (Sg671)
§. grandidentata (Sg709)
79/0.50 s. chamissonis KU724138.1 | Lamiaceae
1007100 100/1.00 5. lindenii AF502013.1
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M. lirana AB536557.1 )
100/1.00 M. linearifolia AF206792.1 Passifloraceae
L M. ardens AB536555.1
M. humilis AB536556.1
Figure No. 3

Bayesian inference tree (Bl) inferred from the rbcL data set of seven species in the Atacama Region.
Bootstrap (BS) values are presented on the left, and posterior probabilities (PP) are shown on the right

Phylogenetic relationships based on matK

The dendrograms in Figures No. 4 and No. 5 show
seven main clades as well, when we compared the
different topology of maximum likelihood (ML) and
Bayesian inference (IB), and group in the families:
Solanaceae, Alstroemeriaceae, Lamiaceae,
Aristolochiaceae, Papaveraceae, Onograceae and
Loasaceae. All these families formed clades with
maximum reliability and high support (BS=100% and
PP=0.99). Between the two phylogenetic trees (ML
and BI), the BI tree showed a stronger topology
among the different species and families, therefore,
we explored this tree further. In the Solanaceae
family four groups were formed, and in one of them,
the Nicotiana solanifolia sample formed a clade with

already known N. solanifolia (AB039990.1),
differing in three nucleotide substitutions. The three
samples of Stachys grandidentata (Lamiaceae)
collected in different areas formed a single clade with
the other species of the genus Stachys, with a robust
support (BS=100%, PP=1,00). However, differences
in more than two nucleotide replacements were
observed with the species S. coccinea (KU724139.1)
and S. sylvatica (KU724140.1). The samples of
Alstroemeria kingii, from the Alstroemeriaceae
family, collected in different areas and with different
petal color formed clades with high reliability and
support (BS=99%, PP=0.91). Due to differences in
more than five nucleotide replacement they separated
themselves from the other clade that includes the rest
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of species of the genus Alstroemeria, with maximum
reliability and support (BS=100%, PP=1.00). The
Avristolochiaceae family was divided into two clades
with maximum reliability and support (BS=100%,
PP=1.00); in one of these clades, the Aristolochia

85

100

Phylogenetic relationships of plant species

chilensis sample was grouped with A. anguicida Jacq.
(KP998777.1), however, with low reliability and low
support (BS=49%, PP=0.51), differing with seven
nucleotide replacements. Four species of the genus
Argemone (Papaveraceae) were grouped together and

S. sessilis KU724135.1
P. waimeae KU724131.1

S. chamissonis KU724138.1

S. grandidentata (Sg709)
S. grandidentata (Sg673) MK124962
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95
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N. attenuata MG182422.1

N. benavidesii AB039991.1

72 10:2 . N. cardifolia AJ585851.1
72 | N. solanifolia (Ns659) l MKO77749
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L. floribunda KY286682.1
97 00 |_ L. elongata KY286730.1
MKO077751

o7 I L. elongata (Le675) l

I
L. elongata KY286687.1

96

| O. coquimbensis (Oc691)l
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Maximum likelihood (ML) tree with bootstrap (BS) values of matK sequences of seven species from the

Atacama Region, using the Tamura-Nei evolution model
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Figure No. 5
Bayesian inference tree (Bl) obtained from the matK data set of seven species from the Atacama Region.
Bootstrap values (BS) are presented on the left, and posterior probabilities (PP) are shown on the right

two formed a subclade, locating A. hunnemannii
close to A. albiflora Hornem. (with the substitution of
a nucleotide), while the other two species (A.
mexicana L. and A. subfusiformis Ownbey) that
formed the other subclade had reliable and high
support (BS=87%, PP=0,98). In the Onagraceae
family, five species of the Oenothera genus formed
clades, where two of these (Oenothera biennis L. and
O. biennis f. grandiflora (L Her) D.S. Carp.) formed
a subclade, with high reliability and support
(BS=93%, PP=0.95), and O. coquimbensis ended up
near O. picensis Phil. and O. villaricae W. Dietr. The
Loasa elongata sample (Loasaceae) formed a reliable
subclade with L. elongata (KY286687.1) with strong
support (BS=98%, PP=1,00), differing in one

nucleotide  substitution; however, these two
sequences were separated from a third L. elongata
sequence (KY286730.1), also with high reliability
and high support (BS=98%, PP=1,00).

DISCUSSION

Chile is one of the 35 hotspots of biodiversity,
making its conservation a priority in the world
(Mittermeier et al., 2011). The hyper arid
environment of the Atacama Desert harbours areas
where the flowering desert occurs (Arroyo et al.,
2004), that have a great diversity of plants, and a high
number of endemic plants. The species from this area
have  been identified taxonomically  with
morphological keys for 200 years. However, their
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identification and/or validation through genetic tools
has been studied little. Therefore, DNA barcoding is
a good method to identify or validate these species
and confirm their taxonomy.

Our results showed that 70% of the species
we studied can be distinguished with a barcode locus
(matK or rbcL), and 100% can be determinated using
both matK and rbcL genes. According to Bolson et
al. (2015), the most efficient way to determinate a
species from a DNA barcode is to check the grouping
of species, genus and family using phylogenetic
analyses.

We constructed phylogenetic trees of plant
species that emerge when the desert flowers, in the
national parks Llanos de Challe and Pan de Azucar,
based on the DNA barcoding techniques using the
rbcL and matK genes. Using the rbcL marker showed
that the species Adesmia eremophila and A. exilis
were grouped according to their corresponding genus
Adesmia, separating themselves from other genera of
the same family. However, between A. eremophila
and A. exilis, we observed differences in nucleotides,
probably due to their biogeographic evolutionary
differences. Malesherbia humilis grouped with good
support with M. lirana Gay, using the marker rbcL,
even though M. lirana is endemic to La Rioja,
Argentina (Darwinion Botanical Institute, 2019),
separating the species by more than 500 km and the
Andes mountain range. The evolution of M. humilis
has possibly been constrained, due to the barrier
imposed by the Atacama Desert. Curiously M.
humilis did not grouped with the AB536556.1
GenBank record of M. humilis. However, this entry
does not indicate the location where it was collected,
making comparison between the samples difficult. It
is possible that the difference between these two
sequences of M. humilis is due to the fact that they
belong to different varieties, as M humilis forms a
complex of five varieties (Gengler-Nowak, 2002).
Therefore, a thorough review of this species in the
area should be carried out.

Nicotiana solanifolia grouped with other
species of the same genus, both with the rbcL and
marK genes; however, only the matK gene
differentiated the species with high support.
According to Clarkson et al. (2004) the species of the
genus Nicotiana of the Paniculatae section to which
N. solanifolia belongs are difficult to distinguish,
both vegetatively and floreally. However, the
sequence of the matK gene from the individual
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collected in Pan de Azlcar national park was a good
indicator to successfully group, with good support,
with the record described by the same author.

As for Stachys grandidentata, the sequences
of individuals from the two different national parks
presented no differences in nucleotides, in spite of the
400 km of separation. Although this species and other
records of the same genus were grouped together
with the genes matK and rbcL, with the latter gene,
high nucleotide differences were observed when
comparing S. grandidentata with S. sylvatica (Iflora,
2019) and S. coccinea (Berumen-Cornejo et al.,
2017). But those species have even larger
geographical differences; the latter two being
endemic to Europe and North America, respectively.
In the case of Loasa elongata, this species was
successfully grouped with the same species
(KY286687.1) with the matK gene, and differentiated
from N. loxensis, with the rbcL gene. Even though, L.
elongata and N. loxensis, form a single group, they
present large nucleotide differences, perhaps because
N. loxensis is endemic to Ecuador (Hempel et al.,
1995). The species of the family Amaryllidaceae
showed great evolutionary nearness between
Leucocoryne appendiculata and L. coquimbensis,
probably because they are distributed in the same
habitat and both species are limited to the same
geographical region. However, L. appendiculata is
not endemic to the Atacama Region only, as its
distribution range includes all of “big north” of Chile
(Antofagasta, Tarapaca Region and Arica-Parinacota,
and part of Atacama Region) (Pinto & Luebert,
2009).

On the other hand, in the family
Alstroemeriaceae the sequences of two variants of
Alstroemeria kingii (cream) and Alstroemeria kingii
(yellow) formed a separate clade from other species
of the same genus, both with the matK and rbcL
genes. However, no differences were found between
their two variants, with either of the genes. There are
cases of petals color combination; for example, in
species of Lactucinae and Crepidinae that could have
been the result of a possible hybridization (Wang et
al., 2014). According to Xiao & Simpson (2017),
species of the genus Meconopsis of the Aculeatae and
Primulinae section have petals in more than one
color, and these differences were confirmed by
phylogenetic analysis with matK, ndhF, rbcL and
trnL-trnF  markers. Using other barcode DNA
markers, could give a more definite result of whether
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there are differences between the cream and yellow
variants of A. kingii.

Aristolochia chilensis formed a weakly
supported group with two species of the same genus,
However, it differed with good support from other
species such as A. cruenta Barringer, endemic to
Costa Rica (Barringer, 1983) and A. eriantha Mart.,
endemic to Brazil (Gonzalez, 2011). Nevertheless,
the lack of expertise in the classification of this taxon
could lead to identification errors, making it possible
to misclassify individuals as Aristolochia bridgesii
(Klotzsch) Duch., as the latter has its distribution
range in the same sampling area of A. chilensis
(Saldivia & Falndez, 2015). The inconsistencies in
the identification were demonstrated by Saldivia &
Faundez (2015), whose morphological comparisons
made it possible to differentiated between three
species (A. bridgesii, Aristolochia pearcei Phill. and
A. chilensis) of this genus. There is no doubt that in
future studies these three species could be confirmed
using the DNA barcoding technique.

Within the Papavareaceae family, the species
Argemone hunnemannii was closer related to A.
albiflora than to other species of the same genus,
even though, the latter is endemic to North America
(Schwarzbach & Kadereit, 1999). Despite the
geographical distance, nucleotide differences were
very low. Oenothera coquimbensis, present in a large
part of the “Big North” and central Chile, is
phylogenetically very closely related to O. picensis
(central Chile, Gonzalez et al., 2011). Their close
relationship is not surprising, as they share the same
geographical range. However, O. coquimbensis was
also close phylogenetically to O. villaricae, which
has its distribution in central and southern Chile, as
well as southern Argentina (Plants of the world
online, 2019). Therefore, we suspect that the matK
gene was probably conserved in the evolution of
Oenothera species despite the distance and diversity
of climates they inhabit.

The sequences obtained in this study and
sequences downloaded from GenBank of the same
species did not always form a glade. For example, the
rbcL sequence of species A. kingii of the record
JQ404678.1 was not grouped together with the
sequences we obtained from the same species;
likewise, the rbcL sequence of M. humilis (record
AB536556.1) was not grouped together with the
sample of M. humilis from this study. However, a
common  denominator might  justify  these

Phylogenetic relationships of plant species

inconsistencies. According to de Vere et al. (2012)
the use of herbarium specimens for DNA sequence
analysis presents disadvantages, when comparing
their results to fresh material. The sequences of
records JQ404678.1 and AB536556.1 were indeed
obtained from herbarium material, while the
sequences of this study were obtained from fresh
samples. According to de Vere et al. (2012),
herbarium samples often require more amplification
attempts with more combinations of primers. This
potentially increases the chance of obtaining incorrect
sequences, through increased chances of sample
mixing or contamination. De Vere et al. (2012)
showed that for matK this is not the case, but, for
rbcL the levels of incorrect sequences were higher
using herbarium material than freshly collected
samples. This is probably due to the greater
universality of the primer and the ease of
amplification. In addition, some studies suggest using
the matK region as a tool for phylogenetic analysis
because of this greater ease of sequence retrieval
(Ipek et al., 2014).

On the other hand, as indicated at the
beginning, some species amplified weakly with the
matK and rbcL markers. Therefore, other barcoding
markers such as ITS (Schultz & Wolf, 2009), ycf
(Dong et al.,, 2015) and trnH-psbA (Kress et al.,
2005) were tested in order to strengthen the
information and the statistical analyses. However, we
did not include these markers in the final analyses
because they showed multiple copies of PCR
fragments, inconsistencies in sequence alignment and
additionally, with ITS, some species returned DNA
sequences from bacteria or fungi. Thus, in order to
identify species from the flowering desert, the DNA
sequences obtained from the matK and rbcL markers
were more successful.

The current information of barcode DNA
sequences, of flowering desert species of Atacama,
obtained from the present work and their
phylogenetic differences with other plant species will
contribute to the acknowledgement of these
specimens. It is the first time that rbcL sequences of
A. eremophila (MKO077756), L. appendiculata
(MK089789), L. elongata (MKO077755), S.
grandidentata (MK124961) and N. solanifolia
(MKO77752), and matK sequences of S.
grandidentata (MK124962), A. kingii (MK124957
and MK124958), A. chilensis (MK032806), A.
hunnemannii  (MKO077752) and O. coquimbensis
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(MKO077750) are available.

Our results, both with Bl and ML analyses,
showed that the flowering desert species formed
glades, with high support values, based on genus and
family when we used the regions rbcL and matK.
However, in other papers the potential for species
discrimination has been variable; for example, in
neotropical ~ species  some  authors  report
discrimination ranges between 75 and 95% using the
barcode markers rbcL, matK and trnH-psbA (Kress et
al., 2009), while other papers failed to discriminate
between species, from, e.g. families such as
Lauraceae, Myrtaceae and Sapindaceae, even when
combining up to three barcoding loci, including matK
and rbcL (Costion et al., 2011). Our results
demonstrate that these two genes are highly efficient
at reconstructing phylogenetic relationships for plant

Phylogenetic relationships of plant species

species from the flowering desert, and that the
method could facilitate accurate identification of
species when their taxonomy is not certain. Without a
doubt, the results obtained in this study, support the
effectiveness of barcoding to identify the taxonomic
richness of the species in the flowering Atacama
Desert.
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