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Abstract

:

Dieback is a physiological disorder that has caused losses on eucalyptus plantations. Thinking that water stress is one of the triggers for the physiological disorder and aiming at the early identification of tolerant genotypes, we evaluated plantlets of four commercial clones with divergent behavior in field conditions. The plantlets were grown in a greenhouse where the drought conditions were provided by the application of polyethylene glycol 6000 solutions at 100 and 300 g L−1. After water deficit treatments, the morphological, physiological, nutritional and metabolic analyses were performed. SuzT maintained the carbon fixation and the instantaneous water use efficiency, even under water deficit, while sustaining growth. This resulted in higher leaf area and total dry mass in SuzT. Despite higher photosynthetic rate, SuzS exhibited reduced dry biomass accumulation, implying less efficient carbon use. SuzT revealed a higher level of calcium that supports cell structure and homeostasis and indicates higher capacity to manage specific resources and survival under water deficit. SuzT suffered reduction in some free amino acids; however, there was no significant variation for total amino acid content. The principal component and cluster analyses indicated that SuzMT and SuzTP genotypes behave similarly to SuzT under water deficit, while SuzS clustered in isolation. Our results support that there are common trends in water deficit responses for contrasting eucalypt genotypes. The existence of other strategies coping with water deficit resistance is not discarded and should be further evaluated.
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1. Introduction


Eucalypt dieback is a plant disorder that has been studied since its first reports in the mid-20th century in Australia [1]. The eucalypt physiological disorder appears from the 10th to the 24th month after transplanting [2,3]. It is characterized by the appearance of brownish lesions at the base of branches and petioles which may evolve into minichancres, leading to death of the apical part of the branches and compromising the growth of the plant. In the most extreme situations, there may be foliar abscission and even plant death [2,3]. Although the symptoms are well characterized, the eucalyptus dieback is not fully understood, being considered a physiological disorder of complex etiology that can be induced by biotic and abiotic factors [1].



Water deficit is considered one of the most important and possible causes of eucalypt dieback [4,5,6,7,8,9] since it affects the plant metabolism [10] and physiological performance [9,11,12,13]. In addition, water deficit can influence the nutritional content, boron absorption, nitrogen and carbon metabolism and osmotic adjustment [14,15,16]. Water deficit in its turn is reported and evaluated from seedling to more than 20-year-old plants, which is a wide window of time to trigger any stress response [17]. Water deficit causes a series of physiological stresses that can trigger the appearance of dieback [1,18]; further, there are reports that link eucalypt dieback to some essential minerals such as boron [15] and manganese [3].



Dieback has become a challenge with the expansion of eucalypt plantations in the Brazilian savanna regions since long periods of drought are common in these regions [19]. Although demanding detailed evaluation, empirical observations have indicated that water deficit tolerant eucalypt genotypes do not exhibit dieback. Accordingly, the study of the effects of water deficit in eucalypt genotypes can help to understand more about dieback and allow the selection of genotypes tolerant to this disorder.



When submitted to water deficit, drought-tolerant eucalypt genotypes display several adjustments that allow plants to withstand the stressful condition [9,20,21]. The main morphophysiological changes observed in eucalypt are in stomatal conductance, water use efficiency, shoot and root development and leaf area [21,22,23]. Reduction in growth, stomatal conductance, leaf area and leaf water potential were observed in genotypes of Eucalyptus globulus susceptible to water deficit [21,24,25]. Interestingly, tolerant genotypes, of the same species, maintained growth, leaf area expansion, increased abscisic acid (ABA) contents and accumulation of proteins involved in the process of tolerance to abiotic stress [21,26].



Remarkable changes in the levels of leaf metabolites were observed in plants from different species of eucalypt challenged with drought stress condition [27,28]. The osmotic adjustment via accumulation of solutes in the cytosol is one of the main mechanisms to maintain the positive cell turgor in plants [27]. Reductions in osmotic potential have been associated with a large class of compounds such as amino acids, cyclic and acyclic polyols and carbohydrates [12,27,29]. The amino acid proline, commonly associated with responses to water stress in many species, is poorly concentrated in eucalypt. It is never responsible for more than a few percent of the osmotic potential and does not necessarily increase under drought [30,31,32]. In eucalypt, the compounds that are reported to be consistently associated with osmotic adjustment are mono- and di-saccharides [27,29,31,32]. Sugar acids, acyclic sugar alcohols derived from galactose, glucose, fructose and proteins involved in abiotic stress tolerance processes can also accumulate in eucalypt plant tissues submitted to water deficit stress [26,27,29].



Water deficit affects eucalypt in several ways triggering a series of changes in response to stress. However, the phenotypic behavior of commercial eucalypt genotypes that contributes to the different levels of dieback resistance demands further analysis. Thus, this work aimed to characterize collectively an initial approach of the morphological, physiological, nutritional and metabolic responses of seedlings of commercial eucalypt genotypes, with different levels of tolerance to dieback when submitted to osmotic stress.




2. Materials and Methods


2.1. Plant Material


The experiments were performed with clones of three commercial genotypes (SuzT, SuzMT and SuzS) and one genotype in the test phase (SuzTP). These genotypes are hybrids of E. grandis × E. urophylla, kindly provided by Suzano S/A. The genotypes were identified as: SuzT—tolerant to dieback; SuzMT—moderately tolerant to dieback; SuzS—susceptible to dieback; and SuzTP—in testing phase. The information of the resilience of the eucalyptus genotypes to dieback was based on the empirical data of the forest company’s commercial plantation and was supplied by Suzano S/A. The four genotypes used here are commercial or semi-commercial clones and identified as mentioned above. The commercial identification of the clones by Suzano was suppressed in accordance with a confidentiality contract.



The empirical estimates were made in observations of 10 climatic zones, according to information from Suzano S/A, which cover areas of plantations that vary from inland and coastal regions and biomes from the Amazon and Brazilian savannah. Six of these climatic zones exhibit annual rainfall ranging from 1000 to 2000 mm with two defined dry and rainy seasons that last about 6 months each.



The seedlings, at 110 days old, were supplied by Suzano S/A. The seedlings were produced by cuttings, and their management was carried out according to standard nursery protocols. Seedling production and transportation were performed in 100 mL conic and hollow (55 mm larger diameter) plastic tubes (tubettes). The experiment was carried out at the facilities of Clonar—Resistência a Doenças Florestais, Cajuri—Minas Gerais (latitude: 20° 47′ 26″ S and longitude: 42° 47′ 48″ W). Four-month-old plantlets of each genotype were transplanted into 2 L plastic bags containing charred rice husk commercial substrate (Santa Carolina, Santa Cruz do Sul, RS, Brazil) and fertilizer. Initial fertilization was carried out with 150 g osmocolt Plus 15-9-12 (3M) and 150 g single superphosphate per 8 kg of rice rusk. Supplementary fertilization was carried out applying 15 mL of a solution of 15 g.L−1 mono ammonium phosphate, one time a month, and the same volume of a 6 g.L−1 solution of fertilizer composed of nitrogen, phosphorus and potassium in concentrations 10/5/30 (m/m/m) every 15 days. Plantlets were acclimated during 30 days in a greenhouse at an average temperature of 25 °C with natural lighting and daily irrigation.



The environmental conditions during the experiment maintained an average temperature of 25 °C and relative humidity of 70%. The experiment was conducted in a greenhouse with a transparent plastic cover natural sunlight supply. Artificial light was not provided. The greenhouse had a lateral protection and boundaries with a nylon canvas (approximately 2 mm mesh) that was grounded to the floor base with a masonry wall of 15 cm height. The experiment was conducted from October 2012, the seedling reception, to February 2013, the end of the sample collection.




2.2. Experimental Design


After the acclimatization period of 30 days, experimental treatments, control (without water deficit) and water deficit treatment simulation with the use of polyethylene glycol 6000 (PEG) were applied. PEG was diluted at 100 g.L−1 and 300 g.L−1 PEG concentrations. Stock solutions were prepared regularly and made available for the experiment conduction.



The plantlets of the four genotypes were submitted to three treatments: Control—plantlets managed according to the nursery standard procedures, the same used in the acclimatization period (seedlings were maintained in plastic bags containing 2 L of carbonized rice, fertilizer, and daily irrigation [9,33]); PEG 100—plantlets managed according to the nursery standard procedures, with application of 100 mL of 100 g.L−1 PEG solution every 2 days; and PEG 300—plantlets managed according to the nursery standard procedures, with application of 100 mL of 300 g.L−1 PEG solution every 2 days.



The treatments, control and water deficit stress, were applied for 60 days. After this period, data were collected. The experiment was conducted in a randomized block design in a 4 × 3 factorial scheme consisting of four genotypes and three treatments with five blocks/replicates. Each experimental unit was composed of three plants.




2.3. Estimation of the Expected Osmotic Potential of the Substrate Solution


The osmotic potential of solution of the substrate (charred rice husk commercial substrate, Santa Carolina, Brazil) of each pot where the plants were grown was estimated at the end of the experiment to verify the water deficit applied to the plants. This approach was adapted to standardize and provide an estimate value of the osmotic potential in the substrate plants were conducted, in each treatment, during the experiment. The substrate was oven dried at 60 °C for 3–4 days. A 10 g sample was withdrawn from the dried substrate and transferred to funnel with filter paper and a volume of 15 mL of distilled water was added. The filtrate was collected and used to measure the osmotic potential of the solution in a cryo-osmometer. For each repetition for the combinations of treatment and genotype, the osmotic potential of the substrate solution was evaluated. The freezing point of the solution sample in degrees Horvet (°H) was converted into MegaPascal (MPa) according to the previous methods obtained gathering information from previous reports [34,35,36,37]. For details, please observe Supplementary Method in the Electronic Supplementary Materials.




2.4. Morphological Variables


The morphological data of all plants were collected. The evaluated variables were stem diameter, measured at 5 cm above the ground with a digital caliper; total number of branches; number of nodes, counted from the third node after the apical bud; leaf area measured with Image-Pro Plus program from 10 leaves fully expanded of the middle of the plants; and plant height, measured with a tape measure. The variables of total dry matter subdivided in leaves, stems and roots were evaluated (LDM—leaf dry matter; SDM—stem dry matter; RDM—root dry matter; TDM—total dry matter). The proportions of leaves, stems and roots in relation to total dry matter (leaf/TDM; stem/TDM, root/TDM) were also evaluated.




2.5. Physiological Parameters


Gas exchange measurements were carried out in one plant from each experimental unit, from 9:00 to 11:30 am The variables carbon assimilation rate (A), stomatal conductance (gs), transpiration rate (E), instantaneous water use efficiency (WUE) (defined as A/E at leaf level), intrinsic water use efficiency (WUEi) (defined as A/gs at leaf level) and internal and external CO2 concentration ratio (Ci/Ca) were measured with the aid of the IRGA system (LCpro-SD, ADC Biocientific Ltd., Hoddesdon, Herts, UK). The evaluation was carried out under constant irradiation of 1000 µmol photons m−2 s−1, temperature of 25 ± 1.6 °C and 390 ± 5.3 ppm of CO2 using the expanded leaves of the middle third of the plant.




2.6. Nutritional Variables


For nutritional analyses, twenty fully expanded and healthy leaves were collected from the middle third of each plant. The leaves were sent to the Forest Soil Laboratory, Department of Soil Science of the Federal University of Viçosa (UFV), where nutrient analyses were performed according to the standard laboratory procedure. Leaves were dried at 60 °C for 3 days and submitted to nitric-perchloric digestion as described by Sarruge and Haag [38]. The determination of phosphorus (P) levels was performed by colorimetry using the ascorbic acid method [39]; that of potassium (K) was made by flame photometry; that of calcium (Ca), magnesium (Mg), iron (Fe), copper (Cu), zinc (Zn) and manganese (Mn) were performed by atomic absorption spectrophotometry; sulfur (S) levels were determined by turbidimetry [40]; and those of nitrogen (N) by the method of Kjeldahl.




2.7. Biochemical Analyses


Leaf samples were collected of one plant from each experimental unit. Leaf samples were harvested after 6 h of illumination, in the middle of the light period, immediately frozen in liquid nitrogen and stored at −80 °C freezer until processing. The samples were ground in liquid nitrogen and aliquots of approximately 25 mg of fresh weight (FW) of each sample were used for the biochemical analyses.



The extraction procedure followed as previously described, except for the addition of Ribitol [41]. The samples were submitted to hot methanolic extraction by addition of 700 μL of methanol 100% and subsequent incubation by 15 min at 70 °C under agitation of 750 rpm. After that, the samples were centrifuged at 14,000 rpm by 10 min at 4 °C. The supernatant was separated from the pellet which pellet was washed 3 times with methanol 100% and stored at −20 °C to determine the starch and soluble protein content. In the supernatant were added 375 μL of chloroform, 750 μL of ultrapure water, it was centrifuged at 14,000 rpm by 10 min at 4 °C and the upper phase was collected and stored at −20 °C to determine the sugar and total amino acid content.



Total amino acids levels were determined according to Cross et al. [42]. Total soluble proteins were assessed with the Bio-Rad Bradford reagent [43] (BioRad Laboratories, Hercules, CA, USA) according to the manufacturer’s instructions. The levels of glucose, fructose, sucrose, and starch were determined exactly as previously described [44].




2.8. Metabolites Profile Determination


Leaf samples were collected, stored and homogenized in the same way as for biochemical analyses described above. The methanolic extraction and derivatization steps were carried out as previously described [41] and the metabolites were quantified by gas chromatography/time-of-flight mass spectrometry (GC-TOF-MS) according to the established protocol [41]. The mass spectra and chromatograms were analyzed using the Chroma TOF 1.0 (Leco, http://www.leco.com/) (accessed on 13 August 2015) and Target Search software [45]. The metabolites identification was manually advised using the spectral mass index collection and Golm Metabolome database retention [46] and, following the recommended report format [47].




2.9. Statistical Analysis and Experimental Design


After the acclimatization period, experimental treatments were applied. The plantlets of the four genotypes were submitted to three treatments: Control—plantlets managed according to the nursery standard procedures [9]; PEG 100—plantlets managed according to the nursery standard procedures, with application of 100 mL of 100 g.L−1 polyethylene glycol 6000 (PEG) solution every 2 days; PEG 300—plantlets managed according to the nursery standard procedures, with application of 100 mL of 300 g.L−1 PEG solution every 2 days.



The data were subjected to univariate and multivariate analyses, variance homogeneity tests, normal distribution, analysis of variance and Tukey test using the GENES program [48]. The graphics were assembled using SigmaPlot 11.0 software. The heatmap graphics were assembled with the metabolic profile data using Multiple Experiment Viewer Software (MeV) version 4.5 and principal component analysis (PCA) with the morphological, physiological and nutritional variables and grouping based on Pearson correlation coefficients were assembled using Minitab 17 software.





3. Results


3.1. Osmotic Potential of Substrate Solution and Morphological Differences between Genotypes


The water potential of substrate solution decreased significantly as water deficit increased (Figure 1). The application of 100 and 300 mg L−1 PEG solutions significantly reduced the osmotic potential of the substrate where the eucalypt seedlings were grown.



The genotype–treatment interaction was non-significant to the morphological variables (Supplementary Table—Table S1), except for amino acid content and nutrients S and Cu. The differences due to the water deficit treatments were significant only to stem dry matter when considering only the morphological variables (Figure 2b). All plantlets suffered a reduction in stem dry matter with an increase in water deficit. The other morphological differences occurred only between the genotypes.



The SuzS plants exhibited the smallest stem diameter, distinguishing themselves from the other genotypes that did not differ significantly from each other (Figure 3a). SuzS had also lower dry matter of leaf, stem and total (Figure 2a,b,d). The SuzT plantlets showed the highest values of leaf area, leaf dry matter and total dry matter (Figure 2a,d and Figure 3e). The SuzT stem dry matter values were higher than those presented by SuzS (Figure 2b). The plant height and root dry matter did not differ between the genotypes (Figure 2c and Figure 3d) but the root/shoot ratio was the highest in SuzS and the lowest in SuzT (Figure 3e), indicating that the genotypes differed in biomass partitioning. SuzT invested a larger proportion of total dry matter in stem and leaves than SuzS. In contrast, SuzS invested more in root than the other genotypes (Figure 2f).




3.2. Gas Exchange Analysis


The genotype–treatment interaction was non-significant to the physiological variables (Supplementary Table—Table S1). p-values for all variables are presented in Supplementary Table—Table S2) Similarly to the other variables, based on this lack of significant interaction, grouping according genotypes and treatments were accomplished to evaluate possible trends among the different genotypes and treatments.



With the application of water deficit treatments, the photosynthetic (A) and the transpiration rate (E) and the stomatal conductance (gs) of all plantlets decreased (Figure 4a–c). The intrinsic water use efficiency (WUEi) increased with the application of water deficit treatments (Figure 4d). The photosynthetic rate was higher in SuzS than the other genotypes, but this genotype did not differ from SuzT in any other physiological variable (Figure 4).




3.3. Nutritional Status of Genotypes with Distinct Dieback Tolerance


The genotype–treatment interaction was significant to the levels of S and Cu and non-significant to the other nutritional variables (Supplementary Table—Table S1). For S, only for the control was observed a difference between genotypes by the Tukey test (Supplementary Table—Table S3). On the other hand, for Cu only in the treatment 100PEG, there was no differentiation between genotypes. The other nutritional variables varied only among genotypes, with no effect of the treatments between them (Table 1). Ca and B levels stood out by allowing the differentiation of the tolerant and susceptible genotypes. The level of Ca was significantly higher in SuzT than on SuzS, while the level of B was higher in the SuzS genotype than in SuzT and SuzMT (Table 1).




3.4. Multivariate Analysis


To understand the effect of the osmotic stress treatments on contrasting Eucalyptus genotypes, the morphological, physiological and nutritional variables were analyzed using PCA (Figure 5). Despite significant interaction, amino acid content was withdrawn from further analysis as it did not contribute to the principal components in this analysis. The first two components were used and they explained 56% of the variation, of which the most part belongs to PC1 (32.5%). The formation of five groups was observed by the Pearson correlation coefficients. Groups I, III and IV are formed by all treatments of the tolerant, medium tolerant and susceptible genotypes, respectively. Group II is formed by the water deficit treatments of the genotype in test phase (SuzTP), while the control treatment forms group V. This result indicates that plants from SuzTP genotype exhibit altered morphophysiological and nutritional parameters under the water deficit conditions when compared to the control treatment.



The separation of control treatment of the SuzTP genotype along component 1 is mainly due to the variables stem dry matter, number of branches, total dry matter and Zn and P concentration. The separation of the SuzS genotype from the others occurred manly due to leaf/total dry matter (L/TDM) and intrinsic water use efficiency (WUEi) on component 1 and to root/shoot partitioning, root/total dry matter (R/TDM), net photosynthesis and transpiration rate on component 2. The contribution of each variable to the separation of genotypes and treatments into two components (PC1 and PC2) is shown in Supplementary Table—Table S4.



Together, the PCA analysis associated with the clustering method indicates a clear separation of the susceptible genotype from the others. According to the previous analyses, the tolerant, medium tolerant and in-test-phase genotypes exhibit similar behavior when submitted to water deficit stress condition. The commercial eucalypt genotypes display differences among them in control and PEG treatments that may be attributed to their constitution or initial conditions. The spotlight is that the susceptible genotype samples from control or water stress treatment joined one group that differed from the other genotype and treatment samples (Figure 5).




3.5. Effects of Water Deficit on Leaf Metabolites


Fifty-six metabolites were identified in the leaves of all genotypes. There were 19 amino acids, 12 organic acids, 2 sugar phosphates, 9 sugars, 2 polyamines and 12 compounds from others classes of compounds (Figure 6). The water deficit caused significant changes in the contents of some compounds identified by metabolic profile analysis.



There was a significant reduction in the level of six amino acids (serine, tryptophan, valine, threonine, isoleucine and methionine) and an increase in the level of glutamine in the SuzT genotype when subjected to water stress (Figure 6). Despite the variation in the level of these amino acids, when total amino acids were assessed by biochemical analysis (Figure 7a), no significant variations were observed between SuzT’s treatments. This difference occurs because the metabolic profile is efficient to detect only some amino acids, while the biochemical analysis of total amino acids can detect all amino acids present in the sample. Despite the significant variation in the levels of seven individual amino acids in SuzT, when all amino acids are evaluated, these individual variations do not significantly affect the whole. As for the SuzS genotype, no significant variations were detected in the levels of any amino acid identified by the metabolic profile (Figure 6). However, when the total amino acids were evaluated (Figure 7a), it was observed that SuzS had a higher total amino acid content in the control treatment than the other genotypes, but in the water stress treatments, it showed a significant reduction. The SuzMT genotype showed a significant reduction in serine level and SuzTP showed a reduction in leucine and valine levels under water stress.



In the organic acids group, the citramalate decreased significantly with reduction of water availability in SuzT and the citrate increased in the 300PEG treatment of SuzMT (Figure 6). Among the identified sugars, only a few undergone significant changes. A reduction in the level of arabinose was observed in SuzT. There was an increase in fucose and trehalose in SuzMT, while in SuzTP and SuzS an increase in 3,6-anhydrogalactose levels was observed (Figure 6). In the individual sugar analyses, there was no significant variation; however, there was a trend to increase the levels of glucose, fructose and sucrose with water deficit treatments (Figure 7c–e).





4. Discussion


We have little information on the behavior of eucalypt clones according the morphological, physiological, nutritional and metabolic responses range concomitantly. Most of the information is empirical and, in the present report, the information on the genotypes resilience level to dieback derived from the observation in commercial eucalypt plantations. The option for simulating water stress and the use of seedlings in an early selection approach were reasoned to easy future efforts to identify eucalypt genotypes to be used in commercial plots and that are more tolerant to dieback. Further, this information is useful for a better understanding of eucalypt physiological disorder and to the northern strategies and clone features that contribute to dieback tolerance. In this context, procedures that are applicable to general nursery conditions justify our option for the early selection, artificial substrate and the PEG approaches as standardization purpose.



There are several reports of the use of PEG successfully simulating water deficit stress [49,50,51,52,53,54,55]. Further, if plant roots are intact, it seems that the amounts of PEG that are absorbed may be disregarded, and it can be used for decreasing the plant water potential [53]. Corrêa et al.’s [33] results supported the expected reduction in plant water potential in eucalypt leaves submitted to water deficit stress simulation treatments, including PEG.



The water deficit was simulated by regularly supplementing a solution of PEG 6000 to plantlets of commercial Eucalyptus genotypes. The differences in the phenotypic characteristics revealed common mechanisms that eucalypt plants have to cope with water deficit tolerance that contributed to the different levels of tolerance to dieback despite these phenotypes being determined on empirical evaluation in field conditions. Similar approaches have been successfully used to observe plant adaptations to water deficit [49,50], including in Eucalyptus [9,55].



The reduction of plant growth and total biomass production is a common response exhibited by plants under conditions of water deficit [23,54], including the reduction of root growth and leaf area development [21,22]. In our work, the only morphological variable affected by water deficit treatments was stem dry matter. However, important differences were observed among genotypes. The SuzS genotype showed lower values than SuzT for the stem diameter, leaf area, leaf dry matter, stem dry matter and total dry matter. Similar results were reported for E. globulus, where genotypes susceptible to water deficit suffered reduction in growth and in the leaf area [21,23,24,25], while tolerant genotypes maintained a high growth rate and expansion of the leaf area [21,26]. These results indicate that the SuzT genotype has characteristics that allow it to have greater aerial part development, regardless of the treatment applied. This can also be completed by analyzing the root/shoot ratio and biomass partitioning data. Although the absolute dry matter of the roots and plant height do not differ between genotypes, the root/shoot ratio and biomass partition indicate that the SuzS genotype invests a greater proportion of its total dry matter in roots while SuzT invests more in aerial part. This indicates that eucalypt strategies to deal with water deficit in field conditions such as biomass partition are a feature that is sustained in eucalypt plantlets under similar stress conditions.



Despite similar root dry matter among the evaluated genotypes and treatments, there were significant differences in the carbon allocation, even though interactions between genotype and water deficit treatment were absent. This reinforces the need for a richer evaluation of root traits delineated in Picoli et al.’s [17] review that have drawn attention to root architecture, growth restriction, distribution and carbon allocation and that can provide further information to the water deficit resistance in eucalypts.



There are some opposing results for some morphological traits associated with water deficit. For instance, Razouk et al. [56] reported and reasoned an association of a greater leaf area with water deficit susceptibility in olives. There are similar [24,25] and opposing [21,26] observations for eucalypt. Although we observed greater leaf area for the dieback-tolerant eucalypt genotype and simulated water deficit as a trigger for plant responses, the motive for this contradiction deserves a sounder approach and may be due to a wider set of traits and strategies being associated with dieback tolerance.



Andrade Bueno et al. [57] observed that dieback-tolerant eucalypt genotypes had smaller but more frequent xylem vessel elements which reduced the chances of embolism and favored the maintenance of wood production. In contrast, Condé et al. [58], analyzing the same genotypes used in our work, observed that genotypes susceptible to dieback submitted to water deficit showed a reduction in the petiole phloem area, while tolerant genotypes showed similar responses independently from the water deficit treatment. The photoassimilate transport by phloem is affected in water deficit conditions, causing a reduction in carbon reserves in some tissues and, in severe situations, leading the plant to death [59]. Maintaining the phloem area in the tolerant genotype is advantageous because it allows greater translocation of nutrients necessary for the plant development [58]. A vascular system better adapted to situations of water deficit [50,57,60] is in accordance with the SuzT genotype responses, allowing greater aerial part development, regardless of the water deficit treatment applied.



It was observed that SuzT exhibits higher concentrations of Ca and lower of B compared to SuzS. Both Ca and B play important structural roles in plant cell walls, providing rigidity and maintaining their integrity [60,61]. Identifying the plant’s nutritional status depends on establishing reference values for nutrient concentration, such as the critical level [62]. The critical level is characterized as the concentration that determines whether the foliar content of the nutrient is deficient or sufficient. When the nutrient content in the leaf is below the critical level, it means that the nutrient accumulation rate is not sufficient to meet the demands of the biomass accumulation rate [63]. According to Wadt and Novais [64], the critical level of Ca for Eucalyptus grandis is equivalent to 1 dag.kg−1, and Herbert [65] mentions that the optimal value of Ca in eucalyptus leaves is greater than 1 dag.kg−1. According to these references, only the SuzT genotype has adequate concentrations of Ca in leaves. These reference values are variable and depend on factors such as the genotype and the environmental conditions under assessment [62]. Despite this, the higher values of Ca in the SuzT genotype may be associated with the greater accumulation of biomass (LDM, SDM and TDM) presented by it.



B is a continuously required nutrient for the formation of cell walls in developing plant tissues and the first signs of its deficiency in E. globulus are seen in young leaves [66]. According to Malavolta et al. [67], the B content considered adequate in leaf tissue of hybrids of Eucalyptus grandis × Eucalyptus urophylla is between 13 and 30 mg.kg−1, while contents between 8 and 12 mg.kg−1 are considered deficient. According to this classification, the values observed for all genotypes evaluated in this study are considered adequate, ranging from 19.17 to 26.61 mg.kg−1. The leaf content of B is a characteristic that can vary depending on the genetic material, the growing environment and the age of the plants [16]. Therefore, we believe that the variation observed in the genotypes evaluated in this study results from the genetic differences between them. However, we emphasize that the lower B content observed in SuzT and SuzMT genotypes, associated with higher LDM, SDM and TDM of these genotypes in relation to SuzS, may indicate greater efficiency in the use of this nutrient. This feature can be considered advantageous since B deficiency is the most common micronutrient problem in eucalyptus plantations in many parts of the world [68].



Although the N content does not differ between SuzT and SuzS, it contributed for the ranking of eucalypt genotypes according to their tolerance to dieback [9]. Interestingly, it was observed that SusS had higher levels of total amino acids than the other genotypes in the control treatment; however, there was no significant difference in protein content between the genotypes. Furthermore, when subjected to water stress, the SuzS genotype suffered a sharp drop in total amino acid content to levels similar to those of the other genotypes. In addition, the photosynthetic rate of SusS was higher than that of the others, but it had the lowest diameter, LDM, SDM and TDM, while SusT had the highest leaf area, LDM and TDM. These results indicate that, despite having a higher photosynthetic rate and higher amino acid content in the control treatment, the SuzS genotype suffered more by water deficit than the other genotypes, and this reflects in its lower biomass. Moreover, it implies that SuzT has a more efficient metabolism under optimal and water deficit conditions and that tolerance to water deficit does not depend exclusively on the amount of amino acids and proteins but on its quality as well.



In general, the water deficit promotes stomatal closure in plants in order to reduce water loss through transpiration, but, at the same time, there is a reduction in the CO2 assimilation through photosynthesis, which also decreases [69,70]. Photosynthesis (A), transpiration rate (E) and stomatal conductance (gs) decreased with water deficit treatments in all genotypes and the photosynthesis was greater in SuzS genotype than in the others. Despite this, gs, E, intrinsic water use efficiency (WUEi), instantaneous water use efficiency (WUE) and Ci/Ca ratio remained the same for SuzT and SuzS, suggesting that SuzT physiological responses are related to increased efficiency in carbon acquisition. This result is reinforced by the presence of a larger leaf area, stem dry mater and total dry matter by SuzT while having a lower photosynthetic rate than SusS, demonstrating that SuzT has a metabolic behavior that favors it in conditions of water deficit.



The accumulation of solutes in the cytosol, such as amino acids and sugars, is a common strategy used by plants in situations of water deficit [23,32]. SuzT displayed a reduction in the levels of several amino acids such as isoleucine, methionine, serine, threonine, tryptophan and valine in the genotype under water deficit. These results suggest that, for the studied eucalyptus genotypes, osmotic maintenance based on the evaluated metabolites does not seem to be one of the strategies to deal with water deficit. This does not rule out that this strategy is available for tolerance to water deficit in Eucalyptus plants [27,29,31,32]. It must be considered that there are several species as genetic background for commercial eucalypt genotypes that can grant it different water deficit tolerance strategies.



Surprisingly, and against our expectations, there were no significant differences in transpiration rate, WUE, WUEi, starch and mono- and disaccharides between SuzT and SuzS, in addition to a greater net photosynthesis for SuzS. We hypothesize that other strategies that were not screened in the present report may be contributing to a more tolerant phenotype [17]. Unpublished data of an ulterior experiment of our group point to different concentration of α and β glucose, among other metabolites, that could be associated with more and less tolerant eucalypt genotypes submitted to water deficit conditions. These isomers are associated with energy consumption/accumulation or cell wall deposition processes, respectively. Accordingly, higher photosynthetic rates in a susceptible clone were not expected, but the contrast with a diminished dry weight might be reasoned on the basis of a different destination of the produced photosynthates.



Conservative metabolism is foreseen to contribute to water deficit tolerance. Despite the reduction in photosynthesis, the concentration of primary metabolism compounds is sustained for all eucalypt genotypes evaluated, with the only exception of the decreased total amino acid content for SuzS when conducted under stress (Figure 7). Other outcomes of this metabolite balance should be the objective of additional research to better understand the metabolism of tolerant eucalypt genotypes under stress conditions.



According to the PCA and cluster analysis, it is possible to infer that the morphological, physiological and nutritional responses of the genotypes to water deficit are more dependent on or affected by inherent characteristics of each genotype than by the treatments with water deficit. This means that the behavior of the genotypes is related to predisposing factors associated with tolerance or susceptibility. In fact, it is possible to differentiate SuzS apart from the others independently of treatment with water deficit. This analysis corroborates the previous results [9,28], showing that, when subjected to water deficit, the SuzMT and SuzTP genotypes behave similarly to SuzT, while SuzS differs from them. Despite data from control and water deficit treatments being analyzed together, this may have caused noise [17,33] that will also have implications on the evaluation and response of each characteristic evaluated.



Plants are expected to have different metabolic, morphological, growth and nutritional responses when submitted to stress conditions [1,10,17,18,20,21,24,25]. These stress responses share common pathways, but it is also expected that the characteristics in a tolerant individual will contribute to this genotype to be better adapted to deal with this stressful factor. There are several lines of evidence that set water deficit as one of the triggers for the occurrence of Eucalyptus dieback [4,5,6,7,8,9]. Dieback is a complex physiological disorder, and, therefore, tolerant genotypes have a series of strategies that contribute to the tolerance, attenuation, slowing down or preventing dieback in conditions favorable to the disease. In the present work, growth characteristics, as higher partition of dry matter of leaves and stem, higher leaf area, nutritional and physiological features, higher Ca content, efficiency in the use of B and maintenance of growth even with reduced photosynthetic rate under water deficit, are reported to contribute to water deficit and dieback tolerance in Eucalyptus.



SuzT exhibited a combination of physiological, metabolic and structural features that granted its growth and, despite differences in photosynthesis, resulted in greater capacity to reallocate resources and sustain growth under water deficit. In addition, SuzT seems to invest in the leaf structure as a tolerance strategy since increasing Ca levels and greater investment in dry matter of the aerial organs are observed. Other adaptive responses of this genotype are related to predisposing factors that suffers little influence of the environment. The observation of broader leaves and the partition of dry matter preferentially to aerial organs, together with a more efficient metabolism and use of nutrients, embody a structural and metabolic scaffold that contributes to tolerance to water deficit in eucalypt.




5. Conclusions


The results presented here support structural, metabolic and physiological adjustments among the contrasting eucalypt genotypes when challenged with osmotic stress. These adjustments are integrated in the plant providing the tolerant genotype conditions to cope with stress conditions such as water deficit. These changes indicate features that characterize genotype ability to cope with stress conditions. Decrease in allometric traits such as stem diameter and leaf and stem dry matter marked the susceptible genotype; although there was a significant genotype/nutrient content interaction, calcium and boron were higher in the dieback-tolerant genotype. Considering the consistent and early evaluation of commercial eucalypt genotypes suggests that screening for dieback and water deficit resistance may be accessed in the plantlet stage. This information is essential to allow the identification of more resistant genotypes to dieback and water deficit conditions and to the understanding of the resistance phenotype.
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Figure 1. Estimated osmotic potential of the solution of the substrate in the pots where the plants were conducted in the experiment with three different treatments of osmotic stress. The bars represent combined average values of the four genotypes (SuzT-tolerant, SuzMT- medium tolerant, SuzTP-in testing phase, SuzS-susceptible to dieback) in each osmotic stress treatment. In this case, the values of the bars indicate mean ± standard error of twenty replicates (five individual plants per genotype). Lowercase letters compare the treatments by the Tukey test at 5% probability. Control-plantlets managed according to the nursery standard procedures; 300 PEG-plantlets managed according to the standard procedures, with application of 100 mL of 100 g L−1 PEG solution every 2 days; 300 PEG-plantlets managed according to the standard procedures, with application of 100 mL of 300 g L−1 PEG solution every 2 days. Letters indicate significant differences at 0.05 level. 
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[image: Agronomy 13 01261 g001]







[image: Agronomy 13 01261 g002 550] 





Figure 2. Changes in morphological variables of seven-month-old seedlings of Eucalyptus genotypes with different levels of dieback tolerance in response to water deficit. (a) Leaf dry matter; (b) stem dry matter; (c) root dry matter; (d) total dry matter; (e) root/shoot ratio; (f) biomass partitioning. The genotype–treatment interaction was not significant. The gray and white bars show the values for the genotypes and treatments, respectively (a–e). The grey bars represent combined average values of the three treatments in each genotype and the white bars represent combined average values of the four genotypes in each treatment. In this case, the values of the gray and white bars indicate mean ± standard error of fifteen and twenty replicates (five individual plants per genotype per treatment), respectively. The bars in graph f represent the percentage of biomass composed of root, stem and leaf for each genotype and treatment. Each subdivision in the genotype’s bars (root, stem, leaf) represents average values of the three combined treatments and each subdivision in the treatment’s bars (root, stem, leaf) represents average values of the four combined genotypes. Lowercase letters compare the four genotypes and capital letters compare the three treatments by the Tukey test at 10% probability. SuzT- tolerant; SuzMT- moderately tolerant; SuzTP- in testing phase; SuzS- susceptible to dieback. Control—plantlets managed according to the nursery standard procedures; 100 PEG—plantlets managed according to the standard procedures, with application of 100 mL of 100 g.L−1 PEG solution every 2 days; 300 PEG- plantlets managed according to the standard procedures, with application of 100 mL of 300 g.L−1 PEG solution every 2 days. Letters indicate significant differences at 0.05 level. 
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Figure 3. Morphological differences between seven-month-old seedlings of Eucalyptus genotypes with distinct levels of dieback tolerance in response to water deficit. (a) Stem Diameter; (b) number of branches; (c) number of nodes; (d) plant height; (e) leaf area. The genotype–treatment interaction was not significant, so the gray and white bars show the values for the genotypes and treatments, respectively. The grey bars represent combined average values of the three treatments in each genotype, and the white bars represent combined average values of the four genotypes in each treatment. In this case, the values of the gray and white bars indicate mean ± standard error of fifteen and twenty replicates (five individual plants per genotype per treatment), respectively. Lowercase letters compare the four genotypes and capital letters compare the three treatments by the Tukey test at 5% probability. SuzT- tolerant; SuzMT- moderately tolerant; SuzTP- in testing phase; SuzS- susceptible to dieback. Control- plantlets managed according to the standard nursery procedures; 100 PEG- plantlets managed according to the standard procedures, with application of 100 mL of 100 g.L−1 PEG solution every 2 days; 300 PEG- plantlets managed according to the standard procedures, with application of 100 mL of 300 g.L−1 PEG solution every 2 days. Letters indicate significant differences at 0.05 level. 
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Figure 4. Changes in physiological variables of seven-month-old seedlings of Eucalyptus genotypes with different levels of dieback tolerance in response to water deficit. (a) Net photosynthesis (A); (b) stomatal conductance (gs); (c) transpiration rate (E); (d) intrinsic water use efficiency (WUEi); (e) instantaneous water use efficiency (WUE); (f) internal and external CO2 concentration ratio (Ci/Ca). The genotype–treatment interaction was not significant, so the gray and white bars show the values for the genotypes and treatments, respectively. The grey bars represent combined average values of the three treatments in each genotype, and the white bars represent combined average values of the four genotypes in each treatment. The values of the gray and white bars indicate mean ± standard error of fifteen and twenty replicates (five individual plants per genotype per treatment), respectively. Lowercase letters compare the four genotypes and capital letters compare the three treatments by the Tukey test at 10% probability. SuzT- tolerant; SuzMT- moderately tolerant; SuzTP- in testing phase; SuzS- susceptible to dieback. Control- plantlets managed according to the nursery standard procedures; 100 PEG- plantlets managed according to the standard procedures, with application of 100 mL of 100 g.L−1 PEG solution every 2 days; 300 PEG- plantlets managed according to the standard procedures, with application of 100 mL of 300 g.L−1 PEG solution every 2 days. Letters indicate significant differences at 0.05 level. 
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Figure 5. Principal component analysis (PCA) biplot based on morphological, physiological and nutritional dataset of Eucalyptus seedlings submitted to water deficit treatments. Colorful score plot represent the clusters formed using Pearson’s correlation coefficients. Numbers in parentheses give the percent variation explained by the first and the second principal component (PC 1 and PC 2, respectively). Genotypes are identified as: SuzT- tolerant; SuzMT- moderately tolerant; SuzTP- in testing phase; SuzS- susceptible to dieback. Treatments are identified as: Cont- control (plantlets managed according to the nursery standard procedures); 100—100 PEG (plantlets managed according to the standard procedures, with application of 100 mL of 100 g.L−1 PEG solution every 2 days); 300–300 PEG (plantlets managed according to the standard procedures, with application of 100 mL of 300 g.L−1 PEG solution every 2 days). The groups are formed by Pearson correlation coefficients. 
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Figure 6. Heatmap of leaf metabolite profile of seven-month-old seedlings of Eucalyptus genotypes submitted to water deficit. The leaves used in the analysis were collected between 10:00 and 11:30 a.m. Mean of each treatment was normalized by the control mean of the respective genotype and by ln to get the data (n = 5). The significance of differences between the control and osmotic stress treatments of each genotype was determined by t test and is indicated by an asterisk. The scale represents relative values which increase or decrease on metabolite content is represented by the different shades of red and blue, respectively. SuzT- tolerant; SuzMT- moderately tolerant; SuzTP- in testing phase; SuzS- susceptible to dieback. Control—plantlets managed according to the nursery standard procedures; 100 PEG- plantlets managed according to the standard procedures, with application of 100 mL of 100 g.L−1 PEG solution every 2 days; 300 PEG- plantlets managed according to the standard procedures, with application of 100 mL of 300 g.L−1 PEG solution every 2 days. 
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Figure 7. Changes in the content of metabolites involved in nitrogen and carbon metabolism in leaves of seedlings of Eucalyptus genotypes with different levels of dieback tolerance submitted to water deficit treatment. (a) Amino acids; (b) proteins; (c) fructose; (d) sucrose; (e) starch; (f) glucose. The genotype–treatment interaction was significant (a), so the bars show the values for the combination of each genotype with each treatment. In this case, the values of each bar indicate mean ± standard error of five plants. The genotype–treatment interaction was not significant (b–f), so the gray and white bars show the values for the genotypes and treatments, respectively. The grey bars represent combined average values of the three treatments in each genotype, and the white bars represent combined average values of the four genotypes in each treatment. In this case, the values of the gray and white bars indicate mean ± standard error of fifteen and twenty replicates (five individual plants per genotype per treatment), respectively. Capital letters compare the treatments within each genotype and lowercase letters compare the genotypes within each treatment by the Tukey test at 5% probability (a). Lowercase letters compare the four genotypes and capital letters compare the three treatments by the Tukey test at 5% probability (b–f). SuzT- tolerant; SuzMT- moderately tolerant; SuzTP- in testing phase; SuzS- susceptible to dieback. Control—plantlets managed according to the nursery standard procedures; 100 PEG- plantlets managed according to the standard procedures, with application of 100 mL of 100 g.L−1 PEG solution every 2 days; 300 PEG- plantlets managed according to the standard procedures, with application of 100 mL of 300 g.L−1 PEG solution every 2 days. Abbreviation: DW, dry weight. Letters indicate significant differences at 0.05 level. 
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Table 1. Macro and micronutrients concentration in leaves of seven-month-old seedlings of Eucalyptus genotypes with different levels of dieback tolerance.
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	Genotype
	SuzT
	SuzMT
	SuzTP
	SuzS





	N
	1.22 ± 0.06 ab
	1.13 ± 0.08 b
	1.14 ± 0.06 b
	1.50 ± 0.09 a



	P
	0.23 ± 0.01 a
	0.24 ± 0.01 a
	0.29 ± 0.01 a
	0.24 ± 0.01 a



	K
	1.07 ± 0.02 ab
	0.83 ± 0.03 b
	0.98 ± 0.05 ab
	1.13 ± 0.06 a



	Ca
	1.08 ± 0.03 a
	0.88 ± 0.04 ab
	0.95 ± 0.02 ab
	0.85 ± 0.05 b



	Mg
	0.39 ± 0.01 a
	0.31 ± 0.01 b
	0.39 ± 0.01 a
	0.35 ± 0.01 ab



	Zn
	22.9 ± 1.42 b
	21.93 ± 0.99 b
	33.55 ± 1.16 a
	19.81 ± 0.87 b



	Fe
	173.28 ± 11.94 a
	95.39 ± 14.44 a
	177.22 ± 21.95 a
	118.07 ± 7.37 a



	Mn
	242.52 ± 23.78 a
	172.01 ± 23.86 a
	204.50 ± 6.34 a
	193.81 ± 8.31 a



	B
	20.84 ± 0.54 b
	19.17 ± 1.45 b
	24.27 ± 1.60 ab
	26.61 ±1.69 a







Means followed by the same lowercase letters on the horizontal do not differ from each other by the Tukey test at 5% probability level. Values indicate mean ± standard error of five plants. Nitrogen (N), phosphorus (P), potassium (K), calcium (Ca) and magnesium (Mg) expressed in dag.kg−1 and zinc (Zn), iron (Fe), manganese (Mn) and boron (B) in mg.kg−1. SuzT- tolerant; SuzMT- moderately tolerant; SuzTP- in testing phase; SuzS- susceptible to dieback. Letters indicate significant differences at 0.05 level.
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