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Introduction

Stress-induced volatile organic compounds (VOCs) that induce plant immunity bear potential for biocontrol. Here, we explore the potential of nonanal to enhance the seed yield of common bean (Phaseolus vulgaris) under open field conditions that are realistic for smallholder farmers.





Methods and results

Using plastic cups with a nonanal-containing lanolin paste as low-cost dispensers, we observed that exposure of Flor de Junio Marcela (FJM) plants over 48h to airborne nonanal was followed by a 3-fold higher expression of pathogenesis-related (PR) genes PR1 and PR4. Both genes further increased their expression in response to subsequent challenge with the fungal pathogen Colletotrichum lindemuthianum. Therefore, we conclude that nonanal causes resistance gene priming. This effect was associated with ca. 2.5-fold lower infection rates and a 2-fold higher seed yield. Offspring of nonanal-exposed FJM plants exhibited a 10% higher emergence rate and a priming of PR1- and PR4-expression, which was associated with decreased infection by C. lindemuthianum and, ultimately, a ca. 3-fold increase in seed yield by anthracnose-infected offspring of nonanal-exposed plants. Seeds of nonanal-exposed and of challenged plants contained significantly more phenolic compounds (increase by ca 40%) and increased antioxidant and radical scavenging activity. Comparative studies including five widely used bean cultivars revealed 2-fold to 3-fold higher seed yield for nonanal-exposed plants. Finally, a cost-benefit analysis indicated a potential economic net profit of nonanal exposure for some, but not all cultivars.





Outlook

We consider nonanal as a promising candidate for an affordable tool that allows low-income smallholder farmers to increase the yield of an important staple-crop without using pesticides
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1 Introduction

Plants respond to abiotic and biotic stress with the induced emission of volatile organic compounds (VOCs), which contribute via diverse mechanisms to the protection from future stresses. Since the pioneering work of Marcel Dicke (Dicke, 1986; 1988; Dicke and Sabelis, 1988) and Ted Turlings (Turlings et al., 1990, 1995), tritrophic interactions in which herbivore-induced plant VOCs guide predatory mites or parasitoid wasps towards their prey have been studied intensively, in the hope to translate this plants’ ‘cry for help’ into novel biocontrol strategies. Even earlier, David Rhoades (Rhoades, 1983) and Ian Baldwin & Jack Schultz (Baldwin and Schultz, 1983) published the first reports on talking trees. Although the idea of an airborne plant-plant communication initially received heavy criticism, multiple follow-up studies confirmed that VOCs from damaged plants can trigger increased immunity to biotic stress in a receiver plant (Heil and Silva Bueno, 2007; Yi et al., 2009; Heil, 2014; Rosenkranz et al., 2021; Brambilla et al., 2022; Schuman, 2023). Unfortunately, attempts to apply this knowledge in agricultural settings had limited success (Brilli et al., 2019; Schuman, 2023). For example, exposure of maize or cotton plants to methyl jasmonate (MeJA) under open field conditions induced defence traits as expected, but had no significant effect on yield (von Merey et al., 2012; Williams et al., 2017). Likewise, the emission of an aphid alarm pheromone by transgenic wheat plants – a reliable attractant of parasitoids under laboratory conditions - had no effect on seed yield in the open field (Bruce et al., 2015). Exposing common bean in experimental field plots to methyl salicylate (MeSA) had a significant effect on seed yield in one, but not another year (Salamanca et al., 2018), and the exposure of lima bean and chilli pepper plants in a common garden to cis-hexenyl acetate slightly increased the number of flowers in lima bean, but decreased the number of fruits in chili pepper (Freundlich et al., 2021). In short, with a few exceptions (see, e.g (Shiojiri et al., 2021), or the so-called push-pull system (Khan et al., 2014)), field studies tend to fail to reproduce the promising observations made under controlled conditions.

More reliable effects could be expected from VOCs that (i) act via more than one mechanism against the same enemy or (ii) exert more than one positive effect for the crop plant. For example, the C9 aliphatic aldehyde, nonanal, primes resistance gene expression and thereby enhances the resistance to bacterial and fungal pathogens (Yi et al., 2009; Girón-Calva et al., 2012; Quintana-Rodriguez et al., 2015), but nonanal has also direct antimicrobial activity (Bisignano et al., 2001; Dilantha-Fernando et al., 2005; Zhang et al., 2017; Quintana Rodríguez et al., 2018b; Li et al., 2021). Likewise, many biostimulants enhance plant growth and the resistance to stress (Mannino, 2023). Unfortunately, growth promotion, a well-known feature of microbial VOCs such as acetoin, 2,3-butanediol or nonan-2-one (Ryu et al., 2003; Sharifi and Ryu, 2018; Lammers et al., 2022; Almeida et al., 2023), has less frequently been reported for plant VOCs (Brosset and Blande, 2022). Finally, stable, long-term effects would be excepted from (iii) those VOCs that generate an immunological memory, that is, they prime the receiver plant for a faster or stronger responses to future attack, including the enhanced emission of VOCs (Heil and Silva Bueno, 2007; Ton et al., 2007; Erb et al., 2015; Quintana-Rodriguez et al., 2015; Brambilla et al., 2022).

The before mentioned studies call for a shift towards considering resistance-inducing and antimicrobial VOCs more seriously as tools for biocontrol. However, field studies are rare and in fact, a recent quantitative review identified the dominance of reports from ‘more refined, controlled environments’ as the major limitation of the literature on plant volatiles (Schuman, 2023). In addition, yield is seldomly quantified, and even in field studies, treatment costs - and in particular the ratio between these costs and the economic value of a putative yield increase - are usually not reported. These conditions and response variables hardly ever meet the reality in agriculture, and less so the reality under which smallholder farmers operate: a working force of around 600 million farmers around the world who are estimated to produce – on less than two hectares of land per farmer - more than 30% of the world food supply (Ricciardi et al., 2018; Shroff, 2022). For these farmers, variation in the abiotic and biotic conditions form an intrinsic element of their all-day reality that contributes significantly to a high level of food insecurity, and positive income/investment ratios are essential for survival.

Considering the before mentioned issues, we aimed to explore the potential of nonanal, to be applied as a biostimulant that increases seed yield of common bean under growing conditions that are realistic for Mexican smallholder farmers. Nonanal was identified by our group as a VOC emitted from infected lima bean or common bean plants that primes the expression of ‘pathogenesis- related’ (PR) genes PR1 and PR4 and thereby enhances the resistance to Pseudomonas syringae and Colletotrichum lindemuthianum, at least under laboratory conditions (Yi et al., 2009; Girón-Calva et al., 2012; Quintana-Rodriguez et al., 2015). Others reported that common bean emits nonanal in response to colonization with mycorrhizal fungi or sider mite infestation (Schausberger et al., 2012). We selected nonanal because it is a product of the lipoxygenase pathway, but also of the non-enzymatic oxidation of fatty acids (Fries, 1960), for which reason nonanal emission is usually induced by oxidative stress or infection (Wildt et al., 2003). Being an indicator of oxidative stress, nonanal can be considered a volatile damage-associated molecular pattern (DAMP): an endogenous molecule that indicates danger when it appears in the extracellular space (Heil and Land, 2014; Vénéreau et al., 2015; Tanaka and Heil, 2021). In fact, nonanal is also a common component of the breath of human cancer patients (Fuchs et al., 2010; Callol-Sanchez et al., 2017). Since DAMPs are the first alarm signals that are released in wounded tissue, they usually have antimicrobial, immunostimulatory and pro-regenerative activity (Medina-Castellanos et al., 2018; Segonzac and Monaghan, 2019; Gong et al., 2020). We argue that nonanal might have the same effects in plants. Finally - and importantly for the aim of our study - nonanal is relatively cheap (1kg less ca. 3,000 Mexican Pesos (MXN)), and it is widely used in washing & cleaning products, fragrances, cosmetics and other personal care products, because it is classified under FDA UNII code 2L2WBY9K6T and CAS no.: 124-19-6 as an organic substance of natural origin that is permitted as food additive and for direct human consumption (CHEM. E, 2023; FDA, 2023). That is, in case of having beneficial properties in the agricultural context, its certification for use as a biocontrol agent should be relatively easy.

Our study consisted of two trials: In the first trial, we challenged nonanal-exposed plants of the cultivar Flor de Juno Marcela with C. lindemuthianum, the causal agent of fungal anthracnose, to verify whether the priming of PR-genes by nonanal is reproducible under field conditions and whether resistance induction translates into increased seed yield. We also tested for putative transgenerational resistance priming, because the generation of a stable immunological memory in the next generation could amplify the opportunities to use VOCs as ‘crop vaccines’ (Ramirez-Carrasco et al., 2017), and we used standard protocols to estimate the contents of phenolic compounds and the antioxidant activity of the harvested beans to screen for changes in compound classes that contribute to the nutraceutical effects of beans. In a second trial, we compared the effects of nonanal exposure among five bean cultivars. We observed yield increases in response to nonanal exposure. In most cultivars, these yield increases could have generated a net economic profit. We could also confirm a transgenerational resistance priming. We conclude that nonanal is a very promising candidate for applications as a biostimulant that can be used by smallholder farmers to obtain yield increases at affordable costs while fulfilling the requirements of organic farming. In addition, seed-producing companies might use nonanal to generate ‘vaccinated’ seeds as a new product.




2 Materials and methods



2.1 Biological material and growing conditions

We used three improved cultivars and two landraces of common bean (Phaseolus vulgaris L.), which had been selected to cover a range of resistance levels to fungal anthracnose and to include cultivars that are commonly used for autoconsumption (Borja Bravo et al., 2021): The improved cultivars Flor de Mayo Anita (FMA) and Pinto Villa (PV) have been characterized as ‘highly resistant’, while the improved cultivar Flor de Junio Marcela (FJM) and the landrace Bayo Berrendo (BaB) are considered as ‘intermediate resistant’ (Acosta-Gallegos et al., 1995; Castellanos-Ramos et al., 2003; Ibarra-Perez et al., 2005). A previous own study confirmed these patterns and identified the landrace Negro San Luis (NSL) as highly susceptible (Quintana-Rodriguez et al., 2015). Flor de Mayo and Flor de Junio beans are cultivars destinated to autoconsumption, and also NLS is frequently used for this purpose (Borja Bravo et al., 2021). The seeds of BaB were obtained from the germplasm collection at Instituto Tecnológico de Roque (ITR), all other cultivars were obtained from Dr. Jorge Acosta at Instituto Nacional de Investigaciones Forestales, Agrícolas y Pecuarias (INIFAP), both in Celaya, GTO, México. The fungal pathogen C. lindemuthianum (Sacc. & Magnus) Briosi & Cavara strain 1088, which had been isolated originally from leaves and pods of naturally infected bean plants in the state of Durango, México, was kindly donated by Dr. June Simpson (CINVESTAV Irapuato) and was cultivated in Petri dishes with solid potato dextrose agar (PDA) medium.

All experiments were carried in an experimental field at CINVESTAV Campus Irapuato (state of Guanajuato, 20° 43′ 13″ N; 101° 19′ 43″ W). The study site is localized in the ‘Bajio’, a semiarid region in the central highlands of Mexico at ca 1,800 m asl. that receives an annual rainfall of ca 400 mm (Castellanos-Ramos et al., 2003). In this region of México, bean is typically cultivated during the rainy season (from March until August) under rainfed conditions (in entire Mexico, 76% of the bean production is rainfed (SAGARPA, 2017)). Some farmers also use supplemental irrigation at very different levels of control and intensity. Fungal, bacterial and (to a lesser extent) viral infections, pest insects, inefficient cultivation conditions and poor soils are the major yield-limiting factors in the Bajio, although higher peak temperatures and irregularities in rainfall increasingly impose major problems (Shulaev et al., 1997; Castellanos-Ramos et al., 2003). Therefore, average productivity has dropped to ca 800kg ha-1 (García-Meza, 2021), which is similar to the worldwide average of 790kg ha-1 (Uebersax et al., 2023). Small producers who grow bean for commercialisation typically sow two seeds into the same hole, in rows at 76 cm distance between rows, thereby reaching densities from 40,000 to 80,000 plants ha-1. Smallholder farmers who cultivate bean for autoconsumption on plots from a few up to 500 m2 will usually follow the same scheme, or simply seed a few rows with little distance between plants and irregular distances between rows (SAGARPA, 2017; Kushaha et al., 2024).

Since we aimed at mimicking these conditions, we grew plants from seed directly sown in the soil. Two seeds were sown into the same hole, in rows with 30 cm distance between plants and 60 cm distance between rows. Plants were watered manually two times per week until harvest, adding once per week a commercial fertilizer (FerViaFol 20:30:10) during the first two months. Weeding was also performed manually, and no pesticides were used. Our study consisted of two trials. In Trial 1 (transgenerational immunity) we investigated the effects of nonanal exposure on the expression of PR1 and PR4, resistance to C. lindemuthianum, and seed yield in the cultivar FJM, and to test for potential transgenerational effects. In Trial 2 (cultivar dependency) we compared the growth-and yield-enhancing effects of nonanal exposure among five cultivars.




2.2 Treatments



2.2.1 Treatments of F0 plants (both trials)

To study the effects of nonanal exposure on PR gene expression, anthracnose resistance and yield (Trial 1, March-April 2017), and to generate the seeds for the F1 generation, we established four plots of 4 x 6 m each that were separated by 3 m-wide margins of plant-free space and in each plot, we sew 200 FJM plants. We established similar plots for Trial 2 (August-December 2019), but in this case, we grew 25 plants of each of the five genotypes in each plot. At six weeks after emergence (at this moment, the plants had 3-5 trifoliate leaves), all plants in one plot received one of the following treatments (see Figure 1 for a graphical overview of treatment and sampling schemes).




Figure 1 | Experimental design, timing of treatments and sampling.





2.2.1.1 Nonanal exposure

Exposure to nonanal over 48 h. To ensure that plants were only exposed to airborne nonanal, we used lanolin paste as a matrix from which nonanal was evaporated (Kost and Heil, 2006). Nonanal at analytical grade was dissolved in lanolin (both purchased from Sigma-Aldrich, St. Louis, Missouri, USA) at 8.1 mg g-1 (w/w nonanal in lanolin) in trial 1 and 12.4 mg g-1 in trial 2. These different concentrations were chosen to control for the different plot sizes. Two grams of this lanolin paste were collocated in open plastic containers (volume 80 ml) that were placed in the at the ends of each row (i.e., at distances of ca 3.5 m between emission sites) at a height of ca 30 cm above the plant surface (Figure 1).




2.2.2.2 Fungal challenge

Challenge with C. lindemuthianum. Following earlier studies (Quintana-Rodriguez et al., 2015), a suspension of 106 conidia mL-1 in distilled water with 0.1% TWEEN was used to challenge the plants by spraying approximately 10 mL of this suspension directly on both surfaces of the leaves. To obtain conidia, mycelia of C. lindemuthianum were transferred to new Petri dishes with potato dextrose agar (PDA) medium and maintained at 28°C in the dark. After 2 weeks, conidial suspensions were prepared by washing the mycelium gently in distilled water with 0.1% Tween (Sigma, St. Louis, MO, USA) and diluted 1:10, 1:100 and 1:1000, to adjust and the concentration by counting conidia in aliquots in a Neubauer haematocytometer (Hausser scientific, Horsham, PA, USA).




2.2.2.3 Nonanal followed by fungal challenge

Both treatments were applied as described above, that is, plants were challenged after the 48 hrs of exposure to nonanal.




2.2.2.4 Control

At the same time points as described above, we collocated nonanal-free lanolin paste in the control plots as described above and two days later, plants were mock-challenged by spraying 10 mL distilled water with 0.1% Tween per plant.

We are aware of the fact that mixing plants of different treatments would be statistically desirable, but the volatile nature of nonanal and the potential induction of VOC emission by this treatment, fungal challenge, or both, make a blocked design mandatory.





2.2.2 Treatments of F1 plants (Trial 1).

To study the effects of maternal treatments on anthracnose resistance of the offspring, 25 randomly selected seeds per maternal treatment were sown in each of four spatially separated plots: two for the control group and two dedicated to challenge with C. lindemuthianum. The rate of seedling emergence was determined three weeks after sowing, and six weeks after emergence, the plants in two of the plots were challenged with C. lindemuthianum as described above.





2.3 PR gene expression and VOC emission (Trial 1)



2.3.1 PR gene expression: sampling and sample processing

In the first trial, leaf samples aimed at quantifying the expression of PR-1 and PR-4 were collected from F0 plants at each of four time points: 0 h (before starting the exposure to nonanal), 48 h (after the exposure to nonanal, i.e., directly before challenge with C. lindemuthianum where applicable; 72 h (24 h after challenge) and 168 h (five days after challenge). From these plants, we sampled n = 5 individual plants per treatment x time point combination (5 x 4 x 4 = 80 samples in total). Since F1 plants were only challenged with C. lindemuthianum but not exposed to nonanal, samples from these plants were collected at three time points: 0 h (before challenge), 24 h (directly after challenge, where applicable) and 144 h (5 days after challenge), sampling n = 3 individual plants per maternal treatment x offspring treatment x time point combination (4 x 2 x 3 x 3 = 72 samples in total). In all cases, leaves were collected from the plants in the field, immediately submerged in liquid nitrogen, ground with mortar and pestle, and stored at -80°C.

To extract RNA, 100 mg of frozen ground tissue was mixed with 900 µL of TRIzol ® reagent (Invitrogen, Carlsbad, CA, USA) for 1 minute. Then, 900 µL of chloroform: isoamyl alcohol 24:1 (Sigma-Aldrich Merck KGaA, Darmstadt, Germany). Following centrifugation at 13,000 g for 10 minutes at 4°C, the supernatant was separated and transferred to another Eppendorf tube, re-suspended in 900 µL of phenol: chloroform: isoamyl alcohol 25:24:1 (Sigma-Aldrich Merck KG, Darmstadt, Germany) and mixed in a vortex (Vortex-Genie 2, Scientific Industries, Bohemia, New York, USA) for 1 min. Following centrifugation at 13,000 g for 10 min at 4°C, the supernatant was separated and transferred to another Eppendorf tube, to repeat the last step one more time. RNA concentration was measured with a NanoDrop (Thermo Scientific, Wilmington, DE, USA), and its integrity and concentration were determined by electrophoresis in agarose gels.




2.3.2 RT PCR and transcript quantification

Reverse transcription was performed using 1 µL of DNase-treated RNA as template, with oligo dT and Super- Script II reverse transcriptase (Invitrogen, Carlsbad, CA, USA). The reaction mixture containing 1 μL of Oligo(dT)12-18 (500 μg mL-1), 1 μL of the RNA sample at 100 ng μL-1, 1 μL of dNTP Mix (10 mM each) and sterile, distilled water to 12 μL was heated to 65°C for 5 min and quickly chilled on ice. After brief centrifugation, we added to each sample 4 μL of 5X First-Strand Buffer, 2 μL of 0.1 M DTT and 1 μL of RNaseOUT™ (Cat. No. 10777-019) (40 units μL-1). The samples were mixed and incubated at 42°C for 2 min. Next, we added 0.5 μL (100 units) of SuperScript™ II RT distilled water to 20 μL final volume and mixed gently by pipetting. The samples were incubated at 42°C for 50 min and reaction was stopped by heating to 70°C for 15 min.

Subsequently, PCR was performed in a Thermal Cycler C1000 Touch™ (BioRad) by incubation of an aliquot of cDNA with specific oligonucleotides. The oligonucleotides used were the following (Quintana-Rodriguez et al., 2015): ACTIN, 5´GGTCGTCCTCGTCACACTGG3´ and 5´GGCATGTGGGAGAGCATAACC 3´; PR-1, 5´AAGACGC CGATACCATCTTCC3´ and 5´CCAGAAGGTATGCCTCTACGG3´ and PR-4, 5´AATGTTGTGGTGAGGGATGGC3´ and 5´CTTTGCATCCTTTGGGCACC3´. The PCR reaction was performed using DNA polymerase (Invitrogen) and the following program: an initial cycle of denaturalization at 95°C for 3 min followed by 29 cycles as follows: 20 cycles at 95°C for 30 s, alignment at 52°C for 45 s, extension at 72°C for 30 s; 9 cycles at 95°C for 30 s, alignment at 55°C for 45 s, extension at 72°C for 1 min and a final extension at 72°C for 10 min. PCR products were separated by gel electrophoresis on 1% agarose gels and photographed. Transcript levels were determined with the IMAGE LAB software (http://www.bio-rad.com/en-ru/product/image-lab-software) and expression levels calculated using actin mRNA as the reference.





2.4 Degree of infection (both trials)

Degrees of infection were determined as colony forming units (CFUs) obtained from homogenized leaf tissue. Earlier studies demonstrated that this method and the determination of infection levels by quantifying the fungal membrane lipid, ergosterol, gives very similar results (Quintana-Rodriguez et al., 2015). In the first trial, one randomly selected leaf was collected directly before and seven days after challenging the plants with the fungus C. lindemuthianum, from each of 20 plants per treatment (n = 20 biological replicates). In the second trial, one randomly selected leaf per plant was collected seven days after challenge from five randomly selected plants per treatment, due to the much higher numbers of plants in this trial (n = 5 biological replicates). Leaves were weighed (fresh weight) and the sample was homogenized in distilled water. This stock homogenate was diluted 1: 10, 1: 100 and 1: 1,000, and 0.1 mL of the stock homogenate and of each dilution were spread on solid PDA plates, to count emerging colonies four days later. Numbers of CFUs were related to the original fresh mass and the results of the four dilutions per sample were averaged.

In the second trial, we quantified phenotypic disease symptoms in addition to CFUs. Seven days after challenging the plants with the fungus C. lindemuthianum, one randomly selected leaf per plant was removed and scanned using a printer equipped with scanning function (Brother DCP-1602). The diseased area was quantified as areas with necrotic lesions on the abaxial surface of the leaf relative to the total area of the leaf, using the Software Image J (https://imagej.nih.gov/ij/).




2.5 Seed yield (both trials)

In both trials, we quantified seed yield at the end of the reproductive phase, i.e., when plants started to dry naturally. Therefore, harvesting dates varied between 12 and 13 weeks post germination in the second trial, depending on the variable phenology of the different cultivars. In the first trial, we first counted the number of plants that had survived until reproduction. Seven randomly selected plants per treatment were harvested individually, the pods were removed and opened manually, and the seeds dried in an oven at 50°C for two days, to determine seed dry weight per plant. In the second trial, five plants per treatment and genotype were harvested completely (i.e. including the roots) and pods were removed. Both the plants and the seeds produced per plant were dried individually in an oven at 50°C for two days, to determine total plant dry weight at harvest stage and seed yield.




2.6 Phenolic compounds and antioxidants (Trial 1)



2.6.1 Extraction and determination of phenolic compounds

For the photometric determination of the content of phenolic compounds and antioxidants, we first prepared a methanolic extract (Cardador-Martínez et al., 2002). Samples of 200 mg of ground bean seeds were mixed in a 50 mL tube with 10 mL methanol (HPLC, 99.98%) and extracted 24 h in the dark at 25°C on an orbital shaker (Orbit 1000 model S2030-1000; Labnet, Woodbridge, NJ, USA) at 200 rpm. After centrifugation at 5,000g for 10 min at 4°C (Sorvall Biofuge Primo R model 75005448; Thermo Scientifc, Osterode, Germany), aliquots of the supernatant were used for the photometric assays.

The assays followed established protocols: flavonoids were determined following (Oomah et al., 2005), phenols following (Singleton et al., 1999), condensed tannins following (Feregrino-Pérez et al., 2008), and antioxidant activity following (Brand-Williams et al., 1995; Fukumoto and Mazza, 2000; Nenadis et al., 2004). We used reagents from Sigma and microplate readers to quantify absorbance (flavonoids: Multiskan Go model 51119300 from Thermo Scientific, Vantaa, Finland; all other assays: Multiskan Ascent model 51118307, Thermo Electron Corp).

For the determination of flavonoids, 50 µL of the methanolic extract were mixed in a 96-well plate with 180 µL of distilled water and 20 µL of a 1% solution of 2-aminoethyldiphenylborate, and extract absorbance at 404 nm was compared with that of a rutin standard curve (prepared with 0, 0.02, 0.05, 0.1, 0.25 y 0.5 mg mL-1 rutin in methanol), to express flavonoid content as miligrams of rutin equivalents per gram of sample dry mass.

For the quantification of total phenolics, 40 µL of the methanolic extract were mixed in a 96-well plate with 250 μL of Folin-Ciocalteu reagent (1 N) and 1,25 mL of a 20% Na2CO3 solution. After 2h in the dark, extract absorbance at 760 nm was compared with that of a gallic acid standard curve (prepared with 0, 1, 2, 4, 5, 8, 10, 16 y 20 mg mL-1 gallic acid in methanol), to express the content of phenols as milligrams of gallic acid equivalents per gram of sample dry mass.

For the quantification of condensed tannins, 50 µL of the methanolic extract were mixed in a 96-well plate with 200 µL of 0.5% vanillin reagent (1% vanillin and 8% HCl 1:1 in methanol), and the absorbance at 492 nm was compared with that of a (+)-catechin standard curve (up tp 0.1 mg ml-1), to express the content of condensed tannins as mg (+)-catechin equivalents per gram of sample dry mass. To correct for potential interference from natural pigments in bean, a blank sample was prepared by subjecting the original extract to the same conditions of reaction without the vanillin reagent.




2.6.2 Antioxidants

For the determination of the overall activity of antioxidants, we used assays based on the scavenging of the 2,2-di (4-tert-octylphenyl)-1-picrylhydrazyl (DPPH) radical to quantify the radical scavenging activity (RSA) and the 2,2′-azinobis (3-ethylbenzothiazoline-6-sulfonate) (ABTS) radical to quantify the Trolox equivalent antioxidant capacity (TEAC, here termed AC). We prepared a solution of DPPH (150 µM) in 80% methanol and added 200 µL of this DPPH solution to 50 μL of sample in a 96-well flat-bottom visible light plate. After 30, 60, 75, 90 and 120 min in the dark at 20°C, absorbance at 532 nm was compared with that of a 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox) standard curve (range 0.05–0.8 mM). RSA was estimated by quantifying the decrease of the absorption at 532 nm of the DPPH solution after addition of the antioxidant and calculated following Equation 1, where As is the absorption of the sample and Ac is the absorption of the control.



The ABTS solution was prepared by reaction of 5 mL of a 7 mM aqueous ABTS solution and 88 µL of a 140 mM (2.45 mM final concentration) potassium persulfate (K2S2O8) solution. After storage in the dark for 12 h at room temperature, the radical cation solution was further diluted in ethanol until the initial absorbance value of 0.7 ± 0.05 atb734 nm was reached. Subsequently, 225 µL of the ABTS solution and 25 µL of sample were mixed in 96-well plates to quantify the absorbance at 734 nm from 0 - 90 min. AC was calculated following Equation 2, where Ai is the initial absorption of the sample and Af is the final absorption.







2.7 Estimating net profit (both trials)

To estimate of the potential economic profit of a yield increase achieved by nonanal, we estimated the costs of this treatment and the economic value of the grain yield per hectare. The basal production costs (tilling, watering and fertilizing) were estimated as 9,900 MXN per ha and season, and the additional costs of the nonanal-treatment were calculated based on the real costs of the material used per release point (2g lanolin, 20mg nonanal, 1 plastic cup, 1 wooden stick) and extrapolating this cost to a hectare, assuming 8,300 release points ha-1 (See Supplementary Text S1 and Supplementary Table S1 for details).

Similarly, we extrapolated our yield data (in g seed mass plant-1) assuming 83,000 plants ha-1 and calculated hypothetical minimum and maximum gain based on the governmentally guaranteed price of 21,000 MXN t-1, and on prices found in Mercado Libre (https://www.mercadolibre.com.mx). According to sernagrp.com, Mercado Libre is the dominating online platform for ecommerce in México that attracts ca 140 million visits per month (Serna, 2022).




2.8 Statistical analyses

Statistical analyses were performed using MINITAB® Statistical Software and Rstudio. Rates of survival and offspring emergence in trial 1 were analysed using unifactorial ANOVA in trial 1 and trial 2, with posthoc Tukey HSD.





3 Results



3.1 Effects of nonanal on F0 plants (Trial 1)



3.1.1 Nonanal primes PR genes and reduces fungal infection

Semi-quantitative RT-PCR of leaf samples collected from non-challenged plants revealed that exposure to nonanal induced the expression of the two marker genes: after 48 h of exposure, the mRNA levels of PR-1 and PR-4 were more than 3-fold higher than before exposure, and they remained at this level until 72 h (treatment N, see Figure 2A). We observed a significant further increase (to ca 3.5-fold over control for PR-1 and ca. 4-fold over control for PR-4) in plants that were subsequently challenged with C. lindemuthianum (Treatment NF). Challenge with C. lindemuthianum of not nonanal-exposed plants (treatment F) also caused a significant (ca. 2-fold) increase in mRNA levels of PR-1 and PR-4 within 24 h, but this increase was significantly lower than the increase after challenging nonanal-exposed plants (Figure 2A).




Figure 2 | Nonanal exposure primes PR genes and enhances resistance to anthracnose. (A) Expression (mRNA) levels of PR-1 and PR-4 in leaves of Flor de Junio Marcela (FJM) bean plants were quantified before exposure to nonanal (0 h), before challenge with Colletotrichum lindemuthianum (48 h), 24 h after challenge with C lindemuthianum (72 h), and 5 days after the challenge with C lindemuthianum (168 h). (B) The fungal density of C lindemuthianum in leaves of Flor de Junio Marcela bean plants was quantified seven days after challenge (7dac) in colony forming units (CFUs). Violins in A show the density curves of the expression levels of each gene at each time point expressed as a ratio relative to the level found at 0 h in the controls, which was set to 1. Violins in B show the density curves of CFU numbers per gram of leaf fresh mass on a logarithmic scale. Colours of violin plots indicate the treatments: grey = C (control, sprayed with distilled water), blue = N (nonanal, 48 h exposure to nonanal), yellow = F (fungus, challenge with C. lindemuthianum); green = NF (nonanal exposure followed by challenge with C. lindemuthianum). Asterisks above the violins represent statistically significant differences between a treatment and the control [*p<0.05, ***p< 0.001 according to ANOVA followed by Tukey posthoc tests, ns, not significant, p ≥ 0.05, n = 5 biological replicates in (A) and 7 biological replicates in (B)].



Quantifying infection rates as numbers of CFUs revealed significant differences among treatments (p< 0.05, Figure 2B). Plants exposed to nonanal prior to challenge with C. lindemuthianum (treatment NF) showed significantly lower infection rates, averaging ca. 50% of the values observed after challenge alone (treatment F). No CFUs of C. lindemuthianum could be detected in unchallenged plants (treatments C and N, Figure 2B).




3.1.2 Nonanal increases plant survival, seed yield and seed phenolic compounds

Nonanal exposure was associated with significant increases in the survival rate of the plants and in seed yield, independently of whether the plants had been challenged with C. lindemuthianum. The number of plants out of the 200 seeds sown per plot that survived until harvest differed significantly among treatments (p< 0.05, chi-square test): on average, 98 plant survived on the control plots (C), 109 on the nonanal-exposed plots (N), 105 on the fungal challenge plot (F), and 147 plants survived on the plot where plants had been exposed to nonanal before challenge (NF).

Nonanal exposure and challenge with C. lindemuthianum were also associated with a significant increase (by ca 40% over controls) in the level of phenolic compounds in the seeds (Table 1). However, both treatments together had the opposite effect (decrease to less than 50%). Nonanal exposure and fungal challenge also increased the antioxidant and radical scavenging activity, although this effect was significant only for fungal challenge, and all three treatments were associated with strongly decreased contents of flavonoids and slightly decreased contents of condensed tannins (to 40 - 50% and 80 – 90% of control levels, respectively) (Table 1).


Table 1 | Levels of phenolic compounds and antioxidants in FJM beans.



Most importantly, the treatments had a significant effect on seed yield (p< 0.05, Figure 3). Post-hoc tests confirmed significantly higher seed yield for nonanal-exposed plants, both for anthracnose-free plants (from ca. 25 g plant-1 in the controls to ca 56 g plant-1 in nonanal-exposed plants) and for plants that had been challenged with C. lindemuthianum (from ca 34 g plant-1 in challenged plants to 61 g plant-1 in plants that had been exposed to nonanal before challenge (Figure 3).




Figure 3 | Nonanal enhances seed yield in FJM bean. Seed yield was determined as total dry mass of the seeds produced per each plant and is depicted as density curves. Colours of violin plots indicate the treatments: grey = C (control, sprayed with distilled water), blue = N (nonanal, 48 h exposure to nonanal), yellow = F (fungus, challenge with Colletotrichum lindemuthianum); green = NF (nonanal exposure followed by challenge with C. lindemuthianum). Asterisks above the violins represent statistically significant differences between a treatment and the control (*p< 0.05 according to ANOVA followed by Tukey posthoc tests, ns = not significant, p ≥ 0.05, n = 7 biological replicates).






3.1.3 Nonanal exposure can increase net economic gain obtained with FJM beans

Depending on the treatment, the economic value of the harvested beans would have been ca. 44,400 (C), 99,100 (N), 61,200 (F) and 107,500 (NF) MXN ha-1 when assuming the governmentally guaranteed price of 21,000 MXN t-1 (Supplementary Table S2). We estimated the cost of the nonanal-treatment as 7.34 Mexican Pesos (MXN) per release point, which translates to 61,700 MXN ha-1, meaning that the net economic gain of the yield increase that was achieved with the nonanal-treatment would have been negligible (Figure 4, right panel).




Figure 4 | Nonanal treatment can generate a net economic gain. The net economic balance that would have been achieved under the different treatments was estimated based on the different treatment costs and assuming that the product is sold either to the governmental institution, Segalmex, or at an elevated price in Mercado Libre. Columns indicate net gain in Mexican Pesos per hectare [MXN ha-1], colours of columns indicate the treatments: grey = C (control, sprayed with distilled water), blue = N (nonanal, 48 h exposure to nonanal), yellow = F (fungus, challenge with Colletotrichum lindemuthianum); green = NF (nonanal exposure followed by challenge with C. lindemuthianum). Arrows and numbers above columns indicate the difference to the control (which is indicated by a horizontal dotted line). * 'Recycling' refers to the re-use of plastic cups and wooden sticks, ** 'No Recycling' refers to one single use of all components of the release points.



Evidently, a very different balance would result if the beans could be sold at a net price of 98 MXN kg-1 in Mercado Libre. At this price, the economic value of the harvested beans would have been 210,0000 (C), 462,000 (N), 285,000 (F) and 501,100 (NF) MXN ha-1, generating a significant economic net gain in spite of the treatment costs (Figure 4).

Alternatively, to selling at an elevated price, the treatment cost drops to ca. 19,000 MXN ha-1 when the plastic cups and the wooden sticks are re-used 10 and 20 times, respectively (Supplementary Text S1, Supplementary Table S1, Supplementary Sheet S1). Assuming the resulting, lower treatment costs, using the nonanal treatment would have generated an economic net gain even when beans are sold to Segalmex (Figure 4, left panel).





3.2 Transgenerational effects of nonanal (Trial 1, F1 plants)



3.2.1 Seedling emergence

Emergence was the first factor for which a significant maternal treatment effect became detectable. At three weeks after sowing, plantlets had emerged from 58% (C), 70% (N), 42% (F) or 80% (NF) of the 2 x 25 seeds per maternal treatment that had been sown in two plots (see Figure 5).




Figure 5 | Maternal effects on seedling emergence. Seedling emergence was determined three weeks after sowing as the proportion of seedlings [%] that emerged from the 25 seeds per maternal treatment sown on each of two independent plots per treatment. Colours of violin plots indicate the treatments: grey = C (control, sprayed with distilled water), blue = N (nonanal, 48 h exposure to nonanal), yellow = F (fungus, challenge with Colletotrichum lindemuthianum); green = NF (nonanal exposure followed by challenge with C. lindemuthianum). Asterisks above the violins indicate statistically significant differences between a treatment and the control (* p< 0.05 according to chi-square test, n = 2 biologically independent replicates).






3.2.2 Maternal nonanal exposure triggers transgenerational priming of PR genes and enhances anthracnose resistance in offspring plants

The expression patterns of PR1 and PR4 in the F1 generation were similar to those in the F0 generation (Figure 6A). In all unchallenged offspring plantlets (C-C, N-C, F-C and NF-C, the first letter indicates the maternal treatment, the second letter the offspring treatment), the expression of both genes was at basal levels, with no detectable differences among plantlets that stemmed from maternal plants subjected to different treatments. At 24 h after challenging with C. lindemuthianum, the expression of PR1 and PR4 increased significantly in the offspring of parental plants from all treatments, including the maternal controls. However, while mRNA levels increased ca 2-fold within 24 h in C-F, plants, the increases in N-F and NF-F plants were much stronger (increase by over 4-fold in PR1 and ca. 3.5-fold in PR4), and significantly different from the increases in the other six conditions (p< 0.05 according to ANOVA followed by Fisher LSD posthoc test, n = 5 biological replicates).




Figure 6 | Maternal nonanal exposure primes PR gene expression for an enhanced resistance to anthracnose in the offspring (A) Expression of PR1 and PR4 and (B) Fungal density of Colletotrichum lindemuthianum in the offspring of Flor de Junio Marcela (FJM) bean plants directly before (0 h) and 24 h and 5 days (144 h) after challenge with C. lindemuthianum in A, and 7 days (168 h) after challenge with C. lindemuthianum in (B). Violins in (A) show the density curves of the expression levels of each gene at each time point expressed as a ratio relative to the level found at 0 h in the controls, which was set to 1. Violins in (B) show the density curves of CFU numbers per gram of leaf fresh mass on a logarithmic scale. Colours of violin plots indicate the maternal treatments: grey = C (control, sprayed with distilled water), blue = N (nonanal, 48 h exposure to nonanal), yellow = F (fungus, challenge with C. lindemuthianum); green = NF (nonanal exposure followed by challenge with C. lindemuthianum). Asterisks above the violins represent statistically significant differences between a treatment and the control [*p< 0.05; **p< 0.01; ***p< 0.001 according to ANOVA followed by Tukey posthoc tests, ns = not significant, p ≥ 0.05, n = 3 biological replicates in (A) and 5 biological replicates in (B)].



Maternal nonanal exposure also had a significant effect (p< 0.05 according to ANOVA) on the infection in challenged offspring plants: The infection rates in the challenged offspring of control plants and of only challenged plants (treatment combinations C-F and F-F) were significantly higher than in the offspring of nonanal-exposed plants (p< 0.05 for treatment combinations N-F and NF-F according to Fisher LSD posthoc test, see Figure 6B).




3.2.3 Maternal nonanal exposure enhances seed yield under pathogen pressure.

Overall, the maternal treatment had a significant effect on the seed production in the offspring generation, both when determined as seed number and as seed dry mass (in grams per plant, see Figure 7). However, in a more detailed examination we could not detect any significant differences among non-challenged offspring plants, which produced on average ca. 10 – 20 g seed plant-1 independently of the treatment to which the maternal plants had been subjected. By contrast, offspring of nonanal-exposed that had been challenged with C. lindemuthianum produced ca. 30 g plant-1, while the challenged offspring of control plants and NF-plants produced less than 10 g plant-1) (Figure 7).




Figure 7 | Maternal effects on seed production. (A) Seed number and (B) seed yield (in gram dry mass) per plant are depicted for the offspring of maternal plants from all four treatments, separately for F1 plants sprayed with distilled water (C, Control) or challenged with Colletotrichum lindemuthianum (F, Fungus). Colours of violin plots indicate the maternal treatments: grey = C (control, sprayed with distilled water), blue = N (nonanal, 48 h exposure to nonanal), yellow = F (fungus, challenge with Colletotrichum lindemuthianum); green = NF (nonanal exposure followed by challenge with C. lindemuthianum). Asterisks above the violins represent statistically significant differences between a treatment and the control (**p< 0.01; ***p< 0.001 according to ANOVA followed by Tukey posthoc tests, ns = not significant, p ≥ 0.05, n = 20 biological replicates).







3.3 Effects of nonanal across cultivars (Trial 2)



3.3.1 Nonanal-induced resistance to anthracnose is reproducible across bean cultivars

The visual quantification of disease symptoms in C. lindemuthianum-challenged plants revealed significant effects of nonanal in four cultivars (P< 0.05, according to t test, n = 5 biological replicates), whereas in FJM we observed only a - statistically non-significant - tendency towards reduced leaf damage after nonanal exposure (Figure 8A). Similarly, nonanal-exposed plants of all five cultivars showed lower infection rates than only challenged plants, but the differences in the numbers of CFUs reached the level of statistical significance only in three cultivars (FMA, NSL and BB, Figure 8B).




Figure 8 | Effects of nonanal on resistance to fungal anthracnose are detectable in different cultivars. (A) Phenotypic disease symptoms and (B) fungal density in leaves collected 7 days after challenging the plants with Colletotrichum lindemuthianum. Cultivars used are Flor de Mayo Anita (FMA), Pinto Villa (PV), Negro San Luis (NSL), Flor de Junio Marcela (FJM) and Bayo Berrendo (BaB). Violins show disease levels quantified as proportion of necrotic areas [in % of the total area] and numbers of colony forming units CFU) per gram of leaf fresh mass on a logarithmic scale (CFUs), respectively. Colours of violin plots indicate the treatments: grey = C (control, sprayed with distilled water), blue = N (nonanal, 48 h exposure to nonanal), yellow = F (fungus, challenge with C. lindemuthianum); green = NF (nonanal exposure followed by challenge with C. lindemuthianum). Asterisks above the violins represent statistically significant differences between a treatment and the control (*p< 0.05; **p< 0.01; ***p< 0.001 according to ANOVA followed by Tukey posthoc tests, ns = not significant, p ≥ 0.05, n = 5 biological replicates.






3.3.2 Nonanal enhances plant growth and seed yield in different bean cultivars

In this trial, plants were harvested completely and dried. Therefore, we could test for treatment effects on the total dry weight of bean plants (aerial parts and roots) at the end of the growth cycle, finding that - except for FMA - nonanal-exposed plants had a significantly higher dry weight at harvest than plants subjected to any of the other treatments (Figure 9).




Figure 9 | Effects of nonanal on plant size at harvest. The vegetative dry mass at harvest stage was determined as total dry mass of the aerial parts and the roots (but with pots removed) and is depicted in gram per plant as density curves, separately for each cultivar and treatment. Cultivars used are Flor de Mayo Anita (FMA), Pinto Villa (PV), Negro San Luis (NSL), Flor de Junio Marcela (FJM) and Bayo Berrendo (BaB). Colours of violin plots indicate the treatments: grey = C (control, sprayed with distilled water), blue = N (nonanal, 48 h exposure to nonanal), yellow = F (fungus, challenge with Colletotrichum lindemuthianum); green = NF (nonanal exposure followed by challenge with C. lindemuthianum). Asterisks above the violins represent statistically significant differences between a treatment and the control (*p< 0.05; **p< 0.01; ***p< 0.001 according to ANOVA followed by Tukey posthoc tests, ns = not significant, p ≥ 0.05, n = 5 biological replicates).



Similar tendencies were observed for seed yield (Figure 10). Intriguingly, we observed visual differences among the seeds produced by plants from different treatments: seeds from nonanal-exposed plants were larger and exhibited a more homogenous coloration of the surface (Figure 10A). Both treatment and genotype had significant effect on total seed yield per plant, with nonanal-exposed (N) plants reaching the highest overall seed yield in four of the cultivars, the exception being FMA (Figure 10B). Moreover, challenge with C. lindemuthianum after nonanal exposure was associated with significantly higher seed yield in FMA and NSL plants (Figure 10B).




Figure 10 | Nonanal increases seed yield and enhances visual quality of beans from different cultivars. (A) Photos of ten randomly selected seeds per treatment and cultivar are shown to illustrate the visual differences among seeds from Flor de Mayo Anita (FMA), Pinto Villa (PV), Negro San Luis (NSL), Flor de Junio Marcela (FJM) and Bayo Berrendo (BaB). (B) Yield is depicted in gram seeds (dry mass) per plant as density curves, separately for each cultivar and treatment. Colours of violins indicate treatments. Control (C) sprayed with distilled water; challenge with C. lindemuthianum (F); exposed to nonanal for 48 h (N) and exposed to nonanal and after challenge with C. lindemuthianum (NF) in bean genotypes “Flor de Mayo Anita” (FMA),”Pinto Villa” (PV),”Negro San Luis” (NSL), “Flor de Junio Marcela” (FJM) and “Bayo Berrendo” (BaB). Asterisks above the violins represent statistically significant differences between a treatment and the control (*p< 0.05; **p< 0.01; ***p< 0.001 according to ANOVA followed by Tukey posthoc tests, ns = not significant, p ≥ 0.05, n = 5 biological replicates).






3.3.3 Negative economic balance of nonanal exposure for various bean cultivars under low-yield conditions

Due to the lower absolute yield that was achieved in trial 2, the economic net balance of the nonanal treatment would have been negative for all cultivars if beans were sold to Segalmex (Figure 11, left panel, and Supplementary Table S3). Even when selling online at a ‘moderate’ price, a net gain would have been achieved only for three of the five cultivars. and only when considering the lower treatment costs resulting when the material is recycled (Figure 11, centre panel). Assuming, finally, the higher prices of beans sold as ‘premium quality’, ‘organic’ or ‘agroecological’ combined with lowering the treatment costs by re-using material, nonanal exposure of would have generated a net economic profit for four of the cultivars (Figure 11, right panel, and Supplementary Table S3).




Figure 11 | Net economic balance of nonanal treatment for different bean cultivars grown under non-optimum conditions. The net economic balance relative to the control that would have been achieved treating five different bean cultivars under non-optimum conditions (autumn, dry season) with nonanal was estimated based on the treatment costs and assuming that the product is sold either to the governmental institution, Segalmex, or at a moderate or a high price in Mercado Libre. Columns indicate the difference in the net gain as compared to controls in Mexican Pesos per hectare [MXN ha-1], bean cultivars used were “Flor de Mayo Anita” (FMA),”Pinto Villa” (PV),”Negro San Luis” (NSL), “Flor de Junio Marcela” (FJM) and “Bayo Berrendo” (BaB), and ‘recycling’ refers to re-using wooden sticks and plastic cups to lower the treatment costs.








4 Discussion

In the present work, we explored the potential of the volatile aldehyde, nonanal, for an application as a biostimulant that exerts resistance-inducing effects and thereby increases the yield of common bean (Yi et al., 2009; Quintana-Rodriguez et al., 2015). Many attempts to apply VOCs as biocontrol agents have failed because effects observed under controlled laboratory conditions were not reproducible under the more variable field conditions. Since we aimed to perform a translational study, we tested five different cultivars of bean and considered grain yield as the most important response variable. Exposure to nonanal was associated with significantly enhanced grain yield in all five bean cultivars, with yield increases over control ranging from 50% in Pinto Villa (PV) and ca 200% in Flor de Junio Marcela (FJM), Flor de Mayo Anita (FMA) and Bayo Berendo (BB), to an additional 500% more grain yield (gram seed dry mass per plant) in Negro San Luis (NSL) (Figures 3, 10). In FJM, the positive effect on yield could be reproduced in two different seasons. Since we grew plants from seed directly sown into the soil and cultivated these plants with manual watering and hand weeding until harvest, without using any pesticides, we consider our experimental conditions as realistic for Mexican smallholder farmers who cultivate bean for autoconsumption: the purpose of more than 70% of the bean production in the rural environment of México (SAGARPA, 2017; Borja Bravo et al., 2021). Evidently, these conditions are subject to strong variations in biotic and abiotic factors, which could not even be monitored, and less so, controlled. The consequence are variable results and low test power and in the end, relatively few statistically significant differences. However, limitations in the available space and (wo)manpower made larger experiments impossible, and smallholder farmers operate under the same limitations. That is, at the very least, we can be confident that all observed effects on the factor of interest (grain yield) occurred under ´real-world conditions’, which strongly enhances the probability that our results can be replicated by the audience of interest: the smallholder farmers. In this sense, our ‘from-the-field-to-the-lab’ approach follows suggestions for the medical field – an aera traditionally hampered by a huge translational gap – for which the influential medical researcher, statistician and metascientist John Ioannidis recommended to increase the heterogeneity in the circumstances of testing (i.e., the opposite of the usual, highly controlled and standardized conditions) as a measure to enhance the generalizability of the study results (Ioannidis et al., 2014).

We tried to self-evaluate our handling of the crop and therefore, we compared our yield values to published data. According to (Beebe et al., 2013), “National averages in Latin America range from 600 to 950 kg ha-1”. In trial 1, the F0 generation was cultivated during the rainy season (March – August) 2017 with additional irrigation. Control plants of FJM produced on average 25 g seeds plant-1, while nonanal-exposed plants produced 57 g plant-1. If extrapolating from our values to a hectare, our yield values were in the upper range of the values obtained in ‘real agriculture’ (Table 2). The beneficial effects of nonanal on yield could be reproduced – at very different absolute values – in trial 2, which was performed from August to December 2019, i.e., in the dry season. In bean, yield reductions due to drought may range from 10 to 90%, although most studies report reductions by 50% to 75% of the yield under irrigation (Castellanos-Ramos et al., 2003; Acosta-Díaz et al., 2009; Smith et al., 2019; Godoy Androcioli et al., 2020; Papathanasiou et al., 2022; Mutari et al., 2023) (see Table 2). Correspondingly, the yield of nonanal-exposed FJM plants in trial 2 was 10.0 g plant-1 versus 2.8 g plant-1 in the controls, challenged plants yielded 5.6 g, while nonanal exposure prior to challenge allowed for a yield of 9.8 g seeds plant-1. Similarly, the yield we obtained for the other four cultivars tested were lower than reported in the literature for optimum conditions. However, when extrapolating to a hectare, the yield of FJM plants was within the range reported for rainfed conditions and in case of nonanal-exposed NSL, it was even higher (Table 2). Thus, we consider our yield as an indication that our growing conditions were sufficiently close to ‘real-world’ conditions to allow for meaningful conclusions.


Table 2 | Yield of five bean cultivars used in the present study in comparison to published yield values.





4.1 Resistance induction or growth promotion?

Nonanal exposure prior to challenging the plants with Colletotrichum lindemuthianum significantly reduced leaf damage and fungal infection in challenged plants of three cultivars (Figure 8). Resistance to fungal pathogens after pre-exposure to a VOC (or a blend of VOCs) has been reported, e.g., for Arabidopsis (Cordovez et al., 2017), barley (Brambilla et al., 2022; Laupheimer et al., 2023), bean (Quintana-Rodriguez et al., 2015), corn (D'Alessandro et al., 2014), grapevine (Lazazzara et al., 2018; Avesani et al., 2023) and strawberry (Xu et al., 2019). In our study, the decrease in infection rate in FJM was associated with a 2-fold yield increase (Figure 3), an observation that could indicate a causal relation between these two effects. However, from a closer analysis of our data we conclude that disease resistance alone is not likely to fully explain the effects on seed yield.

First, in most cultivars, the reduction in infection rates was up to an order of magnitude lower than the increase in yield. Evidently, these two factors cannot be expected to correlate linearly, but still, it seems difficult to envision that a reduction of fungal density by 37% in FMA plants or by 60% in NSL plants (Figure 6) is sufficient to explain a 5-fold (FMA) or even 6-fold (NSL) higher seed yield. Second, nonanal exposure increased the plant dry mass at harvest (Figure 9) and the yield (Figures 3, 10) even in unchallenged plants. In fact, in four of the cultivars, N-treated plants produced more seeds than the plants from the other three treatments, an observation that clearly indicates the relevance of other factors than the reduction of anthracnose. One of these factors could be resistance to other plant enemies. Nonanal induces the resistance to various bacterial and fungal pathogens (Yi et al., 2009; Quintana-Rodriguez et al., 2015; Brambilla et al., 2022), and it has direct antimicrobial effects (Andersen et al., 1994; Bisignano et al., 2001; Dilantha-Fernando et al., 2005; Rajer et al., 2017; Zhang et al., 2017; Quintana Rodríguez et al., 2018b; Li et al., 2021). Moreover, several studies reported that nonanal attracts parasitoids (Dweck et al., 2010; Yu et al., 2010; Li et al., 2022). Since all experiments were performed in the open field, the induction of resistance to pathogens other than C. lindemuthianum and/or the attraction of natural enemies of herbivores have likely contributed to the yield-enhancing effects of nonanal. However, a quantification of visible disease symptoms in trial 2 gave similar results as the quantification of CFUs and therefore, an enhanced resistance to other, non-defined biological enemies was likely not the major reason behind the effects of nonanal on bean yield.




4.2 Growth stimulation by a volatile DAMP

The increased plant dry weight at harvest makes it tempting to speculate about a growth-promotion effect. Plant growth promotion is usually reported for microbial VOCs (Schulz-Bohm et al., 2017; Sharifi and Ryu, 2018), but not for plant VOCs. However, care must be taken in this context, because nonanal cannot be strictly characterized as a ‘plant-VOC’. In fact, nonanal has been identified as a fungal volatile that promotes the growth of lettuce (Lactuca sativa) (Asghar and Kataoka, 2023) and as a bacterial volatile with antifungal activity (Dilantha-Fernando et al., 2005). Non-plant biological sources of nonanal range - besides bacteria and fungi (http://bioinformatics.charite.de/mvoc) - from chicken egg shells to human breath and skin (Jha, 2017; Xiang et al., 2019), and nonanal concentrations increase in skin odour after ozone exposure or burning and in the breath of smokers or patients with lung cancer (Fuchs et al., 2010; Jareno-Esteban et al., 2013; Callol-Sanchez et al., 2017; DeHaan et al., 2017; Jha, 2017; Floss et al., 2022). DAMPs are released from infected, burned or otherwise damaged tissues, that is, in situations that usually require wound closing and tissue regeneration in addition to an immune response. Thus, if nonanal was a textbook example of a volatile DAMP that indicates oxidative damage, its ‘raison d’être’ would call for pro-regenerative properties that could translate to plant growth promotion (Quintana-Rodriguez et al., 2018a). Intriguingly, nonanal also promotes the proliferation of human hair follicular cells via the induction of enhanced levels of the second messenger, cyclic adenosine monophosphate (cAMP) (Park et al., 2020). Evidently, further work will be required to confirm the growth-promoting effect of nonanal and to identify the underlying mechanisms. More importantly, the net positive effects of nonanal on growth and reproduction demonstrate that metabolic or ecological costs of nonanal or the nonanal-induced immunity (Heil, 2001; Heil and Baldwin, 2002) were of minor relevance, at least in our study system.




4.3 Transgenerational effects of nonanal might allow production of vaccinated seeds

Although fungal challenge alone increased the expression of PR genes, we observed stronger increases in plants that had been exposed to nonanal before challenge (Figure 2). This pattern is consistent with a priming by nonanal (Martínez-Medina et al., 2016). Intriguingly, defence priming in plants is frequently transmitted to the next generation (Mauch-Mani et al., 2017; Díaz-Valle et al., 2019; Villagómez-Aranda et al., 2022), and research focused on model plants such as Arabidopsis has greatly increased our understanding of the underlying mechanisms (Rasmann et al.; López-Sánchez et al., 2016; Mauch-Mani et al., 2017; Wilkinson et al., 2019; Munekata et al., 2021; Catoni et al., 2022; Wilkinson et al., 2023). Several non-volatile compounds such as isonicotinic acid (INA) and β-aminobutyric acid (BABA) trigger transgenerational immunity (Rasmann et al., 2012; Slaughter et al., 2012; Cohen et al., 2016; Martínez-Aguilar et al., 2016; Buswell et al., 2018). More recent work also provided “Evidence for volatile memory in plants” (Song and Ryu, 2018; Brambilla et al., 2022). Here, we could confirm that transgenerational defence gene priming can be reproduced under variable field conditions: challenging the offspring of nonanal-exposed FJM plants with C. lindemuthianum revealed a stronger induction of PR1 and PR4 than in the offspring of control and only challenged plants (Figure 6). Thus, our results show that a single exposure to nonanal can be sufficient to trigger an immune response in bean that is associated with improved seed yield in the maternal plants and immunity priming in the offspring generation. This transgenerational effect diversifies the opportunities to use VOCs as ‘crop vaccines’, because technically demanding treatments could be applied by specialized seed-producing companies to provide end-user farmers with ‘vaccinated’, primed seeds.




4.4 A pathogen that improves host reproduction

Similarly to nonanal, fungal infection was also associated with higher growth rates and seed yield (Figures 3, 9, 10). We lack a causal explanation of this phenomenon, although terminal reproductive investment would be an attractive hypothesis. The terminal investment hypothesis predicts higher reproductive investment for individuals that are less likely to survive until future opportunities for reproduction; an effect confirmed for many mammalian and non-mammalian animals (Bonneaud et al., 2004; Duffield et al., 2017). Few studies have tested this hypothesis in plants (Duffield et al., 2017), but root herbivory in mustard (Sinapis arvensis) reduced the time that plants needed to enter the flowering stage and enhanced the number of pollinator visits and the numbers of seeds per fruit (Poveda et al., 2003). In our study, the treatments affected the percentage of maternal plants that reached the reproductive stage, and maternal challenging with C. lindemuthianum led also to strongly decreased offspring emergence rates, while maternal exposure to nonanal alone enhanced the emergence rate (Figure 5). Although the latter result will require confirmation using a larger sample size, all our observations are consistent with the scenario of a “panicking” reproduction at the cost of lower seed quality.

However, the phenomenon of a plant growth promotion by pathogens might be more common than assumed: In general terms, the effects of many plant-colonizing fungi are context dependent and therefore, the net effect might shift along the endophyte-pathogen continuum (Partida-Martinez and Heil, 2011). Moreover, pathogens should actually gain a net fitness benefit from manipulating their host plant to increase growth rate (Heil, 2016). In fact, the volatiles emitted by 11 pathogenic and non-pathogenic root-colonizing fungi promoted plant growth and accelerated flowering, independently of the lifestyle of the fungus (Moisan et al., 2019).




4.6 Effects of nonanal on grain quality

Resistance induction reduces the quality of a plant for pathogens or herbivores, and in the end, human consumers are yet another species of herbivore or – in the concrete case of bean - granivore. Therefore, resistance induction can change the taste, nutritional quality or other parameters that affect consumer acceptance. For example, VOCs from mechanically damaged goldenrod plants induced systemic resistance in soybean plants which – although it did not translate to higher seed numbers – reduced the numbers of damaged or infected seeds (Shiojiri et al., 2017, 2020). Unfortunately, the increased resistance in the seeds was partly due to higher contents of isoflavones and saponins of group A (Shiojiri et al., 2017, 2020): two groups of secondary compounds that most strongly contribute to an ‘undesirable’, bitter taste of soybean (Okubo et al., 1992; Yuan et al., 2023). Common bean is an important source of protein and carbohydrates, but it is also appreciated for its high contents of polyphenols. Nonanal exposure during the early vegetative phase indeed affected major classes of polyphenols and antioxidant activity in the harvested grain. While total phenolic compounds showed a strong increase, we found much lower contents of flavonoids and slightly lower contents of condensed tannins in the seeds of nonanal-exposed as compared to control plants (Table 1). Still, nonanal exposure slightly increased the antioxidant and radical scavenging activity. These data can be considered – at the very best – as preliminary. Fortunately though, a companion study considered a broader range of techno-functional parameters and reported, e.g., increased protein content and water absorption capacity as well as decreased cooking time for beans from nonanal-exposed plants (Razo-Belmán et al., 2024). The same study also reported increased contents of total phenolic compounds and of flavonoids (Razo-Belmán et al., 2024), hence, results that partly differ from our observations. Future work will have to identify the reason for these contrasting observations. Nevertheless, it seems safe to conclude that nonanal exposure had a positive effect on most and no strong negative effect on some of the parameters that define the functional and nutraceutical quality of beans.

Nonanal exposure alone triggered the production of large seeds with regular shape and homogenous colour; attributes which are very important for consumer acceptance (Figure 10). Correspondingly, the participants in our enquiry attributed ‘prime quality’ to these beans. In conclusion (and extrapolating from the very limited characteristics considered here), nonanal can allow for the production of high-quality seeds in the absence of anthracnose, and in case of a subsequent infection of the plants with C. lindemuthianum, nonanal exposure at least allows to harvest suitable seeds, i.e. avoids the total loss. Evidently, much more detailed analysis will be necessary to fully evaluate the effects on nonanal exposure on the quality of the harvested grains. Unfortunately, we are not able to compare these findings to other studies, because to the best of our knowledge, besides the work by (Shiojiri et al., 2017, 2020), no study focused on biological resistance induction by VOCs reports quality parameters.




4.7 Nonanal exposure can generate net economic benefits in spite of elevated treatment costs

Although roughly 90% of the bean production in México are not sold (Ibarrola-Rivas et al., 2023), beans are also used as cash crop, and the achieved income can help to fulfil important needs. Since many smallholder farmers operate with very limited economic resources, they hardly can afford costly management techniques or commercial products to achieve yield increases. We estimated the costs of our basal management (soil preparation, watering, weeding and fertilization, with no pesticide use) as 9,900 MXN ha-1, which is surprisingly close to the 10,794 MXN ha-1 calculated by FIRA, a governmental financing agency for the agricultural sector, for the overall production costs of bean (FIRA, 2022). Although this value was calculated for Central Mexico, a cost estimation of ca 110 USD published by the Government of El Salvador (Salvador M.d.A.y.G.d.E, 2020) indicates that these cost are more or less homogeneous over Latin America. However, FIRA allows a total of 1,500 MXN (= ca 90 USD) ha-1 season-1 for the chemical control of pests, diseases and weeds (FIRA, 2022), while the estimated additional costs of our treatment were ca 7.40 MXN per release point, equivalent to 62,000 MXN ha-1. Evidently, these costs can be reduced by re-using the plastic cups and wooden sticks. If cups and stick were re-used, e.g., 5 and 20 times, the increased seed yield of nonanal-exposed FJM plants in trial 1 would have doubled the net profit even when selling to Segalmex (69,000 MXN ha-1 net gain achieved with nonanal-exposed plants versus 35,000 MXN ha-1 with plants grown under control conditions). and would have generated a 2.2-fold increase in net gain (from 190,000 to 420,000 MXN ha-1) if sold via Mercado libre as a high-quality product (Figure 4).

In trial 2, the low overall yield would have led to a negative economic balance, if beans were sold at 21,000 MXN t-1: this negative balance applies to all five tested cultivars and independently of the re-use of material (Figure 11). If sold to a price in the lower range of those found on Mercado Libre, the net economic balance of nonanal exposure would have been positive only for FJM. By contrast, if considering recycling of cups and wooden sticks, nonanal exposure would have created a positive net economic balance for FMA, NSL and FJM beans, which in all three cases was higher than the net gain under control conditions. Assuming, finally, the higher prices of beans sold as ‘premium quality’, ‘organic’ or ‘agroecological’ combined with lowering the treatment costs by re-using material, nonanal exposure of would have generated a net economic profit for four of the cultivars, which in three cases was higher than – and in one case equal to - the net gain under control conditions (Figure 11). In addition, we should recall that nonanal exposure of Bayo Berendo beans resulted in an 8-fold higher yield than controls: an increase in the availability of food that might be way more relevant for many smallholder farmers than a theoretical net cost that would apply when selling the beans.




4.8 Drawbacks and limitations

Evidently, our study is subject to several drawbacks and limitations that should be considered. For example, trial 2 was performed from August to December, which means in the dry season and so late in the year that several plants (in particular, challenged BB plants) did not even reach the reproductive stage. Still, this situation might simply mimic reality: Smallholder famers may well be forced (or decide for other reasons) to make use of the rainy season to cultivate another, more ‘valuable’ crop and then they have only the dry season to culture bean, which makes this harvest even more important. In this sense, the small - but still significant – yield increases that we observed in the second trial become even more relevant.

A further, more technical limitation of our study is that we did not quantify the concentration of nonanal in the atmosphere, i.e. we do not know to which concentration the plants had been exposed. However, we argue that this information – despite its obvious scientific interest – is perhaps not too relevant in the context of this particular work. First, as stated be others, it is most likely that the concentration of nonanal in the atmosphere at a certain point in time and space differed over various orders of magnitude. Second, and more importantly, similar effects in terms of resistance induction to bacteria were observed in bean plants that had been exposed over 6h or 24h to nonanal at concentrations that differed by an order of magnitude (Girón-Calva et al., 2012), indicating that the concentration at a given time point is not likely to be crucially important. Furthermore, we did not explicitly monitor any potential effects on other species (beneficial or detrimental): nonanal attracts Spodoptera females to host plants (Wang et al., 2023) and has been suggested as an active component of the sex pheromones of Asian citrus psyllid, Diaphorina citri and greater wax moth, Galleria mellonella (Lizana et al., 2023; Luo et al., 2023). However, nonanal was released only once over two days and we did not detect any self-induction of this volatile, two factors that are likely to reduce the potential problems that could resulting from enemy attraction. In the end, effects on any enemy of interest would have shown up as negative effects on yield of seed quality. Finally - and most importantly – the mechanism(s) that underly the observed growth promotion effect and the increased emergence rate of F1 seedlings will have to be deciphered in future studies.




4.9 Conclusions and outlook

The medical and the plant sciences share a common problem: the translational gap, a failure to apply scientific knowledge that has been generated under highly controlled experimental to the envisioned system: human beings and cultivated plants. Just like humans, plants face multiple and variable environmental factors when growing under field conditions, which makes it difficult to predict net effects of specific factors from the results of experiments that studied under a very specific and strictly controlled set of conditions the responses of plants to one isolated factor. A very recent study employed aqueous extracts from 11 plant species commonly used as natural pesticides for insect control to reduce fungal anthracnose in bean. In this case, the authors could transfer their findings to ‘real’ smallholder farmers and observed significant yield increases (Kushaha et al., 2024). Similarly, the exposure of rice plants to volatiles emitted from artificially damaged weeds increased yield by 23% and 18%, respectively, in two different years (Shiojiri et al., 2021). The before mentioned studies and the present one show that the “from the field to the lab” approach can work and that testing promising treatments first under variable field conditions might increase the probability of a successful future application “in the real world”.

As mentioned in the Introduction section, genetic variations in the plant immune system and changing environmental factors strongly reduce the reproducibility of the effects of immunity induction across genotypes and, particularly, across experimental conditions. The results obtained with different genotypes of bean confirm the relevance of these factors. As expected, exposure of nonanal reduced the phenotypic disease symptoms in C. lindemuthianum-challenged plants of susceptible cultivars like FMA and BaB and the susceptible landrace, NSL, more strongly that in FJM: a cultivar with high basal resistance to anthracnose. Nonanal exposure triggered a statistically significant reduction in numbers of CFUs in the leaves of FJM plants only in the first, but not the second field trial, and quantifying disease symptoms only partly predicted infection rates quantified as CFUs in the second field experiments. A part of these differences can be explained by the high variances that characterize data obtained under natural field conditions. Despite all these issues, stable improvements of plant growth and seed yield could be generated using a single VOC and lanolin paste collocated in commercial plastic cups as dispensers. The transgenerational effect could create an added value to the beneficial effects of immunity priming by nonanal. In addition to the benefits for the environment and the health of the producer, even small-holder farmers could use nonanal to produce and sell vaccinated seeds as an additional source of income. Therefore, we conclude that using volatiles as ‘vaccines’ for plants should be considered a very promising option for biocontrol.






Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.





Author contributions

IE-M: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Writing – original draft, Writing – review & editing. MR-R: Formal analysis, Investigation, Writing – review & editing. AF-P: Formal analysis, Investigation, Methodology, Writing – review & editing. LP-M: Conceptualization, Supervision, Validation, Writing – review & editing, Funding acquisition. MH: Conceptualization, Data curation, Funding acquisition, Methodology, Resources, Supervision, Validation, Visualization, Writing – original draft, Writing – review & editing.





Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This research was funded by Consejo Nacional de Ciencia y Tecnología de México (CONACYT) project grant no. CONACyT-CNR 278283 to MH and grant 727065 to IE-M, and by Instituto de Innovación, Ciencia y Emprendimiento para la Competitividad para el Estado de Guanajuato (IDEA GTO) bilateral project with CNR Italia no IDEAGTO/CONV/014/2022 to MH and LP-M.




Acknowledgments

The authors thank Dr. Jorge Acosta (INIFAP, Celaya) for kindly donating the bean lines, Dr. June Kilpatrick Simpson (CINVESTAV Irapuato) for donating the C. lindemuthianum strain and Rosa María Adame-Álvarez and Silvia Sánchez-García for invaluable help with the field work and the determination of CFUs. Furthermore, we are indebted to Dr. Simpson for correcting and reviewing an earlier version of this manuscript.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2024.1451864/full#supplementary-material




References

 Acosta-Díaz, E., Acosta-Gallegos, J. A., Amador-Ramírez, M. D., and Padilla-Ramírez, J. S. (2009). Effect of supplemental irrigation on biomass and seed yield of rainfed dry bean in highlands of Mexico Agricultura Técnica en México. Agricultura Técnica en México 35, 157–167. doi: 10.3389/fpls.2019.01317

 Acosta-Gallegos, J. A., Ochoa-Marquez, R., Arrieta-Montiel, M. P., Ibarra-Perez, F., Pajarito-Ravelero, A., and Sánchez-Valdez, I. (1995). Registration of "Pinto Villa" common bean. Crop Sci. 35, 1211. doi: 10.2135/cropsci1995.0011183X003500040062x

 Almeida, O. A. C., de Araujo, N. O., Mulato, A. T. N., Persinoti, G. F., Sforça, M. L., Calderan-Rodrigues, M. J., et al. (2023). Bacterial volatile organic compounds (VOCs) promote growth and induce metabolic changes in rice. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.1056082

 Andersen, R. A., Hamiltonkemp, T. R., Hildebrand, D. F., McCracken, C. T., Collins, R. W., and Fleming, P. D. (1994). Structure-antifungal activity relationships among volatile C-6 and C-9 aliphatic aldehydes, ketones and alcohols. J. Agricult. Food Chem. 42, 1563–1568. doi: 10.1021/jf00043a033

 Asghar, W., and Kataoka, R. (2023). Fungal volatiles from green manure-incorporated soils promote the growth of lettuce (Lactuca sativa) and mediate antifungal activity against Fusarium oxysporum in vitro. Plant Soil Publ2023. doi: 10.1007/s11104-023-06158-5

 Avesani, S., Lazazzara, V., Robatscher, P., Oberhuber, M., and Perazzolli, M. (2023). Volatile linalool activates grapevine resistance against downy mildew with changes in the leaf metabolome. Curr. Plant Biol. 35-36, 10354. doi: 10.1016/j.cpb.2023.100298

 Baldwin, I. T., and Schultz, J. C. (1983). Rapid changes in tree leaf chemistry induced by damage: evidence for communication between plants. Science 221, 277–279. doi: 10.1126/science.221.4607.277

 Beebe, S. E., Rao, I. M., Blair, M. W., and Acosta-Gallegos, J. A. (2013). Phenotyping common beans for adaptation to drought. Front. Physiol. 4. doi: 10.3389/fphys.2013.00035

 Bisignano, G., Lagana, M. G., Trombetta, D., Arena, S., Nostro, A., Uccella, N., et al. (2001). In vitro antibacterial activity of some aliphatic aldehydes from Olea europaea L. FEMS Microbiol. Lett. 198, 9–13. doi: 10.1016/s0378-1097(01)00089-1

 Bonneaud, C., Mazuc, J., Chastel, O., Westerdahl, H., and Sorci, G. (2004). Terminal investment induced by immune challenge and fitness traits associated with major histocompatibility complex in the house sparrow. Evolution 58, 2823–2830. doi: 10.1111/j.0014-3820.2004.tb01633.x

 Borja Bravo, M., Arellano Arciniega, S., Sánchez Toledano, B. I., and García Hernández, R. V. (2021). “Sistemas de producción de frijol en temporal en el centro norte de México: diferencias tecnológicas y económicas,” in El Cultivo del Frijol Presente y Futuro para México. Eds.  A. V. Ayala-Garay, J. A. Acosta-Gallegos, and L. Reyes-Muro (Instituto Nacional de Investigaciones Forestales, Agrícolas y Pecuarias. Centro de Investigación Regional Centro. Campo Experimental Bajío. Celaya Gto. México, México), 99–115.

 Brambilla, A., Sommer, A., Ghirardo, A., Wenig, M., Knappe, C., Weber, B., et al. (2022). Immunity-associated volatile emissions of β-ionone and nonanal propagate defence responses in neighbouring barley plants. J. Exp. Bot. 73, 615–630. doi: 10.1093/jxb/erab520

 Brand-Williams, W., Cuvelier, M. E., and Berset, C. (1995). Use of a free-radical method to evaluate antioxidant activity. FS&T 28, 25–30. doi: 10.1016/S0023-6438(95)80008-5

 Brilli, F., Loreto, F., and Baccelli, I. (2019). Exploiting plant volatile organic compounds (VOCs) in agriculture to improve sustainable defense strategies and productivity of crops. Front. Plant Sci. 10. doi: 10.3389/fpls.2019.00264

 Brosset, A., and Blande, J. D. (2022). Volatile-mediated plant–plant interactions: volatile organic compounds as modulators of receiver plant defence, growth, and reproduction. J. Exp. Bot. 73, 511–528. doi: 10.1093/jxb/erab487

 Bruce, T. J. A., Aradottir, G. I., Smart, L. E., Martin, J. L., Caulfield, J. C., Doherty, A., et al. (2015). The first crop plant genetically engineered to release an insect pheromone for defence. Sci. Rep. 5, 11183. doi: 10.1038/srep11183

 Buswell, W., Schwarzenbacher, R. E., Luna, E., Sellwood, M., Chen, B., Flors, V., et al. (2018). Chemical priming of immunity without costs to plant growth. New Phytol. 218, 15062. doi: 10.1111/nph.15062

 Callol-Sanchez, L., Munoz-Lucas, M. A., Gomez-Martin, O., Maldonado-Sanz, J. A., Civera-Tejuca, C., Gutierrez-Ortega, C., et al. (2017). Observation of nonanoic acid and aldehydes in exhaled breath of patients with lung cancer. J. Breath Res. 11, 026004. doi: 10.1088/1752-7163/aa6485

 Cardador-Martínez, A., Loarca-Piña, G., and Oomah, B. D. (2002). Antioxidant activity in common beans (Phaseolus vulgaris L.). J. Agricult. Food Chem. 50, 6975–6980. doi: 10.1021/jf020296n

 Castellanos-Ramos, J. Z., Guzmán-Maldonado, H., Kelly, J. D., and Acosta-Gallegos, J. A. (2003). Registration of ‘Flor de Junio Marcela’ common bean. Crop Sci. 43, 1121–1122. doi: 10.2135/cropsci2003.1121

 Catoni, M., Alvarez-Venegas, R., Worrall, D., Holroyd, G., Barraza, A., Luna, E., et al. (2022). Long-lasting defence priming by β-aminobutyric acid in tomato is marked by genome-wide changes in DNA methylation. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.836326

 CHEM, E (2023). Substance Infocard Nonanal (Helsinky: ECHA. E.C.-E.C. Agency). Available at: https://echa.europa.eu/substance-information/-/substanceinfo/100.004.263.

 Cohen, Y., Vaknin, M., and Mauch-Mani, B. (2016). BABA-induced resistance: milestones along a 55-year journey. Phytoparasitica 44, 513–538. doi: 10.1007/s12600-016-0546-x

 Cordovez, V., Mommer, L., Moisan, K., Lucas-Barbosa, D., Pierik, R., Mumm, R., et al. (2017). Plant phenotypic and transcriptional changes induced by volatiles from the fungal root pathogen Rhizoctonia solani. Front. Plant Sci. 8. doi: 10.3389/fpls.2017.01262

 D'Alessandro, M., Erb, M., Ton, J., Brandenburg, A., Karlen, D., Zopfi, J., et al. (2014). Volatiles produced by soil-borne endophytic bacteria increase plant pathogen resistance and affect tritrophic interactions. Plant Cell Environ. 37, 813–826. doi: 10.1111/pce.12220

 DeHaan, J. D., Taormina, E. I., and Brien, D. J. (2017). Detection and characterization of volatile organic compounds from burned human and animal remains in fire debris. Sci. Justice 57, 118–127. doi: 10.1016/j.scijus.2016.12.002

 Díaz-Valle, A., López-Calleja, A. C., and Alvarez-Venegas, R. (2019). Enhancement of pathogen resistance in common bean plants by inoculation with Rhizobium etli. Front. Plant Sci. 10, 10317. doi: 10.3389/fpls.2019.01317

 Dicke, M. (1986). Volatile spider-mite pheromone and host-plant kairomone, involved in spaced-out gregariousness in the spider mite Tetranychus urticae. Physiol. Entomol. 11, 251–262. doi: 10.1111/j.1365-3032.1986.tb00412.x

 Dicke, M. (1988). Infochemicals in tritrophic interactions - Origin and function in a system consisting of predatory mites, phytophagous mites and their host plants (Wageningen, NL: Wageningen University).

 Dicke, M., and Sabelis, M. W. (1988). How plants obtain predatory mites as bodyguards. Netherlands J. Zoology 38, 148–165. doi: 10.1163/156854288X00111

 Dilantha-Fernando, W. G., Ramarathnam, R., Krishnamoorthy, A. S., and Savchuk, S. C. (2005). Identification and use of potential bacterial organic antifungal volatiles in biocontrol. Soil Biol. Biochem. 37, 955–964. doi: 10.1016/j.soilbio.2004.10.021

 Duffield, K. R., Bowers, E. K., Sakaluk, S. K., and Sadd, B. M. (2017). A dynamic threshold model for terminal investment. Behav. Ecol. Sociobiol. 71, 185. doi: 10.1007/s00265-017-2416-z

 Dweck, H. K. M., Svensson, G. P., Gündüz, E. A., and Anderbrant, O. (2010). Kairomonal response of the parasitoid, Bracon hebetor Say, to the male-produced sex pheromone of its host, the Greater Waxmoth, Galleria mellonella (L.). J. Chem. Ecol. 36, 171–178. doi: 10.1007/s10886-010-9746-x

 Erb, M., Veyrat, N., Robert, C. A. M., Xu, H., Frey, M., Ton, J., et al. (2015). Indole is an essential herbivore-induced volatile priming signal in maize. Nat. Comm 6, 6273. doi: 10.1038/ncomms7273

 FDA (2023). Nonanal (FDA's Global Substance Registration System (GSRS). GSRS/FDA). Available at: https://gsrs.ncats.nih.gov/ginas/app/beta/substances/2L2WBY9K6T.

 Feregrino-Pérez, A. A., Berumen, L. C., García-Alcocer, G., Guevara-Gonzalez, R. G., Ramos-Gomez, M., Reynoso-Camacho, R., et al. (2008). Composition and chemopreventive effect of polysaccharides from common beans (Phaseolus vulgaris L.) on azoxymethane-induced colon aancer. J. Agricult. Food Chem. 56, 8737–8744. doi: 10.1021/jf8007162

 FIRA (2022). Agrocostos - Frijol (Fideicomisos Instituidos en Relación con la Agricultura (FIRA). Available at: https://www.fira.gob.mx/agrocostosApp/AgroApp.jsp.

 Floss, M. A., Fink, T., Maurer, F., Volk, T., Kreuer, S., and Müller-Wirtz, L. M. (2022). Exhaled aldehydes as biomarkers for lung diseases: a narrative review. Molecules 27, 5258. doi: 10.3390/molecules27165258

 Freundlich, G. E., Shields, M., and Frost, C. J. (2021). Dispensing a synthetic green leaf volatile to two plant species in a common garden differentially alters physiological responses and herbivory. Agronomy 11, 958. doi: 10.3390/agronomy11050958

 Fries, N. (1960). Nonanal as a growth factor for wood-rotting fungi. Nature 187, 166–167. doi: 10.1038/187166a0

 Fuchs, P., Loeseken, C., Schubert, J. K., and Miekisch, W. (2010). Breath gas aldehydes as biomarkers of lung cancer. Internat. J. Cancer 126, 2663–2670. doi: 10.1002/ijc.24970

 Fukumoto, L. R., and Mazza, G. (2000). Assessing antioxidant and prooxidant activities of phenolic compounds. J. Agricult. Food Chem. 48, 3597–3604. doi: 10.1021/jf000220w

 García-Meza, P. (2021). Con prácticas sustentables pasan de 800 kilos a 2.5 toneladas de frijol por hectárea (CIMMYT Noticias). Available online at: https://www.cimmyt.org/es/noticias/con-practicas-sustentables-pasan-de-800-kilos-a-2-5-toneladas-de-frijol-por-hectarea/ (Accessed 5th of April 2024).

 Girón-Calva, P. S., Molina-Torres, J., and Heil, M. (2012). ). Volatile dose and exposure time impact perception in neighboring plants. J. Chem. Ecol. 38, 226–228. doi: 10.1007/s10886-012-0072-3

 Godoy Androcioli, L., Mariani Zeffa, D., Soares Alves, D., Pires Tomaz, J., and Moda-Cirino, V. (2020). Effect of water deficit on morphoagronomic and physiological traits of common bean genotypes with contrasting drought tolerance. Water 12, 217. doi: 10.3390/w12010217

 Gong, T., Liu, L., Jiang, W., and Zhou, R. B. (2020). DAMP-sensing receptors in sterile inflammation and inflammatory diseases. Nat. Rev. Immunol. 20, 95–112. doi: 10.1038/s41577-019-0215-7

 Heil, M. (2001). The ecological concept of costs of induced systemic resistance (ISR). Eur. J. Plant Pathol. 107, 137–146. doi: 10.1023/A:1008793009517

 Heil, M. (2014). Herbivore-induced plant volatiles: targets, perception and unanswered questions. New Phytol. 204, 297–306. doi: 10.1111/nph.12977

 Heil, M. (2016). Host manipulation by parasites: cases, patterns and remaining doubts. Front. Ecol. Evol. 4. doi: 10.3389/fevo.2016.00080

 Heil, M., and Baldwin, I. T. (2002). Fitness costs of induced resistance: emerging experimental support for a slippery concept. Trends Plant Sci. 7, 61–67. doi: 10.1016/S1360-1385(01)02186-0

 Heil, M., and Land, W. G. (2014). Danger signals - damaged-self recognition across the tree of life. Front. Plant Sci. 5. doi: 10.3389/fpls.2014.00578

 Heil, M., and Silva Bueno, J. C. (2007). Within-plant signaling by volatiles leads to induction and priming of an indirect plant defense in nature. Proc. Natl. Acad. Sci. U.S.A. 104, 5467–5472. doi: 10.1073/pnas.0610266104

 Ibarra-Perez, F. J., Acosta-Gallegos, J. A., Cazares-Enriquez, B., Rosales-Serna, R., and Kelly, J. D. (2005). Registration of 'Flor de Mayo 2000' common bean. Crop Sci. 45, 2657–2658. doi: 10.2135/cropsci2005.0099

 Ibarrola-Rivas, M.-J., Orozco-Ramírez, Q., and Guibrunet, L. (2023). How much of the Mexican agricultural supply is produced by small farms, and how? PloS One 18, e0292528. doi: 10.1371/journal.pone.0292528

 Ioannidis, J. P. A., Greenland, S., Hlatky, M. A., Khoury, M. J., Macleod, M. R., Moher, D., et al. (2014). Increasing value and reducing waste in research design, conduct, and analysis. Lancet 383, 166–175. doi: 10.1016/S0140-6736(13)62227-8

 Jareno-Esteban, J. J., Munoz-Lucas, M. A., Carrillo-Aranda, B., Maldonado-Sanz, J. A., de Granda-Orive, I., Aguilar-Ros, A., et al. (2013). Volatile organic compounds in exhaled breath in a healthy population: effect of tobacco smoking. Archivos Bronconeumologia 49, 457–461. doi: 10.1016/j.arbres.2013.04.004

 Jha, S. K. (2017). Characterization of human body odor and identification of aldehydes using chemical sensor. Rev. Analyt. Chem. 36, 20160028. doi: 10.1515/revac-2016-0028

 Khan, Z. R., Midega, C. A. O., Pittchar, J. O., Murage, A. W., Birkett, M. A., Bruce, T. J. A., et al. (2014). Achieving food security for one million sub-Saharan African poor through push-pull innovation by 2020. Philosoph. Transact. R. Soc B-Biol. Sci. 369, 0120284. doi: 10.1098/rstb.2012.0284

 Kost, C., and Heil, M. (2006). Herbivore-induced plant volatiles induce an indirect defence in neighbouring plants. J. Ecol. 94, 619–628. doi: 10.1111/j.1365-2745.2006.01120.x

 Kushaha, T. M., Mkindi, A. G., Mbega, E. R., Stevenson, P. C., and Belmain, S. R. (2024). Botanical extracts control the fungal pathogen Colletotrichum boninense in smallholder production of common bean. Phytopathol. Res. 6, 19. doi: 10.1186/s42483-024-00235-y

 Lammers, A., Lalk, M., and Garbeva, P. (2022). Air ambulance: antimicrobial power of bacterial volatiles. Antibiotics 11, 109. doi: 10.3390/antibiotics11010109

 Laupheimer, S., Kurzweil, L., Proels, R., Unsicker, S. B., Stark, T. D., Dawid, C., et al. (2023). Volatile-mediated signalling in barley induces metabolic reprogramming and resistance against the biotrophic fungus Blumeria hordei. Plant Biol. 25, 72–84. doi: 10.1111/plb.13487

 Lazazzara, V., Bueschl, C., Parich, A., Pertot, I., Schuhmacher, R., and Perazzolli, M. (2018). Downy mildew symptoms on grapevines can be reduced by volatile organic compounds of resistant genotypes. Sci. Rep. 8, 1618. doi: 10.1038/s41598-018-19776-2

 Li, M. Y., Xia, S. K., Zhang, T., Williams, L., Xiao, H. J., and Lu, Y. H. (2022). Volatiles from cotton plants infested by Agrotis segetum (Lep.: Noctuidae) attract the larval parasitoid Microplitis mediator (Hym.: Braconidae). Plants-Basel 11, 863. doi: 10.3390/plants11070863

 Li, Q., Zhu, X., Xie, Y., and Liang, J. (2021). Antifungal properties and mechanisms of three volatile aldehydes (octanal, nonanal and decanal) on Aspergillus flavus. Grain Oil Sci. Technol. 4, 131–140. doi: 10.1016/j.gaost.2021.07.002

 Lizana, P., Godoy, R., Martínez, F., Wicher, D., Kaltofen, S., Guzmán, L., et al. (2023). A highly conserved plant volatile odorant receptor detects a sex pheromone component of the greater wax moth, Galleria mellonella (Lepidoptera: Pyralidae). Insect Biochem. Mol. Biol. 163, 104031. doi: 10.1016/j.ibmb.2023.104031

 López-Sánchez, A. L., Stassen, J. H. M., Furci, L., Smith, L. M., and Ton, J. (2016). The role of DNA (de)methylation in immune responsiveness of Arabidopsis. Plant J. 88, 361–374. doi: 10.1111/tpj.13252

 Luo, H. Y., Tang, X. A., Deng, Y. C., Deng, Z. Y., and Liu, M. X. (2023). The extraction and identification of active components of the sex pheromones of Asian citrus psyllid, Diaphorina citri. Pesticide Biochem. Physiol. 192, 105421. doi: 10.1016/j.pestbp.2023.105421

 Mannino, G. (2023). A new era of sustainability: Plant biostimulants. Internat. J. Mol. Sci. 24, 16329. doi: 10.3390/ijms242216329

 Martínez-Aguilar, K., Ramírez-Carrasco, G., Hernández-Chávez, J. L., Barraza, A., and Alvarez-Venegas, R. (2016). Use of BABA and INA as activators of a primed state in the common bean (Phaseolus vulgaris L.). Front. Plant Sci. 7. doi: 10.3389/fpls.2016.00653

 Martínez-Medina, A., Flors, V., Heil, M., Mauch-Mani, B., Pieterse, C. M. J., Pozo, M. J., et al. (2016). Recognizing plant defense priming. Trends Plant Sci. 21, 818–822. doi: 10.1016/j.tplants.2016.07.009

 Mauch-Mani, B., Baccelli, I., Luna, E., and Flors, V. (2017). Defense priming: an adaptive part of induced resistance. Annu. Rev. Plant Biol. 68, 485–512. doi: 10.1146/annurev-arplant-042916-041132

 Medina-Castellanos, E., Villalobos-Escobedo, J. M., Riquelme, M., Read, N. D., Abreu-Goodger, C., and Herrera-Estrella, A. (2018). Danger signals activate a putative innate immune system during regeneration in a filamentous fungus. PloS Genet. 14, e1007390. doi: 10.1371/journal.pgen.1007390

 Moisan, K., Cordovez, V., van de Zande, E. M., Raaijmakers, J. M., Dicke, M., and Lucas-Barbosa, D. (2019). Volatiles of pathogenic and non-pathogenic soil-borne fungi affect plant development and resistance to insects. Oecologia. 190, 589–604. doi: 10.1007/s00442-019-04433-w

 Munekata, P. E., Pérez-Álvarez, J.Á., Pateiro, M., Viuda-Matos, M., Fernández-López, J., and Lorenzo, J. M. (2021). Satiety from healthier and functional foods. Trends Food Sci. Technol. 113, 397–410. doi: 10.1016/j.tifs.2021.05.025

 Mutari, B., Sibiya, J., Matova, P. M., Gasura, E., and Simango, K. (2023). Drought stress impact on agronomic, shoot, physiological, canning and nutritional quality traits of navy beans (Phaseolus vulgaris L.) under field conditions in Zimbabwe. Field Crops Res. 292, 108826. doi: 10.1016/j.fcr.2023.108826

 Nenadis, N., Wang, L. F., Tsimidou, M., and Zhang, H. Y. (2004). Estimation of scavenging activity of phenolic compounds using the ABTS•+ assay. J. Agricult. Food Chem. 52, 4669–4674. doi: 10.1021/jf0400056

 Okubo, K., Iijima, M., Kobayashi, Y., Yoshikoshi, M., Uchida, T., and Kudou, S. (1992). Components responsible for the undesirable taste of soybean seeds. Bioscience Biotechnology Biochem. 56, 99–103. doi: 10.1271/bbb.56.99

 Oomah, B. D., Cardador-Martínez, A., and Loarca-Piña, G. (2005). Phenolics and antioxidative activities in common beans (Phaseolus vulgaris). J. Sci. Food Agricult. 85, 935–942. doi: 10.1002/jsfa.2019

 Papathanasiou, F., Ninou, E., Mylonas, I., Baxevanos, D., Papadopoulou, F., Avdikos, I., et al. (2022). The evaluation of common bean (Phaseolus vulgaris L.) genotypes under water stress based on physiological and agronomic parameters. Plants 11, 2432. doi: 10.3390/plants11182432

 Park, S., Kang, W., Choi, D., Son, B., and Park, T. (2020). Nonanal stimulates growth factors via cyclic adenosine monophosphate (cAMP) signaling in human hair follicle dermal papilla cells. Internat. J. Mol. Sci. 21, 8054. doi: 10.3390/ijms21218054

 Partida-Martinez, L. P. P., and Heil, M. (2011). The microbe-free plant: fact or artefact? Front. Plant Sci. 2. doi: 10.3389/fpls.2011.00100

 Poveda, K., Steffan-Dewenter, I., Scheu, S., and Tscharntke, T. (2003). Effects of below- and above-ground herbivores on plant growth, flower visitation and seed set. Oecologia 135, 601–605. doi: 10.1007/s00442-003-1228-1

 Quintana-Rodriguez, E., Duran-Flores, D., Heil, M., and Camacho-Coronel, X. (2018a). Damage-associated molecular patterns (DAMPs) as future plant vaccines that protect crops from pests. Sci. Horticult. 237, 207–220. doi: 10.1016/j.scienta.2018.03.026

 Quintana-Rodriguez, E., Morales-Vargas, A. T., Molina-Torres, J., Ádame-Alvarez, R. M., Acosta-Gallegos, J. A., and Heil, M. (2015). Plant volatiles cause direct, induced and associational resistance in common bean to the fungal pathogen Colletotrichum lindemuthianum. J. Ecol. 103, 250–260. doi: 10.1111/1365-2745.12340

 Quintana Rodríguez, E., Rivera Macías, L. E., Adame Álvarez, R. M., Molina-Torres, J., and Heil, M. (2018b). Shared weapons in fungus-fungus and fungus-plant interactions? Volatile organic compounds of plant or fungal origin exert direct antifungal activity in vitro. Fungal Ecol. 33, 115–121. doi: 10.1016/j.funeco.2018.02.005

 Ramirez-Carrasco, G., Martínez-Aguilar, K., and Alvarez-Venegas, R. (2017). Transgenerational defense priming for crop protection against plant pathogens: a hypothesis. Front. Plant Sci. 8, 696. doi: 10.3389/fpls.2017.00696

 Rajer, F. U., Wu, H. J., Xie, Y. L., Xie, S. S., Raza, W., Tahir, H. A. S., et al. (2017). Volatile organic compounds produced by a soil-isolate, Bacillus subtilis FA26 induce adverse ultra-structural changes to the cells of Clavibacter michiganensis ssp sepedonicus, the causal agent of bacterial ring rot of potato. Microbiology-Sgm 163, 523–530. doi: 10.1099/mic.0.000451

 Rasmann, S., De Vos, M., Casteel, C. L., Tian, D., Halitschke, R., Sun, J. Y., et al. (2012). Herbivory in the previous generation primes plants for enhanced insect resistance. Plant Physiol. 158, 854–863. doi: 10.1104/pp.111.187831

 Razo-Belmán, R., Castañeda-Rodríguez, R., Heil, M., and Ozuna, C. (2024). Nonanal, a volatile organic compound, improves the techno-functional, nutritional, and nutraceutical properties of the common bean (Phaseolus vulgaris L.). Food Chem. Adv. 4, 100707. doi: 10.1016/j.focha.2024.100707

 Rhoades, D. F. (1983). “Responses of alder and willow to attack by tent caterpillars and webworms: evidence for pheromonal sensitivity of willows,” in Plant Resistance to Insects. Ed.  P. A. Hedin (American Chemical Society, Washington DC, USA), 55–68.

 Ricciardi, V., Ramankutty, N., Mehrabi, Z., Jarvis, L., and Chookolingo, B. (2018). How much of the world's food do smallholders produce? Global Food Sec.-Agricult. Policy Econ. Environ. 17, 64–72. doi: 10.1016/j.gfs.2018.05.002

 Rosenkranz, M., Chen, Y., Zhu, P., and Vlot, A. C. (2021). Volatile terpenes – mediators of plant-to-plant communication. Plant J. 108, 617–631. doi: 10.1111/tpj.15453

 Ryu, C. M., Farag, M. A., Hu, C. H., Reddy, M. S., Wei, H. X., Pare, P. W., et al. (2003). Bacterial volatiles promote growth in Arabidopsis. Proc. Natl. Acad. Sci. U.S.A. 100, 4927–4932. doi: 10.1073/pnas.0730845100

 SAGARPA (2017). Frijol Mexicano (México: Secretaría de Agricultura, Ganadería, Desarrollo Rural, Pesca y Alimentación (SAGARPA). Available at: https://www.gob.mx/cms/uploads/attachment/file/256428/B_sico-Frijol.pdf. 20 pp.

 Salamanca, J., Souza, B., and Rodriguez-Saona, C. (2018). Cascading effects of combining synthetic herbivore-induced plant volatiles with companion plants to manipulate natural enemies in an agro-ecosystem. Pest Manage. Sci. publ. 74, 2133–2145. doi: 10.1002/ps.4910

 Salvador, M.d.A.y.G.d.E (2020). Costos de producción de cultivos agrícolas (San Salvador: Gobierno de El Salvador. D.d.e. agropecuarias). 1-47 pp.

 Schausberger, P., Peneder, S., Juerschik, S., and Hoffmann, D. (2012). Mycorrhiza changes plant volatiles to attract spider mite enemies. Funct. Ecol. 26, 441–449. doi: 10.1111/j.1365-2435.2011.01947.x

 Schulz-Bohm, K., Martín-Sánchez, L., and Garbeva, P. (2017). Microbial volatiles: Small molecules with an important role in intra- and inter-kingdom interactions. Front. Microbiol. 8. doi: 10.3389/fmicb.2017.02484

 Schuman, M. C. (2023). Where, when, and why do plant volatiles mediate ecological signaling? The answer is blowing in the wind. Annu. Rev. Plant Biol. 74, 609–633. doi: 10.1146/annurev-arplant-040121-114908

 Segonzac, C., and Monaghan, J. (2019). Modulation of plant innate immune signaling by small peptides. Curr. Opin. Plant Biol. 51, 22–28. doi: 10.1016/j.pbi.2019.03.007

 Serna (2022). Top ecommerce de México (Serna group blog). Available online at: https://sernagrp.com/blog/top-ecommerce-mexico/ (Accessed 11 of April 2024).

 Sharifi, R., and Ryu, C.-M. (2018). Sniffing bacterial volatile compounds for healthier plants. Curr. Opin. Plant Biol. 44, 88–97. doi: 10.1016/j.pbi.2018.03.004

 Shiojiri, K., Ozawa, R., Uefune, M., and Takabayashi, J. (2021). Field-grown rice plants become more productive when exposed to artificially damaged weed volatiles at the seedling stage. Front. Plant Sci. 12. doi: 10.3389/fpls.2021.692924

 Shiojiri, K., Ozawa, R., Yamashita, K.-I., Uefune, M., Matsui, K., Tsukamoto, C., et al. (2017). Weeding volatiles reduce leaf and seed damage to field-grown soybeans and increase seed isoflavones. Sci. Rep. 7, 41508. doi: 10.1038/srep41508

 Shiojiri, K., Ozawa, R., Yamashita, K.-I., Uefune, M., Matsui, K., Tsukamoto, C., et al. (2020). Exposure to artificially damaged goldenrod volatiles increases saponins in seeds of field-grown soybean plants. Phytochem. Lett. 36, 7–10. doi: 10.1016/j.phytol.2020.01.014

 Shroff, J. (2022). Why smallholder farmers are central to new food security interventions (World Economic Forum). Available online at: https://www.weforum.org/agenda/2022/09/smallholder-farmers-key-achieving-food-security/ (Accessed March 8th, 2024).

 Shulaev, V., Silverman, P., and Raskin, I. (1997). Airborne signalling by methyl salicylate in plant pathogen resistance. Nature 385, 718–721. doi: 10.1038/385718a0

 Singleton, V. L., Orthofer, R., and Lamuela-Raventós, R. M. (1999). “Analysis of total phenols and other oxidation substrates and antioxidants by means of Folin-Ciocalteu reagent,” in Oxidants and Antioxidants. Ed.  L. Packer (Academic Press, New York), 152–178.

 Slaughter, A., Daniel, X., Flors, V., Luna, E., Hohn, B., and Mauch-Mani, B. (2012). Descendants of primed Arabidopsis plants exhibit resistance to biotic stress. Plant Physiol. 158, 835–843. doi: 10.1104/pp.111.191593

 Smith, M. R., Veneklaas, E., Polania, J., Rao, I. M., Beebe, S. E., and Merchant, A. (2019). Field drought conditions impact yield but not nutritional quality of the seed in common bean (Phaseolus vulgaris L.). PloS One 14, e0217099. doi: 10.1371/journal.pone.0217099

 Song, G. C., and Ryu, C.-M. (2018). Evidence for volatile memory in plants: boosting defence priming through the recurrent application of plant volatiles. Molecules Cells 41, 724–73. doi: 10.14348/molcells.2018.0104

 Tanaka, K., and Heil, M. (2021). Damage-associated molecular patterns (DAMPs) in plant innate immunity: applying the danger model and evolutionary perspectives. Annu. Rev. Phytopathol. 59, 53–75. doi: 10.1146/annurev-phyto-082718-100146

 Ton, J., D'Allesandro, M., Jourdie, V., Jakab, G., Karlen, D., Held, M., et al. (2007). Priming by airborne signals boosts direct and indirect resistance in maize. Plant J. 49, 16–26. doi: 10.1111/j.1365-313X.2006.02935.x

 Turlings, T. C. J., Loughrin, J. H., McCall, P. J., Röse, U. S. R., Lewis, W. J., and Tumlinson, J. H. (1995). How caterpillar-damaged plants protect themselves by attracting parasitic wasps. Proc. Natl. Acad. Sci. U.S.A. 92, 4169–4174. doi: 10.1073/pnas.92.10.4169

 Turlings, T. C. J., Tumlinson, J. H., and Lewis, W. J. (1990). Exploitation of herbivore-induced plant odors by host-seeking parasitic wasps. Science 250, 1251–1253. doi: 10.1126/science.250.4985.1251

 Uebersax, M. A., Cichy, K. A., Gomez, F. E., Porch, T. G., Heitholt, J., Osorno, J. M., et al. (2023). Dry beans (Phaseolus vulgaris L.) as a vital component of sustainable agriculture and food security—A review. Legume Sci. 5, e155. doi: 10.1002/leg3.155

 Vénéreau, E., Ceriotti, C., and Bianchi, M. E. (2015). DAMPs from death to new life. Front. Immunol. 6. doi: 10.3389/fimmu.2015.00422

 Villagómez-Aranda, A. L., Feregrino-Pérez, A. A., García-Ortega, L. F., González-Chavira, M. M., Torres-Pacheco, I., and Guevara-González, R. G. (2022). Activating stress memory: eustressors as potential tools for plant breeding. Plant Cell Rep. 41, 1481–1498. doi: 10.1007/s00299-022-02858-x

 von Merey, G. E., Veyrat, N., de Lange, E., Degen, T., Mahuku, G., Lopez Valdez, R., et al. (2012). Minor effects of two elicitors of insect and pathogen resistance on volatile emissions and parasitism of Spodoptera frugiperda in Mexican maize fields. Biol. Control 60, 7–15. doi: 10.1016/j.biocontrol.2011.09.010

 Wang, J. X., Wei, Z. Q., Chen, M. D., Yan, Q., Zhang, J., and Dong, S. L. (2023). Conserved odorant receptors involved in nonanal-induced female attractive behavior in two Spodoptera species. J. Agricult. Food Chem. 71, 13795–13804. doi: 10.1021/acs.jafc.3c03265

 Wildt, J., Kobel, K., Schuh-Thomas, G., and Heiden, A. C. (2003). Emissions of oxygenated volatile organic compounds from plants part II: emissions of saturated aldehydes. J. Atmosph. Chem. 45, 173–196. doi: 10.1023/A:1024030821349

 Wilkinson, S. W., Hannan Parker, A., Muench, A., Wilson, R. S., Hooshmand, K., Henderson, M. A., et al. (2023). Long-lasting memory of jasmonic acid-dependent immunity requires DNA demethylation and ARGONAUTE1. Nat. Plants 9, 81–95. doi: 10.1038/s41477-022-01313-9

 Wilkinson, S. W., Magerøy, M. H., López Sánchez, A., Smith, L. M., Furci, L., Cotton, T. E. A., et al. (2019). Surviving in a hostile world: plant strategies to resist pests and diseases. Annu. Rev. Phytopathol. 57, 505–529. doi: 10.1146/annurev-phyto-082718-095959

 Williams, I. I. I. L., Rodriguez-Saona, C., and Castle del Conte, S. C. (2017). Methyl jasmonate induction of cotton: a field test of the ‘attract and reward’ strategy of conservation biological control. AoB Plants 9, plx032–plx032. doi: 10.1093/aobpla/plx032

 Xiang, X.-l., Jin, G.-f., Gouda, M., Jin, Y.-g., and Ma, M.-h. (2019). Characterization and classification of volatiles from different breeds of eggs by SPME-GC–MS and chemometrics. Food Res. Internatl. 116, 767–777. doi: 10.1016/j.foodres.2018.09.010

 Xu, Y. Q., Tong, Z. C., Zhang, X., Wang, Y. Y., Fang, W. G., Li, L., et al. (2019). Unveiling the mechanisms for the plant volatile organic compound linalool to control gray mold on strawberry fruits. J. Agricult. Food Chem. 67, 9265–9276. doi: 10.1021/acs.jafc.9b03103

 Yi, H.-S., Heil, M., Adame-Álvarez, R.-M., Ballhorn, D., and Ryu, C.-M. (2009). Airborne induction and priming of plant resistance to a bacterial pathogen. Plant Physiol. 151, 2152–2161. doi: 10.1104/pp.109.144782

 Yu, H. L., Zhang, Y. J., Wyckhuys, K. A. G., Wu, K. M., Gao, X. W., and Guo, Y. Y. (2010). Electrophysiological and behavioral responses of Microplitis mediator (Hymenoptera: Braconidae) to caterpillar-induced volatiles from cotton. Environ. Entomology 39, 600–609. doi: 10.1603/en09162

 Yuan, J., Ma, L. Y., Wang, Y., Xu, X. D., Zhang, R., Wang, C. Y., et al. (2023). A recently evolved BAHD acetyltransferase, responsible for bitter soyasaponin A production, is indispensable for soybean seed germination. J. Integr. Plant Biol. 65, 2490–2504. doi: 10.1111/jipb.13553

 Zhang, J.-h., Sun, H.-l., Chen, S.-y., Zeng, L., and Wang, T.-t. (2017). nti-fungal activity, mechanism studies on α-Phellandrene and Nonanal against Penicillium cyclopium. Botanical Stud. 58, 13. doi: 10.1186/s40529-017-0168-8




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2024 Elizarraraz-Martínez, Rojas-Raya, Feregrino-Pérez, Partida-Martínez and Heil. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls-15-1451864-g007.jpg
. (Control) . (Nonanal) . (Fungus) . (Nonanal—

Fungus)
F1 treatment: F1 treatment:
(A) C (Control) F (Fungus)

300
— ns
(=
A
2200 -
8 ns ns
@
QO
E
>
[
g 100
[0}
(%)

obd

(B) C N F

100 ns

dkk

dkk

ns

Seed mass [g plant]

e
c N F NF c N F NF

FO treatment






OEBPS/Images/M2.jpg





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

    		Cover



  		

        Immunity priming and biostimulation by airborne nonanal increase yield of field-grown common bean plants

      

        		

          Introduction

        



        		

          Methods and results

        



        		

          Outlook

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Biological material and growing conditions

          



          		

            2.2 Treatments

          

            		

              2.2.1 Treatments of F0 plants (both trials)

            

              		

                2.2.1.1 Nonanal exposure

              



              		

                2.2.2.2 Fungal challenge

              



              		

                2.2.2.3 Nonanal followed by fungal challenge

              



              		

                2.2.2.4 Control

              



            



            



            		

              2.2.2 Treatments of F1 plants (Trial 1).

            



          



          



          		

            2.3 PR gene expression and VOC emission (Trial 1)

          

            		

              2.3.1 PR gene expression: sampling and sample processing

            



            		

              2.3.2 RT PCR and transcript quantification

            



          



          



          		

            2.4 Degree of infection (both trials)

          



          		

            2.5 Seed yield (both trials)

          



          		

            2.6 Phenolic compounds and antioxidants (Trial 1)

          

            		

              2.6.1 Extraction and determination of phenolic compounds

            



            		

              2.6.2 Antioxidants

            



          



          



          		

            2.7 Estimating net profit (both trials)

          



          		

            2.8 Statistical analyses

          



        



        



        		

          3 Results

        

          		

            3.1 Effects of nonanal on F0 plants (Trial 1)

          

            		

              3.1.1 Nonanal primes PR genes and reduces fungal infection

            



            		

              3.1.2 Nonanal increases plant survival, seed yield and seed phenolic compounds

            



            		

              3.1.3 Nonanal exposure can increase net economic gain obtained with FJM beans

            



          



          



          		

            3.2 Transgenerational effects of nonanal (Trial 1, F1 plants)

          

            		

              3.2.1 Seedling emergence

            



            		

              3.2.2 Maternal nonanal exposure triggers transgenerational priming of PR genes and enhances anthracnose resistance in offspring plants

            



            		

              3.2.3 Maternal nonanal exposure enhances seed yield under pathogen pressure.

            



          



          



          		

            3.3 Effects of nonanal across cultivars (Trial 2)

          

            		

              3.3.1 Nonanal-induced resistance to anthracnose is reproducible across bean cultivars

            



            		

              3.3.2 Nonanal enhances plant growth and seed yield in different bean cultivars

            



            		

              3.3.3 Negative economic balance of nonanal exposure for various bean cultivars under low-yield conditions

            



          



          



        



        



        		

          4 Discussion

        

          		

            4.1 Resistance induction or growth promotion?

          



          		

            4.2 Growth stimulation by a volatile DAMP

          



          		

            4.3 Transgenerational effects of nonanal might allow production of vaccinated seeds

          



          		

            4.4 A pathogen that improves host reproduction

          



          		

            4.6 Effects of nonanal on grain quality

          



          		

            4.7 Nonanal exposure can generate net economic benefits in spite of elevated treatment costs

          



          		

            4.8 Drawbacks and limitations

          



          		

            4.9 Conclusions and outlook

          



        



        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fpls-15-1451864-g009.jpg
Plant dry weight [g plant]

30

N
o

=
o

C | (Control) .(Nonanal) .(Fungus) . (Nonanal—

Fungus)

Flor de Mayo Pinto Villa Negro San Luis Flor de Junio  Bayo Berendo

dkk

*kk

lH@ “ ”






OEBPS/Images/fpls-15-1451864-g010.jpg
NF

> ® 86 06 0 0 » %9
© © g © & o0 9 p o

%
C .W
23nsInzii b

¥

Bayo Berendo

DA DS PP O PO

Flor de Junio

cooeeceecte
DR M

® 00 0 2 o9 990 o ”.

:*® @ Qg o060 o &
cleaQOoaoow

Negro San Luis

Pinto Villa

P heeguiiydyciutodigt g ssﬁ
et g mﬂ

Flor de Mayo

20

[,3ueld spass 6] pjalA

(A)
(B)





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-15-1451864-g005.jpg
.(Control) .(Nonanal) .(Fungus) .(Nonanal—»
Fungus)

sl
o
o

(o)
o

Seedling emergence [%]

(=)

™ -

NF





OEBPS/Images/table2.jpg
This work

N

Irrigation

Reference

e FMrainy | 2900 (2539) 4,700 (3496) 5,100 (56.61) = 8,100 (61.41) 680-900 1,690-2,900 (Castellanos-Ramos
= season et al, 2003)
3 kg ha™*
=
FMA kg ha™! 200 (2.44) 630 270 | 900 (10.89) 940 1,380 | (Acosta-Diaz et al., 2009)
(7.65) (3.31)
PV kg ha! 300 (3.62) 460 260 550 1390 1,520 | (Acosta-Diaz et al., 2009)
= (5.49) (3.16) (6.62)
g
g
g NSL kg ha™! 130 (1.60) 79 420 740 550 2,250 | (Acosta-Diaz et al., 2009)
5 953) (5.09) (895)
a
E FJM kg ha! 230 275) 830 (10.02) 460 (5.59) 810 (9.80) 680-900 1,690-2,900 (Castellanos-Ramos
= et al,, 2003)
BB kg ha™! 75 (0.90) 240 0 0 1300 2,300 | (Acosta-Diaz et al., 2009)
(291) (0.00) (0.00)
Average 750 1,480 1,300 2,050 450 1,840 | (Acosta-Diaz et al., 2009)
(without BB)

*For the sake of easier comparisons, the yield values obtained in the present study were extrapolated to kg ha™, the original values (in g plant™) are indicated in parentheses.
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Treatment Phenolics Flavonoids Tannins

Img g Img g} Img g
(¢ 50.22" 2135° 1.82° 348" 56.5"
N 73.53" 14.69° 1.70° 362" 60.4°
F 72.00° 10.05¢ 161% 56.5° 76.7°
NF 19.46° 836 155 19.0¢ 38.9°

Levels of total phenolic compounds, flavonoids and condensed tannins are indicated in equivalents of mg gallic acid, rutin and catechin, respectively, per gram sample dry mass, while the
antioxidant activity (AC) and the radical scavenging activity (RSA) are indicated as percent of the inhibition of the ABTS and the DPPH radical. Treatments were C (control, sprayed with distilled
water), N (nonanal, 48 h exposure to nonanal), F (fungus, challenge with C. lindemuthianum) and NF (nonanal exposure followed by challenge with C. lindemuthianum), and different letters
indicate significant differences among treatments (p < 0.05 according to ANOVA followed by Tukey post-hoc tests, n = 3 biological replicates).
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