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Parasitism by Aleiodes ceres Shimbori, 2023 (Hymenoptera:
Braconidae) of three species of Spodoptera Guenée, 1852:
effects of preferential instar and host diet
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Abstract A recently discovered koinobiont parasi-
toid species, Aleiodes ceres Shimbori, 2023, proved
to be a promising biological control agent for larvae
of Spodoptera cosmioides (Walker, 1858), S. eridania
(Stoll, 1782), and S. frugiperda (J.E. Smith, 1797),
all well-known pests that cause critical damage to
soybean and corn crops. This study investigated the
potential of parasitism by A. ceres in these three spe-
cies, including different instars (1st, 2nd, 3rd, and
4th instar) and diets (artificial and natural). Parasit-
ism was highest when it occurs in the second instar
for all three host species. The egg-to-pupa period of
A. ceres was shorter in the second and third instars in
relation to the first instar. Parasitism was substantially
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enhanced by the use of natural diets (soybean and
corn leaves) compared with the artificial diet in all
three species of the Spodoptera complex, suggesting
a possible allelochemical interaction. Based on the
results from the three host species, the potential for
control of Spodoptera spp. by A. ceres was evident.

Keywords Larval parasitoid - Rogadinae -
Soybean - Corn - Biological control

Introduction

The genus Spodoptera Guenée, 1852 (Lepidoptera,
Noctuidae) comprises 31 species, 15 of which are
important agricultural pests in the Western and East-
ern hemispheres (Kergoat et al. 2021) and four of
these having economic importance in Brazil: Spodop-
tera frugiperda (J.E. Smith, 1797), Spodoptera cos-
mioides (Walker, 1858), Spodoptera eridania (Stoll,
1782), and Spodoptera albula (Walker, 1857) (Parra
and Omoto 2004; Parra et al. 2022). Some of the
main pests of cotton (Gossypium hirsutum L.), corn
or maize (Zea mays L.), and soybean (Glycine max
L.) are part of the Spodoptera complex (Parra et al.
2022) and cause significant damage from their vora-
cious attacks (Pogue 2002; Silva et al. 2017; Specht
and Roque-Specht 2019).

In Brazil, the corn armyworm, S. frugiperda,
causes the greatest economic losses. This pest, native
to the Americas, is highly polyphagous (Pogue 2002;
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Early et al. 2018; Adhikari et al. 2020). In 2016, it
was recorded in Africa (Goergen et al. 2016), in
2018 in Asia (India) (Ganiger et al. 2018; Sharana-
basappa et al. 2018), and in 2020 in Oceania (Aus-
tralia) (EPPO 2020). Recently, traditional control
methods have not yielded satisfactory results, because
of the armyworm’s resistance to different chemical
groups and to transgenic corn expressing toxins from
Bt (Bacillus thuringiensis Berliner) (Cruz et al. 2012;
van den Berg and du Plessis 2022; APRD 2023).

Both S. cosmioides and S. eridania have also
become more concerning since the 2013-2014 har-
vest, with population outbreaks in genetically modi-
fied soybean that expresses the CrylAc protein.
Because of the low susceptibility of Spodoptera com-
plex larvae to Bt proteins (CTNBio 2010; Bernardi
et al. 2014), these two species are currently the main
defoliating pests of soybean.

As a result of the inefficiency of chemical insecti-
cides and/or Bt transgenic crops in controlling mem-
bers of the Spodoptera complex, it is essential to
investigate alternative individual or combined strat-
egies to reduce losses from attacks by these pests,
based on Integrated Pest Management (IPM) prin-
ciples. Biological control with parasitoids is a long-
lasting and environmentally safe option.

Investigations of the use of biological control to
manage Spodoptera species, mainly S. frugiperda, are
being conducted with the egg parasitoids Telenomus
remus Nixon, 1937 (Hymenoptera: Scelionidae) and
species of Trichogramma Westwood, 1833 (Hyme-
noptera: Trichogrammatidae) (Goulart et al. 2011;
Wengrat et al. 2021; Fortes et al. 2023). As the results
of these attempts have not so far been satisfactory, it
is necessary to consider combinations of species or
other natural enemies that are simpler to rear and eas-
ily adapt to different climatic regions.

Recently, Shimbori et al. (2023) collected and
described a new species of parasitoid wasp, Aleiodes
ceres Shimbori, 2023 (Hymenoptera: Braconidae),
and suggested that it might be a useful biological con-
trol agent for the Spodoptera complex. Aleiodes ceres
is a solitary koinobiont endoparasitoid (Shaw 2006;
Abreu et al. 2014) and was first collected in corn and
soybean fields from early instar larvae of S. cosmi-
oides, S. eridania, and S. frugiperda in a temperate
region of Brazil, Sdo José dos Pinhais, state of Parana
(Shimbori et al. 2023).
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This study aimed to identify the instars of the hosts
S. frugiperda, S. eridania and S. cosmioides that sup-
port the highest parasitism of A. ceres. Additionally,
we evaluated the effect of different diets offered to the
hosts on the success of A. ceres parasitism.

Materials and methods
Insect rearing

The hosts and the parasitoid were reared in the Insect
Biology Laboratory, Entomology and Acarology
Department, University of Sdo Paulo (USP)/Luiz de
Queiroz College of Agriculture (ESALQ), Piracicaba,
SP, Brazil. The insects were kept under controlled
conditions (25+2 °C, 70+10% RH, and a L:D 14:10
photoperiod). The hosts S. cosmioides, S. erida-
nia, and S. frugiperda were reared on artificial diets
as proposed by Greene et al. (1976), following the
rearing method described by Parra (2015).

Adults of A. ceres were kept in cages
(30%x27x25 cm) covered with anti-aphid screening
(0.87 mm) and were provided with water in mois-
tened cotton rolls and fed droplets of pure honey.
Three cages of A. ceres were maintained, one for each
species of Spodoptera. The larvae offered for parasit-
ism were from the laboratory rearing colony of each
Spodoptera species, fed the above-mentioned artifi-
cial diet.

Maintenance of the parasitoid cages was carried
out every 48 h. The parasitized hosts were kept in
transparent polyethylene pots (200 ml) containing
an artificial diet for the larvae, since the parasitoid
is a koinobiont. After the larval stage, the parasitoid
pupae were transferred to 50 ml pots until emergence,
then transferred to their respective rearing cages.

For all the experiments, the cages for the adults
were made of 500 ml plastic pots inverted over the
lids, containing pure honey for the parasitoids as well
as artificial and/or natural diets for the host larvae
(particular to each experiment). The upper part of
each pot was pierced to allow air circulation.

Bioassay 1: Parasitism and development of A. ceres
in different instars of three Spodoptera species

An experiment was set up using a completely ran-
domized design (CRD) with 12 treatments in a
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factorial scheme, and 20 replicates. The two factors
were host species (with three levels: S. cosmioides,
S. eridania, and S. frugiperda) and larval instar (with
four levels: 1st, 2nd, 3rd, and 4th instar, identified by
head-capsule measurement). Each replicate consisted
of a pair of newly emerged parasitoids alongside 15
larvae offered to be parasitized. The number of larvae
provided was determined based on the limitation of
daily parasitism, allowing for an average of eight ovi-
positions per day (van Achterberg and Shaw 2016).
The sexes were identified by inspecting the presence
of an ovipositor in the female.

For mating, newly emerged males and females
were kept in flat-bottom glass tubes (1.5 X 6 cm), con-
taining droplets of pure honey and sealed with trans-
parent plastic. These couples were kept in air-condi-
tioned chambers set at 25+2 °C; 70+ 10% RH, and a
L:D 14:10 photoperiod. After this period, the couples
were transferred to the cages described above, con-
taining larvae of each instar of the Spodoptera species
to be tested, fed on the artificial diet.

The host larvae were offered to be parasitized
for 24 h. After this period they were removed and
placed in 200 ml pots containing the same artificial
diet. To limit possible cannibalism, especially by S.
frugiperda, unparasitized larvae were removed each
day. Unparasitized larvae were separated and judged
by the size and development time in comparison
with parasitized larvae. The following variables were
recorded: (1) percentage of parasitism; (2) duration
(days) of the egg-to-pupa (“mummification” of the
host), pupa-to-adult, and egg-to-adult periods; (3)
percentage of emergence of parasitoids (relation-
ship between the number of successfully parasitized
caterpillars and the total number of emerged adults);
and (4) sex ratio (proportion females) of A. ceres. For
this last variable, replicates that generated only male
progeny were excluded.

Aleiodes ceres parasitism on three species of
Spodoptera fed artificial and natural diets

Bioassay 2: Artificial diet vs. soybean leaves

Second-instar larvae (judged to be the optimal instar
from the results of bioassay 1) of S. cosmioides, S.
eridania, and S. frugiperda, reared on artificial diet,
were exposed for parasitism by A. ceres. The first
treatment consisted of larvae fed the artificial diet

from Greene et al. (1976). In the second treatment,
the larvae were fed soybean leaves.

These treatments were used to evaluate if soy-
bean leaves (natural diet) would be a more efficient
attractant, thus optimizing parasitism by A. ceres. The
design was completely randomized (CRD), following
a 3Xx2 factorial scheme, which corresponded to the
three host species (S. cosmioides, S. eridania, and S.
frugiperda) and the two types of diets (artificial and
natural), totaling six treatments, with 20 replicates
for each treatment. A method similar to bioassay 1
was used.

For the natural-diet treatments, the larvae were
allowed to feed on the soybean leaves (IAC Fosca-
rin variety) for 10 min, since they were previously
fed an artificial diet. A screen was placed inside the
cage to support the leaf and facilitate the movement
of the parasitoids. For both treatments, the parasitism
exposure period was 24 h. After the host larvae were
exposed to parasitism, the procedures and evaluations
were similar to bioassay 1.

During this experiment, the behavior of A. ceres
was also investigated, including the foraging time
(period needed for the parasitoid to locate the host),
host acceptance rate (proportion of samples in which
parasitism behavior, i.e., host-parasitoid interaction,
was observed), and time of parasitism (from accept-
ance of the host to removal of the ovipositor), in 15
replicates for each treatment. These parameters were
observed for 20 min, beginning 10 min after the lar-
vae were offered the soybean leaves. The following
variables were recorded: (1) foraging time (min), (2)
host acceptance rate (%), (3) time of parasitism (min),
and (4) parasitism (%) of A. ceres.

Bioassay 3: Artificial diet vs. corn and soybean
leaves for S. frugiperda

Considering the preference of S. frugiperda to feed
on corn leaves (Al Paraguacu variety), this bioassay
aimed to determine whether there was any difference
in the parasitism of A. ceres in larvae of this host spe-
cies. Thus, larvae fed corn leaves were compared with
those fed an artificial diet and soybean leaves.

An experiment was set up using a completely ran-
domized design (CRD), with three treatments related
to artificial, corn-leaf, and soybean-leaf diets, includ-
ing 20 replicates. The procedure and variables were
similar to those in bioassay 2.
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Statistical analysis

The percentage of parasitism was analyzed by fitting
beta-binomial generalized additive models for loca-
tion, scale, and shape (GAMLSS) (Stasinopoulos
et al. 2017), including the effects of species, instars,
and interaction between species-instars on the linear
predictors for mean (logit link) and dispersion (log
link) for bioassay 1. For bioassay 2, the effects of spe-
cies, diet, and the interaction between species were
included in the linear predictors. Finally, for bioas-
say 3, only the effect of diet was included in the lin-
ear predictors. The sex ratio was analyzed by fitting a
beta-binomial GAMLSS with the same linear predic-
tors for bioassay 1.

The time-until-event variables (durations of egg-
to-pupa, pupa-to-adult, and egg-to-adult periods)
were analyzed by fitting Cox proportional-hazards
models, including the effects of species, instars, inter-
action between species and instars, and a gamma
frailty to account for correlations between observa-
tions taken within the same experimental unit in the
linear predictor (log link). Additionally, the propor-
tion of parasitoid emergence was analyzed by fitting a
binomial Generalized Linear Model (GLM) (McCul-
lagh and Nelder 1989; Demétrio et al. 2014), includ-
ing the effects of species, instars, and interaction
between species-instars in the linear predictor (logit
link) for bioassay 1.

The foraging time was analyzed by fitting a
Weibull GAMLSS, including the effect of species,
diet, and interaction between species and diet in the
linear predictors for the mean and dispersion (both
log links), for bioassay 2. For bioassay 3, only the
diet effect was included in the linear predictors. The
time of parasitism was analyzed by fitting a gamma
GAMLSS, including the effects of species, diet, and
interaction between species and diet on the linear pre-
dictors for the mean and dispersion (both log links),
for bioassay 2. For bioassay 3, the previous variable
was analyzed by fitting an inverse gamma GAMLSS,
including the effect of diet on the linear predictors
for the mean and dispersion (both log links). Host
acceptance was analyzed by fitting a binomial GLM,
with the same effects included in the linear predictors
as specified above, for each biossay.

The significance of the effects, including multi-
ple interactions and isolated effects, was assessed
through likelihood ratio (LR) tests for nested models.
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goodness-of-fit for GAMLSS was assessed through
worm-plots (Stasinopoulos et al. 2017), for GLMs
using half-normal plots with a simulated envelope
(Moral et al. 2017). For Cox proportional hazards
models, the goodness-of-fit was assessed by visual
analysis of the martingale residuals (Therneau and
Grambsch 2000). All analyses were carried out using
R (R Core Team 2024).

Results

Bioassay 1: Parasitism and development of A. ceres
in different instars of Spodoptera spp.

Analysis of the parasitism data revealed a signifi-
cant interaction between species and instars (X2 =
26.53; df=4; p<0.001), indicating that A. ceres
showed greatest fitness when it parasitized second-
instar larvae, in comparison to the first and third
instars of all three species. The highest percent-
ages of parasitism were observed in the second-
instar larvae of S. eridania (23.70+1.96%) and S.
frugiperda (19.304+3.52%), compared to S. cos-
mioides (13.30+2.65%). Additionally, S. eridania
demonstrated higher parasitism percentages in the
first (12.00+3.77%) and third (15.70+2.83%) lar-
val instars when compared to both S. cosmioides
(3.00+1.13% and 8.67+1.75%) and S. frugiperda
(2.00+1.19% and 0.67+0.46%). Fourth-instar lar-
vae were not parasitized. Therefore, this stage was
not included in the statistical analysis since it did not
contribute to the variability (Fig. 1a, Supplementary
Table S1).

The duration of the egg-to-pupa period of A.
ceres differed among the three species (X2= 76.55;
df=2; p<0.001), with the shortest times observed
for S. frugiperda (ranging from 8.62+0.09 to
9.00 +1.00 days), followed by S. eridania (8.73 +0.16
to 11.00+0.17 days) and S. cosmioides (10.2+0.42
to 13.20+0.70 days). In the second (ranging
from 8.62+0.09 to 11.10+0.45 days) and third
(8.73+0.16 to 10.20+0.42 days) instars, A. ceres
developed more rapidly during the egg-to-pupa period
in comparison with the first larval instar (9.33 +0.21
to 13.20+0.70 days) (X2 = 89.76, df =2, p<0.001).
There was also a difference for the egg-adult period,
but it was significant only for the species factor (X2
= 29.39; df=2; p<0.001), with A. ceres developing
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Fig. 1 Mean parasitism (%) (a) and emergence (%) (b) of Alei-
odes ceres + SE in different instars of three species of the Spo-
doptera complex at 25+2 °C, 70+10% RH, and a L:D 14:10
photoperiod. Lowercase letters represent differences among
species. Uppercase letters represent differences among instars
(5% significance level)

in less time in the hosts S. frugiperda (14.80+1.25
to 16.00+1.00 days) and S. eridania (15.40+0.49 to
17.80+0.29 days), while the development time in the
host S. cosmioides tended to increase in this period
(16.20+1.13 to 18.30+0.28 days). There was no dif-
ference among the three hosts for the pupa-to-adult
period (X2: 2.33, df=2, p=0.31), ranging from
7.00+0.00 to 7.81+0.23 days (Table 1, Supplemen-
tary Figure S1, Supplementary Table S1).

The emergence of A. ceres varied from
75.00+25.00% to 100.00+£0.00% and the interac-
tion between species and instars was not significant
(X2= 2.21; df=4; p=0.70) (Fig. 1b, Supplementary
Table S1). Also, there were no differences among
species (X2= 4.00, df=2, p=0.13) and instars

(X2=1.42, df=2, p=0.49). For the three species,
there was no significant interaction between species
and instars in the sex ratio (y?= 5.17, df=4, p=0.27)
and no difference among species (X2= 2.36, df=2,
p=0.31) and instars (X2= 428, df=2, p=0.12)
for this variable, which ranged from 0.68+0.07 to
1.00+0.00 (Table 2, Supplementary Table S1).

Aleiodes ceres parasitism on three species of
Spodoptera fed artificial and natural diets

Bioassay 2: Artificial diet vs. soybean leaves

The foraging time differed significantly in regard to
the species factor (X2= 7.11; df=2; p=0.03) and the
diet factor (X2= 17.76; df=1; p<0.001). With the
artificial diet, the A. ceres foraging time was short-
est for S. eridania (7.14+1.81 min); while with the
natural diet, the foraging time was shortest for S.
frugiperda (3.32+0.42 min), followed by S. eri-
dania (4.10+0.63 min). Soybean leaves favored
shorter foraging times, ranging from 3.32+0.42 to
5.75+0.77 min (Table 3, Supplementary Table S2).

The host acceptance rate of A. ceres differed only
for the diet factor (X2: 39.28; df=1; p<0.001). For
hosts offered the artificial diet, the rate varied from
33.00+13.00% to 47.00+13.00% among the spe-
cies, whereas the acceptance rate for hosts on the
natural diet was significantly higher, 87.00+9.00%
to 100.00+0.00%, i.e., with a stronger interaction
between the host and the parasitoid (Table 3, Sup-
plementary Table S2). Feeding the hosts on soybean
leaves might favor parasitism through probable allelo-
chemical interactions.

The parasitism time differed with the diet offered
to the host species (X2= 10.63; df=2; p<0.001).
Aleiodes ceres responded most rapidly to S. eridania
fed both diets, artificial (1.89 +£0.33 min) and natural
(2.04 £0.19 min), followed by S. frugiperda fed soy-
bean leaves (2.17+0.23 min) (Table 3, Supplemen-
tary Table S2).

The percentage of parasitism showed a signifi-
cant interaction among the species and diets (X2=
17.46; df=2; p<0.001). The results indicated that
A. ceres more actively parasitized S. cosmioides
and S. eridania when these were fed the natural diet
during the parasitism, with parasitism percentages
of 79.70+2.84% and 84.30+2.95%, respectively,
compared to S. frugiperda (60.00+0.04%). On the
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Table 1 Mean
development time of egg-
to-pupa, pupa-to-adult,

Species

Instars

2nd 3rd 4th*

and egg-to-adult periods
(days) of Aleiodes ceres in
different instars of three
species of the Spodoptera
complex at 25+2 °C,
70+10% RH, and a

L:D 14:10 photoperiod

Spodoptera cosmioides
Spodoptera eridania

Spodoptera frugiperda

Spodoptera cosmioides

. Spodoptera eridania

Fourth-instar larvae were
not parasitized. Lowercase
letters represent differences
among species. Uppercase
letters represent differences
among instars (5%
significance level)

Spodoptera frugiperda

Spodoptera cosmioides
Spodoptera eridania

Spodoptera frugiperda

14.80+1.25%

Egg-to-pupa (days) + SE

13.20+0.70 B 11.10+0.45 A 10.20+0.42 A -
11.00+0.17 B 9.01+0.09 b4 8.73+0.16 %
9.33+0.21 % 8.62+0.09 *A 9.00+1.00 *A
Pupa-to-adult (days) + SE

7.50+0.86 *A 7.40+0.15% 7.69+0.36 *A
7.19+0.32 % 7.24+0.18 % 7.81+0.23 %
7.75+1.03 % 7.61+£0.31 % 7.00+0.00 A
Egg-to-adult (days) + SE

16.20+1.13 A 18.30+0.28 <A 16.30+0.50 A -
17.80+0.29 A 16.60+0.16 A 15.40+0.49 2 -

15.80+0.26 *A 16.00+1.00 °A -

Table 2 Mean sex ratio (proportion females + SE) of Aleiodes ceres in different instars of three species of the Spodoptera complex

at 25+2 °C, 70+ 10% RH, and a L:D 14:10 photo

Species Instars

Ist 2nd 3rd 4th*
Spodoptera cosmioides 1.00+0.00°* 0.83+0.06™* 1.00+0.00% -
Spodoptera eridania 0.77 £0.12°4 0.68 +0.07** 0.82+0.074 -
Spodoptera frugiperda 1.00+0.00%4 0.77+0.054 1.00+0.00%4

*Fourth-instar larvae were not parasitized

Lowercase letters represent differences among species. Uppercase letters represent differences among instars (5% significance level)

other hand, when fed the artificial diet, all three
species showed similar parasitism, ranging from
18.10+2.89% to 26.30+1.90% (Fig. 2, Supplemen-
tary Table S2).

Bioassay 3: Artificial diet vs. corn and soybean
leaves for S. frugiperda

The soybean diet resulted in a shorter foraging time
by A. ceres (y*= 22.50; df=2; p<0.001), with a
mean of 3.32+0.42 min. Acceptance by A. ceres
was higher when the hosts were fed corn and soy-
bean leaves (X2= 13.14; df=2; p=0.0014), with
87.00+9.00% of the samples showing host-parasitoid
interaction behaviors. The time of parasitism was
similar in hosts fed soybean and corn (XZ: 18.60;
df=2; p<0.001), with a mean of approximately
2.00 min (Table 4, Supplementary Table S3).

The amount of parasitism corresponds to the
behavior of A. ceres and showed higher percentages in
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hosts fed natural diets (X2= 39.03; df=2; p<0.001).
It reached 65.30+3.86% in corn and 60.30+4.57%
in soybean, approximating a mean of ten and nine
parasitized larvae respectively (Fig. 3, Supplementary
table S3).

Discussion

The results from this investigation demonstrated the
potential of biological control of A. ceres in the labo-
ratory. However, it is necessary to conduct semi-field
and field studies and to develop mass-rearing produc-
tion methods before A. ceres could be used in bio-
logical control programs to control the Spodoptera
complex in Brazil. Currently, only the egg parasitoid
Trichogramma pretiosum Riley, 1879 (Hymenoptera:
Trichogrammatidae) is used against S. frugiperda in
corn, and rarely against S. eridania in cotton crops.
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Table 3 Mean foraging time (min), host acceptance rate (%),
and parasitism time (min) of Aleiodes ceres in three species
of the Spodoptera complex, fed different diets [artificial and
natural (soybean leaves)] at 25+2 °C, 70+10% RH, and a
L:D 14:10 photoperiod

Species Diets

Artificial Natural

Foraging time (min) + SE

Spodoptera cosmi- 8.07 +1.90%8 5.75+0.77°
oides

Spodoptera eridania  7.14+1.81%® 4.1040.63%4

Spodoptera fru- 8.50+0.33%8 3.3240.4284
giperda

Host acceptance (%) + SE

Spodoptera cosmi-  33.00+ 13.0028 100.00 +0.00%
oides

Spodoptera eridania  47.00 +13.00*8 100.00+£0.00**

Spodoptera fru- 33.00+13.00°8 87.00+9.00%
giperda

Parasitism time (min) + SE

Spodoptera cosmi-  3.85+0.49"B 2.81+£0.25
oides

Spodoptera eridania  1.89+0.33% 2.04+0.19°%4

Spodoptera fru- 4.67+0.31°8 2.17+£0.23%A
giperda

Lowercase letters represent differences among species. Upper-
case letters represent differences between diets (5% signifi-
cance level)

Because A. ceres was recently described (Shimbori
et al. 2023), little is known about its biology, although
some information is available for other species of
Aleiodes. Given the importance of appropriate host
selection for success in the use of a parasitoid for bio-
logical control (Mattiacci and Dicke 1995), this study
presents new data on the biology and behavior of A.
ceres parasitizing S. cosmioides, S. eridania, and S.
frugiperda.

To rear A. ceres, it must be provided with hosts
in the second instar. This contrasts with some other
braconids used in biocontrol, such as Cotesia flavi-
pes (Cameron, 1891) (Hymenoptera: Braconidae),
which rely on more advanced instars and are reared
under laboratory conditions for release on three to
four million hectares of sugarcane to control Dia-
traea saccharalis (Fabricius, 1794) (Lepidoptera:
Crambidae) (Cherubin 2018; Pinto and Truyjillo
2019; Pinto 2021). Other braconid species prefer
the initial instars of S. frugiperda, such as Cotesia

Spodoptera cosmioides Spodoptera eridania Spodoptera frugiperda

100

aA

I aA
1

75
bA

50

Parasitism by Aleiodes ceres (%)

25 a8 T I

Artificial Soybean Artificial Soybean Artificial Soybean

Diets

Fig. 2 Mean parasitism (%)=+SE of Aleiodes ceres in three
species of the Spodoptera complex fed different diets [artificial
and natural (soybean leaves)] at 25+2 °C, 70+ 10% RH, and a
L:D 14:10 photoperiod. Lowercase letters represent differences
among the species. Uppercase letters differences between the
diets (5% significance level)

Table 4 Mean foraging time (min), frequency of host accept-
ance (%), and parasitism time (min) of Aleiodes ceres in Spo-
doptera frugiperda fed different diets [artificial and natural
(corn and soybean)] at 25+2 °C, 70+10% RH, and a 14:10
photoperiod

Diets Forag- Host acceptance Parasit-
ing time (%)+SE ism time
(min) + SE (min)+SE
Artificial 8.50+0.33¢  33.00+13.00b 4.67+0.30b
Corn 591+091b 87.00+9.00a 2.73+0.34a
Soybean 3.32+0.42a 87.00+9.00a 2.17+0.30a

Different letters in the column indicate significant differences
among diets (5% significance level)

icipe Fernidndez-Triana & Fiaboe, 2017 (Hyme-
noptera: Braconidae) (Mohamed et al. 2021) and
Microplitis manila (Ashmead, 1904) (Hymenop-
tera: Braconidae) (Xing et al. 2022).

Considering the parasitization characteristics of A.
ceres described here, it would be possible to mass-
rear this species on the fall armyworm, since can-
nibalism behavior occurs only after the third-instar
larva (Tang et al. 2022). The insects could be reared
in groups in a mass system, with the precaution that
second instar larvae would be used to avoid the risk
of cannibalism.
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Fig. 3 Mean parasitism (%) = SE of Aleiodes ceres in Spodop-
tera frugiperda ted different diets [artificial and natural (corn
and soybean)] at 25+2 °C, 70£10% RH, and a L:D 14:10
photoperiod. Different letters indicate significant differences
between the diets (5% significance level)

Although A. ceres was collected in a temperate
region, the parasitoid efficiently parasitized all three
species, which occur under different climatic con-
ditions in Brazil. The thermal requirements of the
parasitoid need to be studied. The requirements of
the members of the Spodoptera complex investigated
here have been evaluated previously (Parra et al.
2022).

The possibility that the natural diet for species of
the Spodoptera complex could attract and optimize
the activity of A. ceres was confirmed by observation
of the foraging time, host acceptance rate, and per-
centage of parasitism. For all three host species, the
diet of soybean leaves, as well as corn leaves for S.
frugiperda, contributed to foraging rapidity, a higher
acceptance rate, and an increase in A. ceres parasit-
ism, suggesting the involvement of volatiles released
by the leaves of these crops.

The presence of allelochemicals has been demon-
strated by several authors, acting on different parasi-
toid species in tritrophic interactions (Silveira et al.
2018; Turlings and Erb 2018; Riffel et al. 2021; Souza
et al. 2022). One alternative to increase the feasibil-
ity of rearing the parasitoids on artificial diet would
be to evaluate the leaf volatiles as food additives, or
to produce extracts from the plants and mix them
into the diets, similar to the procedure used at the
beginning of development of the artificial diet, espe-
cially by French researchers (J.R.P. Parra, personal

@ Springer

information). Nevertheless, it is possible that, with
the passage of generations in the laboratory, insects
may become increasingly acclimated to the artificial
diet (without plants), which may be reflected in an
increase in parasitism.

The emergence of A. ceres was higher than 75%
under all experimental conditions, showing that the
parasitoid can develop well in these members of the
Spodoptera complex. In general, there is no evidence
of sex ratio modification from the use of an artificial
diet, confirming the possibility of rearing A. ceres
with this food, without altering the feasibility of use
and population increase of the parasitoid under labo-
ratory conditions.

This study demonstrated that A. ceres can effec-
tively control the hosts S. cosmioides, S. eridania, and
S. frugiperda during their early developmental stages,
with the second instar being the most suitable for
parasitism. The natural diet is crucial for attracting A.
ceres, while the best hosts for rearing on an artificial
diet are S. eridania, followed by S. frugiperda and S.
cosmioides.

Acknowledgements The authors express their gratitude to
Neide Graciano Zerio, who trained JRS in rearing Spodoptera
species and identifying instars. We thank Janet Reid, JWR
Associates, for revising and improving the English version of
this article.

Author contributions Jailma Rodrigues dos Santos: Inves-
tigation, data curation, funding acquisition, project adminis-
tration, writing — original draft, revision, and editing. Tamara
Akemi Takahashi: Conceptualization, supervision, writing —
revision and editing. Gabriel Rodrigues Palma: Formal analy-
sis, funding acquisition, writing — revision. Rafael de Andrade
Moral: Formal analysis — review, writing — revision. José Rob-
erto Postali Parra: Conceptualization, funding acquisition, pro-
ject administration, supervision, writing — revision and editing.

Funding Sio Paulo Research Foundation (FAPESP) (Process
2022/06321-2). Sdo Paulo Research Foundation (FAPESP)
(Process 2018/02317-5) as part of the Sdo Paulo Advanced
Research Center for Biological Control (SPARCBIO), hosted
at the Luiz de Queiroz College of Agriculture (ESALQ) of the
University of Sdo Paulo (USP), sponsored by FAPESP, Kop-
pert, and USP. Science Foundation Ireland under Grant 18/
CRT/6049.

Declarations

Conflict of interests The authors declare that they have no
known competing financial interests or personal relationships
that could have appeared to influence the work reported in this

paper.



Parasitism by Aleiodes ceres Shimbori, 2023 (Hymenoptera: Braconidae) of three species of...

Ethical approval This article does not contain any studies
involving human participants performed by any of the authors.

Informed consent None.

Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The
images or other third party material in this article are included
in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds
the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit
http://creativecommons.org/licenses/by/4.0/.

References

Abreu CIV, Shimbori EM, Filho MMD, Penteado-Dias AM
(2014) A new species of Aleiodes (Hymenoptera, Bra-
conidae, Rogadinae) from Brazil, with biological notes.
Iheringia Sér Zool 104:113-117

Adhikari K, Bhandari S, Dhakal L, Shrestha J (2020) Fall
armyworm (Spodoptera frugiperda): A threat in crop pro-
duction in Africa and Asia. Peruv J Agron 4:121-133

APRD (2023) Arthropod pesticide resistance database. https://
www.pesticideresistance.org/ (Accessed 2 January 2024).

Bernardi O, Sorgatto RJ, Barbosa AD, Domingues FA, Dour-
ado PM, Carvalho RA, Martinelli S, Head GP, Omoto C
(2014) Low susceptibility of Spodoptera cosmioides, Spo-
doptera eridania and Spodoptera frugiperda (Lepidop-
tera: Noctuidae) to genetically-modified soybean express-
ing CrylAc protein. Crop Prot 58:33-40

Cherubin N (2018) Cana-de-agticar: referéncia quando o
assunto € controle bioldgico. Revista RPANews 202:6-14

Cruz I, Figueiredo MLC, Silva RB, Silva IF, Paula CS, Fos-
ter JE (2012) Using sex pheromone traps in the decision-
making process for pesticide application against fall
armyworm (Spodoptera frugiperda [Smith] [Lepidoptera:
Noctuidae]) larvae in maize. Int J Pest Manag 58:83-90

CTNBio (2010) Parecer Técnico n° 2542/2010 - Liberagio
comercial de soja geneticamente modificada resistente a
insetos e tolerante a herbicidas contendo eventos genetica-
mente modificados MON 87701 e MON 89788. Comissdo
Técnica Nacional de Biosseguranca.

Demétrio CGB, Hinde J, Moral RA (2014) Models for overdis-
persed data in entomology. In: Ferreira C, Godoy W (eds)
Ecological modelling applied to entomology. Springer,
Dordrecht, pp 219-259

Early R, Gonzalez-Moreno P, Murphy ST, Day R (2018) Fore-
casting the global extent of invasion of the cereal pest
Spodoptera frugiperda, the fall armyworm. NeoBiota
40:25-50

EPPO (2020) Spodoptera frugiperda detected in Northern ter-
ritory, Australia. EPPO - European and mediterranean
plant protection organization. https://gd.eppo.int/repor
ting/article-6749 (Accessed 14 December 2023)

Fortes AR, Coelho A Jr, Amorim DJ, Demetrio CGB, Parra
JRP (2023) Biology and quality assessment of Telenomus
remus (Hymenoptera: Scelionidae) and Trichogramma
spp. (Hymenoptera: Trichogrammatidae) in eggs of Spo-
doptera spp. for augmentative biological control pro-
grams. J Insect Sci 23(5):5

Ganiger PC, Yeshwanth HM, Muralimohan K, Vinay N,
Kumar ARV, Chandrashekara K (2018) Occurrence of the
new invasive pest, fall armyworm, Spodoptera frugiperda
(J.E. Smith) (Lepidoptera: Noctuidae), in the maize fields
of Karnataka. India Curr Sci 115:621-623

Goergen G, Kumar PL, Sankung SB, Togola A, Tamo M
(2016) First report of outbreaks of the fall armyworm
Spodoptera frugiperda (J E Smith) (Lepidoptera, Noctui-
dae), a new alien invasive pest in West and Central Africa.
PLoS ONE 11(10):e0165632

Goulart MMP, Bueno AF, Bueno RCOF, Vieira SS (2011)
Interaction between Telenomus remus and Trichogramma
pretiosum in the management of Spodoptera spp. Rev
Bras Entomol 55:121-124

Greene GL, Leppla NC, Dickerson WA (1976) Velvetbean cat-
erpillar: a rearing procedure and artificial medium. J Econ
Entomol 69:487-488

Kergoat GJ, Goldstein PZ, Le Ru B, Meagher RL Jr, Zilli A,
Mitchell A, Clamens AL, Gimenez S, Barbut J, Negre
N, d’Alencon E, Nam K (2021) A novel reference dated
phylogeny for the genus Spodoptera Guenée (Lepidoptera:
Noctuidae: Noctuinae): new insights into the evolution of
a pest-rich genus. Mol Phylogenet Evol 161:107161

Mattiacci L, Dicke M (1995) The parasitoid Cotesia glomerata
(Hymenoptera: Braconidae) discriminates between first
and fifth larval instars of its host Pieris brassicae, on the
basis of contact cues from frass, silk, and herbivore-dam-
aged leaf tissue. J Insect Behav 8:485—498

McCullagh, P., Nelder, J.A. (1989) Generalized linear models.
2" ed in: Monographs on statistics and applied probabil-
ity 37. Chapman and Hall, London.

Mohamed SA, Wamalwa M, Obala F, Tonnang HEZ, Tefera T,
Calatayud P-A, Subramanian S, Ekesi S (2021) A deadly
encounter: Alien invasive Spodoptera frugiperda in Africa
and indigenous natural enemy, Cotesia icipe (Hymenop-
tera, Braconidae). PLoS ONE 16(7):e0253122

Moral RA, Hinde J, Demétrio CGB (2017) Half-normal plots
and overdispersed models in R: The “hnp” Package. J Stat
Softw 81(10):1-23

Parra JRP, Omoto C (2004) Cada vez mais terriveis. Cultivar
6:18-20

Parra JRP, Coelho A, Cuervo-Rugno JB, Garcia AG, Moral
RA, Specht A, Dourado Neto D (2022) Important pest
species of the Spodoptera complex: Biology, ther-
mal requirements and ecological zoning. J Pest Sci
95:169-186

Parra JRP (2015) Técnicas de criacdo de insetos para progra-
mas de controle bioldgico. Fealq/Esalqg/USP/Departa-
mento de Entomologia, Piracicaba, Brazil.

Pinto AS, Trujillo SEL (2019) Sugarcane. In: Souza B,
Vazquez LL, Marucci RC (eds) Natural enemies of insect

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://www.pesticideresistance.org/
https://www.pesticideresistance.org/
https://gd.eppo.int/reporting/article-6749
https://gd.eppo.int/reporting/article-6749

J. R. dos Santos et al.

pests in Neotropical agroecosystems: Biological control
and functional biodiversity. Springer, Cham, pp 413425

Pinto, A.S. (2021) O caso de Cotesia flavipes na cana-de-agi-
car no Brasil. In: Parra, J.R.P., Pinto, A.S., Nava, D.E.,
Oliveira, R.C., Diniz, AJ.F. (Eds.), Controle biolégico
com parasitoides e predadores na agricultura brasileira.
FEALAQ, Piracicaba, pp. 157-202

Pogue M (2002) A world revision of the genus Spodoptera
Guenée (Lepidoptera: Noctuidae). Mem Am Entomol Soc
43:1-202

R Core Team (2024) R: A language and environment for sta-
tistical computing. R foundation for statistical computing,
Vienna, Austria. (R-4.0.2). https://www.r-project.org/

Riffel A, Silva Filho BF, Santos SPA, Silva WL, Ribeiro TFL,
Oliveira DJA, Oliveira JS, Costa JG, Caulfield JC, Gou-
lart HF, Santana AEG, Birkett MA (2021) Exposure to
sugarcane borer-induced plant volatile (E)-caryophyllene
enhances parasitoid recruitment. Entomol Exp Appl
169:937-946

Sharanabasappa SD, Kalleshwaraswamy CM, Asokan R,
Swamy HMM, Maruthi MS, Pavithra HB, Hegbe K, Navi
S, Prabhu ST, Goergen G (2018) First report of the fall
armyworm, Spodoptera frugiperda (J E Smith) (Lepidop-
tera: Noctuidae), an alien invasive pest on maize in India.
Pest Manag Hort Ecosyst 24:23-29

Shaw, S.R. (2006) Aleiodes wasps of eastern forests: a guide
to parasitoids and associated mummified caterpillars. U.S.
Dept. of Agriculture, Forest Service, Forest Health Tech-
nology Enterprise Team (FHTET), Morgantown.

Shimbori EM, Takahashi TA, Watanabe IM, Penteado-Dias
AM, Foerster LA, Shaw SR, Parra JRP (2023) A new
species of Aleiodes Wesmael (Braconidae, Rogadinae)
with potential for biological control of Spodoptera spp.
(Lepidoptera, Noctuidae), and notes on the definition of
the gastritor, circumscriptus, and related species-groups.
Neotrop Entomol 52:1064-1087

Silva DM, Bueno AF, Stecca CS, Andrade K, Neves PMOJ,
Oliveira MCN (2017) Biology of Spodoptera eridania and
Spodoptera cosmioides (Lepidoptera: Noctuidae) on dif-
ferent host plants. Fla Entomol 100:752-760

Silveira TA, Sanches PA, Zazycki LCF, Costa-Lima TC,
Cabezas-Guerrero MF, Favaris AP, Goulart HF, Bento
JMS, Santana AEG (2018) Phloem-feeding herbivory on
flowering melon plants enhances attraction of parasitoids
by shifting floral to defensive volatiles. Arthropod-Plant
Interact 12:751-760

Souza IL, Silva DB, Silveira LCP, Bento JMS, Penaflor MFGV,
Marucci RC (2022) A parasitoid’s dilemma between
food and host resources: the role of volatiles from nectar-
providing marigolds and host-infested plants attracting
Aphidius platensis. Sci Nature 109:9

Specht A, Roque-Specht VF (2019) Biotic potential and repro-
ductive parameters of Spodoptera cosmioides (Walker)
(Lepidoptera: Noctuidae) in the laboratory. Braz J Biol
79:488-494

Stasinopoulos MD, Rigby RA, Heller GZ, Voudouris V, Bas-
tiani FD (2017) Flexible regression and smoothing: using
GAMLSS in R. Chapman and Hall/CRC Press, Boca
Raton

Tang, X., Lyu, B., Lu, H., Tang, J., Zhang, Y. (2022) Effects
of cannibalism on the growth and development of

@ Springer

Spodoptera frugiperda (Lepidoptera: Noctuidae). Int. J.
Pest Manag. 1-11

Therneau TM, Grambsch PM (2000) Modeling survival data:
Extending the Cox model. Springer, New York

Turlings TCJ, Erb M (2018) Tritrophic interactions mediated
by herbivore-induced plant volatiles: Mechanisms, eco-
logical relevance, and application potential. Annu Rev
Entomol 63:433-452

van Achterberg C, Shaw MR (2016) Revision of the western
Palaearctic species of Aleiodes Wesmael (Hymenoptera,
Braconidae, Rogadinae). Part 1: Introduction, key to spe-
cies groups, outlying distinctive species, and revisionary
notes on some further species. ZooKeys 639:1-164

van den Berg J, du Plessis H (2022) Chemical control and
insecticide resistance in Spodoptera frugiperda (Lepidop-
tera: Noctuidae). J Econ Entomol 115:1761-1771

Wengrat APGS, Coelho Junior A, Parra JRP, Takahashi TA,
Foerster LA, Corréa AS, Polaszek A, Johnson NF, Costa
VA, Zucchi RA (2021) Integrative taxonomy and phylo-
geography of Telenomus remus (Scelionidae),with the first
record of natural parasitism of Spodoptera spp in Brazil.
SciRep 11:14110

Xing B, Yang L, Gulinuer A, Li F, Wu S (2022) Effect of pupal
cold storage on reproductive performance of Microplitis
manilae (Hymenoptera: Braconidae), a larval parasitoid of
Spodoptera frugiperda (Lepidoptera: Noctuidae). Insects
13:449

Jailma Rodrigues dos Santos is an agricultural engineer.
She has an MSc in entomology. She is a PhD student in ento-
mology from the University of Sdo Paulo/“Luiz de Queiroz”
College of Agriculture (USP/ESALQ), Brazil, with a research
project linked to the Sdo Paulo Advanced Research Center for
Biological Control (SPARCBi0). Her research interests include
insect biology and biological control with macro-organisms.

Tamara Akemi Takahashi is an agricultural engineer
with a MSc and a PhD in agronomy - plant production. She
has experience in insect biology, focusing primarily on rear-
ing and selection of parasitoid species for use in augmenta-
tive biological control programs. Currently, she is a macro-
organism Researcher at Koppert and a postdoctoral researcher
in the Department of Entomology and Acarology at the Uni-
versity of Sao Paulo/“Luiz de Queiroz” College of Agricul-
ture (USP/ESALQ), Brazil, working directly with the Sao
Paulo Advanced Research Center for Biological Control
(SPARCBiI0).

Gabriel Rodrigues Palma is a BSc in biology from the Uni-
versity of Sao Paulo, Brazil. He is currently a PhD candidate at
the Hamilton Institute at Maynooth University, Ireland, funded
by the Science Foundation Ireland’s Centre for Research Train-
ing in Foundations of Data Science. His research interests
include statistical and mathematical modelling, machine vision,
machine learning, and applications to ecology and entomology.


https://www.r-project.org/

Parasitism by Aleiodes ceres Shimbori, 2023 (Hymenoptera: Braconidae) of three species of...

Rafael de Andrade Moral is a BSc in biology and a MSc
and PhD in statistics at the University of Sdo Paulo, Brazil. He
is currently an associate professor of ztatistics at Maynooth
University, Ireland. His research interests include statistical
modelling and software development applied to ecology and
wildlife management.

José Roberto Postali Parra is an agricultural engineer
with a Master and PhD in entomology from the University
of Sdo Paulo (USP), Brazil and a post-doctoral degree from

the University of Illinois, USA. He is a senior professor in
the Department of Entomology and Acarology at the Univer-
sity of Sdo Paulo/“Luiz de Queiroz” College of Agriculture
(USP/ESALQ), Brazil. Member of the Brazilian Academy
of Sciences. He is the director of SPARCBio, the Sao Paulo
Advanced Research Center for Biological Control, FAPESP,
USP, and Koppert.

@ Springer



	Parasitism by Aleiodes ceres Shimbori, 2023 (Hymenoptera: Braconidae) of three species of Spodoptera Guenée, 1852: effects of preferential instar and host diet
	Abstract 
	Introduction
	Materials and methods
	Insect rearing
	Bioassay 1: Parasitism and development of A. ceres in different instars of three Spodoptera species
	Aleiodes ceres parasitism on three species of Spodoptera fed artificial and natural diets
	Bioassay 2: Artificial diet vs. soybean leaves
	Bioassay 3: Artificial diet vs. corn and soybean leaves for S. frugiperda

	Statistical analysis

	Results
	Bioassay 1: Parasitism and development of A. ceres in different instars of Spodoptera spp.
	Aleiodes ceres parasitism on three species of Spodoptera fed artificial and natural diets
	Bioassay 2: Artificial diet vs. soybean leaves
	Bioassay 3: Artificial diet vs. corn and soybean leaves for S. frugiperda


	Discussion
	Acknowledgements 
	References


