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Abstract In this study, we report the development and

characterization of 15 new microsatellite markers for

Stryphnodendron adstringens (Leguminosae) in order to

support future analyses of genetic diversity in populations

of this species. In screening with 48 individuals from three

different populations of S. adstringens, we tested the

amplification of 20 microsatellite loci, of which five are not

useful for population genetic studies due to the lack of

polymorphisms or amplification failures. For the final set of

15 loci, the number of alleles ranged from 2 to 15, with a

total of 116 alleles. The expected heterozygosity ranged

from 0.1219 to 0.8965, with an average of 0.6694 per

locus. The combined probability of genetic identity

(PI = 8.12 9 10-15) and paternity exclusion

(Q = 0.99999) estimations showed that the loci may be

useful to discriminate between individuals of S. adstrin-

gens. Initial cross-amplification tests were satisfactory in

three species of the genus Stryphnodendron: S.

rotundifolium, S. coriaceum and S. polyphyllum. This new

set of markers will be a useful tool for population genetic

studies, contributing to the knowledge about the evolu-

tionary history of S. adstringens and, additionally, corre-

lated species.
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Introduction

The genus Stryphnodendron Mart. (Leguminosae family)

has actually 25 recognized species, of which 21 occur in

Brazil (Souza and Lima 2020). Among several plant spe-

cies native to Brazil, Stryphnodendron adstringens (Mart.)

Coville stands out because of its medicinal relevance,

whose antioxidant, antimicrobial and antitumor properties

have already been highlighted in several clinical studies

(see Souza-Moreira et al. 2018; Pellenz et al. 2019). This

species, popularly known as barbatimão, is widely dis-

tributed in Brazil, especially in Cerrado and Caatinga

phytogeographic domains, with the highest population

densities in Cerrado lato sensu and ‘‘campo rupestre’’

phytophysiognomies (Souza and Lima 2020), preferably in

open areas or that have been affected by fire (Diniz and

Franceschinelli 2015).

Previous population-based genetic studies using iso-

zymes and Amplified Fragment Length Polymorphism

(AFLP) markers showed moderate levels of genetic

diversity (Glasenapp et al. 2014) and high differentiation

(Mendonça et al. 2012) among populations of S. adstrin-

gens. However, despite its high potential in the herbal

medicine trade, the only microsatellite markers available

for this species were transferred from other species, such as
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Eucalyptus spp., Melaleuca alternifolia, Prunus avium,

Schizolobium parahybum and Annona cherimola (Branco

et al. 2010). It is worth mentioning that the efficiency of

transferring microsatellite markers between species or

between genera is highly variable between taxa, especially

when there are important differences in the complexity of

the genome between the species for which the marker was

developed and the target (Barbará et al. 2007). Thus, the

development of microsatellite markers for S. adstringens

will clarify the evolutionary mechanisms in the distribution

of genetic variability in this species and will generate

useful information for conservation strategies and sustain-

able management planning.

Advances in DNA sequencing technologies have made

the cost of developing species-specific markers more

affordable (Unamba et al. 2015). The identification of

microsatellite regions by the large-scale sequencing

approach (Next Generation Sequencing - NGS) has

advantages over the traditional DNA enriched library.

Among these advantages, the NGS approach does not

require cloning before sequencing, provides higher cover-

age of the genome with greater data volume and enables

rapid and cost-effective discovery of microsatellite loci

(Zalapa et al. 2012; Taheri et al. 2018). Here, we report the

development and characterization of microsatellite loci for

S. adstringens using NGS technology, and tested the cross-

amplification of 20 loci in three related species of the genus

Stryphnodendron.

Materials and methods

Sample collection and DNA extraction

For genome sequencing, we used dehydrated leaf tissue

samples from two individuals of S. adstringens collected in

two different localities: Niquelândia (Goiás state) and

Candeias (Minas Gerais) (see Supplementary Material,

Table S1). For amplification and genotyping tests, we

collected leaf tissue samples from 48 individuals dis-

tributed in three local populations of the Brazilian Cerrado:

Candeias (Minas Gerais), Posse (Goiás), and Chapada dos

Guimarães (Mato Grosso) (see Supplementary Material,

Table S1). The collections were carried out between the

years 2013 and 2016, under SisGen registration A64E081

and A4EE2BE. Total genomic DNA was isolated from

silica-dried leaves using the CTAB protocol (Doyle and

Doyle 1987), with adaptations to S. adstringens. We

quantify the DNA using a NanoDrop spectrophotometer

(Thermo Scientific) and evaluated the DNA’s quality using

1% agarose gel. In addition, we quantify the DNA through

fluorometry using Qubit 2.0 (Life Technologies).

Library preparation, primer design and PCR

amplification

For the preparation of the genomic library, we used 50 ng

of DNA from each sample, following the protocol of the

Nextera DNA Sample Preparation Kit (Illumina, San

Diego, USA). The resulted libraries were validated through

the Bioanalyzer equipment (Agilent Technologies Inc.,

Santa Clara, CA, USA) and quantified by real time PCR

with the Universal Library Quantification Kit (KAPA

Biosystems, Wilmington, MA, USA). The library was

sequenced on a single lane in paired-end mode

(2 9 100 bp) using the HiSeq 2500 platform and V4 SBS

kit (Illumina) at the University of São Paulo (Escola

Superior de Agricultura Luiz de Queiroz da Universidade

de São Paulo) in Piracicaba, Brazil.

We assessed the quality of reads using FastQC v0.11.5

(Andrews 2015) and process raw reads with Trimmomatic

V.0.36, to remove low-quality reads and and Illumina

adapter sequences (Bolger et al. 2014). The filtered reads

were assembled de novo into contigs using MaSuRCA

(Zimin et al. 2013). We used the Redundans pipeline to

filter redundant streams due to heterozygosity (Pryszcz and

Gabaldón 2016).

We used the bioinformatics pipeline QDD version 3.1

(Meglécz et al. 2014) to identify contigs possessing

microsatellite motifs as well as to design primer pairs with

the following parameters: amplicon size between 150 and

400 base pairs (bp), primer length between 20 and 25 bp,

melting temperature between 56 and 62 �C, and CG con-

tent between 30 and 60%. We identified 20,124

microsatellite regions, from which it was possible to design

2053 primer pairs, for 140 different loci. As there are many

sequences containing microsatellites, we applied some fil-

ters to choose primers from the primer table, such as: (1)

the choice of pure microsatellite rather than compound (2)

the avoidance of regions composed only by adenine and

thymine bases, that can form hairpin, e.g. (AT)n; (3) the

option of primers with a size between 20 bp and 24 bp with

the annealing temperature between the primers up to 1 �C;
(4) PCR product size between 150 and 360 bp; and (5) the

avoidance of primers that are very close to the target

microsatellite ([ 20 bp). Of these set, we selected 20 pri-

mer pairs and used them for PCR amplification tests and

polymorphism verification.

The amplification stage was performed in a final volume

of 10 ll reaction volumes containing 2.5 ng of DNA

template, 0.14 mM of both primers (forward ? reverse),

0.23 lM of dNTP, 3.25 mg of bovine serum albumin

(25 mg/ml), and 1 9 reaction buffer (10 mM Tris–HCl,

pH 8.3, 50 mM KCl, 1.5 mM MgCl2), 0.75 U of Taq DNA

polymerase (5U-Phoneutria�, Brazil). The PCR protocol

comprised the following conditions: an initial denaturation
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at 94 �C for 1 min; 30 cycles of denaturing for 1 min at

94 �C, 1 min at annealing temperature ranging from

52–58 �C (Table 1) and extension for 1 min at 72 �C; and

one cycle for final extension at 72 �C for 45 min. We

analyzed the amplicons on a 3% agarose gel and detected

the polymorphisms by 6% denaturing polyacrylamide gel

Table 1 Description of 20 microsatellite loci and the primer pairs developed for Stryphnodendron adstringens

Locus Primer sequences (50–30) Repeat motif Allele size range (bp)a Ta (�C) GenBank accession no.

SadH1 F: AGTGCCTCTACTGATTTATGACCC (GT)5 161–171 56 MN525570

R: CCAGGCGATTCAACCATATC

SadH2 F: AAGCCGTAGCTTGGAAGTGA (AG)6 320b 56 MN525571

R: TGTCCATAGATCCAAACGAGG

SadH3 F: TCGGCTACTTCTTCTGCATCT (CA)5 248–252 56 MN525572

R: CAGGTTGTGGTTGGCCTATT

SadH4 F: TCAGAGAGGTGGTTTGAGCA (GT)6 350b 56 MN525573

R: CACCAAATCAATCATGTTCCA

SadH5 F: GTGGTCTCTCTGCTGCCTTC (CT)14 274–304 54 MN525574

R: ACAGGGATGAGCCAGAGCTA

SadH6 F: ACGATATTAAGAAGGGACTAGCAG (AG)5 320b 56 MN525575

R: AGGTTTGAAGGCTCATCAGTT

SadH7 F: TAAAGGGTCATTATATGTGGCAA (CA)14 154–168 54 MN525576

R: TTTCTGTAACCCTTCGACCA

SadH8 F: TACAGCTTCAGCAACAACCC (AG)14 154–174 58 MN525577

R: GTGTCGCTGGAGAATCACAT

SadH9 F: AGTGGAAGAAGAGCCCACAG (CT)11 198–246 58 MN525578

R: CCTGGAAAGGTTGGAGAGTG

SadH10c F: GAAGAAGCAGAGGGTTGTCAG (GA)14 247–287 56 MN525579

R: GAATACATGGGCAAATGATGG

SadH11 F: TTAAGTCACGCCTCTTCGTC (AG)15 312–326 56 MN525580

R: CTGTATAGTGAAGGCATGTTTCC

SadH12c F: AACACCTCCCTAGTCCCTCC (CT)16 138–162 52 MN525589

R: TCAGAATGTGCTTCTTTGCG

SadH13 F: CTTCCAGGTGCCTTGCTTAC (GT)14 203–255 56 MN525581

R: TGCTCATCTGTTTCTTTGGTTC

SadH14 F: GAGACATCGTCCGAGGCTAA (TC)14 245–267 58 MN525582

R: CTGACCCAAATCAGCACAGA

SadH15 F: TGAGTTGGGTGCTCTACCTT (ACGA)7 214–242 56 MN525583

R: AAGAACGAAGAAATGGCAAA

SadH16 F: TGGAGGAGGGAGTATAGGTGA (AACG)8 329–345 58 MN525584

R: ACTAGGGACACTGACGAGGC

SadH17 F: GTCTCGGATTTGATTTCGCT (AAAG)6 222–268 52 MN525585

R: AATTTAGACAGCATTGTGGAGC

SadH18 F: ATGAGCTTGGATGGTTGATG (TTAT)6 260–268 58 MN525586

R: TGGAAGGCTACGTGGAATTA

SadH19 F: GGCGTGGAGAAGACAAGTTC (CTATT)5 174–180 58 MN525587

R: AGAGGAAACCGAACGTCAAA

SadH20 F: TTGTGTTTGGCTATGGAGAAGA (CACCT)5 140–168 56 MN525588

R: TGTAGAGACAAGGTGTGGCG

Ta, Annealing temperature
aFragment size range based on 48 individuals from three populations in Brazilian Savannah
bMonomorphic locus not used to analyze genetic diversity
cLocus removed from genetic diversity analysis, because it didn’t have a good amplification pattern
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stained with silver nitrate (Creste et al. 2001). The allele

size was confirmed by comparison to 10 bp DNA ladder

standard (Invitrogen�, USA). We performed the adjust-

ment of the annealing temperature (�C) of the loci, until the
visualization of the bands presented the best resolution.

Additionally, we carry out initial testing of cross-amplifi-

cation on three different close related species of the genus

Stryphnodendron: four individuals of S. rotundifolium

species, four of S. coriaceum and three of S. polyphyllum

(see Supplementary Material Table S2, for more details).

The PCR amplification followed the protocol described

above, and in this step, the annealing temperature used was

the same for all pairs of primers (52 �C).

Microsatellite loci characterization

The loci that showed polymorphism were used to estimate

genetic diversity parameters and the genetic variability in

the 48 S. adstringens individuals, distributed in three nat-

ural populations (For details on individual and population

codes, see Supporting Information Table S1). For the final

set of 15 loci, we evaluated the number of alleles per locus

(A), expected heterozygosity (He) under the Hardy–

Weinberg equilibrium (HWE) (Nei 1978). The linkage

disequilibrium (LD) was verified for all pairs of loci.

Analyses and randomization-based tests were performed

with the softwares FSTAT 2.9.3.2 (Goudet 2002) and

Genepop v. 4.5 (Rousset 2008). To assess the discrimina-

tion power of each locus and the set of loci, we calculated

the probability of genetic identity (Paetkau et al.1995) and

the exclusion of paternity (Weir 1996) in the software

Identity v. 4.0 (Wagner and Sefc 1999).

The population polymorphism was characterized as the

number of alleles per locus (A). We evaluated the genetic

diversity of populations based on the expected heterozy-

gosity index (He) under the HWE. We also estimated the

observed heterozygosity (Ho) and the fixation index (FIS),

in order to detect possible deviations from HWE. Addi-

tionally, we tested whether populations are genetically

differentiated using the Wright’s FST measure (Wright

1951), obtained from an analysis of variance of allele

frequencies (Weir and Cockerham 1984), implemented in

the software FSTAT 2.9.3.2 (Goudet 2002).

To detect the degree of genetic information of these

specific markers with the transferred markers, we com-

pared some parameters of this loci set, such as the number

of alleles (A), the expected heterozygosity (He) and the

fixation index (FIS), with the results obtained of transferred

microsatellite (Branco et al. 2010), using a t test (p

B 0.05). This analysis was performed using the R platform

(R Core Team 2020).

Results and discussion

Sequencing of the S. adstringens genome produced a total

of 554,143,303 reads. After trimming the low-quality bases

and adapter sequences, a total of 511,837,144 were

assembled into 63,320 contigs with the minimum contig

length of 500 bp and an N50 of 14,541 bp. Primers were

successfully designed in silico for 700 sequences contain-

ing repeats. These consisted of 537 dinucleotides, 89 trin-

ucleotides, 45 tetranucleotides, 22 pentanucleotides, and 7

hexanucleotides microsatellites primers pairs.

All the 20 primer pairs tested successfully amplified the

microsatellite loci, of these 17 revealed polymorphisms and

three (SadH2, SadH4, and SadH6) were monomorphic

(Table 1). The SadH10 locus, despite having a high num-

ber of alleles, did not present a good pattern in the geno-

typing stage, presenting duplicate bands. Thus, for

population studies, it would not be feasible to use it and

was therefore removed from genetic diversity analysis. The

SadH12 locus has also been removed from the analysis,

because it had a high frequency of non-amplified alleles,

i.e. null alleles.

Table 2 Characterization of 15 microsatellite loci developed for

Stryphnodendron adstringens, based on 48 individuals

Locus A He pHWE PI Q

SadH1 3 0.3840 0.6932 0.4491 0.1622

SadH3 3 0.1219 0.1998 0.7784 0.0592

SadH5 14 0.8721 0.3164 0.0333 0.7274

SadH7 7 0.7474 0.0277 0.1070 0.5184

SadH8 8 0.8142 0.1442 0.0634 0.6231

SadH9 15 0.8026 0.8092 0.0649 0.6225

SadH11 8 0.7939 0.3604 0.0724 0.5972

SadH13 14 0.8507 0.1727 0.0417 0.6946

SadH14 11 0.8965 0.6925 0.0237 0.7704

SadH15 8 0.7596 0.0332 0.0874 0.5609

SadH16 6 0.7643 0.7490 0.0973 0.5361

SadH17 6 0.7530 0.2032 0.1075 0.5144

SadH18 4 0.4193 0.0005* 0.3992 0.1972

SadH19 2 0.3208 0.0317 0.5162 0.1335

SadH20 7 0.7410 0.7700 0.1175 0.4939

Overall 116 0.6694 0.0036 8.12 9 10-15 0.99999

A, number of alleles; He, expected heterozygosity under Hardy–

Weinberg equilibrium; pHWE, probability of deviation from Hardy–

Weinberg equilibrium following Bonferroni correction

(p value = 0.00111); PI, Probability of Identity; Q, Probability of

paternity exclusion

*Significant value; p value (HWE) = 0.0011 adjusted by Bonferroni ’s

correction for a nominal value of 5%
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For the set of 15 loci, alleles per locus ranged from 2

(SadH19) to 15 (SadH9), with a total of 116 alleles

(Table 2). The global expected heterozygosity (He) was

0.6694, ranging from 0.1219 (SadH3) to 0.8965 (SadH14).

No significant linkage disequilibrium (p[ 0.05) was

detected among loci pairs (data not shown). When overall

populations were considered, only SadH18 locus showed

significant deviations (p\ 0.0011) from the Hardy–

Weinberg equilibrium (Table 2). The combined probability

of genetic identity (PI = 8.12 9 10-15) showed that the

loci set is a useful tool to discriminate between individuals

of S. adstringens. Additionally, the combined probability

paternity exclusion (Q = 0.99999) also indicates that these

markers will permit detailed parentage and genetic struc-

ture studies in natural populations (Table 2). These values

also indicate that the battery of loci is useful and accurate

to detect clonality, as there are reports of clonal regener-

ation arising by root sprouting described for S. adstringens

and other species of genus Stryphnodendron (Rizzini and

Heringer 1966).

All three populations presented large numbers of alleles,

ranging from 54, in the CHGMT population, to 70 in

CANMG (Table 3). CANMG population also presented the

largest expected heterozygosity (He = 0.5435). Significant

deviations from HWE based on Fisher’s exact test

(p\ 0.05) in S. adstringens were detected for four loci in

the CANMG population, two loci in the POSGO popula-

tion, and no locus showed significant deviations in the

CHGMT population (Table 3). Deviations from HWE may

be due to factors such as clonality, population subdivision,

or even the presence of null alleles.

The fixation index was high in the POSGO population

(FIS = 0.1602) indicating deficiency of heterozygotes

(p\ 0.001). Positive values in inbreeding coefficients can

indicate that population have non-random mating. The

global value of FST was 0.2989 (p\ 0.05), which indicates

a high level of genetic differentiation between populations,

since almost 30% of the genetic variation is presented in

the population component.

The overall loci averages such as number of alleles

(A = 6.100) and expected heterozygosity (He = 0.7139)

obtained by Branco et al. (2010) and the present study

(A = 7.733; He = 0.6694) were similar and there was no

significant difference for either mean (p[ 0.05), while the

fixation index found for the two sets of markers were

significantly different (p\ 0.001) (see Supplementary

Material Table S3). It is worth mentioning that the loci set

described here, besides to complementing the SSR markers

already transferred to S. adstringens, can more accurately

detect genetic variability and how it is organized in indi-

viduals and populations of this species. A larger sample of

individuals will provide more robust information on the

Table 3 Genetic characterization of 15 polymorphic microsatellite loci in three populations of Stryphnodendron adstringens, from the Brazilian

Cerrado

Candeias - CANMG (N = 16) Posse - POSGO (N = 16) Chapada dos Guimarães - CHGMT (N = 16)

Locus A He Ho FIS A He Ho FIS A He Ho FIS

SadH1 1 0.0000 0.0000 0.0000 1 0.0000 0.0000 0.0000 3 0.4335 0.4375 - 0.0096

SadH3 2 0.2391 0.1333 0.4510 2 0.0625 0.0625 0.0000 2 0.0625 0.0625 0.0000

SadH5 8 0.7621 0.7500 0.0164 9 0.7782 0.8125 - 0.0456 6 0.7540 0.6250 0.1758

SadH7 5 0.7287 0.4667 0.3677* 3 0.4859 0.2500 0.4937* 4 0.7480 0.7500 - 0.0028

SadH8 7 0.8770 0.8750 0.0024 6 0.7621 0.6250 0.1848 6 0.7218 0.6667 0.0789

SadH9 7 0.5242 0.5625 - 0.0757 11 0.9093 0.9375 - 0.0321 3 0.1794 0.1875 - 0.0465

SadH11 6 0.7278 0.7500 - 0.0315 6 0.8165 0.6875 0.1624 3 0.3306 0.3125 0.0566

SadH13 7 0.8266 0.8750 - 0.0606 7 0.7298 0.5625 0.2351 6 0.6613 0.5625 0.1536

SadH14 8 0.8347 0.9375 - 0.1278 7 0.8427 0.8125 0.0370 7 0.7460 0.6875 0.0808

SadH15 4 0.6431 0.3846 0.4118* 3 0.6452 0.5625 0.1318 2 0.3528 0.4375 - 0.2500

SadH16 4 0.5625 0.8125 - 0.4662* 5 0.6956 0.6250 0.1045 3 0.6190 0.5625 0.0940

SadH17 1 0.0000 0.0000 0.0000 3 0.5060 0.3125 0.3902 4 0.7480 0.7500 - 0.0028

SadH18 3 0.2339 0.0000 1.0000* 2 0.2258 0.2500 - 0.1111 2 0.5081 0.3750 0.2683

SadH19 2 0.4980 0.6875 - 0.3983 2 0.3145 0.0000 1.0000** 1 0.0000 0.0000 0.0000

SadH20 5 0.6943 0.7333 - 0.0584 2 0.2468 0.2727 - 0.1111 2 0.1250 0.1250 0.0000

Overall 70 0.5435 0.5312 0.0230 69 0.5347 0.4515 0.1602** 54 0.4660 0.4361 0.0662

A: number of alleles; He: expected heterozygosity; Ho: observed heterozygosity; FIS: fixation index; N: number of analyzed individuals

*Significant p value (p\ 0.05) after 20,000 randomizations

**Significant p value (p\ 0.001) after 20,000 randomizations
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genetic diversity of S. adstringens. The probability of

detecting polymorphisms in other wild species of the genus

Stryphnodendron becomes greater when the markers were

developed in closely related species.

Regarding the cross-amplification tests, of the 20 loci

tested, all were successfully amplified, at an annealing

temperature of 52 �C, in two species: S. rotundifolium and

S. polyphyllum, with an amplification rate of 95% and 97%,

respectively (see Supplementary Material Table S4;

Fig. S1). As they are species of the same genus, the cross-

amplification rates were satisfactory for both, requiring

only that the annealing temperature be optimized to check

for clearer bands and, later, polymorphism tests can be

performed. In S. coriaceum, only nine loci amplified at this

temperature, with an amplification rate of 45% (see Sup-

plementary Material Table S3 and Fig. S1). Even though

the amplification rate in this case was below the expected

60% (Barbará et al. 2007), further tests with more indi-

viduals and different temperatures can be conducted for

other loci that have not amplified.

Conclusions

Our results showed that the panel of microsatellite markers

developed for the S. adstringens presented satisfactory

results to support future population-based genetic studies,

being a powerful genetic tool for elucidating, across a large

scale, the evolutionary pattern of this species, including

analyses of diversity and genetic structure of natural pop-

ulations or germplasm collections, gene flow and mating

system. Thereby, these markers will be relevant for the

establishment of adequate conservation and genetic

breeding strategies for the management of S. adstringens

and other species at the genus Stryphnodendron as a

valuable genetic resource.
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terrâneos difusos de plantas campestres. Anais da Acad Bras de
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