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Abstract The Neotropical brown stink bug, Euschistus heros (Fabricius) (Hemiptera: Pentatomidae), is a

major Brazilian soybean pest. Aiming to provide relevant information to implement pest and insec-

ticide resistance management, new microsatellite loci were developed for E. heros and used in a

study of genetic diversity and population structure. The population analysis was performed using

eight microsatellite loci from 17 samples (n = 243 individuals) collected in the major soybean-pro-

ducing regions in Brazil (northeastern, midwestern, and southern regions). These microsatellite loci

provided high genetic diversity values on the whole extension for the studied region (He = 0.895;

total number of alleles = 400). Neotropical brown stink bug populations in general displayed low

genetic structure levels among the samples (overall ΦST = 0.009). An exception was the sample

from the northeastern region, which showed a significant genetic differentiation (pairwise

ΦST = 0.031–0.063). Bayesian cluster analysis confirmed these results, did not show population

subdivision, and indicated considerable levels of gene flow. Significant correlations between genetic

differences and geographic distance were obtained. The lowest estimate of migration was found in

the population from S~ao Desid�erio, which was also the most distant from the remaining popula-

tions based on genetic distance. Some plausible hypotheses for the low genetic differentiation

among these populations are the fast expansion of soybean production areas, the main food source

of E. heros, polyvoltinism, and possible influence of anthropogenic dispersal. All these factors could

have led to high population densities, a wide distribution that may contribute to reduced popula-

tion differentiation, and increased genetic diversity.

Introduction

Stink bugs (Hemiptera: Pentatomidae) of the genus

Euschistus are important pests of cotton, soybean, fruit

crops, and vegetables. In the Nearctic region, the most

economically important species are Euschistus servus (Say)

and Euschistus quadrator Rolston, whereas in the

Neotropical region, it is Euschistus heros (Fabricius), the

Neotropical brown stink bug (Bundy & McPherson,

2000; Panizzi et al., 2000; Tillman &Mullinix, 2004; Hop-

kins et al., 2005).

Currently, the largest producer of soybean in the world

is the USA, with 33.1 million ha sown in 2015/2016

(USDA, 2016). In Brazil, the second largest producer, the
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most important producing areas are located in the mid-

western (45.5% of the total production) and southern

regions (34.5%) (IBGE, 2016). In Brazil, E. heros is one of

the major soybean pests, as its population density can

reach 40–60 individuals m�1 of row by the end of the

growing season. This high density hampers pest control,

requiring extra insecticide applications at increasing doses,

which has resulted in resistance of this species to

organophosphate insecticides (Sosa-G�omez & Silva,

2010).

Despite the importance of this pest, studies related to

the genetic structure of its populations have so far been

neglected. To the best of our knowledge, only one study of

dominant markers based on Random Amplified Poly-

morphic DNA (RAPD) has been published (Sosa-G�omez

et al., 2004). Studies of genetic diversity and population

structure of E. heros are relevant for adopting regional or

widespread management strategies, as well as insecticide

resistance management programs, as insecticide resistance

has already been reported (Sosa-G�omez & Silva, 2010).

The advantages of using microsatellite markers to assess

population structure in Hemiptera have been described by

several authors (Pizarro et al., 2008; Sanchez et al., 2012).

Due to the high mutation rate of Simple Sequence Repeat

(SSR) compared to other markers, microsatellites allow

the discrimination of significant differences between pop-

ulations and genotypes and the detection of recent changes

in the evolutionary history of the species (Oliveira et al.,

2006). Therefore, the knowledge of the genetic composi-

tion of agronomically important insect species, including

population structure and gene flow, is highly relevant and

can be the foundation of studies of integrated pest man-

agement (IPM) (Pascual-Ruiz et al., 2014). Development

of new microsatellite markers is useful because they are

stable and easy to assay by polymerase chain reaction

(PCR). Thus, this study aimed to develop new microsatel-

litemarkers in E. heros and to analyze the genetic diversity,

structure, and gene flow of their populations in the main

soybean-producing regions in Brazil.

Materials and methods

Development and characterization of eight microsatellite loci

Genomic DNA was extracted from E. heros specimens

using a cetyltrimethylammonium bromide (CTAB)-based

protocol following themethod described by Rogers & Ben-

dich (1988). Only the head and legs of each specimen were

used to avoid possible contaminations with bacteria, pro-

tozoa, and nematodes that naturally occur in the hemo-

lymph (Sosa-G�omez et al., 2005).

The isolation of microsatellites was performed by

Genetic Marker Services (Brighton, UK; www.geneticma

rkerservices.com). An enriched genomic library was con-

structed for E. heros following the protocol described by

Edwards et al. (1996), with some modifications proposed

by Gonz�alez et al. (2015) and Letelier et al. (2015). Geno-

mic DNA (200 ng) was digested using RsaI and the frag-

ments originated were ligated to a MluI adaptor and

amplified by PCR (Gonz�alez et al., 2015). Fragments with

microsatellite regions were selected using probes AG, AC,

AAC, CCG, CTG, and AAT, and subsequently cloned. A

total of 37 recombinant clones was selected and sequenced

Table 1 Geographic coordinates of Euschistus heros sampling sites, number of individuals per site, and collection dates

Code n Population Geographic coordinates Date of sampling

BeVi 15 Bela Vista do Para�ıso, PR 22°54012.8″S, 51°14044.9″W April 2013

Igu 13 Iguarac��u, PR 23°13030.6″S, 51°48018.8″W May 2013

Ser 15 Sertaneja, PR 22°56045.8″S, 50°56030.9″W April 2013

CaMo 15 CândidoMota, SP 22°43007.8″S, 50°18056.3″W April 2013

Ara13 14 Arapoti, PR, Point 2, 2013 24°11055.8″S, 49°55012.4″W May 2013

StoAn 14 Santo Antônio da Platina, PR, Point 1 23°15042.6″S, 50°06012.9″W June 2013

War 14 Londrina,Warta District, PR 23°12015.7″S, 51°10056.8″W March 2013

Nan 14 Nantes, SP 22°36037.1″S, 51°15028.6″W May 2013

PePal13 15 Pedrinhas Paulista, SP, 2013 22°49009.1″S, 50°45050.2″W April 2013

PePal14 15 Pedrinhas Paulista, SP, 2014 22°48011.4″S, 50°46012.6″W March 2014

SaHe 15 Santa Helena de Goi�as, GO 17°50007.3″S, 50°34051.4″W March 2014

Ara14 14 Arapoti, PR, 2014 24°11058.0″S, 49°55052.1″W March 2014

Lon 15 Londrina, PR 23°17053.0″S, 51°06004.0″W March 2014

Ita 15 Itaara, RS 29°35031.7″S, 53°49018.9″W March 2014

Gua 15 Guarapuava, Entre Rios District, PR 25°33009.9″S, 51°28041.1″W April 2014

SaDe 15 S~ao Desid�erio, BA 12°46023.7″S, 46°01053.6″W May 2015

Sor 10 Sorriso,MT 12°32036.8″S, 55°41015.9″W April 2015
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using the Big Dye Terminator kit v.3.1 (Applied Biosys-

tems, Foster City, CA, USA). The sequences were analyzed

using the BioEdit v.7.0.0 (Hall, 1999) and the primers were

drawn for 17 loci using Primer 3 (Rozen & Skaletsky,

2000). The AutoDimer software was used to check for

specificity and possible primer dimer or hairpin loop (Val-

lone & Butler, 2004).

The selected loci were tested under different amplifi-

cation conditions and then underwent individual geno-

typing in an automatic sequencer, following the

protocol described by Schuelke (2000) and Giangarelli

et al. (2015). To perform the reading in the automatic

sequencer, fluorescent-labeling required an additional

forward primer with an M13 universal sequence

(50-TGTAAAACGACGGCCAGT-30) added to the 50

end of each locus (Schuelke, 2000). The amplification

reactions were carried out at a final volume of 10 ll,
containing 2.3 ll water, 1X GoTaq Colorless Master

Mix (Promega, Fitchburg, WI, USA), 10 ng DNA sam-

ple, 1% glycerol, 0.125 lM M13 fluorescent labeled

primer (FAM, HEX, NED, or PET; Applied Biosys-

tems, Carlsbad, CA, USA), 0.125 lM reverse primer,

and 0.0125 lM forward primer. Polymerase chain

reactions were performed in a thermal cycler ProFlex

3 9 32-well PCR System (Thermo Fisher Scientific,

Waltham, MA, USA) programed as follows: initial

denaturation at 94 °C for 5 min, followed by 10 cycles

at 94 °C for 30 s, 48 °C, 54 °C, 58 °C, or 60 °C for

1 min, 72 °C for 1 min, 25 cycles at 89 °C for 30 s,

48 °C, 54 °C, 58 °C, or 60 °C for 1 min, 72 °C for

1 min, and the final extension at 72 °C for 30 min

(Giangarelli et al., 2015). Electrophoresis of amplifica-

tion products was performed in ABI PRISM 3500-XL

automated sequencer (Applied Biosystems), using the

GeneScan 600 Liz (Applied Biosystems) molecular

weight marker. Fragment length genotyping was per-

formed using GeneMarker v.1.85 software (Soft Genet-

ics, State College, PA, USA).

Among the 17 loci tested, eight (Eus10, Eus14, Eus23,

Eus25, Eus56, Eus57, Eus58, and Eus77) exhibited good

amplification conditions and high levels of polymorphism.

Therefore, their applicability in population studies was

assessed analyzing 30 individuals collected in soybean

crops across Brazil (Balsas, MA; Rio Coco, MA; Bras�ılia,

DF; Dourados,MS; Pedrinhas Paulista, SP; CândidoMota,

SP;Warta, PR; and CampoMour~ao, PR).

Structure and genetic diversity of Euschistus heros populations

Sampling. Populations of E. heros were collected

manually during the soybean seasons of 2012/2013 and

2013/2014, at 17 sampling points within the major

soybean-producing regions in Brazil, mainly targeting the

states of S~ao Paulo and Paran�a. Insects were collected by

hand in an area of 100 m2 to minimize the collection of

individuals from the same parents. Most of the time, the

infestation in the fields sampled was above the economic

threshold. The geographic coordinates of the sampling

sites, number of individuals per site, and collection dates

are shown in Table 1 and Figure 1.

Extraction and quantification of DNA. Genomic DNA

was obtained from 243 stink bugs, collected at the

sampling points shown in Table 1. DNA integrity was

checked using electrophoresis, run in 1% agarose gel in 1X

TBE buffer at 120 V cm�1 for 1 h, and stained with

10 mg ml�1 ethidium bromide. DNA was visualized and

the images were digitalized using a transluminator, image

Figure 1 Sampling points of Euschistus heros: Arapoti, PR, 2013

(Ara13), 2014 (Ara14); Bela Vista do Paraiso, PR (BeVi);

CândidoMota, SP (CaMo); Guarapuava, Entre Rios District, PR

(Gua); Iguarac��u, PR (Igu); Itaara, RS (Ita); Londrina, PR (Lon);

Nantes, SP (Nan); Pedrinhas Paulista, SP, 2013 (PePal13), 2014

(PePal14); Santa Helena de Goi�as, GO (SaHe); S~ao Desid�erio, BA

(SaoDes); Sertaneja, PR (Ser); Sorriso, MT (Sor); Santo Antônio

da Platina, PR (StoAn); Londrina,Warta District, PR (War).
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capture systems L-PIX -ST and L-PIX IMAGE 7.1M Pixel,

and the software L-PIX IMAGE v.1.0.1 (Loccus

Biotecnologia, S~ao Paulo, SP, Brazil). DNA concentration

was determined using a NanoDrop 8000 Spectropho-

tometer v.2.0 (Thermo Fisher Scientific, Wilmington, DE,

USA) and the samples were diluted to 10 ng total

DNA ll�1.

Data analysis

Genetic diversity of E. heros populations was estimated

using the following software: MicroChecker v.2.2.1 (Van

Oosterhout et al., 2004) to check the presence of null alle-

les, drop-out alleles, stutter peaks, and other genotyping

errors; GenAlEx v.6.41 (Peakall & Smouse, 2006) to calcu-

late total number of alleles (A), number of private alleles

(NP), average number of alleles per locus (NA), number of

effective alleles per locus (NE), observed heterozygosity

(HO), and expected heterozygosity (HE); FSTAT v.2.9.3

(Goudet, 2002) to calculate allelic richness (AR); Arlequin

v.3.5 (Excoffier & Lischer, 2010) to estimate the inbreeding

coefficient (FIS) per locus and per population, whereas the

polymorphism information content (PIC) was estimated

using Cervus v.3.0 software (Marshall et al., 1998). The

probabilities of genetic identity (I) (Paetkau et al., 1995)

and paternity exclusion (Q) (Weir, 1996) were estimated

using Identity v.1.0 (Wagner & Sefc, 1999).

Possible deviations from Hardy–Weinberg equilibrium

(HWE) and the presence of linkage disequilibrium were

evaluated using the Genepop v.1.2 software (Raymond &

Rousset, 1995), with a values of probability adjusted using

the sequential Bonferroni correction (Rice, 1989).

Possible signs of recent population bottlenecks were

assessed using two approaches of the software Bottleneck

v.1.2.02 (Piry et al., 1999). In the first one, the mode shift

test was applied to verify signs of genetic bottleneck based

on changes in allele frequency distributions (Luikart et al.,

1998). In the second one, the Wilcoxon sign-rank test was

used to indicate signs of genetic bottleneck based on signif-

icant excess heterozygosity values, using different evolu-

tionary models such as infinite allele model (IAM),

stepwise mutation model (SMM), and two-phase model

(TPM: 70% SMM and 30% IAM) (Cornuet & Luikart,

1996).

For the analysis of genetic structure, the following soft-

ware packages were used: Arlequin v.3.5 for the analysis of

molecular variance (AMOVA), which describes the parti-

tioning of genetic variation within and among popula-

tions, as well as for estimating the index of pairwise

population differentiation (ΦST), based on 10 000 permu-

tations, used to estimate significance; SMOGD v.1.2.5

(Crawford, 2010) to assess population structure using

Jost’s genetic differentiation estimator (DJost) (Jost, 2008);

STRUCTURE v.2.3.3 (Pritchard et al., 2000, 2010) to

check the genetic structure among populations using the

Bayesian inference and the admixture ancestry model with

correlated alleles. The estimates of the number of popula-

tions (K) ranged from 1 to 20 (Evanno et al., 2005), repro-

ducing 20 runs for each value of K, with 50 000

Figure 2 Genotype data profiles of microsatellite loci from Euschistus heros.
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interactions in the burn-in and 500 000 interactions in the

Markov Chain Monte Carlo (MCMC) method; and

STRUCTURE HARVESTER v.0.6.94 (Earl & vonHoldt,

2012) to estimate the value of K that best adjusts to our

data based on the criteria proposed by Evanno et al.

(2005) (DK) and Pritchard et al. (2000) [likelihood ln

(K)]; CLUMPP v.1.1.2 (Jakobsson & Rosenberg, 2007) to

obtain the best K from independent STRUCTURE runs,

using the ‘greedy’ algorithm; and DISTRUCT v.1.1

(Rosenberg, 2004) to generate the graph of genetic struc-

turation.

The analysis of gene flow of E. heros samples was carried

out using the software Migrate-n v.3.6.4 (Beerli & Pal-

czewski, 2010) to estimate the migration rate (M) and the

effective population size (ϴ). For this, themaximum likeli-

hood estimate, calculated from MCMC chains, was used,

including 10 short chains with 1 000 genealogies, followed

by three long chains with 10 000 genealogies, and a burn-

in of 10 000. The estimate of immigrants per generation

was obtainedmultiplyingM byϴ.
Distances among sampling points were estimated with

latitude/longitude spherical geodesy tools (http://

www.movable-type.co.uk/scripts/latlong.html). In addi-

tion, a Mantel test was carried out using TFPGA v.1.3

(Miller, 1997) to assess the correlation between genetic dif-

ferentiation and geographic distance obtained by compar-

ing linearizedΦST values and geographic distance.

Results

Development and characterization of eight SSR loci in Euschistus
heros

Eight microsatellite polymorphic loci were successfully

amplified for E. heros (Eus10, Eus14, Eus23, Eus25, Eus56,

Eus57, Eus58, and Eus77), showing clearly defined peaks

in the electropherogram and good applicability in popula-

tion studies (Figure 2). The remaining loci that produced

monomorphic, faint, and stutter peaks were not used in

the analysis. A total of 196 alleles resulted from the 30 indi-

viduals employed in the characterization of loci, with an

average of 24.5 alleles per locus. HO and HE ranged from

0.414 (Eus25) to 0.900 (Eus77) and from 0.811 (Eus56) to

0.966 (Eus 77), respectively (Table 2).

No loci combinations showed linkage disequilibrium

after sequential Bonferroni correction; however, of the

eight loci analyzed, six (Eus14, Eus23, Eus25, Eus56,

Eus57, and Eus58) had significant deviations from HWE.

MicroChecker indicated null alleles in seven loci.

Table 3 Parameters of genetic diversity of Euschistus heros obtained from eightmicrosatellite markers

Sample n

Microsatellite

A Np AR NA NE HO HE FIS HWEEus**

BeVi 15 126 2 11.304 15.750 12.625 0.678 0.895 0.213* 5Eus 14. 23. 25. 56. 57

Igu 13 114 4 10.918 14.250 11.660 0.658 0.900 0.079* 4Eus 14. 25. 56. 57

Ser 15 126 5 11.096 15.750 12.365 0.675 0.905 0.124* 4Eus 25. 56. 57. 77

CaMo 15 131 5 11.179 16.375 12.262 0.637 0.911 0.179* 4Eus 14. 25. 56. 58

Ara13 14 122 7 11.221 15.250 12.254 0.639 0.905 0.289* 6Eus 14. 23. 25. 56. 57. 58

StoAn 14 113 6 10.604 14.125 11.331 0.634 0.893 0.196* 4Eus 14. 25. 56. 57

War 14 121 7 11.014 15.125 11.579 0.722 0.905 0.105* 3Eus 14. 56. 57

Nan 14 120 3 11.055 15.000 11.603 0.585 0.896 0.273* 5Eus 14. 25. 56. 57. 77

PePal13 15 138 4 11.632 17.250 14.000 0.687 0.916 0.211* 4Eus 25. 56. 57. 58

PePal14 15 135 5 11.130 16.875 11.755 0.689 0.889 0.215* 3Eus 14. 25. 57

SaHe 15 127 3 10.901 15.875 12.459 0.616 0.893 0.292* 8Eus 10. 14. 23. 25. 56. 57. 58. 77

Ara14 14 118 3 10.801 14.750 11.159 0.679 0.897 0.134* 5Eus 14. 23. 25. 57. 58

Lon 15 131 5 11.242 16.375 12.787 0.662 0.906 0.258* 5Eus 14. 25. 56. 57. 58

Ita 15 129 11 10.982 16.125 11.924 0.640 0.907 0.197* 5Eus 14. 25. 56. 57. 77

Gua 15 135 7 11.254 16.875 12.975 0.619 0.904 0.242* 7Eus 14. 23. 25. 56. 57. 58. 77

SaDe 15 90 5 8.424 11.250 7.843 0.667 0.831 0.295* 5Eus 10. 23. 25. 57. 77

Sor 10 89 2 10.125 11.125 8.955 0.602 0.862 0.331* 6Eus 14. 23. 25. 56. 57. 77

Mean 122 5 10.875 15.184 11.737 0.652 0.895

*Significant values for the inbreeding coefficient (FIS).

**Number of loci with deviation fromHardy–Weinberg equilibrium (HWE).

n, number of individuals analyzed; A, total number of alleles; NP, number of private alleles; AR, allelic richness; NA, average number of alle-

les; NE, number of effective alleles per locus; HO, observed heterozygosity; HE, expected heterozygosity; FIS, inbreeding coefficient.
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Significant FIS values were observed in almost all loci,

except Eus10. A high combined Q (0.999) and a low com-

bined I (1.74 9 10�17) were obtained, showing that the

loci set has good applicability to studies of parentage and

population differentiation. Polymorphism information

content confirmed that the eight loci selected are highly

informative, with values ≥0.795 (Table 2) (Botstein et al.,

1980).

Population study of Euschistus heros in soybean crops in Brazil

Genetic diversity and bottleneck. Automatic genotyping of

243 individuals of E. heros, collected within the major

soybean-producing regions in Brazil (Figure 1), resulted

in an average of 122 alleles per sample (Table 3). A per

sample ranged from 89 (So.MT) to 138 (PePal13), with an

average number of alleles per locus (NA) and NE ranging

from 11.1 to 17.2 and from 8.9 to 14.0, respectively

(Table 3).

The variations found for the following parameters of

genetic diversity were: AR ranged from 8.424 (SaDe) to

11.632 (PePal2013); HO ranged from 0.585 (Nan) to 0.722

(War); HE ranged from 0.831 (SaDe) to 0.916 (PePal13);

and NP ranged from 2 (BeVi and Sor) to 11 (Ita). All the

populations had significant FIS. In addition, significant devi-

ations from HWE were found for all samples, ranging from

three (War andPePal14) to eight loci (SaHe) per sample.

The bottleneck program indicated an absence of recent

bottleneck signs in the mode-shift test. All samples had

typical L-shaped distribution (non-bottleneck) in the allele

frequency. On the other hand, Wilcoxon sign-rank test

revealed significant excess heterozygosity values (bottle-

neck sign) in 10 samples (Ser, Ara13, StoAn, PePal13,

SaHe, Ara14, Lon, Ita, Gua, and SaDe) using the IAM

model, in seven samples (Igu, Ser, Ara13, StoAn, War,

PePal13, and Lon) using the TPMmodel, and in two sam-

ples (Igu and Ara13) using the SMM model (Table 4).

According to Piry et al. (1999), the Wilcoxon test is more

robust than the Mode shift test to detect bottleneck signs

in natural populations.

Genetic structure and gene flow. Analysis of molecular

variance indicated that most of the variance took place

Table 4 Test of recent genetic bottleneck for 17 populations of Euschistus heros, Wilcoxon sign-rank test for heterozygosity excess, and

mode shift test for allele frequency distribution patterns

Sample n

IAM TPM SMM

HE/HD P HE/HD P HE/HD P

BeVi 15 6/2 0.23 6/2 0.13 6/2 0.16

Igu 13 6/2 0.19 6/2 0.010 6/2 0.010

Ser 15 6/2 0.014 6/2 0.020 5/3 0.27

CaMo 15 5/3 0.23 4/4 0.42 3/5 0.63

Ara13 14 6/1 0.008 6/1 0.027 6/1 0.039

StoAn 14 7/1 0.010 6/2 0.013 6/2 0.13

War 14 6/2 0.13 6/2 0.037 4/4 0.58

Nan 14 5/3 0.16 6/2 0.27 5/3 0.53

PePal13 15 6/1 0.008 6/1 0.012 6/1 0.12

PePal14 15 3/5 0.73 4/4 0.84 3/5 0.98

SaHe 15 6/2 0.027 6/2 0.13 5/3 0.27

Ara14 14 7/1 0.014 6/2 0.16 5/3 0.42

Lon 15 7/1 0.027 7/1 0.006 5/3 0.23

Ita 15 7/1 0.006 4/4 0.23 3/5 0.73

Gua 15 6/2 0.010 6/2 0.13 2/6 0.73

SaDe 15 6/2 0.020 4/4 0.16 4/4 0.77

Sor 10 6/2 0.23 6/2 0.13 6/2 0.23

P values are based on theWilcoxon sign-rank test; P<0.05 indicates heterozygosity excess. IAM, infinite allele model; TPM, two-phase

model (70% SSM); SMM, stepwisemutationmodel; n, number of individuals analyzed; HE, number of loci presenting heterozygosity

excess; HD, number of loci presenting heterozygosity deficiency.

Table 5 Analysis of molecular variance (AMOVA) for 17 popula-

tions of Euschistus heros based on eight microsatellite loci

Source of variation % variation

Among individuals within populations 99.09

Among populations 0.91

Fixation index ΦST = 0.009*

IndexΦST = genetic differentiation among populations.

*Significance test using 10 000 permutations (P<0.05).
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within the populations (99.09%), whereas only 0.91%

occurred among them (Table 5). The estimates of

pairwise ΦST indicated lack of genetic structure, except for

sample SaDe, which showed significant genetic

structuration in relation to most of the other samples

studied, presentingΦST values ranging from low (0.031) to

moderate (0.063) (Wright, 1965). Similarly, most of

pairwise DJost estimates were not significant. However,

some significant estimates were obtained and showed

values higher than pairwiseΦST values, ranging from 0.163

(PePal14 9 Ita) to 0.433 (SaDe 9 War) (Table 6).

Bayesian clustering analysis performed using STRUC-

TURE indicated that the most probable value of K (num-

ber of clusters), calculated from the mean likelihood ln(K)

and DK, was K = 2 (Figure 3A, B). The graph representa-

tion of this analysis showed the non-existence of well-

defined groups among the individuals analyzed and that

the estimated ancestry seems to be distributed similarly

(Figure 3C).

In the estimates of Migrate-n, the largest M estimate per

generation (estimate M 9 Θ) was obtained for localities

<200 km apart. On the other hand, the smallest gene flow

estimates were obtained from S~ao Desid�erio to the other

localities, with distances ranging from 745 to 2 035 km

(Table 7). Analysis of isolation by distance using Mantel

tests indicated significant correlations between genetic and

geographical distances from pairwise ΦST (r = 0.620,

P = 0.002) andDJost (r = 0.455, P = 0.022).

Discussion

This paper reports new microsatellite markers developed

for the assessment of genetic diversity in E. heros. The

eight loci obtained and used here were highly informative

(Botstein et al., 1980), revealing high combined Q and low

combined I. Moreover, PCR amplification patterns

showed well-defined alleles and lack of linkage disequilib-

rium. Therefore, the great potential of these markers for

the analysis of genetic structure and diversity of E. heros is

evident. They can provide fundamental information to

understand the adaptive and evolutionary potential of this

species (Frankham et al., 2010), including aspects of inte-

grated populationmanagement.

The results obtained in this study revealed high genetic

diversity and low structuration among the populations of

E. heros studied. Considering the pairwise ΦST, the popu-

lation collected in S~ao Desid�erio was the only exception to

this pattern of low genetic differentiation among the

A

C

B

Figure 3 Estimates of K (i.e., number of clusters) (A) fromDK (Evanno et al., 2005), and (B) based on themean likelihood ln(K).

(C) Structure bar representing the results of the Bayesian analysis of 17 populations of Euschistus heroswithin the major soybean-

producing regions in Brazil (K = 2); each column represents one individual and the shades (dark vs. light gray) indicate the relative

proportion of each individual genome that belongs to either of the clusters (K).
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samples analyzed. This population was among those that

had the lowest levels of genetic diversity, presenting the

lowest values of AR, HE, and NE. Samples of this popula-

tion were collected in areas very distant from the remain-

ing populations studied.

Euschistus heros is originally from the Neotropical

region (Panizzi & Slansky, 1985), and its populations

became a serious problem in Brazilian soybean areas, in

southern states, in the late 1980s and early 1990s. As a con-

sequence of the expansion of soybean production to lower

latitudes (midwestern and northeastern regions), this pest

has become more prevalent. Additionally, the rapid and

intensive increase in soybean-planted area in the last dec-

ades may be related to the genetic bottleneck signs

observed in great part of the samples analyzed (significant

values using the Wilcoxon sign-rank test). Given that the

bottleneck analysis (Wilcoxon sign-rank test) responds to

signs of recent decreases in ϴ (Cornuet & Luikart, 1996)

and that the expansion of soybean-planted area is still

ongoing (Flaskerud, 2003; IBGE, 2016), our results suggest

the influence of a dissemination pattern to new areas as

small groups, that is, it could be the occurrence of the

founder effect (Sun et al., 2012).

In our study, gene flow and lack of genetic differentia-

tion were observed among most of the sampled popula-

tions, except for individuals from S~ao Desid�erio. These

findings agree with the Bayesian cluster analysis and the

small molecular variation (<1%) found among popula-

tions in AMOVA. The low genetic structure and gene flow

observed could be partly attributed to anthropogenic dis-

persion caused by the expansion of soybean production

areas and active transport of seeds and soybean grains

among Brazilian regions. In addition, the Neotropical

brown stink bug population can reach high densities (40–
60 individuals m�1 of row at the end of the growing sea-

son), mainly at the end of the season, in March and April,

in areas where they remain in the field even after most of

the soybean has been harvested. At this time, E. herosmay

disperse, looking for shelter to remain in oligopause dur-

ing part of the fall and winter. High levels of gene flow and

large populations, as suggested for E. heros, are determi-

nants of the maintenance of high levels of genetic diversity

and low population differentiation (Freeland, 2005).

Genetic studies using RAPD markers of individuals

of this species collected during 2000 (Sosa-G�omez

et al., 2004) revealed genetic differentiation among

E. heros geographic populations. However, some

aspects should be considered to explain differences

between these findings and the results of the present

study. In the previous study, the samples were col-

lected 13–14 years before those of this study, and sev-

eral changes in the scenario have occurred. Among

them, the increase in soybean-planted area, from

13.6 million ha in 2000 to 30.2 million ha in 2014

(Conab, 2017), could provide conditions for insect

outbreaks, spreading from local epicenters to cover

large areas. Also, the attractiveness of soybean seeds

and the high population density during harvest have

favored active truck transport of stink bugs, together

with great volumes of soybean, across the country. In

addition, climatic changes such as global warming

(Kiritani, 2006; Musolin, 2007) may create favorable

conditions for the development of this insect pest. All

these factors, together with its polyvoltinism (Chevarria

et al., 2013), could have led to high population densi-

ties and a wide distribution of E. heros, which could

have contributed to reduced population differentiation

and increased genetic diversity.

It is interesting to point out that, in spite of the low

levels of differentiation among samples, our results suggest

a trend of differentiation due to isolation by distance

(IBD). Significant positive correlations were found

between the geographic and genetic distances using both

estimators of genetic differentiation (ΦST and DJost). Isola-

tion by distance patterns are common in species that dis-

play a limited capacity of dispersion (Slatkin, 1993).

Nonetheless, even in these species, gene flow may occur

between different areas of distribution following the step-

ping-stone dispersal model. In this scenario, dispersion

takes place preferably between neighboring demes, and is

considered rare between more distant demes. Therefore,

gene exchange between neighboring demes allows the dis-

tribution of different alleles step by step along the different

demes (Kimura & Weiss, 1964). In fact, although the pre-

sent results suggest the influence of various factors on the

levels of genetic structuration of E. heros, including

anthropogenic dispersion, current expansion of planted

area, and intensive use of insecticides, geographic distances

between planted areas also seem to be determinant factors,

mainly when taking into consideration the large and unin-

terrupted soybean areas planted in Brazil.

The study of E. heros samples collected within themajor

soybean-producing regions in Brazil revealed high levels of

genetic diversity and occurrence of gene flow among local-

ities. These factors are probably essential for the adaptation

of this species to the constant changes that have been tak-

ing place in contemporary agroecosystems, which together

with the broad geographic distribution did not provide

conditions for genetic structuration. These findings

brought to light the genetic distribution of E. heros in vast

extensions of the Neotropical region. This information

may contribute to a better understanding of the species

and to plan future actions for implementing IPM

programs.
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manejo no norte do RS. Cîencia Rural 43: 571–578.
Conab (Companhia Nacional de Abastecimento) (2017) Acom-

panhamento da Safra Brasileira de Gr~aos, v.4. Safra 2016/17,

Oitavo Levantamento, Conab, Bras�ılia, DF, Brazil. Available at:

http://www.conab.gov.br/OlalaCMS/uploads/arquivos/17_05_

11_09_00_26_boletim_graos_maio_2017.pdf (accessed 23

May 2017).

Cornuet JM & Luikart G (1996) Description and power analysis

of two tests for detecting recent population bottlenecks from

allele frequency data. Genetics 144: 2001–2014.
Crawford NG (2010) SMOGD: software for the measurement of

genetic diversity. Molecular Ecology Resources 10: 556–557.
Earl DA & vonHoldt BM (2012) STRUCTURE HARVESTER: a

website and program for visualizing STRUCTURE output and

implementing the Evanno method. Conservation Genetics

Resources 4: 359–361.
Edwards KJ, Barker JHA, Daly A, Jones C & Karp A (1996)

Microsatellite libraries enriched for several microsatellite

sequences in plants. BioTechniques 20: 758–760.
Evanno G, Regnaut S & Goudet J (2005) Detecting the number of

clusters of individuals using the software STRUCTURE: a sim-

ulation study.Molecular Ecology 14: 2611–2620.
Excoffier L & Lischer HEL (2010) Arlequin suite ver 3.5: a new

series of programs to perform population genetics analyses

under Linux and Windows. Molecular Ecology Resources 10:

564–567.

Flaskerud G (2003) Brazil’s Soybean Production and Impact. North

Dakota State University Extension Service, Fargo, ND, USA.

Frankham R, Ballou JD & Briscoe DA (2010) Introduction to

Conservation Genetics, 2nd edn. Cambridge University Press,

Cambridge, UK.

Freeland JR (2005) Molecular Ecology. John Wiley & Sons,

Chichester, UK.

Giangarelli DC, Freiria GA, Ferreira DG, Aguiar WM, Penha RES

et al. (2015) Orchid bees: a new assessment on the rarity of

diploidmales in populations of this group of Neotropical polli-

nators. Apidologie 46: 606–617.
Gonz�alez C, Harvey N & Ornelas JF (2015) Development and

characterization of microsatellite loci in the mistletoe Psitta-

canthus schiedeanus (Loranthaceae). Applications in Plant

Sciences 3: 1400099.

Goudet J (2002) FSTAT. LausanneUniversity, Lausanne, Switzer-

land. Available at: http://www2.unil.ch/popgen/softwares/fstat.

htm (accessed 10October 2016).

Hall TA (1999) Bioedit: a user-friendly biological sequence align-

ment editor and analysis program for Windows 95/98/NT.

Nucleic Acids Symposium Series 41: 95–98.
Hopkins BW, Bernal JS & Knutson AE (2005) Euschistus quadra-

tor (Hemiptera: Pentatomidae): a new pest in lower Texas Gulf

coast cotton. Proceedings of the Beltwide Cotton Conferences

2005: 1480–1485.
IBGE (Instituto Brasileiro de Geografia e Estat�ıstica) (2016)

Levantamento Sistem�atico da Produc�~ao Agr�ıcola. Pesquisa

Mensal de Previs~ao e Acompanhamento das Safras Agr�ıco-

las no Ano Civil, v. 29, n. 12. IBGE, Rio de Janeiro, RJ, Bra-

zil. Available at: ftp://ftp.ibge.gov.br/Producao_Agricola/Le

vantamento_Sistematico_da_Producao_Agricola_[mensal]/

Fasciculo/2016/lspa_201612_20170222_133000.pdf (accessed

23 May 2017).

JakobssonM&Rosenberg NA (2007) CLUMPP: a cluster match-

ing and permutation program for dealing with label switching

and multimodality in analysis of population structure. Bioin-

formatics 23: 1801–1806.
Jost L (2008) GST and its relatives do not measure differentiation.

Molecular Ecology 17: 4015–4026.
Kimura M & Weiss GH (1964) The stepping stone model of

genetic structure and the decrease of genetic correlation with

distance. Genetics 49: 561–576.
Kiritani K (2006) Predicting impacts of global warming on popu-

lation dynamics and distribution of arthropods in Japan. Pop-

ulation Ecology 48: 5–12.
Letelier L, Harvey N, Valderrama A, Stoll A & Gonz�alez-

Rodr�ıguez A (2015) Isolation and characterization of 12

microsatellite loci in soapbark, Quillaja saponaria (Quilla-

jaceae). Applications in Plant Sciences 3: 1500024.

Luikart G, Allendorf FW, Cornuet JM & Sherwin WB (1998)

Distortion of allele frequency distributions provides a test

for recent population bottlenecks. Journal of Heredity 89:

238–247.
Marshall TC, Slate J, Kruuk LEB & Pemberton JM (1998) Statisti-

cal confidence for likelihood-based paternity inference in natu-

ral populations.Molecular Ecology 7: 639–655.

202 Husch et al.

http://www.conab.gov.br/OlalaCMS/uploads/arquivos/17_05_11_09_00_26_boletim_graos_maio_2017.pdf
http://www.conab.gov.br/OlalaCMS/uploads/arquivos/17_05_11_09_00_26_boletim_graos_maio_2017.pdf
http://www2.unil.ch/popgen/softwares/fstat.htm
http://www2.unil.ch/popgen/softwares/fstat.htm
ftp://ftp.ibge.gov.br/Producao_Agricola/Levantamento_Sistematico_da_Producao_Agricola_%5bmensal%5d/Fasciculo/2016/lspa_201612_20170222_133000.pdf
ftp://ftp.ibge.gov.br/Producao_Agricola/Levantamento_Sistematico_da_Producao_Agricola_%5bmensal%5d/Fasciculo/2016/lspa_201612_20170222_133000.pdf
ftp://ftp.ibge.gov.br/Producao_Agricola/Levantamento_Sistematico_da_Producao_Agricola_%5bmensal%5d/Fasciculo/2016/lspa_201612_20170222_133000.pdf


Miller MP (1997) Tools for Population Genetic Analyses

(TFPGA) v.1.3. A Windows Program for the Analysis of Allo-

zyme and Molecular Population Genetic Data. Northern Ari-

zona University, Flagstaff, AZ, USA. Available at: http://

www.ccg.unam.mx/~vinuesa/tlem09/docs/TFPGADOC.PDF

(accessed 8 October 2016).

Musolin DL (2007) Insects in a warmer world: ecological,

physiological and life-history responses of true bugs (Het-

eroptera) to climate change. Global Change Biology 13:

1565–1585.
Oliveira EJ, P�adua JG, Zucchi MI, Vencovsky R & Vieira MLC

(2006) Origin, evolution and genome distribution of

microsatellites. Genetics and Molecular Biology 29: 294–307.
Paetkau D, Calvert W, Stirling I & Strobeck C (1995) Microsatel-

lite analysis of population structure in Canadian polar bears.

Molecular Ecology 4: 347–354.
Panizzi AR & Slansky F Jr (1985) Review of phytophagous pen-

tatomids (Hemiptera: Pentatomidae) associated with soybean

in the Americas. Florida Entomologist 68: 184–214.
Panizzi AR, McPherson JE, James DG, Javahery M &McPherson

RM (2000) Stink bugs (Pentatomidae). Heteroptera of Eco-

nomic Importance (eds. by CW Schaefer & AR Panizzi), pp.

421–474. CRC Press, Boca Raton, FL, USA.

Pascual-Ruiz S, G�omez-Martinez MA, Ansaloni T, Segarra-Mor-

agues JG, Sabater-Mu~noz B et al. (2014) Genetic structure of a

phytophagous mite species affected by crop practices: the case

of Tetranychus urticae in clementine mandarins. Experimental

and Applied Acarology 62: 477–498.
Peakall R & Smouse PE (2006) GENALEX 6: genetic analysis in

Excel. Population genetic software for teaching and research.

Molecular Ecology Resources 6: 288–295.
Piry S, Luikart G & Cornuet JM (1999) BOTTLENECK: a com-

puter program for detecting recent reductions in the effective

population size using allele frequency data. Journal of Heredity

90: 502–503.
Pizarro JC, Gilligan LM & Stevens L (2008) Microsatellites

reveal a high population structure in Triatoma infestans

from Chuquisaca, Bolivia. PLoS Neglected Tropical Diseases

2: e202.

Pritchard JK, Stephens M & Donnelly P (2000) Inference of pop-

ulation structure using multilocus genotype data. Genetics

155: 945–959.
Pritchard JK, Wen W & Falush D (2010) Documentation for

Structure Software, v.2.3. University of Chicago Press, Chi-

cago, IL, USA. Available at: http://web.stanford.edu/group/

pritchardlab/structure_software/release_versions/v2.3.4/structure_

doc.pdf (accessed 11May 2017).

Raymond M & Rousset F (1995) GENEPOP (v.1.2): population

genetics software for exact tests and ecumenicism. Journal of

Heredity 86: 248–249.
Rice WR (1989) Analyzing tables of statistical tests. Evolution 43:

223–225.
Rogers SO & Bendich AJ (1988) Extraction of DNA from plant

tissues. Plant Molecular Biology Manual (eds. by SB Gelvin &

RA Schilperoort), pp. 1–10. Kluwer Academic Publishers, Dor-

drecht, TheNetherlands.

Rosenberg NA (2004) DISTRUCT: a program for the graphical

display of population structure. Molecular Ecology Resources

4: 137–138.
Rozen S & Skaletsky HJ (2000) Primer3 on theWWW for general

users and for biologist programmers. Methods in Molecular

Biology, vol. 132: Bioinformatics Methods and Protocols (ed.

by S Misener & S Krawetz), pp. 365–386. Humana Press,

Totowa, NJ, USA.

Sanchez JA, La SpinaM&PereraOP (2012) Analysis of the popu-

lation structure of Macrolophus pygmaeus (Rambur) (Hemi-

ptera: Miridae) in the Palaearctic region using microsatellite

markers. Ecology and Evolution 2: 3145–3159.
Schuelke M (2000) An economic method for the fluorescent

labeling of PCR fragments. Nature Biotechnology 18: 233–234.
Slatkin M (1993) Isolation by distance in equilibrium and

nonequilibrium populations. Evolution 47: 264–279.
Sosa-G�omez DR & Silva JJ (2010) Neotropical brown stink bug

(Euschistus heros) resistance tomethamidophos in Paran�a, Bra-

zil. Pesquisa Agropecu�aria Brasileira 45: 767–769.
Sosa-G�omez DR, Delpin KE, Almeida AMR & Hirose E (2004)

Genetic differentiation among Brazilian populations of

Euschistus heros (Fabricius) (Heteroptera: Pentatomidae) based

on RAPD analysis. Neotropical Entomology 33: 179–187.
Sosa-G�omez DR, Borges E, Viera IHTL, Costa F & Oliveira CN

(2005) Tripanosomatid prevalence of Nezara viridula (L.),

Euschistus heros (Fabricius) and Piezodorus guildinii (West-

wood) (Heteroptera: Pentatomidae) populations in Northern

Paran�a, Brazil. Neotropical Entomology 34: 341–347.
Sun JT, Lian C, Navajas M & Hong XY (2012) Microsatellites

reveal a strong subdivision of genetic structure in Chinese pop-

ulations of the mite Tetranychus urticae Koch (Acari: Tetrany-

chidae). BMCGenetics 13: 8.

Tillman PG &Mullinix BJ Jr (2004) Comparison of susceptibility

of pest Euschistus servus and predator Podisus maculiventris

(Heteroptera: Pentatomidae) to selected insecticides. Journal

of Economic Entomology 97: 800–806.
USDA (2016) World Agricultural Production, Circular Series

WAP 11-16, November. United States Department of Agricul-

ture, Foreign Agricultural Service, Washington, DC, USA.

Available at: apps.fas.usda.gov/psdonline/circulars/production.

pdf (accessed 10May 2017).

Vallone PM & Butler JM (2004) AutoDimer: a screening tool for

primer-dimer and hairpin structures. BioTechniques 37: 226–
231.

Van Oosterhout C, Hutchinson WF, Wills DPM & Shipley P

(2004) MICRO-CHECKER: software for identifying and cor-

recting genotyping errors in microsatellite data. Molecular

Ecology Resources 4: 535–538.
Wagner HW & Sefc KM (1999) IDENTITY v.1.0. Centre for Appl-

ied Genetics, University of Agricultural Sciences, Vienna, Austria.

Weir BS (1996) Genetic Data Analysis II: Methods for Discrete

Population Genetic Data. Sinauer Associates, Sunderland, MA,

USA.

Wright S (1965) The interpretation of population structure by F-

statistics with special regard to systems of mating. Evolution

19: 395–420.

Euschistus heros genetic diversity 203

http://www.ccg.unam.mx/~vinuesa/tlem09/docs/TFPGADOC.PDF
http://www.ccg.unam.mx/~vinuesa/tlem09/docs/TFPGADOC.PDF
http://web.stanford.edu/group/pritchardlab/structure_software/release_versions/v2.3.4/structure_doc.pdf
http://web.stanford.edu/group/pritchardlab/structure_software/release_versions/v2.3.4/structure_doc.pdf
http://web.stanford.edu/group/pritchardlab/structure_software/release_versions/v2.3.4/structure_doc.pdf
http://apps.fas.usda.gov/psdonline/circulars/production.pdf
http://apps.fas.usda.gov/psdonline/circulars/production.pdf

