
527Entomologia Experimentalis et Applicata, 2026; 174:527–535
https://doi.org/10.1111/eea.70093

Entomologia Experimentalis et Applicata
Experimental and Applied Entomology

ORIGINAL ARTICLE OPEN ACCESS

Leaf Extracts of Coffea racemosa Inhibit Trypsin Activity 
and Affect Larval Development in Spodoptera frugiperda 
and Diatraea saccharalis
Nicole de Paula Souza1   |  Diandro Ricardo Barilli2   |  Sandy Souza Fonsêca1   |  Ana Letícia Zero dos Santos1

1Universidade Estadual Paulista, Campus de Jaboticabal, Jaboticabal, São Paulo, Brazil  |  2Universidade Tecnológica Federal do Paraná, Campus Francisco 
Beltrão, Francisco Beltrão, Paraná, Brazil

Correspondence: Nicole de Paula Souza (npsouza@outlook.com.br)

Received: 24 July 2025  |  Revised: 9 March 2026  |  Accepted: 17 March 2026

Keywords: Diatraea saccharalis | digestive enzyme inhibition | insect resistance | plant metabolites | Spodoptera frugiperda

ABSTRACT
Lepidopteran pests, such as Spodoptera frugiperda and Diatraea saccharalis, cause significant economic losses in agriculture, 
especially in tropical regions. Traditional control methods face challenges due to the development of insect resistance to chemical 
and protein-based insecticides, necessitating the search for new management strategies. This study evaluated the insecticidal 
potential of Coffea racemosa leaf extracts against S. frugiperda and D. saccharalis, providing the first evidence of this plant spe-
cies' activity against these pests. Enzymatic extracts from larval midguts were used to assess trypsin-like digestive enzyme ac-
tivity, while leaf extracts and chromatographic fractions were tested for inhibitory effects and biological parameters. Significant 
inhibition of digestive trypsins was observed in both species, with stronger inhibition and higher mortality recorded in D. sac-
charalis. Molecular filtration revealed that both protein and non-protein fractions possessed inhibitory activity, indicating that 
low-molecular-weight non-protein compounds are likely the main contributors to the observed insecticidal effects. While S. 
frugiperda exhibited reduced larval and pupal weights and prolonged development without significant mortality, D. saccharalis 
showed marked mortality in addition to impaired development. These findings highlight C. racemosa metabolites as a promising 
source of insecticidal molecules for the management of lepidopteran pests.

1   |   Introduction

Brazil is one of the world's largest food producers and export-
ers, with agribusiness accounting for 29.4% of the Brazilian GDP 
(CEPEA 2025). Despite its magnitude, the sector faces several 
phytosanitary challenges, including attacks by arthropod pests. 
These pests annually reduce global agricultural production by 
approximately 18%–20%, resulting in economic losses exceeding 
470 billion dollars (Sharma et al. 2017; Savary et al. 2019).

Lepidopteran pests cause significant agricultural damage through 
defoliation, stem boring, and by facilitating pathogen entry into 
plant tissues. Among the most economically important species 
are the fall armyworm (FAW), Spodoptera frugiperda (J. E. Smith, 

1797) (Lepidoptera: Noctuidae), and the sugarcane borer (SCB), 
Diatraea saccharalis (Fabricius, 1794) (Lepidoptera: Crambidae).

S. frugiperda is a highly polyphagous species native to the 
Americas that has currently spread across Africa, Asia, and 
Oceania (Goergen et al. 2016; Chormule et al. 2019; Qi et al. 2021). 
It attacks a wide range of crops, including corn, cotton, rice, soy-
bean, and sugarcane, and is considered one of the main pests 
of corn, where yield losses may reach 25% under conventional 
management (Barros et al. 2010; Montezano et al. 2018; Overton 
et al. 2021). In Brazil, FAW occurs in both first and second crop 
seasons, with larval stages damaging plants throughout vegetative 
and reproductive phases, particularly by feeding on young leaf 
whorls (Sarmento et al. 2002; Farinelli and Fornasieri Filho 2006).
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D. saccharalis is an oligophagous species that feeds primarily 
on Poaceae crops, including sugarcane, corn, rice, and sor-
ghum (Cruz  2007; Vilela et  al.  2017; Pelosi et  al.  2023). It is 
widely distributed in the sugarcane-growing regions of Brazil, 
where it is regarded as a key pest (Macedo and Macedo 2004; 
Sandoval and Senô  2010). Larvae bore into plant stems, 
forming galleries that compromise plant structure, reduce 
yield, and facilitate the entry of secondary pests and patho-
gens, negatively affecting both productivity and raw material 
quality (Ferreira et al. 2018; Peñaflor and Bento 2019; Gallan 
et  al.  2022). In Brazilian sugarcane fields, infestation lev-
els can result in internode perforation rates exceeding 20% 
(Carbognin 2016; Francischini et al. 2019).

The control of herbivores in agricultural systems is essential to 
ensure the economic viability of production. However, avail-
able control methods have limitations, mainly due to the de-
velopment of resistance to insecticidal molecules and proteins 
(Amaral et  al.  2023; do Nascimento et  al.  2023; Tabashnik 
et al. 2023). In this context, plant species that exhibit natural 
resistance to insect herbivory represent a promising and still 
underexplored source of insecticidal compounds for the man-
agement of major agricultural pests, including S. frugiperda 
and D. saccharalis.

Therefore, the search for new insecticidal molecules has be-
come crucial for establishing pest management strategies. 
Among the most promising sources of such compounds are 
plants, which, due to their long history of co-evolution with 
insects, have resistance mechanisms involving chemical com-
pounds known as secondary metabolites. The main classes of 
these compounds include terpenes, nitrogen-containing com-
pounds, phenolic compounds, and defense-related proteins 
(Boiça Junior et  al.  2016; Ahmed et  al.  2017; De Souza and 
Peñaflor 2024).

An important class of defense proteins comprises the prote-
ase inhibitors, which disrupt insect digestion by inhibiting 
the activity of digestive enzymes. In lepidopterans, serine 
proteases—primarily trypsin and chymotrypsin—are the pre-
dominant digestive enzymes in the midgut. Inhibiting these 
enzymes impairs nutrient absorption, thereby affecting in-
sect development (Pinto et al. 2018; Singh et al. 2020; Divekar 
et al. 2023).

A wild coffee species, Coffea racemosa Lour., has been studied 
as a source of insecticidal molecules due to its resistance to the 
coffee leaf miner, Leucoptera coffeella (Guérin-Mèneville and 
Perrottet 1842) (Lepidoptera: Lyonetiidae). In addition to its po-
tential for breeding resistant hybrids, C. racemosa is a promis-
ing source of secondary metabolites with insecticidal activity, 
which can be utilized in the management of lepidopteran pests 
(Guerreiro Filho et al. 1991; Ramiro et al. 2004; Alves et al. 2011; 
Souza 2019; Costa et al. 2025).

Given the economic impact caused by S. frugiperda and D. sac-
charalis and the increasing limitations of conventional control 
strategies, this study evaluates the insecticidal potential of com-
pounds present in Coffea racemosa leaves against these pests, 
focusing on their effects on digestive enzyme activity and key 
biological parameters.

2   |   Materials and Methods

2.1   |   Enzymatic Extracts From Larval Midguts

Larvae of S. frugiperda and D. saccharalis, obtained from lab-
oratory rearing colonies, were anesthetized on ice for 10 min. 
The head and posterior extremities were removed, and larvae 
were dissected in a saline solution (125 mM NaCl). Midguts were 
extracted by making a longitudinal incision along the ventral 
region. The midgut was separated from the posterior intestine 
by a transverse cut at the point of insertion of the Malpighian 
tubules. Midguts including their peritrophic membranes and 
contents were homogenized in a Potter-Elvehjem homogenizer 
at a ratio of 3 midguts per 1 mL of water (4°C) for S. frugiperda 
and 5 midguts per 1 mL of water (4°C) for D. saccharalis. The 
homogenates were centrifuged (10 000 g, 10 min, 4°C), and the 
supernatants were collected as enzymatic extracts for subse-
quent activity assays. Enzymatic extracts were stored at −20°C 
until use.

2.2   |   Preparation of Coffea racemosa Leaf Extract

Leaves of C. racemosa with uniform age and appearance were 
flash-frozen in liquid nitrogen and ground to a fine powder. 
The material was extracted with cold distilled water (1:5, w/v) 
under agitation (150 rpm) for 30 min at 4°C. After centrifugation 
(10 000 g, 10 min, 4°C), the supernatant was collected as the in-
hibitor source and stored at −20°C until use.

2.3   |   Trypsin Activity Assay

Trypsin activity of the larval midguts was determined using 
the enzymatic extracts and the substrate BApNA at 1.0875 mM, 
prepared in 0.1 mM glycine-NaOH buffer at pH 9.0 (Erlanger 
et al. 1961). The assay was conducted at 30°C with absorbance 
recorded every minute at 410 nm using a Multiskan Sky micro-
plate spectrophotometer (Thermo Scientific). The enzymatic ex-
tract was diluted to obtain proportional results. Each reaction 
contained 40 μL of 40×-diluted enzymatic extract and 160 μL of 
substrate.

One trypsin unit (U) was defined as the amount of enzyme re-
quired to produce 1 nmol of p-nitroaniline per minute, calcu-
lated using a p-nitroaniline standard curve (Erlanger et al. 1961). 
Trypsin activity was expressed as trypsin units per gram of mid-
gut tissue (U/g of midgut).

2.4   |   Inhibition of Trypsin Activity by Leaf Extract

Trypsin inhibition in the midguts of S. frugiperda and D. saccha-
ralis caused by C. racemosa leaf extract was assessed by compar-
ing the trypsin activity in standard enzyme assays with those 
containing the leaf extract. Inhibition data were expressed as a 
percentage (%) relative to the activity observed in control reac-
tions (100% activity). The inhibition assays contained 40 μL of 
leaf extract, 40 μL of 40 × -iluted enzymatic extract, and 160 μL 
of BApNA substrate. Control reaction contained 40 μL of dis-
tilled water instead of the leaf extract.
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2.5   |   Molecular Filtration of Leaf Extract

The C. racemosa leaf extract was subjected to molecular filtra-
tion, a purification technique that separates molecules by size 
exclusion in a chromatographic column. The resulting fractions 
were used for biochemical and biological evaluations to deter-
mine their effects on the target larvae. The leaf extract was ly-
ophilized and concentrated 10×. The concentrated sample was 
applied to a molecular filtration column (39 cm height, 2.5 cm 
diameter) containing Sephadex G-25 resin (GE HealthCare, 
Uppsala, Sweden) occupying 27 cm of column height. The flow 
rate was adjusted to 1.5 mL/min, and eluted fractions were ana-
lyzed at 280 nm to detect the presence of proteins and aromatic 
groups, such as phenolic molecules, by placing 200 μL of each 
fraction in 96-well plates compatible with UV reading (Corning, 
Kennebunk, ME, USA). Fractions were grouped based on simi-
lar molecular weight elution profiles, and biochemical tests were 
performed to determine their inhibitory effects on larval diges-
tive enzymes.

2.6   |   Effects of Fractionated Leaf Extract on Larval 
Development

Fraction groups obtained by molecular filtration of C. racemosa 
leaf extract (hereafter referred to as groups of fractions, GF) were 
quantified for total protein content using the Bradford method 

(Bradford  1976) and adjusted to a concentration of 23 μg/mL. 
Concentrated fractions were applied (2000 μL) to the surface 
of artificial diets for S. frugiperda and D. saccharalis, following 
the protocols of Kasten et al. (1978) and Hensley and Hammond 
(1968), respectively.

Larvae were individually placed in plastic containers and main-
tained at 25°C with a 12 h photoperiod. The parameters evalu-
ated included larval weight at 7 and 14 days, pupal weight 24 h 
after pupation, duration of larval and larval–adult stages, and 
viability of immature stages. These were compared to insects 
reared on untreated diet (control). The experiment followed a 
completely randomized design with seven treatments: five frac-
tion groups (GF), crude foliar extract (CE), and control, with ap-
proximately 50 replicates per treatment.

2.7   |   Statistical Analysis

Data were tested for normality using the Cramer–von Mises test 
(α = 0.05) and for homogeneity of variances using the Bartlett 
test. Variables with normal distribution and homoscedasticity 
were analyzed by ANOVA, followed by Tukey's post hoc test 
(α = 0.05). For non-normally distributed data, the Kruskal–Wallis 
test with Bonferroni correction was applied. Statistical analyses 
were performed using R software 4.0 (R Core Team 2020).

3   |   Results

3.1   |   Trypsin Activity and Inhibition by 
Coffea racemosa Leaf Extract

Trypsin activity in S. frugiperda midguts was approximately 
2057 U/g of midgut tissue (Figure 1A), while D. saccharalis ex-
hibited lower activity, around 778 U/g (Figure  1B). Significant 
inhibition of trypsin activity was observed in the presence 
of C. racemosa leaf extract for both species (S. frugiperda: 
F1,4 = 986.52, p < 0.001; D. saccharalis: F1,4 = 1560.85, p < 0.001).

Comparing the two lepidopteran species, it was observed that 
the C. racemosa leaf extract resulted in a significantly higher 
inhibition (~84%) of the digestive trypsin activity of D. saccha-
ralis compared to S. frugiperda (~64%) (F1,4 = 1204.15; p < 0.001) 
(Figure 2).

FIGURE 1    |    Digestive trypsin activity of Spodoptera frugiperda (A) and Diatraea saccharalis (B) in trypsin units per gram of tissue (U/g of midgut) 
in control treatments and treatments containing Coffea racemosa leaf extract (n = 5). Means followed by different letters differ by ANOVA (p ≤ 0.05).

FIGURE 2    |    Inhibition of digestive trypsins (%) of Spodoptera fru-
giperda and Diatraea saccharalis larvae by Coffea racemosa leaf extract 
(n = 5). Means followed by different letters differ by ANOVA (p ≤ 0.05).
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3.2   |   Molecular Filtration of Coffea racemosa Leaf 
Extract

The molecular filtration of leaf extract produced a chromato-
graphic elution profile with two main peaks at 280 nm. Based 
on this profile, fractions were grouped according to their elution 
order and molecular weights. Fractions 1 to 20 (belonging to 
Group 1) were discarded as they represented the column's dead 
volume. Fractions 21 to 31 (first peak) made up Group 2, frac-
tions 32 to 42 (first region between peaks) made up Group 3, 
fractions 43 to 53 (second region between peaks) made up Group 
4, fractions 54 to 64 (second peak) made up Group 5, and frac-
tions 65 to 80 (end of the run) made up Group 6 (Figure 3).

The highest concentration of total proteins quantified by the 
Bradford method was observed in G2 (0.66 μg/mL), which cor-
roborates what is expected for this type of chromatography. No 

proteins were detected in fractions G3 and G5, and only 0.11 μg/
mL in G4 and 0.31 μg/mL in G6. These results suggest that the 
protein content was concentrated in G2 and only non-protein 
molecules that interfere with the Bradford assay were detected 
in groups G4 and G6.

3.3   |   Effects of Coffea racemosa Leaf Extract 
on Trypsin Activity and the Development 
of Spodoptera frugiperda

The fractionation of the C. racemosa leaf extract resulted in 5 
groups of fractions (G2-G6). When analyzed for their ability 
to inhibit S. frugiperda digestive trypsins, it was observed that 
only G2, G3, and G4 inhibited digestive trypsins (F5,12 = 20.90; 
p < 0.0001) (Figure 4).

As trypsin inhibition was observed in the G2 group, it is sug-
gested that this inhibition is due to a protein inhibitor. The inhi-
bitions observed for groups G3 and G4, conversely, are suggested 
to be due to non-protein inhibitors, as fractions G3 and G4 
showed no protein (null or low value by Bradford quantification 
and elution after the first peak in chromatography).

In terms of the biological development of S. frugiperda, the ex-
tract of C. racemosa leaves did not result in larval mortality ei-
ther in the form of the crude extract (CE) or in the groups of 
fractions (GF) produced (F6,28 = 1.60; p = 0.1829). However, de-
velopmental parameters were affected by consumption of the 
CE or the GF.

The weight of the FAW larvae was assessed 7 days after the start 
of feeding and was reduced by the consumption of groups G2 and 
G4 (with trypsin inhibition) and G5 (without trypsin inhibition) 
(F6,245 = 9.45; p < 0.05) (Figure  5A). After 14 days, both the CE 
and groups G2, G3, and G4 (with trypsin inhibition) and groups 
G5 and G6 (without trypsin inhibition) resulted in significantly 

FIGURE 3    |    Elution profile generated by molecular filtration of Coffea racemosa leaf extract using Sephadex G-25 observed in a spectrophotom-
eter set at a wavelength of 280 nm. Fractions 1 to 20 make up G1 ( ); fractions 21 to 31 make up G2 ( ); fractions 32 to 42 make up G3 ( ); fractions 
43 to 53 make up G4 ( ); fractions 54 to 64 make up G5 ( ); fractions 65 to 80 make up G6 ( ).

FIGURE 4    |    Trypsin inhibition (%) of Spodoptera frugiperda in the 
presence of the content of the fraction groups of Coffea racemosa leaf 
extract (G2–G6) obtained after molecular filtration on Sephadex G-25. 
C = trypsin inhibition in the absence of C. racemosa extract. Means fol-
lowed by the same letter do not differ by Tukey's test (p > 0.05).
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lower weights of S. frugiperda larvae (F6,246 = 11.44; p < 0.05) 
(Figure 5B).

The weight of S. frugiperda pupae was measured 24 h after 
ecdysis and a reduction in pupae weight was observed for the 
treatments in which CE was consumed, G3, G4, G5, and G6 
(F6,236 = 6.38; p < 0.05) (Figure 6).

The larval period was prolonged by approximately 3 days in all 
treatments except G6 (H6 = 58.13; p < 0.05) (Figure 7A). A sim-
ilar pattern was observed for the total development time from 
neonate to adult, with all treatments, except G6, leading to sig-
nificant prolongation of the development period of S. frugiperda 
(H6 = 37.17; p < 0.05) (Figure 7B).

3.4   |   Effects of Coffea racemosa Leaf Extract on 
Trypsin Activity and the Development of Diatraea 
saccharalis

Similar to S. frugiperda trypsins, groups G2, G3 and G4 signifi-
cantly inhibited the activity of D. saccharalis digestive trypsins 
(F5,12 = 63.26; p < 0.05) (Figure  8). However, unlike FAW, the 
inhibition of SCB trypsins promoted by group G2 (~35%) was 

significantly higher than the inhibition observed in group G3 
(~20%) followed by G4 (~12.5%).

In contrast to S. frugiperda, consumption of the CE of C. race-
mosa as well as fractions G3, G4, and G5 resulted in larval mor-
tality of D. saccharalis (Figure 9).

Among surviving D. saccharalis larvae, no significant differ-
ences were observed in relation to the control in terms of larval 
weight at 7 days after the start of feeding (F6,107 = 4.43; p < 0.05), 
larval weight at 14 days after the start of feeding (F6,107 = 4.43; 
p < 0.05), weight gain between 7 and 14 days after the start of 
feeding (F6,107 = 4.43; p < 0.05), pupal weight (F6,104 = 2.18; 
p = 0.051 ns), period of larval development (H6 = 7.27; p = 0.30 ns) 
and period of development from neonate to adults (H6 = 1.02; 
p = 0.99 ns).

4   |   Discussion

Among the evaluated Lepidoptera, FAW (S. frugiperda) exhib-
its a broader host range than SCB (D. saccharalis), a difference 
that may be associated with physiological traits related to diges-
tion (Pinto 2020). In this study, digestive trypsin activity (U/g of 
intestine) was significantly higher in FAW larvae than in SCB 
larvae, suggesting that enhanced proteolytic capacity may con-
tribute to FAW's ability to utilize a wider range of host plants.

The residual trypsin activity in FAW larvae after exposure to 
a C. racemosa crude leaf extract was also higher than in SCB, 
potentially explaining the lower developmental impact and 
absence of mortality in FAW, in contrast to the high mortality 
observed in SCB after exposure to both the crude extract and 
fractionated groups.

Furthermore, FAW larvae may exhibit greater tolerance to the 
presence of trypsin inhibitors compared to SCB larvae due to 
their ability to modulate gene expression in response to prote-
ase inhibitor ingestion (Brioschi et al. 2007; Paulillo et al. 2012; 
Oliveira et al. 2013; Souza et al. 2016).

In addition to its broad host utilization capacity, FAW's adaptive 
potential to insecticidal molecules and proteins is widely recog-
nized. This adaptability is attributed to the presence of detoxi-
fication mechanisms, which enable this species to metabolize a 

FIGURE 5    |    Weight (g) of Spodoptera frugiperda larvae at 7 (A) and 14 (B) days after starting to feed on Coffea racemosa leaf extract. C = diet with-
out C. racemosa extract. CE = diet containing crude foliar extract of C. racemosa. G = diet containing groups of C. racemosa extract fractions obtained 
by molecular filtration. Means followed by the same letter do not differ according to the Tukey test (p > 0.05).

FIGURE 6    |    Pupa weight (g) of S. frugiperda 24 h after being formed 
from larvae fed Coffea racemosa leaf extract. C = diet without C. race-
mosa extract. CE = diet containing crude foliar extract of C. racemosa. 
G = diet containing groups of fractions of the C. racemosa extract ob-
tained by molecular filtration. Means followed by the same letter do not 
differ according to the Tukey test (p > 0.05).
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variety of plant allelochemicals (Fatoretto et al. 2017; Amezian 
et al. 2021; Hilliou et al. 2021).

On the other hand, protease inhibitors exert a stronger an-
tinutritional effect on SCB neonate larvae, leading to mortal-
ity, reduced larval weight, and deformities in adults surviving 
from larvae that ingested protease inhibitors (Pompermayer 
et  al.  2001, 2003; Medeiros et  al.  2016; Noriega et  al.  2020). 
Therefore, the evaluated species exhibit different tolerances to 
the consumption of protease inhibitors.

The identity of the compounds responsible for the insecticidal 
activity remains unknown. In the present study, a partial pu-
rification of C. racemosa leaf compounds through molecular 
filtration was performed, with focus on digestive trypsin inhi-
bition. In molecular filtration, low molecular weight molecules 
penetrate the resin pores (Sephadex G-25), move slowly through 
the column, and are consequently eluted only at the end of the 
process. In contrast, high-molecular-weight molecules, such as 
proteins, do not penetrate the resin pores, move more quickly, 
and are eluted in the first fractions (Gelotte 1960).

The G2 fraction group consisted of a mixture of high-molecular-
weight protein molecules, including proteins associated with 
protease inhibition in the evaluated insects. The second peak, 
specifically G4, is composed of non-protein, low molecular 
weight molecules, most likely phenolic compounds, as they ab-
sorbed light at 280 nm and are known as secondary metabolites 
with insecticidal activity.

A key and novel finding of this study is that SCB mortality was 
primarily driven by non-protein molecules, rather than the 
protein fraction (G2, which exhibited the strongest trypsin in-
hibition in SCB). Higher SCB mortality values were observed 
for the non-protein fractions (G3, G4, and G5, with G3 and G4 
also showing trypsin inhibition potential in SCB). This clearly 
indicates that the main insecticidal activity of C. racemosa leaf 
extract against SCB is attributable to low-molecular-weight, 
non-protein secondary metabolites, independent of their direct 
effects on digestive trypsin inhibition. This dissociation be-
tween protease inhibition and mortality highlights a potentially 
novel mode of action for these compounds, distinguishing them 
from typical protein-based plant defenses.

FIGURE 8    |    Inhibition of digestive trypsins (%) of Diatraea sac-
charalis in the presence of the content of the fraction groups of Coffea 
racemosa leaf extract (G2–G6) obtained after molecular filtration on 
Sephadex G-25. C = trypsin inhibition in the absence of C. racemosa 
extract. Means followed by the same letter do not differ according to 
Tukey's test (p > 0.05).

FIGURE 9    |    Mortality (%) of Diatraea saccharalis after feeding on 
diet containing Coffea racemosa leaf extract. C = diet without C. race-
mosa extract (control); CE = diet containing crude foliar extract of C. 
racemosa; G = diet containing groups of C. racemosa extract fractions 
obtained by molecular filtration. The experiment was conducted in 
a completely randomized design with seven treatments, each con-
sisting of approximately 50 replicates, with one larva per replicate. 
Means followed by the same letter do not differ according to Tukey's 
test (p > 0.05).

FIGURE 7    |    Duration of the larval period (A) and duration of the development period from neonate to adults (B) (days) of Spodoptera frugiperda 
fed on Coffea racemosa leaf extract. C = diet without C. racemosa extract. CE = diet containing crude foliar extract of C. racemosa. G = diet containing 
groups of C. racemosa extract fractions obtained by molecular filtration. Means followed by the same letter do not differ by the Kruskal Wallis test 
(p > 0.05).
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Historically, plants have been important sources of insecticidal 
molecules, which can be used both as natural products and in 
the development of synthetic products. The applicability of sec-
ondary metabolites in pest insect management is highly vari-
able. Plant-derived molecules such as nicotine and pyrethrin, for 
example, served as templates for the development of neonicoti-
noid and pyrethroid insecticides.

To further identify the protein and non-protein molecules re-
sponsible for the biological activity of C. racemosa leaf extract 
against the evaluated Lepidoptera, future studies should focus on 
bioassay-guided fractionation combined with advanced analyti-
cal techniques. Sequential purification using high-performance 
liquid chromatography (HPLC) would allow further separation 
of the active low-molecular-weight fractions identified in this 
study. Structural characterization of these compounds could 
then be achieved using liquid chromatography coupled with 
tandem mass spectrometry (LC–MS/MS), providing molecular 
mass and fragmentation profiles, followed by nuclear magnetic 
resonance (NMR) spectroscopy for definitive structural eluci-
dation. The application of these approaches would enable the 
identification of bioactive secondary metabolites and contribute 
to a better understanding of the differential responses observed 
between S. frugiperda and D. saccharalis.

5   |   Conclusion

The results indicate that non-protein compounds in C. racemosa 
leaves significantly inhibit trypsin activity in both S. frugiperda 
and D. saccharalis, with stronger effects observed in the latter. The 
reduction in larval and pupal weights, as well as the prolonged 
developmental periods, highlight the potential of C. racemosa 
metabolites for pest control strategies. These findings support the 
prospect of using C. racemosa as a sustainable source of bioactive 
molecules for the management of resistant pest populations.
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