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Abstract: The fall armyworm (FAW) Spodoptera frugiperda (Smith) is a major agricultural pest in Americas, Africa and 
Asia. Egg masses are covered with scale layers and the various scale layer thicknesses of these masses can affect para-
sitoids efficiency. The present study aimed to determine dynamics of the scale thickness on egg masses and its effect on 
Trichogramma parasitoid performance. The scale thickness ranged from 0μm to 400 μm and can be graded in three levels. 
Level I was the naked egg masses without or covered with a thin scale, and the thickness was below 80 μm. Level II was 
medium covered, with scales where 20%–80% eggs could be seen; the thickness was between 80 μm to 180 μm. Level III 
was fully-covered with scales and the thickness was above 180 μm (up to 400 μm). The egg mass scale thickness decreased 
with increasing age of egg laying FAW females; the proportion at level I increased during female aging, while proportion of 
levels II and III decreased during oviposition period. During FAW female lifetime, the level I showed the highest proportion 
(51.9%) while the level III showed the lowest (9.9%). The parasitism rate of FAW eggs by Trichogramma dendrolimi varied 
according to scale thickness, with higher parasitism on eggs and egg masses at level I (31.6%, 78.3%, respectively) and 
lowest parasitism on level III (eggs: 1.9%; egg masses: 23.1%). We documented factors modulating parasitism effective-
ness on FAW and we suggested that timely parasitoid releases targeting egg masses at Level I scale thickness could enable 
maximizing biocontrol service provided by Trichogramma on FAW.
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1 Introduction

Lepidopterans have evolved a variety of defense mechanisms 
against parasites or predators, such as physical defense, 
evasive and aggression behaviors (Gross 1993; Luna et al. 
2016). The defense mechanisms vary according to life stage, 
e.g. adult females can protect egg masses using scales (act-
ing as a physical defense) deposited around and/or over eggs 
at the time of oviposition (Powell & Common 1985; Gross 
1993; Fukuda et al. 2007). The scales often originate from 
an anal tuft at the tip of the female abdomen, but some could 
fell off from hind margin of the wing (Powell & Common 
1985). The scales could act through various mechanisms  
(i) as physical barriers or (ii) aposematic warning against 
various natural enemies, and (iii) for decreasing risk of eggs 
being washed away by rain (Floater 1998).

The thickness of scales on egg masses varies largely 
among species, with egg masses showing no moth hairs or 
scales (with eggs easily visible) or egg masses being fully 
covered with scales (with the structure of egg masses com-
pletely invisible) (Fukuda et al. 2007; Dong et al. 2021). 
Female adults can oviposit several layers of egg masses 
showing different scale thickness (lowering predation or 
parasitism) and denser scales on top of egg masses, maxi-
mizing the protection of eggs. For example, Trichogramma 
embrophagum (Hbg.) can parasitize only eggs of the pine 
processionary Thaumetopoea pityocampa (Den. & Schiff.) 
that were not covered by scales and that were located at the 
top of egg masses (Tsankov 1990). Efficiency of spinosad 
was slower and weaker on scale-covered egg masses of 
Spodoptera littoralis (Boisduval) than on naked egg masses 
(Temerak 2006). Therefore, it is key to assess potential 
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effects of scale thickness on efficiency of biocontrol agents 
when developing biological control programs.

The fall armyworm (FAW) Spodoptera frugiperda 
(Smith) is a major pest on key crops such as rice, maize, wheat 
and vegetable crops in Americas, Africa and Asia (Brevault 
et al. 2018; Montezano et al. 2018; Parra et al. 2022; Toepfer 
et al. 2021; Wu et al. 2021a, b). Due to the risks posed by 
insecticides, notably their high toxicity to the environment, 
human, and non-target organisms (Weisenburger 1993, 
Desneux et al. 2007) and potential insecticide resistances 
in targeted pests (Gul et al. 2019; Richardson et al. 2020; 
Wan et al. 2021), the releases of egg parasitoids for control-
ling FAW is increasingly considered as potential key man-
agement strategy (Dasilva et al. 2015; Laminou et al. 2020; 
Zang et al. 2021). However, effective use of egg parasitoids 
is facing issues; FAW females oviposit egg masses (with 30 
to 300 eggs) (Boiça Júnior et al. 2013) that are pasted on 
the substrate by a substance from females accessory glands, 
but are also covered with one or more layers of abdominal 
hairs or scales (Beserra & Parra 2005; Dong et al. 2021). The 
scales provide a strong barrier against oviposition behavior 
of some parasitoids (Beserra & Parra 2005; Sun et al. 2020; 
Tian et al. 2020).

In the present study, the scale layer on FAW egg masses 
was systematically studied by measuring the scale thickness 
and making a classification standard. Using the FAW adult 
female emergence time as timeline, the dynamics and the 
variations of scale thickness on egg masses were measured. 
In addition, we tested Trichogramma dendrolimi Matsumura 
parasitism rates with scale layer at different levels to assess 
the importance of the scale thickness according to their clas-
sification standard. The parasitoid species was chosen as 
it is used for wide-scale biological control programs with 
cost-effective mass-rearing at industrialized scale in China 
(Huang et al. 2020; Zang et al. 2021), and exhibits better 
parasitism on FAW eggs than other trichogrammatidae spe-
cies (Sun et al. 2020).

2 Material and methods

2.1 Insects
Egg masses of FAW were collected in a maize field at Anlong 
County, Guizhou Province, China (25°05’ N, 105°41’ E). The 
population was maintained for three generations under labo-
ratory conditions before the experiments started. FAW larvae 
were reared individually using 6-well cell culture plate and 
fed with an artificial diet (Sun et al. 2020) until pupation. 
Pupae were transferred to petri dishes with wet cotton and 
were checked daily, until FAW adult emergence. One-day-
old males and females were paired in rearing cages (square, 
35cm side) and provided with absorbent cotton soaked in 
10% honey solution as food for the adults. Each rearing cage 
were covered with plastic film for oviposition. All develop-

mental stages of FAW were maintained in a climate chamber 
with a constant temperature of 25 ± 1 °C, 70 ± 5% RH and 
photoperiod of 16:8h L:D.

A population of T. dendrolimi showing higher parasit-
ism on FAW than other Trichogramma species (Sun et al. 
2020) was selected as parasitoid to be studied. The para-
sitoids were collected using sentinel Chilo suppressalis 
Walker egg masses deployed in a rice field in Changchun 
(43°48’ N, 125°23’ E), Jilin province, China in 2011, and 
identified by male genital capsules using micrographs and 
further confirmed by rDNA-ITS2 sequences (GenBank: 
FR750279) (Pinto 1992). Trichogramma dendrolimi was 
maintained and reared using Corcyra cephalonica (Stainton) 
eggs under laboratory conditions (26 ± 1 °C, 70 ± 5% RH, 
14:10h L:D). Every five generations, the population was 
supplemented with eggs of C. suppressalis. Voucher speci-
mens were deposited in the Institute of Biological Control, 
Jilin Agricultural University, China. Newly emerged T. den-
drolimi adult females were mated within 8 h and used for the 
experiments.

2.2  Collection of egg masses of Spodoptera 
frugiperda and oviposition dynamics

A pair of newly emerged female and male adults of FAW 
were introduced in an insect rearing cage. The plastic film 
was renewed daily and newly laid egg masses of each female 
adult were checked and collected; egg masses collected were 
placed in a separate petri dish. We recorded the number of 
egg masses, eggs and egg layers laid by female adult per day 
and the thickness of the scale layer on FAW egg masses. Egg 
masses produced throughout the whole life cycle by at least 
40 female adults were observed.

2.3  Evaluation of scale thickness of Spodoptera 
frugiperda egg masses

The thickness of the scale layer on FAW egg masses were 
measured by a depth-of-field microscope (VHX-2000, 
Keyence, Keynes LTD, Japan). The egg masses were placed 
under the microscope lens of Z100:x200. Three dimension 
images of egg masses were generated using deep synthesis 
function of depth-of-field microscope. The distance between 
egg surface and scale layer surface were measured using 3D 
measurement pattern, which were considered as thickness 
of the scale layer on measuring position. Five points were 
randomly selected for the measurement of thickness of the 
scale layer of every egg mass, mean values of which were 
considered the thickness of the scale layer of the egg mass. 
In addition, the scale thickness was graded according to the 
thickness data measured under depth-of-field microscope 
and the visibility of eggs under scale layer with naked-eye 
observation. The proportions of egg masses covered with 
scale thickness belonging to each level was calculated as: 
Level N (%) = 100 × (number of egg masses at the level N/ 
total number of FAW egg masses)

590    Yang-Yang Hou et al.

20
22

09
11

-0
90

80
6

C
82

40
/2

47
42

/D
C

C
5D

D
1E



2.4  Parasitism of Spodoptera frugiperda egg 
masses according to scale thickness levels

FAW egg masses at each of the three levels (see results sec-
tion) were offered to T. dendrolimi. Mated parasitoid females 
were introduced individually into clear glass tubes (4 cm 
diameter, 12 cm length) with only one newly laid FAW egg 
masses of the different scale thickness levels. Each tube con-
tained a cotton wool with 15% honey solution. After 24h 
exposure time, each T. dendrolimi female was checked for 
vitality and removed. If the females died, the replication was 
discarded. The experiment was replicated 25 times for each 
scale thickness level. To avoid getting parasitized eggs fed 
on by FAW larvae, newly hatched FAW larvae were gently 
removed from egg mass using a brush every 12h. Six days 
later, the egg masses were examined under a stereoscopic 
microscope; the numbers of parasitized eggs (black) were 
recorded (Pizzol et al. 2010). The experiment was conducted 
under laboratory conditions (26 ± 1 °C, 70 ± 5% RH, 14:10h 
L:D cycle).

2.5 Data analysis
The number of eggs, egg masses, egg layer, the thickness 
of the scale layer, proportions on FAW egg masses in the 
different scale thickness levels on the days after adult emer-
gence and parasitism rate by T. dendrolimi (with scale layers 
at different thickness levels) were analyzed using one-way 
ANOVA, and means were separated using Tukey’s HSD 
posthoc test. The datasets of the number of eggs, egg masses, 
egg layer of FAW were subjected to the Shapiro-Wilk test 
for normality prior to ANOVA analysis. Proportions of FAW 
egg masses with scale layers at different thickness levels and 
parasitism rate by T. dendrolimi with scale layers at differ-
ent thickness levels were transformed to arcsine square root 
to stabilize variances before being subjected to ANOVA. 
The correlation between the thickness of the scale layer on 
FAW egg masses and days after adult emergence (square 
of Pearson correlation coefficient) was analyzed using the 
Bartlett χ2 statistic and a log-linear model.

3 Results

3.1  Classification criteria of scale thickness of 
Spodoptera frugiperda egg masses

The egg masses and scale on the top of egg masses of FAW 
taken by camera and depth-of-field microscope were shown 
in Fig. 1. The thickness of the scale layer on FAW egg 
masses ranged from 0 μm to 400 μm (depth-of-field micro-
scope). The thickness of the scale layer on egg masses were 
graded into three levels by the visibility of egg under scale 
layer with naked-eye observation. Level I was the naked egg 
masses without or a few scale or hair covered on the surface. 
The scales were barely visible and only a thin layer could 

Fig. 1. Levels of scales on the top of FAW egg masses. Level I:  
naked egg masses without (A) and a thin scale (B) (< 80 μm). 
Level II: egg masses covered with scales with thickness ranging 
between 80 μm and 180 μm (C). Level III: egg masses fully cov-
ered with scales, the thickness being >180 μm (D).
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be observed. All eggs under scale or hair could be clearly 
observed, the thickness of scale on the top measured up to 
80 μm. Level II was the egg masses medium-covered with 
scales or hairs. A thin layer of scales or hairs covered the 
egg masses which was visible to the naked eyes. 20–80% 
eggs could be seen, the thickness of scale on the top of eggs 
was between 80 μm to 180 μm. Level III was the egg masses 
fully-covered with scales or hairs. A thick layer of scales or 
hairs cover the egg masses which is visible to the naked eyes. 
The egg mass totally covered and hidden by scale layer, the 
thickness of scale on the top of eggs ranged from 180 μm to 
400 μm.

3.2  Egg mass layers and scale thickness 
throughout Spodoptera frugiperda lifetime

Egg masses contained 150–230 eggs (ranging from 5 to 750 
eggs, in few cases). After a short pre-oviposition period (2–3 
days), mated females began to lay eggs, with daily oviposi-
tion peaking on the 4th and 5th Day after Adult Emergence 
(DAE) (F11, 434 = 14.545, P < 0.001). The average numbers 
of eggs per day were 400 eggs and max number were 750 
eggs on the 4th and 5th DAE (Fig. 2A). There was a sig-
nificant decrease in number of eggs laid per day from the  
6th day (with average number of eggs laid per day being 50 
on the 10th DAE, Fig. 2A). The number of layers in eggs 
masses varied from 1 to 4, with most of egg masses showing 
2 layers. The number of egg layers did not vary with time 
throughout FAW female lifetime (Fig. 2B, F9, 295 = 2.377, 
P = 0.0718).

The thickness of scale layer on FAW egg masses 
decreased significantly with female age (DAE) (Fig. 3, χ2= 
7.49, P < 0.001; coefficient ± SE: –0.067 ± 0.0065; t = 7.81, 
P < 0.001). The maximal average scale thicknesses were 
observed on the 3rd (153.93 μm) and 4th (157.11μm) DAE 
(F9, 670 = 215.23, P < 0.001) with highest value recorded 

at 4th DAE (413.2 μm). Significantly thinner average scale 
thicknesses were observed on the egg masses laid on the 5th 
(109.96 μm) and 6th (80.49 μm) DAE. By contrast, the eggs 
masses laid after the 9th day DAE were covered only by thin 
scale layers (less than 60 μm), which were barely visible.

There was no significant difference between the propor-
tions of FAW egg masses at level II and level I on the 4th 
and 5th DAE, and level Ⅲ were the lowest proportions of 
egg masses (Fig. 4, 4th DAE: F2, 264 = 32.135, P < 0.001; 5th 
DAE: F2, 154 = 26.441, P < 0.001). However, the proportion 
of FAW egg masses at level I was the highest (>50%) from 
the 6th DAE (6th: F2, 101 = 35.237, P < 0.001; 7th F2, 75 = 
30.114, P < 0.001; 8th: F2, 42 = 26.116, P < 0.001; 9th F2, 19 
= 16.348, P < 0.001). The proportion of FAW egg masses at 
level I significantly increased (F9, 353 = 36.149, P < 0.001) 
while proportions of levels II and III significantly decreased 
with female adult age (level II: F9, 271 = 35.237, P < 0.001; 
level III: F9, 57 = 14.23, P < 0.001). The proportion of egg 
masses at level I was the lowest in the 4th and 5th DAE dur-
ing whole oviposition period of FAW females and from 10th 
DAE, all egg masses were from level I. The proportion at 
level II in the 4th and 5th DAE were significantly higher than 
other oviposition days (F9, 271 = 35.237, P < 0.001). The 
proportion at level III were the highest in the 4th DAE during 
oviposition period of FAW females and no egg mass of level 
III was observed from the 9th day.

3.3  Parasitism of Spodoptera frugiperda 
eggs and egg masses with various scale 
thickness

There were significant differences in the proportions of FAW 
egg masses parasitized by T. dendrolimi when considering 
thickness levels (Fig. 5A, F2, 40 = 38.658, P < 0.001). The 
proportion of level I egg masses parasitized (78.3%) was 
significantly higher than level II (48.2%), and with level III 

Fig. 2. Oviposition dynamics during the whole oviposition period of FAW females. (A) Number of eggs per day; (B) Numbers of layers 
per egg mass; For a given trait, the different letters indicate a significant difference (P < 0.05, ANOVA followed by Tukey’s HSD test).
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showing lowest parasitism (23.1%). Furthermore, parasitism 
rates by T. dendrolimi varied significantly among FAW eggs 
from egg masses showing different thickness levels (Fig. 5B, 
eggs: F2, 63 = 27.113, P < 0.001; egg masses: F2, 63 = 31.54, 
P < 0.001). The parasitism rate on level Ⅰ eggs (31.6%) was 
significantly higher than on level II eggs (12.6%), with the 
significantly lowest parasitism rate being observed on level 
Ⅲ eggs (1.9%).

4 Discussion

In some Lepidoptera species adult females cover their eggs 
with scales at the time they oviposit, such scale acting as 
a physical defense (Gross 1993; Carneiro et al. 2012). The 
scales provide a strong barrier against oviposition behavior 
of some parasitoids (Beserra & Parra 2005; Sun et al. 2020; 
Tian et al. 2020). We demonstrated that the thickness of scale 
layer of FAW egg masses varied significantly with age of ovi-
positing female. The various scale thickness on egg masses 
drastically affected parasitism success in T. dendrolimi and 
complemented previous studies carried out on parasitism of 
FAW by egg parasitoids. For example, Sun et al. (2020) and 
Tian et al. (2020) reported T. dendrolimi had strong parasitic 
capacity on FAW eggs, with an average number of parasit-
ized eggs of 20 in their experimental conditions. However, 
FAW egg masses covered with scales are not readily parasit-
ized by T. dendrolimi, with and average parasitism number 
of parasitized eggs being 14% with scale and 26% without 
scale (Dong et al. 2021). Higher parasitism rate in presence 
of scale was reported for T. pretiosum (20%) and Telenomus 
remus (78%) (Dong et al. 2021) while very low parasitism 
rate was reported for T. chilonis (7%) (Tian et al. 2020). The 
obvious difference in parasitism rate by Trichogramma spp. 

Fig. 3. Scale thickness variation on the egg masses during the 
whole oviposition period of FAW females. For a given trait, the 
different letters on the top of spots indicate a significant differ-
ence (P < 0.05, ANOVA followed by Tukey’s HSD test). Black 
bars indicate means ± SEM; The black curve is fitted by the log-
linear model.

Fig. 4. Proportions of egg masses at different levels during the 
whole oviposition period of FAW females. Different capitalized 
letters inside each histogram indicated significant difference in 
proportions of egg masses at different levels within the same 
DAE (P < 0.05, ANOVA followed by Tukey’s HSD test). Different 
lower-case letters indicated significant difference among DAE in 
proportions of egg masses for a given level (P < 0.05, ANOVA 
followed by Tukey’s HSD test).

Fig. 5. Trichogramma parasitism rates on FAW egg masses (A) 
and on FAW eggs (B) with scale layers at different levels. Pie 
charts show the proportions of scale layers of FAW egg masses 
(A) and FAW eggs (B) at different thickness levels. For a given 
trait, the different letters on the top of bars indicate a significant 
difference (P < 0.05, ANOVA followed by Tukey’s HSD test).
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may be due to thickness of scales and layers of the selected 
FAW egg masses selected during the assays. The above phe-
nomenon caused a heated debate on the biological control 
potential of Trichogramma spp. Therefore, it is important to 
determine the thickness of scale layers on egg masses of tar-
geted pests for successfully using biological control agents 
such as Trichogramma spp.

In previous studies, the scale layer on egg masses were 
graded on the basis of with or without scales layer (Dong 
et al. 2021), but not on the thickness of the scale layer on egg 
masses. This is the first report on the thickness of the scale 
layers of FAW egg masses and its categorization. The thick-
ness of the scale layer on egg masses varied significantly, 
ranging from 0 μm to 400 μm. The thickness of the scale 
layer showed a decreasing trend during FAW female aging. 
The proportion of FAW egg masses at level I increased con-
tinuously during FAW oviposition period while proportions 
of levels II and III decreased accordingly. Various reasons 
may explain this variability scale thickness in Lepidopterans, 
including weather conditions, natural enemies, and fecun-
dity of moths (summarized by Temerak 2006). Most egg 
masses belong to levels I and II at each day during oviposi-
tion period of FAW females. The present results may con-
tribute towards reconsidering the choice of parasitoids for 
biocontrol of FAW. Grading of the scales on the FAW egg 
masses and measuring the proportions of egg mass covered 
with scales of different thickness should be taken into impor-
tant consideration in designing protocols for the release of 
parasitoids. Previous studies focused on selecting a parasit-
oid that could effectively control all egg masses which were 
fully covered with scales (Dasilva et al. 2015). In fact, con-
sidering the mass rearing cost of parasitoids and control effi-
ciency, a variety of parasitoids can be combined to control 
FAW according to the proportions of egg mass covered with 
scales of different thickness.

Previous research suggested that Trichogramma parasit-
oids can hardly parasitize FAW eggs (reporting parasitism 
rates below 15%) because of the thick scales on egg masses 
(e.g. Dong et al. 2021). These results actually only reflected 
partially the possible parasitism as the studies failed encom-
passing all type of egg masses that could be parasitized by 
Trichogramma species. The parasitism rate of T. dendrolimi 
on naked FAW egg masses (i.e. level I, without or with a few 
scale or hair cover on egg surface) was about 40%, but only 
9% of the egg masses fully-covered with scales or hairs (level 
III) was parasitized by T. dendrolimi. These results indicated 
that thicker scales on egg masses exhibited stronger physi-
cal defense against parasitoids, providing an explanation for 
the varied parasitism rates of Trichogramma spp. in previous 
different studies. Although the parasitism of FAW eggs by 
T. dendrolimi was not quite high, the mass rearing of this 
parasitoid is highly cost effective at industrial scale (Zang 
et al. 2021), notably when compared to the mass rearing of 
other Trichogramma species (Hou et al. 2018; Wang et al. 
2020; Zang et al. 2021; Zhang et al. 2021). In addition, ento-

mopathogens can be carried by Trichogramma parasitoids to 
pest eggs, contaminating unparasitized eggs or hatched lar-
vae (Potrich et al. 2015; Wang et al. 2021). Considering the 
proportion of FAW egg masses at different scale thickness 
levels during female aging, Trichogramma parasitoids may 
be recommended for biocontrol of this key pest.

In addition, our results revealed that most FAW egg 
masses had more than two layers, with only 9.2% showing 
a single layer. The number of egg layers is an important fac-
tor affecting the biological control efficiency of FAW using 
parasitoids (Beserra & Parra 2005). Previous studies have 
shown that some Trichogramma species cannot parasitize 
effectively the layered eggs of FAW because Trichogramma 
females can only reach the eggs in the surface layer of the 
egg mass, whereas eggs at the internal layer were hard to 
parasitize (Tsankov 1990; Beserra & Parra 2005). For exam-
ple, when T. atopovirilia parasitized FAW eggs, the para-
sitism on single-layer eggs was higher than those with two 
or three egg layers (Beserra & Parra 2005). The number of 
egg layers in FAW egg masses may be a factor explaining 
some field reports of failures in control of FAW when using 
Trichogramma.

Our study provides a comprehensive picture on biologi-
cal characteristics of FAW oviposition and on egg mass scale 
thickness dynamic in FAW, providing thickness grades for 
the first time. More specifically, the impact of host scale 
thickness on T. dendrolimi performance when parasitizing 
eggs of FAW was studied. Considering the production cost 
of the parasitoids to be released, biocontrol efficiency and the 
proportions of egg masses covered with scales of different 
thickness, the release strategy of multiple natural enemy spe-
cies, including Trichogramma sp., may be feasible to control 
FAW. The potential roles of FAW egg mass scales on parasit-
ism efficiency may be integrated when designing strategies 
that include release(s) of parasitoids for biocontrol of FAW, 
and will need additional works in the future research.

Acknowledgments: This research was financially supported 
by a grant from the National Key R&D Program of China 
(2019YFD0300105), and the National Natural Science Foundation 
of China (31901946).

References

Beserra, E. B., & Parra, J. R. P. (2005). Impact of the num-
ber of Spodoptera frugiperda egg layers on parasitism by 
Trichogramma atopovirilia. Scientia Agrícola, 62(2), 190–193. 
https://doi.org/10.1590/S0103-90162005000200016

Boiça Júnior, A. L. B., Campos, Z. R., Campos, A. R., Valerio 
Filho, W. V., & Campos, O. R. (2013). Spodoptera frugiperda 
(J. E. Smith) (Lepidoptera: Noctuidae) in cotton: vertical dis-
tribution of egg masses, effects of adult density and plant age 
on oviposition behavior. Arquivos do Instituto Biológico, 80(4), 
424–429. https://doi.org/10.1590/S1808-16572013000400008

594    Yang-Yang Hou et al.

20
22

09
11

-0
90

80
6

C
82

40
/2

47
42

/D
C

C
5D

D
1E

https://doi.org/10.1590/S0103-90162005000200016
https://doi.org/10.1590/S1808-16572013000400008


Brévault, T., Ndiaye, A., Badiane, D., Bal, A. M., Sembène, M., 
Silvie, P., & Haran, J. (2018). First records of the fall army-
worm, Spodoptera frugiperda (Lepidoptera: Noctuidae), in 
Senegal. Entomologia Generalis, 37(2), 129–142. https://doi.
org/10.1127/entomologia/2018/0553

Carneiro, T. R., & Fernandes, O. A. (2012). Interspecific interaction 
between Telenomus remus (Hymenoptera: Platygastridae) and 
Trichogramma pretiosum (Hymenoptera: Trichogrammatidae) 
on Spodoptera frugiperda (Lepidoptera: Noctuidae) eggs. Anais 
da Academia Brasileira de Ciências, 84(4), 1127–1135. https://
doi.org/10.1590/S0001-37652012000400027

Dasilva, C. S. B., Vieira, J. M., Loiácono, M., Margaría, C., & Parra, 
J. R. P. (2015). Evidence of exploitative competition among egg 
parasitoids of Spodoptera frugiperda (Lepidoptera: Noctuidae) 
in maize. Revista Colombiana de Entomologia, 41(2), 184–186.

Desneux, N., Decourtye, A., & Delpuech, J. M. (2007). The sub-
lethal effects of pesticides on beneficial arthropods. Annual 
Review of Entomology, 52(1), 81–106. https://doi.org/10.1146/
annurev.ento.52.110405.091440

Dong, H., Zhu, K. J., Zhao, Q., Bai, X. P., Zhou, J. C., & Zhang, L. 
S. (2021). Morphological defense of the egg mass of Spodoptera 
frugiperda (Lepidoptera:Noctuidae) affects parasitic capacity 
and alters behaviors of egg parasitoid wasps. Journal of Asia-
Pacific Entomology, 24(3), 671–678. https://doi.org/10.1016/j.
aspen.2021.05.015

Floater, J. G. (1998). Tuft scales and egg protection in Ochrogaster 
lunifer Herrich-Schäffer (Lepidoptera: Thaumetopoeidae). 
Australian Journal of Entomology, 37(1), 34–39. https://doi.
org/10.1111/j.1440-6055.1998.tb01540.x

Fukuda, T., Wakamura, S., Arakaki, N., & Yamagishi, K. (2007). 
Parasitism, development and adult longevity of the egg para-
sitoid Telenomus nawai (Hymenoptera: Scelionidae) on the 
eggs of Spodoptera litura (Lepidoptera: Noctuidae). Bulletin 
of Entomological Research, 97(2), 185–190. https://doi.org/ 
10.1017/S0007485307004841

Gross, P. (1993). Insect behavioral and morphological defenses 
against parasitoids. Annual Review of Entomology, 38(1), 251–
273. https://doi.org/10.1146/annurev.en.38.010193.001343

Gul, H., Ullah, F., Biondi, A., Desneux, N., Qian, D., Gao, X., & 
Song, D. (2019). Resistance against clothianidin and associ-
ated fitness costs in the chive maggot, Bradysia odoriphaga. 
Entomologia Generalis, 39(2), 81–92. https://doi.org/10.1127/
entomologia/2019/0861

Hou, Y. Y., Yang, X. B., Zang, L. S., Zhang, C., Monticelli, L. S., 
& Desneux, N. (2018). Effect of oriental armyworm Mythimna 
separata egg age on the parasitism and host suitability for five 
Trichogramma species. Journal of Pest Science, 91(4), 1181–
1189. https://doi.org/10.1007/s10340-018-0980-2

Huang, N. X., Jaworski, C. C., Desneux, N., Zhang, F., Yang, 
P. Y., & Wang, S. (2020). Long-term and large-scale releases 
of Trichogramma promote pesticide decrease in maize in north-
eastern China. Entomologia Generalis, 40(4), 331–335. https://
doi.org/10.1127/entomologia/2020/0994

Laminou, S. A., Ba, M. N., Karimoune, L., Doumma, A., & 
Muniappan, R. (2020). Parasitism of locally recruited egg 
parasitoids of the fall armyworm in Africa. Insects, 11(7), 430. 
https://doi.org/10.3390/insects11070430

Luna, M. G., Desneux, N., & Schneider, M. I. (2016). Encapsulation 
and self-superparasitism of Pseudapanteles dignus (Muesebeck) 
(Hymenoptera: Braconidae), a parasitoid of Tuta absoluta 

(Meyrick) (Lepidoptera: Gelechiidae). PLoS One, 11(10), 
e0163196. https://doi.org/10.1371/journal.pone.0163196

Montezano, D. G., Specht, A., Sosa-Gómez, D. R., Roque-Specht, 
V. F., Sousa-Silva, J. C., Paula-Moraes, S. V., … Hunt, T. E. 
(2018). Host plants of Spodoptera frugiperda (Lepidoptera: 
Noctuidae) in the Americas. African Entomology, 26(2), 286–
300. https://doi.org/10.4001/003.026.0286

Parra, J. R. P., Coelho, A., Jr., Cuervo-Rugno, J. B., Garcia, A. G., de 
Andrade Moral, R., Specht, A., & Neto, D. D. (2022). Important 
pest species of the Spodoptera complex: Biology, thermal 
requirements and ecological zoning. Journal of Pest Science, 
95(1), 169–186. https://doi.org/10.1007/s10340-021-01365-4

Pinto, J. D. (1992). Novel taxa of Trichogramma from the New 
World tropics and Australia (Hymenoptera: Trichogrammatidae). 
Journal of the New York Entomological Society, 100(4), 621–
633. http://www.jstor.org/stable/25009996

Pizzol, J., Pintureau, B., Khoualdia, O., & Desneux, N. (2010). 
Temperature-dependent differences in biological traits between 
two strains of Trichogramma cacoeciae (Hymenoptera: 
Trichogrammatidae). Journal of Pest Science, 83(4), 447–452. 
https://doi.org/10.1007/s10340-010-0327-0

Potrich, M., Alves, L. F. A., Lozano, E., Roman, J. C., Pietrowski, 
V., & Neves, P. M. O. J. (2015). Interactions between Beauveria 
bassiana and Trichogramma pretiosum under laboratory condi-
tions. Entomologia Experimentalis et Applicata, 154(3), 213–
221. https://doi.org/10.1111/eea.12272

Powell, J. A., & Common, I. F. B. (1985). Oviposition patterns and 
egg characteristics of Australian Tortricine Moths (Lepidoptera: 
Tortricidae). Australian Journal of Zoology, 33(2), 179–216. 
https://doi.org/10.1071/ZO9850179

Richardson, E. B., Troczka, B. J., Gutbrod, O., Davies, T. G. E., & 
Nauen, R. (2020). Diamide resistance: 10 years of lessons from 
lepidopteran pests. Journal of Pest Science, 93(3), 911–928. 
https://doi.org/10.1007/s10340-020-01220-y

Sun, J. W., Dai, P., Xu, W., Ma, Y., & Zang, L. S. (2020). Parasitism 
and Suitability of Spodoptera frugiperda (Smith) eggs for four 
local Trichogramma species of northeastern China. [in Chinese]. 
Journal of Environmental Entomology, 42(1), 36–41.

Temerak, S. A. (2006). Role of moth scales remain on the top 
of egg masses of Spodoptera littoralis and its interference 
with the performance of the natural bio-product spinosad. 
Journal of Entomology, 3(2), 102–107. https://doi.org/10.3923/
je.2006.102.107

Toepfer, S., Fallet, P., Kajuga, J., Bazagwira, D., Mukundwa, I. P., 
Szalai, M., & Turlings, T. C. (2021). Streamlining leaf dam-
age rating scales for the fall armyworm on maize. Journal 
of Pest Science, 94(4), 1075–1089. https://doi.org/10.1007/
s10340-021-01359-2

Tian, J. C., Lu, Y. H., Wang, G. R., Zheng, X. S., Yang, Y. J., Xu, 
H. X., … Lv, Z. X. (2020). The parasitic capability of five 
Trichogramma species on eggs of fall armyworm Spodoptera 
frugiperda. [in Chinese]. Chinese Journal of Biological Control, 
36(4), 485–490.

Tsankov, B. G. (1990). Egg parasitoids of the pine procession-
ary moth, Thaumetopoea pityocampa (Den. & Schiff.) (Lep., 
Thaumetopeidae) in Bulgaria: Species, importance, biology 
and behaviour. Journal of Applied Entomology, 110(1-5), 7–13. 
https://doi.org/10.1111/j.1439-0418.1990.tb00089.x

Wan, Y. R., Zheng, X. B., Xu, B. Y., Xie, W., Wang, S. L., Zhang, 
Y. J., … Wu, Q. J. (2021). Insecticide resistance increases the 

 Impact of fall armyworm egg mass scale thickness on Trichogramma spp.    595

20
22

09
11

-0
90

80
6

C
82

40
/2

47
42

/D
C

C
5D

D
1E

https://doi.org/10.1127/entomologia/2018/0553
https://doi.org/10.1127/entomologia/2018/0553
https://doi.org/10.1590/S0001-37652012000400027
https://doi.org/10.1590/S0001-37652012000400027
https://doi.org/10.1146/annurev.ento.52.110405.091440
https://doi.org/10.1146/annurev.ento.52.110405.091440
https://doi.org/10.1016/j.aspen.2021.05.015
https://doi.org/10.1016/j.aspen.2021.05.015
https://doi.org/10.1111/j.1440-6055.1998.tb01540.x
https://doi.org/10.1111/j.1440-6055.1998.tb01540.x
https://doi.org/10.1017/S0007485307004841
https://doi.org/10.1017/S0007485307004841
https://doi.org/10.1146/annurev.en.38.010193.001343
https://doi.org/10.1127/entomologia/2019/0861
https://doi.org/10.1127/entomologia/2019/0861
https://doi.org/10.1007/s10340-018-0980-2
https://doi.org/10.1127/entomologia/2020/0994
https://doi.org/10.1127/entomologia/2020/0994
https://doi.org/10.3390/insects11070430
https://doi.org/10.1371/journal.pone.0163196
https://doi.org/10.4001/003.026.0286
https://doi.org/10.1007/s10340-021-01365-4
http://www.jstor.org/stable/25009996
https://doi.org/10.1007/s10340-010-0327-0
https://doi.org/10.1111/eea.12272
https://doi.org/10.1071/ZO9850179
https://doi.org/10.1007/s10340-020-01220-y
https://doi.org/10.3923/je.2006.102.107
https://doi.org/10.3923/je.2006.102.107
https://doi.org/10.1007/s10340-021-01359-2
https://doi.org/10.1007/s10340-021-01359-2
https://doi.org/10.1111/j.1439-0418.1990.tb00089.x


vector competence: A case study in Frankliniella occidentalis. 
Journal of Pest Science, 94(1), 83–91. https://doi.org/10.1007/
s10340-020-01207-9

Wang, Y., Xiang, M., Hou, Y. Y., Yang, X. B., Dai, H., Li, J., 
& Zang, L. S. (2019). Impact of egg deposition period on 
the timing of adult emergence in Trichogramma parasit-
oids. Entomologia Generalis, 39(3-4), 339–346. https://doi.
org/10.1127/entomologia/2019/0896

Wang, Y., Zou, Z. P., Hou, Y. Y., Yang, X., Wang, S., Dai, H. J., 
… Zang, L. S. (2020). Manually-extracted unfertilized eggs of 
Chinese oak silkworm, Antheraea pernyi, enhance mass pro-
duction of Trichogramma parasitoids. Entomologia Generalis, 
40(4), 397–406. https://doi.org/10.1127/entomologia/2020/1060

Wang, P., Li, M. J., Bai, Q. R., Ali, A., Desneux, N., Dai, H. J., & 
Zang, L. S. (2021). Performance of Trichogramma japonicum 
as a vector of Beauveria bassiana for parasitizing eggs of rice 
striped stem borer, Chilo suppressalis. Entomologia Generalis, 
41(2), 147–155. https://doi.org/10.1127/entomologia/2021/1068

Weisenburger, D. D. (1993). Human health-effects of agrichemi-
cals use. Human Pathology, 24(6), 571–576. https://doi.org/ 
10.1016/0046-8177(93)90234-8

Wu, P., Ren, Q., Wang, W., Ma, Z., & Zhang, R. (2021a). A bet-hedg-
ing strategy rather than just a classic fast life-history strategy 

exhibited by invasive fall armyworm. Entomologia Generalis, 
41(4), 337–344. https://doi.org/10.1127/entomologia/2021/1154

Wu, P. X., Wu, F. M., Fan, J. Y., & Zhang, R. (2021b). Potential 
economic impact of invasive fall armyworm on mainly affected 
crops in China. Journal of Pest Science, 94(4), 1065–1073. 
https://doi.org/10.1007/s10340-021-01336-9

Zang, L. S., Wang, S., Zhang, F., & Desneux, N. (2021). Biological 
control with Trichogramma in China: History, present status and 
perspectives. Annual Review of Entomology, 66(1), 463–484. 
https://doi.org/10.1146/annurev-ento-060120-091620

Zhang, X., Wang, H. C., Du, W. M., Zang, L. S., Ruan, C. C., 
Zhang, J. J., … Desneux, N. (2021). Multi-parasitism: A prom-
ising approach to simultaneously produce Trichogramma chilo-
nis and T. dendrolimi on eggs of Antheraea pernyi. Entomologia 
Generalis, 41(6), 627–636. https://doi.org/10.1127/entomologia/ 
2021/1360

Manuscript received: 21 September 2021
Revisions requested: 1 November 2021
Modified version received: 23 November 2021
Accepted: 15 February 2022

596    Yang-Yang Hou et al.

20
22

09
11

-0
90

80
6

C
82

40
/2

47
42

/D
C

C
5D

D
1E

https://doi.org/10.1007/s10340-020-01207-9
https://doi.org/10.1007/s10340-020-01207-9
https://doi.org/10.1127/entomologia/2019/0896
https://doi.org/10.1127/entomologia/2019/0896
https://doi.org/10.1127/entomologia/2020/1060
https://doi.org/10.1127/entomologia/2021/1068
https://doi.org/10.1016/0046-8177%2893%2990234-8
https://doi.org/10.1016/0046-8177%2893%2990234-8
https://doi.org/10.1127/entomologia/2021/1154
https://doi.org/10.1007/s10340-021-01336-9
https://doi.org/10.1146/annurev-ento-060120-091620
https://doi.org/10.1127/entomologia/2021/1360
https://doi.org/10.1127/entomologia/2021/1360

