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RESUMO 

 

A Spodoptera frugiperda é um inseto praga que apresenta grande importância econômica para 

diversas culturas devido ao seu hábito polífago. Apesar de ser uma praga conhecida no 

continente americano, nos últimos anos ela foi introduzida em novos continentes e ganhou 

muita notoriedade pelo seu potencial de dano. No Brasil, populações resistentes a diversos 

inseticidas e proteínas Bt já foram reportadas, e o manejo desta praga é uma questão sempre 

atual. A espécie compreende duas raças que são morfologicamente idênticas, porém 

apresentam diferenças genéticas e ecológicas. Apesar de haver muitos estudos sobre essa 

espécie, ainda há dúvidas sobre a estruturação genética dessas populações na América do Sul. 

Devido à importância de se conhecer e monitorar a variabilidade genética de populações de 

insetos que são pragas agrícolas, o objetivo principal desse estudo foi esclarecer o nível de 

estruturação genética das populações dentro do Brasil e como essas populações se 

diferenciam das populações da Argentina. Primeiramente, utilizei sequências parciais do gene 

mitocondrial COI para caracterização da variabilidade genética, da estruturação de populações 

e da história demográfica. Além do COI, uma porção do éxon 4 do gene Tpi foi sequenciado 

para melhor identificação das raças a que pertenciam os indivíduos. Em seguida, através da 

metodologia de Genotyping-By-Sequencing (GBS), obtive milhares de marcadores SNPs do 

genoma nuclear para aumentar a resolução na caracterização da diversidade genética das 

populações. De forma geral, a análise de haplótipos com o COI não indicaram presença de 

clusters geográficos, enquanto o GBS indicou estruturação entre populações da Argentina e as 

do Brasil. Análises de FST par a par, tanto através do marcador mitocondrial quanto dos 

marcadores nucleares, indicaram estruturação genética entre as populações da Argentina. Os 

dois tipos de marcadores também evidenciaram fluxo gênico entre as populações do Brasil, e 

que estas estão estruturadas somente pela presença das duas raças. Este é o estudo mais 

abrangente no território nacional em termos de genética e genômica de populações de S. 

frugiperda, e as implicações dos resultados em termos práticos são discutidos.  

 

Palavras-chave: lagarta-do-cartucho, diversidade genética, genômica de populações, insetos-

pragas, mtDNA, COI, Tpi, SNP, GBS. 

 

 

  



 

 

 

ABSTRACT 

 

Spodoptera frugiperda is an insect pest that has great economic importance in several crops 

due to its polyphagous nature. Despite being a known pest in the American continent, in 

recent years it has been introduced into new continents and has gained much notoriety for its 

ability to cause damage. In Brazil, populations resistant to several insecticides and Bt proteins 

have been reported, and the management of this pest is an ever-present issue. The species 

comprises two strains that are morphologically identical, however feature genetic and 

ecological differences. Although there are many studies on this species, genetic structure of 

these populations is still unclear in South America. Due to the importance of knowing and 

monitoring the genetic variability of insect populations that are agricultural pests, the main 

objective of this study was to clarify the level of genetic structure of populations within Brazil 

and how these populations differ from populations in Argentina. First, I used partial 

sequences of the mitochondrial COI gene to characterize genetic variability, population 

structure and demographic history. In addition to the COI marker, a portion of exon 4 of the 

Tpi gene was sequenced to better identify the strains of each individual. Then, through the 

Genotyping-By-Sequencing (GBS) methodology, I obtained thousands of SNP markers from 

the nuclear genome to increase resolution in the characterization of the genetic diversity of 

populations. In general, the analysis of COI haplotypes did not indicate the presence of 

geographic clusters, while the GBS indicated structuring between populations from Argentina 

and Brazil. Pairwise FST analyses, generated either by the mitochondrial or the nuclear 

markers, indicated genetic structure among populations within Argentina. The two types of 

markers also indicated presence of gene flow among the Brazilian populations, which are 

structured only by the presence of the two strains. This is the most comprehensive study in the 

national territory in terms of genetics and genomics of S. frugiperda populations, and the 

implications of the results in practical terms are discussed. 

 

Keywords: fall armyworm, genetic diversity, population genomics, insect pests, mtDNA, 

COI, Tpi, SNP, GBS. 
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Introduction 

The term “Integrated Pest Management” (IPM) was first used in 1967 to describe the 

concurrent application of multiple control measures to reduce the damage caused by insects in 

agricultural systems. Fundamentally, an IPM strategy involves a holistic approach, being 

essential to have an in-depth understanding of how management practices will influence 

insect biology and other environmental interactions, which requires monitoring pest 

populations to apply the most effective control measures [1]. 

In this context, the Genomic Revolution enabled to understand an organism or a 

population at the genomic level. For this reason, modern IPM strategies also include 

understanding of the genetic diversity of populations and gene flow patterns [2]. 

Knowledge of how Spodoptera frugiperda populations are genetically structured can 

be used to understand risks of spread of resistance alleles [3]. Moreover, incorporating 

population genomics also allows us to understand the genetic components that lead to 

evolution and adaptation in different geographies. Although the use of molecular markers has 

proven efficient to characterize populations, there are relatively few genomic studies of 

Spodoptera frugiperda in Brazil [4,5]. 

In this study, we aimed to fill this knowledge gap by assessing FAW populations from 

Brazil and Argentina regarding their genetic diversity, population structure, demographic 

history, and loci putatively under selection. 

This thesis is organized in three chapters. Chapter 1 is a review of molecular markers 

developed for characterization of population genetics and genomics of FAW. Chapter 2 

shows the assessment of genetic diversity, population structure and demographic history of 

FAW populations using COI as molecular marker. Chapter 3 presents FAW population 

genomics using the GBS methodology. The thesis ends with future directions for FAW 

research on population genomics. 
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Objective 

Characterize genetic diversity and genomic of populations of Spodoptera frugiperda from 

Brazil and Argentina.  

   

Specific objectives: 

1. Characterize genetic diversity and infer demographic history through COI haplotypes; 

2. Understand genetic structure of populations: 

• among geographic locations,  

• between countries, 

• between strains; 

3. Identify loci putatively under selection. 
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Chapter 1 

Overview on Spodoptera frugiperda Population Genetics and Genomics 

 

Abstract 

The fall armyworm (FAW), Spodoptera frugiperda is one of the most important Lepidopteran 

pests in agriculture. The research with genetic and genomic diversity can greatly add value for 

the adequate management of the pest in infested crops, and therefore this area has received 

considerable attention. Thus, methods to characterize FAW diversity is bringing increasingly 

resolution to our understanding of FAW populations. Here we review the available genetic 

and genomic studies on FAW structure in the native range, in introduced regions and other 

applications of molecular studies for this species. Lastly, we explore the methods used for 

host strain identification, an important feature of FAW.  

Keywords: Fall armyworm, invasive pest, population structure, host strains, pest 

management 

 

1. Introduction 

1.1. Fall Armyworm: A Major Global Pest  

The fall armyworm (FAW), Spodoptera frugiperda J.E. Smith (Lepidoptera: 

Noctuidae), is a polyphagous and multivoltine migratory species with a recent history of 

invasion success. The native range of FAW comprehends the tropical regions of the American 

continent [1]. FAW was first described in 1797 in Georgia, USA, and sorghum was 

considered the preferred host plant [2]. The species started to call more attention after 

showing occasional outbreaks in US since 1856 [3]. In South America, FAW damage in 

maize was first reported in Colombia in 1914 [4]. The species arrived in West Africa in 2016 

and it is now present in over 130 nations worldwide, except for Europe where the pest is on 

the quarantine list and it is present only in the Canary Islands [5].  

The biology and ecology characteristics of FAW greatly favor aggressiveness and 

make it one of the most important pests to control in its range of occurrence. Some aspects of 

biology and ecology of FAW that made this species such a successful pest are discussed 

below and illustrated in Figure 1. 
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Figure 1. Biological and external factors affecting fall armyworm populations.  

 

1.1.1. High reproduction rate 

FAW adult females are relatively short lived but highly fecund, with average lifetime 

fecundity of over 2,300 eggs per female [6,7]. The life cycle is completed in 30 days under 

optimal conditions, and may extend up to 90 days at lower temperatures [8]. The number of 

generations over the year is principally dependent on temperature, and it is capable of 

producing 12 generations per year in laboratory conditions, and over eight generations in the 

field [9]. In field conditions, rapid generation turnover and multiple overlapping generations 

are facilitated by the current cropping system, which consists of consecutive crops throughout 

the year. This green bridges favors high populations of FAW and presence of all stages (egg, 

larvae, pupae and adults) [10].  

 

1.1.2. Dispersion and Migration 

Likewise other moths belonging to Noctuidae family, long-distance migration is 

greatly influenced by winds and occurs over multiple generations through nocturnal flights. 

Migration enables populations to travel from Southern Texas and Florida way up to Canada 

after one to three months, in a distance of nearly 2,500 km [11,12]. Laboratory studies have 
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shown that moths have the best flight performance in the second night, and can fly over 24h 

and up to 46h, although no more than 12h is expected per night [11,13]. FAW moths can 

travel over hundreds of kilometers per night under favorable synoptic weather conditions, 

such flight capability was documented when a distance of 1,600 km from US to Canada was 

covered in only 30h [6,11]. Long distance migration in other continents has not been 

described at the same extent as North America, mainly due to the challenging nature of 

studying migratory pathways of large populations of insects over large geographic areas [14]. 

The dispersion and migration characteristics of FAW moths can be generally 

described as: 

(i) Flight performance is influenced by temperature, relative humidity (RH) and 

wind patterns. The most suitable conditions for FAW flight are 20–25°C and 

60–90% RH [13]; 

(ii) Nocturnal moths fly during the night, starting their flight at dusk and resting at 

dawn the next day [15]. 

(iii) Nocturnal moths can disperse following seasonal orientation patterns [16] and 

can perform long distance migration according to wind velocity (speed and 

direction)  [17] 

(iv) Whereas temperature threshold for FAW development is 13.8ºC during egg, 

larval and pupal phases [18], low temperature threshold for moths flight is 

13.1ºC [19]. 

(v) Mark-release-recapture studies in Brazil indicated that males flew distances up 

to 800 m distance, which determined the distance of the refuge area adopted 

for Bt corn in Brazil [20]. 

 

1.1.3. Polyphagy and Damage in Maize 

A total of 353 hosts were reported for FAW larva, and most hosts belong to the 

Poaceae family [21]. Of all potential hosts cultivated in large scale, maize is the most affected 

crop and can suffer from FAW attack at virtually all growth stages and parts of the plants 

[22]. In Latin America, the species is commonly known as the “whorl caterpillar”, referring to 

larval habit to feed mostly on maize whorls, and “military caterpillar” because when food is 

less available, there is a mass larval movement towards new potential hosts. FAW has been 

documented to inflict significant maize damage in the Americas, with yield losses up to 34% 
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in Brazil and 72% Argentina [23,24]. In Africa, the estimated mean loss of maize in Ghana 

was 45% and in Zambia 40% [25]. Yield losses caused by FAW in other crop hosts were 

discussed elsewhere [26]. The high potential damage caused by FAW larvae in the maize crop 

is due to aggressive feeding habits. Despite of direct defoliation, larvae feeding can affect the 

growing point, destroying the growth potential of plants. Big larvae can also feed on newly 

emerged plantlets, reducing the plant stand considerably. Ears can also be attacked from the 

tip and through the husk, causing damage to the kernels [1]. Therefore FAW is a devastating 

agriculture pest for its ability to feed on different plant parts and have a wide range of 

potential hosts.  

 

1.1.4. Human aided dispersion 

 Invasive insects of agricultural importance may introduce novel alleles, thereby 

increasing the population genomic diversity [27]. Therefore phytosanitary measures are 

important for effective pest management, to minimize or avoid exchange of resistance and 

adaptive alleles. Since the pest can be transported in contaminated commodities, it is difficult 

to estimate how much trade activities are leading to dispersion of FAW. In Galapagos island, 

air transport modeling indicated that FAW presence was unlikely due to natural migrations 

from the mainland locations of Ecuador, suggesting that introgressions of FAW into 

Galapagos islands occurred via contaminated cargo [28]. Multiple introduction events also 

characterize the invasion of FAW into Africa, Asia and Oceania [27]. FAW populations thus 

have been affected by human-aided dispersion events.  

  

1.1.5. Resistant Populations 

Fall armyworm has the ability to rapidly evolve resistance to insecticides and 

transgenic plants in the native range, where management of this pest has relied substantially 

on the use of insecticides, since the 1970’s. The high adoption of Bt-crops also contributed to 

rapid selection of resistant populations against Bt proteins [8]. It was reported FAW resistance 

against 42 active ingredients, including resistance to pyrethroids, carbamates, 

organophosphates, spinosyns, and diamides, and the Bacillus thuringiensis insecticidal 

proteins Cry1F, Cry1Ab and Cry1A.105+Cry2Ab2 [8,29–31]. The intense insecticides 

exposure has been selecting resistant populations in the field, and this can be attributed to 
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FAW increased metabolism, target-site insensitivity, cuticular alteration and copy number 

variation of detoxification genes [32,33]. 

 

1.1.6. Natural enemies  

The FAW is attacked by a large number of natural enemies, which include parasitoids 

(Diptera and Hymenoptera), microorganisms (entomopathogenic fungi, bacteria, viruses and 

nematodes), and predators (Coleoptera, Dermaptera, Hemiptera, Hymenoptera) [31,34]. Egg 

parasitoids are the most common natural enemies employed in augmentative biological 

control in the native area for their easier to rear in large scale [31]. In Argentina, larval 

parasitism ranged from 6.6% to 21.9% [35], and in Ethiopia from 39.5% to 49.9% [36]. In 

Mexico, 18.2% of the surveyed larva were attacked by natural enemies, including both 

parasitoids and entomopathogens [37].  

Variation in parasitism rates across regions occur due to natural and cultural practices 

affecting the natural enemies populations [38]. Insecticides spraying can have side effects on 

natural enemies, such as lethal and sublethal effects, therefore it is important to have 

assessments of non-target effect of pesticides to protect beneficial insects [8,34]. The 

vegetation surrounding the fields also affect populations of natural enemies for being a natural 

reservoir and refuge area for many species, therefore lack of diverse hosts can negatively 

affect the diversity of natural enemies [35]. Even though FAW larva populations are usually 

not controlled by the natural enemies alone, it is important to preserve the natural enemies in 

the system. Besides, biological control projects can be implemented for higher parasitism 

rates, and the success depends on appropriate environmental conditions and cultural practices 

[38]. 

 

1.2. Strains of Fall Armyworm 

The species Spodoptera frugiperda comprises two recognized strains named after their 

host of preference: the ‘rice strain’ (SfR) and the ‘corn strain’ (SfC) [39,40]. Analyses of 

molecular dating suggest that the two strains may have diverged more than 2 million years 

ago [41]. The origin of the species is not clear and it is not possible to infer geography 

divergence of stains due to lack of isolated, pure populations [42]. The SfC and SfR strains 

occur in sympatry in most places worldwide and cannot be distinguished morphologically. 

However, there is some level of reproductive isolation including pre and pos zygotic barriers 
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in interstrain mating, including different female pheromone compositions [43–45], and 

temporal partitioning of mating activities throughout the night [46,47]. Besides, strains feature 

physiological differences, such as increased tolerance to insecticides and Bt plants in SfC 

strain compared to SfR strain [48].  

 

2. Relevance of Genomic Research for Fall Armyworm 

Population genetic studies can provide insights about ecological and evolutionary 

aspects of an insect pest life history, such as past movement and colonization history [49], 

presence of divergent lineages, biotypes and strains [14,50,51], species hybridization [52], 

genes related to host-plant adaptation [53], and invasive dynamics of insect pests [12,54–56]. 

Molecular markers are therefore an indispensable tool for assessing the geographic structure 

of populations and inferring patterns of gene flow [57]. More examples of genomic 

approaches developed for insect studies are explored in other studies [58].  

 

2.1.Genetic structure patterns 

Identifying population structure and patterns of gene flow featured by insect pest 

populations is critical for understanding outbreak patterns and for predicting the spread of 

resistance alleles [57,59]. Gene flow is a result of effective dispersal, and it can be indirectly 

estimated with molecular markers using population genetic models to compare genotype 

frequencies [60,61]. Gene flow can be affected by both geographic distances and 

environmental factors [62]. In the case of insects, the dispersion can be greatly biased by 

human-aided movements, when specimens are passively transported by contaminated cargo 

[28,49]. 

FAW population genetic structure is underlined by the existence of two strains 

engaged in a speciation process, which makes this an interesting organism for speciation 

studies [42,45,53,63]. SfR is likely the ancestral strain [64–66]. There are two drivers that 

explain the divergence of strains: allochrony and host-plant specialization. On the one side, 

FAW is referred as “timing strains” or “allochronic strains” rather than “host strains”, because 

moths of each strain feature differential timing of reproduction, therefore genetic isolation 

between strains is maintained by a reproductive barrier [47,63,66,67]. On the other side, the 

FAW strains are also referred as “host strains”. In this hypothesis, ancestral strains with 

differential host usage experienced divergent selection on specific genome regions leading to 
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reduced gene flow, and thus host-plant adaptation was one the main drivers of  the incipient 

speciation in the FAW [53,65,68]. Nevertheless, the factors underlying the strains divergence 

should gain clarification with improved analysis power and development of new 

methodologies.  

Regarding genetic structure patterns, geographic structure in USA was characterized 

using polymorphisms in the mitochondrial COI gene, subdividing corn individuals into four 

haplotype categories: CSh1, CSh2, CSh3, and CSh4 [69]. Populations from Texas and Florida 

separated by the Gulf of Mexico differed in the proportions of CSh2 and CSh4 haplotypes, 

with an overlapping area where mixed haplotypes can be found [69]. Individuals of the SfC 

from Puerto Rico e from the Caribbean resembled the Florida (FL) haplotype, while 

populations from South America and Mexico belonged to the Texas (TX) haplotype [28,70]. 

By relying on COI haplotypes, thus, migratory pathways in the Americas were simplified as 

two routes with an intermixing zone in USA. 

Specifically to Brazil, existing population studies on FAW focused on geographic 

differentiation and relationship with host plants using the molecular markers RAPD, AFLP, 

the mitochondrial gene COI, AFLP, microsatellites and SNPs [71–76]. However, most of 

these studies have focused on differentiating races associated with host plant preference (corn, 

rice or cotton), and many studies had sampling issues [77]. 

Previous research with ALFP markers suggested that the populations of Bahia were 

more resident than the rest of the locations sampled in Brazil [71]. Moreover, AFLP markers 

did not reveal genetic structure in Brazilian populations in comparison to the USA, Panama 

and Puerto Rico, but identified that there were subpopulations in Argentina with significant 

isolation by distance and genetic structure [77]. However, it is not possible to confirm 

whether this variation within Argentina was in fact due to population genetic structure or to 

the occurrence of the two host strains since the study lacked stains identification. 

Based on analyzes of SNPs markers obtained by the ddRAD method, Brazilian 

populations collected from maize plants were characterized as genetically similar to each 

other, and therefore these populations are not genetically structured. Some individuals 

collected in the rice crop were grouped with individuals collected from corn, raising the 

hypothesis that these individuals were hybrids, but the study lacked Tpi sequencing, which 

would confirm the presence of hybridization. An interesting fact of this study was that part of 

the population of Castro, in Paraná State, collected from corn was genetically differentiated 
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from the other populations (FST > 0.11205), even in comparison with Cascavel population, in 

the same state, whose distance between the collection points was less than 400 km, which 

could be explained by adaptive selection acting in the genetic differentiation [76]. 

Nuclear markers obtained with nine microsatellite loci, in turn, failed to distinguish 

populations from Brazil and Paraguay as SfC and SfR, leading to the conclusion that the host 

strains were having enough interbreeding to the point of no differentiation in the nuclear 

genome [75]. The microsatellites markers likely did not cover important regions of the FAW 

genome that were related to strains differentiation, and studies with SNPs markers indicated 

that divergent loci between host strains were mainly located in the nuclear chromosomes Z, 

12, 16, and 24 [47].  

 

2.2.FAW as an Introduced Pest 

Another application of genomics for FAW research is the characterization of invasive 

populations. FAW was first reported in Africa in 2016 and it was probably introduced as 

stowaways on commercial aircraft, before subsequent widespread dispersal [78]. 

Comparisons in polymorphisms in the gene COI indicated that the first introduction to Africa 

was probably from populations from Florida and Caribbean [25,79,80]. Moreover, it was 

found that SfR is rare or absent in Africa, although most invasive populations feature the 

discordant genotype between COI and Tpi markers: COI-RS and TpiC, suggesting that 

invasive FAW could be a interstrain hybrid [81]. To confirm strain identity, a more recent 

study with genome-wide SNPs showed that invasive populations belong to the SfC strain 

[56].  

Low mitochondrial haplotypic diversity in invasive populations indicates that a 

relatively small number of founders stablished the population in Africa that colonized the 

invasive range [82], however, studies with both nuclear SNPs and mitochondrial regions 

evidenced multiple incursions of FAW from different origin sources, indicating that human-

assisted activities resulted in the current pest distribution  [12,27,56,82].  

As an innovation from FAW being invasive to new continents, molecular 

identification methods were developed for accurate species identification, such as the loop-

mediated isothermal amplification (LAMP) [83–85]. New FAW introductions from 

genetically different populations can certainly change the genetic composition of the invasive 

populations and greatly impact pest management. As a recent historic of invasions, much is 
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yet to be revealed and learnt from the FAW population genomics and dynamics in the non-

endemic continents. It is noteworthy to mention that knowledge regarding invasive 

populations is subject to sampling bias and methodology issues, and more research should 

confirm or clarify our current understanding of this pest in the invasive range.  

 

2.3.Other applications of genomics in FAW research 

Besides studies related to speciation and invasive process, the species is widely 

studied regarding genetic aspects of resistance to chemical pesticides [33,86–89] and Bt crops 

[90–94]. Moreover, FAW pupal ovarian tissue was used to isolate the famous Sf21 cell line 

and its Sf9 clone [95], very popular for insect cell culture and studies with baculovirus 

(reviewed in [96]). To put it succinctly, FAW is becoming a model organism in genomic 

research [97]. Taking all these facts into consideration, several institutions have sequenced the 

genome and mitogenome of the fall armyworm (Table 1). The haploid genome comprises 31 

chromosomes, with expected size of 396 ± 3 Mb, and GC around 36% [98,99]. Females are 

heterogametic (ZW system), whereas males are the homogametic sex and has two Z 

chromosomes. The mitogenome has around 15,365 bp and includes 13 protein-coding genes 

(PCGs), two rRNA genes, 22 tRNA genes and a AT-rich region [100]. 

 

2.4.DNA Markers Used for Host Strain Identification 

Rice and corn strains of FAW are morphologically indistinguishable and can only be 

identified by molecular techniques. The host strains were first characterized by 

electrophoretic allozymes profiles using starch gels [14,40,101], and since then a number of 

molecular markers to diagnose host strains were described, such as RFLP - Restriction 

Fragment Length Polymorphisms [102] and AFLP – Amplified Fragment Length 

Polymorphisms [103]. Tandemly repeated DNA sequences called FR (Fall armyworm Rice 

Strain) enable detection of the SfR strain through observation of large PCR products, present 

in females 120-fold more than in males [104]. Individuals from SfC strain can also have the 

FR sequences, however at low copy number and not in large tandem arrays [105]. Less used 

method of PCR-RFLP targeting the ND1, a mitochondrial gene coding for NADH 

dehydrogenase 1 protein, has also been employed for strains diagnosis [42] and 

characterization of population from corn in cotton [106]. These markers were directly 

visualized as discrete bands revealed by agarose or polyacrylamide gel electrophoresis. 
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Nevertheless, their use in both population genetic research and strain diagnose were replaced 

by the advent of affordable and efficient DNA sequencing methodologies.  

 

Table 1. Fall armyworm genome assemblies 

Description Accession Number / Bioproject Reference 

Draft genome of Sf21 cell line PRJNA257248 (NCBI) [107] 

Genome for male SfC and for male SfR strain PRJEB13110 (NCBI) [99] 

Draft genome of Sf9 cell line, derived from 

pupal ovarian tissue 
PRJNA380964 (NCBI) [108] 

Genome of Sf-RVN cell line PRJNA344686 (NCBI) [109] 

Genome with 31 chromosomes of a single male 

adult originally from Zambia 
PRJNA591441 (NCBI) [110] 

Genome of SfR strain male pupae  PRJNA663441 (NCBI) [111] 

Genome with 31 chromosomes of a SfC male 

pupa 
PRJNA662887 (NCBI) [33] 

Chromosome-level genome of field adults from 

China: one male and one female 
CNP0000513 (CNSA) [98] 

Genome of a single female pupa with 31 

chromosomes and a portion of W chromosome 
PRJNA590312 (NCBI) [112] 

Draft genome of maize associated FAW from 

Kenya 
PRJNA863575 (NCBI) Unpublished 

Chromosome-level genome of larvae PRJNA809428 (NCBI) Unpublished 

 

There are currently two genes whose sequences are more often used, either alone or 

combined: COI and Tpi [113,114]. COI is a mitochondrial gene coding for cytochrome 

oxidase subunit I protein and it is maternally inherited. A PCR-RFLP method based on the 

restriction enzyme MspI was first developed to identify FAW strains [115]. Sequencing of the 

COI fragment enables further population genetic studies based on haplotype groups classified 

according to the presence of two polymorphic sites [116]. Although COI sequence is 

employed as a global barcode for DNA-based identification system in animal species [117], 

its utility for strain diagnose is partially compromised due to maternal inheritance, and 

because strains can intermate and produce fertile hybrids, individuals resulted from interstrain 

crossing are classified based on their maternal strain. Nevertheless, COI continues to be used 

due to simplicity, the PCR-RFLP methodology enables fast strain identification without the 

need of sequencing and the informative mitochondrial sequences can be employed in 

population genetic and phylogeny studies.  
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 The triosephosphate isomerase (Tpi) gene is located in the sex chromosome Z and it is 

a useful marker for identifying Noctuidae subpopulations in the initial stages of speciation 

[118]. One single polymorphism at site 183 (gTpi183) in the exon 4 can reliably discriminate 

FAW strains [113]. Because females possess only one chromosome Z, interstrain hybrids can 

be determined only in male individuals, which inherit one Z chromosome from each parent 

[119]. Additionally, intron sequences from the Tpi gene are highly variable and are also 

employed to understand levels of genetic variation in FAW populations [120].  

More recently, four SNPs showed to be reliable to differentiate between strains and 

interstrain hybrids using real-time PCR based TaqMan assays, including three SNPs in the Z-

chromosome and one SNP in the chromosome 16. The autosomal SNP can be useful in 

detecting interstrain hybridization in both males and females, which is not possible with Z-

linked Tpi and maternally inherited COI [121].  

 

3. Conclusions 

Effective integrated pest management programs for FAW can be greatly favored by 

information regarding genetic and genomic features of FAW populations in its current 

geographic distribution area, native or invasive. Many insights on genetic variability, 

population structure, and even migration patterns have been obtained through the use of 

molecular markers, but, except for the North America continent, migration patterns in other 

geographies are not clear. There are many indicatives that populations may be structured, and 

these hypotheses should be further explored. Therefore, the use of genomic approaches has 

been of foremost importance to advance in our understanding of FAW biodiversity. 

 

4. References 

1.  Capinera JL. Fall Armyworm, Spodoptera frugiperda (JE Smith)(Insecta: Lepidoptera: 

Noctuidae): EENY098/IN255, rev. 7/2000. EDIS. 2002;2002.  

2.  Luginbill P. The fall army worm. 1928; 92 p. : ill.; 23 cm.-USDA. Available: 

https://handle.nal.usda.gov/10113/CAT90913266 

3.  Hinds WE, Dew JA. The grass worm or fall army worm. 1915.  

4.  Vélez-Arango AM, Arango I RE, Villanueva M D, Aguilera G E, Saldamando B CI. 

Identificación de biotipos de Spodoptera frugiperda (Lepidoptera: Noctuidae) mediante 

marcadores mitocondriales y nucleares. Revista Colombiana de Entomología. 2008. pp. 

145–150.  

5.  Gilioli G, Sperandio G, Simonetto A, Ciampitti M, Gervasio P. Assessing the risk of 

establishment and transient populations of Spodoptera frugiperda in Europe. J Pest Sci 



25 

 

 

 

(2004). 2022. doi:10.1007/s10340-022-01517-0 

6.  Johnson SJ. Migration and the life history strategy of the fall armyworm, Spodoptera 

frugiperda in the western hemisphere. Int J Trop Insect Sci. 2011/09/19. 1987;8: 543–

549. doi:DOI: 10.1017/S1742758400022591 

7.  Montezano DG, Specht A, Soja E, Sosa-Gomez DR, Roque-Specht VF, Malaquias J V, 

et al. Biotic potential and reproductive parameters of Spodoptera frugiperda (JE Smith, 

1797)(Lepidoptera: Noctuidae). 2019.  

8.  Kenis M, Benelli G, Biondi A, Calatayud P-A, Day R, Desneux N, et al. Invasiveness, 

biology, ecology, and management of the fall armyworm, Spodoptera frugiperda. 

Entomol Gen. 2023;43: 187–241. doi:10.1127/entomologia/2022/1659 

9.  Busato GR, Grützmacher AD, Garcia MS, Giolo FP, Zotti MJ, Bandeira J de M. 

Thermal requirements and estimate of the number of generations of biotypes "corn" 

and "rice" of Spodoptera frugiperda. Pesqui Agropecuária Bras. 2005;40: 329–335.  

10.  Fatoretto JC, Michel AP, Silva Filho MC, Silva N. Adaptive Potential of Fall 

Armyworm (Lepidoptera: Noctuidae) Limits Bt Trait Durability in Brazil. J Integr Pest 

Manag. 2017;8: 17. doi:10.1093/jipm/pmx011 

11.  Westbrook J, Nagoshi RN, Meagher RL, Fleischer SJ, Jairam S. Modeling seasonal 

migration of fall armyworm moths. Int J Biometeorol. 2016;60: 255–267. 

doi:10.1007/s00484-015-1022-x 

12.  Nagoshi RN, Goergen G, Koffi D, Agboka K, Adjevi AKM, Du Plessis H, et al. 

Genetic studies of fall armyworm indicate a new introduction into Africa and identify 

limits to its migratory behavior. Sci Rep. 2022;12: 1941. doi:10.1038/s41598-022-

05781-z 

13.  Ge S, He L, He W, Yan R, Wyckhuys KAG, Wu K. Laboratory-based flight 

performance of the fall armyworm, Spodoptera frugiperda. J Integr Agric. 2021;20: 

707–714. doi:https://doi.org/10.1016/S2095-3119(20)63166-5 

14.  Pashley DP, Johnson SJ, Sparks AN. Genetic Population Structure of Migratory Moths: 

the Fall Armyworm (Lepidoptera: Noctuidae). Ann Entomol Soc Am. 1985;78: 756–

762. doi:10.1093/aesa/78.6.756 

15.  Wang F-Y, Yang F, Lu M-H, Luo S-Y, Zhai B-P, Lim K-S, et al. Determining the 

migration duration of rice leaf folder (Cnaphalocrocis medinalis (Guenée)) moths 

using a trajectory analytical approach. Sci Rep. 2017;7: 39853. doi:10.1038/srep39853 

16.  Tessnow AE, Nagoshi RN, Meagher RL, Fleischer SJ. Revisiting fall armyworm 

population movement in the United States and Canada. Frontiers in Insect Science. 

2023. Available: https://www.frontiersin.org/articles/10.3389/finsc.2023.1104793 

17.  Westbrook J, Fleischer S, Jairam S, Meagher R, Nagoshi R. Multigenerational 

migration of fall armyworm, a pest insect. Ecosphere. 2019;10: e02919. 

doi:https://doi.org/10.1002/ecs2.2919 

18.  Hogg DB, Pitre HN, Anderson RE. Assessment of Early-Season Phenology of the Fall 

Armyworm (Lepidoptera: Noctuidae) in Mississippi 1. Environ Entomol. 1982;11: 

705–710. doi:10.1093/ee/11.3.705 

19.  Chen H, Xie M, Lin L, Zhong Y, Zhang F, Su W. Transcriptome Analysis of 

Detoxification-Related Genes in Spodoptera frugiperda (Lepidoptera: Noctuidae). J 

Insect Sci. 2022;22: 11. doi:10.1093/jisesa/ieab108 

20.  Vilarinho EC, Fernandes OA, Hunt TE, Caixeta DF. Movement of “Spodoptera 

frugiperda” adults (Lepidoptera: Noctuidae) in Maize in Brazil. Florida Entomol. 2011; 

480–488.  

21.  Montezano DG, Specht A, Sosa-Gómez DR, Roque-Specht VF, Sousa-Silva JC, Paula-

Moraes S V, et al. Host Plants of Spodoptera frugiperda (Lepidoptera: Noctuidae) in 

the Americas. African Entomol. 2018;26: 286–300. doi:10.4001/003.026.0286 



26 

 

 

 

22.  Singh GM, Xu J, Schaefer D, Day R, Wang Z, Zhang F. Maize diversity for fall 

armyworm resistance in a warming world. Crop Sci. 2022;62: 1–19. 

doi:https://doi.org/10.1002/csc2.20649 

23.  Cruz I. A lagarta-do-cartucho na cultura do milho. Embrapa Milho e Sorgo-Circular 

Técnica. 1995.  

24.  Murúa G, Molina-Ochoa J, Coviella C. Population dynamics of the fall armyworm, 

Spodoptera frugiperda (Lepidoptera: Noctuidae) and its parasitoids in Northwestern 

Argentina. Florida Entomol. 2006;89: 175–182. doi:10.1653/0015-

4040(2006)89[175:PDOTFA]2.0.CO;2 

25.  Day R, Abrahams P, Bateman M, Beale T, Clottey V, Cock M, et al. Fall armyworm: 

impacts and implications for Africa. Outlooks Pest Manag. 2017;28: 196–201.  

26.  Overton K, Maino JL, Day R, Umina PA, Bett B, Carnovale D, et al. Global crop 

impacts, yield losses and action thresholds for fall armyworm (Spodoptera frugiperda): 

A review. Crop Prot. 2021;145: 105641. 

doi:https://doi.org/10.1016/j.cropro.2021.105641 

27.  Rane R, Walsh TK, Lenancker P, Gock A, Dao TH, Nguyen VL, et al. Complex 

multiple introductions drive fall armyworm invasions into Asia and Australia. Sci Rep. 

2023;13: 660. doi:10.1038/s41598-023-27501-x 

28.  Nagoshi RN, Vizuete JLA, Murúa MG, Garcés-Carrera S. Comparisons of fall 

armyworm haplotypes between the Galápagos Islands and mainland Ecuador indicate 

limited migration to and between islands. Sci Rep. 2021;11: 3457. doi:10.1038/s41598-

021-83111-5 

29.  Gutiérrez-Moreno R, Mota-Sanchez D, Blanco CA, Whalon ME, Terán-Santofimio H, 

Rodriguez-Maciel JC, et al. Field-Evolved Resistance of the Fall Armyworm 

(Lepidoptera: Noctuidae) to Synthetic Insecticides in Puerto Rico and Mexico. J Econ 

Entomol. 2019;112: 792–802. doi:10.1093/jee/toy372 

30.  Amaral FSA, Guidolin AS, Salmeron E, Kanno RH, Padovez FEO, Fatoretto JC, et al. 

Geographical distribution of Vip3Aa20 resistance allele frequencies in Spodoptera 

frugiperda (Lepidoptera: Noctuidae) populations in Brazil. Pest Manag Sci. 2020;76: 

169–178. doi:https://doi.org/10.1002/ps.5490 

31.  Tay WT, Meagher RL, Czepak C, Groot AT. Spodoptera frugiperda: Ecology, 

Evolution, and Management Options of an Invasive Species. Annu Rev Entomol. 

2023;68: 299–317. doi:10.1146/annurev-ento-120220-102548 

32.  Guo Z, Jin R, Guo Z, Cai T, Zhang Y, Gao J, et al. Insecticide Susceptibility and 

Mechanism of Spodoptera frugiperda on Different Host Plants. J Agric Food Chem. 

2022;70: 11367–11376. doi:10.1021/acs.jafc.2c04189 

33.  Gimenez S, Abdelgaffar H, Goff G Le, Hilliou F, Blanco CA, Hänniger S, et al. 

Adaptation by copy number variation increases insecticide resistance in the fall 

armyworm. Commun Biol. 2020;3: 664. doi:10.1038/s42003-020-01382-6 

34.  Abang AF, Nanga SN, Fotso Kuate A, Kouebou C, Suh C, Masso C, et al. Natural 

Enemies of Fall Armyworm Spodoptera frugiperda (Lepidoptera: Noctuidae) in 

Different Agro-Ecologies. Insects. 2021. doi:10.3390/insects12060509 

35.  Murúa MG, Molina-Ochoa J, Fidalgo P. Natural distribution of parasitoids of larvae of 

the fall armyworm, Spodoptera frugiperda, in Argentina. J Insect Sci. 2009;9: 20. 

doi:10.1673/031.009.2001 

36.  Sisay B, Simiyu J, Malusi P, Likhayo P, Mendesil E, Elibariki N, et al. First report of 

the fall armyworm, Spodoptera frugiperda (Lepidoptera: Noctuidae), natural enemies 

from Africa. J Appl Entomol. 2018;142: 800–804. 

doi:https://doi.org/10.1111/jen.12534 

37.  Ordóñez-García M, Rios-Velasco C, Berlanga-Reyes DI, Acosta-Muñiz CH, Salas-



27 

 

 

 

Marina MÁ, Cambero-Campos OJ. Occurrence of natural enemies of Spodoptera 

frugiperda (Lepidoptera: Noctuidae) in Chihuahua, Mexico. Florida Entomol. 2015;98: 

843–847. Available: http://www.jstor.org/stable/24587732 

38.  Koffi D, Kyerematen R, Eziah VY, Agboka K, Adom M, Goergen G, et al. Natural 

Enemies of the Fall Armyworm, Spodoptera frugiperda (J.E. Smith) (Lepidoptera: 

Noctuidae) in Ghana. Florida Entomol. 2020;103: 85–90. doi:10.1653/024.103.0414 

39.  Lu Y, Adang M. Distinguishing fall armyworm (Lepidoptera: Noctuidae) strains using 

a diagnostic mitochondrial DNA marker. Florida Entomol. 1996;79: 48–55.  

40.  Pashley DP. Host-associated Genetic Differentiation in Fall Armyworm (Lepidoptera: 

Noctuidae): A Sibling Species Complex? Ann Entomol Soc Am. 1986;79: 898–904. 

doi:10.1093/aesa/79.6.898 

41.  Kergoat GJ, Prowell DP, Le Ru BP, Mitchell A, Dumas P, Clamens AL, et al. 

Disentangling dispersal, vicariance and adaptive radiation patterns: A case study using 

armyworms in the pest genus Spodoptera (Lepidoptera: Noctuidae). Mol Phylogenet 

Evol. 2012;65: 855–870. doi:10.1016/j.ympev.2012.08.006 

42.  Prowell DP, McMichael M, Silvain JF. Multilocus genetic analysis of host use, 

introgression, and speciation in host strains of fall armyworm (Lepidoptera: 

Noctuidae). Ann Entomol Soc Am. 2004;97: 1034–1044. doi:10.1603/0013-

8746(2004)097[1034:MGAOHU]2.0.CO;2 

43.  Groot AT, Marr M, Schöfl G, Lorenz S, Svatos A, Heckel DG. Host strain specific sex 

pheromone variation in Spodoptera frugiperda. Front Zool. 2008;5: 1–13. 

doi:10.1186/1742-9994-5-20 

44.  Lima ER, McNeil JN. Female sex pheromones in the host races and hybrids of the fall 

armyworm, Spodoptera frugiperda (Lepidoptera: Noctuidae). Chemoecology. 2009;19: 

29–36. doi:10.1007/s00049-009-0005-y 

45.  Dumas P, Legeai F, Lemaitre C, Scaon E, Orsucci M, Labadie K, et al. Spodoptera 

frugiperda (Lepidoptera: Noctuidae) host-plant variants: two host strains or two 

distinct species? Genetica. 2015;143: 305–316. doi:10.1007/s10709-015-9829-2 

46.  Pashley DP, Hammond AM, Hardy TN. Reproductive Isolating Mechanisms in Fall 

Armyworm Host Strains (Lepidoptera: Noctuidae). Ann Entomol Soc Am. 1992;85: 

400–405. doi:10.1093/aesa/85.4.400 

47.  Tessnow AE, Raszick TJ, Porter P, Sword GA. Patterns of genomic and allochronic 

strain divergence in the fall armyworm, Spodoptera frugiperda (J.E. Smith). Ecol Evol. 

2022;12: e8706. doi:https://doi.org/10.1002/ece3.8706 

48.  Adamczyk JJ, Holloway JW, Leonard BR, Graves JB. Susceptibility of fall armyworm 

collected from different plant hosts to selected insecticides and transgenic Bt cotton. J 

Cotton Sci. 1997;1: 21–28.  

49.  Francischini FJB, Cordeiro EMG, de Campos JB, Alves-Pereira A, Viana JPG, Wu X, 

et al. Diatraea saccharalis history of colonization in the Americas. The case for 

human-mediated dispersal. PLoS One. 2019;14: e0220031. Available: 

https://doi.org/10.1371/journal.pone.0220031 

50.  Zucchi MI, Cordeiro EMG, Wu X, Lamana LM, Brown PJ, Manjunatha S, et al. 

Population genomics of the neotropical brown stink bug, Euschistus heros: The most 

important emerging insect pest to soybean in Brazil. Front Genet. 2019;10: 1035. 

doi:10.3389/fgene.2019.01035 

51.  Dinsdale A, Cook L, Riginos C, Buckley YM, Barro P De. Refined Global Analysis of 

Bemisia tabaci (Hemiptera: Sternorrhyncha: Aleyrodoidea: Aleyrodidae) 

Mitochondrial Cytochrome Oxidase 1 to Identify Species Level Genetic Boundaries. 

Ann Entomol Soc Am. 2010;103: 196–208. doi:10.1603/AN09061 

52.  Cordeiro EMG, Pantoja-Gomez LM, de Paiva JB, Nascimento ARB, Omoto C, Michel 



28 

 

 

 

AP, et al. Hybridization and introgression between Helicoverpa armigera and H. zea: 

an adaptational bridge. BMC Evol Biol. 2020;20: 61. doi:10.1186/s12862-020-01621-8 

53.  Fiteni E, Durand K, Gimenez S, Meagher RL, Legeai F, Kergoat GJ, et al. Host-plant 

adaptation as a driver of incipient speciation in the fall armyworm (Spodoptera 

frugiperda). BMC Ecol Evol. 2022;22: 133. doi:10.1186/s12862-022-02090-x 

54.  Jones CM, Parry H, Tay WT, Reynolds DR, Chapman JW. Movement Ecology of Pest 

Helicoverpa: Implications for Ongoing Spread. Annu Rev Entomol. 2019;64: 277–295. 

doi:10.1146/annurev-ento-011118-111959 

55.  Tay WT, Gordon KHJ. Going global – genomic insights into insect invasions. Curr 

Opin Insect Sci. 2019;31: 123–130. doi:https://doi.org/10.1016/j.cois.2018.12.002 

56.  Yainna S, Tay WT, Durand K, Fiteni E, Hilliou F, Legeai F, et al. The evolutionary 

process of invasion in the fall armyworm (Spodoptera frugiperda). Sci Rep. 2022;12: 

21063. doi:10.1038/s41598-022-25529-z 

57.  Perry KD, Keller MA, Baxter SW. Genome-wide analysis of diamondback moth, 

Plutella xylostella L., from Brassica crops and wild host plants reveals no genetic 

structure in Australia. Sci Rep. 2020;10: 12047. doi:10.1038/s41598-020-68140-w 

58.  Raman C, Goldsmith MR, Agunbiade TA. Short Views on Insect Genomics and 

Proteomics. Springer; 2015.  

59.  Anderson CJ, Tay WT, McGaughran A, Gordon K, Walsh TK. Population structure 

and gene flow in the global pest, Helicoverpa armigera. Mol Ecol. 2016;25: 5296–

5311. doi:10.1111/mec.13841 

60.  Broquet T, Petit EJ. Molecular Estimation of Dispersal for Ecology and Population 

Genetics. Annu Rev Ecol Evol Syst. 2009;40: 193–216. 

doi:10.1146/annurev.ecolsys.110308.120324 

61.  Slatkin M. Quantitative Genetics of Heterochrony. Evolution (N Y). 1987;41: 799–811. 

doi:10.1111/j.1558-5646.1987.tb05854.x 

62.  Wang IJ, Bradburd GS. Isolation by environment. Mol Ecol. 2014;23: 5649–5662. 

doi:https://doi.org/10.1111/mec.12938 

63.  Groot AT, Marr M, Heckel DG, SchÖfl G. The roles and interactions of reproductive 

isolation mechanisms in fall armyworm (Lepidoptera: Noctuidae) host strains. Ecol 

Entomol. 2010;35: 105–118.  

64.  Juaréz ML, Murúa GM, García MG, Ontivero M, Vera MT, Vilardi JC, et al. Host 

Association of Spodoptera frugiperda (Lepidoptera: Noctuidae) Corn and Rice Strains 

in Argentina, Brazil, and Paraguay. J Econ Entomol. 2012;105: 573–582. 

doi:10.1603/EC11184 

65.  Nagoshi RN. Observations of genetic differentiation between the fall armyworm host 

strains. PLoS One. 2022;17: e0277510. Available: 

https://doi.org/10.1371/journal.pone.0277510 

66.  Groot AT, Unbehend M, Hänniger S, Juárez ML, Kost S, Heckel DG. Pheromone 

Communication in Moths. In: Allison JD, Carde RT, editors. Evolution, Behavior, and 

Application. University of California Press; 2016. pp. 291–300. 

doi:doi:10.1525/9780520964433-021 

67.  Schöfl G, Heckel DG, Groot AT. Time-shifted reproductive behaviours among fall 

armyworm (Noctuidae: Spodoptera frugiperda) host strains: Evidence for differing 

modes of inheritance. J Evol Biol. 2009;22: 1447–1459. doi:10.1111/j.1420-

9101.2009.01759.x 

68.  Durand K, Yainna S, Nam K. Incipient speciation between host-plant strains in the fall 

armyworm. BMC Ecol Evol. 2022;22: 52. doi:10.1186/s12862-022-02008-7 

69.  Nagoshi RN, Meagher RL, Flanders K, Gore J, Jackson R, Lopez J, et al. Using 

Haplotypes to Monitor the Migration of Fall Armyworm (Lepidoptera: Noctuidae) 



29 

 

 

 

Corn-Strain Populations from Texas and Florida. J Econ Entomol. 2008;101: 742–749. 

doi:10.1603/0022-0493(2008)101[742:UHTMTM]2.0.CO;2 

70.  Nagoshi RN, Cañarte E, Navarrete B, Pico J, Bravo C, Arias de López M, et al. The 

genetic characterization of fall armyworm populations in Ecuador and its implications 

to migration and pest management in the northern regions of South America. PLoS 

One. 2020;15: e0236759. Available: https://doi.org/10.1371/journal.pone.0236759 

71.  Martinelli S, Barata RM, Zucchi MI, De Castro Silva-Filho M, Omoto C. Molecular 

variability of Spodoptera frugiperda (Lepidoptera: Noctuidae) populations associated 

to maize and cotton crops in Brazil. J Econ Entomol. 2006;99: 519–526. 

doi:10.1093/jee/99.2.519 

72.  Martinelli S, Clark PL, Zucchi MI, Silva-Filho MC, Foster JE, Omoto C. Genetic 

structure and molecular variability of Spodoptera frugiperda (Lepidoptera: Noctuidae) 

collected in maize and cotton fields in Brazil. Bull Entomol Res. 2007;97: 225–231. 

doi:10.1017/S0007485307004944 

73.  Nagoshi RN, Silvie P, Meagher RL, Lopez J, Machado V. Identification and 

comparison of fall armyworm (Lepidoptera: Noctuidae) host strains in Brazil, Texas, 

and Florida. Ann Entomol Soc Am. 2007;100: 394–402. doi:10.1603/0013-

8746(2007)100[394:IACOFA]2.0.CO;2 

74.  Pavinato VAC, Martinelli S, de Lima PF, Zucchi MI, Omoto C. Microsatellite markers 

for genetic studies of the fall armyworm, Spodoptera frugiperda. Genet Mol Res. 

2013;12: 370–380. doi:10.4238/2013.February.8.1 

75.  Arias O, Cordeiro EMG, Corrêa AS, Domingues FA, Guidolin AS, Omoto C. 

Population genetic structure and demographic history of Spodoptera frugiperda 

(Lepidoptera: Noctuidae): implications for insect resistance management programs. 

Pest Manag Sci. 2019;75: 2948–2957. doi:10.1002/ps.5407 

76.  Silva-Brandão KL, Peruchi A, Seraphim N, Murad NF, Carvalho RA, Farias JR, et al. 

Loci under selection and markers associated with host plant and host-related strains 

shape the genetic structure of Brazilian populations of Spodoptera frugiperda 

(Lepidoptera, Noctuidae). PLoS One. 2018;13: 1–28. 

doi:10.1371/journal.pone.0197378 

77.  Belay DK, Clark PL, Skoda SR, Isenhour DJ, Molina-Ochoa J, Gianni C, et al. Spatial 

genetic variation among Spodoptera frugiperda (Lepidoptera: Noctuidae) sampled 

from the United States, Puerto Rico, Panama, and Argentina. Ann Entomol Soc Am. 

2012;105: 359–367. doi:10.1603/AN11111 

78.  Jacobs A, Van Vuuren A, Rong IH. Characterisation of the Fall Armyworm 

(Spodoptera frugiperda J.E. Smith) (Lepidoptera: Noctuidae) from South Africa. 

African Entomol. 2018;26: 45–49. doi:10.4001/003.026.0045 

79.  Cock MJW, Beseh PK, Buddie AG, Cafá G, Crozier J. Molecular methods to detect 

Spodoptera frugiperda in Ghana, and implications for monitoring the spread of 

invasive species in developing countries. Sci Rep. 2017;7: 1–10. doi:10.1038/s41598-

017-04238-y 

80.  Nagoshi RN, Goergen G, Tounou KA, Agboka K, Koffi D, Meagher RL. Analysis of 

strain distribution, migratory potential, and invasion history of fall armyworm 

populations in northern Sub-Saharan Africa. Sci Rep. 2018;8: 1–10. 

doi:10.1038/s41598-018-21954-1 

81.  Nagoshi RN. Evidence that a major subpopulation of fall armyworm found in the 

Western Hemisphere is rare or absent in Africa, which may limit the range of crops at 

risk of infestation. PLoS One. 2019;14: e0208966. Available: 

https://doi.org/10.1371/journal.pone.0208966 

82.  Tay WT, Rane R V, Padovan A, Walsh TK, Elfekih S, Downes S, et al. Global 



30 

 

 

 

population genomic signature of Spodoptera frugiperda (fall armyworm) supports 

complex introduction events across the Old World. Commun Biol. 2022;5: 297. 

doi:10.1038/s42003-022-03230-1 

83.  Congdon BS, Webster CG, Severtson D, Spafford H. In-Field Capable Loop-Mediated 

Isothermal Amplification Detection of Spodoptera frugiperda (Lepidoptera: 

Noctuidae) Larvae Using a Rapid and Simple Crude Extraction Technique. J Econ 

Entomol. 2021;114: 2610–2614. doi:10.1093/jee/toab168 

84.  Agarwal A, Rako L, Schutze MK, Starkie ML, Tay WT, Rodoni BC, et al. A 

diagnostic LAMP assay for rapid identification of an invasive plant pest, fall 

armyworm Spodoptera frugiperda (Lepidoptera: Noctuidae). Sci Rep. 2022;12: 1116. 

doi:10.1038/s41598-021-04496-x 

85.  Kim J, Nam HY, Kwon M, Kim HJ, Yi HJ, Haenniger S, et al. Development of a 

simple and accurate molecular tool for Spodoptera frugiperda species identification 

using LAMP. Pest Manag Sci. 2021;77: 3145–3153. 

doi:https://doi.org/10.1002/ps.6350 

86.  Muraro DS, Salmeron E, Cruz JVS, Amaral FSA, Guidolin AS, Nascimento ARB, et 

al. Evidence of field-evolved resistance in Spodoptera frugiperda (Lepidoptera: 

Noctuidae) to emamectin benzoate in Brazil. Crop Prot. 2022; 106071. 

doi:https://doi.org/10.1016/j.cropro.2022.106071 

87.  Boaventura D, Martin M, Pozzebon A, Mota-Sanchez D, Nauen R. Monitoring of 

Target-Site Mutations Conferring Insecticide Resistance in Spodoptera frugiperda. 

Insects. 2020. doi:10.3390/insects11080545 

88.  Shi T, Tang P, Wang X, Yang Y, Wu Y. CRISPR-mediated knockout of nicotinic 

acetylcholine receptor (nAChR) α6 subunit confers high levels of resistance to 

spinosyns in Spodoptera frugiperda. Pestic Biochem Physiol. 2022;187: 105191. 

doi:https://doi.org/10.1016/j.pestbp.2022.105191 

89.  Shu B, Lin Y, Qian G, Cai X, Liu L, Lin J. Integrated miRNA and transcriptome 

profiling to explore the molecular mechanism of Spodoptera frugiperda larval midgut 

in response to azadirachtin exposure. Pestic Biochem Physiol. 2022;187: 105192. 

doi:https://doi.org/10.1016/j.pestbp.2022.105192 

90.  Schlum K, Lamour K, Tandy P, Emrich SJ, de Bortoli CP, Rao T, et al. Genetic 

Screening to Identify Candidate Resistance Alleles to Cry1F Corn in Fall Armyworm 

Using Targeted Sequencing. Insects . 2021. doi:10.3390/insects12070618 

91.  Banerjee R, De Bortoli CP, Huang F, Lamour K, Meagher R, Buntin D, et al. Large 

genomic deletion linked to field-evolved resistance to Cry1F corn in fall armyworm 

(Spodoptera frugiperda) from Florida. Sci Rep. 2022;12: 13580. doi:10.1038/s41598-

022-17603-3 

92.  Santos-Amaya OF, Tavares CS, Monteiro HM, Teixeira TPM, Guedes RNC, Alves 

AP, et al. Genetic basis of Cry1F resistance in two Brazilian populations of fall 

armyworm, Spodoptera frugiperda. Crop Prot. 2016;81: 154–162. 

doi:https://doi.org/10.1016/j.cropro.2015.12.014 

93.  Horikoshi RJ, Bernardi D, Bernardi O, Malaquias JB, Okuma DM, Miraldo LL, et al. 

Effective dominance of resistance of Spodoptera frugiperda to Bt maize and cotton 

varieties: implications for resistance management. Sci Rep. 2016;6: 34864. 

doi:10.1038/srep34864 

94.  Shan Y, Jin M, Chakrabarty S, Yang B, Li Q, Cheng Y, et al. Sf-FGFR and Sf-SR-C 

Are Not the Receptors for Vip3Aa to Exert Insecticidal Toxicity in Spodoptera 

frugiperda. Insects. 2022. doi:10.3390/insects13060547 

95.  Vaughn JL, Goodwin RH, Tompkins GJ, McCawley P. The establishment of two cell 

lines from the insect Spodoptera frugiperda (Lepidoptera; Noctuidae). In Vitro. 



31 

 

 

 

1977;13: 213–217. doi:10.1007/BF02615077 

96.  Hussain AG, Wennmann JT, Goergen G, Bryon A, Ros VID. Viruses of the Fall 

Armyworm Spodoptera frugiperda: A Review with Prospects for Biological Control. 

Viruses. 2021. doi:10.3390/v13112220 

97.  Nègre V, Hôtelier T, Volkoff A-N, Gimenez S, Cousserans F, Mita K, et al. 

SPODOBASE: an EST database for the lepidopteran crop pest Spodoptera. BMC 

Bioinformatics. 2006;7: 1–10.  

98.  Gui F, Lan T, Zhao Y, Guo W, Dong Y, Fang D, et al. Genomic and transcriptomic 

analysis unveils population evolution and development of pesticide resistance in fall 

armyworm Spodoptera frugiperda. Protein Cell. 2020. doi:10.1007/s13238-020-00795-

7 

99.  Gouin A, Bretaudeau A, Nam K, Gimenez S, Aury JM, Duvic B, et al. Two genomes 

of highly polyphagous lepidopteran pests (Spodoptera frugiperda, Noctuidae) with 

different host-plant ranges. Sci Rep. 2017;7: 1–12. doi:10.1038/s41598-017-10461-4 

100.  Liu QN, Chai XY, Bian DD, Ge BM, Zhou CL, Tang BP. The complete mitochondrial 

genome of fall armyworm Spodoptera frugiperda (Lepidoptera:Noctuidae). Genes and 

Genomics. 2016;38: 205–216. doi:10.1007/s13258-015-0346-6 

101.  Pashley DP. Current Status of Fall Armyworm Host Strains. Florida Entomol. 1988;71: 

227–234. doi:10.2307/3495425 

102.  Lu Y-J, Adang MJ, Isenhour DJ, Kochert GD. RFLP analysis of genetic variation in 

North American populations of the fall armyworm moth Spodoptera frugiperda 

(Lepidoptera: Noctuidae). Mol Ecol. 1992;1: 199–208. 

doi:https://doi.org/10.1111/j.1365-294X.1992.tb00178.x 

103.  McMichael M, Prowell DP. Differences in Amplified Fragment-Length 

Polymorphisms in Fall Armyworm (Lepidoptera: Noctuidae) Host Strains. Ann 

Entomol Soc Am. 1999;92: 175–181. doi:10.1093/aesa/92.2.175 

104.  Lu Y-J, Kochert GD, Isenhour DJ, Adang MJ. Molecular characterization of a strain-

specific repeated DNA sequence in the fall armyworm Spodoptera frugiperda 

(Lepidoptera: Noctuidae). Insect Mol Biol. 1994;3: 123–130. 

doi:https://doi.org/10.1111/j.1365-2583.1994.tb00159.x 

105.  Nagoshi RN, Meagher RL. FR Tandem-Repeat Sequence in Fall Armyworm 

(Lepidoptera: Noctuidae) Host Strains. Ann Entomol Soc Am. 2003;96: 329–335. 

doi:10.1603/0013-8746(2003)096[0329:FTSIFA]2.0.CO;2 

106.  Queiroz PR, Ramiro CA, Martins ÉS, Soberón M, Bravo A, Monnerat RG. 

Mitochondrial markers to distinguish Spodoptera frugiperda populations associated 

with corn and cotton crops. Pesqui Agropecu Bras. 2016;51: 692–696. 

doi:10.1590/S0100-204X2016000500035 

107.  Kakumani PK, Malhotra P, Mukherjee SK, Bhatnagar RK. A draft genome assembly of 

the army worm, Spodoptera frugiperda. Genomics. 2014;104: 134–143. 

doi:10.1016/j.ygeno.2014.06.005 

108.  Nandakumar S, Ma H, Khan AS. Whole-Genome Sequence of the Spodoptera 

frugiperda Sf9 Insect Cell Line. Genome Announc. 2017;5: e00829-17. 

doi:10.1128/genomeA.00829-17 

109.  Geisler C. A new approach for detecting adventitious viruses shows Sf-rhabdovirus-

negative Sf-RVN cells are suitable for safe biologicals production. BMC Biotechnol. 

2018;18: 8. doi:10.1186/s12896-017-0412-z 

110.  Zhang L, Liu B, Zheng W, Liu C, Zhang D, Zhao S, et al. Genetic structure and 

insecticide resistance characteristics of fall armyworm populations invading China. 

Mol Ecol Resour. 2020;20: 1682–1696. doi:https://doi.org/10.1111/1755-0998.13219 

111.  Nam K, Nhim S, Robin S, Bretaudeau A, Nègre N, d’Alençon E. Positive selection 



32 

 

 

 

alone is sufficient for whole genome differentiation at the early stage of speciation 

process in the fall armyworm. BMC Evol Biol. 2020;20: 152. doi:10.1186/s12862-020-

01715-3 

112.  Xiao H, Ye X, Xu H, Mei Y, Yang Y, Chen X, et al. The genetic adaptations of fall 

armyworm Spodoptera frugiperda facilitated its rapid global dispersal and invasion. 

Mol Ecol Resour. 2020;20: 1050–1068. doi:https://doi.org/10.1111/1755-0998.13182 

113.  Nagoshi RN. The fall armyworm triose phosphate isomerase (Tpi) gene as a marker of 

strain identity and interstrain mating. Ann Entomol Soc Am. 2010;103: 283–292. 

doi:10.1603/AN09046 

114.  Nagoshi RN, Meagher RL, Adamczyk  Jr JJ, Braman SK, Brandenburg RL, Nuessly G. 

New Restriction Fragment Length Polymorphisms in the Cytochrome Oxidase I Gene 

Facilitate Host Strain Identification of Fall Armyworm (Lepidoptera: Noctuidae) 

Populations in the Southeastern United States. J Econ Entomol. 2006;99: 671–677. 

doi:10.1093/jee/99.3.671 

115.  Levy HC, Garcia-Maruniak A, Maruniak JE. Strain identification of Spodoptera 

frugiperda (Lepidoptera: Noctuidae) insects and cell line: PCR-RFLP of cytochrome 

oxidase C subunit I gene. Florida Entomol. 2003;85: 186–190. doi:10.1653/0015-

4040(2002)085[0186:siosfl]2.0.co;2 

116.  Nagoshi RN, Silvie P, Meagher RL. Comparison of haplotype frequencies differentiate 

fall armyworm (lepidoptera: Noctuidae) corn-strain populations from Florida and 

Brazil. J Econ Entomol. 2007;100: 954–961. doi:10.1603/0022-

0493(2007)100[954:COHFDF]2.0.CO;2 

117.  Hebert PDN, Cywinska A, Ball SL, deWaard JR. Biological identifications through 

DNA barcodes. Proceedings Biol Sci. 2003;270: 313–321. doi:10.1098/rspb.2002.2218 

118.  Nagoshi RN, Gilligan TM, Brambila J. Combining Tpi and CO1 Genetic Markers to 

Discriminate Invasive Helicoverpa armigera From Local Helicoverpa zea 

(Lepidoptera: Noctuidae) Populations in the Southeastern United States. J Econ 

Entomol. 2016;109: 2115–2124. doi:10.1093/jee/tow177 

119.  Nagoshi RN, Gabriela Murúa M, Hay-Roe M, Laura Juárez M, Willink E, Meagher 

RL. Genetic characterization of fall armyworm (Lepidoptera: Noctuidae) host strains in 

Argentina. J Econ Entomol. 2012;105: 418–428. doi:10.1603/EC11332 

120.  Nagoshi RN, Goergen G, Plessis H Du, van den Berg J, Meagher RL. Genetic 

comparisons of fall armyworm populations from 11 countries spanning sub-Saharan 

Africa provide insights into strain composition and migratory behaviors. Sci Rep. 

2019;9: 1–11. doi:10.1038/s41598-019-44744-9 

121.  Tessnow AE, Gilligan TM, Burkness E, Placidi De Bortoli C, Jurat-Fuentes JL, Porter 

P, et al. Novel real-time PCR based assays for differentiating fall armyworm strains 

using four single nucleotide polymorphisms. PeerJ. 2021;9: e12195. 

doi:10.7717/peerj.12195 

  

 

  



33 

 

 

 

Chapter 2 

Diversity and distribution of COI haplotypes of fall armyworm in Brazil and Argentina 

 

Abstract  

The fall armyworm (FAW) is a major lepidopteran pest throughout the world, posing serious 

economic losses upon feeding. Knowledge on genetic diversity, geographic structure and 

demography is relevant in the context of managing this important pest. Using the sequences 

of mitochondrial DNA cytochrome c oxidase subunit I (COI) as genetic marker, we analyzed 

the population genetic diversity and structure of 250 individuals collected from 15 FAW 

locations across Brazil and Argentina. In addition, we estimated the demographic history 

using neutrality test and mismatch distribution analysis. Analysis of molecular variance 

revealed that most of genetic variation (76.1%) was explained by the presence of two strains. 

Low pairwise FST values between Brazilian populations indicated presence of gene flow in the 

entire sampled area, explaining the sharing of haplotypes between distant populations. 

Populations from Brazil also featured higher haplotypic diversity values, ranging from 0.667 

to 0.928. On the opposite, Argentinian populations were more differentiated among each 

other and presented low values for haplotype (0 – 0.350) and nucleotide diversity (0 – 0.308). 

Overall, the 40 haplotypes were linked in a complex mutational network that did not reveal 

clusters based on geography. Shared haplotypes in Brazil and Argentina population suggested 

existence of gene flow between countries. The demographic analyses showed that FAW had 

experienced population expansion. Our data is consistent with the current understanding of 

FAW populations in South America, with additional information on population history and 

structure. 

 

 Keywords: Spodoptera frugiperda, insect pest, molecular entomology, gene flow, population 

structure, mtDNA, mitochondrial gene 
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Introduction  

The characterization of genetic variation within a species allows the inference of the 

evolutionary origin and history of populations [1]. Populations with high levels of genetic 

diversity may be able to respond to environmental changes and therefore to adaptive pressures 

more effectively [2]. Understanding the distribution of genetic variability among and within 

populations enables the characterization of genetic structure in these populations, including 

estimations of gene flow, and risks of resistance alleles spreading [3]. In the case of insect 

pests, understanding genetic diversity and structure of populations therefore have practical 

implications for pest management [4].  

Amongst the molecular markers employed to the study of genetic relationships and 

biogeography of populations, the cytochrome oxidase subunit I (COI) gene has been widely 

used due its moderate evolutionary rate and clear pattern of evolution, making it robust for 

determining intra and interspecific variation [5]. In the case of insect pests, besides genetic 

variation studies [6,7], COI has been employed as a barcode for molecular identification of 

species [8], inference on the origin of invasive species [9,10], characterization of migration 

patterns [11], geographic structure [12], and demographic history [13].  

The fall armyworm (FAW), Spodoptera frugiperda (Lepidoptera: Noctuidae), is an 

important and cosmopolitan pest that attacks numerous cultivated crops, including maize, 

cotton, soybeans, and sorghum [14]. Economic losses resulted from FAW larval feeding can 

reach up to 72% [15].  Although FAW is a highly polyphagous pest, grasses are the preferred 

hosts. Due to host preference during feeding, FAW has been subdivided into two distinct 

genetic groups called corn strain (SfC) and rice strain (SfR) [16]. Molecular dating based on 

mitochondrial and nuclear genes suggest that FAW strains have diverged more than 2 million 

years ago, long before the domestication of maize (estimated around 10,000 years ago), and 

the introduction of rice, sorghum and sugarcane in the Americas [17,18]. Therefore, the 

strains of FAW are examples of herbivorous insects that were able to adapt to cultivated 

plants and have since been evolving in response to the agricultural production landscape [19]. 

Studies on population structure and genetic diversity of FAW relying on COI 

haplotypes showed little genetic diversity in the native region, indicating that host strains are 

sympatric and Argentina haplotype ratios are similar to Brazil’s [20,21]. Thus, the present 

investigation was designed to examine the genetic structure of FAW in Brazil and Argentina 

and analyze the demographic history in the native range.  
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Materials and Methods 

Insect sampling 

Larvae of FAW were collected from the field between 2018 and 2021 and reared in 

artificial diet until become adults. All populations were collected from corn fields, except for 

RS population from a rice field. Collections from Brazil locations were reported under 

SISBIO license number 58435. The total dataset included a combination of 22 individuals 

unique to this study and 228 sequences obtained from Genbank (Accession numbers 

ON704174 - ON704401), providing a total of 250 sequences of FAW from Brazil and 

Argentina. Genbank sequences were obtained from the same populations used in this current 

study.  

 

DNA isolation, amplification and sequencing 

DNA was extracted from moths legs using the CTAB method with modifications [22]. 

DNA concentration was estimated based on agarose gel stained with SYBR Safe DNA Gel 

Stain (Invitrogen, Carlsbad, CA, USA) and diluted to 30 ng/µL.  

A 581-bp sequence of the mitochondrial gene Cytochrome C oxidase subunit I (COI) 

was amplified by PCR using primers 891F (5′-TACACGAGCATATTTTACATC-3′) and 

1472R (5′-GCTGGTGGTAAATTTTGATATC-3′) following procedure described elsewhere 

[23]. PCR products were sequenced using Sanger sequencing method. The sequences were 

checked and trimmed in BioEdit.7.2.5 [24]. COI sequences were submitted to BLASTn 

search from NCBI database to confirm the species identity. Sequences were aligned with 

Clustal W [25] using MEGA 7 [26]. Sequences were deposited with the NCBI GenBank 

database to obtain accession numbers (Table 1).  

 

Haplotype distribution and neutrality test 

Populations were analyzed for descriptive statistics such as nucleotide diversity (π), 

number of haplotypes (H), and haplotype diversity (Hd) using DnaSP 6 [27]. Popart software 

was used to generate the median-joining (MJ) haplotype network and the haplotype 

distribution map [28].  

Further, to ascertain the demography of the population and evolutionary neutrality of 

FAW populations, neutrality test Tajima's D [29] and pairwise mismatch distribution were 
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performed in DnaSP 6 [27]. Pairwise mismatch distributions were implemented to assess 

whether strains experienced expansion events or have been facing neutral evolution. 

 

Analysis of molecular variance (AMOVA) 

Analysis of molecular variance (AMOVA) was used to investigate the genetic 

structure of two groups. We first investigated whether populations were structured by 

geographical location, by comparing populations from Argentina with those from Brazil. 

Then we performed another analysis grouping individuals as their host strain according to 

diagnostic polymorphism in the COI region. We additionally calculated pairwise FST 

distances among the 15 populations. Both AMOVA and FST statistics were calculated using 

Arlequin 3.1 with 1000 permutations [30]. 

 

Table 1. Details of samples used to study population genetics of fall armyworm in Brazil and Argentina. N 

refers to the number of specimens of each population. 

Population N State Country 
Collection 

date 
Accession No 

AR01 12 Metán - Salta Argentina 22-Feb-18 ON704174 - ON704184 

AR02 7 America - Buenos Aires Argentina 24-Jan-18 ON704185 - ON704187 

AR03 16 San Justo - Santa Fe Argentina 27-Feb-18 ON704188 - ON704202 

BA02 19 São Desidério - Bahia Brazil 26-Jun-18 ON704203 - ON704221 

BA03 18 Barreiras - Bahia Brazil 19-Jul-18 ON704222 - ON704239 

DF 20 Planaltina - Distrito Federal Brazil 8-Jun-18 ON704240 - ON704259 

GO 24 Rio Verde - Goiás Brazil 22-Jun-18 ON704260 - ON704283 

MA01 10 São Luís - Maranhão Brazil 12-Dec-18 ON704284 - ON704293 

MA02 14 São Luís - Maranhão Brazil 19-Dec-18 ON704294 - ON704306 

MT01 24 
Campo Novo do Parecis - 

Mato Grosso 
Brazil 25-Jun-18 ON704307 - ON704330 

MT02 21 
Campo Novo do Parecis - 

Mato Grosso 
Brazil 1-Jul-18 ON704331 - ON704351  

PR 10 Toledo - Paraná Brazil 20-Jun-18 ON704352 - ON704360 

RS 16 Alegrete - Rio grande do Sul Brazil 13-Jan-21 ON704361 - ON704363 

SC 16 Chapecó - Santa Catarina Brazil 14-Dec-20 ON704364 - ON704378 

SP 23 Taquarituba - São Paulo Brazil 14-Jul-18 ON704379 - ON704401 

 

Results 

mtDNA COI sequencing and host strains 

We assessed 250 sequences of 537 bp from 12 FAW populations from Brazil and 3 

FAW populations from Argentina, totaling 15 populations. The accesses are located within 

the main corn and rice producing regions of Brazil and Argentina, and are distributed in seven 

ecoregions (Figure 1).  A total of 22 sequences were generated for this study to increase 
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sample size and were deposited in Genbank (accession numbers OQ849779-OQ849800). All 

16 samples from the rice field collected in Rio Grande do Sul State were assigned as SfR. 

Most samples of AR03 and MA02 locations collected from corn fields were also assigned as 

SfR. Few individuals from other locations had the diagnostic polymorphism for SfR, for this 

reason these populations were classified as SfC.   

 

Genetic diversity and haplotype distribution 

The values of the haplotypic diversity parameter vary between 0 and 1, with higher 

values meaning a greater diversity among the analyzed individuals in each population. Here, 

haplotype diversity analysis indicated 37 polymorphic sites. The number of individuals (N), 

number of haplotypes (H), and haplotype diversity (Hd) and nucleotide diversity (π) for each 

population are shown in Table 2. Haplotype H1 was both the most widespread, shared by 101 

samples from 12 populations (BA02, BA03, DF, GO, MA01, MA02, MT01, MT02, PR, SC, 

and SP). There were 22 unique haplotypes (Table 3), six of them were present only in GO 

population (H17, H18, H21, H22, H24, H25), followed by four unique haplotypes in SP 

population (H37, H38, H39, H40).  
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Figure 1. Fall armyworm populations from Brazil and Argentina. Map was generated using the software 

QGIS v3.28.3-Firenze, using shapefiles of Brazil and Argentina ecoregions from public domain provided by 

IBGE and by Geoportal Idesa. 
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Table 2. Number of samples (N) and haplotypes (H), haplotype diversity (Hd), nucleotide diversity (π), 

standard deviation (SD), and neutrality test (Tajima’s D) in each geographic region. A negative Tajima’s D 

denotes a higher number of low frequency polymorphisms than anticipated. *Statistical significance: P < 0.10. 

Locality N H Hd ± SD π ± SD Tajima’s D 

AR01 12 1 0 0 - 

AR02 7 1 0 0 - 

AR03 16 3 0.350 ± 0.148 0.00308 ± 0.00187 -2.25695* 

BA02 19 6 0.760 ± 0.090 0.00481 ± 0.00181 -1.31569 

BA03 18 7 0.752 ± 0.103 0.00415 ± 0.00175 -1.98870* 

DF 20 8 0.732 ± 0.094 0.00224 ± 0.00049 -1.29703 

GO 24 15 0.928 ± 0.039 0.00531 ± 0.00125 -2.0182* 

MA01 10 5 0.756 ± 0.130 0.00245 ± 0.00070 -1.03527 

MA02 14 6 0.747 ± 0.111 0.01017 ± 0.00180 0.9744 

MT01 24 8 0.703 ± 0.098 0.00250 ± 0.00060 -1.85123* 

MT02 21 10 0.886 ± 0.049 0.00450 ± 0.00143 -1.67893* 

PR 10 5 0.667 ± 0.163 0.00207 ± 0.00067 -0.82229 

RS 16 6 0.767 ± 0.084 0.00199 ± 0.00038 -0.96266 

SC 16 6 0.742 ± 0.105 0.00793 ± 0.00244 -0.22717 

SP 23 10 0.798 ± 0.078 0.00537 ± 0.00175 -1.48715 

Total 250 40 0.802 ± 0.022 0.00863 ± 0.00059 -0.99688 

 

Small values of Hd and π (Hd < 0.5 and π < 0.005) were observed in all three 

populations of Argentina, which may be due to population bottleneck or founder event by 

single or a few mtDNA lineages. In contrast, 10 Brazilian populations presented high Hd and 

low π (Hd > 0.5 and π < 0.005), indicating these populations had undergone population 

bottleneck followed by rapid population growth and accumulation of mutations. Haplotype 

network (Figure 2) showed a complex mutational network with clear separation between SfR 

and SfC, caused by six mutations. where haplotypes could be better explained by their host 

strain, and populations located further South such as AR02, AR03 and RS, lacked the most 

common haplotype H1 presented in the rest of the locations, indicating restricted gene flow 

among these regions (Figure 3). 
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Table 3. Haplotypes from COI sequences of 250 fall armyworm individuals from Brazil and Argentina 

populations.  

Haplotype number Frequency Locality 

H1 101 AR01, BA02, BA03, DF, GO, MA01, MA02, MT01, MT02, PR, SC, SP 

H2 29 AR02, AR03, DF, GO, MA01, MT01, MT02, PR, SP  

H3 33 AR03, BA03, MA02, MT02, RS, SC, SP 

H4* 1 AR03 

H5 2 MA02, MA02 

H6 13 BA02, BA03, DF, GO, MA01, MT02, SC, SP 

H7 4 BA02, GO, MT01 

H8 9 BA02, MA02, RS, SC  

H9 7 BA02, DF, MT01, MT02, PR, SC 

H10 2 BA03, GO 

H11* 1 BA03, GO 

H12 5 BA03, GO 

H13* 1 DF 

H14 2 DF, PR 

H15 3 DF, MT02, SP 

H16* 1 DF 

H17* 1 GO 

H18* 1 GO 

H19 7 GO, MA01, MT02, SC  

H20 2 GO, SP 

H21* 1 GO 

H22* 1 GO 

H23 3 GO, MA01, MA02 

H24* 1 GO 

H25* 1 GO 

H26 2 MA02, MT02 

H27* 1 MT01 

H28* 1 MT01 

H29 2 MT01 

H30* 1 MT02 

H31* 1 MT02 

H32* 1 PR 

H33* 1 RS 

H34 2 RS 

H35* 1 RS 

H36* 1 RS 

H37* 1 SP 

H38* 1 SP 

H39* 1 SP 

H40* 1 SP 

*Unique haplotypes 
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Figure 2. Median-joining haplotype network of FAW COI gene partial sequences from 15 populations in 

Brazil and Argentina. Each circle represents a unique haplotype, the circle size is proportional to the number of 

sequences. The lines between linked haplotypes correspond to the number of mutations that separate the 

haplotypes. A total of 40 haplotypes are indicated according to the two FAW strains, shown with different 

colors.  

 

 

Figure 3. Haplotype distribution map. A total of 40 haplotypes are indicated by different colors and positioned 

in the geographical area of insect sampling. Populations within the same federal unit were combined to improve 

visualization of haplotypes frequency. 
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Population genetic differentiation 

The genetic structure of Brazilian populations of FAW estimated by AMOVA (Table 

4) indicated no significant differentiation between populations from Argentina with those 

from Brazil (P-value = 0.10166, FST = 0.04451). When grouping individuals according to 

their host strain, significant FST value of 0.76095 (P-value < 0.0000) confirms that genetic 

structure among the populations studied is more related to the strains SfR and SfC.  

 

Table 4. Analysis of Molecular Variance (AMOVA) results for the fall armyworm groups 

Group Source of variation Df 
Sum of 

Squares 

Variance 

components 

Total 

variance (%) 
P-value 

Argentina and 

Brazil 

Among groups 1 24.098 0.13473 4.45 0.10166 

Among populations 

within groups 
13 244.509 1.01056 33.38  

Within populations 235 442.222 1.88179 62.17  

Total 249 710.828 3.02708   

SfR and SfC Among groups 1 359.503 4.53933 76.09 0.00000 

 Among populations 

within groups 
21 42.65 0.06393 1.07  

 Within populations 226 307.839 1.36212 22.83  

 Total 248 709.992 5.96538   

 

Pairwise FST values (Table 5) varied from 0.000 to 0.937 when comparing the 15 

populations, showing the same pattern of genetic differentiation according to host strains, 

except for AR02 population, which had high significant differentiation when compared to 

most populations belonging to either strain. There was no significant differentiation between 

most populations from SfC in Brazil, except for MT01 and SP populations which showed 

significant difference of FST = 0.049.  
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Table 5. Pairwise FST values among populations of fall armyworm based on COI region. Significant FST 

values are shown in bold (P-value ≤ 0.05). The populations AR03, MA02 and RS were considered SfR strain 

based on COI diagnostic polymorphism.  

 AR01 AR02 AR03 BA02 BA03 DF GO MA01 MA02 MT01 MT02 PR RS SC SP 

AR01                

AR02 0.697               

AR03 0.775 0.697              

BA02 0.015 0.197 0.664             

BA03 0.008 0.215 0.701 0.000            

DF 0.021 0.214 0.745 0.015 0.007           

GO 0.004 0.017 0.520 0.011 0.003 0.014          

MA01 0.061 0.199 0.715 0.000 0.000 0.000 0.000         

MA02 0.551 0.450 0.102 0.407 0.464 0.529 0.311 0.474        

MT01 0.010 0.024 0.504 0.039 0.032 0.032 0.000 0.000 0.310       

MT02 0.043 0.118 0.687 0.000 0.000 0.000 0.009 0.000 0.448 0.041      

PR 0.086 0.289 0.726 0.000 0.000 0.000 0.000 0.006 0.483 0.002 0.000     

RS 0.937 0.894 0.037 0.798 0.832 0.871 0.612 0.875 0.243 0.586 0.812 0.892    

SC 0.088 0.145 0.558 0.000 0.009 0.072 0.019 0.027 0.277 0.051 0.003 0.048 0.701   

SP 0.046 0.068 0.646 0.000 0.002 0.006 0.021 0.001 0.393 0.049 0.000 0.000 0.771 0.000  

 

Demographic history  

Neutrality tests evaluate the range of historical population expansion, with negative 

values associated to demographic expansion, and positive values to equilibrium. Tajima’s D 

statistic test of neutrality index indicates whether the mean number of differences between 

pairs of sequences is compatible with the observed number of segregating sites [29]. Here, 

significant negative values for this test (Table 2) were observed in populations AR03, BA03, 

GO, MT01, and MT02, indicating that they have been undergoing population expansion 

throughout its evolutionary history. Thus, the results obtained in this study reject the 

hypothesis of neutral evolution for at least part of the FAW populations investigated in Brazil 

and Argentina.  

Likewise, the mismatch distribution pattern of pairwise nucleotide differences 

demonstrated that the observed curve had a similar pattern with the expected curve. The 

unimodal curves therefore indicated population expansion of FAW in the large spatial scales 

(Figure 4). 
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Figure 4. COI mismatch distribution unimodal curves. Frequencies of pairwise differences for the 

observed (solid blue line) and expected (dotted black line) pairwise nucleotide site divergences computed 

with DnaSP 3.1 for each strain of FAW. SfR = Spodoptera frugiperda rice-strain. SfC = Spodoptera 

frugiperda corn-strain. 

 

Discussion 

We investigated FAW genetic diversity, structure and demographic history in Brazil 

and Argentina by assessing polymorphisms in a 537 pb region of the mitochondrial gene COI. 

First, we screened for the diagnostic polymorphism to assign each individual to a host strain: 

rice-strain (SfR) or corn-strain (SfC). We confirmed that the host strains are sympatric, due 

the presence of few SfR individuals in populations collected in corn fields. The discordant 

genotype SfR was observed in MA02 and AR03 locations, which were expected to be mostly 

composed by SfC individuals. The collection from the rice field, in turn, presented only SfR 

individuals.  

AMOVA analysis did not indicate that populations were structured by country (only 

4.4% of total variance), but rather by host strains SfR and SfC (76.1% of total variance). 

However, Argentinian populations collected in Salta (AR01), Buenos Aires (AR02) and Santa 

Fe (AR03) were more differentiated among each other, with significant pairwise FST values. 

Overall, all three populations from Argentina had low values for haplotype (0 – 0.350) and 

nucleotide diversity (0 – 0.308), suggesting that these populations had undergone bottleneck 

or founder event by single or a few mtDNA lineages from an ancestral population [31].  

Argentina features a unique landscape in South America, and compared to Brazil it has 

more diversified ecoregions. Evidence of semi-arid conditions in Argentina in the late 
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Pleistocene (12,100 -13,400 years before present) [32] must have hindered establishment of 

FAW in this country for humidity being an important factor for larvae and adults survival 

[33,34]. Even to this date, most part of Argentina is not suitable for the establishment of 

permanent FAW populations [35], however the genetically structured populations in this 

study indicates that FAW populations of Argentina are not the result of year-round migrating 

populations from a common source. Altogether, we can hypothesize that once landscape 

became favorable for FAW survival in Argentina, populations have established from few 

ancestral SfC and SfR lineages different from those that colonized Brazil.  

Brazilian populations within each host strain had low pairwise FST distances, 

indicating high levels of gene flow among regions, and presented high haplotype diversity and 

low nucleotide diversity, which is indicative of population bottleneck followed by rapid 

population growth and accumulation of mutations. Despite of low genetic structure observed 

in SfC from Brazil locations, there was significant FST distance (0.049) between SP and 

MT01. Cases of single populations which seem to be more differentiated than others have 

been reported for the States of Bahia [36] and Paraná [37] in Brazil.  

Nevertheless, shared haplotypes were observed between countries and localities, 

indicating that gene flow occurred among these populations in recent history. The lack of the 

most common haplotype H1 in AR02, AR03 and RS should be better investigated though, 

since it may be evidence that restricted gene flow is leading to genetic isolation in the south of 

the continent.  

Concerning demographic history of FAW, both the neutrality test and the mismatch 

distribution analysis indicated that populations are experiencing expansion. Our results 

corroborate with other studies that analyzed the native area of FAW occurrence [38,39]. 

Recent population expansion was also described for another crop pest native from Argentina 

and Brazil, the sugarcane borer, where the demographic events coincided with agricultural 

expansion of host crops [40]. Agriculture in Argentina has expanded substantially for row 

crops production, with a 45% increase in the cultivated area between 1990 and 2006, 

changing from cattle grazing activities to row crops system of agriculture [41]. This 

expansion has been more evident in the ecoregions of Chaco, Pampas and Espinal [41], which 

coincide with the sampling locations of this study. Similarly, agricultural frontier in Brazil 

expanded twice the area across Cerrado ecoregion between 2003 and 2013 [42]. Therefore 



46 

 

 

 

population expansion is supported by intensification and expansion of agriculture both in 

Argentina and Brazil.  

As agriculture landscape may be hugely affecting evolutionary aspects of crop pests, 

so are the control strategies. While one is favoring populations expansion, the other is acting 

as population reduction at local scale, with selection pressures favoring individuals with 

specific resistance alleles. Here we found that populations from Brazil presented high 

haplotype diversity, are not genetically structured, and have experienced rapid population 

growth and accumulation of mutations. This information can alert for risks of resistance 

evolution and spread of resistance alleles through gene flow. 

The haplotypes obtained from COI sequences indicated shared haplotypes between 

countries and therefore recent gene flow among populations from Argentina and Brazil. More 

studies are needed to confirm to whether extent populations further south are geographically 

isolated and becoming more differentiated than the rest of the continent. This information is 

relevant for insect management programs, since the populations from Argentina presented 

low values of haplotypic and nucleotide diversity, and therefore may feature a decreased 

ability to respond to control tools, such as insecticides and transgenic plants.  
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Future directions  

The GBS methodology to obtain SNPs markers proved to be useful to study FAW 

populations. Because the method is reproducible, sequences can be generated independently 

and then pooled together for SNPs identification. In fact, my GBS libraries were generated 

with 3 years difference. Thus, the method can be extended to characterize more populations 

from South America at fine scale, such as those from our neighboring countries Paraguay and 

Uruguay. Besides, with advancements in genome quality and annotation, the current data can 

be revisited for higher amounts of SNP discovery and identification of loci putatively under 

selection.  

In this study, while it is clear that Brazilian populations present strong gene flow 

country-wide, which is particularly concerning for pest management, it is also important to 

know to what extent these populations are doing long-distance migrations. Due to operational 

challenges for answering this question, one alternative may be screening for specific genes 

and monitoring mutations throughout the cropping years. While mutations can appear 

independently in nature, tracking them may be an option to infer whether they are following 

some dispersion pattern.  

As for Argentinean populations, there is more to be explored in terms of population 

genomics. Argentina features more diverse ecoregions (forest, grasslands, and deserts), and 

likely poses some barriers for natural populations, including geographic barriers, such as the 

Andes Mountain. Some FAW populations may even experience decline or elimination at 

regional scale in severe winters. Therefore, although we sampled three different locations, it is 

not possible to estate if the observed genetic structure among all three populations is 

permanent. Therefore field populations collected from different crops in the same location, 

and also populations from more diverse ecoregions should also be characterized. 

The screening of loci putatively under selection showed a number of genes related to 

resistance and response to insecticides chemicals and proteins. The incredible ability of FAW 

populations to adapt and become resistant to insecticides reinforces the need of an IPM 

strategy that relies on multiple control methods, including the use of biological control, 

mating disruption techniques, agroecological approaches and cultural control. FAW control 

has been relying mostly on chemical insecticides and/or Bt crops, and in order to increase the 

durability of the technologies, a more diversified and sustainable pest management strategy 

must take place.  
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