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Editorial on the Research Topic
 Spotlight on Solanaceae Metabolism: Biotechnological Application



The Solanaceae family consists of more than 90 genera and nearly 3,000 species distributed throughout the world with a great diversity, and contains many species with economic importance as food and medicinal plants, spices and ornamentals. Among the most important agricultural crops are potato, tomato, pepper, eggplant and tobacco, which serve also as model systems for the investigation of fundamental biological and agronomic questions. The recently developed “omics” technologies and their various combinations have started to shed light on flower, fruit and tuber development, as well as on abiotic and biotic stress responses of sensitive and stress-tolerant varieties, and provided molecular markers for breeders. In this Research Topic, we provided a platform for articles based on “omics” studies in Solanaceae plants to further advance our knowledge on the perturbation of metabolic pathways in different conditions, and their regulation for improved biosynthesis of molecules of interest.

Global climate change with rising temperatures and reduced water availability is challenging agricultural systems worldwide. Potato plants are very sensitive to drought and elevated temperatures. To improve water use efficiency as well as tuberization of potato plants under drought and heat stress Lehretz et al. co-expressed HEXOKINASE 1 from Arabidopsis thaliana (AtHXK1) and SELF-PRUNING 6A (SP6A) from Solanum tuberosum, encoding a mobile tuberisation signal, in guard cells and shoots, respectively. Although the plants showed a bushy growth habit the yield and starch content of tubers were only slightly affected by the heat and drought stress combination. Dehydration-responsive element binding (DREB) transcription factors play crucial regulatory roles in stress responses. Mao et al. found that the only DREB that responded to heat was SlDREBA4 in the model tomato cultivar Microtom. Overexpression of SlDREBA4 enhanced tolerance of tomato plants to heat stress by regulating the expression of many heat shock- and calcium-binding protein genes, and by altering the content of osmolytes and stress hormones as well as the activities of antioxidant enzymes. It was also demonstrated that application of exogenous ascorbic acid counteracts the salt-induced photoinhibition in tomato (Chen et al.). Thus, these studies provided new genetic resources and rationales for abiotic stress-tolerance breeding of Solanaceae plants.

Plants are confronted not only with abiotic, but also with biotic stresses. Phytophthora nicotianae is a soil borne pathogen causing black shank disease in tobacco. Plants have evolved complex defense systems against pathogens including root exudates of some resistant varieties with an inhibitory effect on pathogen growth. Metabolic profiling performed by Zhang et al. depicted differing metabolic patterns of root exudates between a resistant and susceptible tobacco cultivar. Some of the detected defense compounds (e.g., tartaric-, ferulic-, lauric acid, and phenylpropanoids) have potential for disease control application.

The greenhouse cultivation of tomatoes involves the application of a considerable amount of fertilizers and produces an accumulation of surplus salts in soil. Kim et al. demonstrated that minimal nutrient and water supplies improves tomato quality in soils with surplus salt. Rosa-Martínez et al. dealt with a similar problem and searched for tomato varieties with improved nitrogen use efficiency to reduce the need for fertilization in line with the sustainable agriculture policies. The “de penjar” tomatoes from the Spanish Mediterranean region were selected for the study because these tomatoes are cultivated under low-input conditions and carry the alc mutation, which provides long shelf-life for the fruit. A large amount of variation between the local varieties was observed especially in lycopene content that together with β-carotene presented a strongly significant genotype x nitrogen input interaction. These results revealed the potential of “de penjar” varieties as a genetic resource in breeding for low nitrogen inputs, while keeping the high organoleptic and nutritional quality of traditional tomato cultivars. Tomato flavor, which is determined by the right balance of sugars and organic acids, as well as a range of volatile organic compounds, is obviously a primary focus of tomato breeding. Using newly available high quality genome assemblies, Pereira et al. associated five flavor-controlling genes with trait variation and described the genetic diversity at these loci in a red-fruited tomato clade. The tomato collection used in this study would be an excellent set of material to discover new flavor genes through genetic mapping approaches.

Eggplant, cultivated for over 1,500 years, represents the third most important crop of the Solanaceae family after potato and tomato. Most of its nutritional properties are related to phenolic compounds. However, there is a correlation between the concentration of phenolics and browning of the fruit flesh. The polyphenol oxidases (PPOs) catalyze the oxidation of phenolic compounds leading to browning. Based on this knowledge Maioli et al. generated knock-out mutants in three PPO genes of an eggplant cultivar using the CRISPR/Cas9 technology. Upon cutting, edited eggplant fruits showed a reduction in browning. Through this approach it will be possible to develop non-, or reduced browning eggplant varieties that maintain their antioxidant and nutritional properties. Metabolic QTLs controlling fruit nutritional quality were discovered by Sulli et al., who analyzed a population of recombinant inbred lines (RILs), derived from two eggplant lines differing in several key agronomic traits using a combination of untargeted and targeted metabolomics approaches. As a result of this study, candidate genes underlying the nutritional quality traits were identified in eggplant.

Hybrid eggplant seed production needs a reliable male-sterile system. Functional genic male sterility (GMS) based on anther indehiscence, i.e., the anthers do not open to release pollen, exists in eggplant. In order to uncover differences in the anther dehiscence network Wang et al. performed transcriptome analysis to compare a fertile line and a male sterile eggplant line and detected major differences in jasmonic acid signal transduction.

We believe that this collection of publications represents well the current stage of Solanaceae “omics” research and thank the authors and reviewers for their valuable support.
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There is increasing evidence that root exudates play important roles in plant disease resistance. Black shank, caused by Phytophthora nicotianae, is a destructive soil-borne disease in tobacco (Nicotiana tabacum L.). The aim of the present study was to investigate the activity and composition of the root exudates from resistant and susceptible tobacco cultivars. The root exudates of the resistant cultivar Gexin 3 showed inhibitory activity against P. nicotianae, while the exudates of susceptible cultivar Xiaohuangjin 1025 stimulated the colony growth but had no effect on spore germination. Metabolic profiling using liquid chromatography/electrospray ionization-quadrupole-time-of-flight mass spectrometry depicted differing metabolic patterns of root exudates between Gexin 3 and Xiaohuangjin 1025. The activity and composition of root exudates was altered by P. nicotianae inoculation. Multivariate analysis showed that root exudates (including organic acids, alkaloids, fatty acids, and esters) were different between the two varieties. The defense substances in root exudates, such as tartaric acid, ferulic acid, and lauric acid, may represent a pre-infection prevention strategy for tobacco. Phenylpropanoids as well as inducers of salicylic acid, fatty acids, 6-hydroxyhexanoic acid, and hydrojasmonate may be involved in tobacco defense responses. Compared to the susceptible cultivar, the roots of the resistant cultivar exhibited high enzyme activities of phenylalanine ammonia-lyase, cinnamate-4-hydroxylase and 4-coumarate-CoA ligase, which may prompt the synthesis and secretion of phenylpropanoids. Our results indicated that the root exudates not only provide a pre-infection prevention strategy by exuding antimicrobial substances, but also increase tobacco disease resistance by eliciting plant defense responses. In addition, some defense compounds as well as compounds that play a role in inducing plant defense responses, showed potential for disease control application. This study provides an insight into possible disease resistance mechanisms of root exudates, and attempts the beneficial utilization of these secondary metabolites of plants.




Keywords: Phytophthora nicotianae, metabolic profiling, tobacco, Nicotiana, disease resistance, defense mechanisms



Introduction

Phytophthora nicotianae Breda de Haan (syn. P. parasitica Dastur) is a typical soil borne pathogen with great economic significance and academic research value (Panabières et al., 2016). It can infect 255 species of plants in 90 families, and cause serious disease in a variety of crops, such as tobacco (Nicotiana spp.), tomato (Lycopersicum esculentum), and citrus (Citrus spp.) (Cline et al., 2008). Because of long surviving resting structures (oospores and chlamydospores), coupled with hidden initial infection sites, it is very difficult to prevent. The use of host resistance has proved to be the most economical, effective, and environmentally-friendly strategy for the control of disease; knowledge about these mechanisms can benefit the development of approaches to disease control and prevention (Wang et al., 2018).

Plants have evolved complex defense systems during long-term interactions with pathogens (Dodds and Rathjen, 2010). Recently, there is increasing evidence that root exudates play important roles in plant resistance against biotic and abiotic stress (reviewed by Coninck et al., 2015; Tsunoda and van Dam, 2017; Canarini et al., 2019). However, the significance of root exudates associated with plant disease resistance has long been underestimated. Previous studies have indicated that root exudates of resistant and susceptible crop cultivars had different effects on pathogens (Whalley and Taylor, 1973; Stevenson et al., 1995). Root exudates of some resistant varieties had an inhibitory effect on pathogen growth, whereas those of some susceptible varieties exhibited a stimulatory effect (Wu et al., 2008; Schalchli et al., 2012), indicating a relationship between the activity of root exudates and plant disease resistance.

There are distinct differences between cultivars with respect to the effect of root exudate composition on pathogen activity. Therefore, deciphering the chemical profiles in exudates is important to understanding plant–pathogen interactions belowground. However, it is very difficult to collect and identify the components of plant root exudates because of their low content and complex composition, and their metabolism being affected by many factors. Thus, the lack of comprehensive knowledge on exudate chemistry represents a major bottleneck in the understanding of “plant–pathogen interactions” in the rhizosphere (Vives-Peris et al., 2019). Benefiting from the recent advances in metabolomics and multivariate analysis, liquid and gas chromatography platforms have successfully been used for profiling of root exudates (van Dam and Bouwmeester, 2016; Tsunoda and van Dam, 2017; Gfeller et al., 2018). In this study, tobacco-P. nicotianae interaction was selected as the host-pathogen research system. We systematically investigate the activity and composition of root exudates from a resistant and a susceptible cultivar. The associations between the presence of particular root exudates and disease resistance are analyzed. Moreover, some components with potential application in disease control are evaluated. The results provide an insight into the plant defense strategies mediated by root exudates.



Material and Methods


Materials

The highly susceptible tobacco cultivar “Xiaohuangjin 1025” (S) and the highly resistant cultivar “Gexin 3” (R) were obtained from the National Medium-term Genebank of Tobacco Germplasm Resource of China. P. nicotianae race 0 strain JM01 with high pathogenicity was obtained from the Integrated Pest Management Key Laboratory of China Tobacco, Qingdao, China. All reagents used in this study were purchased from Sigma Chemical Co. (St. Louis, MO, USA).



Preparation of Swimming Spores of P. nicotianae

The zoospores of P. nicotianae were prepared according to the method described by Zhang et al. (2017). Briefly, P. nicotianae were cultured for 21 days on oatmeal agar (OA) in a Petri dish. Then, 0.1% KNO3 solution was added (10 ml per dish), followed by culturing at 26°C for 72 h, and immediately chilled to 4°C for 0.5 h. Spore suspension was carefully drawn, adjusted to 106 colony-forming units (cfu) ml-1, and stored at -4°C.

P. nicotianae for field inoculation were prepared by culturing on a medium prepared from millet. The millet seed was boiled until half of the seed coat ruptured. The seed was then filtered through gauze, placed in a conical flask, and sterilized for 20 min at 121°C. After cooling, a cake of P. nicotianae was transferred to the millet medium, cultured at 26°C for 15 d, and used within 24 h.



Identification of Disease-Resistant Tobacco Varieties

The tobacco black shank resistance of the S and R cultivars was evaluated with disease nursery artificial induction in the field and the greenhouse. Tobacco plants (R and S) with five true leaves cultured in sterilized potting soil (10 cm × 10 cm) were used for the greenhouse experiment. Each plant was irrigated with 10 ml of P. nicotianae spore suspensions (106 cfu ml-1). After incubating at 28°C for 7 days (relative humidity 70%, light intensity 300 μmol m−2 s−1, 12 h light/12 h dark), the disease severity was recorded, and the disease index was calculated based on the method described by Zhang et al. (2017). In the control treatment, plants were irrigated with 10 ml of distilled water. Each treatment repeated three times, and every replicate had 15 seedlings for each cultivar.

Field experiments were conducted in 2017 in a disease nursery of tobacco black shank located at Jimo Tobacco Resources and Environmental Field Experiment Station of the Chinese Academy of Agricultural Sciences (36°27′N, 120°35′E). Tobacco seedlings were planted in early-June, and inoculated with millet containing P. nicotianae in early-July. The disease severity and the disease index were assessed in early-August using the method described by Han et al. (2016), when the tobacco plants had reached a mature stage. Each treatment was repeated 3 times with each replicate containing about 45 tobacco plants (three rows, 15 plants per row).



Root Exudate Collection

Tobacco plants were treated according to the greenhouse experiment method described above, and root exudates were collected when the plants had eight true leaves. The treatments included: resistant variety (R), susceptible variety (S), resistant variety inoculated with P. nicotianae (Ri), and susceptible variety inoculated with P. nicotianae (Si). Inoculated plants were sampled at the third day after inoculation. The seedlings were carefully dug up, the soil attached to the root surface was washed away with tap water, and the roots were washed three times with distilled water. Three seedlings were put in a conical flask (500 ml), and the roots immersed in 300 ml of distilled water. After incubating for 6 h under aeration conditions, the culture solution was freeze-dried, weighed, and transferred to a test tube with 10 ml of precooled methanol, and stored at -80°C. The yield of root exudates was defined as the ratio of root exudates to root dry weight. Each treatment was repeated six times.



Effect of Root Exudates on Mycelium Growth and Zoospore Germination of P. nicotianae

The mycelial growth and zoospore germination assays of root exudates obtained from R, S, Ri, and Si were performed according to the method described by Zhang et al. (2017). Root exudates were dissolved in dimethyl sulfoxide (DMSO), filtered with microporous membrane (0.22 μm), and added to OA plates (Φ=9 cm) at a final concentration of 0.05 g ml-1. Then, each dish was inoculated with a P. nicotianae mycelium cake (with diameter of 5 cm), and incubated at 26°C in the dark. The diameter of mycelium was determined on the third day. An equal volume of sterilized distilled water served as a control. Each treatment had five replicates.

Then, 100 μl of spore suspension (diluted to 103 cfu ml-1) was placed on a concave slide, blended with an equal volume of root exudate with a final concentration of 0.05 g ml-1, and incubated for 10 h at 26°C in the dark with relative humidity of 80%. Spore germination was recorded as a percentage of the total zoospores by using a light microscope and a hemocytometer. An equal volume of sterilized distilled water served as a control. The relative inhibitory rate (RIR) was calculated according to the following equation.

	



Liquid Chromatography-Mass Spectrometry Analysis of Root Exudates

Freeze-dried root exudates (200 mg) were suspended in 5 ml of 0.1% HCOOH in 80% methanol, filtered through a 0.22-μm cellulose membrane and transferred to an amber vial for analysis. Samples (4 μl) were analyzed using ultra-high-performance liquid chromatography coupled with electrospray ionization quadrupole-time-of-flight mass spectrometry (UHPLC/ESI-Q-TOF-MS) (Ultimate 3000 LC, Orbitrap Elite, Thermo Fisher, America). The chromatographic separation was performed on a Hypergod C18 (length × internal diameter × Silica gel: 100 mm × 4.6 mm × 3 μm) column. The mobile phase was 0.1% formic acid-water (A) and acetonitrile with 0.1% formic acid (B). The gradient conditions of the mobile phase were as follows: 0–1 min, 95% A; 1–6 min, 95–80% A; 6–9 min, 80–50% A; 9–13 min, 50–5% A; 13–15 min, 5% A.

Each sample (4 µl) was injected in random order at 4°C, and the analysis was performed in both positive and negative ion modes. In positive ion mode, the dissolution gas temperature was 350°C and the flow rates of sheath gas, aux gas, and sweep gas were 45, 15, and 1 arb, respectively. The mass spectra were acquired using electrospray ionization (ESI) in negative and positive ionization modes. The mass scanning range was 50–1,000 m/z. The scan time of 0.03 s was used throughout the experiment, with interval scan time of 0.02 s. The spray voltage was 3.0 kV and the S-Lens RF Level was 30% in positive ion mode. In negative ion mode, the spray voltage was 3.2 kV and the S-Lens RF Level was 60%. To ensure accuracy and reproducibility, leucine–enkephalin was used as the lock mass for positive [M+H]+ (m/z 556.2771) and negative [M-H]− (m/z 554.2615) ion modes.

To assess the reproducibility and reliability of the LC/ESI-Q-TOF-MS system, quality control (QC) samples were also prepared by mixing equal volumes (10 μl from each sample of root exudate. The pooled QC sample was injected six times at the beginning of the run to ensure system equilibrium and then after every 6 samples to further monitor the stability of the analysis (Luan et al., 2014; Zhou et al., 2016).



UHPLC/ESI-Q-TOF-MS Data Processing and Analysis

The original data collected by mass spectrometry were processed using sievev2.1 software (Thermo Fisher, MA, USA), including noise filtering, overlapping peak analysis, peak alignment, peak matching, standardization, and normalization. The peak table output from positive and negative ion were saved as Excel tables. Thereafter, features consistently detectable in at least 75% of the replicate exudate samples were screened. Post-acquisition processing included compound filtering by abundance (area > 5,000 counts), normalization at the 75th percentile, and baselining to the median of the control. Unsupervised hierarchical cluster analysis was then carried out on the basis of fold-change-based heatmaps, setting the similarity measure as “Euclidean” and using “Wards” as the linkage rule.

Then, the resulting three-dimensional data matrix containing m/z-retention time pairs, sample names, and their normalized chromatographic peak areas (variables) were exported into SIMCA-P 11.0 (Umetrics, Sweden) for supervised orthogonal partial least squares discriminant analysis (OPLS-DA). OPLS-DA score plots were used to evaluate the quality of the model by the relevant parameters R2 and Q2. The differential metabolites were selected when the statistically significant threshold of variable importance in projection (VIP) values obtained from the OPLS-DA model was > 1.0. Furthermore, the p values from a two-tailed Student’s t-test on the normalized peak areas were < 0.05. Log2-fold-change was used to show how these selected differential metabolites varied between groups.

The screened discriminant compounds were tentatively annotated by comparing the measured relative molecular mas with the theoretical value (http://metlin.scripps.edu/). For better visualization of the metabolic signature among the four groups, the top 22 representative candidates (VIP > 1.5) were screened according to ANOVA for clearer thermographic visualization. The heatmap was generated using TB Tools software (Chen et al., 2020).



Key Enzyme Activities in Phenylpropanoid Metabolism

On days 0, 1, 2, 3, 4, and 5 after inoculation, fresh roots were sampled and used to determine activity of three enzymes involved in phenylpropanoid metabolism according to Fan et al. (2012): phenylalanine ammonia-lyase (PAL), cinnamate-4-hydroxylase (C4H), and 4-coumarate-CoA ligase (4CL).

A sample of 3 g of roots was ground with 3 ml of 0.1 mol l-1 boracic acid buffer [pH 8.8, containing 10% (w/v) PVPP, 1 mmol l-1 EDTA, and 50 mmol l-1 β-mercaptoethanol], followed by centrifugation for 30 min (15,000 g) at 4°C. The supernatant was collected as crude enzyme and used to determine PAL activity. The reaction system included 2 ml of 0.02 mmol l-1 L-phenylalanine (prepared with boracic acid buffer) and 200 μl of crude enzyme of PAL. The mixture was incubated for 30 min at 30°C, and 200 μl of 6 mol l-1 HCL was added to terminate the reaction. Optical density (OD) values were measured at a wavelength of 290 nm.

Crude C4H was extracted by grinding 3 g of tobacco root with 5 ml of extraction solution containing 50 mmol l-1 Tris-HCl, 15 mmol l-1 (pH 8.9), β-mercaptoethanol, 4 mmol l-1 MgCl2, 5 mmol l-1 Vc, 10 μmol l-1 leupeptin, 1 mmol l-1 PMSF, 0.15% (w/v), and 10% glycerol, and centrifuged for 20 min (12,000 g). The supernatant was collected as crude C4H. The enzyme activity was assayed with the following steps: 0.8 ml of crude enzyme mixed with 2.2 ml of buffer (2 μmol l-1 trans-cinnamic acid, 50 mmol l-1 Tris-HCl (pH 8.9), 2 μmol l-1 NADPNa2, 5 μmol l-1 G-6-pNa). OD values were measured at a wavelength of 620 nm.

For the crude 4CL extraction, 3 g of tobacco root were ground with 3 ml of 0.2 mol l-1 Tris-HCl (containing 25% glycerol and 0.1 mol l-1 DTT, pH 8.0) and a small amount of quartz sand and centrifuged for 20 min (15,000 g). The supernatant was collected. The reaction system for 4CL activity determination included: 0.45 ml of 15 μmol l-1 Mg 2+, 0.15 ml of 5 μmol l-1 p-coumaric acid, 0.15 ml of 5 μmol l-1 ATP, 0.15 ml of 1 μmol l-1 CoA, and 0.5 ml of crude enzyme. After 10 min of reaction at 40°C, the OD values were measured at a wavelength of 330 nm.

One enzyme activity unit (U) of PAL was defined as 0.01 of OD290 value change per hour, which was indicated as 1 U·h-1 g-1·FW. One U of C4H and 4CL was defined as 0.01 of OD340 and OD333 per minute, respectively, and was indicated as 1 U·min-1 g-1·FW.

The whole process of crude enzyme extraction was carried out at 4°C. Distilled water (equal volumes to the enzyme mixture) served as a control. Each treatment was repeated three times.



Effects of Compounds on Mycelium Growth of P. nicotianae

Twelve compounds were selected from the representative candidates for further study on P. nicotianae mycelial growth, including three organic acids (SA, tartaric acid, and ferulic acid), two esters (glycerol tripropanoate, isoamyl cinnamate), three fatty acids (linolenic acid, oleic acid, and lauric acid), and one alcohol (abietinol), ketone (prohydrojasmon), and terpenoid (casbene). These compounds are known as potential allelochemicals. The compounds tested were dissolved by DMSO, diluted to the required concentration as follows with ultrapure water, and filtered with 0.22 µm millipore filtration membrane. The prepared compound solutions were added to OA medium plate to ensure the final concentration as 5, 50, and 500 µg ml-1, respectively. Then, a cake of P. nicotianae (0.6 cm diameter) was placed in the center of the plate, and incubated in dark at 26°C for 5 days. The colony diameter was measured by the cross method, and the inhibition rate of mycelium growth were calculated (Zhang et al., 2017). The DMSO served as the control. Each treatment had three replicates, and each replicate had three plates.



Pot Experiment of Tobacco Black Shank Control

To evaluate the potential of compounds for control of P. nicotianae, a pot experiment was carried out according to the method described in section 2.3. Seedlings of Xiaohuangjin 1025 (with five true leaves) were transplanted to pots (one plant per pot), and the seedlings were irrigated with 10 ml of ferulic acid (500 µg ml-1), 10 ml of lauric acid (500 µg ml-1), and 10 ml of salicylic acid (SA, 100 µg ml-1). Our preliminary experimental results showed that a high concentration of SA (> 150 μg ml-1) is harmful to tobacco seedlings. Therefore, the test concentration of SA was set at 100 µg ml-1. After treatment for 24 h, plants were inoculated with P. nicotianae by irrigating each plant with 10 ml of zoospores (106 cfu ml-1). Thereafter, the seedlings were incubated at 28°C and 70% relative humidity. The disease severity was assessed on the fifth day and tenth day after inoculation using the method described by Han et al. (2016). Each compound was diluted with 2% DMSO. For the control, each compound was diluted with the same amount of distilled water. Each treatment consisted of 15 seedlings with three replicates.



Data Statistics

Excel 2013 and DPS 7.05 software were used for data analysis. Differences between groups were tested using one-way ANOVA, followed by Tukey’s multiple comparison test. P < 0.05 indicates that the differences are statistically significant.




Results


Disease Resistance of Two Tobacco Varieties

Xiaohuangjin 1025 (S) had a disease index of 73.33 in the pot experiment (Figure S1A) and 93.58 in the field experiment; Gexin 3 (R) showed a slight occurrence of black shank with a disease index of 1.25 in the pot experiment (Figure S1B) and 2.39 in the field experiment (Figure 1). These results verified that Gexin 3 is highly resistant to tobacco black shank both at the seedling stage and at the adult stage, while Xiaohuangjin 1025 is highly susceptible.




Figure 1 | Resistance identification of tobacco cultivars against black shank under pot (a) and field (b) conditions. R and S represent resistant and susceptible cultivars, respectively; different lowercase letters indicate statistical differences between groups at P < 0.05; the error bars represent standard error of the mean for n = 3.





Root Dry Weight and Exudate Yield of Different Varieties

A significant difference was observed in the secretion of root exudates between the two varieties (Figure 2). The root exudate yield of cultivar S (31.32%) was significantly higher than that of cultivar R (21.12%) (P < 0.05). However, the root dry weight of R (0.17 g per plant) was significantly higher than that of S (0.13 g per plant) (P < 0.05), which led to no significant difference in the amount of root exudate per plant between the two varieties. The inoculation of P. nicotianae caused a decrease in root exudate yield of both S and R, but the difference was not significant.




Figure 2 | The dry root weight and exudate yields of tobacco cultivars. Ri and R represent inoculated and non-inoculated plants of the resistant cultivar, respectively; Si and S represent inoculated and non-inoculated plants of the susceptible cultivar, respectively; different lowercase letters indicate statistical differences between groups at P < 0.05; the error bars represent standard error of the mean for n = 6.





Effects of Root Exudates on P. nicotianae

As shown in Figure 3, the effects of root exudates on mycelial growth and spore germination were distinct between cultivar R and cultivar S. Root exudates from healthy or infected plants of R displayed a strong inhibitory effect on both mycelial growth (30–46%) and spore germination (25–40%). The effect of root exudates from S differed significantly between healthy and infected plants, i.e., there was a significant stimulatory effect (7–14%) from exudates of healthy plants (P < 0.05), while the exudates of infected plants showed a slight inhibitory effect (< 5%). These results indicated that P. nicotianae infection led to changes in the root exudates of S plants, thus producing different effects on P. nicotianae.




Figure 3 | Inhibitory effects of root exudates on mycelial growth (A) and spore germination (B) of P. nicotianae. Ri and R represent inoculated and non-inoculated plants of the resistant cultivar, respectively; Si and S represent inoculated and non-inoculated plants of the susceptible cultivar, respectively; different lowercase letters indicate statistical differences between groups at P < 0.05; the error bars represent standard error of the mean for n = 3.





Profiling of Root Exudates With UHPLC/ESI-Q-TOF-MS

To evaluate the repeatability of the metabolite extractions and detections, namely their technical repeatability, an overlay analysis was performed to the TIC plots of different QC samples. Figure S2A shows an overlay of the TIC plots between QC samples (six samples at the beginning, one QC after the first six samples, and one QC after the last six samples) under ESI positive mode, while Figure S2B exhibits that between QC samples (the first and last QC samples) under ESI negative mode. The retention time and peak area of all QC samples had a high degree of overlap, indicating good QC-sample repeatability and instrumental stability. Therefore, the data recorded in this study showed good repeatability and reliability.

The results of UHPLC/ESI-Q-TOF-MS analysis showed that the chemical diversity of the root exudates was wide. In total, 685 peaks of positive ions and 873 peaks of negative ions were observed in UHPLC, and were used for further statistical analysis. The hierarchical clustering showed different clustering results between the two ESI ion modes. In both positive (Figure 4A) and negative (Figure 4B) ion mode, 24 samples from different treatments were clustered into 4 different groups, and each cluster contained all repeats within a treatment. In the positive ion mode of ESI, the clustering relationship of Xiaohuangjin 1025 inoculated (Si) and non-inoculated (S) with P. nicotianae was closer, while that of the non-inoculated treatment of Gexin 3 (Ri) was relatively independent of the other three treatments. In ESI negative ion mode, samples from the same cultivar (including inoculated and non-inoculated plants) showed higher similarity, indicating that root exudate metabolites were more affected by plant genotypes than pathogen infection. Hierarchical cluster analysis (HCA) revealed significant differences in root exudate patterns between R and S.




Figure 4 | Unsupervised hierarchical cluster analysis (with Euclidean distance and Ward’s linkage rule) performed from root exudate chemical profile under positive (A) and negative (B) ion mode. R, non-inoculated Gexin 3; S, non-inoculated Xiaohuangjin 1025; Ri, inoculated Gexin 3; Si, inoculated Xiaohuangjin 1025. The numerical values for the blue-to-red gradient bar represent log2 peak area.



The parameters of OPLS-DA models based on UHPLC/ESI-Q-TOF-MS are listed in Table 1. The cumulative (cum) values of R2Y and Q2 indicate the fitness and the prediction ability of the models, respectively. The closer the values are to 1, the more stable and reliable the model. The ranges of R2X (cum) and R2Y (cum) were 0.41–0.87 and 0.972–0.999, respectively, indicating that the variable differences between the two groups could be reflected by more than 41% of UHPLC/ESI-Q-TOF-MS data. Q2 (cum) was higher than 0.8, indicating that the model had better prediction. Figure 5 shows that the OPLS model could clearly distinguish the samples in different groups, indicating that the root exudate patterns varied between the susceptible and resistant cultivars as well as between inoculated and non-inoculated plants.


Table 1 | Parameters of OPLS-DA models based on UHPLC/ESI-Q-TOF-MS.






Figure 5 | Orthogonal partial least squares discriminant analysis (OPLS-DA) score plot on root exudate profiles gained through UHPLC-ESI/QTOF-MS analysis under condition of positive (A) and negative (B) ion mode. R, non-inoculated Gexin 3; S, non-inoculated Xiaohuangjin 1025; Ri, inoculated Gexin 3; Si, inoculated Xiaohuangjin 1025.





Screening of Potential Biomarkers in Exudates

Table 1 shows the potential biomarkers in positive and negative ion revealed by variable importance in projection (VIP) analysis. Seventy-five, 52, and 72 discriminant compounds were screened in R vs S, R vs Ri and S vs Si, respectively, of which 45, 9, and 29 were found in ESI positive ion mode and 30, 43, and 43 in ESI negative ion mode. The 22 compounds with the highest discrimination potential (with a VIP score > 1.5 in at least one model) are listed in Table 2; the list includes four organic acids, three esters, seven alkaloids, four fatty acids, one alcohol, one ketone, one alkene, and one phenol. The negative ion mode revealed 15 compounds (mainly organic acids, alkaloids, and fatty acids), while the positive ion mode revealed seven compounds (mainly alkaloids, esters, and alcohols). Fold-change analysis was used to evaluate the regulation of these compounds, where log-fold changes > 1 and ≤ 1 were conceived as upregulation and downregulation, respectively. Log-fold changes of between -1 and 1 were not considered to represent changes in regulation. There are 12 compounds listed in Table 3 with an R/S > 1; 7 compounds with an R/S ≤ -1; and 3 compounds with an R/S of between -1 and 1. The accumulation of SA, esculetin, oleic acid, isoamyl cinnamate, casbene, and 6-gingerol was enhanced by P. nicotianae inoculation in both the resistant cultivar (Ri) and the susceptible cultivar (Si), while the accumulation of methyl 5-hydroxyferulate was suppressed, indicating that these compounds may be related to the response of tobacco to P. nicotianae infection. Protoanemonin and linolenic acid exhibited opposite regulation between Si and Ri. These compounds with distinct regulation as well as level of change may be associated with differences in disease resistance between Gexin 3 and Xiaohuangjin 1025.


Table 2 | Annotation of discriminant metabolites in tobacco exudates between resistant (R) and susceptible (S) cultivars through UHPLC/ESI-Q-TOF-MS analysis, including inoculation with P. nicotianae (Ri and Si).




Table 3 | Discriminant metabolites in tobacco root exudates were selected through OPLS-DA supervised multivariate statistics and thereafter subjected to fold-change analysis.



Analysis combined with hierarchical Pearson clustering was used to visualize the differences of metabolites in the four treatments. The top 22 representative candidates were screened according to ANOVA for clearer thermographic visualization. As shown in Figure S3, samples from the same treatment clustered together indicating that the differentially regulated compounds obtained have similar characteristics. This also illustrated that the metabolites of pathogen infected of plants (Ri and Si) varied from those of healthy plants (R and S). In particular, Si was separated from the other three groups. This may be related to the higher disease severity of Si compared to non-inoculated groups (R and S) and Ri (no obvious disease symptoms). R was richer in SA, ferulic acid, esculetin, prohydrojasmon, glycerol tripropanoate, lycaconitine, olitorin, nudicauline, linolenic acid, rishitin, and lauric acid compared to S, while S had higher contents of tartaric acid, protoanemonin, isomyl cinnamate, abietinol, and 6-gingerol. Isoamyl cinnamate, oleic acid, 6-gingerol, SA and esculetin were upregulated both in Ri and Si.



Key Enzyme Activity in Phenylpropanoid Metabolism

As shown in Figure 6, activities of PAL, C4H, and 4CL were higher in the roots of Gexin 3 than in those of Xiaohuangjin 1025. The enzyme activities were significantly affected by P. nicotianae inoculation (P < 0.05). The activities of PAL, C4H and 4CL increased significantly after inoculation, and peaked at the second or third day, followed by a quick descent. All three enzymes of Gexin 3 returned to a level close to the non-inoculated plants by the fifth day, and PAL activity of Xiaohuangjin 1025 also showed a similar trend. However, C4H and 4CL activities of Xiaohuangjin 1025 finally dropped to a level significantly lower than that of the non-inoculated plants (P < 0.05).




Figure 6 | The activities of PAL (A), 4CL (B) and C4H (C) in tobacco root of Gexin 3 and Xiaohuangjin 1025 inoculated with P. nicotianae. R, non-inoculated Gexin 3; S, non-inoculated Xiaohuangjin 1025; Ri, inoculated Gexin 3; Si, inoculated Xiaohuangjin 1025. The values are mean ± SE of three replicates for each treatment. Bars indicate SEs.





Effect of Representative Compounds on P. nicotianae Mycelial Growth

As shown in Table 4, most of the compounds did not inhibit the growth of mycelium at a concentration of 5 µg ml-1. Three concentrations of glycerol tripropanoate, isoamyl cinnamate, linolenic acid, and oleic acid had no inhibitory effect, and there was even a stimulatory effect on the growth of P. nicotianae. Octadecanoic acid, abietinol, prohydrojasmon, and casbene showed low inhibitory activity with <50% inhibition rate after treatment with 500 µg ml-1. Tartaric acid, ferulic acid, and lauric acid showed strong inhibitory activity with inhibition rates of 87, 87, and 85% at 500 µg ml-1, respectively. SA also showed good inhibitory activity at 500 µg ml-1 (50%). Overall, organic acids and fatty acids showed a relatively higher inhibitory effect on P. nicotianae mycelial growth compared to esters, suggesting that these compounds are associated with the allelopathy of root exudates.


Table 4 | Effect of tested compounds on mycelial growth of P. nicotianae.





Pot Experiment of Tobacco Black Shank Control

Ferulic acid and lauric acid were chosen for the disease control test because of their strong inhibitory activity. SA, the important disease resistance inducer, was also selected. The results of the pot experiment showed that all the compounds tested had a disease suppression effect (Figure 7). Compared with the control, the disease index of treatment with the three compounds was reduced by 63–70% and 27–58% at the fifth and tenth days after inoculation, respectively. The application of 500 µg ml-1 of ferulic acid and lauric acid showed better control efficacy than that of 100 µg ml-1 of SA.




Figure 7 | Disease control effect evaluation of the three compounds selected by pot experiment. Lower case letters indicate statistical differences (P < 0.05); the values are mean ± SE of three replicates for each treatment. Bars indicate SEs.






Discussion


Effect of Root Exudates on P. nicotianae

Increasing evidence suggests that plant-pathogen interaction can be mediated by root exudates. Several studies have compared the allelopathic effects of root exudates on pathogens between disease-resistant and susceptible cultivars. Stevenson et al. (1995) reported that the root exudates of two wilt-resistant chickpea (Cicer arietinum) cultivars significantly inhibited the spore germination of Fusarium oxysporum f. sp. ciceri as well as the hyphal growth of the germinated spores, while another two susceptible cultivars showed no antifungal activity. Schalchli et al. (2012) found that there was a positive correlation between the root exudate activity on Gaeumannomyces grainis var. tritici and disease-resistance level of wheat (Triticum aestivum) varieties. Similar results have also been observed in other plant–pathogen interactions, including: eggplant (Solanum melongena)-Verticillium dahliae (Zhou et al., 2011), faba bean (Vicia faba)-Fusarium oxysporum f. sp. fabae (Dong et al., 2014), pepper (Capsicum annuum)-Phytophthora capsici (Wang et al., 2014), cotton (Gossypium hirsutum)-F. oxysporum f. sp. vasinfactum (Ren and Gai, 2016), and cotton-V. dahliae (Wu et al., 2007). In accordance with the previous studies, our results showed that root exudates of black shank-resistant tobacco cultivar Gexin 3 significantly inhibited the zoospore germination and mycelial growth of P. nicotianae compared to the control, whereas the root exudates of the susceptible cultivar Xiaohuangjin 1025 stimulated the colony growth but had no effect on spore germination.

However, there was no perfect correlation between root exudate activity and the overall level of disease resistance of crops, since the defense response after root infection is another important resistance mechanism. Bani et al. (2018) found that root exudates from three Fusarium wilt-resistant cultivars of pea (Pisum sativum) inhibited spore germination of Fusarium oxysporum f. sp. pisi, but the other seven resistant cultivars, as well as two susceptible cultivars, stimulated germination. However, there is no doubt that the inhibition effect of root exudates may limit the survival and infection of soil-borne pathogens in the rhizosphere. Therefore, root exudates constitute a pre-infection defense mechanism in many crops, and can be a potential indicator for predicting crop resistance to soil-borne diseases.



Discriminant Compounds in Root Exudates

Organic acids were the most represented class of compounds in our findings. Several studies have reported that disease-resistant genotypes of crops are rich in phenolic acids (Sztejnberg et al., 1983; Bily et al., 2003; He, 2018). Jadhav et al. (2013) reported higher concentrations of ferulic acid in infected and non-infected resistant genotypes of castor (Ricinus communis), suggesting a critical role of phenols in castor disease resistance. Zhang et al. (2007) and Dong et al. (2014) found that the organic acid concentrations in pea root exudates showed a positive relation with disease resistance. In accordance with previous studies, higher concentrations of phenolic acids were also observed in root exudates of the resistant tobacco cultivar (R) than in those of the susceptible cultivar (S), suggesting important roles in disease resistance. SA is known as an important signal molecule for eliciting plant defenses, and especially systemic acquired resistance. Its up-regulation in root exudates of both Gexin 3 and Xiaohuangjin 1025 after P. nicotianae inoculation indicated that SA was involved in the plant defense response. Ferulic acid has also been reported to enhance plant disease resistance (Bily et al., 2003; He, 2018). Broad spectrum antifungal activity of organic acids (including ferulic acid and 6-hydroxyhexanoic acid) has been reported in previous studies (Ferrochio et al., 2013; Aranega-Bou et al., 2014; Ferruz et al., 2016). We also observed inhibitory effects of ferulic acid and tartaric acid against P. nicotianae. These results suggested that these organic acids in root exudates act not only to elicit defense responses in tobacco, but also directly inhibit P. nicotianae growth. Moreover, these functions may be more effective in the resistant cultivar Gexin 3 than in the susceptible cultivar Xiaohuangjin 1025.

There is increasing evidence that fatty acids are important in plant defense systems (Jiang et al., 2009; Kachroo and Kachroo, 2009). Linolenic and linoleic acid metabolites, such as oxylipins and jasmine acid, are known as signal molecules for systemic acquired resistance (SAR) (Blée, 2002). The unsaturated fatty acids, linolenic acid, linoleic acid, and oleic acid, have been reported to induce systemic resistance against Phytophthora infestans (Cohen et al., 1991). Increased levels of unsaturated fatty acids have been reported to enhance the resistance of tomato (Lycopersicon esculentum) against powdery mildew (Erysiphe polygoni) (Wang et al., 1998) and the resistance of eggplant against V. dahliae (Xing and Chin, 2000). In accordance with these observations, higher concentrations of linolenic acids in Gexin 3 root exudates indicated a possible correlation between linolenic acids and disease resistance. 6-hydroxyhexanoic acid is a derivative of hexanoic acid. This type of compound has been reported as a broad-spectrum inducer, acting mainly by enhancing the jasmonate signaling pathway (Vicedo et al., 2009; Llorens et al., 2013). 6-hydroxyhexanoic acid may play a similar role in Gexin 3, since higher content of 6-hydroxyhexanoic acid accumulated in root exudates of Gexin 3. Antifungal activity has also been reported for other fatty acids. For example, lauric acid exerts an inhibitory effect against Aspergillus, Penicillium, and Fusarium spp. (Altieri et al., 2009). The strong inhibitory activity of lauric acid was also observed in our study. These results indicated that fatty acids in root exudates may play a role in the plant defense response, not only by eliciting systemic resistance, but also by directly inhibiting the growth of pathogens.

Glycerol tripropanoate and isoamyl cinnamate were the main differential esters screened. Glycerol tripropanoate is mainly used in the manufacture of food, soaps, and candles, while the distribution and function of triglycerides in plants are not clear. Cinnamate and its derivative were ubiquitous in plant, but there are few studies of their roles in plant growth regulation (Shuab et al., 2016). In the current study, isoamyl cinnamate was extremely rich in root exudates of Xiaohuangjin 1025 compared to those of Gexin 3. Considering that it also showed no significant inhibitory (500 μg ml-1) or stimulatory effects on P. nicotianae (< 50 μg ml-1), isoamyl cinnamate may be involved in the susceptibility of Xiaohuangjin 1025. However, this proposition needs further experimental verification.

Alkaloids are a kind of secondary metabolites produced by plants and are believed to serve as defense compounds (Zhang et al., 2014). Most of the alkaloids annotated in the current study are reported to exist in tobacco and other plants (Saidkhodzhaeva and Bessonova, 1996; Xie and Kúc, 1997; Bessonova and Saidkhodzhaeva, 1998; Zhong et al., 2010), but were first found in tobacco root exudates. Rishitin is a terpenoid phytoalexin, and esculetin is a coumarin phytoalexin. The accumulation of these compounds is an important resistance mechanism against pathogen infection (Gutierrez et al., 1995; Komaraiah et al., 2003). In the current study, the accumulation of esculetin was enhanced by pathogen infection for both Gexin 3 and Xiaohuangjin 1025, while rishitin was only significantly increased in Xiaohuangjin 1025. The function of horhammericine, lycaconitine, olirotin, and nudicauline in plant has been little reported, and the accumulation of these compounds was not significantly affected (except for horhammericine in Gexin 3) by P. nicotianae infection. Overall, the higher base level of alkaloids in root exudates of Gexin 3 is not only genetically determined, but also closely related to disease resistance.

Plant endogenous hormones have significant effects on plant growth as well as disease resistance. Jasmonate is an important inducer of the plant defense system. As a derivative of jasmonate, prohydrojasmon has the same bioactivity (Koshiyama et al., 2006). Prohydrojasmon was detected in root exudates of Gexin 3, while it was minimal in root exudates of Xiaohuangjin 1025. These results indicated that the jasmonate signal pathway was efficient in Gexin 3, but may be blocked in Xiaohuangjin 1025.



Possible Disease Resistance Signal Pathway Associated With Root Exudates

The phenylpropanoid metabolism pathway plays an important role in plant disease resistance and defense responses (Hammerschmidt, 1999), and the main defensive compounds, such as phenolics, phytoalexin, lignin, and flavonoids, need to be synthesized through this pathway (Jadhav et al., 2013). Pathogen infection usually activates phenylpropane metabolism in plants to enhance host resistance (Gong et al., 1995; Slatnar et al., 2010). There is considerable evidence to indicate that the phenylpropanoid metabolic activity of resistant varieties is significantly higher than that of susceptible varieties (Long et al., 2004; Wang et al., 2009; Bao et al., 2015). Several discriminant compounds are associated with the phenylpropanoid metabolism pathway, including SA, ferulic acid, esculetin and methyl 5-hydroxyferulate. The higher expression of these phenylpropanoid compounds in root exudates of both infected and uninfected plants indicated a higher basal and induced activity of phenylpropanoid metabolism pathway in the resistant cultivar Gexin 3 compared to the susceptible cultivar Xiaohuangjin 1025 (Figure 8). These suggestions were partially confirmed by key enzyme activity assays associated with the phenylpropanoid metabolism pathway. PAL is the key and rate limiting enzyme in phenylpropanoid metabolism, which is usually used to evaluate the resistance of plants (Stadnik and Buchenauer, 2000). C4H is associated with the synthesis of coumaric acid, the precursor for caffeic and ferulic acid synthesis, which can directly inhibit the growth of pathogens. 4CL catalyzes the formation of phenols, flavonoids, lignin, and other metabolites, which are believed to be important defense substances in plants. The higher activities of PAL, C4H, and 4CL in Gexin 3 may improve the synthesis and accumulation of inhibitory substances such as ferulic acid, which were in line with the root exudate profiling results. In accordance with previous studies (Gong et al., 1995; Slatnar et al., 2010), the higher activities of PAL, C4H, and 4CL were also observed in the roots of Gexin 3. These results indicated the higher phenylpropanoid metabolic activity in Gexin 3 may be associated with the secretion of antifungal substances to the rhizosphere.




Figure 8 | Variable content and enzyme activities associated with the phenylpropanoid metabolism pathway in tobacco-P. nicotianae interaction. The annotation of metabolites was based on comparison of accurate mass to the Scripps database (with 5 PPM of tolerance). The color scale represents the relative compound abundance and enzyme activities; columns represent the four treatments from left to right: non-inoculated Gexin 3 (R), non-inoculated Xiaohuangjin 1025 (S), inoculated Gexin 3 (Ri), and inoculated Xiaohuangjin 1025 (Si). PAL, phenylalanine ammonia-lyase; C4H, cinnamate-4-hydroxylase; 4CL, 4-coumarate-CoA ligase; CoA, coenzyme A. The enzyme activity data were obtained after 3 days of pathogen inoculation.





Inhibitory Activity of the Discriminant Compounds on P. nicotianae In Vitro and In Vivo

Some discriminant compounds in tobacco root exudates showed a strong inhibitory effect against P. nicotianae mycelial growth, which supports the suggestion that root exudates can mediate plant disease resistance by direct inhibition of pathogens. Among them, tartaric acid and ferulic acid showed strong inhibition effect on P. nicotianae growth as well as disease suppression. The disease control effect has been reported in previous studies including tobacco black shank (Zhang and Wang, 2006; Fu et al., 2013; Feng et al., 2018). He (2018) reported that ferulic acid can induce resistance to gray mold (Botrytis cinerea) in apples. Our results also showed that SA significantly suppressed tobacco black shank by induced resistance, since it showed no inhibitory effect on P. nicotianae at test concentrations. Our previous study has proved that hydrojasmon has certain disease prevention effects on tobacco black shank (Feng et al., 2018). The above evidence indicated root exudates can be a source of disease resistant substances, and tartaric acid, ferulic acid, lauric acid, SA, and hydrojasmon have potential for use in tobacco black shank control.




Conclusions

The current study revealed differing metabolic patterns and functions between root exudates of a disease-resistant tobacco cultivar and a susceptible tobacco cultivar. Root exudates not only provide a pre-infection prevention strategy for tobacco by exuding antimicrobial substances to directly inhibit P. nicotianae growth, but also increase tobacco disease resistance by eliciting plant defense responses. Compared to the susceptible cultivar Xiaohuangjin 1025, the resistant cultivar Gexin 3 has higher richness of defensive compounds in root exudates. Our results provide useful insights into possible disease resistance mechanisms of root exudates, and attempt a beneficial utilization of these secondary metabolites of plants.

It should be noted that some inferences in this study need further experimental verification (i.e., the signal pathway related to defense responses). In addition, root exudates can also affect the microbial community in the rhizosphere, which is worthy of further study.
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Tomato cultivation in the greenhouse or field may experience high surplus salts, including magnesium (Mg2+), which may result in differences in the growth and metabolite composition of fruits. This study hypothesized that decreasing the supply of nutrients and/or water would enhance tomato fruit quality in soils with excess Mg2+ that are frequently encountered in the field and aimed to find better supply conditions. For tomato plants cultivated in plastic pots using a plastic film house soil, the fertilizer supply varied in either the nitrogen (N) or potassium (K) concentration, which were either 0.1 (lowest) or 0.75 times (lower) than the standard fertilizer concentrations. Water was supplied either at 30 (sufficient) or 80 kPa (limited) of the soil water potential. Lycopene content on a dry-weight basis (mg/kg) was enhanced by the combination of lowest N supply and sufficient water supply. However, this enhancement was not occurred by the combination of the lowest N supply and limited water supply. Sugars and organic acids were decreased by limiting the water supply. Therefore, we carefully suggest that an adjustment of nitrogen with sufficient watering could be one of strategies to enhance fruit quality in excess Mg2+ soils.
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Introduction

There is worldwide concern about soil salinization reaching 20% of irrigated land, which would cause a reduction in crop growth (Adams et al., 2019). The greenhouse cultivation of tomatoes (Solanum lycopersicum L.), including in plastic film houses, involves the application of an extensive amount of fertilizers and produces an accumulation of surplus salts in soil (e.g., Mg2+, Ca2+, Na+, SO42-, and Cl-). Those surplus salts hinder water transport from soil to roots by producing negative osmotic potential in the soil and by changing root anatomy and root hydraulic conductivity (Adams et al., 2019). Saline drainage water containing not only high Na+ but also high Mg2+ has been used to cultivate tomatoes in the field (Mitchell et al., 1991). Recently, the effects of Mg oversupply on the metabolite content of tomato plants and fruits were extensively investigated by Kwon et al. and they reported poor fruit quality under excess Mg conditions (Kwon et al., 2019).

To improve fruit quality with enhanced nutrients and functional metabolites, many studies have applied minimal nutrients and irrigation to horticultural plants (Stefanelli et al., 2010). Developing a strategy to apply minimal nutrients and water in agriculture is appropriate considering the current context, e.g., increasing demand for an environmentally friendly strategy and the negative attitude toward genetically modified food (Liu et al., 2015; Carillo et al., 2020). Especially for tomato fruits, optimal nitrogen (N) and potassium (K) supplies in hydroponic tomato cultures were reported to be needed for the best lycopene content that is an antioxidant and a representative functional metabolite of tomato (Simonne et al., 2007; Almeselmani et al., 2010). Either the lowest or the medium level of N supply among the varying applications of N produced best lycopene content in tomato studies both in hydroponics and field studies (Aziz, 1968; Simonne et al., 2007; Kuscu et al., 2014). For K supply, there was a study showing that a medium level of K supply among the varying applications of K produced the best lycopene content of tomatoes in hydroponic cultures (Simonne et al., 2007), although the general trend of K was that increasing K concentration increased lycopene production (Dumas et al., 2003). Deficit irrigation improved the tomato fruit quality by increasing fruit soluble solid levels and concentrations of hexoses, citric acid, and potassium (Mitchell et al., 1991). The enhancement of the lycopene content of tomatoes has been reported under restricted irrigation conditions (Stefanelli et al., 2010; Wang and Xing, 2017). The combination of reduced water supply and high NPK fertilizer concentrations enhanced tomato fruit quality by increasing lycopene, organic acid, and soluble sugar content (Wang and Xing, 2017). The combined effects of nitrogen fertilization and water have been investigated for soluble sugar, vitamin C, and free amino acid contents, not only in tomato fruits but also in cucumber, and it was demonstrated that fruit quality increased under low irrigation conditions and a medium level of N application (Zhang et al., 2011). Therefore, controlling the nutrient and water supply is applicable for the purpose of enhancing fruit quality.

We postulated that minimal nutrient and water supplies may improve tomato quality in soils with surplus salt, which are frequently encountered in the field. Our aim in this study was to provide guidelines to improve tomato fruit quality by nutrient and water regulation in the case of excess Mg2+ soils. We hypothesized that minimal nutrient and water use may work in excess Mg2+ soil. In order to achieve our goal, the effects of a low nutrient level (N or K) compared to the standard level and/or a reduction in the water supply compared to sufficient water supply were analyzed in the case of excess Mg2+ soils. The scope of our study did not include comparing the case of Mg2+ excess soils and that of Mg2+ non-excess soils. The standard condition was the recommended nutrient supply for tomato cultivation in greenhouses (NIAS, 2017). The lower nutrient level was 0.75 times of the standard (N0.75, K0.75) and the lowest nutrient level was 0.1 times of the standard (N0.1, K0.1). We investigated the resulting fruits’ lycopene content and primary metabolites, including sugars and organic acids, which affect tomato taste. The primary metabolites were measured using a non-targeted metabolomics using a comprehensive approach to evaluate different metabolomes under a specific set of conditions (Son et al., 2016). We have previously applied the method to investigate metabolic changes in various crops, including tomato plants, in response to varying environmental factors, such as light or mineral nutrient supply (Jung et al., 2013; Sung et al., 2015; Kim et al., 2018; Sung et al., 2018).



Materials and Methods


Plant Materials, Soil Chemical Properties, and Variations in Nutrient and Water Supply

Three-month-old tomato seedlings (Solanum lycopersicum L., ‘Super Dotaerang’) were transplanted into plastic pots (15 L) containing 11 kg of soil on April 5, 2018 and were grown for 16 weeks at daily temperatures between 15–35°C in a greenhouse in the National Institute of Agricultural Sciences, Rural Development Administration, in Jeonju, Korea. Even though the temperature in the greenhouse fluctuated throughout the experimental period, the heating and ventilating systems were operated to avoid extreme temperature conditions (critical lowest and highest temperatures for tomato cultivation). The relative humidity in the greenhouse was not controlled, and natural light penetrating into the greenhouse was the only source of light. The fertilizer supply was in accordance with the recommendations for tomato cultivation in greenhouse soil (NIAS, 2017). For experimental group receiving the standard nutrient supply, the initial fertilizer containing N, P, K, and livestock manure-based compost was supplied at the recommended concentration and the initial fertilizer containing Mg was oversupplied to produce a high level of soil exchangeable Mg2+ (over the optimal level, 2.0 cmol kg-1 (Table S1). Two split applications of N, K, and Mg fertilizer were conducted by top-dressing (Table S2). To see the effects of low nitrogen and potassium supplies, the initial and additional fertilizer supplies varied either the N or K concentration by either 0.1 or 0.75 times the standard (N0.1, N0.75, K0.1, K0.75). The soils contained a high concentration of exchangeable Mg2+ (3.3–9.0 cmol kg-1) after the final harvest. The soil pH was monitored during cultivation and the lowered pH of the soil was amended by applying saturated Ca(OH)2 solution. To analyze water supply effects, variations in water supply started from fruit setting; water was supplied either at 30 kPa for the sufficient supply or 80 kPa of soil water potential for the limited supply by reading tensiometers (Soilmoisture Equipment Corp., Santa Babara, USA). The tensiometer’s gypsum block, which senses the water potential, was placed at depth of the 0.07–0.13 m below the soil surface. There were 10 nutrient x water supply conditions. To improve the fruit setting, fully expanded flowers were treated with hormones (gibberellin and 4-chlorophenoxyacetic acid). Ripened fruits from 40 plants were harvested at similar ripening stages at 10:00 to avoid the diurnal changes in metabolites (four plants for each nutrient x water supply condition). One to seven ripened tomato fruits from each plant were harvested from 28 June to 24 July.



Measurement of Physiological Parameters

Chlorophyll content was measured at the final harvest that was 16 weeks after the mineral nutrient treatments. A chlorophyll meter (SPAD-502Plus, Konica Minolta Sensing, Osaka, Japan) measured the SPAD values for the leaves closest to the tomato fruits (9th–10th nodes from the bottom), which were used as an indicator of plant performance rather than as a highly accurate measure of chlorophyll content.



Sample Preparation and Gas Chromatography-Time of Flight-Mass Spectrometry (GC-TOF-MS) Analysis

Lyophilized fruit samples were ground to powder using a mortar and pestle and were stored at −80°C. For primary metabolite extraction, 100 mg of sample was mixed with 1 ml of 80% (v/v) methanol and sonicated for 10 min. After the samples were homogenized for 10 min at 30 Hz/s by a mixer mill (Retsch GmbH & Co., Haan, Germany), the sample was centrifuged for 10 min at 27,237 × g and 4°C. The supernatants were filtered via a 0.2-μm polytetrafluoroethylene filter and were concentrated using a speed vacuum (Modulspin 31, Biotron, Seoul, Korea).

The dried extracts were derivatized through oximation and silylation reactions prior to GC-TOF-MS analysis. The oximation was performed by adding 50 μl of methoxyamine hydrochloride in pyridine (20 mg/ml) to the dried samples and the mixture was incubated for 90 min at 30°C. Subsequent silylation was performed by adding 50 μl of N-methyl-N-(trimethylsilyl)-trifluoroacetamide (MSTFA) to the mixture and incubating the mixture for 30 min at 37°C. A GC-TOF-MS analysis was performed using an Agilent 7890A GC system (Palo Alto, CA, USA) coupled with an Agilent 7693 auto-sampler and a TOF Pegasus III mass spectrometer (LECO, St. Joseph, MI, USA). The derivatized samples were injected with 1 μl with a split ratio of 1:5. For separation, an Rtx-5MS column (i.d. 30 m × 0.25 mm; 0.25 μm particle size; Restek Corp., Bellefonte, PA, USA) was used alongside a helium carrier gas with a flow rate of 1.5 ml/min. The injector and transfer line temperatures were 250 and 240°C, respectively. The oven temperature of the GC was programmed as follows: 75°C for 2 min, increased to 300°C at a rate of 15°C/min, and kept at 300°C for 3 min. Electron ionization was in EI mode at −70 eV, with a scan range of 45–1,000 mass to charge ratio (m/z).



Lycopene Analysis

For lycopene extraction, each powdered sample (200 mg) was extracted with 3 ml of chloroform/DCM (2:1, v/v) using a twist shaker (Biofree, Seoul, Korea) at 60 rpm for 20 min and then 1 ml of 1M sodium chloride solution was added. Subsequently, the extracts were centrifuged at 5,000 rpm for 10 min at 4°C, and the organic phases were filtered using Millex® GP 0.22 μm filters. The filtered organic phase was completely dried using a speed-vacuum concentrator (Biotron, Seoul, Korea). The dried samples were reconstituted with MeOH/MTBE (tert-Butyl methyl ether) (3:2, v/v) to a final concentration of 10 mg/ml. Lycopene content was analyzed by a UHPLC-DAD system. The UHPLC-DAD system consisted of a Dionex UltiMate 3000 RS Pump, a RS Autosampler, a RS Column Compartment, and a RS Diode Array Detector (Dionex Corporation, Sunnyvale, USA). Chromatographic separation was performed on a YMC carotenoid C30 column (250mm x 4.6mm x 5 μm particle size; YMC, Wilmington, NC) and the injection volume was 10 μl. The flow rate was 0.3 ml/min. The mobile phase consisted of 95% aqueous methanol (A) and MTBE (B). The gradient parameters were set as follows: 20% solvent B was maintained initially for 3 min, followed by a linear increase to 100% solvent B over 25 min and solvent B was then sustained at 100% for 3 min, with a gradual decrease to 20% solvent B over 6 min. The total run time was 37 min and sample absorbance was measured at 200–600 nm. Lycopene was identified based on its retention time and absorbance spectra, which were compared to the retention times of the lycopene standards.



Data Processing and Multivariate Statistical Analysis

Analyses were conducted of at least 4 biological replicates. The GC-TOF-MS raw data were converted to NetCDF (*.cdf) using the LECO Chroma TOF software (version 4.44). Converted CDF data were preprocessed with the MetAlign software package (http://www.metalign.nl) for peak detection, retention time correction, and alignment. The resulting data were exported to an Excel file. The multivariate statistical analyses, including partial least square-discriminant analysis (PLS-DA) score plot and loading plot, were performed by SIMCA-P+ 12.0 software. Variable importance in the projection (VIP) value was applied to select the discriminant variables among experimental groups. Selected metabolites were tentatively identified by comparisons with various data, including mass fragment patterns, retention times, and mass spectrums of data for standard compounds under the same conditions from published papers and commercial databases, such as the National Institutes of Standards and Technology (NIST) Library (version 2.0, 2011, FairCom, Gaithersburg, MD, USA), and Wiley 8, BioCyc Database Collection (https://biocyc.org/). Significant differences (p < 0.05) were tested by a one-way ANOVA using Statistica (version 7.0, StatSoft Inc., Tulsa, OK, USA).




Results


Tomato Plant and Fruit Productions

The leaf chlorophyll content (SPAD value) and fruit yield were measured to compare the effects of mineral nutrient and water supply on shoot growth and fruit production of tomato plants (Table 1). Leaf SPAD values generally decreased, although not statistically significantly, as N or K supply was decreased under sufficient water supply. The nutrient supply of N0.75 and N0.1 induced symptoms of yellowish leaves, and the K0.75 and K0.1 supply caused brown dots in the leaves (data not shown). Leaf SPAD values were higher under limited water supply conditions than under sufficient irrigation, and it is speculated that plant growth was slowed by the water limitation, resulting in higher SPAD values. The symptoms in the leaves under N0.75, N0.1, K0.75, and K0.1 supplies were suppressed under limited water supply conditions compared to sufficient water, and this indicates that leaves experienced less nutrient deficiency under limited water than sufficient water condition (see Discussion). The leaf SPAD values of N0.1-SW were significantly lower than those of SN-LW and K0.1-LW. The fruit yields under N0.75 and N0.1 applications were similar to the plants receiving the standard nutrient supply; however, plants receiving K0.75 and K0.1 treatments had improved fruit yields compared to the standard. Under all nutrient conditions, the limited water supply reduced fruit production. Nevertheless, none of the detected differences in fruit yield were significant.


Table 1 | Leaf chlorophyll content (SPAD) and fruit yield per plant cultivated under varied nutrient and water conditions.





Lycopene Content of Tomato Fruits Cultivated Under Different Mineral Nutrient and Water Supplies

We investigated the effect of mineral nutrient and water supply on lycopene content as a representative metabolite for tomato fruit quality (Figure 1). In N0.1-SW, lycopene content was significantly enhanced compared to the SN-SW, although the standard deviations were rather high (see Discussion). In N0.1-LW, the lycopene-increasing effects of N0.1 disappeared under a limited water supply. There was no significant difference in the effects of varying concentrations of K.




Figure 1 | Lycopene contents of tomato fruits on a dry-weight basis influenced by nutrient supply and water supply. The closed bars represent sufficient water and the hatched bars represent limited water. The different alphabetical letters above the bars indicate significant differences, as determined by ANOVA followed by Duncan’s multiple-range test (p < 0.05). SN, standard nutrient; SW, sufficient water; LW, limited water.





Non-Targeted Metabolite Profiling of Tomato Fruits Cultivated Under Different Mineral Nutrient and Water Supplies

We investigated the effects of nutrient and water supply on tomato primary metabolites, including sugars and organic acids (Table S3). To investigate the effect of the nutrient and water supply conditions on primary metabolites in tomato fruits, we performed a partial least square discriminant analysis (PLS-DA) for each of the two nutrient levels applied to plants, 0.75 and 0.1 (Figures 2A and 3A, respectively). The clustering patterns of the two PLS-DA results were similar. In Figures 2, 3, the SN and varying the N or K supply (N 0.75, N0.1, K0.75, and K0.1) groups were clearly separated from each other, with PLS1 (16.3%) and PLS1 (15.9%), respectively. In addition, the SW and LW groups were clearly separated from each other, with PLS2 (8.0%) and PLS2 (6.5%), respectively. The limited water groups with mineral applications of N0.75 and K0.75 were not clearly discriminated from the sufficient water supply groups. However, the limited water groups with mineral applications of N0.1 and K0.1 were clearly discriminated from the groups with sufficient water supply. These results indicate that the amount of nutrients supplied to plants affects the primary metabolites of tomato fruits more than irrigation conditions.




Figure 2 | Partial least square discriminant analysis (PLS-DA) score plot (A) and a loading plot (B) from gas chromatography-time of flight-mass spectrometry (GC-TOF-MS) analysis of tomato fruits grown under the lower nutrient supply (x0.75 of the standard nutrient, SN) and/or limited water (LW) supply compared to the control (SN-SW). ▲: standard nutrient and sufficient water (control, SN-SW), △: standard nutrient and limited water, ▲: x0.75 N and sufficient water, △: x0.75 N and limited water, C▲: x0.75 K and sufficient water, △: x0.75 K and limited water. A heat map (C) representing discriminate metabolites among experimental groups with relative metabolite levels. The relative content in the heat map represents fold-changes normalized to the average value of each compound in the control group (SN-SW). The content of each compound is on a dry-weight basis. The number of each metabolite shown in (B) is identical to the number in heatmap (C). *: Significantly discriminant metabolites from the control (SN-SW) evaluated by t-test (p < 0.05). SN, standard nutrient; SW, sufficient water; LW, limited water.






Figure 3 | Partial least square discriminant analysis (PLS-DA) score plot (A) and loading plot (B) from GC-TOF-MS data for tomato fruits grown under the lowest nutrient supply (x0.1 of the standard nutrient, SN) and/or the limited water (LW) supply compared to the control (SN-SW). ▲: standard nutrient and sufficient water (control, SN-SW), △: standard nutrient and limited water, ♦: x0.1 N and sufficient water, ◊: x0.1 N and limited water, ♦: x0.1 K and sufficient water, ◊: x0.1 K and limited water. A heat map (C) representing discriminate metabolites among experimental groups with relative metabolite levels. The relative content in the heat map represents fold-changes normalized to the average value of each compound in the control group (SN-SW). The content of each compound is on a dry-weight basis. The number of each metabolite shown in (B) is identical number in heatmap (C). *Significantly discriminant metabolites from the control (SN-SW) evaluated by t- test (p < 0.05). SN, standard nutrient; SW, sufficient water; LW: limited water.



Based on the PLS-DA models, we selected significantly discriminant metabolites using variable importance in projection (VIP) values of >0.7. The same VIP values were selected by Azam et al. (2020) and Ibrahim et al. (2020) in metabolomic studies. A total of 26 and 25 significantly discriminant metabolites were selected and identified for the two nutrient levels of 0.75 and 0.1 times the standard application concentrations, respectively (Figures 2B, 3B). The relative primary metabolite levels of tomato fruits compared to the control, SN-SW, are shown in heat map (Figures 2C, 3C). The effect of water limitation under standard nutrient conditions was analyzed by comparing SN-LW to SN-SW. Water limitation under standard nutrient conditions increased the amount of some amino acids but decreased the levels of most of the carbohydrates and organic acids present in the fruit (Figures 2C, 3C). The effect of water limitation under lower nutrient supply was also analyzed in pairs, namely N0.75-SW/N0.75-LW, K0.75-SW/K0.75-LW, N0.1-SW/N0.1-LW, and K0.1-SW/K0.1-LW. Water limitation under the lowest N condition resulted in a drastic decrease in the amount of amino acids (Figure 3C). A similar effect of water limitation was detectable with K0.75-LW but not K0.1-LW (Figure 2C). Interestingly, changes in metabolite content compared to the control, SN-SW, were greater under the x0.75 nutrient condition than under the x0.1 nutrient condition. The amounts of most of the compounds were lowered by reduction of the N and K supply compared to SN-SW. However, there were some exceptions. For example, the level of aspartic acid, phenylalanine, and glucuronic acid were highly increased in N0.75 samples, while in N0.1 samples, only aspartic acid and phenylalanine were present in higher amounts than in the control. Lowering the K supply had a negative effect, mainly on amino acid content, and especially on asparagine levels, which were lowered in both K0.75 and K0.1 samples. In contrast, the glyoxylic acid concentration was highly elevated in K0.75, but not in K0.1 fruits.




Discussion

Lycopene is one of the most potent antioxidants produced in tomato fruits. Although there were considerable fluctuations of lycopene content due to the extreme environmental conditions in the growing season, we found a significant increase in lycopene content of tomato fruits grown under the lowest N supply with standard irrigation. Simonne et al. (2007) showed that optimal N supply is needed to reach high lycopene concentrations in tomato grown in hydroponic culture. Our results suggest that in soil with excess Mg2+, the optimal N supply for lycopene production is x0.1 of the standard amount used.

The analysis of primary metabolites of tomato fruits by non-targeted metabolomics approaches revealed the changes caused by a limited water supply. The limited water supply decreased most of the carbohydrates and organic acids on a dry-weight basis. Therefore, limiting water was not recommended to improve tomato fruit quality in Mg2+ excess soil. There were reports that water deficit increased the acidity of tomato fruits (Rudich et al., 1977; 1985 experiment of Mitchell et al., 1991), however, acid levels stayed similar in the experiment of 1986 of Mitchell et al. (1991). In the latter study, hexose increased on a fresh-weight basis in 1985 but hexose stayed similar in 1986 when fruit water content was not changed (Mitchell et al., 1991). They concluded that the production of solutes such as hexoses and organic acids was not up-regulated but that fruit water content decreased, resulting in the increase in metabolite concentration on a fresh-weight basis.

Lower nutrient supply caused a reduction in most of the primary metabolite content of fruits. The observation of reduced concentrations of organic acids under the lower and lowest N conditions in this study is in line with the literature in which low N was found to decrease organic acid concentrations (Bénard et al., 2009; Kuscu et al., 2014; De Pascale et al., 2016; Wang and Xing, 2017). No significant changes in carbohydrates in tomato fruits under the lower and lowest K supplies were detected, which seems to contrast common knowledge about the effects of K on fruits. K is known to be important to high sink activity, as K deficiency causes sugar accumulation in the source, such as shoots, and reduces sugar transport to sinks, such as roots or fruits (Cakmak et al., 1994; Kanai et al., 2011; Hafsi et al., 2014; Kim et al., 2018). The K deficiency effect may not be significant in the current study, and this could be related to the fact that high concentrations of Mg2+ in soil are not known to reduce K+ uptake by plants (Gransee and Führs, 2013). In contrast to Mg stress, for tomatoes under salt stress from NaCl the uptake and translocation of K was highly hindered when K supply was low (Al-Karaki, 2000).

This study demonstrates that minimizing N supply helped enhance lycopene content in soil with excess Mg2+, which was a strategy known to work in soils without Mg2+ surplus, so long as irrigation was sufficient. However, combining the lowest N conditions and limited water worsened the lycopene content in excess Mg2+ soil. For the best quality of tomato fruits in terms of sugars and organic acids, limiting water was not appropriate in excess Mg2+ soil, which was contrary to the conventional strategy for managing fruit production in soils without Mg2+ surplus.



Conclusion

In summary, we examined the effects of nutrient and water supply on metabolic changes in tomato fruits cultivated in soil with excess Mg2+ under greenhouse conditions. As the growth, metabolites, and fruit quality of tomato plants under excess Mg2+ soil were affected differently than plants in soils without excess Mg2+ in Kwon et al. (2019), the effects of nutrient and water were contrary to previous results. Our results suggest that the lowest nitrogen coupled with sufficient water supply condition enhanced the lycopene content of tomato fruits on a dry-weight basis, and that limiting water supply in any nutrient supply condition was not appropriate to enhance sugars and organic acids under greenhouse cultivation when soil had excess Mg2+. The current pot experiments in the greenhouse demonstrated the possibility that supplying low levels of nitrogen without limiting water may work in tomato cultivation in the field with overuse of chemical fertilizer, and that this type of strategy needs to be further investigated in the field to set up guidelines for fertilizer supply recommendations.
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Dehydration-responsive element binding (DREB) transcription factors play crucial regulatory roles in abiotic stress. The only DREB transcription factor in tomato (Solanum lycopersicum), SlDREBA4 (Accession No. MN197531), which was determined to be a DREBA4 subfamily member, was isolated from cv. Microtom using high-temperature-induced digital gene expression (DGE) profiling technology. The constitutive expression of SlDREBA4 was detected in different tissues of Microtom plants. In addition to responding to high temperature, SlDREBA4 was up-regulated after exposure to abscisic acid (ABA), cold, drought and high-salt conditions. Transgenic overexpression and silencing systems revealed that SlDREBA4 could alter the resistance of transgenic Microtom plants to heat stress by altering the content of osmolytes and stress hormones, and the activities of antioxidant enzymes at the physiologic level. Moreover, SlDREBA4 regulated the downstream gene expression of many heat shock proteins (Hsp), as well as calcium-binding protein enriched in the pathways of protein processing in endoplasmic reticulum (ko04141) and plant-pathogen interaction (ko04626) at the molecular level. SlDREBA4 also induces the expression of biosynthesis genes in jasmonic acid (JA), salicylic acid (SA), and ethylene (ETH), and specifically binds to the DRE elements (core sequence, A/GCCGAC) of the Hsp genes downstream from SlDREBA4. This study provides new genetic resources and rationales for tomato heat-tolerance breeding and the heat-related regulatory mechanisms of DREBs.




Keywords: Microtom, dehydration-responsive element binding transcription factor, abiotic stress, transgenic plants, gene function, heat tolerance



Highlights

SlDREBA4 alters the resistance of transgenic Microtom plants to heat stress by altering the content of osmolytes and stress hormones, the activities of antioxidant enzymes at the physiologic level, and the downstream gene expression of many heat shock proteins, as well as calcium-binding protein at the molecular level.



Introduction

Dehydration-responsive element binding (DREB) proteins belong to the plant-specific APETALA2/ethylene-responsive element binding factor (AP2/ERF) family of transcription factors. DREBs can be induced by abiotic stresses, including drought, heat, cold, and high salt levels, and their overexpression in transgenic plants increases resistance to these stresses (Wu et al., 2017; Hu et al., 2018; Huang et al., 2018). Abiotic heavy-metal stress, like those induced by cadmium (Cd) and molybdenum (Mo) exposure, can also increase the transcription levels of DREBs, and DREB overexpression results in increased resistance levels against these metal elements (Charfeddine et al., 2017; Akbudak et al., 2018; Nasir and Fazal, 2018). Most previous DREB studies focused on abiotic stresses and a few studies have shown that DREBs play important roles in biotic stress responses. Salicylic acid (SA), jasmonic acid (JA), ethylene (ETH), and other hormones or pathogens induce the up-regulation of DREBs, which then change the resistance levels to these pathogens by altering the content of SA, JA, and ETH, and the expression of pathogenesis-related (PR) genes (Zhao et al., 2015; Wu et al., 2017; Xiong et al., 2018).

DREB transcription factors in the model plant Arabidopsis thaliana are divided into six subfamilies (A1 to A6) based on homology (Sakuma et al., 2002). Subsequent studies have classified DREBs from different plants into these six subfamilies. Each subfamily has similar response patterns and functions. After the first isolation of a DREB transcription factor using the single-hybrid yeast method (Liu et al., 1998), the focus of DREB research has mainly involved subfamilies A1, A2, A5, and A6. The response patterns of DREBA1 subfamilies are mainly correlated with responses to abiotic stresses, such as cold, high salt, drought and heavy metals, and biotic stresses, such as pathogenic bacteria. DREBA1 plays positive regulatory roles in responses to these abiotic and biotic stresses (Liu et al., 1998; Kitashiba et al., 2004; Yang et al., 2011; Wei et al., 2017; Wu et al., 2017). The responses and functions of the DREBA2 subfamily to stress are more diverse than those of the DREBA1 subfamily (Sakuma et al., 2006; Zhao et al., 2013; Wu et al., 2018). DREBA2 subfamily transcription factors require post-translational modifications to activate the downstream functional genes and increase resistance to heat and other stresses (Sakuma et al., 2006; Wu et al., 2018). Recent studies on the DREBA2 subfamily mainly focused on heat stress, and they conferred heat resistance to transgenic plants (Zhao et al., 2013; Qin et al., 2018; Wu et al., 2018). The stress-response mechanisms and functions of most transcription factors in the two subfamilies, DREBA5 and DREBA6, are similar to those of the DREBA1 subfamily (Huang and Liu, 2006; Tsutsui et al., 2009; Hu et al., 2018).

To date, only a few DREBA3 and DREBA4 subfamily genes have been isolated, and their regulatory mechanisms and functions under stress conditions are not yet clear. AtABI4 from Arabidopsis thaliana, belonging to the DREBA3 subfamily, is induced by ABA (Finkelstein et al., 1998). Another DREBA3-type transcription factor ZmABI4 from maize has an unknown induction mechanism (Niu et al., 2002). For the DREBA4 subfamily of transcription factors, some progress has been made. The transcription of ZmDBF2 is induced by ABA, drought, and high-salt conditions, and it increases the drought resistance of transgenic plants (Wang et al., 2010). The expression of AtTINY under stress conditions has not been explored (Wilson et al., 1996). DaCBF4 from Deschampsia antarctica has been isolated recently. Its transcriptional level increases during cold and drought stress, and it increases the cold resistance of transgenic plants (Byun et al., 2018). ZmDREB4.1 could not be induced by high salt, drought, ABA, auxin, cytokinins, gibberellic acid, or ETH, and it inhibited the growth of transgenic tobacco leaves, hypocotyls, and callus. However, its functions under stress conditions have not been explored (Li et al., 2018).

After the discovery of DRE element and DREB transcription factors (Yamaguchi-Shinozaki and Shinozaki, 1994; Liu et al., 1998), subsequent studies revealed that DREB plays important roles in both abiotic and biotic stress responses. In this study, the only tomato (Solanum lycopersicum) DREB transcription factor that responded to heat, SlDREBA4, was discovered in the cultivar Microtom, using DGE profiling technology. SlDREBA4 was determined to belong to the DREBA4 subfamily. The function of SlDREBA4 under high-temperature conditions was verified through transgenic overexpression and silencing systems. The resistance changes caused by SlDREBA4 under heat-stress conditions were explained at physiological and molecular levels.



Materials and Methods


Materials and Heat Induction

The seeds of S. lycopersicum L. (var. Microtom) were first soaked in water at 55°C for 20 min, then in water at 30°C for 5 h. The treated seeds of S. lycopersicum L. (var. Microtom) were sown in a mixed matrix of 6:3:1 (v/v) peat, vermiculite and perlite. For heat treatment, Microtom plants with seven to eight leaves were treated at 37°C for 30 min. Both the control and heat-treated groups contained 30 plants. The 4th leaves from the base of each plant were removed. The 30 leaves of the control (Microtom-CK) and heat-treated (Microtom-HS) groups were mixed to form two independent materials for DGE profiling, which was performed by the Beijing Genomics Institution (BGI).



Screening of Differentially Expressed DREB Genes Induced by Heat

Based on Poisson distribution analysis (Audic and Claverie, 1997), a strict algorithm was used to identify differentially-expressed genes (DEGs) between two samples. The number of unambiguous clean tags from gene A was denoted by an x, given that the expression of every gene occupies only a small part of the library; x yields to the Poisson distribution:

	

The total clean tag number of sample 1 is designated N1 and the total clean tag number of sample 2 is designated as N2. Gene A holds x tags in sample 1 and y tags in sample 2. The probability of gene A expressed equally between two samples can be calculated as follows:

	

The P-value corresponds to the DGE test. The false discovery rate (FDR) was used to determine the threshold of the P-value in multiple tests (Benjamini and Yekutieli, 2001). DEGs between two samples (control and heat-treated) were screened, and the genes with FDR ≤ 0.001 and fold-change differences > 2 were selected as the candidate genes. A hypergeometric test was used to find the pathways significantly enriched (Q-value ≤ 0.05) with DEGs. The conserved AP2 sequence of the DREB transcription factor was download from PFAM (http://pfam.sanger.ac.uk/). A local BLAST program was used to compare AP2 sequences with the differentially expressed protein sequences to screen for the DREB transcription factor possessing only one AP2 domain (Yuan et al., 2013).



SlDREBA4 Cloning and Phylogenetic Tree Construction

The specific primer pSlDREBA4 (Table S1) was designed based on the SlDREBA4 gene sequence. SlDREBA4 was cloned and sequenced using Microtom cDNA as the template. A phylogenetic tree was established by the Neighbor-Joining algorithm with 1,000 bootstrap replications using MEGA5 version 5.05 software (Sakuma et al., 2002).



Identification of Tissue-Specific Expression and Stress-Response Patterns of SlDREBA4 Using Real-Time Quantitative PCR (RT-qPCR)

Microtom seeds were germinated and sown in vermiculite. After growing two true leaves, the plants were transplanted into Hoagland’s nutrient solution. After seven to eight leaves were grown, plants were exposed to stresses. For the dehydration stress, hydroponic seedlings fixed in planting baskets were transferred from nutrient solution along with the basket to the filter paper. For heat and cold stresses, hydroponic seedlings were exposed to 37°C and 4°C, respectively, in a growth chamber. For salt stress, hydroponic seedlings were transferred into Hoagland’s nutrient solution containing 200 mM NaCl. For the ABA treatment, leaves of hydroponic seedlings were sprayed with 200 mM ABA solution. For all the treatments, the fourth leaves from the base were harvested at the designated time intervals (0, 0.5, 1, 3, 6, and 12 h). When the Microtom plants had red fruit approximately 60 days after sowing, tissue-specific expression was identified in the root, stem, leaf, flower, green fruit, and red fruit. The relative quantification value for the SlDREBA4 (pSlDREBA4-q) gene was calculated using the 2−ΔΔCt method (Zhao et al., 2013) with the tomato housekeeping gene ribosomal protein L2 (RPL2) (pRPL2-q) (Løvdal and Lillo, 2009) as an internal control. Primer sequences are provided in Table S1. All the above RT-qPCR analyses were performed in biological and technical triplicate.



Generation of Transgenic Microtom Lines

To generate overexpressed transgenic Microtom plants, full-length SlDREBA4 cDNA was amplified using the specific primer, pSlDREBA4-o. The PCR product was fused into the reconstructed vector pBI121 (harboring XbaI and KpnI sites) under the control of the constitutive CaMV 35S promoter. The pBI121-35S-SlDREBA4 fusion plasmid was introduced into Agrobacterium tumefaciens strain GV3101. Positive GV3101 was transformed into Microtom cotyledons (Sun et al., 2015), and the rooting plants were screened by kanamycin and transferred to Hoagland’s nutrient solution. The level of SlDREBA4 transcription was assessed using RT-qPCR with the primer, pSlDREBA4-q. To generate virus-induced gene silencing (VIGS) transgenic Microtom plants, a specific primer, pSlDREBA4-v, was designed based on a sequence specificity analysis of SlDREBA4 with other DREBs in tomatoes. The gene fragment was then cloned and inserted into the pTRV2 plasmid. The plasmids, pTRV2-SlDREBA4 segment, pTRV2-PDS (phytoene desaturase), and pTRV1, were transformed into GV3101. Positive GV3101 containing pTRV2, pTRV2-SlDREBA4 segment, or pTRV2-PDS were co-injected with positive GV3101 containing pTRV1 into cotyledons and leaves of Microtom (Shen et al., 2014). Plant phenotypes were observed 21 days after injection, and positive transgenic plants were identified using RT-qPCR with the primer, pSlDREBA4-q. Primers are provided in Table S1. All the above RT-qPCR analyses were performed in biological and technical triplicate.



The Heat-Stress Treatment and Determination of Physiologic and Molecular Indices

To achieve the rapid wilting effect and avoid the influence of plant phenotypic difference on high temperature treatment, the heat-treated groups were placed at 55°C in a plant growth chamber until whole wilted plant was observed. Heat-treated samples were immediately divided into two batches: one batch had its physiological indexes measured and underwent transcriptome sequencing. Another batch was transferred to normal conditions for 3 d, followed by phenotypic observation. According to the specific phenotypic changes under high-temperature stress treatment, the heat injury index (HII) grading criteria was established as follows: level 0, no leave curling; level 1, 0% to 50% leave curling with partial leave wilting; level 2, 50% to 100% leave curling with partial leave wilting; and level 3, the entire plant wilted or withered.

	

The concentrations of indole-3-acetic acid (IAA), ABA, JA, SA, and 1-aminocyclopropane-1-carboxylic acid (ACC) were measured by HPLC-MS/MS using Agilent 1290 HPLC (Agilent Technologies Inc., USA) and SCIEX-6500 Qtrap mass spectrometer (AB Sciex, USA) (Pan et al., 2010). Proline, malondialdehyde, soluble total sugar, soluble starch, peroxidase (POD), superoxide dismutase (SOD) and catalase (CAT) were detected using an ELISA kit (Shanghai Enzyme-linked Biotechnology Co., Ltd). Plasma membrane permeability was measured in terms of electrolyte leakage rate (Kumar et al., 1985). All the physiologic indices were measured in biological and technical triplicate.

Biosynthetic genes in the JA, SA, and ETH pathways were searched against the DEGs data in the SlDREBA4-overexpressed and -silenced lines, and the expression profiles of these genes were validated using RT-qPCR by the 2-ΔΔCt method (Zhao et al., 2013). All the primers are provided in Table S1.

The SlDREBA4-overexpressed and -silenced, and empty vector-transformed plants were selected to carry out transcriptome sequencing. Readcount for each gene was normalized to reads per kilobase per million mapped reads (RPKM). Prior to differential gene expression analysis for each sequenced library, the readcounts were adjusted using the edgeR program package through one scaling normalized factor (Robinson et al., 2010). Analyses of significant differences in gene expression were performed using DESeq2 and the R package (Anders and Huber, 2010). Genes with a padj < 0.05 and |log2(foldchange)| >1 were selected as candidate genes. Based on the principles of hypergeometric distribution, clusterProfiler was used to perform a Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis of DEGs [padj < 0.05] (Mortazavi et al., 2008).



DRE-Binding Activities of SlDREBA4 Using the Yeast One-Hybrid (Y1H) System

Three potentially DREs (DRE1 [GACCGACGA], DRE2 [AGCCGACAC], and DRE3 [CGCCGACTT]) identified from the Hsp genes downstream from SlDREBA4 or one mutant DRE (mDRE [TATTTTCAT]) were inserted into the pHis2.1 vector with three tandemly repeats using EcoRI and SpeI to generate pHis2.1-3DRE or pHis2.1-3mDRE. The coding sequence of SlDREBA4 was amplified by the primer, pSlDREBA4-y, harboring BamHI and XhoI sites (Table S1). The product was inserted into the pGADT7 vector to generate pGADT7-SlDREBA4. The yeast strain, Y187, co-transformed by the corresponding vectors, was streaked on the selective SD medium to investigate the DRE-binding activities of SlDREBA4 (Wu et al., 2018).




Results


Selection of DREB Transcription Factors Responding to Heat Using DGE Profiling

DGE profiling successfully selected 2,820 DEGs responding to heat, including 1,107 up-regulated genes and 1,713 down-regulated genes, which were listed in an excel. Only one DREB subfamily gene (Gene ID: Solyc06g066540) was up-regulated with a log2 ratio=4.28. The coding region contained 579 bp bases and encoded 192 amino acids with one typical AP2 domain. The phylogenetic tree was established, and the gene was found to be a member of the DREBA4 subfamily. Thus, it was named SlDREBA4 (Accession No. MN197531; Figure 1).




Figure 1 | Phylogenetic tree of SlDREBA4 and DREB proteins of other plants. SlDREBA4 is marked with black squares and the accession numbers are indicated in parentheses. The DREB proteins without accession numbers are discovered from tomatoes.





Expression Patterns of SlDREBA4 in Different Tissues and Response to Various Stresses

The expression pattern of SlDREBA4 in different tissues of Microtom plants was examined under normal conditions (Figure 2A). SlDREBA4 was constitutively expressed in almost all tissues examined, including root, stem, leaf, flower, green fruit, and red fruit. The expression level of SlDREBA4 was highest in flower, followed by green fruit, leaf, root and stem, and was lowest in red fruit.




Figure 2 | Tissue-specific expression (A) and stress-response patterns (B) of SlDREBA4. The unstressed expression level (Control) was assigned a value of 1. The error bar on each column represents the standard deviation (SD) of the three biological replicates (Student’s t-test, *P < 0.05, **P < 0.01).



We also tested the expression pattern of SlDREBA4 in the leaves under various stress conditions. RT-qPCR revealed that SlDREBA4 expression was induced by heat, exogenous ABA, cold, drought and salt (Figure 2B). Under different stress conditions, SlDREBA4 showed different expression patterns. SlDREBA4 expression was rapidly and transiently induced by the heat treatment and peaked at 12 h. ABA and drought resulted in the increased, followed by decreased expression of SlDREBA4. The transcription level of SlDREBA4 peaked at 3 h after the ABA treatment and then declined, but the expression level at 12 h was still higher than that of the controls. Drought stress resulted in the expression level of SlDREBA4 peaking at 1 h, followed by a decline, and then it maintained at the same level as the controls. Cold led to the expression level of SlDREBA4 peaking at 0.5 h, and then, it maintained this expression level until 12 h. Salinity caused an increase in the expression of SlDREBA4, followed by a decrease and another increase, with an eventual peak at 12 h.



Functional Verification of SlDREBA4 Transgenic Microtom Plants Under Heat Stress Conditions

Expression of the transgenic three SlDREBA4-overexpression lines (L-3, L-8, and L-12) were obtained using RT-qPCR (Figure 3A). Compared with the wild-type and empty vector-transformed plants, SlDREBA4-overexpression lines were significantly dwarfed, with slow growth and delayed flowering (Figure 3B). Heat stress led to wilted wild-type and empty vector-transformed tomato plants with HIIs of 100%. However, only a small portion of leaves on the three transgenic lines were slightly wilted, with HIIs ranging from 53% to 67% (Figure 3C).




Figure 3 | Functional identification of SlDREBA4-overexpressing lines under heat-stress conditions. WT, wild-type plants; EV, empty vector-transformed plants; L-1 to L-12: SlDREBA4-overexpression lines. (A) RT-qPCR was used to identify SlDREBA4 expression. The level of WT was assigned a value of 1. The error bar on each column represents the SD of the three biological replicates (Student’s t-test, **P < 0.01). Plants under normal (B) and heat-stress (C) conditions were grown in nutrient solution. The numbers in brackets indicate the HII values (%), which are shown as the means of the three biological replicates ± SDs (Student’s t-test, **P < 0.01).



The function of SlDREBA4 under heat-stress conditions was determined using the VIGS system. Positive transgenic plants were obtained through the phenotypic analysis of PDS silencing and the expression level of SlDREBA4, and shown under normal conditions (Figures 4A, B). After the heat-stress treatment, leaves of SlDREBA4-silenced lines were more seriously damaged compared with empty vectors-transformed plants. The HII of empty vectors-transformed plants was 75%, while the HIIs of SlDREBA4-silenced lines ranged from 95% to 100% (Figure 4C).




Figure 4 | Functional identification of SlDREBA4-silenced plants under heat-stress conditions. WT, wild-type plants; V1+V2: plants co-transformed by empty vectors pTRV1 and pTRV2; VIGS-1 to -10: SlDREBA4-silenced plants. (A) Identification of SlDREBA4-silenced plants, PDS, phenotypes of the plants with silenced PDS, RT-qPCR: transcription level of SlDREBA4 using RT-qPCR in which the level of WT was assigned a value of 1. Error bar on each column represents the SD of the three biological replicates (Student’s t-test, **P < 0.01). Silenced plants under normal (B) and heat-stress (C) conditions were grown in nutrient solution. The numbers in brackets indicate the HII values (%), which are shown as the means of the three biological replicates ± SDs (Student’s t-test, **P < 0.01).





The Causes for the Heat Tolerance Changes of SlDREBA4-Transgenic Lines

The causes of changes in the heat tolerance of transgenic lines were investigated at the physiological and molecular levels. The hormone content, enzyme activity, metabolite level, and gene expression level were measured, also. The contents of JA, SA, ACC, soluble total sugar, soluble starch, and proline, and the activities of POD, SOD and CAT in overexpressed lines under normal conditions were found to be higher than those of empty vector-transformed lines. Increased contents and activities of the above substances were measured under heat-stress conditions and were higher in overexpressed lines than in empty vector-transformed lines. Heat induction led to an increase in the ABA level, but no significant difference was observed between the level in empty vector-transformed and overexpressed lines under normal and heat-stress conditions. Under normal growth conditions, there were no significant differences in malondialdehyde level and electrolyte leakage rate between empty vector-transformed and overexpressed lines. Both indexes increased under heat-stress conditions, and increases in the indexes of overexpressed plants were significantly lower than those of empty vector-transformed lines. Heat decreased the IAA level, and under both normal and heat-stress conditions, the IAA level in overexpressed lines was extremely significantly lower than in empty vector-transformed lines (Table 1).


Table 1 | Physiologic indicators in SlDREBA4-overexpression and empty vector-transformed lines.



The contents of proline, malondialdehyde, soluble total sugar, soluble starch, ABA, JA, SA, and ACC, and the values of electrolyte leakage rate, and the activities of POD, SOD, and CAT were induced and the content of IAA was suppressed under heat-stress conditions in both empty vector-transformed and SlDREBA4-silenced plants. Under both normal growth and heat conditions, physiologic indicators, including proline, POD, SOD, JA, SA, and ACC, were lower in the silenced plants than in the empty vector-transformed plants, whereas the other indicators, including malondialdehyde, soluble total sugar, soluble starch, CAT, ABA, and IAA, showed no significant difference in both silenced and empty vector-transformed plants. Under normal growth conditions, there was no significant difference in the electrolyte leakage rate between empty vector-transformed and silenced plants; however, the electrolyte leakage rate was higher in silenced plants than in empty vector-transformed plants under heat-stress conditions (Table 2).


Table 2 | Physiological indicators in SlDREBA4-silenced plants.



We continued to dig for the target DEGs in the JA, SA, and ETH biosynthesis pathways against the DEGs data in the transcriptome of SlDREBA4-overexpressed and -silenced lines. The results showed that the target DEGs were distributed in each hormone biosynthesis pathway. Three, four, and two DEGs were found in JA, SA, and ETH biosynthesis, respectively. All the DEGs were induced in the SlDREBA4-overexpressed lines. However, one (JA), three (SA), and two (ETH) DEGs were inhibited and the remaining genes were not detected in the silenced plants (Table 3). RT-qPCR was employed to confirm the differential expression patterns of these biosynthesis genes in the leaves. The expression trends of the lipoxygenase and 12-oxophytodienoate reductase-like protein genes in JA biosynthesis, isochorismatase, and phenylalanine ammonia-lyase genes in SA biosynthesis, and 1-aminocyclopropane-1-carboxylate synthase gene in ETH biosynthesis were in agreement with the transcript abundance changes (Figure 5).


Table 3 | DEGs in the JA, SA, and ETH biosynthesis pathways in the SlDREBA4-overexpressed and silenced plants.






Figure 5 | Expression patterns of the DEGs in the JA, SA, and ETH biosynthesis pathways. The expression of the EV and V1+V2 plants were assigned a value of 1. The error bar on each column represents the SD of the three biological replicates (Student’s t-test, **P < 0.01).



We compared the transcriptome results of SlDREBA4-overexpressed and -silenced lines with those of the empty vector-transformed plants to explain the changes in the tolerance of SlDREBA4 transgenic plants to heat stress. There were 6333 (3978) DEGs in overexpressed (silenced) lines, including 2082 (1916) up- and 4251 (2062) down-regulated genes. An analysis of the KEGG enrichment pathways showed that 10 of the 20 pathways most enriched with up-regulated DEGs in SlDREBA4-overexpression lines were the same as those most enriched with down-regulated DEGs in VIGS lines (Figures 6A, B). Furthermore, three of the 20 most enriched pathways in the high-temperature-induced Microtom plants were shared by the above 10 common pathways (Figure 6C). One pathway was related to the circadian rhythms of plant (ko04712: circadian rhythms-plant) and the other two pathways were related to response to biotic stress and protein processing (ko04626: plant-pathogen interaction and ko04141: protein processing in endoplasmic reticulum). The common DEGs in the pathways of plant-pathogen interaction and protein processing in endoplasmic reticulum were discovered in the high-temperature-induced Microtom plants (up-regulated), SlDREBA4-overexpressed (up-regulated) and -silenced (down-regulated) lines. Two target genes which were described as heat shock proteins (Hsps) and calcium-binding protein were found in the pathway of plant-pathogen interaction. Seven target genes were found in the pathway of protein processing in endoplasmic reticulum, among which six were Hsps and one was skp1-like protein (Table 4). Further analysis of the DREs in the promoter sequences of the above 8 candidate genes found three potentially DREs (DRE1 [GACCGACGA], DRE2 [AGCCGACAC], DRE3 [CGCCGACTT]) which were located in the promoters of two Hsp genes (Solyc06g076570 and Solyc09g015020). The construction of the required vectors for the Y1H assay was shown in Figure 7A. Y1H experiment showed that yeast cells co-transformed with pGADT7-SlDREBA4 and pHis2.1-3DRE grew well on the SD-LWH plates and even with 20 mM 3-amino-1,2,4-triazole (3-AT). However, the transformant yeast cells harboring the pGADT7-SlDREBA4 and pHis2.1-3mDRE could not grow on SD-LWH plates (Figure 7B). The result indicated that SlDREBA4 possessed the ability to bind DRE as a general AP2 transcription factor.




Figure 6 | The KEGG dots representing the 20 most enriched pathway terms. (A) Genes up-regulated in overexpressed lines, (B) Genes down-regulated in silenced lines, (C) Genes differentially-expressed in high-temperature-induced Microtom plants. The red boxes represent the common pathway terms shared by (A, B). Underlines indicate the common terms in (A–C).




Table 4 | Common DEGs in the high-temperature-induced Microtom plants (up-regulated), SlDREBA4-overexpressed (up-regulated), and -silenced (down-regulated) lines.






Figure 7 | Analysis of DRE binding specificity of SlDREBA4. (A) Construction of the required vectors for the Y1H assay. The bait plasmid pHis2.1 contained three tandem repeat DREs or mDREs and the HIS reporter gene. The coding sequence of SlDREBA4 was cloned into the activation domain GAL4 of the prey plasmid pGADT7. (B) Yeast strain Y187 was co-transformed with bait (pHis2.1-3DRE or pHis2.1-3mDRE) and prey (pGADT7 or pGADT7-SlDREBA4) construct. Interaction between the bait and prey was examined by cell growth on SD medium lacking Trp, Leu, and His (SD-WLH) containing 3-AT.






Discussion

DREB transcription factors are often differentially expressed in most high-temperature-induced transcriptomes (Wang et al., 2018; Xu and Huang, 2018). The DREBA4 subfamily genes, AtTINY (Wilson et al., 1996), ZmDBF2 (Wang et al., 2010), DaCBF4 (Byun et al., 2018), and ZmDREB4.1 (Li et al., 2018) have been isolated. However, the response patterns and functions of these transcription factors under heat-stress conditions have not been well investigated. SlDREBA4 was the only DREBA4 subfamily transcription factor in the high-temperature-induced DGE profile of Microtom, and the transcription of SlDREBA4 was induced by ABA, heat, drought, cold, and high salt. In addition to improving the resistance of transgenic plants to heat stress, SlDREBA4 could also increase resistance to high salt, drought, and cold (data not shown). The diversified stress responses and functions of SlDREBA4 provide new data and regulatory gene resources for future studies on molecular mechanisms of stress useful for tomato breeding.

Physiological systems in plants respond appropriately to avoid heat injury. Under heat-stress conditions, the levels of osmotic substances, including proline (Xu and Huang, 2018), soluble sugar and starch (Wang et al., 2018) increased, as did the contents of SA and ETH (Biddington and Robinson, 1993), JA (Xu and Huang, 2018) and other stress-related hormones. The antioxidant enzyme activities, including POD, SOD and CAT increased (Wang et al., 2018). AtDREB1C enhanced resistance to heat by increasing the activities of POD, SOD and CAT in transgenic lines (Wei et al., 2017). Under normal conditions, the contents of osmolytes and stress hormones, and the activities of antioxidant enzymes in SlDREBA4-overexpressed plants were greater than those in the empty vector-transformed lines. These results indicated that SlDREBA4 regulated the thermotolerance through comprehensively altering the content of osmolytes and stress hormones, and the activities of antioxidant enzymes at the physiologic level.

A large number of protective proteins, such as Hsps, were synthesized under heat-stress conditions (Muthusamyab et al., 2017; Wang et al., 2018). Ca2+, as a central regulator of physiological responses to stress, plays an important role in regulating resistance to various stresses (Gong et al., 1998; Dodd et al., 2010; Wang et al., 2018). AtDREB2C and MsDREB2C increased the heat tolerance of overexpressed Arabidopsis by increasing the expression of AtHsfA3 (Chen et al., 2010; Zhao et al., 2013). Six Hsps enriched in the protein processing in endoplasmic reticulum pathway and one calcium-binding protein enriched in the plant-pathogen interaction pathway were up-regulated in high-temperature-induced Microtom plants and SlDREBA4-overexpression lines, and were down-regulated in SlDREBA4-silenced lines. Here, three potentially DREs were identified in the promoters of two Hsp genes included in the above six Hsps, and bound with SlDREBA4, which demonstrated that SlDREBA4 transcription factor enhanced resistance to heat stress mainly through interactions with the Hsps.

Phytohormones are involved in plant growth and development, especially in adverse conditions. ABA plays a key role in plant acclimation to abiotic stress, including drought, heat, salt, and cold stress (Xiong et al., 2002; Suzuki et al., 2016; Zandalinas et al., 2016), and SA, JA, and ETH play regulatory roles in biotic stress (Dong et al., 1998). DREB transcription factors enhanced the resistance of transgenic plants to abiotic and biotic stress by increasing ABA, SA, JA, and ETH levels (Tsutsui et al., 2009; Zhao et al., 2013; Wu et al., 2017; Xiong et al., 2018). In our study, there was no significant difference in the ABA content in the empty vector-transformed with SlDREBA4-silenced and -overexpressed plants under normal growth and heat conditions. However, the SA, JA, and ACC contents in the empty vector-transformed plants were significantly higher than those in the SlDREBA4-silenced plants and lower than those in SlDREBA4-overexpressed lines. The KEGG pathway of plant-pathogen interaction (ko04626) included in the 20 most enriched pathway terms was obtained in the high-temperature-induced plants and SlDREBA4-overexpressed and -silenced lines. The above research result also indicates that SlDREBA4 plays a potential role in biotic stress responses, but the specific biotic stress in which SlDREBA4 functioned remains to be further explored.



Conclusion

SlDREBA4 was determined to be a transcription factor of the DREBA4 family in tomato and plays an important regulatory role under heat-stress conditions. SlDREBA4 transcription factor enhances resistance to heat stress through interactions with the contents of osmolytes and stress hormones, and the activities of antioxidant enzymes at the physiological level and the expression of Hsps and calcium-binding protein at the molecular level.
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Polyphenol oxidases (PPOs) catalyze the oxidization of polyphenols, which in turn causes the browning of the eggplant berry flesh after cutting. This has a negative impact on fruit quality for both industrial transformation and fresh consumption. Ten PPO genes (named SmelPPO1-10) were identified in eggplant thanks to the recent availability of a high-quality genome sequence. A CRISPR/Cas9-based mutagenesis approach was applied to knock-out three target PPO genes (SmelPPO4, SmelPPO5, and SmelPPO6), which showed high transcript levels in the fruit after cutting. An optimized transformation protocol for eggplant cotyledons was used to obtain plants in which Cas9 is directed to a conserved region shared by the three PPO genes. The successful editing of the SmelPPO4, SmelPPO5, and SmelPPO6 loci of in vitro regenerated plantlets was confirmed by Illumina deep sequencing of amplicons of the target sites. Besides, deep sequencing of amplicons of the potential off-target loci identified in silico proved the absence of detectable non-specific mutations. The induced mutations were stably inherited in the T1 and T2 progeny and were associated with a reduced PPO activity and browning of the berry flesh after cutting. Our results provide the first example of the use of the CRISPR/Cas9 system in eggplant for biotechnological applications and open the way to the development of eggplant genotypes with low flesh browning which maintain a high polyphenol content in the berries.

Keywords: gene editing, CRISPR/Cas 9, eggplant, polyphenol oxydase, knock-out


INTRODUCTION

The polyphenol oxidases (PPOs) are a group of enzymes catalyzing the oxidation of phenolic compounds into highly reactive quinones (Prohens et al., 2007; Mishra et al., 2013; Plazas et al., 2013; García-Fortea et al., 2020). The physiological role of PPOs in plants has not been fully clarified yet, but a defense role against pathogens and pests has been postulated because of their increased localized activity in response to cutting and wounding. The relationship between PPO expression or activation and pathogen infections was proved in tomato by either silencing (Thipyapong et al., 2004) or over-expressing PPO genes (Li and Steffens, 2002). PPOs oxidize polyphenols to toxic quinones which bind to amino acids in the insect gut, exerting an anti-feeding role. Previous studies have associated PPO activity with resistance to various types of insects (Mahanil et al., 2008).

In recent years, PPOs have been largely investigated for their involvement in the browning process, a color reaction caused by the oxidation of phenolic compounds during postharvest processing and storage. Enzymatic browning is a two-step reaction, consisting of the oxidation of a monophenol to a o-diphenol (cresolase/monophenolase activity), which is further oxidized to yield a o-quinone (catecholase/diphenolase activity). O-quinones can then undergo condensation or polymerization reactions, producing the dark pigments melanins. Fruit cutting causes cellular disruption and damages membrane integrity, allowing the PPOs sequestered in the plastid to come into contact with the hydroxycinnamic acid derivatives, which are their substrates. Extensive browning of cut fruit and vegetable surface compromises food quality and usually impairs the properties of the product, representing a major economic problem both for the food industry (e.g., the industrial manipulation and preservation of these products) and for consumers (in the case of fresh and ready-to-eat fresh cut fruit and vegetables). Since PPO activity is influenced by factors such as pH, temperature and oxygen, the browning process is limited in the food industry through the use of chemical and/or physical agents, with a negative impact on nutritional and organoleptic properties. Browning negatively affects the commercial value of many key agricultural productions, including potato, lettuce, cereals, banana, cucumber, grape and eggplant (Taranto et al., 2017).

Eggplant (Solanum melongena L.) berries are characterized by a remarkable content in phenolic compounds, represented mainly by chlorogenic acid (5-O-caffeoylquinic acid). Chlorogenic acid plays important therapeutic roles due to its antioxidant, antibacterial, hepatoprotective, cardioprotective, anti-inflammatory and anti-microbial properties (Naveed et al., 2018). In eggplant, a correlation between the concentration of phenolics (mainly chlorogenic acid) and browning has been detected in the fruit flesh, although additional morphological and physiological factors may be involved in browning phenomena (Kaushik et al., 2017). Furthermore, in commercial varieties, the selection for berries with a reduced degree of browning in the flesh has resulted in the indirect selection of accessions with lower concentrations of phenolics (Prohens et al., 2007).

Shetty et al. (2011) identified six genes encoding PPOs in eggplant and, on the basis of both protein sequence similarity and organ-specific patterns of expression, they proposed the distinction of eggplant PPOs in two clades: A and B, with clade A encompassing genes expressed mostly in roots, while clade B genes are involved in defense mechanisms. This categorization was further extended to the rest of Solanaceae PPOs (Taranto et al., 2017).

The development of new technologies to disable genes coding for PPOs represents the most promising strategy to avoid undesired browning in plant-derived products, as it would allow to positively select genotypes enriched in beneficial phenolic compounds, while reducing the need for physical and chemical treatments in the food industry. The positive impact on the storability of these foods, in addition, would help reduce waste.

Several examples are available on the adoption of RNA silencing strategies to down-regulate PPO genes in order to reduce the enzymatic browning in potato tubers (Bachem et al., 1994; Coetzer et al., 2001; Rommens et al., 2006; Llorente et al., 2011; Chi et al., 2014). By using artificial micro-RNAs (amiRNAs) all StuPPO genes have been silenced individually or in combination, identifying StuPPO2 as the main contributor to PPO activity (Chi et al., 2014). A few notable examples exist of commercially available genetically modified plants in which PPOs have been silenced, such as the Arctic Apple® and the Innate® potato. The emergent CRISPR/Cas9 technology has proved extremely efficient in gene editing and is expected to play a key role in crop breeding. This technology makes it possible to induce point mutations in one or multiple target sequences simultaneously, as well as to introduce new genetic variants through homology directed recombination (HDR), or to modulate transcription and chromatin structure at selected target loci (Doudna and Charpentier, 2014). While this technique has been successfully applied to some Solanaceae species, such as tomato and potato, including the knock out of the StuPPO2 gene in the potato tetraploid cultivar Desiree (González et al., 2020), no examples of genome editing in eggplant have been reported in literature so far (Van Eck, 2018).

In this study, thanks to the recent availability of a high quality, annotated and anchored eggplant genome sequence (https://solgenomics.net/organism/Solanum_melongena/genome; Barchi et al., 2019), we report the homology-based characterization, functional domain identification and phylogenetic analysis, of 10 PPO (SmelPPO1-PPO10) genes in eggplant. On the basis of their expression in the fruit after cutting, SmelPPO4, SmelPPO5, and SmelPPO6 were selected for the generation of knock-out mutants using the CRISPR/Cas9 technology. Regenerated T0, T1, and T2 lines were screened for induced mutations in the target genes as well as in potential off-target loci. In addition, PPO activity and the degree of browning in the flesh of eggplant berries were analyzed in our knock-out T1 and T2 edited lines.



MATERIALS AND METHODS


Mining of PPO in the Eggplant Genome and Phylogenetic Analysis

The six eggplant PPO aminoacidic sequences previously reported (Shetty et al., 2011) were used for a BlastP search of the eggplant proteome (https://solgenomics.net/organism/Solanum_melongena/genome) with an E-value threshold of 1 e−5. The polypeptide sequences of eggplant PPOs, together with those of six tomato and nine potato PPOs (Data Sheet 1), were used for a multiple alignment (Clustal Omega; https://www.ebi.ac.uk/Tools/msa/clustalo/). A phylogenetic analysis was performed with the MEGA X software. An unrooted phylogenetic tree was generated, applying the Neighbor-Joining (NJ) algorithm. The statistical significance of individual nodes was assessed by bootstrap analysis with 1,000 replicates, and the evolutionary distances were calculated using the p-distance method with default parameters.



qPCR Analysis

To identify PPO genes involved in the browning phenotype their corresponding mRNA levels were analyzed in the flesh of fruits of the “Black Beauty” variety harvested at the commercial ripening stage (Mennella et al., 2012) after cutting them transversally with a sharp knife. One gram of frozen fruit flesh was ground in liquid nitrogen to a fine powder and RNA was extracted using the “Spectrum plant total RNA kit” (Sigma-Aldrich, St. Louis, USA). RNA was extracted in three biological replicates from commercial grade ripe fruit 1 cm-wide slices exposed to air for 0 min (t0) and 30 min (t30).

cDNA was synthesized from 1 μg of RNA using a High Capacity RNA-to-cDNA kit (Applied Biosystems, Foster City, USA) as directed by the manufacturer. Using the Primer 3 software (http://bioinfo.ut.ee/primer3), primers targeting the ten identified eggplant PPO genes were designed (Supplementary Table 1). PCR reactions were carried out in three biological replicates using the StepOnePlus Real-Time PCR System (Applied Biosystems). The following PCR program was used: 95°C/10 min, followed by 40 cycles of 95°C/15 s and 60°C/1 min. Data were quantified using the 2−ΔΔCt method based on Ct values of actin and elongation factor as housekeeping genes. Values are expressed as relative mRNA abundance at 30 min after cutting compared to time 0 (just after cutting).



Target Identification, DNA Construct Cloning, and Off-Target Search

Sequences of the wound-induced SmelPPO4, SmelPPO5, and SmelPPO6 genes were aligned to find conserved regions, and BlastX and Prosite were used to annotate functional domains. A gRNA (ATGAATGGAAAGCAATCGGA) was designed to target a conserved region of these three genes and assembled into a CRISPR/Cas9 construct carrying the hCas9 and the nptII gene for kanamycin resistance, using the GoldenBraid (GB) assembly system and following GB software-directed procedures (https://gbcloning.upv.es/). An additional guanine was added at the 5'end in order to improve expression under the U6-26 RNA PolIII promoter (Cong and Zhang, 2015). The hCas9 expression is driven by the CaMV 35S promoter, while the gRNA is placed under the control of the AtU6-26 RNA PolIII promoter. Putative off-target sites were identified with the CasOT software (http://casot.cbi.pku.edu.cn/), using the eggplant genome as reference. Four off-targets (OT1-OT4) were selected based on the number and position of mismatches (Supplementary Table 2); the corresponding loci (a 1 kb region around the putative off-target site) were inspected, to determine whether they corresponded to functional genes, and considered for sequencing analyses.



Genetic Transformation of Plants

The final pCambia vector Tnos:nptII:Pnos-U6-26:gRNA:scaffold-P35S:hCas9:Tnos was transformed into LBA4404 Agrobacterium tumefaciens strain. A pre-culture was set up in a modified MGL liquid medium (tryptone 5 g l−1, yeast extract 2.5 g l−1, NaCl 0.1 g l−1, mannitol 5 g l−1, glutamic acid 1.15 g l−1, KH2PO4 0.25 g l−1, MgSO4.7H2O 100 g l−1, biotin 1 mg l−1, pH 7) supplemented with 50 mg l−1 rifampicin and 50 mg l−1 kanamycin, and incubated overnight at 28°C. From this, a second culture was set up in TY liquid medium (tryptone 5 g l−1, yeast extract 3 g l−1, MgSO4.7H2O 0.5 g l−1, pH 5.8) supplemented with 200 μM acetosyringone and incubated overnight in the dark at 28°C. Before transformation, the optical density of the culture at 600 nm (OD600) was measured and the bacterial culture was diluted to a final OD600 of 0.10–0.15 in TY medium supplemented with 200 μM acetosyringone. Explants of about 5 mm in length were cut from the cotyledons of in vitro germinated ‘Black Beauty’ seeds, dipped in the bacterial culture for a minimum of 10 min, blotted dry on filter paper and transferred for 48 h on a co-culture medium (MS basal salt mixture 4.5 g l−1, MES 0.5 g l−1, sucrose 30 g l−1, phytoagar 10 g l−1, Gamborg vitamin mixture 1 ml l−1, trans-zeatin 2 mg l−1, IAA 0.1 mg l−1, acetosyringone 200 μM, pH 5.8), in the dark. For organogenesis and shoot induction, a common basal induction medium was used, as previously described (Muktadir et al., 2016) (MS basal salt mixture 4.5 g l−1, MES 0.5 g l−1, sucrose 30 g l−1, phytoagar 10 g l−1, Gamborg vitamin mixture 1 ml l−1, trans-zeatin 2 mg l−1, IAA 0.1 mg l−1, kanamycin 30 mg l−1, carbenicillin 400 mg l−1, pH 5.8), with three different conditions: without further additives, with supplementation of ascorbic acid 5 mg l−1 and citric acid 5 mg l−1, and with supplementation of polyvinylpyrrolidone (PVP40) 200 mg l−1. Furthermore, for each medium composition, two conditions were tested during the first 3 days of induction: no incubation, or 3 days of incubation in the dark, after which explants were grown in the same conditions as the untreated group (16:8 light:dark cycle, 24°C). Elongation and rooting were performed on the same media for all conditions and explants were moved to a fresh medium every 2–3 weeks. Both media were previously described (Muktadir et al., 2016) and were not supplemented with antioxidants, as no oxidative damage was observed from this stage onwards. The elongation medium was supplemented with kanamycin 30 mg l−1 and carbenicillin 400 mg l−1, but did not contain any hormone. Kanamycin was removed from the rooting medium to avoid inhibitory effects on root development, and 0.2 mg l−1 indolebutyric acid were added. Fully developed plantlets were then moved to soil and gradually acclimated to ex vitro conditions.



Target and Off-Target Sequencing

Genomic DNA was extracted using a CTAB protocol (Doyle and Doyle, 1987) from leaves sampled when plantlets were transferred from in vitro growth conditions to soil. The presence of the transgene was assessed by amplifying the hCas9 (Supplementary Table 3) gene by using qPCR (in three technical replicates) according to the protocol described in the previous paragraph. DNA was also extracted from T1 and T2 progeny plants (Data Sheet 3).

Mutation frequencies at the target and off-target sites were evaluated according to an adapted version of the 16S Metagenomic Sequencing Library preparation protocol provided by Illumina (16S Sample Preparation Guide). Amplifications were carried out using the KAPA HiFi HotStart ReadyMix PCR Kit (Kapa Biosystems, Boston, MA). Dual indexing was done using the Nextera XT system (Illumina, San Diego, CA) using 16 i5 indexes (S502-S522) and 24 i7 indexes (N701-N729), enabling the multiplexing of 333 individual libraries. Due to their high sequence identity, a differential amplification of SmelPPO4 and SmelPPO6 was obtained with a first specific PCR, using primers designed on flanking non conserved regions, while a second amplification was performed with non-specific primers carrying Illumina adapter sequences (Supplementary Table 3). Amplifications of SmelPPO5, OT1, OT2, OT3, OT4 were done directly using primers modified with Illumina adapter sequences (Supplementary Table 3). Products were diluted 1:50 and used as templates to add dual Nextera XT indexes (Data Sheet 2). Finally, indexed amplicons were purified using AmpureBeads (0,7X) and quantified using Qubit 2.0 (Life Technologies, Carlsbad, CA, USA), based on the Qubit dsDNA HS Assay (Life Technologies, Carlsbad, CA, USA). All samples were diluted to 4 nM and pooled in a single tube. Sequencing was performed with an Illumina MiSeq sequencer (Illumina Inc., San Diego, CA) and 150 bp paired-end reads were generated. From reads generated by WGS sequencing, adapters were removed and reads that were <50 nucleotides long were discarded using Trimmomatic v0.39 (Bolger et al., 2014). Processed reads were analyzed for CRISPR/Cas9 editing events with CRISPResso2 [http://crispresso2.pinellolab.org (Clement et al., 2019)] (Supplementary Table 4). Sequences can be can be downloaded at https://www.crispr-plants.unito.it/eggplant.



PPO Activity Assay

Fruits of the wild type and edited lines (T1 and T2) were collected in eight biological replicates at the commercial ripening stage (Mennella et al., 2012). Flesh slices about 1 cm thick, cut at the midpoint between the blossom and stem ends, were exposed to air for 30 min (t30) before pictures were taken. After the exposition, all fresh tissues were immediately frozen in liquid nitrogen and stored at −80°C for PPO activity measurement of the eight biological replicates. PPO activity analysis was performed according to previously described protocols (Bellés et al., 2006; Plazas et al., 2013) with minor modifications: 1 g of fresh frozen peel tissue was taken and ground in a mortar with liquid nitrogen and 50 mg of polyvinylpolypyrrolidone before being resuspended in 4 ml 0.1 M sodium phosphate buffer pH 6. Samples were sonicated in a water bath for 10′ at 20°C, centrifuged at 12,000 rpm for 15′ at 4°C and the supernatant was collected. Protein concentration was evaluated using Bradford's dye (Sigma Aldrich) binding assay using bovine serum albumin (Sigma Aldrich) as a standard (Bradford, 1976). PPO activity was measured colorimetrically at room temperature using a spectrophotometer (Beckman Coulter, Brea, CA, USA) to follow the emerging enzymatic reaction. For sample analysis, 145 μl sodium phosphate buffer (0.1 M, pH 6, RT), 15 μl chlorogenic acid (Sigma Aldrich, 35.5 mg ml−1), and 40 μl of protein extract were mixed and absorbance (415 nm) measured every 10 s for 25 min. A negative control without protein extract was even analyzed. One unit of enzyme activity was defined as the increase in 0.1 absorbance unit per minute per milligram of fresh weight (Kaushik et al., 2017).




RESULTS AND DISCUSSION


SmelPPO Identification and Phylogenetic Analysis

In addition to the six sequences previously reported (Shetty et al., 2011), four new loci in the eggplant genome were found to encode polyphenol oxidases and named SmelPPO7-10 (Table 1). Coding sequences retain extensive structural similarities both within S. melongena and with homologs in tomato and potato. The CDS of PPOs range in size from 1,686 to 2,466 bp; all genes except SmelPPO3 and SmelPPO4 are on the negative strand and, like the PPO genes of tomato and potato, eggplant PPOs do not possess introns. In all the three Solanum species, PPO genes cluster on chromosome 8 (Figure 1A), with the exception of one orthologous gene (SmelPPO10 in eggplant, StuPPO9 in potato, and SlPPOG in tomato), mapping on chromosome 2. This suggests that PPO genes evolved from tandem duplications and further supports the notion that the structure of this gene family, and possibly its functional specializations, are conserved across Solanaceae species.


Table 1. Characteristics of PPO encoding genes and of PPO proteins.
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FIGURE 1. (A) Relative position and organization of PPO1-9 genes on chromosome 8 of Solanum melongena. All eggplant PPOs except SmelPPO10 are located on chromosome 8. (B) Phylogenetic analysis of PPO proteins. The neighbor-joining trees was constructed by aligning the PPO protein sequences contained in Data Sheet 1. Clade A (orange) and B (yellow) proteins. The number at each node represents the bootstrap percentage value from 1,000 replicates. Smel, Solanum melongena; Sl, Solanum lycopersicum; Stu, Solanum tuberosum.


The PPO encoded proteins range in size from 562 to 822 aa (Table 1). All polypeptides possess the same functional domains, namely the central tyrosinase and PPO1_DWL domains, and a C-terminal domain of unknown function (DUF_B2219), characterized by the KFDV conserved motif. In accordance with previous reports (Taranto et al., 2017), we confirmed that in the Solanaceae family two main clusters can be distinguished among PPO proteins (Figure 1B), which correspond to a functional separation between PPOs that are preferentially expressed in roots (tomato SlPPO A-D, potato StuPPO2 and StuPPO4 and eggplant class A proteins, i.e., SmelPPO1-3) and PPOs whose expression is associated to defense responses (tomato SlPPO E and F, potato StuPPO1 and eggplant class B proteins, i.e. SmelPPO4-6). Among the newly identified proteins, SmelPPO7 clusters with class A proteins, SmelPPO8 with StuPPO5 and SmelPPO9 with StuPPO8. Finally, SmelPPO10 clusters with StuPPO9 and SlPPOG.



Transcriptional Profiling in Response to Wounding

Oxidative browning in eggplant is influenced by multiple factors, including total phenolic content, PPO expression and also the way in which the plant integrates environmental stimuli to elicit defense responses (Mishra et al., 2013; Plazas et al., 2013; Docimo et al., 2016). The differential spatial and temporal expression patterns of PPOs in planta reflect the functional diversity among the PPO gene members. In eggplant, the expression of SmelPPO1-6 genes was higher in young tissues and declined during plant development in mature and reproductive organs (Shetty et al., 2011). In fruits, PPO expression was mainly concentrated in the exocarp and in the areas surrounding the seeds in the mesocarp (Shetty et al., 2011). PPO expression is mainly induced by herbivores or by mechanical damage, such as cutting.

The promoters of group B genes (Shetty et al., 2011) are characterized by the presence of several responsive elements for wounding stress and defense response (Thipyapong et al., 1997). The structural similarity of eggplant class B PPO genes (SmelPPO4-5-6) to wound-induced tomato SlPPOF might suggest an analogous pattern of gene regulation (Thipyapong et al., 1997).

In our study we analyzed the transcript levels of PPO genes in the flesh of full-ripe eggplant berries of the “Black Beauty” variety 30 min after cutting (Figure 2). A strong increase in gene transcription in the flesh was observed for all PPOs, and especially for SmelPPO1 (7.45X), SmelPPO4 (3.03X), SmelPPO6 (4.00X), SmelPPO8 (3.59X), and SmelPPO10 (4.01X). The simultaneous activation of both A and B classes of PPO genes was already observed in the eggplant cultivars AM086 (Docimo et al., 2016) and Arka Shirish (Shetty et al., 2011). Based on this transcriptional profile, we hypothesized that the design of an appropriate editing strategy directed at reducing detrimental oxidative browning in fruit tissues might require simultaneous suppression of several members of this multigene family. In our experiments we targeted class B PPO genes (SmelPPO4, SmelPPO5, and SmelPPO6) through a CRISPR/Cas9 editing strategy. Due to their extremely high level of similarity, it was possible to design a unique gRNA against the tyrosinase domain of all class B genes.


[image: Figure 2]
FIGURE 2. Transcriptional levels of 10 PPO-encoding genes in the Black Beauty variety 30 min after fruit cutting. The values are expressed as relative mRNA abundance at 30 min after cutting compared to time 0 (just after cutting). Eggplant actin and elongation factor genes were used as the reference genes. Data are means of three biological replicates ± SE. Different letters associated with the set of means indicate a significant difference based on Tukey b test (P ≤ 0.05).




Plant Regeneration

The development of new genome editing technologies in plant breeding has fostered a growing interest for in vitro culture and regeneration protocols, which represent a major bottleneck in the application of these techniques in many plant species of agricultural and industrial interest. Due to the difficulties often encountered in eggplant regeneration, with available protocols being mostly inefficient or highly dependent on the genotype, no examples of genome editing in this species has been reported in literature so far. After the first report of the Agrobacterium-mediated transformation of eggplant (Guri and Sink, 1988), several examples of genetic transformation have been proposed using seedling explants like the hypocotyl, epicotyl, and node segments and cotyledon segments, leaf disks or roots (Rotino et al., 2014; Saini and Kaushik, 2019; García-Fortea et al., 2020).

In many plant species, the browning of tissues, which leads to toxicity and necrosis, is one of the major causes of unsuccessful in vitro organogenesis and regeneration from explants. Browning is associated with the oxidation of phenolics, whose release is caused by cutting and manipulating explants and calli. This problem is particularly relevant in eggplant, whose tissues are rich in phenolic compounds. Among strategies to avoid browning, the most common include the supplementation of culture media with antioxidant or adsorbent compounds (Abdelwahd et al., 2008; Menin et al., 2013).

We tested different strategies to reduce browning during eggplant tissue culture, including the addition of citric and ascorbic acid and PVP supplementation, and we found out that PVP supplementation exerts a positive effect on shoot regeneration. Among a total of 15 rooted shoots, 10 derived from the PVP-supplemented medium, four from not supplemented medium, and only 1 from the medium supplemented with ascorbic and citric acids. No differences were found in the phenotype of regenerants from different culture conditions. However, in spite of their notably higher number, the emergence of shoots on the PVP-supplemented medium was slower.

Dark treatments are known to increase adventitious shoot formation in cotyledon, leaf and hypocotyl explants in a number of species, including eggplant (Muktadir et al., 2016). However, we did not observe differences between shoots which underwent the 3-days dark treatment and those which did not. For all regenerating conditions, shoots apt for rooting were recovered in as short as 6 weeks (Supplementary Figure 1).



Screening for Mutations in the T0 Generation

CRISPR/Cas9 induced mutagenesis can be employed to induce the simultaneous knockout of multiple targets within a gene family (Karunarathna et al., 2020; Sashidhar et al., 2020). Targeting a conserved gene family poses some challenges regarding the design of the gRNAs as well as the screening of edited genotypes and off-target effects. This can be particularly problematic for PPOs, since different members of this gene family, including the ones implicated in defense response, possess distinct activation patterns and specialized metabolic functions. By identifying a conserved region of SmelPPO4 and SmelPPO5, corresponding to the tyrosinase domain, we designed a gRNA targeting both SmelPPO4 and SmelPPO5, as well as SmelPPO6 (Figure 3A).


[image: Figure 3]
FIGURE 3. (A) Alignment of SmelPPO4, SmelPPO5 SmelPPO6 with selected gRNA. (B) Genotyping of targeted gene mutations induced by CRISPR/Cas9 in the T0 generation. Quantification of Illumina reads edited at the target locus in T0_3 and T0_4. For each line, the percentage of reads carrying mutated (blue) as well as not mutated (red) target sequence is reported together with the pattern and frequency of targeted gene mutations.


After transformation of the CRISPR/Cas9 constructs in eggplant cotyledons and regeneration, 12 eggplant T0 individuals (T0_1-T0_12) were analyzed (Data Sheet 3). The qPCR analysis using Cas9 gene-specific primers revealed genomic integration of the construct in nine T0 plants, while T0_1, T0_6 and T0_10 did not possess the transgene. In order to detect mutations in SmelPPO4-5-6, we employed targeted deep sequencing of genomic DNA, which allowed us to comprehensively assess the editing efficiency and the types of mutations (Data Sheet 3). Among the nine transformed plants, the Illumina amplicon sequencing revealed that simultaneous editing of SmelPPO4, SmelPPO5, and SmelPPO6 genes occurred in 2 lines (T0_3 and T0_4) (Figure 3B). For the remaining lines, T0_5 and T0_12 showed editing only at the SmelPPO5 locus, while T0_10 at the SmelPPO4 locus (Data Sheet 3). In most transformants, SmelPPO5 appears edited to a higher extent than SmelPPO4 and SmelPPO6, with the exceptions of T0_3, T0_4 and T0_10. Notably, in T0_5 SmelPPO5 reached an editing efficiency of 50% while the other two loci displayed negligible levels of mutation. Preferential editing of one member of a family sharing the same gRNA recognition sequence might depend on the transcriptional status of the target sequences. Although after wounding the expression of SmelPPO5 is induced at lower levels than the ones of SmelPPO4 and SmelPPO6, its transcript abundance seems to be generally higher, as suggested by its Ct values. The transcriptional accessibility of this locus might also reflect on its availability for the Cas9 endonuclease. It is interesting to point out that, in T0_10, SmelPPO4 was edited with an efficiency of over 70% although the transgene was not integrated, which highlights that it is possible to retrieve non-transgenic plants derived from edited cells in which the editing machinery presumably acted in a “transient” fashion.

T0_3 showed the greatest editing efficiency for all three loci, i.e., 76% for SmelPPO4, 74% for SmelPPO5 and 60% for SmelPPO6. In T0_4, a high editing efficiency was also detected, i.e., 76% for SmelPPO4, 20% for SmelPPO5 and 21% for SmelPPO6 (Data Sheet 3 and Figure 3B), although these values are lower than those of T0_3. The number of plants edited at all loci was low (22%) and editing efficiencies were also significantly below the ones observed in tomato and potato, presumably as a consequence of low levels of expression of Cas9 and gRNAs (Pan et al., 2016). T0_3 and T0_4 had chimeric mutations (with at least 3 different alleles) in all targeted loci and retained a proportion of the wild type allele. The wild type copy of the target gene in chimeric plants could thus continue to mutate either in T0 or in the following generations if the Cas9 transgene does not segregate. The predominance of this chimeric status in the T0 resembles the pattern described in tomato (Pan et al., 2016; Nonaka et al., 2017). Chimerism suggests that gene editing occurred after the emergence of differentiated tissues, leading to a heterogeneous mutation pattern within the same plant. Transgene expression might be influenced by the chromatin status at its insertion locus and, of course, by the choice of promoters. In Arabidopsis, where mutants are obtained through floral dipping and where the expression of Cas9 in the germline is crucial to fix edited alleles, the use of egg cell-specific promoters for Cas9 expression allowed to efficiently obtain non-mosaic T1 mutants for multiple target genes (Wang et al., 2015). In plants regenerated through somatic organogenesis, the use of egg-cell and embryo-specific promoters might also help retrieving T1 generations with higher levels of homozygous or biallelic mutations (Zheng et al., 2020). Since no previous reports of gene editing dynamics existed for eggplant, and because we predicted the regeneration process to be the limiting factor (both in terms of efficiency and time consumption), we prioritized the use of standard gene editing constructs to maximize Cas9 expression and establish a baseline protocol. Based on this, other variants (e.g., tissue- or species-specific promoters) can be successively factored in to fine-tune the editing outcome.

Previous observations showed that small indels are the predominant mutations introduced in plants by gene editing and that the breakpoint introduced by Cas9 is placed at 3 nucleotides upstream of the PAM (Bortesi et al., 2016; Pan et al., 2016; Andersson et al., 2017). In plants, insertion of one nucleotide or deletion of 1–10 nucleotides are the most common mutations (Pan et al., 2016). The most common mutations in our T0 eggplant plantlets were represented by a single nucleotide insertion (+G; T0_3-SmelPPO4) and by a deletion of one (T0_4-SmelPPO4/6; T0_5-SmelPPO5), two (T0_3-SmelPPO5), three (T0_3-SmelPPO6), or four (T0_4-SmelPPO5; T0_10-SmelPPO4; T0_12-SmelPPO5) nucleotides (Data Sheet 3).



Analysis of Off-Target Mutations

Only few occurrences of low-frequency off-target mutations induced by CRISPR/Cas9 have been reported in plant species so far (Feng et al., 2013; Peterson et al., 2016; Wolt et al., 2016; Hahn and Nekrasov, 2019) contrary to what observed in human cells (Fu et al., 2013). The risk of off-target effects has been reported as comparable to that of somaclonal variation deriving from plant tissue culture itself (Ma et al., 2015). In order to reduce off-target effects, a strategy based on Cas9/sgRNA ribonucleoprotein complexes has been proposed (Hahn and Nekrasov, 2019). Indeed, only through a whole genome resequencing of the edited lines is it possible to exhaustively evaluate the presence of off-target mutations induced by the selected sgRNAs. However, other screening methods make it possible to rule out the occurrence of undesired mutations at selected loci, which is reliable particularly if they correspond to transcriptionally active sequences.

One of the major risks related to targeting conserved regions in a gene family is that putative off-targets are most likely other members of the same family which, in the case of PPOs, are also located in close proximity on the genome. This makes it much more difficult to eliminate potentially undesired off-targets by breeding, than it is for non-linked loci. With respect to our gRNA, four putative off-target sequences were identified: one was an intergenic sequence, while three corresponded to other members of the PPO family (SmelPPO2, SmelPPO3, and SmelPPO7) (Supplementary Table 2).

In order to confirm that our selected T0 edited lines (T0_3 and T0_4) displayed mutations only in the SmelPPO4-5-6 loci, we sequenced the candidate off-target loci by applying the same Illumina Amplicon Sequencing Protocol we used for the sequencing of target loci, and which allowed us to get a deep insight into possible non-specific editing activity. The total variation at putative off-target sites was compared between edited and wild type plants (Table 2). We seldom observed only base substitutions consistent with SNPs or sequencing errors and, even considering those, no increase in total variation was observed between wild type and mutants. Our analyses thus demonstrated the lack of off-target effects, confirming the specificity of Cas9-mediated PPO gene editing in eggplant. The presence of mismatches in the seed region between our selected sgRNA and the off-target SmelPPOs supports the specificity of our results (Hahn and Nekrasov, 2019), since this 3′ terminal region of the target sequence is known to strongly affect recognition by the Cas9 endonuclease.


Table 2. Quantification of Illumina reads edited at putative off-target loci in T0 generation.
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Segregation of the Transgene and of Mutated Alleles in the T1 and T2 Progeny

Due to the early finding that in Arabidopsis many somatic mutations were not efficiently inherited, concerns about the heritability of CRISPR/Cas-induced mutations were initially raised (Feng et al., 2013). However, in all other edited monocot and dicot species, T1 generations with high mutation efficiencies have been obtained, demonstrating the heritability of edited alleles (Miao et al., 2013; Gao et al., 2015; Li et al., 2015; Svitashev et al., 2015; Pan et al., 2016). In our case, 14 T1 plants of the T0_4 progeny were examined to investigate the transmission pattern of CRISPR/Cas9-induced mutations. Out of 14 analyzed individuals, 4 presented no detectable amplification of hCas9 and therefore it is reasonable to deduce that the transgene was segregated (Data Sheet 3).

In order to detect the mutation efficiency and patterns at different sites in SmelPPO4-5-6 genes, we employed targeted deep sequencing. The average editing efficiency was 60% for SmelPPO4, 52% for SmelPPO5, and 52% for SmelPPO6 (Figure 4A). Focusing on the SmelPPO4 locus, five were heterozygous mutants, four chimeric, three homozygous and two WT. At the SmelPPO5 locus, four were homozygous mutants, eight chimeric and two WT. At the SmelPPO6 locus, three were homozygous mutants, seven chimeric and four WT (Figure 4B; Data Sheet 3).


[image: Figure 4]
FIGURE 4. Genotyping of targeted gene mutations induced by CRISPR/Cas9 in the T1 and T2 generations. (A) Mutagenesis frequencies for all three targeted loci in T1 and T2 progenies. (B) Zygosity of targeted gene mutations in T1 and T2 populations.


The most common mutation at the SmelPPO4 locus was a single nucleotide deletion, followed by a 4 nucleotide deletion. At the SmelPPO5 locus different mutations were present:−2/-1/-4/-3. The segregation pattern at the SmelPPO6 locus (which was less mutated in T0) was less predictable and a number of new mutations (-2/-3/-7) were found in the T1 lines. The highest editing efficiency was highlighted for T1_4_10: 85% for SmelPPO4, 90% for SmelPPO5 and 90.7% for SmelPPO6 (Data Sheet 3).

To further investigate the genetic stability of the targeted mutations we screened the T2 plants derived from selfing T1_4_8, T1_4_9 and T1_4_10 (Data Sheet 3). The presence of a transgene in most of the analyzed T2 plants (19/21) suggested that more than one copy of the transgene was inserted in those T0 regenerants, which explains that Cas9 can still be active in all T2 plants.

Compared to the T1 generation, the mutagenesis frequency (99% for SmelPPO4, 85% for SmelPPO5 and 85% for SmelPPO6) as well as the overall proportion of homozygous, biallelic and chimeric assets increased (Figure 4). As expected, all 7 T2 progeny of T1_4_11 were homozygous at the SmelPPO4 locus, indicating that the mutations in the homozygotes were stably passed to the next generation in a Mendelian fashion. As previously observed in other species (Pan et al., 2016), the segregation patterns of the T1 chimera lines were less predictable and a number of new mutants were obtained due to the probable continued Cas9 activity. Interestingly, T2_4_10_1 showed homozygous mutations for SmelPPO4 (-1/-1), SmelPPO5 (-4/-4) and SmelPPO6 (-4/-4) (Figure 5).
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FIGURE 5. Genotyping of targeted gene mutations induced by CRISPR/Cas9 in the T2_4_10_1 plant. The dashed lines represent nucleotide deletions. The reported number represents the frequency and the number of reads carrying mutated (edited) target sequence.


It has been previously demonstrated how off-target effects can be further exacerbated in the T2 progeny as compared to T0 and T1 (Zhang et al., 2018). Targeted deep sequencing at putative off-target loci once again demonstrated the lack of significant mutated off-targets in our T2 progeny, confirming the specificity of Cas9-mediated PPO gene editing in eggplant (Data Sheet 3). We observed only base substitutions consistent with SNPs or sequencing errors, with similar frequencies to those observed in the T0, which did not represent an increase in total variation between wild type and mutant lines.



Enzymatic Browning and PPO Activity Analysis in Eggplant Berries

We hypothesized that the CRISPR/Cas-mediated knock out of PPOs would result in a lowered enzymatic browning, due to the reduced PPO activity. Selected T1 lines (T1_4_8, T1_4_9 and T1_4_10) carrying mutations in SmelPPO4-5-6 genes were subjected to phenotypic analysis of enzymatic browning and PPO activity in berries. The lines were grown in a greenhouse and no growth alteration or changes in berry size/weight were observed during plant development when compared to wild type, as previously observed in potato (Llorente et al., 2011). The berries were cut and exposed to air for browning induction. After 30 min, the typical brown discoloration due to phenolic oxidation was detected and it was clearly more evident in wild type plants in comparison to edited lines (Figure 6A). The average PPO activity of T1_4_8, T1_4_9 and T1_4_10 lines was also found to be reduced by 48, 61, and 52%, respectively, compared to the wild type (Figure 6B). By comparing the T2 edited lines with wild type a reduction of PPO activity as well as of browning discoloration upon cutting was highlighted (Supplementary Figure 2).


[image: Figure 6]
FIGURE 6. Phenotypical and biochemical changes associated with postcut browning. (A) Cut fruits of Wild Type, T1_4_8, T1_4_9 and T1_4_10 showing post-cut browning 30 min after cutting. (B) Polyphenoloxidase (PPO) activity in fruits of Wild Type, T1_4_8, T1_4_9 and T1_4_10. Data are means of eight biological replicates ± SD. Asterisks indicate a significant difference based on Tukey's HSD test (P ≤ 0.05).


Several studies applied RNA silencing technologies to down-regulate the expression of PPO genes in potato tubers (Bachem et al., 1994; Rommens et al., 2006; Llorente et al., 2011; Chi et al., 2014). In this species, by using the amiRNA technology (Chi et al., 2014), a reduction in PPO activity of 15–95% was obtained and it was more marked when StuPPO1 to 4 were simultaneously suppressed. Furthermore, in a more recent study in potato, CRISPR/Cas mutants for the four alleles of the StuPPO2 gene (which is considered the major contributor to the PPO protein content) displayed a reduction up to 69 and 73% in the PPO activity and enzymatic browning, respectively (González et al., 2020)

We can hypothesize that the partial reduction of PPO activity in eggplant, comparable to the one observed in potato mutants, might be enhanced through the knockout not only of class B PPOs (SmelPPO4-5-6), but even of class A PPOs (SmelPPO1 and SmelPPO3). However, this approach could provoke downside effects, due to the involvement of the PPO multigene family in important cell functions (Jukanti and Bhatt, 2015).




CONCLUSIONS

We have established a successful protocol for gene editing in eggplant, adding to the list of Solanaceae species for which CRISPR/Cas9 represents an alluring option for the introduction of specific traits through a biotechnological approach. Our system, based on the use of one guide RNA directed simultaneously at three members of the PPO gene family, demonstrated to be specific for the target genes, without detectable off-target effects on other members of the same gene family.

Upon cutting, edited T1 and T2 eggplant fruits showed a reduction of the typical brown coloration due to phenolic oxidation. Through our approach it will be possible to develop eggplant varieties that maintain their antioxidant and nutritional properties during harvest and post-harvest procedures, without reducing the content in phenolics, which are beneficial for human health.

Phenolics provide a substrate to oxidative reactions catalyzed by PPOs that, consuming oxygen and producing fungitoxic quinones, play a role in making the medium unfavorable to the further development of pathogens (Taranto et al., 2017); however, contrasting results are reported in literature, as PPO silenced lines of potato were found to acquire higher resistance to P. infestans (Llorente et al., 2014). Our future studies will be thus focused in assessing the relationship between PPO knock-out and pathogen response in our mutant eggplant lines.
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Crop yield is largely affected by global climate change. Especially periods of heat and drought limit crop productivity worldwide. According to current models of future climate scenarios, heatwaves and periods of drought are likely to increase. Potato, as an important food crop of temperate latitudes, is very sensitive to heat and drought which impact tuber yield and quality. To improve abiotic stress resilience of potato plants, we aimed at co-expressing hexokinase 1 from Arabidopsis thaliana (AtHXK1) in guard cells and SELF-PRUNING 6A (SP6A) using the leaf/stem-specific StLS1 promoter in order to increase water use efficiency as well as tuberization under drought and heat stress. Guard cell-specific expression of AtHXK1 decreased stomatal conductance and improved water use efficiency of transgenic potato plants as has been shown for other crop plants. Additionally, co-expression with the FT-homolog SP6A stimulated tuberization and improved assimilate allocation to developing tubers under control as well as under single and combined drought and heat stress conditions. Thus, co-expression of both proteins provides a novel strategy to improve abiotic stress tolerance of potato plants.
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INTRODUCTION

Global climate change has become a huge threat for food security worldwide (Birch et al., 2012; Mittler et al., 2012; Fahad et al., 2017; George et al., 2017; Lamaoui et al., 2018; Dahal et al., 2019). In particular rising temperatures and reduced water availability are challenging agriculture worldwide, especially in the northern hemisphere where most cultivated plants are not adapted to such conditions (Lafta and Lorenzen, 1995; Monneveux et al., 2013; George et al., 2017). One of them is the important and widely used crop potato (Solanum tuberosum L.). Potato plants are very sensitive to elevated temperatures (Lafta and Lorenzen, 1995; Levy and Veilleux, 2007; Hastilestari et al., 2018; Trapero-Mozos et al., 2018), but also drought susceptible (Deblonde and Ledent, 2001). They originate from relatively cool regions in the Andes of South America and produce starchy storage organs, the tubers, which form from underground stems, the stolons. Formation of tubers naturally occurs at the end of summer under SD conditions. This process has been described previously (Hannapel et al., 2017), and is amongst various other regulators mainly controlled by a FLOWERING LOCUS T homolog (Navarro et al., 2011). In potato, this is referred to as SELF-PRUNING 6A (SP6A) and its expression correlates with tuber formation (Abelenda et al., 2011, 2014; Navarro et al., 2011, 2015; Teo et al., 2017; Lehretz et al., 2019). Besides the day length-dependent accumulation of SP6A, its expression is also under temperature control. Elevated temperatures result in down-regulation of SP6A expression, which correlates with decreased tuber yield (Hancock et al., 2014; Hastilestari et al., 2018). Recently a small RNA induced under heat and targeting SP6A was discovered as the underlying molecular mechanism (Lehretz et al., 2019).

Moreover, drought is an abiotic stress predicted to rise in the near future and thus harming yields (Monneveux et al., 2013). In potato, drought negatively affects plant growth, tuber number, tuber size and tuber bulking (Deblonde and Ledent, 2001; Schafleitner et al., 2007). Drought is often accompanied by heat and both together strongly decrease tuber yield (Schafleitner et al., 2007). However, even under ambient conditions lower transpiration and thus lower water consumption would be desirable to save water expenses. Previous work showed that guard cell specific overexpression of hexokinase 1 from Arabidopsis thaliana (AtHXK1) using the KST1 promoter from potato efficiently reduces transpiration and increases water use efficiency (WUE) in several crop plants including tomato and citrus (Kelly et al., 2013, 2017; Lugassi et al., 2015).

However, up to now only few reports show an improved tuber yield under heat or drought stress in potato. For example repression of TOC1 or overexpression of Hsc70 increased heat tolerance (Trapero-Mozos et al., 2018; Morris et al., 2019), whereas overexpression of a MYB or a bZIP transcription factor ameliorated drought tolerance (Shin et al., 2011; Moon et al., 2015). Improved yield under combined drought and heat stress has not been reported so far. Here, we aimed to enhance tuberization and to reduce water loss concurrently by creating transgenic potato plants overexpressing both SP6A and AtHXK1. Thereby, we achieved significant yield improvements under single as well as combined stress conditions. These transgenic plants exhibited reduced transpiration and enhanced tuberization under control conditions, but most importantly, yield reduction was much lower or not present under heat and drought stress. Moreover, the starch content of the tubers was hardly affected by stress treatments. Together, we provide a novel strategy to adopt potato plants to withstand expected climate changes and help to secure future carbohydrate food production while saving water resources at the same time.



RESULTS


Simultaneous Expression of Hexokinase and SP6A in Transgenic Potato Plants Reduces Transpiration and Enhances Tuberization

In previous studies it has been shown that guard cell-specific expression of AtHXK1 improves WUE of several plant species (Kelly et al., 2013, 2017; Lugassi et al., 2015). To verify that guard cell-specific expression of AtHXK1 in potato leads to reduced stomatal conductance and transpiration rates, transgenic potato lines overexpressing AtHXK1 under the guard cell-specific KST1 promoter (GCHXK) were created. Transgene expression was verified by qPCR in two independent lines (Supplementary Figure S1A). Next, gas exchange parameters were measured in these transgenic lines which confirmed reduced stomatal conductance (Supplementary Figure S1B) and transpiration rates (Supplementary Figure S1C). Concurrently, no clear negative effect on CO2 assimilation (Supplementary Figure S1D) was detected in these lines resulting in an enhanced WUE (Supplementary Figure S1E). Additionally, tuber yield of the highest expressing line was increased which can be attributed to a higher tuber weight rather than an increased tuber number (Supplementary Figures S1H,G).

Next, we attempted to co-express both, AtHXK1 and SP6A, in transgenic potato plants. Therefore both constructs were assembled into one expression vector using the Golden Gate cloning system (Weber et al., 2011; Figure 1A). AtHXK1 was expressed under the KST1 promoter (Müller-Röber et al., 1995), whereas SP6A was expressed under the StLS1 promoter (Stockhaus et al., 1987). Four transgenic lines were selected expressing both genes at high levels in source leaves (Figures 1B,C). Compared to untransformed control plants all transgenic plants showed a bushy habitus with reduced plant height (Supplementary Figure S2A). To investigate this further, several morphological parameters were measured (Supplementary Figures S2B–D), which indicate that the lower shoot length was accompanied by a higher number of leaves. Even though the individual leaves were smaller, the total leaf area per plant was slightly, but significantly, increased in all transgenic lines.
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FIGURE 1. Characterisation of HXK+SP6A potato plants under ambient conditions (A) schematic depiction of gene constructs (B) expression of AtHXK1 in source leaves, (C) expression of SP6A in source leaves, (D) transpiration (E) assimilation, (F) water use efficiency (WUE) at 28 days; values are the mean of four biological replicates ± SD, *p ≤ 0.05.


Following the molecular and morphological characterization, we investigated physiological changes in AtHXK1+SP6A plants. As shown in Figure 1D, transpiration rate of the double transgenic lines was reduced compared to the wild type. The lower transpiration was most likely caused by less opened stomata due to AtHXK1 expression which was confirmed by measuring the stomata width and length (Supplementary Figure S3A). The ratio between both parameters was significantly reduced in the transgenic lines, while the number of stomata per leaf area was similar to the wild type (Supplementary Figure S3B). Thus, the less opened stomata led to an about 30% lower transpiration, but at the same time the CO2 assimilation was only slightly negatively influenced (reduction by 10%) (Figure 1E) leading to an approximately 30% increased WUE in the transgenic lines (Figure 1F).



Transgenic AtHXK1+SP6A Potato Plants Show High Yield Stability Under Heat and Drought Stress

In further studies we investigated whether these transgenic plants are more resilient to abiotic stress factors and examined physiological and biochemical responses to heat and drought stress and a combination thereof. We designed an experimental setup (Figure 2A) in which all plants were first grown for 4 weeks under well-watered control conditions (approx. 65% relative water content (RWC) in the soil). Then, half of the population was adapted to drought conditions (approx. 35% RWC) for 1 week. Soil humidity was adjusted by daily watering. Thereafter, one half of each group was shifted to elevated temperatures in order to investigate heat effects. All plants were grown for two more weeks under these conditions until harvest (Figure 2A).
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FIGURE 2. Photosynthesis of HXK+SP6A potato plants under different stress treatments at the age of 5–6 weeks. (A) Experimental setup, (B) transpiration, (C) assimliation, (D) WUE, values are the mean of 8–12 biological replicates ± SD, *p ≤ 0.05 compared to respective WT.


The transpiration rate of the plants was determined under each condition. Similar to the first experiments, the transpiration rates were reduced in all AtHXK1+SP6A lines as compared to wild-type plants grown under control conditions (WC = water control) (Figure 2B). The transpiration rates of both wild type and AtHXK1+SP6A lines decreased in response to drought (DC = drought control), but total evaporation was lower in the transgenic plants (Figure 2B) consistent with the reduced stomatal aperture. Under elevated temperatures (WH = water heat), wild-type plants increased transpiration. A similar response was seen in AtHXK1+SP6A lines, but the absolute values were about 35% less than in wild-type plants (Figure 2B). Under combined stress conditions, i.e., drought and heat (DH), again the transpiration rate of transgenic lines was lower compared to wild-type plants.

CO2 assimilation was, if at all, only mildly reduced in AtHXK1+SP6A lines under all growth conditions as compared to wild-type plants (Figure 2C). Consequently, WUE was improved by about 30–50% in the AtHXK1+SP6A lines under well-watered control (WC), drought (DC), heat (WH) as well as double stress (DH) conditions (Figure 2D). This effect was mainly driven by the lower transpiration rate caused by expression of AtHXK1.

As the focus of our research was a biotechnological improvement of the tuber crop potato, we were especially interested in tuber yield which was determined together with other growth parameters at the end of the experiments. As observed before, all transgenic plants exhibited a reduced shoot growth compared to wild-type plants under control conditions that persisted also under all stress treatments (Figure 3A). Under drought conditions, plant height as well as green biomass (e.g., leaves and stem) decreased in the wild type, while both parameters were less affected in the transgenic lines (Figures 3A,B). The increase in plant height under heat (WH), known as shade avoidance phenotype, was observed in all genotypes, but it was less pronounced in the transgenics. The heat-mediated shoot elongation was abolished by simultaneous drought and heat stress (DH) in wild-type plants. Under combined stress the transgenic lines were slightly smaller than their respective controls (Figure 3A). The green biomass accumulation seemed less impaired by drought stress in the transgenics compared to wild type. Most importantly, despite a lower green biomass, tuber yield of all transgenic lines was 30–70% higher under control conditions. Tuber yield of transgenic plants was hardly affected by stress applications, indicating that they maintain high tuber yields even under stress conditions (Figure 3C and Supplementary Figure S4). In contrast, double stress application (DH) led to a severe yield reduction of roughly 70% in wild-type plants (Figure 3C). Under these conditions, the overall tuber yield of the transgenic plants was 4–5 times higher as compared to wild-type plants (Figure 3C). Even though tubers of transgenic plants were smaller (Figure 3D), a massive increase in tuber number more than compensated for this (Figure 3E) and contributed to higher yields. Finally, the harvest index of the transgenic plants was 2–8 times higher under all conditions (Figure 3F). The positive effects of AtHXK1 and SP6A co-expression especially on tuber yield were observed in three independent experiments using four plants per treatment and independent transgenic lines underlining the high reproducibility (Figure 3 and Supplementary Figures S5, S6).
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FIGURE 3. Yields data for HXK+SP6A potato plants harvested at 49 days. (A) Plant height, (B) green biomass, (C) yield, (D) mean tuber weight, (E) tuber number, (F) harvest index; plants were harvested at the age of 7 weeks; values are the mean of 4 plants ± SD, *p ≤ 0.05 compared to respective WT.


As a most likely reason for the yield reduction in the wild type, we reasoned a decreased SP6A expression in leaves and performed a quantitative RT-PCR. In fact, SP6A expression decreased upon both drought and heat in the wild type (Supplementary Figure S7A). However, the strongest downregulation of SP6A was detected under combined stress conditions. Overall, the pattern of yield reduction fitted well with SP6A expression level (Pearson correlation 0.91). In contrast, higher SP6A mRNA levels were measured in all transgenic lines under all conditions (Supplementary Figure S7A). In addition, expression levels of the small RNA (SES) described previously to repress SP6A under heat (Lehretz et al., 2019), was measured in wild type. The results confirmed its heat-mediated induction in wild type, while drought stress resulted in a down-regulation of SES (Supplementary Figure S7B).

Since more tubers per plant would have no agricultural value with reduced dry matter, we measured the tuber starch content. Under control conditions, no clear changes between tubers from wild type or transgenic plants were detected. Upon drought stress, no significant reduction in the starch content was seen in wild-type tubers. However, starch levels clearly decreased in wild type in response to heat and even further by combined heat and drought stress (Figure 4). Remarkably, starch contents were not significantly altered by stress treatments in most of the transgenic tubers and higher amounts of starch than in the corresponding wild-type tubers were observed under stress conditions (Figure 4).
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FIGURE 4. Starch content of tubers of HXK+SP6A potato plants under different stress treatments. Bars show mean of four biological replicates ± SD, *p ≤ 0.05 compared to respective WT.




DISCUSSION

Since global average temperatures are expected to rise further in the near future designing crop plants which can withstand heat stress is of utmost importance to secure food production (Birch et al., 2012; George et al., 2017; Lamaoui et al., 2018). Additionally, heat is often accompanied by drought, especially in tepid climate. Therefore, reduction of transpiration is a very desirable trait as it stabilizes yield and unleashes resources, allowing to be used elsewhere. With this goal in mind, transgenic potato plants were created that co-express two target genes, AtHXK1 and SP6A, and were tested for improved stress tolerance toward heat, drought and combined stress conditions.

The water consumption of crop plants is an important topic. Even though potato is rather efficient in water usage compared to other crops it is still vulnerable to drought conditions. Decreased transpiration rates might solve this agricultural problem. AtHXK1 was shown to reduce transpiration when expressed in guard cells of A. thaliana, citrus and tomato without a negative effect on plant growth and CO2 assimilation (Kelly et al., 2013, 2019; Lugassi et al., 2015). Although the molecular mechanism is not completely understood, it is assumed that AtHXK1 controls stomatal aperture to coordinate photosynthesis with transpiration through sugar signaling pathways (Kottapalli et al., 2018; Granot and Kelly, 2019) as it has been described as a sugar sensor before (Moore et al., 2003). According to a current model, it is supposed that a surplus of sucrose that is not transported by the phloem during high photosynthetic activity is carried with the transpiration stream toward the guard cells where it serves as a signal to close the stomata and thereby prevents unnecessary water loss (Kelly et al., 2013; Lugassi et al., 2015; Kottapalli et al., 2018).

We expressed the KST::AtHXK1 construct alone and together with SP6A in potato and provided clear evidence that the desired effect of AtHXK1 expression (e.g., reduced transpiration) is also present in this crop plant under control conditions as shown for Arabidopsis (Kelly et al., 2013), citrus (Lugassi et al., 2015) and tomato (Kelly et al., 2019). Concurrently, stomata-specific expression of AtHXK1 slightly affected photosynthetic CO2 assimilation in potato. In concert, both effects led to a significantly increased water use efficiency. Although CO2 assimilation per leaf area was negatively affected in the HXK+SP6A plants, the bushy growth phenotype, caused by SP6A overexpression, with more (smaller) leaves might counteract for this.

One common response to drought is stomatal closure (Liu et al., 2006). Therefore, we reasoned that plants with already lower stomatal conductance may have an advantage under limited water availability. Accordingly, transpiration decreased under drought stress in wild-type plants as well as in AtHXK1+SP6A lines with the transgenic lines exhibiting a lower transpiration rate as compared to wild-type plants. The same effect was seen in heat and drought combination, while heat alone resulted overall in increased transpiration rates as described before (Hancock et al., 2014; Hastilestari et al., 2018). Thus, we conclude that reduced stomatal conductance helps to safe water under drought stress, but a lower transpiration is also advantageous under mild heat stress and combined heat and drought stress.

In order to stimulate tuberization the FLOWERING LOCUS T homologue SP6A was selected for overexpression. This gene was identified as a positive key regulator of tuberization that is controlled by the photoperiod pathway (Navarro et al., 2011). Hence, overexpression of SP6A in potato promoted tuberization in the short day-dependent S. andigena in a day length independent manner (Navarro et al., 2011) and also in modern day-length insensitive cultivars (Teo et al., 2017). We recently showed that overexpression of a codon optimized SP6A version in the tetraploid variety Solara was accompanied by a severely altered source-sink balance (Lehretz et al., 2019).

Furthermore, the downregulation in SP6A expression is seen as a cause for the heat-mediated inhibition of tuber formation (Hancock et al., 2014; Hastilestari et al., 2018). This occurs via transcriptional and post-transcriptional regulation. A small RNA was identified which targets the SP6A transcript for post-transcriptional degradation. Importantly, the expression of this small RNA was strongly induced under elevated temperatures and using a target mimicry approach the functional relevance of the small RNA for the regulation of SP6A under heat was demonstrated (Lehretz et al., 2019).

Our approach described here led to elevated SP6A levels and stimulated tuber formation under control conditions. By using the StLS1 promoter SP6A levels were only moderately increased (five to sevenfold) in chloroplast-containing cells and consequently the development of the shoot was not as strongly affected as compared to our previous approach using a codon-optimized SP6A transcript driven by the constitutive CaMV 35S promoter. Nevertheless, AtHXK1+SP6A overexpressing plants were smaller and accumulated less aboveground biomass than wild-type plants, but tuber number and yield increased significantly.

Under elevated temperatures as well as under drought stress tuber number and yield of wild-type potato plants were significantly decreased as reported in previous studies (Dahal et al., 2019). The heat-mediated decline in tuber yield is associated with a strong decrease in SP6A expression. For drought, this correlation has not been shown yet. In our study, we found that SP6A expression is inhibited by drought and most significantly by a combination of drought and heat stress. The strong correlation between SP6A expression and yield further supports the idea that SP6A is an important target for ensuring stable yields under changing environmental conditions.

Under heat conditions, the small RNA SES inhibits SP6A expression and is responsible for the observed yield decrease. Under drought conditions, we did not find increased SES expression levels. Therefore, we conclude that SES is not responsible for downregulation of SP6A under drought stress conditions. Instead, other mechanisms, such as posttranslational repression of members in the CDF/CO pathway or other miRNAs will be responsible for the observed SP6A regulation. Further studies are needed to unravel the molecular mechanisms responsible for the observed drought-mediated downregulation of SP6A expression. Taken together, high SP6A expression levels under conditions of water scarcity and elevated temperatures will be crucial to maintain high tuber yield under conditions of expected climate change.

Tuber fresh weight and tuber number of the transgenic HXK+SP6A lines were only slightly affected by the applied stress conditions. Even though SP6A transcript levels decreased in some transgenic lines under stress conditions, the remaining transcript level was three to fourfold higher compared to wild type under control conditions and therefore most likely sufficient to maintain tuberization and to further support assimilate translocation into growing tubers. SP6A was recently shown to interact with the sucrose efflux carrier SWEET11 and thereby prevents leakage of sucrose into the apoplast. It is assumed that this enhances assimilate allocation and promotes symplasmic unloading of sucrose into developing tubers (Abelenda et al., 2019). During tuber development the mode of sucrose unloading switches from apoplasmic to symplasmic (Viola et al., 2007). Thus, the interaction of SP6A with SWEET11 provides a functional link between photoperiodic control and assimilate unloading into developing tubers.

Consistent with this hypothesis, the starch content of the transgenic tubers was largely unaffected, under single and double stress, while it decreased with the severity of stress in the wild type. Together these results further support the assumption that SP6A plays a major role in development of potato tubers and maintenance of their sink strength.

Together, AtHXK1+SP6A co-expression combines a sustainable use of limited water resources with a high tuberization capacity under greenhouse conditions and thereby helps to maintain tuber formation and growth under heat, drought and combined stress conditions. Whether this positive effect is maintained under open field conditions and whether improved abiotic stress tolerance might negatively interfere with biotic stress responses needs to be validated in further studies.



MATERIALS AND METHODS


Plant Material and Growth Conditions

Potato (Solanum tuberosum L. cv. Désirée) was used for the experiments with the GCHXK lines. These plants were grown in a mixture of peat, quartz, and coconut fibers (Green 90, Even Ari, Israel) in a temperature-controlled greenhouse under natural conditions.

For all other experiments, S. tuberosum L. cv. Solara plants were grown under greenhouse conditions in 3.5 l pots (20 cm diameter) with 16 h supplemental lights (250 μE). Plants were maintained and amplified in tissue culture on Murashige and Skoog medium (Murashige and Skoog, 1962) containing 2% sucrose. Walk-in growth chambers were used for controlled ambient and elevated temperature treatments (22 or 29°C during light period and 20 or 27°C during dark period, respectively) with supplemental light (350 μE). Drought stress was applied by stopping watering for 2–3 days and subsequent adjusting the relative water content (RWC) in the soil to 35%, while in control condition RWC was 65%. This was achieved through measurement of soil conductivity using the EM50 soil moisture sensor (Decagon, United States) and calibration of pot weight. Leaf area was measured using a LI-3100 area meter (LI-COR, United States). Plant height was measured from soil surface to apical meristem. Harvest index was calculated as ratio of tuber fresh weight per plant over green fresh weight per plant.



Plasmid Construction and Generation of Transgenic Plants

The GCHXK lines were generated by transforming the KSTpro::AtHXK1 constructs described previously (Kelly et al., 2013) in potato plants (cv. Désirée) using the Agrobacterium tumefaciens strain EHA105. Following the screening on Kanamycin selection media, PCR with KST specific primers was used to distinguish between transgenic and non-transgenic plants. Twenty positive plants were identified. Positive plants were then checked for their gas exchange parameters, and two lines with significant reduction in transpiration, GCHXK3 and GCHXK12 were selected for further analysis.

The stacked construct was generated using the GoldenGate cloning system (Engler et al., 2008, 2009; Weber et al., 2011). Synthetic or PCR amplified gene sequences (Thermo Fisher Scientific GeneArt GmbH) and modules available from MoClo plant part kits1 (Werner et al., 2012) were assembled into level 0 and subsequently level 1 vectors to generate the plasmids St-LS1::StSP6A and KST1::AtHXK1. Both plasmids were combined with a kanamycin-resistance cassette (pICSL70004) into a level 2 vector (pAGM4237, Addgene) which was transformed into potato cv. Solara by Agrobacterium-mediated gene transfer to generate the AtHXK1+SP6A lines (Rocha-Sosa et al., 1989). An overview of modules used to generate the plasmid is provided in Supplementary Table S2. Thirty-four transgenic lines were obtained and screened for the presence of both genes by qPCR. Four lines (# 3, 17, 27, 28) were selected for further studies that express both targets.



RNA Isolation, cDNA Synthesis, and Quantitative RT-PCR Analysis

Samples of source leaves were taken during the first half of the light period, 4 h after dawn. Total RNA was isolated from ca. 100 mg of frozen leaf material by grinding on 8M guanidiumchloride and 0.7% β-ME (Logemann et al., 1987). RNA quantity was measured with ND-1000 Spectrophotometer (NanoDrop Technologies). Complementary DNA synthesis and quantitative real time PCR (qPCR) analyses were conducted as described previously (Ferreira and Sonnewald, 2012). Quantitative Real-Time PCR (qPCR) was conducted on AriaMx (Agilent Technologies) and analyzed as described by Livak and Schmittgen (2001). Alternatively, RNA extraction, cDNA preparation, and quantitative real-time PCR analysis were performed as described before (Lugassi et al., 2015). Data were normalized using NAC (XM_006339185) or Ubi 3 (L22576) as reference genes. The primers used for amplification are listed in Supplementary Table S1.



Sugar Measurements

Starch was extracted using ca. 50 mg of tuber FW grinded in 80% Ethanol, incubated with 0.2 M KOH overnight, heated at 95°C for 90 min and neutralized with 1 N acidic acid. After amyloglucosidase digestion glucose contents were determined using a coupled optical assay as described previously (Hastilestari et al., 2018).



Photosynthesis Measurements

Photosynthesis, transpiration rates and stomatal conductance were measured on fully developed source leaves on the upper middle stem (5th–8th from top) under greenhouse conditions using a LI-COR 6800 or LI-COR 6400 device. All measurements were conducted between 3 and 6 h after dawn (09:00–12:00 a.m.) under the respective greenhouse conditions (400–600 μmol m–2 s–2 light, 400–500 μmol mol–1 CO2, 50% relative humidity). WUE was calculated as assimilation/transpiration. Temperature was also adjusted according to the treatment in the greenhouse (22 and 29°C, respectively).



Microscopic Analysis of Stomata

In order to measure the length to width ratio of stomata source leaves were coated with transparent quick dry nail polish by brushing the abaxial side of fully developed source leaves 4 h after dawn. The coatings were immediately removed after drying and photographed with a Leica DMR Microscope. Lengths were measured using the FIJI software.



Statistical Analysis

Statistical analyses were done by Student’s t-test. Specific details of the statistical test used, number of biological and technical replicates, and the description of error bars are included in the figure legends.
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The ‘de penjar’ tomato (Solanum lycopersicum L.) is a group of local varieties from the Spanish Mediterranean region carrying the alc mutation, which provides long shelf-life. Their evolution under low-input management practices has led to the selection of resilient genotypes to adverse conditions. Here we present the first evaluation on nutritional fruit composition of a collection of 44 varieties of ‘de penjar’ tomato under two N fertilization levels, provided by doses of manure equivalent to 162 kg N ha–1 in the high N treatment and 49 kg N ha–1 in the low N treatment. Twenty-seven fruit composition and quality traits, as well as plant yield and SPAD value, were evaluated. A large variation was observed, with lycopene being the composition trait with the highest relative range of variation (over 4-fold) under both N treatments, and significant differences among varieties were detected for all traits. While yield and most quality traits were not affected by the reduction in N fertilization, fruits from the low N treatment had, on average, higher values for hue (5.9%) and lower for fructose (−11.5%), glucose (−15.8%), and total sweetness index (−12.9%). In addition, lycopene and β-carotene presented a strongly significant genotype × N input interaction. Local varieties had higher values than commercial varieties for traits related to the ratio of sweetness to acidity and for vitamin C, which reinforces the appreciation for their organoleptic and nutritional quality. Highest-yielding varieties under both conditions displayed wide variation in the composition and quality profiles, which may allow the selection of specific ideotypes with high quality under low N conditions. These results revealed the potential of ‘de penjar’ varieties as a genetic resource in breeding for low N inputs and improving the organoleptic and nutritional tomato fruit quality.

Keywords: Solanum lycopersicum, plant breeding, local varieties, metabolites, taste, nutritional quality, abiotic stress


INTRODUCTION

Use of nitrogen (N)-enriched fertilizers has sharply escalated since the Green Revolution and has allowed dramatic increases in crop yields. However, severe impacts of overfertilization on the environment forced governments to implement sustainable agriculture policies (Zhang et al., 2015). The current environmental situation has prompted research studies to understand the effects of decreasing N inputs on different crops and the development of new varieties with improved N use efficiency. In general terms, N shortage is associated with a limitation of plant growth, photosynthetic rate, and synthesis and accumulation of bioactive compounds in fruits.

Tomato (Solanum lycopersicum L.) is the second vegetable in acreage after onions (FAOSTAT, 2020). Official recommendation of N inputs for intensive tomato cultivation varies between 200 and 240 kg N ha–1 in open field and between 380 and 410 kg N ha–1 in greenhouse (Ramos and Pomares, 2010). However, in the last decades, growers have been supplying nitrogen fertilizers well above those requirements (Thompson et al., 2007). Studies about the N supply effects on tomato showed that yield increased with N fertilization until a certain level, above which N had no longer a positive effect on yield, and even decreased it (Elia and Conversa, 2012; Djidonou et al., 2013). On the other hand, controversial responses to low N inputs are reported regarding tomato fruit quality (De Pascale et al., 2016; Truffault et al., 2019; Hernández et al., 2020).

Within the broad array of diversity of tomato types, there is a group of varieties (known as ‘de penjar’) which could potentially constitute a genetic resource in breeding for low N inputs. The ‘de penjar’ tomato is distinctively characterized by the presence of the alc mutation, which is associated with long shelf-life (LSL) of fruits, up to 6–12 months after harvest (Casals et al., 2012). The ‘de penjar’ (literally meaning “for hanging”) type of tomato is mainly composed of local varieties preserved by generations of small farmers. Plants of ‘de penjar’ tomato generally produce round to flat, medium-sized fruits (30–90 g) with higher acidity and soluble solid content than standard tomato; however, the ‘de penjar’ varieties display a great variability in morphoagronomic and fruit quality characteristics, according to their traditional area of cultivation and to their uses (Cebolla-Cornejo et al., 2013; Casals et al., 2015; Figàs et al., 2015). Historically, ‘de penjar’ tomatoes have been cultivated in open field and under rain-fed, low-input conditions (Conesa et al., 2020). This has led to the selection for resilient varieties. The drought tolerance of LSL varieties is well documented and has been studied in recent years (Fullana-Pericàs et al., 2019). However, to our knowledge, scarce information is available on nitrogen fertilization for ‘de penjar’ or other LSL tomato cultivation. Some conducted trials indicate that N needs of ‘de penjar’ tomato are around 170–180 kg ha–1 (Seda and Muñoz, 2011), far below the N fertilization levels required for intensive standard tomato cultivation. Considering that ‘de penjar’ tomato has evolved under low input management practices and its already reported drought tolerance, we hypothesize that it could also show resilience against other abiotic stresses, such as low nitrogen supply.

In the present work, we evaluated a collection of 39 local varieties and 5 commercial varieties of ‘de penjar’ tomato, grown under two N levels, for agronomic and nutritional fruit composition traits. The aim was to provide information on the existing variability and behavior of these materials under different N supply conditions and to draw conclusions on the effect of the reduction of N inputs on their fruit quality and composition.



MATERIALS AND METHODS


Plant Material and Cultivation Conditions

A collection of 44 varieties of ‘de penjar’ tomato from different origins throughout the Valencian Region, located on the Spanish eastern coast, were evaluated under two N fertilization conditions. The collection was composed of 39 local varieties and 5 commercial varieties. Passport data on each of the accessions used is included as Supplementary Table 1.

Plants were grown during the spring–summer season of 2019 in two neighboring open-field plots located in Alcossebre (Castelló, Valencian Region; GPS coordinates of the field plots: 40°13″21′ N 0°15″51′ E). Both field plots were certified for organic farming and had followed the same agricultural practices for the last 5 years. Similar crop management practices and fertilization were applied to both field plots, except for the N fertilization level. One field plot was submitted to a N fertilization dose of 162 kg N ha–1, equivalent to the levels commonly provided in the cultivation of ‘de penjar’ tomato (Seda and Muñoz, 2011). This dose has been considered in the present work as high N fertilization treatment (HN). For the other field plot, a dose of 49 kg of N ha–1 (i.e., 30.2% of the HN) was applied. This dose has been considered in the present work as low N fertilization treatment (LN). According to the organic farming practices that have been followed in the experiment, certified organic fertilizers were used. An organic basal dressing consisting of sheep manure (Organia, Fertinagro, Teruel, Spain) was applied in both field plots, shortly before cultivation, to provide the desired levels of N fertilization. Besides, the LN was supplemented with P (Fosfoser ECO GR, Mapryser, Barcelona, Spain) and K (Summum Líquido Quality 0-0-15, Fertinagro, Teruel, Spain), to equal the quantities of P and K present in the manure of the HN treatment (60 kg P2O5 ha–1 and 174 kg K2O ha–1). Both P and K fertilizers in the LN were supplied with the irrigation system. Since fertilization in the form of manure is characterized by a slow release of nutrients, the total P and K fertigation was distributed on a fortnight basis. Plantlets were transplanted at the five true-leaf stage on May 8th 2019. Plants in both field plots were irrigated throughout the entire cultivation period using an exudation irrigation system (16 mm; Poritex, Barcelona, Spain), for a total volume of 127 L plant–1, so that the water would not be limiting in the evaluation, as confirmed by the lack of phenotypic symptoms of water stress and by the calculation of crop evapotranspiration (ETc) for ‘de penjar’ tomato. Immediately after the transplant, a watering of 5 L plant–1 was applied. Subsequently, 4 L plant–1 was applied weekly during the next 3 weeks, distributed in 2 days per week; from weeks 4 to 12, 6 L plant–1 was applied weekly, distributed in 3 days per week; from weeks 13 to 16, 8 L plant–1 was applied weekly, distributed in 4 days per week; finally, from weeks 17 to 20, plants were irrigated with 6 L plant–1 on a 2 days per week basis.

A total of six replicates per accession (i.e., three replicates per accession and N fertilization treatment, with two plants per replicate) were distributed in a completely randomized block design. Standard local practices for the ‘de penjar’ tomato were used during the experiment. Plants were staked with canes that were inclined so that a triangular structure was formed enabling a double-row distribution, with 3.00 and 0.80 m between wide and narrow rows, respectively. Plants were spaced at 0.35-m intervals within rows. Crop management included no pruning and manual weeding.

Climate conditions on the entire cultivation period are included as Supplementary Figure 1. Average temperature during the cultivation period varied between 15.6 and 28.1 °C. The month with the highest mean radiation was June, with 24.8 MJ m–2, and this parameter declined during the following months, to an average of 16.6 MJ m–2 in September. Pluviometry was mostly concentrated on May 24th (12.1 mm), June 5th (14.3 mm), and at the end of the cultivation period, on August 20th (23.7 mm) and September 11th (21.3 mm), 13th (14.2 mm), and 21st (36.2 mm).



Soil Analysis

A soil physicochemical and composition analysis was performed in both field plots before the transplant and before applying the fertilization. Five samples consisting of five randomly selected spots per each of the two field plots were considered for soil analysis (n = 5 × 2 = 10). For each sample, five fractions of soil surrounding the selected spot, between 10 and 30 cm deep, were extracted, homogenized, and left to dry at room temperature. A portion of 500 g of each dried homogenate was used for the analysis. Physical and chemical parameters were evaluated following the procedures described in Reeuwijk (2002): particle size analysis, pH in water and pH in potassium chloride, electrical conductivity, contents in total nitrogen, carbonates, and organic matter, carbon:nitrogen ratio, and mineral contents of available phosphorus, potassium, calcium, magnesium, iron, zinc, and copper. Soil texture for both fields was clay loam, with a composition of 41% sand, 36% clay, and 23% silt (Soil Science Division Staff, 2017). There were no significant differences between the two field plots for any of the soil physicochemical and composition parameters analyzed. According to the Spanish interpretation scales for each of the different elements evaluated (Yáñez Jiménez, 1989), the soil was slightly saline and had normal contents of total nitrogen and carbonates, high presence of organic matter, and moderately high carbon:nitrogen ratio. Data of soil characteristics is included as Supplementary Table 2.



Vegetative and Plant Trait Evaluation

A chlorophyll meter (SPAD-502, Minolta Camera Co., Osaka, Japan) was used to take SPAD values from upper fully expanded leaves. Four readings per replicate were taken. Readings were done according to manufacturer’s instructions. Total number of fruits (fn) produced per replicate was counted during the harvest period (July 15th–September 30th). Fruits at the red stage of ripeness in both N fertilization treatments were harvested once a week during this period, so that the same number of harvests was made in the two treatments. Yield was calculated from the previous data and the average fruit weight (frw) per replicate as fn × frw. In addition, a resilience index, for each accession of the 44 evaluated and trait, was calculated as the ratio between the mean value under the low N treatment and the mean value under the high N treatment (LN/HN).



Fruit Trait Analysis

Five to ten fruits per replicate were brought to the laboratory to be processed for chemical composition analysis. The fruits were collected from the second to fifth truss at the red stage of ripeness. Before processing, five representative fruits per replicate were weighed in a digital scale in order to calculate the average fruit weight (frw). Units in which vegetative and fruit traits are expressed are included in Table 1.


TABLE 1. Vegetative and fruit traits evaluated in the ‘de penjar’ tomato collection, abbreviations used in tables and figures, and units in which they are expressed in the present work.
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Sample Preparation

Fruits were longitudinally cut in half, and seeds were eliminated. One half of cut tomatoes were bulked and squeezed with a domestic juice extractor for subsequent analysis of pH, titratable acidity, contents in soluble solids, reducing sugars (glucose, fructose), organic acids (citric, malic), and amino acids (glutamic, aspartic). For vitamin C analysis, 3% metaphosphoric acid (MPA) was added to the tomato liquid extract (1:1), in order to lower the pH for preventing degradation of ascorbic acid (Chebrolu et al., 2012). The other tomato halves were homogenized in liquid nitrogen using a domestic grinder, for subsequent freeze-drying. Homogenized tomato powder was used for analysis of contents in lycopene, β-carotene, total carotenoids, total nitrogen, and total carbon.



Soluble Solid Content, pH, and Titratable Acidity

Soluble solid content was measured using 0.5 mL of liquid extract with a HI 96801 digital refractometer (HANNA instruments, Padua, Italy). Titratable acidity and pH were measured with a PH-Matic 23 analyzer (Crison Instruments, Barcelona, Spain), from 10% (w/v) aqueous tomato extract, using NaOH 0.1 M as titrating reagent. From values of soluble solid content and titratable acidity, the ratio between those was calculated.



Sugars, Organic Acids, Vitamin C, and Amino Acids

Contents in reducing sugars, organic acids, vitamin C, and amino acids were measured by high-performance liquid chromatography (HPLC) using a 1220 Infinity LC System (Agilent Technologies, CA, United States) equipped with a binary pump, an automatic injector, and a UV detector. One aliquot of liquid extract per replicate was centrifuged for 5 min at 10,000 rpm, diluted with Milli-Q® water (1:1), and filtered through 0.22 μm PVDF MILLEX-GV filters (Merck Millipore, MA, United States). The same sample was used to perform the analysis of sugars and organic acids, following the method indicated in Fernández-Ruiz et al. (2004), with slight modifications. Glucose and fructose separations were performed using a Luna® Omega SUGAR column (3 μm; 150 × 4.6 mm; Phenomenex, CA, United States) and a refractive index detector (350 RI detector, Varian, CA, United States) coupled to the HPLC system. The mobile phase consisted of solvent A (ACN 100%) and solvent B (water). The gradient was isocratic 75% A: 25% B, and the flow rate was 1 mL min–1. Citric and malic acids were separated using a Rezex ROA-Organic Acid H+ (8%) column (150 × 7.8 mm; Phenomenex) and detected by HPLC-UV at 210 nm. The mobile phase consisted of an isocratic gradient of 100% 1 mM H2SO4, and the flow rate was 0.5 mL min–1.

From the values of contents in fructose, glucose, citric and malic acids, total sugar content and total acid content were calculated as fructose + glucose and citric acid + malic acid, respectively. In addition, the ratios fructose:glucose, citric:malic, and total sugars:total acids were determined. Total sweetness index was also calculated as (Beckles, 2012) (0.76 × [glucose]) + (1.50 × [fructose]) and used for also determining the ratio between total sweetness index and titratable acidity.

For extraction of vitamin C, one aliquot of liquid tomato extract in 3% MPA per replicate was cold centrifuged and filtered through 0.22 μm PVDF filters. In order to quantify vitamin C as the sum of ascorbic (AA) and dehydroascorbic (DHA) acids, the DHA present in each sample was reduced to AA adding 5 mM tris(2-carboxyethyl)phosphine hydrochloride (TCEP) in 1:1 proportion. The AA peak was subsequently detected and quantified by HPLC-UV at 254 nm using a Brisa “LC2” C18 column (3 μm; 150 × 4.6 mm; Teknokroma, Barcelona, Spain), following the method described in Chebrolu et al. (2012).

Determination of glutamic and aspartic acid contents was carried out using liquid tomato homogenate. After a previous derivatization with 30 mM 2,4-dinitro-1-fluorobenzene (DNFB) reagent at moderate basic pH and 60 °C, peak detection and analysis by reversed-phase HPLC-UV at 363 nm were performed as described by Agius et al. (2018).



Carotenoids

Lycopene, β-carotene, and total carotenoids were extracted using 30 mg of freeze-dried powdered material per replicate, which was incubated with ethanol:hexane 4:3 (v/v) in the darkness and shaken at 200 rpm for 1 h. Subsequently, carotenoids were quantified from UV/V spectrophotometric absorbance values at 452, 485, and 510 nm of the previously separated hexane phase, using the following equations (Zscheile and Porter, 1947):
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Total Nitrogen and Carbon

A sample of 0.5 g of freeze-dried and powdered material per replicate was used for N and C determination in fruit. The analysis was based on a complete combustion of the sample at 950 °C in the presence of oxygen, using a TruSpec CN elemental analyzer (Leco, MI, United States) (Gazulla et al., 2012).




Data Analysis

A bifactorial (genotype and N treatment) analysis of variance was performed for every trait studied for the evaluation of differences among the accessions (genotypes, G), between N treatments (N), and for the occurrence of G × N interactions (Gomez and Gomez, 1984). In the ANOVA, two levels were established for the N treatment factor, corresponding to HN and LN, whereas levels of the genotype factor were the 44 accessions of the collection. Data from the six replicates per accession were used, making a total number of cases, n = 264. The block effect due to the experimental design was removed to evaluate the effect of the two factors and the interaction (Gomez and Gomez, 1984). Mean values and range for all traits were calculated from accession means for both LN (n = 44) and HN (n = 44). Comparisons of average differences between the sets of local (n = 39) and commercial (n = 5) varieties were assessed with a t-student test at p < 0.05 using R statistical software v4.0.2 (R Core Team, 2013). Only traits with significant differences between both groups in the two environments were considered as displaying a stable significant difference.

A principal component analysis (PCA) was performed using pairwise Euclidean distances among accession means for each N treatment and for all the traits. PCA loading and score plots were drawn using R package ggplot2 (Wickham, 2016). Prediction ellipses for LN and HN with a 95% level of confidence were added to the PCA score plot. Phenotypic and environmental correlations among traits were calculated from accession means and residuals, respectively, using the R packages psych (Revelle, 2018) and corrplot (Wei et al., 2017). Pearson linear coefficients of correlation (r) were calculated between pairs of traits, and significance of correlations was evaluated with the Bonferroni test at p < 0.05 (Hochberg, 1988).


Genetic Parameters

The genotypic (σ2G) and phenotypic variances (σ2P = σ2G + σ2N + σ2G × N) of each trait were obtained from the mean squares (MS) of the genotype, G × N interaction, and residuals of the ANOVA performed, in order to estimate broad-sense heritability (H2) using the formula H2 = σG2/σP2 (Wricke and Weber, 2010). Standard errors (SE) of the heritabilities were calculated by the Delta method, using the following formulas (Nyquist, 1991):
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where M1, M2, and M3 are the MS for genotype, G × N interaction, and residuals, respectively; dfM1, dfM2, and dfM3 are the degrees of freedom on which M1, M2, and M3 were calculated, respectively, δ is the number of treatments, and r is the number of replications.

The coefficients of genetic (CVG) and phenotypic (CVP) variation were estimated from the corresponding variance components (σ2G and σ2P) and the mean value of the trait (μ) as (Wricke and Weber, 2010)
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and their SE were calculated as
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where N is the total number of individuals used in the CV estimation.





RESULTS


Analysis of Variance

Analysis of variance (ANOVA) revealed a significant effect of the genotype for all traits. For N treatment, no significant effect was observed, except for hue; contents of fructose, glucose, and total sugars; and total sweetness index (Table 2). For these five traits, F-ratio values were much greater than those of the genotype factor. However, no significant effect of the interaction G × N was detected for any of those traits. On the other hand, a significant G × N interaction was observed for lightness of color, fructose:glucose ratio, contents in lycopene and β-carotene, total carotenoids, and total carbon (Table 2). Except for lycopene and total carotenoid content, F-ratio values of the G × N interaction were lower than those of the genotype effect. In the cases of traits with a significant interaction G × N, it is worth mentioning the particular accessions that showed a significant difference between HN and LN and how the latter affected those traits. Therefore, for lightness of color, only three out of 44 accessions showed a significantly increased mean value under LN (MO1, MO2, TE1), among which MO2 had the largest increase (20%). For the fructose:glucose ratio, the same effect under LN was observed on three accessions (MO2, SN2, TO1), while AC1 and FA2 showed a significantly lower average fructose:glucose ratio. SN2 was the accession with the greatest difference between N treatments for the fructose:glucose ratio, which showed an increased mean value by 36% under LN. In the case of lycopene content, as well as for total carotenoids, LN significantly increased the mean values of three accessions (BL1, MT1, TO1), while it had the opposite effect on six accessions (AY1, LA2, LL2, TA1, VH2, VI1). For both lycopene and total carotenoid content, the largest difference between N treatments was found for BL1 (63% and 60% of increase under LN, respectively). Likewise, AC1, BL1, MT1, and TO1 showed a higher average β-carotene content under LN, and FI1, LA2, and VI1 had lower mean values of this trait under the same treatment. TO1 had the greatest percentage of increase for average β-carotene content under LN (45%), while VI1 had the highest percentage of decrease under the same conditions (47%). Finally, total carbon content was, in average, significantly higher under LN in four out of the 44 accessions evaluated (C4, C5, CO1, TO1). In this case, the commercial variety C5 had the highest percentage of increase (5%). Data of average values per accession and N treatment for each trait analyzed are included as Supplementary Table 3. For none of the traits where the G × N interaction was significant, a significant effect of N treatment was observed (Table 2).


TABLE 2. F-ratio values for genotype (G), nitrogen treatment (N; low or high), and genotype per nitrogen treatment interaction (G × N) of each trait evaluated in the present study, obtained from the bifactorial ANOVA, which considered the 44 ‘de penjar’ accessions of the collection with three replicates per N treatment (n = 44 × 2 × 3 = 264).
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Mean values with their standard difference and range, as well as the paired difference between mean values in high N and low N treatment, of the whole ‘de penjar’ tomato collection (n = 44) under each N treatment, are shown in Table 3. Average yield and fruit weight were, respectively, 2.20 kg plant–1 and 72.7 g (LN) and 1.98 kg plant–1 and 70.4 g (HN), while for total N and C, mean values were 21.1 g kg–1 of dry matter (dm) and 408.0 g kg–1 dm (LN), and 19.9 g kg–1 dm and 405.8 g kg–1 dm (HN), respectively (Table 3). Average soluble solid content was 5.52% (LN) and 5.69% (HN), while pH and titratable acidity mean values were 4.13 and 0.57% (LN) and 4.11 and 0.58% (HN), respectively. Average values for total organic acids and reducing sugars were, respectively, 8.03 g kg–1 of fresh weight (fw) and 34.30 g kg–1 fw (LN) and 7.62 g kg–1 fw and 39.65 g kg–1 fw (HN). Mean values of the fructose:glucose ratio were slightly above 1.0 under both treatments (1.26 for LN and 1.19 for HN), while the citric:malic acid ratio was over 5.0. Regarding ratios between sugar and acid parameters (soluble solids content:titratable acidity, total sugars:total acids, and total sweetness index:titratable acidity), mean values were a great deal above 1.0 in both treatments with values of 10.54, 4.64, and 7.68, respectively, for LN and 10.63, 5.57, and 8.63, respectively, for HN (Table 3).


TABLE 3. Mean ± standard deviation (SD) and range, based on the accession averages, for the traits measured in the ‘de penjar’ tomato collection used in the present study in low- (LN) and high-nitrogen (HN) treatment (n = 44 × 2 = 88), and mean of the paired difference HN – LN, based on the accession averages (n = 44).
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When comparing significantly different average values between the N treatments, taking high N conditions as a reference, hue was significantly higher (5.6%) under low N conditions, while it was significantly lower for contents in fructose (−11.5%), glucose (−15.8%), total sugars (−13.5%), and total sweetness index (−12.9%).

Considerable variation was found among the 44 varieties under both conditions for the traits evaluated. Representative fruits of the ‘de penjar’ collection studied are pictured in Figure 1. In this way, the traits with a larger value for the relative range of variation (maximum/minimum values) for LN conditions were fruit weight (4.57-fold), lycopene content (4.36-fold), and glutamic acid content (4.05-fold). Under HN, fruit weight (4.59-fold) and lycopene content (4.34-fold) were also the traits with the highest relative range of variation, followed by total carotenoid content (3.83-fold). On the other side, the traits with the lowest values for the relative range of variation were total C content (1.04-fold for LN and 1.07-fold for HN), pH (1.21-fold for LN and 1.18-fold for HN), and lightness of color (1.35-fold for LN and 1.29-fold for HN). For all traits, the ranges of variation between both N conditions based on the accession means overlapped to a large extent (Table 3).
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FIGURE 1. Representative fruits of the 39 ‘de penjar’ tomato local varieties and the five commercial varieties (accession name for each code is found in Supplementary Table 1) used for agronomic and composition characterization under two levels of nitrogen inputs. The grid cells in the pictures measure 1 × 1 cm.




Differences Between Varietal Types

The groups of local varieties (n = 39) on one side and commercial varieties (n = 5) on the other did not display significant differences (p < 0.05) between them under both LN and HN conditions for most of the traits analyzed (Table 4). However, significant differences were found for ratios of both soluble solid content and total sweetness index with titratable acidity, and vitamin C content. For each of these traits, local varieties presented higher means than commercial varieties in both conditions. Thus, the average ratio between soluble solid content and titratable acidity for local varieties was 18.4% higher under LN and 30.0% under HN. The same occurred for the average ratio between total sweetness index and titratable acidity, with values being 22.0% (LN) and 28.8% (HN) higher in local varieties over commercial ones, as well as for vitamin C content, with the former displaying higher mean values by 25.0% (LN) and 17.2% (HN) (Table 4).


TABLE 4. Mean ± standard error (SE) and t value of the traits that showed a significant difference between local (L; n = 39) and commercial (C; n = 5) varieties used in the present study, for both nitrogen treatments.
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Genetic Parameters

Heritability in a broad sense (H2), genetic and phenotypic coefficients of variation (CVG and CVP) for the traits studied are presented in Table 5. Considering both treatments and their interaction, fruit weight had the greatest H2 with 0.76. Apart from that, only malic acid and citric:malic ratio showed a broad-sense heritability higher than 0.50. On the other hand, lycopene, β-carotene, and total carotenoid content had the lowest H2. As expected, the coefficient of phenotypic variance was higher than the coefficient of genetic variance for all traits studied. The lowest percentages of CVG were obtained for lycopene and total carotenoids, which, at the same time, had the highest values of CVP, together with citric:malic acid ratio. The greatest values of CVG were found for citric:malic acid ratio, fruit weight, and malic acid content. Finally, carbon content in fruit, pH, and lightness of color had the lowest values of CVP.


TABLE 5. Broad sense heritability estimates (H2), genotypic and phenotypic variance coefficient (CVG and CVP, respectively), and their standard errors of the traits analyzed in our ‘de penjar’ tomato collection taking into account the two nitrogen conditions.
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Correlation Among Traits

Few significant (p < 0.05) phenotypic correlations were detected (Figure 2). In addition, the analysis did not reveal any significant correlation between SPAD, yield, or fruit weight on one side and fruit composition traits on the other. As for phenotypic correlations, fructose and glucose contents were positively and significantly correlated with each other (r = 0.84) and with total sugar content (r = 0.95 and 0.97, respectively), with total sweetness index (r = 0.98 and 0.94, respectively), and, with lower correlation coefficient values, with soluble solid content (r = 0.73 and 0.82, respectively). The same pattern was observed for correlations between citric acid content and citric:malic ratio (r = 0.77), total acid content (r = 0.98), or titratable acidity (r = 0.80). Citric acid content was also negatively correlated with total sugars:total acids ratio (r = −0.75). On the contrary, malic acid content was not significantly correlated with any of these traits. Different carotenoid contents were positively correlated with each other, with r = 0.76. Lycopene displayed higher correlation coefficient values than β-carotene to total carotenoids (r = 0.99 and 0.84, respectively) (Figure 2).
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FIGURE 2. Correlogram among traits evaluated in the ‘de penjar’ tomato collection. Phenotypic correlations are shown above the diagonal; environmental correlations below the diagonal. Only significant correlations at p < 0.05 according to the Bonferroni test are displayed. Green and red colors correspond to negative and positive correlations, respectively. The full name of each trait abbreviation is found in Table 1.


In the case of environmental correlations, the number of significant ones was higher than for phenotypic correlations (Figure 2). The same strong correlations found among traits in the phenotypic analysis were detected. Fruit weight and yield were environmentally correlated with r = 0.61. In the same way, a significant but slightly lower correlation was detected between vitamin C and traits related to sugar content, with r values between 0.26 and 0.32. Vitamin C also had a significant and positive environmental correlation to aspartic and glutamic acid contents (r = 0.29 and 0.37, respectively). With respect to these amino acids, they were environmentally intercorrelated, with r = 0.79. Aspartic acid also presented a negative significant correlation to color parameters chroma (r = 0.26) and hue (r = −0.35), and positive, to vitamin C content (r = 0.29). Glutamic acid displayed significant positive environmental correlations to acidity and related traits, with r between 0.25 and 0.44, to vitamin C (r = 0.37) and lycopene contents (r = 0.24), but negative significant correlations to sugar:acid ratio-related traits (r = −0.28 to −0.40). Glucose content and total sugar:total acid ratio also showed negative environmental correlations to lycopene (r = −0.25 and −0.35, respectively) and total carotenoid content (r = −0.25 and −0.34, respectively) (Figure 2).



Principal Component Analysis

The first two principal components (PCs) of the PCA explained 40.5% of the total variation observed, with PC1 and PC2 accounting for 25.7% and 14.8% of the total variation, respectively. Total sugar:total acid ratio, total sweetness index:titratable acidity ratio, and glucose content were the traits displaying the highest positive correlation with PC1, while fructose:glucose ratio, citric acid, and total acid contents were the ones with the highest absolute negative values with PC1. On the other hand, titratable acidity and citric acid and total acid contents also displayed high positive correlations with PC2, whereas pH, soluble solid content:titratable acidity ratio, and yield were highly negatively correlated with PC2 (Figure 3).
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FIGURE 3. Principal component analysis loading plot (A) and score plot (B) evaluated in the present study, based on the two first principal components of PCA. The first and second components account for 25.7 and 14.8% of the total variation, respectively. The accessions are represented by different symbols and color according to the treatment in which they were grown: orange colored circle for low nitrogen, and blue colored triangle for high nitrogen. Ellipses grouped the accessions for each treatment with a 95% confidence level. The full name of each trait abbreviation is found in Table 1. Accession name for each code can be found in Supplementary Table 1.


The principal component analysis did not clearly separate the HN and LN treatments, although for the same variety, compared to the control, the projection corresponding to the LN treatment tended to display lower values for PC1 and PC2, which is associated with higher content of carotenoids, fructose:glucose ratio, hue, and slightly higher fruit carbon and nitrogen contents and yield, and associated with lower contents of sugars and slightly lower vitamin C (Figure 3).

It is noteworthy that a group of accessions under HN conditions (CH1, UV1, XA2, TE2, AX2, CO1, VI2, C1) plotted in the second quadrant of the PCA (positive values for PC1 and PC2), being associated with higher total sweetness index, total and individual contents of sugars, soluble solids and their ratios with total acids and titratable acidity, and vitamin C and glutamic and aspartic acid contents. Another group to highlight is that of the accessions AX1, FI1, TR1, C4, MO2, and CF3 under LN conditions, which plotted in the third quadrant (negative values of PC1 and PC2), which are associated with brighter fruits with external color tending to orange, higher fructose:glucose ratio, and β-carotene content, in addition to high yield. Besides that, there are some accessions that appear outside the 95% confidence ellipses. In this respect, UV1, TE1, and TO1 under LN conditions and VI1 under HN produced the most acidic tomatoes. XE1 under LN conditions also remained outside the ellipse, presenting high sugar contents, resulting in greater ratios of total sugars:total acids, soluble solid content:titratable acidity, and total sweetness index:titratable acidity. Finally, some accessions (AX3, AC1, TR1, XA1, XA2, XE1, and C3) seemed to perform similarly under LN and HN conditions as they appeared very close to each other according to PC1 and PC2 (Figure 3).



Characteristics of Highest-Yielding Varieties

Table 6 shows the ranking of the 10 best ‘de penjar’ tomato accessions evaluated in the present work for yield, with their performance and ranking position within the entire collection for the most important composition traits, under both treatments separately. The ranking of the top 10 ‘de penjar’ tomato accessions of the collection for resilience in yield, with their resilience index and ranking position within the entire collection for the most important composition traits, is displayed in Table 7.


TABLE 6. Ranking of the 10 best ‘de penjar’ tomato accessions evaluated in the present work for yield, with their performance and ranking position (in parentheses) within the entire collection for the most important composition traits, in both treatments separately.
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TABLE 7. Ranking of the 10 best ‘de penjar’ tomato accessions evaluated in the present work for resilience in yield, calculated as the ratio between mean value under low N treatment and mean value under high N treatment. Resilience and ranking position (in parentheses) within the entire collection of these 10 varieties for the most important composition traits are also shown.
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Several local varieties showed comparable or even better performance in yield and other composition traits than commercial varieties, both in LN and HN. As far as commercial varieties are concerned, in LN conditions, C2, C1, and C3 ranked fifth (2.89 kg plant–1), sixth (2.65 kg plant–1), and ninth (2.59 kg plant–1) in yield, while only C3 and C4 were among the 10 best-yielding varieties in HN with 2.50 kg plant–1 (5th place) and 2.24 kg plant–1 (8th place) (Table 6). It is worth noting that, in addition, C2 and C1 ranked second (1.55) and fourth (1.44), respectively, in terms of yield resilience (Table 7). Regarding local varieties, TR1, MT1, and FI1 stood out as the three best-yielding varieties in LN (3.18, 3.13, and 3.06 kg plant–1, respectively), while FI1, MO1, and AX1 were the highest yielding in HN (3.90, 2.89, and 2.77 kg plant–1, respectively) (Table 6). None of these accessions were among the top 10 in resilience, although MO2 and CO1, which appeared among the 10 best accessions for yield in LN, ranked third (1.45) and tenth (1.29), respectively, for yield resilience (Table 7). When considering the rest of traits, there is a wide variation among the two sets of 10 highest-yielding accessions. Among them, FI1 ranked first in both yield and fruit weight (134.6 g) in HN. Contrarily, MT1, with the lowest fruit mean weight in the whole collection (29.0 g in LN and 29.3 g in HN), appeared as the second and sixth best-yielding variety in LN (3.13 kg plant–1) and HN (2.48 kg plant–1), respectively (Table 6). Taking into account the average content of N in fruit, the local variety AX1 ranked third under both LN (23.9 g kg–1 dm) and HN (22.5 g kg–1 dm) (Table 6). Regarding sweetness, it is worth mentioning the local variety XE1, which presented an outstanding average in total sugar content (52.07 g kg–1 fw), ranking first, under HN. Furthermore, it also showed the highest average total sugar:total acid ratio under the same conditions (8.70). On the other hand, MO2, FI1, and C3 were among the top 10 varieties in fructose:glucose ratio under LN with mean values of 1.61, 1.50, and 1.38, respectively, while AC1 and again FI1 and C3 had the highest mean values in HN (1.50, 1.33, and 1.31, respectively) (Table 6). In general, the 10 best-yielding varieties, under LN and HN, ranked in intermediate or low positions for both average total acid content and citric:malic ratio (Table 6). Regarding main antioxidants evaluated, MO1 was the accession with the greatest average content of vitamin C (0.38 g kg–1 fw) under HN, followed by XE1 (5th place; 0.33 g kg–1 fw). MT1 stood out for accumulating, in average, the highest concentrations of β-carotene (5.72 mg kg–1 fw) and the second highest of total carotenoids (25.39 mg kg–1 fw) in their fruits, under LN, while under HN, FI1 ranked first in β-carotene content (5.15 mg kg–1 fw) (Table 6). As for glutamic and aspartic acid contents, any of the local varieties in both sets of best-yielding varieties ranked above commercial varieties C1 under LN and C4 under HN. However, MT1 was placed within the top 10 positions for glutamic acid under HN (6th; 4.71 g kg–1 fw). Regarding aspartic acid, the same happened for AX1 (10th; 0.89 g kg–1 fw) and AC1 (6th; 1.10 g kg–1 fw) under LN and HN, respectively (Table 6).

When considering the average resilience indexes of the other traits for the top 10 accessions in yield resilience, it is worth mentioning some accessions of both local and commercial varieties. As for local varieties, MO2 ranked third for fructose:glucose resilience (1.29); FA2 stood out for having the highest resilience in total sugar content (1.20) and ranked third for total sugar:total acid resilience (1.11); XA1, which ranked first for yield resilience (1.79), had a remarkable resilience in glutamic and aspartic acid (1.25 and 1.13, respectively), ranking seventh for both of them (Table 7). With respect to commercial varieties, C2 stood out for its resilience in vitamin C (1.12) and total carotenoid content (1.82), ranking fourth and seventh, respectively, while C1 was highlighted for its resilience in β-carotene content (1.53), ranking seventh in the collection (Table 7).




DISCUSSION

The present work constitutes the first study of ‘de penjar’ tomato involving different doses of N fertilization. A diverse array of 39 local varieties together with five commercial varieties were characterized in open field under two nitrogen fertilization levels, one corresponding to similar values of their traditional cultivation (162 kg ha–1; high N) (Seda and Muñoz, 2011) and the other to less than one third of the first dosage (49 kg ha–1; low N). The large variability existing among the ‘de penjar’ collection for morphological, agronomic, and quality traits observed in this study paves the way for selection and breeding of this overlooked type of tomato. In terms of yield, average production in our collection (around 2 kg plant–1) stands on intermediate values reported for other LSL varieties from the eastern Spain (‘de penjar’) and Balearic Islands (‘de ramellet’) (Casals et al., 2012; Cebolla-Cornejo et al., 2013; Figàs et al., 2015, 2018b; Fullana-Pericàs et al., 2019). Our data about fruit mean weight are in agreement with Conesa et al. (2020). Regarding fruit quality, soluble solid content in the collection studied ranged around 4–7%, with an average of 5.5%, similar to values found in Fullana-Pericàs et al. (2019) but slightly lower to the values found in Figàs et al. (2015, 2018b). Similarly, when looking at individual concentrations of reducing sugars, mean values of fructose and glucose under both low and high N treatment fitted within the range of values obtained in Casals et al. (2015), which evaluated the sugar and acid profile of 25 accessions of ‘de penjar’ tomato. However, the ranges obtained by Casals et al. (2015) were wider and showed higher maximum average values by 1.26- and 1.19-fold, respectively, than the collection of the present study. The average titratable acidity in the present collection was also similar to those found for other ‘de penjar’ and ‘de ramellet’ tomato varieties (Cebolla-Cornejo et al., 2013; Figàs et al., 2015, 2018b). However, none of the varieties showed means of titratable acidity higher than 1.0%, while this commonly happens in ‘de ramellet’ tomato (Fullana-Pericàs et al., 2019). This might be due to genetic differences or to differences in the ripening stage at the time of harvesting. In any case, our work supports previous information indicating that LSL varieties from Spain generally are slightly more acidic than the varieties from Italy, while the latter accumulate more soluble solids (Conesa et al., 2020). On the other side, as opposed to fructose and glucose contents, the ‘de penjar’ tomato collection of the present work showed mean values of individual citric and malic acid content slightly higher than in the collection evaluated in Casals et al. (2015), with larger ranges of variation among accessions. In addition, the maximum average values found in the present collection for contents in citric and malic acid were 12.66 g kg–1 fw and 2.36 g kg–1 fw, respectively, while the maximum values in Casals et al. (2015) were 1.78- and 1.50-fold lower, respectively. Ranges for content in glutamic acid in the ‘de penjar’ collection of this study showed wider variation than in other works (Casals et al., 2015), although both glutamic and aspartic acids are compounds still barely studied in ‘de penjar’ tomatoes.

Compared with USDA standard nutritional references of cultivated tomato (Haytowitz et al., 2011), the ‘de penjar’ collection studied contained in average around 1.5-fold more glucose and fructose and 2-fold more vitamin C. However, lycopene and β-carotene contents were 3.3- and 1.4-fold, respectively, lower in ‘de penjar’ fruits, probably due to the pleiotropic effect of the alc mutation (Kumar et al., 2018). The same trend was observed for glutamic and aspartic acids, with mean contents of 1.2- and 1.6-fold lower in our collection compared to the USDA standard nutritional references (Haytowitz et al., 2011). This confirms that ‘de penjar’ LSL varieties are very different in composition terms to standard tomato varieties (Cebolla-Cornejo et al., 2013; Figàs et al., 2015).


Importance of Soil Conditions and Cultivation Practices

Some recent studies have addressed the impact of organic farming alone and together with low N inputs on agronomic and quality traits of tomato. De Pascale et al. (2016) suggested that organic cultivation practices might be a better approach than conventional methods for improving yield and nutritional quality of tomato under limiting N and water conditions, although it depends on cultivar and soil type. In this study, ‘de penjar’ tomato was cultivated following organic farming practices. In this respect, ‘de penjar’ tomato have been traditionally cultivated in open field under rain-fed, low-input conditions, which makes this tomato crop ideal for adaptation to organic farming.

The relationship between soil characteristics and fertilization is often overlooked, and there are interactions between different elements of its composition that heavily affect the efficiency of nutrient absorption by the roots (Jones, 2012). In this respect, the imbalanced N–P–K fertilization in the low N treatment was taken into account before setting the fertilization program by evaluating the possible impaired plant availability of other macronutrients. However, only synergistic or zero interactions have been identified in literature between nitrogen and phosphorus or potassium. Antagonistic effects are mostly found between divalent cations (Rietra et al., 2017). In addition, the soil texture influences the development of the roots and their degree of absorption (De Pascale et al., 2016). A clay-loam soil, as in the present work, would enhance root efficiency in exploring the soil for nutrients as it represents a well-balanced soil with intermediate compaction degree, which avoids rapid loss of nutrients and water and allows proper aeration (Tracy et al., 2013). Our experiment was carried out in an officially recognized area for ‘de penjar’ tomato cultivation. In this work, soil analysis showed slight salinity, which is optimal for ‘de penjar’-type cultivation (Conesa et al., 2020), and high organic matter concentration, which is known to have a positive impact on nutrient availability and reducing soil compaction (Metzger and Yaron, 1987). No nutrient deficiencies were found in the soil of study. Contrarily, concentrations of K, Ca2+, and Mg2+ were excessive, which could result in salt formation causing antagonism between ions (e.g., Na+ vs. K+, Cl– vs. NO3–) and mineral imbalance with negative impact on plant growth (Jones, 2012). In addition, very high P concentrations were found in soil, which will eventually be washed out through the soil, contributing to pollution and eutrophication of waters. These data prove that there is scope for reducing, at a large extent, the supply of these nutrients in fertilization of ‘de penjar’ tomato.



Variation Observed

Considerable phenotypic variation was observed in our collection for most of the traits evaluated, which is in agreement with the large genetic diversity described for ‘de penjar’ tomato in other works (Casals et al., 2012; Cebolla-Cornejo et al., 2013; Esposito et al., 2020). Genotyping data of our collection would have been relevant to confirm at the genetic level the high diversity we have found. However, since we mostly evaluated quantitative traits with polygenic control, a larger number of accessions would have been needed for a robust “Genome Wide Association Study” (GWAS) (Korte and Farlow, 2013). The specific effect of the alc mutation on the traits investigated could be studied by means of crosses between parents carrying the alc mutation and its corresponding wild allele. The PCA confirmed the wide variation observed, visually represented with the different accessions studied scattered all over the score plot. This supports the definition of ‘de penjar’ tomato by Conesa et al. (2020) as a “population of landraces,” in which the alc mutation is introgressed into different genetic backgrounds (Casals et al., 2012), maintaining high heterogeneity within the ‘de penjar’ type.

The higher value of phenotypic than genotypic variation for every trait analyzed shows an important environmental effect, especially for fruit bioactive and quality compounds. This is in agreement with previous studies that reported tomato quality traits being highly polygenic, strongly influenced by environmental conditions and showing low heritability (Causse et al., 2003). Fruit mean weight showed the highest broad-sense heritability estimate (H2), followed by malic acid content and citric:malic acid ratio, which was in line with them showing the highest genotypic variation coefficient (CVG). In these terms, similar results were reported in other works. Morphology traits in tomato, such as fruit weight and skin color, are known to have higher values of heritability than fruit quality traits or yield (Figàs et al., 2018a). Panthee et al. (2012) also observed that acid traits showed higher heritability than sugar and soluble solid content. Contrarily, lycopene, total carotenoid, and β-carotene contents had the lowest H2 and the highest phenotypic variation coefficient (CVP) in the collection of the present study. Both H2 and CVP estimates for lycopene and total carotenoid content showed values of 0. We attribute this phenomenon not to the absence of genetic variation in our collection but to a strong interaction G × N, meaning that different trends in the response to increasing or decreasing N inputs were observed among genotypes. Panthee et al. (2012) also found a similar interaction genotype × environment effect resulting in low heritability for lycopene in tomato. Both heritability and a strong interaction G × N constitute relevant information for breeding and selection (Panthee et al., 2012; Figàs et al., 2018b). While high heritability estimates would make more efficient the selection of genotypes expecting the same performance under different N supply conditions, having a strong interaction G × N would allow breeders to select varieties with the best response under certain conditions, in our case, low N.



Effects of Low Nitrogen Inputs on Traits Evaluated

Yield is one of the most valuable traits for growers, and it is directly correlated with N availability for plants (Zhang et al., 2015). In the present work, no significant differences were found between the two N treatments regarding average yields for any of the varieties evaluated. Our results suggested that, although N supplied in the high N treatment could not be considered excessive in a detrimental way to yield, the N availability in the low N treatment was suitable for an optimal plant growth and for obtaining similar yields. More plant growth parameters would have been needed for better support of our statement. Most of the studies testing tomato cultivars in soil with different rates of N fertilization found that yield increased linearly with N input but reached a plateau where it became insensitive to more N fertilization levels (Elia and Conversa, 2012; Djidonou et al., 2013). However, among those studies, the minimum N fertilization level maximizing tomato yield was at least 168 kg ha–1 in open field (Djidonou et al., 2013), while for the ‘de penjar’ collection studied, we found that even with only 49 kg ha–1 of N fertilization, no differences were obtained compared to the standard fertilization. In addition, data of SPAD were similar to those of the plant yield. More data about plant morphological changes would be appropriate to robustly evaluate the effect of the LN treatment on plants, like plant biomass, plant height, leaf size, or root morphology (Hermans et al., 2006; Freschet et al., 2018). In particular, it would have been of interest to have plant biomass data to evaluate nitrogen use efficiency parameters. However, SPAD values have been widely used for evaluating plant N status in crop management, as leaf chlorophyll content is closely related to leaf N content, and a reduction in these values have been already reported for tomato under N fertilization stress (Ling et al., 2011; Padilla et al., 2015; Dunn et al., 2018). Thus, we decided to use this parameter to estimate plant N status for being a simple, nondestructive, and relatively quick measure to take. Fruit mean weight was also not influenced by the N rate in the present study. In fact, Elia and Conversa (2012) and Hernández et al. (2020) suggested that the effects of N inputs on tomato yield were due to changes in fruit load more than fruit mean weight. The external color of fruit was evaluated through lightness, chroma, and hue values, but only the collection average for hue was significantly affected by the N treatment, increasing when low N was applied. According to the HCL color space, this would represent a slight change of color toward orange under low N inputs, possibly due to a slightly higher content of β-carotene under these conditions.

Taste and flavor of ‘de penjar’ tomato is one of the attributes most appreciated by the local consumer, and it is associated with its traditional use (Conesa et al., 2020). Therefore, we considered important to evaluate the effects of lowering the dose of N fertilization on those characteristics. Our results showed that high N rate did not affect significantly either the N or the C content in fruit, probably due to a N redistribution between leaves and fruits in response to an exceeded N supply. In fact, Elia and Conversa (2012) found that increasing N inputs of tomato from 200 to 300 kg ha–1 increased leaf N, while N storage in fruits decreased. This was explained by a plant tendency to grow vegetatively rather than reproductively when N availability increases over the demand.

Citric, malic, and total acid contents and titratable acidity in fruits showed no significant differences between N treatments. Our results differed to the ones reported in recent studies for tomato, both under hydroponic and soil cultivation (De Pascale et al., 2016; Truffault et al., 2019), in which higher acidity was found related to an increasing N rate. In addition, our results suggest that citric acid is likely the highest contributor to the fruit acidity in ‘de penjar’ collection, as its content in fruits exceeds by 2.7- to 10.0-fold on average that of malic acid. This is in agreement with the results obtained in the collection evaluated by Casals et al. (2015), which showed nearly the same range of citric:malic ratio (2.4 to 9.3).

Fruit contents in fructose, glucose, total sugar, and total sweetness index were the only composition traits evaluated in this study that showed a significant effect of the N treatment. All of them suffered an average reduction of 10–20% in response to low N inputs. Although the ANOVA did not show significant differences for these traits between N treatments for each accession separately, the existence of a significant effect of the N treatment indicates a tendency toward the reduction of sugar content under low N in the ‘de penjar’ tomato. Results about the N effect on carbohydrates and total soluble solids in fruits are the most controversial among other works in tomato crop. Our results are in agreement with some of them (De Pascale et al., 2016). Others reported the opposite effect (Hernández et al., 2020), while others even found no significant effect of N rate on sugar content (Truffault et al., 2019). According to Hermans et al. (2006), N deficiency in plants may cause an accumulation of starch and sugars in leaves, consequently decreasing their content in fruits and regulating photosynthesis by negative feedback. This could explain our results. Level of sweetness is also related to different proportions of main sugars, with fructose being the sweetest, followed by sucrose and finally glucose. Fructose and glucose are also known to be usually in the same proportion (1:1) in tomato pericarp (Beckles, 2012). However, our results showed mean values of fructose:glucose ratio over 1.0 for every accession and it was not affected significantly by N inputs. Furthermore, a highly significant interaction G × N was observed, which gives scope to select accessions with higher fructose:glucose ratio under low N inputs for breeding purposes.

Since the end of the 20th century, flavor was increasingly understood as a complex parameter not only due to main sugars and organic acids but also due to their ratio, texture, and volatile compounds. Although studies including the different elements of flavor are emerging, it is still a difficult parameter to estimate objectively and not amenable for exhaustive assays for being time-consuming and expensive. Therefore, the horticultural industry has been using indexes highly correlated with flavor and consumer acceptability for selecting and breeding (Beckles, 2012). In tomato, Baldwin et al. (1998) reported that total sweetness index or its ratio to titratable acidity were closer than soluble solid content or its ratio to titratable acidity to their acceptability based on sweetness we perceive (r ≥ 0.80). In the present study, while total sweetness index significantly decreased with LN treatment, soluble solid content was not affected. Despite the high correlation between sugar and soluble solid content and that the latter is easier and faster to measure, soluble solid content includes other compounds that do not contribute to sweetness. Thus, it could be interesting to quantify individual sugars (Fernández-Ruiz et al., 2004). On the other hand, as acidity level influences the perception of sweetness, parameters related to sweetness–acidity balance are more likely to correlate with taste preferences than sugar and acid contents alone (Baldwin et al., 1998; Beckles, 2012). In this experiment, a significant decrease in average sugars associated with low N inputs was reflected as a slight reduction of their average ratios with organic acids and acidity-related traits. Remarkably, this reduction was not significant; thus, low N inputs may not change a great deal the taste of ‘de penjar’ tomatoes. On the other hand, taking into consideration the traditional conservation and consumption of the ‘de penjar’ tomato, up to a minimum of 2 months after harvest, having lower sugar content under low N treatment could be detrimental to its taste during postharvest life, since a decrease, first sharply and then more gradual, of sugar content in this type of tomato has been reported at 2 to 4 months postharvest, while organic acids decreased to a lesser degree in the same period (Casals et al., 2015). However, further studies are needed to draw an accurate conclusion, using experienced sensory panels and investigating the postharvest performance of the accessions evaluated, as diversity for these traits has been observed among ‘de penjar’ accessions (Casals et al., 2015).

One possible mitigation of the reduction of sugars under low N conditions would be the use of foliar sprays as a nutritional complement. The main advantage of fertilizing by foliar treatments is its efficiency with a minimal contribution to environment pollution. Recently, applications of 1 mg L–1 sodium selenate or 500 mg L–1 abscisic acid have been reported to improve fructose, glucose, and vitamin C, in tomato fruits (Barickman et al., 2017; Zhu et al., 2018). On the other hand, the best approach might be an optimized fertilization and irrigation management. As reported by Fullana-Pericàs et al. (2019), ‘de penjar’ tomato local varieties withstand low irrigation conditions with minimum yield losses, and even with enhanced sugar content in fruits. In any case, these are possible paths for further studies about the cultivation of ‘de penjar’ tomato using less N fertilization.

Aspartic and glutamic acids are major amino acids in tomato fruits. Tomato accumulate several-fold higher content of glutamic acid in their fruits than other vegetables such as pepper, onion, or carrot (Haytowitz et al., 2011). On the one hand, aspartic and glutamic acids function as other amino acid precursors in plants, e.g., glutamic acid constitutes the first element of the GABA (γ aminobutyric acid) synthesis, a bioactive molecule of recent interest for its health-promoting potential (Gramazio et al., 2020). On the other hand, those are the only amino acids that are related to taste, especially glutamic acid. In their ionized forms and in the presence of sodium salt, they give the fifth basic taste, umami, known as savory and taste-enhancing (Lioe et al., 2010). Due to its molecular N basis, the amount of amino acid in the plant will depend on the N content of the plant. In the case of aspartic and glutamic acids, no significant differences were found in our ‘de penjar’ collection by reducing nitrogen fertilization to one third of the usual supply.

Regarding bioactive compounds, tomatoes owe their antioxidant power mainly to their vitamin C and carotenoid content (Adalid et al., 2010). Although the effects of lowering N fertilization on these compounds are still not clear (Truffault et al., 2019; Hernández et al., 2020), in our experiment they were not significantly affected by N dosage. Interestingly, vitamin C showed a significant positive environmental correlation to sweetness (soluble solids content, fructose, total sweetness index). A positive correlation between fruit content in sugars and vitamin C has been already reported in other works (Causse et al., 2003) and could be explained by the role of sugars as precursors for vitamin C biosynthesis. On the other hand, sugars also function as signaling molecules in source–sink regulation and as regulators of gene expression, which could also be involved in this correlation (Eveland and Jackson, 2012). These positive correlations could help breeders to identify trends in several compounds measuring just a few easier ones.



Selection Based on Ideotype and Comparison of Local vs. Commercial Materials

Considering all the traits analyzed in the present work, there are prospects for selecting the best ‘de penjar’ varieties based on an ideotype under low N inputs with the aim to include them in breeding programs or directly cultivate them under those conditions. The desirable attributes pursued in our study would be high yield in the first place; high nitrogen content, due to its direct relationship with protein content; great sweetness, given by high content in sugars (mainly fructose), but moderate content in organic acids resulting in high sweetness:acidity ratio; high glutamic and aspartic acid contents, which would potentiate taste; and great content in antioxidant compounds (vitamin C, carotenoids) due to their reported bioactive role in the human body. In this regard, among the best ten yielding varieties under low N treatment, both MT1 and MO1 seemed to present the best ideotype. In addition, they showed opposite average fruit weight, which could be an advantage in breeding for different markets and maintaining the morphological variability within the ‘de penjar’ type. On the other hand, MO2 showed very good resilience in yield ranking third, besides being the fourth best-yielding variety under low N treatment. Among the 19 out of 44 accessions that showed significant differences between the two N treatments for some of the traits evaluated (lightness of color, fructose:glucose ratio, contents in lycopene, β-carotene, total carotenoids, and carbon), the already mentioned MT1 was very interesting for showing increased average contents of lycopene, β-carotene, and total carotenoids by 43–52% under low N treatment. In addition, TO1 stood out for showing increased mean values under the low N treatment compared to the high N for all the mentioned traits, except for lightness of color. Although TO1 did not rank in the top 10 positions for yield in any of the N treatments, nor for yield resilience, the cultivation and conservation of this local variety could be interesting for future breeding programs aimed at improving fruit quality under low N inputs.

Commercial tomato varieties are the result of the last 50 years of breeding toward high yield, pest resistance, and fruit uniform appearance (Casañas et al., 2017). However, in the last decade, with consumers demanding more tasteful and healthful fruits and agriculture facing the challenge of producing more with fewer resources and with less impact on the environment, local tomato varieties are being “rediscovered” as an important source of variability. Several studies have been carried out in order to properly characterize the ‘de penjar’ tomato (Casals et al., 2012, 2015; Cebolla-Cornejo et al., 2013; Figàs et al., 2015). However, there is a lack of comparison of local vs. commercial varieties for this varietal type. Herein, we have found significant differences for three (soluble solid content:titratable acidity, total sweetness index:titratable acidity, and vitamin C) out of the 29 traits analyzed. For all three traits and both N treatments, local varieties showed a higher average value, which reinforces their appreciation for their organoleptic and nutritional quality.




CONCLUSION

The present work provided the first comprehensive characterization of the variability of ‘de penjar’ tomato varieties under contrasting levels of N fertilization. A wide diversity in our collection for agronomical, morphological, and fruit organoleptic and nutritional quality traits was revealed. Our data support the evidence of a current over-fertilization in ‘de penjar’ tomato cultivation. Under the experimental conditions tested, reducing to one third the usual nitrogen supply did not show any significant effect on yield and most of the traits evaluated related to fruit nutritional and organoleptic quality, except for a decrease in soluble sugars. Several varieties showed excellent results under low N supply conditions, being within the best ten yielding varieties with good fruit quality parameters. In addition, the present work highlights the value of local varieties for selection and breeding of ‘de penjar’ tomatoes and enhances their potential as a very useful gene pool for future tomato breeding programs for resilience under restrictive environmental conditions. Further studies on association of genetic and phenotypic data and on postharvest performance under low N fertilization conditions, as well as developing segregating generations for the alc mutation, will provide relevant information for the enhancement of the ‘de penjar’ tomato for selection and breeding for resilience.
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An Eggplant Recombinant Inbred Population Allows the Discovery of Metabolic QTLs Controlling Fruit Nutritional Quality
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Eggplant (Solanum melongena L.) represents the third most important crop of the Solanaceae family and is an important component of our daily diet. A population of 164 F6 recombinant inbred lines (RILs), derived from two eggplant lines differing with respect to several key agronomic traits, “305E40” and “67/3,” was grown to the commercial maturation stage, and fruits were harvested, separated into peel and flesh, and subjected to liquid chromatography Liquid Chromatography/Mass Spectrometry (LC/MS) analysis. Through a combination of untargeted and targeted metabolomics approaches, a number of metabolites belonging to the glycoalkaloid, anthocyanin, and polyamine classes and showing a differential accumulation in the two parental lines and F1 hybrid were identified. Through metabolic profiling of the RILs, we identified several metabolomic quantitative trait loci (mQTLs) associated with the accumulation of those metabolites. Each of the metabolic traits proved to be controlled by one or more quantitative trait loci (QTLs); for most of the traits, one major mQTL (phenotypic variation explained [PVE] ≥ 10%) was identified. Data on mQTL mapping and dominance–recessivity relationships of measured compounds in the parental lines and F1 hybrid, as well as an analysis of the candidate genes underlying the QTLs and of their sequence differences in the two parental lines, suggested a series of candidate genes underlying the traits under study.

Keywords: Solanum melongena (L.), metabolic profiling, glycoalkaloids, anthocyanins, polyamine conjugates


INTRODUCTION

Eggplant (Solanum melongena L.) is a diploid species (2n = 2x = 24) belonging to the Solanaceae family, genus Solanum and subgenus Leptostemonum. It has originated in Africa and was probably domesticated in Asia (Weese and Bohs, 2010), where it has been cultivated for over 1,500 years. Cultivated eggplant represents the third most important crop of the Solanaceae family after potato and tomato; it is cultivated worldwide, with a global production of 54 Mt in 2018 (FAOSTAT1) China, India, Iran, and Indonesia are the leading producing countries, while Egypt, Turkey, and Italy are the main producers in the Mediterranean region. Two other Solanum species, native from Africa, are commonly cultivated: the scarlet eggplant (Solanum aethiopicum L.) and the gboma eggplant (Solanum macrocarpon L.), with which eggplant is fully cross-compatible.

Eggplant fruits differ strongly in size, shape, and skin color. Most of their nutritional properties are related to their content in phenolics, especially chlorogenic and hydroxycinnamic acids and their conjugates, as well as in the skin of pigmented genotypes, anthocyanins, and other phenylpropanoids (Whitaker and Stommel, 2003; Mennella et al., 2012).

Eggplant genetic maps have been constructed from both interspecific (Doganlar et al., 2002a,b; Frary et al., 2003; Wu et al., 2009) and intraspecific crosses (Barchi et al., 2010, 2012; Fukuoka et al., 2012). These have been used to map quantitative trait loci (QTLs) controlling morphological and domestication traits, including fruit weight, shape, and color (Portis et al., 2014), disease resistances (Barchi et al., 2018), and some biochemical features (Toppino et al., 2016). Finally, an association panel of 191 accessions, genotyped with the restriction site associated DNA (RAD) markers developed by Barchi et al. (2011) and mapped by Barchi et al. (2012), was recently employed for a genome-wide association (GWA) approach for identifying genomic regions involved in anthocyanin and many other traits of agronomic interest (Cericola et al., 2014; Portis et al., 2015). To this date, however, few systematic efforts have been conducted to map QTLs controlling fruit metabolic composition (Gramazio et al., 2014; Toppino et al., 2016).

A chromosome-anchored eggplant genome sequence has been recently published (Barchi et al., 2019). This sequence, in combination with the technical advances in metabolic profiling (Fiehn et al., 2000; Schauer et al., 2006), creates new opportunities to study the genetic basis of eggplant fruit nutritional quality.

We undertook the metabolic characterization of fruits of an eggplant recombinant inbred line (RIL) population (Toppino et al., 2020). The population consists of 164 F6 RILs, obtained by crossing the breeding line “305E40,” a doubled haploid derivative of an interspecific somatic hybrid between S. aethiopicum and S. melongena, and the breeding line “67/3,” an F6 selection from an intraspecific S. melongena cross. The female parent “305E40” produces long, highly pigmented dark purple fruit, while the male parent “67/3” produces round lilac fruits (Figure 1). The “67/3” genotype has been used for the generation of a high-quality genome sequence, and the “305E40” line has been re-sequenced (Barchi et al., 2019). First, metabolites that differentially accumulated in the two parental lines and the F1 hybrid were identified through an untargeted approach and a combination of accurate mass, isotopic patterns, MS2 profiles, and comparison with authentic standards. Then, additional metabolites belonging to the same metabolic pathways were identified through targeted approaches. Both untargeted and targeted metabolites were quantified in the RILs, leading to the discovery of metabolic QTLs controlling their levels.


[image: Figure 1]
FIGURE 1. Phenotypes of fruits at commercial maturation. Top: the two parents “67/3” (P1, male) and “305E40” (P2, female) of the RIL population, and the F1 hybrid. Bottom: the F6 RILs.




MATERIALS AND METHODS


Plant Material

An F6 RIL population, bred from a cross between lines “305E40” and “67/3,” was field grown, along with both parents and the F1 hybrid, in the field at Montanaso Lombardo (45°20′N, 9°26′E). Each individual RIL progeny was sown in the greenhouse, and plantlets were transplanted in an open field at the four- to five-leaf stage. One leaflet per RIL was stored at −80°C for DNA extraction. The material was arranged as a set of two randomized complete blocks with four plants per entry per block. For fruit sampling, at least four different fruits were collected from four different plants for each biological replicate at the commercial ripening stage B (~30 days after flowering [DAF]) as described by Mennella et al. (2012). A 2-mm-deep layer comprising the peel was carefully harvested using a sharp knife peel, taking slices of about 4 cm2 from opposite sides of the fruits to pool pieces of peel tissues that were exposed to different sunlight intensities. Pulp was reduced to square slices 1 cm thick, removing the seeds. Tissues were frozen in liquid nitrogen and stored at −80°C.



Polar Extraction and LC/ESI/MS Analysis

Frozen tissues were freeze-dried and ground in 2 ml Eppendorf tubes with a tungsten bead using a TissueLyser (Qiagen) at 30 Hz for 30 s. Five milligrams of powder from either flesh or peel were extracted with 1.5 ml of 75% methanol/0.05% v/v trifluoroacetic acid, spiked with 3 μg/L formononetin (Sigma-Aldrich) as an internal standard. After vortexing for 30 s and centrifugation (15 min at 20,000 g, 15°C), 0.6 ml of the supernatant was removed and transferred into filter (PTFE) vials for LC/MS analysis (Waters). Ten microliters of filtered extract were injected. LC analysis was performed using a C18 Luna column (Phenomenex, Macclesfield, UK), 2.0 × 150 mm, 2.5 μm particle size. Total run time was 32 min using an elution system running at 0.250 ml/min and consisting of (A) water (0.1% formic acid and 10 pg/ml caffeine) and (B) acetonitrile:H2O 90:10 (0.1% formic acid and 10 pg/ml caffeine as an internal mass reference, to improve mass accuracy). Gradient was 0 to 0.5 min 95% A/5% B, 24 min 25% A/75% B, and 26 min 95% A/5%. The MS analysis was performed using an LTQ Orbitrap Discovery mass spectrometer using an ESI, with an FTMS m/z range of 110–1,800 and source operating in positive ion mode (resolution 30,000), which was the one found, in preliminary trials, to give the highest number of differentially abundant (DA) metabolites.

Parameters were capillary temperature 270°C; sheath and auxiliary gas set at, respectively, 50 and 5 units; spray voltage 4.5 kV, capillary voltage set at 10 V, and tube lens at 80 V. All the chemicals and solvents used during the entire procedure were of LC/MS grade (Chromasolv).



Untargeted and Targeted Analysis of Polar Metabolites

Untargeted analysis of DA metabolites was carried out using the SIEVE software (v1.2, Thermo Fisher Scientific), which performs chromatogram alignment, peak picking, and public database (e.g., ChemSpider, KEGG, PubChem, and PlantCyc databases) querying based on accurate masses (m/z). LC/MS data were processed, applying a “control compare trend” type of experiment for “small molecules,” using an already-described method (Coppola et al., 2019). With this automated analysis, MS intensities from raw LC/MS data were processed, grouping MS chromatograms as replicates assigned to each sample and generating a list of “frames” for each group of peaks found in the samples, within a specified m/z value and retention time. Frames showing intensity value differences of more than 2-fold, with a p ≤ 0.05, between the two parental lines or between the F1 hybrid and either of the parental line were selected. Compounds were tentatively identified based on accurate mass (m/z) in full-scan MS (M+H+ or M+) and isotopic ratios (level C); MS2 spectra generated by data-dependent MS/MS, compared to public (KEGG, Metlin, and PubChem), in-house, or in silico generated MS2 spectra (Ruttkies et al., 2016) (level B); and co-migration with authentic standards (level A), using the Xcalibur software 4.4.16 Qual browser (Thermo Fisher Scientific, USA). Authentic standards were purchased from Sigma-Aldrich. The identification levels of each metabolite are described in Supplementary Table 1, and examples of MS2 identification are given in the Supplementary Text and Figures. For pathway walking, metabolites metabolically related to the ones initially identified through untargeted analysis were identified based on accurate mass (m/z), isotopic ratios, and, when available, MS2 data (Supplementary Table 1). Relative levels of accumulation of investigated metabolites were calculated as fold average and the standard deviation of integrated areas under the m/z peak of the adduct of each metabolite and the internal standard peak area (Fold/ISTD), using the TraceFinder 4.1 software (Thermo Fisher Scientific, USA), using two biological replicates (Coppola et al., 2019).



Statistical Analyses and mQTL Detection

Statistical analyses were performed using the R software (R Team, 2013). A conventional analysis of variance was applied to estimate genotype and environment effects based on the linear model Yij = μ + gi + bj + eij, where μ, g, b, and e represent, respectively, the overall mean, the genotypic effect, the replicate effect, and the error. Broad-sense heritability values were given by σ2G/([σ2G + σ2E]/n), where σ2G represented the genetic variance, σ2E the residual variance, and n the number of replicates. Correlations between traits were estimated using the Spearman coefficient, and kurtosis and skewness were calculated. Segregation was considered as transgressive when at least one individual RIL recorded a trait value higher or lower by at least two standard deviations than the higher or lower scoring parental line. A recently developed single-nucleotide polymorphism (SNP)-based map (Toppino et al., 2020) was used for QTL detection. Briefly, library construction was carried out using the HindIII–MseI enzyme combination followed by a biotin/streptavidin-coated beads-based purification step. DNA libraries were pooled and sequenced on an Illumina HiSeq 2500 platform (Illumina Inc., San Diego, CA, USA), using 150 PE chemistry and following the manufacturer protocol at Biodiversa srl (Rovereto, TN, Italy). Overall, the map includes 7,249 SNP markers and spans 2,169 cM.

A multiple QTL mapping (MQM) method (Jansen, 1993, 1994), as implemented in the MapQTL v4 software (Van Ooijen, 2004) was used for QTL analysis. QTLs were initially identified using interval mapping; afterwards, one linked marker per putative QTL was treated as a cofactor in the approximate multiple QTL model. Cofactor selection and MQM analysis were repeated until no new QTL could be identified. LOD thresholds for declaring a QTL to be significant at the 5% genome-wide probability level were established empirically by applying 1,000 permutations per trait (Churchill and Doerge, 1994). Additive genetic effect and the percentage of the phenotypic variation explained (PVE) by each QTL were obtained from the final multiple QTL model. Individual QTLs were prefixed by a trait abbreviation, followed by the relevant chromosome designation. The confidence interval of the QTL was calculated as the LODmax−1 interval or at least by considering 0.3 Mb upstream and downstream (if not differently reported in the text) of the marker identified at the QTL.

Based on the annotation v3.0, the confidence intervals of QTLs were analyzed with the SnpEff v4.3 program (Cingolani et al., 2012) to infer any potential deleterious effect on candidate genes for the metabolites in study. Briefly, resequencing data of the parental line “305E40” (Barchi et al., 2019) were aligned against the reference “67/3” eggplant genome, using the Burrows-Wheeler Aligner (BWA) (Li, 2013) (i.e., mem command) with default parameters and avoiding multiple-mapping reads. BAM files were processed and used for SNP calling using bcftools mpileup/call/norm utilities (Li, 2011) with default parameters, except for the use of the multiallelic calling model (–m option), minimum mapping quality (Q = 20), and the filtering out of multimapping events (–q > 1).

The effect of each SNP/indel was classified into four classes of effects: (1) modifier effect, as variants located outside genes (non-transcribed regions or introns); (2) low effect, as synonymous variants in coding regions; (3) moderate effect, as variants altering the aminoacidic sequence; and (4) high effect, as variants changing frameshift, thereby introducing/eliminating stop codons or modifying splice sites. For variant annotation, the CMplot2 was used for drawing QTL results.




RESULTS


Untargeted Metabolic Profiling of Fruits From the Parental Lines and the F1 Hybrid

The RIL population composed of 164 F6 RILs (Toppino et al., 2020), as well as the two parental lines “305E40” (P1, female parent) and “67/3” (male parent) and the F1 hybrid (HF1), were grown in an experimental field at Montanaso Lombardo (45°20′N, 9°26′E) in two independent, randomized blocks, each constituting a biological replicate. Fruits were harvested from each of the two blocks at the commercial ripe (B) stage (~30 DAF) (Mennella et al., 2012), separated into peel and flesh fractions, and freeze-dried. Polar metabolites from flesh and peel were extracted from parental lines and the HF1 hybrid as previously described and analyzed by LC/ESI/MS analysis (see Materials and Methods). MS spectra collected were analyzed by performing an untargeted search for DA metabolites between “305E40” and “67/3” parents and the F1 hybrid. To this end, the MS data from the three genotypes were analyzed in all possible pairwise comparisons using the SIEVE software v1.2 (Thermo Fisher Scientific). An example of the chromatograms is shown in Figure 2. Peaks showing more than a 2-fold change between the two parental lines or between the F1 hybrid and either of the parental line with a p ≤ 0.05 were classified as DA and are shown in the “untargeted” section of Table 1.


[image: Figure 2]
FIGURE 2. Representative Total Ion Current (TIC) chromatograms of flesh and peel samples from parental lines “67/3” (blue), “305E40” (orange), and F1 hybrid (green). Arrows indicate differentially expressed peaks: a, solamargine; b, malonylsolamargine; c, pseudoprotodioscin; d, delphinidin-3-rutinoside; e, nasunin.



Table 1. Differentially abundant metabolites in flesh and peel extracts of the parental lines, the F1 hybrid and the RIL populations.
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In the flesh, two main classes of DA metabolites were identified: (a) steroidal glycoalkaloids (SGAs)/saponins (SGAs: pseudoprotodioscin, solamargine, and malonyl solamargine) and (b) polyamine conjugates. Most metabolites showed higher relative levels in the “305E40” parent, especially pseudoprotodioscin, while both isomers of n, n′-dicaffeoylspermidine were not detectable in the “67/3” parent.

A higher number of DA metabolites were identified in peels: (a) glycosylated flavonols and anthocyanins (rutin, delphinidin-3-rutinoside, and nasunin); (b) one SGA (pseudoprotodioscin); (c) polyamine conjugates (n, n′-dicaffeoylspermidine, n-caffeoylputrescine, n-dihydrocaffeoyl-n′-caffeoylspermidine, and p-coumaroylputrescine); (d) amino acid glutamine; and (e) acetylcholine and trigonelline. Again, all compounds, except nasunin, trigonelline, and acetylcholine, showed higher relative levels in the “305E40” parent.

Depending on the compound, identification was based on accurate mass, isotopic patterns, MS2 fragmentation patterns based on data from literature or in silico prediction, or comparison with authentic standards (Supplementary Table 1 and Supplementary Text and Figures). Metabolites were defined as overdominant, dominant, semidominant, recessive, or under-recessive, according to the metabolite levels found in the F1 hybrid compared to those found in the two parental lines (Table 1).



Pathway Walking

In order to better understand the possible nature of the mutations underlying the differences between the two parental lines, we decided to identify and measure, in the MS data, metabolites that are located on the same biosynthetic pathways with respect to the ones initially identified by the untargeted analysis. We call this approach “pathway walking.” Through this approach, we identified two additional DA SGAs in the flesh and three DA flavonoids (one anthocyanin and two glycosylated flavonols) in the peel (shown in the “targeted” section of Table 1).

A schematic biosynthetic pathway of eggplant SGAs is shown in Figure 3. Solamargine was the first compound identified as DA and showed higher relative levels in the flesh of the “305E40” parent, while the F1 hybrid showed intermediate levels, thus suggesting semidominant inheritance. Solasonine, a compound also synthesized from the same precursor of solasodine, showed comparable levels in the two parental lines and largely increased levels in the F1 hybrid, suggesting overdominance. Downstream of solamargine, we identified malonyl-solamargine (Wu et al., 2009; Lelario et al., 2019), which showed higher levels of accumulation in the F1 hybrid compared to both parental lines, again suggesting overdominance. On the other hand, pseudoprotodioscin, a steroidal saponin synthesized from the first precursor of SGAs (Cardenas et al., 2015), was detected in both the flesh and peel, was 3.6- to 8.6-fold higher in the “305E40” parent, and was shown to be recessive or semidominant in the F1 hybrid.


[image: Figure 3]
FIGURE 3. Biosynthetic pathway of steroidal glycoalkaloids. Levels of detectable metabolites are expressed as fold/ISTD (Internal Standard: formononetin) in parental lines male P1 “(67/3)”, female P2 (“305E40”), and the F1 progeny. Metabolites marked in red have been identified by the untargeted analysis, in blue by the targeted one.


Glycosylated flavonols and anthocyanins were investigated in peel extracts, starting from the DA metabolites described above, and their biosynthesis is depicted in Figure 4. Rutin was 30-fold more abundant in the “305E40” parent and was recessive in the F1 hybrid. A similar trend was shown by a second compound carrying a rutinoside moiety, delphinidin-3-rutinoside (D3R). The direct precursors of these two compounds, i.e., quercetin 3-glucoside and delphinidin-3-glucoside, showed very similar relative levels in the two parental lines and in the hybrid. However, two coumaroylated derivatives of delphinidin, i.e., delphinidin 3-O-D-glucoside-5-(6-coumaroyl-D-glucoside) and nasunin (delphinidin-3-coumaroyl-rutinoside-5-glucoside), showed the opposite trend with respect to rutin and D3R, being more abundant in the “67/3” parent and semidominant or dominant in the F1 hybrid. This is suggestive of a clear biochemical mechanism underlying the mQTL controlling fruit pigmentation (see Discussion).


[image: Figure 4]
FIGURE 4. Biosynthetic pathway of flavonoids. Levels of detectable metabolites are expressed as fold/ISTD (Internal Standard: formononetin) in parental lines “67/3” (male) and “305E40” (female) and the F1 progeny. ND, not detectable. Metabolites marked in red have been identified by the untargeted analysis, in blue by the targeted one.


Polyamine conjugates are derived from the polyamines spermidine and putrescine (Figure 5). Unfortunately, our LC/MS settings did not allow the measurement of these precursors. All the polyamine conjugates we identified were strongly upregulated in the “305E40” parent and recessive or semidominant in HF1, again suggesting a possible biochemical mechanism underlying this metabolic trait (see Discussion).


[image: Figure 5]
FIGURE 5. Biosynthetic pathway of polyamine conjugates. Levels of detectable metabolites are expressed as fold/ISTD (Internal Standard: formononetin) in parental lines “67/3” (male) and “305E40” (female) and the F1 progeny. Metabolites marked in red were identified by the untargeted analysis.




Targeted Metabolic Profiling of the RIL Population

The flesh and peel fractions of the RILs were analyzed for the presence of all metabolites shown in Table 1. Two heatmaps summarizing the results are shown in Figure 6, and the detailed results are shown in Supplementary Tables 2, 3. As can be seen, related metabolites often clustered together in the heatmap, indicating a strong co-segregation in the RIL population. This can be observed, for instance, for solasonine/solamargine/malonyl-solamargine in the flesh and for kaempferol 3-O-glucoside/kaempferol 3-O-beta-D-sophoroside/rutin and delphinidin-3-rutinoside/nasunin in the peel.


[image: Figure 6]
FIGURE 6. Heat-maps representing levels of accumulation of differentially metabolites in flesh and peel extracts. Metabolites were subjected to Hierarchical Clustering Analysis (HCA). Color coding represents the average signal intensity (fold/ISTD) in individual lines.




Metabolic Variation and Inter-trait Correlations

A summary of the metabolic performance for each trait in the two parental lines, the F1, and the RILs, together with broad-sense heritability ([image: image]) and other parameters such as skewness, kurtosis, and presence of transgressive genotypes, is listed in Table 1 and Supplementary Table S4.

Transgressive genotypes among the RILs were identified for several metabolites in the study, generally accumulating higher relative levels than the higher accumulating parent “305E40,” with the exclusion of some compounds, such as n-caffeoylputrescine (P-CAPTR), for which the transgressive RILs were characterized by a reduced accumulation. Heritability was overall high, ranging from 0.48 (P-TRIG) to 0.95 (P-D3R and P-NAN).

Significant positive and negative inter-trait correlations were detected (Supplementary Figure 15). As an example, delphinidin-3-rutinoside (P-D3R) was negatively (p < 0.01) correlated in the peel with nasunin (P-NAN), the alternative anthocyanin form synthesized in the same tissue, and glutamine (P-GLUT), and, in the flesh, with demissine (F-DEM), malonyl-solamargine (F-MSOLM), and solasonine (F-SOLA). Conversely, delphinidin-3-rutinoside (P-D3R) was positively correlated in the peel with biochemically related metabolites such as rutin (P-RUT) and kaempferol-3-O-D-glucoside (P-K3G) and, moreover, with pseudoprotodioscin (P-PPROT), n, n′-dicaffeoylspermidine (P-DCASP), n-caffeoylputrescine (P-CAPTR), n-dihydrocaffeoyl-n′-caffeoylspermidine (P-DHCNCS), and n-p-coumaroylputrescine (P-COPTR), while in the flesh level it was positively correlated with both isomers of n, n′-dicaffeoylspermidine (F-DCASP and F-DCASP2). Conversely, nasunin (P-NAN) was negatively correlated with pseudoprotodioscin (P-PPROT), n, n′-dicaffeoylspermidine (P-DCASP), n-caffeoylputrescine (P-CAPTR), n-dihydrocaffeoyl-n′-caffeoylspermidine (P-DHCNCS), and n-p-coumaroylputrescine (P-COPTR).



Mapping of mQTLs

QTL analyses were performed using a recently developed map (Toppino et al., 2020), constituting 7,249 SNP markers, and yielded a total of 16 major QTLs (PVE > 10%) and eight minor QTLs (Table 2 and Figure 7). The largest single QTL effect was associated with P-D3R, with a PVE of 57.3%. The additive effects of all QTLs were significant at p < 0.05.


Table 2. mQTLs and mQTL clusters detected in the mapping population.

[image: Table 2]


[image: Figure 7]
FIGURE 7. Positions of QTLs identified for the metabolites in study. Red lines in the Manhattan plots indicate LOD significance threshold. Blue dots represent significant markers within the confidence interval of the QTL (LODmax-1 interval), with LOD values plotted against genome locations. Cluster of QTLs are indicated as purple (P - FLAVO/POLY 5), orange (F/P - POLY 5), green (F-GLYKO 6), light blue (P-POLY/ ACTPH 8), and red (P-FLAVO/GLYKO 10) dots.


Twenty-four QTLs were discovered, distributed over seven chromosomes, namely, chrs. 03, 04, 05, 06, 07, 08, and 10, comprising eight isolated QTLs and five QTL clusters (Figure 7), whose position, closest marker, LOD, and confidence interval are detailed in Table 2. The isolated QTLs controlled the levels of ACH (chr. 03, 146.8 cM, and chr. 08, 113.1 cM), and UNKN (04, 8.2 cM, and 05, 88.2 cM) in the peel; DEM in the flesh (chr. 05, 5.8 cM); and COPTR (chr. 05, 61.5 cM, the only major QTL), PPROT (chr. 05, 75.5 cM, and chr. 10, 237.0 cM), and KSOPH (chr. 07, 86.4 cM, and chr. 10, 231.4 cM) in the peel.

Of the QTL clusters, one maps around 66.4 cM on chr. 05 and contains three overlapping major QTLs for delphinidin-3-rutinoside (P-D3R), nasunin (P-NAN), and n-caffeoylputrescine (P-CAPTR); a second QTL cluster maps around 116.4 cM on chr. 05 and includes two major QTLs for n, n′-dicaffeoylspermidine (F-DCASP_05) and its isomer (F-DCASP2_05), plus two major QTLs for n, n′-dicaffeoylspermidine (P-DCASP_05) and n-dihydrocaffeoyl-n′-caffeoylspermidine (P-DHCNCS_05); the third one maps between 122.0 and 123.1 cM on chr. 06 and includes two major QTLs for solamargine and malonyl-solamargine (F-SOLM.6.1 and F-MSOLM.6.1) and minor QTLs for demissine (F-DEM) and solasonine (F-SOLA); a fourth one maps between 54.6 and 75.8 cM on chr. 08 and contains overlapping minor QTLs for an unknown (P-UNKN.8.1) and n-caffeoylputrescine (P-CAPTR.8.1); and, finally, a cluster mapping on chr. 10 between 230.2 and 237.0 cM contained major QTLs for kaempferol 3-O-beta-D-sophoroside (P-KSOPH.10.1) and pseudoprotodioscin (P-PPROT.10.1) and a minor QTL for rutin (P-RUT.10.1).



Candidate Genes Underlying the mQTLs

The candidate genes putatively involved in the genetic control of the metabolites in this study were identified among those underlying the confidence intervals of the identified QTLs and QTL clusters (shown in Supplementary Table 5). The possible impact of SNPs and/or indels (if any) identified in the “305E40” with respect to the “67/3” reference sequence was predicted using the SnpEff program (Cingolani et al., 2012). For each QTL or cluster of QTLs, the list of selected candidate genes is reported in Table 3, along with the annotation, the SnpEff-predicted effect on the function of the encoded protein in the “305E40” allele variant (Supplementary Table 5), and the expression in “67/3” fruits at 2–4 cm (stage 1), at commercial ripening (stage 2), and at physiological ripening (stage 3).


Table 3. Candidate genes underlying the mQTLs and mQTL clusters.

[image: Table 3]




DISCUSSION


mQTLs Mapping

Genome-wide metabolic profiling is a powerful tool to identify components of fruit metabolic composition and isolate the underlying genes. Metabolic profiling of RIL and/or introgression line (IL) populations was used to map metabolic QTLs controlling biomass production content in Arabidopsis (Lisec et al., 2008) or influencing nutritional quality in tomato fruits (Schauer et al., 2006) and potato tubers (Carreno-Quintero et al., 2012). With respect to other Solanaceae, eggplant genome-wide metabolic profiling has lagged behind, mainly due to the lack, until recently, of a high-quality reference sequence and of reliable metabolic profiling methods. A chromosome-anchored eggplant genome sequence has been recently developed (Barchi et al., 2019) and, in combination with the metabolic profiling methods described here, paves the way for the discovery of genes controlling major metabolic traits. Here, we describe a method for comprehensive metabolic profiling of polar metabolite eggplant fruits, based on LC/HRMS. An untargeted approach was applied to identify metabolites showing contrasting regulations in the two parental lines and the F1 hybrid. The DA metabolites, as well as additional ones biosynthetically related to those initially identified, were then quantified in an F6 population composed of 164 RILs, and the data were used to infer and map mQTLs influencing fruit nutritional quality.

Based on metabolite relative levels of the F1 hybrid and the two parental genotypes, we were able to identify overdominant, dominant, semidominant, recessive, or under-recessive traits. This was in good agreement with the transgressive genotypes identified in the RIL population, in which some individuals showed higher relative levels of metabolites with respect to the highest scoring parent “305E40” and the F1 for the dominant/overdominant metabolites malonyl-solamargine and n, n′-dicaffeoylspermidine and lower relative levels of the recessive metabolites delphinidin-3-rutinoside and rutin.

Major mQTLs were identified influencing the content of several classes of metabolites: SGAs (flesh and peel), anthocyanins and glycosylated flavonols (peel), polyamine conjugates (flesh and peel), and acetylcholine (peel). Analyses using a high-density genetic linkage map (Toppino et al., 2020) revealed that eight isolated QTLs and five QTL clusters control the accumulation of metabolites in this study.



Steroidal Glycoalkaloids (SGAs)

SGAs are triterpene-derived, toxic defense compounds synthesized by many Solanaceae and Liliaceae (Cardenas et al., 2015). The main eggplant SGAs are alpha-solasonine and alpha-solamargine (Sanchez-Mata et al., 2010; Mennella et al., 2012) (Figure 3). Depending on the dosage, SGAs, including eggplant SGAs, have a variety of harmful (toxic) and beneficial (anticarcinogenic) effects in both animals and humans (Friedman, 2006, 2015). Previous studies showed that chrs. 07 and 12 of tomato, potato, and eggplant harbor clusters of genes involved in SGA biosynthesis (Itkin et al., 2013; Barchi et al., 2019).

With the untargeted approach, the SGAs solamargine and its derivative malonyl-solamargine, as well as a steroidal saponin, pseudoprotodioscin, were detected as DAs, with higher relative levels in the “305E40” parent, which carries introgressions from S. aethiopicum (Barchi et al., 2010), an edible species known to contain high levels of solamargine (Sanchez-Mata et al., 2010). Two additional SGAs, solasonine and demissine, were detected by pathway walking. One QTL cluster controlling the levels of solasonine, solamargine, malonyl-solamargine, and demissine maps on chr. 06 and co-localizes with the SGA QTL mapped by Toppino et al. (2016). Candidate genes underlying this cluster include two multidrug and toxin efflux (MATE) transporters, possibly involved in vacuolar sequestration of SGAs; a cytochrome P450 contributing to SGA biosynthesis in potato (Manrique-Carpintero et al., 2014); and a cluster of genes encoding possible beta-amyrin 28-monooxygenases, involved in a competing branch of triterpenoid biosynthesis (Daniel et al., 2017). A QTL for demissine in the flesh (F-DEM.5.1) contains a gene encoding a UGT94 enzyme (a tomato GAME18 homolog) (Cárdenas et al., 2019). Within the confidence interval of the major QTL on chr. 10 for pseudoprotodioscin in the peel, the gene SMEL_010g352880, coding for an abscisic acid receptor PYL4 involved in the regulation of tobacco alkaloid biosynthesis (Lackman et al., 2011), was detected. None of the SGA QTLs maps on chr. 07 or 12, which have been previously shown to harbor clusters of genes involved in SGA biosynthesis in tomato, potato, and eggplant (Itkin et al., 2013; Barchi et al., 2019), suggesting that SGA accumulation in the present population is controlled by different genomic regions. The results presented here increase our understanding of SGA inheritance and accumulation in eggplant, generating useful knowledge for the marker-assisted breeding of these bioactive compounds.



Flavonoids

Anthocyanins and glycosylated flavonols are phenylpropanoid pigments, important both for fruit antioxidant properties and for their health-promoting effects (He and Giusti, 2010). In particular, nasunin has been described for its antioxidant and cholesterol-lowering properties (Kayamori and Igarashi, 1994; Noda et al., 2000; Casati et al., 2016). In eggplant, they are synthesized in leaves and in the peel of ripe fruits, which show large variation with regard to pigmentation (Cericola et al., 2013) (Figure 4). The genetic control of anthocyanin formation, distribution, and accumulation has been widely studied in Solanaceae species including eggplant (van Eck et al., 1993; Chaim et al., 2003; Borovsky et al., 2004; Bovy et al., 2007; Gonzali et al., 2009; Stommel and Dumm, 2015).

An F2 population derived from the same cross (“305E40” × “67/3”) was employed for the development of a RAD-tag-based linkage map and for the identification of QTL associated with phenotypic and biochemical traits, as well as for the identification of chromosome regions involved in anthocyanin distribution in eggplant tissues and organs, highlighting their synteny with tomato (Barchi et al., 2012; Ge et al., 2013; Cericola et al., 2014; Toppino et al., 2016). More recently, the RIL population employed in this study was used to elucidate the genetic basis of seven traits related to anthocyanin content in different organs (Toppino et al., 2020). Both studies revealed the presence of two main QTL clusters on chrs. 05 and 10, with the cluster on chr. 10 being mainly involved in anthocyanin intensity in leaves, stems, and corollas, while the cluster on chr. 05 is more associated with the type of anthocyanin accumulated (Barchi et al., 2012; Toppino et al., 2020). We show here that the cluster identified on chr. 10 controls the levels of the glycosylated flavonols rutin (P-RUT) and kaempferol 3-O-beta-D-sophoroside (P-KSOPH) in the peel. This cluster contains several candidate genes, including a PYL4 abscisic acid receptor (SMEL_010g352880), which was also identified as a candidate for P-PPROT. Indeed, abscisic acid not only seems to regulate alkaloid accumulation (see the paragraph on steroidal glycoalkaloids) but is also known to positively regulate flavonoid/anthocyanin biosynthesis in several plant species (Hattori et al., 1992; Ban et al., 2003; Diretto et al., 2020).

We identified a dehydration-responsive element-binding protein 2C and a PPC6-1—protein phosphatase 2C—lying within the cluster. Several peroxidase-encoding genes have been also identified, which may be involved in the degradation of anthocyanin, leading to pigment concentration reduction and color fading (Luo et al., 2019).

Three peroxidases have also been identified in the confidence interval of the QTL for P-KSOPH on chr. 07, together with a BHLH transcription factor, similar to one putatively involved in anthocyanin biosynthesis in peony (Zhang et al., 2015), which carries a moderate effect according to SnpEff analysis.

The cluster on chr. 05 around 66.5 cM presents different characteristics: it controls, in an opposite way, the levels of nasunin and delphinidin-3-rutinoside (D3R), the two alternative anthocyanin forms in the parental lines of the RIL population. This cluster was already described as a genomic region involved in the control of several anthocyanin-related traits, such as stem anthocyanin, corolla color, and peel fruit color (Barchi et al., 2012; Toppino et al., 2016, 2020).

Nasunin is a coumaroylated form of D3R (Figure 4), and the two compounds show opposite trends, with nasunin being higher in the “67/3” parent and dominant, while D3R is higher in the “305E40” parent and recessive. This suggests that the QTL affects the function of an acyl transferase, which is active in the “67/3” parent and totally or partially inactive in the “305E40” one. Indeed, the candidate genes underlying the QTL cluster contain the presence of a gene (SMEL_005g240420.1) with high similarity to the Clarkia breweri acetyl-CoA benzyl alcohol acetyltransferase (BEAT), an enzyme involved in the generation of floral scent (Dudareva et al., 1998). It is conceivable that in eggplant, this gene acts on anthocyanins instead rather than on benzyl alcohol and accepts different acyl group donors, such as coumaroyl-CoA. Analysis of additional compounds in the same pathway supports this hypothesis: delphinidin 3-glucoside-5-coumaroyl-glucoside shows distribution and dominance relationships similar to those of nasunin. The SnpEff analysis performed on the two parental lines revealed a SNP which could determine a severe effect of loss-of-function mutation in the SMEL_005g240420.1 CDS sequence of the “305E40” parent, in agreement with the biochemical data. For these reasons, a more detailed functional study of this gene was started (Toppino et al., unpublished). Other interesting genes lying within the confidence interval of the cluster are SMEL_005g235650.1, a cryptochrome 1 blue light photoreceptor, controlling photomorphogenesis and anthocyanin accumulation in tomato (Ninu et al., 1999).



Polyamine Conjugates

Polyamines play different key functions in the regulation of many physiological processes involving floral and fruit development and leaf senescence, as well as abiotic and biotic plant stress responses (Alcázar et al., 2010; Tiburcio et al., 2014). Their schematic biosynthesis is shown in Figure 5. They are found often as conjugates with acyl (coumaroyl, caffeoyl, and sinapoyl) groups, which play a role in the defense against herbivores (Kaur et al., 2010).

We found several major mQTLs and QTL clusters for polyamine conjugates. A major cluster maps on chr. 05 around 116.4 cM, with the “305E40” parent contributing higher relative levels of these metabolites. Underlying genes comprise genes for pathogen resistance (LRR, N) and a cluster of seven acyltransferases showing similarity to BEAT as well as to salutaridinol 7-O-acetyltransferase (SALAT), an enzyme involved in alkaloid biosynthesis in Papaver somniferum (Grothe et al., 2001). All these genes show lesions with high or moderate impact in their coding sequence in one of the two parental lines.

A second cluster for polyamine conjugates maps on chr. 05 around 66.4 cM. It controls the levels of n, n′-dicaffeoylspermidine in the flesh and peel and (only in the peel) of n-dihydrocaffeoyl-n′-caffeoylspermidine and n-caffeoylputrescine. This cluster overlaps with the one controlling nasunin/D3R. However, the relative levels and dominance characteristics of polyamine conjugates are antiparallel with respect to those of nasunin. Therefore, it is difficult to assume the two overlapping QTLs are due to a single acyltransferase with broad substrate specificity, acting on both classes of compounds. Since a second acyltransferase is not found within the confidence interval of this QTL cluster, it is possible that the polyamine QTL is mediated by the action of regulatory proteins, many of which are found in this interval. Within the confidence interval of the mQTL cluster on chr. 08, which contains overlapping QTLs for P-COPTR and UNKN, five genes having a severe SnpEff impact were detected, including an acyl-lipid (9-3)-desaturase, reported to play a role in polyamine biosynthesis (Christopher and Holtum, 2000) (Supplementary Table 5).




CONCLUSIONS

The plant metabolome represents a bridge between the genome and the phenome of plants, and thanks to the available high-throughput metabolic profiling and genotyping technologies, it is now possible to shed light on the genetic bases of metabolism in crop plants.

We previously developed a high-density linkage map by genotyping a RIL mapping population obtained from the cross of two parental lines differing for many traits, including the shape, dimension, and pigmentation of their fruits.

Our metabolomic strategy led to the identification of DA metabolites in the fruit flesh and peel, most of which belong to the glycoalkaloid, anthocyanin, and polyamine conjugate classes. The metabolic profiling of the F1 hybrid and each RIL progeny made it possible to detect for the first time mQTLs and QTL clusters influencing the regulation of these compounds and influencing the fruit nutritional quality in eggplant.

Genome annotation in combination with sequence differences in the two parental lines supplied a key tool to gather valuable information for QTL fine mapping, candidate gene identification, and the identification of molecular markers suitable for identifying favorable alleles, thus increasing the precision and efficiency of selection in breeding. Our data also demonstrate the benefits of the methods described here for broad metabolomics studies in fruit-bearing crop species.
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Fruit flavor is defined as the perception of the food by the olfactory and gustatory systems, and is one of the main determinants of fruit quality. Tomato flavor is largely determined by the balance of sugars, acids and volatile compounds. Several genes controlling the levels of these metabolites in tomato fruit have been cloned, including LIN5, ALMT9, AAT1, CXE1, and LoxC. The aim of this study was to identify any association of these genes with trait variation and to describe the genetic diversity at these loci in the red-fruited tomato clade comprised of the wild ancestor Solanum pimpinellifolium, the semi-domesticated species Solanum lycopersicum cerasiforme and early domesticated Solanum lycopersicum. High genetic diversity was observed at these five loci, including novel haplotypes that could be incorporated into breeding programs to improve fruit quality of modern tomatoes. Using newly available high-quality genome assemblies, we assayed each gene for potential functional causative polymorphisms and resolved a duplication at the LoxC locus found in several wild and semi-domesticated accessions which caused lower accumulation of lipid derived volatiles. In addition, we explored gene expression of the five genes in nine phylogenetically diverse tomato accessions. In general, the expression patterns of these genes increased during fruit ripening but diverged between accessions without clear relationship between expression and metabolite levels.

Keywords: flavor, tomato, genetic, diversity, metabolomics, breeding


INTRODUCTION

Flavor is defined as the perception of food by multiple senses, including taste and olfaction (Baldwin et al., 2000; Small and Prescott, 2005). Flavor is one of the main determinants of produce quality, especially when consumed as non-processed food. Consumers preferred tomato (Solanum lycopersicum var. lycopersicum) flavor is determined by the right balance of sugars and organic acids, as well as a range of volatile organic compounds, the latter detected primarily by olfaction (Baldwin et al., 2000; Tandon et al., 2003; Tieman et al., 2012).

Despite the relevance to consumer appeal, produce flavor has been overlooked in breeding programs for decades (Tieman et al., 2017; Klee and Tieman, 2018). Instead, recent crop improvement has focused on agronomic traits, such as yield and disease resistance, which are important to growers and producers. This selection process has led to less flavorful modern cultivars in a range of crops, and in particular to a high level of consumer dissatisfaction of tomato (Tieman et al., 2017). An appropriate balance of sugars and organic acids as well as a rich and diverse volatile profile must be achieved to improve modern varieties that are considered less flavorful than heirlooms. Unlike sugars and acids, most volatiles are active at picomolar to nanomolar concentrations, which would permit flavor improvement without compromising yield. However, metabolite quantification can be technically challenging, labor-intensive and expensive, especially for breeding programs. Thus genetic improvement using molecular selection for alleles of known genes that enhance fruit flavor is one of the major goals in current breeding programs (Rambla et al., 2014; Tieman et al., 2017).

More than 400 volatiles have been detected in tomato (Buttery et al., 1989). Empirical studies, including extensive biochemical characterization and trained consumer panels, have shown that only 20 to 30 volatiles are correlated to consumer liking (Tandon et al., 2003; Tieman et al., 2012). Different volatiles contribute to several aspects of flavor. For example, lipid-derived volatiles, such as Z-3-hexen-1-ol and hexyl alcohol, are associated with tomato flavor intensity (Li et al., 2020). Acetate esters such as isobutyl acetate and 2-methylbutyl acetate confer a floral-like or fruity aroma and are negatively associated with good tomato flavor (Goulet et al., 2012).

The major biochemical pathways involved in metabolite production and accumulation in tomato have been partially elucidated in recent years (Klee and Tieman, 2018; Martina et al., 2021). The key underlying genes in these pathways were often identified using introgression lines, relying on interspecific variation between cultivated tomato and the distantly related green-fruited Solanum pennellii (Fridman et al., 2004; Goulet et al., 2012, 2015). The high rate of divergence between the parents facilitated the identification of the genes by functional or positional cloning approaches. However, the likely nucleotide polymorphisms leading to trait evolution resulting from domestication remains unknown for most known flavor genes.

Genetic variation within cultivated tomato and the closely related red-fruited wild relatives has been explored through genome-wide association studies (GWAS). These studies have identified hundreds of loci involved in the production of multiple compounds, which paved the way for a targeted molecular breeding approach to recover the flavor in modern tomatoes (Tieman et al., 2017; Zhu et al., 2018; Zhao et al., 2019; Razifard et al., 2020). Several significant GWAS loci colocalize with known genes, demonstrating that in many cases these same genes that were identified among distantly related species underlie the accumulation of metabolites in the red-fruited tomato clade as well. For example, using new long-read sequencing technology, the natural diversity at the Non-Smoky Glycosyl Transferase gene, known to control the emission of guaiacol and methylsalicylate via sugar conjugation, showed multiple haplotypes that were associated with the levels of these volatiles (Tikunov et al., 2013; Alonge et al., 2020). Specifically, structural variants (SVs) consisting of deletions, insertions, duplications, inversions and translocations of a certain size, usually above 50-100 bp (Torkamaneh et al., 2018) have often been found to underlie phenotypic variation in tomato (Xiao et al., 2008; Mu et al., 2017; Soyk et al., 2017; Wu et al., 2018; Alonge et al., 2020).

Flavor is a key trait in the domestication syndrome of fruit crops (Meyer and Purugganan, 2013). The flavor palette of tomato changed dramatically during the domestication and diversification of the species (Schauer et al., 2006; Rambla et al., 2017; Zhu et al., 2018). The fully wild, red-fruited species Solanum pimpinellifolium (SP) gave rise to Solanum lycopersicum var. cerasiforme (SLC) in South America from which cultivated tomato Solanum lycopersicum var. lycopersicum (SLL) eventually arose in Mexico (Razifard et al., 2020). As an intermediate between SLL and SP, SLC accessions have been shown to have high genetic and phenotypic diversity. The goal of this study was to investigate the genetic diversity and gene expression in a set of five genes associated with fruit flavor and to identify beneficial haplotypes that could be incorporated into breeding germplasm. To accomplish this aim, we used a genetically well characterized collection of SP, SLC and SLL from South and Central America (collectively called the Varitome collection) and a combination of whole-genome and RNA sequences, as well as their metabolic profiles.



MATERIALS AND METHODS


Plant Material

The Varitome collection consists of 166 accessions from South and Central America (Mata-Nicolás et al., 2020). Using whole genome sequencing and passport information, the accessions are classified into SP, SLC, and SLL (Razifard et al., 2020). Each phylogenetic group was divided in several subpopulations: three SP subpopulations with well-defined geographical origin (South Ecuador, SP-SECU; Northern Ecuador, SP-NECU; and Peru, SP-PER); five SLC subpopulations, three from South America (Ecuador, SLC-ECU; Peru, SLC-PER; and the San Martin region of Peru, SLC-SM), one with wide geographical distribution in Central, Northern South and Southern North America (collectively called SLC-CA) and one from Mexico (SLC-MEX). The SLL represented one subpopulation of early domesticated landraces from Mexico (Razifard et al., 2020). Eight accessions were excluded from the haplotype analysis because they were classified as SLC admixtures or lacked the metabolic profiles. The plants were grown in the fields at the University of Florida, North Florida Research and Education Center–Suwannee Valley in the spring of 2016 using standard commercial production practices. The plants used for transcriptomic analysis were grown in the greenhouse at the Ohio State University, Columbus, OH, United States at 20°C night and 30°C day temperature, and a 16/8 hr light/dark cycle. Seedlings were transplanted in 1.6-gallon pots in Sungrow Metro soil mix supplemented with three tablespoons of a 5:1 blend of Florikan Nutricote Total 18-6-8 270day and Florikan Meg-Iron V Micronutrient Mix. The plants were hand watered when the pots were dry but before wilting.



Variant Calling

Raw ILLUMINA read files of the Varitome accessions were downloaded from NCBI (1 SRA: SRP150040, BioProject: PRJNA454805). The read quality of raw sequencing data was evaluated using FastQC2. Low quality reads (read length less than 20) and adapter sequences were trimmed with the tool Trimmomatic (Bolger et al., 2014a). The reads were then aligned to SL4.0 build of tomato reference genome3 using “speedseq align” component of SpeedSeq framework (Chiang et al., 2015).

SNP and small INDEL variant calling was performed using GATK v3.8 following GATK best practices workflow (Van der Auwera et al., 2013). HaplotypeCaller was used to produce individual gVCF files, which were later combined in a multi-sample VCF file with GenotypeGVCFs. SNPs and INDELs were extracted using SelectVariants. Raw SNPs were then filtered based on the following quality parameters: MQ > 40, QD > 2, FS < 60, MQRankSum > -12.5 and ReadPosRankSum > -8. Similarly, raw INDELs were filtered using QD > 2, FS > 200, ReadPosRankSum < -20. Variants with missing data in more than 10% of the accessions were filtered out.

SVs (> 100 bp) were detected using aligned BAM files and its corresponding splitter and discordant files using “lumpyexpress” function of LUMPY (Layer et al., 2014). The resulting SVs were filtered based on following criteria: minimum number of pair end (PE) 1, minimum number of split read (SR) 1, SR less than or equal to PE, and total number of supporting reads greater than or equal to half of average read depth and less than or equal to three times of average read depth. Then, filtered SVs were merged to generate a single multi-sample VCF file using SURVIVOR (Jeffares et al., 2017). SVs within a maximum allowed distance of 500 bp were merged.

The same pipeline was employed to analyze a subset of cultivated accessions representative of the genetic diversity within heirloom and modern varieties, previously sequenced (Tieman et al., 2017). The sequencing data were downloaded from NCBI (SRA: SRP045767, SRP094624, PRJNA353161), and only accessions with a coverage larger than 5x were used. All the filtering parameters were identical except the missing data cutoff. In this case, variants with missing data in more than 50% of the accessions were filtered out as a result of the lower sequencing coverage in the Tieman et al. (2017) data compared to the Varitome data.



Association Mapping

First, we compiled a list of known genes affecting fruit flavor (Table 1). To our knowledge, the list included all the known genes affecting sugars, acids, acetate esters, lipid-derived volatiles, phenylalanine-derived volatiles, guaiacol, methylsalicylate and carotenoids. Variant data (SNPs, INDELs and SVs) of the loci described in Table 1 as well as 1 Mb upstream and 1 Mb downstream of the transcription start and termination were extracted from the multi-sample VCF files using bedtools (Quinlan and Hall, 2010), and used for the local association analysis. The ITAG4.1 version of the annotation was used to delimit gene coordinates. Phenotypes deviating from normality (p-Value from Shapiro test < 0.01) were normalized using quantile normalization. Genome-wide kinship matrix was calculated based on SNPs using the Centered IBS method, to generate the Hapmap files in TASSEL 5.2.44 (Bradbury et al., 2007). Associations between the genotype and phenotype were estimated using BLINK (Huang et al., 2019) model in GAPIT (version 3) (Tang et al., 2016). Minor allele frequency was set to 2% for the analysis. This was set lower than the usual 5% threshold to account for rare alleles in the collection which we did not want to exclude as they could have an impact on protein function. The significance thresholds for the association were set to a –logP of >6.59 and 4.11 representing p-Values of 0.01 and 0.05 respectively, after multiple testing correction by the Benjamini and Hochberg FDR estimation. The phenotypic variation explained (PVE) by a SNP was approximated subtracting the likelihood ratio-based R2 of the model with the SNP and the likelihood ratio-based R2 of the model without the SNP (Xu et al., 2016).


TABLE 1. Compilation of known flavor-related genes in tomato.
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Linkage disequilibrium (LD) heatmaps were generated using LDBlockShow 1.33 (Dong et al., 2020) using mean r2 values. SNPs 1 Mb upstream and downstream of the gene locus were used for LD analyses. Because of high computational demand of the analysis, we used a reduced input data file with one SNP per kb. The reduced data file was generated using “–thin 1000” parameter in VCFtools (Danecek et al., 2011). The results are representative since recombination within the 1-kb window in tomato is insignificant.



Haplotype Analysis

SNPs and small INDELs within the gene sequence as well as 3 kb upstream of the start site and 1 kb downstream of the termination site were extracted using VCFtools (Danecek et al., 2011). This region was much shorter than the region used for the association mapping because of the unwieldy number of polymorphisms in a larger region as well as the chance of recombination that could result in a large number of haplotypes. SVs detected by Lumpy were not included in the haplotype analysis because of low incidence. Relevant SVs are mentioned in the results section. Additional filter parameters were –mac 4 –max-missing 0.9 –minQ 100. Multiallelic variants were split into multiple rows and left-aligned using BCFTools norm (Li, 2011). Variants were annotated using SnpEff (Cingolani et al., 2012) using a local built database for the SL4.0 tomato reference genome. Since CXE1 was absent in the ITAG4.1 gene model4, we used the FGENESH (Salamov and Solovyev, 2000) tool to predict the gene model and analyzed the locus manually.

The haplotype heatmap was generated using the R package “pheatmap” (Kolde, 2019). The function pheatmap was implemented using the clustering method “ward.D” for accessions (rows) and no clustering method for variants (columns). The number of clusters was set to 6 after testing multiple values, as this value produced the optimal interpretable haplotype clusters at all the analyzed genes. The phylogeny of the accession was extracted from previous whole genome analysis of the same dataset (Razifard et al., 2020). The metabolite content of each accession was classified as low, medium or high depending on the decile position from low: 1st to 5th decile; medium: 6th to 8th decile; high 9th to 10th decile. The variants were classified by their location and functional annotation; variants predicted to affect splicing sites were considered frameshift mutations.

The multiple mean comparison to test significant differences between clusters was conducted in R using a linear model. We used the functions lsmeans from package “emmeans” (Lenth, 2020) to calculate the p-Value of pairwise comparisons among clusters and cld from package “multcompView” (Graves et al., 2015) to display the Tukey test, fixing the significance threshold at 0.05.

To generate the haplotype networks, we only used the coding sequence of each gene. A FASTA sequence for each accession and gene was generated by substituting the alternate allele of SNPs and INDELs in the reference sequence using FastaAlternateReferenceMaker from GATK (McKenna et al., 2010). Only the homozygous alternate genotypes were substituted, while the heterozygous genotypes were kept as reference. These were aligned using MAFFT algorithm (Katoh and Standley, 2013) to select the coding sequences according to the ITAG4.1 annotation for each gene. The haplotype networks were constructed using PopART (Leigh and Bryant, 2015) and the minimum spanning tree method (Epsilon = 0) (Bandelt et al., 1999). Sequence from one accession of S. pennelli (Bolger et al., 2014b) was included to provide a root for the network.



Diversity Analysis

Nucleotide diversity (π) was estimated per subpopulation using exclusively SNPs within each gene and flanking sequences (3 kb upstream and 1 kb downstream). The quality thresholds were the same as described before (see “Variant calling”). We classified the SNPs as non-synonymous (resulting in protein changes), synonymous (silent mutations in coding sequence), and non-coding (within introns, UTRs and flanking sequence) by following SnpEff annotation (Cingolani et al., 2012). Then we calculated π estimates per subpopulation using VCFTools (Danecek et al., 2011) using –window-pi function (window of 1000 bp) for non-synonymous, synonymous, non-coding and all SNPs.



Identification and Genotyping of LoxC Duplication

To evaluate whether LoxC was duplicated in SP accessions, we used the new high-quality assembly of PAS014479, a SP-PER accession from the Varitome collection that carries the two paralogs (Alonge et al., 2020). The trimmed reads from the Varitome accessions as well as Heinz (SRA: SRP010718) and LA2093 (SRA: SRP267721) were then mapped to the PAS014479_MAS1.05 using the same workflow as described above for the other genes using the SL4.0 reference genome. We aligned LoxC and the flanking regions (±50 kb) of PAS014479 to itself and generated a dot-plot to identify identical sequence matches using MUMmer (Kurtz et al., 2004). To check whether the duplication was predicted to be a functional protein, we estimated the gene model using FGENESH web tool and aligned the protein sequences. In addition, we analyzed the alignment files using PAS014479_MAS1.0 as reference genome at LoxC locus for a subset of representative accessions using the package “Gviz” (Hahne and Ivanek, 2016). The coordinates of the gene model of the second copy of LoxC, denominated LoxC-SP, were plotted along with LoxC ITAG4.1 gene model.

To genotype the duplication across the Varitome collection in silico, we used three approaches: normalized coverage, heterozygosity when aligning to Heinz SL4.0 reference genome, and presence of a deletion when aligning to PAS014479_MAS1.0. At least two out of these three criteria must be met to consider a certain accession to carry LoxC-SP featuring both paralogs.



Metabolic Phenotyping

Fresh fruit volatiles were collected and quantitated as described previously (Tieman et al., 2006a). Sugars and acids were quantitated as described in Vogel et al. (2010).



Total RNA Isolation, Library Construction, and Sequencing

The tomato maturation timeline for nine accessions was determined prior to collecting the fruit development samples. Five developmental stages per accession were sampled: flower at anthesis, young fruit, mature green fruit, fruit at breaker stage and red ripe fruit and each sample included three biological replicates. Total RNA was isolated using the RNAzolRT reagent (Sigma-Aldrich, St. Louis, MO, United States). Strand-specific RNA-Seq libraries were constructed using an established protocol (Zhong et al., 2011). All libraries were quality checked using the Bioanalyzer and sequenced on an Illumina HiSeq 2500 system at Weill Cornell Medicine, NY, United States.



RNA-Seq Read Processing, Transcript Assembly, and Quantification of Expression

Single-end RNA-Seq reads were processed to remove adapters as well as low-quality bases using Trimmomatic (Bolger et al., 2014a), and trimmed reads shorter than 80 bp were discarded. The remaining reads were subjected to rRNA sequence removal by aligning to an rRNA database (Quast et al., 2013) using Bowtie (Langmead et al., 2009) allowing up to three mismatches. The resulting reads were aligned to the tomato reference genomes (Build SL4.0 see text footnote 3) using STAR (Dobin et al., 2013) allowing up to two mismatches. The gene expression was measured by counting the number of reads mapped to gene regions. Then the gene expression was normalized to the number of reads per kilobase of exon per million mapped reads (RPKM) based on all mapped reads. A principal component analysis was performed for each developmental stage using DESeq2 (Love et al., 2014). Thirteen biological replicates that deviated in the principal component analysis were excluded from the analysis. After this quality filtering, out of the total 45 samples, 36 samples included three biological replicates, seven samples included two biological replicates and two samples were completely excluded. Given the presence of two variables (i.e., genotypes and developmental stages), we used linear modeling differential expression analysis via the Likelihood Ratio Test function in DESeq2 (Clevenger et al., 2017). P-value was calculated based on the Benjamini and Hochberg correction with a false discovery rate of 5%. We used P-value < 0.05 as a cutoff for defining differentially expressed genes.



Protein Modeling and Activity

The online software Phyre2 (Kelley et al., 2015) normal mode setting was used to predict the secondary and tertiary structures of the five studied proteins. The location of the active site and the mutational sensitivity were explored using the tool PhyreInvestigator (Yates et al., 2014).

For LIN5, we studied the protein activity in vitro. The reference and alternate invertase coding sequences, resulting in the Asn366Asp amino acid substitution, were optimized for tomato expression and synthetic coding regions were obtained from Invitrogen (Tieman et al., 2017). The coding sequences were then cloned into p112A1 yeast expression vector. Protein expression and enzyme activity assays were performed as previously described (Fridman et al., 2004).




RESULTS


Local Association Mapping Lead to Several Known Flavor Genes

We compiled a list of known genes that affect tomato flavor (Table 1). For each gene, we determined whether the proposed candidate locus was significantly associated with trait variation in the Varitome collection by analyzing the coding region as well as 1 Mb upstream and 1 Mb downstream of each gene (Figure 1 and Supplementary Figure 1). The association analyses showed that variants within and near LIN5, ALMT9, AAT1, CXE1, and LoxC were associated with trait variation in the Varitome collection. These genes function in sugar and acid metabolism affecting taste (LIN5 and ALMT9) or in volatile production affecting smell (AAT1, CXE1, and LoxC) (Supplementary Figure 2). The other genes listed in Table 1 did not show association with biochemical levels (Supplementary Figure 1). In addition to the metabolites displayed in Supplementary Figure 1, other metabolites from the same pathway were tested for association as well but did not show association either (data not shown).
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FIGURE 1. (A-E) Local association mapping for flavor genes and their corresponding metabolites. SNPs are plotted as blue dots, INDELs as yellow dots and SVs as purple triangles. Horizontal lines represent 0.05 and 0.01 significance thresholds. Vertical lines mark the genic region.


LIN5- The simple sugars, glucose and fructose, are among the most important metabolites in tomato as higher levels contribute to high consumer liking (Jones and Scott, 1983; Tandon et al., 2003; Causse et al., 2010; Tieman et al., 2012). Sugars are typically evaluated by measuring the soluble solid content (SSC) which is expressed in Brix degrees. LIN5 encodes a cell-wall invertase that hydrolyzes sucrose, and higher enzyme activity leads to increased glucose and fructose levels (Fridman et al., 2004; Zanor et al., 2009). One critical amino acid mutation between S. pennellii and cultivated tomato at position 348 underlies the sugar level variation between these two distantly related species. In the Varitome collection, 44 variants within or around LIN5 were significantly associated with SSC: two SNPs in the promoter (∼2 kb upstream), one SNP in the coding region resulting in a missense mutation from asparagine to aspartate at position 366 (SL4.0ch09:3510682) and 20 variants that mapped 4 to 7 kb downstream (Figure 1A). The PVE of the most significant SNP was 14.5%. In addition, 21 significant SNPs were located further away from the gene, most of them between positions SL4.0ch09:3551616 – SL4.0ch09:4376974 (Supplementary Table 1A). Many SVs were found within and near the gene but none appeared to be associated with sugar levels (Figure 1A). The critical amino acid change between S. pennellii and cultivated tomato was not found in the Varitome collection.

ALMT9- An appropriate balance between sugars and acids is also essential for desirable tomato flavor. One major contributor to malate content is the transporter ALMT9 that is proposed to control the accumulation of this metabolite in the vacuole (Sauvage et al., 2014; Ye et al., 2017). Higher expression of ALMT9 leads to higher malate content in ripe fruits. Previous studies using a population of SP, SLC, and SLL implied that a 3-bp deletion in the promoter of ALMT9 is the causative variant affecting its expression (Ye et al., 2017). In the Varitome collection, the local association mapping identified multiple highly associated variants within or around the gene (Figure 1B). A total of 66 significant variants were confined to an interval of ∼100 kb upstream of ALMT9. In the genic region, we found four significant SNPs, one resulting in a synonymous mutation in the second exon (SL4.0ch06:42613870) and three in the second intron (Supplementary Table 1B). The PVE of the most significant SNP was 32.7%. The 3-bp deletion in the promoter was found in 9 accessions but was not associated with malate levels in the Varitome collection.

CXE1 and AAT1- Tomato flavor is highly influenced by the fruit aroma, characterized by volatile content. Acetate esters confer fruity or floral scent and are liked in high quantities in fruits such as banana, apple and melon. In tomato however, acetate esters are undesirable volatiles (Goulet et al., 2012). Acetate ester levels are controlled by a feedback loop comprised of a carboxylesterase, CXE1, and an alcohol acyltransferase, AAT1 (Goulet et al., 2012, 2015). AAT1 synthesizes acetate esters using an alcohol as precursor, whereas CXE1 catalyzes the reverse reaction (Supplementary Figure 2). The cloning of the genes revealed two different transposable elements that had integrated in the promoter of CXE1 in SP and SLL. The transposon insertions appeared to lead to higher expression of CXE1 in cultivated tomato compared to S. pennellii, thereby reducing acetate ester content (Goulet et al., 2012). For AAT1, on the other hand, the polymorphisms described in a previous study were several SNPs resulting in missense mutations leading to a less active protein in SLL compared to S. pennellii (Goulet et al., 2015). Lower AAT1 enzyme activity leads to lower levels of acetate esters in the fruit. In the Varitome collection, we selected isobutyl acetate as a proxy for all acetate esters to determine how genetic variation affected volatile levels.

At the CXE1 locus, the local association mapping in the Varitome collection identified an interval of ∼500 kb (Figure 1C) with 650 variants that were significantly associated with isobutyl acetate levels. They included 597 SNPs, 49 INDELs and four SVs (Supplementary Table 1C). The PVE of the most significant SNP was 14.9%. Three SNPs were in the CXE1 coding region (SL4.0ch01:88169422, SL4.0ch01:88169774 and SL4.0ch01:88169988), two resulted in missense mutations from serine to glycine at amino acid position 94 and from valine to glycine at position 211, respectively. The SVs were three deletions of 445 bp, 3.3 and 4.8 kb and one duplication of 7.0 kb (Supplementary Table 2). In nearly all cases, these four SVs were completely linked. The closest significantly associated SV was 40 kb upstream of the start site of transcription that could act as an open chromatin region affecting gene expression. Alternatively, the associated amino acid changes might alter the activity of the protein. All accessions in the Varitome collection carried the transposons in the CXE1 promoter.

At the AAT1 locus, an interval of 200 kb around the gene was highly associated with the phenotype in the Varitome collection (Figure 1D). The variants included 148 SNPs, three INDELs and one SV (Supplementary Table 1D). The PVE of the most significant SNP was 14.4%. Fourteen SNPs were located within the gene, including eight in the UTRs, two in introns and four resulting in missense mutations. The amino acid changes were from serine to proline at position 24, from phenylalanine to valine at position 161, and from threonine to isoleucine at positions 354 and 398. These four amino acid changes were also found between S. pennellii and cultivated tomato (Goulet et al., 2015). A significant 401-bp deletion was found ∼20 kb downstream the gene, which could affect gene expression. In addition, 54 SNPs were located nearly 1 Mb downstream of the gene, but their association was likely due to LD (average R2 value of 0.28, ranging from 0.12 to 0.55).

LoxC- Lipid-derived volatiles are also significantly associated with consumer liking as they contribute to flavor intensity (Tieman et al., 2012). Several enzymes in the biosynthetic pathway have been identified (Speirs et al., 1998; Shen et al., 2014; Li et al., 2020). LoxC catalyzes the peroxidation of linoleic and linolenic acids, producing C5 and C6 volatiles (Chen et al., 2004; Shen et al., 2014). In the Varitome collection, LoxC was associated with Z-3-hexen-1-ol, a C6 alcohol. A total of 13 INDELs and 144 SNPs were significantly associated with the volatile (Figure 1E and Supplementary Table 1E). The region that showed higher association with the phenotype was found at the 3′ end of the gene, specifically in the two last exons and the last intron. Of the 53 variants within the gene, 44 were located in introns and nine in exons. The PVE of the most significant SNP was 14.6%. Three amino acid changes were found: from valine to isoleucine at position 580, from glycine to alanine at position 598 and from threonine to leucine at position 607. In addition, a large interval of about 200 Kb downstream of the gene was associated with volatile levels, including a deletion of ∼8 Kb.



Genetic Diversity for Flavor Genes in the Varitome Collection


LIN5

The evolution of the LIN5 locus may provide insights into how selection for flavor or lack thereof were part of the tomato domestication syndrome. To determine the evolution of this locus, we identified the haplotypes from the regions flanking (3 kb upstream and 1 kb downstream) and covering the LIN5 gene. A total of 228 variants were identified at the locus (Supplementary Table 3A), of which 76 were INDELs (ranging from 1 to 97 bp), 152 were SNPs and none were SVs comprised of 100 bp or more. Most variants (60.5%) were found in the regulatory regions, defined as sequences that are upstream and downstream of the transcription start and termination site of the gene, and in the UTRs (Figure 2A). Within the gene, we identified 18 non-synonymous mutations, including 15 that resulted in amino acid changes, one in-frame deletion of five amino acids, one affecting a splicing site and one frameshift mutation leading to a presumptive null. Clustering of haplotypes into six groups revealed some association with population origins (Figure 2A). All SP were found in Clusters I and II, and both included six SLC. Cluster I mainly consisted of Ecuadorian accessions, while Cluster II consisted of Peruvian accessions. Cluster III grouped 11 SLC-ECU that shared many of the non-reference alleles found in SP. Although multiple haplotypes were observed, many of the variants were in LD with each other (Supplementary Figure 3). The remaining three clusters were similar to the Heinz 1706 reference haplotype. Cluster IV represented SLC with diverse geographical origin with three or less variants compared to the reference genome. Cluster V included SLL and a subset of SLC, primarily from Ecuador and San Martin, Peru. And lastly, Cluster VI consisted of SLC from Central America. This cluster showed the non-reference allele at three positions in nearly all accessions: a SNP at 2.7 kb upstream the transcription start site, a non-synonymous replacement in the second exon and a SNP in the 3′-UTR. The latter was also identified as a non-reference SNP in all Cluster IV accessions.
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FIGURE 2. Haplotype analysis of LIN5 locus. (A) Heatmap representing the genotypes of accessions (rows) for the polymorphisms identified (columns). Reference genotype are represented in blue, alternate in red, heterozygous in yellow and missing data in white. (B) Violin plots of the SSC content in the Varitome collection, classified by haplotype cluster. (C) Haplotype network classified by the phylogenetic classification of the accession. Each circle represents a haplotype, its size is proportional to the number of accessions carrying that haplotype, and lines across the edges represent mutational steps (D) Haplotype network classified by the SSC content.


Average SSC values for each of the 6 haplotype clusters showed that Cluster IV and V displayed the lowest SSC values whereas Cluster VI and to a lesser extent Cluster II displayed the highest SSC values and Clusters I and III presented intermediate SSC values (Figure 2B). Surprisingly, only a few polymorphisms were found between Clusters IV through VI, yet Cluster VI showed the highest SSC values. Two of the significantly associated SNPs (SL4.0ch09:3505480 and SL4.0ch09:3519565) were fixed for the alternate allele in Clusters I, II, III and VI and for the reference allele at Clusters IV and V, the latter resulting in the amino acid change at position 366 (Supplementary Table 1A). An in-frame deletion resulting in a loss of five amino acids (positions 343-347) was found in 21 SP accessions belonging to Clusters I and II. This deletion could have an impact on protein activity, since an amino acid change in the adjacent position 348 was shown to be relevant in S. pennellii introgression line (Fridman et al., 2004). In the Varitome collection, we detected a novel frameshift mutation, which caused a loss of the start codon. This allele was found in only two accessions in Cluster VI that showed average SSC levels. Glucose and fructose levels showed the same trend as SSC, with both sugars being highest in Clusters II and VI and lowest in Clusters IV and V (data not shown).

We constructed haplotype networks using the coding sequence of LIN5 and determined their association with the phylogenetic groups previously determined in the Varitome collection (Razifard et al., 2020; Figure 2C). Using S. pennellii as an outgroup, we identified 24 haplotypes demonstrating a high level of genetic diversity. The most common haplotype was identical to the reference genome, and was found in all SLL and diverse SLC populations. Only one to two mutations differentiated this haplotype from the second and third most common haplotype that were represented by SLC MEX, SLC-CA and SLC-PER. Another common haplotype was found in SLC-ECU and was closely related to the SP-NECU haplotypes. The Peruvian SP haplotypes were unique with one accession being the most ancestral haplotype. We plotted the same haplotype network to the sugar levels from high to medium to low (Figure 2D). Many ancestral SLC-MEX and SLC-CA haplotypes were associated with higher SSC values. Low SSC levels were predominant in accessions carrying the most common and reference genome haplotype, differing by only one nucleotide variant in the coding region.



ALMT9

For the ALMT9 gene, 112 SNPs and 31 INDELs (ranging from 1 to 28 bp) were identified (Supplementary Table 3B). The variants were distributed predominantly in regulatory regions and UTRs (71.3%) and introns (14.0%). Of those that were in the coding region, 12 were non-synonymous, including a SNP that was predicted to affect splicing. The haplotype clustering analysis showed that all SP and some SLC-ECU were found in Clusters I and II (Figure 3A). Cluster I contained multiple haplotypes, indicating high genetic diversity among these accessions. A deletion of ∼2.7 kb was found in the second intron corresponding to a CopiaSL_37 retrotransposon (Ye et al., 2017) that was present in the reference genome. Most SP in Cluster I lacked the transposon insertion (Supplementary Table 2). Many SP-NECU were found in Cluster II exhibiting high genetic similarity to the SLC-ECU found in Clusters III and VI. Cluster V represented most SLL as well as SLC of diverse origin whereas Cluster VI contained SLC from diverse subpopulations.
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FIGURE 3. Haplotype analysis of ALMT9 locus. (A) Heatmap representing the genotypes of accessions (rows) for the polymorphisms identified (columns). Reference genotype are represented in blue, alternate in red, heterozygous in yellow and missing data in white. (B) Violin plots of the malate content in the Varitome collection, classified by haplotype cluster. (C) Haplotype network classified by the phylogenetic classification of the accession. Each circle represents a haplotype, its size is proportional to the number of accessions carrying that haplotype, and lines across the edges represent mutational steps (D). Haplotype network classified by the malate content.


The malate content in ripe fruits ranged from ∼0.1 to 1.7 mg/g (Figure 3B). The highest content was observed in the accessions belonging to Cluster V, although the levels were highly variable within this cluster. The median malate content was below 0.5 mg/g in all Clusters. The only two Clusters that were significantly different from one another were Cluster VI and Cluster V.

The haplotype network with the coding sequence of ALMT9 showed 22 haplotypes (Figure 3C). The most ancestral haplotype was found in an SP-PER accession. Two common haplotypes were identified in SLC-ECU, and both differed from SP haplotypes with one unique variant. Interestingly, one haplotype appeared to have originated from SP-NECU whereas the other from SP-SECU. In the center of the network, one haplotype was shared by SP from all three geographical origins, as well as SLC-ECU and SLC-MEX. Further mutations gave rise to three additional haplotypes in SLC-CA and SLL. The most common haplotype for ALMT9 was found in a group comprised of SLC-PER, SLC-SM, SLC-MEX and SLL. The presence of the same haplotype in multiple subpopulations indicates gene flow or lineage sorting. Seven rare SP ALMT9 haplotypes as well as two common SLL haplotypes showed high levels of malate (Figure 3D). Most of the SLC haplotypes presented low to medium malate content, especially within the SLC-ECU.



CXE1 and AAT1

The significant association of the CXE1 and AAT1 loci with acetate ester content indicated that causative alleles segregated in the Varitome collection (Figure 1). CXE1 is an intronless gene of ∼1.1 kb. Most variants were SNPs (96, 92.3%) and the remaining eight were INDELs (ranging from 1 to 14 bp) (Supplementary Table 3C). Eight missense and three synonymous mutations were found in the coding region. Of the missense mutations, five were non-conservative changes. None of the variants were predicted to lead to a significant knock down of the gene, suggesting that CXE1 might have a critical function in adaptation. In the clustering of the gene, the upstream and downstream regions showed that the SP clustered in three groups (Figure 4A). Clusters I and II contained a mixture of SP and SLC from Ecuador and Peru respectively. Cluster III featured fewer polymorphisms with respect to the reference and included SP from all subpopulations. Cluster V contained mainly SLC-CA and seven SLL. Two variants were conserved in Cluster V, whereas 13 SNPs showed low allelic frequency in the population. Cluster VI was the largest group (78 accessions) and, compared to the reference genome, carried only one conserved SNP located ∼2 kb upstream of the gene.
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FIGURE 4. Haplotype analysis of CXE1 locus. (A) Heatmap representing the genotypes of accessions (rows) for the polymorphisms identified (columns). Reference genotype are represented in blue, alternate in red, heterozygous in yellow and missing data in white. (B) Violin plots of the isobutyl acetate content in the Varitome collection, classified by haplotype cluster. Each circle represents a haplotype, its size is proportional to the number of accessions carrying that haplotype, and lines across the edges represent mutational steps (C). Haplotype network classified by the phylogenetic classification of the accession. (D) Haplotype network classified by the isobutyl acetate content.


Even though the normalized data showed association to isobutyl acetate levels at the CXE1 locus, the distribution of actual levels was skewed toward 0, with ∼50% of the accessions showing less than 1 ng/g of the volatile (Figure 4B). However, a few accessions produced as high as 18 ng/g of the volatile. Accessions producing the highest content of isobutyl acetate were found in Clusters I and II, although the range within each cluster was large. Clusters III, V and VI showed low content of isobutyl acetate, with a few outliers reaching ∼5 ng/g.

The coding region haplotype network showed 10 classes. The most common haplotype (124 accessions) was found in all SLL, SLC-MEX, and SLC-SM as well as subsets from the other subpopulations (Figure 4C). Only one mutation differentiated the most common haplotype from SP-NECU and other unique SP haplotypes. Four haplotypes were associated with high isobutyl acetate content and they were represented predominantly by SP-NECU and SLC-ECU (Figure 4D). The most common haplotype included accessions that produced low (53%) as well as medium to high (47%) isobutyl acetate levels.

The cluster analysis of the AAT1 locus encompassed 167 variants including 128 SNPs, 37 INDELs (ranging from 1 to 59 bp) and two SVs (Supplementary Tables 2, 3D). A relatively high proportion of these variants affected the protein sequence, resulting in missense (all SNPs) and four frameshift mutations (two SNPs, one INDEL and one SV) (Figure 5A). Four clusters each carried few accessions whereas Cluster VI was very large and identical to the reference genome except for one SNP that was located ∼2.8 kb upstream of the coding region (Figure 5A). Cluster I was genetically diverse, featuring many non-conserved polymorphisms, and was composed of SP-SECU and SP-PER. Cluster II was composed of SP from all subpopulations and a few SLC-ECU. Cluster III carried six SLC-CA where the upstream region was more similar to the reference genome than the gene and the downstream region. Cluster IV was represented by SP-NECU with high genetic similarity among the accessions. Cluster V contained SLC from Central America and Ecuador which had a similar haplotype compared to the reference, with only seven non-conserved polymorphisms. Cluster VI included all SLL and SLC from all subpopulations. Curiously, BGV006775, an SP-NECU, was found in this cluster, indicating most likely gene flow between SLC and SP accessions.
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FIGURE 5. Haplotype analysis of AAT1 locus. (A) Heatmap representing the genotypes of accessions (rows) for the polymorphisms identified (columns). Reference genotype are represented in blue, alternate in red, heterozygous in yellow and missing data in white. (B) Violin plots of the isobutyl acetate content in the Varitome collection, classified by haplotype cluster. (C) Haplotype network classified by the phylogenetic classification of the accession. Each circle represents a haplotype, its size is proportional to the number of accessions carrying that haplotype, and lines across the edges represent mutational steps (D). Haplotype network classified by the isobutyl acetate content.


Although no significant differences in isobutyl acetate content were observed among the AAT1 gene clusters (Figure 5B), interesting correlations between specific haplotypes and metabolite levels were noted. For example, all accessions in Cluster III carried a duplication of 13 nucleotides in the second exon that resulted in a frameshift at position 327 affecting ∼25% of the protein (Supplementary Table 3D); the average content of isobutyl acetate for accessions in Cluster III was very low, likely due to abolished activity of the enzyme (Figure 5B). Similarly, two SP_NECU from Cluster IV, which also showed low content of isobutyl acetate, carried a deletion of ∼850 kb within the gene resulting in the knock-out of the gene.

The haplotype network using the coding sequence identified 21 haplotypes, 12 of which were unique (Figure 5C). On the left side of the network, we found 10 rare haplotypes represented by SP-PER accessions and some SP-SECU. Surprisingly, a rare haplotype was found in one SLC-PER that was quite distinct from all other SLC and closer to SP-PER by six mutations. All SLL and most SLC carried the most common haplotype and differed by one mutation from a subset of SP-NECU and SLC-ECU. Isobutyl acetate levels did not show a clear pattern of distribution in the haplotype network (Figure 5D). About half of the rare haplotypes were associated with low isobutyl acetate levels. Similarly, the most common haplotype showed a mixture of high, medium and low values for isobutyl acetate.

Since AAT1 and CXE1 act in a feedback loop to control acetate ester levels, different haplotypes in one of the genes could explain the variation in clusters in the other gene. Therefore, we analyzed the haplotype distribution of each locus in the background of the most common haplotype at the other locus (Cluster VI). When selecting the accessions from Cluster VI for AAT1, the variation of CXE1 explained the high content of isobutyl acetate in seven accessions from Clusters V and VI (Supplementary Figures 4A,B). These accessions shared two non-synonymous SNPs (Ser94Gly and Val211Gly), two INDELs and one SNP in the 3′-UTR and several SNPs in regulatory regions. Conversely, when the most common CXE1 haplotype is fixed, the AAT1 locus contributed to very low levels of isobutyl acetate, as observed in five accessions from Clusters III-VI (Supplementary Figures 4C,D).




LoxC

For LoxC, read mapping indicated an unusual high level of apparent heterozygosity in SP accessions and we sought to explore that first (Supplementary Figure 5A and Supplementary Table 3E). Because such extensive heterozygosity is rare in tomato, we hypothesized that this signal actually indicated a duplication with respect to the reference genome. In this scenario, duplication heterogeneity appears as heterozygosity when paralogous reads are mismapped to the single-copy reference locus. Using the previously established long-read assembly of PAS014479 accession, an SP-PER (Alonge et al., 2020), we identified a duplication of ∼15 kb, covering the entire LoxC gene (Figure 6A). A third partial copy in the reverse strand, which appeared to have arisen from an inversion, was found downstream LoxC. This sequence was also found in the Heinz reference genome (data not shown) and did not appear to encode another paralog of LoxC since no gene model was predicted. To check whether this duplication was correlated with heterozygosity signal, we analyzed the alignments of a subset of representative accessions using PAS014479 as the reference. The reference genome and accessions with a similar haplotype at this locus, e.g., BGV007990, carried a deletion of ∼15 kb immediately upstream LoxC in accordance with the duplication coordinates, while the apparent heterozygous accessions, e.g., BGV006370, lacked the deletion (Figure 6B). In addition, alternative structural variants were found in certain SLC-ECU accessions, e.g., BGV006906, and this was shared with another sequenced accession, LA2093 (Wang et al., 2020). Altogether, we propose that LoxC experienced an ancestral tandem duplication in SP, which later diverged generating two copies of the gene with 91% protein identity. The non-reference copy of LoxC, LoxC-SP, was deleted in most SLC and SLL, and another deletion partially affecting both LoxC and LoxC-SP appeared in a small group of SLC-ECU.
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FIGURE 6. Characterization of the duplication in LoxC locus. (A) Dotplot resulting the pairwise comparison of LoxC ± 50 kb in the assembly PAS014479_MAS1.0. Each dot corresponds to an identical match of 50 bp, red in the positive strand and blue in the reverse strand. The gene coordinates are delimited by green lines. (B) Alignment of five representative accessions against the PAS014479_MAS1.0 assembly at LoxC locus, including the coverage data (blue line) and the Illumina reads.


LoxC-SP was found in 28 accessions (Supplementary Table 4), including SP from both Peru and Ecuador and several SLC-ECU. The average Z-3-hexen-1-ol content in accessions containing both LoxC and LoxC-SP was 16.4 ng/g, whereas the accession carrying exclusively LoxC showed 25.6 ng/g of the volatile (Supplementary Figure 5B). Although this difference is significant (p-Value = 0.021), Z-3-hexen-1-ol content varied within each group, with a range from 0.01 to 70.61 and 0.14-98.77 ng/g when the duplication was present and absent, respectively. Therefore, additional genetic variation at the locus was likely responsible for the phenotypic variation found within the groups. We performed the association mapping at the locus using the subset of accessions containing exclusively LoxC and obtained seven significant SNPs (Supplementary Figure 5C and Supplementary Table 1F). All significant SNPs were still significant when analyzing the entire Varitome collection. Three of the significant SNPs were located upstream the gene, one in the first intron and other three downstream the gene.

When excluding the accessions carrying LoxC-SP, we identified 426 variants, of which 332 were SNPs, 92 were INDELs and 2 were SVs (Supplementary Table 3F). Among them, two mutations were predicted to affect splicing, and 15 SNPs were missense mutations. The SVs were two deletions of 291 bp and 795 bp in the first intron, present in two and three accessions respectively.

The haplotype analysis produced three clusters containing few, divergent accessions and three large clusters similar to the reference (Figure 7A). Cluster I was composed of SP accessions, and Clusters II and III of SLC-ECU. Of these three clusters, Cluster III was the most divergent with respect to the reference genome. Clusters I and II shared most of the variants, except those located at the 3′ end of the gene. Cluster III presented a putative deletion in the promoter, ∼500 bp upstream of the start site, which may impact LoxC expression. Clusters II and III featured low Z-3-hexen-1-ol content, suggesting that the polymorphisms at the 3′ end of the gene could have an impact on the phenotype (Figure 7B). Cluster IV was the largest group, containing 7 SLL and 56 SLC from all subpopulations, whereas most SLL were grouped in Cluster V. Both clusters showed several polymorphisms compared to the reference genome, although none of them impacted protein sequence. Lastly, Cluster VI was the most similar to the reference genome and was comprised of SLC from all subpopulations. Clusters IV and VI presented on average higher volatile content than Cluster V.
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FIGURE 7. Haplotype analysis of LoxC locus for accessions without duplication. (A) Heatmap representing the genotypes of accessions (rows) for the polymorphisms identified (columns). Reference genotype are represented in blue, alternate in red, heterozygous in yellow and missing data in white. (B) Violin plots of the Z-3-hexen-1-ol content in the Varitome collection, classified by haplotype cluster. (C) Haplotype network classified by the phylogenetic classification of the accession. Each circle represents a haplotype, its size is proportional to the number of accessions carrying that haplotype, and lines across the edges represent mutational steps (D). Haplotype network classified by the Z-3-hexen-1-ol content.


The haplotype network using the coding sequence generated one common haplotype shared by SLL and many diverse SLC (Figure 7C). Only two polymorphisms differentiated this haplotype from the SP-PER haplotype, identified as the most ancestral haplotype. Another four divergent haplotypes were found exclusively in SLC-ECU. The latter were carried exclusively by accessions with low Z-3-hexen-1-ol content, indicating that those mutations could have a role in protein activity (Figure 7D). In contrast, the most common haplotype contained similar proportions of low, medium and high volatile producers, suggesting that the difference between these accessions was likely regulatory in nature.



Distribution of Genetic Variation in Flavor Genes

To estimate the genetic diversity of these five flavor-related genes among subpopulations, we estimated the nucleotide diversity (Supplementary Figure 6). When considering overall genetic diversity, SP-PER is the most diverse group, followed by other SP and SLC-ECU, which showed similar values. In general, genetic diversity was reduced in other SLC subpopulations, and further reduced in SLL, in agreement with whole-genome genetic diversity (Razifard et al., 2020). However, specific subpopulations showed higher levels of diversity in some genes, e.g., SLC-SM for ALMT9 and SLC-CA for AAT1, likely due to gene flow between these groups and SP.

For all five genes, non-coding regions carried the highest proportion of genetic diversity, as expected (Supplementary Figure 6). Synonymous and non-synonymous π estimates were similar overall, yet in some cases non-synonymous genetic diversity was predominant (e.g., ALMT9 in SLC-MEX, AAT1 in SP-SECU and SP-PER and CXE1 in SLC-ECU, SLC-PER and SLC-CA), which may suggest positive selection on non-synonymous mutations with beneficial impact.

We hypothesized that some potentially valuable haplotypes may have been left behind during domestication and improvement of tomato. To test whether novel haplotypes conferring superior flavor found in the Varitome collection were absent in cultivated tomato, we selected a representative subset of cultivated accessions for which sufficiently high-quality sequencing data were publicly available. As expected, for all genes except LoxC, the number of polymorphisms found in cultivated tomato was lower than in the Varitome collection (Supplementary Table 5). Furthermore, most of the accessions carried none or few alternate alleles (<5 variants). Around one to four accessions showed a divergent haplotype with most variants homozygous for alternate allele, probably resulting from introgressions of genomic regions from related wild species. The most common haplotype of the known flavor genes did not appear to be the optimal haplotype. For LIN5, the best haplotype (Cluster VI) was not found in cultivated tomato. Five accessions carried the alternate allele of the two associated variants from this cluster, but in combination with other polymorphisms. For ALMT9, the desirable haplotype associated with lowest malate content (Cluster VI) was present in both the Varitome collection and cultivated tomato. For CXE1, the best haplotype was difficult to discern. One of the likely beneficial haplotypes in CXE1 (Cluster VI) was found in cultivated tomato. For AAT1, the best haplotypes (Clusters III and VI) were absent from cultivated tomato; only one accession from Tunisia carried a likely beneficial haplotype. For LoxC, three haplotypes were associated with higher levels of Z-3-hexen-1-ol (Clusters I, IV, and VI) and only Cluster VI haplotype was present in cultivated tomato.

Haplotype analyses showed that SLL had no unique haplotypes. Hence, the haplotypes of flavor genes that characterize cultivated tomato appeared to have come from standing genetic variation present in ancestral populations. Novel mutations in flavor genes rarely appeared during domestication according to the results at these five genes. Since only certain haplotypes were selected and those were now nearly fixed in cultivated tomato, SLC accessions from South and Central America continues to be a good source of improved haplotypes at these loci.



Gene Expression of Flavor Genes

For each known gene in a metabolic pathway, its protein activity (Fridman et al., 2004; Goulet et al., 2015) and gene expression (Goulet et al., 2015) collectively contribute to the accumulation of the metabolite. To evaluate whether expression of the studied genes was associated with the accumulation of metabolites, we performed a transcriptome analysis of nine diverse accessions from different phylogenetic groups presenting a range of metabolite content (Table 2). Five developmental stages of fruit development were selected, from flower at anthesis to ripe red fruit, for insights into gene expression dynamics. Since there are two variables (genotype and developmental stage), we used linear modeling instead of pairwise comparison to identify differentially expressed genes. In brief, the Likelihood Ratio Test is used to provide a P-value for each gene for identifying differential expression based on a cut-off value of 0.05 (Clevenger et al., 2017). Although the five studied genes were all involved in fruit flavor, the expression patterns observed were different among the accessions that were used in the study (Figure 8). The raw mapping data were listed in Supplementary Table 6.


TABLE 2. Accessions used for transcriptomic analysis and corresponding metabolite levels.
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FIGURE 8. (A–E) Gene expression of nine representative accessions for flavor-related genes.


For LIN5, the expression dynamics varied substantially between accessions (Figure 8A) which was confirmed by the calculated P-value of 7.21 - 10–13. The flower stage showed the highest expression level in most accessions. BGV006370, an SP-PER accession in haplotype Cluster II, featured high SSC and showed the highest expression of LIN5 in mature green fruit. The same pattern was observed but to a lesser extent in BGV007151, an SP-SECU accession. In accessions that accumulated lower SSC, LIN5 expression peaked at the flower stage. BGV008219 showed a different expression pattern that peaked at the ripening stage, albeit that the replicates were variable. These data suggested that the timing of expression may be relevant for fruit sugar content which could have changed during domestication.

For ALMT9, the expression pattern was similar in all accessions (Figure 8B) with a calculated P-value of 1, with low expression that peaked at the flower stage. Of the nine accessions in the expression analysis, only one (BGV008219) carried the 3-bp INDEL in the promoter described before as likely causative (Ye et al., 2017). However, BGV008219 ALMT9 expression levels did not differ dramatically from any of the other accessions. Moreover, malate content did not correlate to expression levels among these nine accessions. For example, of the four accessions in Cluster VI, two accessions showed higher expression, but the malate content was still low. The lack of correlation between gene expression and malate content could be due to the limited number of samples analyzed and/or genetic background effects. The expression of ALMT9 could also be restricted to a very specific tissue or stage of development, which would impede to reach conclusions from the current experiment. In addition, any of the missense mutations could alter protein activity and cause the observed phenotype.

For AAT1 and CXE1, we observed a similar pattern of expression in most accessions, showing low expression in flower and the first stages of fruit development. Expression started to increase at breaker and peaking in ripe fruits (Figures 8C,D). However, the levels of expression in red ripe fruit varied greatly among accessions, therefore both of AAT1 (P-value of 3.01 - 10–10) and CXE1 (P-value of 2.77 - 10–12) were categorized as differentially expressed genes in linear modeling analysis. In most cases, the expression of AAT1 and CXE1 was equally high; for example, BGV008189 showed the highest expression for AAT1 and also one of the highest for CXE1. However, in the SP accessions BGV007151 and BGV006370, expression of AAT1 was low, limiting the synthesis of isobutyl acetate, whereas expression of CXE1 was high, further enhancing the degradation of the limited amount of the volatile. The two accessions that showed high CXE1 expression in ripe fruit showed medium to low isobutyl acetate content, which fits the hypothesis of these esters to be catalyzed at a high rate. Four SLC contained in Cluster VI showed lower CXE1 expression on average, yet the metabolite content was variable within the group. AAT1 expression was lower (<500 RKPM) in the two SP accessions, from Clusters I and II, than in accessions from Cluster VI, the most common haplotype (∼1000 RKPM).

The expression levels of LoxC were variable across accessions as indicated by a P-value of 1.22 - 10–18, although the dynamics were similar. In most of them, the expression was low at flower and young fruit, increased gradually until it peaked at breaker and then slightly reduced in ripe red fruits (Figure 8E). LoxC expression at breaker stage was nearly tripled in the two SP accessions carrying the duplication, suggesting a gene dosage effect. No general relationship among gene expression and Z-3-hexen-1-ol content was observed. However, BGV006370 presented the highest expression level at breaker as well as the highest Z-3-hexen-1-ol content and the SLL accession BGV007863 showed low levels of both expression and metabolite level.



Effects on Protein Structure

Several variants that alter protein sequences were identified in the five known flavor genes. To estimate how these variants could alter the protein structure and function, we predicted the 3D model for each protein and the effect of missense mutations.

The best model template for LIN5 was a cell-wall invertase from Arabidopsis thaliana (Supplementary Figure 7 and Supplementary Table 7). The prediction was of high quality, and the identified domains were members of the glycosyl hydrolases family 32. One transmembrane domain was predicted between positions 524-539. Of the 15 missense mutations, only one was predicted to have a high impact on protein structure, a change from Phenylalanine to Leucine in position 318 in the active site (Table 3). The in-frame deletion of five amino acids from 343 to 347 positions affected two amino acids predicted to be part of the active site; however, their mutational sensitivity was considered low. Therefore, it was unclear whether this INDEL could have a measurable impact on protein structure and activity. The change from Asparagine to Aspartate at position 366 was the most highly associated SNP in our analyses as well as former studies (Fridman et al., 2004; Tieman et al., 2017), yet it was predicted to have minimum effect on protein structure. These two variants of the LIN5 protein when overexpressed in tomato revealed that plants overexpressing the alternate version of the protein had higher sugar levels than those expressing the reference version of the protein (Tieman et al., 2017). To determine the biochemical basis for this phenotype, we expressed the two variants of the LIN5 protein in yeast. The alternate version of the protein containing Asp at position 366 exhibited higher activity with respect to sucrose substrate than the reference version of LIN5 (Supplementary Table 8).


TABLE 3. Amino acid changes and predicted impact in protein structure.
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For ALMT9, the model presented low quality, reaching only 56.1% of confidence, on the contrary to the other models (Supplementary Figure 7 and Supplementary Table 6). The model contained seven transmembrane domains, which would be consistent with the subcellular localization of the protein in the tonoplast (Ye et al., 2017). None of the 11 missense mutations was predicted to cause a meaningful effect on protein structure (Table 3).

The best model template for CXE1 was an alpha-beta hydrolase from Catharanthus roseus, which covered 98% of the protein sequence (Supplementary Figure 7 and Supplementary Table 6). Three out of the eight missense mutations were predicted to produce a moderate effect on protein structure (Table 3). In addition, one of these amino acid changes, from Serine to Glycine in position 94, was significantly associated with isobutyl acetate levels, suggesting that it might alter the activity of the enzyme.

For AAT1, the best model template was a hydroxycinnamoyl-coA transferase from Coffea canephora, which carried a domain from a transferase family as well as one transmembrane domain between positions 257-272 (Supplementary Figure 6 and Supplementary Table 5). Two amino acid changes were predicted to cause a moderate effect on protein structure, from Phenylalanine to Valine at position 161 and Arginine to Cysteine at position 270 (Table 3). The position 161 amino acid change-causing SNP was significantly associated with isobutyl acetate levels in the local association mapping result (Figures 1, 4) and was one of the amino acid changes identified between S. pennellii and cultivated tomato (Goulet et al., 2015).

The best model template for LoxC was a lipoxygenase from plants. The model contained the two known domains, PLAT and lipoxygenase, that are found in these enzymes (Supplementary Figure 6 and Supplementary Table 5). Most amino acid changes were predicted to have a low impact on protein structure. However, the change from Threonine to Leucine at position 607 showed the highest likelihood of changing protein structure and the underlying SNP was highly associated with Z-3-hexen-1-ol (Table 3).




DISCUSSION

Fruit flavor is a complex trait that is genetically controlled by several independently regulated pathways (Tieman et al., 2012, 2017). For good tomato flavor, the balance of sugars and acids is complemented by the production of a specific bouquet of volatile organic compounds. Flavor is also affected by the environment and levels of certain metabolites can range from ∼20 to 80% (Bauchet et al., 2017). Some metabolic traits also show a significant interaction between genetic and environmental effects (Diouf et al., 2018). Despite environmental effects, five previously cloned genes representing four flavor pathways, were significantly associated with trait variation in the Varitome collection. This suggested that these five genes were major contributors to flavor change during the evolution of the vegetable. The domestication of tomato started with the origin of semi-domesticated SLC in South America, the northward spread of SLC and the further domestication into SLL in Mexico. Of the candidate genes examined, only LIN5 showed evidence of having been subjected to positive selection during the final steps of domestication (Razifard et al., 2020). AAT1 was also associated with sweeps in the transition from SP to SLC-ECU and in the sweep in the northward migrations of SLC. The lack of evidence on the positive selection on three of the five flavor genes during domestication is consistent with our view and that of others (Blanca et al., 2012, 2015; Sauvage et al., 2017), that some potentially valuable haplotypes may have been left behind during the evolution from a fully wild to a cultivated type. The selected haplotypes for LIN5 and AAT1 seemed to have contributed negatively to flavor, meaning they could have hitchhiked due to linkage drag with another trait in the region. Alternatively, the flavor deterioration could have been a tradeoff for improved agricultural performance, e.g., sugar content and fruit size are often inversely correlated (Georgelis et al., 2004; Prudent et al., 2009). In this case, positive selection for larger fruits would lead to fixation of haplotypes conferring lower SSC.

To determine whether the diversity in the Varitome collection is useful toward improving modern tomato flavor, we sought to find the optimal allele for each gene. For LIN5, an enzymatic assay from a previous study showed that the change at position 348 from Aspartate in S. pennellii to Glutamate in S. lycopersicum played a role in protein activity (Fridman et al., 2004). In the red-fruited Varitome collection, a different change from Asparagine to Aspartate at position 366, was significantly associated with sugar content (Figure 1A), consistent with findings from other GWAS (Tieman et al., 2017; Razifard et al., 2020). Protein expression studies showed that this amino acid replacement altered protein activity (Supplementary Table 8) and overexpression of the Asp366 LIN5 allele in tomato increased sugar content (Tieman et al., 2017). The less desirable Asn366 allele is present at high frequency in SLL, and in 94.6% of the selected heirloom and modern varieties (Supplementary Table 5). Thus, the optimal allele of LIN5 appeared to be rare in modern tomato.

For ALMT9, a 3-bp INDEL in the promoter was proposed to be causative to trait variation (Ye et al., 2017). This small INDEL would impact a W-box binding motif thereby affecting gene expression. In the Varitome collection, the most significant variants were three SNPs located in the second exon (synonymous) and the second intron (Figure 3). The 3-bp INDEL was not associated with the trait, possibly due to low allele frequency in the Varitome collection, which could reduce the statistical power to detect significant associations. In the subset of heirloom and modern tomatoes, this INDEL and the three SNPs were in complete LD, suggesting that the effect on the phenotype was by a combination of these variants. This haplotype found in some SLL and SLC, is thought to contribute to increased malate content in fruits, which is associated with negative flavor. Therefore, this haplotype may not be desirable in breeding programs aimed at improving flavor. In addition to its role in fruit flavor, ALMT9 contributes to Al tolerance in roots (Ye et al., 2017). None of the haplotypes found in the Varitome collection and the heirloom and modern accessions were predicted to be a gene knock-out, suggesting that a functional ALMT9 may be essential. These findings suggest that it may be relevant for plant performance and adaptation to novel environments. However, the effect of the less tasty ALMT9 allele on plant performance in this collection is unknown. In the Varitome collection, two novel haplotypes (Clusters III and IV) were also associated with low malate content and could be used in breeding programs for improved flavor.

The transposable elements in the promoter of CXE1 are proposed to increase expression in red fruited tomato compared to the green fruited S. pennellii (Goulet et al., 2012). These transposable elements were fixed in the Varitome collection, yet differences in gene expression were still observed. For example, two accessions from Cluster II showed a 2-fold increase in expression of CXE1 compared to accessions in Cluster VI at the ripe fruit stage (Figure 8). Several SNPs and INDELs in regulatory regions differed between these two groups, which could lead to differences in gene expression. In addition, eight missense SNPs were identified in the Varitome collection, of which only one was found in the heirloom and modern accessions (Supplementary Table 5). Haplotypes found in Clusters I and II were associated with higher acetate esters content. Since acetate esters are negatively correlated with consumer liking (Tieman et al., 2012), the Cluster I and II haplotypes were undesirable. The most common and most desirable haplotype in SLL were found in Clusters V and VI and were identical or nearly identical to the reference genome (Figure 4). In addition, a novel SP haplotype from Cluster III contributes to low acetate content and may also be used in breeding programs to enhance fruit flavor.

The S. pennellii AAT1 enzyme is proposed to be more active than cultivated AAT1 (Goulet et al., 2015). The specific polymorphism(s) causing the variation in acetate ester levels is not known, however. Several polymorphic SNPs leading to amino acid changes between S. pennellii and cultivated tomato were also segregating in the Varitome collection, three of which were significantly associated with acetate ester levels (Table 3). Interestingly, some of the polymorphisms found in S. pennellii were shared by SP. However, SP showed low acetate ester levels whereas S. pennellii showed high levels implying that these polymorphisms are inconsequential. In addition, two haplotypes that were predicted to result in a knock-out or knock-down of the gene were found. One haplotype carried a deletion of ∼850 bp affecting the coding sequence and another carried a 13-bp duplication resulting in a coding region frame shift. Both haplotypes were associated with low content of acetate esters, which is positively correlated to consumer liking. The latter polymorphisms were largely absent in the heirloom and modern varieties. Therefore, these AAT1 knock-down haplotypes leading to reduced production of acetate esters could be easily introduced into breeding programs to contribute to flavor improvement.

The availability of improved long-read genome assemblies allowed us to resolve several SVs affecting the LoxC locus. A heterozygous promoter allele is reported to be associated with higher gene expression in a previous study (Gao et al., 2019). However, we found a gene duplication causing a misleading level of heterozygosity. The duplication was mainly found in SP and, on average, contributed to lower levels of Z-3-hexen-1-ol. The expression of LoxC in SP was higher, as previously reported, but this did not appear to result in higher Z-3-hexen-1-ol accumulation. The encoded LoxC and LoxC-SP showed only a 91% amino acid identity (data not shown), implying that these paralogs arose millions of years ago. In addition, a QTL mapping study using a RIL population derived from a cross with NC EBR-1 (only reference LoxC copy) and LA2093 (incomplete LoxC and LoxC-SP copies) found increases in multiple lipid-derived volatiles and apocarotenoids controlled by the NC EBR-1 haplotype (Gao et al., 2019; Wang et al., 2020). According to our findings, LA2093 suffered a deletion of ∼16 kb which fused the first three exons of LoxC-SP to the last eight exons of LoxC, with the third exon being duplicated (Figure 6B). Since the LA2093 haplotype was associated with low content of volatiles, it was conceivable that the encoding enzyme was not functional. When excluding the accessions carrying both copies of LoxC, the Cluster III haplotype (Figure 7) differed in most variants, suggesting that these accessions could only carry the LoxC-SP paralog and/or the deletion found in LA2093. Among the other reference LoxC haplotypes, we could not find a likely causative variant. The reference haplotype (Cluster VI) seems to be adequate for high lipid-derived volatile content (Figure 7). In addition, the haplotype found in Cluster IV might also be beneficial for flavor improvement.

Regulatory mutations are often causative of trait variation (Muños et al., 2011; Goulet et al., 2012; Ye et al., 2017). Surprisingly, we did not find a clear correlation between gene expression and metabolite levels for none of the five studied genes. This lack of correlation may be due to several biological and technical factors. On one hand, the causative variants may affect the coding region and/or UTRs instead of being regulatory, as shown for LIN5. On the other hand, we limited the transcriptomic analyses to nine representative accessions, which we thought to be representative of the Varitome collection, yet may not reflect completely all haplotypes. For example for ALMT9, only clusters I, V and VI were represented in the expression analysis (Figure 8).

To envision the use of the findings from these studies in tomato breeding programs, the beneficial haplotypes at these five loci could be introgressed through conventional breeding into cultivated germplasm and evaluated for their performance. Moreover, we showed that SLC maintained levels of genetic diversity comparable to SP at the five flavor loci even though SP is evolutionary quite distinct from SLC and instead SLC is much closer to SLL (Supplementary Figure 6). Therefore, an added benefit of using SLC accessions as donors for beneficial alleles is the reduced linkage drag of deleterious alleles that often accompanies the introgression of targeted loci from more distant wild relatives. The detailed analyses of the fruit metabolite loci permitted us to propose the likely relevant variant(s), which can be used to identify the best donor accession as well as the development of molecular markers to monitor the introgression. Once incorporated into modern accessions, the effect of these haplotypes could be directly tested and validated.

The genetic variation for each locus in the Varitome collection was large. Moreover, even within genetic clusters, we observed wide phenotypic variation, suggesting that additional genetic factors are segregating in the population for these pathways. These other genes could be previously cloned genes (albeit that they did not show association in the Varitome collection) or representing novel genes. Our collection would be an excellent material to discover new flavor genes through genetic mapping approaches.
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Supplementary Figure 1 | Local association mapping for flavor-related genes and their corresponding metabolites. SNPs are plotted as blue dots, INDELs as yellow dots and SVs as purple triangles. Horizontal lines represent 0.05 and 0.01 significance thresholds.

Supplementary Figure 2 | Function of the known genes used in this study, as detailed previously in the literature.

Supplementary Figure 3 | Linkage disequilibrium of SNPs in the gene regions.

Supplementary Figure 4 | Haplotype analysis of AAT1 and CXE1 A. Heatmap of AAT1 including only accessions which belong to Cluster VI in CXE1 clustering B. Violin plots of the isobutyl acetate content classified by haplotype cluster. C. Heatmap of CXE1 including only accessions which belong to Cluster VI in AAT1 clustering D. Violin plots of the isobutyl acetate content classified by haplotype cluster.

Supplementary Figure 5 | Haplotype analysis of LoxC locus for the complete set of accessions. (A) Heatmap representing the genotypes of accessions (rows) for the polymorphisms identified (columns). Reference genotype are represented in blue, alternate in red, heterozygous in yellow and missing data in white. (B) Violin plots of the Z-3-hexen-1-ol content for accessions carrying the duplication (LoxC-SP present) and without the duplication (LoxC-SP absent).

Supplementary Figure 6 | Nucleotide diversity in the gene regions, including flanking sequences 3 kb upstream and 1 kb downstream, within each subpopulation.

Supplementary Figure 7 | Protein modeling predictions of the five proteins using amino acid sequences. The predicted pocket of the enzyme is displayed in red.

Supplementary Table 1 | Association mapping results. The variant ID includes a first code letter: S for SNP, I for indel and V for SV. The significant p-Values are highlighted in pink color.

Supplementary Table 2 | Genotyping of SVs detected using Lumpy (A). For all five genes and the complete Varitome collection. (B) For LoxC when excluding the accessions carrying LoxC-SP.

Supplementary Table 3 | Genotyping table. Each column corresponds with a variant and the coordinate, reference and alternate alleles and variant annotation from SnpEff are included. Each row corresponds to an accession and the ID of the accession, Cluster at which belongs according to the haplotype clustering and subpopulation according to Razifard et al. (2020) are included.

Supplementary Table 4 | Genotyping of the duplication at the LoxC locus using three different criteria: normalized coverage and heterozygosity when aligning against Heinz SL4.0 reference genome and detection of a deletion when aligning to the PAS014479_MAS1.0 assembly. 0 means only LoxC copy, 1 means both LoxC-SP and LoxC copies.

Supplementary Table 5 | Genotyping results of the selected cultivated varieties at the five loci. Information about the origin and whether the variety is modern or heirloom was extracted from Tieman et al. (2017).

Supplementary Table 6 | RPKM values for each biological replicate used in the expression analysis.

Supplementary Table 7 | Quality parameters of the protein modeling predictions.

Supplementary Table 8 | Enzymatic activity of reference and alternate LIN5 alleles.


FOOTNOTES

1
https://www.ncbi.nlm.nih.gov/

2
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/

3
https://solgenomics.net/organism/Solanum_lycopersicum/genome

4
https://solgenomics.net

5
https://solgenomics.net/projects/tomato13
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Anther indehiscence is an important form of functional male sterility that can facilitate the production of hybrid seeds. However, the molecular mechanisms of anther indehiscence-based male sterility in eggplant (Solanum melongena L.) have not been thoroughly explored. We performed transcriptome sequencing and real-time quantitative reverse transcription-PCR (qRT-PCR) assays to compare the fertile line (F142) and male sterile line (S12) eggplant. We identified 2,670 differentially expressed genes (DEGs) between lines. Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses identified 31 DEGs related to hormone biosynthesis. We, therefore, measured phytohormone contents, such as jasmonic acid (JA), auxin (IAA), gibberellin (GA), and abscisic acid (ABA) in S12 and F142. There were differences in IAA, GA3, and ABA levels between S12 and F142, while JA levels were significantly lower in S12 than in F142. Five key genes in the JA signaling pathway were differentially expressed in S12 vs. F142. Of these, SmJAZ1 and SmJAR1 were significantly upregulated and SmDAD1, SmLOX, and SmCOI1 were downregulated in S12 vs. F142. Protein–protein interaction studies identified a direct interaction between SmDAD1 and SmLOX, while SmDAD1 failed to interact with SmJAR1, SmCOI1, and SmJAZ1. The data represent a valuable resource for further exploration of regulatory mechanisms underlying anther dehiscence in eggplant.

Keywords: eggplant (Solanum melongena L.), transcriptome, phytohormone, gene expression, interaction


INTRODUCTION

Eggplant (Solanum melongena L.), a popular vegetable crop that is thought to have originated in Africa, is widely cultivated in Africa, Asia, Europe, and the Near East (Bohs, 2010). The major characteristic of eggplant exhibits obvious heterosis, and the early use of hybrid vigor in the breeding of eggplant cultivars has been described (Kakizaki, 1931; Rodríguez et al., 2008). The use of reliable male-sterile systems could simplify the process and reduce the labor, cost, and time involved in producing hybrid eggplant seeds (Mennella et al., 2010). Functional genic male sterility (GMS) was reported in eggplant in 1954 and 1963 (Jasmin, 1954; Nuttall, 1963). The first functional male sterile eggplant mutant UGA 1-MS (Phatak and Jaworski, 1989) was discovered in 1989 and further characterized in 1991 (Phatak et al., 1991), and this kind of sterility was also further explored in 2009 as the result of crossing eggplant with wild relatives (Khan and Isshiki, 2009, 2010). The GMS line showed anther indehiscence in which the anthers did not open to release pollen, thereby disabling pollination (Wang et al., 2021). Anther dehiscence is a vital process in which mature pollen grains are released from the locules of the anther, thus enabling pollination (Sanders et al., 1999, 2005). Although morphological changes in anthers during dehiscence have been thoroughly described (Beals, 1997; Sanders et al., 2005), the molecular mechanisms controlling anther dehiscence remain relatively unknown.

Jasmonic acid (JA) is a lipid-derived hormone that functions as an important regulator of plant responses to various stresses as well as development (Scott et al., 2004). Analyses show that JA affects wheat development, including germination, growth, flowering time, senescence, and alters tolerance to environmental stresses (Wasternack and Strnad, 2018). Wheat plants with high JA levels are characterized by delayed germination, slower growth, late flowering, and senescence, and improves tolerance to short-term freezing (Nausica et al., 2007). The application of exogenous jasmonate significantly stimulates root hair elongation (Bohs, 2010). JA also plays an important role in regulating anther dehiscence (Ishiguro et al., 2001; Xiao et al., 2014).

Jasmonic acid signal transduction pathways have been investigated in Arabidopsis thaliana (Schaller and Stintzi, 2009; Wasternack and Strnad, 2018). JA biosynthesis originates from fatty acids in chloroplasts, and then its metabolic compounds are produced from 12 different pathways in peroxisomes and cytosol, respectively (Wasternack and Strnad, 2018). Gene mutations involved in JA biosynthesis cause failure or delay of anther dehiscence and may lead to male sterility. Several of these genes have been identified, such as anther dehiscence defect 1 (DAD1) (Ishiguro et al., 2001), AOS (Bae et al., 2010), LOX (Caldelari et al., 2011), COI1 (Xie et al., 1998), DEHISCENCE 1 (DDE1), /OPR3 (Schaller et al., 2000; Stintzi and Browse, 2000), and the triple mutation (fad3, fad7, and fad8) (Mcconn and Browse, 1996). In addition, JAR1 (a JA-amino acid synthetase) has a biological function in regulating flower opening and closure, and anther dehiscence in rice (Xiao et al., 2014). Some studies have found possible mechanisms that JA was a significant regulator of anther dehiscence. The JA pathway genes SmJAZ1 and SmOPR3 are downregulated in the male sterility S16 (Zhang et al., 2020). Moreover, SmOPR3 could interact with the transcript accumulation of the eggplant CORONATINE INSENSITIVE1 (SmCOI1) to form a protein complex, and COI1 interacts with JAZ1 in the presence of JA-Ile (Zhang et al., 2020). Through activating DAD1 in Arabidopsis, a RING-type E3 ligase controls anther dehiscence (Peng et al., 2013). However, the exact mechanisms of JA activity regulating anther dehiscence in eggplant remain to be elucidated.

In this study, we performed transcriptome analysis to identify differentially expressed genes (DEGs) in eggplant S12 (indehiscent anthers) and F142 (dehiscent anthers) in order to uncover differences in the anther dehiscence network. Enrichment analysis of the DEGs and endogenous hormone measurements highlighted the effect of JA signal transduction pathways in anther dehiscence. Finally, we analyzed the relationships between five genes in the JA pathway by yeast two-hybrid (Y2H) analyses. The results lay the foundation for further uncovering the molecular mechanisms and biological function of anther dehiscence in eggplant.



MATERIALS AND METHODS


Plant Materials and Growth Conditions

The functional male sterile line S12 and fertile line F142 were provided and grown at the Institute of Vegetables and Flowers, Chongqing Academy of Agricultural Sciences (Chongqing, China) from 2017 to 2019. The male fertile line was an advanced-generation inbred line. The functional male sterile line was obtained from the continuous backcross of male sterile plant in progenies F2 of interspecific hybrid (Tian et al., 2001). The eggplant seeds were sterilized and sown in trays. Then, the seedlings were transferred and grown under normal conditions. Selected anthers in flower buds with open petals about 10 am were immediately frozen in liquid nitrogen and stored at −80°C until they were used for further analysis. Three biological replicates per sample were used for sequencing.



RNA Extraction, Library Construction, and RNA-Seq

The total RNA of each sample was extracted from the anther on the day of flowering of eggplant according to the instruction manual of the TRlzol Reagent (Life Technologies, Carlsbad, CA, United States). Each anther sample was taken from five eggplant flowers. RNA integrity and concentration were examined using Agilent 2100 Bioanalyzer (Agilent Technologies, Inc., Santa Clara, CA, United States). The mRNA was isolated by NEBNext Poly (A) mRNA Magnetic Isolation Module (NEB, E7490). The cDNA library was constructed following the instructions of the manufacturer of NEBNext Ultra RNA Library Prep Kit for Illumina (NEB, E7530) and NEBNext Multiplex Oligos for Illumina (NEB, E7500). In brief, the enriched mRNA was fragmented into ~200 nt RNA inserts, which were used to synthesize the first-strand cDNA and the second cDNA. End-repair/dA-tail and adaptor ligation was performed on the double-stranded DNA. Suitable fragments were isolated by Agencourt AMPure XP beads (Beckman Coulter, Inc., Brea, CA, United States) and enriched by PCR amplification. Finally, constructed cDNA libraries of the eggplant were sequenced on a flow cell using an Illumina HiSeq™ (Illumina, San Diego, CA, United States) sequencing platform. The RNA-seq reads have been deposited in the NCBI Short Read Archive and are accessible under PRJNA746400.



Transcriptome Analysis Using Reference Genome-Based Reads Mapping

Low-quality reads, such as only adaptor and unknown nucleotides >5%, or Q20 <20% (percentage of sequences with sequencing error rates <1%), were removed by Perl script. The clean reads that were filtered from the raw reads were mapped to the eggplant genome (SME_r2.5.1) (Hideki et al., 2014) using Tophat2 software2 (version2.1.0) (Kim et al., 2013). The aligned records from the aligners in BAM/SAM format were further examined to remove potential duplicate molecules. Gene expression levels were estimated using FPKM values (fragments per kilobase of exon per million fragments mapped) by the Cufflinks software.



Sequence Annotation

Genes were compared against various protein databases by BLASTX, such as the National Center for Biotechnology Information (NCBI) non-redundant protein (Nr) database, and the Swiss-Prot database, with a cut-off E-value of 10−5. Furthermore, genes were searched against the NCBI non-redundant nucleotide sequence (Nt) database using BLASTn with a cut-off E-value of 10−5. Genes were retrieved based on the best BLAST hit (highest score) along with their protein functional annotation.

To annotate the gene with GO terms, the Nr BLAST results were imported into the Blast2 GO program. GO annotations for the genes were obtained by Blast2GO. This analysis mapped all of the annotated genes to GO terms in the database and counted the number of genes associated with each term. Perl script was then used to plot GO functional classification for the unigenes with a GO term hit to view the distribution of gene functions. The obtained annotation was enriched and refined using TopGo (R package). The gene sequences were also aligned to the Clusters of Orthologous Group (COG) database to predict and classify functions. KEGG pathways were assigned to the assembled sequences by the Perl script.



Identification of Differential Gene Expression

DESeq2 and Q-value were employed and used to evaluate differential gene expression between F142 and S12. After that, gene abundance differences between those samples were calculated based on the ratio of the 2 FPKM values. In order to compute the significance of the differences, the false discovery rate (FDR) control method was used to identify the threshold of the P-value in multiple tests. Here, only genes with an absolute value of log2 ratio ≥2 and an FDR significance score of <0.01 were used for subsequent analysis.



Gene Ontology and Kyoto Encyclopedia of Genes and Genome Enrichment Analysis of DEGs

Gene ontology enrichment analysis of DEGs was implemented by the GOseq R package. GO terms with corrected P-values <0.05 were considered to be significantly enriched by differentially expressed genes (Young et al., 2010). The KOBAS software (Mao et al., 2005) was used to test the statistical enrichment of DEGs in KEGG pathways.



Hormone Extraction and Determination

High-performance liquid chromatography was performed using Shimadzu LC-60A (Shimadzu, Kyoto, Japan. The chromatographic conditions were as follows: mobile phase was methanol 0.8% glacial acetic acid solution = 55/45, column temperature was 30°C, flow rate was 0.8 mL/min, detection wavelength was 254 nm, and injection volume was 10 μL. Each sample was tested three times and averaged. All data were analyzed by ANOVA, and the differences were compared by Duncan's multiple range test.



Gene Cloning and Real-Time Quantitative Reverse Transcription-PCR

The full length of SmDAD1 (Smechr0500450), SmLOX (Smechr0800437), SmJAR1 (Smechr0101378), SmCOI1 (Smechr0500307), and SmJAZ1 (Smechr1200204) was cloned using homologous cloning technology. Tomato and potato sequences closely related to eggplant were obtained from the NCBI database. After the two Blast, the software Primer 5.0 was used to design gene-specific primers (GSPs). RNA was extracted from eggplant anthers and reverse transcribed into cDNA. Then, RT-PCR was performed using the extracted RNA as a template to obtain ORFs of SmDAD1, SmLOX, SmJAR1, SmCOI1, and SmJAZ1 genes.

Quantitative reverse transcription-PCR was performed as previously described. The primers used to test the transcript levels of all the genes were shown in Supplementary Table 1, using GAPDH as the internal reference. The qRT-PCR mixtures contained 2 μL primers, 2 μL cDNA, 10 μL SsoFast™EvaGreen®Supermix (Bio-Rad, Hercules, CA, United States) and distilled water to a final volume of 20 μL. The reaction conditions were as follows: 95°C for 30 s, 95°C for 5 s, 59°C for 30 s, and 65°C for 5 s (39 cycles). The fold changes were calculated using the 2−ΔΔCt method. Each sample was repeated three times for qRT-PCR detection. And the fold changes were calculated using the 2−ΔΔCt method.



Transactivation Test in Yeast

SmDAD1, SmLOX, SmJAR1, SmCOI1, and SmJAZ1 were separately sub-cloned into the activation domain of pGADT7 and pGBKT7 using the BamHI and XhoI sites and then ligated into pGADT7 or pGBKT7 to construct recombinant plasmids. First, gene-pGBKT7 recombinant plasmids were transformed into Y2H (Clontech) using the PEG/LiAC method. The transformed strains were screened on synthetic dropout (SD medium) lacking tryptophan (Trp; SD/-Trp) for selection of positive clones. Subsequently, positive clones were transferred to SD medium supplemented with X-α-gal(SD/-Trp/X-α-gal). The trans-acting activity was assessed based on the blue colonies that grew on the SD/-Trp/X-α-gal medium.



Yeast Two-Hybrid Assay

Yeast two-hybrid assays were performed based on the instructions of the manufacturer (Clontech, Palo Alto, CA, United States). The gene-pGADT7 and gene-pGBKT7 recombinant plasmids were co-transformed into yeast strainY2HGold cells as described above, which were then added to SD medium lacking leucine (Leu) and tryptophan (Trp) (DDO; SD/-Leu/-Trp). The potential physical interactions between proteins were evaluated by screening the yeast transformants on QDO/X-α-gal/AbA medium [SD medium lacking Leu, Trp, adenine (Ade), and histidine (His) but supplemented with X-a-gal and aureobasidin A (AbA)].



Pull-Down Assay

SmDAD1 was sub-cloned into the pET32a(+) vector, while SmLOX, SmJAR1, SmCOI1, and SmJAZ1 were cloned into the pGEX-4T-1 vector. Then, the plasmids were transformed into Escherichia coli Rosetta (DE3) competent cells, and 1 mM isopropyl β-D-thiogalactoside was added before incubation at 37°C for 3.5 h. The SmDAD1-HIS protein was purified using BeaverBeads IDA-Nickel Kit-10 (Beaver, Beijing, China). The SmLOX-GST, SmJAR1-GST, SmCOI1-GST, and SmJAZ1-GST proteins were purified by BeaverBeads GSH (Beaver). Protein–protein interactions were detected by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).




RESULTS


Morphological Comparison of F142 and S12

Male sterility is an important tool for leveraging eggplant heterosis. Anther indehiscence is the main form of functional male sterility. By morphological analysis, we observed that anthers were indehiscent in S12 relative to F142 (Figure 1). On the day of flowering, in F142, the anthers presented small holes to release pollens, whereas in S12 the anthers were tightly closed without dehiscence and pollen releasing.


[image: Figure 1]
FIGURE 1. Morphological analysis of Solanum melongena L. F142 and S12 flowers and anthers on the day of flowering. (A,B) The flower of F142 and S12. Bars = 5 mm. (C,D) The anther of F142 and S12. Bars = 100 μm.




Transcriptome Assembly

To detect potential molecular differences between eggplant accessions S12 and F142, we performed transcriptome sequencing on anther tissue on the day of flowering. The genome-directed stratagem Trinity was used to assemble transcriptome sequences and align single RNA-seq library data with the S. melongena genome (SME_r2.5.1). As a result, the mean of clean reads from three biological repeats per sample was more than 20 million, the mean of mapped reads and uniquely mapped reads were far great than 10 million, and the highest localization ration of each library was roughly 50% in the S. melongena genome (Table 1; Supplementary Table 2). After being assembled, the average length of the contig was 1,204 bp, while for the contig of N50 the average length was 1,538 bp. We found that the average GC content in the libraries reached 40–50% (Supplementary Tables 2, 3). When redundant and short reads were removed, we obtained about 257,800 transcript assembly contigs (TAC) >100 bp (Supplementary Table 2). Overall, the abundant transcriptome data were enough for further analysis.


Table 1. Statistical analysis of RNA-seq reads mapped to the ancestor genome.
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Functional Classification of the DEGs by GO and KEGG Pathway Analysis

We identified 2,670 DEGs in S12 vs. F142 (Supplementary Table 4; Supplementary Figure 2), including 1,928 upregulated and 742 downregulated DEGs (Supplementary Figure 2). We constructed a heat map representing the differential expression of the 2,670 DEGs (Supplementary Figure 5) in S12 vs. F142. We detected dynamic changes in the transcriptomes during anther development in S12 (anther indehiscence). In the heat map, the original gene expression data were transformed into log2 fold change values (Supplementary Table 4). Further cluster analysis revealed significant differences in gene expression between S12 and F142.

To characterize the DEGs in detail, we performed GO analysis to uncover their putative functions. We constructed histograms based on the categories of DEGs in anther indehiscent eggplant (S12), such as biological processes, molecular functions, and cellular compartments (Supplementary Figure 3). Metabolic process was the major group in the biological processes category, namely, GO terms cellular, single-organism, response to stimulus, and biological regulation. The molecular functions category contained at least 882 DEGs involved in nucleic acid binding transcription factor activity and more than 888 DEGs involved in signal transducer activity, transcription factor activity, and protein binding. Most of the DEGs were present in the top three groups, such as the cell, organelle, and membrane (Supplementary Figure 4). We performed KEGG pathway analysis to categorize all annotated genes. Most of the 2,670 DEGs were categorized into six pathways (Supplementary Figure 4). The most highly enriched biological processes in the anther indehiscent eggplant were plant hormone signal transduction, protein processing in endoplasmic reticulum, amino sugar and nucleotide sugar metabolism, biosynthesis of amino acids, carbon metabolism, and plant–pathogen interactions (Figure 2; Supplementary Figure 4).


[image: Figure 2]
FIGURE 2. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis of 2,670 differentially expressed genes (DEGs). The pathway of plant hormone signal transduction was mainly enriched (black arrows).




Enrichment Analysis of DEGs in Hormone Signal Transduction Pathways

We performed KEGG pathway analysis to investigate the major regulatory pathways of the DEGs. The DEGs in S12 vs. F142 were mainly enriched in the pathways inositol phosphate metabolism (16 DEGs), plant hormone signal transduction (31 DEGs), flavonoid biosynthesis (12 DEGs), amino sugar and nucleotide sugar metabolism (39 DEGs), and fatty acid biosynthesis (25 DEGs) (Figures 2, 3). To investigate the hormonal control of anther indehiscence in more detail, we analyzed the expression levels of key DEGs in the JA, IAA, GA, ABA, cytokinin (CTK), ethylene (ETH), and brassinosteroid (BR) signaling pathways (Figure 4; Table 2). Five key genes were identified in the JA signaling pathway, namely, SmDAD1, SmLOX, SmCOI1, SmJAZ1, and SmJAR-like, of which two genes were significantly upregulated and three genes were downregulated in S12 vs. F142. One key gene in the CTK signaling pathway and two genes in the ABA signaling pathway were differentially expressed. One gene in the GA signaling pathway was significantly upregulated, and the other was significantly downregulated. Four key genes in the IAA signaling pathway were differentially expressed. Four key genes in the ETH signaling pathway were also differentially expressed, which were all significantly upregulated. Four genes in the BR pathway were significantly upregulated as well. Finally, nine genes in other hormone signaling pathways were differentially expressed, including two that were significantly downregulated in indehiscent accession (Figure 4).


[image: Figure 3]
FIGURE 3. Gene ontology (GO) enrichment analysis of 31 hormone DEGs. BP, biological processes; CP, cellular compartments; MF, molecular functions.



[image: Figure 4]
FIGURE 4. Expression changes in the genes involved in the (A) jasmonic acid, (B) ethylene, (C) auxin, (D) other hormones, (E) crassinolide, (F) cytokinin, (G) gibberellin, and (H) abscisic acid signaling pathways in F142 and S12.



Table 2. Differentially expressed genes (DEGs) involved in hormone signaling pathways.
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Endogenous Hormone Measurements and Validation of the Expression Patterns of Several Key Genes

We collected independent anther samples from the plants and performed qRT-PCR analysis to validate the expression levels of several key JA-related genes. In total, we measured the expression levels of seven JA-related unigenes via qRT-PCR. SmJAZ1 and SmJAR1 were significantly upregulated and SmDAD1, SmLOX, SmOPR3, SmAOC, and SmCOI1 were significantly downregulated in S12. The expression patterns of these genes corresponded well with the FPKM values obtained by RNA-seq (Figure 5), suggesting that the expression patterns of most unigenes were consistent between the two methods. Finally, we measured JA, IAA, GA3, and ABA levels in S12 and F142 (Figure 6). Compared with F142, the levels of IAA, GA3 and ABA in S12 were significantly increased, while JA level was significantly decreased. These findings suggested that plant hormones play an important role in anther dehiscence, and the decrease of JA may cause anther indehiscence in eggplant.


[image: Figure 5]
FIGURE 5. The transcript accumulation of (A) SmDAD1, (B) SmLOX, (C) SmCOI1, (D) SmOPR3, (E) SmJAR1, (F) SmAOC, and (G) SmJAZ1. Total RNA was extracted in anthers and used for RT-q PCR analyses. Three biological replicates (each including three technical repeats) were assessed. Paired t-tests, *p < 0.05, **p < 0.01.



[image: Figure 6]
FIGURE 6. Changes in JA, IAA, GA3, and ABA concentrations in F142 and S12. (A) JA concentration. (B) IAA concentration. (C) GA3 concentration. (D) ABA concentration. Three independent biological replicates were used. Three biological replicates were assessed. Paired t-tests, *p < 0.05, **p < 0.01.




Interaction of SmDAD1 With SmLOX, SmJAR1, SmCOI1, and SmJAZ1

We first analyzed the trans-acting activity of SmDAD1, SmLOX, SmJAR1, SmCOI1, and SmJAZ1 in a yeast system. The yeast cells containing gene-pGBKT7 recombinant plasmids grew well and appeared white when screened on the selective medium (SD/-Trp) supplemented with X-α-gal (Supplementary Figure 6). These results reflected the trans-acting activity of SmDAD1-BD, SmLOX-BD, SmJAR1-BD, SmCOI1-BD, and SmJAZ1-BD that was similar to that of BD.

Subsequently, we performed yeast two-hybrid assays to detect the interactions of SmDAD1 protein with SmLOX, SmJAR1, SmCOI1, and SmJAZ1 (Figure 7A). SmDAD1 directly interacted with SmLOX but not with SmJAR1, SmCOI1, or SmJAZ1 (Figure 7A). We also performed pull-down assays to determine whether SmDAD1 interacts with SmJAR1, SmCOI1, and SmJAZ1 (Figure 7B). SmLOX-GST was pulled down by SmDAD1-HIS but SmJAR1-GST, SmCOI1-GST, and SmJAZ1-GST were not. Therefore, our yeast two-hybrid results were replicated in the pull-down assays (Figure 7).


[image: Figure 7]
FIGURE 7. Protein interactions of SmDAD1 with SmLOX, SmJAR1, SmCOI1, and SmJAZ1. (A) Detecting interactions of SmDADA1 with SmLOX, SmJAR1, SmCOI1, and SmJAZ1 by yeast two-hybrid assay. Transformed yeast cells were plated on SD/-Ade/-His/-Leu/-Trp/X-a-Gal medium to grow at 30°C for 3–5 days. pGBKT7-T53 (T7-T53) combined with pGADT7-T (T7-T) was used as positive controls, and pGBKT7-lam (T7-lam) combined with pGADT7-T (T7-T) was used as negative controls. (B) Examining the interactions of SmDAD1 with the other proteins by Pull-down. The HIS-tagged SmDAD1 protein was generated by cloning into the pET32a (+) vector (19 kDa). The GST-tagged proteins of SmLOX, SmJAR1, SmCOI1, and SmJAZ1 were generated by cloning into the pGEX-4T-1 vector (26 kDa). Bound proteins were eluted and stained with Coomassie Brilliant Blue 250 and then separated by 12.5% SDS-PAGE.





DISCUSSION

Transcriptome analysis facilitates the comprehensive investigation of altered gene expression patterns in genetic variants and provides insights into the molecular basis of specific biological processes (Liu et al., 2019). Transcriptome sequencing provides a systematic approach for studying gene expression patterns and network interactions underlying various processes in plants. In this study, to explore the molecular mechanism underlying anther dehiscence in eggplant, we generated a high-quality transcriptome dataset from dehiscence (F142) and indehiscence (S12) anthers. The most highly enriched biological processes among the DEGs in the indehiscent anthers were plant hormone signal transduction, protein processing in endoplasmic reticulum, amino sugar and nucleotide sugar metabolism, biosynthesis of amino acids, carbon, metabolism, and plant–pathogen interaction. In addition, by comparing the transcripts of F142 and two male-sterile lines (S12 and S13), the differentially expressed genes in the sterile line were mainly enriched in “metabolic process,” “catalytic activity,” “biosynthesis of amino acids,” and “carbon metabolism” (Yuan et al., 2020).

Thirty-one DEGs were identified (Table 2) involved in hormone signal transduction pathways, such as JA, IAA, GA, ABA, CTK, ETH, and BR. Phytohormones play essential roles in regulating plant growth and development as well as plant fertility. The accumulation or deficiency of auxin in plants is related to the occurrence of male sterility. The IAA content in a cytoplasmic male sterile rapeseed line was consistent with that of normal plants under low-temperature conditions. However, the IAA content of the sterile line increased with increasing temperature, whereas no change in IAA levels was detected in fertile plants (Singh et al., 1992). This phenomenon was also observed in tomato mutants (Amit and Sawhney, 1993). Horner suggested that auxin accumulation caused male sterility in crops, as high IAA levels in pepper induced the production of ETH, which induced male sterility (Horner, 1977). In addition, during pollen abortion, IAA levels were lower in two types of sterile wheat than in fertile anthers (Li et al., 1976). This phenomenon was also observed in rice (Xu et al., 1990), citrus (Tian et al., 1998), and mustard (Kojima, 1997).

Moreover, CTK levels were lower in cytoplasmic male sterile barley lines than in their maintainer lines (Chen et al., 1995). The excess ABA in the leaves and anthers of cytoplasmic male sterile cabbage lines might be related to the occurrence of microspore abortion (Shi and Hou, 2004). Liu found that in male sterile wheat lines (induced by GENESIS), after induction, ETH levels were significantly higher in sterile lines than in fertile lines during the mononuclear, dinuclear, and trinuclear stages of anther development (Liu et al., 2003). The rate of infertility increased with increasing induction, and the rate of infertility and the ETH release rate also increased. Finally, wild-type Arabidopsis plants treated with GA and double mutants in the GA signaling repressors RGA and GAI exhibited loss of fertility (Dill and Sun, 2001).

Plant development and responses to environmental signals are coordinated by complex multicomponent signaling networks. JA, a phytohormone derived from fatty acids, is an important component of this regulatory system. It participates in all stages of plant growth and development and also regulates anther dehiscence (Ching-Fang et al., 2014; Xiao et al., 2014). In this study, the transcript levels of JA biosynthesis genes were lower in anther indehiscent plants than in plants with normal anther development. The JA content was also significantly lower in these plants than in fertile eggplant. This observation, which is consistent with the results of transcriptome sequencing, confirms the notion that JA is an essential factor affecting anther dehiscence. This finding validates the results of previous studies (Sanders, 2000; Stintzi and Browse, 2000; Malek et al., 2002). For example, mutations in genes involved in JA biosynthesis typically caused delayed or failed anther dehiscence, such as DAD1 (Ishiguro et al., 2001; Qin et al., 2011) and OPR3 (Stintzi and Browse, 2000; Chini et al., 2018).

Based on the current transcriptome data for genes in the JA biosynthesis pathway, we propose that feedback regulation of JA signaling in anther-indehiscent eggplant alters the expression patterns of genes at the mRNA level during anther development (Sanders, 2000; Zhao and Ma, 2000; Hong, 2005). In this study, we identified five genes in the JA pathway (SmDAD1, SmLOX, SmCOI1, SmJAZ1, and SmJAR1) that were differentially expressed in the S12 vs. F142 eggplant. SmDAD1, SmLOX, and SmCOI1 were clearly downregulated in S12, whereas SmJAZ1 and SmJAR1 were upregulated in S12 vs. F142. SmDAD1 is crucial for JA biosynthesis. Arabidopsis DAD1 (At2g44810) encodes the first chloroplastic lipase identified. This enzyme is involved in supplying α-linolenic acid for the JA-biosynthetic pathway (Ishiguro et al., 2001). Mutations in DAD1 reduced JA levels in flower buds, causing a delay in their development, failed anther dehiscence during flower opening, and lack of pollen grain maturation (Ishiguro et al., 2001). In the Arabidopsis coi1, opr3, and dad1 mutants, the anthers failed to crack and the filaments were short; however, these phenotypes were significantly altered by the external application of JA (Stintzi and Browse, 2000; An et al., 2018).

The JA pathway involves a series of gene-encoded hormone-related factors involved in anther dehiscence (Grunewald et al., 2009; Xiao et al., 2014; Chini et al., 2018). Previous gene expression analysis has demonstrated that overexpressing AtOPR3 selectively affected the expression of various genes of the endogenous jasmonate system, while the expression of other genes remained unaltered. Transgenic wheat plants with high AtOPR3 expression levels exhibited notably altered plant growth and development, including delayed germination, slower growth, and anther indehiscence (Pigolev et al., 2018). These findings indicate that these plant phenotypes are regulated by direct or indirect interactions of these genes.

Melotto et al. (2008) demonstrated that the physical interaction between COI1 and JAZ proteins could be effectively promoted by treatment with biologically active jasmonates (JA-Ile) (Singh et al., 1992; Melotto et al., 2008). In addition, AtMYC2 interacts with JAZs (Wasternack, 2017; Chini et al., 2018). Here, we demonstrated that SmDAD1 interacts with SmLOX1 both in vitro and in vivo. However, how these proteins regulate anther dehiscence remains unclear and should be addressed in future studies.



CONCLUSIONS

The outcomes of this study revealed that 31 DEGs related to hormone biosynthesis were identified by transcriptome between the anther-dehiscent eggplant (F142) and the anther-indehiscent eggplant (S12). Among them, the JA level of S12 was significantly lower than that of F142. The study on protein–protein interaction confirmed the direct interaction between SmDAD1 and SmLOX. Therefore, JA was confirmed to play an important role in anther dehiscence of eggplant.
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In this study, the protective role of exogenous ascorbic acid (AsA) on salt-induced inhibition of photosynthesis in the seedlings of processing tomatoes under salt stress has been investigated. Plants under salt stress (NaCl, 100 mmol/L) were foliar-sprayed with AsA (0.5 mmol/L), lycorine (LYC, 0.25 mmol/L, an inhibitor of key AsA synthesis enzyme L-galactono-γ-lactone dehydrogenase activity), or AsA plus LYC. The effects of AsA on fast OJIP fluorescence rise curve and JIP parameters were then examined. Our results demonstrated that applying exogenous AsA significantly changed the composition of O-J-I-P fluorescence transients in plants subjected to salt stress both with and without LYC. An increase in basal fluorescence (Fo) and a decrease in maximum fluorescence (Fm) were observed. Lower K- and L-bands and higher I-band were detected on the OJIP transient curves compared, respectively, with salt-stressed plants with and without LYC. AsA application also significantly increased the values of normalized total complementary area (Sm), relative variable fluorescence intensity at the I-step (VI), absorbed light energy (ABS/CSm), excitation energy (TRo/CSm), and reduction energy entering the electron transfer chain beyond QA (ETo/CSm) per reaction centre (RC) and electron transport flux per active RC (ETo/RC), while decreasing some others like the approximated initial slope of the fluorescence transient (Mo), relative variable fluorescence intensity at the K-step (VK), average absorption (ABS/RC), trapping (TRo/RC), heat dissipation (DIo/RC) per active RC, and heat dissipation per active RC (DIo/CSm) in the presence or absence of LYC. These results suggested that exogenous AsA counteracted salt-induced photoinhibition mainly by modulating the endogenous AsA level and redox state in the chloroplast to promote chlorophyll synthesis and alleviate the damage of oxidative stress to photosynthetic apparatus. AsA can also raise the efficiency of light utilization as well as excitation energy dissipation within the photosystem II (PSII) antennae, thus increasing the stability of PSII and promoting the movement of electrons among PS1 and PSII in tomato seedling leaves subjected to salt stress.

Keywords: processing tomatoes, ascorbic acid, NaCl stress, fast OJIP fluorescence rise curve, photosynthesis


INTRODUCTION

Xinjiang Province is one of the main producing regions of processing tomatoes in China. However, because of excessive use of fertilizers, unreasonable methods of irrigation and drainage, and the special climatic conditions (such as dryness due to less rain and strong evaporation in Xinjiang), the area is threatened by soil salinization, and soil secondary salinization has exceeded more than half of the total cultivated land dedicated to processing tomatoes. In recent years, this salinization problem became more and more serious, as it results in declines in photosynthetic rates, environmental resistance, and yield and quality of processing tomatoes. Increasing levels of salt in soil have become a primary abiotic stress that limits the productivity of processing tomatoes in Xinjiang Province (Pang et al., 2005). High salinity inhibits crop growth by disrupting a range of physiological processes involved in cell metabolism, especially photosynthesis (Thagela et al., 2017; Yang et al., 2020). Photosynthesis is the primary metabolic mechanism in plants (Singh et al., 2014) and is particularly sensitive to salinity (Ashraf and Harris, 2013). Salinity causes stomatal closure, destruction of chlorophyll pigments, inhibition of photochemical efficiency of photosystem II (PSII), and CO2 assimilation (Dietz and Pfannschmidt, 2011). The presence of salt increases the buildup of reactive oxygen species (ROS) (Oukarroum et al., 2015; Hossain et al., 2017). The accumulated ROS severely damage the ultrastructure of photosynthetic apparatus, disrupting the use of light energy and causing the photoinhibition of PSII, consequently leading to plant growth retardation, and even cell and plant death (Jiang et al., 2017). Therefore, it is very important for plants to increase their salt tolerance and maintain their economic yield to counteract the adverse effects of salt stress on photosynthesis.

Reduced ascorbic acid (AsA) is by far the most abundant low-molecular weight antioxidant in plants, and AsA plays a key role in protecting plants from ROS generated during normal metabolic processes and under stress conditions including wounding, pathogen attack, salt, heat, light, and ozone exposure (Conklin, 2010). As an efficient electron donor and important non-enzymatic antioxidant, AsA constitutes a redox buffer that keeps the intracellular environment reduced and maintains the cellular redox homeostasis by directly or indirectly scavenging ROS (including H2O2, [image: image], ·OH−, and 1O2). AsA can act as a signaling agent participating in the interaction with the environment (Linster and Clarke, 2008). AsA is also associated with several biosynthetic pathways, such as the xanthophyll cycle, which guard against the negative effects of surplus energy from excitation. Furthermore, many authors have demonstrated in the past years that AsA still exerts other significant roles in a wide range of processes, such as plant growth control, α-tocopherol regeneration, cell division and expansion regulation, resistance to insect feeding (Foyer and Graham, 2011), carbon–nitrogen metabolism, fruit quality and seed germination, as well as the expression of genes related to hormone synthesis and signal transduction. The cellular AsA pool size in plants can be regulated by the coordinated action of many related enzymes, and an enhanced AsA level has been confirmed to increase the tolerance and adaptation of crops to abiotic stresses such as high light intensity, cold, drought, salinity, UV-B, and ozone stresses (Xie et al., 2009). Similarly, exogenous application of AsA to plants has been shown to confer tolerance to several abiotic stresses in many crop plants (Xie et al., 2009; Wang et al., 2014; Alhasnawi et al., 2016; Akram et al., 2017; Penella et al., 2017). Our previous research demonstrated that optimal concentrations of exogenous AsA could relieve the salt-induced inhibition on the seedling growth of processing tomatoes, increasing its adaptability to salt stress (Supplementary Materials). It also showed that tomato salt tolerance improvement induced by exogenous selenium, glutathione (GSH), and nitric oxide (NO) is accompanied by the increase of endogenous AsA content and AsA/dehydroascorbate (DHA) ratio (He et al., 2015; Wen et al., 2018; Zhou et al., 2018).

The mechanisms of salt tolerance are very complex. Recent studies aiming to understand the mechanisms of AsA effects on plant salt tolerance have shown that salt tolerance induced by endogenous AsA or application of exogenous AsA mainly ascribed to the improvement of antioxidant, ion balance, and osmotic balance regulation (Wang et al., 2019). Although the photosynthetic apparatus is the most sensitive component for evaluating the degree of salt stress damage, few studies concerning the protection mechanisms of exogenous AsA on its structure and function under salt stress were carried out and more detailed ones are needed. The fluorescence transient (OJIP) technique is a quick, precise, and non-invasive method for reliably detecting and analyzing the effects of abiotic and biotic stress on the composition and processes of PSII and photosystem I (PSI), such as the redox condition of both photosystems, alterations in the main photosynthetic processes, and the efficiency of the transfer of electrons via the cross-system bond to the electron acceptors on the PSI acceptor node (Brestic et al., 2014). The conditions observed in the JIP test as well as the composition of the OJIP transient are easily affected by various stressors and have also been successfully employed in assessing and screening the tolerance of plants to environmental stresses (Chen et al., 2016; Çiçek et al., 2017; Essemine et al., 2017; Banks, 2018; Maliba et al., 2019). As such, we created tomato plants with various levels of endogenous AsA by applying AsA, the leaves of tomato seedlings that have been exposed to salt. Hence, we constructed tomato plants with different endogenous AsA levels by spraying salt-stressed tomato seedling leaves with AsA, Lycorine (LYC, an inhibitor of key AsA synthesis enzyme l-galactono-γ-lactone dehydrogenase activity), or AsA and LYC. The purpose of this experiment was to use OJIP transient analyses to assess the processes by which AsA impacts the photosystem stability, the processes of the photosynthetic electron transport chain, and the relationship between energy use and expenditure in the photosynthetic system of processing tomatoes subjected to salt stress. Increasing the exogenous AsA to expand PSII stability and regulate the photosynthetic activity and efficiency of the distribution of energy significantly contributed to mitigating the negative effects of salt stress, namely, the inhibition of photosynthetic processes and plant growth.



MATERIALS AND METHODS


Plant Materials and Treatments

Processing tomatoes (Lycopersicon esculentum L. cv. Ligeer87-5) were utilized for the relevant experiments, which were conducted hydroponically in a solar-powered greenhouse in Shihezi University, Xinjiang Uygur Autonomous Region, China. We transplanted seedlings (each with two euphylla) to a 12 L plastic container containing 10 L of full-strength, oxygenated Hoagland nutrient mixture (pH = 6.2).

Five treatments were performed on the seedlings of processing tomatoes after allowing them to pre-culture for 7 days. The NaCl was added to the nutrient mixtures, and LYC and AsA were sprayed on the leaves. This was made for five different treatments: (1) no added NaCl, no sprayed AsA and LYC (Control); (2) 100 mmol/L NaCl (NaCl); (3) 100 mmol/L NaCl and 0.5 mmol/L AsA (NA); (4) 100 mmol/L NaCl and 0.25 mmol/L LYC (NL); and (5) 100 mmol/L NaCl, 0.25 mmol/L LYC, and 0.5 mmol/L AsA (NLA). AsA and LYC were purchased from Sigma (United States) and YuanYe (China), respectively.

The methods, volumes, and concentrations of LYC and AsA application were based on a prior experiment (Supplementary Materials). The containers were arranged in a randomized complete block with three replicates per treatment. Each container contains five plants. The seedlings were exposed to light for 14 h at temperatures of 24–30°C during daytime and 17–20°C during nighttime. The nutrient mixtures were replaced every third day. The samples of tomato seedling leaves were obtained on the 9th day of treatment.



Growth Measurements

The following growth indices, such as plant height, stem diameter, shoot dry weight, root dry weight, root fresh weight, and shoot fresh weight, were measured. In details, the length from the cotyledonary internode to the growth point was measured and considered as the plant height; the diameter of cotyledonary node was measured and considered as the stem diameter of the seedling. Then, the seedlings were washed with tap water and wiped with paper. The shoot and root of each seedling were separated and weighed, dried for 15 min in a 105°C oven, and then to a constant weight at 75°C. Then, the samples were weighed.



Determination of Photosynthetic Pigment

Fresh processing tomato leaves (0.1 g) were harvested from the different treatments and put into a 25 mL brown volumetric flask, mixed with a 10 mL acetone–ethanol mix (1:1), and placed in the dark at room temperature until turning white. The extracting reagent was used as a negative control. We measured the chlorophyll extract absorbance at 470, 646, and 663 nm and analyzed the concentration of photosynthetic pigments according to the following (Wellburn and Lichtenthaler, 1984): mass concentration of chlorophyll a (Chla) (mg/g FW) = (12.21A663−2.81A646) × 10/(1,000 × 0.1); mass concentration of chlorophyll b (Chlb) (mg/g FW) = (20.13A646−5.03A663) × 10/(1,000 × 0.1); total mass concentration of chlorophyll (Chla + b) (mg/g FW) = Chla + Chlb; and mass concentration of carotenoids (Car) (mg/g FW) = (1,000A470−3.27 × Chla-104 × Chlb) × 10/(1,000 × 0.1).



Determination of Photosynthetic Parameters

Photosynthetic parameters measurements were performed using a portable photosynthetic system (Li6400, LI-COR, United States) at 9:00–11:00 h on the fully developed leaf of each plant, according to a method previously described by Diao et al. (2014). To measure the net photosynthetic rate (Pn), intracellular CO2 concentration (Ci), transpiration rate (Tr), and stomatal conductance (Gs), the air temperature, relative humidity, CO2 concentration, and PPFD were maintained at 28–32°C, 80%, 380–390 μmol/mol, and 1,500 μmol/m2/s, respectively, by automatic control device of the Li6400 photosynthetic system.



Ascorbic Acid Contents

The total AsA and AsA content were determined following the procedure by Jiang and Zhang (2001) with slight modifications. Leaves (0.3 g) were homogenized in ice-cold 5% (w/v) trichloroacetic acid and centrifuged at 15,000 × g for 10 min. Half of each sample was assayed for total AsA, and the other half was assayed for AsA content only. The dehydroascorbate (DHA) content was calculated as the difference between the total AsA content and the AsA content.



Measurement of OJIP Transients and Analysis of Fast Fluorescence Induction Kinetics

The chlorophyll (Chl) fluorescence transient (OJIP) curves were measured on fully expanded leaves that were still attached. Prior to these measurements, a leaf clip to subject five leaves to darkness for 30 min each was used. Then, the kinetics of Chl fluorescence (prompt fluorescence, PF) was measured, and the reflection at 820 nm (I/Io) with a plant efficiency analyzer (Handy PEA, Hansatech Instrument Ltd, Lynn, United Kingdom) at room temperature was modulated. When all of the PSII reaction centers (RCs) were open (O step), the minimum fluorescence intensity signal (Fo) was assessed at 20 μs, and when all of the PSII RCs were close (P step), the maximum intensity signal (Fm) was assessed at 200–500 ms (Strasser et al., 2004). The fluorescence intensities between these two outliers: 30 ms (I step), 3 ms (J step), 300 μs (K step), and 150 μs (L step) were designated as FI, FJ, FK, and FL, respectively (Kalaji et al., 2017).

In order to perform a thorough assessment of the O–K and O–J periods, we normalized an original transient curve as a variable relative fluorescence according to the following: WO−K = (Ft−Fo)/(FK−Fo) and WO−J = (Ft−Fo)/(FJ−Fo), respectively (Oukarroum et al., 2010; Ceppi et al., 2012). We analyzed the kinetic differences based on the variable relative fluorescence according to the following: ΔWO−K = [WO−K(stress)–WO−K(control)] and ΔWO−J = [WO−J(stress)–WO−J(control)], which determined the presence of the L- and K-bands, respectively (Dalberto et al., 2017).

The OJIP transient parameters were calculated according to the JIP test (Strasser et al., 2010). The formulas and their description of JIP test parameters are listed in Table 1.


Table 1. Summary of parameters and formulae using data extracted from chlorophyll (Chl) a fluorescence (OJIP) transient.
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Statistical Analysis

All data are presented as means ± standard deviation (SD) of three replicates. Statistical analyses were performed by the analysis of variance (ANOVA) using SPSS version 19.0 (SPSS Inc., Chicago, IL, United States). The significant differences among treatments were analyzed by the Duncan's multiple range test at a 0.05 probability level. Differences at P < 0.05 were considered to be significant.




RESULTS


Plant Growth

In comparison with the control treatment, plant height, stem diameter, dry and fresh weights of root and shoot were decreased by 31.9%, 25.5%, 66.1%, 45.8%, 74.2%, and 73.8% (P < 0.05) in the leaves of tomato plants under salt stress, respectively.

Lycorine (LYC) spraying (NL treatment) significantly reduces those effects on plant height, stem diameter, and fresh weights of shoot, but not on dry weight of shoot and fresh weight of root. However, exogenous application of AsA can mitigate NaCl and LYC effects (NA and NLA treatments) (Table 2; Figure 1).


Table 2. The plant height (cm), stem diameter (mm), shoot FW (g), and root FW (g), shoot DW (g), and root DW (g) in the leaves of salt-stressed tomato seedlings as affected by exogenous ascorbic acid (AsA) and lycorine (LYC).
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FIGURE 1. Growth of salt-stressed tomato seedlings with or without exogenous ascorbic acid (AsA) and lycorine (LYC) spraying. Control, no added NaCl, no sprayed AsA and LYC; NaCl, added 100 mmol/L NaCl; NA, added 100 mmol/L NaCl and sprayed 0.5 mmol/L AsA; NL, added 100 mmol/L NaCl and sprayed 0.25 mmol/L LYC; NLA, added 100 mmol/L NaCl and sprayed 0.25 mmol/L LYC and 0.5 mmol/L AsA.




Endogenous Ascorbic Acid Content and Redox State

Both the total AsA and AsA contents and the AsA/dehydroascorbate (DHA) ratio are considerably lower compared with the control under NaCl stress, which the AsA spraying increases. On the contrary, the DHA content is increased compared with the control (Figure 2). Compared with NaCl treatment, the AsA application to NaCl-stressed plants increases the content of total AsA, AsA, and AsA/DHA ratio by 26.3%, 49.4%, and 56.1% (P < 0.05), respectively, and the DHA content is decreased by 13.3% (P < 0.05). The AsA application to NL-treated plants also significantly increases the contents of total AsA and AsA and the ratio of AsA/DHA, but has no influence on the DHA level (Figure 2).


[image: Figure 2]
FIGURE 2. Values of ascorbic acid (AsA) content (A), dehydroascorbate (DHA) content (B), total AsA content (C), and AsA/DHA (D) in the leaves of salt-stressed tomato seedlings with or without exogenous AsA and lycorine (LYC) spraying. Values are means ± SD (n = 3). Different letters (a, b, c, d, and e) indicate significant difference at P < 0.05 among treatments. Control, no added NaCl, no sprayed AsA and LYC; NaCl, added 100 mmol/L NaCl; NA, added 100 mmol/L NaCl and sprayed 0.5 mmol/L AsA; NL, added 100 mmol/L NaCl and sprayed 0.25 mmol/L LYC; NLA, added 100 mmol/L NaCl and sprayed 0.25 mmol/L LYC and 0.5 mmol/L AsA.




Photosynthetic Pigments Content

Tomato plants submitted to salt stress show a considerable decline in the chlorophyll (Chl) content, carotenoids (Car) content, and Car/Chla+b ratio, whereas the Chla/b ratio increased compared with the control. The AsA application to NaCl-stressed plants increases the content of Chla, Chlb, Chla+b, and Car by 28.0%, 52.4%, 33.3%, and 69.41% (P < 0.05), respectively, compared with the NaCl treatment. The LYC application to salt-stressed plants (NL-treatment) accentuates the negative effects of NaCl stress on photosynthetic pigments content, but AsA application (NLA-treatment) can attenuate them (Table 3).


Table 3. The chlorophyll content (mg/g FW), Chla/b ratio, carotenoids content (mg/g FW), and Car/Chla+b ratio in the leaves of salt-stressed tomato seedlings as affected by exogenous acid (AsA) and lycorine (LYC).
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Gas Exchange

In comparison with the control treatment, the net photosynthetic rate (Pn), stomatal conductance (Gs), and transpiration rate (Tr) are respectively and significantly decreased by 26.6%, 10.6%, and 11.9%, whereas the intercellular CO2 concentration (Ci) is increased by 10.6% (P < 0.05) in the leaves of tomato plants under salt stress. The application of LYC further decreases Pn, Gs, and Tr under salt stress. However, the application of AsA significantly alleviates the reduction of leaf Pn, Gs, and Tr induced by NaCl and NL treatments. Ci values in tomatoes under NaCl treatment and NL treatment are decreased after AsA spraying (NA and NLA conditions) (Figure 3).
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FIGURE 3. Values of net photosynthetic rate (Pn) (A), stomatal conductance (Gs) (B), transpiration rate (Tr) (C), and intercellular CO2 concentration (Ci) (D) in the leaves of salt-stressed tomato seedlings with or without exogenous ascorbic acid (AsA) and lycorine (LYC) spraying. Values are means ± SD (n = 3). Different letters (a, b, c, and d) indicate significant difference at P < 0.05 among treatments. Control, no added NaCl, no sprayed AsA and LYC; NaCl, added 100 mmol/L NaCl; NA, added 100 mmol/L NaCl and sprayed 0.5 mmol/L AsA; NL, added 100 mmol/L NaCl and sprayed 0.25 mmol/L LYC; NLA, added 100 mmol/L NaCl and sprayed 0.25 mmol/L LYC and 0.5 mmol/L AsA.




OJIP Transient Curves

The OJIP transient curves between O and P phases are presented in Figure 4A. As illustrated in the figure, the NaCl treatment markedly increases J phase, but decreases I and P phases, and the amplitude of I–P phase. The NA treatment reverses salt-induced changes in OJIP curve, with an even higher PF intensity during I and P phases and a greater amplitude of I–P phase than that in the control. In the NL-treated leaves, the PF intensity during O and J phases is higher than that in the NaCl-treated leaves, but the I and P phases are not affected. The NLA-treated plants show lower PF intensity during the J phase and a higher one during the I and P phases compared with the NL-treated seedlings.
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FIGURE 4. Prompt fluorescence (PF) curves (A) and its normalized curves between O and P steps expressed as WO−P = [(Ft−Fo)/(Fm−Fo)] (B) in the leaves of salt-stressed tomato seedlings with or without exogenous ascorbic acid (AsA) and lycorine (LYC) spraying. Values are means ± SD (n = 3). Control, no added NaCl, no sprayed AsA and LYC; NaCl, added 100 mmol/L NaCl; NA, added 100 mmol/L NaCl and sprayed 0.5 mmol/L AsA; NL, added 100 mmol/L NaCl and sprayed 0.25 mmol/L LYC; NLA, added 100 mmol/L NaCl and sprayed 0.25 mmol/L LYC and 0.5 mmol/L AsA.


We normalized the fluorescence data and displayed it as the kinetics of relative variable fluorescence at any time WO−P = (Ft−Fo)/(Fm−Fo) (Figure 4B) to assess the polyphasic processes of the OJIP curves for the processes observed in the O–J, J–I, and I–P phases. Assessing WO−P helped identify the sites where various electron transport chains on the acceptor end of PSII were treated (Kalaji et al., 2017). Figure 4B shows that there are no variations of WO−P in both J–I and I–P phases between all treatments. However, in the O–J phase, a strong increase of PF intensity under salt stress is observed in comparison with the control, enhanced by LYC application. However, the AsA spraying has the opposite effect of LYC on both NaCl- and NL-treated leaves with a decrease in PF intensity during the O–J phase (Figure 4B).

The K-band appearing at 300 s reflects, when positive, a degradation or inactivation of the oxygenation complex (OEC) and is the specific marker of photoinhibition on the PSII receptor side (Yusuf et al., 2010). In order to observe K-band, the relative fluorescence between the phases O and J was normalized (Figure 5A), and the ratios of variable fluorescence FK to the amplitude FJ−Fo (WK) were calculated (Figure 5B). Under salt stress, K-band and WK are significantly higher than that in the control, with further increase by the application of LYC. Exogenous foliar spray of AsA in the NaCl treatment and the NL treatment alleviates this increase.
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FIGURE 5. Normalized prompt fluorescence (PF) curves between O and J steps expressed as WO−J = [(Ft−Fo)/(FJ−Fo)] (A) and ratio of variable fluorescence FK to the amplitude FJ−FO expressed as WK = (FK−Fo)/(FJ−Fo) (B) in the leaves of salt-stressed tomato seedlings with or without exogenous ascorbic acid (AsA) and lycorine (LYC) spraying. Values are means ± SD (n = 3). Different letters (a, b, c, and d) indicate significant difference at P < 0.05 among treatments. Control, no added NaCl, no sprayed AsA and LYC; NaCl, added 100 mmol/L NaCl; NA, added 100 mmol/L NaCl and sprayed 0.5 mmol/L AsA; NL, added 100 mmol/L NaCl and sprayed 0.25 mmol/L LYC; NLA, added 100 mmol/L NaCl and sprayed 0.25 mmol/L LYC and 0.5 mmol/L AsA.


The L-band appears at 150 μs, and its rise is used as a specific marker for thylakoid dissociation. We normalized the relative fluorescence between the O and K phases (WO−K) (Figure 6A, left), displaying them as the kinetic difference ΔWO−K (Figure 6A, right). The kinetic difference ΔWO−K makes the L-band visible. As shown in Figures 6A,B, exposure to salt stress leads to higher L-band and WL in the leaves compared with the control plants. This increase is significantly higher after the LYC application. AsA-treated plants (both NA and NLA treatments) have significantly lower L-band and WL (P < 0.05).
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FIGURE 6. Shape of the prompt fluorescence (PF) transient curves normalized between O and K steps expressed as WO−K = [(Ft−Fo)/(FK−Fo)], ΔWO−K = WO−K(stress)–WO−K (control) (A), WL = [(FL−Fo)/(FK−Fo)] (B) in leaves of salt-stressed tomato seedling with or without exogenous reduced ascorbic acid (AsA) and lycorine (LYC) spraying. Values are means ± SD (n = 3). Different letters (a, b, c, d, and e) indicate significant difference at P < 0.05 among treatments. Error bar is smaller than the line at the top of the graph. Control, no added NaCl, no sprayed AsA and LYC; NaCl, added 100 mmol/L NaCl; NA, added 100 mmol/L NaCl and sprayed 0.5 mmol/L AsA; NL, added 100 mmol/L NaCl and sprayed 0.25 mmol/L LYC; NLA, added 100 mmol/L NaCl and sprayed 0.25 mmol/L LYC and 0.5 mmol/L AsA.




JIP Test Parameters


PSII

The values of the JIP test parameters (presented in Table 1) are shown as a spider plot in Figure 7. In the leaves of seedlings under NaCl treatment, the values of ψo, ϕEo, Sm, Fm, and VI are lower than that in the control, whereas the values of ϕDo, Mo, Fo, VK, and VJ are higher than that in the control. In the JIP parameters of NL-treated plants, the values of ψo, ϕEo, Sm, Fm, and VI are lower and the values of ϕDo, Mo, Fo, VK, and VJ are higher than that under NaCl treatment. Conversely, the AsA-treated plants with NaCl treatment have higher ψo, ϕEo, Sm, Fm, and VI and lower ϕDo, Mo, Fo, VK, and VJ than that under NaCl treatment. The AsA application to NL-treated plants also increased the values of ψo, ϕEo, Sm, Fm, and VI and decreased the values of ϕDo, Mo, Fo, VK, and VJ.


[image: Figure 7]
FIGURE 7. Spider plots of the JIP parameters deduced from chlorophyll a fluorescence OJIP transient curves in leaves of salt-stressed tomato seedlings with or without exogenous ascorbic acid (AsA) and lycorine (LYC) spraying. Values are means ± SD (n = 3). Control, no added NaCl, no sprayed AsA and LYC; NaCl, added 100 mmol/L NaCl; NA, added 100 mmol/L NaCl and sprayed 0.5 mmol/L AsA; NL, added 100 mmol/L NaCl and sprayed 0.25 mmol/L LYC; NLA, added 100 mmol/L NaCl and sprayed 0.25 mmol/L LYC and 0.5 mmol/L AsA.


As shown in Figure 8, ABS/RC, TRo/RC, and DIo/RC (presented in Table 1) in the leaves of tomatoes under salt stress increased significantly compared with the control treatment, but ETo/RC decreased markedly. Compared with the NaCl treatment, ABS/RC, TRo/RC, and DIo/RC under NL treatment also increased significantly but ETo/RC decreased notably. However, the AsA spraying decreases ABS/RC, TRo/RC, and DIo/RC but increases ETo/RC with or without LYC.


[image: Figure 8]
FIGURE 8. Parameters of absorption flux per reaction center (RC) (ABS/RC) (A), trapped energy flux per RC (at t = Fo) (TRo/RC) (B), electron transport flux per RC (at t = Fo) (ETo/RC) (C), and dissipated energy flux per RC (at t = Fo) (DIo/RC) (D) in leaves of salt-stressed tomato seedling with or without exogenous ascorbic acid (AsA) and lycorine (LYC) spraying. Values are means ± SD (n = 3). Different letters (a, b, c, d, and e) indicate significant difference at P < 0.05 among treatments. Error bar is smaller than the line at the top of the graph. Control, no added NaCl, no sprayed AsA and LYC; NaCl, added 100 mmol/L NaCl; NA, added 100 mmol/L NaCl and sprayed 0.5 mmol/L AsA; NL, added 100 mmol/L NaCl and sprayed 0.25 mmol/L LYC; NLA, added 100 mmol/L NaCl and sprayed 0.25 mmol/L LYC and 0.5 mmol/L AsA.


As presented in Figure 9, ABS/CSm, TRo/CSm, and ETo/CSm decreased by 14.3%, 18.9%, and 14.1%, respectively, in tomato leaves under salt stress, and DIo/CSm increased significantly by 17.2% (P < 0.05), further decreasing with LYC application. However, the AsA application to NaCl- and NL-treated plants increases ABS/CSm, TRo/CSm and ETo/CSm significantly and decreases DIo/CSm in both conditions.


[image: Figure 9]
FIGURE 9. Parameters of absorption flux per CS (at t = Fm) (ABS/CSm) (A), dissipated energy flux per CS (at t = Fm) (DIo/CSm) (B), trapped energy flux per CS (at t = Fm) (TRo/CSm) (C), and electron transport flux per CS (at t = Fm) (ETo/CSm) (D) in leaves of salt-stressed tomato seedlings with or without exogenous reduced ascorbic acid (AsA) and lycorine (LYC) spraying. Values are means ± SD (n = 3). Different letters (a, b, c, d, and e) indicate significant difference at P < 0.05 among treatments. Error bar is smaller than the line at the top of the graph. Control, no added NaCl, no sprayed AsA and LYC; NaCl, added 100 mmol/L NaCl; NA, added 100 mmol/L NaCl and sprayed 0.5 mmol/L AsA; NL, added 100 mmol/L NaCl and sprayed 0.25 mmol/L LYC; NLA, added 100 mmol/L NaCl and sprayed 0.25 mmol/L LYC and 0.5 mmol/L AsA.


In order to visualize and understand more deeply how exogenous AsA can alleviate the changes of photosynthetic apparatus caused by salt stress, based on the data in Figures 8, 9 (Supplementary Materials), the energy pipeline models of specific fluxes per RC and the phenomenological fluxes per excited cross-section (CSm) in the membrane of the tomatoes (Figure 10, left) and the leaf (Figure 10, right) under different treatments were constructed, respectively. Compared with the control, Fv/Fm and PIABS values reduced significantly under salt stress (Figure 11). Applying the exogenous AsA significantly raises both the PIABS and Fv/Fm values found in seedling leaves subjected to salt stress (P < 0.05). On the contrary, applying the exogenous LYC significantly decreases Fv/Fm by 5.0% and PIABS by 10.6% in the salt-stressed leaves. NLA treatment significantly increased Fv/Fm and PIABS compared with the NL treatment.


[image: Figure 10]
FIGURE 10. Energy pipeline models of specific fluxes per reaction center (RC) and phenomenological fluxes per excited cross-section (CSm) in the member (left) and the leaf (right) of salt-stressed tomato seedling with or without exogenous ascorbic acid (AsA) and lycorine (LYC) spraying. In the member and leaf models, ABS, TRo, ETo, and DIo indicate absorption, maximum trapping flux beyond QA, electron transport, and dissipation flux, respectively. In the leaf models (right), the leaf color represents the pigment concentration, and the active and inactive RCs are indicated by open circles and closed circles, respectively. The detailed calculation of each parameter is given in Table 1. Control, no added NaCl, no sprayed AsA and LYC; NaCl, added 100 mmol/L NaCl; NA, added 100 mmol/L NaCl and sprayed 0.5 mmol/L AsA; NL, added 100 mmol/L NaCl and sprayed 0.25 mmol/L LYC; NLA, added 100 mmol/L NaCl and sprayed 0.25 mmol/L LYC and 0.5 mmol/L AsA.



[image: Figure 11]
FIGURE 11. Values of the maximal photochemical efficiency of PSII (Fv/Fm) (A) and performance index on absorption basis (PIABS) (B) in the leaves of salt-stressed tomato seedlings with or without exogenous ascorbic acid (AsA) and lycorine (LYC) spraying. Values are means ± SD (n = 3). Different letters (a, b, c, d, and e) indicate significant difference at P < 0.05 among treatments. Error bar is smaller than the line at the top of the graph. Control, no added NaCl, no sprayed AsA and LYC; NaCl, added 100 mmol/L NaCl; NA, added 100 mmol/L NaCl and sprayed 0.5 mmol/L AsA; NL, added 100 mmol/L NaCl and sprayed 0.25 mmol/L LYC; NLA, added 100 mmol/L NaCl and sprayed 0.25 mmol/L LYC and 0.5 mmol/L AsA.




Photosystem I

ΔI/Io, ϕRo, and δRo are significantly and respectively decreased by 26.3%, 23.6%, and 15.8% (P < 0.05) in NaCl-stressed plants, compared with the plants used as controls (Figure 12). Applying AsA significantly raises δRo, ΔI/Io, and ϕRo in the seedling leaves subjected to NaCl stress. In contrast, the application of LYC significantly decreases ΔI/Io, ϕRo, and δRo in the plant leaves stressed by NaCl. ΔI/Io, ϕRo, and δRo are significantly higher in the NLA treatment than that in the NL treatment.
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FIGURE 12. Curves of light induced modulated 820 nm reflection (I/Io) kinetics (A) and maximal redox capacity of PSI (ΔI/Io) (B), efficiency with which an electron from the intersystem electron carriers is transferred to reduce end electron acceptors at the PSI acceptor side (δRo) (C), and quantum yield for reduction of end electron acceptors at the PSI acceptor side (ϕRo) (D) in the leaves of salt-stressed tomato seedling with or without exogenous ascorbic acid (AsA) and lycorine (LYC) spraying. Values are means ± SD (n = 3). Different letters (a, b, c, d, and e) indicate significant difference at P < 0.05 among treatments. Error bar is smaller than the line at the top of the graph. Control, no added NaCl, no sprayed AsA and LYC; NaCl, added 100 mmol/L NaCl; NA, added 100 mmol/L NaCl and sprayed 0.5 mmol/L AsA; NL, added 100 mmol/L NaCl and sprayed 0.25 mmol/L LYC; NLA, added 100 mmol/L NaCl and sprayed 0.25 mmol/L LYC and 0.5 mmol/LAsA.






DISCUSSION

Growth is the comprehensive embodiment of plant response to stress, and it is also a common index to determine stress tolerance (Liu et al., 2018). Salt stress is one of the primary abiotic factors affecting the quality and yield of crops (Landi et al., 2017). In this study, the results showed that AsA addition can alleviate the deleterious effects of salt stress (Figure 1; Table 2). This observation on the role of AsA in circumventing the adverse effects of salinity on plant biomass coincides with earlier reports (Wang et al., 2014; Terzi et al., 2015; Aliniaeifard et al., 2016). Meanwhile, we found that exogenous AsA application on salt-stress tomato seedlings is accompanied by an increase of endogenous AsA level and AsA/DHA ratio (Figure 2). Significant evidence demonstrates that the intracellular redox condition and the ROS scavenging capacity affect the resistance of abiotic stress in plants (Dietz, 2010). Keeping high redox pools and antioxidative level of GSH and AsA (or GSH/GSSG and AsA/DHA ratios) is necessary for plants to consume surplus ROS and maintain the sulfhydryl groups of membrane and soluble proteins in a lowered condition (Wang et al., 2020a). Our findings demonstrate that the exogenous application of AsA can induce tomato seedling growth under salt-stress conditions, and it was associated with increases in endogenous AsA levels. To further probe the role of AsA, we applied lycorine (LYC, an inhibitor of AsA synthesis key enzyme L-galactono-γ-lactone dehydrogenase activity) on the leaves of salt-stressed tomato seedlings prior or not to AsA treatment. LYC was used to reduce endogenous AsA content (Arrigoni et al., 1997). In this study, we observed that application of exogenous LYC under salt stress exacerbated growth inhibition and also significantly decreased the endogenous AsA level and the ratio of AsA/DHA (Figure 1; Table 2). However, the application of exogenous AsA can also effectively reverse the effects of LYC on the growth of tomato seedlings and the redox state of endogenous AsA (Figures 1, 2). These results give strong evidence that AsA can enhance the resistance of tomato seedlings to salt stress or salt stress with LYC application by mediating high reducing power and ROS scavenging capacity of endogenous AsA and redox state. This is consistent with the reports in barley by Agami (2014).

Under stressful environment, the decline in plant growth often relates to a decrease in photosynthetic capacity (Li et al., 2017; Zahoor et al., 2017). Reduced photosynthesis under salinity is not only attributed to stomatal closure factors but also attributed to non-stomatal limitation factors (Melesse and Caesar, 2010). Our findings demonstrate that a decrease in leaf Pn due to salt (Figure 3A) was mainly induced by non-stomatal factors, since salt-stress response elevated Ci (Figure 3D), even though Gs decreased (Figure 3B). In this experiment, exogenously applying AsA effectively combatted the negative effects of salt stress and NL treatment on Ci, Gs, and Pn in tomato seedling leaves (Figure 3). These results showed that AsA might help to relieve salt-induced photosynthetic inhibition mainly by the regulation of non-stomatal limitation factors, such as the decrease in photosynthetic pigments content, the chloroplast ultrastructure disorganization, the photochemical reaction activity decrease, or the decrease of enzyme activity involved in the process of carbon assimilation.

Chlorophyll molecules have high sensitivity to environmental stresses, and chlorophyll content, due to positive correlation with photosynthesis, is widely used as an index of abiotic tolerance in plants (An et al., 2018; Wang et al., 2020b). High salinity causes an increased ROS generation in chloroplasts, which can destroy chlorophyll. Also, reduction of chlorophyll content induced by salinity stress is due to the enhanced activity of chlorophyll enzymes and the instability of pigment–protein complex (Aghaleh et al., 2009; Hamid and Ashraf, 2010). In addition, salt stress reduces chlorophyll content by decreasing the uptake and accumulation of key nutrients such as Mg2+, Fe2+, and Cu2+, which are involved in the biosynthesis of chlorophyll (Evelin et al., 2012). The activities of Mg-chelatase and ferrochelatase are regulated by the redox state in chloroplast. Under the oxidized state in chloroplast, the activity of Mg-chelatase is inhibited and the activity of ferrochelatase is improved, finally resulting in the inhibition of chlorophyll biosynthesis (Walker and Willows, 1997; Adhikari et al., 2011). In this study, the reduced chlorophyll contents in salt-stressed plant leaves might be due to chlorophyll degradation and chlorophyll biosynthesis inhibition (Table 3). This is in line with what has been reported earlier in Phaseolus vulgaris L. (Taïbi et al., 2016), Gossypium spp (Saleh, 2012), and Brassica chinensis L. (Muhammad and Shafiq, 2014). AsA levels in plants increase when subjected to stress and serve important roles when defending against oxidative stress (Xu et al., 2015). Exogenous application of AsA has been reported to increase the chlorophyll contents in diverse plants (Saeidi-Sar et al., 2012; Ahmad et al., 2013; Kostopoulou et al., 2014). In this study, the exogenous application of AsA counteracted the adverse effects on photosynthetic pigments of salt stress with or without LYC (Figure 3; Table 3), and the AsA application to NaCl-treated or NL-treated tomato seedlings caused a considerable increase in the endogenous AsA content and AsA/DHA ratio (Figure 2), thereby promoting the biosynthesis of chlorophyll and protecting the chloroplasts from oxidative damage. Furthermore, higher carotenoids contents were also observed in the NA-treated and NLA-treated plants compared with the NaCl-treated and NL-treated plants (Table 3). Carotenoids can protect the photosynthetic apparatus from photooxidative damage by quenching the triplet state of chlorophyll and helping dissipate the excessive energy of excitation, thereby preventing the formation of ROS (Derks et al., 2015). Above all, these results suggest that alleviating chloroplasts oxidative stress damage and promoting chlorophyll synthesis, by enhancing the antioxidant capacity and modulating redox state in chloroplast of tomato seedlings under salt stress, is one of the mechanisms by which exogenous AsA could increase the photosynthetic capacity of salt-stressed tomato seedlings.

In order to further decipher the mechanism of action of salt stress on the electron transport chain and the mechanism of how exogenous AsA improve the performance of photosynthetic organs in salt-stressed tomato seedlings, the effects of AsA application on the structure and functioning of the photochemical apparatus of tomato seedlings under salt stress with or without LYC were investigated by rapid chlorophyll fluorescence technique. Our findings indicate that OJIP curve shapes are sensitive to salt stress. The OJIP curve was flatter in salt-stressed leaves than that in the control, because of decreases in Fm (P-step) and increases in Fo (O-step) (Figures 4A, 7). The normalized curve demonstrated relative J-step elevations, which can also be seen in the elevated VJ parameter, compared with that of control (Figure 7). These alterations in the values of Fo, Fm, and VJ suggest that the PSII donor end deteriorates as a result of salt stress and that the capacity of the PSII donor end to give electrons also decreases due to an increase in the closed PSII RCs (Strasser et al., 2010). The appearance of K- and L-bands in the OJIP transient curve of salt-treated leaves, as well as the increases in WK and WL values (Figures 5 and 6), also confirms the destruction of OEC and the integrity of the thylakoid membrane in the donor side of PSII, leading to the decrease in the electron donation capacity of the PSII donor side (Gomes et al., 2012; Li et al., 2014), as found for barley and passion fruit under drought stress (Oukarroum et al., 2007). The parameters, such as VJ, Mo, Sm, ϕEo, and ψo, mainly reflect the changes of the acceptor side of PSII. According to the higher VJ in salt-treated leaves (Figure 7), we concluded that the acceptor side of PSII also suffered damage from salt stress. Photoinhibitory damage on the PSII acceptor end of leaves that have been treated with salt is confirmed by our observations that the stress of salt decreases Sm, ϕEo and ψo and increases Mo (Figure 7) (Alaka Srivastava and Strasser, 2003; Oukarroum et al., 2004). Additionally, our results demonstrate that salt stress lowered the maximal redox threshold of PSI (I/Io and ΔI/Io), the quantum yield necessary to reduce the end electron acceptors on the PSI acceptor end (ϕRo), and how efficiently an electron is moved from the intersystem electron carriers to reduce the end electron accepted on the PSI acceptor end (δRo) (Figure 12). These results indicate that salt stress reduced the capability of the photosynthetic electron transport from the PSII donor side and reduced the PSI end acceptors, reducing the photosynthetic capacity of the leaves. These findings suggest that both donor and acceptor sides of PSII and PSI are the target sites under salinity stress in tomato seedlings. Those results are consistent with the conclusions suggested by Shamshiri and Fattahi (2016) in pistachio (Pistacia vera). However, the application of AsA on the leaves of the tomato seedlings salt-stressed with or without LYC effectively reversed these changes on the donor side and acceptor side of photosystem (including PSII and PSI). These findings confirm that exogenously applying AsA serves an important role during the movement of electrons from the PSII donor end to the PSI acceptor ends. AsA can promote the electron transport activity (ϕEo and ψo), enhance the PQ pool size (Sm), and lower the rate of reduction of QA to [image: image] (Mo) on the PSII acceptor end. As such, there are increases in both the electron transport flux per reaction center (ETo/RC) and the primary photochemical efficiency (ψo), improving the efficiency of photochemical processes in tomato seedlings under salt stress.

Regulating the activity of PSII reaction centers and improving the ability of chloroplasts to absorb and dissipate energy is the key to improving plant salt tolerance. In this study, the increase of ABS/CSm, TR/CSm, and ETo/CSm in tomato seedlings under salt stress (Figures 9, 10) may be a protective mechanism under salt stress (Sane et al., 2002). In contrast, the decreased ABS/RC and TRo/RC under salt stress (Figures 9, 10) means that the effective average absorption of the antenna and trapping per active RC are both higher because of certain RC inactivation (Yusuf et al., 2010). The increased DIo/RC indicates that the proportion of total dissipation to active RCs increases due to high dissipation of the inactive RCs (Gerosa et al., 2003), which is consistent with previous results in cucumber under salt stress (Yuan et al., 2014). However, the negative effects of salt stress (in the presence of LYC or not) on active RC density and the use and expenditure of absorbed energy in PSII RCs were counteracted by exogenous application of AsA. The majority of plants dissipate excitation energy surpluses thermally, along with decreased regulation of PSII activity. This defends the photosynthetic apparatus abiotic environmental stressors, which can damage them. Xu (2017) reported that exogenous AsA can effectively promote xanthophyll loops in wheat under Cr6+ stress to dissipate excessive excitation light energy, thus avoiding the occurrence of photoinhition. So, our results suggest that AsA may act as a cofactor of violaxanthin de-epoxidase in the xanthophyll cycle (Muller-Moule et al., 2002) which helps protects tomatoes against the harmful effects of excess excitation energy induced by salt stress. Additionally, the role of AsA in regulating the photosynthetic capacity has been extensively studied by assessing patterns in the fluorescence parameters Fv/Fm as well as the performance index PIABS. We determined that lower Fv/Fm levels in the leaves of tomatoes due to salt stress were associated with lower levels of PIABS (Figure 11), suggesting that salt-induced photoinhibition was due to damaged photosynthetic apparatus caused by excess light energy absorption compared with the level required for photosynthesis and limited component mechanism efficiency like the movement of electrons within a system and the trapping of energy (Song et al., 2003; Campos et al., 2014). The results in Figure 11 show that AsA played a key role in regulating the use and expenditure of energy absorbed by PSII RCs in seedlings subjected to salt stress, both in the presence of LYC and without LYC. This is supported by the increased Fv/Fm and PIABS values (Figure 11). Therefore, these findings indicate that photosynthetic defense due to AsA was a result of increased capacity not only to protect photosynthetic processes from the negative effects of salt stress but also to inactivate the RCs of PSII replacement and regulation of the light striking PSII RCs, which is where absorbed energy is captured and energy from the dissipation of heat is transferred to a photochemical reaction. Additional energy from excitation was converted to transport electrons, a process that could provide additional transport capacity for electrons on the PSII donor end. As such AsA serves an important role in protecting the photosynthetic capacity during salt-stress conditions.



CONCLUSION

In conclusion, this study clearly demonstrated that salt stress lowered the capacity of several parts of the photosynthetic electron transport path. The OEC was damaged, PSII RCs were inactivated, the connections among independent PSII units were decreased, there was little electron transport beyond QA, and electron transporters on the PSI acceptor end in the leaves of tomato seedlings were damaged. However, exogenously applying AsA decreased the photoinhibition and lessened the negative effects on photosynthesis. Thus, under salt-stress conditions AsA can enhance salt-stress tolerance by promoting chlorophyll synthesis and alleviate the damage of oxidative stress to chloroplasts by modulating the redox state in chloroplast and dissipating excitation energy in the PSII antennae. AsA can also stabilize the molecular structure of photosynthetic reaction center, keeping the electron transport chain opened and enhancing the electron transfer efficiency, which is helpful to promote the improvement of photochemical activity and photosynthetic performance and the efficient distribution of energy. Moreover, the several beneficial effects of AsA during salt stress make AsA a good candidate for potential use as a chemical in agriculture.
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Cluster QTL Gw Chr. <M Marker LoD cl % PVE A

P-ACH.3.1 33 03 146.8 CHO03_76097038 4.29 146.8 10.7 —-0.0506
P-UNKN.4.1 3.1 04 8.2 CH04_3119177 3.13 82 6.9 —0.1002
F-DEM.5.1 32 05 58 CHO5_7953029 5.42 4069 140 —-0.0028
P-COPTR.5.1 3 05 615 CHO5_34699887 12.01 61.5-63.5 295 0.0832
P-FLAVO/POLY P-D3R.5.1 3.4 05 66.4 CHO5_36124744 28.91 64.0-66.0 573 0.2324
5
P-NAN.5.1 33 05 66.4 CHO5_36124744 23.69 64.3-66.4 540 -0.2202
P-CAPTR.5.1 33 05 66.4 CHO5_36124744 11.63 64.3-66.4 262 0.0457
P-PPROTS.1 32 05 755 CHO5_37533757 3.52 755 9.1 0.0321
P-UNKN.5.1 05 88.2 CHO5_38677476 5.03 86.1-92.2 11.4 0.1325
F/P-POLY 5 F-DCASPS.1 3.1 05 116.4 CHO5_39954700 654 116.1-120.3 17.3 0.0529
F-DCASP2.5.1 33 05 116.4 CHO05_39954700 6.12 116.1-120.3 163 0.0261
P-DCASPS.1 32 05 116.4 CHO05_39954700 18.67 116.4 424 0.0388
P-DHCNCS.5.1 32 05 116.4 CHO5_39954700 22.45 116.1-120.3 485 0.3492
F-GLYKO 6 F-MSOLM.6.1 27 06 122.0 CHO8_98079686 420 1220 115 —-0.0696
F-SOLM.6.1 26 06 122.0 CHO6_98079686 3.69 121.3-123.1 10.1 -0.1071
F-SOLA.6.1 23 06 122.0 CHOB_98079686 3.32 121.3-128.1 9.2 —0.0497
F-DEM.6.1 06 123.1 CHO06_96696408 3.15 123.1 78 —-0.0020
P-KSOPH.7.1 3.2 o7 86.4 CHO7_131303988 5.18 86.4 1.8 0.0088
P-POLY/UNKN 8 P-UNKN.8.1 08 54.6 CHO08_73641123 3.61 54.6-56.6 8.0 0.1079
P-CAPTR.8.1 08 7.7 CHO8_73925400 3.89 758 & 0.0245
P-ACH.8.1 08 1131 CHO08_69973401 3.68 113.0 a1 0.0506
P- P-RUT10.1 3.1 10 230.2 CH10_94979390 3.34 228.2-230.2 94 —0.0042
FLAVO/GLYKO
10
P-KSOPH.10.1 10 2315 CH10_94779014 6.62 2316 165 0.0099
P-PPROT.10.1 10 236.0 CH10_94997738 4.32 2369 13 0.0350

For each metabolte, the chromosome, the closest marker, and the LOD value are indicated, along with the confidence interval (CI the percentage of variation explained (%PVE), and
the genome-wide thresholds (GW) at p = 0.05 (as determined from 1,000 permutations). Values in A indicate the directionality of the QTL (ie., for positive values, the “305E40" parent
contributes higher relative levels of the metabolite; for negative values, the opposite is true).
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Cluster/QTL Candidate Gene Annotation SnpEff FPKM stage FPKM stage FPKM stage
1

impact 2 3

P-ACH.3.1 27 SMEL_003g182830.1  Similar to ND4: NADH-ubiquinone oxidorecuctase chain 4 Mod 026 090 459
F-DEM.5.1 55 SMEL_005g229780.1  Protein of unknown function Mod 0.00 0.48 0.00
SMEL_005g229640.1  Similar to ycf2-A Mod 0.00 0.00 0.00
SMEL_005g230040.1  Similer to UGTO4ES: Beta-d-glucosyl crocetin No 13.40 11215 29.69
beta-1%2C6-glucosyltransferase
P-COPTR5.1 5 SMEL_005g235160.1  Similar to At4g09670: Uncharacterized oxidoreductase At4g09670 Mod 20.59 22.49 56.48
SMEL_005g236240.1  Similar to WRKY51: Probable WRKY transcription factor 51 Mod 0.00 0.09 0.00
SMEL_005g235090.1  Similar to KTI2: Kunitz trypsin inhibitor 2 Mod 57.38 9.35 0.00
P-FLAVO/POLYS 73 SMEL_005g236650.1  Similar to CRY1: Cryptochrome-1 No 953 777 858
SMEL_005g235690.1  Similar to UGT85A24: 7-deoxyloganetin glucosyltransferase High 0.00 0.09 0.00
SMEL_005g236810.1  Similar to AGL70: Agamous-like MADS-box protein AGL70 High 17.46 1639 2561
SMEL_005g235830.1  Protein of unknown function High 0.00 5.05 19.96
SMEL_005g236240.1  Similar to BEAT: Acetyl-CoA-benzyl alcohol acetyltransferase High 34.71 5028 024
P-PPROT5.1 5 SMEL_005g236880.1  Protein of unknown function Mod 6.00 1995 1013
SMEL_005g236890.1  Similar to Polcalcin Cup a 4 Mod 0.00 0.46 0.00
SMEL_005g236900.1  Similar to SYRV3: Polcalcin Syrv 3 Mod 0.00 0.00 0.00
FIP-POLY 5 134 SMEL_005g240620.1  Similer to At5g48380: Probably inactive leucine-rich repeat High 273 528 063
receptor-like protein kinase
SMEL_005g237380.1  Protein of unknown function High 0.00 0.00 0.00
SMEL_005g240050.1  Similer to N: TMV resistance protein N High 0.00 001 012
SMEL_005g240370.1  Similar to SALAT: Salutaridinol 7-O-acetyltransferase Mod 3578 32,00 028
SMEL_005g240400.1 Mod 1.89 293 288
SMEL_005g240350.1  Similar to BEAT: Acetyl-CoA-benzyl alcohol acetyltransferase Mod 1.40 020 0.00
SMEL_005g240550.1 Mod 100.36 69.23 0.07
F-GLYKO 6 169 SMEL_006g259360.1  Similar to N: TMV resistance protein N Mod 2.45 256 2.03
SMEL_006g258510.1  Similar to ndhH: NAD(P)H-quinone oxidoreductase subunit H%2G Mod 0.00 0.00 0.00
chloroplastic
SMEL_006g258660.1  Similar to DTX54: Protein DETOXIFICATION 54 Mod 0.00 0.00 0.00
SMEL_0069258670.1 Mod 0.00 0.00 0.00
SMEL_006g259540.1  Similar to CYP71D7: Gytochrome P450 7107 No 0.00 0.00 0.00
SMEL_0069259050.1  Similar to CYP716A15: Beta-amyrin 28-monooxygenase No 0.00 0.00 0.00
SMEL_006g259060.1 No 0.48 0.42 0.00
P-KSOPH.7.1 34 SMEL_007g288740.1  Similar to CYCU1-1: Cyclin-U1-1 Mod 0.70 0.17 0.00
SMEL_007g288700.1  Protein of unknown function Mod 19.47 953 966
SMEL_007g288720.1  Similar to POMP-A3: Pentatricopeptide repeat-containing protein Mod 2.00 1.73 2.81
At1g71460%2C
SMEL_007g288660.1  Similar to PER3: Peroxidase 3 (Arabidopsis thaliana OX%3D3702) Mod 62.19 23.67 17.71
SMEL_007g288690.1 Mod 0.00 0.00 008
SMEL_007g288730.1  Similar to PEX22: Peroxisome biogenesis protein 22 Mod 21.72 23.65 4105
SMEL_007g288920.1  Similar to BHLH117: Transcription factor bHLH117 No 0.00 0.00 0.00
P-POLY/UNKNS 26 SMEL_008g307770.1  Similar to PGMP-E22: Pentatricopeptide repeat-containing protein High 0.00 0.00 0.00
2902750
SMEL_008g307900.1  Similar to ycf2-A: Protein Ycf2 High 0.00 0.00 0.00
SMEL_008g307850.1  Protein of unknown function High 0.00 0.00 0.00
SMEL_008g307910.1  Similar to PAB7: Polyadenylate-binding protein 7 High 0.00 0.00 0.00
SMEL_008g307740.1  Similar to CBL10: Calcineurin B-like protein 10 High 1201 991 477
SMEL_008g307920.1  Similer to Acyllipid (9-3)-desaturase Mod 2221 14.70 2265
P-ACH.8.1 10 SMEL_008g307500.1  Protein of unknown function Mod 0.00 0.00 0.00
SMEL_008g307450.1  Similar to vacuolar-processing enzyme Mod 132 230 0.09
SMEL_008g307530.1  Similar to Atdg32950: Probable protein phosphatase 2C 61 Mod 0.00 0.06 0.15
SMEL_008g307440.1  Similar to vacuolar-processing enzyme Mod 107.04 8038 42899
SMEL_0089307520.1  Similar to At4g32950: Probable protein phosphatase 2C 61 Mod 0.00 0.00 0.07
P-FLAVO/GLYKO 40 SMEL_010g353210.1  Protein of unknown function High 0.00 0.00 0.00
10
SMEL_010g352840.1  Similar to WAK2: Wall-associated receptor kinase 2 Mod 0.00 0.00 0.00
SMEL_010g352880.1  Similar to PYL4: Abscisic acid receptor PYL4 No 0.16 0.08 0.00
SMEL_010g352930.1  Similar to DREB2C: Dehydration-responsive element-binding protein No 0.00 0.00 0.00
2¢
SMEL_010g353090.1  Similar to RAPTOR1: Regulatory-associated protein of TOR 1 No 7.28 418 7.1
SMEL_010g353110.1 No 032 143 133
SMEL_010g353170.1  Similar to peroxidases and cationic peroxidases No 0.00 0.00 0.00
SMEL_010g353190.1 No 0.00 0.1 0.15

For each mQTL/MQTL cluster, the total number of genes within the confidence interval, the candidate genes, and the impact of the mutations (high, moderate, or no effect) is indicated. SnpEff output for the below candidate genes
is reported in Supplementary Table 5. Expression values (FPKM, from Berchi et el., 2019) for candidate genes in fruits at 2-4cm (stage 1), at commercial ripening (stege 2), and at physiological ripening (stage 3) of the line *67/3"
are reported.
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Treatment Plant height Stem diameter Shoot FW Root FW Shoot DW Root DW

Control 21.43 £ 0.76a 8.68 £ 0.53a 57.65 £ 1.04a 2497 £592a 5.24 £0.32a 1.71 £0.00a
NaCl 14.60 + 0.26d 6.39 +0.16¢ 15.10 + 0.49¢c 13.56 + 0.28¢c 1.35 +0.15¢ 0.68 +0.07d
NA 16.97 £0.47b 7.69 £ 0.41b 41.84+0.71b 19.14  1.50b 2.14+0.28b 094 £0.07b
NL 12.37 + 0.42¢ 5.60 £ 0.19d 13.11 £ 0.48d 10.00 + 0.36c 1.27 £0.07¢c 0.65 £ 0.03d
NLA 16.70 £ 0.72¢ 6.44 0400 14.81+0.43c 14.23 + 0.64bc 1.59  0.06bc 0.76 £ 0.04c

Different letters (2, b, ¢, d, and e) indicate significant difference at P < 0.05 among treatments. Note: Control, no added NaCl, no sprayed AsA and LYC; NaCl, added 100 mmol/L NaC;
NA, added 100 mmol/L NaCl and sprayed 0.5 mmol/L AsA; NL, added 100 mmol/L NaCl and sprayed 0.25 mmol/L LYC; NLA, added 100 mmol/L NaCl and sprayed 0.25 mmol/L LYC
and 0.5 mmol/L AsA.
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Parameters

Parameters using data extracted from OJIP
transient

FulFm = (Fe=Fol(Fn—Fo)

Vy = (Fu=Fol(Fm—Fo)

Vi = (Fi~F o/(Fm—Fum)

Vi = (Fk—Fol/(Fm—Fo)

Wi = (Fk—Fo)(Fy—Fo)

We = (FL—Fo)/(Fk—Fo)

Sm = (Area)/(Fm—Fo)

Mo = 4(Faoous—FolFm — Fo)
Flux ratios of PSIl

BPo = TRA/ABS = [1—(Fo/Fr)]
B, = ETo/ABS = [1=(Fo/Fm)l¥o
Do = 1—¢po = (Fo/Fm)

Wo = ETo/TRo = (1-V)

Activities per reaction center (RC)
ABS/RC = Mo(1V,)(1/dpo)

TRo/RC = Mo(1/Vy)

DIo/RC = ABS/RC- TR,/RC

ETo/RC = Mo(1/Vy) (1)

Phenomenological energy fluxes per excited cross

section (CSy,, subscript M refer to time ¢ = Fy,):
ABS/CSm=~ Fy

TRo/CSm = o (ABS/CSm)

Dlo/CSm = (ABS/CSp) - (TRo/CSm)

ETo/CSn = Peo (ABS/CSn)

Flux ratios of PS |

3R = REG/ETo = (1-Vi/(1-V)

$Ro = RE/ABS = TRo/ABS (1-V))
AVl = (hnax—mVl

Vitality indexes
Plags = RC/ABS [$Po/(1-¢Po)] [Wo/(1-Vo)]

Explanation

The maximal photochemical efficiency of PSII
Relative variable fluorescence intensity at the J-step
Relative variable fluorescence intensity at the I-step
Relative variable fluorescence intensity at the K-step
Ratio of variable fluorescence Fi to the ampiitude F—Fo
Ratio of variable fluorescence Fi_to the amplitude Fx—Fo
Normalized total complementary area

Approximated initial slope of the fluorescence transient

Maximum quantum yield of primary photochermistry
Quantum yield for electron transport (at t = Fo)
Quantum yield at t = Fo, for energy dissipation

Probabilty that a trapped exciton moves an electron into the electron
transport chain beyond Q- at t = Fo)

Absorption flux per RC
Trapped energy flux per RC (at t = Fo)

Dissipated energy flux per RC (at t = Fo)
Electron transport flux per RC (at t = Fo)

Absorption flux per CS at t = Fm)
Trapped energy flux per CS (at t = Fn)

Dissipated energy flux per CS (at t = Fr)
Electron transport flux per CS (@t t = Fn)

Efficiency with which an electron from the intersystem electron carrie
transferted to reduce end electron acceptors at the PS| acceptor side
Quantum yield for reduction of end electron acceptors at the PSI acceptor
side

Maximal redox capacity of PSI

Performance index on absorption basis
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Compound

Tararic acd
Sasoyic acid
Feruic acd

Gycero ipropancate.
soamy cimamate
Moty 5 myroxylonsate
Rihiin

Protoanamanin

Escusotn
Lycaconiine
Oitorn
Nudcauing
Unoiric acd
Laurc ocd
6 Hydronhexandic acd
Oteic acd
Abictnol
Pronydrojsmon
Casbeno

6.Gingerct

fon mode.

EEEEEEEE

8

BR3BE3BR88

Esie
Esie

Retention time

120130
72374
6589
93185
111400
81633
6219
07571
115827
11,1696
55184
105605
100616
108287
113836
56513
50280
140680
128227
99044
185474
106734

Measured mass

1500171
1380622
194.0684
2240381
2601259
2181506
2100563
2221600
96,0207
3681720
1780272
6683271
696359
7103%8
2782251
2001765
1320791
2622565
3082709
254.1887
2722499
2041820

Caloulated mass.

1500164
138,817
1940579

2240021
260.126

2181907

2100528
22162
960211

368.1736
178.0266

6683300

696.3367
7103415

2782206

2001776
1320786

2622550

082715

2541882

2722504

2901831

Formula

CHO,
CHOy
Cuckhas
CuckeOo
Gty
G0z
Cuathes
CubzOz
C0,
CarbaiOy
CHO,
CaHuh:O10
CaHcOu
CaMaa:On
Cutt0z
CuaHaiOe
ey
Cuttu0z
Cabsz
CughasOs
[
CubaOs

Mass error (ppm)

467
262
258
448
038
048
238
180
a7
190
337
560
258
380
180
500
379
218
‘195
197
18
068
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Compound Non-inoculated plants Inoculated with P. nicotianae

Log:R/S  Change  Pvale  Log;RRi  Change  Pvale  Log:S/Si  Change  Pvalue
Tartarc acd 185 coun 00007 088 - 00350 o021 domn 04129
Sasoyic acd 188 w 00003 .06 down 00001 152 domn 00023
Feruic a0d 165 w 00024 084 - 00768 287 domn <0001
Denydrochorismic acid o4t = 008 076 - 00005 114 domn 00008
Gycero ipropancate. 976 w 00001 -001 = 9701 278 = 0.148
scamy civamate 627 o 00007 492 down 00007 508 domn 00073
Vet 5 hyconytonsate 018 - 00404 245 w <00001 186 w <0001
Rihiin 329 w 00085 ‘076 - 00199 360 down <0001
Protoanamonn 237 coun 00003 200 down 00002 178 w 00001
Homammericno 152 coun 03167 000 - o182 181 w 00025
Escuiotn 141 w 00057 200 down 00004 a7 domn 00026
Lycaconitne 685 w <0001 019 - 00279 078 - 00844
Oitorn 520 w <0001 028 - 00796 o6t - 02540
Nudcauing 428 w 00002 050 4 00082 113 - 00178
Lnolric acd 335 w 00002 212 w 00001 176 domn 00002
Laurc ocd 258 w o012 080 - 00012 091 s 00193
6 Hydronhexandic acd 208 w 00005 062 - 00207 e domn 00091
Otec acd 045 - 00875 208 down <0001 190 domn <0001
Abictnol 569 coun 00005, 047 - 03150 351 w <0001
Pronydrosmon 811 w 00002 o073 - 00004 175 w 00197
Casbeno 138 coun 00088 000 down 07916 181 down 00025

6.Gingort 542 coun 00049 614 down <0000t 468 domn 00104

T annotaton o metaboltos was basad o comparison of accurate mass 0 he Sorips dalabaso (wih 5 PP of k), Tho sgriicance of dironces betwoan o goups
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Compound ‘Mycelial growth inibition (%)
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Accession Subpopulation SSC (°Bx) Malate (ng/g) Isobutyl acetate (ng/g) Z-3-hexen-1-ol (ng/g)
BGV006370 SP_PER 8.15 0.45 0.73 53.44
BGV007151 SP_SECU 6.90 0.35 0.13 23.59
PI1129026 SLC_ECU 5.33 0.29 0.36 26.01
BGV007023 SLC_ECU 6.40 0.42 521 37.07
BGV007990 SLC_PER 6.43 0.21 1.36 20.11
BGV008189 SLC_PER 5:37 0.25 4.52 1.02
BGV008219 SLC_MEX 625 0.84 0.71 11.60
BGV005895 SLC_MEX 6.60 1.28 0.75 32.00
BGV007863 SLL 5.47 1.02 0.92 1.04
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Protein Mutation Impact severity in Pocket Associated with
the protein structure phenotype
LINS Phe21Tyr 1
lle208Val
Tyr265His
Met290Val
Phe318Leu
Asn366Asp
Leu373Val
Lys385Arg
Leu390Trp
Lys393Asn
Leu422Phe
Val440Leu
Val458Leu
Serd94Thr
Asn498Asp
ALTM9 Lys47Asn
Valgélle
Val152Phe
Gly215Ser
Pro277Leu
His307Arg
Tyr406Asn
Glud12Ala
Leu458Ser
Arg504His
Alab54Val
CXE1 GIn66Leu
Gly77Ser
Ser94Gly
Phe154lle
Gly200Asp
Val211Gly
Leu214His
Ser266Tyr
AATH lledThr
Ser24Pro
Leu41Phe
Leu60Pro
Lys88Arg
Tyr123Cys
His129Arg
lle145Val
Phe161Val
Asn176Lys
Cys209Phe
Val245Phe
Arg270Cys
Leu284Phe
Thr354lle
Thr398lle
LoxC Leu43lle
lle52Thr
Glu57GIn
Val72Leu
Pro178Ser
Leu190lle
Ser191Pro
Asn264Lys
GIn294Lys
His337GIn
Asn366Asp
Val580lle
Gly598Ala 2 *
Thre07Leu 3 ¥
*Indicates the amino acid changes affecting the pocket of the enzyme (column 4)
and/or significantly associated with the phenotype (column 5).
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Metabolites Gene Gene ID Genomic position References
Sugars LINS Solyc09g0710080 SL4.0ch09:3508156-3512282 Fridman et al., 2004
Organic acids (malate) ALMT9 Solyc06g072920 SL4.0ch06:42612816-42619107 Ye et al., 2017
Acetate esters AATT Solyc08g005770 SL4.0ch08:617070-619717 Goulet et al., 2015
CXE1 Solyc01g108585 SL4.0ch01:88169038-88170233 Goulet et al., 2012
Lipid-derived volatiles LoxC Solyc01g006540 SL4.0ch01:1119976-1130114 Shen et al., 2014
HPL Solyc07g049690 SL4.0ch07:59963576-59970053 Shen et al., 2014
ADH2 Solyc06g059740 SL4.0ch06:35287450..35289927 Speirs et al., 1998
LIP1 Solyc12g055730 SL4.0ch12:61316763..61320764 Garbowicz et al., 2018
LIP8 Solyc09g091050 SL4.0ch09:66484639-66495126 Lietal., 2020
Phenylalanine-derived volatiles PART Solyc01g008530 SL4.0ch01:2578092..2584487 Tieman et al., 2007
PAR2 Solyc01g008550 SL4.0ch01:2593768..2597462
AADC2 Solyc08g006740 SL4.0ch08:1306822..1309453 Tieman et al., 2006b
AADC2 Solyc08g006750 SL4.0ch08:1332553..1336469
AADC1C Solyc08g068600 SL4.0ch08:55827604..55829855
AADC1B Solyc08g068610 SL4.0ch08:55836822..55838978
AADC1D Solyc08g068630 SL4.0ch08:55860361..55862523
AADCTA Solyc08g068680 SL4.0ch08:55909433..55911654
PPEAT Solyc02g079490 SL4.0ch02:42004857-42007233 Dominguez et al., 2020
FLORAL4 Solyc04g063350 SL4.0ch04:54805156-54812314 Tikunov et al., 2020
Guaiacol and methylsalicylate SAMT Solyc09g091550 SL4.0ch09:66901227..66903818 Tieman et al., 2010
COMT Solyc10g005060 SL4.0ch10:64725323..64728276 ageroy et al., 2012
Carotenoids and apocarotenoid volatiles PSY1 Solyc03g031860 SL4.0ch03:4234654-4238638 Fray and Grierson, 1993
CrtISO Solyc10g081650 SL4.0ch10:61789271..61794607 saacson et al., 2002
CYCB Solyc06g074240 SL4.0ch06:43562526-43564022 Ronen et al., 2000
CrilL-e Solyc12g008980 SL4.0ch12:2334383..2339689 Ronen et al., 1999
SICCD1A Solyc01g087250 SL4.0ch01:74432005-74442676 Simkin et al., 2004
SICCD1B Solyc01g087260 SL4.0ch01:74444645-74454599
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Low nitrogen

TR1 3.18 (1) 84.5(10) 20.4 (31) 29.32 (36) 1.24 (22) 6.09 (40) 3.58 (37) 5.05(17) 0.24 (38) 16.88 (14) 4.59 (4) 2.08 (41) 0.56 (36)
MT1 3.13 (2 29.0 (44) 19.8 (33) 37.09 (15) 1.25 (20) 7.38 (30) 3.30 (40) 5.14 (14) 0.25 (29) 25.39 (2) 5.72 (1) 2.95 (28) 0.58 (34)
FI1 3.06 (3) 132.5 (1) 20.7 (28) 25.66 (41) 1.50 (4) 10.32 (4) 4.24 (27) 2.49 (43) 0.29 (16) 14.36 (28) 3.33 (27) 2.54 (36) 0.33 (44)
MO2 2.90 (4) 86.5 (7) 18.2 (42) 31.35 (33) 1.61 (3) 7.41 (28) 3.17 (41) 4.31(28) 0.27 (18) 17.96 (10) 3.82 (14) 3.24 (22) 0.71 (26)
c2 2.89 (5) 83.7 (12) 19.4 (35) 34.22 (24) 1.18 @26} 8.85 (11) 7.36 (13) 3.97 (32) 0.24 (32) 14.37 (27) 3.41 (24) 2.33 (38) 0.64 (30)
C1 2.65 (6) 85.1(8) 20.4 (30) 42.68 (3) 1.14 (32) 8.49 (15) 7.53 (12) 5.07 (15) 0.24 (36) 156.52 (18) 3.56 (19) 3.98 (12) 0.89 (9)
MO1 2.62(7) 117.8(2) 229 (8) 35.47 (17) 1.01 (44) 5.73 (42) 6.07 (20) 6.20 (6) 0.25 (30) 12.58 (34) 3.44 (23) 3.53 (15) 0.75 (23)
CO1 2.62 (8) 76.7 (20) 21.1 (23) 33.79 (25) 1.10 (38) 6.87 (34) 6.14 (19) 5.03 (18) 0.24 (39) 12.64 (33) 2.62 (36) 2.87 (30) 0.85 (15)
C3 2.59 (9) 64.8 (29) 18.2 (41) 32.49 (30) 1.38 (7) 10.26 (5) 4.67 (22) 3.32(37) 0.26 (28) 14.08 (32) 4.08 (8) 2.32 (39) 0.50 (40)
AX1 2.58(10) 83.2(13) 23.9 (3) 24.27 (44) 1.31 (12) 6.47 (36) 414 (32) 4.06 (31) 0.23 (40) 17.42(12) 3.90 (13) 3.50 (16) 0.89 (10)
High nitrogen

FI1 3.90 (1) 134.6 (1) 18.6 (33) 33.91 (37) 1.33 (5) 8.41 (12) 4.66 (20) 4.41(37) 0.29 (24) 19.54 (8) 5.15 (1) 3.81 (19) 0.78 (33)
MO1 2.89 (2 126.9 (2) 20.0 (21) 42.80 (12) 1:18 (29) 7.37 (20) 411 (25) 6.25(12) 0.38 (1) 16.94 (17) 3.59 (16) 3.73 (25) 0.81 (30)
AX1 277 (8) 102.2 (3) 22.5 (3) 33.23 (38) 1.21 (18) 5.95 (40) 3.84 (27) 5.73(21) 0.29 (22) 12.77 (28) 2.86 (28) 3.80 (20) 1.00 (12)
TR1 2.69 (4) 79.0 (12) 19.8 (23) 32.02 (40) 1.23 (13) 5.55 (44) 3.48 (34) 5.84(18) 0.27 (32) 16.72 (18) 3.69 (14) 2.40 (43) 0.60 (41)
C3 2.50 (5) 59.1 (34) 14.6 (44) 31.99 (41) 1.31 (6) 7.94 (14) 4.18 (23) 4.29 (39) 0.21 (43) 11.29 (31) 2.97 (24) 2.43 (42) 0.58 (42)
MT1 2.48 (6) 29.3 (44) 16.6 (42) 38.86 (25) 1.18 (19 7.08 (26) 4.34 (22) 5.57 (22) 0.21 (44) 12.48 (29) 3.24 (18) 4.71 (6) 0.93 (20)
XE1 2.35(7) 97.7 (B) 212117 52.07 (1) 1.08 (35) 5.93 (41) 3.66 (31) 8.70(1) 0.33 (5) 17.56 (12) 3.88 (11) 3.74 (24) 0.84 (24)
C4 2.24 (8) 100.0 (4) 26.6 (1) 37.97 (27) 1.14 (26) 6.69 (31) 3.99 (26) 5.90 (17) 0.25 (38) 11.76 (30) 2:87(27) 5.16 (3) 1.30 (2)
CF3 2.21(9) 84.8 (8) 19.7 (24) 36.49 (35) 1.21 (16) 5.86 (42) 3.34 (387) 6.30(11) 0.27 (34) 19.60 (7) 4.05 (6) 3.43 (29) 0.75 (36)
ACH 219100 80.2(11) 19.3 (29) 36.92 (32) 1.50 (2) 6.09 (39) 5.08 (19) 6.08 (14) 0.27 (33) 17.14 (13) 3.10 (21) 3.93 (18) 1.10 (6)

The full name of each trait abbreviation in the first row is found in Table 1.
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Trait

Vegetative and plant traits

SPAD value

Yield

Fruit traits

Fruit mean weight

Lightness (color coordinates)

Chroma (color coordinates)

Hue (color coordinates)

Fruit nitrogen content

Fruit carbon content

pH

Soluble solid content

Titratable acidity

Citric acid content

Malic acid content

Total acid (citric + malic) content
Citric:malic acid ratio

Fructose content

Glucose content

Total sugar (fructose + glucose) content
Fructose:glucose ratio

Total sweetness index

Soluble solid content:titratable acidity ratio
Total sugar:total acid ratio

Total sweetness index:titratable acidity ratio
Vitamin C (ascorbic + dehydroascorbic) content
Lycopene content

B-Carotene content

Total carotenoid content

Glutamic acid content

Aspartic acid content

Abbreviation

spad
y

frw

L
chroma
hue

Nf

Cf

pH
ssC

ta

cit

mal
tacid
citmalr
fru

glu
tsug
fruglur
tsi
ssctar
tsugtacidr
tsitar
vitc

lyc
bcar
tcar
gluta
aspa

Units

kg plant~"

9

o

gkg~' dm’
gkg~'dm

dm: dry matter.
2fy: fresh weight.
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Traits Genotype (G) N treatment (N) G x N interaction

Vegetative and plant traits

spad 415" 0.15 1.28

% 3.64™* 0.66 0.83
Fruit traits

frw 19.04* 248 0.82

L 4.16™ 1.04 1.64*
chroma 5807 0.00 1.17
hue 4707 16.86* 1.1
Nf 325 377 0.94
Cf 3.32+ 4.87 1.54*
pH 227 0.42 1.32
ssC 4.68"* 0.90 0.91

ta 5.04*** 0.02 0.91
cit 5.37*** 0.54 1.28
mal 10.44* 0.96 1.33
tacid 4.51% 0.45 1.33
citmalr 11,81 1.40 1.10
fru 3.83™ 53.25" 1.25
glu 4.40" 10.90* 1.35
tsug 419" 23.70™ 1.27
fruglur 3.93*** 1.39 2,19
tsi 4.09"* 32.16* 1.25
ssctar 4.64** 0.01 0.93
tsugtacidr 3.78"* 2.40 0.88
tsitar 4,83 1.19 0.96
vitc 2.39"* 0.91 0.91
lyc 1.80** 0.40 2,23
bcar 2.69*** 2.40 2.04%*
tcar 1.90% 0.71 2250
gluta 229 0.23 1.22
aspa 2.66* 0.78 1.08

The full name of each trait abbreviation in the first column can be found in
Table 1. Significant differences are indicated with * (o < 0.05), ™ (p < 0.01), or
(o < 0.001).
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Low nitrogen (n = 44) High nitrogen (n = 44) Paired HN - LN (n = 44)

Traits Mean + SD Range Mean + SD Range Mean

Vegetative and plant traits

spad 49.64 + 3.54 40.67-56.25 48.98 + 5.41 36.38-60.90 —-0.67
y (kg plant=") 220+ 0.47 0.96-3.18 1.98 £ 0.46 1.23-3.90 —0.22
Fruit traits

frw (9) 72.7£19.9 29.0-132.5 70.4 £ 20.3 29.3-134.6 —-2.3

L 8657 + 2.95 32.01-43.29 35.50 &+ 2.09 31.23-40.42 —1.07
chroma 21.50 + 3.45 14.69-32.28 21.58 +3.28 15.30-33.23 0.08
hue (°) 40.00 + 5.91 30.53-51.32 37.78 £ 419 29.27-46.11 —2.22*
Nf (@ kg~ dm) 21.1+£1.9 17.2-25.4 199+22 14.6-26.6 —-1.2
Cf(gkg™! dm) 408.0 + 3.1 402.3-416.3 405.8 £ 4.6 390.5-416.7 —2.26
pH 413 £0.17 3.83-4.63 411 +£0.18 3.83-4.50 —0.02
ssc (%) 5.62 £ 0.57 4.28-6.58 5.69 £ 0.70 4.02-6.87 0.16
ta (%) 0.57 £0.13 0.34-0.96 0.58 £0.12 0.37-0.85 0.01
cit (g kg™ fw) 6.73+1.77 4.22-12.28 6.30 £ 1.62 4.31-12.66 —0.43
mal (g kg~ fw) 1.30 £ 0.36 0.73-2.00 1.33+£0.33 0.83-2.36 0.03
tacid (g kg~ fw) 8.03+1.78 5.22-18.60 7.62 £1.60 5.56-13.98 —0.41
citmalr 571+£225 2.69-10.02 5.14 £1.99 2.75-9.44 —-0.57
fru (g kg=" fw) 18.83 + 2.41 13.69-22.77 21.28 £ 2.46 16.31-27.50 2.45**
glu (@ kg~" fw) 16.47 + 3.02 9.57-21.62 18.37 £+ 3.06 10.99-24.93 2.90%
tsug (g kg~ fw) 34.30 £ 517 24.27-42.87 89.65 = 5.29 28.96-52.07 5.36"
fruglur 1.26 £0.18 1.01-1.88 1.19+0.15 1.02-1.93 —0.06
tsi 4.00 £ 0.56 2.86-4.94 4.59 +£0.58 3.43-5.97 0.59*
ssctar 10.54 £ 2.65 5.74-19.27 10.63 £ 2.38 6.84-16.41 0.09
tsugtacidr 464 £1.21 2.29-7.79 557 +1.15 3.11-8.70 0.92
tsitar 7.68 £2.14 4.14-14.40 8.63 £2.10 5.21-13.65 0.95
vitc (g kg~ fw) 0.27 £ 0.04 0.15-0.39 0.29 £ 0.04 0.21-0.38 0.02
lyc (mg kg~" fw) 7.99+222 3.64-15.87 7.64 £2.84 3.34-14.50 —0.34
bear (mg kg~ fw) 3.45+0.84 2.00-5.72 3.17 £0.80 1.96-5.156 —-0.28
tcar (mg kg™ fw) 16.41 £ 4.15 7.561-29.71 14.58 £ 5.04 6.79-26.01 —0.83
gluta (g kg~ fw) 3.42 +£1.08 1.73-7.01 3.83+0.78 2.34-5.61 0.41
aspa (g kg~ fw) 0.76 £+ 0.21 0.33-1.33 0.90 £0.19 0.51-1.40 0.14

The full name of each trait abbreviation in the first column is found in Table 1. Significant differences between LN and HN treatments are based on the results of the
ANOVA (n = 264) and indicated with * (p < 0.05) and ** (p < 0.01).
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Low nitrogen

Mean + SE
Traits L(n=39) C(nh=5)
ssctar 10.76 £ 0.44 8.78 £ 0.25
tsitar 7.87 £0.35 6.14 +0.48
vitc (g kg~ fw) 0.28 + 0.01 0.21 +£0.02

t value

3.96%*
2:92r
2.78"

High nitrogen
Mean + SE t value
L (n=39) Cn=5)
11.00 £ 0.36 7.70 +£0.26 7377
8.92 +£0.33 6.35+0.24 6.36™"
0.29 £+ 0.01 0.24 +0.02 3.06*

The full name of each trait abbreviation in the first column is found in Table 1. Significant differences between varietal type are indicated with * (o < 0.05), ** (p < 0.01),

(5 < 0.001).
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Metabolite Code 67/3 (P1) 305E40 (P2) F1 ov FC P2/P1 FCF1/P1  FCHF1/P2 Inh RiLs

FLESH
Untargeted  Pseudoprotodioscin F-PPROT 005 £0.01 0.18:+0.04 007 £001 057 36" 147 038" R 012006
Solamargine F-soLM 0.04 0,005 009002 007 002 1.83 225" 176 078 D 0.18+0.33
Malonyl-solamargine ~ F-MSOLM 005 +0.02 008+003 0.13:+003 155 1.6 26" 162" o 013021
na- F-DCASP ND 024002 006+ 0.01 0.98 = = 025" s 013013
dicaffeoylspermidine
no- F-DCASP2 ND 0.11£001 008001 096 . - 027 s 007 £0.06
dicaffeoylspermidine
iso
Targeted Demissine F-DEM 0,010,001 ND 0003 0,001 1.46 - 03" - D 0.00
Solasonine F-SOLA 0084001 004 %001 008008 1.80 13 26" 2% o 009+0.16
PEEL
Untargeted Delphinidin-3- P-D3R 0.02 0,002 029009 0.02 0,001 1.16 145" 1 007 R 0254029
rutinoside
Nasunin P-NAN 057 %0.10 ND 056 % 0.07 078 - 098 - D 036028
Rutin P-RUT 0.01 0,001 030004 0.02 0,002 056 30" 2 007+ R 002001
Pseudoprotodioscin P-PPROT 005 +£0.01 043 +009 0.15:+004 055 86" 3" 035" s 018:£0.10
no- P-DCASP 0.01 40,002 0.13+0.04 0.04 %001 0.90 13 4 031 s 007 0,06
dicaffeoylspermidine
n-caffeoylputrescine P-CAPTR 047 £0.05 0.65+0.11 047 £004 050 382" 1 026" R 047 £0.09
n-dihydrocaffeoyl-n’-  P-DHCNCS 0.13+0.08 064+0.18 0312008 072 492+ 238" 0.48" s 069+ 0.50
caffeoylspermidine
n-coumaroylputrescine P-COPTR 0.01 £0.002 0.12+0.03 0.01 £0.003 091 12~ 1 0.08* R 0.06 £ 0.06
Glutamine P-GLUT 0.08+0.08 017 £005 005 %001 097 2.1 06 029" u 0084008
Unknown P-UNKN 007 £0.01 0.15 % 0.04 008+002 066 244" 114 053" R 056+0.37
Trigoneline P-TRIG 047 £0.08 008002 006+ 0.01 054 04 035" 075 R 005 0,03
Acetylcholine P-ACH 0.48 £ 0.05 0.08 £ 0.02 0.22 £ 0.02 0.58 0.16™ 0.46™ 2.75™ S 026 +0.15
Targeted delphinicin P-D3G5CG 004 %001 ND 003 40,004 059 - 075" N s 005 +0.03
3-0-D-glucoside-5-(6-
coumaroyl-D-
glucoside)
Kaempferol 3-O-beta-  P-KSOPH. ND 003+0008  0.01+0002 073 i - 033" R 0084002
D-sophoroside
kaempferol-3-O-D- PK3G 00030001 002001  0.006:+0002 0.90 67" 2" 030" s 003003
glucoside

Metabolite codes, averages, standard deviations (SD), coefficients of variation (cv), fold changes (FC; *significant at p-value <0.05, **significant at p-value < 0.01), and the inheritance (Inh.) in the F1 hybrid (D, Dominant; S, Semidominant;
R, Recessive; O, overdominant: U, under-recessive) are shown. ND, not detectable.
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y frw Nf tsug fruglur tacid citmalr  tsugtacidr vitc tcar bcar gluta aspa

Resilience index

XA 1.79(1) 1024 117() 1.00@® 1.01(31) 134@) 154(2) 072(31) 09126 071@7) 075@37) 125 1.13(7)
ce 155() 1.19(5) 09342 1.12() 1.02(28) 1.13(16) 1.02(30) 0.95(15) 1.12(4) 1.82(7) 1.40(10) 0.89(22) 0.75 (31
MO2 1.45(3) 1.23() 096(37) 083(5 1293 1.05@5 1.02(31) 080(26) 0.97(20) 1.16(22) 0.96(29) 0.78(31) 0.86 (21
C1 1444 127@ 116(12) 094(12) 1.09(16) 0.94(34) 1.09(23) 098(12) 0.81(35) 1.82(8 1.53(7) 0.92(20) 0.90 (19
PG1  1.36(5) 0.88(41) 095(40) 1.09(3) 1.01(30) 098(33 098(33) 1.06(5) 1.07(10) 0.77(35 095(31) 0.81(29 08127
SO1  1.32(6) 1.17(6) 0.94(41) 072@41) 114(9) 099(31) 1.12(17) 076(30) 0.92(5) 1.70(9 1.13(23) 0.88(24) 0.95(13
Vi 1.32(7) 1.10(13) 1.06(23) 0.92(15) 1.09(17) 1.00(30) 1.29(7) 0.86(22) 0.82(34) 1.07(25 1.16(22) 0.50(43) 0.44 (43
FA2  1.29(8) 1.03(3) 1.00(@30) 1.20(1) 065(44) 11715 1.03(28)  1.11(3) 112(5) 1.05(26) 094(33) 0.59(40) 0.65 (38
VT1 129(9 1141(11) 1.12(16) 1.03(5) 095(38 125(8) 079@41) 0.81(23) 08732 1.19(0) 1.33(17) 1.06(11) 0.81(25
CO1 1.29(10) 1.19(4) 1.04(24) 07439 09539 1.06(2) 1.07@7) 071(34) 077(38) 156(11) 1.20(0) 0.85(26) 0.80 (28

The full name of each trait abbreviation in the first row is found in Table 1.
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Locus Genename Chr Chromosome location ORF Strand  Size  Protein domains Pfam domains

length (aa)
(bp)
SMEL_008312510.1.01 Smel PPOT 8  97,412,508:97,414307 1800 - 600  PPO1_DWL- Pfam 12142-Pfam 1243-
DUF_B2219-Tyrosinase ~ Pfam 00264
SMEL_008312500.1.01 SmelPPO2 8  97,401,279:97,403066 1,788 - 506 PPO1_DWL- Pfam 12142-Pfam 1243-
DUF_B2219-Tyrosinase ~~ Pfam 00264
SMEL_008312430.1.01 Smel PPO3 8  97,284,426:97,286,198 1,778  + 591 PPO1_DWL- Pfam 12142-Pfam 1243-
DUF_B2219-Tyrosinase  Pfam 00264
SMEL_008312420.1.01 Smel PPO4 8  97288764:97,230741 1,734 + 578 PPO1_DWL- Pfam 12142-Pfam 1243-
DUF_B2219-Tyrosinase  Pfam 00264
SMEL_008g311990.1.01  Smel_PPO5 8 96,314,480: 96,316,243 1,764 o 588 PPO1_DWL- Pfam 12142-Pfam 1243-
DUF_B2219-Tyrosinase ~ Pfam 00264
SMEL_008312010.1.01 Smel PPO6 8  96,395,550:96,397,448 1899 - 633 PPO1_DWL- Pfam 12142-Pfam 1243-
DUF_B2219-Tyrosinase  Pfam 00264
SMEL_008312490.1.01 Smel PPO7 8  97,307,374:97,399,167 1,794 - 508  PPO1_DWL- Pfam 12142-Pfam 1243-
DUF_B2219-Tyrosinase ~~ Pfam 00264
SMEL_008312460.1.01 Smel PPOS 8  97,349,335:97,351,020 1,686 - 562 PPO1_DWL- Plam 12142-Pfam 1243-
DUF_B2219-Tyrosinase  Pfam 00264
SMEL_008312520.1.01 SmelPPO9 8  97429.811:97,432277 2466 - 82  PPOI_DWL- Pfam 12142-Pfam 1243-
DUF_B2219-Tyrosinase ~ Pfam 00264
SMEL_000g064350.1.01 Smel_PPOT0 2 982,270: 984,463 2193 - 781 PPO1_DWL- Pfam 12142-Pfam 1243-

DUF_B2219-Tyrosinase Pfam 00264

SmelPPO1-9 cluster on chromosome 8, while PPO10, which was initially located on an unanchored scaffold, is probably located on chromosome 2. All PPOs share the same functional
domains (PPO1_DWL and Tyrosinase, and a conserved domain of unknown function, DUF_B2219).
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Sample Target Reads Number of % of
mutatedreads  mutated

reads

wr o1 17,926 549 308
or2 17,856 1,354 758

ot 27,671 10,758 3888

oT4 26,977 803 298

To3 o1 24,196 747 309
or2 21,206 922 435

oT3 30,086 3,008 10.65

oT4 34,541 822 238

Tod oT1 20,621 591 287
or2 13,231 476 3.60

oT3 20,282 1,648 8.13

oT4 274 8 292

For each individual and for each locus the total number of reads is reported, together
with the percentage of reads carrying the mutated off-target sequence. The percentage

of mutated sequences is reported.
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Gene_Id

Jasmonate acid
Sme2.5_03464.1_g00003
Sme2.5_01200.1_g00003
Sme2.5_03723.1_00002
Sme2.5_00363.1_00004
Sme2.5_06810.1_g00003
Auxin
Sme2.5_01815.1_00004
Sme2.5_00736.1_g00017
Sme2.5_00946.1_g00005
Sme2.5_04620.1_00003
Brassinosteroid
Sme2.5_00033.1_g00010
Sme2.5_02777.1_g00002
Sme2.5_00067.1_g00001
Sme2.5_16526.1_g00002
Ethylene
Sme2.5_02344.1_00010
Sme2.5_04397.1_g00003
Sme2.5_04397.1_g00004
Sme2.5_07322.1_00001
Cytokinin
Sme2.5_05437.1_00002
Abscisic Acid
Sme2.5_01218.1_g00005
Sme2.5_04709.1_g00002
Gibberellin
Sme2.5_00083.1_g00005
Sme2.5_00038.1_g00002
Other hormone
Sme_newGene_256
Sme_newGene_493
Sme2.5_00575.1_g00014
Sme2.5_03790.1_00001
Sme2.5_01620.1_00003
Sme2.5_00225.1_00038
Sme2.5_11093.1_00002
Sme2.5_02487.1_g00002
Sme2.5_13238.1_00001

Function description

Jasmonate ZIM-domain protein 1
Defective in anther dehiscence1
Coronatine-insensitive 1

Lipoxygenase

Jasmonic acid-amido synthetase JAR1

Auxin influx carrier (LAX family), LAX1

Auxin responsive GH3 gene family, indole-3-acetic acid-amido synthetase GH3.1
Auxin-responsive protein IAA26-like

Auxin responsive GH3 gene famil, indole-3-acetic acid-amido synthetase GH3.6

Brassinosteroid resistant 1-like

Brassinosteroid insensitive 2, shaggy-related protein kinase eta-like
Brassinosteroid insensitive 1, BRI1

Brassinosteroid resistant 1, BES1/BZR1 homolog protein 2-like

Ethylene receptor 2-like
Ethylene-insensitive protein 3, EIN3
Ethylene-insensitive protein 3, EING-like
Ethylene receptor 1, ETR1

Histidine kinase 2-like isoform X1 (cytokinin receptor)

Abscisic acid-insensitive responsive element binding factor, ABA 5-like protein 7
ABA responsive element binding factor, G-box-binding factor 4

Gibberelin receptor GID1B-like
F-box protein GID2

SAUR family protein, uncharacterized LOC107006819

Myb-like DNA-binding domain, two-component response regulator ARR14
Protein phosphatase 2C 6-like

Myb-like DNA-binding domain, Two-component response regulator ARR18-like
Serine/threonine-protein kinase SRK2

‘Somatic embryogenesis receptor kinase 38 precursor, SERK3B

SAUR family protein, uncharacterized protein LOC104880086
Serine/threonine-protein kinase, SAPK3

Two-component response regulator ARR7-like

Up_Down

Up
Down
Down
Down
Up

Up
Up
Down
Up

Up
Up
Up
Up

Up
Up
Up
Up

Up

Up
Up

Down
Up

Down
Up
Up
Up
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Samples Total reads Mapped reads Unig mapped reads Multiple map reads Clean reads GC content %2Q30

F142 42,791,674.67 39,368,088 38,019,098 1,348,989 21,395,837 42.68% 94.41%
812 43,133,323.33 39,604,750 38,266,857 1,427,894 21,566,662 42.93% 94.70%
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