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Abstract

Attack by herbivores is a major biotic stress limiting the soybean crop production. Plant
defenses against caterpillars include the production of secondary metabolites such as flavo-
noids, which constitute a diverse group of plant secondary metabolites. Thus, a more discrim-
inate metabolic profiling between genotypes are important for a more comprehensive and
reliable characterization of soybean resistance. Therefore, in this study a non-targeted LC/
MS-based for analysis of flavonoid profiles of soybean genotypes contrasting to the resis-
tance to A. gemmatalis was applied. Clustering analysis revealed profiles highly distinct
between the susceptible UFV 105 AP and the resistant IAC 17 genotypes. This comparative
approach enables to identify directly from leaf extract some new compounds related to resis-
tance, some of which were present in higher abundance specifically in the IAC 17 genotype:
four Quercetin conjugates, Rutin (Quercetin 3-O-Rutinoside), Quercetin-3,7-O- di-glucoside,
Quercetin-3-O-rhamnosylglycoside-7-O-glucoside and Quercetin-3-O-rhamnopyranosyl-glu-
copyranoside-rhamnopyranoside; two Genistein conjugates, Genistein-7-O-diglucoside-
dimalonylated and Genistein-7-O-6-O-malonylglucoside; and one Daidzein conjugate, Daid-
zein-7-O-Glucoside-malonate. The most abundant flavonoid glycoconjugates in soybean
leaves belongs to Quercetin and Kaempferol classes. However, only one from the identified
compounds was classified as a Kaempferol. The Kaempferol-3-O-L-rhamnopyranosyl-gluco-
pyranoside showed high abundance in the resistant genotype IAC 17. The metabolic profiles
generated by LC/MS allowed the reconstruction of the flavonoid biosynthetic pathways,
which revealed a constitutive character for herbivory resistance in the resistant genotype
IAC-17 and a metabolic regulation for the rechanneling of Quercetin, Kaempferol and Genis-
tein conjugates in soybean. Highest relative abundances were detected for glyconjugates,
such as Rutin, Quercetin 3-O-rhamnosylglycoside-7-O-glucoside and Quercitin-3-O-rhamno-
pyranosyl-glucopyranoside-rhamnopyranoside in the leaves of the resistant genotype.
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Introduction

Soybean (Glycine max (L.) Merrill) is one of the most important crops in the Brazil,
which places the country as the second largest producer in the world. Biotic and abiotic
factors can affect the development of this crop, leading to considerable economic losses
[1]. Anticarsia gemmatalis Hubner 1818 (Noctuidae: Lepidoptera) is one of the major
soybean pests in the western hemisphere, including Brazil [2]. This soybean caterpillar is
a defoliation pest, consuming leaves during all its larval instars, and consequently can
cause complete defoliation of plants [3], diminishing its productivity [2]. Therefore, the
development of tolerant genotypes to minimize leaves damage, reducing losses in the
productivity is critical. Soybean genotypes with different levels of pest resistance have
been developed through conventional genetic breeding [3,4]. Some examples of resistant
genotypes developed are IAC 100, IAC 17 and IAC 19 [3]. However, the genetic and
molecular mechanisms of resistance have not been evaluated.

Plants respond to herbivory through various morphological, biochemical, and molecular
mechanisms to counter or offset the damage effects. The biochemical mechanisms of defense
against herbivores are mediated by direct and indirect defenses [5]. Direct acting compounds
are either produced constitutively or in response to plant damage, and affect feeding, growth,
and survival of herbivores [6,7]. Among these, many phenolic compounds has been character-
ized as negative agents for herbivores development and survival [5]. In this context, flavonoids
play a central role in the plant defense against biotic and abiotic stresses. Flavonoids are
divided into various classes; flavonols, flavones and isoflavonoids, which have been investi-
gated as feeding deterrents against insect pests, including A. gemmatalis, Spodoptera frugiperda
and Piezodorus guildinii [3,7-11].

Qualitative and quantitative profiling of flavonoids in plant extracts is a complex task
because these comprise a large group of structurally diverse analyses, and formed a variety
of core compounds (aglycones), that mostly occur in plants in the form of glycoconjugates
(the -OH groups of flavonoid aglycones are substituted with various saccharides). Conse-
quently, numerous flavonoid aglycones are glycosylated at multiple sites with a variety of
saccharides, thus producing several thousands of compounds chemically distinguishable
[12]. Thus, flavonoids profile analyses by HPLC or LC/MS-based traditional methods
could not explore the full potential complexity of the biosynthetic pathways responding to
stress [13].

Although characterized as mediators of the direct defense, plant metabolic and signal-
ing pathways of flavonoids have been under characterization [10,12,14-16]. However,
some studies have showed that the overexpression of transcription factors designed as
PFG1-3 (Production of Flavonol Glycosides) and MYB75 controlling flavonoid production
in Arabidopsis plants conferred resistance to Pieris brassicae caterpillars [10,15]. Thus,
studies on these secondary metabolites could lead to the identification of new signaling
molecules involved in plant resistance against herbivores and other stresses. Eventually,
genes and enzymes involved in the biosynthesis of these metabolites could be identified.
Therefore, in this study a non-targeted method LC/MS-based [13] was applied to perform
flavonoid profile analysis in two soybean genotypes contrasting for herbivory resistance
in response to A. gemmatalis. This broad range approach enabled to access more complex
profile directly from soybean leaf extract and efficiently identifying some new resistance
related compounds. The metabolic profiles enable the reconstruction of the flavonoids
biosynthetic pathways, revealing their abundance differences between genotypes contrast-
ing for herbivory resistance. This could reflect the differences in the genetic background
and metabolic regulations.
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Materials and methods
Plant growth and soybean genotypes

Soybean plants were cultivated in greenhouse and maintained isolated in cages and without
addition of agrochemicals during assays. The cultivar UFV TN 105 AP designated as “105 AP”
is a variety of early cycle that was developed by the Soybean Breeding Program of the Biotech-
nology Institute of the Universidade Federal de Vigosa (BIOAGRO/UFV). In this genotype,
three isoforms coding for LOX1, LOX2 e LOX3 lipoxygenases were eliminated [12, 17]. The
cultivar IAC 17 is a variety of early cycle [18-20], of genealogy D 72-9601-1 x ‘TAC 8 and con-
sidered a resistant genotype to herbivory against A. gemmatalis, evaluated for caterpillars fed
soybean leaves at greenhouse conditions [3,21,22]. The resistances were evaluated by the
Kaplan-Meier method [23]. Seeds of each variety were selected and submitted to pre-germina-
tion until reach 0.5-1 cm radicle size. Germinated seeds were carefully transplanted to vessels
containing 2.0 kg of a mixture of soil, sand and dung (3:1:1). Soybean plants were irrigated
daily, and kept for 30 days at greenhouse conditions of 25 + 5° C and 70 + 10% of relative
humidity.

Insects

A laboratory colony of A. gemmatalis was started with eggs obtained from the National
Research Center of Soybean (CNP-Soja, EMBRAPA, Londrina, PR, Brazil). The insects were
reared on artificial diet and maintained under controlled conditions of 25 + 5°C, 70 + 10% RH
and 14:10 (L:D) photoperiod. Anticarsia gemmatalis adults were kept in cages (50 x 50 cm)
with paper sheets for oviposition, and fed with nutrient solution with honey (10.5 g), beer (350
mL), sucrose (60 g), ascorbic acid (1.05 g), nipagin (1.05 g), and water (1050 ml), embedded in
cotton placed at the bottom of the cages in a Petri dish. Anticarsia gemmatalis egg masses were
collected every three days and first instar larvae transferred to plants. After eclosion of the lar-
vae, the first instar caterpillars were transferred to the respective soybean genotype used in the
assays.

Evaluation of A. gemmatalis survival

Ten soybean plants from each 105 AP and IAC 17 genotypes at V4 or V5 developmental stage
were infested with 400 first instar A. gemmatalis caterpillars (20 caterpillars per plant). Plants
were kept in the laboratory at 25 + 5°C and 60 = 10% RH, protected by insulated and sanitized
containers to avoid having other factors that could affect the larvae welfare. Larvae survival
feeding each plant genotype was monitored daily during 15 days and estimated by the Kaplan-
Meier method [23]. Survival curves were compared by the Log-Rank test [23].

Caterpillar infestation assays and leaves extract preparation

Experiments were carried out using 40 plants, grouped in four blocks, from each soybean
genotypes 105 AP and IAC 17 at V4 or V5 developmental stage. Two leaves per plant were iso-
lated with plastic cages and were infested with 20 first instar A. gemmatalis caterpillars. A plant
group from each genotype were kept as control and did not receive the caterpillars. Plants
from each block and treatment were combined to compose pools, which were used as four bio-
logical replicate. After 48 h, leaves were collected from control (not infested) and infested
plants and stored in freezer at -80°C.

Leaves extract was prepared by grounding 100 mg of leaves, from pools containing 10
plants, in liquid nitrogen and for each sample 200 ul of extractive solution (75% methanol/
0,1% formic acid) were added [24-25]. After that, samples were subjected to ultrasound
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treatment for 30 min, followed of centrifugation at 14.000g, for 30 min, at 4°C. The superna-
tant was collected, and the procedure repeated twice. The methanolic plant extracts were
lyophilized, ressuspended in water and stored freezer at -80°C until biochemical analyzes were
performed.

Strategy for flavonoids profiling by LC/MS

Aliquots of 300 uL of the extracts were placed in vials and 5 uL injected into the LC/MS system
in the NuBioMol (Center for Biomolecules Analysis-UFV, Brazil). For all LC/MS analysis were
used an Ultra High Performance Liquid Chromatography (UHPLC; model 1200 Infinity) with
a chromatography column (Agilent Eclipse Plus, RRHD, 1.8 um, 2.1x50 mm) and a flow of 0.3
mL/min, coupled online to a mass spectrometer QQQ (triple quadrupole; Agilent6430). Chro-
matographic separation was carried out on a column Zorbax Eclipse Plus C18 (1.8 um, 2.1 x
50mm) (Agilent) and a guard column Zorbax SB-C18, 1.8 um (Agilent). The mobile phase
consisted of buffers (A) water acetic acid 0,02% and (B) acetonitrile acetic acid 0,02% (LC/MS
grade from Sigma-Aldrich). A gradient of %B de: 5%/0 min; 60%/11 min; 95%/13 min; 95%/
17min; 5%/19 min; 5%/20 min was applied. The solvent flow rate was 0.3ml/min in a column,
at 30°C. The mass spectrometer operated by positive mode according to the method for flavo-
noids detection. Analyses were carried out for four pools as biological replicates, containing 10
plants each.

Flavonoid profiles were generated using three consecutive strategies, as illustrated in the Fig
1. First, 21 target phenolic compounds were analyzed (S1 Table). Crystalline reference sub-
stances of flavonols (Kaempferol, Quercetin, Myricetin, Catechin, Epicatechin, Rutin and
Morin), flavones (Luteolin, Apigenin, Oerientin, Isoorientin, Vitexin, Isovitexin), flavanones
(Naringin, Hesperetin, Naringenin and Hesperidin), chalcones (Chalcone and Phloretin) and
isoflavones (Daidzein, and Genistein) were obtained from Sigma-Aldrich (St. Luis, MO, USA).
A standard curve of each compound, in a concentration range from 1 to 20,000 ng/mL, was
used to convert the area values from XICs (extracted ion chromatogram) in ng/g of fresh leaf
tissue. In this method, the retention times and the MRM (multiple reaction monitoring) transi-
tions, generated for each standard, were tabulated to format transition list table and was used
as input in the Skyline package, enabling quantitative analyses of the specific compounds iden-
tified in soybean leaves.

Second strategy involved the use a non-target method in source fragmentation ISCID for
the analysis of flavonoid classes [13] with some modifications. The standards were grouped
into classes based in the aglycone core. Insource fragmentation was applied for each com-
pound and a product ion scan method was used to experimental determination of the fragment
ions produced and to select which showed distinguible relative intensity between the classes.
Fragments intensities were computed in terms of percentages, as illustrated in the Fig 1 IA, to
generate relative proportions (FRI%, fragment relative intensity). These were used as signature
to identify the presence of compounds for each class. Followed, an insource/MRM method
was generated using the representative m/z of each aglycone class and four MRM transition to
enable scanning along all the LC/MS run (Fig 1 II). All flavonoids containing different glyco-
conjugates were linked to each class of the aglycone core. The LC/MS raw data generated were
analyzed by Skyline package using as input a transition list without retention times (53 Table),
which turns possible the software to compute all the chromatogram pics generated for every
MRM transition along of the entire run. The most abundant XIC (extracted ion chromatogram)
was selected for quantitative profile analysis from four biological replicates.

Finally, as a thirty method, the m/z values were determinate. The ions that generated the
XICs were selected in the insource/MRM method. A LC/MS method was created by precursor
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Fig 1. Schematic illustrations of the mass spectrometry approaches used for flavonoid profiling from soybean leaf. In (I) each standard aglycone flavonoid is
injected in LC QqQ mass spectrometer, a product scan method is applied for determination of relative intensities of the four discriminated fragments, which will be
used to generate the RFI% specific for each class in (C). The area from each MRM transition is processed using Skyline package in (A), (B) and (C). In (II) a non-target
method is applied to the samples to enable the detection of all flavonoids compound containing each aglycone class. A in source activation ISCID is used for fragment
the glycoconjugate and to release the aglycone core, which is selected in first quadrupole (Q1), fragmented at the second (Q2/CID) and the product ions are monitored
be four MRM transition for the ions that discriminate for each class determinate at the method describe in (I). In the example of the figure the compound ionizing by
ESI release a specific mass of m/z = 303, which RFI% generated (A, B and C) share high similarity with the standard Quercetin (IC). Thus, this compound eluted at

RT = 6.2 min is characterized as a Quercetin glycoconjugate. In (III) a precursor ion scan method is applied to verify in the samples all compound having a chemical
group with m/z value of 303 Da and generating the four fragments specific for Quercetin aglycone. The XIC generated in (A and B) are verified for the precursor m/z
values in (C). Research in the mass spectrum database and literature of the mass of 611.2 Da detected at the RT = 6.2 is indicate of the presence of the Quercetin

glycoconjugate Rutin in the samples.

https://doi.org/10.1371/journal.pone.0205010.9001
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ion scan for the most intensity fragment ion from each flavonoid class (S2 Table). The mass
spectra generated were analyzed using the Mass Hunter package (Agilent) and the XICs (Fig 1
IITA) observed were verified manually for the m/z values of the precursor ion (S1 Fig and Fig 1
IIIB) for those same RT were observed anteriorly for the aglycones core at the pseudo MS3/
MRM method. Additionally, the retention times generated by pseudoMS3/MRM and precur-
sor ion scan methods were compared to verify the corresponding aglycone and glucoconju-
gated flavonoid. Each m/z value, for the deprotonate precursor ion observed, were searched
against the Mass Bank (http://www.massbank.jp), using the Quick Source module with exact
mass tolerance of 0.3 Da. A search was also realized using the flavonoid class name and the
nominal mass to identify compounds described in the literature. Additionally, each hit was
verified for the flavonoid class, for aglycone mass and for the presence in the MS/MS spectrum
of the same fragments used for the generation of the FRI%.

Metabolic pathways and statistical analysis of flavonoid profiles

The abundance of the each characterized flavonoid from each genotype and treatment was
combined and analyzed in the MetaboAnalyst platform (www.metaboanalyst.ca). Quality fil-
ters based on the standard deviation method were used to automatic remove low-quality data,
then the intensity values were normalized by sum. Data was analyzed using the Partial Least
Squares Discriminant Analysis (PLS-DA) to generate 2D Score Plots displaying genotypes and
treatments effects on data grouping. A cluster analysis by HeatMap method was also per-
formed to each group flavonoid in accordance to their relative abundances in genotypes and
treatments, using the following parameters: Distance Measure: Euclidean; Clustering Algo-
rithm: Ward; Data Source: Normalized Data; Standardization: Autoscale features; T-test/
ANOVA; Options: “Show only group averages” and View Mode “Overview”. For quantitative
analysis of characterized compounds, the “One-way Analysis of Variance (ANOVA)” was used
with the following parameters: Adjusted p-value (FDR) cutoft: 0.05; Post-hoc analysis: Fisher’s
LSD.

Finally, the identified compounds were organized in accordance to the metabolic pathways
for flavonoid biosynthesis using as reference the Glycine max maps from the KEGG (Kyoto
Encyclopedia of Genes and Genomes) repository.

Statistical analysis

The quantitative analysis of the LC/MS data were performed for four replicates. Analysis of
variance (ANOVA, p < 0.05) were used to evaluate the effects of the plant genotypes and the
presence or absence of the caterpillars. PLSA-DA and cluster analysis were performed using
default parameters of the MetaboAnalyst plataform. Statistical analysis of the caterpillar sur-
vival were evaluated as describe by [23].

Results

Anticarsia gemmatalis survival on soybean genotypes

Caterpillar survival analysis using the Kaplan-Meier method showed that the final survival per-
centage was 73% for caterpillars fed with leaves from 105 AP genotype, between 7 and 10 days.
The higher mortality rate (61% of survival) was observed between 13 and 14 days when for
caterpillars fed with IAC 17 genotypes (Fig 2). When comparing the survival curves with the
Log-Rank test, a significant difference between the two treatments (p<0.05) (Fig 2) was
observed. This result agrees with what is already described for these soybean genotypes [3,21],
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Fig 2. Survival curves of A. gemmatalis caterpillars fed with leaves from soybean genotypes 105AP and IAC 17, estimated using the Kaplan-Meier method
and evaluated statistically by the Log-Rank test.

https://doi.org/10.1371/journal.pone.0205010.9002

thus TAC 17 genotype was considered resistant and 105 AP genotype, susceptible to A. gemma-
talis caterpillars.

Quantification of target compounds in soybean leaves

From the 21 standard compounds (S1 Table) analyzed by LC/MS-based target method (Fig 1),
some showed mass spectrum and chromatographic signals sufficient to perform the quantita-
tive analysis (Fig 3), while others were detected in very low concentrations or were not synthe-
tized in soybean leaves. Only the glycoconjugates Rutin and Naringin were observed in higher
levels in the resistant genotype IAC 17 when compared to the susceptible genotype 105 AP.
For the aglycone flavonoid standards, higher concentrations were observed for Daidzein and
Luteolin (Fig 3) in soybean resistant genotype IAC 17, while Genistein, Apigenin and Kaem-
pherol were slightly higher in the susceptible genotype 105 AP. The exposition of the soybean
leaves to caterpillar’s damage induced an increased relative concentration of Naringenin,
Kaempferol, Daidzein, Genistein and Apigenin, especially in the resistant genotype IAC 17
(Fig 3). In contrast, for Rutin, Naringin and Luteolin reductions in their concentrations were
observed for IAC 17.

Profiling of the non-target flavonoids in soybean leaves

Each commercial standard flavonoid was injected in LC/MS QqQ to generate a pseudo MS>
spectrum of the aglycone cores (S2 Table). The fragment relative intensities (FRI%) between
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the ions were evaluated manually to determinate which m/z values are distinguible between
the aglycone isomers (Figs 4A-7A and S3 Table). For example, for Morin the pseudo-MS3/
MRM produced the fragment relative intensities (FRI%) of the 22.9% (303>229), 45.1%
(303>153), 32.0% (303>137) and 0.1% (303>89). However, for Hesperetin were produced
31.2% (303>229), 39.7% (303>>153), 28.8% (303>137) and 0.2% (303>89) and for Quercetin
were produced 31.6% (303>229), 39.2% (303>153), 29.0% (303>137) and 0.1% (303>89).
These fragmentation patterns allowed to identify the aglycone from the glycoconjugates eluted
atthe RT =5.2, RT = 5.6, RT = 6.2, RT = 7.1 and RT = 7.6 min (Fig 4B) as conjugate of the
Morin or Quercetin, because the RFI% were highly similar (Fig 4A). The RT = 6.2 min was the
same observed for the commercial standard of the glyconjugate Rutin (Fig 3 and S1 Table).
However, the glyconjugate for RT = 5.2 min and RT = 5.6 min were only detect by pseu-
doMS3/MRM method and observed in higher abundance for the resistance genotype IAC 17
(Fig 4B and 4C). Applying the same approach for others flavonoid classes, new compounds
showing different retention times were detected. Five XICs with RT of 5.6, 5.9, 6.2, 6.7 and 7.9
min showed RFI% similar to aglycone Kaempferol (Fig 5A) and none for Luteolin. These
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Fig 4. Nontarget analysis of flavonoids from Morin-Hesperentin-Quercetin classes in soybean leaves from the 105 AP and IAC 17
genotypes in the presence or absence of A. gemmatalis caterpillars. In (A), compounds detected for each genotype, the retention times
(RT) observed and their RFI% calculated as in Fig 1 and S1 Fig. The compounds that share the same RFI% patterns related to standard
were considered as belonging to a glycoconjugate for those classes. In (B) the XICs and the RT of the compounds present in the extracts
of soybean genotypes. In (C) the relative abundances of some flavonoid compounds characterized as Quercetin conjugates in (A) in the
presence or absence of A. gemmatalis caterpillars. Means followed by the same letter do not differ statistically.

https://doi.org/10.1371/journal.pone.0205010.9004

Kaempferol glycoconjugates were observed with high intensity in soybean leaves, however the
relative abundances were similar between genotypes (Fig 5B and 5C). Some XICs generated
for this class showed slightly higher abundance (over 10°) in the susceptible genotype 105 AP
(Fig 5B and 5C), except for RT = 6.7 and 7.9 min which were higher in IAC 17 (Fig 5C). For
Daidzein, we observed a RFI% matching with the XICs at RT = 4.5, 5.6 and 6.2 min for both
genotypes (Fig 6A and 6B). However, for the XIC at RT = 6.5 and 7.6 min the RFI% matched
only for the ions from IAC 17 genotype. Likewise as observed for Kaempferol class, some sig-
nals of the XICs detected for Daidzein class shown higher abundance in the susceptible geno-
type 105 AP (Fig 6B, RT = 6.5 min). However, the profile was more complex for the IAC 17
showing several XICs in different retention times (Fig 6B). The RFI% for RT = 5.6 was similar
for both genotypes which is an indicative that this might be the same compound (Fig 6A) and
their relative abundances were slightly similar for both genotypes (Fig 6C). The RFI% for the
RT = 6.5 min was different for each genotype (Fig 6A) and the abundances were higher in the
susceptible 105 AP genotype (Fig 6B and 6C). Thus, for the RT = 6.5 for example, the direct
interpretation of the XIC signals without consider the RFI% matches could be erroneous,
because the XIC observed can not be the same molecule or flavonoid, albeit have been eluted
from LC column at the same RT. In this case, is correct to indicate that this glycoconjugate
from Daidzein eluted at RT = 6.5 min was detect only in the resistance genotype.

When applying the pseudo-MS3/MRM method to detect glyconjugates for Genistein and
Apigenin, five XICs with high intensities were observed (Fig 7A and 7B). The XICs of the
RT = 5.3 min was characterized as a Genistein for both genotypes, while for the RT of 6.7, 7.2
and 8.6 min as Apigenin only from 105 AP genotype, while Genistein were only detected in
IAC 17 genotype (Fig 7A and 7B). The XIC of the RT = 6.4 min showed RFI% for Genistein
for 105 AP genotype (Fig 7A). In general, the compound abundances were higher for 105 AP
genotype (Fig 7C), however the XICs for the RT = 6.7, 7.2 and 8.6 min could not be compared
directly, because the fragment used for quantitative analysis showed different intensities for
Agigenin and Genistein, as indicate in Fig 7A. Thus, each genotype has high relative content
for each specific flavonoid (Fig 7C).

For Myricetin, Phloretin, Catechin and Naringenin classes it was not possible to apply the
pseudo-MS3/MRM method, because the mass spectrometry signals were very low (data not
showed).

Determination of the glyconjugate compounds by LC/MS precursor ion
scan analysis

The pseudoMS3/MRM method only provides structural information about the aglycone core.
Therefore, a LC/MS precursor ion scan method was applied to determinate which mass mole-
cules were present in the soybean leaves that generated the fragmentation patterns used to
characterize the flavonoid classes (item 3.3). The m/z values observed for each XIC (S1 Fig)
were search in the mass spectra database Mass Bank (http://www.massbank.jp) or in the litera-
ture to verify which flavonoids share the same mass observed in the precursor ion scan. When
the precursor ion scan was applied to Morin-Hesperetin-Quercetin class (m/z 303 for agly-
cone), were observed the precursors m/z = 773.6/RT = 5.2 and m/z = 773.6/RT = 6.2 (S1A, S1B
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Fig 7. Nontarget analysis of flavonoids belongings to Genistein-Apigenin classes in soybean leaves from the 105 AP and IAC
17 genotypes in the presence or absence of A. gemmatalis caterpillars. In (A), compounds detected for each genotype, the
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retention times (RT) observed and their RFI% calculated as in Fig 1 and S1 Fig. The compounds that share the same RFI% patterns
related to standard were considered as belonging to a glycoconjugate for those classes. In (B) the XICs and the RT of the
compounds present in the extracts of soybean genotypes. In (C) the relative abundances of some flavonoid compounds
characterized as Genistein or Apigenin conjugates in (A) the in presence or absence of A. gemmatalis caterpillars. Means followed
by the same letter do not differ statistically.

https://doi.org/10.1371/journal.pone.0205010.9007

and S1C Fig) with high intensity (10*) for the IAC 17 genotype (Fig 4A and 4B) and which the
database search Table 1 return as result for the Hesperidin or Rutin (mass of 610,1 Da) (Fig
4B). It is in accordance with the result observed in the standard analysis (Fig 3) and in the class
analysis (Fig 4), for the aglycone interpretation from the XIC RT = 6.2 min, as a Quercetin gly-
coconjugate (Rutin is a Quercetin-3-O-rutinoside).

Also, glyconjugates for Daidzein, Daidzein-7-O-glucoside (m/z 417.3 for the RT = 4.5 and
5.6 min) and Daidzein 7-O-glucoside-O-6-malonate (m/z = 503.3 and RT = 6.2 and 6.5 min)
were observed. The same m/z values eluted at different retention times is an indicative of the
presence of isomers for the same Daidzein glycoconjugate (Table 1) or containing different
sugar moieties. For some m/z values, it was not possible to identify in the database or in the
available literature, flavonoids that share the same nominal mass (Table 1). In addition, for
some XICs more than one jion was observed. These m/z values and their relative intensities are
indicated in the Table 1. For example, for Daidzein class, ions m/z 756.1, 417.1 and 549.4 were
detected at RT = 5.6 min. These data is an indicative that different molecules were co-eluted
from analytical column. Others glycoconjugate flavonoids that were also identified in the data-
base or literature belonging the classes Genistein-Apigenin and Luteolin-Kaempferol are also
indicated in the Table 1.

Global analysis of the flavonoid profiles

The PLSA-DA method was used to analyze the samples (5S4 Table) according to the most sig-
nificant variables. It was observed a differential grouping for the contrasting genotypes and
caterpillar treatment (Fig 8). As can be observed in Fig 8, the experimental variance was sepa-
rated in two distinct groups, which mainly reflect the genotypes differences. The first principal
component (PCA 1) explained the greatest variance (93%) across the data and separated the
samples based on genotypes. The second principal component (PCA2) also separated the data
but based in the treatments, however with a lower variance (1.9%). It was attributed to a
reduced effect of the treatment with caterpillar over the abundance of characterized com-
pounds (Fig 8).

These differences could also be observed in the HeatMap analysis, which indicated some
compounds in higher abundance in specific genotypes and that this level was increased when
caterpillars were present (Fig 9). Cleary, it’s possible to observe that a first cluster was formed
by 12 compounds: Genistein-6.7, -7.2 and -8.6; Daidzein-7.6 and -6.5; Kaempferol-7.9 and
-6.7; Quercetin-5.2, -5.5 and -6.2 and Luteolin, which showed higher concentrations in the
resistant genotype IAC 17. In contrast, 9 compounds formed a second cluster, detected in
lower relative concentrations in IAC 17 genotype: Apigenin-8.6, -5.3, -6.7 and -7.2; Apigenin,
Genistein and Quercetin aglycones; Kaempferol-5.6; Daidzein-6.2 (Fig 9). In a thirty cluster,
compounds that showed increased in similar levels in both genotypes in the presence of cater-
pillars were grouped.

Profiles can also be represented in a metabolic pathway map of flavonoid biosynthesis (Fig
10). Thus, it was possible to observe classes that have been altered by differences in the metabo-
lism of the genotypes and in response to caterpillar damage. Four Quercetin glyconjugates dis-
played high relative abundances in the resistant IAC 17 genotype, including Rutin and
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calculated as in Fig 1 and S1 Fig. The compounds that share the same RFI% patterns related to standard were considered as belonging to a glycoconjugate
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for those classes. In (B), the XICs and the RT of the compounds present in the extracts of soybean genotypes. In (C), the relative abundances of some
flavonoid compounds characterized as Kaempferol conjugates in (A) in the presence or absence of A. gemmatalis caterpillars. Means followed by the same
letter do not differ statistically.
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Quercetin 3-O-rhamnosylglycoside-7-O-glucoside. Likewise, Rutin was observed in the high-
est concentration at IAC 17 genotype (Fig 3). Thus, this pathway for biosynthesis of the com-
pounds was highly active in this genotype. Pathways for the Glyconjugates of Genistein,
Dadzein and Kaempferol were also actived (Fig 10). Some glyconjugates that were identified in
the both soybean leaves, were not found described in soybean reference KEEG database, and
could be a new flavonoid, such as Kaempferol-3-feruloyl-diglucoside-7-glucoside RT = 7.9)
(Fig 10), present in high abundance in the resistant genotype IAC 17 (Fig 10 and Fig 5).

Discussion

Flavonoids act in a wide range of plant mechanisms, from physiological development to plant
responses to abiotic and biotic stresses [5,6,12]. Moreover, due to their health-promoting
effects. flavonoids are of pharmaceutical interest. Herbivores damage is a major biotic stress
for terrestrial plants. In order to survive to this stress, plants have evolved various defenses
including the production of secondary metabolites such as alkaloids, terpenoids, flavonoids,
and glucosinolates [12]. Thus, a more detailed metabolic profiling between soybean genotypes
is important for a more comprehensive characterization of the resistance to insect damage.
However, the study of flavonoid content in plants is challenging, because their chemical com-
plexity and cause traditional methods based in LC/MS are time-consuming [24] and could
underestimated the full chemical diversity in plant tissues.

When using a target method based in 21 commercial standards, only three flavonoids were
observed; Rutin, Luteolin and Dadzein (Fig 3) in high abundance in soybean leaves from the
IAC 17 resistant genotype. When applying the standard-based method, Rutin was character-
ized (RT = 6.2 min) as the major Quercetin glyconjugate present in higher concentrations in
the resistant genotype (Fig 3). However, when applying non-target method, besides Rutin, oth-
ers five glycoconjugates from Quercetin class in similarly high relative abundance were identi-
fied (Fig 4B and 4C), as evidenced at RT = 5.2 min. Thus, target method underestimated the
complexity of Quercetin class.

Flavonoid profiles from soybean tissues can variate when applying different traditional LC
and LC/MS methods and also due to evaluated standards, as well as, soybean genotypes with
different genetic backgrounds [9, 25-27], plant structure and developmental stages [24, 26, 28,
29]. Distinct profiles for 105 AP and IAC 17 genotypes were also observed, revealed by PLSDA
analysis (Fig 8). However, the full extension of these variations was only possible to access
when the non-target method was applied. Ho et al. (2002) verified that flavonoids in the soy-
bean leaves were mainly Kaempferol glycosides, whereas in the soybean seeds, mainly isofla-
vone glycosides and derivatives are found. While the Piubelli et al. (2005) verified high Rutin
(Quercitin 3-O-rhamnosyl glucoside) and Genistin (genistein 7-O-glucoside) contents in soy-
bean leaves of different genotypes. In the generated profiles, Kaempferol glicoconjugates were
detected, but also high abundances for Rutin, some Genistein and Daidzein glycoconjugates
were found (Fig 3 and Fig 7). In addition, the signals for the Kaempferol conjugates were
higher (10%) indicating that these are the most abundant flavonoids in soybean leaves (Fig 5B)
from both genotypes. The non-target method showed to be efficient for allowing the detection
of several glycoconjugates, as well as for flavonoids analysis directly from metabolic extracts,
without purification stages [24]. However, for compounds at very low concentration, the frag-
ments used to generate the RFI% could be absent or with a signal/noise relation that will
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Fig 6. Nontarget analysis of the flavonoids belongings to Daidzein classes in soybean leaves from the 105 AP and IAC 17
genotypes in the presence or absence of the A. gemmatalis caterpillars. In (A), compounds detected for each genotype, the
retention times (RT) observed and their RFI% calculated as in Fig 1 and S1 Fig. The compounds that share the same RFI%
patterns related to standard were considered as belonging to a glycoconjugate for those classes. In (B), the XICs and the RT of
the compounds present in the extracts of soybean genotypes. In (C) the relative abundances of some flavonoid compounds
characterized as Daidzein conjugates in (A) in the presence or absence of A. gemmatalis caterpillars. Means followed by the
same letter do not differ statistically.

https://doi.org/10.1371/journal.pone.0205010.g006

produce fluctuation at the relative proportion, as evidenced for RT = 7.1 min (Fig 4A and 4B).
Thus, the homogeneity and reproducibility of the RFI% need to be verified (S2 Fig).

Distinct profiles between soybean genotypes could also be verified for Genistein and Api-
genin classes, which Genistein being more abundant in the resistant genotype IAC 17, and
Apigenin more abundant in the sensitive genotype, 105 AP (Fig 7 and Fig 10). The highest dis-
tinct flavonoid profiles were also indicated by PLSDA and HeatMap analysis (Fig 8 and Fig 9),
with an expressive separation between genotypes (over 95% of variance observed), and a corre-
lation with the survival curve behavior of A. gemmatalis caterpillars (Fig 2). The mortality was
higher for caterpillars fed with TAC 17 genotype when compared to 105 AP genotype, charac-
terized as resistant. However, this correlation cannot be attribute to all evaluated flavonoids,
because some compounds were detected in similar or lower abundance in the resistance geno-
type (Fig 9). Thus, these cluster analysis indicated which compounds could specifically affect
the caterpillar survivor (Fig 9 and Fig 10) and these were identified as glycosylate flavonoids
belonging to Quercetin, Daidzein, Genistein and Kaempferol classes (Fig 10).

Flavonols such as Rutin and its glycosylated forms have been reported to enhance the mor-
tality rate and inhibit the growth of Spodoptera litura (Fabricius, 1775) (Noctuidae: Lepidop-
tera) caterpillars on groundnut (Arachis hypogaea L.), Arabidopsis [30, 31] and soybean [3, 9].
Extracts from leaves of resistant soybean genotypes negatively affected the caterpillars’ physiol-
ogy and behavior of Heliothis virescens (Fabricius, 1777) Trichoplusiani (Hiibner, 1800) (Noc-
tuidae: Lepidoptera) [32, 33] and A. gemmnatalis [9]. Three isoflavonoids (Coumestrol,
Phaseol and Afrormosin) were isolated from methanolic fractions of soybean foliage and
caused mortality of Pseudoplusia includens [34]. Incorporation of Coumestrol, which was asso-
ciated with the resistant soybean genotype, into a modified artificial diet resulted in significant
reductions in the weight gain for Pseudoplusia includes larvae [35]. Soybean extracts added to
artificial diets are mainly composed of Rutin, Quercitin 3-O-glucosylgalactoside and genistin
(genistein 7-O-glucoside) [9, 30, 31], same compounds observed in the profiles presented here.
The non-target method turns possible to detect others derivatives also in high abundances in
the resistant genotype (Fig 9 and Fig 10). Beyond those active compounds in the diet, three
more Quercetin conjugates were observed: Quercetin 3-rhamnoside, Quercetin 3-O-rhamno-
sylglycoside-7-O-glucoside and Quercitin-3-O-rhamnopyranosyl-glucopyranoside-rhamno-
pyranoside; and two more Genistein conjugates: Genistein-7-O-diglucoside-dimalonylated
and Genistein-7-O-6-O-malonyl glucoside (Fig 10); that were detected in high relative abun-
dances in genotype IAC 17 (Fig 4). The non-target method allowed broader comparisons
between contrasting genotypes, because all compounds belonging to flavonoid classes and
present in high concentrations were included. This subtractive approach indicated possible
candidate compounds for in vitro biological activity assays, especially those compounds pres-
ent in high relative concentrations. Thus, the non-target method is more appropriate for a
broad range profiling when contrasting genotypes are evaluated and when the objective is to
correlate these profiles to biological activities.

The flavonoids are phenolic compounds with addition of sugar moiety that differ mainly at
the position and conformation of the chemical groups. Although ions intensity from different
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Table 1. Precursor ions detected by precursor ion scan method and the identified flavonoid glycoconjugates.

Flavonoid Class Precursor m/ RT Conjugate (m/ | Relative Abundance in Sugar Moiety FRI% Mass Bank
z (min) z) XIC (%) (mass) Match Database/Literature
Daidzein 255 6.5 503.3 100 2483 +/- Daidzein 7-O-glucoside-O-6-malonate'
255 7.6 700.1 100 445.1 +/- NH
255 7.6 647.7 55 392.7 +/- NH
255 6.2 503.3 100 248.3 + Daidzein 7-O-galactoside-O-6-malonate *
255 6.2 581.7 37.35 326.7 +/- NH
255 4.5 417.3 100 162.3 + Daidzein-7-O-glucoside’
255 4.5 452.0 61.94 197 - NH
255 5.6 757.1 100 502.1 + NH
255 5.6 417.1 85.88 162.1 + Daidzein-7-O-glucoside
255 5.6 549.4 47.53 294.4 - NH
Genistein-Apigenin 271 7.2 519.0 100 248 105AP Apigenin 7-O-6-O-malonylglucoside
TIAC17 Genistein 7-O-6-O-malonylglucoside *
271 6.7 433.0 100 162 105AP Apigenin-7-O-glucoside *
271 6.7 565.3 18.23 294.3 105AP Apigenin 6—xyloside-8—glucoside *
271 6.7 767.3 14.2 496.3 TAC17 Genistein O-diglucoside dimalonylated *
271 6.4 565.8 100 294.8 + Genistein 6-C-xyloside-8-C-glucoside *
271 6.4 595.2 42.4 3222 + Genistein 4,0-7-diglucoside 3
271 5.3 594.8 100 323.8 + NH
271 8.6 519.3 100 248.3 105AP Apigenin 7-O-6-O-malonylglucoside *
IAC17 Genistein 7-O-6-O-malonylglucoside *
Luteolin- Kaempherol 287 5.6 757.4 100 470.4 + Kaempferol-3-O-glucopyranosyl-O-rhamnopyranosyl-
galactopyranoside 7 ®
287 5.9 611.4 100 324.4 + Kaempferol-3-O-di-galactopyranoside ” ®
287 5.9 741.4 41.67 454.4 + Kaempferol-3-O-di-rhamnopyranosyl)-
galactopyranoside ”®
287 5.9 595.4 28.33 308.4 + Kaempferol-3—O—rhamnopy§anosyl- galactopyranoside ”
287 6.7 595.3 100 308.3 + Kaempferol-3-O -rhamnopyranosyl-
glucopyranoside 7 ®
287 6.2 785.4 100 498.4 + NH
287 6.2 611.2 97 324.2 + Kaempferol 3-O-beta-diglucoside *
287 6.2 757.4 68 454.4 + Kaempferol-3-O-glucopyranosyl-rhamnopyranosyl-
glucopyranoside > 7
287 7.9 967.0 100 680.8 + Kaempferol-3-feruloyl-di-glucoside-7-glucoside ®
Morin-Hesperentin- 303 5.2 773.6 100 470.6 + Quercetin 3-O-rhamnosyl-glycoside-7-O-glucoside >
Quercetin
303 55 627.5 100 324.5 + Quercetin-di-glucoside > *
303 5.5 757.3 71.59 454.3 + Quercetin-3-O-rhamnopyranosyl-
glucopyranoside-rhamnopyranoside > **
303 7.1 465 100 162 + Isoquercetin * ¢
303 6.2 611.2 100 308.2 + Rutin * ¢
303 7.6 647,5 100 444.5 + NH

! describe by Wu et al., 2004

? Lin etal,, 2008

* Boue et al,, 2003

4 MassBank

® Zhou et al,, 2014

© Olsen et al 2012

7 Ho et al, 2002

8 Song et al., 2014.

+: when the FRI% match for both genotype. +/-: when the FRI% match only for one genotype. NH: no hit in database or literature. Relative Abundance in the XIC (%):
percentage of the relative intensity in mass spectrum as showed in the S1 Fig.

https://doi.org/10.1371/journal.pone.0205010.t001
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molecules are not directly comparable, these compounds will have similar proton affinities.
Thus, the XIC signals from different flavonoid classes (for example for Quercetin, Genistein,
Kaempferol and Daidzein) could reflect the relative concentration in soybean leaves. Taking
this into account, the most abundant flavonoid in soybean leaves belonged to the Kaempferol
and Quercetin classes. However, only the Kaempferol-3-O-L-rhamnopyranosyl-glucopyrano-
side and Kaempferol-3-feruloyl-diglucoside-7-glucoside presented higher levels in the resistant
genotype IAC 17. In contrast, four Quercetin glycosylates were higher in the IAC 17 genotype
(Figs 8 and 9) and their derivatives could be responsible for caterpillar inhibition, as observed
in vitro and in vivo assays [3, 9, 11, 36, 37]

In the metabolic pathways analysis (Fig 10), the biosynthetic pathway for Quercetin deriva-
tives was active just in the resistant genotype, albeit their relative abundances slightly decreased
in the presence caterpillar damage (Fig 4 and Fig 10). Beetle damage induced in soybean leaves,
significantly increased in the concentrations of Naringenin methyl hexose, Kaempferol digly-
coside, Kaempferol triglycoside, and Quercetin triglycoside [26]. However, it was slightly 30%
more abundant in the elicited soybean foliage. In soybean resistance genotypes infested with
Piezodorus guildinii (Westwood, 1837) (Pentatomidae: Hemiptera) concentrations of Rutin
and Genistein flavonoids showed a little increased [38].

For some flavonoids that showed high relative abundance in the IAC 17 genotype, it was
observed decreased in the concentration after caterpillar damage (Figs 8 and 9). Thus, can be
suggested that caterpillar damage did not elicit the plant defense responses and that resistance
properties are apparently a constitutive characteristic of this genotype. The synthesis decrease
could be also justify by metabolic adjustment induce by phytohormones like jasmonic acid. In
another way, biosynthesis of some flavonoids (Daidzein-7-O-glucoside, Genistein-4,0-7-diglu-
coside, Kaempferol-3-O-rhamnopyranosyl-glucopyranoside, Kaempferol-3-O-beta-di-gluco-
sideo, Kaempferol-3-O-glucopyranosyl-rhamnopyranosyl-glucopyranoside, Kaempferol-3-O-
di-galactopyranoside, Kaempferol-3-O-di-O-rhamnopyranosyl-galactopyranoside, Kaemp-
ferol-3-O-rhamnopyranosyl-galactopyranoside) were significantly increased by caterpillar
damage (Fig 9 and Fig 10).

Spodoptera litura damages on soybean leaves displayed an induced accumulation of flavone
and isoflavone aglycones 4’,7-dihyroxyflavone, daidzein, formononetin, and the isoflavone
glucoside daidzin [27]. It was also observed that a reduction in kaempferol-3,7-dirhamnoside
(KRR) corresponded to an increased susceptibility of Arabidopsis plants to Pieris brassicae
(Linnaeus, 1758) (Pieridae: Lepidoptera) caterpillars which also had their grow affected when
fed with artificial diet containing KRR [10]. The function of this compound is supported by a
direct defense against this specialist caterpillar. Thus, the complex profile of the Kaempferol
glyconjugate observed in soybean leaves (Fig 10) could be a response to a specialist herbivory
as A. gemmatalis. The effect of some flavonoid glyconjugates included in the caterpillars diet
have been evaluated, however these compounds belong mainly the quercetin classes. Some
reports indicated also that kaempferol glycoconjugates could also be important for inhibit
Pieris brassicae caterpillars [10].

The fine regulation of flavonoid biosynthesis is achieved by a combinatorial action of tran-
scription factors, belonging to different transcription factor families, involved in the transcrip-
tional control of flavonoid biosynthesis genes [10, 12, 39]. Stracke et al. (2010) demonstrated a
differential influence of the transcriptional factors MYB11, MYB12 and MYB111 on the spatial
accumulation of specific flavonol derivatives in Arabidopsis leaves, such as Quercetin 3-O-
rhamnoside, Quercetin 3-O-rhamnoside-7-O-glucoside, Quercetin 3-O-rhamnosyl glucoside-
7-O-rhamnoside. In accordance, in the present profiles the difference of genetic background
between genotypes and the elicitation by the caterpillar damage culminate in alterations on the
relative abundance of Quercetin/Kaempferol conjugates (Fig 10). Onkokensung et al. (2014)
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Fig 8. Clustering analysis by PLSDA method of the characterized flavonoids in soybean leaves from the 105 AP and IAC 17 genotypes in the presence
or absence of the A. gemmatalis caterpillars.

https://doi.org/10.1371/journal.pone.0205010.9008

also showed in Arabidopsis that an enhance in the activity of anthocyanin pathway results in
alterations of Quercetin/Kaempferol derivatives, which has a negative effect on the accumula-
tion of Kaempferol-3,7-dirhamnoside, a novel defensive metabolite against a specialist
caterpillar.
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Concluding remarks

Considering A. gemmatalis survival percentages when fed with leaves from soybean IAC17
genotype, is was possible to characterized that this genotypes might present an antibiosis-type
resistance, and that UFV 105 AP genotype is more suitable for insect development. Applying a
combination of target and non-target methods LC/MS-based, several flavonoids were charac-
terized from soybean leaves. However, the non-target method showed a broad range of com-
pounds in the profile and was efficient to characterize the metabolic response pathway
involving flavonoids from contrasting genotypes to resistance to A. gemmatalis. Some flavo-
noid glyconjugates for Quercetin, Genistein, Keampferol and Dadzein showed higher concen-
trations in soybean resistant genotype, being Kaempferol and Quercetin the most abundants.
Nevertheless, just one Kaempferol conjugate was higher in the resistant genotype IAC 17, in
contrast to three glycosylated Quercetin. Metabolic pathways analysis elucidated the biosyn-
thetic pathway for Quercetin derivatives and showed to be more active in the resistant geno-
type. In another way, the susceptible cultivar 105 AP showed higher abundance of
Kaempferol-based flavonoids. It can be an indicative of the genetic background for plant
defenses against caterpillar damages related to biosynthetic pathway activity for secondary
compounds, eliminated after successive crosses. The broad range overview of the profiles gen-
erated by the non-target method could be used as basis for directing the genetic studies related
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to regulatory mechanisms of these pathways, as well as to support breeding programs for her-
bivory resistance in soybean.

Supporting information

S1 Fig. Precursor ion scan results used to determinate the glycoconjugate mass. In (A) the
total ion chromatogram (TIC) and in (B) and (C) the mass spectrum of the precursor ion.
(DOCX)

S$2 Fig. Skyline analysis of the flavonoid classes by LC/MS.
(DOCX)

S1 Table. Transition list used as input for skyline analysis of the commercial phenolic com-
pound used as standards.
(DOCX)

S2 Table. Transition list used as input for Skyline in the flavonoid class analysis.
(DOCX)

§3 Table. Transition list used as input in the Skyline analysis for the profiling of the flavo-
noid compounds in the soybean leaf.
(DOCX)

S4 Table. Flavonoid intensities for each genotypes and treatment used as input in the
MetaboAnalyst platform.
(DOCX)

S5 Table. Absolute and relative abundances of the all compounds identified by LC/MS
approaches. The data were used for statistical and clustering analysis using the MetaboAnalyst

platform.
(DOCX)

Acknowledgments

The authors would like to thank to NuBioMol (Center of Analyses of Biomolecules-UFV, Bra-
zil) for the infrastructure and technical assistance. This study was supported by the National
Institute of Science and Technology in Plant-Pest Interaction (INCT-IPP), The Brazilian Soy-
bean Genome Consortium (GENOSOJA), Funda¢io de Amparo a Pesquisa de Minas Gerais
(FAPEMIG), Coordenacio de Aperfeicoamento de Pessoal de Nivel Superior (CAPES) and
Conselho Nacional de Desenvolvimento Cientifico e Tecnologico (CNPq).

Author Contributions
Data curation: Humberto J. O. Ramos.

Formal analysis: Jenny D. Gémez, Camilo E. Vital, Maria G. A. Oliveira, Humberto J. O.
Ramos.

Methodology: Jenny D. Gémez, Camilo E. Vital, Humberto J. O. Ramos.
Project administration: Maria G. A. Oliveira.

Software: Camilo E. Vital.

Supervision: Humberto J. O. Ramos.

Writing - original draft: Humberto J. O. Ramos.

PLOS ONE | https://doi.org/10.1371/journal.pone.0205010  October 3, 2018 22/24


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0205010.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0205010.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0205010.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0205010.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0205010.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0205010.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0205010.s007
https://doi.org/10.1371/journal.pone.0205010

@° PLOS | ONE

Flavonoids and soybean resistance to Anticarsia

Writing - review & editing: Jenny D. Gomez, Camilo E. Vital, Maria G. A. Oliveira.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

Pandey P, Irulappan V, Bagavathiannan MV, Senthil-Kumar M. Impact of Combined Abiotic and Biotic
Stresses on Plant Growth and Avenues for Crop Improvement by Exploiting Physio-morphological
Traits. Front Plant Sci. 2017; 8:537. https://doi.org/10.3389/fpls.2017.00537 eCollection 2017.

Bortolotto OC, Pomari-Fernandes A, Bueno RCO de F, Bueno AF, Kruz YKS, Queiroz AP, et al. The
use of soybean integrated pest management in Brazil: a review. Agron Sci Biotech. 2015;1: 25-32.

Fugi CG, Lourengao AL, Parra JRP. Biology of Anticarsia gemmatalis on soybean genotypes with differ-
ent degrees of resistance to insects. Sci Agr. 2005; 62:31-35. doi:0.1590/s0103-90162005000100006.

Lourengdo AL, Costa AS, Miranda MAC. Sources of resistance to Insect pests and virus vector in the
soybean gemplasm tested at Instituto Agronomico, SP, Brasil. In: WORLD SOYBEAN RESEARCH
CONFERENCE, 4. 1989, Buenos Aires. Editora S.R.L. 1989. p. 1578—-1581.

War AR, Paulraj MG, Ahmad T, Buhroo AA, Hussain B, Ignacimuthu S, et al. Mechanisms of plant
defense against insect herbivores. Plant Signal Behav. 2012; 7:1306-20. Epub 2012 Aug 20. https://
doi.org/10.4161/psb.21663 PMID: 22895106

Dar AS, Rather BA, Wani AR, Ganie MA, Resistance against Insect Pests by Plant Phenolics and their
Derivative Compounds. Chem Sci Rev Lett. 2017; 6:1941-1949.

Mithofer A., Maffei M.E. General Mechanisms of Plant Defense and Plant Toxins. Plant Toxins.
2017;3—-24. https://doi.org/10.3390/toxins1010003

Hoffmann-Campo CB, Harborne JB and McCaffery AR. Pre-ingestive and post-ingestive effects of soya
bean extracts and rutin on Trichoplusia ni growth. Entomol Experiment Appl, 2001; 98:181-194.
https://doi.org/10.1046/j.1570-7458.2001.00773.x

Piubelli GC, Hoffmann-Campo CB, Moscardi F, Miyakubo SH, de Oliveira MC. Are chemical com-
pounds important for soybean resistance to Anticarsia gemmatalis? J Chem Ecol. 2005; 31:1509-25.

Onkokesung N, Reichelt M, van Doorn A, Schuurink RC, van Loon JJ, Dicke M. Modulation of flavonoid
metabolites in Arabidopsis thaliana through overexpression of the MYB75 transcription factor: role of
kaempferol-3,7-dirhamnoside in resistance to the specialist insect herbivore Pieris brassicae. J Exp
Bot. 2014; 65:2203-17. https://doi.org/10.1093/jxb/eru096

Silva TRB, Sousa AC, Lima T, Silva AR, Freitas SS, Jesus FG. Effect of the flavonoid rutin on the biol-
ogy of Spodoptera frugiperda (Lepidoptera: Noctuidae). Acta Sci., Agron. [online]. 2016; 38:165—170.
https://doi.org/10.4025/actasciagron.v38i2.27956

Ferreira CCA, Oliveira MGA, Brumano MHN, Guedes RNC, Silva CHO, Moreira MA. Lack of seed lipox-
igenases does not affect soybean defense by reproductive tissue removal. Biosci J. 2005; 21:49-55.

Abranko L, Szilvassy B. Mass spectrometric profiling of flavonoid glycoconjugates possessing isomeric
aglycones. J. Mass Spectrom. 2015; 50:71-80. https://doi.org/10.1002/jms.3474

Farag MA, Huhman DV, Dixon RA, Sumner LW. Metabolomics reveals novel pathways and differential
mechanistic and elicitor-specific responses in phenylpropanoid and isoflavonoid biosynthesis in Medi-
cago truncatula cell cultures. Plant Physiol. 2008; 46:387—402. https://doi.org/10.1104/pp.107.108431

Stracke R, Ishihara H, Huep G, et al. Differential regulation of closely related R2R3-MYB transcription
factors controls flavonol accumulation in different parts of the Arabidopsis thaliana seedling. The Plant
Journal. 2007; 50:660—677. https://doi.org/10.1111/j.1365-313X.2007.03078.x

War AR, Paulraj MG, Ignacimuthu S, Sharma HC. Induced resistance to Helicoverpa armigera through
exogenous application of jasmonic acid and salicylic acid in groundnut, Arachis hypogaea. Pest Manag
Sci. 2015; 71:72-82. https://doi.org/10.1002/ps.3764

Juhasz AC, Ciabotti S, Teixeira LCAA. Breeding for Nutritional Quality. In: es da Silva F, Borém A,
Sediyama T, Ludke WH (Org.). Soybean Breeding. 1ed.: Springer International Publishing. 2017;
1:375-393.

Lourengéo AL, Reco PC, Braga NR, Valle JGE, Pinheiro JB. Produtividade de gendtipos de soja sob
infestacdo da lagarta-da-soja e de percevejos. Neotrop. Entomol. 2010. 39, 275-281

Valle GE, Lourengao AL. Resisténcia de gendtipos de soja a Bemisia tabaci (Genn.) biétipo B (Hemi-
ptera: Aleyrodidae). Neotrop. Entomol. 2002. 31: 285-295.

Souza EF, Baldin ELL, Silva JPGF, Lourencao AL. Feeding preference of Nezara viridula (Hemiptera:
Pentatomidae) and attractiveness of soybean genotypes. Chilean J. Agric. Res. 2013; 73:351-357.
https://doi.org/10.4067/S0718-58392013000400004

PLOS ONE | https://doi.org/10.1371/journal.pone.0205010  October 3, 2018 23/24


https://doi.org/10.3389/fpls.2017.00537
https://doi.org/10.4161/psb.21663
https://doi.org/10.4161/psb.21663
http://www.ncbi.nlm.nih.gov/pubmed/22895106
https://doi.org/10.3390/toxins1010003
https://doi.org/10.1046/j.1570-7458.2001.00773.x
https://doi.org/10.1093/jxb/eru096
https://doi.org/10.4025/actasciagron.v38i2.27956
https://doi.org/10.1002/jms.3474
https://doi.org/10.1104/pp.107.108431
https://doi.org/10.1111/j.1365-313X.2007.03078.x
https://doi.org/10.1002/ps.3764
https://doi.org/10.4067/S0718-58392013000400004
https://doi.org/10.1371/journal.pone.0205010

@° PLOS | ONE

Flavonoids and soybean resistance to Anticarsia

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Matos Neto FC, Zanuncio JC, Cruz |, Torres JB. Nymphal development of Podisus nigrispinus (Hetero-
ptera, Pentatomidae) preying on larvae of Anticarsia gemmatalis (Lepidoptera, Noctuidae) fed with
resistant and susceptible soybeans. Rev Bras Entomol 2002; 46: 237-241.

Paixao GP, Lourencéo AL, Silva CR, Cordeiro G, Barros RA, Oliveira JA et al. Active response of soy-
bean to defoliator Anticarsia gemmatalis Hiibner: strategies to overcome protease inhibitor production.
Idesia. 2016; 34:69-75.

Goel MK, Khanna P, Kishore J. Understanding survival analysis: Kaplan-Meier estimate. International
Journal of Ayurveda Research. 2010; 1:274-278. https://doi.org/10.4103/0974-7788.76794 PMID:
21455458

Ho HM, Chen RY, Leung LK, Chan FL, Huang Y, Chen ZY. Difference in flavonoid and isoflavone profile
between soybean and soy leaf. Biomed Pharmacother. 2002; 56:289-95.

Wu Q, Wang M, Sciarappa WJ, Simon JE. LC/UV/ESI-MS analysis of isoflavones in Edamame and
Tofu soybeans. J Agric Food Chem. 2004; 52:2763-9.

O’Neill BF, Zangerl AR, Dermody O, Bilgin DD, Casteel CL, Zavala JA et al. Impact of elevated levels of
atmospheric CO2 and herbivory on flavonoids of soybean (Glycine max Linnaeus). J Chem Ecol. 2010;
36:35-45. https://doi.org/10.1007/s10886-009-9727-0

Murakami S, Nakata R, Aboshi T, et al. Insect-Induced Daidzein, Formononetin and Their Conjugates
in Soybean Leaves. Metabolites. 2014; 4:532—-546. https://doi.org/10.3390/metabo4030532 PMID:
25000357

Boué SM, Carter-Wientjes CH, Shih BY, Cleveland TE. Identification of flavone aglycones and glyco-
sides in soybean pods by liquid chromatography-tandem mass spectrometry. J Chromatogr A. 2003;
991:61-8.

Song HH, Ryu HW, Lee KJ, Jeong IY, Kim DS, Oh SR. Metabolomics investigation of flavonoid synthe-
sis in soybean leaves depending on the growth stage. Metabolomics. 2014; 10:833. https://doi.org/10.
1007/s11306-014-0640-3

Mallikarjuna N, Kranthi KR, Jadhav DR, Kranthi S, Chandra S. Influence of foliar chemical compounds
on the development of Spodoptera litura (Fab.) in interspecific derivatives of groundnut. 2004; 128:
321-328.

Misra P, Pandey A, Tiwari M, et al. Modulation of transcriptome and metabolome of tobacco by Arabi-
dopsis transcription factor, AtMYB12, leads to Insect Resistance. Plant Physiol. 2010; 152:2258-2268.
https://doi.org/10.1104/pp.109.150979 PMID: 20190095

Hoffmann-Campo CB. Role of the flavonoids in the natural resistance of soyabean to Heliothis vires-
cens (F.) and Trichoplusia ni (Hubner). Reading: University of Reading, 1995. 165p. Ph.D. Thesis.

Hoffmann-Campo CB, Harborne JB, Mc Caffery AR. Pre-ingestive and post-ingestive effects of soya
bean extracts and rutin on Trichoplusia ni growth. Ent Exp et Applic. 2001; 98:181-194.

Caballero P, Smith CM, Fronczek FR, Fischer NH. Isoflavones from an insect-resistant variety of soy-
bean and the molecular structure of Afrormosin. J. Nat. Prod., 1986; 49:1126-1129. https://doi.org/10.
1021/np50048a030

Rose RL, Sparks TC, Smith MC. Insecticide toxicity to the soybean looper and the velvetbean caterpillar
(Lepidoptera: Noctuidae) as influenced by feeding on resistant soybean (Pl 227687) leaves and cou-
mestrol. J. Ec. Entomol., 1988, 1288—1294. https://doi.org/10.1093/jee/81.5.1288

Hoffmann-Campo CB, Ramos Neto JA, Oliveira MCN, Oliveira LJ. Detrimental effect of rutin on Anticar-
sia gemmatalis. Pesq Agro Bra, 2006. 41; 1453-1459. https://doi.org/10.1590/S0100-
204X2006001000001

Salvador MC, Boiga AL Jr, de Oliveira MC, da Graga JP, da Silva DM, Hoffmann-Campo CB. Do differ-
ent casein concentrations increase the adverse effect of rutin on the biology of Anticarsia gemmatalis
Hubner (Lepidoptera: Noctuidae)?. Neotrop Entomol. 2010; 39:774-83.

Bentivenha JPF, Canassa VF, Baldin ELL, Borguini MGG, Lima PPG, Lourenc&o AL. Role of the Rutin
and Genistein Flavonoids in Soybean Resistance to Piezodorus guildinii (Hemiptera: Pentatomidae).
Arthropod-Plant Interactions. 2017; 1-10. https://doi.org/10.1007/s11829-017-9578-5

Stracke R, Jahns O, Keck M, Tohge T, Niehaus K, Fernie AR et al. Analysis of production of flavonol
glycosides-dependent flavonol glycoside accumulation in Arabidopsis thaliana plants reveals MYB11-,
MYB12- and MYB111-independent flavonol glycoside accumulation. New Phytol. 2010; 188:985—
1000. https://doi.org/10.1111/j.1469-8137.2010.03421.x

PLOS ONE | https://doi.org/10.1371/journal.pone.0205010  October 3, 2018 24/24


https://doi.org/10.4103/0974-7788.76794
http://www.ncbi.nlm.nih.gov/pubmed/21455458
https://doi.org/10.1007/s10886-009-9727-0
https://doi.org/10.3390/metabo4030532
http://www.ncbi.nlm.nih.gov/pubmed/25000357
https://doi.org/10.1007/s11306-014-0640-3
https://doi.org/10.1007/s11306-014-0640-3
https://doi.org/10.1104/pp.109.150979
http://www.ncbi.nlm.nih.gov/pubmed/20190095
https://doi.org/10.1021/np50048a030
https://doi.org/10.1021/np50048a030
https://doi.org/10.1093/jee/81.5.1288
https://doi.org/10.1590/S0100-204X2006001000001
https://doi.org/10.1590/S0100-204X2006001000001
https://doi.org/10.1007/s11829-017-9578-5
https://doi.org/10.1111/j.1469-8137.2010.03421.x
https://doi.org/10.1371/journal.pone.0205010

