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CHAPTER TWENTY

Evolution of Reproductive Isolation of 
Spodoptera frugiperda

ASTRID T. GROOT, MELANIE UNBEHEND, SABINE HÄNNIGER,  

MARÍA LAURA JUÁREZ, SILVIA KOST, and DAVID G. HECKEL

Introduction

Spodoptera frugiperda, the fall armyworm, is a noctuid moth 
occurring in North and South America with two host strains 
(a corn-strain and a rice-strain) identified in the 1980s (Pash-
ley et al. 1985; Pashley 1986). These two strains were originally 
characterized by a polymorphism in an esterase allozyme 
marker and three other strain-biased protein variants in larvae 
collected from cornfields and rice paddies in Puerto Rico 
(Pashley et al. 1985; Pashley 1986). Since then, several addi-
tional strain-biased or strain-diagnostic molecular markers 
have been identified. The two strains differ in mitochondrial 
DNA sequences in the cytochrome oxidase I (COI) and NADH 
dehydrogenase 1 (ND1) genes (Pashley 1989; Pashley and Ke 
1992; Lu and Adang 1996; Levy et al. 2002; Meagher and 
Gallo-Meagher 2003; Prowell et al. 2004; Nagoshi et al. 2006a; 
Machado et al. 2008; Juárez et al. 2012). There are also strain-
biased and strain-specific amplified fragment length polymor-
phisms (AFLP) (McMichael and Prowell 1999; Busato et al. 
2004; Prowell et al. 2004; Clark et al. 2007; Martinelli et al. 
2007; Juárez et al. 2012, 2014), restriction length fragment 
polymorphisms (RFLP) (Lu et al. 1992), a so-called Frugiperda 
Rice (FR) repetitive nuclear DNA sequence, present in high 
copy number in the rice-strain and mostly lower copy number 
in the corn-strain (Lu et al. 1994; Nagoshi and Meagher 2003b; 

Nagoshi et al. 2008), and nucleotide polymorphisms within 
the triose phosphate isomerase gene (Tpi, Nagoshi 2010).

Recently, sex pheromone differences have been found 
among populations of the two strains (Groot et al. 2008; Lima 
and McNeil 2009; Unbehend et al. 2013). However, these dif-
ferences were not consistent among studies, suggesting that 
geographic variation may be confounded with strain-specific 
variation, or that pheromones may vary within strains as 
well. The relative importance of the pheromone differences 
between the two strains still needs to be established, i.e., are 
all pheromone compounds in the pheromone glands behav-
iorally important and/or are males of the two strains differen-
tially attracted to the different pheromone blends? Since 
other physiological, developmental, and behavioral differ-
ences have been found among the strains (Pashley and Mar-
tin 1987; Pashley 1988b; Pashley et al. 1992, 1995; Veenstra 
et al. 1995; Meagher et al. 2004, 2011; Schöfl et al. 2009, 2011; 
Groot et al. 2010; Meagher and Nagoshi 2012), this overview 
integrates strain-specific variation in sexual communication 
(variation in the pheromone gland composition as well as 
variation in male response) with other possible pre-mating 
and postmating barriers that likely contribute to isolation of 
the two strains. First, we will show that the naming of the two 
strains is somewhat misleading, as the host specificity of the 
two strains is not as clear-cut as the names suggest. Then we 
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292  CHAPTER TWENTY

will focus on the two types of prezygotic isolating mecha-
nisms that have been demonstrated to differ between the two 
strains: (a) the diel pattern of reproductive activity and 
(b) pheromone signal and response traits. In addition to the 
pre-mating barriers, we also consider postmating barriers that 
may isolate the two strains. Finally, based on recent findings, 
we discuss a possible evolutionary scenario for the evolution 
of the two strains of S. frugiperda.

Are the Two Strains Really Host Strains?

Allozyme differences at five loci, including one apparently 
strain-specific esterase allele, provided the first evidence of 
partial genetic differentiation of populations collected from 
adjacent cornfields and rice fields in Puerto Rico and Louisiana 
(Pashley et al. 1985; Pashley 1986). Differences in mitochon-
drial DNA RFLP patterns were also found among these popula-
tions (Pashley 1988a). Subsequently, the same genetic differ-
ences were found in populations collected from other host 
plants and localities, and used to assign them to either the 
corn-strain or the rice-strain. The so-called corn-strain was 
found to infest mainly corn (i.e., maize, Zea mays), sorghum, 
(Sorghum bicolor subsp. bicolor), and cotton (Gossypium hirsu-
tum), whereas the so-called rice-strain was found mostly in 
rice (Oryza sativa), sugarcane (Saccharum officinarum), and 
grasses such as Johnson grass (Sorghum halepense) and Bermuda 
grass (Cynodon dactylon). Genetic differentiation between 
these two strains has been confirmed in several regions in 
North and South America, using different molecular markers. 
The host associations of the two strains are summarized below.

Host Associations Based on Mitochondrial COI 
Polymorphism

Among all molecular markers available to distinguish the two 
strains, the most widely used target is mitochondrial DNA. 
For example, the two strains show differences in their COI 
gene and can be identified by a polymorphism in the restric-
tion sites for SacI and AciI (both present in rice-strain and 
absent in the corn-strain), and for HinfI, BsmI, and MspI (all 
present in the corn-strain and absent in the rice-strain). The 
polymorphisms in SacI and MspI are used in most studies (Lu 
and Adang 1996; Levy et al. 2002; Meagher and Gallo-Mea-
gher 2003; Nagoshi et al. 2006a). Based on the restriction site 
polymorphisms mentioned above, especially in the double 
digestion with SacI and MspI, the identity of the strains has 
been evaluated for different habitats and it has been demon-
strated that the association is not always absolute.

Approximately 80% of individuals collected from corn hab-
itats were identified as corn-strain and the remaining 20% as 
rice-strain (Pashley 1989; Lu and Adang 1996; Levy et al. 
2002; Nagoshi et al. 2006a; Nagoshi et al. 2007b). However, 
exceptions from this percentage of distribution have been 
found as well. Prowell et al. (2004) identified samples col-
lected from corn predominantly (i.e., 50% or more of the 
individuals) as rice-strain in French Guiana and in Louisiana. 
Nagoshi et al. (2006a) also found mostly rice-strain individu-
als in a sorghum field in Texas, which is considered a corn-
strain habitat. In the case of larvae collected from rice fields, 
up to 95% of individuals have been identified as rice-strain 
(Nagoshi and Meagher 2003a, 2004; Machado et al. 2008; 
Velez-Arango et al. 2008). Recently, Juárez et al. (2012, 2014) 

did not find a consistent pattern between the two strains and 
their respective host plants (especially, in rice habitats), when 
using COI markers in South American populations.

Some of these shifts in strain distributions may be due to 
seasonal and temporal variation in the distributions of the 
two strains and in the distribution of available host plants or 
different migration patterns of the two strains (Nagoshi et al. 
2007a). For example, Nagoshi et al. (2007c) showed that the 
corn-strain predominated in collections from sorghum in the 
fall (March–June) in Brazil, but was less common in spring 
collections (September–November), while in Florida rice-
strain larvae predominated in collections made from sor-
ghum in the fall (September–November) and corn-strain lar-
vae were mostly present in the spring season in sorghum 
(February–April). In Louisiana, Pashley et al. (1992) found 
that corn-strain populations were detected in the cornfields 
in the spring, while rice-strain populations remained at low 
density on various grasses until late summer when they 
increased in number. Together, these findings suggest that the 
migration pattern between the two strains may not be the 
same (Nagoshi and Meagher 2004).

In figure 20.1, we provide an overview of collections of the 
fall armyworm over a period of 27 years (from 1983 until 
2010) from a number of different habitats. In 17 of 20 popula-
tions sampled from predominantly rice habitats (rice and 
pasture/Bermuda grass), most individuals were identified as 
rice-strain, whereas in 29 of 44 populations habitats (corn, 
cotton, and sorghum), most individuals were identified as 
corn-strain. Although mitochondrial markers generally show 
a strong correlation between strain type and host plant, in 
many of collections this association is lacking, especially in 
predominantly corn habitats (see figure 20.1).

Host Associations Based on Genome-Wide 
AFLP Markers

Although some studies have found a close association 
between the two strains and their host plants using AFLP 
markers (e.g., McMichael and Prowell 1999 and Busato et al. 
2004 in the United States and Brazil, respectively), others 
have not (e.g., Martinelli et al. 2007 in Mexico, Brazil, Argen-
tina, and the United States). Recently, we found that individu-
als from populations collected from corn plants from several 
locations in Argentina, Paraguay, and Brazil tended to cluster 
together and showed a high degree of homogeneity in AFLP 
markers (Juárez et al. 2014). This finding thus contrasts the 
trend found in the COI marker, where 15 out of 44 popula-
tions collected from corn (see figure 20.1) showed a signifi-
cant portion of rice-strain individuals. Individuals from the 
populations collected from rice from several locations in 
Argentina and Paraguay formed three distinct groups and 
showed a much higher level of heterogeneity in their AFLP 
markers (Juárez et al. 2014). Overall, individuals collected 
from corn-strain habitats were clustered separately from indi-
viduals collected from rice-strain habitats, although there 
were some marked exceptions (Juárez et al. 2014).

Host Association Based on Mitochondrial and 
Nuclear Markers

Combining mitochondrial and nuclear markers with their 
different modes of inheritance, the rate and directionality of 

56137txt.indd   292 6/24/16   1:56 PM



–100–80–60–40–20020406080100

AR LC 2007b  (1) [15]
AR LC 2008b  (1) [15]
AR LC 2010b *** [16]
FL LC 1983-84 (6) [29]
MX LC 2008 **** [10]
PY LC 2009  (1) [7]
PR LC 1984 (6) [34]
PR LC 1990-92 (8) [34]
BR LC 2005b (4) [19]
AR LC 2008d  (1) [15]
FL LC 1990-92 (8) [14]
FL LC 2008 **** [92]
LA LC 1984-85 (6) [37]
PR LC 2010 ** [145]
FL MT 1998-2001 (3) [8]
MS LC 2008 **** [109]
TX LC 2008b **** [32]
BR LC 2005a (2) [56]
TR LC 1984 (6)[28]
TX LC 2008a **** [49]

AR LC 2009a  (1) [15]
LA LC 1990-92 (8) [133]
MS LC 2010 *[96]
AR LC 2010a  (1) [15]
FL LC 2010 ** [60]
AR LC 2008e *** [12]
AR LC 2008a  (1) [15]
PR MT 2010 ** [501]
AR LC 2009b *** [10]
MX LC 1984 (6) [23]
FL MT 2010 ** [696]
TX LC 2010 * [92]
AR LC 2007a  (1) [15]
AR LC 2007c *** [10]
AR LC 2008c  (1) [15]
BR LC 2008c  (1) [16]

AR LC 2010 *** [11]
FL LC 2003 (4) [35]
TX MT 2004 (4) [19]
AR LC 2007  (1) [12]

EC LC 1984 (6) [29]
BR LC 2005 (4) [24]
MS MT 2004 (4) [133]

GA MT 2004 (4) [20]
FL MT 2010 ** [2880]
NC MT 2004 (4) [21]
BR LC 2005 (4) [12]
FL MT 1998-2001a (3) [14]
LA LC 1984 (6) [40]
LA LC 1990-92 (8) [125]
FL LC 2010 ** [97]
MS LC 2008 **** [67]
AR LC 2008  (1) [15]
FL LC 1990-92 (8) [10]
FL MT 1998-2001b (3) [39]
PR LC 1990-92 (8) [5]

AR LC 2010 (1) [16]
PY LC 2008 (1) [9]
AR LC 2007 (1) [18]
AR LC 2008a (1) [15]
AR LC 2008b (1) [19]
BR LC 2005a (2) [34]
BR LC 2005b (4) [20]

FL MT 1998-2001 (3) [4]
LA MT 1986-88 (7) [804]
FL MT 1998-2001a (3) [27]
BR LC 2005 (4) [20]
FL MT 1998-2001b (3) [7]
AR LC 2008 (1) [15]
BR LC 2005 (4) [13]
MS LC 2004 (4) [41]

Percentage of S. frugiperda strains per collection 

% rice-strain

% corn-strain

corn

sorghum

pasture/bermudagrass

rice

cotton

mixed habitat
mixed habitat
peanut
millet
sugar cane
alfalfa
amaranthus
empress tree

PA MT 2006-2007 (5) [333]

FIGURE 20.1 Distribution of Spodoptera frugiperda host strains in different habitats and geographic regions. Each bar shows the percentage of the 
identified strains per collection, based on mitochondrial markers. Habitats are indicated on the right. Numbers in [ ] indicate total number of 
collection.

abbreviations: MS, Mississippi; BR, Brazil; AR, Argentina; LA, Louisiana; FL, Florida; PY, Paraguay; PR, Puerto Rico; NC, North Carolina; GA, Georgia; EC, 
Ecuador; TX, Texas; MX, Mexico; PA, Pennsylvania; TR, Trinidad; LC; larval collection; MT, male trapping experiments.

data from: *C. Blanco; **S. Hänniger and M. Unbehend; ***M.L. Juárez; ****G. Schöfl; (1) Juárez et al. 2012; (2) Machado et al. 2008; (3) Meagher and Gallo-
Meagher 2003; (4) Nagoshi et al. 2006a; (5) Nagoshi et al. 2009; (6) Pashley 1989; (7) Pashley et al. 1992; (8) Prowell et al. 2004.
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hybridization between the strains in the field can be identi-
fied. Prowell et al. (2004) analyzed populations from Louisi-
ana, Florida, Puerto Rico, Guadeloupe, and French Guiana 
with different molecular markers (mitochondrial haplotype, 
esterase genotypes, AFLPs) and reported that 16% of the sam-
ples were potential hybrids due to discordance for at least one 
marker. The authors found evidence of crosses between the 
strains in both directions: when using mtDNA and esterase 
markers, 66% of the hybrids were inferred to be derived from 
rice-strain females mated with corn-strain males, i.e., RC 
hybrids, while in multi-locus comparison using the three 
markers, 54% of the hybrids were RC hybrids and 46% were 
from the reciprocal cross, i.e., CR hybrids. In addition, Prow-
ell et al. (2004) found that these hybrids occurred mostly in 
the corn habitats. Similar results were found by Saldamando 
and Vélez-Arango (2010) with Colombian populations. In 
contrast, Nagoshi and Meagher (2003b) and Nagoshi et al. 
(2006b), using mitochondrial haplotypes and the nuclear FR 
tandem-repeat sequence, found 40–56% of all males collected 
in pheromone traps having the RC configuration, while only 
3–3.5% were CR hybrids, and hybrids occurred in both corn 
and rice habitats.

Recently, Nagoshi (2010) identified 10 polymorphic diag-
nostic sites in the Z-linked (sex-linked) triose phosphate isom-
erase (Tpi) gene that can be associated with the corn- or the 
rice-strain of the fall armyworm (as in most Lepidoptera 
females are the heterogametic sex, ZW). With this marker, 
Nagoshi (2012) analyzed 12 populations (9 collected from 
corn and 3 from rice) with the COI marker, and then reana-
lyzed the same samples with the Tpi marker, and found that 
60% and 7% of the COI-R typed individuals were Tpi-C in the 
corn and rice habitats, respectively (i.e., RC hybrids). The 
reverse constellation, COI-C and Tpi-R (i.e., CR hybrids), 
occurred in 8% and 22% of the COI-C typed individuals from 
corn and rice habitats, respectively. Like Nagoshi (2012), 
when we combined the COI marker with the Z-linked Tpi 
marker, we also found discordance between the mitochon-
drial and nuclear markers (43%) (Juárez et al. 2014). These 
configurations consisted of four different combinations: RC 
(30% of all hybrids), CR (7% of all hybrids), CI (20% of all 
hybrids), and RI (42% of all hybrids). The I stands for a Tpi-
intermediate haplotype, i.e., individuals in which corn and 
rice SNPs were present in similar proportions or heterozygous 
individuals in which SNPs showed the two alternative 
nucleotides. The latter individuals must be hybrid males, as 
in Lepidoptera the females carry only one copy of the Z-linked 
Tpi gene. Nagoshi (2010) and Nagoshi et al. (2012) also 
found this intermediate configuration in a very low frequency 
and proposed that they may represent hybrid individuals 
as well.

In summary, both types of hybrids seem to occur in nature, 
although recent studies suggest that the RC-hybrids are more 
common. These hybrids are mostly found in corn habitats, 
while other hybrids (CR, CI, RI) are mostly found in rice habi-
tats. Overall, the two strains seem to be predominantly found 
in the habitats from where they were originally described, but 
significant exceptions have been found with all markers used. 
Therefore, our preliminary conclusion is that divergence 
between the strains is not likely due to host plant specializa-
tion, or at least not alone. We hypothesize that an interaction 
between ecological and behavioral mechanisms has contrib-
uted to reproductive isolation between the two strains (Groot 
et al. 2010).

Behavioral Isolation Mechanism 1: Timing of 
Reproductive Activity

Differences in the diel pattern of mating activity between 
strains would create a powerful barrier to hybridization. 
Strain-specific differences in the timing of reproductive activ-
ity of the two strains have been consistently found, indepen-
dent of the geographic origin of the strains (Pashley et al. 
1992; Schöfl et al. 2009, 2011): the corn-strain is active early 
in the scotophase, while the rice-strain is active late in the 
scotophase. Schöfl et al. (2009) showed that different repro-
ductive behaviors (calling, copulation, and oviposition) are 
differentially inherited and thus under complex genetic con-
trol. The coordinated timing difference between the two 
strains in reproductive activity and general locomotor activ-
ity suggested the involvement of the circadian clock.

When testing whether allochronic separation causes assor-
tative mating in the laboratory, Schöfl et al. (2011) found an 
interaction between strain-specific timing of mating and 
time-independent intrinsic preferences that influenced the 
mating choice of both strains. Furthermore, mate choice 
changed over time in consecutive nights and was influenced 
by the timing of introduction of the mating partners (Schöfl 
et al. 2011). In general, females were more restricted in their 
mate preference than males and approximately 30% of the 
isolation between both strains was generated by female mate 
preference, suggesting the involvement of a male-specific sex 
pheromone that mediates close-range courtship behavior 
(Schöfl et al. 2011). Also, this mate-choice experiment indi-
cates that the level of assortative mating caused by allo-
chronic separation alone is not strong enough to cause repro-
ductive isolation between strains.

Although the importance of differential timing of repro-
duction is probably not as strong as suggested by Pashley et al. 
(1992), the consistent timing differences between the strains, 
independent of the geographic origin, suggest that this 
behavioral difference could have a stronger influence as 
prezygotic isolation barrier than host plant choice. Therefore, 
we are tempted to argue that both strains are “timing strains” 
rather than “host strains.”

Behavioral Isolation Mechanism 2: Variation in 
Sexual Communication

In the early 1990s, Pashley et al. (1992) found that males of 
both strains showed a slight preference for females of the 
same strain, 60–65% of corn- and rice-strain males being 
attracted to corn- and rice-strain females, respectively. These 
findings indicate that in addition to the differences in timing 
of reproduction, pheromone differences might be important 
for mate choice and cause assortative mating in the two 
strains, although Pashley et al. (1992) suggested that “phero-
mone chemistry may play a small role (if any) in strain sepa-
ration.” The sex pheromone composition of Spodoptera frugi-
perda females has been studied in different geographic regions 
(Mitchell et al. 1985; Tumlinson et al. 1986; Descoins et al. 
1988; Batista-Pereira et al. 2006; Groot et al. 2008; Lima and 
McNeil 2009; Unbehend et al. 2013). While earlier studies 
mainly focused on the general composition of the female sex 
pheromone without distinguishing the two strains, later 
studies investigated strain-specific differences in the female 
pheromone composition (Groot et al. 2008; Lima and McNeil 
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2009; Unbehend et al. 2013). In general, the fall armyworm 
sex pheromone consists of the primary sex pheromone com-
ponent Z9-14Ac and the critical secondary sex pheromone 
Z7-12Ac (Tumlinson et al. 1986; Batista-Pereira et al. 2006; 
Groot et al. 2008; Lima and McNeil 2009). The behavioral 
effect of other secondary compounds in the female gland 
remains unclear (Tumlinson et al. 1986; Andrade et al. 2000; 
Fleischer et al. 2005; Groot et al. 2008; Unbehend et al. 2013). 
However, twice as many males were caught when Z11-16Ac or 
Z9-12Ac were added to the binary blend (Fleischer et al. 2005), 
suggesting at least a synergistic effect of these compounds. It 
has been shown that corn- and rice-strain females exhibit 
strain-specific differences in their relative amount of Z7-12Ac 
(relative to the amounts of other gland compounds), as well as 
in the relative amount of Z9-14Ac, Z11-16Ac, and Z9-12Ac, 
although the type of variation found seems to vary in differ-
ent geographic regions (Groot et al. 2008; Lima and McNeil 
2009; Unbehend et al. 2013).

Disentangling Geographic from  
Strain-Specific Variation

Extractions of the pheromone glands of females from a col-
ony, which was initiated with larvae collected in Florida, 
revealed that rice-strain females produce significantly higher 
relative amounts of Z7-12Ac and Z9-12Ac, and lower relative 
amounts of Z11-16Ac, than corn-strain females (Groot et al. 
2008). However, laboratory rice-strain females originating 
from Louisiana contained lower relative amounts of the major 
component Z9-14Ac, as well as larger relative amounts of 
Z7-12Ac and Z11-16Ac, compared to laboratory corn-strain 
females from Louisiana (Lima and McNeil 2009). Taken 
together, only Z7-12Ac showed consistent strain-specific vari-
ation in females from Florida and Louisiana (Groot et al. 
2008; Lima and McNeil 2009; Unbehend et al. 2013). Appar-
ently, the selection pressure on Z7-12Ac is similar in both 
regions but different between the two strains. The inconsis-
tent variation in the major sex pheromone component 
Z9-14Ac between the two regions suggests geographic rather 
than strain-specific variation. The importance of Z11-16Ac 
and Z9-12Ac in the attraction of fall armyworm males is not 
completely understood yet, but their variation suggests that 
these components are not under strong stabilizing selection.

Geographic variation in the strain-specific pheromone 
composition of females from Florida and Louisiana may be 
related to different haplotype profiles in Floridian and Louisi-
anan corn-strain populations. There seem to be two main 
migration routes of the fall armyworm, based on haplotype 
patterns in the corn-strain (Nagoshi et al. 2008; Nagoshi et al. 
2010). These patterns suggest an eastern migration route, i.e., 
populations originating from Puerto Rico and Florida move 
northward to Georgia, and a western migration route, i.e., 
populations from Texas move northeastward to Louisiana, 
Mississippi, Alabama, and Pennsylvania (Nagoshi et al. 2008; 
Nagoshi et al. 2009). If no other geographic effects influence 
the female pheromone, then pheromone profiles of females 
from Texas, Louisiana, Mississippi, Alabama, and Pennsylva-
nia may be more similar to each other than to pheromone 
profiles of females from Florida, Puerto Rico, and Georgia.

In fall armyworm females from Brazil, another minor sex 
pheromone component, E7-12Ac, was demonstrated to be 
attractive to Brazilian males in the field (Batista-Pereira et al. 

2006). Addition of E7-12Ac to binary blends, containing 
Z9-14Ac and Z7-12Ac, significantly increased the number of 
males captured in Brazil, i.e., from an average of 70 males per 
trap to an average of 100 males per trap (Batista-Pereira et al. 
2006). The fact that E7-12Ac has not been found in females 
from Florida, Louisiana, or French Guyana (Descoins et al. 
1988; Groot et al. 2008; Lima and McNeil 2009) suggests the 
existence of geographic variation in female pheromone pro-
duction. In conclusion, the two Spodoptera frugiperda strains 
do differ in their female sex pheromone composition (Groot 
et al. 2008; Lima and McNeil 2009; Unbehend et al. 2013), 
but geographic variation seems to influence the strain-
specific pheromone production. To disentangle geographic 
variation from strain-specific variation, additional strain-
specific pheromone extractions of different populations from 
North and South America will be necessary.

Variation in Pheromone Composition 
within the Strains

In addition to strain-specific and geographic variations in the 
pheromone composition, pheromone differences between 
females of the same strain have been observed between artifi-
cially reared and field-collected corn- and rice-strain females 
from Florida (Unbehend et al. 2013). Females of both labora-
tory strains produced significantly lower relative amounts of 
the major pheromone component Z9-14Ac and usually higher 
relative amounts of Z7-12Ac, Z11-16Ac, and Z9-12Ac, com-
pared to the field-collected females, although strain-specific 
pheromone variation was maintained (Unbehend et al. 2013). 
To estimate how much within-strain variation occurs in 
nature, we analysed the pheromone composition of females 
from seven different corn-strain families, originating from 
single pair matings of individuals that were collected one gen-
eration earlier from a cornfield in Florida (Marr 2009). The 
females of these families exhibited significant differences in 
their pheromone composition compared to our laboratory 
populations (Marr 2009). The variation of Z9-14Ac, Z7-12Ac, 
Z11-16Ac, and Z9-12Ac was strongly heritable and a broad-
sense heritability analysis showed that the variation in gland 
compounds within the different families is determined 
mainly by genetic rather than environmental effects (Marr 
2009). However, the within-strain variation found in labora-
tory and field females, in addition to the geographic varia-
tion, indicates that laboratory rearing and environmental fac-
tors influence the pheromone composition of females. The 
challenge is to determine which factors may cause variation 
in the pheromone composition and why. Understanding the 
cause of variation in the pheromone composition and its 
genetic control will be important to understand how varia-
tion in sexual communication influences reproductive isola-
tion and how sexual communication systems may evolve 
(Baker and Cardé 1979; Löfstedt 1993; Butlin and Trickett 
1997; Ritchie 2007).

Male Response to Strain-Specific Pheromone

The existence of strain-specific sex pheromone blends can 
only contribute to differentiation between the strains if this 
leads to differential attraction of fall armyworm males in the 
field. Although several trapping experiments of Spodoptera 
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frugiperda males have been conducted in the field (Mitchell 
et al. 1985; Tumlinson et al. 1986; Meagher and Mitchell 
1998; Andrade et al. 2000; Batista-Pereira et al. 2006), only 
one investigated strain-specific differences in the male attrac-
tion toward different pheromones (Pashley et al. 1992). In 
Louisiana fields containing both host plants, 60% of all rice-
strain males trapped in pheromone traps were attracted to a 
virgin rice-strain female, while 65% of all trapped corn-strain 
males were caught in traps baited with virgin corn-strain 
females (Pashley et al. 1992). Thus, males of both strains 
exhibited only a slight bias toward females of their own strain 
in mixed habitats, suggesting that strain-specific sexual com-
munication is a weak prezygotic isolation barrier (Pashley 
et al. 1992). Similarly, Lima and McNeil (2009) argued that 
it is quite unlikely that strain-specific sex pheromone differ-
ences alone “would be sufficient to ensure reproductive isola-
tion of the two strains.”

To evaluate whether fall armyworm males exhibit strain-
specific attraction toward females of their own strain, we con-
ducted wind tunnel choice assays and male-trapping experi-
ments in Florida (Unbehend et al. 2013). Wind tunnel 
experiments without plant volatiles revealed that S. frugiperda
males from laboratory populations show no strain-specific 
attraction to virgin females of their own strain. Interestingly, 
males of both strains were mainly influenced by the timing of 
female calling, and did not discriminate among calling 
females (Unbehend et al. 2013). However, when testing pher-
omone lures mimicking the pheromone gland composition of 
Floridian corn-strain females (i.e., 100% Z9-14Ac, 13% Z11-
16Ac, 2% Z7-12Ac, 1% Z9-12Ac), 74% of all trapped corn-
strain males in a cornfield were attracted to this corn-strain 

lure, and only 26% to the rice-strain lure, i.e., 100% Z9-14Ac, 
8% Z11-16Ac, 4% Z7-12Ac, 2% Z9-12Ac (figure 20.2). In rice 
fields, such a similar strain-specific attraction was not 
observed, and only 59% of all trapped corn-strain males were 
attracted to the synthetic corn-strain lure, while 41% were 
attracted to the rice-strain lure (figure 20.2). This result sug-
gests that strain-specific attraction to different lures depends 
on the respective (volatile) environment, and hints to a syn-
ergistic effect of sex pheromones and host plant volatiles 
(Dekker and Barrozo, this volume). However, similar to corn-
strain males, rice-strain males were also mostly attracted to 
the synthetic corn-strain lure in the cornfield with 76% of all 
trapped rice-strain males caught in traps baited with the corn-
strain lure (figure 20.2). The pheromone traps that were baited 
with the so-called rice-strain lure (100% Z9-14Ac, 8% Z11-
16Ac, 4% Z7-12Ac, 2% Z9-12Ac) did not specifically attract 
rice-strain males in a grass field and only 49% of all trapped 
rice-strain males were attracted to the rice-strain lure (Unbe-
hend et al. 2013). Together, these results indicate that in Flor-
ida corn-strain lures are most attractive for both strains in a 
corn habitat, while there is no preference for a corn- or rice-
strain lure in a rice habitat.

Importance of Different Pheromone  
Components for Male Attraction in the Field

To assess strain-specific male response toward the different 
pheromone components, we also evaluated the importance 
of single pheromone components in the attraction of corn- 
and rice-strain males in a corn and a grass field in Florida 
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(Unbehend et al. 2013) and in different geographic regions in 
North and South America (Unbehend et al. 2014). As men-
tioned earlier, fall armyworm males can vary in their attrac-
tion toward E7-12Ac, but show stable geographic-independent 
attraction toward binary blends containing Z9-14Ac and 
Z7-12Ac (Tumlinson et al. 1986; Andrade et al. 2000; Fleischer 
et al. 2005; Batista-Pereira et al. 2006; Unbehend et al. 2013). 
We tested different doses of the critical secondary component 
Z7-12Ac and found that corn-strain males had a much more 
pronounced optimum centered at the 2% Z7-12Ac blend, 
while the rice-strain male optimum was less pronounced with 
no discrimination between 2% and 4% (Unbehend et al. 
2013; figure 20.3). This strain-specific male response is consis-
tent with the strain-specific female pheromone production in 
Florida, at least in the corn-strain, because corn- and rice-
strain females produce around 2% and 4% Z7-12Ac, respec-
tively (Groot et al. 2008; Unbehend et al. 2013). These results 
suggest that fall armyworm corn-strain males in Florida are 
adapted to the strain-specific female pheromone differences 
in the amount of Z7-12Ac, i.e., 2% versus 4%. However, when 
we tested the male response toward different pheromone 
lures in different regions, we found that mainly corn-strain 
males, not rice-strain males, exhibited geographic variation 
in their attraction (Unbehend et al. 2014). This suggests that 
rice-strain males exhibit a broader response spectrum toward 
sex pheromone blends than corn-strain males.

The relative importance of Z11-16Ac is still unclear. In Costa 
Rica, the ternary blend of Z11-16Ac, Z9-14Ac, and Z7-12Ac cap-
tured marginally more males than the binary blend of Z9-14Ac 
and Z7-12Ac in one test and marginally fewer in another, 
although neither effect was statistically significant (Andrade 
et al. 2000). Similarly, addition of Z11-16Ac to binary blends 
did not significantly increase trap catches in Brazil (Batista-
Pereira et al. 2006) or Florida (Tumlinson et al. 1986; Unbe-
hend et al. 2013). However, trapping experiments in Pennsyl-
vania suggest that the addition of Z11-16Ac, together with 
Z9-12Ac, enhances male attraction to Z9-14Ac and Z7-12Ac 
(Fleischer et al. 2005). Also, in our field experiments in Florida 
we found that males were differentially attracted to the two-
component blends without Z11-16Ac compared to the four-
component blends with Z9-12Ac and Z11-16Ac between corn- 
and rice-strain habitats (Unbehend et al. 2013). However, in 
dose-response experiments conducted in Peru, corn males 

were equally attracted to blends with and without different 
doses of Z11-16Ac (Unbehend et al. 2014).

The compound Z9-12Ac has been reported to occur in 
glands of females from North and South America (Descoins 
et al. 1988; Batista-Pereira et al. 2006; Groot et al. 2008). In 
Costa Rica and Florida, fall armyworm males were attracted 
to traps containing only Z9-12Ac (Jones and Sparks 1979; 
Andrade et al. 2000). When conducting experiments where 
we added different relative amounts of Z9-12Ac to the binary 
blend of Z9-14Ac and Z7-12Ac, we found that all tertiary 
blends containing Z9-12Ac were similarly attractive as the 
binary blends without Z9-12Ac, both in corn- and rice-strain 
habitats in Florida (Unbehend et al. 2013). However, as 
pointed out above, a synergistic effect between Z9-12Ac and 
the other compounds cannot be excluded.

In summary, corn- and rice-strain males in Florida were 
mostly attracted to a corn-strain pheromone blend, at least in 
cornfields. Thus, there may be synergistic effects of host plant 
volatiles and sex pheromone components in cornfields. In 
grass fields, we did not find a preference for a corn- or a rice-
strain pheromone blend in either strain. Strain-specific 
responses were found toward different doses of Z7-12Ac added 
to the major pheromone component Z9-14Ac, where corn-
strain males were mostly attracted to 2% Z7-12Ac and rice-
strain males were attracted to a wider range (2–10%). Together, 
these data suggest that strain-specific differences in the sex-
ual communication of both strains do not cause assortative 
mating in Florida and thus are a weak prezygotic isolation 
barrier between the corn-strain and the rice-strain.

Level and Direction of Hybridization 
between the Two Strains

The fact that hybridization between the two strains can be 
observed in the field raises the question: are these strains in 
the process of divergence or convergence? RC hybrid females 
have been found to be less likely to mate with any kind of 
male (C, R, RC, or CR) and to produce a lower number of egg 
masses when they do mate (Pashley and Martin 1987; Whit-
ford et al. 1988; Groot et al. 2010). Interestingly, RC hybrid 
males did not show this deficiency and mated readily with all 
types of females (C, R, and CR) (Groot et al. 2010). The fact 
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that RC hybrid females are found to be mostly sterile in labo-
ratory experiments seems to conflict with the field observa-
tion where mainly RC hybrids are found (see the “Host Asso-
ciation Based on Mitochondrial and Nuclear Markers” 
section). However, this contradiction makes the “reproduc-
tive problem” of RC hybrid females a perfect postzygotic iso-
lation barrier: if the most abundant individuals are at the 
same time the least fertile ones, gene flow is maximally pre-
vented at this stage. This thus indicates that these strains are 
in the process of divergence rather than convergence. Given 
the existence of RC hybrid females in the field, while in the 
laboratory these hybrid females are hardly able to reproduce, 
this hybrid incompatibility represents an essential contribu-
tion to the process of speciation between the two strains.

Possible Evolutionary Scenarios on 
Reproductive Isolation in the Two Strains

Since the host association of the two strains does not seem to 
be as strict as early studies indicated, ecological specialization 
based on host plant choice does not seem the most likely 
cause of differentiation between the two strains in Spodoptera 
frugiperda. Other factors may have influenced a host associa-
tion between the strains. One of these factors may be the 
presence of competitors or natural enemies on the ancestral 
host as has been suggested for other phytophagous insects 
(Berlocher and Feder 2002). Pashley et al. (1995) reported that 
over a 2-year period, fall armyworm larval mortality caused 
by parasites, predators, and pathogens was higher in pastures 
than in cornfields. For this reason, the corn habitat may con-
stitute a more protected environment than the rice habitats.

On the basis of the distribution of the two strains, particu-
larly the distribution of the respective hybrids, and the behav-
ioral differences between the two strains, we hypothesize that 
the rice-strain is the ancestral strain and corn-strain the 
derived strain (Juárez et al. 2014). Higher levels of genetic and 
behavioral homogeneity observed in the corn-strain than in 
the rice-strain suggests that the corn-strain went through a 
bottleneck, i.e., that the corn-strain arose from a few individ-
uals. Additionally, in cornfields a significant portion of rice-
strain individuals as well as hybrids are found, specifically RC 
hybrids, while in rice fields the percentage of corn-strain indi-
viduals or hybrids is generally much lower (Prowell et al. 
2004; Saldamando and Vélez-Arango 2010). The observation 
that males of both strains are mostly attracted to a corn-strain 
sex pheromone blend in cornfields, while this preference is 
not found in rice fields, is consistent with these results. Hybrid 
incompatibility is between R mothers and C fathers and not 
vice versa, i.e., RC hybrids are incompatible with any kind of 
male, whereas CR hybrids produce fertile and viable offspring. 
Together, these findings suggest that the rice-strain is the 
ancestral strain and the corn-strain is the derived strain.

Conclusion

In reviewing many studies on the host plant association of 
the two strains, host associations do not seem to be consistent 
when the mitochondrial COI marker is considered. In corn-
fields, more rice-strain individuals seem to be found than vice 
versa, and RC hybrids are also mostly found in corn habitats. 
Thus, habitat isolation alone does not seem to be strong 
prezygotic isolation barrier between the corn-strain and the 

rice-strain. Similarly, strain-specific differences in the sexual 
communication system of both strains alone do not appear 
strong enough to cause assortative mating within strains. 
However, differences in diel patterns of reproductive behav-
iors seem to be much more consistent than host-plant associa-
tions or differential sexual communication between the 
strains. Since a shift in timing can immediately inhibit gene 
flow, the strains may be “timing strains” rather than “host 
strains” or “pheromone strains.” Furthermore, the postmat-
ing barrier of RC hybrid female sterility seems to be most 
likely a key element in the divergence of these two strains.
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