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ANGELA VERONICA GUTIERREZ, CARLA VALERIA FILIPPI, NATALIA CRISTINA
AGUIRRE, ANDREA FABIANA PUEBLA, CINTIA VANESA ACUNA, GISEL MARIA
TABOADA & FRANCISCO PABLO ORTEGA-BAES

Abstract: The Cactaceae family is native to the American continent with several centers
of diversity. In South America, one of these centers is the Central Andes and many species
are considered to be threatened or vulnerable according to the International Union for
Conservation of Nature (IUCN). Stetsonia coryne is an emblematic giant columnar cacti
of the Chaco phytogeographic province. It has an extensive geographical distribution
in many countries of the continent. However, to date there are no specific molecular
markers for this species, neither reports of population genetic variability studies, such
as for many cactus species. The lack of information is fundamentally due to the lack of
molecular markers that allow these studies. In this work, by applying a Genotyping by
Sequencing (GBS) technique, we developed polymorphic SSR markers for the Stetsonia
coryne and evaluated their transferability to phylogenetically close species, in order
to account for a robust panel of molecular markers for multispecies-studies within

Cactaceae.
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INTRODUCTION

The Cactaceae family, native to the American
continent shows a high diversity of species in
México and Southwestern United States, while
in South America three main diversity centers
have been recognized: 1). The Central Andes
region, 2). East Brazil, 3). West and South Brazil,
Paraguay, Uruguay (Ortega-Baes et al. 2010). Cacti
are a group with special conservation interest
as ornamental plants, in the food and medical
industry, and as a source of wood (Casas &
Barbera 2002, Inglese et al. 2002, Nerd et al. 2002,
Nefzaoui & Salem 2002, Saenz Hernandez et al.
2002, Wright et al. 2007, Ortega-Baes et al. 2010).
Consequently, they have strong pressure for
illegal collection, which along with the change

in land use and climate are the most important
threats for these species (Ortega-Baes et al.
2010). A recent global assessment of the family
has indicated that approximately 31 % of its
species present some degree of extinction risk
(Goettsch et al. 2015) and many are considered
to be threatened or vulnerable according to the
International Union for Conservation of Nature
(IUCN).

In the Central Andes, Northwest Argentina
is one of the main centers of cactus diversity
in the world (Ortega-Baes & Godinez-Alvarez
2006, Ortega-Baes et al. 2010). Studies of genetic
structure in South America, however, are mainly
concentrated in areas of Venezuela and Brazil
(Moraes et al. 2005, Figueredo et al. 2010, Fava et
al. 2016, Fernandes et al. 2016, Khan et al. 2018),
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some studies in central zone of Chile (Ossa et
al. 2016, Larridon et al. 2018) and a single report
assessed the genetic diversity of Echinopsis
terschecRii, a species with Argentinean
distribution (Quipildor et al. 2017, 2018). In other
words, the study of the genetic variability of
this family in Argentina is just beginning. This is
mainly due to the absence of molecular markers
that allow its study (Guerrero et al. 2019). For
this reason, an exhaustive study of the genetic
structure of different species of this family
is necessary to evaluate the possible effect
of these factors on the genetic variability of
these species. This would allow the proposal of
conservation actions and priority areas with the
greater genetic variability of this family. Of the
more than 2,000 cacti described, only around 28
wild species have been genetically analyzed to
date (Cornejo-Romero et al. 2013).

Stetsonia coryne (Salm Dick Britton & Rose)
is an emblematic giant columnar cactus (2n=
22, Sosa-Pivatto et al. 2014) appreciated for its
use in ornamental, live fences, for its edible
fruits and as a source of wood for handicrafts
(Arenas & Scarpa 1998, Anderson 2001, Arenas
& Scarpa 2007). This species its endemic of the
Chaco phytogeographic province, which has
an extensive geographical distribution that
includes northern Argentina, southeastern
Bolivia, and Paraguay. The Gran Chaco region is
one of the areas with the highest deforestation
rates globally (Gasparri & Grau 2009).
Particularly, in the northwest of Argentina, this
phytogeographic province has experienced the
greatest expansion of the agricultural frontier
over the last 25 years (Volante et al. 2016).
Despite the wide distribution of the species,
and its importance, to date there are no specific
molecular markers for it, so there are no reports
of studies of population genetic variability.

Microsatellites, or Single Sequence Repeats
(SSRs), are repeated motifs of 1-6 nucleotides,
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highly distributed throughout the genomes of
eukaryotes (Li et al. 2002). Even though SSR
markers were firstly introduced in the late
1990s, they are still highly used for applications
involving genome mapping, forensics, parentage
identification, population studies, conservation
genetics and phylogeography (Hodel et al. 2016).
Indeed, SSR markers are the most commonly
used molecular markers to study the genetic
variability of natural plant populations, where
sampling a high number of individuals, even
with a small number of markers, is preferred
over sampling a small number of individuals
with a high number of markers (Bonatelli et
al. 2015). The attractiveness of SSR markers
relies on their abundance in the genome, high
levels of polymorphism, high reproducibility,
codominance and cost effectiveness (Li et al.
2002). Moreover, because SSR are PCR-based
markers, they can be amplified using low
concentration of DNA, even of low quality, and
accordingly they are the markers of choice in
studies involving ancient DNA and forensics
(Zalapa et al. 2012, Hodel et al. 2016). Another
important characteristic of these markers
is the transferability between plant species
of the same genus or family (Zalapa et al.
2012, Bombonato et al. 2019). Even though
the success of amplification is inverse to the
evolutionary distance between species, SSR
allow multispecies studies (Barbara et al. 2007,
Bombonato et al. 2019).

Until recently, the main drawback of these
technique was the high cost associated with
initial marker development, which required
a large process of cloning and sequencing of
the SSR loci (Guo et al. 2007, Davey et al. 2011).
In this regard, SSR markers have been mostly
developed for model organisms, or species of
agronomic interest (Bonatelli et al. 2015), and
then transferred to related species. Nowadays,
this disadvantage has been overcome by the
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development of Next Generation Sequencing
technologies (NGS), which facilitates the time
and costs associated with the generation
of genomic libraries (Davey et al. 2011). NGS
derived genotyping strategies, as genotyping-
by-sequencing (GBS, Elshire et al. 2011) and
double digest Restriction Associated DNA
sequencing (ddRADseq, Peterson et al. 2014)
among others, have been widely used in recent
years. In particular, ddRADseq is a strategy
characterized by the use of two digestion
enzymes, in which there is a reduction in the
complexity of the genome, and it is possible
to discover markers and genotype at the same
time. Even though they were firstly developed
for SNP marker identification, their use for SSR
identification has been also reported (Qin et al.
2017, Aguirre et al. 2019) and allowed the study
of the biodiversity of numerous plant species
for which no specific markers were available
(Deschamps et al. 2012, Egan et al. 2012, Zalapa
et al. 2012, Bonatelli et al. 2015, Qin et al. 2017).
Here it is important to note that, although both
SSR and SNP markers share some favorable
features, such as their codominant nature,
high abundance and reproducibility, SSRs tend
to be more variable and, consequently, more
informative than SNPs. Given their multiallelic
status, SSRs are still widely used in genetic
diversity studies, especially those involving
large sample sizes, with their associated high
costs. Therefore, microsatellites continue to play
an important role in population genetic studies,
even in the current genomic era (Mason 2015,
Hodel et al. 2016).

This work presents the first application
of an NGS-derived strategy in the emblematic
columnar cacti S. coryne. Using the ddRADseq
approach,inthisworkwe developed polymorphic
SSR markers for the species and evaluated
their transferability to phylogenetically close
species, in order to account for a robust panel
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of molecular markers for multispecies-studies
within Cactaceae.

MATERIALS AND METHODS

Plant material and DNA extraction

Tenindividuals of Stetsonia corynewere collected
in the northwestern of Argentina, from two
populations, La Union (Salta Province) and Dean
Funes (Cordoba Province). The individuals were
sampled from geographically distant locations
to maximize the variability between them.
Genomic DNA (gDNA) extraction was carried out
from the parenchyma of the stem using a CTAB
protocol (Bornet & Branchard 2001). The DNA
quality was verified by Nanodrop (Thermo Fisher
Scientific, Waltham MA, USA) and 1% agarose gel
electrophoresis analysis. The DNA samples were
quantified in Qubit 2.0 fluorometer (Thermo
Fisher Scientific) and the two samples with the
highest DNA concentrations and best quality
were selected for the ddRADseq protocol.

Additionally, the transferability of the
generated SSRs was evaluated in three
individuals of each one of four selected
phylogenetically close species from the
Browningeae-Cereae-Trichocereae clade (BCT:
Cereus forbesii, C. aethiops, C. stenogonus,
Echinpsis terscheckii), one from Notocacteae
clade (Parodia microsperma) (Nyffeler 2002,
Hernandez-Hernandez et al. 2011) and from two
species of the Opuntiodea subfamily (Tunilla
coruguata and T. soherensis). Isolation of gDNA
was carried out as detailed before.

Evaluation and selection of restriction
enzymes for ddRADseq

The first step for ddRADseq consisted of
selecting digestion enzymes by performing both
in silico and in vitro strategies. To carry out
this selection process, the procedure proposed
by Aguirre et al. (2019) was used, however, the
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enzymes combinations evaluated were different.
The in silico strategy involved simulation of
the digestion profiles expected for the enzyme
combinations Sphl-Mbol and Pstl-Mbol with
the SImRAD package (Lepais & Weir 2014). This
package allows in silico predictions not only
with genomes whose sequence are available,
but with genomes with partial information (size
in base pairs and percentage of GC content).
That information is not available for S. coryne
and thus partial genome information from the
Carnegiea gigantea (2n=22, Copetti et al. 2017)
available in https://www.ncbi.nlm.nih.gov/
genome /39095, was used for the analysis. These
simulations were carried out ten times to verify
their validity. Additionality, regarding the in
vitro strategy, DNA digestions were performed
following the proposals of Aguirre et al. (2019).
The fragmentation profile was visualized in
agarose gel and capillary electrophoresis in
a 5200 Fragment Analyzer System (Advanced
Analytical Technologies, Inc., Santa Clara, CA,
USA) using the DNA high-sensitivity kit (Agilent
Technologies, Santa Clara, CA, USA).

Once the best enzyme pair was chosen, two
selected samples were genotyped by ddRADseq,
according to the protocol for small number of
samples (Protocol 1) proposed by Aguirre et
al. (2019). Briefly, this protocol has six steps.
Digestion: two DNA samples were digested with
the selected enzyme pair. Ligation: common
adapters (double-stranded oligonucleotides),
designed by Peterson et al. (2014), modified
by adding sticky ends complementary for the
recognition sites for the restriction enzyme
pair were used. PCR: the dual-indexed primers
designed by Lange et al. (2014) were used for
PCR reactions and sample identification. These
oligonucleotides have an index (8 bp), which
allows sample identification. Pooling: Both
samples were pooled in equimolar concentration
after performing PCR. Size selection: the
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DNA fragments of interest (450-550 pb) were
manually selected form the low-melting 1.5
% agarose gel. These fragments were purified
from the gel using QlAquick Gel Extraction kit.
Sequencing: the generated ddRADseq libraries
were sequenced using MiSeq Paired-End (PE
2x250bp) reads (lllumina Inc., SanDiego, CA,
USA) in the Genomic Unit of the Biotechnology
Institute, IABIMO, INTA Castelar.

NGS data analysis, SSR identification and
primer design

The processing of the NGS data was performed
using Stacks v 142 (Catchen et al. 2013). Because
there is no reference genome available, the
“denovo_map.pl” function was implemented
for the analysis. Raw Illumina reads were
demultiplexed and quality checked using the
process_radtags routine implemented in Stacks
(v142, Catchen etal.2013). All reads were trimmed
to 200 bp after barcode removal. Sequence with
an average Phred quality score lower than 30,
or ambiguous restriction sites were eliminated
from the analysis. Even though PE sequencing
was performed, R1 and R2 reads were analyzed
separately.

SSR markers were identified using the
software MicroSAtellite (MISA, Institute of plants
Genetics and Crop Plant Research, Gatersleben,
Germany, Beier et al. 2017). The parameters
set for SSR calling were a minimum of five
repeats for dinucleotide motifs, four repeats
for trinucleotide motifs and three repeats for
tetra, penta and hexanucleotide motifs. Even
though all the repetitive sequences are reported
here, only those loci that resulted polymorphic
between or within samples were considered for
primer developmentand posterioramplification.

Given that the NGS chemistry used herein
was PE 2x250bp, when the repeated SSR motif
was located approximately in the middle of the
sequencing read, the same read was used for
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both primers design (i.e. forward and reverse),
leaving an expected PCR fragment of 100-250 bp
length. However, in such cases where the entire
repeated SSR motif was located close to the 3’
end of the sequencing read, thus precluding the
design ofthe pairof primerswithinthe sameread,
the PE partner was included for primer design.
We were not able to design the pair of primers
only in those situations in which the repeated
SSR motif was located 5’ of the sequenced read.
PRIMER3 v4.0.0 (Untergasser et al. 2012) was used
for PCR primer design. The repetitive region
was set as the target region and the expected
PCR product sizes were set from 100 to 250 bp.
Minimum, optimum and maximum primer sizes
were set as 18, 20, and 25, respectively; optimum
and maximum melting temperature (Tm) were
set at 58 °C, 63 °C, whereas minimum, optimum
and maximum GC content were kept as default
settings. The self-complementarity and hairpins
for all primers were checked with Oligocalc
(Kibbe 2007, http://www.basic. northwestern.
edu/biotools/oligocalc.html).

SSR Validation, cross-amplification and
diversity analysis

PCR amplification were performed in 20 pl final
volume reactions, which contained 20 ng gDNA,
1 U Tag-DNA Polymerase (Inbio HighWay), 2 pl of
buffer reaction TAS 10X, 2.5 mM MgCL, 0.5 pM of
the reverse primer and forward primer, 0.4 mM
of each dNTP, and Chromasolv® H.O.

PCR reactions were performed with a
touchdown program (Don et al. 1991). The
protocol consisted of an initial denaturation
step for 30 sec at 94 °C, followed by 10 cycles
at 94 °C for 30 sec, 60 °C for 30 sec and 72 °C
for 30 sec, followed by 30 cycles at 94 °C for 30
sec, 50 °C for 30 sec and a final extension step
at 72 °C for 7 min. When necessary, annealing
temperatures were adjusted for specific loci.
Amplification products were visualized in
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2 % agarose gels and in Fragment Analyzer.
Amplification products close to the expected
size were considered positive for both S. coryne
and the other related species.

Additionally, basic diversity parameters
were calculated for ten individuals belonging
to selected populations (number of alleles (N,),
Major allele frequency (MAF), polymorphism
information content (PIC), observed
heterozygosity (H,), expected heterozygosity
(H,) and Hardy-Weinberg Equilibrium (HWE).
These analyses were performed by amplifying
SSRs with a fluorescent dye-labeled forward
primer, and then separating the amplified SSRs
on Genetic Analyzer 3130xl (Applied Biosystems,
Foster City, CA, USA). Allele assignments were
made by size comparison with the standard
allelic ladders, using the GeneMapper ID
software provided by Applied Biosystems. The
number of alleles, the expected heterozygosity
(H,), as well as the observed heterozygosity (H,)
were determined using Adegenet (Jombart 2008)
in R environment. Hardy- Weinberg equilibrium
(HWE) in each loci were tested using function
hw.test from pegas package (Paradis 2010) in R,
whereas the polymorphism information content
(PIC) of each marker was calculated according to
Botstein et al. (1980).

RESULTS

Evaluation and selection of the restriction
enzyme pair for ddRADseq

In-silico simulations performed using the
Carnegiea gigantea genome size (1400 Mbp;
Copetti et al. 2017) and GC content information
(36 %), as a proxy for enzyme restriction
patterns in the non-model species S. coryne,
showed notable differences between the
enzyme pairs Sphl-Mbol and Pstl-Mbol (Figure
1, Supplementary Material Table SI). The first
combination (Sphi-Mbol) is expected to generate
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Figure 1. Histograms of in silico simulations (Numbers of fragments versus fragment size). (a) In silico digestion
with Pstl/Mbol. (b) In silico digestion with Sph/Mbol. The colored areas represent the portion of fragments of 300-
400bp length. Blue areas specify only those fragments that also have the configuration AB+BA (i.e. were digested

with different enzymes).

297,841.5 + 712.78 type AB and BA fragments (i.e
fragments digested with both enzymes, mean
+ standard deviation (SD), 10 replicates), with
30,952.6 + 109.48 of them of 300-400 bp (Figure
1b). On the other hand, the second enzyme pair
combination (Pstl-Mbol) is expected to produce
more fragments, of which 4,937,205.5 + 328413
were type AB and BA, with 512,404.5 + 537.85 of
them of 300-400 bp (Figure 1a).

On turn, the in vitro digestion pattern was
more homogeneous for the Sphl-Mbol enzyme
pair (Figure 2a), when comparing with Pstl-Mbol
(Figure 2b). Taken the in silico and in vitro results
together, and considering the observations of
Aguirre et al. (2019), who suggested homogeneity
and an optimum number of ~30,000 fragments as
the most relevant features in enzyme selection,
the pair Sphi-Mbol emerges as the most suitable
combination, and thus used here for ddRADseq
library preparation.

NGS data processing, SSR identification and
primer design

The high-quality sequencing reads that passed
the quality filters corresponded to 98.36 % and

96.94 % of the reads for individual 1 and 2,
respectively. However, sequencing depth was 10X
higher in individual 1 than 2 (Table I). Sequence
Read File (SRA) is available in PRJNA701953.

The search for SSRs performed with MISA
yielded 2,619 putative SSRs in the evaluated
reads. The dominant repetitive motif was
dinucleotide (53 %), followed by hexa (19 %),
tetra (16 %), tri (7.4 %) and pentanucleotide
(4.6 %) (Figure 3a). The dominant dinucleotide
repetitive motif was TG (19.2 %) and the less
abundant was GC (012 %). The most frequent
trinucleotide, tetra, penta and hexanucleotide
were AAT (11.01 %), TTTC (23.92 %), TTTCT (12.86 %),
AAATGC (11%) respectively (Figure 3b, ¢, d, e, f).

The analysis of only two individuals allowed
us to detect 20 polymorphic loci (six between
and 14 within samples), with the remaining 2,599
loci having the potential to be polymorphic in
other individuals. Primers were successfully
designed for 15 out of 20 regions. This means that
15 regions had sufficient flanking sequences to
allow the design of appropriate unique primers
(Table I1).
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Table I. Generated reads with Miseq Illumina and
demultiplexed reads before quality filters. R1: forward

reads and R2: reverse reads.

Genotype #ger:(aezasted #den;:;ig;exed
Individual 1 R1 2,037,765 2,012,346
Indiviudal 1 R2 2,037,765 1,996,607
Indiviudal 2 R1 176,810 172,847
Indiviudal 2 R2 176,810 169,968

SSR validation, diversity analysis in S. coryne
and evaluation of cross-amplification to close
species
The 15 SSR loci derived from the GBS analysis
were used for evaluating PCR amplification
efficiency and polymorphism in ten individuals
of S. coryne. Most of the primers amplified
correctly (10 of the 15), whereas the rest showed
nonspecific amplifications. One of them was
monomorphic among the analyzed individuals.
The number of alleles per locus (N,) ranged
from 1to 8 and the major allele frequency (MAF)
varied from 0.273 to 1. The PIC value varied
from 0.16 to 0.79. Ranges for observed (H,) and
expected heterozygosities (H_) were 0.2- 0.64 and
018- 0.82, respectively, except for primer Stet6,
which was monomorphic. Significant deviations
from the HWE (p < 0.05) were observed for only
two of the ten markers evaluated for ten S.
coryne individuals studied (Table I1).

DEVELOPMENT OF SSR MARKERS IN Stetsonia coryne

Ten of the 15 loci isolated from S. coryne
were amplified in at least one of the other
analyzed species, except for Opuntia species,
which had no detectable amplifying loci. For the
other species the amplification was successful
to different degrees (Table IV). The Stetl, Stet2
and Stet7 loci were successfully amplified in
P. microsperma, C. hankeanus, C. stenogonus,
C. ahetiops and E. terscheckii, which were the
phylogenetically species closest to S. coryne.
Conversely, Stet8 and Stet12, Stet13, Stet14 and
Stet15 failed to amplify in any studied species.
The transferability success for P microsperma
was 60 %, whereas for the three species of the
genus Cereus and of E. terscheckii, this parameter
yielded values of 53.3 % and 46.6 %, respectively.

DISCUSSION

Although cacti are an emblematic group in the
arid and semi-arid regions of the American
continent, to date the analysis of their genetic
diversity has been limited due to the scarcity of
available markers. Most of the studies carried
out have been focused on species from the
Northern Hemisphere (Cornejo-Romero et al.
2013, Fava et al. 2020), while the South American
genetic studies are underrepresented (Larridon
et al. 2018, Guerrero et al. 2019). In recent years,
there has been an increase in the availability of
markers and in population-genetic studies for
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Figure 2. In vitro digestions profiles of S. coryne genomic DNA. Fragment Analyzer system runs. (a). Digestion with

Pstl/Mbol and (b). Digestion with Sphl/Mbol.
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Figure 3. (a) Number of total frequent motifs of SSRs. (b) Fequency of dinucleotids motifs (%) most abundant (c)
trinucleotides (d)tetranucleotides, (e) pentanucleotides, and (f) hexanucleotides motifs found in S. coryne.

species of this family in South America. However,
these markers mainly belong to species present
in different regions of Brazil (Fava et al. 2020).
Genetic diversity studies and the design of
molecular markers for species present in
Argentina are still scarce.

NGS approaches have been used mainly
in search of SNP polymorphic markers. This
has allowed the generation of a large number
of markers for both model and non-model
species; however, when it comes to working with
populations with large numbers of individuals,
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Table Il. Characteristics of the 15 polymorphic microsatellite loci developed for Stetsonia coryne.

LOCUS Primer sequence Sliﬂzr;r?;;) (T_::) R:Ig%aft ;;?(g;t) Ge::r:)%aenk

STET1 F: GAATTTCCCCTTCACATCCA 20 59,73 (AG)11 1 MW600815
R: TCTCATCTCAATCCCCATCC 20 59,82

STET2 F: TGCAAGAGAGTCATGATGGTG 20 59,85 (TOM 105 MW600816
R: GAGAGGGCAGGGACAAAAAG 21 61,12

STET3 F: CATGCTTGTTAAATTTTGCTGA 22 58,05 (TG)9 150 MW600817
R: TACTTCCTTTAGTGTTCCTTACAATTC 27 57,73

STET4 F: CATGCCTCAAAGGGATATTTTT 22 59,36 (TTTC)S 150 MW600818
R: TACCTTTGTATGTACTTGCACCTCTT 26 59,59

STETS F: GATCCTCCGTTGACATCTTTACC 23 61,07 (TTC)13 150 MW600819
R: GTTGTGCACTAAGCTAAAGAGAGG 24 58,85

STET6 F: CATGCCAATATGCCAATAAGG 21 60,18 (AG)17 150 MW600820
R: GCTTCAAGGAGGATGAAAATG 21 58,78

STET7 F: GTTGCGTGGAATCTGTCTGA 20 59,84 (TC)14 192 MW600821
R: GCAGTGCAGCACACTGAAAT 20 60,06

STET8 F: CAAGCAATTCGCGTGAAAAT 20 61,13 (TG)14 152 MW600822
R: TCCTCAAATAATGCCACGAA 20 591

STET9 F: TGGTAGCATCACAAGCCAAG 20 59,86 (AAT)20 224 MW600823
R: TTGATCTATGCAAATGTTCGATT 23 58,64

STET10 F: CATGCCTTTTGGCCTACCTA 20 60,09 (TG)10 140 MW600824
R: CCCCCATAAAAAGAAAGCAA 20 59,05

STET F: TGAATCTTCTGCCGCTAACA 20 59,57 (cmo 154 MW600825
R: GTGCTTATTGCGACCTCCAT 20 60,1

STET12 F: ATCATTGTTCAGAGGGAGTG 20 55,01 (TTA)12 195 MW600826
R: GCATTATGAAGGAGAGGACA 20 55,29

STET13 F: GCGTGCATGAGACAAAAACA 20 60,86 (AC)19 154 MW600827
R: AAAGAGCAAAAGGGGAGAGG 20 59,82

STET14 F: TCAATTGATGAGCACAAACCA 21 60,1 (AG)13 192 MW600828
R: TGGCAAATAGCAACTTGTATGA 22 58,38

STET15 F: TTGAATCATGCGTCATTAGTGT 22 5817 (TG)9 184 MW600829
R: CCCTCAGCCTTACTCCATGT 20 59,16
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there is an economic impediment (Qin et al.
2017). For this reason, the application of these
techniques in few individuals to generate other
types of markers like SSR would be a great
strategy, equally effective and more economical,
that could be applied in poorly studied species
that lack economic importance.

Today, there are afew reports of applications
of NGS technology to non-model plant species,
especially in the Cactaceae family, some of this
in nuclear genome, (Bonatelli et al. 2015, Ossa et
al. 2016, Fraga et al. 2020), and others in plastid
genome (Chincoya et al. 2020, Hinojosa- Alvarez
et al. 2020, Soldrzano et al. 2019). A collateral
application of NGS technique in plants is the
cost-effective discovery of other genetic variants
like polymorphic SSR loci, which still are the
most commonly used markers for addressing
genetic diversity in research with similar results
to those of SNP markers (Bonatelli et al. 2015,
Qin et al. 2017). The use of these technologies
allowed us to discover markers for non-model
species that still lacked available markers, or a
reference genomes (Bonatelli et al. 2015).

A critical step to start the GBS techniques
is the selection of the restriction enzymes for
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the analyses. In the present work, we evaluated
two enzyme selection strategies. Both the in
silico analysis and the in vitro analysis yielded
different results. The first analysis showed that
the Pstl-Mbol pair enzyme generated more
fragments, although with the less homogeneous
digestion profile. According to Aguirre et al.
(2019) homogeneity is a desirable feature and
this pair failed to meet this characteristic.
The in vitro analysis showed the Sphl-Mbol
enzyme pair generated the best profile. Possibly,
these differences between simulated and real
digestion profiles are due to the phylogenetical
distance of the species and the information
of the reference genome (that of Carnegiea
gigantea) that was used, even though this
species belongs to the same family. Although
the size of the S. coryne genome is not available,
the use of sim.DNAseq module of the SImRAD
package allowed us to simulate the digestion
profile of the genome by using information
available from the genome of another species
within the same family. Probably, the use of this
tool would allow an early selection of potentially
useful enzymes when de genome used belongs
to a closer species.

Table Ill. Microsatellite loci analyzed on 10 individuals from two evaluated populations of S. coryne.

Locus N N, MAF
Stetl 10 3 0.500
Stet2 10 6 0.682
Stet3 10 3 0.850
Stet5 10 3 0.455
Steté 10 1 1.000
Stet7 10 6 0.364
Stet10 10 2 0.900
Stet11 10 6 0.364
Stetl4 10 3 0.727
Stet15 10 8 0.273

PIC H, H, HWE p-value
0.55 0.45 0.62 0.08
0.49 0.36 0.51 0.018*
0.25 0.3 0.27 1
0.57 0.45 0.64 0.446
0 0 0 1
0.7 0.55 0.75 0.035*
016 0.2 018 1
0.72 0.64 0.76 0.051
0.38 0.36 0.43 0.059
0.79 0.64 0.82 0.037*

N: Number of individuals, N,: Number of alleles, MAF: minor allele frequency, PIC: Polymorphism information content, H :
observed heterozygosity, H_: expected heterozygosity and HWE: Hardy-Weinberg equilibrium, where: * is significant at p < 0.05.
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In the present work, by applying the

n

ddRADseq technique in only two S. coryne g ! ! ! ! !
individuals, a total of 2619 SSRs were found.
As reported for species of other families % | | | \ |
(Brassicaceae and Arecaceae), motifs rich in A/T 7
was more dominant, while motifs rich in C /G e
was absent or scarce (Shi et al. 2014, Xiao et al. & | | | | |
2016). We were able to develop 15 SSRs, 10 of o~
which were successfully amplified. The number § ' ! ! ! '
of alleles found varied between 2 and 8 (except
for one of the loci that was monomorphic among o g + | | + | | |
the samples analyzed). These values were similar § @
to those reported by other works that use NGS £ 2
techniques to search for SSR markers in the § & ’ ’ | ’ | | |
Cactaceae family. These values in those studies z 2
ranged from 2 to 10 (Bonatelli et al. 2015, Ossa g -2 B B : ' !
et al. 2016, Fraga et al. 2020). Furthermore, these i -
values were superior to those found in works % § ! ! ! ! !
using conventional SSR search techniques. In ;,
those cases, the number of alleles found varied § § + . + + + | |
between 2 and 7 (Hardesty et al. 2008, Fernandes IS
et al. 2016). The large number of alleles found g ?.:,, . . . , .
in the 10 samples analyzed, which is indicative » @
of the high genetic variability in the S. coryne E 2 . . . . , |
populations, seems to be consistent with their S a
cross-breeding system. § g . | . . . | |

One of the main characteristics of SSR g &
markers is transferability, that is, they can be % o
transferred between phylogenetically close £ 3 ’ | | ' ’ | |
species (Yan et al. 2017). In this study, we used g N
NGS technics to develop markers specific to the 2 3 : : : : ' ' '
assessed specie. Eight of these markers could § c
be transferred to some very close species of this E | 8 ’ ’ ’ ’ ’ ' '
family. The transferability values were higher é
than those reported by Kalia et al. (2020) for the g i R R I R A I
Bignoneaceae family (40.58%) and by Aiello et al. *g N
(2020) between two species of the family of the %_ § 2| 8| 4 S| . 3
Apiaceae family (23%). Considering the recent I§ g 2 S & | 2 E § §
divergence among cacti (Arakaki et al. 2011), 2 g g E § § b s 5
the high percentage of transferability observed S @ | & | 5 3 S é s E
among the studied species (46.6-60 %) may be i § 8| 3| °© S °l &
due to the degree of phylogenetic proximity '§
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between them. The obtained values are higher
than those found by Bombonato et al. (2019),
who determined 35 % transferability between
species. However, the markers evaluated by
them belong to more distant clade species. In
this study, transferability was analyzed between
species belonging to a more robust clade (core
Cactoideae 1), as proposed by Hernandez-
Hernandez (2011). This may explain the highest
percentage of transferability. Likewise, the
enzymes used are sensitive to methylation, that
is, we are sampling a greater number of coding
regions, which are usually more conserved. This
would also explain the higher transfer rate of
the markers developed here. In contrast to this
finding, as expected, the species of the genus
Opuntia lacked transferability. Indeed, these
species belong to a different subfamily and
therefore the phylogenetic distance between
them is greater.

The study of the variability and the genetic
structure in cacti is still scarce. For this reason,
the availability of markers that can be transferred
to other species in the family is very low. The
loci presented here are a valuable resource for
the development of future research not only
in the present species, but in other species of
the Cactaceae family without available markers.
Because of the lack of genetic-population
studies conducted in South American cactus
species (Cornejo-Romero et al. 2013, Fava et
al. 2020), the markers developed in this study
constitute a significant contribution in the
advancement of the knowledge of the genetic
variability existing in this plant family, especially
South American cacti species and lineages not
studied at present.
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