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ABSTRACT

Two stink bug-resistant soybean cultivars, Dowling and IAC 100, and one sucepible, Silvania were
selected to evaluate their influence on Euschistus heros development. Evaluation of the biology of
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E. heros was conducted on nymph development, adult longevity, female fecundity and egg fertility

in seeds of each cultivar. The results showed that E. heros nymphs reared on cv Dowling did not
complete their biological cycle, but it was completed on cvs Silvania and IAC 100. The total amount
of six isoflavonoids identified and one flavonol was higher in cv Silvania compared to the levels
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quantified in cv Dowling. The results showed that cvs Dowling and IAC 100 have constitutive
resistance affecting E. heros development and that the major falvonoids quantified in these
cultivars are not involved in soybean antibiotic effect observed in this study.

Introduction

Plants have developed a number of direct defences that can
act negatively on herbivores. They present morphological
barriers to avoid herbivory and/or oviposition, such as spines
and trichomes, or chemical barriers, the secondary metab-
olites such as alkaloids, terpenoids, steroids and isoflavonoids
(Arimura et al. 2005; Chen 2008; Mitchell et al. 2016). The
plant chemical defences play an important role not only in
the initial choice of the herbivore, but also in determining
the amount of food that the insect will consume (Srivastava
et al. 1999; War et al. 2012).

Flavonoids are phenolic compounds derived from the shi-
kimic acid pathway via the phenylpropanoid route that play
an important role in the mechanism of antibiosis against
insects (Treutter 2006; Chen 2008; O’Neil et al. 2010). How-
ever, insect co-evolving with toxic plants learn to deal with
them using diferent approaches, detoxifying and expelling
them in frass or sequestering them in their body cuticle as a
defence against predators or into their wings to attract
mates (Treutter 2006; Fiirstenberg-Hégg et al. 2013). In
addition, there are specific phytochemicals that in small
amounts can act as phagostimulants in insect-plant inter-
actions, and the same compounds in higher amounts are
toxic (Simmonds 2001, 2003; Chacon-Fuentes et al. 2015).

Studies have reported that resistance of soybean to stink
bugs and caterpillars is related to the concentration of flavo-
noids in seeds and leaves (Hoffmann-Campo et al. 2001; Sal-
vador et al. 2010; Bansal et al. 2013). The compounds daidzin
and genistin, rutin and genistein, were reported to be involved
in soybean seed resistance against Nezara viridula
L. (Hemiptera: Pentatomidae) and Anticarsia gemmatalis
Hiibner (Lepidoptera: Noctuidae), respectivelly (Piubelli,
Hoffmann-Campo, Arruda, Franchini, et al. 2003; Piubelli

et al. 2005). The induction of two isoflavonoids, daidzein
and daidzin, after Spodoptera litura F. (Lepidoptera: Noctui-
dae) herbivory has also been reported (Murakami et al. 2014).
Recently, Graga et al. (2016) described that cis-jasmone, a
plant phytohormone, increased the levels of flavonoids on
three different soybean cultivars, including cvs IAC 100 and
Dowling. The resistance of IAC 100 to stink bugs (Carrao-
Panizzi and Kitamura 1995) and lepidopterans (Piubelli
et al. 2005; McPherson and Buss 2007) has been proposed
to be an antibiotic effect. For cv Dowling, an antixenotic
and antibiotic effect against aphids, which stop feeding and
die after 48 h, was suggested (Li et al. 2004, 2008). In contrast,
the cv Silvénia has high susceptibility to stink bugs herbivory
in field conditions, but no studies were conducted to deter-
mine what makes it susceptible when compared to other cul-
tivars (Laumann et al. 2008).

The Neotropical brown stink bug, Euschistus heros
F. (Hemiptera: Pentatomidae), together with other stink
bugs of the family Pentatomidae, is considered a major pest
of soybean, causing serious economic losses to Brazilian
farmers (Borges et al. 2011; Borges and Blassioli-Moraes
2017). Despite its economic importance and the information
about sources of resistance in soybean to stink bugs, there is
little knowledge about the mechanism of defence involved
and about the effect of resistant cultivars on the development
of this stink bug species, which is an important pest on grain
crops in South America.

Among the three categories of resistance, antibiosis is the
mechanism with advantageous characteristics for investi-
gation of the development of new cultivars compared to anti-
xenotic and tolerance. Antixenosis can only be detected if
there is a choice by herbivores between at least two cultivars
and tolerance cannot be manifested when the population of
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herbivores reaches high levels. Moreover, antibiosis directly
affects the development and survival of the herbivore, that
can be characterized by mortality in immature stages,
extended development and oviposition periods, weight
reduction and decrease in female fecundity and fertility (Ven-
dramin and Guzzo 2009; Mitchell et al. 2016). The mechan-
ism of antibiosis in plant resistance to herbivores has been
widely observed in different crops and has been an important
characteristic for integrated pest management.

Antibiosis combined to the reduction of preference for one
host may affect the dynamics of populations and community
structure of herbivores and natural enemies (Agrawal 2005).
In this study, the hypothesis tested was that the level of direct
defence in resistant soybean cultivars (Dowling and IAC 100)
is different from that of susceptible cultivar (Silvania) and
that antibiosis and/or antixenosis are the mechanisms of
resistance involved. Thus, the aims of this study were to
evaluate: (i) the effect of these cvs on E. heros nymphal devel-
opment, female fecundity, egg fertility and adult survival and
(ii) the isoflavonoid levels in soybean seeds, correlating these
levels with the biological parameters of E. heros measured in
this investigation.

Material and methods
Plant and insect rearing

Euschistus heros individuals were obtained from a laboratory
colony started from adults collected in soybean fields near
Embrapa Genetic Resources and Biotechnology, Brasilia, Bra-
zil (15°47'S, 47°55'W). Stink bugs were reared in 8 L plastic
containers on a diet of soybean seeds (cv Conquista),
sunflower seeds (Helianthus annuus), raw peanuts (Arachis
hypogaea), fresh green beans (Phaseolus vulgaris) and water.
The food supply was renewed twice a week. To provide an
oviposition substrate and shelter for the bugs, a 15 cm?
piece of nylon mesh screen was placed inside the cages.
They were kept in a controlled-environment room at L14:
D10 photoperiod, 26 +0.3°C and 70 + 10% r.h.

Soybean (cultivars Dowling, IAC 100 and Silvania) seeds
were obtained from the Embrapa Cerrados Research Center
(Brasilia, DF, Brazil). For biological development experiments
and chemical analysis of isoflavonoids, soybean seeds were
planted in a small 2.5x3.0 m plot. The plot consisted of
three rows of plants spaced 0.4 m between rows and with a
density of eight plants per linear meter. Two herbicide appli-
cations were made (Dual Gold, 1.5 1/ha), soil was limed (lime
and gypsum) and fertilizer was applied with NPK (4:14:20),
superphosphate and micronutrients. Planting was performed
with topdressing lines using NPK (2:10:10). The pods in stage
R6, completely full, but not ripe, were harvested manually on
the day that they were used. Approximately 1 h elapsed from
harvest to being used in the experiments where the seeds were
offered to the insects and used for isoflavonoid extractions.

Biology of Euschistus heros in different soybean
cultivars

Egg masses of stink bugs were obtained from a colony main-
tained at Semiochemicals laboratory of Embrapa Genetic
Resources and Biotechnology. The pods of the three cultivars
(Dowling, IAC 100 and Silvinia) were used as a food source
for stink bugs.
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When nymphs reached the second instar, they were trans-
ferred to plastic pots (9 cm diameter x 15 cm high) containing
three pods of one cultivar and a cotton swab moistened with
water. The harvested pods were used to facilitate the insect
observation, and to avoid bias due degradation of chemicals
or contamination by fungi and other microorganisms the
pods were replaced every two days. To replace the pods, the
pots were open and three new pods were offered to the nymphs.
The nymphs move to the new pods without any external inter-
ference, and when all nymphs changed to the new pods, the
olds ones were removed from the pots. In all replicates the
movement of the nymphs from the olds soybean pods to the
new ones took around 2-3 h. Six pots were used per cultivar,
each with 40 nymphs, and the experiment was repetead three
times. The duration of each nymphal instar was recorded
when at least 50% of individuals had moved to the next stage.

After their imaginal moult and cuticular hardening, the
adults were sexed based on external morphology of the geni-
talia (Borges et al. 2006) and weighed using an analytical bal-
ance (Shimadzu AUW220D, Japan). One male and one
female were placed inside a plastic cage containing a 5 cm®
piece of nylon mesh screen for the oviposition substrate
and fed on the pods of the tested cultivars. Eggs were collected
daily, glued on pieces of cardboard (1 cm?) with gum arabic
and kept in Petri dishes until hatching. The pods were
replaced for new ones every two days.

The insects and eggs were kept in a controlled-environ-
ment room at L14:D10 photoperiod, 26 +0.3°C and 70 +
10% r.h. and were observed daily to determine the influence
of the soybean seed cultivar on the biology development of
adults and nymphs. For this proporse, the following par-
ameters were measured: (i) the survival of nymphs and adults,
(ii) adult longevity, (iii) adult weight, (iv) the pre-oviposition
and (v) oviposition period, (vi) number of eggs per female
(fecundity), (vii) the viability of eggs (fertility) and (viii) num-
ber of nymphs/female.

Extraction of flavonoids from soybean seeds

To evaluate the influence of herbivory and the cultivars on the
isoflavonoid levels in soybean seeds, pods at the R6 reproduc-
tive stage were subjected to herbivory damage by E. heros
females or remained undamaged. A soybean twig with pods
was placed in a cage with five E. heros virgin females starved
for 24 h (herbivory treatment) or without insects (control). At
0-24, 0-48 and 0-72 h after herbivory damage, the pods were
harvested and three seeds removed for extraction. The cultivars
that had lower (Silvinia) and higher (Dowling) negative effects
on the stink bug development were used for this experiment
and six replicates were conducted of each treatment/cultivar.
Soybean seeds from both treatments had their isoflavonoid
quantities evaluated using a protocol modified from Kim et al.
(2005). Soybean seeds were macerated using liquid nitrogen
in a porcelain mortar and pestle to obtain a fine flour. An aliquot
of 2 g was extracted with 10 mL of methanol and 2 mL of H,0
with 0.1 M HCI for 2 h with stirring. Then, the extract was
filtered with a vacuum (80 g/m* weight, 205 um thick, 14 pm
average pores, Qualy ] Lab Pro) to remove bigger solid residues.
Next, the extract was filtrered using a syringe filter with a hydro-
philic PTFE membrane (25 mm diameter x 0.45 um pores
Millex Millipore) before analysis with high-performance
liquid chromatography (HPLC) and high-performance liquid
chromatography coupled to mass spectrometry (LC-MS).
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Flavonoids analysis

An aliquot of 10 pL of each sample was injected and analyzed
by HPLC (Flexar, Perkin Elmer) equipped with a quaternary
pump and photodiode array detector. The HPLC analyses
were conducted using a reverse phase C18 analytical column
(4.6 mm diameter x 150 mm length and 3 um film). Analyses
were conducted using a gradient composed of two solvents:
(A) acetonitrile and (B) water with 2% acetic acid. The initial
gradient consisted of 90% solvent B and 10% A for 10 min,
changed to 65% solvent B and 35% A for 55 min, and
returned to the initial conditions for 10 min. The solvent
flow rate was 0.65 ml/min, the oven temperature was main-
tained at 24°C and the total run time was 75 min. Six repli-
cates for each sample were conducted. The isoflavonoids
were detected at 260 nm wavelength. The quantification of
flavonoids was obtained through calibration curves using
synthetic standards. The calibration curves were constructed
through injection of the standards at different concentrations
of 1.5, 3, 15, 30, 60 and 90 pg/mL (daidzin, daidzein, genistin,
genistein, glycitin, glycitein and rutin) using the same con-
ditions for soybean sample analysis (Figure S1). All standards
were prepared using methanol.

To confirm the identity of the flavonoids identified using
LC-UV the same samples were analyzed by liquid chromato-
graphy (Agilent Infinity 1290 Infinity Series II) couple to a
mass spectrometry detector with a triple quadrupole analyzer
and equipped with a Jet Stream electrospray ionization source
(Agilent 6470 Series Triple Quadrupole LC/MS), in positive
ionization mode. Soybean samples and standard solutions
were injected using a C18 reverse phase column (Agilent Zor-
bax Eclipse Plus C18 2.1 mm x 100 mm, 1.8 um particle size),
using as eluent: (A) water with 0.1% acetic acid and (B) aceto-
nitrile at a 0.3 mL/min flow rate. The injection volume was
1 pL. The initial gradient consisted of 90% solvent A and
10% B for 0.5 min, changed to 50% solvent A for 6 min,
then changed to 90% A and 10% B for 8 min, and returned
to the initial conditions for 9 min. The mass spectrometer
was operated in positive multiple reaction monitoring
(MRM) mode using two specific transitions for each flavonoids
under the following conditions: nitrogen sheath gas flow of 10
L/min at temperature of 300°C, flow rate of the nitrogen drying
gas of 10 L/min at temperature of 300°C, nebulizer at 20 psi,
capillary at 4.0kV and nozzle voltage equal to 500 V. The
identification of isoflavonoids was confirmed by the mass spec-
tra of the fragment ions compared to those of the authentic
standards in their respective retention times.

Chemicals

Standards of isoflavones daidzein (95%), genistein (98%), gly-
citein (98%), genistin (98%), daidzin (98%), glycitin (98%)
and the flavonol rutin (98%) were purchased from Cayman
Chemical Company (MI, USA). Acetonitrile and methanol
HPLC grade, 2-isopropanol and acetic acid (99%) were pur-
chased from Sigma Aldrich (St Louis, USA).

Statistical analysis

Data from biology development were tested for normality
(Lilliefors) and homogeneity of variance (Bartlett), after
which they were transformed into log(x + 1) or square root
(x+1) to meet the assumptions of ANOVA. Unifactorial

analysis of variance (ANOVA) and comparison of means
by Tukey’s test (significance level 5%) were used to compare
the eitgh parameters measured, i.e. (i) the survival of nymphs
and adults (ii) adult longevity, (iii) adult weight, (iv) the pre-
oviposition and (v) oviposition period, (vi) the number of
eggs per female (fecundity), (vii) the viability of eggs (fertility)
and (viii) number of nymphs/female.

Data from chemical analysis were tested for normality
(Lilliefors) and homogeneity of variance (Bartlett), after
which they were transformed into log(x + 1) or square root
(x+1) to meet the assumptions of ANOVA. The mean
total amount of isoflavonoids and the amount of each indi-
vidual compound extracted from the pods of cultivars Dowl-
ing and Silvania were subjected to multifactorial ANOVA 2 x
2x3 (2 cultivars (Dowling and Silvania) x 2 treatments
(undamaged and herbivory damage) x 3 time points (0-24,
0-48 and 0-72 h)), with a completely randomized design.
The means values obtained were analyzed by Tukey’s test at
5% significance. Analyses of biology study and total amount
of flavonoids were performed using SAS 9.0 (SAS Institute
2001).

For the evaluation of survivorship, the Kaplan-Meier
method was used that estimates the median survivorship
time (MST) which corresponds to the time when 50% of
the initial population is alive and compares the survivorship
curves by the Log-Rank test.

A principal component analysis (PCA) was applied to the
flavonoids data to evaluate their influence in separating treat-
ments and cultivars. The PCA was performed using a corre-
lation matrix and analysis was carried out using
Paleontological Statistic Software (PAST version 2.17).

Results

Biology of Euschistus heros on different soybean
cultivars

The development of E. heros nymphs was affected by soybean
cultivars (Table 1). The duration of each instar nymph (2nd
instar: F=14.65, P<0.001; 3rd instar: F=18:36, P<0.001;
4th instar: F=5.30, P=0.006; and 5th instar: F=478.72, P
<0.001), the complete nymphal stage (F=478.72, P <0.001)
and the total period from egg to adult (F=16.14, P <0.001)
were significantly different among cultivars. The duration of
nymphal stages was significantly higher when the stink
bugs were fed on cvs Dowling and IAC100 than on cv Silvinia
(Table 1). The estimated duration of the nymphal stage did
not surpass 19 days with cv Dowling owing to the mortality
of all the nymphs before reaching the fifth instar (Table 1

Table 1. Time in days (mean + SEM) for the development of nymphal stages
(2nd to 5th instar) and total immature development (egg to adult), of
Euschistus heros fed on pods of soybean cultivars Dowling, IAC100 and
Silvania (27 £ 1°C, 65 £ 10% RH and photophase of 14 h).

Cultivars

Stage® Dowling Silvania IAC 100
2° instar 50+£0.1a 44+0.1b 50+0.1a
3% instar 6.0+0.1a 43+0.1b 57+0.1a
4° instar 53+0.1a 45+03b 56+0.1a
5° instar b 56+05b 72+02a
Nymphal stage - 239+0.7b 26.8+0.2a
Egg to adult - 282+03b 320+02a

“Means followed by the same letter on the line, do not differ, respectively, by
ANOVA and Tukey's test at 5% significance level.
PRepresent no data for cv Dowling.
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Days

Figure 1. Survival curves of Euschistus heros (nymphs + adults) over a 32 days supply with pods of soybean cultivars Dowling, IAC 100 and Silvania (Log-Rank test,

P<0.01).

and Figure 1). There was a significant difference between the
weight of females (F=19.78, P <0.001) and males (F=6.13,
P=0.013) reared on cvs IAC 100 and Silvania. The weight
of females fed on cv TAC 100 was lower (47.3+0.9 mg)
than that for females fed on cv Silvania (52.9 + 0.7 mg). The
same result was observed for males (IAC 100: 45.2 £ 0.8 mg
and Silvania: 49.5 + 0.8 mg).

The use of cvs IAC 100 and Silvinia as food for the
nymphs of E. heros did not affect the duration of the pre-ovi-
position period (F =2.78, P =0.112), egg incubation (F = 2.84,
P=0.106) and even egg viability (F=1.55 P=0.221)
(Table 2). However, there were significant differences in the
oviposition period (F=26.40, P<0.001), number of eggs
per female (F=12.06, P<0.001) and nymphs per female
(F=8.72, P=0.006). All these features were lower for females
fed on cv IAC 100 than those reared with pods of cv Silvania.
In addition, the number of females that laid eggs was different
between cvs IAC 100 and Silvania (F=15.54, P<0.001); a
higher number of females reared on cv Silvinia, 50% of

Table 2. Biological characteristics (mean + SEM) of Euschistus heros female from
nymphs fed on the soybean pods, IAC 100 and Silvania (27 + 1°C, 65 + 10% RH
and photophase of 14 h).

Characteristics® Cultivars
Silvania IAC 100

Pré-oviposition period (days) 137+15a 94+14a
Oviposition period (days) 256+33a 1.2+04b
Egg incubation (days) 50+0.1a 50+02a
Females that laid eggs (%)° 50.0 a 10.6 b
Number of eggs/female 105.8+158 a 102+33b
Eggs viability (%) 575a 447 a
Number of nymphs/female 663+11.1a 58+24b

*Means followed by the same letter in the line are not significantly different,
according to the F test at 5% level. Data length of periods and percentage
were transformed respectively into log (x + 1) and root (x + 1) for analysis.

PPercentagens followed by the same letter in the line are not significantly differ-
ent by x? test applied to proportions, a 5% level.

individuals, laid eggs compared with only 10.6% females
that were reared on IAC 100 pods (Table 2).

The median survival time (MST) estimated values from
Kaplan-Meier survival analysis were 15, 19 and 23 days for
cvs Dowling, IAC 100 and Silvania, respectively (Table 3).
From overlapping confidence intervals for this parameter,
the cv Dowling differed from other cvs and was less favorable
to the stink bug (Table 3). However, considering the entire
period of the experiment (32 days), all three soybean cvs
differed in relation to survival curves of E. heros (Log-Rank
test, X2 =255.66, P <0.001) (Figure 1 and Table 3).

Comparing the curves, it was observed that E. heros sur-
vived significantly longer on cv Silvania than on cvs Dowling
and TAC 100 (Log-Rank test, P<0.01). Clear differences
between the survival curves were observed after the 15th
day of the experiment, with a rapid decline in the survival
of insects fed on pods of cv Dowling that culminated in the
mortality of all individuals on the 19th day. In this period,
the cvs TAC 100 and Silvania had statistically similar survival
curves (Log-Rank test, P=0.06). The distinction between
these two cvs occurred only after the 23rd day, when insects
showed a higher survival on pods of cv Silvania (Figure 1).

Flavonoids in seeds of soybean cultivars

The presence of six isoflavonoids, three aglycones (genistein,
daizein and glycitein) and three glycosidic forms (daidzin,
genistin and glycitin), was identified in soybean seeds of the
two cvs evaluated in this study. For the fisrt time, the flavonol
rutin was identified in soybean seeds. The identification of the
isoflavonoids by HPLC with a diode array detector was
further confirmed by LC-MS/MS analysis using a multiple
reaction monitoring (MRM) approach, monitoring three
specific transitions for each isoflavonoid (Table 4) and
confirmed comparing the mass spectra with authentic
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Table 3. Survival time (mean, median and interval (minimal and maximal)), in days, of Euschistus heros over 32 days old supply with pods of soybean cultivars
Dowling, IAC 100 and Silvania. P values were associated with the comparison of the survival curves by Log-Rank test.

Survival time (days)

Log-Rank test*
P values

Cultivar Insects

Mean (+ SD)? MST + CIP Silvania IAC 100 Dowling
Silvania 300 20.6 + 0.6 19 (19-25) - 0.0001 0.0001
1AC100 300 18.8 £ 0.5 23 (22-24) - - 0.0001
Dowling 300 134 +03 15 (15-17) - - -

Standard deviation (SD).

bMedian survival time (MST) and confidence intervals (Cl) (a = 0.05), estimated by the Kaplan-Meier method.
P values associated with paired comparison of the survival curves of £. heros among soybean cultivars, by x* of Log-Rank test.

standards and the retention time of each peak was also
confimed with samples spiked the standards (Figure S2).

The total amount of flavonoids in soybean seeds was eval-
uated during the time after the start of herbivore feeding (0-
24, 0-48 and 0-72 h). This time was evaluated because it was
the time that the insects were allowed to feed on soybean
pods. The statistical analysis of the mean total amount of
flavonoids showed a significant interaction between cultivar,
treatment and time (df =2, 60; F=7.67; P=0.001). The stat-
istical analysis showed that cv Silvania presented higher level
of flavonoids than cv Dowling at 0-48 and 0-72 h time-
points (Figure 2 and Table S1). For cv Dowling no difference
was observed in the total amount of flavonoids over the time
evaluated (0-24, 0-48 and 0-72 h) comparing undamaged
soybean seeds with seeds exposed to herbivore (Figure 2
and Table S1). Whereas cv Silvania presented enhanced pro-
duction of flavonoids in seeds exposed to herbivore than
undamaged soybean seeds (Figure 2 and Table S1).

When evaluating individual compounds, ANOVA analy-
sis showed a significant interaction between cultivar, treat-
ment and time to daidzin (df =2, 60; F=10.04; P <0.0001),
glycitin (df =2,60; F=3.23; P=0.046) (0-48 and 0-72h),
daidzein (df=2,60; F=3.37; P=0.04), genistein (df=2,60;
F=3.21; P=0.047) (0-72 h) and rutin (df =2, 60; F =3.31;
P =0.043). cv Silvania presented higher levels of daidzin (0-
48 and 0-72) and glycitin (0-72 h) in soybean seeds exposed
to E. heros herbivory than undamaged seeds (Figure S3 and
Table $2). Undamaged seeds of cv Dowling presented higher

Table 4. Product ions obtained from [M-H*] ions in MS® spectra showing the
retention time, protonated molecular ion [M-H*] (Q1), and characteristics
fragment ions (Q3).

Compound R, (min) Q1* (m/z2) Q3" (m/2) CE* (V) FEY (V)
Daidzin 3.54 417.1 255.0% 20 101
199.0 52
91.1 84
Glycitin 3.64 4472 285.0% 12 101
270.0 52
242.0 64
Rutin 3.88 611.2 303.0* 24 101
85.1 56
711 56
Genistin 423 433.1 271.0% 20 9%
153.0 60
91.1 80
Daidzein 547 255.1 199.0% 28 125
91.1 44
65.1 64
Glycitein 562 285.1 270.0% 28 125
118.0 52
89.1 %
Genistein 6.43 2711 153.0% 32 135
91.1 44
65.1 72

Note: a: precursor ion (Q1); b: fragment ion (Q3); c: collision energy; d: fragmen-
tor energy.

level of rutin than soybean seeds exposed to E. heros herbiv-
ory at 0-48 h time point (Figure S3 and Table S2). The statis-
cal analysis did not indicate significant interaction between
cultivars, treatment and time to glycitein (df=2, 60; F=
0.42, P=0.658) and genistin (df=2,60; F=1.26; P=0.292)
(Figure S3 and Table S2).

The PCA analysis separated the soybean cultivars evalu-
ated, Dowling and Silvania, by the amount of flavonoids
extracted from the seeds at the three time points (0-24, 0-
48 and 0-72h). The first two components of the PCA
explained 61.58% of the data variability at 0-24 h, 63.3% at
0-48 h and 84.65% at 0-72 h. The main compounds respon-
sible for separation of the cultivars at 0-24 h were glycitin,
genistin, daidzin and glycitein which are related to the cv Sil-
vania, considered the first component (Figure 3 and Table 5).
At 0-48 and 0-72 h, the compounds daidzin, genistin, glyci-
tin, daidzein and rutin were related to cv Silvania (Figure 3).
PCA analysis separated the treatments Herb and Ctrl of cv
Silvania at 0-48 and 0-72 h time points (Figure 3).

Discussion

The results showed that the cvs Dowling and IAC 100 have
constitutive resistance against Euschistus heros, and in the
former cv, nymphs had 100% mortality. In cv IAC 100
nymphs can develop but their performance was negatively
affected compared with cv Silvania (susceptible). The antibio-
sis observed may be associated with phenolic compounds
which in general, play an important role in plant defence
against herbivores and pathogens (Dixon and Steele 1999).
Some of them, such as isoflavonoids, depending on the con-
centration, may be attractants, deterrents, repellents, or toxic
to insects (Hoffmann-Campo et al. 2001; Simmonds 2001;
Chacoén-Fuentes et al. 2015). Recently, it was shown that soy-
bean seeds of cv Dowling treated with cis-jasmone had their
direct defence activated, influencing the weight of E. heros
adults, and the authors related this result to the higher pro-
duction of flavonoids (Graga et al. 2016). The results obtained
here, similar to the results reported by Graca et al (2016),
showed that E. heros adults and nymphs feed with Dowling
seeds (0-48 h) had their development negatively affected.
Although this significant effect on stink bug development
was observed, it was not possible to identified if phytochem-
icals are involved in the E. heros nymphs death. The chemical
analysis of Dowling seeds, over the time points evaluated did
not show significant influence of E. heros herbivory on the
isoflavonoids and flavonol levels (daidzein, glycitein, and gen-
istein, with their respective glycosidic forms, and rutin). In
addition, the total amount of flavonoids was higher in cv Sil-
vania than in cv Dowling, indicating that these flavonoids
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Figure 2. Mean total amount of isoflavonoids (pg/g) (mean + SEM) extracted from undamaged soybean pods (control) and pods with Euschistus heros herbivory
damaged. Treatments: Dow: cultivar Dowling and Sil: cultivar Silvania. Means followed by the same letter within each cultivar (lower case) and between cultivars

(capital letter) did not differ significantly by Tukey’s test (P> 0.05).

could not be directly related to the resistance observed in
Dowling seeds.

The direct defence of cv Dowling against E. heros may be
related to other phytochemicals, such as the malonyl deriva-
tives (Graga et al. 2016), or amino acids found in soybeans
that could be responsible for resistance of the plants, as
observed by Chiozza et al. (2010), who showed that the
amino acids in soybean leaves affected the development of
the aphid Aphis glycines Matsumura (Hemiptera: Aphididae).
In addition, the higher flavonoids level in cv Silvinia compared
to cv Dowling did not affect the development of E. heros, and
this breakdown plant-resistance can be related with the insect
gut microbiota, that can degraded or deactivate the soybean
chemical defence, as observed to N. viridula (Medina et al.
2018). Isoflavonoids (genistin, genistein, daidzein) also did
not affect development or preference of other insect species,
as observed for Lymantria dispar L. (Lepidoptera: Erebidae)
(Karowe and Radi 2011) and Chilesia rudis (Lepidoptera: Arc-
tiidae) Butler (Chacon-Fuentes et al. 2015).

The previously reported resistance of cv IAC 100 and sus-
ceptibility of cv Silvania (Piubelli, Hoffmann-Campo, Arruda,

Lara 2003; Laumann et al. 2008) towards stink bugs was
confirmed in this work. Those works related this resistance
to the higher isoflavonoid levels compared to susceptible cul-
tivars in laboratory experiments (Piubelli, Hoffmann-Campo,
Arruda, Lara 2003) and with higher stink bug population
levels on cv Silvania in field experiments compared with
resistant cvs (Laumann et al. 2008). In addition, for the first
time, it was shown that soybean cv Dowling has a natural
resistance against E. heros. This cultivar appears to be particu-
larly resistant to sucking insects, because it was previously
described to be resistant towards A. glycines (Hill et al.
2004; Hesler et al. 2012). The results suggest that cvs IAC
100 and Dowling are less adequate for the development of
stink bugs, because according to Soo Hoo and Fraenkel
(1966), insect development on a host is adequate when it
has a shorter development time, heavier larva and/or pupa
and low mortality rates. In addition, the resistance to
E. heros involves the category of antibiosis, since changes in
the life cycle of the insect, such as an increase in the develop-
ment time and reduced adult emergence, depending on the
genotype of the plant where the insect was maintained, are
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Figure 3. Principal Component Analysis (PCA) ordination for components 1 and 2 of isoflavonoids compounds emitted by undamaged and herbivore-damage soy-

bean plants from cultivars Dowling and Silvania.



550 M. F. F. MICHEREFF ET AL.

Table 5. Coefficients of correlation with the first two components of the Pricipal
Component Analysis (PCA) (Loadings).

0-24h 0-48 h 0-72h
¥ c2* a Q a Q
Daidzin 0.532 0.726 0.903 0.018 0.955 0.181
Glycitin 0.961 —-0.029 0.939 0.064 0.886 0.010
Genistin 0.651 0.384 0.181 0.802 0.759 0339
Rutin —0.512 0.709 0.751 0.249 0.872 0303
Daidzein 0.162 0.494 0.599 —0.347 0.904  -0.175
Glycitein 0.565 —0.045 —-0.186 0779  —0.399 0.844
Genistein 0.466 —0.650 0.106 —0.538 0939 —-0.223

*C1: Component 1.
*C2: Component 2.

considered indicative of antibiosis (Crompton and Ode 2010;
Mitchell et al. 2016).

The results of the present study showed that seeds of cvs
IAC 100 and Dowling have constitutive defence, and previous
studies showed that they have indirect defence activated when
subjected to feeding injury by E. heros, releasing herbivory-
induced plant volatiles that attract the main natural enemy
of this pest, the egg parasitoid Telenomus podisi (Hymenop-
tera: Platygastridae) (Michereft et al. 2011, 2015). Therefore,
these soybean cultivars present an optimal defence, investing
in indirect defence in the vegetative stage and direct defence
in the reproductive and seed stages. One prediction of the
optimal defence theory is that chemical defence will be allo-
cated within a plant as a function of tissue value, where
value is correlated with the cost of having that tissue removed.
Therefore, the plants can invest in traits to defend the parts
that have the highest value for their development and that
are more susceptible to pest attack (Heil 2008; McCall and
Fordyce 2010; Schuman et al. 2016).

Further studies should investigate which compounds or
morphological characteristics are involved in the resistance
of cv Dowling, how the interaction between constitutive
and induced defences of soybean plants occurs in the vegeta-
tive and reproductive stages, and whether there is a relation-
ship between the categories of resistance in different
phenological stages of the plants. In the search for new culti-
vars for use in integrated pest management, plants attractive
to natural enemies and with moderate levels of resistance to
herbivores could be considered, which might keep the pests
at low infestation levels, thereby retaining the natural enemies
in the field. These cultivars, in combination with other con-
trol methods, could reduce the use of insecticides thus contri-
buting to the ecological sustainability of agricultural systems.
It is also necessary to investigate the influence that harvested
pods have in the flavonoids production, since it is known that
harvesting parts of the plant can change its physiology due
the mechanical damage. In this biology study, the insects
fed on harvested pods during 0-48 h, all three cultivars eval-
uated were submitted to the same mechanical damage, so all
of them were at the same conditions when were offer to the
insects.
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