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	 Abstract: Background: Also known as Simple Sequence Repetitions (SSRs), microsatellites are pro-
foundly informative molecular markers and powerful tools in genetics and ecology studies on plants.  
Objective: This research presents a workflow for developing microsatellite markers using genome 
skimming.  
Methods: The pipeline was proposed in several stages that must be performed sequentially: obtaining 
DNA sequences, identifying microsatellite regions, designing primers, and selecting candidate mi-
crosatellite regions to develop the markers. Our pipeline efficiency was analyzed using Illumina se-
quencing data from the non-model tree species Pterodon emarginatus Vog. 
Results: The pipeline revealed 4,382 microsatellite regions and drew 7,411 pairs of primers for P. 
emarginatus. However, a much larger number of microsatellite regions with the potential to develop 
markers were discovered from our pipeline. We selected 50 microsatellite regions with high potential 
for developing markers and organized 29 microsatellite regions in sets for multiplex PCR.  
Conclusion: The proposed pipeline is a powerful tool for fast and efficient development of microsatellite 
markers on a large scale in several species, especially nonmodel plant species. 
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1. INTRODUCTION 

 Also known as Simple Sequence Repetitions (SSRs), 
microsatellites consist of tandem repetitions of sequences 
varying from 1 to 6 base pairs in size [1]. They are abundant 
in the genomes of most species and tend to be uniformly 
distributed in DNA molecules, being found in genes and 
intergenic regions [2]. Microsatellite regions have a relative-
ly high mutation rate, such as 10-2 per generation, mainly 
due to polymerase slippage in the DNA replication or repair 
process, errors in recombination processes and uneven 
crossing-over [2]. Mutations result in changes in the number 
of repeat units and may generate a large number of alleles at 
each microsatellite locus in a population, increasing the 
genotype variation [1, 3]. Variations in the number of tan-
dem repetitions accumulate more quickly in the population 
than point mutations detected by other molecular tech-
niques.  
 Microsatellites have emerged as an important molecular 
marker due to characteristics such as abundance, wide  
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genomic distribution, small locus size, high intraspecific 
polymorphism, high reproducibility, and co-dominant inher-
itance [1, 3]. Microsatellite markers are deeply informative 
and powerful tools in various studies on plants such as ge-
netic diversity studies, population structure analysis, kinship 
studies, conservation genetics, forensic investigations, evo-
lutionary studies, and phylogenetic studies on natural popu-
lations of endangered species, among others [4, 5]. Mi-
crosatellite markers are widely used in cultivated species as 
well, for example, to build link maps, map Loci of Quantita-
tive Characteristics (QTL), and marker-assisted selection 
(MAS) to the desired characteristics [6, 7]. 
 The Developing microsatellite markers depends on iden-
tifying the repeat region and sequences of the flanking re-
gion. DNA sequences that flank the microsatellites are gen-
erally conserved within the same species, which allows the 
design of specific primers that amplify, through the Poly-
merase Chain Reaction (PCR), fragments containing the 
microsatellite in all genotypes. In recent years, the devel-
opment of New Generation Sequencing platforms (NGS) 
and advances in bioinformatics tools have revolutionized the 
ability to develop microsatellite markers [8, 9]. 
 NGS technologies allow for generating large amounts of 
DNA or RNA sequences in a short time and low cost [10, 
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11]. Bioinformatics tools allow to assembly genomes with 
or without a reference sequence, and annotate microsatellite 
regions on a large scale, consequently learning the abun-
dance and distribution of these repetitive elements in the 
genome [12]. In this scenario, NGS-based strategies have 
been characterized as faster, cheaper, and more efficient 
than Sanger-based protocols for developing markers, even 
for nonmodel species with little or no genetic information 
[1, 2]. 
 Although many recent researches have developed micro-
satellite markers based on NGS data [1, 2, 9, 13], most of 
them present no detailed methodological elements. In this 
article, we present a complete pipeline for the development 
of microsatellite markers using NGS data. The pipeline is 
proposed in several stages that must be performed sequen-
tially: obtaining DNA sequences, identifying microsatellite 
regions, designing primers, and selecting candidate mi-
crosatellite regions for the development of markers. Our 
pipeline efficiency was analyzed using NGS data from the 
nonmodel species Pterodon emarginatus Vog.  
 The tree P. emarginatus species, belonging to the family 
Leguminosae and subfamily Papilionoideae, is popularly 
known as white “sucupira”. Despite not being endemic to 
Brazil, P. emarginatus is widely geographically distributed 
in the country and occurs commonly in the Brazilian Cer-
rado [14]. P. emarginatus has economic importance mainly 
due to its medicinal use and pharmacological properties 
already proven by scientific studies, such as anti-
inflammatory, analgesic, antitumor, and antimicrobial activi-
ties [15, 16]. In addition, P. emarginatus can be used to re-
cover degraded areas and in wood extraction [17, 18]. How-
ever, the literature reports only little genetic and genomic 
information on the species. P. emarginatus has the number 
of chromosomes 2n = 16 and genome size estimated by flow 
cytometry at 606 Mb (Dutra et al., 2012; Albernaz et al. 
unpublished data). Therefore far, the literature has no re-
ports of microsatellite markers developed specifically for P. 
emarginatus. 

2. MATERIALS AND METHODS 

 Leaf DNA samples from P. emarginatus were collected 
in Planaltina-DF (Voucher 68411) and sequenced using  
Illumina's MiSeq platform. Read quality (2x300 bp, reads 
paired-end) was assessed using the fastQC software [19, 20] 
and low-quality base and adapter strings were removed 
using the Trimmomatic software [21]. Trimmomatic func-
tions HEADCROP (18), CROP (250), and ILLUMINACLIP 
(2:30:10) were applied. Each library read was cut based on 
the phred values 10, 15, 20, 25, and 30 as the minimum 
quality threshold. For such purposes, these phred values 
were used in the LEADING, TRAILING, and SLIDING 
WINDOW functions of the Trimmomatic software. The five 
sets of filtered reads were aligned to the genome of the 
Medicago truncatula, used as a reference in this filtering 
optimization analysis, using the bowtie2 software [22]. The 
set with the largest number of aligned reads was selected to 
assemble the genomic sequences. Reads smaller than 50 
base pairs were eliminated. 
 We performed the de novo assembly using the assembler 
Masurca [23], based on the construction of Bruijn graphs as 

algorithm. Organelle sequences were identified and excluded 
from the assembly. For this, we created a database for chlo-
roplasts and mitochondria with known sequences for other 
species of angiosperms and deposited it in the GenBank 
RefSeq (NCBI). The similarity analysis between the se-
quences assembled for P. emarginatus and the sequences of 
the organellar database was performed with Blastn [24]. 
Sequences with an identity percentage above 80%, an e-
value above 10-16, and coverage above 50% were excluded. 
The quality of the assembly, after removing the organellar 
sequences, was assessed using the script “assembla-
thon_stats.pl” prepared by Keith Bradnam (2011).  
 The annotation of perfect microsatellite regions and the 
design of large-scale primers were performed using the 
QDD v.3.1.2 software [25]. Aiming to use the future deve-
loped microsatellite markers, we selected 50 pairs of pri-
mers. The amplification primers of some microsatellite re-
gions were redesigned using the FastPCR software [26] to 
enable the PCR multiplex execution. The detailed metho-
dology for identifying microsatellite regions and primer 
design is described below. 

3. RESULTS 

3.1. Pipeline 

3.1.1. Step 1: Obtaining DNA Sequences 

 The first step in the pipeline is obtaining the DNA se-
quences for the species of interest in fasta file format. Many 
species have full or partial genome sequences available in 
public databases, such as the National Center for Biotech-
nology Information Genbank (https://www.ncbi.nlm. 
nih.gov/genome/). It is possible to download the genomic 
sequences available in databases to detect the microsatellites 
and develop markers. In the case of species without existing 
genomic resources, such as P. emarginatus, it is necessary to 
sequence and assemble the genomic sequences (see materials 
and methods). Sequencing data can be obtained from differ-
ent NGS platforms. This pipeline can be executed from draft 
assemblies with low coverage, that is, it does not require to 
sequencing or assembling the complete genome for the spe-
cies of interest. 

3.1.2. Step 2: Detecting Microsatellite Regions and Primer 
Design 

 The second pipeline stage is detecting microsatellite 
regions and design of primers. QDD is a software that de-
tects microsatellite regions and designs primers for large 
genome sequencing projects. The QDD software 
(http://net.imbe.fr/~emeglecz/qdd.html) was installed in a 
Linux environment using VirtualBox v. 5.0.14 for Windows 
hosting (https://www.virtualbox.org/).  
 The analyses are performed in four steps, also called 
“pipes” in the QDD software: pipe 1 detects and extracts 
microsatellites from the fasta file with the genomic se-
quences; pipe 2 detects the similarity between sequences by 
comparing all against all of blast, and only single sequences 
(singletons) are maintained for the design of primers; pipe 3 
designs primers for the selected sequences using Primer3 
software;, and pipe 4 analyzes the sequences with the Re-
peatMasker software to remove microsatellite regions asso-
ciated with transposable elements or other types of repeti-
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tive DNA. The QDD software was chosen to compose our 
pipeline because it can work with large amounts of sequenc-
es, performing important analyses such as selecting single-
tons and detecting other repetitive elements, in addition to 
designing primers on a large scale. 
 The command-line version of the QDD manual is run 
with standard parameters, with two exceptions. In pipe 1, 
the minimum number of repetitions for each motif size was 
changed to: ten for dinucleotides, six for tri and tetranucleo-
tides, and five for microsatellite penta and hexanucleotides. 
The parameters used to design the primers in pipe 3 have 
been modified to amplicon size of 150-400 bp, GC content 
of 30-60% (ideal GC: 40%), melting temperature value 
(Tm) of 52-62 °C (ideal Tm: 56 °C), with a maximum dif-
ference of 1 °C between primers of the same pair, and pri-
mer lengths of 20-25 bp (ideal size: 22 bp). These parame-
ters have been rigorously defined to improve the QDD  
ability to detect microsatellite regions and design primers 
most likely to have a successful PCR amplification. 

3.1.3. Step 3: Selection of Candidate Microsatellite Re-
gions for Developing Markers 

 The analysis using the QDD software resulted in the 
detection of hundreds to thousands of microsatellite regions 
with projected pairs of primers from which a restricted 
number of regions were selected for further marker deve-
lopment tests. Several quality filters were used to select 50 
microsatellite regions with a high potential for developing 
markers. The first filter was the exclusion in QDD pipe 2 of 
sequences that resulted in multiple BLAST hits and the se-
lection of singletons for primer design. This filter was im-
portant to design only primer pairs that anneal to a single 
genomic region. This first filter was applied automatically 
by the QDD software, however, the other selection filters 
were applied by the researchers to the final QDD result 
spreadsheet, generated in pipe 4. The second filter applied 
was the exclusion of all microsatellite regions whose se-
quences were associated with other types of repetitive ele-
ments (RM_HIT_REPEAT). The association of microsatellites 
with transposable elements can generate null alleles in PCR. 
The third filter was the exclusion of all microsatellite re-
gions with AT or AT-rich motifs (MOT_TRANS), a motif 
avoided because they can form a hairpin and reduce the effi-
ciency of PCR amplification. The fourth filter was the selec-
tion of microsatellite regions with the highest number of 
tandem repetitions (TARGET_MS_LENGTH_IN_REPEAT 
_NUMBER), as these are more likely to be associated with 
the genotypic variation.  
 QDD software generally designs more than one primer 
pair for each microsatellite region. For each microsatellite 
region, only one primer pair was chosen and based on the 
following criteria: the lower the alignment score with different 
sequences from the annealing site (PCR_PRIMER 
_ALIGNSCORE), the greater the distance of 20 bp between 
the primers and the target microsatellite (MIN_PRIMER_ 
TARGET_DIST), and different lengths of PCR product 
(PCR_PRODUCT_SIZE) to facilitate sequencing multiplexing. 
All values used in the selection of microsatellite regions and 
primers are provided in columns in the final QDD results 
table.  

3.1.4. Step 4: Design of PCR Multiplex Primers 

 Step 4 of the pipeline is redesigning the primers for the 
selected microsatellite regions at the end of the third step, 
aiming to enable the multiplex PCR. Although this step is 
optional, multiplexing the PCR can reduce the time and 
costs of population genetic analysis, with a large sample. 
Step 4 was performed using the FastPCR software [26]. 
Initially, the sequences containing the 50 selected microsat-
ellite regions and their flanking regions, available in one of 
the columns (SEQUENCE) of the spreadsheet generated in 
pipe 4 of the QDD software, were organized in a fasta for-
mat file. Before loading the file with the sequences with the 
FastPCR software, we delimited the stretch of the flanking 
sequences in which each of the primers, left and right primers, 
should be drawn using square brackets [ ]. Microsatellite  
regions were previously highlighted by QDD in the base  
sequences with lowercase letters, which facilitated to detec-
tion of the target regions for designing the primers. The po-
sition of the brackets influences the size of the PCR product 
that will be generated from the primers, that is, the farther 
from the microsatellite region, the larger the size of the am-
plicon.  
 For P. emarginatus, the size of the PCR product was 
adjusted between 75 and 300 bp to be compatible with some 
NGS platforms that can be used for genotyping. In the 
FastPCR primer design tab, we selected the PCR multiplex 
option, set the minimal difference between multiplex PCR 
products to 50 bp, and the maximal difference between TA 
of multiplex PCR products to 2 °C. For the other parame-
ters, we used default values. 

3.2. Pipeline Application for Pterodon emarginatus Data 

 The sequencing on Illumina's MiSeq platform generated 
8.3 Gb of data, corresponding to 14.6 million paired-end 
reads. The phred15 value was defined as the optimal filter-
ing for the P. emarginatus data set and used as a minimum 
threshold for the quality of bases and reads. After the quality 
cuts, 6.3 gb of data were maintained. The reads were assem-
bled on 97,308 nuclear sequences with N50 equal to 915. 
The size of the largest and smallest sequences, as well as the 
total size of the sequences, were 61,455,300 and 80,873,057 
bp, respectively. The assembly has 81 Mb of sequences 
from the nuclear genome of P. emarginatus, corresponding 
to 13.3% of the complete genome (Albernaz et al., under 
review). 
 In pipe 1 of the QDD software, 4,382 microsatellite re-
gions were detected, distributed in 6,100 sequences assem-
bled for P. emarginatus. In the QDD pipe 2, 3,463 singleton 
sequences were detected and only the microsatellite regions 
found in these sequences were used to design the primers. In 
pipe 3 of the QDD, 7,411 pairs of primers were designed to 
amplify 2,458 microsatellite regions of P. emarginatus, that 
is, an average of three pairs of primers per microsatellite 
region was designed. From the QDD pipe 4 results, 669 
microsatellite regions were excluded for being associated 
with other types of repetitive elements, such as transposable 
elements. Moreover, 605 microsatellite regions with AT or 
AT-rich motifs (AAT, AATAT, and AATT) were excluded. 
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 After applying these initial filters, 1,184 microsatellite 
regions were maintained, in which the motifs of repetition 
dinucleotides (47.9%) were the most frequent, followed by 
trinucleotides (37.1%), tetranucleotides (6.6%), pentanucle-
otides (5.5%), and hexanucleotides (2.9%) (Fig. 2). The tri- 
and hexanucleotide microsatellite regions were not selected 
for the development of markers. The most common repeti-
tion motifs were AG (63.8%) and AC (36.2%). Microsatellite 
motifs were repeated in tandem between 5 (hexanucleotides) 
and 23 times (dinucleotides). Microsatellite regions with at 
least 16 tandem replications for dinucleotides, 6 for tetranu-
cleotides, and 5 for pentanucleotides were selected for the 
development of markers (Table S1). 

 The FastPCR software redesigned primer pairs for all 50 
microsatellite regions shown in Supplementary Table S1. 
Twenty-nine primer pairs were grouped into multiplex sets 
for PCR. 5 multiplex sets were generated with 4 microsatel-
lite regions and 3 multiplex sets with 3 microsatellite re-
gions (Supplementary Table S2). 

4. DISCUSSION 

 Our pipeline presents the workflow for rapid, efficient 
development of microsatellite markers using NGS data. 
NGS technologies allow the generation of nucleotide se-
quences with high throughput, also contributing to a larger 
amount of sequences deposited in databases. NGS technolo-

 
Fig. (1). Pipeline for developing microsatellite markers. 1A: Four-step pipeline. 1B: Sequential filters to obtain microsatellite regions and 
primers with high potential for developing markers. 1C: Editing of genomic sequences for input of Fast PCR software aiming to assemble 
PCR multiplexes. The microsatellite sequence is highlighted by lowercase letters. The square brackets, evidenced by the circles, delimit the 
regions for drawing the primers. 

 

 
Fig. (2). Distribution of microsatellites found in nuclear genomic sequences of P. emarginatus by the size of repetition motif. Numbers were 
assessed after excluding microsatellite regions associated with other types of DNA repetition and with AT motifs.  
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gies have facilitated access to genomic data and have signi-
ficantly enabled the large-scale development of molecular 
markers [2]. Currently, Illumina is the most widely used 
platform for developing markers [2]. In this study, the data 
generated by Illumina platform allowed us to assemble part 
of the genome of P. emarginatus and discover thousands of 
microsatellites regions. Draft assemblies with low coverage 
were used to detect microsatellite regions and design large-
scale primers for other species, such as Dipteryx alata Vogel 
and Passiflora edulis Sims [9, 27, 28]. 

 Our pipeline suggests the use of the QDD software, a 
tool that detects a large scale of perfect microsatellites [25]. 
Microsatellites are generally classified as perfect or imper-
fect. The perfect ones are composed by the tandem repeti-
tion of a single motif for repetition, while the imperfects 
have some bases not belonging to the motif between repeti-
tions [2]. Higher levels of genetic variation are generally 
found in perfect microsatellites compared to imperfect [29], 
which justifies the choice of the QDD software to compose 
our pipeline. Other tools have also been used to develop 
microsatellite markers, such as the SSR finder software, 
Microsatellite Identification Tool (MISA), and IMEX web-
server software [5, 9, 30]. 

 The analysis of the QDD software allowed the discovery 
of microsatellite regions and the design of large-scale pri-
mers for P. emarginatus. The efficiency of our pipeline was 
maximized by the selection of the most promising micro-
satellite regions for developing markers. Excluding micro- 
satellite regions associated with other repetitive elements 
and with AT motifs are important due to the possible genera-
tion of null alleles in PCR and hairpin formation during am-
plification, which can negatively influence the forward ge-
netics analysis. 

 The PCR technique is used to validate the developed 
microsatellite markers. The microsatellite regions of P. 
emarginatus with trinucleotide and hexanucleotide motifs 
were not used to develop the markers either since they are 
common in coding regions of the genome. Studies indicate 
low occurrence of microsatellites in coding regions as they 
can compromise gene expression. Moreover, gene regions 
have a predominance of microsatellites with tri- and hexa-
nucleotide motifs due to the selection pressure on other mo-
tif sizes that alter the reading matrix during the protein 
translation process [2, 29].  
 Aimed at developing markers, microsatellite regions of 
P. emarginatus were selected with the largest number of 
tandem repetitions. Long repetitive sequences generally 
have greater polymorphism due to the greater likelihood of 
mutation by sliding polymerase during DNA replication. 
Sequences with shorter repetition motifs, such as dinucleo-
tides, often have a higher number of tandem repetitions and 
are more variable [29]. Most microsatellite regions (66%) 
selected for the development of P. emarginatus markers 
have dinucleotide motifs due to their higher number of tan-
dem repetitions. Thus, the selection filters proposed in our 
pipeline can help researchers to select efficient markers for 
population screening, consequently saving time and re-
sources. 

 Developing microsatellite markers involves knowing in 
advance the DNA sequences that contain such repetitive 
elements, designing primers for regions that flank the mi-
crosatellites, validating the primers through PCR, and per-
forming electrophoresis and detection of polymorphisms 
among various individuals of the target species [2, 31]. The 
50 promising microsatellite markers obtained for P. emar-
ginatus using our pipeline can be validated and used for 
genotyping populations. Currently, microsatellite genotyping 
is mainly based on the discrimination of alleles according to 
the size of the locus using capillary electrophoresis [32]. 
Although it is an efficient strategy, it does not allow to de-
tection of molecular variations that can influence the size of 
the analyzed locus, such as single nucleotide polymor-
phisms (SNPs) or insertion or deletion events (indels). In 
this context, some studies have performed sequence-based 
genotyping of microsatellites using NGS platforms. Se-
quence-based genotyping offers more refined estimates of 
population genetic parameters [32]. Our pipeline can be 
used for developing markers for sequence-based genotyping, 
however, when choosing such a genotyping strategy, it is 
important to decrease the amplicon size values to 120-200 
bp in pipe 3 of the QDD software. PCR products up to 200 
bp in size can be sequenced by a wide range of NGS plat-
forms.  
 Step 4 of our pipeline is redesigning the primers for the 
microsatellite regions to enable PCR multiplex during the 
primer validation stage. Despite being optional, it is a very 
relevant step since multiplexing allows several microsatellite 
regions to be amplified together in the same PCR reaction, 
which can reduce the time and cost of the primer validation 
process. During multiplex PCR, the microsatellite regions 
that will be replicated together must not have overlapping 
allele lengths; the primers need to have close annealing 
temperatures, and secondary structures must not be formed 
between the primers [2]. Using specific software for multi-
plexing, such as FastPCR, contributes to all these points to 
be optimized. In step 4 of our pipeline, we adjusted the max-
imum amplicon size to 300 bp to subsequently genotype the 
population of P. emarginatus using the Illumina MiSeq plat-
form, which generates reads with up to 300bp. 

CONCLUSION 

 Our pipeline suggests a set of bioinformatics tools and 
analysis parameters that can be used for the rapid, efficient 
development of microsatellite markers. Researchers using 
the NGS approach to develop markers generally identify 
microsatellites and design primers on a large scale, a process 
that involves difficulty in selecting candidate regions for 
further testing on the target species. This pipeline enabled 
the discovery of microsatelite regions and design primers on 
a large scale for P. emarginatus and generated promising 
microsatellite markers. A total of 50 microsatellite markers 
were selected, out of which 29 were organized in sets for 
PCR multiplex aiming at further validation and genotyping 
of the species populations. However, a much larger number 
of microsatellite regions with the potential to develop markers 
were discovered from our pipeline. Thus, the proposed pipe-
line is a powerful tool for developing microsatellite markers 
on a large scale in several species, especially non-model 
plant species. 
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