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HIGHLIGHTS

e The accumulation of isoflavonoids in edible legume seedlings treated with jasmonates and structurally related compounds was analyzed.
e Time-course and dose-response experiments were performed using methyl jasmonate as elicitor.

o The application of jasmonates and structurally related compounds increased the concentration of bioactive isoflavonoids.

e The amount of isoflavonoids depended on the cultivar, the concentration and structure of the elicitor, and the post-induction time.
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ABSTRACT

Common bean (Phaseolus vulgaris L.), soybean (Glycine max L.) and mung bean (Vigna radiata L. Wilczek) seedlings
were treated with methyl jasmonate (MeJA); then, dose-response and time-course experiments were carried out.
Isoflavonoid composition was evaluated by high performance liquid chromatography. As a result of MeJA in-
duction, all leguminous plants increase the amount of isoflavonoids, at levels that depend on the concentration of
the elicitor and the time after induction. However, the application of MeJA in concentrations higher than 2.22
mM showed deleterious effects on seedlings and strong decreases in the concentration of isoflavonoids. In
addition, a series of compounds structurally related to MeJA, such as jasmonic acid, cis-jasmone, coronatine, and
indanoyl derivatives, were evaluated as elicitors. The results show that coronatine and the indanoyl-amino acids
conjugates displayed a significant elicitor effect of isoflavonoids in common bean (cvs. Cargamanto Mocho and
Corpoica LAS 106) and soybean (cv. Soyica P-34) seedlings, even higher than that found with the recognized
elicitors, benzo (1,2,3) thiadiazole-7-carbothioic acid S-methyl ester (acibenzolar S-methyl) and benzo-(1,2,3)
thiadiazole-7-carbothioic acid (acibenzolar acid). Leguminous plants can be treated with jasmonates and indanoyl
derivatives to increase levels of bioactive isoflavonoids and consequently improve biological and functional
properties and resistance against pests.

1. Introduction

signaling pathways have been studied. For example, Coronatine, a
non-host substance that mimics the plant hormone (+)-7-iso--

Jasmonates, like jasmonic acid (JA, Figure 1) and methyl jasmonate
(MeJA), trigger secondary metabolic pathways in plants, leading to an
arsenal of antimicrobial bioactive metabolites (such as isoflavonoid and
volatile compounds) of a wide variety of structures and with different
precursor biochemical pathways (Henkes et al., 2008). In recent decades,
compounds that mimic jasmonates and activate JA-specific intracellular
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jasmonoyl-L-isoleucine (an active form of JA), induces a wide range of
biological activities (Geng et al., 2014). Since coronatine is able to mimic
(+)-7-iso-jasmonoyl-L-isoleucine, it has been used as a tool to design
structural analogs at the synthetic level, which could be applied in
agriculture as stimulators of defense mechanisms in plants (Xie et al.,
2008). However, access to useful amounts of coronatine, either by
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Figure 1. Structure of some jasmonate compounds and structurally related compounds.

bacterial fermentation or chemical synthesis, has been a challenge, and
structure-activity studies have been limited (Littleson et al., 2016;
Mithofer et al., 2004).

To overcome these difficulties, Krumm et al. (1995) designed and
developed structurally simpler and more readily available
indanoyl-amino acid conjugates, as functional analogs of coronatine.
These compounds would have greater facilities for the preparation by
chemical synthesis and, consequently, better prospects for large-scale
application in the field, as protective agents for agricultural crops
(Mithofer et al., 2004; Schiiler et al., 2001, 2004; Botero et al., 2021;
Lauchli et al., 2002).

On the other hand, as a result of microbial infections and elicitations,
some leguminous plants produce a series of preformed and induced
antimicrobial isoflavonoids called phytoanticipins and phytoalexins,
respectively (Pedras and Yaya, 2015). The production of isoflavones
(genistein, 2'-hydroxygenistein, daidzein, kievitone and dalbergioidin,
Figure 2), coumestans (coumestrol), isoflavans (phaseollinisoflavan) and
pterocarpans (phaseollin and phaseollidin) in common bean (Phaseolus
vulgaris L.) and mung bean (Vigna radiata L. Wilczek), has been associated
with chemical defense mechanisms against infections and responses to
stress (Durango et al., 2013). The speed and level at which phaseollin is
produced have been linked to common bean resistance to anthracnose, a
fungal disease (Durango et al., 2002). Similarly, soybean (Glycine max L.)
produces a variety of isoflavones such as aglycones (daidzein and gen-
istein), 7-O-glucosyl-conjugates (daidzin and genistin) and 6”-O-malonyl
conjugates (6”-O-malonyldaidzin and 6”-O-malonylgenistin), coumestrol
and pterocarpans (Glyceollin I, II, III and IV) in response to pathogen
attack (Lygin et al., 2013; Nwachukwu et al., 2013). Furthermore,

isoflavonoids also have beneficial effects on human health and are used
as raw materials in the chemical and pharmaceutical industries (Vitale
et al., 2013; Yu et al., 2016). Unfortunately, there are few studies of the
effect of methyl jasmonate and structurally related compounds on the
accumulation of isoflavonoids in leguminous plants.

In the present work, common bean (P. vulgaris L.), soybean (G. max
L.), and mung bean (V. radiata L. Wilczek) seedlings were treated with
MeJA, and the concentration of defense-related isoflavonoids was
analyzed. Dose-effect and time-course experiments were carried out. In
addition, a series of jasmonate compounds (MeJA, JA, cis-jasmone, and
coronatine) and structurally related indanoyl-amino acids conjugates
were evaluated as elicitors in common bean and soybean.

2. Materials and methods
2.1. Chemicals

Genistein, genistin, daidzin, daidzein, jasmonic acid (JA), coronatine,
benzo(1,2,3) thiadiazole-7-carbothioic acid S-methyl ester (acibenzolar
S-methyl), and benzo(1,2,3) thiadiazole-7-carbothioic acid (acibenzolar
acid) were purchased from Sigma-Aldrich Co. (St. Louis, MO, USA).
Coumestrol, 2'-hydroxygenistein, dalbergioidin, phaseollin, phaseolli-
din, kievitone, and phaseollinisoflavone were obtained and identified
according to Durango et al. (2002). Methyl jasmonate (MeJA), cis-jas-
mone and 2-carboxy cinnamic acid were from Alfa-Aesar Co. (Ward Hill,
MA, USA). Methanol, ethyl acetate, NaOH, silica gel and all other
chemicals were purchased from Merck KGaA (Darmstadt, Germany).
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Figure 2. Structure of defense-related isoflavonoids in soybean, common bean, and mung bean.

1-oxoindanoyl-amino acid conjugates were prepared from 2-carboxy
cinnamic acid according to Krumm et al. (1995) and Botero et al. (2021).

2.2. Plant material

Soybean (G. max L.) seeds, cultivars Soyica P34 and SK-7 were ob-
tained from Monsanto Colombia and Semillas Kamertin S.A.S. (Cartago,
Valle del Cauca, Colombia), respectively. Seeds of common bean
(P. vulgaris L.), cultivars ICA (Instituto Colombiano Agropecuario)-
Cerinza, ICA-Quimbaya, Uribe Rosado, Calima, ICA-Bachué, and
Andino were purchased from Semicol S.A.S. (Bogota D.C., Colombia).
Cultivars Cargamanto Mocho and CORPOICA LAS 106 were from Semi-
llas & Semillas (Medellin, Antioquia, Colombia) and Corpoica (La Selva,
Rionegro, Antioquia, Colombia), respectively. Seeds of mung bean
(V. radiata L. Wilczek) were obtained from Semicol S.A.S (Santa Fe de
Bogotd, Bogota D.C., Colombia). ICA-Quimbaya is resistant to anthrac-
nose (Colletotrichum lindemuthianum Sacc. & Magn.) and tolerant to rust
(Uromyces appendiculatus Pers., Unger) (Rios-B. et al., 1989). ICA-Cerinza
is tolerant to the most common diseases in Colombia (rust, anthracnose,
leaf spot, and root rot) (Diaz and Santana, 2004). ICA-Bachué is resistant
to anthracnose and rust (Ligarreto et al., 1994). CORPOICA LAS 106 is
resistant to anthracnose (Pelaez and Rios, 2001). All seeds were sub-
jected to surface sterilization with NaClO (2.0%), and then, washed with
tap water. Seeds were sown in pre-sterilized moist vermiculite. Germi-
nation was conducted under dark conditions and 22 + 3 °C. Six- and

five-day-old seedlings of common bean and soybean, respectively, were
harvested and washed with tap water. Mung seedlings were four days
old. Then, teguments present on the seedlings were carefully removed.

2.3. Treatments

2.3.1. Dose-response experiments

In sterile plastic trays, the uprooted seedlings (7 g for soybean and 10
g for common bean cv. ICA-Cerinza and mung beans) were placed
vertically and the roots were submerged in MeJA solutions at various
concentrations (0.04, 0.16, 0.44, 2.22, and 4.40 mM). MeJA was initially
dissolved in ethanol (0.2%), in order to increase its aqueous solubility.
Solutions were then prepared by adding tap water to achieve the specific
concentration. After 4 h of induction, the MeJA solutions were discarded.
Cellucotton soaked with distilled water was used to carefully cover the
roots. Then, the seedlings were incubated for 96 h at 22 &+ 3 °C in the
dark, in trays sealed with plastic film. Seedlings treated with ethanol
(0.2%) instead of the elicitor and stored under the same conditions were
used as a control experiment. The experiments were carried out at least
twice.

2.3.2. Time-course experiments

In sterile plastic trays under aseptic conditions, the uprooted seed-
lings (7 g for soybean and 10 g for common and mung beans) were placed
vertically; the roots were immersed for 4 h in MeJA solutions (0.16 mM
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Figure 3. Characteristic chromatographic profiles of seedlings of common bean (P. vulgaris L. cv. ICA-Cerinza) (a), mung bean (V. radiata) (b), and soybean (G. max L.
cv. SK-7) (c) elicited by methyl jasmonate (MeJA). 1, 6”-O-malonyl-daidzin; 2, 6”-O-malonyl-genistin; 3, daidzin; 4, genistin; 5, daidzein; 6, genistein; 7, 2'-
hydroxygenistein; 8, dalbergioidin; 9, phaseollinisoflavan; 10, coumestrol; 11, phaseollin; 12, phaseollidin; 13, kievitone; 14-16, glyceollins. A analysis: 248 (for

soybean) and 278 (for common and mung beans) nm.

for soybean, 0.66 mM for mung bean and for cultivars ICA-Bachué,
Andino, Cargamanto Mocho and ICA-Quimbaya of common bean, and
0.44 mM for the cultivars Uribe Rosado and ICA-Cerinza). The elicitor
solutions were then discarded and cellucotton soaked with distilled water
was used to cover the roots. The plant material inside the trays covered
with plastic film was stored in the dark at 22 + 3 °C for different times
(24, 48, 72, 96 and 120 h). Every 48 h, the seedlings were sprayed with
water and the trays were covered again. Similarly, seedlings treated with
ethanol (0.2%) instead of MeJA solution and stored for 120 h were used
as control experiments. Assays were performed at least twice.

2.3.3. Elicitor effect of structurally related compounds to MeJA

In sterile plastic trays, soybean (G. max L.) (7 g) and common bean
(P. vulgaris L. cvs. Cargamanto Mocho and CORPOICA LAS 106) (10 g)
seedlings were placed vertically; the roots were immersed for 4 h in so-
lutions (0.16 mM for soybean and 0.44 mM for common bean) of MeJA,
JA, cis-jasmone, coronatine, and 1-oxoindanoyl 4-carboxylic acid-amino
acid conjugates (L-leucine methyl ester, D-leucine methyl ester, and
glycine methyl ester). Treatments with acibenzolar-S-methyl and aci-
benzolar acid were used as positive controls. All solutions were obtained
dissolving the potential elicitor compounds in 0.2% ethanol. Then,
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Figure 4. Accumulation of defense-related isoflavonoids on hypocotyls-roots of common bean (P. vulgaris L. cv. ICA-Cerinza) treated with methyl jasmonate (MeJA) at
different concentrations and after 96 h post-induction. For each compound, bars with different letters (a, b, c, d, and e) indicate statistically significant differences (p =

0.05; Fisher's LSD test).

solutions containing the elicitor were discarded, and the roots were
carefully covered with cellucotton moistened with distilled water. The
trays with the plant material were closed using stretch film and the
seedlings were incubated for 96 h at 22 + 3 °C in the dark. Experiments
were performed at least twice.

2.4. Sample preparation

In a mortar, plant material was ground with 20 mL ethanol (95%).
The resulting solution was centrifuged (3400 rpm, 6 min) and subse-
quently filtered through filter paper (Whatman No.1l). Ethanol was
eliminated from the filtrate under vacuum at 40 °C (Rotavapor Buchi R-
210). The remaining aqueous phase was submitted to liquid-liquid
extraction with ethyl acetate (EtOAc, 3 x 20 mL). After the combina-
tion of the organic phases, the solvent was removed (to dryness) by
evaporation in vacuo. Methanol was added to the extracts (HPLC-grade
MeOH, 5.0 mL), and the solutions were filtered using a syringe sterile
filter (0.45-mm pore size). A 0.5 mL aliquot of the resulting solution was
stored in an amber glass vial at -20 °C until HPLC analysis.

2.5. Detection and quantification of isoflavonoids

The analysis of the defense-related isoflavonoids was performed on a
Shimadzu chromatograph (LC-20AT) with a diode array detector (SPD-
20AT, Prominence), using a Phenomenex Security Guard cartridge C18
(4.0 x 3.0 mm) followed by a Phenomenex Luna 5p C18 (2) reverse-
phase column (150 mm x 4.6 mm i.d., 5 pm) (Torrance, USA). The iso-
flavonoids were eluted at a flow rate of 0.7 mL/min using as mobile
phase methanol and 0.05% acetic acid in water, as follows: from 10 to 70
% methanol in 40 min, then from 70 to 90% methanol in 20 min. 20 pL of
the sample was injected. Detection was at the wavelengths of maximum
absorption of each isoflavonoid (248, 254, 270, 286, and 310 nm)
(Durango et al., 2013).

For the quantification of defense-related isoflavonoids, standard
calibration curves were constructed by plotting peak areas versus com-
pound concentration. Five working solutions were prepared for genis-
tein, genistin, daidzin, daidzein, dalbergioidin, 2'-hydroxygenistein,
coumestrol, and phaseollin in ethanol at 1, 10, 25, 50, and 100 mg/L. Due
to genistin and daidzin show molar extinction coefficients like those of

the malonyl-conjugates (Durango et al., 2018), the standard curves of
genistin and daidzin were used for quantifying the malonyl conjugates and
adjusted for molecular weight differences. The concentration of glyceollins
was calculated from the total area of peaks for the four isomers, by inter-
polation in the calibration curve for phaseollin (a structurally related
pterocarpan). Relatively high linearity was presented for all calibration
curves (correlation coefficient R? > 0.96). The regression equations were:
genistein, Y =16164X — 46085 (R of 0.9703); dalbergioidin, Y = 5.0x10°X
- 39883 (R? of 0.9970); daidzein, Y = 159171X + 146477 ®? of 0.9881);
genistin, 16164X — 46085 (R? of 0.9703); daidzin, Y = 159171X + 146477
(R? of 0.9881); coumestrol, ¥ = 5.0x10°X + 76532 (R® of 0.9651);
2'-hydroxygenistein, ¥ = 8.0x10°X — 17193 (R? = 0.9985), and phaseollin,
Y = 106380X + 414987 (R? of 0.9684). Data for each peak were recorded
using the wavelength that provides a maximum response (Durango et al.
2013, 2018). The results were expressed as pg isoflavonoid/g fresh mate-
rial and presented as mean values +standard deviation.

2.6. Confirmation of identity of isoflavonoids

Defense-related isoflavonoids were previously identified by different
methods: genistein, 2'-hydroxygenistein, dalbergioidin, coumestrol,
phaseollin, phaseollidin, and phaseollinisoflavan were purified and
confirmed by mass and NMR spectra (Durango et al., 2002, 2013). In
addition, the identification of daidzein, genistein, genistin, and daidzin
was verified by co-elution of HPLC-DAD peaks with authentic samples
(Durango et al.,, 2018) on a Shimadzu chromatograph (LC-20AT)
equipped with a diode array detector (SPD-20AT, Prominence), and the
same chromatographic conditions as described above (Section 2.5).
Compounds 6”-O-malonyl-genistin, 6”-O-malonyl-daidzin, and gly-
ceollins were also previously confirmed by liquid chromatography with
mass spectrometry (LC-MS) according to Durango et al. (2018). The
reverse-phase column, mobile phase, and flow rate were the same as
described above (Section 2.5).

2.7. Statistical analysis

A one-way ANOVA was used to analyze the results and the mean
values were compared using the Fisher's least significant differences
(LSD) at the 0.05 probability level.
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Figure 5. Effect of the application of methyl jasmonate (MeJA) at different concentrations on root elongation and the number of secondary roots in mung beans (A).
Deteriorative effect on the integrity of the epidermal tissues in common bean (P. vulgaris L.) roots untreated (B) and treated with 4.44 mM of MeJA (C).

3. Results and discussion
3.1. Chromatographic profiles

Characteristic chromatographic profiles of soybean, common bean,
and mung bean seedlings treated with water (control) and MeJA are
shown in Figure 3. All components of the samples were clearly separated.
For soybean seedlings, the peaks at retention times (Rt) 23.5-24.5 min
and 28.5-36.0 min correspond to the glucosyl- (daidzin and genistin) and
the malonyl-glycosyl (6-0”-malonyl-daidzin and 6-O”-malonyl-genistin)
derivatives, respectively. The aglycones daidzein and genistein were
found in that order at Rt 36.5 and 40.0 min. The lower retention times for
the glucosyl- and malonyl-glucosyl conjugated isoflavonoids are consis-
tent with their higher polarities compared to the aglycones. The cou-
mestrol peak appeared at Rt 43.0 min. Glyceollins were detected at 45.2,
45.9, and 46.3-46.6 min, indicating the lowest polarity among soy
defense-related isoflavonoids. Daidzein derivatives were found at
significantly higher levels than genistein derivatives. The major

metabolite detected in soybean seedlings was daidzin. Coumestrol and
glyceollins were absent in water-treated seedlings.

Daidzein, genistein, and coumestrol were also found in common bean
and mung bean seedlings. Furthermore, the 2'-hydroxygenistein and
dalbergioidin compounds were detected at 35.6 and 34.2 min, respec-
tively. The peaks of the prenylated compounds (kievitone, phaseollin,
phaseollidin, and phaseollinisoflavan) appear between 49.0 and 53.0
min. The main compound found in common and mung beans was gen-
istein. The peaks for kievitone, phaseollin, phaseollidin, and phaseolli-
nisoflavan showed a low intensity in seedlings treated with water
compared to those treated with MeJA.

3.2. Elicitation with MeJA

3.2.1. Dose-response experiments

The exogenous application of MeJA and its derivatives has been
shown to be effective in inducing the biosynthesis of secondary metab-
olites and activating the induced defense system in plants (Singh and
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Figure 6. Accumulation of defense-related isoflavonoids on hypocotyls-roots of common bean (P. vulgaris L.) cvs. ICA-Cerinza (top), Uribe Rosado (middle), and
Andino (bottom) treated, respectively, with 0.44, 0.44, and 0.66 mM MeJA at different post-induction times. For each compound, bars with different letters (a, b, c, d,

and e) indicate statistically significant differences (p = 0.05; Fisher's LSD test).

Bwivedi, 2018; Wasternack, 2007; Wasternack and Feussner, 2018;
Farhangi-Abriz and Ghassemi-Golezani, 2019). However, treatments
with high concentrations of MeJA can generate signs of phytotoxicity
(Jiang et al., 2017). Therefore, a dose-response experiment was initially
carried out to choose an optimal concentration. For the dose-response
experiments, the hypocotyls-roots of common bean cv. Ica Cerinza

were treated with MeJA solutions at different concentrations (0.04, 0.16,
0.44, 2.22, and 4.40 mM), and the content of isoflavonoid was evaluated
at 96 h. The results of dose-response experiments in common bean
hypocotyls-roots are summarized in Figure 4. After MeJA treatment, the
concentration of defense-related isoflavonoids increased significantly
relative to control. Interestingly, at the lowest concentrations of the
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Figure 7. Chromatographic profiles in the course of time for hypocotyls-roots of common bean (cv. Andino) treated with 0.66 mM methyl jasmonate (MeJA).
Compounds: 5, daidzein; 6, genistein; 7, 2'-hydroxygenistein; 8, dalbergioidin; 9, phaseollinisoflavan; 10, coumestrol; 11, phaseollin; 12, phaseollidin; 13, kievitone.

elicitor, 0.04 and 0.16 mM, the major phytoalexin was genistein followed
by phaseollin. However, MeJA at 0.44 and 2.22 mM, elicited the highest
amounts of phaseollin. In general, the concentration of isoflavonoids in
common bean increased progressively in a dose-dependent manner until
reaching its maximum levels at 2.22 mM. When 4.40 mM MeJA was used,
isoflavonoid concentrations declined rapidly. Under these conditions (4.40
mM MeJA and 96 h post-induction), common bean hypocotyls-roots began
to show necrosis symptoms (they turned brownish). Therefore, MeJA at
2.22 mM and below, is safe and can be used as an elicitor in common bean.
An earlier report of common bean tissue elicitation showed similar
symptoms of necrosis following treatment with salicylic acid at 3.62 mM
and above (Durango et al., 2014). Saini et al. (2013) reported significant
increases in the concentration of isoflavones in soybeans by treatment with
MeJA between 0.1 and 0.5 mM. Similarly, Li et al. (2017) reported that
treatment of mung bean sprouts with MeJA at different levels (1.0, 10.0,
100.0 pmol/L, 1.0 and 10.0 mmol/L) significantly increased total phenolic
amounts, and antioxidant activity.

On the other hand, mung bean and soybean seedlings exhibited
higher sensitivity to MeJA treatment, showing wilting symptoms at
concentrations as low as 2.22 and 0.44 mM, respectively (Data not
shown). For mung bean, elicitation with 1.0 mM MeJA and higher
exhibited changes in root coloration (turned brown) and a reduction in
the number of lateral roots and root hairs (Figure 5). Exogenous appli-
cation of MeJA or JA in high concentrations is known to inhibit root
growth in some plant species (Henkes et al., 2008; Wasternack, 2007).
Consequently, for the subsequent assays, MeJA was used at 0.44, 0.66,
and 0.16 mM for common bean, mung bean, and soybean, respectively.

3.2.2. Time-course experiments

In order to investigate the effect of MeJA application in the course of
time, hypocotyls-roots of common bean (P. vulgaris L. cvs. ICA-Cerinza,
ICA-Quimbaya, Cargamanto Mocho, Uribe Rosado, ICA-Bachué,
Andino, Calima, and CORPOICA LAS 106), mung bean (V. radiata L.
Wilczek) and soybean (G. max L. cv. SK-7) were immersed for 4 h in
MeJA solutions at 0.16 mM for soybean, 0.66 mM for mung bean and the
common bean cultivars ICA-Bachué, Andino, Cargamanto Mocho and
ICA-Quimbaya, and 0.44 mM for the cultivars Uribe Rosado and ICA-
Cerinza. Plant materials were then stored in the dark at different times
(24, 48, 72, 96, and 120 h). Defense-related isoflavonoid concentrations

over time for hypocotyls-roots of common bean cvs. ICA-Cerinza, Uribe
Rosado, and Andino are summarized in Figure 6. For all cultivars, iso-
flavonoid content increased significantly after MeJA application. In
general, the accumulation of isoflavonoid compounds increased pro-
gressively with time after induction. In Uribe Rosado and Andino, two
cultivars susceptible to anthracnose, the major compound found was
genistein. The highest level of genistein was detected during the first 72 h
after induction; then, the amount of genistein decreased rapidly. The
other compounds presented levels lower than 22 pg/g during the analysis
time, for the Uribe Rosado and Andino cultivars. After 96 h post-
induction, the main isoflavonoid compounds for Uribe Rosado, Andino,
and Cargamanto Mocho were genistein (36.5 jig/g), coumestrol (21.1 pg/
g), and kievitone (44.4 ug/g), respectively. For the ICA-Cerinza, ICA-
Bachué, and ICA-Quimbaya cultivars, resistant and tolerant to anthrac-
nose, the main defense-related isoflavonoids after 96 h were phaseollin,
phaseollidin, and kievitone. In particular, after 96 h post-induction,
phaseollin reached levels of 102.0, 20.1, 29.4 pg/g for ICA-Quimbaya,
ICA- Bachué, and ICA-Cerinza, respectively. In general, the highest
amounts of genistein, daidzein, 2'-hydroxygenistein, and dalbergioidin
were detected during the first 72 h after induction. Then, the concen-
tration of these compounds decreased, coinciding with an increase in the
concentration of phaseollin, phaseollidin, phaseollinisoflavan, kievitone,
and coumestrol (Figure 7). These results are consistent with previous
reports about elicitation in common bean tissues with other elicitors
(Durango et al., 2013; Botero et al., 2021). As can be seen for Uribe
Rosado and ICA-Cerinza, after 120 h post-induction, the amount of iso-
flavonoid compounds is similar to that found in the controls (water--
treated hypocotyls-roots). Reductions in isoflavonoid levels after
post-induction times greater than 120 h have been reported for other
common bean cultivars treated with salicylic acid in cotyledons and
hypocotyls-root (Durango et al., 2013, 2014).

The results of mung bean (V. radiata L. Wilczek) showed that the
concentration of isoflavonoids is higher than that of common bean. The
main isoflavonoid compounds were genistein, followed by coumestrol
and 2'-hydroxygenistein, throughout the analysis time (Figure 8). The
amount of genistein ranged from 67.6 (control; water-treated seedlings)
to 316.6 pg/g (24 h post-induction). Coumestrol and 2-hydroxygenistein
reached the highest level at 48 h, with 126.8 and 56.3 pg/g, respectively.
Then, the concentration of coumestrol and 2'-hydroxygenistein
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Figure 8. Accumulation of defense-related isoflavonoids on hypocotyls-roots of mung bean (V. radiata L. Wilczek) (top) and soybean (G. max L. cv. SK-7) (bottom)
treated with methyl jasmonate (MeJA) at 0.66 and 0.16 mM respectively, and different post-induction times. For each compound, bars with different letters (a, b, ¢, d,

and e) indicate statistically significant differences (p = 0.05; Fisher's LSD test).

decreased, coinciding with a slight increase in the concentration of
phaseollidin and kievitone. Li et al. (2017) reported that MeJA applica-
tion also significantly increased the concentration of genistein and
daidzein in mung beans.

Treatment of soybean seedlings with 0.16 mM MeJA significantly
increased the amount of all isoflavonoid compounds except coumestrol
compared with the control. The main metabolite was 6”-O-malonylgenis-
tin, followed by genistein and genistin. The concentration of 6”-O-malo-
nylgenistin reached the maximum (402.4 pg/g) at 24 h. Coumestrol and
glyceollins showed amounts less than 14 pg/g during the analysis. Jeong
et al. (2018) reported that MeJA treatment increased the production of
three glycosidic isoflavones (daidzin, malonyldaidzin, and malonylgenis-
tin) by activating structural genes involved in isoflavonoid biosynthesis.

3.2.3. Elicitor effect of structurally related compounds to MeJA

Currently, there is a growing interest in the control of important plant
diseases through the use of elicitors. Acibenzolar acid, acibenzolar S-methyl,
acetylsalicylic acid, MeJA, JA, cis-jasmone, coronatine, 1-oxoindanoyl-L-

leucine methyl ester, and 1-oxoindanoyl-glycine methyl ester (Figure 9)
were evaluated for their inducing effect of isoflavonoids on common bean
hypocotyls-roots (P. vulgaris L. cvs. CORPOICA LAS 106 and Cargamanto
Mocho). As can be seen in Figure 9, jasmonates have a strong elicitor effect,
being even higher than that shown by the recognized elicitors, acibenzolar-
S-methyl and acibenzolar acid. Significant differences were found in the
concentration of all defense-related isoflavonoids with respect to the control
(tissues treated with 0.2% ethanol). The greatest accumulation of dalber-
gioidin was found to be elicited by the two indanoyl derivatives, the MeJA,
and the acibenzolar acid. Similarly, MeJA and 1-oxoindanoyl-L-leucine
methyl ester treatments exhibited the highest amounts of 2'-hydrox-
ygenistein and phaseollidin, and kievitone, respectively. The highest levels
of daidzein and genistein were shown in coronatine-treated hypocotyls-
roots. In addition, coronatine caused the highest accumulation of phaseollin
(17 times higher than control). Coronatine-treated soybean seedlings also
showed significant increases in the amounts of daidzin (47.7 pg/g; 5 times
higher than control) and 6”-O-malonyldaidzin (26.3 pg/g; twice the con-
centration found in the control) (Data not shown). Coumestrol reached the
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Table 1. Accumulation of isoflavonoid-phytoalexins in common bean (P. vulgaris L.) tissues of cultivars CORPOICA LAS 106 (anthracnose-resistant) and Cargamanto Mocho (anthracnose-susceptible) treated with indanoyl

derivatives.

DAID GEN Cou PHAIS PHAD PHAS KIEV

2'-OHG

DALB

28.28 + 21.42%
2.64 +1.12%

5.49 + 0.84° 0.67 + 0.24° 20.73 + 8.32" 3.46 + 1.44° 4.19 + 0.38%° 15.08 + 2.11¢
6.43 + 2.02% 10.99 + 2.10°
15.44 £ 1.77°

4.34 +1.02°

5.36 + 1.30?°

8.74 + 0.46"

Indanoyl-L-Leucine

Hypocotyls-Roots

0.11 + 0.06%

0.24 + 0.11*

0.65 + 0.26%

4.64 £+ 0.84%

4.12 + 1.20°

Indanoyl-glycine 8.04 £+ 0.36%

CORPOICA LAS 106

4.68 + 0.95%

3.88 + 0.45% 3.94 +1.12% 0.38 + 0.12% 8.55 + 1.53% 6.15 + 0.88¢ 0.21 + 0.122

8.12 + 0.88%°

Indanoyl-D-Leucine

2.61 + 0.69%

6.70 + 2.52° 4.65 + 0.58° 0.40 + 0.08* 4.65 +1.33% 5.05 & 1.10 6.64 + 5.51°

8.27 + 0.63%°

Control

3.49 + 1.34%

11.62 + 4.46° 8.53 + 3.35° 4.24 + 2.20° 20.63 + 7.91° 9.46 + 6.80° 3.24 + 2.03" 12.38 + 1.06"

14.44 + 1.23° 19.18 + 2.23" 11.98 + 1.05"
27.06 + 0.62° 18.05 + 1.35¢
6.19 + 2.35% 6.64 + 2.54°

11.32 + 0.28°
3.16 + 1.03*

7.78 + 1.86°

Indanoyl-L-Leucine

Hypocotyls-Roots

6.69 + 2.08°

2.28 + 0.26%°

1.93 + 0.51%

4.05 + 0.75"

8.68 & 4.24%

Indanoyl-glycine 4.04 £ 0.45%

Cargamanto Mocho

2.53 + 0.32%

3.94 + 2.69"

7.05 + 2.332>

2.68 + 1.13"

6.10 £+ 1.93%

4.28 £ 0.95%

Indanoyl-D-Leucine

Control

3.30 + 0.93*

0.32 +0.14*

0.21 +0.11*

0.20 £+ 0.14*

3.97 £ 0.05%

3.50 + 1.50%

10.93 + 5.33°
3.31 + 0.00%

14.56 + 6.93% 7.39 + 1.96"
11.87 + 5.53%

14.20 + 5.89%
8.30 + 6.97%

28.53 + 13.12¢ 5.30 + 0.13% 0.37 + 0.212> 18.19 + 11.73° 12.60 =+ 6.36"
11.27 + 1.63°
16.42 + 6.85"
0.51 + 0.68°

5.31 +1.722

10.73 + 3.43%
4.37 + 1.66%

Indanoyl-L-Leucine

Cotyledons

4.32 + 0.07%

15.05 + 10.56"
33.91 + 9.77¢
2.74 + 2.60%

0.10 + 0.04*

4.54 + 0.04°

Indanoyl-glycine

Cargamanto Mocho

4.72 £ 0.00*

14.32 £ 1.24¢
3.37 + 2.20%

0.82 + 0.13%®

6.67 & 0.81°¢

9.78 + 3.40?°

8.39 £+ 2.14%

Indanoyl-D-Leucine

2.08 + 1.59%

23.00 £ 20.34% 2.67 + 1.89° 0.92 + 0.86"

8.63 £+ 3.91%

Control

DALB: Dalbergioidin; 2'-OHG: 2'-Hydroxygenistein; DAID: Daidzein; GEN: Genistein; COU: Coumestrol; PHAIS: Phaseollinisoflavan; PHAD: Phaseollidin; PHAS: Phaseollin; KIEV: Kievitone. For each isoflavonoid, bars with

different letters are significantly differents (p = 0.05). 96 h post-induction.
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highest level in common bean tissues treated with acibenzolar S-methyl,
followed by acibenzolar acid and 1-oxoindanoyl-L-leucine methyl ester. In
general, coumestrol and phaseollin showed similar accumulations in
common bean tissues elicited by benzoyl-containing compounds such as
salicylic acid, acibenzolar-S-methyl, acibenzolar acid, and 1-oxoindanoyl-
L-leucine methyl ester. These results agree with previous reports on elici-
tation with salicylic acid and derivatives in other common bean cultivars
(Durango et al., 2013, 2014). Surprisingly, phaseollin showed substantially
greater accumulation than coumestrol in common bean tissues treated with
compounds containing the oxocyclopentyl-system, such as coronatine and
JA. In common bean, the elicitation of isoflavonoid-phytoalexins seems to
depend largely on the structural characteristics of the indanoyl derivatives;
even small differences in structure are sufficient to differentially induce
phytoalexins. Thus, cis-jasmone was a poor elicitor of defense-related iso-
flavonoids in common bean compared to JA and MeJA, despite small
structural differences. For indanoyl-derivatives, Krumm et al. (1995) and
Lauchli et al. (2002) have reported that even the loss of a —-CHj- group from
the amino acid, leads to a complete loss of biological activity. As can be
seen (Figure 9, Table 1), the accumulation of defense-related isoflavonoids
was higher in hypocotyl-roots tissues treated with 1-oxoindanoyl-L-leucine
methyl ester compared to 1-oxoindanoyl-glycine methyl ester. Botero et al.
(2021) previously reported the antifungal and elicitor activities in common
bean tissues of the derivative 1-oxoindanoyl-L-leucine methyl ester.

Studies using different configurations for the chiral amino acid indi-
cate that 1l-oxoindanoyl-D-leucine methyl ester elicited significantly
different amounts of some phytoalexins in hypocotyls-roots and cotyle-
dons of common bean. In particular, coumestrol (8.55 + 1.53 pg/g),
phaseollidin (0.21 + 0.12 pg/g), and kievitone (4.68 + 0.95 ng/g)
reached significantly lower amounts using 1-oxoindanoyl-D-leucine
methyl ester compared to its L-substituted analog (coumestrol, 20.73 +
8.32 pg/g; phaseollidin, 4.19 + 0.38 pg/g; and kievitone, 28.28 + 21.42
1g/g), in hypocotyl-roots of cultivar CORPOICA LAS 106 (anthracnosis-
resistant cultivar).

In Cargamanto Mocho, hypocotyls-roots treated with 1-oxoindanoyl-
D-leucine methyl ester accumulated phaseollin (18.05 + 1.35 pg/g) and
dalbergioidin (4.28 £ 0.95 pg/g) in levels significantly higher and lower,
respectively, than the L-substituted analog (phaseollin, 12.30 + 1.06 pg/
g; dalbergioidin, 7.78 + 1.86 ug/g). On the other hand, the amounts of
phaseollin and coumestrol in the cotyledons treated with the compound
1-oxoindanoyl-D-leucine methyl ester were significantly higher than in
the tissues treated with 1-oxoindanoyl-L-leucine methyl ester. It can be
suggested that the interaction of the indanoyl elicitor and the receptor
that triggers the biological activity is very specific, discriminating small
differences in the carbon chain of the amino acid, or even between the L
and D configurations (Krumm et al., 1995).

4. Conclusions

The exogenous application of jasmonate-type compounds, such as
methyl jasmonate (MeJA) and jasmonic acid, along with coronatine and
structurally related compounds (1-oxo-indanoyl amino acids conjugates)
increases the amount of bioactive isoflavonoid compounds on soybean,
common bean, and mung bean. In general, defense-related isoflavonoid
contents on elicited tissues of leguminous plants depended on the species
and cultivar, the concentration and structure of elicitor, and the time
after induction. Our results show that jasmonate compounds, coronatine
and the 1-oxo indanoyl amino acids conjugates can be used to enhance
the biological and functional properties of extracts from common bean,
soybean, and mung bean, and the resistance against pests.
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