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Abstract
Several secondary metabolites are associated with plant resistance against herbivores. Cassava genotypes present a wide 
variety of metabolites with insecticidal potential, but little is known about the identity of these compounds. The present 
work was conducted for the identification of insecticidal molecules present in cassava genotypes. To this purpose, we firstly 
evaluated the development of the generalist herbivore Spodoptera frugiperda (J.E. Smith, 1797) (Lepidoptera: Noctuidae) 
fed with leaves from six cassava genotypes (IAC-14, IAC-90, IAC-12, IAC-Caapora, Baianinha and MEcu 72). Following 
bioassays, we measured the levels of two anti-herbivory related groups of compounds (phenolics and steroidal saponins) in 
all genotypes using colorimetric methods. The metabolic fingerprinting (GC–MS) of three contrasting cassava genotypes 
selected by their biological interferences over S. frugiperda was performed. The most unsuitable nutritional indices were 
observed for larvae fed with MEcu 72. Lower reproductive indices were observed for adults in which larval stages were fed 
with Baianinha or MEcu 72. Steroidal saponin content was similar in all genotypes, but phenolic content was 25% higher 
in MEcu 72. GC–MS metabolite fingerprinting of MEcu 72, Baianinha and IAC-Caapora resulted in the annotation of 53 
metabolites in which 20 presented different relative abundance among the evaluated genotypes. Molecules such as myo-
inositol-2-monophosphate, p-coumaric acid, chlorogenic acid, p-hydroxybenzoic acid, octadecadienoic acid and n-hexacosane 
were more abundant in MEcu 72 or Baianinha than in IAC-Caapora. The possible roles of these molecules in the develop-
ment of S. frugiperda are discussed.
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Introduction

Secondary metabolites produced by plants are not directly 
involved in growth, development or reproduction of plants 
but may confer advantages such as protection against com-
petitors or antagonists (Harborne 1999; Bourgaud et al. 
2001; Macías et al. 2007; Ibanez et al. 2012). Some well-
known plant secondary metabolites such as pyrethrins, 
nicotine, rotenone, sabadilla, ryanodine and azadirachtin 
are related to plant defense against herbivores and are com-
mercially exploited as insecticides (Gonzalez-Coloma et al. 
2010) or serve as molecular models for the development of 
synthetic insecticides (Casida 1980; Yamamoto 1999).

Cassava plants (Manihot spp.), even those improved 
through plant breeding, are well known for their robust-
ness and herbivore tolerance. Molecules with insecticidal 
potential such as gallic acid, catechin, rutin, saponins and 
protease inhibitors are present in cassava (Calatayud et al. 
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1994; Wobeto et al. 2007; Santos et al. 2013; Gazola et al. 
2018). Some of these molecules, as well as others still 
not detected or identified, may be associated with cas-
sava resistance against insects, e.g. with the resistance of 
the MEcu 72 genotype, a genotype that, after consumed, 
results in the mortality of 70% of whitefly immatures 
(Barilli et al. 2019).

Different genotypes of a given plant species may result 
in different interactions with herbivores, being secondary 
metabolites some of the main components involved in plant 
defense against insects (Mithöfer and Boland 2012). For 
example, steroidal saponins are present in cassava leaves 
(Wobeto et al. 2007) and the consumption of these mol-
ecules may result in increased mortality in herbivores insects 
(De Geyter et al. 2007). Plant phenolic molecules also pre-
sent in cassava leaves are frequently associated with negative 
effects in insect development (Rattan 2010).

Untargeted metabolomics of resistant and susceptible 
genotypes has been performed as a powerful tool to iden-
tify candidate molecules of different chemical classes asso-
ciated with plant resistance to insects (Fiehn 2002; Leiss 
et al. 2009b; Jansen et al. 2009; Wang et al. 2017; Undas 
et al., 2018). Most of insect-resistant cassava genotypes have 
no commercial value; however, plant breeding using these 
resistant genotypes can be helpful to associate pest resistance 
to high yield and root quality in improved genotypes (Bel-
lotti and Arias 2001). In plant breeding programs, instead 
of performing complex bioassays to detect plant resistance 
in the entire progeny, the selection of resistant plants can be 
facilitated by measuring the titers of compounds related to 
plant resistance against insects in the progeny (Maluf et al. 
2010).

For the present work, we selected the polyphagous insect 
Spodoptera frugiperda (J.E. Smith, 1797) (Lepidoptera: 
Noctuidae), an important pest of crops such as maize also 
known as fall armyworm (Blanco et al. 2016; Fatoretto et al. 
2017) as model herbivore. Larval S. frugiperda is a general-
ist herbivore that can feed on many different plant species 
and, despite of not being a specific pest of cassava, can fully 
develop using cassava leaves as food (Silva et al. 2017). This 
ability may be associated to the high phenotypic plastic-
ity of S. frugiperda larvae that results, for instance, in the 
detoxification of xenobiotic compounds or in the expression 
of alternative digestive enzymes (Paulillo et al. 2000; Silva-
Brandão et al. 2017).

The present work was conducted for the identification 
of insecticidal molecules present in the leaves of selected 
cassava genotypes. To this purpose, we evaluated the devel-
opment of the generalist herbivore S. frugiperda fed with 
six cassava genotypes, quantified total phenolic and ste-
roidal saponin contents in the six cassava genotypes, and 
compared the metabolic fingerprinting, using GC–MS 
untargeted metabolomics, of three contrasting cassava 

genotypes selected by their biological interferences caused 
to S. frugiperda.

Materials and methods

Plants

The genotypes IAC-14, IAC-90, IAC-12 and IAC-Caa-
pora were obtained from the breeding program at Instituto 
Agronômico de Campinas (IAC), the landrace genotype 
Baianinha from Universidade Estadual do Oeste do Par-
aná (UNIOESTE), and the wild genotype MEcu 72 from 
Empresa Brasileira de Pesquisa Agropecuária (Embrapa). 
The IAC-genotypes and MEcu 72 have been associated 
with resistance to whitefly, Bemisia tuberculata Bondar, 
1923 (Hemiptera: Aleyrodidae), and mealybug, Phenacoc-
cus manihoti Matile-Ferrero, 1977 (Hemiptera: Pseudococ-
cidae) while Baianinha is considered a susceptible genotype 
for these insects (Rheinheimer 2013; Barilli et al. 2019). 
Each genotype of cassava was planted in two rows with 
20 plants per row spaced by 0.5 m between plants and 1 m 
between rows at Faculdade de Ciências Agrárias e Veter-
inárias (FCAV) of the Universidade Estadual Paulista “Júlio 
de Mesquita Filho” (UNESP), Jaboticabal-SP.

Larval development, nutritional indices, 
and fertility life table of Spodoptera frugiperda 
using leaves from cassava genotypes as food

Larvae of S. frugiperda used in feeding experiments with 
detached cassava leaves were obtained from a colony reared 
in controlled conditions (25 ± 2 °C; 12 h photophase) using 
artificial diet as food (Parra 2001). This colony have been 
maintained at Applied Ecology Lab (APECOLAB), Unesp, 
Jaboticabal, SP without insecticide or transgenic plants 
exposures for at least 15 years. Cassava leaves from non-
flowering 5-month-old plants were daily collected in the 
field and cleaned in a bath in sodium hypochlorite (0.075%) 
for 1 min followed by two baths in deionized water. Leaf 
sections were superficially dried at room temperature, trans-
ferred to a plastic container (7 cm diameter × 3 cm height) 
and a single 1-day-old S. frugiperda larva was inserted in 
each container covered with lid. Larval development feeding 
on each cassava genotype was observed in five replicates. 
Each replicate was composed by ten individualized larva. 
Approximately 0.5 g of cassava leaves from each genotype 
were daily collected, washed, weighted and offered for 
each S. frugiperda larva. Larval and pupal periods as well 
as weight of pupae after 24 h and adult deformation were 
observed.

Food consumption and utilization were assessed by offer-
ing sections of cassava leaves to 30 larvae per genotype kept 
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individualized in plastic containers as described above. 
Fresh weights of provided and remaining food, feces and lar-
vae were daily weighted until pupation. Ten leaf sections per 
genotype were kept in the same conditions without larvae 
to estimate weight reduction by water losses (Parra 1991).

The nutritional indices were calculated for the larval 
stage of S. frugiperda fed with cassava genotypes fol-
lowing Waldbauer (1968) and Scriber and Slansky Jr. 
(1981): relative consumption rate (RCR) (mg/mg/day) 
(RCR = I/Bm × T), relative metabolic rate (RMR) (mg/mg/
day) (RMR = M/Bm × T), relative growth rate (RGR) (mg/mg/
day) (RGR = B/Bm × T), efficiency of conversion of ingested 
food (ECI) (%) (ECI = (B/I) × 100), efficiency of conver-
sion of digested food (ECD) (%) (ECD = B/(I − F) × 100), 
metabolic cost (MC) (%) (MC = 100 − ECD), and approxi-
mate digestibility (AD) (%) (AD = (I − F)/I × 100), where 
T = feeding period (days), I = food consumption (mg) during 
T, B = larval weight gain (mg) during T, F = feces produced 
(mg) during T, M = food used in metabolic processes (mg) 
during T [M = (I − F) − B], and Bm = mean larval weight 
(mg) during T.

Moths formed from larvae fed with each cassava genotype 
were kept separated and used for the observation of adult 
reproductive features. For this, one couple of S. frugiperda 
moths which larvae were fed in each genotype was placed in 
a PVC cage (10 cm diameter × 10 cm height) internally cov-
ered with paper for oviposition. Aqueous solution of honey 
(10%) was provided as food to the couples. The mortality 
of adults was daily observed and egg production was quan-
tified in 48 h intervals until moths’ death. The average of 
two cages were considered a replicate and five replicates per 
genotype were made. The second posture of each female was 
incubated (25 °C; 12 h photophase) until larval hatching to 
obtain the embryonic development period and egg viability.

Fertility life tables of S. frugiperda moths emerged after 
larval feeding in each cassava genotype were calculated fol-
lowing Birch (1948), Silvera Neto et al. (1976) and Krebs 
(1994): net reproductive rate (R0) (♀/♀) (R0 = ∑ lx × mx), 
mean generation time (T) (days) (T = (∑ lx × mx × x)/
(∑ lx × mx)), intrinsic rate of increase (rm) (♀/♀/day) 
(rm = log R0/T × 0.4343) and doubling time (DT) (days) 
(DT = ln(2)/rm), where x is the age of the individual in days, 
lx the specific survival, and mx the specific fertility.

Collection of leaves and metabolite extraction

About 50 leaves of each cassava genotype without pest or 
diseases symptoms were collected at the same period that 
leaves were collected for bioassays with S. frugiperda. The 
leaves used for metabolite extraction were cleaned in water, 
superficially dried and stored (− 20 °C). Leaf extracts were 
prepared following Pilon et al. (2016) with minor modifica-
tions. For this, leaf samples (3 g of fresh leaves) were ground 

in mortar with a pestle using liquid nitrogen and transferred 
to vials containing 30 ml of ethanol (1:10; w:v). After 24 h, 
leaf extracts were sonicated in ultrasonic bath (3 periods of 
15 min), filtered in filter paper and stored (− 20 °C). Fil-
trates were re-extracted as previously described and com-
bined with the first extract, resulting in approximately 60 ml 
of extract. Three independent replicates of each genotype 
were prepared.

Estimation of steroidal saponin and total phenolic 
contents

The steroidal saponin contents were determined using 
leaf extracts following the colorimetric method described 
by Baccou et al. (1977). The saponin contents in cassava 
leaves were calculated using a standard curve of diosgenin 
(Sigma Aldrich, Saint Louis, USA) in chloroform (0–20 µg/
ml; y = 0.0529x; R2 = 0.9963) and expressed in mg/g of fresh 
material.

The total phenolic contents in the extracts were esti-
mated by colorimetric method following Ainsworth and 
Gillespie (2007). The total phenolic contents in the cassava 
leaves were calculated using a standard curve of gallic acid 
(Sigma Aldrich, Saint Louis, USA) in ethanol (0–10 µg/ml; 
y = 0.1008x, R2 = 0.9984) and expressed in mg/g of fresh 
material.

Metabolic fingerprinting by GC–MS

Leaf extracts from Baianinha (positive reference), IAC-Caa-
pora and MEcu 72 (negative references) were selected to 
be analyzed by GC–MS. These genotypes were considered 
contrasting because S. frugiperda larvae fed with Baianinha 
leaves presented favorable results for larval development 
when compared with the results observed for larvae fed with 
IAC-Caapora and MEcu 72 leaves.

The extracts were evaporated in rotary evaporator Lab-
orota 4000 (Heidolph, Schwabach, Germany) at 45 °C and 
175 mbar followed by 24 h of drying at 35 °C and 1.0 Torr 
in a vacuum concentrator SpeedVac (R) (Thermo, Milford, 
USA). Derivatization was made by adding 80 µl of meth-
oxyamine hydrochloride (20.0 mg/ml prepared in pyridine, 
Sigma-Aldrich, St. Louis, USA) to 5 mg of the dried sam-
ples, followed by incubation at 30 °C for 90 min. Silylation 
was made by adding 200 µl of N-methyl-N-trimethylsilyl-
trifluoroacetamide solution (Sigma-Aldrich, St. Louis, USA) 
to the samples, which were homogenized and incubated at 
37 °C for 30 min, with a final incubation step at 5 °C for 
24 h (Carnevale Neto et al. 2016). Afterwards, samples were 
filtered using BioFil® nylon syringe filter (13.0 mm diam-
eter × 0.22 µm pore size).
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Metabolic fingerprinting of the leaves of cassava geno-
types were analyzed using gas chromatography coupled 
to mass spectrometer (Shimadzu QP-2020, Tokyo, Japan) 
(GC–MS). Samples were injected with an automatic 
sampler AOC-20Si (injector temperature at 270 °C) to a 
fused-silica capillary column Restek Rtx-5MS (5% phe-
nyl-methylpolysiloxane, 30 m × 0.25 mm × 0.25 μm). The 
flow of the carrier gas (Helium) was adjusted at 1 ml/min 
and injections of 1 µl occurred in split mode (1:10). The 
oven temperature was kept at 140 °C for 3 min and then 
programmed to increase at 3 °C/min until 320 °C. The 
mass spectrometer was operated in electron ionization (EI) 
mode at 70-eV and the acquisition mass range was m/z 
35–700. A C8–C40 alkanes calibration standard (Supelco, 
Bellefonte USA) was used as reference to calculate the 
retention index (RI) of detected substances (Carnevale 
Neto et al. 2016).

Metabolite data acquisition was performed using the 
GC–MS Solutions software version 1.02 (Tokyo, Japan). 
Peak detection, deconvolution, retention time alignment 
and library matching were performed using the Tar-
getSearch package (Cuadros-Inostroza et al. 2009) in R 
studio. Metabolites were annotated by comparing their 
RI (± 2 s) and spectra (similarity > 600) against the data 
available in the Golm Metabolome Database (Kopka et al. 
2005). Metabolite intensities were normalized using total 
ion chromatogram (TIC).

Statistical analyses

The data of S. frugiperda development, consumption and 
utilization of food and the estimation of steroidal saponin 
and total phenolics contents, in cassava genotypes were 
tested for normality and for homogeneity of the variance 
of errors. Variables were subjected to ANOVA followed by 
the Scott–Knott test (α = 0.05) using the SISVAR software 
(Ferreira 2011).

Parameters of fertility life table were estimated by 
Jackknife technique, and the means were compared using 
PROC GLM (SAS Institute, 2002) (Maia et al. 2000).

Annotated metabolites and their relative abundances 
obtained from cassava genotypes after GC–MS were statis-
tically analyzed by combining multi and univariate analy-
sis using the MetaboAnalyst (Chong et al. 2019). For this, 
data were filtered by interquantile range (IQR), log trans-
formed and scaled by Pareto scaling. Partial least squares 
discriminant analysis (PLS-DA) were performed to reduce 
the dimensionality of the data, and to visualize samples 
grouping and possible outliers. Then, we performed one-
way ANOVA (FDR adjusted, α = 0.05) followed by the test 
of Tukey (α = 0.05) to define differences in the peak area 
means of metabolites observed in the cassava genotypes.

Results

Nutritional indices of Spodoptera frugiperda larvae 
fed with leaves of cassava genotypes

The consumption and utilization of food by S. frugiperda 
larvae were influenced by the cassava genotypes. Among 
the cassava genotypes analyzed, Baianinha was the most 
suitable to be used as food to S. frugiperda larvae. Con-
sumption of Baianinha resulted in lowest values for rela-
tive consumption rate (RCR), relative metabolic rate 
(RMR) and metabolic cost (MC). Besides, larvae fed 
with Baianinha showed high efficiency of conversion of 
digested food (ECD), when compared with other cassava 
genotypes. After consumption of leaves of MEcu 72, IAC-
Caapora and IAC-12, S. frugiperda larvae had lower val-
ues for efficiency of conversion of ingested food (ECI) and 
higher values for MC (Fig. 1a, b).

Development of Spodoptera frugiperda fed 
with leaves of cassava genotypes

Larval period (F5.24 = 8.10, p < 0.001) and larval survival 
(F5.24 = 2.92, p = 0.033) of S. frugiperda changed accord-
ing to the cassava genotype consumed by the insect. The 
developmental time of larvae fed with leaves of IAC-12 
and IAC-Caapora was approximately 2 days shorter when 
compared to the larval period of larvae fed with leaves of 
the other genotypes. Larval survival of S. frugiperda fed 
with leaves of Baianinha, IAC-Caapora and MEcu 72 was 
approximately 10% reduced when compared with larval 
survival observed for larvae fed with leaves of IAC-14, 
IAC-90, and IAC-12 (Table 1).

Pupal period of females (F5.24 = 3.19, p = 0.024), 
male (F5.24 = 4.98, p = 0.003) and female pupal weight 
(F5.24 = 3.75, p = 0.012) were different according to the 
genotypes consumed during larval stage. Pupae formed 
after consumption of Baianinha and MEcu-72 leaves had 
lowest pupal weight (Table 2).

The cassava genotype consumed by the larvae did not 
influenced the adults parameters such as preoviposition 
period (F5.24 = 2.06, p = 0.106), male (F5.36 = 0.64, p = 0.673) 
and female longevity (F5.36 = 0.70, p = 0.628) and fecundity 
(F5.24 = 1.20, p = 0.340). Preoviposition period of S. fru-
giperda ranged from 3.6 to 4.9 days, male longevity from 
8.8 to 10.7 days, female longevity from 14.9 to 19.4 days and 
the fecundity from 2122.1 to 2645.5 eggs. However, a larger 
number of deformed adults were observed when insects were 
fed during larval stage with MEcu 72 leaves (25%), followed 
by IAC-14, IAC-12 and IAC-Caapora leaves (ca. 10%), IAC-
90 and Baianinha leaves (2.5%).
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Fertility life table parameters, i.e. the reproductive per-
formance, changed according to the cassava genotype used 
as food during larval stage of S. frugiperda. In general, 
we observed that consumption of IAC-12 or IAC-Caapora 
leaves resulted in a net reproduction rate (R0) 25% supe-
rior than of that observed after consumption of Baianinha 
leaves. Feeding with IAC-12 or IAC-Caapora leaves also 
resulted in lower mean generation time (T), higher intrin-
sic rate of increase (rm) and lower doubling time (DT) than 
those parameters observed after consumption of the other 
genotypes leaves (Table 3).

Estimation of saponin and total phenolic contents 
in cassava leaves

Steroidal saponin contents in IAC-14 and MEcu 72 leaves 
were lower than in the other cassava genotypes (Fig. 2a). 
The total phenolic contents in the MEcu 72 leaves were 
approximately 25% (3.0 mg/g) higher than in the other cas-
sava genotypes (Fig. 2b).

Metabolic fingerprinting of selected cassava leaves 
using GC–MS

In total, we detected 53 putative metabolites (Supplementary 
Table 1; Supplementary Fig. 1) and, from these, 29 were 
unambiguously annotated. The others 24 metabolites were 
annotated as “unknown” and were kept in our analysis to 
observe differences in relative abundances of these metab-
olites among cassava genotypes. An unknown metabolite 
means a compound that although unidentified or unclassified 
can still be differentiated and quantified based upon spectral 
data (Sumner et al. 2007).

PLS-DA score plots demonstrated a clear distinction 
among the genotypes Baianinha, MEcu 72 (major negative 
effects on adults) and IAC-Caapora (best reproductive per-
formance). The two first principal components of PLS-DA 
explained 61.4% of the total variance observed among the 
genotypes (R2 = 0.9821; Q2 = 0.7929, values were obtained 
by cross-validation using 2 components). Based on the first 
principal component (33.3%), we observed the separation of 
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Fig. 1   Nutritional indices of Spodoptera frugiperda larvae fed 
with leaves of cassava genotypes (T: 25 ± 2  °C; photophase: 12  h) 
(mean ± standard error). RCR​ relative consumption rate (F5.12 = 7.12, 
p = 0.003); RGR​ relative growth rate (F5.12 = 9.46, p < 0.001); RMR 
relative metabolic rate (F5.12 = 13.24, p < 0.001) (a); AD approximate 
digestibility (F5.12 = 5.06, p = 0.010); ECI efficiency of conversion of 

ingested food (F5.12 = 16.21, p < 0.001); ECD efficiency of conver-
sion of digested food (F5.12 = 24.07, p < 0.001); MC metabolic cost 
(F5.12 = 24.07, p < 0.001) (b). Means followed by the same letter do 
not differ by Scott–Knott test (p > 0.05). Number of insects: IAC-
14 = 30; IAC-90 = 30; IAC-12 = 28; Baianinha = 28; MEcu 72 = 29; 
IAC-Caapora = 27

Table 1   Larval period (days) and larval survival rate (%) 
(mean ± standard error) of Spodoptera frugiperda larvae fed with 
leaves of cassava genotypes (T: 25 ± 2 °C; photophase: 12 h)

Means followed by the same letter in the columns do not differ by 
Scott–Knott test (p > 0.05)
n number of insects
1 Coefficient of variation (%)

Genotypes n Larval survival rate 
(%)

n Larval period (days)

IAC-14 50 88.0 ± 2.0 a 44 21.2 ± 0.43 a
IAC-90 50 88.0 ± 2.0 a 44 20.9 ± 0.07 a
IAC-12 50 84.0 ± 4.0 a 42 19.5 ± 0.31 b
Baianinha 50 78.0 ± 2.0 b 39 21.3 ± 0.47 a
MEcu-72 50 76.0 ± 4.0 b 38 21.4 ± 0.24 a
IAC-Caapora 50 80.0 ± 3.2 b 40 19.2 ± 0.36 b
C.V.1 8.1 3.7
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Baianinha from the IAC-Caapora and MEcu 72 and the sec-
ond principal component (27.8%), separated IAC-Caapora 
from the Baianinha and MEcu 72 (Fig. 3).

Twenty metabolites were differentially abundant (FDR 
adjusted p ≤ 0.05) among at least two cassava genotypes 
tested (Supplementary Table 1), and, from these, 9 metabo-
lites have known structure. According to ANOVA and Tuk-
ey’s analysis, the distribution of the differentially abundant 
metabolites among the genotypes was grouped into nine 
clusters (Table 4). These clusters were formed according 
to the pattern of relative abundance of metabolites in the 
different genotypes. For example, Cluster 1 was composed 
by two metabolites, 1 myo-inositol-2-monophosphate (I2P) 
and trehalose, with higher relative abundance in MEcu 72, 

Table 2   Pupal period (days) 
and pupal weight (mg) 
(mean ± standard error) of male 
and female pupae of Spodoptera 
frugiperda fed with leaves of 
cassava genotypes during larval 
stage (T: 25 ± 2 °C; photophase: 
12 h)

Means followed by the same letter in the columns do not differ by Scott–Knott test (p > 0.05)
ns not significant by ANOVA, n number of insects
1 Coefficient of variation (%)

Genotypes Pupal period (days) Pupal weight (mg)

n Male n Female n Male n Female

IAC-14 18 12.7 ± 0.11ns 26 11.3 ± 0.09 a 18 266.0 ± 6.0 a 26 261.0 ± 7.0 a
IAC-90 27 12.6 ± 0.09 17 11.1 ± 0.09 b 27 264.0 ± 6.0 a 17 248.0 ± 4.0 a
IAC-12 19 12.6 ± 0.10 23 11.0 ± 0.00 b 20 258.0 ± 8.0 a 24 247.0 ± 6.0 a
Baianinha 17 12.7 ± 0.11 22 11.3 ± 0.11 a 17 235.0 ± 6.0 b 22 234.0 ± 6.0 b
MEcu-72 27 12.4 ± 0.11 11 10.9 ± 0.09 b 27 237.0 ± 5.0 b 11 232.0 ± 5.0 b
IAC-Caapora 21 12.6 ± 0.11 19 10.9 ± 0.10 b 23 257.0 ± 9.0 a 20 252.0 ± 6.0 a
C.V.1 2.0 2.1 5.4 5.1

Table 3   Net reproduction rate (R0), mean generation time (t), intrin-
sic rate of increase (rm) and doubling time (DT) of Spodoptera fru-
giperda adults formed from larvae fed with leaves of different cassava 
genotypes during the larval stage (T: 25 ± 2 °C; photophase: 12 h)

Means followed by the same letter in the column do not differ by the 
Jackknife method (p > 0.05)
n number of couples

Genotypes n R0 (♀/♀) T (days) rm (♀/♀/day) DT (days)

IAC-14 9 874.2 ab 35.3 a 0.192 c 3.6 a
IAC-90 9 816.1 ab 35.9 a 0.187 c 3.7 a
IAC-12 8 1018.5 a 33.7 b 0.205 b 3.4 b
Baianinha 9 772.4 b 35.4 a 0.188 c 3.7 a
MEcu 72 7 877.1 ab 35.5 a 0.191 c 3.6 a
IAC-Caapora 9 1014.3 a 32.2 c 0.215 a 3.2 c
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Fig. 2   Contents of steroidal saponins (mg/g) (F5.12 = 4.54, p = 0.014) 
(a) and total phenolics (mg/g) (F5.12 = 13.66, p < 0.001) (b) in the leaf 
extracts of cassava genotypes (mean ± standard error). Means fol-

lowed by the same letter do not differ by Scott–Knott test (p > 0.05). 
Number of replicates = 3
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in comparison to Baianinha and IAC-Caapora. In Cluster 2, 
p-coumaric acid was detected in a relative abundance higher 
in MEcu 72, intermediary in Baianinha and lower in IAC-
Caapora. Cluster 3 shows higher abundance of a sugar like 
ribulose and three unknown metabolites (ID 1442, ID 600, 
ID 906) in MEcu 72 and IAC-Caapora and lower or absent 
relative abundance in Baianinha. Cluster 4 indicates higher 
relative abundance of the metabolites methyl isoheptade-
canoate, chlorogenic acid, p-hydroxybenzoic acid (PHBA) 
and one unknown metabolite (ID 1662) in Baianinha and 
MEcu 72 and lower relative abundance in IAC-Caapora. 
Cluster 5 showed higher relative abundance of laminaribi-
ose in IAC-Caapora, intermediary in MEcu 72 and lower 
in Baianinha. Cluster 6 indicates higher relative abundance 
of lactose and n-hexacosane in Baianinha, intermediary in 
MEcu 72, and lower in IAC-Caapora. Cluster 7 indicates 
higher relative abundance of one unknown metabolite (ID 
1653) in Baianinha and IAC-Caapora and lower relative 
abundance in MEcu 72. Cluster 8 indicates higher relative 
abundance of two unknown metabolites (ID 461, ID 2027) in 
IAC-Caapora when compared with Baianinha and MEcu72. 

Cluster 9 indicates higher relative abundance of octadeca-
dienoic acid and two unknown metabolites (ID 1717, ID 
1766) in Baianinha when compared with IAC-Caapora and 
MEcu 72.

Discussion

Similarly to the present results obtained for S. frugiperda lar-
vae, negative effects of the consumption of MEcu 72 leaves 
was already reported for three species of whiteflies (Hemip-
tera: Aleyrodidae) and one species of mealybug (Hemiptera: 
Pseudococcidae) (Bellotti and Arias 2001; Carabalí et al. 
2010; Omongo et al. 2012; Rheinheimer 2013; Barilli et al. 
2019). Baianinha genotype, previously classified as sus-
ceptible to sap sucking insects (Rheinheimer 2013; Barilli 
et al. 2019), was also suitable for larval development of S. 
frugiperda.

However, negative effects in post larval development, 
such as reduced pupal weight and reduced net reproduction 
rate, were observed after S. frugiperda larvae were fed with 

Fig. 3   Partial least squares 
discriminant analysis (PLS-DA) 
score plot of the metabolites 
identified in the leaves of 
cassava genotypes Baianinha 
(red), IAC-Caapora (green) 
and MEcu72 (blue). Number of 
metabolites = 53
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leaves of Baianinha genotype. Discrepant results obtained 
for the fitness of larval and adult stages highlight how differ-
ent genotypes may affect herbivores. In Lepidoptera, nutri-
tion of the larval stage is very important for reproductive 
performance, and the effects of genotypes on insect develop-
ment may be apparent only after the larval stage (Awmack 
and Leather 2002). Lepidopteran egg production is based 
on energetic reserves captured at the larval stage (Honek 
1993) and Baianinha leaves, despite of being suitable for 
larval development, were apparently not suitable to confer 
energetic reserves for reproduction in the adult stage.

In this study, steroidal saponins levels were similar in all 
cassava genotypes. Apparently, the levels of steroidal sapo-
nins in the leaves of the selected cassava genotypes are not 
enough to result in changes in the development of S. fru-
giperda or the steroidal saponins present in these leaves have 
low or no insecticidal activity (Adel et al. 2000). Therefore, 
part of the negative effects observed in larvae fed with MEcu 
72 leaves may be correlated with higher total phenolics con-
tents observed in this genotype (Rattan 2010).

GC–MS analysis revealed higher abundance of the phe-
nolic acids p-coumaric, chlorogenic and p-hydroxybenzoic 
(PHBA), in MEcu 72 and Baianinha leaves. Spodoptera fru-
giperda showed lower pupal weight and reproductive per-
formance when fed with both genotypes. These compounds 
are phenylpropanoids, derived from the shikimate-phenyl-
propanoid pathway, usually classified into four categories: 
hydroxycinnamates and their derivatives, salicylate-derived 
phenolic glycosides, flavonoids and condensed tannins 
(Chen et al. 2009).

The p-coumaric acid is a hydroxycinnamate that can be 
oxidized to reactive molecular species, such as quinones and 
quinones methides. Both metabolites bind to dietary proteins 
of the herbivores, decrease the nutritive value of the food 
and may result in negative effects on insect development 
(Lattanzio 2013). The chlorogenic acid is also a hydroxy-
cinnamate that can be oxidized to chlorogenoquinone and 
binds to free amino acids and proteins, which reduce the 
availability of amino acids and decrease digestibility of die-
tary proteins (Felton et al. 1989, 1991). Both compounds 

Table 4   Differences in relative abundances of metabolites present in the leaves of three cassava genotypes

Cluster GMD_ID Metabolite Class B C E 
Cluster 1 1798 Myo-inositol-2-

monophosphate 

Phosphate    

 2011 Trehalose Sugar    

Cluster 2 1245 p-coumaric acid Phenolic acid    

Cluster 3 1442 Unknown     

 600 Unknown     

 723 Like Ribulose Sugar    

 906 Unknown     

Cluster 4 1316 Methyl isoheptadecanoate Fatty acid 

(ester) 

   

 1662 Unknown     

 2368 Chlorogenic acid Phenolic acid    

 661 p-hydroxybenzoic acid Phenolic acid    

Cluster 5 2032 Laminaribiose Sugar    

Cluster 6 2049 Lactose Sugar    

 1894 n-hexacosane Alkane    

Cluster 7 1653 Unknown     

Cluster 8 2027 UnknownI     

 461 Unknown     

Cluster 9 1610 Octadecadienoic acid  Fatty acid 

(ester) 

   

 1717 Unknown     

 1766 UnknownI     

Genotypes Baianinha (B), IAC-Caapora (C) and MEcu 72 (E). Differences in relative abundance of metabolites are indicated by different colors 
in the same row (red = higher; blue = lower; yellow = intermediary and black = absence) according to Tukey test (p ≤ 0.05). GMD_ID = metabo-
lite identification in Golm Metabolome Database. Number of replicates = 3
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play roles at chemical defense of plants against herbivores 
and may result in negative effects in development, survival 
and fecundity of chewing and sap sucking insects (Leiss 
et al. 2009b; Chrzanowski et al. 2012; Torp et al. 2013). 
The PHBA is a salicylate-derived phenolic glycoside, also 
known as 4-hydroxybenzoic acid or p-salicylate acid. Many 
benzenoid metabolites derived from salicylic acid, such as 
benzoic acid, are related to the constitutive resistance of 
plants against pests (Wang et al. 2017).

Myo-inositol-2-monophosphate (I2P) and trehalose were 
detected in higher abundance in MEcu 72 genotype. The 
ingestion of myo-inositol did not result in negative effects on 
the larval stage of Hyphantria cunea (Drury, 1773) (Lepi-
doptera: Arctiidae) (Wang et al. 2017) and this compound 
was found in higher intensity in a Mediterranean fly sus-
ceptible peach genotype when compared to the resistant 
genotype (Capitani et al. 2013). However, the ingestion of 
I2P by Coptotermes formosanus Shiraki, 1909 (Isoptera: 
Rhinotermitidae) resulted in deterioration of antennae seg-
ments, turning into brown and falling off (Grimball et al. 
2017). Therefore, we suggest that I2P may be involved with 
the largest number of S. frugiperda adults deformed after 
feeding with MEcu 72 leaves during larval stage.

The sugar trehalose, formed by two units of glucose, is 
hydrolyzed by digestive trehalases present in S. frugiperda 
midgut (Silva et al. 2009), and is not a strong candidate mol-
ecule to explain the observed negative effects. Trehalose is 
correlated with plant response to biotic and abiotic stresses 
(Lunn et al. 2014). Higher levels of trehalose in MEcu 72 
leaves suggest that this sugar could be a precursor for other 
molecules associated to negative effects on insect develop-
ment, such as phenolic molecules (Ali et al. 2012).

The octadecadienoic acid was more abundant in Baian-
inha leaves. Spodoptera frugiperda larvae fed with this 
genotype showed nutritional indices results that suggest 
better utilization of Baianinha leaves as food during larval 
stage than results obtained using leaves of IAC-Caapora 
or MEcu 72 as food. However, the consumption of this 
genotype resulted in reduced pupal weight and net repro-
duction rate. This compound is classified as a conjugated 
linoleic acid (CLA), i.e. a group of fatty acids that contain 
two conjugated double bonds, which differ from each other 
by double bond position along the carbon chain (Yurawecz 
et al. 1995). CLAs have been reported to have antioxidant 
properties (Park et al. 1997). In this study, octadecadi-
enoic acids may have reduced the oxidation of phenolic 
acids p-coumaric, chlorogenic and PHBA in the midgut 
of S. frugiperda larvae, resulting in improved consump-
tion and utilization of food and reduced metabolic costs 
when larvae were fed with Baianinha leaves. On the other 
hand, octadecadienoic acids may also reduce fat deposition 
and increase lipolysis in adipocytes of rabbits (Park et al. 

1997). This way, despite the favorable nutritional indi-
ces results observed for larvae fed with Baianinha leaves, 
a probable reduction in lipid storage during larval stage 
caused by octadecadienoic acid may have resulted in the 
reduced net reproduction rate observed in S. frugiperda 
adults (Honek 1993).

The n-hexacosane metabolite was detected in higher 
relative abundance in Baianinha leaves, intermediary in 
MEcu 72 and lower in IAC-Caapora may also be associ-
ated with the reduced reproductive performance observed 
for S. frugiperda adults which larval stage was fed with 
Baianinha and MEcu 72 leaves. Larval feeding with suble-
thal concentrations of a fractionated extract of Couroupita 
guianensis L. flowers containing n-hexacosane resulted 
in reduced pupal weight and reproductive performance of 
Spodoptera litura (Fabricius, 1775) (Lepidoptera: Noctui-
dae) (Ponsankar et al. 2016).

Results obtained in here provide useful information for 
specialists in plant–insect interactions to investigate the 
effects of the suggested metabolites with greater consti-
tutive relative abundance in resistant genotypes over the 
development of target insects (Mouden et al. 2017). These 
bioassays may be conducted using artificial diets or sus-
ceptible genotypes as basis for the incorporation of the 
suggested metabolites in realistic concentrations, i.e. those 
observed in plants (Maag et al. 2015).

Moreover, plant breeders may also use the suggested 
analytical tools and metabolites as molecular markers to 
search for insect-resistant genotypes among progenies 
obtained from crosses of insect-resistant genotypes with 
high quality and productive genotypes, which are fre-
quently insect-susceptible (Leiss et al. 2009a).
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