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Abstract

:

Systemin is a peptide hormone that regulates the wound response in tomato plants. Consequently, the overexpression of its prosystemin (ProSys) precursor protein leads to a resource-demanding constitutive activation of tomato’s wound-response. According to the growth vs. defense resource allocation premise, ProSys overexpression should negatively affect the physiological fitness of tomato plants. The present study was performed to explore why the opposite effect was steadily observed, instead. It was based on the premise that a better understanding of this unexpected outcome could help establish improved wound and related defense responses without negatively affecting crop productivity. To this effect, an experimental strategy was deployed to measure various physiological, biochemical and molecular parameters associated with either development, productivity, defense or in combination in untransformed (WT) and ProSys overexpressing (ProSys-OE) tomato plants. Thus, the chlorophyll fluorescence data obtained from plants grown under greenhouse experiments indicated that photosynthetic performance was not affected in ProSys-OE plants which also grew 7–14% taller than WT plants. Moreover, they showed accelerated flowering and yielded fruits of increased size (7–16% taller and wider) and weight (16–58% heavier), with modified fruit quality in terms of firmness (28% higher), titratable acidity (27–32% higher) and chemical composition. These findings suggest two complementary possibilities: (i) systemin is able to modulate both the wound response and plant development through the activation of jasmonic acid biosynthesis and signaling, and (ii) ProSys, an intrinsically disordered protein, acts as a signaling hub to regulate development and defense programs. These results shed light on the understanding of this plant regulatory mechanism and further suggest that systemin/ProSys-based regulation is central to control the defense-development balance in tomato. This knowledge could eventually lead to improved and more environmentally sound agricultural production practices.
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1. Introduction


Systemin (Sys) is a biologically active 18-amino acid (aa) peptide, presumably released by phytaspases-mediated enzymatic processing of prosystemin (ProSys), its precursor protein, also known to be an intrinsically disordered protein (IDP) [1,2,3,4,5]. Sys was isolated from tomato leaves based on its capacity to activate the octadecanoid pathway and the biosynthesis of jasmonic acid (JA) and its conjugates, leading to the subsequent activation of the wound response through the induction of several defense genes/proteins, such as proteinase inhibitors [1,6]. Sys was also hailed as the long-sought mobile signal responsible for the activation of systemic wound responses. Subsequent experimental evidence revealed, however, that it mostly acts locally at the wounding site, amplifying the synthesis of jasmonates (JAs), recognized as prominent systemic signals able to activate defense-related responses in distal tissues [7,8]. Local Sys activity is triggered by its interaction with a cell surface receptor, SYR1, an LRR-RLK receptor that closely resembles pattern recognition receptors [9]. Consequently, Sys activates early cellular responses similar to those prompted by microbe-associated molecular patterns, such as a rapid and temporary rise in cytosolic calcium, apoplastic alkalization, plasma membrane depolarization, generation of ethylene (ET) and reactive oxygen species and extensively altered phosphorylation protein patterns [10,11,12,13]. Apart from tomato, Sys homologs have only been identified in a handful of plant species belonging to the Solaneae sub-tribe such as, potato, bell pepper and nightshade [1]. However, a large body of experimental evidence has gradually revealed the ubiquity of plant defense activating peptides, including hydroxyproline-rich systemin glycopeptides, plant elicitor peptides, Zea mays immune signaling peptide 1, PAMP-induced peptides, IDA-like peptides, rapid alkalinization factors, phytosulfokines and inceptins [14].



ProSys is known to accumulate in tomato cells in response to wounding, insect herbivory or exogenous treatment with methyl jasmonate (MeJA) [15]. Evidence gathered via the generation of transgenic tomato plants constitutively expressing the ProSys precursor, or unable to do so by anti-sense silencing, further confirmed not only the role of Sys in orchestrating resistance against chewing insect herbivores, necrotrophic phytopathogenic fungi and virus [3,16,17,18,19,20], but also in the modulation of bioactive volatile organic compounds emission to promote indirect defense responses through the attraction of parasitoid wasps [21,22]. They were also found to have increased tolerance to moderate salt stress [23,24]. Further reports demonstrated that the application of exogenous Sys to tomato plants significantly enhanced direct and indirect defense mechanisms against chewing insect pests and fungal pathogens [22,25].



Numerous external and internal factors compel plants to prioritize their resource allocation between growth and defense. Appropriate exercise of this vital phenomenon ensures plant survival and reproduction and optimizes fitness under constantly fluctuating ambient conditions in which contact with a variety of pathogens and insect herbivores having different life styles and infection strategies is inevitable [26,27]. Mounting a defense response to counter these aggressors usually involves a high demand for resources that is thought to negatively impact growth. Impaired growth may result either from reduced photosynthetic activity/efficiency, from funneling away vital resources for defense purposes, or both [28,29]. Initially observed in plant-insect interactions within a forestry context, the ‘growth-defense trade-off’ hypothesis proposing that limited plants resources can be channeled either to growth or defense [30,31], was supported by several studies that demonstrated the fitness costs associated with defense [32,33,34,35,36]. The effect was particularly evident when JA- or salicylic acid -regulated defense responses were induced artificially in the absence of biotic aggressors or by using excessive, non-physiological doses of defense-response inducers [37,38,39,40,41], or under stress conditions restricting energy production [42,43]. These physiological costs were associated with the re-assignation of carbon and nitrogen reserves to the biosynthesis of defensive metabolites or proteins. This shift was found to require profound transcriptional reprogramming leading to altered protein synthesis in addition to the promotion of folding and secretion mechanisms designed to support the defense effort against pathogens or herbivores [28]. More recently, this relatively straightforward scenario has been substituted by proposals involving more complex mechanisms relying on active hormonal cross-talk able to impact multiple signaling networks that adjust growth rates in response to the activation of defense responses [28,29,35,36,44,45,46,47]. In this respect, JAs have been identified as central players of a complex regulatory hub that controls metabolic reprogramming leading to suppressed growth in response to various adverse environmental conditions and biotic stresses, such as insect herbivory and wounding [28,46,47,48,49].



Within this context, a previous report investigated the cost of mounting a constitutive wound-related defense response designed to deter chewing insect herbivory in tomato plants [50]. It utilized transgenic tomato plants able to constitutively express the ProSys precursor protein [3] from which the 18-aa Sys peptide is presumably released in order to strongly activate the transcription of numerous defense genes via JA [2,3,19,51,52]. The data obtained showed that the continuous activation of defensive traits in these plants was physiologically costly, and negatively affected the growth and reproductive fitness of tomato plants. Possibly linked to this outcome were the significantly lower CO2 assimilation and stomatal conductance rates, previously associated with the exogenous application of JA [53,54], that presumably led to disrupted source-sink relationships. Other phenotypes, such as a lowered number of seeds per fruit and reduced protein diversity due to an over-abundance of defensive proteins in fruits were a reflection of lower reproduction fitness. The present study describes results that contradict those reported previously by these workers. Contrary to their findings, tomato ProSys over-expressing plants, although having slight morphological differences but still showing the typical constitutive wound-response phenotype characterized by an over-representation of wound-responsive proteins and genes, were found to greatly outperform wild-type (WT) untransformed plants in several reproductive fitness traits. These consisted of increased fruit size and weight, in addition to modified fruit quality in terms of firmness, titratable acidity and chemical composition.



Two hypothetical and perhaps complementary scenarios are proposed to explain the results obtained. The first postulates that, in addition to the wound response, Sys is able to positively modulate plant development through the activation of JA biosynthesis and signaling. The second, that the IDP nature of the ProSys precursor acts as a signaling hub to regulate defense- and development-regulated programs. The findings further imply that the multiple regulatory capacity of systemin/ProSys complex is central to control the defense-development balance in plants. These proposals are further discussed in terms of established and emerging experimental evidence.



A better understanding of this regulatory system has the potential to be employed to improve agricultural practices and crop yields. This objective could be accomplished by increasing the defensive capability of plants against biotic stressors and, perhaps, by promoting their association with beneficial plant growth-promoting microorganisms, without negatively affecting productivity and the surrounding environment.




2. Materials and Methods


All experiments were performed in a high security greenhouse of the “Centro de Investigación y de Estudios Avanzados (Cinvestav), unidad Irapuato”. This research center is located in the municipality of Irapuato, in the state of Guanajuato, Mexico (101°20′48″ W and 20°40′18″ N; UTM 14Q257063E2292947N). Its average height above sea level is 1730 m.



2.1. Plant Material


Seeds of wild-type (WT) tomato (Solanum lycopersicum L. cv. Castlemart) were supplied by the Tomato Genetic Resource Center at the University of California, Davis, (Davis, CA, USA) while those of the prosystemin over-expressing transgenic plants (ProSys-OE, in the cv. Castlemart genetic background) were donated by Dr. Gregg Howe (Michigan State University, East Lansing, MI, USA). The seeds were surface-sterilized by soaking in a 70% ethanol solution for 60 s, then in a 20% household bleach solution (5% w/v sodium hypochlorite) for 5 min and rinsed three times with sterile water. All seeds were germinated in a conditioned growth chamber, kept at 21 °C, in 60-well trays containing a sterile soil mixture constituted by equal parts of sand and loam which was autoclaved six times. Two-week-old seedlings were transplanted to 5 L pots (one plant per pot, fifteen plants per genotype) containing a sterilized soil mixture containing three parts Sunshine Mix (Sun-Gro Horticulture, Bellevue, WA, USA), one part loam, two parts mulch, one part vermiculite (Sun-Gro Horticulture) and one part perlite (Termolita S.A., Nuevo León, México). All pots were distributed randomly in the greenhouse. They were cultivated in the spring-summer of 2019. The temperature and relative humidity inside the greenhouse were not controlled. They reflected the ambient conditions characteristic of this season in this region of central Mexico (i.e., maximum and minimum average temperatures of 32 °C and 15 °C, respectively, and maximum and minimum average relative humidity of 44 and 76%, respectively; Weather Atlas, Yu Media Group d.o.o.). Sun-light intensity was reduced with a 50% shade cloth (Wellco Industries Inc, Corona, CA, USA).



Following optimized procedures for greenhouse tomato cultivation under these conditions (Hernández-Razo A, personal communication), the plants were watered every second day for the first two weeks and then daily for the rest of the growth cycle. The plants received a weekly application of a foliar fertilizer (20N:30P:10K + minor nutrients; Agroquímicos Rivas S.A. de C.V; Celaya, Gto., Mexico) at a concentration of 10 g/L during vegetative growth and at 5 g/L during the reproductive phase. A Ca2+ supplement was also applied to the foliage on a weekly basis at a concentration of 5 mL/L (POLIQUEL Calcio; UPL Agro México; Mexico City, México).




2.2. Evaluation of Plants during Vegetative and Reproductive Growth


Ten plants of WT and ProSys-OE plants, respectively, were regularly examined, using non-destructive tests, to evaluate diverse growth-related parameters. Plant height, stem diameter, leaf number, total leaf area, and bud and flower number were determined. Plant height was measured with a flexometer, the stem diameter with a Vernier caliper, whereas leaf area was determined using ImageJ image analysis software (imagej.nih.gov/ij/download/ (accessed on 20 March 2021)). Chlorophyll fluorescence/photochemical efficiency of the PSII photosystem was similarly measured, as the Fv/Fm ratio, at 8 a.m. and 6 p.m. using a portable device (Pocket PEA Chlorophyll Fluorimeter; Hansatech Instruments; Norfolk, England). The measurements were performed in completely expanded adult leaves, positioned third from bottom to top. The chlorophyll content index (CCI) was determined in one of the three topmost youngest leaves of the plants. It was measured from the middle part of the leaves employing an OPTI-SCIENCESCCM 200 plus chlorophyll meter (Opti-Sciences, Inc.; Hudson, NH, USA). This apparatus calculates the CCI which is the ratio of percent transmission at 931 and 653 nm through a leaf sample [55]. All CCI measurements were determined at midday. All above measurements were performed weekly, starting from the third-week after transplant until the last of three fruit harvests. The phenology of each genotype was described in terms of days post-transplant (dpt). The temporality of reproductive pheno-phases from flower budding to mature fruits was recorded, as well.




2.3. Evaluation of Fruit Quality


Ten fruits per plant per genotype were examined once they reached physiological maturity or the red ripening stage. This started approximately at 68 dpt for both genotypes and was extended to three harvesting stages. Several fruit parameters were measured. Fruits were weighed on a portable balance (Ohaus CS200; OHAUS Latin America, Mexico City, Mexico). Fruit length and width, in cm, were recorded with a Vernier caliper. Total soluble solids (TSS) contents were measured using a hand-held digital refractometer (ATAGO PAL-1 Pocket, 0–32%; Tokyo, Japan). Readings were reported as degrees Brix. Fruit color was determined on the fruit’s epidermis at its equatorial plane by means of a SP-62 portable sphere spectrophotometer (X-Rite Inc., Grand Rapids, MI, USA). The CIE 1976 (L* a* b*) color coordinates were defined [56]. In the L* a* b* color space, L* indicates lightness and a* and b* are chromaticity coordinates. a* and b* are color directions: +a* is the red axis, −a’ is the green axis, +b* is the yellow axis and −b* is the blue axis. From them, the chromaticity values (C* = [a2 + b2]1/2) and tonality angle, H (arctan-1 (b/a)) were assessed.



Fruit firmness, an important index of fruit ripeness and quality, was determined using a Chatillon 25 Lbf penetrometer (AMETEK Sensors, Test & Calibration, Elancourt, France) using a 7 mm conical tip. Three measurements per fruit were done, at the central plane and at both the upper and lower edges. Titratable acidity was calculated according to the AOAC 942.15 method [57]. Seed counts were performed in very large, large, small and very small fruits.




2.4. Non-Structural Carbohydrate Content in Fruits


Fruit soluble nonstructural carbohydrates (NSCs; glucose + fructose + sucrose) were determined using an enzymatic coupling method (Boehringer Mannheim/R-Biopharm, Darmstadt, Germany) as described previously [58,59] with minor modifications, such as its adaptation to a micro-plate format. Briefly, invertase, hexokinase and phosphoglucose isomerase were utilized in a step-wise manner to produce glucose-6P as a final product, which was subsequently used as substrate by glucose-6P dehydrogenase to generate 6-phosphogluconate and NADPH, subsequently measured at 340 nm. Exact quantification of soluble NSCs is based on a 1:1 hexose:NADPH stoichiometry. Insoluble starch, hydrolyzed to free glucose by a mixture of two α-amylases and one amyloglucosidase, was quantified on the basis of the glucose generated, as above.




2.5. Targeted Fruit Metabolomic Analysis


The pulp of ten fruits obtained from different plants was flash-frozen in liquid N2 and ground to a fine powder with a mortar and pestle. Next, 1 g of the frozen ground tissue was extracted with 10 mL of methanol in 2 mL Falcon tubes. The mixtures were sonicated for 30 min and the subsequent extraction proceeded by constant stirring at 200 rpm for 24 h at room temperature. The fruit extracts (FEs) were filtered through Whatman #41 filter paper directly into amber glass vials which were subsequently sealed with a plastic film (Parafilm; Bemis North America, Neenah, WI, USA) and stored at 4 °C until analyzed. A targeted metabolomic analysis of the FEs was performed by GC-MS using a DB1MS UI capillary column (60 µm × 250 µm × 0.25 µm; Agilent Technologies, Santa Clara, CA, USA) fitted to a 7890A gas chromatograph coupled to a selective mass detector (Agilent Technologies) as described before [60]. Compound metabolite identification was possible using the deconvolution AMDIS program (National Institute of Standards and Technology, NIST; Gaithersburg, MD, USA) and the NIST MS Database, search version 2.0. Three technical replicates per FE were included in the analysis.




2.6. Extraction of Total RNA, cDNA Preparation and qPCR Analysis


The RNA extraction procedure was performed as described previously [61]. Briefly, total RNA was extracted from frozen root and leaf tissues using a modified method based the use of the Trizol reagent (Invitrogen, Carlsbad, CA, USA). Total RNA was subsequently reverse transcribed to generate the first-strand cDNA using an oligo dT20 primer and 200 units of SuperScript II reverse transcriptase (Invitrogen). The cDNA was used for the qRT-PCR assays which were performed using SYBR Green detection chemistry in a CFX96 Touch Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA). Quantitative gene expression by real-time PCR was performed in triplicate using specific primers (Table S1), whose sequence was based on cDNA sequences derived from the tomato genome (Sol Genomics Network; Boyce Thompson Institute for Plant Research, Ithaca, NY, USA) [62]. The expression of a battery of selected genes was calculated using the 2−ΔCt method [63]. Transcript abundance data were normalized against the average transcript abundance of two reference genes: TIP41 and SAND [64]. Values reported were obtained using mRNA extracted from a single pooled sample prepared by separately combining the roots and leaves of ten adult plants that had reached a late vegetative development stage, prior to flowering.




2.7. Statistical Analysis


Data were analyzed by one-way ANOVA. For multiple comparison of the means, Tukey honest significant difference (HSD) tests were applied with a confidence interval of 95%. All tests were conducted using the Minitab 15 statistical software package (Minitab Inc., State College, PA, USA). Differences at p < 0.05 were considered as statistically significant.





3. Results


3.1. Plant Growth Rate, Onset of Flowering and Time for Full Fruit Maturation


Untransformed WT plants grew more rapidly than ProSys OE plants in the first two weeks after transplanting (Figure 1). However, starting from 18 dpt, the ProSys-OE plants became consistently higher and eventually equaled WT plants in total leaf area and stem diameter at maturity (Table 1). However, leaf number remained significantly lower in ProSys-OE plants. No difference in the number of buds and flowers per plants was observed (Table 1). However, the first flower buds were observed in ProSys-OE plants at 20 dpt and flower anthesis started at 32 dpt, two days before than WT plants (Figure 2). Fruit formation for both plant genotypes started ca. 69 dpt and full maturation of the fruit cluster was reached ca. 36 d later.




3.2. Photosynthetic Efficiency Parameters


In general, Fv/Fm, PI and total chlorophyll content are unrelated measurements of photosynthetic efficiency. The chlorophyll Fv/Fm fluorescence ratio is an indication of the physiological state of the plants regarding the fitness of the foliar photosynthetic systems. It tests the efficiency of photosystem II in a dark-adapted state [65,66]. As expected, the Fv/Fm ratios tended to be higher and more reproducible when measured in the early morning (Figure 3a). Significant lowering of some Fv/Fm ratios was detected in the afternoon measurements, which were more variable. However, no differences in this parameter were observed between WT and ProSys-OE plants. The same pattern was observed when the PItotal parameter, a reliable indicator of plant vitality, was measured (Figure 3b).



This outcome was observed although PItotal, an indicator of plant photosynthetic performance that quantifies the energy fluxes moving across the reaction centers and the photosystems via the JIP-test, is considered to be more sensitive to environmental disturbances [67,68]. Additionally, only punctual differences in the chlorophyll content in leaves, measured from the beginning of the flowering stage to the end of the fruiting phase, were detected in WT and ProSys-OE plants (Table 2). The fact that PItotal and chlorophyll content remained practically unchanged during the course of the experiment in WT and ProSys-OE plants was indicative that both were maintained under non-stressful conditions. This was contrary to the notion that ProSys-OE plants may be under a constitutive wound-related stress.




3.3. Fruit Physicochemical Parameters


Fresh tomato fruits are evaluated on the basis of several agronomic, organoleptic and nutritional qualities [69]. Larger tomato fruits were obtained from ProSys-OE plants starting from the second and third harvest, although the average fruit yield per plant was similar in both genotypes (Figure 4; Table 3). Attributes that were significantly higher in ProSys-OE fruits in at least one of the three harvests per plant performed were the following: weight, length and width, firmness, TSS and titratable acidity. Differences in seed number depended on the fruit size. While a significantly higher seed number was detected in very large ProSys-OE fruits, seed content in all other fruit sizes, except medium-sized fruits, was significantly higher in WT fruits. Color and luminosity attributes were no different in fruits obtained from WT and ProSys-OE plants (Table 3).



NSCs content, determined in fruits produced in the first two harvests, was predominantly higher in ProSys-OE fruits. While only glucose and sucrose were significantly higher in ProSys-OE fruits obtained in the first harvest, all NSCs, including starch, were higher in ProSys-OE fruits obtained in the second harvest (Table 3).



Significant differences in other relevant metabolites associated with fruit quality were also detected in these fruits. Only seven metabolites were significantly different in fruits derived from the first harvest, most of which accumulated to significantly higher levels in WT fruits (Table 4). These included fumaric acid, DL-malic acid, oleic acid, maleic acid and L-glutamine. Only glyceric and 2-aminomalonic acid contents were significantly higher in ProSys-OE fruits. In this harvest, 2-propenoic acid was exclusively detected in WT fruits. The number of metabolites whose abundance became significantly different in WT and ProSys-OE fruits increased to 22 in the second harvest lot (Table 4). Those that accumulated to higher levels in ProSys-OE fruits were serine, phenylalanine, lactic acid and 2-aminomalonic acid. Among the metabolites that were significantly more abundant in WT fruits harvested in the second lot were phosphoric and glyceric acids, amino acids (glycine, threonine, aspartic acid and L-5-oxo-1-proline), fatty acids (palmitic, stearic, oleic and linoleic acids), organic acids (acetic, malic, maleic, succinic and fumaric acids), glucuronic acid, D-xylose and myo-inositol.




3.4. Quantitative Gene Expression Profiles


The qPCR results shown in Table 5 confirmed that the ProSys gene was constitutively expressed in the ProSys-OE transgenic plants examined. Curiously, ProSys expression levels were much higher in roots than in leaves of ProSys-OE plants. The induction of early and late wound-response genes associated with JA signaling was in agreement with the “permanent wound response” phenotype that characterizes ProSys-OE plants [70]. The 9-LOX pathway was also positively impacted. The upregulated wound-response genes included early genes such as LHA1 and PLA2, coding for a member of the plasma membrane H+-ATPase gene family in tomato [12,70] and for wound-inducible phospholipase believed to mediate the chloroplast membrane release of linolenic acid for JA synthesis, respectively [71,72]. LIPOXYGENASE D (LOXD) and ALLENE OXIDE SYNTHASE (AOS), two key octadecanoid pathway genes leading to JA biosynthesis [70], were also induced. The JASMONIC ACID CARBOXYL METHYLTRANSFERASE (JMT) and the JASMONATE ZIM DOMAIN2 (JAZ2) genes involved in downstream JA signaling were also activated in these plants. JAZ2 is one of several JAZ proteins capable of regulating the JA signaling pathway [73], whereas JMT catalyzes the synthesis of MeJA, an active JA volatile signal [74]. In addition, several late genes were induced in ProSys-OE plants, including PINII, PPOD, CYP2, SCP and AROGP3, coding for an emblematic protease inhibitor and other wound responsive enzymes such as polyphenol oxidase, cysteine protease, serine carboxypeptidase and a JA-regulated tomato polygalacturonase non-catalytic subunit gene [70,75], respectively.



The 9-LOX and AOS3 genes, coding for enzymes that sequentially convert 9-hydroperoxide octadecadi(tri)enoic acids to 9,10-epoxy octadecadienoic acid and to either 10-oxo-phytodienoic acid or ketols, were strongly induced in ProSys-OE plants. The HPL gene, coding for an enzyme able to transform 9,10-epoxy octadecadienoic acid to 12-oxo-(Z)-9-dodecenoic acid, a precursor of the traumatin, and to (Z)-3-hexenal and other defense-related green-leaf volatiles, was also positively impacted in leaves of ProSys-OE tomato plants. The activation of the alternative 9-LOX pathway in ProSys-OE plants was in accordance with its role in the regulation of (a)biotic abiotic stress responses and plant development [76,77,78].





4. Discussion


Prior to this study, and contrary to expectations, ProSys-OE plants were consistently observed to produce larger and more abundant fruits when cultivated for seed multiplication purposes. Fruits were also more attractive to herbivores that occasionally raided the green houses or fields where ProSys-OE plants were cultivated. Thus, this study was performed to confirm that ProSys-OE plants somehow eluded the fitness penalty that was previously shown to alter the growth, physiology and reproductive success of similarly transformed tomato plants [50]. Thus, negative vegetative growth rates and lower reproductive yields usually associated with the over-production of resource-demanding defense-related proteins, such as proteinase inhibitors, were not observed in ProSys-OE plants. Moreover, these plants yielded larger fruits with significantly different physicochemical properties.



The growth habit of ProSys-OE plants was different from WT plants. Although the transgenic plants were slow to develop, they quickly recovered and developed into taller plants, although with lower leaf number than WT plants. The onset of flowering was also earlier in these plants, whereas ProSys-OE fruits were also firmer, larger and heavier. However, the overall fruit yield per plant after three harvest lots was not different from WT plants, although the largest ProSys-OE fruits had significantly higher seed number than comparable WT fruits. The differential expression of genes coding for components of ET- and auxin-related signal transduction pathways, sugar metabolism enzymes and photosynthesis-related proteins in ProSys-OE plants [19] could partly explain these distinctive traits. They could have also contributed to the higher fruit firmness of ProSys-OE fruits, which was indicative of a slower fruit maturation rate [79,80]. The latter is a complex and not fully understood process. It may be argued that certain cultivation practices, such as Ca2+ complementation during vegetative growth, may have positively affected these fruit quality parameters. Thus, increased Ca2+ could have contributed to enhanced (pro)systemin-mediated responses thought to be controlled by Ca2+ and reactive oxygen species sensing mechanisms [19]. Additionally, exogenous calcium application may have helped to maintain the fruit´s cell wall integrity, consequently increasing their resistance to cell wall-degrading enzymes [81].



All photosynthesis-efficiency-related results obtained in the present study indicated that ProSys-OE plants were as vigorous as WT plants. In addition, the significantly higher levels of NSCs detected in ProSys-OE fruits strongly suggested that ProSys-OE plants were not limited in their ability to provide carbon resources to strong sink tissues such as developing fruits. This was indicative that photosynthetic efficiency and C-allocation to sink tissues was not affected in the ProSys-OE plants analyzed in the present study. This outcome was evidence that the induction of defense responses in these plants did not negatively affect their photosynthetic efficiency. A similar conclusion was reached by a study in Arabidopsis that reported no significant reduction of the quantum efficiency of photosystem II despite of the fact that the induction of defense responses was accompanied by the repressed expression of photosynthesis genes [82].



Likewise, some of the positive effects observed in the ProSys-OE plants could be attributed to the close relationship that Sys and JA have in the regulation of the wound response via the Sys-induced local synthesis of JAs and consequent amplification of the JA-based systemic signal [7,52,83]. In this respect, altered JA levels could have contributed to the production of larger ProSys-OE fruits, most of which had fewer seeds than WT fruits, similar to the effect observed in tomato plants exogenously treated with a high-dose of foliar JA [40]. Modified JA levels could also have been linked to a jasmonate-related reconfiguration of central plant metabolism [48] leading to the increased content of serine and phenylalanine detected in ProSys-OE fruits. These effects could be explained evoking the known interaction of JA with various transcription factors (TFs) able to regulate either the expression of multiple plant and development-related genes [84], the cross-talk of JA with growth regulating phytohormones, predominantly auxins, brassinosteroids and gibberellins [28,85], or both. This proposal is further supported by several reports describing the positive effects that pre-harvest treatments with exogenous JA or MeJA have on important fruit traits, such as either time to ripening, fruit size and yield and metabolite profiles in several plants, including tomatoes [86,87,88,89,90,91,92,93]. However, this mechanistic proposal can only be tentative considering that JA-phytohormone interactions usually repress growth in favor of defense responses [28,44,46,47,48,94]. Additionally, the induction of genes coding for JAZ repressor proteins of JA signaling [68,95] in ProSys-OE plants [19] (this study), could represent the activation of a feedback mechanism designed to restrain JA-related responses.



Another line of reasoning could be that the enhanced development and reproductive output observed in ProSys-OE plants was a JA-independent response promoted by ProSys itself. This possibility was first suggested by a study that hinted that the ProSys gene could play a dual role in defense and development [96]. It was later reinforced by transcriptomic data that implied that the systemin signaling pathway could regulate developmental processes in tomato via ET, auxins and brassinosteroids [19]. Finally, a recent study revealed that ProSys-OE plants had wild-type levels of JA, thereby annulling the notion that the characteristic wound-activated phenotype of these plants was due to a JA over-accumulation [97]. Their observation that ProSys overexpression had a strong impact on the metabolism of tomato supported the possibility that this precursor protein was responsible for the modified physicochemical profiles, e.g., an altered metabolite composition and a significantly higher firmness, monitored in the ProSys-OE fruits analyzed in the present study. Interestingly, the latter could have been a consequence of the positive effect that ProSys overexpression was found to have on lignan biosynthesis and, therefore, cell wall composition and reinforcement [97].



The pleiotropic effects produced by ProSys overexpression in tomato could be related to the structural features of the ProSys protein itself, which was demonstrated to be an IDP having no stable or ordered three-dimensional structure [5]. IDPs are abundant in eukaryotic proteomes and include a high percentage of signaling proteins and TFs that actively participate in cell signaling and transcriptional regulation by being able to recognize and bind to various partners after undergoing disorder-to-order transitions [98,99,100,101,102]. Thus, it might be hypothesized that ProSys participates, as an IDP, in the modulation of plant development signaling by integrating signals from multiple plant growth regulatory and ambient cues, similar to other plant IDP TFs involved in stress and light-regulated transcriptional activation [103,104]. It is relevant to emphasize that, within this group, the Long Hypocotyl 5 TF was recently reported to be an important player in the JA-regulated trade-off between growth and defense [105,106]. This TF has also been considered to play a key role in the enhancement of tomato fruit ripening and yield produced in response to far-red radiation, via the activation of sugar metabolism and transport leading to augmented tomato fruit sink strength [107,108,109]. Finally, compelling evidence in favor of ProSys being not simply the precursor of Sys but an integrator of multiple stress-related pathways has been produced by a body of emerging information showing that: (i) the overexpression of a truncated ProSys protein lacking the Sys-encoding segment, in tobacco plants, altered their proteomic profiles and increased their resistance against insect herbivores and necrotrophic fungi [110], and (ii) the exogenous treatment of tomato plants with ProSys-related short peptides different from Sys were found to have biological activity as revealed by modified associations with plant growth promoting bacteria and mycorrhizal fungi [111,112,113,114]; Molisso et al., unpublished data; Délano-Frier et al., unpublished data.



Although the mechanisms underlying this dual function are not well understood, the strategic positioning of the Sys/ProSys regulatory process in the midst of the defense vs. development alternative has the potential to be utilized to improve agricultural practices and crop yields. This objective could be accomplished, via Sys/ProSys, by increasing the defensive capability of plants against biotic stressors or by enhancing the association with beneficial plant growth-promoting microorganisms, without the generation of negative trade-off effects on productivity and on the surrounding environment.




5. Conclusions


The results obtained in this study indicated that the constitutive activation of the Sys/ProSys signaling pathway favors growth and reproductive output in tomato plants. These positive effects were indicative that this signaling pathway has a multiple regulatory capacity that is able to control the defense-development balance in tomato plants. This key regulatory role could be achieved via the close relationship shared by Sys/ProSys with the AJ signaling pathways or by the flexibility conferred by prosystemin´s behavior as an IDP, enabling it to integrate defense- and development-related responses. The resolution of these proposals has the potential to permit a better understanding of the mechanisms utilized by plants to efficiently allocate resources for growth and defense. The application that this knowledge could have for improved crop management and productivity are evident.
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Figure 1. Growth and morphology of prosystemin overexpressing tomato plants. Compared to (a) wild-type (WT) untransformed tomato plants, (b) plants overexpressing the prosystemin (ProSys-OE) precursor of the systemin peptide hormone had a retarded growth at early developing stages (the images show plants 3 days post transplantation (dpt) into pots). In older plants, recorded 33 dpt, (c) WT plants were shorter, had a lower number of leaves and were compacter and morphologically different to (d) ProSys-OE plants. 
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Figure 2. Flowering is accelerated in prosystemin overexpressing tomato plants. Compared to (a) wild-type (WT) untransformed tomato plants, (b) plants overexpressing the prosystemin (ProSys-OE) precursor protein of the systemin peptide hormone had an accelerated onset of flowering. The images show ProSys-OE and WT plants recorded 30, and 32 days post transplantation into pots, respectively. 
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Figure 3. Photosynthetic performance of wild-type (WT) and prosystemin overexpressing (ProSys-OE) tomato plants. The measurement of (a) the photochemical efficiency of the PSII photosystem (determined as the Fv/Fm ratio), and (b) the plant photosynthetic performance, (as PItotal), was measured in wild-type (WT) untransformed tomato plants and in plants overexpressing the ProSys precursor protein of the systemin peptide hormone. WT and ProSys-OE tomato plants were monitored during a 7-week period (W3–W10) starting at week 3 (W3) after transplant. The bars represent the mean value of the measurements performed in 10 plants with three technical repetitions each. Different letters over the bars represent statistically significant differences at p < 0.05 (Tukey test). The measurements were performed in the morning (8 a.m.) and afternoon (6 p.m.) in the spring-summer of 2019 in Irapuato, Gto. México. 
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Figure 4. Increased size and weight of fruits produced by prosystemin overexpressing tomato plants. Compared to wild-type (WT) untransformed plants, the overexpression of the prosystemin (ProSys-OE) precursor protein of the systemin peptide hormone, led to the production of larger and heavier fruits. Shown in this image are five fruit sizes (very large (VL), large (L), medium (M), small (S) and very small (VS)) obtained from the second of a total of three harvest lots of WT and ProSys-OE tomato plants. 
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Table 1. Vegetative and reproductive growth parameters in wild-type (WT) and prosystemin overexpressing (ProSys OE) tomato plants. Six plant development- and reproductive-related attributes were measured in WT untransformed tomato plants and in ProSys-OE plants overexpressing the ProSys precursor protein of the systemin peptide hormone. Parameter quantification was performed in plants at 3, 18 and 33 days post-transplantation (dpt) of seedlings to 5 L plant pots.
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Genotype

	
3 dpt




	
H 1

	
SD

	
LN

	
LA

	
BN

	
FN






	
WT

	
4.84 ± 0.16 a

	
2 0.55 ± 0.02 a

	
4.40 ± 0.16 a

	
44.3 ± 2 a

	
-

	
-




	
ProSys-OE

	
5.39 ± 0.2 a

	
0.43 ± 0.02 b

	
3.0 ± 0.1 b

	
20.6 ± 2 b

	
-

	
-




	

	
18 dpt




	
WT

	
15.6 ± 0.42 b

	
0.84 ± 0.02 a

	
8.6 ± 0.4 a

	
180.4 ± 5 a

	
-

	
-




	
ProSys-OE

	
17.9 ± 0.31 a

	
0.71 ± 0.02 b

	
7.4 ± 0.16 b

	
108.3 ± 7 b

	
-

	
-




	

	
33 dpt




	
WT

	
37.6 ± 1.0 b

	
1.3 ± 0.02 a

	
16.8 ± 0.88 a

	
735.7 ± 16 a

	
2.44 ± 0.41 a

	
12.67 ± 1.63 a




	
ProSys-OE

	
40.4 ± 0.82 a

	
1.4 ± 0.03 a

	
13.3 ± 0.63 b

	
698.4 ± 20 a

	
2.67 ± 0.61 a

	
12.87 ± 0.88 a








1 H = plant height; SD = stem diameter; LN = leaf number; LA = total leaf area, BN = bud number, FN, flower number. 2 Numbers followed by different letters represent statistically significant values (Tukey test, p ≤ 0.05).
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Table 2. Chlorophyll Content Index (CCI) in leaves of wild-type (WT) and prosystemin overexpressing (ProSys-OE) plants. CCI was determined in leaves of wild-type (WT) untransformed tomato plants and in plants overexpressing the ProSys precursor protein of the systemin peptide hormone. Measurements were made at 32, 39, 46, and 53 days post-transplantation (dpt) of seedlings into 5 L plant pots.
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	Genotype
	32 dpt
	39 dpt
	46 dpt
	53 dpt





	WT
	78.8 ± 1.1 a
	67.6 ± 0.08 b
	73.2 ± 11.3 a
	68.8 ± 1.0 a



	ProSys-OE
	68.2 ± 1.0 a
	1 73.5 ± 1.5 a
	74.2 ± 1.6 a
	64.0 ± 1.9 b







1 Different letters represent statistically significant values (Tukey test, p ≤ 0.05).
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Table 3. Physicochemical properties and reproductive traits of fruits harvested from wild-type (WT) and prosystemin overexpressing (ProSys-OE) plants. Fruits were obtained from WT untransformed tomato plants and from plants overexpressing the ProSys precursor protein of the systemin peptide hormone. Fruits from three different seasonal harvests and having different sizes were analyzed.
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Genotype




	
Harvest N°

	
WT

	
ProSys OE






	

	
Fruit weight (g)




	
1

	
152.3 ± 12.6 a

	
177.4 ± 18.0 a




	
2

	
94.7 ± 8.1 b

	
1 150.3 ± 7.3 a




	
3

	
125.9 ± 7.6 b

	
145.9 ± 5.5 a




	

	
Fruit width (cm)




	
1

	
6.9 ± 0.2 a

	
7.1 ± 0.3 a




	
2

	
5.9 ± 0.2 b

	
6.9 ± 0.2 a




	
3

	
6.3 ± 0.1 a

	
6.6 ± 0.1 a




	

	
Fruit height (cm)




	
1

	
5.9 ± 0.2 a

	
6.4 ± 0.3 a




	
2

	
5.0 ± 0.1 b

	
5.9 ± 0.1 a




	
3

	
5.4 ± 0.1 b

	
5.8 ± 0.1 a




	

	
Number of seeds/fruit size




	

	
WT

	
ProSys OE




	

	
2 VL

	
L

	
M

	
S

	
VS

	
VL

	
L

	
M

	
S

	
VS




	
3

	
139 ± 7 b

	
174 ± 65 a

	
72 ± 7 a

	
50 ± 1 a

	
40 ± 4 a

	
173 ± 5 a

	
116 ± 8b

	
65 ± 5 a

	
37 ± 8 b

	
19 ± 1 b




	

	
Total number of fruits




	
1 + 2 + 3

	
75 ± 8

	
80 ± 6




	

	
Color




	

	
L

	
C

	
H

	
L

	
C

	
H




	
1

	
36.2 ± 0.49 a

	
28.9 ± 1.3 a

	
51.2 ± 0.6 a

	
37.5 ± 0.59 a

	
30.7 ± 1.0 a

	
52.6 ± 0.8 a




	

	
Firmness (N)




	
1

	
0.29 ± 0.3 b

	
0.37 ± 0.2 a




	

	
Titratable acidity (as % citric acid)




	
2

	
8.7 ± 1.4 b

	
11.5 ± 0.5 a




	
3

	
9.2 ± 1.5 b

	
11.7 ± 0.3 a




	

	
Total Soluble Solids (TSS; °Brix)




	
1

	
5.85 ± 0.23 a

	
5.64 ± 0.19 b




	
2

	
5.12 ± 0.06 b

	
5.27 ± 0.03 a




	
3

	
5.21 ± 0.1 a

	
5.24 ± 0.06 a




	

	
Glucose (mg/g)




	
1

	
113.9 ± 1.86 b

	
129.2 ± 5.78 a




	
2

	
93.7 ± 1.42 b

	
103.1 ± 2.63 a




	

	
Fructose (mg/g)




	
1

	
95.2 ± 1.36 a

	
91.8 ± 3.12 a




	
2

	
83.3 ± 1.78 b

	
93.8 ± 1.37 a




	

	
Sucrose (mg/g)




	
1

	
7.16 ± 0.21 b

	
9.9 ± 0.64 a




	
2

	
5.45 ± 0.28 b

	
6.7 ± 0.32 a




	

	
Starch (mg/g)




	
1

	
1.26 ± 0.18 a

	
1.7 ± 0.32 a




	
2

	
0.63 ± 0.03 b

	
0.96 ± 0.10 a








1 Different letters represent statistically significant values (Tukey test, p ≤ 0.05). 2 VL = very large; L = Large; M = medium; S = small; VS = very small.
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Table 4. Metabolites analysis of tomato fruits harvested from wild-type (WT) and prosystemin overexpressing (ProSys-OE) plants. The analysis was performed in fruits collected from WT untransformed plants and from plants overexpressing the ProSys precursor protein of the systemin peptide hormone. The metabolites listed correspond to those that were detected to accumulate to significantly different levels in fruits of either WT or ProSys-OE plants. They were identified by a targeted GC-MS analysis of fruits obtained from the first (1) and second (2) seasonal harvests.
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Compound/Genotype

	
WT

	
ProSys-OE




	
Harvest 1




	
Peak Area

	
Peak Area






	
Glyceric acid

	
4.67 × 105 ± 88,316 b

	
9.84 × 105 ± 1.78 × 105 a 1




	
Aminomalonic acid

	
2.5 × 105 ± 58,383 b

	
7.5 × 105 ± 1.9 × 105 a




	
2-E-butenedioic acid (fumaric acid)

	
4.5 × 106 ± 22,736 a

	
2.33 × 106 ± 41,209 b




	
2-Z-butenedioic acid (maleic acid)

	
3.93 × 105 ± 52,798 a

	
2.13 × 105 ± 33,330 b




	
DL-malic acid

	
128.9 × 106 ± 12.1 × 106 a

	
78.4 × 106 ± 13.7 × 106 b




	
Oleic acid

	
1.06 × 106 ± 198 × 105 a

	
5.16 × 105 ± 85,215 b




	
L-glutamine

	
213.3 × 106 ± 68.9 × 106 a

	
45.3 × 106 ± 7.1 × 106 b




	

	
Harvest 2




	
Acetic acid

	
5.69 × 105 ± 16,6626 a

	
1.01 × 105 ± 18,607 b




	
Phosphoric acid

	
322.4 × 106 ± 19.9 × 106 a

	
157.9 × 106 ± 22.7 × 106 b




	
Glyceric acid

	
1.21 × 106 ± 1.07 × 105 a

	
6.47 × 105 ± 90,612 b




	
DL-malic acid

	
86.1 × 106 ± 5.7 × 106 a

	
61.9 × 106 ± 9.5 × 106 b




	
Lactic acid

	
1.6 × 105 ± 73,308 b

	
4.7 × 105 ± 52,233 a




	
2-E-butenedioic acid (fumaric acid)

	
4.08 × 105 ± 54,794 a

	
9.42 × 104 ± 10,999 b




	
2-Z-butenedioic acid (maleic acid)

	
4.18 × 105 ± 89,174 a

	
1.14 × 105 ± 15,125 b




	
Butanedioic acid (succinic acid)

	
5.9 × 106 ± 7.06 × 105 a

	
2.43 × 106 ± 1.8 × 105 b




	
Aminomalonic acid

	
3.19 × 105 ± 43,011 b

	
6.3 × 105 ± 54,972 a




	
Hexadecanoic acid (palmitic acid)

	
61.7 × 106 ± 9.9 × 106 a

	
34.3 × 106 ± 2.7 × 106 b




	
Octadecanoic acid (stearic acid)

	
32.2 × 106 ± 4.01 × 106 a

	
16.9 × 106 ± 1.52 × 106 b




	
Oleic acid

	
4.96 × 105 ± 41,024 a

	
1.46 × 105 ± 25,905 b




	
Linoleic acid

	
2.4 × 106 ± 1.15 × 105 a

	
7.8 × 105 ± 57,304 b




	
Glycine

	
53.5 × 104 ± 10,788 a

	
23.2 × 104± 3775 b




	
L-threonine

	
5.45 × 106 ± 1.6 × 106 a

	
1.17 × 106 ± 2.84 × 105 b




	
L-serine

	
13.1 × 106 ± 2.1 × 106 b

	
34.7 × 106 ± 4.1 × 106 a




	
L-phenylalanine

	
3.9 × 106 ± 8.6 × 105 b

	
7.2 × 106 ± 8.4 × 105 a




	
L-aspartic acid

	
32.8 × 106 ± 6.3 × 106 a

	
8.9 × 106 ± 1.4 × 106 b




	
L-5-oxo-1-proline

	
87.9 × 106 ± 4.7 × 106 a

	
70.3 × 107 ± 3.8 × 106 b




	
D-glucuronic acid

	
11.9 × 106 ± 1.7 × 106 a

	
2.5 × 106 ± 8.7 × 105 b




	
Xylose

	
9.05 × 106 ± 6.9 × 105 a

	
4.05 × 106 ± 2.7 × 105 b




	
Myo-inositol

	
1.34 × 106 ± 1.03 × 105 a

	
8.84 × 105 ± 76,541 b








1 Different letters represent statistically significant values (Tukey test, p ≤ 0.05).
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Table 5. Relative expression levels of wound-response and 9-LOX pathway genes in wild-type (WT) and prosystemin overexpressing (ProSys-OE) tomato plants. Genes were quantified in roots and leaves of WT untransformed plants and in plants overexpressing the ProSys precursor protein of the systemin peptide hormone.
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Gene/Gene Category

	
ROOTS

	
LEAVES




	
Wound Response

	
WT

	
ProSys OE

	
P/W 2

	
WT

	
ProSys OE

	
P/W






	
PS

	
1 0.006

	
155.7

	
25,950

	
3.8

	
128.5

	
33.8




	
PLA 2

	
0.51

	
4.2

	
8.2

	
ND 3

	
ND

	
- 4




	
LHA

	
4.6

	
7.1

	
1.5

	
ND

	
ND

	
-




	
LOX D

	
1.95

	
31.9

	
16.4

	
0.74

	
1.4

	
1.89




	
AOS

	
0.14

	
22.1

	
157.1

	
ND

	
ND

	
-




	
JAZ 2

	
70.3

	
41.7

	
0.59

	
ND

	
ND

	
-




	
JMT

	
1.41

	
1.28

	
0.91

	
1.46

	
0.37

	
0.25




	
PPOD

	
2.1

	
6.3

	
3.0

	
0.013

	
0.24

	
18.5




	
PIN II

	
0.11

	
5.85

	
55.2

	
0.045

	
10.2

	
226.7




	
CYP2

	
58.1

	
95.9

	
1.7

	
ND

	
ND

	
-




	
SCP

	
0.25

	
1.25

	
5.0

	
2.17

	
9.14

	
4.2




	
AROGP3

	
0.6

	
3.4

	
5.7

	
0.17

	
0.45

	
2.6




	
9-LOX

	
WT

	
ProSys OE

	
P/W

	
WT

	
ProSys OE

	
P/W




	
LOX A

	
8.8

	
49.8

	
5.7

	
ND

	
ND

	
-




	
HPL

	
0.71

	
1.1

	
1.6

	
2.4

	
6.6

	
2.8




	
AOS 3

	
2.7

	
37.2

	
13.8

	
0.0

	
0.0

	
-








1 Gene expression levels were calculated using the 2−ΔCt equation, according to Livak and Schmittgen [63]. 2 ProSys OE/WT gene expression ratio. 3 ND = not determined. 4 The (-) symbol indicates that this gene was not analyzed.
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