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This study investigated the effects of varying soil moisture conditions (through either flooding, drought, or provision of a moderate water supply) on the metabolomic profile of two potato cultivars, namely, Markies and Fianna. Representative tubers of the treated plants were collected 91 days after planting. The samples were freeze-dried, and ground to a fine powder in liquid nitrogen. The fine powder of the tuber samples was analyzed by nuclear magnetic resonance spectroscopy (NMR) to identify their metabolomic profiles. The NMR data was analyzed using principal component analysis and orthogonal partial least square-discriminant analysis to identify any variations between the treatments. In both models, plants exposed to drought clearly separated from the plants that received either excess or moderate water (control). The potato tubers that experienced drought and flood treatments had the highest quantities of aspartic acid, asparagine, and isoleucine. Furthermore, the potatoes exposed to either drought or flood had higher levels of valine and leucine (which are essential for plant defense and resistance against plant pathogens). Potato plants can respond metabolically to varying soil moisture stress.
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INTRODUCTION

Potato (Solanum tuberosum L.) is a starchy vegetable, and it falls within the 18 major priority crop categories (Leff et al., 2004). Obidiegwu et al. (2015) suggested that potato is the most important priority crop, and ranked in the top 10 most important food crops in the world. The current contribution of potato crops to human nutrition, as well as its ability to respond to climate change challenges, makes potato a highly desirable crop (Manners and Van Etten, 2018). Therefore, potato, as well as many other food crops, may be able to survive climate change and continue to provide nutrition to the ever-growing world population. The survival ability of potato is enhanced by its upregulation of some defense-associated metabolites which have a high nutritional value (Handayani et al., 2019). However, potato plants possess an optimum tolerance level that stressful environmental conditions must not exceed. For example, the optimum temperature for growing potatoes is 22 °C during the day and 14 °C during the night, which correlates with temperate conditions (Trapero-Mozos et al., 2018). When potato plants are exposed to temperature or soil moisture conditions outside the optimum tolerance levels, their growth can be retarded as well as their development, yield and quality. Moreover, either low or high temperatures or water stress can cause physiological changes, including, photoassimilate partitioning, evapotranspiration rate, and photosynthesis (Haverkort et al., 2013). Therefore, for future production, it is essential to understand the molecular responses by potato plants to different environmental stresses for example, the responding metabolites and compounds during the growth and development stages. This knowledge would assist in identifying potato cultivars that can tolerate varying environmental stresses, such as drought, heat, or stress due to flooding (Pereira and Shock, 2006).

Many studies have been undertaken to understand the physiological, biochemical, and genetic basis of drought tolerance in potato crops to improve production under drought conditions (George et al., 2017). The results of these experiments have been used to predict how yields and quality might vary in the field under different climate change scenarios (Beetge and Krüger, 2018). However, knowledge on the simultaneous effects of increasing temperatures and flooding or drought stress (i.e., combined stresses) on potato production is lacking in most African countries. Nonetheless, it is vitally important because the region's struggling economic situation impedes the implementation of additional agricultural infrastructure (e.g., irrigation or cooling systems). This in-depth investigation is important to increase our understanding of how changing environmental conditions by climate change affect potato production to ensure future productivity (Quiroz et al., 2018). Detailed information on stress-dependent changes in metabolites in response to flood or drought treatment is also of vital importance, as these biochemical activities influence potato growth and development. The objective of this study was therefore to investigate the effects of soil moisture stress, such as drought or flooding, on the metabolomic profile of potato crops. This information should assist in identifying drought-or flood-resistant associated potato metabolites that can be used as biomarkers for breeding cultivars that will provide high quality yields despite changing climatic conditions.



MATERIALS AND METHODS


Plant Material

The experiment was undertaken at the Science Campus of the University of South Africa (26°9'26″S and 27°54'10″E). Four-week-old glasshouse-grown seedlings (in the vegetative growth stage) of the potato cultivars (Markies and Fianna) were selected for study. Three experimental conditions were administered, namely, water flooding, drought and the control (adequate moisture) and three plants were used for each of the experimental treatments in each of the two cultivars. The plants were completely randomized and shifted frequently to minimize the effect of non-experimental factors. The experiment was conducted in two cycles, 2017 and 2018. In total 36 plants were included for the study.

The plants were maintained in pots filled with a mixture of 2:1:1 volume ratio of topsoil, vermiculite and river sand sourced from a local nursery. Throughout the 2017 experiment the glasshouse temperatures were maintained with an average day temperature of 24°C. The 2018 experiment had a slight increase in the average temperature with 24.75°C (day). For both years, the day/night regime was 12 h/12 h and the average night temperature was 8.25°C. This experiment was repeated under the same conditions, to allow for estimation of the variability of the results, and to increase the accuracy of the findings. A greenhouse used had openings at the end of the walls, through which electric fans drew in external air and circulated it throughout the interior, as a means of cooling it. Therefore, a slight day temperature change occurred natural in the greenhouse as it was not controlled.



Experimental Treatments and Data Capture

The experimental treatments (flooding, drought, and control water supply) were administered 28 days after planting (DAP) until 91 DAP. Six (6) Fianna plants received the flooding treatment, six plants were exposed to drought conditions, and six were exposed to the control water supply (Supplementary Table 1). The same experimental format was repeated for Markies. All experimental plants were completely randomized. During the treatment period, flooded plants received 0–10 kPa per day, drought-exposed plants received 60–100 kPa, and plants receiving moderate water received 25–30 kPa. The water volume of each irrigation treatment was determined using a Watermark Soil Moisture Sensor (Irrometer) supplied by Calafrica SA. The range of 0–10 kPa indicates water-saturated soil, 10–30 kPa indicates adequately wet soil, 30–60 kPa indicates irrigation is required, 60–100 kPa indicates the soil is becoming critically dry, and 100–200 kPa indicates severely dry soil conditions. For the control water treatment, plants were only irrigated when the irrometer reading reached 30 kPa. In the drought treatment, plants were irrigated when the irrometer reading reached 100 kPa, and watering ceased when the irrometer reading was 10 kPa. The flooding treated plants were irrigated when the irrometer reading reached 10 kPa.



Plant Tissue Sampling and Storage

The foliage of both the Markies and Fianna cultivars began to senesce at 80 DAP in both 2017 and 2018. Tubers were allowed to set and harden for a further 10 days under the soil by which time senescence was also advancing. Therefore, at 91 DAP in both 2017 and 2018, the Markies and Fianna cultivars plants from all experimental treatments (excluding the guard plants) were harvested. The harvested potato tubers were washed using tap water and individually stored in separate labeled re-sealable freezer bags. All samples were stored in a freezer at −76 °C until required for the metabolomic analysis. Tubers with visible physiological defects were discarded.



Metabolite Measurements

The potato tubers were removed from the −76 °C freezer, one potato tuber per plant was selected for the metabolite analysis resulting in 36 tubers included in the final metabolomic determination. The tubers were lyophilized using a freeze dryer and crushed in liquid nitrogen using a mortar and pestle. For the 1H-NMR analysis, the metabolites were extracted from 50 mg of ground tuber samples with 750 μL of methanol-D4 and 750 μL of buffer (deuterium oxide + potassium dihydrogen phosphate). The mixture was vortexed and sonicated for 20 min before a brief centrifugation at room temperature (Defernez et al., 2004). The samples were centrifuged at 13,000 rpm for an additional 30 min to remove the supernatant from the pellet. The supernatant was dispensed into 5 mm NMR sample tubes for analysis. The 1H-NMR spectroscopic analysis was performed using a 600 MHz Varian NMR spectrometer (Varian Inc., Palo Alto, CA, USA) to obtain the 1D proton spectra of the samples. All NMR analyses were performed at the Council for Scientific and Industrial Research (CSIR), Pretoria (25.7468° S, 28.2789° E).



Visualization and Metabolomics of the Metabolites in Fianna and Markies Potato Cultivars After Different Irrigation Treatments

Mestrenova version 10.1 was used for the phase and baseline correction analysis, for all of the NMR spectra (Figures 2A,B). Initially we eliminated the region of methanol (3.28–3.33 ppm) and water (4.75–5.1 ppm). The ASCII files generated from the spectra and the NMR intensity data were divided into 0.04 ppm bins. The results were imported into Microsoft Excel for analysis with SIMCA.



Principal Component Analysis (PCA)

The principal component analysis (PCA) was performed using SIMCA, and scatter plots were generated. The analysis was an exploratory unsupervised pattern recognition model. The PCA algorithm reduced the dimensionality of the data while retaining most of the variation in the dataset. The PCA identified the variables that cluster together to observe the trends, clusters and outlying data. The data was further analyzed using supervised orthogonal partial least-squares discriminant analysis (OPLS-DA). The OPLS-DA is a systematic variation technique wherein classes that are not correlated are removed, although the level of the variations may not improve, but the interpretation becomes clearer. It incorporated an orthogonal signal correction filter into a PLS model to ensure an accurate interpretation of the data (Akhtar et al., 2021).




RESULTS

The effect of treatment was evident in yield quality and quantity of potatoes in this research. Both Markies and Fianna CVs that were exposed to drought and flooding treatments had reduced yield after all tubers with visible defects were removed–that is, in terms of tuber weight, diameter and height. Therefore, it can be construed that the increase in the number of tubers with visible defects found in potato plants that were subjected to flooding, and those that received drought irrigation treatment, were the reason for the reduced yield quantities obtained from these two treatment groups. Under flooding conditions, oxygen is reduced, and as a result, root respiration and growth are affected, causing gases such as CO2 and ethylene to build up. This condition is responsible for the potato seed cells deteriorating, causing them to be weak, preventing them from establishing a healthy canopy, and eventually impacting negatively on the yield quality and quantity. Hence, in the current study, the plants that were exposed to the flooding treatment were less productive. The effects of drought conditions were equally detrimental to potato plant growth, due to the root system of these plants being shallow and therefore extracting limited quantities of water from the soil, which, in turn, may reduce its capacity to recover after a water stress period. Therefore, the results of this research further emphasized the importance of maintaining an optimal soil moisture status if improved quality and quantity of potato yield is to be achieved.

In this research, it was further observed that the combination of two or more stresses had even worse impacts; for example, the smallest yield was identified in the 2018 experimentation year where flooding treatment was accompanied with a 0.75°C temperature increase, which was more detrimental to the performance of the crop. This suggests that flooding stress, combined with elevated atmospheric temperature, provided an undesirable environment for potato growth.

To ascertain if the metabolites were altered by the different water treatment applications in 2017 and 2018, the samples were analyzed using 1H-NMR spectroscopy followed by PCA of the NMR data. The results as observed in the PCA showed a clear separation between Markies and Fianna potato cultivars after different irrigation treatments (control, flooding or drought). To further investigate the differences in the responses of Markies and Fianna potato cultivars to the treatments, we analyzed the data using a supervisedOPLS-DA model (Figure 1A) and obtained the same results. The OPLS-DA multivariate statistical analysis (Figure 1A) revealed a clear discrimination between the cultivars with only two outliers (Fianna cultivar: samples 1 and 6; Markies cultivar: samples 29 and 30). The PCA analyses, therefore, provided an adequate initial metabolic conclusion of the Markies and Fianna potato cultivar datasets. The OPLS-DA verified the PCA results and provided confirmation of the results. The model showed a good fit and predictability in accordance with R2X(cum) = 0.84, R2Y = 0.99 (cum), and Q2 = 0.99, as provided in Figure 1A and Supplementary Table 2, respectively.
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FIGURE 1. (A) OPLSA-DA statistical plot showing the separation between Markies and Fianna potato cultivars. (B) Loadings of each variable in the contribution plot of OPLS-DA illustrating chemical shifts from the Fianna and Markies potato cultivars that received the control, flooding or drought irrigation treatments.


The loadings (Figure 1B) from the OPLS-DA contribution plot were used to explain the rows and columns, and further summarized the influence of the different variables in the model. The resulting NMR contribution plot (Figure 1B) demonstrated the variations caused by the different water regimes through the score clusters. The loadings of each variable in the contribution plot (Figure 1B) illustrates chemical shifts from the metabolomic databases for metabolite identification. The bins of the chemical shifts in this contribution plot were linked with compounds using existing literature and the NMR spectra (Figures 2A,B). The contribution plot showed clear separation between the cultivars and with the water treatments, suggesting high metabolite variations between samples. Therefore, the variables in each position on the plot contributed heavily to the observed compounds whose scores were positioned similarly on the score plot. Figure 1B presents a spectra contribution plot, consisting of metabolites with varying quantities. The loading pattern revealed the chemical shifts responsible for these variations. The specific regions of Solanum tuberosum L. are represented by buckets (positive bars). The contribution plots for both the Markies and Fianna potato cultivars revealed the sugars were responsible for the observed differences (Figure 1B). The other peaks of the chemical shifts demonstrated variations which may be due to changes in the metabolite pattern that were influenced by the different water treatments.


[image: Figure 2]
FIGURE 2. (A) Annotated NMR spectra of the compounds used for metabolite identification in samples of Fianna and Markies potato cultivars that received control or flooding or drought irrigation treatments. (B) Annotated NMR spectra of the compounds used for the metabolite identification in samples of Fianna and Markies potato cultivars that received control, flooding or drought irrigation treatments.


The high abundance of compounds in the 1H NMR spectra (Figures 2A,B) corresponded with amino acids, such as valine, isoleucine and leucine metabolites. In addition, there were many significant loadings consistent with the transitions of the metabolites, including arginine, cystine, dimethylglycine, glutamine, glycine, histidine, homocysteine, lysine, methionine, phenylalanine, serine, threonine and tryptophan.

The 1H NMR spectra from which the 20 metabolites of interest were annotated after pre-processing and aligning are provided in Figures 2A,B. Whereas, Table 1 shows the characteristic chemical shifts of the compounds in comparison to literature values. The major metabolic changes, such as in the sugars (i.e., maltose, sucrose, α-glucose, and β-glucose) due to the different water regimes are shown, except for the potato samples that received the drought treatment. The major metabolic changes in the Markies cultivars after drought included a reduced concentration of linolenic acid. Overall, an increase in metabolic concentration (Figures 2A,B) occurred after the treatment was applied, except for Markies potatoes in drought conditions. Major concentration changes occurred in the amino acids, sugars, amines, and aromatics, particularly during drought and flood stress. This result suggests the plants developed a defense against moisture stress. The contribution plots showed the branched chain amino acids were among the most abundant compounds, whereas the precursor aspartate decreased.


Table 1. Representative of the compounds used for metabolite identification in samples of Fianna and Markies potato as presented in the annotated NMR spectra which caused sample separation between the treatments (i.e., control, flooding and drought).

[image: Table 1]

Figures 3A,B show a clear separation between the treatments. The scores for either drought, flood, or control were in similar positions for both the Fianna and Markies potato cultivars. The OPLS-DA model successfully separated the data between cultivars and in relation to the treatments applied (Figure 3B). The separation was constantly associated with the treatment applied to both the Markies and Fianna potato cultivars.
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FIGURE 3. (A) Score plot of OPLS-DA of Fianna and Markies potato cultivars and treated with control, flooding, or drought irrigation. (B) Score plot of OPLS-DA of Fianna CV showed a clear separation between the treatments of control, flooding, or drought irrigation, this analysis was repeated using Markies CV.




DISCUSSION

In the present study, the negative impacts of flooding and drought conditions were observed in potato growth and development and caused significant shifts in the metabolome. However, cultivar differences were observed in the performance of Fianna and Markies even though the water regime treatments were the same. These two cultivars were selected because they are among the predominant potato varieties that are used by the farmers. There are other widely-grown cultivars such as Mondial and Valor but we selected only two cultivars for a manageable and credible experiment. However, the approach was also that two cultivars would be selected initially and the number of cultivars would be incremented until differing metabolomic responses were discovered. Fortunately, the first two cultivars yielded differing responses. For sustainability, planting more than one potato cultivar is essential under the ever-changing climatic conditions that are associated with a wide range of less predictable weather patterns. The growing of two or more cultivars could be considered as one of the climate change adaptation strategies which could assist in mitigating risks associated with potato production in the current era of looming climate change threats. Therefore, understanding the variation between potato cultivars in relation to the effect of water stress on potato growth, development, and yield is essential in managing the effects of climate change (Hijmans, 2003). Extreme flooding or water logging events are sufficient to affect plant growth, such as leaf water potential, roots and tuber development (Morris and Brewin, 2014). This research is one of the starting points, which means more data is still required on the potato cultivars' genotypic variations to allow farmers to find appropriate cultivars for cultivation under climate change conditions. More in depth research is still required on developing a database of potato cultivars and their metabolic responses to combined environmental stress.

The 1H-NMR combined with PLS-DA analysis successfully classified the cultivars according to the irrigation treatments based on the chemical composition of the tubers. Since a clear discrimination between both the treatments and cultivars was observed, the discrimination was further identified using a PLS-DA model. The 1H-NMR spectroscopic analysis revealed the metabolic components produced by Markies and Fianna potato cultivars after exposure to varying soil moisture stress. Although the changes in the metabolite peaks as a result of environmental stresses induced were controlled, the results revealed that underlying metabolic variations existed between the two cultivars, as they clearly separated into two clusters (i.e., Markies and Fianna cultivar). Changes in the soil moisture altered the metabolism in the potato tuber, affecting both development and yield (Obidiegwu et al., 2015), the potato plants subjected to the drought and flooding treatments resulted in decreased yield quantity and quality when compared to plants that received control irrigation treatment. In addition, there was clear separation between the water regime treatments, although there was a clear overlap between Fianna and Markies samples. Both the Markies and Fianna potato plants were more drought-resistant than flood resistant, as there were more pronounced effects in the PLS-DA results of the flood treated potato tubers (Figures 3A,B).

Other identified metabolites (Table 1) included an aromatic amine (dopamine), a metabolite of the amino acid (isoleucine), and an organic nitrogenous compound (histamine). There was increased production of many metabolites, some of which are associated with methylation reactions, signal transduction, the recycling of nitrogen and the modification of oxidative stress. The results revealed how the Markies and Fianna cultivars reacted to water stress, to enable a good quality yield. The amino acids identified were classified as aspartate and glutamate. The availability of more pronounced amino acids has previously been reported in various plant tissues under control and stressful conditions, as they often accumulate to maintain nutrient uptake and intracellular ionic balance to sustain plants during stress (Sprenger et al., 2018).

The data analysis used in this study aimed to ascertain whether there were any metabolic variations in the potato plants as a result of different water regimes. The stress response of both Markies and Fianna potato cultivars contained a metabolic sensing component which centered around various amino acids and defense metabolites such as arginine, cystathionine, cysteine, cystine, dimethylglycine, dopa, glutamine, glycine, histidine, homocysteine, isoleucine, leucine, lysine, methionine, phenylalanine, serine, threonine, tryptophan and valine. These metabolites were diverse, although the quantities of the chemical compounds varied depending on the type of moisture stress. Biswas and Kalra (2018) suggest these compounds are often involved in protein protection, membrane and osmotic adjustment of the reactive oxygen species (ROS). They may have also undertake critical functions, including defense against drought or flood stress to which these potato cultivars were exposed. The use of two cultivars, (Markies and Fianna) added a layer of complexity to this research and revealed variations related to the individual cultivar.

The PCA and OPLS-DA analyses provided essential techniques for the interpretation of information-rich spectral data which assist in inferring scientific conclusions and improve our understanding of potato metabolic systems. Therefore, if the potatoes were exposed to a combination of stresses, either simultaneously or consecutively, this research revealed these cultivars will respond differently. Specifically, the Fianna cultivar responded to water stress better than the Markies cultivar. Differences in the potato cultivars are generally associated with their intrinsic ability to adjust to varying environmental conditions (Sprenger et al., 2018). This study assessed the relationships between different water irrigation treatments to Markies and Fianna potato cultivars and assessed the resulting quantities of different metabolites. The supervised model (i.e., OPLS-DA) indicated clear separation in the quantities of different metabolites, and the Markies and Fianna potato cultivars. Contribution plots were used to determine the compounds that were affected by the water treatment applied.

The annotation of important metabolites identified in these samples are presented in the NMR spectra (Figures 2A,B). The intense peaks within the range 3.5–4.5 ppm, were attributed to carbohydrates which usually account for more than 80% of the potato tuber dry weight (Barnaby et al., 2019). These peaks were more pronounced under the control and flood treatments (Markies cultivar), as well as in control and drought treatments (Fianna cultivar). Signals for sugars (maltose, sucrose, α-glucose and β-glucose) within the range of 4.2–5.4 ppm were clearly distinguished in the spectra and were likely to belong to the branched polysaccharides, amylopectin and amylose. Signals belonging to fatty acids (linolenic acid) were clearly pronounced in the Fianna cultivar and less intense in the Markies cultivar. Low intensity peaks were identified between 7.44 and 7.48 ppm and could be assigned to the high-molecular-weight aromatics, possibly polyphenols. These results confirm the findings of Barnaby et al. (2019), who stated that the plant's biochemical compounds, such as fructose, glucose, phosphorus, potassium and myo-inositol activity in the leaves, might be reduced in plants subjected to drought, due to the inhibition of photosynthesis caused by stomatal closure.

Moreover, the regions of chained amino acids increased, whereas defense metabolite levels varied with the cultivar (Figures 1A,B, 2A,B) and treatment application (Figures 3A,B). Therefore, this research suggests a positive relationship between plant stress (drought and flooding treatment) and amino acids (such as valine, arginine, ornithine and alanine) in the region of 1–3.5 ppm. Low concentrations of phosphates and antioxidants (such as glutathione) were associated with the flooding treatment in both Markies and Fianna cultivars. Some amino acids (such as asparagine, aspartic acid and isoleucine) showed low concentrations in the drought treatment, although the quantities varied remarkably among the cultivars. The amino acids; valine, isoleucine, and leucine, are essential in the production of plant defense metabolites and resistance against plant pathogens were also identified (Moroz et al., 2017). The non-protein amino acid (2-aminobutyric acid) was also found in both the drought and flood treated potato plants. This metabolite is known to induce resistance in plants against biotic and abiotic stresses (Sós-Hegedus et al., 2014). Similar levels of proline existed in all three treatment samples. Proline is believed to be of benefit in potato plants under stress, as discussed in Kishor et al. (2015).

The clearly distinct clustering indicated the water regime treatment effects and cultivar variations. The metabolite variations indicated the possibility of breeding potato cultivars that can withstand drought or flooding conditions. The level of metabolic production reflects the cellular state of the potatoes under abiotic stress (control, drought, or flood conditions). The results provide data on the metabolites that are responsible for the biochemical phenotype of the cell, tissue or entire living organism (Tiago et al., 2016). However, more in-depth research is required to develop a database of potato cultivars and their metabolic responses to combined environmental stresses. This database will provide insight into suitable potato cultivars that could yield marketable and nutritious potatoes under changing climatic conditions.



CONCLUSION

This study demonstrated the 1H-NMR-based metabolomic approach could be used to examine metabolic changes in potato plants exposed to soil moisture stress. The annotation of the 1H-NMR spectra allowed us to determine the compounds that altered with moisture stress and included metabolism processes associated with sugars, carbohydrates, aromatics, amino acids and organic acids. Clear metabolic separations were observed between the cultivars and between water treatments. Potato plants exposed to drought treatments exhibited a certain degree of resistance to moisture stress. Understanding the combination of these metabolic alterations may assist in the identification of potato cultivars that can withstand drought or flood stress associated with climate change. This study has implications for biomarker discovery and breeding. It has been demonstrated that potato cultivars have differing responses to water regimes. A wider study which should include more potato varieties and a rigorous search for biomarkers is possible given the findings of this study. Biomarkers can be utilized as markers for selection during breeding for potato cultivars which have tolerance to water stress.
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