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Abstract: Quantitative trait loci (QTLs) E and M are major soybean alleles that confer resistance to
leaf-chewing insects, and are particularly effective in combination. Flavonoids and/or isoflavonoids
are classes of plant secondary metabolites that previous studies agree are the causative agents of
resistance of these QTLs. However, all previous studies have compared soybean genotypes that are
of dissimilar genetic backgrounds, leaving it questionable what metabolites are a result of the QTL
rather than the genetic background. Here, we conducted a non-targeted mass spectrometry approach
without liquid chromatography to identify differences in metabolite levels among QTLs E, M, and
both (EM) that were introgressed into the background of the susceptible variety Benning. Our results
found that E and M mainly confer low-level, global differences in distinct sets of metabolites. The
isoflavonoid daidzein was the only metabolite that demonstrated major increases, specifically in
insect-treated M and EM. Interestingly, M confers increased daidzein levels in response to insect,
whereas E restores M’s depleted daidzein levels in the absence of insect. Since daidzein levels do not
parallel levels of resistance, our data suggest a novel mechanism that the QTLs confer resistance to
insects by mediating changes in hundreds of metabolites, which would be difficult for the insect to
evolve tolerance. Collective global metabolite differences conferred by E and M might explain the
increased resistance of EM.

Keywords: Glycine max; insect resistance QTLs; Chrysodeixis includens; mass spectrometry; metabolo-
mics; isoflavonoids

1. Introduction

The use of crop protectants and fertilizers has helped maintain crop productivity, but
these have also masked the fact that yield loss from insects continues to increase [1]. In
the case of soybean, freshwater ecotoxicity has tripled, largely due to increased insecticide
application, particularly ones that are more persistent in the soil and water [2]. Efforts to
lower the cost of production, along with increased concerns over insecticide residues in the
food chain and environment, underscore the need for insect-resistant crops [3].

Soybean is one of the crops that is affected by defoliating insects, particularly in the
Southeastern United States and in tropical South America. The use of soybean engineered
with Bt (Bacillus thuringiensis) is a success story for plant resistance to insects. However, Bt
is not deployable in all areas and crops [4]. Case in point, soybean is a refuge for Bt corn and
cotton in the United States, so Bt soybean cannot be commercialized in the USA without
changes to Bt corn and cotton resistance management strategies. Thus, other sources of
resistance are needed. Even in South America where Bt soybean is used [5], pyramiding
other resistance genes with Bt is needed to obtain a more durable resistance.

Other resistance genes are available in the form of quantitative trait loci (QTLs) that
confer resistance to defoliating insects in soybean [6]. Yet, almost nothing is known
about the biochemical basis for such QTL-based resistance in soybean, or in most other
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crops. The first QTL was found on Linkage Group (LG) M (now chromosome 7) of a
landrace, “Sodendaizu” (PI 229358) [7,8]. Since then, breeders have introgressed QTL-M
(referred to henceforth as M) into diverse genetic backgrounds, showing its effectiveness
is not genotype-dependent [9,10]. Other groups have also mapped resistance to the same
chromosomal region [11,12].

The second important QTL comes from LG E found in the landrace “Miyako White”
(PI 227687), and is hence known as QTL-E (or E) [8]. E is the same QTL initially identified
by Terry et al. [13]. To better study these QTLs and their interactions, they were bred into
a set of near-isolines [14]. When tested under laboratory and field conditions, the near
isoline containing both M and E shows agriculturally effective levels of resistance to a
gamut of defoliating caterpillars [15]. Based on field trials, soybean without a resistance
QTL reaches the economic threshold of 35% defoliation by eight days after caterpillars,
which is when insecticide use would be warranted. This timeline also holds for the isoline
carrying E by itself. The line carrying only M does not reach the economic threshold until
the 10th day, while the line with both E and M takes 12.5 days to reach the threshold [15].
Nevertheless, despite 40 years of study, the chemical nature of this defoliator resistance
remains an enigma.

Many of the original biochemical characterizations were done on soybean carrying
E, with the resistance being attributed to various compounds at various times. Smith and
Fischer determined that resistance was due to methanol-soluble compounds [16]. Glyce-
ollins are isoflavonoid-derived phytoalexins that have well-established roles in protecting
soybean from microbial pathogens [17–19]. Yet, Hart et al. ruled out glyceollins as a
source of resistance to leaf-chewing insects [20]. Caballero & Smith attributed resistance to
coumestrol, phaseol, and afrormosin [21]. Sharma and Norris showed that a combination
of daidzen, glyceollins, sojagol, and coumestrol, along with an unidentified compound,
was involved in resistance [22]. In contrast, Liu et al. showed glyceollins, and not coume-
strol, led to resistance [23,24]. Alternatively, Piubelli et al. provided evidence that the
resistance is due to rutin and genistin [25]. Hoffman-Campo et al. also implicated rutin in
resistance [26].

All of these studies implicate isoflavonoids and/or flavonoids as being responsible
for the resistance of E, even if the results are contradictory and inconclusive when it
comes to which particular compound confers resistance. Altogether, different results
were obtained from a study based on transcripts upregulated upon insect feeding rather
than on metabolomics. Wang et al. identified vegetative storage protein β (GmVSPb),
NADPH:isoflavone reductase (GmN:IFR), and allene oxide synthase (GmAOS1) as genes
providing resistance, but these do not co-map with any of the reported QTLs [27,28],
suggesting they are downstream in the response cascade.

The basis for M-mediated resistance is no clearer. Two genotypes containing M were found
to both produce kaempferol 3-O-α-L-rhamnopyranosyl-(1→4)-[α-L-rhamnopyranosyl-(1→6)-
β-D-galactopyranoside] and quercetin 3-O-β-D-glucopyranosyl-(1→2)-[α-L-rhamnopyranosyl-
(1→6)-β-D-galactopyranoside]. In contrast, Zhao et al. associated the production of
elevated genistein and glycitein with the increased resistance provided by M [29]. Re-
cently, Gómez et al. found that compared with the control, a soybean cultivar with M had
higher levels of the flavonoids kaempferol-3-O-L-rhamnopyranosyl-glucopyranoside, rutin
(quercetin 3-O-rutinoside), quercetin-3,7-O-di-glucoside, quercetin-3-O-rhamnosylglycoside-
7-O-glucoside, quercetin-3-O-rhamnopyranosyl-glucopyranoside-rhamnopyranoside, and
the isoflavonoids genistein-7-O-diglucosidedimalonyl, genistein-7-O-6-O-malonylglucoside,
and daidzein 7-O-glucoside-malonate [30]. In a follow-up study, Gómez et al. identified
isorhamnetin glycoconjugates in the resistant genotype, along with increased levels of
proteinase inhibitors and flavonoids [31].

All of these studies have been confounded by the use of different genotypic back-
grounds for the QTLs being studied. Therefore, it has never been clear whether the presence
of some compounds is simply due to the choice of genetic background, rather than being
causative of resistance. Thus, the goal of this work was to characterize metabolome differ-
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ences of near isogenic lines containing QTLs E, M, or both (EM) that were introgressed into
the background of the susceptible variety Benning in an effort to identify differences that
are specifically a result of these QTLs. The use of near isogenic lines minimizes the effects
of different genetic backgrounds and increases the chance that the observed effects are due
to the QTLs.

2. Results
Mass Spectrometric Comparision of Metabolites from Soybean QTLs Resistant to Soybean Looper

Principal component analysis (PCA) and orthogonal PLS-PA were unable to distin-
guish the genotypes or treatments based on the 13,950 unique peaks that were measured
(Supplementary Figure S1). However, the genotypes were found to have significant differ-
ences based on their collective peak intensities (ANOVA, p < 1.42 × 10−11). Each insect-
treated genotype was significantly different from all others (Tukey’s post hoc, p < 0.01). Under
mock treatment, all were significantly different except for QTL M compared to Benning.

Of the 13,950 unique peaks, 1521 and 957 peaks were significantly different (up- or
down-accumulated) in at least one genotype compared to Benning upon insect and mock
treatments, respectively (paired t-test, p < 0.05). EM demonstrated the greatest number
of differences, with 1064 and 700 peaks different from those of Benning under insect and
mock treatments, respectively (Figure 1). M had the second greatest number of differences,
with 365 and 232 under insect and mock treatments. EM and M shared 39 differences under
mock treatment and 15 in response to insect. In contrast, the number of peaks shared by
EM and E increased from 20 to 43 in response to the insect treatment. A list of shared peaks
is provided in (Supplementary Table S1).

Figure 1. Venn diagrams of the number of MS peaks from soybean QTLs that are significantly
different in intensity from insect-susceptible parent Benning. (a) Treatment with soybean looper for
72 h. (b) No insect treatment.

A plot of those significantly different peaks revealed that relatively few (only 4.3%
and 10.2% from insect- and mock-treated QTLs, respectively) differed in intensity by more
than 1500 CPS compared to the peaks from Benning (Figure 2). Under insect treatment,
only peaks corresponding to the isoflavonoid daidzein [m/z 277, [M + Na]+] showed major
increases compared to Benning (Figure 2a). This identity was confirmed by the spiking
of samples with authentic standard. The elevated daidzein levels were found in EM and
M, not in E. Under mock treatment, the most elevated peaks included an unknown at
m/z 829, putative soyasaponin Ya (m/z 893), and soyasaponin Bd (m/z 978), which were
most abundant in EM. Under mock treatment, most peaks that were shared by all three
QTLs had reduced levels compared to those of Benning. These included the saponins
ruscoponticoside C (m/z 707) and combreglucoside (m/z 664), an unknown compound at
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m/z 382, and the salicylate salicortin (m/z 226 [M + H − 2H2O]+). A subset of compounds
that had major changes in intensity among the genotypes were selected for identification
by MS/MS (Supplementary Table S2).

Figure 2. Comparison of average full scan mass spectra of soybean QTLs compared to Benning
showing the increase or decrease of metabolites. Only mass spectra that were significantly different
in intensity compared to Benning are shown. (a) Treatment with soybean looper for 72 h. (b) No
insect treatment.

A graph of daidzein demonstrates that the levels decrease in Benning and E upon
insect treatment. By contrast, levels are lower in mock M, but increase upon insect treatment.
In EM, mock levels are similarly as high as Benning mock and do not decrease with
insect treatment.

3. Discussion

The soybean QTLs E and M provide notable levels of resistance to leaf-chewing
insects [8,15,32]. The amounts of flavonoids and isoflavones are known to increase in
soybean leaves in response to defoliating insects [33]. While previous studies agree that
flavonoid and/or isoflavonoid metabolites are the causative agents of resistance, studies
have always been on soybean genotypes that are of dissimilar genetic backgrounds. Thus,
it has never been clear whether the presence of particular metabolites has been due to
genetic background or specifically to the QTLs that provide resistance. Here, we compared
the metabolite profiles of QTLs E, M, and both (EM) that have been introgressed into the
background of the susceptible genotype Benning. Our non-targeted MS analysis generally
found global, relatively low-level changes in metabolite composition compared to Benning,
whether the isolines were treated with insects or not (Figures 1 and 2). Thus, resistance
could be due to differences in the abundance of a wide variety of metabolites, rather than
the overaccumulation of just one or a few compounds, as was previously suggested. In
this context, the enhanced resistance of EM over individual QTLs could result from the
distinct sets of metabolites contributed by E and M.
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Daidzein has been shown to be toxic to insects [34–36] and was previously associated
with insect resistance [34,35,37]. Since daidzein is the only metabolite that demonstrates
major increases in M and EM compared to Benning (Figure 2), we focused on it for a more
in-depth analysis. Benning demonstrates relatively high levels of daidzein under mock
treatment, yet levels exhibit major decreases upon insect treatment (Figure 3). The same was
observed for E. Thus, in Benning and E, soybean looper may be able to suppress daidzein
biosynthesis, enhance its degradation, and/or its conversion into glycosylated derivatives.

Figure 3. Average daidzein levels in mock and insect treated leaves of soybean QTLs and the insect-
susceptible parent Benning. Different letters show significant differences by single factor ANOVA,
Tukey post hoc test (p < 0.05, α = 0.05). Error bars indicate SE (n = 3 biological replicates).

M has lower levels of daidzein compared to Benning under mock treatment. Yet,
in contrast to Benning and E, daidzein levels increase upon insect treatment rather than
decrease (Figure 3). This opposite response may suggest a signaling role for M, where M
counteracts the suppressive mechanism of soybean looper seen in Benning and E.

E has lower levels of daidzein under mock and insect treatments, suggesting that
the mechanism of resistance is independent of daidzein. Consistent with this, soybean
varieties Enrei and Tamahomare are susceptible genotypes that have high levels of di-
adzein [38,39]. E is a 2-Mb region on chromosome 15 that often co-segregates with the Pb
locus for sharp-tipped trichomes (Figure 4) [40]. Although there are earlier reports on the
effect of pubescence traits on soybean resistance to insect [41,42], Hulburt was the first to
report that a sharp-trichome locus co-localizes with E [43]. Most soybean cultivars have
blunt trichomes (pb) while the wild soybean, Glycine soja, almost universally has sharp
trichomes [44]. Since some G. soja lines are more susceptible to defoliating insects than
most G. max lines, it seems unlikely that the trichome tip alone governs resistance, despite
the genomic collocation of the two traits [40]. Lambert and Kilen showed that PI 227687’s
resistance is graft-transmissible, confirming that resistance in E is tissue-mobile metabolites
or macromolecules [45].

Figure 4. Trichomes of QTL E in the Benning background have sharp tip shape, whereas insect-
susceptible Benning does not.
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4. Materials and Methods
4.1. Chemicals

Methanol (HPLC grade, ≥99.9% purity) and water (HPLC grade) were purchased
from Sigma-Aldrich. (St. Louis, MO, USA). Daidzein was obtained from Indofine Chemical
Company (Hillsborough, NJ, USA).

4.2. Plant Growth Conditions

Plants of Benning, Benning M, Benning E, and Benning EM [14] were grown until the
V5 growth stage [46] at 27 ◦C in an insecticide-free greenhouse under 16 h:8 h light:dark
to prevent premature flowering. Each plant was grown in a 0.95 L styrofoam cup with
three drainage holes punched in the bottom and filled with Fafard 3B potting mix (Conrad
Fafard, Agawam, MA, USA). The pots were fertilized with approximately 75 Osmocote®

15-9-12 pellets (Scotts Miracle-Gro, Marysville, OH, USA) per cup at the V2 growth stage.
At the V5 stage, three soybean looper neonate larvae were applied to each plant.

4.3. Insect Treatments

The experimental design was a randomized complete block design with ten blocks.
Each block consisted of the four genotypes under two treatments: thirty neonate soybean
looper, Chrysodeixis includens, larvae (Benzon Research Inc., Carlisle, PA, USA) were added
to one treatment, while the control treatment received no insects. At the 72-h timepoint
after infestation, the first fully expanded trifoliolate leaf was collected from each plant.
Leaves were flash frozen in liquid nitrogen and stored at −80 ◦C. Frozen leaves were
homogenized by crushing and subsamples of the crushed, frozen leaves were lyophilized
and ground to a powder using a bead mill.

4.4. Extraction and Sample Preparations

Fresh and freeze-dried leaf extracts were prepared and normalized by adding 25 µL
of extraction solution (methanol and 80% methanol, respectively) per mg of tissue sample.
The mixtures were shaken overnight at 100 rpm and then centrifuged at 12,000× g for
30 min. The supernatants were transferred into new vials following another centrifugation
at the speed of 12,000× g for 30 min. The sample mixtures were passed through 0.2 µm
filter and the extracted samples were kept in Eppendorf vials for further analyses.

Prior to injections in the ESI-MS system, a (1:25) dilution step was performed in acidic
solution (80% methanol containing 1% formic acid), or basic solution (80% methanol contain-
ing 1% ammonium hydroxide) for positive and negative ion mode analyses, respectively.

The extracts of fresh and freeze-dried samples were analyzed in both positive and
negative electrospray ionization (ESI) modes.

As a result, the freeze-dried leaf extracts showed greater intensities for most peaks
and was chosen over fresh samples for the next series of experiment.

Next, samples previously discussed in Sections 4.2 and 4.3 were provided in biological
triplicate (4 genotypes × 2 treatments × 3 replicates). For the positive and the negative
ion mode analyses, samples were diluted to a 1:10 ratio, in acidic and basic solutions as
explained before.

4.5. Metabolite Analysis by ESI-MS

Direct infusion of diluted samples was performed in an LTQ linear ion trap mass
spectrometer (Thermo Fisher Scientific, San Jose, CA, USA), which is controlled by Xcalibur
2.0 software and is equipped with an ESI ion source.

The parameters for ESI-MS analysis were chosen as follows: Nitrogen at 100 psi was
used as the nebulizing gas for all the experiments. The flow rate, maximum ion trap
injection time, and microscans were 10 µL min−1, 20 ms, and 3 microscans per spectrum,
respectively. The analyses were performed in full scan mode, in the range of m/z 150
to 1500. For the negative ion mode analyses, the ESI source parameters were as follows:
spray voltage: −5 kV; capillary temperature: 250 ◦C, capillary voltage: −10 V, tube lens:
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−150 V, and sheath gas flow rate: 30. For the positive ion polarity analyses, the ESI source
parameters were as follows: spray voltage: 5.5 kV; capillary temperature: 250 ◦C, capillary
voltage: 30 V, tube lens: 150 V, and sheath gas flow rate: 10.

4.6. ESI-MS/MS and Database Search for Putative Compound Identification

ESI-MS/MS analyses of the most significant signals among different genotypes and
treatments were performed by the same MS instrumentation described in the previous
section, to intentionally fragment molecules into smaller parts for structure elucidation.
Comparison of unknown compound MS/MS spectra against databases containing ref-
erence or predicted MS/MS spectra, is a widely used method for putative metabolite
identification [47].

Each database employed in our study (Metlin [48], MassBank of North America—
MoNA, https://mona.fiehnlab.ucdavis.edu (accessed on 21 June 2021), NIST-MS/MS
library http://chemdata.nist.gov/mass-spc/msms-search/ (accessed on 21 June 2021) [49],
and Saponins Mass Spectrometry Database [50]) has different mathematical/statistical
approaches to rank the most probable compounds. The top ten compounds ranked were
then manually inspected to identify the compound with highest number of fragment
matches. In some cases, the compounds with higher scores (top rank) did not correspond
to meaningful molecules, for instance they were high molecular weight compounds with
multiple charges.

As a result of this search, lists of putative compound identification in positive and neg-
ative ion modes were created. The compounds were classified according to the confidence
level as proposed by [51] (from level 0, unambiguous identification to level 4 unknown
structure). Most of our findings reported in Table S2 are in level 3 (most likely structure).

5. Conclusions

Two major QTLs have been identified that have alleles that make large contributions
to resistance to defoliating insects in soybean. The combination of these alleles is espe-
cially effective at producing resistance, and now has been shown to result in hundreds of
metabolites that are upregulated in response to insect feeding.

How these QTLs lead to production of multiple metabolites is unknown. What is
clear now is that searching for a single or few insecticidal compounds synthesized by these
QTLs may not provide insights into the source of insect resistance; instead, these results
reveal that defoliator resistance may be due to a cocktail of hundreds of metabolites.

From a crop perspective, such resistance is desirable, as it is difficult for defoliators to
develop simultaneous resistance to hundreds of different compounds. The ability to obtain
multiple resistance factors from just two loci is attractive from a breeding perspective
due to its simplicity. As more of the genes involved and their associated compounds are
identified, it may be possible to fine-tune the resistance in soybean, and use comparative
genomics to create resistance in other legumes.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/metabo11100710/s1. Figure S1: Principle component (PCA) and orthogonal PLS-PA analysis
of soybean genotypes harboring insect resistance QTLs E, M, and EM compared to the introgressed
susceptible parent Benning. Table S1: MS peaks from insect-resistant QTLs that were significantly
different from insect-susceptible parent Benning. Table S2: Peak annotation and levels of confidence.

Author Contributions: Conceptualization, W.P. and N.K.; methodology, D.R.I. and M.Y.-T.; vali-
dation, M.Y.-T.; formal analysis, N.K., D.R.I. and M.Y.-T.; investigation, M.Y.-T. and J.L.; resources,
D.R.I., W.P. and N.K.; writing—original draft preparation, M.Y.-T., W.P. and N.K.; writing—review
and editing, W.P. and N.K.; supervision, D.R.I., W.P. and N.K.; funding acquisition, D.R.I., W.P. and
N.K. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Natural Sciences and Engineering Research Council of
Canada (NSERC), grant number RGPIN-2020-06111 and RGPIN-2018-05868. The APC was funded
by RGPIN-2020-06111.

https://mona.fiehnlab.ucdavis.edu
http://chemdata.nist.gov/mass-spc/msms-search/
https://www.mdpi.com/article/10.3390/metabo11100710/s1
https://www.mdpi.com/article/10.3390/metabo11100710/s1


Metabolites 2021, 11, 710 8 of 9

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article or Supplementary Materials.

Acknowledgments: The authors thank Evan McCoy for providing the tissue samples for analysis
and Maria Ortega for the images of defoliated soybean leaves.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Peshin, R.; Dhawan, A.K. (Eds.) Integrated Pest Management: Innovation-Development Process; Springer Science & Business Media:

Berlin/Heidelberg, Germany, 2009; pp. 83–87.
2. Yang, Y.; Suh, S. Changes in environmental impacts of major crops in the US. Environ. Res. Lett. 2015, 10, 094016. [CrossRef]
3. Mitchell, C.; Brennan, R.M.; Graham, J.; Karley, A.J. Plant defense against herbivorous pests: Exploiting resistance and tolerance

traits for sustainable crop protection. Front. Plant Sci. 2016, 7, 1132. [CrossRef] [PubMed]
4. Huang, F.; Andow, D.A.; Buschman, L.L. Success of the high-dose/refuge resistance management strategy after 15 years of Bt

crop use in North America. Entomol. Exp. Appl. 2011, 140, 1–16. [CrossRef]
5. Storer, N.P.; Thompson, G.D.; Head, G.P. Application of pyramided traits against Lepidoptera in insect resistance management

for Bt crops. GM Crop. Food 2012, 3, 154–162. [CrossRef] [PubMed]
6. Parrott, W.; Walker, D.; Zhu, S.; Boerma, H.R.; All, J. Genomics of insect-soybean interactions. In Genetics and Genomics of Soybean;

Springer: Berlin/Heidelberg, Germany, 2008; pp. 269–291.
7. Rector, B.; All, J.; Parrott, W.; Boerma, H. Identification of molecular markers linked to quantitative trait loci for soybean resistance

to corn earworm. Theor. Appl. Genet. 1998, 96, 786–790. [CrossRef]
8. Rector, B.; All, J.; Parrott, W.; Boerma, H. Quantitative trait loci for antibiosis resistance to corn earworm in soybean. Crop Sci.

2000, 40, 233–238. [CrossRef]
9. Lourenção, A.L.; Miranda, M.A.; Pereira, J.C.; Ambrosano, G. Resistência de soja a insetos: X. Comportamento de cultivares e

linhagens em relação a percevejos e desfolhadores. An. Soc. Entomol. Bras. 1997, 26, 543–550. [CrossRef]
10. Narvel, J.M.; Walker, D.R.; Rector, B.G.; All, J.N.; Parrott, W.A.; Boerma, H.R. A retrospective DNA marker assessment of the

development of insect resistant soybean. Crop Sci. 2001, 41, 1931–1939. [CrossRef]
11. Komatsu, K.; Takahashi, M.; Nakazawa, Y. Antibiosis resistance of QTL introgressive soybean lines to common cutworm

(Spodoptera litura Fabricius). Crop Sci. 2008, 48, 527–532. [CrossRef]
12. Oki, N.; Komatsu, K.; Sayama, T.; Ishimoto, M.; Takahashi, M.; Takahashi, M. Genetic analysis of antixenosis resistance to the

common cutworm (Spodoptera litura Fabricius) and its relationship with pubescence characteristics in soybean (Glycine max (L.)
Merr.). Breed. Sci. 2012, 61, 608–617. [CrossRef] [PubMed]

13. Terry, L.; Chase, K.; Jarvik, T.; Orf, J.; Mansur, L.; Lark, K. Soybean quantitative trait loci for resistance to insects. Crop Sci. 2000,
40, 375–382. [CrossRef]

14. Ortega, M.A.; Lail, L.A.; Wood, E.D.; All, J.N.; Li, Z.; Boerma, H.R.; Parrott, W.A. Registration of Two Soybean Germplasm Lines
Containing Leaf-Chewing Insect Resistance QTLs from PI 229358 and PI 227687 Introgressed into ‘Benning’. J. Plant Regist. 2017,
11, 185–191. [CrossRef]

15. Ortega, M.A.; All, J.N.; Boerma, H.R.; Parrott, W.A. Pyramids of QTLs enhance host–plant resistance and Bt-mediated resistance
to leaf-chewing insects in soybean. Theor. Appl. Genet. 2016, 129, 703–715. [CrossRef]

16. Smith, C.M.; Fischer, N. Chemical factors of an insect resistant soybean genotype affecting growth and survival of the soybean
looper. Entomol. Exp. Appl. 1983, 33, 343–345. [CrossRef]

17. Jahan, M.A.; Harris, B.; Lowery, M.; Infante, A.M.; Percifield, R.J.; Kovinich, N. Glyceollin transcription factor GmMYB29A2
regulates soybean resistance to Phytophthora sojae. Plant Physiol. 2020, 183, 530–546. [CrossRef] [PubMed]

18. Lygin, A.V.; Hill, C.B.; Zernova, O.V.; Crull, L.; Widholm, J.M.; Hartman, G.L.; Lozovaya, V.V. Response of soybean pathogens to
glyceollin. Phytopathology 2010, 100, 897–903. [CrossRef] [PubMed]

19. Veech, J.A. Phytoalexins and their role in the resistance of plants to nematodes. J. Nematol. 1982, 14, 2. [PubMed]
20. Hart, S.V.; Kogan, M.; Paxton, J.D. Effect of soybean phytoalexins on the herbivorous insects Mexican bean beetle and soybean

looper. J. Chem. Ecol. 1983, 9, 657–672. [CrossRef]
21. Caballero, P.; Smith, C.M.; Fronczek, F.R.; Fischer, N.H. Isoflavones from an insect-resistant variety of soybean and the molecular

structure of afrormosin. J. Nat. Prod. 1986, 49, 1126–1129. [CrossRef]
22. Sharma, H.; Norris, D.M. Chemical basis of resistance in soya bean to cabbage looper, Trichoplusia ni. J. Sci. Food Agric. 1991, 55,

353–364. [CrossRef]
23. Liu, S.; Norris, D.M.; Hartwig, E.E.; Xu, M. Inducible phytoalexins in juvenile soybean genotypes predict soybean looper

resistance in the fully developed plants. Plant Physiol. 1992, 100, 1479–1485. [CrossRef]
24. Liu, S.; Norris, D.M.; Xu, M. Insect resistance and glyceollin concentration in seedling soybeans support resistance ratings of fully

developed plants. J. Econ. Entomol. 1993, 86, 401–406. [CrossRef]

http://doi.org/10.1088/1748-9326/10/9/094016
http://doi.org/10.3389/fpls.2016.01132
http://www.ncbi.nlm.nih.gov/pubmed/27524994
http://doi.org/10.1111/j.1570-7458.2011.01138.x
http://doi.org/10.4161/gmcr.20945
http://www.ncbi.nlm.nih.gov/pubmed/22688687
http://doi.org/10.1007/s001220050803
http://doi.org/10.2135/cropsci2000.401233x
http://doi.org/10.1590/S0301-80591997000300018
http://doi.org/10.2135/cropsci2001.1931
http://doi.org/10.2135/cropsci2006.12.0770
http://doi.org/10.1270/jsbbs.61.608
http://www.ncbi.nlm.nih.gov/pubmed/23136499
http://doi.org/10.2135/cropsci2000.402375x
http://doi.org/10.3198/jpr2016.04.0019crg
http://doi.org/10.1007/s00122-015-2658-y
http://doi.org/10.1111/j.1570-7458.1983.tb03278.x
http://doi.org/10.1104/pp.19.01293
http://www.ncbi.nlm.nih.gov/pubmed/32209590
http://doi.org/10.1094/PHYTO-100-9-0897
http://www.ncbi.nlm.nih.gov/pubmed/20701487
http://www.ncbi.nlm.nih.gov/pubmed/19295667
http://doi.org/10.1007/BF00988774
http://doi.org/10.1021/np50048a030
http://doi.org/10.1002/jsfa.2740550304
http://doi.org/10.1104/pp.100.3.1479
http://doi.org/10.1093/jee/86.2.401


Metabolites 2021, 11, 710 9 of 9

25. Piubelli, G.C.; Hoffmann-Campo, C.B.; Moscardi, F.; Miyakubo, S.H.; De Oliveira, M.C.N. Are chemical compounds important
for soybean resistance to Anticarsia gemmatalis. J. Chem. Ecol. 2005, 31, 1509–1525. [CrossRef] [PubMed]

26. Hoffmann-Campo, C.B.; Ramos Neto, J.A.; Oliveira, M.C.N.D.; Oliveira, L.J. Detrimental effect of rutin on Anticarsia gemmatalis.
Pesqui. Agropecu. Bras. 2006, 41, 1453–1459. [CrossRef]

27. Wang, Y.; Wang, H.; Fan, R.; Yang, Q.; Yu, D. Transcriptome analysis of soybean lines reveals transcript diversity and genes
involved in the response to common cutworm (Spodoptera litura Fabricius) feeding. Plant Cell Environ. 2014, 37, 2086–2101.
[CrossRef] [PubMed]

28. Wang, Y.; Wang, H.; Ma, Y.; Yang, W.; Yang, Q.; Yu, D. Identification of soybean herbivory-regulated genes and a transgenic
investigation of their potential in insect resistance. Plant Cell Tissue Organ Cult. PCTOC 2015, 123, 321–340. [CrossRef]

29. Zhao, G.; Jiang, Z.; Li, D.; Han, Y.; Hu, H.; Wu, L.; Wang, Y.; Gao, Y.; Teng, W.; Li, Y. Molecular loci associated with seed isoflavone
content may underlie resistance to soybean pod borer (Leguminivora glycinivorella). Plant Breed. 2015, 134, 78–84. [CrossRef]

30. Gómez, J.D.; Vital, C.E.; Oliveira, M.G.; Ramos, H.J. Broad range flavonoid profiling by LC/MS of soybean genotypes contrasting
for resistance to Anticarsia gemmatalis (Lepidoptera: Noctuidae). PLoS ONE 2018, 13, e0205010. [CrossRef]

31. Gómez, J.D.; Pinheiro, V.J.; Silva, J.C.; Romero, J.V.; Meriño-Cabrera, Y.; Coutinho, F.S.; Lourenção, A.L.; Serrão, J.E.; Vital, C.E.;
Fontes, E.P. Leaf metabolic profiles of two soybean genotypes differentially affect the survival and the digestibility of Anticarsia
gemmatalis caterpillars. Plant Physiol. Biochem. 2020, 155, 196–212. [CrossRef]

32. Yesudas, C.; Sharma, H.; Lightfoot, D. Identification of QTL in soybean underlying resistance to herbivory by Japanese beetles
(Popillia japonica, Newman). Theor. Appl. Genet. 2010, 121, 353–362. [CrossRef]

33. O’neill, B.F.; Zangerl, A.R.; Dermody, O.; Bilgin, D.D.; Casteel, C.L.; Zavala, J.A.; DeLucia, E.H.; Berenbaum, M.R. Impact of
elevated levels of atmospheric CO2 and herbivory on flavonoids of soybean (Glycine max Linnaeus). J. Chem. Ecol. 2010, 36, 35–45.
[CrossRef]

34. Hay, W.T.; Behle, R.W.; Berhow, M.A.; Miller, A.C.; Selling, G.W. Biopesticide synergy when combining plant flavonoids and
entomopathogenic baculovirus. Sci. Rep. 2020, 10, 1–9. [CrossRef] [PubMed]

35. Hohenstein, J.D.; Studham, M.E.; Klein, A.; Kovinich, N.; Barry, K.; Lee, Y.-J.; MacIntosh, G.C. Transcriptional and chemical
changes in soybean leaves in response to long-term aphid colonization. Front. Plant Sci. 2019, 10, 310. [CrossRef] [PubMed]

36. Kikuta, S. The Cytotoxic Effect of Genistein, a Soybean Isoflavone, against Cultured Tribolium Cells. Insects 2020, 11, 241.
[CrossRef] [PubMed]

37. Sabljic, I.; Barneto, J.A.; Balestrasse, K.B.; Zavala, J.A.; Pagano, E.A. Role of reactive oxygen species and isoflavonoids in soybean
resistance to the attack of the southern green stink bug. PeerJ 2020, 8, e9956. [CrossRef] [PubMed]

38. Murakami, S.; Nakata, R.; Aboshi, T.; Yoshinaga, N.; Teraishi, M.; Okumoto, Y.; Ishihara, A.; Morisaka, H.; Huffaker, A.; Schmelz,
E.A. Insect-induced daidzein, formononetin and their conjugates in soybean leaves. Metabolites 2014, 4, 532–546. [CrossRef]
[PubMed]

39. Nakata, R.; Kimura, Y.; Aoki, K.; Yoshinaga, N.; Teraishi, M.; Okumoto, Y.; Huffaker, A.; Schmelz, E.A.; Mori, N. Inducible de
novo biosynthesis of isoflavonoids in soybean leaves by Spodoptera litura derived elicitors: Tracer techniques aided by high
resolution LCMS. J. Chem. Ecol. 2016, 42, 1226–1236. [CrossRef]

40. Hulburt, D.J.; Boerma, H.R.; All, J.N. Effect of pubescence tip on soybean resistance to lepidopteran insects. J. Econ. Entomol. 2004,
97, 621–627. [CrossRef]

41. Hollowell, E.; Johnson, H. Correlation between rough-hairy pubescence in soybean and freedom from injury by Empoasca fabae.
Phytopathology 1934, 24, 12.

42. Kanno, H. Role of leaf pubescence in soybean resistance to the false melon beetle. Atrachya Menetriesi 1996, 31, 597–603.
43. Hulburt, D. Identifying Additional Insect Resistance Quantitative Trait Loci in Soybean Using Simple Sequence Repeats. Master’s

Thesis, University of Georgia, Athens, GA, USA, 2002.
44. Ting, C. Genetic Studies on the Wild and Cultivated Soybeans 1. Agron. J. 1946, 38, 381–393. [CrossRef]
45. Lambert, L.; Kilen, T. Insect Resistance Factor in Soybean PI’s 229358 and 227687 Demonstrated by Grafting 1. Crop Sci. 1984, 24,

163–165. [CrossRef]
46. Fehr, W.; Caviness, C.; Burmood, D.; Pennington, J. Stage of development descriptions for soybeans, Glycine max (L.) Merrill. Crop

Sci. 1971, 11, 929–931. [CrossRef]
47. Allen, F.; Greiner, R.; Wishart, D. Competitive fragmentation modeling of ESI-MS/MS spectra for putative metabolite identification.

Metabolomics 2015, 11, 98–110. [CrossRef]
48. Smith, C.A.; O’Maille, G.; Want, E.J.; Qin, C.; Trauger, S.A.; Brandon, T.R.; Custodio, D.E.; Abagyan, R.; Siuzdak, G. METLIN: A

metabolite mass spectral database. Ther. Drug Monit. 2005, 27, 747–751. [CrossRef] [PubMed]
49. National Institute of Standards and Technology. EPA/NIH Mass Spectral Library; National Institute of Standards and Technology:

Gaithersburg, MD, USA, 2014.
50. Huang, F.-Q.; Dong, X.; Yin, X.; Fan, Y.; Fan, Y.; Mao, C.; Zhou, W. A mass spectrometry database for identification of saponins in

plants. J. Chromatogr. A 2020, 1625, 461296. [CrossRef] [PubMed]
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