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Abstract

:

High temperature is one of the most detrimental abiotic stresses in tomatoes. Many studies highlighted that even small increases in temperature can alter the plant reproductive system, causing a significant reduction in tomato yield. The aim of this study was to exploit the phenotypic and genomic variations of a tomato landrace collection grown at high temperatures. Fifteen genotypes were selected as the best performing in two experimental fields. The selection was based on six yield-related traits, including flower earliness, number of flowers per inflorescence, fruit set, number of fruit per plant, fruit weight and yield per plant. In order to identify markers targeting traits that could be highly influenced by adverse climate conditions, such as flowering and fruit setting, an association mapping approach was undertaken exploiting a tomato high-throughput genomic array. The phenotypic variability observed allowed us to identify a total of 15 common markers associated with the studied traits. In particular, the most relevant associations co-localized with genes involved in the floral structure development, such as the style2.1 gene, or with genes directly involved in the response to abiotic stresses. These promising candidate genes will be functionally validated and transferred to a cultivated tomato to improve its performance under high temperatures.
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1. Introduction


Global climate change and growing food demand have become two of the major challenges faced by humans in the last few years. The predicted increase of global warming [1,2] poses a large risk for crop productivity and imposes the urgent development of strategies to substantially improve food availability. High temperature is a major abiotic stress compromising productivity and stability of several crops, mostly due to the modification of plant life cycle stages. This is a consequence of the alteration of a number of basic molecular processes, such as protein folding, maintenance of membrane stability, photosynthesis and assimilate metabolism [3]. Although plants possess various mechanisms to ensure survival under elevated temperatures, even a small temperature increase (1.5 °C) can have a significant impact on the processes related to reproductive development, negatively affecting fruit set and crop yield [4]. Heat-induced yield reduction was documented in many cultivated crops including cereals (e.g., rice, wheat, barley, sorghum and, maize), pulses (e.g., chickpea and, cowpea), oil crops (e.g., mustard and, canola) and vegetables, as reviewed by Hasanuzzaman and colleagues [5]. In the tomato, which is an important horticultural crop grown for fruit production worldwide, high temperatures can negatively affect the vegetative and reproductive growth phases, resulting in up to 70% tomato harvest losses [6]. Indeed, it has been reported that for tomatoes, when the temperature exceeds 35 °C, seed germination, seedling and vegetative growth, flowering and fruit set, as well as fruit ripening, are adversely affected. For these reasons, new strategies need to be developed in order to limit the negative impact of high temperatures on field-grown tomatoes, in particular in tomato-producing countries, such as the South of Italy, that will likely experience increases in the mean temperatures in the near future due to global warming. Besides the choice of the best management practices, the selection of heat tolerant genotypes could work to mitigate the decrease of tomato yeild grown under unfavourable temperatures. Since the response to heat stress is a very complex genetic trait, molecular markers targeting quantitative trait loci (QTLs) and genes involved in the heat tolerance might aid the selection of genotypes tolerant to high temperatures.



In the past few years, conventional breeding schemes have been extensively deployed to identify genes involved in heat tolerance and their inheritance patterns, and to unravel their underlying molecular mechanisms [7,8]. DNA marker discovery and genotyping assays have permitted the determination of chromosomal positions of the QTLs controlling heat tolerance in different crops, including tomato [9,10,11] rice [12] and cowpea (Vigna unguiculata L.) [13]. However, these identifications using conventional linkage studies are time-consuming and only allow for exploring the variability present in the two parental lines. The natural variation in heat tolerance exhibited by different tomato cultivars can be better exploited to detect useful alleles by association mapping approaches that constitute a powerful tool for identifying promising regions or candidate genes involved in heat tolerance [14].



The aim of this work was to exploit a collection of tomato landraces to identify the best performing genotypes growing under high temperatures. The landraces analysed in this study were previously genotyped using the 7.7K SolCAP high-throughput genomic platform available for tomato [15,16]. Herein an association mapping study was also performed in order to detect markers targeting genomic regions potentially involved in the control of yield-related traits under high temperatures. The combination of the genetic and genomic resources used in the present work enabled the selection of promising landraces for cultivation under high temperatures and the identification of molecular markers suitable for screening heat tolerant genotypes. Our results will help in the setting-up of superior tomato genotypes better adapted to high temperature conditions in the near future.




2. Materials and Methods


2.1. Material and Plant Growth


Eighty-one tomato landraces, belonging to a collection available at the University of Naples Federico II, Department of Agricultural Sciences (details hosted at LabArchive repository http://dx.doi.org/10.6070/H4TT4NXN.), were grown in 2016 in two different experimental fields. This collection included 36 landraces from Italy, 26 landraces from South America countries, and 19 landraces from other European and worldwide regions.



All genotypes were grown in a completely randomized design with three replica and 10 plants per replica in two Southern Italy regions (Giugliano–Campania 40°55′54″ N latitude, 14°11′44″ E longitude, and Pulsano–Puglia 40°23′03″ N latitude, 17°21′17″ E longitude), usually characterized by high temperatures during the flowering and fruit set periods (from June to August). Seeds were sown in plateau under plastic-house and then seedlings were transplanted in open fields in the second-half of May. Tomato plants were grown following the standard cultural practices of the area. Tomato plants grown in the South of Italy are usually transplanted in open fields in April. However, in this study, in order to expose growing plants to high temperatures, the genotypes were transplanted in open fields located in two different regions of Southern Italy with a delay of one month compared to the usual transplanting period, thus imposing a high-temperature condition during flowering and fruit setting.



During the whole growing period climatic data were recorded using the weather station VantagePro2 from Davis Instrument Corp.




2.2. Traits Evaluation and Statistical Analysis


Traits related to flowering and fruit production were evaluated in all genotypes grown in the two experimental fields. Flower earliness (FRL) was recorded as days from sowing when at least one open flower was observed on 5 out of 10 plants of each biological replicate. The average number of flowers per inflorescence (NFL) and the percentage of fruit set (FS) were evaluated on inflorescences produced from the second to the fifth truss on three plants for each biological replicate randomly chosen. Finally, at fruit red ripe stage, total fruit number (TFN) and fresh weight (FW) were measured; these last measurements allowed us to evaluate the yield production per plant (YP).



For each trait, the normal distribution of data was verified using a Shapiro-Wilk test and for all traits, apart from FS, a log10 transformation was applied in order to better fit a normal distribution. The extent of environment by genotype interactions was assessed by a two-factor ANOVA. All the analyses were carried out using the software SPSS statistics 24.0 (IBM Corp., Armonk, NY, USA). Finally, a Selection Index (SI) was calculated by assigning to three traits (FS, TNF, YP) the following arbitrary scale: for FS and TNF, 0 = trait value ranging from 0 to 10, 1 = from 11 to 20, 2 = from 21 to 30, 3 = from 31 to 40 etc.; for YP, the scale was applied by multiplying the kg/plant value by 10, thus giving greater weight to yield.




2.3. Association Mapping Analysis


Genotypic data were retrieved from previous studies carried out at the Department of Agricultural Sciences, University of Naples Federico II [15,16], which used the 7.7K SolCAP single nucleotide polymorphism (SNP) array on the same germplasm collection evaluated in the present study (data hosted at NCBI dbSNP section as “SOLCAP_TOM_LAND” project). In order to reduce false positive associations, only SNPs showing a Minor Allele Frequency (MAF) >10% and missing values <10% were retained. In addition, since a high rate of homozygous variants are expected [17] in tomatoes, the heterozygous ones were excluded. Filtering and manipulation of genotypic data were performed using vcftools [18], TASSEL 5 [19] and some in house scripts.



To assess the genetic relationships of the investigated collection, the population structure was determined by using the STRUCTURE 2.3.4 software (Pritchard Lab, Stanford University, Stanford, CA, USA) [20], with no a priori information regarding population origin. The degree of admixture was estimated by setting for both burn-in period and Markov Chain Monte Carlo iterations a value of 50,000 for each run. Seven independent runs across a range of K values (K = 1–12) were made. The best number of clusters (K) was obtained using STRUCTURE HARVESTER program [21] based on the Evanno method [22]. Associations between genotypes and phenotypes were determined using the Mixed Linear Model (MLM) as implemented in TASSEL 5. Significant associations were detected for p-value lower than 1−3. If no association was detected for a trait in one of the two trials, associations with a higher p-value were further explored. In the association analysis, we considered both the kinship matrix based on the SNP data and the population structure covariates detected by the STRUCTURE analysis.



Different databases were exploited to find candidate genes related to flowering mechanisms and heat stress. For instance, the FLOR-ID database [23] was exploited to detect candidate genes related to flowering. Heat-stress section of the STIFDB V2.0 database [24] was also taken into account for identifying candidate genes involved in the heat stress response. The corresponding tomato homolog genes were detected by blast approach, filtering out matches with p-value >1−10, query coverage <60% and similarity <60%. In addition, genes related to fruit shape and weight were retrieved from previous studies carried out in tomatoes [15,16,25]. IntersectBed [26] was used to detect genes of tomatoes (iTAG3.2) falling in an interval of ±500 kbp from the associated marker.





3. Results and Discussion


Extreme temperature is one of the most detrimental abiotic stresses during the plant reproductive phase. Indeed, reduced final yields due to high temperatures experienced by plants during flowering have been reported for many plant species [27,28]. In particular, high temperatures during flowering of crops normally used for human consumption may have a large impact on global food production, and this effect will likely increase in the coming years because of the expected climatic changes. For example, in the year 2000, 15% of the global harvested area of maize (Zea mays L.) was exposed to at least five days of heat stress during the flowering period, and by 2050 this area is expected to increase to 44% [2]. Plant breeding for tolerance to heat stress will play a crucial role to face this challenge. To achieve this goal, it is crucial to identify the natural range of variation within species and gain a profound understanding of the mechanisms controlling the molecular processes in plant tolerance to heat stress.



In this study, a tomato landraces collection of 81 genotypes, previously characterized for morphological traits and metabolites content in the mature fruit [15,16], was grown under high temperatures. The majority of the landraces used in this study originated from regions often characterized by high temperatures during the growing season and represent high variability in terms of plant habit, fruit morphology (Figure 1) and market destination. Tomato plants grown in the South of Italy are usually transplanted in open fields in April. However, in this study the genotypes were transplanted in open fields located in two different regions of Southern Italy with a delay of one month compared to the usual transplanting period, thus imposing a high-temperature condition during flowering and fruit setting. The variation of maximum temperatures over July and August 2016 is reported in Figure 2. From this figure is possible to observe that a similar trend of temperature variation was recorded in the two fields, except for a 15-days window (from the 23rd of July to the 6th of August) where the maximum temperature in Pulsano showed an increase of 2–4 °C compared to the temperatures recorded in Giugliano. As a whole, the maximum temperatures recorded in both fields, even with some discrepancy along some periods, were sufficiently elevated to analyse the response to high temperature conditions of the landraces investigated in this study. Indeed, maximum temperatures of 32 °C and 26 °C, during the day and during the night, respectively, represent critical thresholds in the sensitive stages of reproductive development [29]. In our trials these temperatures were frequently exceeded.



3.1. Phenotypic Evaluation


The tomato landraces grown under high temperature conditions were phenotyped for six traits related to flower and fruit set, and for productivity. Mean data related to all the traits measured on plants grown in the two experimental fields are reported in the Supplementary Table S1, and summarized in Table 1 and Figure 3. ANOVA revealed that there were significant differences (p < 0.05) among tomato genotypes, growing locations, and their interaction, thus highlighting that the environment deeply influenced all the traits under study. As a whole, flower earliness in the experimental field located in Giugliano was anticipated compared to the experimental field located in Pulsano, with the number of days from sowing ranging from 56 to 72 in the former and from 63 to 75 in the latter (Table S1). This was probably due to the different soil composition, which may have consequently influenced the complete root development time.



Fruit set, which usually is a trait deeply influenced by high temperatures in tomatoes [29,30,31], as well as in other species [32,33,34], was highly variable in both experimental fields. The 48% and 53% of genotypes in Pulsano and Giugliano fields, respectively, showed a fruit set percentage higher than 50%. Since most genotypes analysed in this study have indeterminate plant growth, their flowering period extended from June to August in both experimental fields, and consequently fruit set was subjected to a wide range of different temperatures. However, notwithstanding the higher temperatures recorded in Pulsano for at least 15 days (Figure 2), 11 out of 81 (14%) genotypes showed very high percentages of fruit set in this field (FS > 75%), thus revealing that high temperature was probably not the only environmental factor affecting this trait in our conditions. Consistent with the higher fruit set observed in Pulsano, the number of fruit per plant was generally higher in this field; it ranged from 0 to 24 fruits/plant for about 21% of genotypes, with 19% of genotypes producing more than 100 fruits/plant. By contrast, from 0 to 24 fruits/plant were estimated for about 80% of genotypes grown in Giugliano. Observing the correlation values among the six traits (Table S2), we detected a negative correlation (−66% and −37%, in Pulsano and Giugliano, respectively) between TNF and FW, thus evidencing that a lower number of fruit produced increased fruit weight, probably by altering the local competition for photosynthesis products.



The total number of fruit, combined with fruit weight, resulted in the final production of each genotype measured as kilos per plant. As shown in Table 1, fruit weight was a trait highly variable among the 81 genotypes, depending on fruit morphology and size. In our collection, the typology of fruit ranged from small to very big. When the total yield was measured as kilos produced by each plant, a higher production was generally observed in Pulsano, with mean values ranging from 0.5 kg/plant to more than 4.6 kg/plant, whereas a lower production was recorded in Giugliano, with values ranging from 0.02 kg/plant to 1.4 kg/plant.



Finally, in order to select the best performing genotypes under high temperatures, a Selection Index (SI) was calculated for each genotype and for each experimental field considering the three traits FS, TNF and YP. This index varied from 1 (genotype E70) to 22 (E42) for genotypes grown at Giugliano, and from 13 (E41) to 55 (E23) for those grown in Pulsano. This analysis allowed us to select 15 best performing genotypes that fell in the upper right quadrant of the scatter plot shown in Figure 4, since they combined higher SI scores in both experimental fields. These genotypes will be further evaluated in more experimental trials carried out under high temperatures, in order to confirm their higher performances in facing heat stress.




3.2. Association Mapping


In the present work, we performed an association mapping on a wide germplasm collection by screening it for traits that mainly affect yield (FRL, NFL, FS, TNF and, FW) in a condition of heat constrain. The discovery of markers associated with some of these traits would allow us to dissect the heat response in factors that influence the yield of tomatoes grown under adverse environmental conditions. Therefore, we searched for polymorphisms in the genome of our landraces with the aim of associating some SNPs with the traits analysed from flowering to fruit maturity.



The genotyped variants used in this study accounted for 1800 polymorphic SNPs distributed across the 12 tomato chromosomes. An evaluation of the structure of the population was also inferred in order to model the association test by using the co-ancestry values for each individual. In accordance with previous works [15,35,36], the best number of sub-populations was inferred to be K = 3 (Figure S1) and the corresponding values were used as a covariate in the Mixed Linear Model. Since the ANOVA test evidenced a significant genotype x environment interaction for all traits, the marker-traits associations were calculated separately across the two different environmental fields located in Giugliano and Pulsano (Figure S2). As summarized in Table 2, a higher number of associations were detected for FRL, TNF and FW, whereas fewer associations were detected for, NFL, FS and YP. No association was detected for FS and NFL in Pulsano.



As a whole, 35 marker-trait associations were detected, which map into 17 genes and 5 inter-genic regions, since some of them mapped in the same gene and/or region. Among markers associated with the analysed traits, 13 were detected in both experimental fields, and these common markers were considered more reliable to target genes and/or regions involved in the control of mechanisms related to heat stress (Table 3). In particular, based on their functional annotation (iTAG3.2), the targeted genes Solyc01g008350 and Solyc03g123800 may be directly involved in the heat tolerance response, being annotated as heat shock protein DnaJ and SlMAPKK2, respectively. The former is a protein functioning as a molecular chaperone and is a key component responsible for protein folding, assembly, translocation, and degradation under stress conditions [37], while the latter is part of the MAPKK gene family known to be involved in the response to various biotic and abiotic stresses in plants [38]. In particular, polymorphisms detected in the DNAJ-heat shock gene among the landraces analysed may influence the different TNF produced by the groups of genotypes exhibiting high and low TNF values.



As for the other associated markers, in order to identify genes co-localized with them and putatively affecting the traits under study, an exploration of genes surrounding a region of approximately ±500 kbp was performed, since in previous studies carried out in tomatoes [15,16,36] this was the detected average distance for LD decay. Table 3 reports the QTLs and/or candidate genes linked to the common associated markers. Associations were mainly found on chr01 and chr03, in accordance with a recent study by Xu et al. [11], who also identified most of the QTLs for heat tolerance in tomato mapping on chr01, chr02 and chr03.



Marker solcap_snp_sl_18195 was associated with the NFL trait: an exploration of possible candidate genes around this common locus allowed detecting the gene Solyc08g067050 coding for an arginine methyltransferase protein (PRMT). This gene is homologous to AT1G04870 (82.7% of positives), which is reported to be involved in flower development in the FLOR-ID DB, a database of flowering-time gene network in Arabidopsis [23].



Fruit setting (FS) also represents a sensible step under abiotic stress condition, and it can directly affect the total number of fruit (TNF). Although the cultivated crops are widely adapted to grow in many areas of the world, some developmental stages are very sensitive to environmental stresses, such as temperature fluctuations occurring during anther and pollen development [39,40]. Such vulnerability is considered an important factor for the failure of setting fruits under high temperatures. It is noteworthy that our association study detected a marker (solcap_snp_sl_20344) strongly associated with both FS and TNF traits. The marker closely co-localizes (17.2 kbp) with the gene style2.1 (Solyc02g067380), which encodes a putative transcription factor regulating cell elongation in developing styles and represents a major quantitative trait locus responsible for style length [41]. Style2.1 is one of the five genes composing the complex locus se2.1 on chr02 in tomato [42]. The other four genes included in the se2.1 locus control stamen length (three genes) and the conditioning of anther dehiscence (one gene). Our association results reported that this marker could have a relevant effect on both the fruit setting process and (consequently) the total number of fruit per plant. Interestingly, in a recent work aimed at mapping QTLs for heat tolerance in tomato [11], the authors found QTLs in the same region on chr02, further corroborating the involvement of this locus in the heat tolerance response. Further studies will ascertain the contribution and the stability of this locus under high temperature growing conditions.



It has been demonstrated that fruit weight (FW) is a quantitatively inherited trait that is highly genetically determined and is controlled by up to 28 QTLs, even though most (67%) of the phenotypic variation in fruit size could be attributed to only six major loci (fw1.1, fw1.2, fw2.1, fw2.2, fw3.2 and fw11.3) [43,44]. In this study, among the 15 markers detected and confirmed in both fields, six are present on chr03 and co-localize with two major QTLs, fw3.2 and fw3.3, and with a group of genes controlling fruit shape. Co-localization of another marker (marker solcap_snp_sl_59728) concerns a gene homolog to YABBY (Solyc12g009580) and SUN (Solyc12g014130) on chr12.



Finally, only few significant associations were detected for YP under high temperatures growing conditions. Yield is a complex trait affected by several genetic factors [45], highly vulnerable to environmental fluctuations and highly dependent on other traits mainly related to a correct development of flower and fruit. A common association was identified in both fields with a marker (solcap_snp_sl_70992) mapping on chr07 and co-localizing with a minor QTL previously identified for yield in tomato (fd7.1 or ty7.1) [25]. Although this marker probably explains only a small part of the variability observed, it could be interesting for breeding purposes and further studies will be conducted to better evaluate and dissect this QTL.





4. Conclusions


Taking into account the recent projection of global warming and the significant efforts currently devoted to developing crops with improved tolerance, our findings could contribute to breeding heat-tolerant crops, which could be cultivated under high temperatures with no growth penalty. The 15 genotypes selected as best performing under high temperatures will be further tested by carrying out additional experimental trials in different environmental conditions. Each chromosomal region here identified by a genome-wide association study (GWAS) as a region carrying genes linked to traits related to fruit set and yield under high temperatures will be further investigated and the group of candidate genes detected in the present study will be functionally validated by exploiting TILLING collections or CRISPR-Cas9 mutants. The candidate genes confirmed to be involved in the heat-tolerance response could be then transferred to cultivated tomatoes to improve performances under high temperatures. Finally, the markers/genes associated with the investigated yield-related traits may be helpful in the future for assisting the selection of heat tolerant genotypes, to drive the pyramiding of favourable alleles, and to walk along the chromosomes in order to specifically detect the target gene.
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Figure 1. Variability of fruit morphology exhibited by the tomato landraces used as genetic resources. The percentage of landraces belonging to each fruit type is reported. 
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Figure 2. Maximum temperatures recorded in the experimental fields located in Giugliano and Pulsano during the day (A) and the night (B) from June to August 2016. 
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Figure 3. Trend of variation of traits measured from flowering to fruit ripening in the tomato landrace collection. Each bar represents the mean of values of flower earliness, number of flowers per inflorescence, percentage of fruit set, total number of fruit, fruit weight and yield per plant. All trait values were log10 transformed to better fit a normal distribution, except than fruit set. 
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Figure 4. Selection Index (SI) estimated in the fields of Giugliano and Pulsano on 81 tomato landraces. The SI was calculated on FS, TNF and YP data collected in the two fields. 
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Table 1. Phenotypic variation of the six traits analysed in the tomato landrace