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Abstract 

Background: Mass rearing cost of Spodoptera littoralis (Boisd.) (Lepidoptera: Noctuidae) is one of the critical methods 
for the successful utilization of Baculovirus pathogenicity and sterile insect technique (SIT). Effectiveness of both SIT 
and S. littoralis Nucleopolyhedrosis Virus (SpliNPV) was assessed in response to plant‑based diet and substitution of 
agar with commercial sources of gelling components as feed.

Results: Pupal and adult recoveries produced by castor bean leaves were significantly high, followed by the agar‑
based diet. Moreover, larval durations were significantly prolonged for (starch + gelatin)‑based diet than the other 
dietary diets. Obviously, SpliNPV pathogenicity against the larvae reared on (starch + gelatin)‑based diet was 2.5 and 2 
times higher than those reared on castor leaves and agar‑based diet, respectively. Contrary to expectation, the sterility 
doses of male moths produced by castor leaves and agar‑based diet were relatively similar.

Conclusion: The findings suggest that the lowest cost diets (starch + gelatin)‑based diet could be used effectively for 
increasing the SpliNPV pathogenicity, while either castor leaves or agar‑based diet could be considered as a promising 
choice for SIT program.
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Background
The cotton leaf-worm, Spodoptera littoralis (Boisd.) 
(Lepidoptera: Noctuidae) is an economic pest of numer-
ous cultivated plants in many regions. It is considered a 
serious polyphagous pest in different countries, attack-
ing many vegetable and field crops worldwide (El-Helaly 
et al. 2020). Use of Baculovirus and Sterile Insect Tech-
nique (SIT) could be effective strategies against S. litto-
ralis to substitute chemical pesticides that have diverse 
impacts on the environment and its fauna (Sayed and El-
Helaly 2018). Facilitating S. littoralis in a low-cost diet is 
one of the key tasks for the successful use of SIT (Calkins 
and Parker 2021) and also Baculovirus production 

(Mabrouk et  al. 2001). S. littoralis Nucleopolyhedrosis 
virus (SpliNPV) is belonging to Baculovirus that has a 
high pathogenic specificity on only S. littoralis making it 
highly safe environmental control agent (Elmenofy et al. 
2020). Pathogenicity of NPV may be improved if any fac-
tor goes in line with the insect host immunity that could 
be influenced by modifying the artificial diets (Chen et al. 
2018). Additionally, the susceptibility of lepidopteran lar-
vae to viral infections could be altered by various diets 
(Shikano et  al. 2010). Recently, SIT is widely applied 
against various pest insects in many regions (Dyck et al. 
2021). It depends on releasing the sterile adults of tar-
geted insect previously irradiated with gamma or X-ray 
into the field. Sterile moths should be facilitated in high 
numbers with a good quality to suppress the population 
effectively (Hendrichs et  al. 2002). The associate cost, 
time, space and ingredients availability of insect food 
are the tools for improving the insect rearing facilities 
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(Assemila et  al. 2012). Many artificial diets have been 
known to rear S. littoralis species; however, developing 
these artificial diets are continuously required to opti-
mize the reared insect for SpliNPV production and SIT 
program. Larval diet was recently applied, depends on 
agar ingredient as gelling agent, is a very expensive and 
imported product in the most countries. Alternative 
ingredients or decreasing their significant amount by 
commercial and cheap alternative gelling sources will be 
useful. Therefore, this trial aimed to evaluate gelatin and 
starch ingredients as alternative gelling sources for rear-
ing S. littoralis, and it does indeed have a multivariate 
optimization perspective, taking into account of Baculo-
virus production and SIT performance, as well as dietary 
cost.

Methods
Test insect
A colony of S littoralis was maintained under labora-
tory conditions at 25 ± 2 °C and 65% ± 10 R.H. Full-
formed pupae were supplied in the adult rearing cage 
(40 × 20 × 10  cm) with small cups containing pieces of 
cotton wool soaked with 10% sugar for feeding the emer-
gent moths. Egg-masses were collected daily and trans-
ferred to glass gars (1600 cc), covered with muslin cloth, 
until they hatch. The newly hatched larvae were trans-
ferred to rounded plastic bowls (70 × 15 cm) with castor 
bean leaves, Ricinus communis for feeding and covered 
with both muslin cloths until pupating.

Larval feed substrate
Two gelling agents, starch and gelatin powders (local 
market), were used to replace Agar Agar powder (landor, 

Co Ltd, USA), used for semi-artificial diets described by 
Shorey and Hale (1965). Five semi-artificial diets were 
tested: agar-based diet (A), starch-based diet (S), gela-
tin-based diet (G), starch + gelatin based diet (SG) and 
agar + starch + gelatin-based diet (ASG) were tested 
alongside the castor leaves-based diet (CL) (Table 1). One 
hundered nwely hatched larvae, with 5 replicates, were 
used. Reared larvae were weighted during their develop-
ment at the age of 5, 9 and 13  days, using a laboratory 
balance. Five replicates, with 10 larvae each treatment, 
were weighted. Resultant pupae from each treatment 
were collected daily, sexed and stored in waxed paper 
cups on moist sawdust and covered with muslin cloth. 
Five replicates of newly formed pupae (10 pupae each) 
were collected at the same day of formation and weighted 
at the 5 days old.

Bioassay of insect diet and SpliNPV production
Local isolate of SpliNPV was used in the bioassay experi-
ments. The pathogenicity was evaluated on the 2nd instar 
larvae of S. littoralis. Eight different virus concentrations 
from 1 ×  102 to 1 ×  109 BIPs/ml. (polyhedral inclusion 
bodies (PIB)/ml) were prepared from the stock concen-
tration that was 2.3 ×  109 PIB/ml. The interaction of NPV 
pathogenicity and dietary larvae was referred as a mortal-
ity-response andwas calculated, accoeding to the bioassy 
standard method previously described (Sun et al. 2004), 
namely 1 ml of each concentation was spread on the sur-
face special plate (20 × 10 × 3 cm) divided to 50 cells con-
taining 50 ml of the tested semi artificial diets. Distilled 
water was used for untreated control experiments. Then, 
50 larvae were allowed to feed onto the died until death 

Table 1 Ingredients of 6 tested diets based on gelling agent rearing Spodoptera littoralis larvae as compared to the castor plant diet 
and their cost study

Ingredients CL A ASG SG S G

Agar (gm.) 0 60 30 0 0 0

Starch (gm.) 0 0 35 75 150 0

Gelatin (gm.) 0 0 35 75 150

White Kidney Bean (gm.) 0 1000 1000 1000 1000 1000

Brewer yeas (gm.) 0 150 150 150 150 150

Ascorbic acid (gm.) 0 15 15 15 15 15

Sorbic Acid (gm.) 0 5 5 5 5 5

Methyl benzoate (gm.) 0 9.5 9.5 9.5 9.5 9.5

Formaldehyde (ml.) 0 10 10 10 10 10

Distilled water (ml) 0 2000 2000 2000 2000 2000

Castor plant (gm.) 1000 0 0 0 0 0

Economic impact

Gel cost/kg diet (US $) 0.0 2.4 1.41 0.42 0.15 0.75

Cost saving (%) 100% – 41.25 82.5 93.8 68.8
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or pupation. Each treatment was repeated in 5 replicates. 
Mortality responses in each treatment of larvae, fed on 
different artificial diets, were daily recorded.

Irradiation technique
Full grown male pupae of S. littoralis before emergence 
(24 h) were irradiated by the sub sterlizing doses 150, 200 
and 250 Gy (Gy), using Cobalt 60 gamma cell located at 
the Nuclear Research Cener, at a dose rate of 0.60  Gy/
min. Effect of gamma irradiation on male sterility was 
evaluated based on egg hatch. Newly emerged male 
moths resulted from irradiated pupae were paired with 
un-irradiated females. Each pair was introduced into 
75  cc cylindrical glass cage internally lined with papers 
as an ovipositional site and covered with muslin cloth. 
Cages were supplied by 10% sugar solution as feed. The 
experiment was conducted with 15 replicates per treat-
ment. Daily deposited eggs of irradiated and un-irra-
diated treatments were collected (fecundity), counted, 
and kept 5 days for calculating the parentage of hatched 
eggs (fertility). Sterility index was calculated according 
to the Toppozada et  al. (1966) formula: % sterility = [1 
− (Fu × FeI/Fc × Fec)] × 100, where: Fu = fecundity of 
un-irradiated treatment; FeI = fertility of irradiated treat-
ment; Fc = fecundity of control; and Fec = fertility of 
control.

Statistical analysis
Biological and biochemical studies were examined by 
one way analysis of variance (ANOVA) technique, means 
were analyzed by Tukey’s multiple range test, when the 
(p < 0.01), the ANOVA statistics are significant. Mortality 
response of S. littoralis larvae of several diets were ana-
lyzed, using Probit analysis, slope.  LC50 was calculated 
according to Finney (1971). The reproduction rate aver-
ages were calculated by the model designed by Regniere 
et  al. (2012), the trendline labels were created by Excel 
2010.

Results
The cost impact of modified diets was presented in 
Table  1 the Gel cost/kg diet for each diet which were 
lower (0.0, 0.15 and 0.42 US $) for CL, S and SG diets, 
respectively than (0.75, 1.41 and 2.4 US $) for G, ASG 
and A diets, respectively. Moreover, substituting full and 
partial amount of agar by gelatin and starch reduced the 
diet cost by 82.5% and 41.25, respectively per one kilo-
gram of diets (Table 1).

Pupae and adults production were significantly differ-
ent from the tested larval diets (p < 0.001) as shown in 
Fig. 1. No pupae was produced by starch-based diet (S) 
and gelatin-based diet (G), while the percentage of pupal 
recovery of (starch + gelatin)-based diet (SG) was lower 

(39.4%) than those were recorded (61.8, 85.2 and 89.2%) 
(F(3,16) = 170.8, p < 0.001) of by (agar + starch + gelatin)-
based diet (ASG), agar-based diet (A) and castor leaves-
based diet (CL), respectively. The same trend was noticed 
in the adult recovery whereas the highest percentage of 
adult moths was produced by A diet (78.8%) followed 
by CL diet (75.21%), ASG diet (45.4) and SG diet (20.6), 
(F(3,16) = 148.29, p < 0.001).

The data in Table  2 showed that the weight of lar-
vae fed on diet CL was significantly heavier than those 
fed on artificial diets, while the lowest larval weight 
was recorded in the ASG and SG diets at the periods of 
7 days (F(3,16) = 109.1), 10 days (F(3,16) = 130.1) and 13 days 
(F(3,16) = 158.4) with p < 0.001. In the same table, the pupal 
weight for castor CL diet and agar-based A diet were sig-
nificantly heavier than those fed on ASG diet and SG diet 
(F(3,16) = 139.5, p < 0.001).

Data in Fig. 2, showed the duration of larvae fed on A, 
ASG and SG diets was significantly prolonged than those 
fed on CL diet (F(3,16) = 121.4, p < 0.001). However the 
duration of pupae resulted from larvae fed on CL and A 

Fig. 1 Percentages of pupal and adult recovery produced by 6 
different larval diets of Spodoptera littoralis 

Table 2 Weight averages of three ages (day) of larvae and 24 
age pupae produced from 4 different larval diets of Spodoptera 
littoralis 

Diets (Avg.) larval weight (mg/larvae) at 
different days

(Avg.) Pupal weight

5 days 9 days 13 days

CL 190.7 ± 2.0 a 500.6 ± a 700.4 ± 10.3 a 324.5 ± 1.9 a

A 175 ± 1.2 b 433 ± 2.3 b 625.1 ± 12.1b 322.3 ± 3.1a

ASG 150 ± 1.7 c 381 ± 2.5 c 530.2 ± 1.8 c 300.5 ± 2.1b

SG 122 ± 2.3 d 250 ± 3.2 d 400.0 ± 2.5 d 250.4 ± 3.2 c
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were significantly lower than those fed on ASG and SG 
diets (F(3,16) = 24.8, p < 0.001).

Impact of different diets, as insect feed on SpliNPV 
pathogenicity, is presented in Fig.  3. The date indicated 
that a high pathogenicity  (LC50 = 3.8 ×  103 PIB/ml) 
was recorded of the larvae fed on SG diet, followed by 
those fed on ASG diet  (LC50 = 3.9 ×  104 PIB/ml), A diet 

(LC50 = 1.4 ×  106 PIB/ml) and CL diet  (LC50 = 1.3 ×  107 
PIB/ml). Data revealed that the mortality of larvae fed on 
the diet contains starch and gelatin was greater (2 and 2.5 
times) as compared to those fed on agar-based diet and 
castor plant in response to SpliNPV infection. The results 
revealed that gelling agents may be has important role for 
insect immunity or susceptibility against SpliNPV infec-
tion in particular the low concentrations from 1 ×  102 to 
 105 PIB/ml, the pathogenicity of virus was greatly varied 
by the different of larval diets, which has been expressed 
as larval mortality (Fig. 5), and also the changes of larval 
color (Fig. 4), namely the infection was high in the larvae 
fed on SG diet (Fig.  4d) followed by ASG diet (Fig.  4c), 
while the larvae fed on A diet (Fig.  4b) and CL diets 
(Fig. 4a) exhibited low virus infection.

The sterility of the irradiated male moth induced by 
gamma irradiation which resulted from CL and A is ana-
lyzed (Fig. 5). The ASG and SG were ruled out because 
they were of too low quality to use in SIT program as 
observed in the previous experiments. Full sterility 
(100%) were showed for irradiated males with the dose 
rate 250 Gy of both CL and A diets, however, irradiated 
males fed on CL diet exhibited less sterility (55.2 and 
73.4%) than that resulted from A diet (60.5 and 78.1%) 
when exposed to the sub-sterilizing doses 100, 150  Gy, 

Fig. 2 Averages of larval and pupal durations in response to using 4 
different diets for rearing Spodoptera littoralis larvae

Fig. 3 (%) mortality of Spodoptera littoralis 2nd instar larvae treated with different concentrations of SpliMNPV (PIB/ml) in response to using 4 
different larval diets as feed
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respectively. Moreover, the sterility was relatively similar 
(90.2 and 91.1%) of those fed on CL and A diets, respec-
tively in the case of 200 Gy.

Discussion
The artificial diets of rearing various lepidopteran 
insect pest have been promoted successfully, but the 
most of them have been excluded for using in SIT due 
to their high cost Marec and Vreysen (2019). Accord-
ingly, replacement of agar with less expensive ingredient 
such as starch and/or gelatin from the larval diet lead to 
reduce the mass rearing cost which has been considered 
one of the key success factors for the implementation of 
the SITprogram. In the present study, substituting full 
and partial amount of agar by both gelatin and starch 
reduced the diet cost by five and twofolds, respectively 
per one kilogram of diets. Notwithstanding, the evidence 
that ether gelatin or starch did not succeed in rearing S. 
littoralis larvae when used individually as substitute of 
agar, starch was used to as gelling agent by Abbasi et al. 
(2007) on Helicoverpa armigera and by Amer (2015) on 
Earias insulana. Furthemore, gelatin was used sucsess-
fuly by Pascacio-Villafán et  al. (2020) for Anastrepha 
ludens rearing. Result revealed that the dietary of castor 
plant and the agar-based diet generated heavier larvae 
and pupae than those containing (starch + gelatin). Fur-
thermore, the larvae fed on castor plants result in shorter 
duration for pupae than those fed on the artificial diets. 
These results of larval survival differentials may be attrib-
uted to two factors, improved health due to a protective 

Fig. 4: 4th and 5th instar larvae of Spodoptera littoralis treated with low concentration (1 ×  102 PIB/ml) SpliMNPV as 2nd instar in response to using 
4 different larval diets as feed, CL (b), A (a), ASG (c) and SG (d)

Fig. 5 Percentages of sterility of male adults previously irradiated as 
pupae with different doses of gamma radiation in response to castor 
plant (CL) and semi‑artificial diets based‑agar (A) as larval feed
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effect or worsened health due to physiological changes 
(Jiang et al. 2010). It is likely that the castor plant diet and 
the agar-based diet were of a higher yield than the other 
tested diets; these current results coincide with the previ-
ous studies of the demographic response in Lepidopteran 
insect to imbalanced nutrients of dietary larvae (Carey 
2001). In contrast to the present findings, insignificant 
differences were found for both survival and production 
of S. littorals using two diets containing either starch or 
agar ingredients (Sorour et al. 2011).

Insect biochemical composition and enzymatic activ-
ity may be affected as a result of supplying or lacking a 
small amount of nutrients and the P: C ratio intake by 
dietary insect. Additionally, the changes of diet phys-
icochemical such as buffering capacity, pH, and redox 
potential may influence on insects gut conditions and/
or made of the food is nutritionally suboptimal required 
(Johnson and Felton 1996). The most striking feature of 
these data is that the light weight and extended duration 
of larvae after dietary feeding could be attributed to the 
impact of the tested gelling agent agar, starch and gela-
tin that might cause deleterious insect physiology and 
different biochemical levels. These gelling agents consist 
of different protein and carbohydrate ratios that could 
change the intake of P: C and have a wide range of micro-
nutrients, such as potassium, sodium, calcium and ferric, 
many of which have physiological processes (Reinecke 
2013). These results are consistent with those of Lee et al. 
(2003), Thompson and Redak (2005) and Nash and Chap-
man (2014) who concluded that the abandonment of P: C 
regulations had a negative impact on the development of 
insects in response to unbalance of macronutrients in the 
S. littoralis, Manduca sexta (Linnaeus 1763) and Cerati-
tis capitata (Wiedemann) diets, respectively. In contrast, 
growth and survival were mostly unchanged by protein 
and carbohydrate balance in insect diets (Silva et  al. 
2017).

Results of SpliNPV pathogenicity indicated that the 
virus actions were varying by the different dietary lar-
vae, whereas it was greatly produced by the larvae reared 
on (starch + gelatin)-based diet, whilst the larvae reared 
on castor plant had the lowest susceptible level. These 
varying of viral pathogenicity may go into the interac-
tion between larval dietary nutrients and insect immu-
nity. The current findings go in line with those of Povey 
et al. (2104) who found that a low P: C ratio in the larval 
diet of Spodoptera exempta increased the viral patho-
genicity. The potential resistance mechanism of insect 
to Baculovirus, in response to larval diet was initially 
reported by Lee et al. (2003) who found that the suscep-
tibility to viral infection and relatively impaired immune 
function of low dietary P: C ratio was greater than that 
of high dietary P: C ratio. The loss of the potency of the 

SpliNPV in the different diets was associated with the 
theory of the direct effects of insect feed intake on viral 
pathogenicity and insect growth rate (Chen et al. 2018). 
Another possible hypothesis is that the dietary composi-
tions may induce inhibition of apoptosis in infected cells, 
which prevents inflammatory reactions and extinguishes 
the reactive oxygen species (ROS) that have caused dif-
ferences in insect viral pathogenicity (Hay et al. 2020). It 
is known that insect immune system depends on rapid 
apoptosis of infected Baculovirus cells generating ROS to 
avoid the viral premature cell multiplication (Circu and 
Aw 2010). The present results concerning larval suscep-
tibility against SpliNPV due to different diets as feed is 
consistent with Hoover et al. (2000) who concluded that 
high ROS levels were generated in the midgut lumen of 
Heliothis virescens (Fabricius) larvae reared on cotton leaf 
as compared to those reared on artificial diet.

Even though the (starch + gelatin)- based diets is 
cheaper than that contains agar-based diet, these diets 
did not produce sufficient numbers of moth to be consid-
ered as candidate diets for S. littoralis mass rearing in SIT 
program. The different sterility profiles of the irradiated 
males resulted from the two larval diets, castor plant and 
agar-based diet are given in the line of evidence support-
ing the hypothesis that nutritional factor rendering insect 
to be tolerant or sensitive for irradiation treatments. 
This trend, evident in the current study, was particularly 
striking in dietary-sterilizing interaction studies. Unlike 
females and males have little or no response to radia-
tion-dietary interaction (Carey et  al. 2001) but, steril-
ity trajectory of male adults was influenced by nutrients 
encountered during the developmental stages (Astuti 
et al. 2020).

Conclusions
The successful use of SIT for S. littoralis management 
could be achieved by developing the economic value of 
insect mass rearing. Moreover, high SpliNPV infectivity 
might be induced by adjusting the larval diet. Commer-
cial and cheap ingredients, gelatin and starch in substi-
tution for agar have been assessed as gelling agent for S. 
littoralis dietary larvae. Although, the larvae exhibited 
developmental plasticity and were capable of success-
fully using the novel gelling ingredients, the deleterious 
effect of certain biological properties was observed. The 
results indicated that the quality and quantity of S. litto-
ralis were inhibited with the use of gelatin and starch as 
gelling agent as compared to agar ingredients. The results 
suggested that the starch and gelatin–based diet has pro-
vided insight into successful SpliNPV production, while 
the effective diets, castor plant and agar–based diet could 
be considered as remarkably useful for SIT program.
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SpliMNPV: Spodoptera littoralis Multiple nucleopolyhedrosis virus; PIB: Polyhe‑
dral inclusion bodies; LC50: Median lethal concentration or lethal concentra‑
tion 50; SIT: Sterile insect technique; (A): Semi‑artificial diet contains agar 
ingrediant as gelleing agent; (S): Semi‑artificial diet contains starch ingrediant 
as gelleing agent; (G): Semi‑artificial diet contains gelatin ingrediant as gelle‑
ing agent; (SG): Semi‑artificial diet contains (starch + gelatin) ingrediants as 
gelleing agent and (ASG): semi‑artificial diet contains (agar + starch + gelatin) 
ingrediants as gelleing agent; (CL): Castor leaves‑based diet; P: C: Protein to 
Carbohydrate ratio.
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