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Introduction

Abstract

Spodoptera frugiperda (J.E. Smith) (Lepidoptera: Noctuidae) represents a
pest of economic importance in all Western Hemisphere. This polypha-
gous species has diverged into two populations that have been mainly
recognized with various mitochondrial and nuclear molecular markers
and named “the rice” and “the corn” strains. In Colombia, both strains
have evolved prezygotic and postzygotic isolation. They differ in tolerance
to Bacillus thuringiensis (Cry1Ac and Cry1Ab endotoxins) and the insecti-
cides lambda-cyhalothrin and methomyl. In 2014, a wing morphometric
analysis made in 159 individuals from a colony showed that both strains
significantly differ in wing shape. The species also exhibits sexual dimor-
phism in the rice strain as in females wing size is larger than in males. Here,
we continued this work with another wing morphometric approach in
laboratory-reared strains to calculate wing size and shape heritabilities
using a full-sib design and in wild populations to determine if this method
distinguishes these strains. Our results show that male heritabilities of
both traits were higher than female ones. Wild populations were signifi-
cantly different in wing shape and size. These results suggest that wing
morphometrics can be used as an alternative method to molecular
markers to differentiate adults from laboratory-reared populations and
wild populations of this pest, particularly in males of this species. Finally,
Qst values obtained for wing size and shape further demonstrated that
both strains are genetically differentiated in nature.

Funk 1997, Linares 1996, Dujardin et al 2009, Marquez et al
2011, Jaramillo et al 2015).

Morphological characteristics provide an important source of
information for several biological areas since changes in mor-
phological traits are usually associated with adaptation and
life history diversity in organisms (Dujardin et al 2009, Soto-
Vivas et al 2011). In insects, morphological traits are particu-
larly important for systematics and taxonomy (Jaramillo et a/
2015), including traits such has horns in scarabaeids, apose-
matic coloration in wings of Heliconius butterflies, but also
inconspicuous traits which are identified by geometric mor-
phometrics (size and shape of the body/wing) (Adams &

Most studies based on morphological traits are made on
meristic characteristics, and in many cases, they do not offer
useful measurements to distinguish populations at intraspe-
cific level (Dujardin 2008). Geometric morphometrics is a
widely used method to identify insect cryptic species, races,
strains, or populations, representing a rapid and inexpensive
approach to find differences between and within species
(Soto-Vivas et al 2011, Cafias-Hoyos et al 2014, Jaramillo et al
2015). According to Dujardin (2008, 2010), in modern mor-
phometrics size estimations are now contained in a single
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variable, the centroid, and shape variation is represented by
partial warps that are defined as the relative positions of
several landmarks after correcting for their size, position,
and orientation. The use of such an approach has proven
adequate for the identification of cryptic species or sex dif-
ferentiation in a number of species (Soto-Vivas et al 2011,
Jaramillo et al 2015).

Spodoptera frugiperda (J.E. Smith) (Lepidoptera:
Noctuidae) is a polyphagous insect of major economic im-
pact in the Western Hemisphere (Sparks 1979, Lopez-
Edwards et al 1999, Prowell et al 2004). This species has
genetically differentiated into two strains that are mor-
phologically identical larvae and adults, but with differ-
ences in their wing shape (Cafias-Hoyos et al 2014) and
genetics (Lu et al 1994, Prowell et al 2004, Nagoshi &
Meagher 2003, 2004, Cano-Calle et al 2015). These two
populations have mainly been identified with several mo-
lecular markers including esterases, polymerase chain re-
action restriction fragment-length polymorphism (PCR-
RFLP), FR (for rice) tandem repeat fragment, amplified
fragment length polymorphism (AFLP), and sequencing
of cytochrome oxidase | (COl), ND1, and ND4 mitochon-
drial genes (Pashley 1986, 1988, Levy et al 2002, Nagoshi
& Meagher 2003, 2004, Prowell et al 2004, Groot et al
2008, 2010, Salinas-Hernandez & Saldamando-Benjumea
2011). They have evolved prezygotic and postzygotic iso-
lation, as they present temporal, behavioral, and chemical
isolation (Pashley & Martin 1987, Pashley et al 1992, 1995,
Scholf et al 2011, Groot et al 2008, 2010, Saldamando-
Benjumea et al 2014), and at the postzygotic level, both
strains produce F, and F, generations that had a signifi-
cant reduction in the fitness of several of their life-history
traits (Veldsquez-Vélez et al 2011). These strains are
broadly distributed, being recorded in Argentina, Brazil,
USA, Puerto Rico, French Guyana, Jamaica, several islands
from the Caribbean, Honduras, Ecuador (Murua et al
2008, Busato et al 2004, Prowell et al 2004), and
Colombia (Vélez-Arango et al 2008, Saldamando &
Vélez-Arango 2010, Cano-Calle et al 2015).

In Colombia, the most recent study based on the molec-
ular characterization of both strains demonstrated the corn
strain was associated to corn, sorghum, cotton, and sugar-
cane, while the rice strain was found in rice and grasses
(Cano-Calle et al 2015). Studies in Colombia have indicated
areduced gene flow in between these strains (Saldamando &
Vélez-Arango 2010) and found differences in insecticide sus-
ceptibility among them—the rice strain being more tolerant
to lambda-cyhalothrin and methomyl, while the corn strain
being more tolerant to Bacillus thuringiensis (Cry1Ac, Cry1Ab)
endotoxins (Rios-Diez & Saldamando-Benjumea 2011, Rios-
Diez et al 2012). Such molecular, ecological, and biological
differences in between both strains from Colombia were also
detected at the morphological level. Cafias-Hoyos et al
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(2014)) showed that corn and rice strains significantly dif-
fered in their wing shape, but not in size (measured by their
centroid size). However, individuals of the corn strain tended
to be larger than individuals of the rice strain. They also
reported sex dimorphism in the rice strain according to wing
size—females were larger than males. Given that geometric
morphometrics appear to be an alternative to differentiate
such strains, we aimed (a) to estimate heritability values of
wing shape and size in S. frugiperda strains, as these estima-
tors are used to determine a morphological trait as a strong
genetic component and (b) to carry out a wing morphomet-
ric analysis in field specimens collected at the Tolima depart-
ment (Central Colombia) to certify that this approach is use-
ful to distinguish in between these strains from field-
collected specimens.

Material and Methods
Insect collection and rearing

Samplings of S. frugiperda took place in April 2009 to obtain
individuals used for the heritability estimations and in
May 2013 to obtain individuals used as field populations for
the wing morphometric differentiation. Samples were made
in corn and rice farms in north and central Tolima, where
>100 larvae were sampled randomly at each site as in
Cafias-Hoyos et al (2014). Briefly, corn populations were sam-
pled in the municipalities of Mariquita (location San Felipe)
(05°06'42.08"N, 74°53'35.03"W) and San Luis (04°12'48.2"N,
75°06'29"W). Rice populations were sampled in the munici-
palities of Ambalema (04°42'26.8"N, 74°50'47.9"W) and
Buenos Aires (04°20'46.6"N, 75°05'43.3"W). Larvae were
reared under controlled conditions (28 +5°C and 70% RH)
until adult emergence. A subsample of 30% of the larvae
collected was subjected to diagnostic PCR-RFLP of the mito-
chondrial gene COI for species identification (Vélez-Arango
et al 2008).

Adults were kept in cages of 20x20x30 cm?3, and males
and females were separated before mating to establish
crosses between virgin individuals to obtain the first parental
generation. For aeration of each cage, the top was covered
by a mesh cloth. In these cages, a piece of paper was placed
for oviposition. Food was provided via a cotton plug saturat-
ed with a 1:1 mixture of honey and water, changed every day.
Cages were checked every other day for oviposition and
adult mortality. Egg masses were collected and deposited
in plastic cups (3 cm in height and 1.5 cm in diameter).
Once the larvae hatched, five larvae were placed in individual
plastic cups with an artificial diet of pinto beans (Arévalo-
Maldonado & Zenner de Polania 2009), replaced every
3 days. As larvae pupated, pupae were placed in plastic cups
13 cm in height and 6 cm in diameter until adult emergence.
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Each pupa was sexed and adults were used to initiate a new
generation. After establishing a colony with larvae collected
from each site, one to one crosses between adults were used
to obtain parental generations of the corn and the rice
strains.

Wing data analysis

Left wings were analyzed in 161 laboratory reared specimens
[n=14 rice strain females (RSF), n=16 corn strain females
(CSF), n=7 rice strain males (RSM), and n=8 corn strain
males (CSM)], n=116 F1,) individuals and in 75 field individ-
uals collected in corn and rice farms in Tolima (n=38 from
corn fields and n=37 from rice fields). To visualize wing ve-
nations, all wings were soaked in sodium hypochlorite 5.5%
(30 s) and water (1 min), and scales were removed with an
entomological brush. Wings were mounted by standard
techniques and photographed using a Nikon 990 digital cam-
era fitted to a Nikon SMS 800 stereomicroscope following
Cafas-Hoyos et al (2014).

Fifteen anatomical markers were recognized as landmarks
of type | (Bookstein 1991). They were identified on each wing
on digital photographs (Fig 1). These landmarks were chosen
because they were considered homolog points since they
were easily detected, were reproducible, and were compared
to the S. frugiperda morphometric colony data studied by
Canas-Hoyos et al (2014). Similar to Cafias-Hoyos et al
(2014), the coordinates of these landmarks were digitized by
using the software COO V. 39 (Dujardin 2010). The isometric
estimator known as centroid size (CS) was used for size com-
parisons. CS is defined as the square root of the sum of the
squared distances between the center of the configuration of
landmarks and each individual landmark (Bookstein 1991). Raw
coordinates were submitted to generalized Procrustes analy-
ses (GPA) to generate “partial warp” (PW) scores and relative
warp (RW) scores (Rohlf 1990, Rohlf & Slice 1990) as shape
variables. GPA was used to remove the non-biological variabil-
ity in the individual including metrical scales, orientation, and
position of the individual wing in the photograph (Bookstein
1991). Both CS and shape variables were estimated with the
software MOG V. 82 (Dujardin 2010).

The precision in the digitalization of the reference points
for both colony and field specimens was computed as 1-R,
where R corresponds to two consecutive measurements per-
formed in the same points on three images that were ran-
domly chosen. R provides information of the proportion of
variance generated between measurements, between indi-
viduals and the total variance (Cafias-Hoyos et al 2014). To
calculate repeatability of the data, the estimators of centroid
size and shape variables were used in this work.

Full-sib nested half-sib and partial factorial mating designs
were conducted to generate families with half-sibling rela-
tionships (sharing a male, where one male was crossed to
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Fig 1 Spodoptera frugiperda left wing with 15 anatomical reference
points or landmarks.

three females) for estimation of wing size and shape herita-
bilities (Falconer 1989). Wing size heritability was calculated
from estimations obtained of the centroid size (CS) and wing
shape heritability estimations from the first relative warp (R1)
(Simmons & Kotiaho 2007). Heritabilities of CS and R1 were
calculated based on a nested ANOVA test where the mea-
surement variable (either CS or R1) was considered together
with two nominal variables (females and offspring). These
nominal variables were nested; therefore, each value of
one nominal variable (the subgroups composed by the fe-
males and the offspring) is found in combination with only
one value of the higher-level nominal variable (in this case
the males) (Falconer 1989). Nested ANOVA tests produce
three sources of genetic variation for the estimation of her-
itabilities: between sires (MSS = 0 w+K o d+dK o” s), be-
tween dams (MSD = o> w+K o° d), and within progenies
(MSW = ¢” w) and three estimations of heritability consider-
ing (a) the sire component (h*>=4 o s/o” T), (b) the dam
component (h*=4 o® d/o” T), and (c) sire + dam components
(h*=2 (0® s+0® d)/o> T), where MSS = mean square of the
sires, MSD = mean square of the dams, MSW = mean square
of the progeny, 6> w = within progeny component of the
variance, o> s = between sire component of the variance,
0” d = between dam component of the variance, s = number
of sires, d = number of dams per sire, and k = number of
offspring per dam, where in this study k=3 (siblings), d=3
(dams), and s=15 (sires) (7 sires for the rice strain and 8 for
the corn strain) (Falconer 1989). To estimate the heritability
of wing shape, the estimator RW1 was chosen because it
produced the highest value of repeatability in Cafias-Hoyos
et al (2014) study (97% in average). Nested ANOVA tests
based on wing shape and size of S. frugiperda strains were
obtained with the software Minitab 15 (Minitab 2007).
Differences between S. frugiperda strains according to
wing shape and size was tested in field populations collected
in corn and rice fields in 2013; for that, the contribution of
the size to the differences in wing shape was evaluated by
using a multivariate regression. This contribution is common-
ly named “Allometric effect” (Dujardin 2010). When the allo-
metric effect is significant, the common allometric slope
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hypothesis is contrasted by using a covariance analysis
(MANCOVA). When the model is not rejected (i.e., the
groups showed common allometric slopes), an adjustment
has to be performed for the size to determine if the data
continued showing differences in shape without the effect
produced by the wing size (Dujardin 2010). Also, to deter-
mine differences in wing shape between both strains, a dis-
criminant analysis was obtained with the program PAD V. 98
(Dujardin 2010) based on Mahalanobis distances of each
wing to the mean shape of each group. Finally, a validated
classification for each strain was separately performed for
females and males using PAD V. 98 (Mdarquez et al 2011,
Cafias-Hoyos et al 2014).

Finally, Qst was calculated here based on CS and RW1 data
obtained from field S. frugiperda populations of the corn and
the rice strains collected in Tolima department. For that, the
following formula was used: Qsr=Var bet/Var bet+2 Var
with, where Var bet = variance between populations in this
case between the corn vs the rice strains and Var with =
variance within each population, meaning within populations
of the corn strain or the rice strain (Freeland 2005). This Qsr
is comparable to Fst since it represents the degree to which
populations are genetically differentiated. When Qst> Fsr,
this means that quantitative traits have differentiated to a
greater extent than would be expected by genetic drift alone.
When Qst=Fst, the quantitative trait is selectively neutral,
and when Qs < Fst, this means that morphological differen-
tiation in a population is less than that would be attributable
to drift alone, and so the same phenotype is being selected
for multiple populations (Freeland 2005).

Results
Laboratory colony

Given that repeatability measurements (R) determine the
precision levels on the identification of the 15 wing-
landmarks used here (Fig 1), these estimators were calculated
for CS and RW1 and where R=0.99 for CS. Shape variables
repeatabilities were also very high for the first eight relative
warps found in S frugiperda in all males and females of both
strains from the laboratory colony (Table 1).

Values of the centroid size (CS) and relative warps (R1and
R2) were used to calculate the heritability of wing CS (size)
and RW1 (shape) with a nested ANOVA for each trait
(Tables 2 and 3) and produced the following values for CS
and RW1: 0® d=0.866, 0° s=644.8, h®> d=0.4668, h*
§=0.00062, and h®> d+h?® s=0.2340 for CS and o°
d=0.000017, 0% s=5.93*10°%, h> d=0.3334, h> d=0.1163,
and h? d +s=0.1958 for RW1. These results suggest that both
wing size and shape heritabilities are larger for males than for
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Table 1 Repeatability values found for the relative warps (RW) for
wing measurements of adults from the rice and corn strains of
Spodoptera frugiperda from laboratory-reared adults.

RW  Rice strain Corn strain

Repeatability Mobile means  Repeatability Mobile means

1 0.982325 0.982325 0.990233 0.990233
2 0.976791 0.979558 0.958749 0.974491
3 0.955214 0.971443 0.945436 0.964806
4 0.934648 0.962245 0.948752 0.960792
5 0.823875 0.934571 0.903667 0.949367
6 0.888487 0.92689 0.529353 0.879365
7 0.913636 0.924996 0.82965 0.872263
8 0.803539 0.909814 0.854702 0.870068
9 0.803539 0.909814 0.78409 0.860515
10 0.864963 0.908748 0.826523 0.857115
1 0.822122 0.900873 0.4531 0.820387
12 0.765442 0.889587 0.866564 0.824235
13 0.72985 0.877299 0.638891 0.809978
14 0.676882 0.862984 0.741234 0.805067
15 0.723142 0.853661 0.583486 0.790295
16 0.409991 0.825932 0.20686 0.753831

females, and thus inheritance of both traits is affected by
mainly males and not females in this species.

Field populations

Wing morphometrics analyses were also performed in 75
individuals of both S. frugiperda strains collected in nature
where n=25 CSF, n=22 CSM and n=12 RSF, n=16 RSM.
Significant differences in wing size based on the results given
by the MANCOVA test (Wilks=0.12, F=1, 56, p=0.3) and the
Euclidian distances (DE=0-010, p=0.05) were found from
specimens from both strains collected from the field.
Likewise, differences between wing shapes were also found
in these strains, as the linear regression produced significant
results (r=0.028, p=0.05) and the discriminant analysis
(where the first function explains 100% of the total variance)
(Wilks =0.119) and the Mahalanobis distance was 5.55 (Figs 2
and 3).

Finally, Qsr values obtained for CS and RW1 from wild
populations were Qsr=0.385 and Qsr=0.3261, respectively.
These values demonstrate that populations of S. frugiperda
from the corn and the rice strains are genetically differenti-
ated, and this differentiation can also be attributable to dif-
ferences in morphological traits between these two strains
from the Tolima department.
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Table 2
corn strains of Spodoptera frugiperda from laboratory-reared adults.

Nested ANOVAs performed for the centroid size (CS) and relative warp 1 (RW1) taken from wing measurements of adults from the rice and

CS RW1

Source df SC. MC. F p Source df SC. MC. F p

C3 14 203.002 14.500 3.00 0.021 C1 14 0.009839 0.000703 1.57 0.198
C4 (C3) 15 72.416 4.828 0.99 0.471 C2(C2) 15 0.006713 0.000448 2.47 0.005
Error 85 413.658 4.867 Error 85 0.015398 0.000181

Total 14 683.410 Total 14 0.031864

Discussion differentiation at the larval stage, and thus molecular

In the present study, heritability values for the wing size and
shape of the corn and rice strains of S. frugiperda populations
from Central Colombia (Tolima department) were estimated.
The results show that heritability of CS (size) was greater
than heritability of RW1 (shape) in both males and females.
In addition, male heritabilities (h* d=0.4668 for CS, h*
d=0.3334 for RW1) were higher than female heritabilities,
suggesting that male genetic components play an important
role in the inheritance of wing size and shape in this species.
According to Falconer (1989), heritability values close to 0.5
are high, but values close to 0 are very low, and thus in our
study, female heritabilities were very low even though they
were under laboratory conditions. Since heritabilities are es-
timators used in quantitative genetics to determine how
much of the phenotypic variation (VP = VG + VE where VE
= environmental variation) is explained by the genetic varia-
tion (VG) of a quantitative trait (h* = VG/VP) (Falconer 1989),
their values are important to decide whether a quantitative
trait is affected by the environmental factors such as tem-
perature, type of food, cage sizes, and inter- and intraspecies
competition, among others. In our case, inheritance of wing
size and shape in males is less affected by environmental
factors, but female wing size and shape are more likely to
be affected. Further studies with S. frugiperda should con-
sider larger populations and different environmental condi-
tions to test whether heritabilities are easily influenced by
such conditions.

This study corroborates previous analyses made by Cafias-
Hoyos et al (2014), who suggested wing morphometrics were
useful to differentiate the rice from the corn strain. In this
work, field populations of the corn and rice strains were
significantly different based on both wing shape and size
according the MANCOVA and discriminant analysis. These
results further demonstrate the possibility of using a mor-
phometric approach to distinguish these two strains as an
alternative method to molecular markers when adults are
collected from the field or the laboratory, as these methods
can be expensive and time consuming. However, no morpho-
logical tools have so far been discovered for strain

markers are still needed for them (Cafias-Hoyos et al 2014).

Wing morphometrics and heritability estimations have al-
so been used in Drosophila gouveai to demonstrate that
morphometric parameters had a substantial genetic additive
component in their phenotypic variance and that wing mor-
phometric parameters were appropriate quantitative
markers for assessing morphological differences among pop-
ulations (Marsola-Moraes & Melo Sene 2004). We used a
different method to calculate heritabilities of wing size and
shape in S. frugiperda as nested ANOVAs were estimated
based on a half-sib design (Falconer 1989). For this reason,
heritability values from natural populations were not obtain-
ed in this work since progeny from parental crosses sampled
in 2013 were not reared in the laboratory.

In another study made in Drosophila suboscura, the au-
thors found that wild and laboratory-reared flies differ in
heritability values of wing shape as this estimator was 90%
from laboratory populations and 15% from natural popula-
tions collected in 1989, but these values differ from popula-
tions collected in 1988 as they found that heritability of wing
size was 14% from laboratory populations and 7% from wild
populations (Orengo & Prevosti 1999). The results obtained
by Orengo & Prevosti (1999) are relevant for further estima-
tions of wing heritabilities in S. frugiperda strains as this study
was based in one collection of corn and rice strain larvae
made in 2013, future studies based on wing morphometrics
should consider several collections made in different years to
remeasure heritabilities of wing size and shape in this moth.

Studies based on wing morphometrics have also been
done in other Lepidoptera species that are considered pests,
including Tecia solanivora in which sexual dimorphism was
evidenced in this potato pest based on their wing size and
shape (Hernandez et al 2010). In Synneuria sp. a geometridae
species from Chile, Benitez et al (2011) found that natural
populations of this insect did not differ in wing shape or size
but their sexes were clearly separated by their sizes com-
pared to other cryptic and sibling species. However, none
of these studies have estimated heritability values of wing
shape and size as performed here. This work demonstrated
that that inheritance of wing size and shape in S. frugiperda is
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Table 3 Centroid size (CS) and

relative warps (RW1 and RW2) Females Males
estimators obtained for wing size
and wing shape of Spodoptera Ind CS RW1 RW2 Ind CS RW1 RW2
frugiperda corn and rice strains
from Tolima department (Central Rice 1 547.43 0.03324 0.01575 1 558.1 —-0.00388 -0.00793
Colombia). 2 467 0.01599 -0.02543 2 481.77 -0.03322 0.03026
3 541.97 -0.00782 0.01002 3 534.34 0.01372 -0.00661
4 498.96 0.01546 0.01269 4 518.96 0.0089 0.00973
5 475.83 0.05088 0.02508 5 566.56 —-0.01225 —-0.03539
6 565.38 -0.05456 0.03588 6 537.92 0.00599 0.00131
7 579.36 0.0016 -0.04847 7 561.85 0.0008 0.00704
8 642.4 -0.01004 -0.00986 8 537.71 -0.01494 0.01774
9 600.75 -0.00737 -0.01957 9 554.86 0.00276 -0.01632
10 589.12 0.00532 0.01662 10 550.1 -0.00935 0.00262
1 610.5 -0.04453 -0.00466 1 564.9 0.04826 0.01886
12 583.26 0.00181 -0.00806 12 576.02 -0.02487 -0.00148
Corn 1 615.64 0.00129 -0.01361 13 531.26 0.0049 -0.00023
2 583.01 0.00299 -0.04355 14 562.8 0.00653 -0.01595
3 612.46 -0.02062 -0.01055 15 527.22 0.00071 -0.00886
4 621.45 0.02535 -0.00401 16 537.75 0.00593 0.00519
5 589.42 0.01713 -0.0002 1 544.42 0.04574 0.00484
6 600.63 0.00502 0.02202 2 510.72 —-0.0215 -0.03043
7 547.22 0.0362 0.00199 3 598.87 0.0058 0.00833
8 620.66 0.01443 0.00354 4 420.62 0.00871 0.0513
9 601.78 0.01307 -0.00022 5 453.14 0.00389 -0.00867
10 567.54 0.01319 0.02892 6 459.33 0.00474 -0.00971
1 57715 0.00975 0.02044 7 536.61 0.01548 -0.00664
12 582.63 0.01278 0.00567 8 506.71 0.02123 -0.00937
13 597.97 0.00567 -0.01863 9 469.21 0.02699 -0.00598
14 589.93 0.00519 -0.0061 10 598.35 0.00069 -0.00321
15 546.66 0.0253 -0.00536 1 556.9 0.00863 0.00925
16 564.76 -0.01493 0.00141 12 548.94 -0.00469 -0.01913
17 507.65 -0.00792 0.02291 13 592.18 -0.00635 -0.01981
18 508.23 0.01059 0.00677 14 546.96 0.0269 -0.00154
19 570.09 -0.0471 0.00089 15 576.78 -0.00201 0.00096
20 537.12 —-0.01012 -0.00687 16 546.99 —-0.00076 -0.00626
21 495.76 —-0.01554 -0.00541 17 560.88 -0.02099 —-0.00325
22 528.3 -0.01347 0.0246 18 570.15 -0.00897 -0.0208
23 511.15 -0.00967 -0.01706 19 1225.38 -0.01415 0.01584
24 596.4 0.01142 -0.01132 20 1543.41 -0.02203 0.04143
25 527.48 -0.07 0.00373 21 1396.89 -0.02095 0.01558
22 1472.87 -0.0464 -0.0027

modulated more by males than females and thus female
wing size and shape can be affected by environmental fac-
tors. Also, wild populations of these two stains were signifi-
cantly different in wing size and shape, and thus, this tool has
been useful in both laboratory (Cafias-Hoyos et al 2014) and
field specimens of this pest in order to differentiate these
two strains.

@ Springer

Additionally, Qst values obtained here demonstrate that
S. frugiperda strains are genetically different based on two
morphological wing traits: the centroid size (CS) and the rel-
ative warp 1 (RW1). Previous studies based on a genetic char-
acterization of both strains from Tolima obtained by
Saldamando & Vélez-Arango (2010) estimated PhiPt=0.42
for the mitochondrial gene cytochrome oxidase | (COI) and
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females and B males strains.
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PhiPt=0.17 for the tandem repeated sequence FR (for rice) in
246 individuals of both strains collected in 2007 and 2008.
Since Qs7 values estimated here were 0.385 for CS and 0.326
for RW1 and represent similar values to 0.42 and larger
values than 0.17, our results suggest that these two quanti-
tative traits have differentiated to a greater extent than the
genetic traits analyzed by Saldamando & Vélez-Arango
(2010). Qs7 values obtained here suggest that directional se-
lection is favoring different populations in nature (Freeland
2005) meaning that corn strain phenotypes are morpholog-
ically differentiating from rice strain phenotypes. Given that
n=75 individuals were employed in this work, it is necessary
to estimate this parameter in further investigations to cor-
roborate the results obtained with S. frugiperda from Tolima

-60 -50 -40 -30-20 -10 0 10 20 30 40 50 60 70 80 90
Discriminant

as geometric morphometrics has been useful to also deter-
mine genetic differentiation between strains.

In conclusion, we demonstrated that S. frugiperda strains
exhibit higher heritability values for males than for females in
wing size and shape according to a morphometric analysis
carried out in a colony. Researchers should use males rather
than females to differentiate these two strains with this
method. Spodoptera frugiperda females produced lower her-
itability values for both wing shape and size; thus, further
studies should include a larger sample size to recalculate
these heritability values. Wild individuals of both strains sig-
nificantly differed in wing size and shape, and therefore, geo-
metric morphometrics represents a promising tool to recog-
nize specimens of each strain from field-collected specimens.
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Fig 3 Centroid size comparison
between Spodoptera frugiperda
strains. RF rice female, CF corn

female, RM rice male, CM corn
male.
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However, molecular markers are still needed to distinguish
both strains at larvae level. Finally, both wing size and shape
have shown that corn and rice strains of S. frugiperda are
genetically differentiated signifying that not only molecular
markers but also geometric morphometrics have demon-
strated that the species is diverging in two subpopulations:
the corn and the rice strains.

Acknowledgments The financial support to Clara Saldamando-
Benjumea was granted by Universidad Nacional de Colombia, sede
Medellin under the grant numbers 17836 and 18608. The collection of
the larvae and genetic access were provided by the Ministry of the
Environment of Colombia, permit number 4120E1-44703 (24 April
2008).

References

Adams DC, Funk DJ (1997) Morphometric inferences on sibling species
and sexual dimorphism in Eochlamisus bebbianae beetles: multivari-
ate applications of the thin-plate spline. Syst Biol 46:180-194

Arévalo-Maldonado H, Zenner de Polania | (2009) Evaluation of meridic
diets for rearing Spodoptera frugiperda (J.E. Smith) (Lepidoptera:
Noctuidae) under laboratory conditions. Rev Udcaactual Divulg
Cient 12:91-100

Benitez HA, Parra LE, Sepulveda E, Sanzana JM (2011) Geometric per-
spectives of sexual dimorphism in the wing shape of Lepidoptera: the
case of Synneuria sp. (Lepidoptera: Geometridae). J Entomol Res Soc
13:53-60

Bookstein FL (1991) Morphometric tools for landmark data. Geometry
and biology. Cambridge University Press, Cambridge

Busato GR, Griitzmacher AD, de Oliveira AC, Vieira EA, Zimmer PD, Kopp
MM, Bandeira JDM, Magalhanes TR (2004) Analysis of the molecular
structure and diversity of Spodoptera frugiperda (J. E. Smith)
(Lepidoptera: Noctuidae) populations associated to the corn and rice
crops in Rio Grande do Sul State, Brazil. Neotrop Entomol 33:709—-716

Cafias-Hoyos N, Marquez EJ, Saldamando-Benjumea Cl (2014)
Differentiation of Spodoptera frugiperda (Lepidoptera: Noctuidae)
corn and rice strains from Central Colombia: a wing morphometric
approach. Ann Entomol Soc Am 107:575-581

Cano-Calle D, Arango-lsaza RE, Saldamando-Benjumea Cl (2015)
Molecular Identification of Spodoptera frugiperda (Lepidoptera:
Noctuidae) corn and rice strains in Colombia by using aPCR-RFLP of
the mitochondrial gene cytochrome oxidase | (COIl) and a PCR of the
gene FR (for rice). Ann Entomol Soc Am 108:172—180

Dujardin JP (2008) Morphometrics applied to medical entomology.
Infect Genet Evol 8:875-890

Dujardin JP (2010) COO, MOG and COV for Windows. Institut de
Recherches pour le Développement. IRD, France

Dujardin JP, Costa D, Bustamante N, Jaramillo N, Catald S (2009)
Deciphering morphology in Triatominae: the evolutionary signals.
Acta Trop 110:101—1M1

Falconer DS (1989) Introduction to quantitative genetics, 3rd edn.
Longman. Sci and Teach. London, 438 p

Freeland J (ed) (2005) Molecular ecology. Jonh Wiley & Sons, West
Sussex, 388p

Groot AT, Marr M, Scholf G, Lorenz S, Svatos A, Heckel DG (2008) Host
strain specific sex pheromone variation in Spodoptera frugiperda.
Front Zool 5:20

@ Springer

Groot AT, Marr M, Heckel DG, Schéfl G (2010) The roles and interactions
of reproductive isolation mechanisms in fall armyworm (Lepidoptera:
Noctuidae host strains. Ecol Entomol 35(51):105-118

Hernandez N, Barragan AR, Dupas S, Silvain JF, Dangles O (2010) Wing
shape variations in an invasive moth are related to sexual dimorphism
and altitude. Bull Entomol Res 100:529-541

Jaramillo N, Dujardin JP, Calle-Londofio D, Fonseca-Gonzalez | (2015)
Geometric morphometrics for the taxonomy of 11 species of
Anopheles (Nyssorhynchus) mosquitoes. Med Vet Entomol 29:26-36

Levy HC, Garcia-Maruniak A, Maruniak JE (2002) Strain identification of
Spodoptera frugiperda (Lepidoptera: Noctuidae) insects and cell line:
PCR-RFLP of cytochrome oxidase subunit | gene. Fla Entomol 85:186—
190

Linares M (1996) The genetics of the mimetic coloration in the butterfly
Heliconius cydno weymeri. ) Hered 87:142—149

Lépez-Edwards M, Hernandez-Mendoza J, Pescador-Rubio L, Molina-
Ochoa A, Lezma-Gutierrez J, Hamm JJ, Wiseman BR (1999) Biological
differences between five populations of fall armyworm (Lepidoptera:
Noctuidae) collected from corn in Mexico. Fla Entomol 82:254-262

Lu YJ, Ochert GD, Isenhour DJ, Adang MJ (1994) Molecular characteriza-
tion of a strain-specific repeated DNA sequence in the fall armyworm
Spodoptera frugiperda (Lepidoptera: Noctuidae). Insect Mol Biol 3:
123-130

Marquez E, Jaramillo N, Gdmez-Palacio A, Dujardin JP (2011)
Morphometric and molecular differentiation of a Rhodnius robustus-
like form from R. robustus Larousse, 1927 and R. prolixus Stal, 1859
(Hemiptera, Reduviidae). Acta Trop 120:103—109

Marsola-Moraes E, Melo Sene F (2004) Heritability of wing morphology
in a natural population of Drosophila gouveai. Genetica 121:119-123

Minitab (2007) Minitab Inc., version 15.0. State College, PA. (www.
minitab.com)

Murla MG, Vera MT, Abraham S, Juarez ML, Prieto S, Head GP, Willinki
E (2008) Fitness and mating compatibility of Spodoptera frugiperda
(Lepidoptera: Noctuidae) populations from different host plant spe-
cies and regions in Argentina. Ann Entomol Soc Am 101(3):639-649

Nagoshi RN, Meagher RL (2003) Fall armyworm FR sequences map to
sex chromosomes and their distribution in the world indicate limita-
tions in interstrain mating. Insect Mol Biol 12:453-456

Nagoshi RN, Meagher RL (2004) Seasonal distribution of fall armyworm
(Lepidoptera: Noctuidae) host strains in agricultural and turf grass
habitats. Environ Entomol 33:881-889

Orengo DJ, Prevosti A (1999) Wing size heritability in Drosophila
suboscura. Heredity 82:100-106

Pashley DP (1986) Host-associated genetic differentiation in fall army-
worm (Lepidoptera: Noctuidae): a sibling species complex? Ann
Entomol Soc Am 79:898-904

Pashley DP (1988) The current status of fall armyworm host strains. Fla
Entomol 71:227-234

Pashley DP, Martin JA (1987) Reproductive incompatibility between host
strains of the fall armyworm (Lepidoptera: Noctuidae). Ann Entomol
Soc Am 80:731-733

Pashley DP, Hammond AM, Hardy TN (1992) Reproductive isolating
mechanisms in fall armyworm host strains (Lepidoptera: Noctuidae).
Ann Entomol Soc Am 85:400-405

Pashley DP, Hardy TN, Hammond AM (1995) Host effects on develop-
mental and reproductive traits in fall armyworm strains (Lepidoptera:
Noctuidae). Ann Entomol Soc Am 88:748-755

Prowell DP, McMichael M, Silvain JF (2004) Multilocus genetic analysis
of host use, introgression, and speciation in host strains of fall army-
worm (Lepidoptera: Noctuidae). Ann Entomol Soc Am 97:1034-1044

Rios-Diez JD, Saldamando-Benjumea Cl (2011) Susceptibility of
Spodoptera frugiperda (Lepidoptera: Noctuidae) strains from
Central Colombia to two insecticides, methomyl and lambda-
cyhalothrin: a study of the genetic basis of resistance. J Econ
Entomol 104:1698-1705


http://www.minitab.com/
http://www.minitab.com/

Heritability of Wing Size and Shape of the Rice and Corn Strains

419

Rios-Diez JD, Siegfried B, Saldamando-Benjumea Cl (2012) Susceptibility
of Spodoptera frugiperda (Lepidoptera: Noctuidae) strains from
Central Colombia to Cry1Ac and Cry1Ab. Southwest Entomol 7:281—
293

Rohlf FJ (1990) Rotational fit (Procrustes) methods. In: Rohlf FJ,
Bookstein FL (Eds) Proceedings of the Michigan Morphometrics
Workshop. University of Michigan Museum of Zoology, Ann Arbor,
Mich, p 227-236

Rohlf FJ, Slice DE (1990) Extensions of de Procrustes method for the
optimal superimposition of landmarks. Syst Zool 39:40-59

Saldamando Cl, Vélez-Arango AM (2010) Host plant association and
genetic differentiation of corn and rice strains of Spodoptera
frugiperda Smith (Lepidoptera: Noctuidae) in Colombia. Neotrop
Entomol 39:921-929

Saldamando-Benjumea Cl, Estrada-Piedrahita K, Veldsquez-Vélez
MI, Bailey Rl (2014) Assortative mating and lack of temporality
between corn and rice strains of Spodoptera frugiperda
(Lepidoptera, Noctuidae) from Central Colombia. J Insect
Behav 27:555-566

Salinas-Hernandez H, Saldamando-Benjumea Cl (2011) Haplotype identi-
fication within Spodoptera frugiperda J. E. Smith (Lepidoptera:

Noctuidae) corn and rice strains from Colombia. Neotrop Entomol
40:421-430

Scholf G, Dill A, Heckel DG, Groot AT (2011) Allochronic separation versus
mate choice nonrandom patterns of mating between fall armyworm
host strains. Am Nat 177:470-485

Simmons LW, Kotiaho JS (2007) Quantitative genetic correlation be-
tween trait and preference supports a sexually selected sperm pro-
cess. PNAS 42:16604—16608

Soto-Vivas A, Liria J, De Luna E (2011) Morfometria geométrica y filogenia
en Rhodhniini (Hemiptera, Reduvidae) de Venezuela. Acta Zool Mex 27:
87102

Sparks AN (1979) A review of the biology of the fall armyworm. Fla
Entomol 62:82-86

Velasquez-Vélez MI, Saldamando-Benjumea Cl, Rios-Diez JD (2011)
Reproductive isolation between two populations of Spodoptera
frugiperda (Lepidoptera, Noctuidae) collected in corn and rice fields
from Central Colombia. Ann Entomol Soc Am 104:826—833

Vélez-Arango AM, Arango RE, Villanueva D, Aguilera E, Saldamando CI
(2008) Identificacion de biotipos de Spodoptera frugiperda
(Lepidoptera: Noctuidae) mediante marcadores mitocondriales y
nucleares. Rev Colomb Entomol 34:145-150

@ Springer



	Heritability of Wing Size and Shape of the Rice and Corn Strains of Spodoptera frugiperda (J.E. Smith) (Lepidoptera: Noctuidae)
	Abstract
	Introduction
	Material and Methods
	Insect collection and rearing
	Wing data analysis

	Results
	Laboratory colony
	Field populations

	Discussion
	References


