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Abstract
Numerous species of herbivorous insects are associated with soybeans, including the specialist velvetbean caterpillar (VBC), Anticarsia
gemmatalis, and the generalist fall armyworm (FAW), Spodoptera frugiperda. Expression of plant resistance is in�uenced by factors intrinsic to
host plants, such as leaf age and plant stage, which can differentially affect specialist and generalist insects due to varying levels of plant
defense and corresponding insect adaptation. In this study four experiments were carried out to test the hypotheses that levels of antibiosis-
resistance to VBC and FAW in the resistant genotype PI 227687 and susceptible genotype IGRA RA 626 RR are related to leaf age and plant
stage of soybean. Furthermore, the concentrations of nutrients and selected �avonoids were quanti�ed to give insights on possible chemical
mechanisms underlying the resistance. As results, development of VBC and FAW were negatively affected when larvae fed leaves of the
resistant genotype, older leaves from the lower part of plants, or leaves from reproductive-stage soybeans. The effects were partly different for
each insect species, and the generalist FAW was more affected by higher resistance levels in the older leaves of soybean than the specialist
VBC. Distribution and concentrations of nutrients and �avonoids in soybean in function of leaf age and plant stage may explain the varying
levels of antibiosis-resistance to VBC and FAW. These results can bene�t developments of speci�c protocols for screening resistant soybean
genotypes and pest management strategies focused in plant parts and growth stages that insect-resistance levels are lowest.

Key Message
Leaf age and plant stage are factors that in�uence expression of resistance to insects.

These factors were investigated in soybean genotypes on VBC and FAW development.

Development of VBC and FAW were negatively affected on the resistant genotype, older leaves, and leaves from reproductive-stage
soybeans, and the varying levels of resistance may be explained by �avonoids and nutrients concentrations.

The results can bene�t developments of speci�c protocols for screening soybean resistant genotypes and pest management strategies.

Introduction
A diverse assemblage of arthropods is associated with soybeans, Glycine max (L.) Merril. In Brazil, for instance, approximately 40 arthropod
species have been reported in soybean �elds (Hoffmann-Campo et al. 2003). Among the herbivorous soybean pests, there are species that feed
on a narrow range of plants (monophagous/oligophagous or specialists) while others can infest a broad range of plant species (polyphagous
or generalists) (Hoffmann-Campo et al. 2012). The velvetbean caterpillar (VBC), Anticarsia gemmatalis Hübner (Lepidoptera: Erebidae), and the
fall armyworm (FAW), Spodoptera frugiperda (J. E. Smith) (Lepidoptera: Noctuidae), stand out as defoliating caterpillars that attack soybeans
in almost all soybean-producing regions of Brazil (Moscardi et al. 2012). While VBC is an oligophagous species feeding nearly exclusively on
leguminous plants (Kogan and Turnipseed 1987), FAW is highly polyphagous and capable of developing on plants from taxonomically diverse
families (Barros et al. 2010).

Besides insect specialization on families or species of plants, many insects are adapted to feed on speci�c parts or phenological stages of their
host plants. Acceptance or rejection of plants by herbivorous insects depends on chemical and morphological plant traits (Bernays and
Chapman 1994). Many plant species such as soybeans possess diverse types of polyphenolic compounds, with the most abundant group
being the �avonoids. Flavonoids are 15-carbon molecules with two aromatic rings connected by a 3-carbon bridge (Crozier et al. 2006).
Flavonoid pro�les generally differ among families, genera, species, and cultivars of plants (Harborne and Turner 1984). Additionally,
concentrations of phenolic compounds can vary throughout plant development (Lynn and Chang 1990). Differences in insect performance and
behavior on different plants may be due, at least in part, to the presence and/or concentrations of �avonoids (Simmonds 2001), which are
known to mediate soybean antibiosis-resistance (Hoffmann-Campo et al. 2001; Piubelli et al. 2005; Vieira et al. 2016; Bentivenha et al. 2017).

In order to supply insects’ needs for growth and reproduction, plants must meet their nutritional requirements (Beck 1972). In general, insects
require amino acids, proteins, lipids, sterols, carbohydrates, vitamins, and inorganic nutrients in their diet (Panizzi and Parra 2012), but the
nutritional demands vary intra- and interspeci�cally, and may also vary according to insect age, sex, and function in the population. In some
plant-insect systems, expression of plant primary metabolites predicts resistance to pest insects better than does levels of secondary
metabolites (Schwachtje and Baldwin 2008; Carmona et al. 2011). Inorganic nutrients in plants, such as nitrogen, phosphorus, and potassium,
are associated with plant resistance/susceptibility to herbivorous insects (Poschenrieder et al. 2006). In addition, insect infestation on plants
can directly depend on nutrient concentrations in the diverse plant parts and structures (Bastos et al. 2007).

A plant is considered to be resistant when it possesses genes governing the expression of physical, morphological, and/or chemical traits that
render the plant less suitable for insect feeding, oviposition, or development. In addition, expression of resistance (antixenosis/antibiosis) can
be in�uenced by diverse factors related to the plant, to the insect, and to the environment (Smith 2005). Studies have demonstrated that factors
inherent to the plant, such as leaf age and plant growth stage, substantially in�uence the expression of antibiosis in soybean genotypes by
affecting the development of defoliating caterpillars (Smith and Gilman 1981; Reynolds and Smith 1985; Smith 1985), and of antixenosis by
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altering larval feeding behavior (Boiça Júnior et al. 2015). Understanding the effects of leaf age and plant stage on expression of soybean
resistance will contribute to current knowledge on the bioecological interactions among this crop species with specialist and generalist insect
herbivores. Additionally, understading the fundamental bases of these complex interactions can facilitate the design of experiments for
screening soybean genotypes with insect-resistance traits, and ultimately give insight on how best use plant resistance in integrated pest
management strategies.

Based on previous �nding that older leaves from the lower part of plants and reproductive-stage soybeans express higher levels of antixenosis-
resistance to VBC and FAW than younger leaves from the upper part of plants and vegetative-stage soybeans (Boiça Júnior et al. 2015), we
tested the hypotheses that levels of antibiosis to these specialist and generalist insects in resistant and susceptible soybean genotypes are
related to both leaf age and plant stage. Further, we also measured the concentrations of macronutrients and micronutrients, as well as those
of selected �avonoids in soybean leaves to give insights on possible chemical mechanisms underlying the resistance.

Materials And Methods
Experimental conditions, plant material, and test insects

Experiments were performed from December 2012 to May 2013 in a greenhouse and laboratory of the Department of Plant Health of the São
Paulo State University, School of Agriculture and Veterinarian Sciences, Jaboticabal, state of São Paulo, Brazil. Laboratory bioassays were
conducted under environmentally controlled conditions (25 ± 2ºC temperature; 70 ± 10% relative humidity; 12L:12D h photoperiod).

Soybean plants of the resistant genotype PI 227687 and of the susceptible genotype IGRA RA 626 RR were chosen as they were previously
screened for resistance to lepidopteran larvae (Souza et al. 2012, Souza et al. 2014) and were reported to vary in the levels of antixenosis-
resistance in function of leaf age and plant growth stage (Boiça Júnior et al. 2015). Plants were grown in 5-L pots �lled with soil (dystrophic red
latosol) (Centurion et al. 1995), bovine manure, and sand at 3:1:1 ratio, and kept in a greenhouse under ambient temperature and lighting until
used in assays. The plants were watered daily. Larvae of A. gemmatalis and S. frugiperda were obtained from colonies maintained in the
laboratory since September 2011. VBC and FAW larvae were fed on arti�cial diet (Greene et al. 1976) and the adults on 10% honey solution.

Four independent experiments were conducted to investigate the effects of leaf age and plant stage on expression of soybean resistance to
each insect species, as described below. The �rst and second experiments compared the development of VBC and FAW fed on younger leaves
from the upper part and older leaves from the lower part of plants. The third and fourth experiments compared the insects’ development on
leaves from soybeans at vegetative and reproductive growth stages. Experiments 1 and 2 were conducted simultaneously using the same
batch of soybean plants and under the same environmental conditions, and the same was performed for Experiments 3 and 4. These
standardized conditions allowed to compare and discuss the results regarding the effects of leaf age and plant stage on expression of soybean
resistance to the specialist VBC and generalist FAW. 

Experiment 1: Effects of soybean leaf age on VBC development

The �rst experiment evaluated the in�uence of leaf age on expression of antibiosis-resistance to VBC. Plants of the resistant and susceptible
soybean genotypes were used at the V5 stage (Fehr and Cavines 1977). The “younger leaves” consisted of the �rst and second trifoliates from
the plant apex and the “older leaves” consisted of the third and fourth trifoliates from the same V5 plants. Neonates of VBC were collected from
the rearing colony and transferred into 9-cm-diameter Petri dishes lined with moistened �lter paper using a �ne paintbrush. One larva was
placed per dish, which was allowed to feed on either younger or older lea�ets of the resistant or susceptible genotypes during the larval stage.
Lea�ets in the dishes were changed every three days from neonates to third instars, and then replenished daily until pupation.

The experiment was arranged in a completely randomized design, and treatments consisted of a 2 x 2 factorial. The four treatments consisted
of combinations of two soybean genotypes (PI 227687 and IGRA RA 626 RR) and two leaf ages (younger and older leaves). Five replications
were used per treatment, with �ve individual larvae per Petri dish considered as a replication. Duration of the larval and pupal stages, larval and
pupal survival, and larval and pupal weights of VBC were recorded. Larval weights were recorded from 10-d-old larvae and pupal weights in 24-
h-old pupae.

Experiment 2: Effects of soybean leaf age on FAW development

The second experiment evaluated the in�uence of leaf age on expression of antibiosis to FAW. The same treatments, experimental design,
number of replicates, and environmental conditions of Experiment 1 were employed, except that larval weights of FAW were recorded in 12-d-old
larvae.

Experiment 3: Effects of soybean plant stage on VBC development
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The third experiment compared the antibiosis-resistance expression to VBC at vegetative and reproductive soybean plant stages. V5-stage
plants were used for the vegetative stage, while R3-R4-stage plants were used for the reproductive stage (Fehr and Cavines 1977). For this
experiment leaves were collected from the upper part (younger leaves) of soybean plants at both growth stages and then offered to VBC larvae
in Petri dishes. For vegetative-stage plants, the �rst/second trifoliates from the plant apex were used, whereas the �rst/second/third trifoliates
from the apex were collected from reproductive-stage plants.

The experiment was arranged in a completely randomized design, and the four treatments consisted of a 2 x 2 factorial consisting of
combinations of two soybean genotypes (PI 227687 and IGRA RA 626 RR) and two plant stages (vegetative and reproductive). Five replications
were used per treatment, with �ve individual larvae per Petri dish considered as a replication. The same biological parameters of VBC in
Experiment 1 were recorded in this experiment.

Experiment 4: Effects of soybean plant stage on FAW development

The fourth experiment compared the antibiosis-resistance expression to FAW at vegetative and reproductive growth stages. The same growth
stages of soybean were used for the vegetative (V5) and reproductive (R3-R4) stages as in Experiment 3. However, the leaf age/position within
plants that were used in the bioassay with FAW was different from that of VBC; here the third/fourth trifoliates were collected from vegetative-
stage plants and the fourth/�fth/sixth trifoliates from reproductive-stage plants and then offered to FAW larvae in Petri dishes. Different
methodologies between VBC and FAW bioassays were used because of the varying results for each insect species; a clearer distinction in the
levels of antixenosis-resistance in reproductive-stage soybeans to FAW was obtained in previous evaluation using older leaves collected from
the lower part of plants relative to younger leaves from the upper part of plants (Boiça Júnior et al. 2015).

Other conditions of this experiment such as treatments, experimental design, and replication were similar to those of Experiment 3, except that
larval weights of FAW were recorded in 12-d-old larvae.

Concentrations of nutrients and �avonoids in younger and older leaves of soybeans at vegetative and reproductive stages

To give insights on possible chemical mechanisms underlying the antibiosis-resistance to VBC and FAW in soybean in function of leaf age and
plant stage as observed in the bioassays, plants of both genotypes were further cultivated to collect leaves for analysis of nutrients and
�avonoids. For this, resistant and susceptible soybeans were grown in two small �eld plots consisting of four 5-m-long rows of plants spaced
0.5 m apart, with stands of 10-12 plants per row meter. Soil type in the �eld plots was the same as that used for potted plants, and was
fertilized once with bovine manure before seeds sowing. Field-grown plants were watered by drip irrigation 2-3 times a week. Preventive
insecticide and fungicide applications were applied to soybean plants to prevent damage by biotic stressors and minimize unintended
alterations in plant biochemistry due to induced defense responses.

When plants reached the V5 stage, 30 plants were randomly selected for each genotype. “Younger leaves” were collected from the �rst/second
trifoliates (upper part) from the plant apex, and “older leaves” were collected from the third/fourth trifoliates (lower part) of the same plants.
The leaves were stored in paper bags and taken to the laboratory. When the set of plants of the other �eld plot reached the R3-R4 reproductive
stage, 30 plants of each genotype were randomly selected, and “younger leaves” were collected from the �rst/second/third trifoliates (upper
part) from the plant apex, and “older leaves” from the fourth/�fth/sixth trifoliates of the same plants.

Analysis of nutrients was performed in the Department of Soils and Fertilizers of the School of Agriculture and Veterinarian Sciences. In the
laboratory, leaves of each soybean leaf-age and plant-stage categories collected from the 30 plants were pooled together for each genotype in
order to reduce potential between-plant variability. The leaves were rinsed with demineralized water + 0.5% neutral detergent solution, and
rinsed consecutively four times with demineralized water. Next, they were oven-dried at 60ºC for 48h and milled to a �ne powder through a
rotary-knife mill (Thomas Wiley Mill, model Te 650, Swedesboro, NJ, USA) with 1 mm mesh size. The macronutrients N, P, K, Ca, Mg, and S, and
the micronutrients B, Cu, Fe, Mn, and Zn were quanti�ed following the methodology of Miyazawa et al. (1999). A single sample consisting of
lea�ets pooled together from 30 plants of each treatment combination was analyzed in triplicate.

Quantitative analysis of �avonoids was performed in the Department of Chemistry of the Federal University of São Carlos, in São Carlos, state
of São Paulo, Brazil. The �avonoids rutin, isoquercitrin, daidzin, daidzein, hesperidin, naringin, naringenin, and hesperidin in younger and older
leaves of the resistant and susceptible soybeans at vegetative and reproductive stages were quanti�ed using high performance liquid
chromatography - mass spectrometry (HPLC-MS) following the methodology developed by Perlatti et al. (2016).

Statistical analysis

Data of biological parameters of VBC and FAW were checked for normality of residuals and homogeneity of variance using the Kolmogorov-
Smirnov and Levene tests, respectively. FAW larval and pupal weights data were not normally distributed and were square root-transformed to
meet assumptions of the analysis of variance (ANOVA). Data were subjected to two-way ANOVA, with genotype, leaf age/plant stage



Page 5/16

(depending on the experiment), and their interactions as main effects. Means of treatments were separated by Tukey honestly signi�cant
difference (HSD) test (α = 0.05). Statistical analysis was performed in Statistica v.7 (Statsoft 2004).

Results
Experiment 1: Effects of soybean leaf age on VBC development

There was no signi�cant effect of genotype on VBC larval stage duration (Table 1). Larvae that were fed older leaves took longer to develop to
pupae than did larvae fed younger leaves. The effects of genotype and leaf age on VBC larval stage duration were independent. Signi�cant
differences in VBC larval survival (Table 1) were found between genotypes and leaf ages. Larvae fed leaves of the resistant genotype or older
leaves of soybeans had lower survival than larvae fed leaves of the susceptible genotype or younger leaves. There was no signi�cant
interaction of genotype and leaf age on the larval survival. Larval weights of VBC were not signi�cantly affected by genotype (Table 1), but
were affected by leaf age; larvae that were fed older leaves weighed 41% less than larvae fed younger leaves of soybeans. There was no
signi�cant interaction of genotype and leaf age on VBC larval weight.

Table 1
Mean (± SE) duration (d) of larval and pupal stages, larval and pupal survival (%), and weight (mg) of larvae and pupae of A. gemmatalis fed

on younger leaves and older leaves of resistant (PI 227687) and susceptible (IGRA RA 626 RR) soybeans
Genotypes Duration of larval stage (d)   Larval survival (%)   Larval weight (mg)

Younger
leaves

Older
leaves

Mean   Younger
leaves

Older
leaves

Mean   Younger
leaves

Older
leaves

Mean

PI 227687 15.41 ± 
0.39aA

17.75 ± 
0.82aA

16.16 ± 
0.43a

  68.00 ± 
9.52aA

32.00 ± 
9.52aA

50.00 ± 
7.14a

  238.89 ± 
12.85aA

108.33 ± 
23.78aA

186.67 ± 
16.91a

IGRA RA
626 RR

14.96 ± 
0.22aA

16.60 ± 
0.38aA

15.59 ± 
0.23a

  96.00 ± 
4.00aA

60.00 ± 
10.00aA

78.00 ± 
5.91b

  253.75 ± 
9.88aA

169.50 ± 
19.41aA

215.46 ± 
11.98a

Mean 15.15 ± 
0.21A

17.00 ± 
0.38B

    82.00 ± 
5.49B

46.00 ± 
7.12A

    247.38 ± 
7.85B

146.56 ± 
15.63A

 

Genotype
(G)

F1,16 =
2.18

P = 
0.1448

ns   F1,16 =
14.00

P = 0.0018 **   F1,16 =
3.20

P = 0.0779 ns

Plant
factor (F)

F1,16 =
22.31

P < 
0.0001

***   F1,16 =
23.14

P = 0.0002 ***   F1,16 =
39.98

P < 0.0001 ***

G × F F1,16 =
1.76

P = 
0.1898

ns   F1,16 =
0.00

P = 0.9975 ns   F1,16 =
3.37

P = 0.0707 ns

Genotypes Duration of pupal stage (d)   Pupal survival (%)   Pupal weight (mg)

Younger
leaves

Older
leaves

Mean   Younger
leaves

Older
leaves

Mean   Younger
leaves

Older
leaves

Mean

PI 227687 8.94 ± 
0.23aA

9.14 ± 
0.14aA

9.00 ± 
0.17a

  100.00 ± 
0.00aA

87.50 ± 
12.50aA

96.00 ± 
4.00a

  208.82 ± 
8.30aA

202.50 ± 
12.65aA

206.80 ± 
6.83a

IGRA RA
626 RR

9.00 ± 
0.18aA

8.83 ± 
0.21aA

8.94 ± 
0.14a

  100.00 ± 
0.00aA

80.00 ± 
10.69aA

92.11 ± 
4.43a

  211.67 ± 
9.35aA

197.86 ± 
10.56aA

206.58 ± 
7.07a

Mean 8.98 ± 
0.14A

8.95 ± 
0.14A

    100.00 ± 
0.00B

82.61 ± 
8.08A

    210.49 ± 
6.39A

199.55 ± 
7.97A

 

Genotype
(G)

F1,16 =
0.07

P = 
0.7949

ns   F1,16 =
0.41

P = 0.5234 ns   F1,16 =
0.00

P = 0.9832 ns

Plant
factor (F)

F1,16 =
0.01

P = 
0.9048

ns   F1,16 =
7.96

P = 0.0065 **   F1,16 =
1.04

P = 0.3131 ns

G × F F1,16 =
0.60

P = 
0.4407

ns   F1,16 =
0.12

P = 0.7339 ns   F1,16 =
0.11

P = 0.7364 ns

Means followed by different lower-case letters in columns and upper-case letters in rows are signi�cantly different by Tukey HSD test. **P < 
0.01, nsnon-signi�cant

Pupal duration of VBC (Table 1) was not in�uenced by soybean genotype, leaf age, or their interaction. Survival of pupae whose larvae were fed
older leaves was signi�cantly lower than survival of pupae in younger leaves (Table 1). The main effects of soybean genotype and the
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interactive effect of genotype and leaf age did not in�uence the pupal survival. Weights of VBC pupae (Table 1) were not in�uenced either by
soybean genotype, leaf age, or by the genotype × leaf age interaction.

Experiment 2: Effects of soybean leaf age on FAW development

For FAW, there were no signi�cant effects of genotype, leaf age, or genotype × leaf age on the duration of the larval stage (Table 2). Soybean
genotype, leaf age, and the genotype × leaf age interaction signi�cantly affected FAW larval survival (Table 2). The survival of larvae that were
fed leaves of the resistant genotype and older leaves of soybeans was reduced relative to the survival in the susceptible genotype and younger
leaves; signi�cant differences for larval survival between genotypes were found only in the older leaves. Weights of FAW larvae were in�uenced
by genotype and leaf age. Larvae fed leaves of the resistant genotype exhibited weights 12% lower than weights of larvae fed leaves of the
susceptible genotype, whereas larvae fed older leaves were 45% lighter than larvae fed younger leaves. The effect of genotype was dependent
on that of leaf age. Larvae of FAW fed older leaves of both genotypes weighed signi�cantly less than larvae fed younger foliage; however,
signi�cant differences in larval weights between genotypes occurred only in older leaves.

Table 2
Mean (± SE) duration (d) of larval and pupal stages, larval and pupal survival (%), and weight (mg) of larvae and pupae of S. frugiperda fed on

younger leaves and older leaves of resistant (PI 227687) and susceptible (IGRA RA 626 RR) soybeans
Genotypes Duration of larval stage (d)   Larval survival (%)   Larval weight (mg)

Younger
leaves

Older
leaves

Mean   Younger
leaves

Older
leaves

Mean   Younger
leaves

Older
leaves

Mean

PI 227687 18.15 ± 
0.62aA

20.67 ± 
1.45aA

18.48 ± 
0.59a

  80.00 ± 
8.16aB

12.00 ± 
6.63aA

46.00 ± 
7.12a

  261.25 ± 
21.04aB

43.57 ± 
14.32aA

181.05 ± 
22.30a

IGRA RA
626 RR

17.74 ± 
0.25aA

18.78 ± 
0.51aA

18.20 ± 
0.25a

  92.00 ± 
5.54aA

72.00 ± 
9.17bA

82.00 ± 
5.49b

  252.00 ± 
14.29aB

157.39 ± 
18.84bA

206.67 ± 
13.78b

Mean 17.93 ± 
0.32A

19.05 ± 
0.50A

    86.00 ± 
4.96B

42.00 ± 
7.05A

    256.53 ± 
12.50B

114.32 ± 
16.22A

 

Genotype
(G)

F1,16 =
0.26

P = 
0.6121

ns   F1,16 =
22.35

P < 0.0001 ***   F1,16 =
6.02

P = 0.0163 *

Plant
factor (F)

F1,16 =
3.88

P = 
0.0536

ns   F1,16 =
33.38

P < 0.0001 ***   F1,16 =
61.07

P < 0.0001 ***

G x F F1,16 =
2.16

P = 
0.1473

ns   F1,16 =
9.93

P = 0.0062 **   F1,16 =
20.36

P < 0.0001 ***

Genotypes Duration of pupal stage (d)   Pupal survival (%)   Pupal weight (mg)

Younger
leaves

Older
leaves

Mean   Younger
leaves

Older
leaves

Mean   Younger
leaves

Older
leaves

Mean

PI 227687 9.26 ± 
0.17aA

9.00 ± 
0.00aA

9.23 ± 
0.15a

  95.00 ± 
5.00aA

100.00 ± 
0.00aA

95.65 ± 
4.35a

  213.50 ± 
4.17aA

176.67 ± 
13.47aA

208.70 ± 
4.72a

IGRA RA
626 RR

8.96 ± 
0.13aA

9.82 ± 
0.40aA

9.33 ± 
0.20a

  100.00 ± 
0.00aA

94.44 ± 
5.56aA

97.56 ± 
2.44a

  223.04 ± 
5.81aA

196.67 ± 
6.10aA

211.46 ± 
4.63a

Mean 9.10 ± 
0.11A

9.70 ± 
0.39B

    97.67 ± 
2.33A

95.24 ± 
4.76A

    218.61 ± 
3.68B

193.81 ± 
5.66A

 

Genotype
(G)

F1,16 =
0.13

P = 
0.7254

ns   F1,16 =
0.17

P = 0.6816 ns   F1,16 =
0.19

P = 0.6634 ns

Plant
factor (F)

F1,16 =
4.55

P = 
0.0371

*   F1,16 =
0.27

P = 0.6084 ns   F1,16 =
14.70

P = 0.0003 ***

G x F F1,16 =
2.36

P = 
0.1296

ns   F1,16 =
0.93

P = 0.3392 ns   F1,16 =
3.20

P = 0.0786 ns

Means followed by different lower-case letters in columns and upper-case letters in rows are signi�cantly different by Tukey HSD test. *P < 
0.05, ***P < 0.001, nsnon-signi�cant

Duration of the pupal stage was longer in FAW whose larvae were fed older leaves than in those reared on younger leaves (Table 2). Pupal
stage duration was not in�uenced either by soybean genotype or by the genotype × leaf age interaction. Survival of FAW pupae (Table 2) was
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not affected by genotype, leaf age, or by their interaction. FAW fed older leaves of soybeans yielded lighter pupae than in younger leaves. The
effects of genotype and genotype × leaf age interaction were not signi�cant.

Experiment 3: Effects of soybean plant stage on VBC development

Genotype and plant stage of soybeans signi�cantly affected the larval stage duration of VBC (Table 3). Larval duration was longer on the
resistant genotype than on the susceptible genotype. VBC larvae that were fed leaves from reproductive-stage soybeans showed increased
duration of the larval stage compared to larvae fed vegetative-stage soybeans. The effects of genotype and plant stage were independent.
Survival of VBC larvae was not affected by soybean genotype, plant stage, or the interaction of these factors (Table 3). Weights of VBC larvae
(Table 3) were signi�cantly affected by genotype and plant stage, but there was no interaction between these factors. Larvae that were fed the
resistant genotype had body weights 20% lower than weights of larvae fed the susceptible genotype, whereas larvae fed leaves from
reproductive-stage plants had body weights 46% lower than larvae fed vegetative-stage plants.

Table 3
Mean (± SE) duration (d) of larval and pupal stages, larval and pupal survival (%), and weight (mg) of larvae and pupae of A. gemmatalis fed

on leaves from resistant (PI 227687) and susceptible (IGRA RA 626 RR) soybeans at vegetative and reproductive growth stages
Genotypes Duration of larval stage (d)   Larval survival (%)   Larval weight (mg)

Vegetative Reproductive Mean   Vegetative Reproductive Mean   Vegetative Reproductive Mean

PI 227687 14.70 ± 
0.32aA

16.53 ± 
0.32aA

15.60 
± 
0.27b

  80.00 ± 
8.16aA

76.00 ± 
8.72aA

78.00 
± 
5.92a

  173.33 ± 
12.37aA

106.25 ± 
9.21aA

139.79 
± 9.14a

IGRA RA
626 RR

13.76 ± 
0.19aA

16.30 ± 
0.40aA

14.89 
± 
0.28a

  100.00 ± 
0.00aA

80.00 ± 
8.16aA

90.00 
± 
4.29a

  225.60 ± 
10.09aA

110.95 ± 
12.90aA

173.26 
± 
11.67b

Mean 14.18 ± 
0.19A

16.41 ± 
0.25B

    90.00 ± 
4.29A

78.00 ± 
5.92A

    200.00 ± 
8.72B

108.44 ± 
7.69A

 

Genotype
(G)

F1,16 =
5.34

P = 0.0234 *   F1,16 =
4.24

P = 0.0563 ns   F1,16 =
8.87

P = 0.0037 **

Plant
factor (F)

F1,16 =
54.20

P < 0.0001 ***   F1,16 =
4.24

P = 0.0563 ns   F1,16 =
66.26

P < 0.0001 ***

G × F F1,16 =
0.03

P = 0.8669 ns   F1,16 =
1.88

P = 0.1890 ns   F1,16 =
2.49

P = 0.1182 ns

Genotypes Duration of pupal stage (d)   Pupal survival (%)   Pupal weight (mg)

Vegetative Reproductive Mean   Vegetative Reproductive Mean   Vegetative Reproductive Mean

PI 227687 9.17 ± 
0.12aA

9.84 ± 
0.16aA

9.51 
± 
0.11b

  90.00 ± 
6.88aA

100.00 ± 
0.00aA

94.87 
± 
3.58a

  163.50 ± 
5.68aA

213.16 ± 
6.84aA

187.69 
± 5.90a

IGRA RA
626 RR

9.04 ± 
0.12aA

9.38 ± 
0.21aA

9.17 
± 
0.11a

  92.00 ± 
5.54aA

80.00 ± 
9.18aA

86.67 
± 
5.12a

  181.60 ± 
6.29aA

235.00 ± 
6.68aA

205.33 
± 6.04b

Mean 9.10 ± 
0.08A

9.66 ± 0.13B     91.11 ± 
4.29A

89.74 ± 
4.92A

    173.56 ± 
4.46A

224.36 ± 
5.04B

 

Genotype
(G)

F1,16 =
5.60

P = 0.0208 *   F1,16 =
1.65

P = 0.2033 ns   F1,16 =
7.51

P = 0.0076 **

Plant
factor (F)

F1,16 =
14.31

P = 0.0003 ***   F1,16 =
0.05

P = 0.8313 ns   F1,16 =
62.25

P < 0.0001 ***

G × F F1,16 =
0.00

P = 0.9975 ns   F1,16 =
2.97

P = 0.0889 ns   F1,16 =
2.06

P = 0.1549 ns

Means followed by different lower-case letters in columns and upper-case letters in rows are signi�cantly different by Tukey HSD test. *P < 
0.05, **P < 0.01, ***P < 0.0001, nsnon-signi�cant

Duration of VBC pupal stage (Table 3) was in�uenced by soybean genotype and plant stage. The duration was extended when VBC was fed
leaves from the resistant genotype and reproductive-stage plants. The genotype × plant stage interaction on the pupal stage duration was not
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signi�cant. Survival of VBC pupae (Table 3) was not affected by genotype, plant stage or by their interaction. Larvae that were fed leaves of the
resistant genotype produced pupae with lower weights than those fed the susceptible genotype (Table 3). Larvae that fed leaves from
reproductive-stage soybeans produced pupae with greater weights than pupae developed on vegetative-stage soybeans. The effects of
genotype and plant stage on FAW pupal weight did not interact.

Experiment 4: Effects of soybean plant stage on FAW development

The larval duration of FAW signi�cantly differed between genotypes and plant stages. Larvae fed leaves of the resistant genotype or
reproductive-stage plants developed more slowly compared to larvae fed leaves of the susceptible genotype or vegetative-stage soybeans. The
effects of genotype and plant stage were independent. FAW larval survival was lower in the resistant genotype relative to the susceptible
genotype (Table 4). Feeding of FAW on leaves from soybeans at different growth stages did not in�uence larval survival. There were no
interactive effects of genotype and plant stage on FAW larval survival. Larvae fed leaves of the resistant genotype or leaves from reproductive-
stage plants resulted in weights 40% lower than weights of larvae fed leaves of the susceptible genotype or vegetative-stage plants. No
signi�cant genotype × plant stage interaction was found for the larval weight (Table 4).

Table 4
Mean (± SE) duration (d) of larval and pupal stages, larval and pupal survival (%), and weight (mg) of larvae and pupae of S. frugiperda fed on

leaves from resistant (PI 227687) and susceptible (IGRA RA 626 RR) soybeans at vegetative and reproductive growth stages
Genotypes Duration of larval stage (d)   Larval survival (%)   Larval weight (mg)

Vegetative Reproductive Mean   Vegetative Reproductive Mean   Vegetative Reproductive Mean

PI 227687 19.87 ± 
0.27aA

23.69 ± 
0.80aA

21.84 
± 
0.55b

  60.00 ± 
10.00aA

64.00 ± 
9.80aA

62.00 
± 
6.93a

  200.00 ± 
14.98aA

95.26 ± 
11.31aA

151.46 
± 
12.58a

IGRA RA
626 RR

17.91 ± 
0.23aA

19.56 ± 
0.36aA

18.68 
± 
0.24a

  92.00 ± 
5.54aA

72.00 ± 
9.17aA

82.00 
± 
5.49b

  323.33 ± 
18.62aA

195.42 ± 
19.38aA

259.38 
± 
16.30b

Mean 18.68 ± 
0.23A

21.50 ± 
0.55B

    76.00 ± 
6.10A

68.00 ± 
6.66A

    264.35 ± 
15.15B

151.16 ± 
14.10A

 

Genotype
(G)

F1,16 =
52.36

P < 0.0001 ***   F1,16 =
5.79

P = 0.0286 *   F1,16 =
34.16

P < 0.0001 ***

Plant
factor (F)

F1,16 =
41.09

P < 0.0001 ***   F1,16 =
1.79

P = 0.2001 ns   F1,16 =
43.55

P < 0.0001 ***

G × F F1,16 =
0.00

P = 0.9975 ns   F1,16 =
3.50

P = 0.0798 ns   F1,16 =
2.94

P = 0.0903 ns

Genotypes Duration of pupal stage (d)   Pupal survival (%)   Pupal weight (mg)

Vegetative Reproductive Mean   Vegetative Reproductive Mean   Vegetative Reproductive Mean

PI 227687 9.54 ± 
0.14aA

9.40 ± 
0.27aA

9.48 
± 
0.14a

  86.67 ± 
9.09aA

62.25 ± 
12.50aA

74.19 
± 
7.99a

  176.00 ± 
9.15aA

221.25 ± 
13.60aA

199.36 
± 9.11a

IGRA RA
626 RR

9.18 ± 
0.13aA

9.29 ± 
0.14aA

9.24 
± 
0.09a

  82.61 ± 
8.08aA

94.44 ± 
5.56aA

87.80 
± 
5.17a

  216.36 ± 
9.60aA

235.00 ± 
10.86aA

224.75 
± 7.24b

Mean 9.33 ± 
0.10A

9.33 ± 0.13A     84.21 ± 
5.99A

79.41 ± 
7.04A

    200.00 ± 
7.46A

228.53 ± 
8.54B

 

Genotype
(G)

F1,16 =
2.19

P = 0.1451 ns   F1,16 =
2.29

P = 0.1353 ns   F1,16 =
5.27

P = 0.0249 *

Plant
factor (F)

F1,16 =
0.00

P = 0.9975 ns   F1,16 =
0.29

P = 0.5928 ns   F1,16 =
6.74

P = 0.0116 *

G × F F1,16 =
0.61

P = 0.4382 ns   F1,16 =
3.86

P = 0.0536 ns   F1,16 =
2.28

P = 0.1360 ns

Means followed by different lower-case letters in columns and upper-case letters in rows are signi�cantly different by Tukey HSD test. *P < 
0.05, ***P < 0.001, nsnon-signi�cant
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There were no signi�cant effects of soybean genotype, plant stage or genotype × plant stage interaction on FAW pupal duration (Table 4).
Likewise, pupal survival (Table 4) was not in�uenced by genotype, plant stage, or by their interaction. Pupae of FAW reared on the resistant
genotype showed an 11% reduction in weights compared to pupae reared on the susceptible genotype. FAW pupae originating from
reproductive-stage plants showed increased weights compared to pupae from vegetative-stage plants. The interaction of genotype and plant
stage was not signi�cant.

Concentrations of nutrients and �avonoids in younger and older leaves of soybeans at vegetative and reproductive stages

In vegetative-stage plants, higher concentrations of macronutrients and micronutrients were overall recorded in the susceptible genotype than in
the resistant genotype (Table 5). As an exception, higher values of the micronutrients B, Cu, and Fe were observed in the resistant genotype. All
macronutrients but Ca and Mg showed higher values in younger leaves than in older leaves; while Ca showed higher concentrations in the older
leaves, Mg was evenly distributed between younger and older foliage. For the micronutrients, younger leaves had slightly higher concentrations
of Cu than older leaves of both soybean genotypes. Conversely, concentrations of Fe, Mn, and Zn were higher in the older leaves. There was no
distribution pattern of B between younger and older leaves of vegetative-stage plants in the soybean genotypes.
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Table 5
Concentrations of macronutrients (g kg− 1) and micronutrients (mg kg− 1) in younger and older leaves of

resistant (PI 227687) and susceptible (IGRA RA 626 RR) soybeans at vegetative and reproductive
stages

Nutrients PI 227687   IGRA RA 626 RR

Younger leaves Older leaves Mean   Younger leaves Older leaves Mean

Vegetative stage

Macronutrients

N 42.0 35.0 38.5   49.0 40.0 44.5

P 2.9 2.3 2.6   3.3 2.3 2.8

K 17.0 14.0 15.5   16.0 14.0 15.0

Ca 6.9 9.0 8.0   9.5 11.2 10.4

Mg 3.8 4.0 3.9   4.6 4.5 4.6

S 2.5 2.0 2.3   2.9 2.3 2.6

Micronutrients

B 43.0 47.0 45.0   46.0 35.0 40.5

Cu 6.0 5.0 5.5   4.0 3.0 3.5

Fe 207.0 353.0 280.0   144.0 269.0 206.5

Mn 116.0 157.0 136.5   189.0 236.0 212.5

Zn 31.0 32.0 31.5   38.0 46.0 42.0

Reproductive stage

Macronutrients

N 34.0 29.0 31.5   45.0 42.0 43.5

P 4.1 3.9 4.0   5.3 4.2 4.8

K 13.0 13.0 13.0   11.0 12.0 11.5

Ca 19.0 22.0 20.5   27.0 25.0 26.0

Mg 3.0 3.0 3.0   4.0 3.0 3.5

S 1.4 1.3 1.4   1.8 1.7 1.8

Micronutrients

B 45.0 46.0 45.5   35.0 45.0 40.0

Cu 7.0 8.0 7.5   6.0 8.0 7.0

Fe 230.0 218.0 224.0   171.0 365.0 268.0

Mn 71.0 77.0 74.0   95.0 86.0 90.5

Zn 47.0 59.0 53.0   39.0 71.0 55.0

At the reproductive stage, higher concentrations of nutrients were also found in the susceptible genotype than in the resistant genotype
(Table 5). Contrary to this trend, the macronutrient K and the micronutrients B and Cu had higher values in the resistant genotype.
Concentrations of N, K, Mg, S, and Mn were lower at the reproductive stage than at the vegetative stage, whereas P, Ca, Cu, and Zn showed
increased values as plants matured. The micronutrient Fe had reduced values from the vegetative to the reproductive stage only in the resistant
genotype, whereas in the susceptible genotype the concentrations increased. The macronutrients N and P and the micronutrient S had higher
values in the younger leaves than in the older leaves of reproductive-stage soybeans. On the other hand, contents of B, Cu, and Zn were higher
in the older leaves relative to the younger leaves. Concentrations of K and Mg did not differ between leaf-age categories. Finally, Ca, Fe, and Mn
exhibited no distribution pattern between younger and older leaves in soybean genotypes at the reproductive stage.
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Of the eight selected �avonoids assessed, only rutin, isoquercitrin, daidzin, daidzein, and hesperidin were identi�ed and quanti�ed in the leaves
of soybeans (Table 6). Naringin, naringenin, and quercetin were not detected by the HPLC-MS analysis. Therefore, these three �avonoids are not
presented in the results.

Table 6
Concentrations of �avonoids (µg g− 1) in younger and older leaves of resistant (PI 227687) and susceptible

(IGRA RA 626 RR) soybeans at vegetative and reproductive stages.
Flavonoids PI 227687     IGRA RA 626 RR  

Younger leaves Older leaves Mean   Younger leaves Older leaves Mean

Vegetative stage

Rutin 3304.14 3267.20 3285.67   840.74 828.43 834.59

Isoquercitrin 72.19 109.52 90.86   54.27 94.05 74.16

Daidzin 8.73 49.63 29.18   17.12 36.53 26.83

Daidzein -a 10.45 10.45   - 8.24 8.24

Hesperidin 12.03 15.62 13.83   - 5.50 5.50

Total 3397.09 3452.42 3424.76   912.13 972.75 942.44

Reproductive stage

Rutin 3710.39 3156.41 3433.40   763.18 606.83 685.01

Isoquercitrin 113.60 127.36 120.48   75.18 58.86 67.02

Daidzin 160.98 119.48 140.23   162.71 36.66 99.69

Daidzein 36.77 39.23 38.00   24.72 4.35 14.54

Hesperidin 30.25 40.55 35.40   - 1.00 1.00

Total 4051.99 3483.03 3767.51   1025.79 707.70 866.75

aNot quanti�ed in the HPLC-MS analysis

In vegetative-stage plants, rutin had the highest concentrations among the quanti�ed �avonoids (Table 6), exhibiting values many orders of
magnitude greater than those of isoquercitrin, daidzin, hesperidin, and daidzein in the resistant and susceptible genotypes. All �avonoids
showed higher concentrations in the resistant genotype; this was especially true for rutin, which showed concentration four times higher in the
resistant genotype than in the susceptible genotype. Selected �avonoids exhibited higher contents in the older leaves than in the younger
leaves, except for rutin. Daidzin was found only in the older leaves in both soybean genotypes. Hesperidin was found in both younger and older
leaves of the resistant genotype, but only in the older leaves of the susceptible genotype. Considering the total �avonoids content, the resistant
genotype possessed > 3.5-fold higher concentration than the susceptible genotype in vegetative-stage plants.

Concentrations of �avonoids overall increased from the vegetative to the reproductive stage of soybeans (Table 6). In reproductive-stage plants,
rutin also was the most abundant �avonoid, with concentrations in the resistant genotype on average 5-fold greater than in the susceptible
genotype. Unlike the vegetative stage, daidzein was quanti�ed in the younger leaves of soybean genotypes at the reproductive stage.
Hesperidin was not quanti�ed in younger leaves of the susceptible genotype at the reproductive stage, likewise in vegetative-stage plants.
Taken together, plants of the resistant genotype showed nearly 4.5-fold higher total �avonoids concentrations than the susceptible genotype at
reproductive stage.

Discussion
In the present study four independent experiments were conducted with VBC and FAW and resistant and susceptible genotypes to test the
hypotheses that leaf age and plant stage affect the expression of antibiosis-resistance in soybean. The effects of soybean genotype and both
leaf age and plant stage on VBC development were independent, as was the effect of genotype and plant stage for FAW; larvae that were fed
leaves of the resistant genotype, leaves from the lower part of plants, and leaves from reproductive-stage soybeans had the development
negatively affected compared to larvae fed leaves of the susceptible genotype, leaves from the upper part of plants, and leaves from vegetative-
stage soybeans, respectively. On the other hand, soybean genotype effects were dependent on leaf age for FAW, in that only the older leaves of
the resistant genotype impaired the insect´s development, as evidenced by the lower larval survival and weight on this treatment.
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The varying levels of antibiosis-resistance in PI 227687 to VBC and FAW as a function of leaf age and plant stage are in agreement with
previous studies performed with the soybean looper Chrysodeixis includens (Walker) (Lepidoptera: Noctuidae) (Smith and Gilman 1981;
Reynolds and Smith 1985; Smith 1985). In addition, Boiça Júnior et al. (2015) evaluated the in�uence of insect- and plant-related factors on
soybean antixenosis-resistance to VBC and FAW, and concluded that VBC consumed less on older leaves from the lower part of plants and from
reproductive-stage plants; conversely, FAW did not display preference toward younger leaves from the upper part or older leaves from the lower
part of plants, but consumed less foliage from reproductive-stage plants. Despite the similar results obtained by these studies, none of them
assessed the concentrations of primary and secondary metabolites in soybean to explain the varying levels of resistance in function of leaf
age/plant stage. The results obtained here and in the study of Boiça Júnior et al. (2015) for the differential responses of VBC and FAW on the
older leaves from the lower part of resistant soybean plants indicate that effects of both antixenosis- and antibiosis-resistance are overlapped,
as previously discussed by Stout (2013). This information coupled with the knowledge that leaf age and plant stage in�uence the magnitude of
resistance expression in soybean can bene�t the design of speci�c protocols of high-throughput screening assays for insect-resistance traits
(Boiça Júnior et al. 2015; Eduardo et al. 2020).

Differences in effects of genotype and leaf age/plant stage on the development of each insect species in this study were likely due to
differences in their feeding behavior and adaptation to soybeans. Larvae of VBC are oligophagous and feed basically on leguminous plants
(Kogan and Turnipseed 1987), while larvae of FAW are polyphagous and develop well on plants of taxonomically disparate families (Barros et
al. 2010). The response spectrum of insects´ gustatory receptors depends on the presence and content of diverse types of allelochemicals
within the insects´ host-plant range (Smith 2005), and in generalist (polyphagous) insects they display a broader response spectrum than that
in specialists (monophagous/oligophagous) (Visser 1983). Based on data of the present study it is suggested that the more specialist an insect
is on a host plant, the slighter will be the impact of narrow variation in plants allelochemicals and nutrients contents on its development, and
less clear will be the differences in insect-resistance levels between genotypes of the same plant species. This fact coupled with differential
expression of allelochemical-detoxifying enzymes by the insects (Bosch and Welte 2017) may explain why FAW was more affected by the
higher antibiosis levels in older leaves from the lower part of resistant soybean plants than was VBC. Research using resistant and susceptible
soybean genotypes should investigate if these results correlate with patterns of VBC and FAW infestations within plants and across
phenological stages in the �eld.

Macronutrients and micronutrients displayed different distribution patterns between soybean plant parts and growth stages, and their
distribution is in line with mobility in the phloem. Some nutrients are highly or moderately mobile in the phloem depending on their functions as
metabolic or structural constituents, and concentrate in the youngest and growing leaves of the plant apex (Marschner 1995). Among the
nutrients with higher contents in the younger leaves in the current study, N, P, and K are highly mobile, and S and Cu are moderately mobile
(Sfredo 2008). Conversely, the micronutrients Ca and Fe were more abundant in the older leaves, and these nutrients have low and intermediate
mobility in the phloem, respectively (Sfredo 2008); in addition, Ca cannot be transported after being deposited in a given plant structure (Raven
et al. 1996).

The susceptible genotype IGRA RA 626 RR exhibited higher concentrations of most macronutrients than the resistant genotype PI 227687,
especially in the younger leaves of vegetative-stage plants, with few exceptions. Despite the nutrients analysis being performed using leaves
collected from plants in a parallel experiment from the larvae bioassays, data suggest there may be a positive correlation between better
development of VBC and FAW and increased concentrations of macronutrients. Some of them participate in the synthesis of compounds that
are fundamental for insect nutrition, such as proteins. Among the macronutrients, N is an important component of plant proteins and is
indispensable in diets of insects (Panizzi and Parra 2012) as it is required for their growth and reproduction (Elden and Kenworthy 1994).
Excess N can in�uence plant susceptibility through reduction of lignin content, making plant structures softer for feeding of chewing insects
(Salim and Saxena 1991). Sulfur is also a constituent of plant proteins (Sfredo 2008); P is required for nucleic acid formation and protein
synthesis (Huberty and Denno 2006); and K is fundamental for protein and starch production (Spann and Schumann 2010).

The resistant genotype showed higher concentrations of Cu and B relative to the susceptible genotype at both plant growth stages. The role of
Cu in plants is associated with activation of defensive enzymes, such as polyphenol oxidase (Sfredo 2008), peroxidase, catalase (Taiz and
Zeiger 2010), and superoxide dismutase (Poschenrieder et al. 2006). Concentrations of Cu are directly associated with enhanced activities of
polyphenol oxidase (Mourato et al. 2009), a Cu-containing enzyme that catalyzes the conversion of phenolics to quinones, which play an
important role in plant resistance to insects (Bhonwong et al. 2009). Also, plants de�cient in Cu build up concentrations of soluble
carbohydrates, have impaired synthesis of defensive compounds, and reduced ligni�cation, leading to reduced resistance to fungal diseases
(Spann and Schumann 2010). Boron is used for synthesis of �avonoids and other polyphenolic compounds that contribute to plant resistance
to insects and pathogens; B de�ciency leads to sugar and amino acid accumulation in the leaves and stems, which may render plants more
susceptible to insect attack (Spann and Schumann 2010). Therefore, this preliminary data on Cu and B concentrations suggest these
micronutrients may be positively correlated with higher levels of antibiosis-resistance to VBC and FAW, and could be candidates for
quanti�cation in future screening assays of soybean genotypes for insect-resistance traits.
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The �avonoids rutin, isoquercitrin, daidzin, daidzein, and hesperidin were found at different concentrations in soybean genotypes, plant parts
and growth stages. Flavonoids concentrations were higher in the resistant genotype, older leaves from the lower part of plants, and
reproductive-stage plants. Flavonoids are polyphenolic compounds that are present in many plant species (Harborne 1967), and are reported to
have an important role in plant defense against insects (Harborne and Williams 2000; Simmonds 2001; Simmonds 2003). The difference in
total �avonoids concentration between soybean genotypes was in the order of magnitude of 3.5 fold greater for the resistant genotype in
vegetative-stage plants, and increased to 4.5 fold in the reproductive stage. Although the bioassays with VBC and FAW and the �avonoids
analysis were performed with leaves collected from plants in different experiments, the insects´ development were impaired on the resistant
genotype, older leaves from the lower part of plants, and reproductive-stage plants, which were also the treatments that exhibited higher
�avonoids concentrations. It is important to mention that the methodology used herein for �avonoids extraction and quanti�cation was
previously validated (Perlatti et al. 2016). Results of experiments with soybeans and other insect species are also in agreement with the
hypothesis that higher �avonoids concentrations are correlated with increased resistance levels (Isman and Duffey 1983; Hoffmann-Campo et
al. 2001; Piubelli et al. 2005; Hoffmann-Campo et al. 2006; Vieira et al. 2016; Bentivenha et al. 2017).

Although the methodology used in this study for leaf collection did not allow for statistical analysis of individual �avonoids and nutrients
concentrations, pooling various leaves together within each soybean genotype-leaf age/plant stage combination certainly decreased data
variability that naturally occur between plant individuals. Quanti�cation of these primary and secondary compounds was performed to give
insights on potential chemical mechanisms underlying the differences in levels of antibiosis-resistance to VBC and FAW. According to the
chemical analysis, it is suggested that younger leaves from the upper part of plants or from vegetative-stage soybeans are less defended and
more nutritious, hence more suitable for VBC and FAW development. An in-depth investigation with greater replication should analyze the
highlighted nutrients and �avonoids to pinpoint the compounds that potentially have a role in antibiosis; if con�rmed, they could be further
used as reliable proxies of the chemical mechanisms, contributing to high-throughput phenotyping of soybean genotypes for insect-resistance.
Moreover, as leaf collection is routinely practiced by farmers in the �eld to analyze the need for plants fertilization, it could be possible to
optimize the sampling method using younger and older leaves from plants at vegetative and reproductive stages during soybean crop
development for assessments of those proxies of plant resistance to correlate with insect population densities; this practice could aid in the
decision making of pest control and application of fertilizers that contribute to increasing insect-resistance levels in the plants.

Various theories have been put forward to explain the distribution patterns of defense compounds in different plant parts and structures and
the in�uence on ecology and evolution of plant-insect interactions. The optimal defense theory is one of them, which predicts that plants
express defense compounds at highest levels in tissues and organs that contribute to plant �tness to the greatest extent. Younger tissues are
suggested to be more valuable in terms of �tness for plants than older tissues; hence, younger tissues are expected to possess higher
concentrations of defense compounds than older tissues according to the optimal defense theory (Mckey 1979). Several defense compounds
in different plant species were reported to have a within-plant distribution in a fashion following the optimal defense theory (Meldau et al.
2012).

Based on �avonoids distribution in the soybean genotypes, at a glance our results seem not to be in agreement with the optimal defense theory
since older leaves from the lower part of plants and leaves from reproductive-stage plants possessed higher �avonoids concentrations than
younger leaves from the upper part of plants and leaves from vegetative-stage plants. Moreover, higher concentrations of nutrients related with
protein synthesis were observed in the younger leaves and vegetative-stage foliage, especially N, which is used as a proxy of plant-tissue �tness
value (Moreira et al. 2012). Boiça Júnior et al. (2015) have previously stated that expression of soybean antixenosis-resistance was not in
accordance with the optimal defense theory since the younger leaves were more consumed than the older leaves by VBC.

A possible source of inconsistency of results in correlating concentrations of secondary compounds in plant tissues, the �tness value of the
plant tissues, and a plausible plant defense theory to explain the negative effects on insects may arise from the lack of methodology
standardization to control for constitutive and induced resistance. Here and in studies of Smith and Gilman (1981), Reynolds and Smith (1985),
Smith (1985), and Boiça Júnior et al. (2015) that reported better larval development on younger soybean foliage, the experimental plants were
not previously injured, hence the observed effects were only constitutive. Freitas et al. (2017) reported that when resistant and susceptible
soybean plants were injured in the older leaves from the lower part of plants by Spodoptera cosmioides larvae, only the resistant genotype
induced resistance in the younger leaves from the upper part of plants; resistance induction was not observed in the susceptible genotype or in
older leaves from the lower part of plants of both genotypes when plants were injured in the younger leaves from the plant apex. Interestingly,
the younger foliage was more suitable to larvae feeding and performance before injury was caused by the larvae, and the authors discussed
that the pattern of soybean induced resistance followed the optimal defense theory. Therefore, it is essential that both constitutive and
inducible responses to insect herbivory be considered when attempting to correlate the distribution of secondary metabolites in plants and
theories of plant defense. Because soybean genotypes exhibit great variation in �avonoids concentrations when injured or not by insects (Vieira
et al. 2016; Bentivenha et al. 2017), using soybean as a model plant for testing the optimal defense theory could give further insights on its
validity, and how induced resistance could be best used into integrated pest management practices.
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Although this study is limited to only two genotypes and a narrow range of primary and secondary metabolites that might govern the
resistance, the results demonstrated that soybean leaf age and plant stage in�uence the magnitude of antibiosis-resistance expression to the
specialist VBC and the generalist FAW. In addition, the estimation of nutrients and �avonoids contents in distinct leaf age and plant stage of
soybeans can give insights on possible chemical mechanisms involved in soybean-insect interactions and bene�t the development of more
standardized studies on insect-plant biology and host plant resistance. From a practical standpoint, by knowing the spatial and temporal
distribution of �avonoids and nutrients in soybeans and the relationship with the preference and performance of insect pests it could be
possible to focus pest monitoring and control approaches in plant parts and phenological stages that expression of resistance levels to insects
attack are lowest.
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