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ARTICLE INFO ABSTRACT
Article history: Understanding aspects of insect ecology is a key component for the applicability of control methods or pest
Received 08 May 2023 resistance management. For instance, the comprehension of insect dispersal is crucial to determining insect

gene flow and the maximum distance between refuge areas in Bt (Bacillus thuringiensis) crops. But, for such
studies, insects need to be marked prior to release. Seeking to refine the technique of dispersion studies of the
genetic material of Spodoptera frugiperda (J.E. Smith) (Lepidoptera: Noctuidae), this study aimed to determine
the efficiency of water-soluble dyes for the internal marking of S. frugiperda immatures and adults via larval
feeding, with emphasis on marking the spermatophore. Rhodamine B, Methylene Blue, Ponceau, Coomassie, and
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Keywords: Eosin-Nigrosin were added to the larval artificial diet at concentrations of 0, 100, 200, 400, 600, 800, and 1000
Insect movement ppm. Mortality and duration of the larval stage as well as the efficiency of marking internal structures of larvae
Gene flow and adults were evaluated. Rhodamine B and Methylene Blue increased the duration of the larval period, but
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the former caused higher mortality. The staining of the gut, hemolymph, and imaginal discs, in the larval phase,
was observed for Rhodamine B, Methylene Blue, and Coomassie dyes. However, none of the dyes were efficient
for marking spermatophores. Thus, the addition of these water-soluble dyes to the larval diet of S. frugiperda
can mark internal structures of the larva, but not the adult. Therefore, these dyes have limited application once

they may be used only for marking larvae.

Introduction

Plant resistance through the expression of insecticidal proteins (Bt
plants) represents currently one of the main strategies for managing
agricultural insect pests, with increasing adoption worldwide (ISAAA,
2019). However, the limited array of insecticidal proteins and the
widespread use of Bt plants have caused the development of insect
populations resistant to this control tactic (Bentivenha et al., 2019).
This was the case observed in the fall armyworm - FAW, Spodoptera
frugiperda (J.E. Smith) (Lepidoptera: Noctuidae), whose population
developed resistance to the Bacillus thuringiensis Cry1F protein expressed
in maize hybrids in just four years after the release of the technology
(Farias et al., 2014; Monnerat et al., 2015). Therefore, the sustainability
of the Bt crops should include management strategies for resistant
insect populations within an integrated pest management program.

In order to minimize the development of resistant populations,
some management strategies were established such as the adoption
of refuge areas, expression of high doses (capable of controlling >
95% of heterozygous individuals), and the pyramiding of proteins
(Fatoretto et al., 2017; Tabashnik and Carriére, 2017; Gilreath et al.,
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2021). Refuge areas allow the development of Bt-insecticidal protein
susceptible insects. These insects disperse and mate with resistant
ones in Bt crops, resulting in susceptible heterozygotes (Fatoretto et al.,
2017). However, for this strategy to be effective, refuge areas must be
near to Bt crops ensuring a higher mating rate between resistant and
susceptible insects. The maximum distance established between refuge
areas and Btmaize plants is 800 m for both Ostrinia nubilalis(Hubner)
(Lepidoptera: Crambidae) in the United States (Showers et al., 2001)
and S. frugiperda in Brazil (Vilarinho et al., 2011).

Determining the maximum distance between refuge areas and
the farthest point in the Btcrop considers insect dispersal capabilities,
usually assessed through a combination of insect marking techniques
and Marking-Release-Capture methods. In this process, laboratory-
reared marked insects are released into the field and captured at
varying distances, enabling the determination of their movement range.
Marking can be performed externally or internally and ensures the
differentiation of the released insects from wild ones (Gangwere et al.,
1964; Southwood, 1978; Hagler and Jackson, 2001).

Internal marking is highly recommended for field studies, as it
avoids transfer between insects and is less susceptible to losses due
to factors such as rain or wind (Southwood, 1978). However, efficient
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internal marking poses challenges, demanding dyes that provide easy
marking and evaluation of numerous insects without sophisticated
equipment. Additionally, marking should require minimal insect
manipulation, be distinguishable from wild individuals, persist for
the period of study, and cause no impact on insect biology or behavior
(Gangwere et al., 1964; Hagler and Jackson, 2001). Dyes with lower
excretion rates are also preferable (Nijhout, 1975; Southwood, 1978;
Hagler and Jackson, 2001).

Marking internal structures of adults provides vital insights into
genetic material dispersal. Marking structures such as the spermatophore,
transferred from males to females during mating, enables identification
of male groups. Such a technique facilitates gene flow distances once
the release point is established. Although previous studies on S.
frugiperdaadult dispersion via internal marking with liposoluble dyes
successfully determined the species dispersal capacity (Vilarinho et al.,
2011), spermatophores were not assessed, leaving genetic material
dispersion unexplored.

Due to the important implications of marked spermatophores,
this technique could remodel structured refuge areas in commercial
maize and other Bt crops. The development of a technique to identify
the origin of a male sexual content (spermatophores) within a female
would allow to track down the distance moved from the site of release
of the male insect. Moreover, movement of unmated and mated insects
is key for assure gene flow of susceptible insect to and from refuge
(conventional crop) and Bt-crops and, therefore, for management of
resistance. Consequently, this study aimed to evaluate the efficiency of
water-soluble dyes in marking the internal structures of S. frugiperda
larvae and adults, especially spermatophores, by incorporating these
dyes into the artificial diet during the larval phase.

Material and methods

Insects

Egg masses of S. frugiperdawere obtained from a laboratory colony. This
population, originated from maize, has been maintained for ca. 20 years
without reintroduction of field insects, ensuring the absence of resistance
alleles to insecticidal proteins (unpublished data). The egg masses were
cleaned using a sequence of aqueous solutions: 10% formalin, distilled
water, and 1% copper sulfate. After drying out in room temperature for
approximately 30 min, egg masses were placed in a 100 mL plastic cup
(COPAZA®, Igara, SC, Brazil) with lid. Upon hatching, larvae were fed a 4
cm?® of an artificial bean-based diet (Vilela et al., 2014) and reared under
controlled conditions (25 + 2°C; RH 70 + 10%; Photophase 12h).

Insect marking and evaluation

Water-soluble dyes (Table 1) were incorporated into the standard
diet (mentioned above) and were selected based on their efficacy for
marking proteins, the main constituent of a spermatophore (Heller et al.,
1998). This strategy was proposed to facilitate marking a larger number
of insects and to enable field studies with newly emerged adults.
Powder dyes were diluted in 10 mL of distilled water to provide better
incorporation into the diet, while liquid dyes were added directly into
the diet without previous dilution. Concentrations used were 0, 100,
200, 400, 600, 800 and 1000 ppm. This range was established based on
Sparks and Cheatham (1973) and Vilarinho et al. (2006), whose studies
enabled to mark insects without affecting the biological aspects of FAW
at a concentration of 1000 ppm (injection into the adult) and 400 ppm
(through larval feeding), respectively. Upon incorporation of the dye,
the mixture was homogenized using a spatula, in circular movements
until reaching a homogeneous color. Subsequently, the diet was kept
under UV light for 60 min at room temperature for sterilization and
transferred to a refrigerator (5 °C) for solidification.

Third-instar larvae were used to evaluate the dyes. This instar
was adopted due to the higher mortality of neonates observed in a
preliminary study. The larvae were individualized in Petri dishes (6
cm diameter x 2 cm height) containing 4 cm® of dye-containing diet,
according to the established treatment (dye and concentration). Larvae
were observed daily, and confirmed dead insects were registered and
removed from the experiment.

A completely randomized design was used with 100 replications
per treatment (concentration). Each experimental plot was represented
by a Petri dish containing one larva (experimental unit). The insects
were kept in a climate-controlled room (25 + 2°C; RH 70 + 10%;
Photophase 12h). The dyes were evaluated separately, leading to five
distinct experiments.

After pupation, insects from the same treatment were maintained
in a single mating cage, consisting of a polyvinyl chloride (PVC) tube (20
cm high x 10 cm diameter) covered internally with bond white paper,
which was used as a substrate for oviposition. Once emerged, adults were
keptin a cage for seven days, when the internal marking was evaluated.
This period allows visual confirmation of mating and observation of the
first egg masses, ensuring the transfer of spermatophores to females
(Wang et al., 2019; Ge et al., 2021). Small plastic containers (10 mL)
with hydrophilic cotton swabs soaked in a solution of distilled water
and honey (10%) were placed on top of each cage for adult feeding.

All larvae were handled ventrally for confirmation of marking by
directly observing color changes without dissections. Five sixth-instar

Table 1
Dyes used to mark internally Spodoptera frugiperdalarvae and adults.
No. Dye Source Color Information Reference
1 Rhodamine B Sigma-Aldrich Red Efficient for internal labeling of Heliothis virescens Sparks and Cheatham (1973), Blanco et al. (2006),
(Fabricius, 1781) (Lepidoptera: Noctuidae), Aedes Johnson et al. (2017), Aviles et al. (2020)
aegypti(Linnaeus, 1762) and Anopheles gambiaes.l.
(Diptera: Culicidae), and Manduca sexta (Linnaeus,
1763) (Lepidoptera: Sphingidae) adults
2) Methylene blue Sigma-Aldrich Blue Efficient for the internal marking of M. sexta adults of Sparks and Cheatham (1973),
and Norileca indica (H. Milne Edwards, 1840) Kottarathil and Kappalli ( 2019)
(Crustacea: Isopoda, Cymothoidae)
3 Eosin - Nigrosin Botupharma Dark Violet Not used for marking insects, but it was efficient Sousa et al. (2013),
for marking spermatozoa of Pecari tajacu (Linnaeus, Mazaheri et al. (2020)
1758) (Artiodactyla, Tayassuidae) and Mus spp.
(Rodentia: Muridae)
4 Ponceau Red Sigma-Aldrich Red It was used for marking insects, such as the brain Venkatesha et al. (2013)
of Apis mellifera (Linnaeus, 1758) (Hymenoptera:
Apidae) and protein bands
5 Coomassie Sigma-Aldrich Blue Widely used in gel electrophoresis Noaman and Coorssen (2018)
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larvae from each treatment were dissected to evaluate color change
of internal organs, including the imaginal discs. Adult females were
dissected using tweezers to remove the final portion of the abdomen
to evaluate the bursa copulatrix, where the spermatophores are stored
in mated females. Observations were made using a stereomicroscope
at 10x magnification (Carl Zeiss, Jena, Germany). The marking of
spermatophores was determined by visual analysis and comparison
with spermatophores from the control (no dye).

Statistical analysis

Mortality data and larval stage duration for the tested dyes were
submitted to analysis of variance (ANOVA - ExpDes.pt Package). Abbott’s
formula was used to correct the natural mortality observed in the control
(without dye addition). Mean comparisons were conducted using Tukey’s
test at 0.05 significance using the package agricolae (R Core Team, 2020).

Results

Ponceau, Methylene Blue, Rhodamine B, and Coomassiedyes evidently
marked the gut when observed through the ventral part of the insect,

avoiding the need for dissection. Hemolymph of larvae was distinctly
marked by Rhodamine B, displaying an intense red color. Conversely,
Methylene Blue and Coomassie Blue resulted in lighter hemolymph
marking. Ponceau and Eosin- Nigrosin dyes did not stain the hemolymph.

Imaginal discs exhibited limited marking when larvae were fed
diets containing Methylene Blue, Rhodamine B, and Coomassie dyes
(Table 2). Larvae fed with these dyes were easily identifiable through
external observation due to distinct coloring. Marking was considered
evident when marked insects were distinguishable from the control.
The clearer the distinction from non-marked insects, the more evident
the marking was considered.

During the dissection of adult females, internal structures such
as gut, fat body, and ovaries showed no marking for any tested dyes.
Similarly, no marking was observed on spermatophores obtained from
mated females (Table 2, Figure 1). The efficiency of spermatophore
marking was visually determined by comparing their coloration with
spermatophores from the control treatment (Figure 1A), which exhibited
varying colors, from light and translucent to black and opaque.

Blue and red dyes generally produced light-colored spermatophores,
indistinguishable from the pattern observed in the control (Figure 1B-E).
Spermatophores from Eosin-Nigrosin dye were black (Figure 1F). Despite
aligning with the natural color of the dye, these spermatophores were

Table 2
Visual response of marking internal structures of S. frugiperdalarvae and adults via ingestion of dye-containing artificial diet during larval stage.
Larva Adult
Dye gut hemolymph imaginal discs fat body ovary spermatophore

Ponceau +H+ - - o -
Methylene blue ++ ++ o - -
Rhodamine B +H+ 4+ - - -
Eosin - Nigrosin - - = o -
Coomassie +H+ ++ o - -

- marking not observed; + little obvious marking; ++ evident marking; +++ very evident marking.

Figure 1 Spermatophores retrieved from S. frugiperda mated adult females whose larvae were fed with water-soluble dyes. (A) control insect (without dye); (B) Methylene Blue;

(C) Coomassie; (D) Ponceau; (E) Rhodamine B; (F) Eosin - Nigrosin.
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not considered marked, lacking a clear distinction from those taken from
control insects, which also presented black-colored spermatophores.

The addition of Ponceau (F;, = 0.58; P = 0.71), Methylene Blue
(F;5=0.58; P=0.72), Eosin- ngrosm (F,4=0.61; P=0.69), and Coomassie
(F;c = 0.99; P=0.48) dyes into the artificial diet did not increase the
mortality of S. frugiperda larvae compared to the control treatment.
In all tests, mortality in the control treatment (diet without dye)
remained below 10%. In contrast, Rhodamine B dye led to significant
larval mortality (F,, = 73.57; P< 0.0001), with the highest mortality
observed at high concentrations, starting from the 600 ppm dose
(Figure 2). Larval mortality mainly occurred during the pre-pupal stage
when larvae ceased feeding and began molting to the pupal stage.

Larval development was not affected by diets containing Ponceau
(Fs,=1.94; P=0.20), Eosin-Nigrosin (F,, =0.27; P=0.94), and Coomassie
( =0.02; P=0.99)dyes. In these essays the larval periods in the control
Were 13.20; 15.30, and 17.00 days, respectively, with an increase of 8.9%
for Ponceau and 3.1% for Eosin-Nigrosin in the highest concentrations.
In contrast, Methylene Blue (F,, = 18.17; P< 0.001) and Rhodamine B
(Fg, =5.69; P=0.02) dyes increased larval development, particularly
atadose of 1000 ppm, with increases of 26.3% and 19.4%, respectively,
compared to the control (Figure 3).
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Figure 2 Mortality (%) of S. frugiperdalarvae fed an artificial diet containing water-soluble
dyes (™ indicates that the treatments did not differ from each other; bars followed by
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Figure 3 Development (days) of S. frugiperda larvae fed an artificial diet containing
Ponceau, Methylene Blue, Rhodamine B, Eosin- Nigrosine and Coomassie dyes. (" indi-
cates that treatments did not differ from each other; bars followed by the same letter
within the same dye are not significantly different by Tukey ‘s test at 0.05 significance).

Discussion

Marking internal structures of insects such as the gut, hemolymph,
and imaginal discs in the larval stage was obtained using Rhodamine B,
Methylene Blue, and Coomassie dyes incorporated into the diet. Conversely,
Eosin-Nigrosin was not able to distinctly mark internal structures. The
difference in staining intensity between these dyes was observed only in
the hemolymph, with Rhodamine B marking the hemolymph very clearly
in red and Methylene Blue and Coomassie staining the hemolymph in
blue. The success in marking the internal structures is due, in part, to
the constant re-entry of dyes via food, offered ad /libitum, since dyes,
like any other xenobiotic substances, are excreted both by the midgut
and by the Malpighian tubules (Nijhout, 1975). Thus, larvae partially fed
with dye-containing diets may not show the marking.

Ponceau dye was efficient for staining the gut resulting in an intense
red color that could be observed regardless of the concentration used
and even without dissection of the insects. This dye presented no effect
on insect development. However, it failed to mark the hemolymph and
imaginal discs. This dye was not able to cross the peritrophic membrane
which is responsible for the largest absorption in the digestive tract.
The peritrophic membrane of insects contains small pores, measuring
between 7.5 and 8.0 nm (Terra, 2001), whereas Ponceau dye molecules
exceed 30 nm. Venkatesha et al. (2013) demonstrated that this dye is
retained when a membrane with 30 nm pores is used.

The excretion of dyes can also play an important role in eliminating
dyes and, therefore, reducing insect marking efficacy. Dyes are
xenobiotic compounds and may affect the insect’s physiochemical
dynamics, leading to biochemical responses toward excretion due to
their toxicity (Fondren Junior and Heitz, 1979). In adult Lepidoptera,
dyes are broken down in different places of the insect’s excretory
system and this excretion is intricately related to the pH of the dyes.
Acidic dyes, such as Ponceau and Rhodamine B, are excreted in the
midgut and middle section of the Malpighian tubules. In contrast,
basic dyes, such as Methylene Blue, are excreted in the middle and
proximal sections of the Malpighian tubules (Nijhout, 1975). Despite
the observed excretion of dyes in our study, the constant reintroduction
of the dye ensured its presence in sufficient quantities to guarantee
effective marking (Barbosa and Peters, 1971).

Mortality of larvae exposed to Rhodamine B dye was likely due to its
inherent toxicity because amine components of the dye replace oxygen
molecules in the insect’s body (Fondren Junior and Heitz, 1979). Increased
dye concentration in the diet elevates toxicity overwhelming the excretory
system and, consequently, negatively affecting insect development and
survivorship. Despite its toxicity, Rhodamine B was used for marking
spermatophores of insects, but it was efficient only when adults were
fed upon or injected with the dye (Vail et al., 1966; Sparks and Cheatham,
1973; Van Der Reijden et al.,, 1997; South et al., 2008)

The Methylene Blue Eosin dye, one of the components of the Eosin-
Nigrosin dye, demonstrated low mortality of the dyes at 0% and 2%
concentrations when the adults of Musca domestica (Linnaeus) (Diptera:
Muscidae) were fed with the dyes. (Yoho et al., 1973). Similarly, Robinson
(1983) reported low mortality of M. domesticaadults exposed to Methylene
Blue whereas Eosin resulted in high mortality. The study emphasized the
mortality concentration dependence, which, in our research was not evident.

Ponceau and Comassie dyes could be used as internal markers of
insects, mainly staining the gut. These dyes are not commonly used for
insect marking, but they have been used mainly in mammals (Tanaka,
2006). Therefore, our study brings insight into possible alternatives for
marking insects. Despite their binding affinity to proteins (Tal et al.,
1985), spermatophores were not stained and the high protein content
in certain insects such as Lepidoptera (Foo et al., 2006) must have
contributed to the reduction of dye availability.
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The marking of internal insect structures, such as the gut, can be
observed without the need of dissection. This becomes evident when
the food load passes through the digestive tract (Vail et al., 1966). The
change in diet color, obtained from the lowest concentrations of dye
added, has the potential to change the internal coloration of insects.
Therefore, it can be an important tool for studies of larval movement,
as well as an indication for feeding biological control agents.

The use of a water-soluble-dye-containing diet for marking immature
insects via feeding could be used as a method for the evaluation of
the larval movement, making ease the distinction between marked
and wild insects. However, the duration of marking after ceasing the
supply of artificial diet-containing dyes needs further evaluation.
Moreover, adult longevity was not evaluated in our study, but several
studies have already indicated this biological parameter is not affected
by water-soluble dyes (Vail et al., 1966; Sparks and Cheatham, 1973).

Marking insect spermatophores is crucial for evaluating insect
movement, temporal mating status, and gene flow, but it remains a
challenge in entomological research. The inefficiency of larval feeding
as a marking method can be attributed to dye excretion by insects
(Nijhout, 1975) and the reduction in feeding as well as clearing
of the insect gut towards the end of the last larval instar before
entering the pupal stage (Spranghers et al., 2018). Consequently,
for the dye to persist into adulthood, it must be absorbed into the
internal structures of the insect, such as the hemocoel and imaginal
discs. Given that spermatophores consist of proteins (Heller et al.,
1998), it is crucial for dyes to bind with protein compounds during
the larval phase. Attempts to label spermatophores by providing
liposoluble diets to the larvae have proven ineffective as these dyes
bind with the fat body rather than proteins (Qureshi et al., 2006;
Vilarinho et al., 2011). Noteworthy exceptions such as the studies
of Hendricks and Graham (1970) and Cantelo (1973) exist in which
successful marking of lepidopteran spermatophores using liposoluble
dyes was observed. This phenomenon might be explained by the
high concentration of dye bound to the fat body of insects during
the metamorphosis phase, causing some dye molecules to bind to
the male’s reproductive system.

Our study demonstrated that marking S. frugiperdalarvae, especially
the gut, hemolymph, and imaginal discs by incorporating water-soluble
dyes into the artificial diet was feasible. However, as spermatophores
were not able to be marked using these dyes suggests that further studies
or new techniques need to be developed. Although Eosin-Nigrosin,
Ponceau, and Coomassie are efficient protein markers, they were not
potential candidates for in vivomarking the internal structures of adult
insects via larval feeding.
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