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Abstract

:

This study aimed to understand the morphophysiological responses and primary metabolism of tomato seedlings subjected to mild levels of nitrogen and/or water deficit (50% N and/or 50% W). After 16 days of exposure, plants grown under the combined deficit showed similar behavior to the one found upon exposure to single N deficit. Both N deficit treatments resulted in a significantly lower dry weight, leaf area, chlorophyll content, and N accumulation but in a higher N use efficiency when compared to control (CTR) plants. Moreover, concerning plant metabolism, at the shoot level, these two treatments also responded in a similar way, inducing higher C/N ratio, nitrate reductase (NR) and glutamine synthetase (GS) activity, expression of RuBisCO encoding genes as well as a downregulation of GS2.1 and GS2.2 transcripts. Interestingly, plant metabolic responses at the root level did not follow the same pattern, with plants under combined deficit behaving similarly to W deficit plants, resulting in enhanced nitrate and proline concentrations, NR activity, and an upregulation of GS1 and NR genes than in CTR plants. Overall, our data suggest that the N remobilization and osmoregulation strategies play a relevant role in plant acclimation to these abiotic stresses and highlight the complexity of plant responses under a combined N+W deficit.
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1. Introduction


Water scarcity and nitrogen (N) over usage are two of the most serious bottlenecks to the sustainability of the agricultural sector [1]. This sector uses about 80% of the total available freshwater (which is becoming increasingly scarce), as well as high amounts of N fertilizer, with their total required amounts projected to double by 2050 [2,3,4]. However, in general, crops only take up 40–50% or less of the applied N [5,6,7], with the rest being lost to the environment consequently leading to a negative impact on soil, groundwater and freshwater bodies, ecosystems, and climate [6,8]. To enhance the sustainability of food production systems, the European Green Deal (2020) has established as targets for 2030 a reduction by at least 20% in the use of fertilizers and by 50% in nutrient losses in an attempt to contribute to reducing N leaching and improving water quality [9].



Tomato (Solanum lycopersicum) is one of the most cultivated vegetable crops worldwide [10]. In Europe, tomato production was valued at Euro 7.3 billion in 2017, accounting for 21% of the value of the total fresh vegetable production [11]. However, its production relies on high fertilizer inputs and regular irrigation for maximum yield [12], with most commercial tomato cultivars being quite sensitive to water deficit and N deficiency at all stages of plant development [10,13]. Thus, considering the increased consumption of fresh tomato and tomato-derived products [11], the development of strategies focused on the rational use of water and fertilizers in tomato production is highly required.



Several studies have demonstrated that both stresses, when individually imposed, negatively impact leaf and root morphological traits, affecting overall plant growth rates (recently reviewed by Machado et al. [14]). Furthermore, both stresses are known to have a severe impact on metabolic pathways, including osmotic adjustment, decreased nutrient uptake, and photosynthesis, either due to stomatal closure and/or metabolic damage [15,16]. Among the osmolytes produced, proline is known to accumulate at high levels in response to osmotic and many other abiotic stresses, including N deficiency [17,18,19]. Beyond that, several enzymes and genes involved in N metabolism and assimilation are known to be affected by N or water deficit [20,21,22,23]. N assimilation in plant tissues requires the reduction of nitrate (NO3−) by nitrate reductase (NR; EC 1.7.1.1), generating nitrite (NO2−), which is further enzymatically reduced to ammonium (NH4+). This last form can be directly assimilated by glutamine synthetase (GS; EC 6.3.1.2) into glutamine or be oxidized back to NO2− [24]. The bioavailability of N in soil depends on the water status [25]; therefore, under drought, N uptake can be reduced in some crops (reviewed by Gonzalez-Dugo et al. [15]), including tomato [26]. In line with this, Sánchez-Rodríguez et al. [27] reported that moderate water deficit also decreased the NO3− content in tomato cultivars sensitive to drought, as well as NR activity. This decrease in tomato NR activity was also reported by Hayat et al. [18], suggesting that both factors can interact with each other and that their combined action may induce a different plant response [15,16,23].



Indeed, recent studies have shown that plants’ physiological and molecular responses to a number of combined stresses (namely chilling and drought, drought and heat, or salinity and heat) can be unique and contrasting to those observed under single stresses [28,29,30]. Machado et al. [31] also found that tomato plants were able to employ different acclimation strategies to cope with combined N and water deficits, resulting in a significantly higher total antioxidant capacity and enzymatic activity compared to single deficits. Nonetheless, although the effect of single N and water deficits have been broadly studied in different species, research focused on the effect of combined N and water deficit is still very scarce but urgently needed to promote the efficient use of these two highly valuable crop inputs [31,32].



Based on these premises, the present study aims at contributing to a better understanding of the mechanisms behind the acclimation strategies of young tomato plants when subjected to single or combined N and water deficit. A focus was given to the morpho-physiological responses and the primary plant metabolism through the analysis of a large number of parameters, including (i) morphological traits; (ii) physiological responses (water relations, stomatal responsiveness; (iii) plant metabolism [concentration of proline, total soluble protein, N, C, and NO3− as well as N metabolism-related enzymes (NR and GS activity)]; and (iv) transcript accumulation of C (rcbL and rcbS) and N (GS1, GS2.1, GS2.2, and NR) metabolism-related genes. It is our hypothesis that there is a cross-talking between N and water uptake; therefore, plants will respond differently to single deficits compared to combined deficits.




2. Results


2.1. Plant Growth and Physiological Parameters


Exposing young tomato plants for 16 days to single or combined mild N and water (W) deficit significantly impacted several morphological traits (Table 1). For instance, total dry weight (DW) and shoot DW were significantly lower in plants subjected to single or combined N deficit (resulting in a 27% decrease in total DW and up to 32% decrease in shoot DW compared to CTR plants). Plants exposed to single W deficit did not differ significantly from the CTR plants in those traits. In terms of root DW, no significant effects were found when comparing the CTR plants with the ones grown under different deficits. Taking into account the dry matter partitioning, plants under W deficit (single or combined) significantly invested more in their roots (leading to 30% and 33% lower shoot-to-root ratio compared to CTR plants) and reduced the partitioning towards their leaves (resulting in significantly lower leaf weight ratio). Moreover, plants grown under N deficiency (single or combined) showed a significantly lower leaf area (31 and 36% decrease) and leaf chlorophyll content (14% and 18% decrease) when compared to CTR plants (Table 1). In contrast, leaf area ratio and specific leaf area did not significantly change with any of the imposed deficits (Table 1). Additionally, plant height and its components (internode number and average internode length), as well as root length, did not respond to any of the studied deficits.



Finally, concerning the indicators of N and W use capacity, significant differences were found in the former. Plants subjected to N and N+W deficit had up to 50% lower N accumulation and up to 47% higher N use efficiency (NUE) than plants grown under CTR or W deficit conditions. The N accumulation of plants subjected to W deficit was 39% and 120% higher than in CTR and N+W deficit plants (Table 1). Water use efficiency (WUE) and shoot water potential were not significantly influenced by the studied N and W deficits (Table 1).



When analyzing the transpiration rate dynamics during 4 h of leaflet desiccation, it was found that plants grown under water shortage conditions (single or combined) had a lower initial transpiration rate (up to 55%), particularly in comparison with plants grown under CTR conditions (Figure 1a). Nonetheless, the CTR plants showed a higher rate of stomatal closure in response to leaf desiccation (Figure 1b), which explains the lack of significant differences among treatments concerning the RWC after 4 h of leaf desiccation (Figure 1b, insert).




2.2. Plant Metabolism


2.2.1. Proline and Protein Concentration


Proline concentration in the roots was considerably higher in plants grown under single (504%) or combined (298%) W deficit in relation to CTR, but with no significant differences between them (Figure 2a). In the shoots, the concentration of this osmolyte was only significantly increased in plants subjected to a W deficit, resulting in up to 193% higher levels compared to CTR or N+W deficit plants. In contrast, young tomato plants grown under N deficit showed 41% lower proline concentration compared to CTR conditions (Figure 2b).



Total soluble protein concentration was significantly lower in the roots of plants exposed to N+W deficit compared to W deficit (30% decrease) (Figure 3a). Shoot protein concentration was significantly higher for plants grown under W deficit (70% and 113% higher compared to CTR and N+W-deficit plants, respectively), whereas the other treatments did not differ from each other (Figure 3b).




2.2.2. Total Nitrogen (N), Carbon (C), Nitrate (NO3−) Quantification


Root C concentration reached the lowest level in W-deficit plants, having 13% less C than CTR plants (Figure 4a). Contrarily, in the shoots, the highest C concentration was found in W deficit (Figure 4b). Single W deficit led to the highest levels of N concentration both in roots and shoots (18% and 33% higher, respectively, compared to CTR) (Figure 4c,d). Furthermore, when analyzing C and N balance, it was shown that the C/N ratio reached the lowest values in the roots and shoots of W-deficit plants, decreasing by 28% and 39%, respectively, when compared to the combined N+W deficit (Figure 4e,f).



W deficit alone or combined with N deficit significantly increased root NO3− concentration (137 and 100% increase in relation to CTR, respectively). The effects in the NO3− concentration at the shoot level were far less pronounced, with no significant differences found between N+W treatment and the respective single deficits (Figure 5b).




2.2.3. Nitrate Reductase and Glutamine Synthetase Activity


N metabolism and assimilation were evaluated by the quantification of the total activity of NR and GS. Under N deficit, root NR activity was significantly lower as compared to all the other growth conditions (e.g., 29 and 37% decreases in relation to CTR and N+W, respectively; Figure 6a). However, in the shoots, the activity of this enzyme did not differ in plants grown under single or combined N deficit, although both treatments presented significantly higher enzyme activity (up to 119%) when compared to CTR and W-deficit plants (Figure 6b).



The GS activity in the roots was below the limit of detection for all treatments, whereas in the shoots, it was found the same pattern as the shoot NR activity, i.e., with the W-deficit plants being similar to CTR plants and N+W plants having a similar shoot GS activity compared to the N-deficit plants (Figure 6c).




2.2.4. RuBisCO and N Metabolism-Related Transcript Accumulation


Among the two studied RuBisCO metabolism-related genes, rcbS was the most affected. Its expression level was upregulated by 5.7 and 5.8-fold in plants subjected to N or N+W deficit, respectively, compared to the CTR (Figure 7). rcbL expression followed the same pattern but with a lower magnitude of change, resulting in an upregulation of 2.3-fold and 2.5-fold when plants were exposed to single or combined N deficit (Figure 7). In contrast, under W deficit none of these gene expression patterns were significantly impacted (Figure 7).



GS1 expression in the roots was significantly higher in plants grown under W and N+W deficit (2.7- and 2.5-fold, respectively). In shoots, GS1 transcriptional levels were only significantly higher in plants exposed to W deficit (1.9-fold), but GS2.1 was significantly downregulated in roots of plants grown under N shortage (0.4-fold for N and 0.7-fold for N+W plants). Moreover, W deficit upregulated GS2.2 in roots (2.2-fold increase) (Figure 7), while in shoots it was downregulated in plants suffering from N and N+W deficit (0.4 and 0.3-fold). From the studied genes, NR was the most affected in roots (Figure 7). W deficit led to the highest upregulation (an increase of 40-fold), followed by N+W (23-fold increase) and N deficit (an increase of 4.9-fold).





2.3. Principal Component Analysis


In order to determine how all the analyzed variables explain the differences among the four treatments, a PCA was performed (Figure 8 and Figure 9). Results showed that, concerning plant growth, the two first components accounted for 56% and 25% of the variance. Moreover, N and N+W treatments shared more similarities among them than with plants from CTR and W treatments, with the former treatments being characterized by lower chlorophyll content (SPAD), shoot DW, leaf area, total DW, N assimilation, and root DW and by a higher NUE. Additionally, CTR and N deficit plants were mostly associated with higher leaf weight ratios and shoot-to-root ratios (Figure 8).



Concerning plant metabolism, the first component accounted for 70 and 59% of the variance in roots and shoots, respectively, and the second for 17 and 20%, respectively (Figure 9a,b). In the roots, CTR and N deficit were the treatments sharing more similarities, having an opposite behavior to the W and N+W deficit groups. Indeed, roots from plants grown under single or combined W deficit were associated with enhanced NO3− and proline concentrations, NR activity, and GS1 an NR expression, but with a lower C concentration (Figure 9a). The CTR and W deficit were associated with a higher GS2.1 and GS2.2 transcript-levels and N concentration (Figure 9a). In shoots, N and N+W groups showed a higher C/N ratio, NR and GS activity, and a higher rcbS and rcbL transcript-levels together with a lower N concentration and expression of GS2.1 and GS2.2 genes. The W deficit was closely associated with higher NO3−, proline, and protein concentrations alongside with increased transcript-levels of GS1 (Figure 9b).





3. Discussion


3.1. Effect of Combined N and Water Deficit on Plant Growth and Physiological Parameters


It is well known that plant responses to abiotic stresses significantly differ at various organizational levels, depending upon the intensity and the duration of the imposed stress, as well as on the plant species and its developmental stage [33,34]. Although in our study we have applied a gradual and mild deficit throughout the vegetative cycle of tomato, several important growth-related traits, such as total DW, shoot DW, root DW, shoot-to-root ratio, leaf area, leaf weight ratio, chlorophyll content, NUE, and N accumulation were severely affected by at least one of the imposed deficits (Table 1, Figure 8). In contrast, some of the studied plant growth-related traits, such as plant height, root length, internode number, internode length, leaf area ratio, specific leaf area, WUE, and shoot water potential, known to be severely affected under N or drought stress [35,36,37], were not significantly affected in this study (Table 1). Nonetheless, it is expected that if the trial had been prolonged, these deficits would have become more severe and treatment effects more evident due to the longer duration of the imposed stresses.



Integrating all the studied growth traits in a PCA revealed considerable variability among treatments, with the two principal components explaining 80% of the variability (Figure 8). The PCA showed that plants exposed to N+W deficit behaved similarly to plants exposed to a single N deficit, having a lower total DW, shoot DW, root DW, leaf area, chlorophyll content, and N accumulation as well as a higher NUE. This suggests that in plants grown under a combined N+W deficit, the N deficit had a more predominant impact on the studied growth traits than the W deficit (Figure 8). Additionally, W-deficit plants were more similar to plants grown under CTR conditions (Figure 8), suggesting that the level of water deficit imposed in this study was not severe enough to negatively impact the growth of young tomato plants.



Due to the stronger negative effect of water deficit on shoots than root growth, the shoot-to-root ratio tends to decrease with drought [13,38]. Because roots contain much lower concentrations of N than aboveground biomass, Gonzalez-Dugo et al. [15] suggest that this change in the allocation pathway diminishes N needs. Our results agree with such hypothesis, as the highest decreases in the shoot-to-root ratio were observed in plants subjected to combined N+W deficit. Additionally, several parameters related to leaf growth, namely leaf number, leaf area, leaf area ratio, and leaf weight ratio, were also reported to be significantly lower in tomato plants exposed to W deficit or N deficit [14,39,40,41]. In our study, a decrease in leaf weight ratio was observed upon exposure to W and N+W deficit plants, while leaf area was reduced under N and N+W deficit (Table 1). When facing N limitation, plants can reduce their leaf area, paired with small changes in leaf N concentration, or alternatively, can maintain their leaf area and adapt leaf N concentration to N availability [42]. Based on the collected data, our results pointed out to the first strategy, as a decrease in leaf area was observed, but no significant differences in leaf N concentration were found in plants subjected to N and N+W deficit compared to CTR plants (Table 1 and Figure 4b). Additionally, chlorophyll content, which is considered a key indicator of the photosynthetic capacity [43], is also often substantially decreased after drought exposure [44] or when plants face N deficiency due to N partitioning dependence of the photosynthetic machinery [45]. In the present work, total chlorophyll content was not significantly affected by W deficit but was significantly decreased by N deficit and N+W deficit (Table 1). Other studies also reported that, despite the stress condition, tomato plants did not significantly change their chlorophyll content, as observed in other drought-exposed species [34,46,47]. Moreover, no evident signs of leaf chlorosis were macroscopically detected, but the negative effects of N deficit on total chlorophyll content were evident (Table 1). Soval-Villa et al. [48] reported that N status may be indirectly determined by the chlorophyll concentration present in leaves, even at early stages, as it is directly correlated to their N concentration. Thus, we can assume that in this study plants exposed to N deficit (single or combined) were starting to develop clear N deficiency symptoms.



Furthermore, NUE, an important parameter to benchmark N management, which is highly dependent on N-remobilization efficiency from senescing leaves [49], and a crucial factor behind early leaf senescence [50], was significantly increased by N and N+W deficit (Table 1). This higher NUE could have resulted from the ability of the young tomato plants to efficiently remobilize N as suggested by the lower chlorophyll content (Table 1), lower N accumulation (Table 1), higher C/N ratio (Figure 4e,f; Figure 9a,b), and the higher activity of N metabolism-related enzymes in shoots (Figure 6b,d and Figure 9b). Sánchez-Rodríguez et al. [51] reported that water deficit provokes a decline in the concentration and accumulation of N in four commercial cherry tomato cultivars grown under W deficit but not in the tolerant cv. Zarina, where an improvement was found. Our results are in accordance with those observations as we also found significantly higher N accumulation in plants exposed to W deficit (Table 1, Figure 4a,b). Furthermore, mild W deficit was reported to promote root growth and consequently nutrient uptake [52], which can be seen in this study as a tendency for longer roots and significantly higher root dry weight (Table 1). Actually, the stimulation of root length is a common response of plants to water deprivation in an attempt to reach deeper soil layers to search for additional water and nutrients [53]




3.2. Effect of Combined N and W Deficit on Plant Metabolism


The accumulation of solutes to decrease water potential (i.e., osmotic adjustment) is one of the most common responses of plants to maintain the water potential gradient as the soil becomes drier [54,55,56]. Of these solutes, the most conspicuous accumulation is of proline. Furthermore, proline not only acts as an osmolyte but also as an antioxidant and a nutritional source, being used as a metabolic-compatible solute to store and transfer N and C after oxidation [17,18]. In our study, proline levels were also significantly increased both in roots and shoots of plants grown under W deficit but decreased in shoots of plants subjected to single N deficit. When the N deficit was simultaneously applied with the water deficit, proline levels decreased in relation to the single W deficit yet presented higher levels than in plants only exposed to the N deficit (Figure 2). This result is in accordance with Szabados and Savouré [17], who showed that proline accumulates as a compatible osmolyte during water deficit and then is used as a readily accessible source of N in order to compensate for the N deficit. Interestingly, while in roots of N+W deficit plants, the behavior was more similar to W deficit plants, in shoots, N+W deficit plants were more comparable to those grown under the single N deficit (Figure 2 and Figure 9a,b).



Variation in protein content is another essential part of plants’ acclimation to changes in environmental conditions [57,58]. Often, to tolerate drought stress, plants accumulate soluble proteins which help to stabilize the structure of cells and proteins [59]. In addition, drought stress often leads to altered water homeostasis within the plant, which can be balanced through the enhancement of water passage through protein membranes, in which aquaporins have a major role [60,61]. In our study, W deficit significantly increased shoot soluble protein concentration (Figure 3b). This suggests an accumulation of drought-induced proteins, which might be somehow related to the above-mentioned physiological processes as an acclimation response to water limitation, which could improve plant drought tolerance, thus contributing to the absence of severe effects on the morphological and physiological evaluated traits [62]. On the other hand, N deficiency accelerates leaf senescence and the production of reactive oxygen species, leading to the degradation of macromolecules like proteins and chlorophylls. Due to the pivotal role of N in protein biosynthesis, N deficiency can reduce amino acids and protein content, which has been observed in tomato [63,64]. In our study, both roots and shoots of N and N+W deficit plants tended to have a lower concentration of total soluble proteins (Figure 3). However, only in plant roots exposed to the combined N+W deficit the total soluble protein content was significantly lower (Figure 3a), once again suggesting that stress combinations can induce unique responses that cannot be simply extrapolated from the exposure to the single deficits.



Although under drought conditions, N uptake usually diminishes [15], in our study, surprisingly, the N accumulation and concentration increased both in roots and shoots of plants exposed to W deficit (Table 1, Figure 4c,d). This is in accordance with the higher amino acids (proline) and total soluble proteins that we also observed in these plants (Figure 2 and Figure 3). Indeed, drought may increase soil solute concentration, which promotes nutrient uptake [15,16,23]. Furthermore, the availability of C and N is an important factor for the regulation of plant metabolism and development; however, the ratio of C to N metabolites in the cell has a higher role in the regulation of plant growth and development than C or N individually [65,66]. Leaf senescence can be triggered by high C and low N availability (a typical C/N imbalance) [67]. In our study, the C/N ratio significantly decreased under the W deficit, disrupting the C/N balance, especially in the roots (Figure 4a,b). However, the C/N ratio tended to increase in plants exposed to N or N+W stress (Figure 4e,f). This tendency to increase the C/N ratio suggests that leaf senescence may have occurred, as previously reported by Aoyama et al. [67].



Furthermore, under drought conditions, transpiration and turgor losses may cause a decrease in NO3− absorption by the roots, as well as a reduction in the translocation from the roots to the leaves [68,69]. In our study, NO3− concentration increased in roots exposed to W deficit but not in shoots (Figure 5). Sánchez-Rodríguez et al. [27] reported that under moderate water stress conditions, NO3− significantly diminished in some tomato cultivars but increased in others, suggesting that this trait might follow a cultivar-dependent response. Moreover, drought stress also restricts the ability of plants to reduce and assimilate N through the inhibition of enzymes involved in N metabolism and assimilation, such as NR and GS [70,71]. However, as with NO3− concentration, we did not detect significant changes in NR activity in plants grown under W deficit (Figure 6b). Nevertheless, this group of plants presented a significantly higher NR transcript-level than the CTR plants (Figure 7). As the expression of NO3− assimilation genes is highly controlled by NO3− concentration [20], the significant upregulation found in roots of W and N+W-deficit plants is probably correlated with the significant increase in NO3− concentration observed in roots of plants subjected to water shortage (Figure 5a and Figure 7). However, as proteolytic activity increases during exposure to water stress, enhanced protease activity has been implicated in the acceleration of protein turnover, with typical proteinogenic amino acids and proline accumulation occurring in water-stressed plants [72]. Accordingly, in our study, the upregulation in the NR gene was not translated into a clear increase in the enzyme activity (Figure 6a and Figure 7), but increased levels of proline were observed (Figure 3). Thus, we hypothesize that the increased NO3− concentration served as an intracellular signal to induce a higher expression of NR coding genes, but drought-induced effects, probably on enzyme activity and stability, did not allow a higher catalytic activity of this enzyme. Concerning plants grown under N shortage, NO3− concentration was not affected in plants grown under the single N deficit, but it was increased in roots of plants subjected to the combined N+W deficit, to the same extent as that of plants grown under single W deficit (Figure 5a). The activity of the NR enzyme is increased in the presence of low NO3− concentrations and starts to decrease at higher cytoplasmic NO3− levels [20]. Therefore, it is not surprising that low levels of external NO3− have a positive effect on NR activity [20]. In line with this significantly lower NO3− concentration (Figure 5a), the upregulation of NR observed in roots of plants grown under N deficit was considerably lower than in plants grown under W and N+W combined deficit (Figure 7). In contrast, in plants grown under N deficit, loss of NR protein occurred even when an increase in NR transcript-level was found (Figure 6a and Figure 7). This can be explained, for example, by the induction of NR proteases that can occur due to high levels of sugars [73], which are usually found under N deficiency conditions [74]. In tomato and tobacco plants, high NO3− levels also induced an increase in the level of NR mRNA after N starvation, followed by a decrease in NR protein and NR activity [75], which agrees with our results (Figure 6a and Figure 7). In shoots, NR regulation was maintained in the basal threshold, which is also in line with the shoot NO3− concentration that we found (Figure 5b and Figure 7). In this organ, NR seems to be controlled post-transcriptionally as no alteration in its expression was detected, but there was an increased activity of the enzyme (Figure 6b and Figure 7).



In line with NR, GS activity was not affected in plants subjected to W deficit (Figure 6d). The same was previously observed in some tomato cultivars subject to mild water deficit [27]. On the other hand, GS has an important role in senescence-induced nutrient remobilization (reviewed by Masclaux-Daubresse et al. [76]). In Arabidopsis and oilseed rape, it was shown that N can be remobilized from senescing leaves to expanding leaves at the vegetative stage [21,77,78]. Thus, the increase in GS activity observed in shoots of plants exposed to N and combined N+W deficits suggests a N remobilization strategy (Figure 6c). Additionally, the increased level of GS transcripts found in roots of W and N+W stressed plants point to an acclimation mechanism that plants used to increase GS activity, thus enhancing proline levels in response to the high levels of NO3−. Accordingly, although the GS activity in the roots was belong the limit of detection, when plants were grown under water shortage (W and N+W), increased levels of NO3− and proline were found (Figure 2a and Figure 5a). Like for NR, regarding N deficit in shoots, the regulation of GS1, which is known to be involved in N remobilization, seems to be post-transcriptional since there was no change in gene expression, but there was a greater activity of the enzyme when plants were grown under this deficit conditions (Figure 6c and Figure 7).



RuBisCO degradation is a common response of plants exposed to abiotic stress. Together with other photosynthesis-related proteins, RuBisCO is a major source of N for remobilization. Transcriptome analysis has shown that many autophagy genes related to RuBisCO are upregulated during senescence and in response to N limitation [79,80]. In our study, rcbS and rcbL were upregulated in the presence of all stress treatments (Figure 7). However, N and N+W deficits had a higher impact, especially regarding rcbS, whose expression was considerably increased in both treatments. These results confirm the increase observed for C/N ratio and GS activity as well as the decrease observed in proline and total soluble protein concentration, which also points towards N remobilization. On the other hand, the evaluation of rcbS and rcbL genes also suggests that W deficit alone did not affect RubisCO activity which is aligned with the low level of stress imposed previously mentioned and pairs with the lack of differences found on the chlorophyll content (Figure 7 and Table 1).



The integration of all biochemical and gene traits linked to plant metabolism in a PCA revealed considerable variability among treatments, with the two principal components explaining 87% of the variability in roots and 79% in shoots (Figure 9a). The PCA showed that, in roots, plants under N+W deficit had a behavior similar to that of plants exposed to single W deficit, presenting higher NO3− and proline concentrations, as well as higher NR activity and GS1 and NR expression (Figure 9a). This indicates that in roots from plants grown under combined deficit, W deprivation had a higher contribution to the changes in biochemical traits and gene expression levels than N deficit (Figure 9a). Contrarily, the PCA revealed that, in shoots, plants grown under combined N+W had a behavior similar to that of plants exposed to single N deficit, having higher C/N ratio, NR and GS activity, and rcbS and rcbL transcript-levels but lower N concentration and GS2.1 and GS2.2 levels (Figure 9b). The differential behavior between combined N and water deficit and single deficits, as well as between plant organs (shoots and roots) was already reported in terms of enzymatic and non-enzymatic antioxidant responses [31] and highlights the need for more studies focused on plant responses to combined deficits.





4. Materials and Methods


4.1. Plant Material and Growth Conditions


The experiment was carried out in a growth chamber (temperature: 25 °C day/23 °C night; relative humidity: 70%; photosynthetic photon flux density (PPFD): 300 µmol/m2/s; photoperiod: 16 h light) according to a complete randomized design.



Seeds of Solanum lycopersicum cv. Micro-Tom were sown in trays filled with commercial germination potting substrate (SIRO, Portugal). At the third leaf stage (approximately three weeks after sowing), seedlings were selected for uniformity to be transplanted to single-plant pots (10 cm high, 10 cm diameter) filled with 0.1 to 1.5 mm-grade vermiculite (60 g). These tomato seedlings were divided into four groups for applying the following treatments: control (CTR; 10.5 mM N; 100% field capacity), nitrogen deficit (N; 5.3 mM N), water deficit (W; 50% field capacity), and combined stress (N+W; 5.3 mM N; 50% field capacity). Since we aimed at having a progressive water deficit, as seedling transplanting is a critical phase of the cultivation period, just prior to transplanting, all pots were irrigated to field capacity (FC), determined using the soil gravimetric water content method [31]. This corresponded to 300 mL of the respective nutrient solution applied to each pot [CTR and W deficit treatments: 10 mM NO3−; 0.5 mM NH4+; 1.9 mM H2PO4; 6.1 mM K+; 3.6 mM Ca2+; 1.6 mM SO42; 2.5 mM Mg2+; 2.6 mM Cl−; 0.5 mM HCO3− (pH of 6 and E.C. of 2.50 dS/m); N deficit and N+W deficit treatments: 5 mM NO3−; 0.3 mM NH4+; 1.9 mM H2PO4; 6.1 mM K+; 3.6 mM Ca2+; 4.8 mM SO42; 2.8 mM Mg2+; and 5.5 mM Cl−; 0.5 mM HCO3− (pH 6 and E.C. of 2.80 dS/m)]. Both nutrient solutions had the following micronutrient composition: 35 μM Fe-EDDHA; 10 μM Mn2+; 20.1 μM B; 0.9 μM Cu2+; and 5.0 μM Zn2+; 0.5 μM MoO42−. Following seedling transplanting, all pots were covered to prevent evaporation, and no more nutrient solution was added until the end of the experimental period. Concerning further water supply, each pot from the CTR and N deficit treatments was daily weighted and rewatered (with distilled water) to maintain FC at 100% throughout the trial. In contrast, in W and N+W deficit treatments, no additional irrigation was given to the plants, resulting in a progressive decrease of substrate FC. Ten days after transplanting, five plants from each treatment were randomly collected. The average fresh weight of these plants (per treatment) was subtracted from the total pot weight (per treatment) to calculate the actual weight of the water/nutrient solution present in the pot (which corresponded to 75% FC for Treatment W deficit and N+W deficit). The experiment stopped when plants subjected to single or combined water deficits reached 50% of FC (corresponding to 16 days after transplanting).



At harvest, an analysis of the morphological and physiological parameters was performed (n = 6). The remaining nine plants were separated into roots and shoots and immediately frozen in liquid nitrogen, macerated (n = 3, each biological replicate consisting of a pool of three individual plants), and subsequently, stored at −80 °C for further use in biochemical and molecular analyses.




4.2. Plant Growth and Physiological Parameters


At the end of the experimental period, several plant biometric traits were measured (Table 1). The maximum root length was recorded, and total leaf number only took into account leaves with more than 1 cm in length. Total leaf area was measured using an LI-3100C area meter (LI-COR, Lincoln, NE, USA). Dry weight (DW) of leaves, stems, and roots was determined separately (48 h at 105 °C in a ventilated oven). Specific leaf area (ratio of leaf area to leaf dry weight; cm2/g dw), leaf weight ratio (ratio of leaf dry weight to total dry weight; g/g dw), leaf area ratio (ratio of leaf area to total dry weight; cm2/g dw), and shoot-to-root ratio (ratio of shoot-to-root dry weight; g/g dw) were calculated according to the “classical approach” described by Hunt [81].



Leaf chlorophyll content was measured on the youngest fully expanded leaf using the non-destructive chlorophyll meter SPAD (Konica Minolta SPAD-502 model, Minolta, Tokyo, Japan).



N use efficiency and N accumulation were calculated as follows: ratio of total plant DW to total N applied (g dw/g N applied) and coefficient between the total N concentration in all plant tissues and the total DW of the plant (mg N).



Plant water status was estimated by measuring shoot water potential (Ψ; MPa) 2 h before the photoperiod, using a Scholander pressure chamber. Water use efficiency (mg/mL) was calculated as the ratio between total plant DW (mg) and water consumption per plant (mL).



Stomatal responsiveness to leaf desiccation was assessed gravimetrically following the method described by Carvalho et al. [82]. In short, the youngest fully expanded leaflet of each plant was detached at the onset of the light period. Immediately after excision, leaflet petioles were recut under water and placed in flasks filled with degassed water. Leaflets were further incubated for 2 h to establish their saturated fresh weight. After rehydration, the leaflets were allowed to desiccate for 4 h on a bench. Leaflet weight was gravimetrically recorded every 5–10 min for 4 h. Following the evaluation of stomatal responsiveness, leaflet area (using Image J; https://imagej.nih.gov/ij/, accessed on 15 December 2021) and dry weight were measured. The transpiration rate was calculated according to Equation (1), and for the calculation of the RWC, Equation (2) was employed. In both measurements, one leaflet per plant was evaluated for six plants per treatment.





    Transpiration   rate   ( mmol /  m 2  /  s 1  )    =       Δ l e a f l e t   f r e s h   w e i g h t     g       m o l a r   m a s s   w a t e r     g /   m o l        × 1000   m m o l /   m o l        /    m e a s u r e m e n t   i n t e r v a l     s   / l e a f l e t   a r e a   (   m   2   )    



(1)






   RWC =   f r e s h   w e i g h t − d r y   w e i g h t   s a t u r a t e d   f r e s h   w e i g h t − d r y   w e i g h t   × 100   



(2)








4.3. Plant Metabolism


4.3.1. Proline and Protein Quantification


Proline concentration was quantified spectrophotometrically in frozen roots and shoots (250 mg), according to the method of Bates et al. [83]. Briefly, after reading sample absorbance at 520 nm, proline levels were calculated through a standard curve previously prepared with known concentrations of proline and expressed in terms of fresh weight (FW).



The extraction of total soluble protein was performed under cold conditions according to Fidalgo et al. [84], using 250 mg of frozen roots and shoots. After centrifugation, the supernatant was collected, and the soluble protein concentration of each sample was determined by the Bradford method [19]. Results were calculated from a standard curve prepared with solutions of known concentration of bovine serum albumin (BSA) and expressed on an FW basis.




4.3.2. Total Nitrogen (N), Carbon (C), Nitrate (NO3−) Quantification


These analyses were performed by an external lab (A2 Análises Químicas Lda, Guimarães, Portugal). The N and C concentrations were determined using the DUMAS method based on ISO-16634-1 (ISO, 2008). The NO3− quantification samples were macerated and extracted with water and quantified by the potentiometric method based on the methods described by Mills and Jones [85].




4.3.3. Extraction and Quantification of N Metabolism-Related Enzymes


The quantification of nitrate reductase (NR; EC 1.6.6.1.) activity was performed in roots and shoots by spectrophotometry according to the method of Kaiser and Brendle-Behnisch [86]. NR activity was estimated using NADH extinction coefficient (39.4 mM/cm) and expressed as mmol/min for each mg of protein.



Glutamine synthetase (GS; EC 6.3.1.2.) activity was determined following the protocol of Shapiro and Stadtman [87], using frozen roots and shoots. The activity was determined by the transferase assay, based on a colorimetric assay, by recording the absorbance at 500 nm. After measuring the absorbance, the activity of GS was calculated and expressed as a nkat/mg of protein.




4.3.4. Gene Expression Quantification Analysis of RuBisCO and N Metabolism-Related Genes


The transcript-levels of rcbS, rcbL, GS1, GS2.1, GS2.2, and NR genes were evaluated by quantitative real-time PCR in roots and shoots. Total RNA was extracted from frozen roots and shoot tissues (ca. 100 and 50 mg, respectively) using the RNeasy Plant Mini Kit (Qiagen, Hilden, Germany), according to the manufacturer’s instructions. RNA yield was quantified using a NanoPhotometer (Implen GmbH, München, Germany), and its integrity was checked by agarose gel electrophoresis. Single-stranded cDNA was synthesized using iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA) according to the manufacturer’s instructions in a Doppio Thermal Cycler (VWR, Oud-Heverlle, Belgium).



Primers for GS1, GS2.1, and GS2.2 genes were selected using Primer-BLAST from NCBI (https://www.ncbi.nlm.nih.gov/tools/primer-blast/, accessed on 15 January 2022) for an expected PCR product of 70–150 bp and primer melting temperatures between 57 and 63 °C, whereas primer sequences for rcbL, rcbS, and NR genes were obtained from previous studies [88,89]. The primer sequences for each gene are listed in Table 2.



Reverse transcription polymerase chain reactions (RT-qPCR) were performed on a thermal cycler CFX96 Touch Deep Well Real-Time PCR Detection System (Bio-Rad Laboratories, Inc, California, USA) and data visualized with the software Bio-Rad CFX Manager 3.1. The amplification protocol cycle was 95 °C for 3 min and 40 cycles at 95 °C for 15 s, 30 s at each primer pair optimal annealing temperature (Table 2), and 72 °C for 30 s. Amplifications were carried out using a final volume of 20 μL, which consisted of 1 μL of the primer forward and 1 μL of the primer reverse (both at 6 μM), 10 μL of 2× iQ SYBR® Green Supermix (Bio-Rad, CA, USA), and 8 μL of a 1:100 dilution of the template cDNA. Melt curve profiles were analyzed for each tested gene. The comparative CT method (ΔΔCT, [90]) was used for the relative quantification of gene expression values using ubiquitin (UBI) and TIP41-like protein (TIP41) genes as control transcript and the control plants as the reference sample. For relative gene expression analysis, the fold change with biological significance was considered to be lower than 0.5 (downregulation) or higher than 2 (upregulation) [91], and for each of the three biological replicates and target genes, two technical replicates were analyzed.





4.4. Statistical Analysis


For each analysis performed, there was a different number of biological replicates (specified in Section 4.1). Results were expressed as mean ± standard error of the mean. Data were subjected to a one-way analysis of variance (ANOVA), followed by Tukey’s posthoc test whenever significant differences were found (p = 0.05). Additionally, a Principal Component Analysis (PCA) with Varimax rotation was performed to establish the relationship among the variables, which showed significant differences among treatments. Data included in the PCA (n = 6 for plant growth and n = 3 for plant metabolism) was mean-centered and weighed with the inverse of the standard deviation before performing this analysis to guarantee that all variables had the same weight when building the model. All statistical analyses were performed in IBM SPSS Statistics 26.





5. Conclusions


Although the effects of single N and W deficits have been well documented on morphological, physiological, and molecular mechanisms of tomato, the impact of combined N and water deficit is still far from being understood and explored. In a recent study, we showed that the combination of N and W clearly induces differential impacts on the redox homeostasis of young tomato plants, suggesting that significant metabolic alterations might be taking place. Here we moved one step forward, showing that tomato plants can employ N remobilization and osmoregulatory mechanisms as a coping strategy to combined N+W deficit. Additionally, the pattern of response seems to be quite distinct among different plant organs. Future work should address tomato responses to more severe levels of single and combined N+W stress, as well as explore more susceptible developmental stages.
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Figure 1. Transpiration rate as a function of time (a) and of relative water content (b) (RWC; insert) in detached leaflets of tomato cv. Micro-Tom grown for 16 days under control (CTR; black; 10.5 mM N + 100% W), nitrogen deficit (N; dark grey; 5.3 mM N + 100% W), water deficit (W; light grey; 10.5 mM N + 50% W) or combined N and water deficit (N+W; white; 5.3 mM N + 50% W). Data presented are mean ± SEM (n = 6). n.s. above bars indicate nonsignificant differences according to Tukey’s HSD test (p = 0.05). 
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Figure 2. Proline concentration in roots (a) and shoots (b) of tomato cv. Micro-Tom grown for 16 days under control (CTR; 10.5 mM N + 100% W), nitrogen deficit (N; 5.3 mM N + 100% W), water deficit (W; 10.5 mM N + 50% W) or combined nitrogen and water deficit (N+W; 5.3 mM N + 50% W). Data presented are mean ± SEM (n = 3). Different letters above bars indicate significant differences according to Tukey’s HSD test (p = 0.05). 
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Figure 3. Total soluble protein concentration of roots (a) and shoots (b) of tomato cv. Micro-Tom grown for 16 days under control (CTR; 10.5 mM N + 100% W), nitrogen deficit (N; 5.3 mM N + 100% W), water deficit (W; 10.5 mM N + 50% W) or combined nitrogen and water deficit (N+W; 5.3 mM N + 50% W). Data presented are mean ± SEM (n = 3). Different letters above bars indicate significant differences according to Tukey’s HSD test (p = 0.05). 
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Figure 4. Total carbon concentration in roots (a) and shoots (b), total nitrogen concentration in roots (c) and shoots (d), and carbon to nitrogen (C/N) ratio of roots (e) and shoots (f) of tomato cv. Micro-Tom grown for 16 days under control (CTR; 10.5 mM N + 100% W), nitrogen deficit (N; 5.3 mM N + 100% W), water deficit (W; 10.5 mM N + 50% W) or combined nitrogen and water deficit (N+W; 5.3 mM N + 50% W). Data presented are mean ± SEM (n = 3). Different letters above bars indicate significant differences between treatments according to Tukey’s HSD test (p = 0.05). 
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Figure 5. Nitrate (NO3−) concentration in roots (a) and shoots (b) of tomato cv. Micro-Tom grown for 16 days under control (CTR; 10.5 mM N + 100% W), nitrogen deficit (N; 5.3 mM N + 100% W), water deficit (W; 10.5 mM N + 50% W) or combined nitrogen and water deficit (N+W; 5.3 mM N + 50% W). Data presented are mean ± SEM (n = 3). Different letters above bars indicate significant differences according to Tukey’s HSD test (p = 0.05). 
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Figure 6. Nitrate reductase (NR) activity in roots (a) and shoots (b) and glutamine synthase (GS) activity in shoots (c) of tomato cv. Micro-Tom grown for 16 days under control (CTR; 10.5 mM N + 100% W), nitrogen deficit (N; 5.3 mM N + 100% W), water deficit (W; 10.5 mM N + 50% W) or combined nitrogen and water deficit (N+W; 5.3 mM N + 50% W). Data presented are mean ± SEM (n = 3). Different letters above bars indicate significant differences according to Tukey’s HSD test (p = 0.05). GS activity was not detectable in roots (i.e., below the limit of detection of the method). 
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Figure 7. Relative fold of expression of RuBisCO and N metabolism-related genes in tomato cv. Micro-Tom roots and shoots as affected by nitrogen deficit (N; 5.3 mM N + 100% W), water deficit (W; 10.5 mM N + 50% W), or combined nitrogen and water deficit (N+W; 5.3 mM N + 50% W). The 2−∆∆Ct values against the control are shown. * above mean values indicate significant differences compared to the control according to the t-test (p = 0.05). Green indicates downregulation and red upregulation compared to the control plants. White indicates that gene expression was maintained at levels identical to the CTR. 
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Figure 8. Principal component analysis (PCA) of the plant growth parameters evaluated in tomato cv. Micro-Tom grown for 16 days under control (CTR; 10.5 mM N + 100% W), nitrogen deficit (N; 5.3 mM N + 100% W), water deficit (W; 10.5 mM N + 50% W) or combined nitrogen and water deficit (N+W; 5.3 mM N + 50% W). The two principal components (PC1, PC2) explained 80% of the total variance found among treatments. Details on the abbreviations are given in Material and Methods. 
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Figure 9. Principal component analysis (PCA) of the plant metabolism in roots (a) and shoots (b) evaluated in tomato cv. Micro-Tom grown for 16 days under (CTR; 10.5 mM N + 100% W), nitrogen deficit (N; 5.3 mM N + 100% W), water deficit (W; 10.5 mM N + 50% W) or combined nitrogen and water deficit (N+W; 5.3 mM N + 50% W). The two principal components (PC1, PC2) explained 87% and 79% of the total variance found among treatments in roots and shoots, respectively. Details on the abbreviations are given in Material and Methods. 
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Table 1. Morphophysiological responses of tomato cv. Micro-Tom grown for 16 days under control (CTR; 10.5 mM N + 100% W), nitrogen deficit (N; 5.3 mM N + 100% W), water deficit (W; 10.5 mM N + 50% W) or combined nitrogen and water deficit (N+W; 5.3 mM N + 50% W). Abbreviations: DW = dry weight; Ψshoot = shoot water potential.
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	Parameters
	CTR
	N Deficit
	W Deficit
	N+W Deficit
	p-Value





	Total DW (g)
	0.774 ± 0.051 a
	0.567 ± 0.040 b
	0.750 ± 0.028 a
	0.566 ± 0.037 b
	0.0010



	Shoot DW (g)
	0.592 ± 0.037 a
	0.429 ± 0.029 b
	0.536 ± 0.030 ab
	0.402 ± 0.028 b
	0.0009



	Root DW (g)
	0.182 ± 0.016 ab
	0.138 ± 0.012 b
	0.214 ± 0.013 a
	0.164 ± 0.011 ab
	0.0035



	Shoot-to-Root Ratio (g/g dw)
	3.65 ± 0.15 a
	3.14 ± 0.09 ab
	2.55 ± 0.22 bc
	2.46 ± 0.11 c
	<0.0001



	Leaf Weight Ratio (g/g dw)
	0.62 ± 0.01 a
	0.60 ± 0.01 a
	0.55 ± 0.02 b
	0.55 ± 0.01 b
	0.0012



	Leaf Area (cm2)
	61.29 ± 2.94 a
	42.08 ± 2.50 b
	58.94 ± 2.24 a
	39.40 ± 2.76 b
	<0.0001



	Specific Leaf Area (cm2/g dw)
	130 ± 9.91
	125 ± 4.69
	143 ± 5.42
	125 ± 6.52
	0.1092



	Plant Height (cm)
	9.00 ± 0.73
	8.83 ± 0.48
	10.67 ± 0.61
	9.33 ± 0.56
	0.1606



	Internode Number
	6.17 ± 0.40
	6.00 ± 0.37
	6.83 ± 0.40
	5.83 ± 0.31
	0.2728



	Average Internode Length (cm)
	1.48 ± 0.14
	1.49 ± 0.10
	1.56 ± 0.04
	1.61 ± 0.11
	0.7753



	Root Length (cm)
	23.5 ± 1.71
	26.0 ± 2.12
	26.4 ± 0.51
	24.2 ± 2.85
	0.7162



	Chlorophyll Content (SPAD)
	61.7 ± 0.42 a
	53.0 ± 1.28 b
	61.04 ± 0.55 a
	50.82 ± 0.98 b
	0.0888



	Nitrogen Use Efficiency (g dw/g N applied)
	14.9 ± 2.15 b
	26.4 ± 1.94 a
	17.0 ± 0.65 b
	25.7 ± 1.68 a
	0.0001



	Nitrogen Accumulation (mg)
	11.6 ± 1.03 b
	7.58 ± 0.79 c
	16.15 ± 0.88 a
	7.38 ± 0.44 c
	0.0002



	Water Use Efficiency (mg dw/mL)
	3.50 ± 0.12
	3.73 ± 0.21
	4.02 ± 0.13
	3.46 ± 0.14
	0.0682



	Ψshoot (MPa)
	−4.67 ± 0.40
	−5.50 ± 0.18
	−5.05 ± 0.59
	−4.67 ± 0.42
	0.4725







Data presented are mean ± standard error of the mean (SEM) (n = 3 for nitrogen use efficiency and nitrogen accumulation and n = 6 for all the other parameters). Different letters above indicate significant differences according to Tukey’s HSD test (p = 0.05).
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Table 2. Primer sequences (Forward and Reverse) and annealing temperature (Tann) of target genes used for RT-qPCR analysis.
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Gene

(Accession Number)

	
Primer Sequence (5′-3′)

	
Tann.




	
Forward

	
Reverse

	






	
rcbL

	
ATC TTG CTC GGG AAG GTA ATG

	
TCT TTC CAT ACC TCA CAA GCA G

	
55.9




	
rcbS

	
TGA GAC TGA GCA CGG ATT TG

	
TTT AGC CTC TTG AAC CTC AGC

	
55.7




	
GS1

NM_001319855.1

	
ACA GCA CCA AGT CGA TGA GG

	
TGA TGT TGG CTG TTT CGT GC

	
58.8




	
GS2.1

NM_001323669.1

	
TGC ATT GTC CAC TTA GTT GGT T

	
TTC AGC ACC ACA GAG CTC CA

	
57.7




	
GS2.1

NM_001323670.1

	
TGC ATT GTC CAC TTA GGA GGT

	
CAC CAC AGA GCT CCA CAT CTT

	
56.2




	
NR

	
CAA GCA ATC CAT CTC CCA T

	
CAT CTC TGT ATC GTC TTC AGG A

	
53.3
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