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ABSTRACT. We developed six microsatellite markers for the fall 
armyworm Spodoptera frugiperda (Lepidoptera: Noctuidae). The SSR 
loci were isolated with enriched genomic library protocol by using 
native individuals as a genome source for markers. These loci were 
characterized in 48 individuals and they were tested for the ability to 
identify candidate migrants exchanged among the samples. The number 
of alleles per locus ranged from 5 to 18 (10.8 on average). The observed 
polymorphism information content ranged from 0.172 to 0.891. Beside 
the lower efficiency to obtain SSR loci, the six microsatellites were 
polymorphic and sufficiently discriminant for the genetic studies of S. 
frugiperda; it allowed us to identify migrants with both NJ clustering 
and the Bayesian methods. These markers will be useful for molecular 
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ecology studies of this highly polyphagous species in order to 
understand the processes that determine genetic differentiation in the 
complex agro-ecosystems that it infests and improve local integrated 
pest management practices.

Key words: Fall armyworm; Genetic structure; Candidate migrant; 
SSRs; Molecular markers; Insect resistance management

INTRODUCTION

The fall armyworm, Spodoptera frugiperda (J.E. Smith) (Lepidoptera: Noctuidae), 
is an insect native to the Americas, occurring from the South and Central Americas to North 
America (Hardke et al., 2011). This species has a polyphagous feeding habit, and its larval 
diet includes a broad variety of host plants such as maize, cotton, and rice (Yu et al., 2003). 
In Brazil, S. frugiperda is a major insect pest, especially in maize (Sena Jr. et al., 2003) 
and cotton crops. This species has a great dispersion capability that enables its fast spread 
through host plants (Johnson, 1987) and determines its genetic complexities and migration 
patterns (Nagoshi et al., 2008). The occurrence of two host strains of the fall armyworm 
species has been reported - one associated with maize/cotton plants (host strain C) and the 
other with rice (host strain R) (Pashley et al., 1992). Differences in female pheromone com-
position (Groot et al., 2008) and differential timing of reproductive activity at night (Schöfl 
et al., 2009) might be the major forces related to the reproductive isolation detected between 
these host strains.

The fall armyworm has many characteristics that make it a model species in ecology 
and evolutionary biology. Challenges in these research areas are to understand host-plant 
adaptation, multi-scale geographic genetic differentiations, and population ecology of 
sympatric speciation. Basic geographic differentiations and host-range association studies 
have been performed using allozyme markers (Pashley et al., 1985; Pashley, 1986), random 
amplified polymorphic DNA and amplified fragment length polymorphism markers 
(Martinelli et al., 2006, 2007), and mitochondrial cytochrome oxidase subunit I genes 
(Nagoshi et al., 2006; Nagoshi, 2010). However, the use of highly variable and sensitive 
molecular markers as microsatellites has not yet been reported in this species in molecular 
ecology studies.

Microsatellite markers, also called simple sequence repeats (SSRs), are highly 
polymorphic and abundant genetic markers that exist throughout all eukaryotic genomes 
(Goldstein and Schlötterer, 1999). In addition to their early applications in genome mapping 
studies and paternity tests, the so-called microsatellites are still the most powerful molecular 
markers available in molecular ecology and evolutionary studies. Inherent characteristics of 
high locus variability, ease and reliability of scoring, co-dominant inheritance, short length, 
and association with powerful statistical analyses such as Bayesian and maximum likeli-
hood methods make their use widespread among insect population geneticists and ecolo-
gists (Fuentes-Contreras et al., 2008; Meng et al., 2008; Lagisz et al., 2010). The major 
objective of this research was to develop a new microsatellite marker set by using genomic 
enriched library protocols for S. frugiperda collected in Brazil and test its applicability as a 
tool for further population genetic studies of this important pest species.
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MATERIAL AND METHODS

DNA extraction for the microsatellite-enriched library protocol

Fall armyworm individuals were collected in 2006 in three different maize-producing 
regions in Brazil: (1) São Paulo (G); (2) Minas Gerais/Goiás (U), and (3) Mato Grosso/Mato 
Grosse do Sul (M) (Figure 1). Genomic DNA was extracted from fresh adult thoraces using 
a Doyle and Doyle (1990) cetyltrimethylammonium bromide protocol with minor modifica-
tions. Before homogenization, the head, wings, and abdomen were removed from the collect-
ed adults. The separated thoraces were homogenized in preheated extraction buffer [1 M Tris-
HCl, pH 8.0, 5 mM NaCl, 500 mM ethylenediaminetetraacetic acid, pH 8.0, and 2% (w/v) 
cetyltrimethylammonium bromide without β-mercaptoethanol]. After the homogenization, the 
DNA was isolated with chloroform/isoamyl alcohol (24:1) and precipitated with 100% isopro-
panol. The DNA pellets were washed with 70% ethanol and air dried, then resuspended in 50 
µL TE buffer (10 mM Tris-HCl, pH 8.0 and 1 mM ethylenediaminetetraacetic acid, pH 8.0) 
and treated with 10 µg/µL RNase. Each sample was quantified on a 1% agarose gel with a λ 
DNA marker (22.2 ng/mL).

Figure 1. Map of Brazil. Red stars represent the approximate location of each collection. G, U and M represent 
the São Paulo population, Unaí, Minas Gerais/Goiás population and Mato Grosso/Mato Grosso do Sul population.
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Microsatellite isolation and primer design

We obtained six markers following adapted microsatellite-enriched library pro-
tocols described by Billotte et al. (1999). Genomic DNA from one genotype of S. frugi-
perda was digested with RsaI (Invitrogen), and we performed the enrichment in micro-
satellite fragments using (CT)8 and (GT)8 motifs. The enriched fragments were cloned 
into pGEM-T vectors (Promega) and ligation products were used to transform Epicurian 
Coli XL1-Blue Escherichia coli competent cells (Stratagene). The positive clones were 
selected using the β-galactosidase gene and then grown overnight with ampicillin. We 
sequenced 109 clones in an ABI 377 automated sequencer (PE Applied Biosystems) with 
a BigDye terminator cycle sequencing kit (Applied Biosystems). The TROLL software 
(Castelo et al., 2002) was used to search SSR regions in the sequences obtained. Nine 
primer pairs were designed using Primer 3 (Rozen and Skaletsky, 2000), and a series of 
polymerase chain reaction (PCR) analyses were performed in 48 specimens to optimize 
the loci obtained.

Locus microsatellite characterization

Amplifications were performed in a final volume of 15 μL containing 20 ng ge-
nomic DNA, 1X PCR buffer (10 mM Tris-HCl, pH 8.5 and 50 mM KCl), 1.5 mM MgCl2, 
0.2 μM of each designed primer pair (forward and reverse), 100 μM of each deoxyribo-
nucleotide triphosphate, and 1 U Taq DNA polymerase (Invitrogen). The amplification 
cycle used in the thermocycler PTC100 (MJ Research, Inc.) was programmed to start at 
94°C for 12 min, followed by 32 cycles of 1 min of denaturation at 94°C, 1 min at the 
specific annealing temperature for each primer (Table 1), and 1 min of extension at 72°C, 
finalizing with 20 min at 72°C. We separated the alleles for each locus by genotyping the 
individuals with 7% denaturing polyacrylamide gel electrophoresis visualized with silver 
staining. The 10-bp DNA Ladder (Invitrogen) was used as a size standard to score allele 
variability.

Data analysis

By genotyping 48 S. frugiperda individuals, we accessed descriptive statistics 
[expected (HE) and observed heterozygosities (HO) and polymorphic index content] using 
MSTools (http://animalgenomics.ucd.ie/sdepark/ms-toolkit/). The population parameters 
[Nei’s unbiased HE estimate, HO, and Weir and Cockerham’s measure of the departure of 
genotype frequencies from Hardy-Weinberg (HW) expectations within population (aka 
inbreeding coefficient FIS)] and the Fisher exact test for departure from HW proportions 
for each locus into populations were performed using the Genetic Data Analysis software 
(Weir, 1996). For average FIS estimative, we obtained the confidence interval across loci 
for each population over 10,000 bootstraps.

When departures from HW proportions were detected, the frequency of null al-
leles was calculated for each locus using maximum likelihood estimations via the ex-
pectation-maximization algorithm implemented in FREENA (Chapuis and Estoup, 2007). 
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Composite gametic disequilibrium was tested using Genetic Data Analysis (Weir, 1996). 
Bonferroni’s correction was used to adjust the nominal level for all multiple tests.

The efficiency of the SSRs obtained as molecular markers for genetic studies of 
S. frugiperda was tested by estimating the genetic differentiation of the samples collected. 
First, Weir and Cockerham’s overall estimate of population differentiation (FST), its con-
fidence interval with 1000-bootstrap resampling, and pairwise FST were calculated using 
FSTAT (Goudet, 2001).

A model-based approach was used to identify populations as clusters of individuals. 
This method first determines whether the data fit a model with k populations. The algorithm 
searches the best k set of individuals that minimizes the amount of HW and gametic 
disequilibrium in the data. Once k is inferred, the software algorithm estimates the posterior 
probability (Q) of individual genotypes originating from each population (k clusters) 
(Allendorf and Luikart, 2007). This analysis was performed with the STRUCTURE software 
(Pritchard et al., 2000), assuming a model with admixture and correlated allele frequencies. 
Burn-in length was set at 50,000 iterations followed by a run phase of 500,000 iterations. 
Five independent runs were performed, with the number of potential populations (k) ranging 
from 1 to 7. The best k (number of clusters that best represents the data set) was determined 
using a method described by Evanno et al. (2005).

In addition, the genetic relationships of the individuals were explored through 
calculation of a neighbor-joining (NJ) dendrogram based on chord distance (Cavalli-Sforza 
and Edwards, 1967). The estimated genetic distances were accessed with a resampling of 
10,000 bootstraps over loci using MICROSAT (http://genetics.stanford.edu/hpgl/projects/
microsat/). A consensus tree with node support was obtained using the PHYLIP package 
of the CONSENSUS program (Felsenstein, 1989). We drew the dendrogram using the 
DARWIN software (http://darwin.cirad.fr/darwin) (Perrier and Jacquemoud-Collet, 2006). 
Both the model-based and the individual-based methods were used to access the number of 
migrants exchanged between the samples.

RESULTS

Of 109 sequenced inserts, 60 (55.05%) presented at least one microsatellite re-
gion. We designed, synthesized, and tested primer sequences through 9 sequenced inserts 
that showed SSR loci (8.26% of the total sequences), but only 6 showed satisfactory PCR 
products (5.50% of the total sequences). These 6 loci were then tested in 48 specimens 
of S. frugiperda to assess polymorphism information and characterize the population pa-
rameters.

The 6 isolated loci were polymorphic. The information of each locus is shown 
in Table 1. We observed departure from HW proportions in 4 loci (Spf01, Spf03, Spf06, 
and Spf09) when we analyzed all individual as one sample. Therefore, we separated the 
individuals in their original populations and performed the test again. This time, the Fisher 
exact test for HW equilibrium showed that the Spf01 locus departed significantly from HW 
proportions in the three populations studied, and the Spf06 and Spf08 loci departed from 
those proportion loci in Mato Grosso/Mato Grosse do Sul population (M). No linkage dis-
equilibrium was detected among all loci in the three populations.

HE, HO and FIS for each locus and each population are presented in Table 2. In all 
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population analyzed, the HO were smaller than the HE, which indicated a high FIS for the loci 
obtained. In addition, Weir and Cockerham’s overall estimate of FIS (see Table 2) showed 
high degree of inbreeding in the populations. One aspect of FIS can be explained by the small 
sample size. Additional explanations are the presence of null alleles and non-random mat-
ing. To assess the effect of null alleles in the determination of deficiencies in heterozygosity, 
we estimated the null allele frequency for each loci and population using FREENA. These 
approaches allowed disentangle the effects of non-random mating from null allele presence 
leading to homozygous excess. Genome-wide effects as inbreeding occurred on all genome 
regions equally, although the presence of null alleles is a locus-specific event affecting one or 
more populations.

Locus  HE   HO   FIS                 Frequency of null alleles

 G U M G U M   G   U   M   G   U M

Spf01 0.703 0.903 0.727 0.125 0.250 0.062  0.827  0.730 0.917   0.335*   0.333*   0.378*
Spf03 0.616 0.927 0.823 0.375 0.667 0.334  0.408  0.290 0.610 0.128 0.127 0.250
Spf05 0.717 0.723 0.610 0.625 0.750 0.534  0.133 -0.037 0.128 0.070 0.000 0.062
Spf06 0.848 0.835 0.675 0.272 0.000 0.125  0.689  1.000 0.825 0.305 0.437   0.310*
Spf08 0.121 0.340 0.065 0.125 0.187 0.062 -0.034  0.458 0.000 0.000 0.123 0.000
Spf09 0.732 0.877 0.818 0.223 0.167 0.154  0.709  0.817 0.818 0.288 0.367   0.356*
Total 0.607 0.740 0.598 0.324 0.354 0.242    0.544+    0.574+   0.669+

Lower        0.301  0.260 0.403
Upper        0.725  0.842 0.845

G = São Paulo; U = Minas Gerais/Goiás; M = Mato Grosso/Mato Grosso do Sul; HE = expected heterozygosity; HO 
= observed heterozygosity; FIS = the inbreeding coefficient. *Departure significantly from HW proportions after 
Bonferroni’s correction (P < 0.008); +Weir and Cockerham’s estimative of FIS for each population.

Table 2. Populations’ parameters of 6 microsatellite loci obtained for Spodoptera frugiperda in three different 
sample collections.

To access the Wahlund effect on HW departures, we assessed the genetic structure 
through three approaches.

The estimate of overall FST was 0.102 (95% confidence interval = 0.056-0.136), 
showing that 10% of the genetic variability was structured between the populations. To 
determine which samples contributed to the total genetic differentiation, we calculated the 
pairwise FST, which showed that populations M and U were the most similar (FST = 0.0696). 
The FST between populations G and U was 0.0844, and between G and M populations, its es-
timate was 0.1635, demonstrating a degree of genetic differentiation among geographically 
distant samples. The Bayesian method showed the same pattern of genetic structure. Figure 
2 shows that the best k to explain the data was 3. Most of the individuals were grouped at 
cluster k = 1 (red bars). Populations G and U were composed mostly of individuals from 
cluster 1. The individuals collected from the M population were divided onto two clusters 
(blue and green bars). Individuals from the two other clusters also composed the U popula-
tion. This sample site could be a convergent region, a hypothesis supported by the presence 
of candidate migrants correlated with individuals from the M sample (U20, U26, U27, U30, 
and U32; see Figure 1) and by the lower estimate of pairwise FST between the G/U and 
U/M population pairs. The NJ cluster showed the same genetic structure obtained using the 
Bayesian approach and revealed the kinship relationships between the candidate migrants 
found (Figure 3).
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DISCUSSION

The overall efficiency in isolating microsatellite loci from the S. frugiperda genome 

Figure 2. Individual assignment test obtained by the model-based method for population structure. The best 
number of k clusters that explain the genetic variability was three. Each color represents one of the k clusters. For 
each individual the posterior probability (Q) to be assigned into one of cluster defined was calculated. G, U and 
M represent the São Paulo sample, Minas Gerais/Goiás sample and Mato Grosso/Mato Grosso do Sul sample. 
Asterisks on individual bars represent putative migrants between clusters.

Figure 3. Neighbor-joining individual relationship based on Cavalli-Sforza chord distances DC. The colors represent 
the cluster obtained by Bayesian approach. This dendrogram shows the lack of consistency under the individual 
relationships at the base of the arrangement. The groups formatted correspond with the Bayesian individual 
assignment model-based method. With this approach it is possible to observe the kinship relationship with the 
candidate migrants founded (individual with asterisks on branch tips) and identify its site of origin.
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was low (5.38% sequence inserts obtained with a genome-enriched library protocol). This 
low efficiency was unrelated to problems in the protocol or the execution stage of library 
enrichment. Instead, it was related to difficulties inherent in Lepidoptera. Microsatellite 
isolation from Lepidoptera has been difficult, and the major characteristics of its genome, 
which cause difficulties in isolating microsatellite markers, are the low frequency of SSR 
loci and high redundancy of the regions flanking them, which lead to nonspecific amplifica-
tion of alleles (Nève and Meglècz, 2000). Despite the difficulties, many SSRs have recently 
been reported in moths (Scott et al., 2004; Dalecky et al., 2006; Kim et al., 2008; Abdoul-
laye et al., 2011).

In the present study, 6 polymorphic and informative SSR loci were successfully iso-
lated and tested in a population genetic framework. Microsatellite markers for S. frugiperda 
were first developed and characterized by Arias et al. (2011) using individuals from sample 
sites in the United States and Puerto Rico. Some SSR markers have been shown ineffective 
in populations that are genetically distant; therefore, efforts to develop microsatellite markers 
that work properly in populations collected in Brazil are justified.

The HW deviation observed at Spf01, Spf03, Spf06, and Spf09 was consistent owing 
to the presence of null alleles at the population level and the presence of genetic structure in 
the data. The presence of null alleles in microsatellite loci is the major cause of deviations in 
HW proportions because it confounds genotyping and leads to an accounting of more homo-
zygotes (Chakraborty et al., 1992). In addition, HW deviations are also determined by inbreed-
ing; the Wahlund effect arises from population subdivisions (Weir, 1996).

Clusters analyses are strongly affected by the presence of null alleles in estimates of 
genetic distances, although Cavalli-Sforza chord distances are less affected than Nei’s stan-
dard genetic distance (Chapuis and Estoup, 2007). To increase the power of the estimation of 
genetic differentiation, we conducted a Bayesian estimate of FST. This approach permits more 
accurate determinations of individual differentiation compared with that using traditional NJ 
clustering, which makes individual assignments when previous population structure informa-
tion is lacking and is a powerful means of estimating FST even with a small number of micro-
satellite loci (Pritchard et al., 2000).

We isolated 6 high polymorphic and informative SSR markers for S. frugiperda. These 
markers were tested in small populations. Even under these conditions, we found some degrees 
of genetic structure among populations and identified putative migrants exchanged among 
sample sites. The 6 microsatellites developed for S. frugiperda showed high polymorphism 
and degree of diversity in the populations analyzed. These characteristics are expected for 
informative microsatellite loci that can be used in further population genetic studies of this 
species.

These genetic studies will be important for obtaining information about basic ecology. 
Time-scale and host-range micro-evolutionary patterns of S. frugiperda in the context of agro-
ecosystems aid in the development of best pest management practices. The use of discrimina-
tory markers capable of identifying migrants permits quantification of the number of genes 
exchanged between populations. In the context of insect resistance, gene flow is the most 
potent evolutionary force for spreading resistant alleles throughout over the pest populations 
(Caprio et al., 1992). In addition, understanding the patterns of genetic structure and gene flow 
can provide guidance for designing superior management programs for S. frugiperda resistant 
to insecticides and genetically modified crops.
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