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Abstract

:

Environmental conditions affect many plant traits such as biochemistry, physiology, morphology, and even their distribution around the world. Human activities have increased greenhouse gas emissions, which will promote a global rise in temperatures. The impact of climate change on natural vegetation and crops is difficult to predict, making it necessary to conduct experiments that mimic potential future climate conditions. Here, oilseed rape has been grown under environmental conditions that reproduce severe and intermediate climate change, setting the current climatic conditions as a control, with the main objective of evaluating the impact of climate change on the health status of this plant of agronomic interest. For such a purpose, two approaches (invasive and non-invasive) have been applied. Invasive quantitative measurements are based on the absorbance of biochemical compounds. Non-invasive methods such as thermal, multicolor fluorescence, and hyperspectral reflectance imaging sensors rely on the spectral properties of the plants. The results revealed that climate change induced lipid peroxidation, as well as alterations in pigment composition, transpiration, photosynthesis, and secondary plant metabolism. Those changes were more drastic the more severe the climatic condition imposed. Novel vegetation indices obtained from hyperspectral reflectance and specifically tailored to detect stress in brassicas correlated with physiological traits such as lipid peroxidation and secondary plant metabolism.
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1. Introduction


Oilseed rape (Brassica napus L.) is the main oilseed crop in Europe. It is used as a source of feed for livestock and as oil for human consumption, as well as a source for bio-products such as biodiesel [1]. In addition, recent research points to the possible use of rapeseed in the food industry to produce preparations classified as healthy food, rich in minerals, proteins, fiber, and compounds with anti-neoplastic properties [2]. In the European Union (EU), with 5.17 million hectares of oilseed rape planted in 2020, the most productive countries are Germany and France, with half of the European production, followed by Poland (according to data from DG AGRI EU for the Spanish Ministry of Agriculture, Fishing and Food; www.mapa.gob.es, accessed on 23 June 2022). In Spain, oilseed rape production has increased exponentially in recent years, and it is expected to continue rising in the future. Almost 60% of Spanish oilseed rape is intended for animal feed, whereas there is little tradition to destine the oil for human consumption, in contrast to central Europe. The largest oilseed rape producer in Spain is Castilla y León, with a third of the total harvest. In 2021, 40,568 hectares were planted, yielding 108,428 tons (Consejería de Agricultura, Ganadería y Desarrollo Rural, Junta de Castilla y León; https://gobierno.jcyl.es/web/es/consejerias/consejeria-agricultura-ganaderia-desarrollo-rural.html, accessed on 23 June 2022).



Greenhouse gases responsible for global warming are leading to changes in climate worldwide that would have a major impact on both the ecology of wildlife and agriculture. The direct effects of climate change (increasing CO2 levels; changes in temperature, ultraviolet-B radiation, rainfall, and humidity; extreme events), as well as the indirect ones (shifts in crop suitability, changes in plant nutrition, degradation of resources, and an increase in the incidence of pests), could compromise the yield and quality of food production with serious consequences on our society [3]. The negative effects of climate change were analyzed exhaustively by the Intergovernmental Panel on Climate Change (IPCC) in the Assessment Report (AR5) [4]. This assessment evaluated several potential scenarios for greenhouse gases and air pollutants emissions and their atmospheric concentrations, as well as for land use by 2100. Based on those estimates, future climate conditions were projected on representative concentration pathways (RCPs). According to AR5, a stringent mitigation scenario that keeps global warming below 2 °C is unlikely to occur. In an extreme scenario, RCP 8.5 would represent the effects of not restricting greenhouse gas emissions. However, the climate change scenario most probable to occur under the current governments’ climate change policies is the intermediate scenario RCP 4.5.



Based on the modeling for the RCP 4.5 and RCP 8.5 climate change scenarios, northern Europe would offer the most favorable conditions for oilseed rape growth in the future [5]. Nonetheless, several studies have highlighted the negative effects of abiotic stress factors brought about by climate change on rapeseed crops. Elevated atmospheric CO2 concentrations, high temperatures, drought, and high ultraviolet-B radiations damage photosynthetic structures, thus reducing photosynthesis and affecting crop production and quality of yields [6,7,8]. The combination of elevated CO2, O3, and temperature in oilseed rape simulating several climate change scenarios by 2075 in southern Scandinavia (including RCP 8.5), caused a decrease in plant growth, as well as reductions in oil production and quality, and negative effects on the saturated to unsaturated fatty acids ratio [9,10]. High temperatures of different climate change projections (RCP 4.5 and RCP 8.5 among them) for Poland also caused reductions in linolenic acid contents, one of the fatty acids playing a significant role in the quality of oilseed rape oil [11]. However, more research is required to find out the consequences of future climate conditions on oilseed rape plants grown in southern Europe.



To analyze plant physiology, traditional techniques can be used that provide quantitative data on a parameter of interest and imaging techniques that perform robust estimates of these parameters. Traditional sampling to measure physiological traits based on the absorbance of biochemical compounds, although a powerful and reliable method, is invasive and laborious [12]. That means that it requires a large amount of plant material and time to process. On the other hand, stress causes alterations in tissue color, leaf structure, the transpiration rate, as well as in the way in which plants interact with solar radiation. Thus, stress alters the optical properties of the leaves within different regions of the electromagnetic spectrum, which can be measured by imaging techniques [13,14]. As the relative intensities of optical signals are highly sensitive to intrinsic plant properties, numerous pieces of evidence exist that unequivocally link image measurements with different physiological traits. Blue (F440) and green fluorescence (F520) induced by ultraviolet light and measured by multicolor fluorescence imaging (MCFI) are emitted by phenolic compounds covalently bound to cell walls and involved in plant defense and structure; whereas red fluorescence (F680) and far red fluorescence (F740) are emitted by chlorophylls (Chl). The ratio F680/F740 is inversely correlated to Chl content [15,16]. Thermal imaging visualizes leaf temperature, which is inversely correlated to leaf transpiration [17,18]. The availability of reflectance spectra recorded by hyperspectral cameras allows the calculation of numerous vegetation indexes (VIs) that provide information about many traits of the leaf, such as photosynthesis performance [19], pigment composition [20,21], and fitness [22,23]. Moreover, the acquisition of whole reflectance spectra let researchers design novel VIs to sense the effects of stress in plants [24].



Imaging sensors provide information on plant metabolism in a rapid, non-destructive way, which means that the same leaf or plant could be imaged using different sensors in subsequent days along an experiment [12,25]. Moreover, one of the main advantages of imaging techniques is that they have the ability to scan large populations, enabling high-throughput screening [13,26]. In addition, sensors often provide a presymptomatic diagnosis of stress, i.e., they can detect alterations in plant physiology before symptoms are visible [14]. Nonetheless, invasive and non-invasive methods are not mutually exclusive options, and their combined use often improves the results obtained in studies on plant physiology under stress. Indeed, the body of knowledge obtained through different approaches such as “-omics”, microscopy, biochemistry, metabolic engineering, or computer vision is being successfully incorporated into machine learning algorithms coming from Artificial Intelligence to predict plant growth and development under specific environmental constraints [27,28,29].



The main aim of this work was to assess the consequences of global climate change on the health status of oilseed rape plants cultivated in southern Europe. For this purpose, three climatic conditions were selected: (i) current climate conditions (CCC), (ii) an intermediate climate change scenario (RCP 4.5), and (iii) a projection of extreme climate change (RCP 8.5). The ambient temperatures and the atmospheric CO2 concentrations were selected according to regionalized data for Castilla y León (Spain) by the AEMet (Spanish State Meteorology Agency) for the years 2081–2100. The health status of oilseed rape plants grown under these three climatic conditions was evaluated using invasive colorimetric assays and non-invasive methods (MCFI, thermography, and hyperspectral reflectance imaging). All of these techniques provided information on antioxidant activity, lipid peroxidation, phenolic compounds and pigment contents, leaf temperature, photosynthesis performance, and vigor. In addition, a novel VI specifically designed to detect the stress caused by climate change in oilseed rape plants was developed. Finally, bivariate correlation analyses were performed to elucidate the physiological traits underlying several VIs.




2. Materials and Methods


2.1. Plant Growth


Oilseed rape plants (Brassica napus L. var. napobrassica; Franchi Sementi, Grassobbio, Italy) were grown in pots located in a growth chamber in a 16/8 h day/night regime with 60% relative humidity and 200 µmol photon m−2 s−1 of PAR light. Three climatic conditions were selected as treatments (Table 1): CCC, RCP 4.5, and RCP 8.5. CCC was considered the control treatment. For each experiment, the plants were maintained from the moment of sowing in the corresponding treatment. The ambient temperature and CO2 concentration shown in Table 1 were selected according to the data regionalized for Castilla y León by the AEMet for CCC and those matching to RCP 4.5 and RCP 8.5 in years 2081–2100. Day and night temperatures correspond to the average values during the sowing and first stages of the growth season (September). The plants were watered every day and they took water ad libitum.




2.2. Invasive Methods for Determining Plant Health Status


The sampling for conventional techniques based on colorimetric reactions was conducted using 4.15 cm2 leaf disks practiced on leaf number 4 of oilseed rape plants at 28 and 32 days after sowing (das). Six different leaves were sampled for every measurement, das, and treatment. Once collected, the samples were immediately frozen in liquid nitrogen and kept at −80 °C until the moment they were processed. All of the spectrophotometric measurements were carried out using the Shimadzu UV1800 spectrophotometer (Shimadzu Corporation, Tokyo, Japan). All of the chemicals products used were reagent grade.



The method for measuring the total antioxidant activity (TAA) is based on that published by Miller et al. [30] with some modifications. The concentration of the antioxidant substances present in a leaf sample is estimated as the capacity to scavenge the radical cation of 2,2′-azinobis(3-ethylbenzothiazoline-6-sulfonate) (ABTS+) in the aqueous phase, as compared to standard amounts of the antioxidant ascorbic acid. Leaf disks were homogenized in liquid nitrogen, and the antioxidants were extracted in 0.45 mL of 50 mM potassium phosphate pH 7.8 (Merck, Darmstadt, Germany). The ABTS+ radicals were obtained in the spectrophotometer cuvette using 0.995 mL 50 mM glycine (Panreac Quimica, Barcelona, Spain)-hydrochloric acid (VWR International, Radnor, PA, USA) buffer, 10 µL of 10 µM horseradish peroxidase (Sigma-Aldrich, Saint Louis, MO, USA), 10 µL of 2 mM hydrogen peroxide (Sigma-Aldrich) and 25 µL of 10 mM ABTS (Sigma-Aldrich). Once the absorbance at 730 nm reached stable valor (20 s), the samples (or standard ascorbic acid, Sigma-Aldrich) were added to the cuvette, and the reaction of ABTS+ scavenging was followed during 120 s at 730 nm. The results are expressed as TAA by ascorbic acid (Sigma-Aldrich) equivalent and referred to the sampled area (nmol·cm−2).



The determination of the total soluble phenolic compounds by the Folin–Ciocalteu method was performed on the leaf extracts prepared by the homogenization of leaf disks in liquid nitrogen and extraction in 0.5 mL of chloroform (Scharlau, Barcelona, Spain), 0.5 mL of methanol (Panreac), and 0.25 mL of 1% (w/v) sodium chloride (Merck). The extracts were added to a combination of 2% (w/v) sodium carbonate (Merck) in 0.1 N sodium hydroxide (Panreac) and 50% (v/v) Folin–Ciocalteu reagent (Merck). The absorbance was measured at 735 nm using a caffeic acid (Sigma-Aldrich) standard curve. The results are expressed as the content of total phenolics by caffeic acid equivalent and referred to the sampled area (µg·cm−2) [31,32].



Lipid peroxidation was estimated by analyzing malondialdehyde (MDA) content obtained using the thiobarbituric acid reaction according to the method described by Rodríguez-Serrano et al. [33]. Leaf disks were homogenized in liquid nitrogen and extracted in 0.65 mL of 50 mM Tris (Scharlau)-HCl (VWR) pH 7 with 0.2% (v/v) Triton X-100 (Boehringer Mannheim, Mannheim, Germany) and 0.1 mM EDTA (Panreac) buffer. Then, 0.5 mL of the leaf extract were combined with 0.1 mL of a solution of 15% (w/v) trichloroacetic acid (Panreac), 0.375% (w/v) thiobarbituric acid (Sigma-Aldrich), 0.1% (w/v) butylated hydroxytoluene (Sigma-Aldrich), and 0.2 M hydrochloric acid (VWR) and heated at 95 °C for 15 min. The supernatant of the subsequent centrifugation was measured at 535 nm. The MDA concentration was determined using a standard curve with commercial MDA (Sigma-Aldrich), and the results are referred to the sampled area (nmol MDA·cm−2).



The measurements of Chl, carotenoids (Car), and xanthophylls (Xanth) were conducted according to Lichtenthaler and Buschmann [34]. Briefly, the pigments were extracted in 1 mL of 80% (v/v) acetone (Panreac) by homogenization in liquid nitrogen. Absorbance was measured at 470 nm, 647 nm, and 663 nm. Then, the equations provided by the authors were applied to the measured absorbance to calculate the total amount of pigments and referred to the sampled area (µg·cm−2). On the other hand, anthocyanins (Anth) quantification was conducted using the protocol described by Solfanelli et al. [35]. Leaf disks were homogenized in liquid nitrogen, and anthocyanins were extracted in 0.6 mL of methanol (Panreac) in 1% (v/v) hydrochloric acid (VWR) and 0.4 mL of distilled water. Then, the samples were purified in the same volume of chloroform (Scharlau). The aqueous phase was measured at 535 nm.




2.3. Non-Invasive Imaging Techniques for Stress Detection


All of the measurements using non-destructive imaging sensors were acquired over leaf number 4 of oilseed rape plants at 25, 28, and 32 das. The leaf remained attached to the plant until the end of the experiments at 32 das. Twelve leaves per treatment were sequentially imaged using three different sensors.



MCFI was recorded using a customized Open FluorCam FC 800-O (Photon Systems Instruments, Brno, Czechia) vertically positioned 50 cm above the leaves. Autofluorescence leaf emission was excited using a 355 nm ultraviolet lamp. Then, F440, F520, F680, and F740 were each acquired during 30 s and using the appropriate cutoff filters, as described before [31,36]. The entire measurement lasted 2 min. Nine images per fluorescence region were averaged to extract fluorescence values for whole leaves using the FluorCam v. 7.1.0.3 software (Arlington, VA, USA), as well as the fluorescence ratio F680/F740. For a better understanding of the pictures, the software also allows the application of a false color scale to the images captured in black and white. The images presented in the figures correspond to the most representative data.



An FLIR A305sc camera (FLIR Systems, Wilsonville, OR, USA) was used to capture thermal images of the whole leaves as described before [37,38]. The camera was vertically positioned 50 cm above the leaves in the plant growth chamber. For each measurement, 10 thermal images were collected at a rate of one image per second. Then, all of the images were averaged to extract the temperature values for entire leaves using the FLIR ResearchIR v. 3.4 software (Arlington, VA, USA). The parameter TL−TA (leaf temperature corrected by ambient temperature) was calculated for a better comparison between the treatments. To interpret the images captured in black and white, the software also allows the application of a false color scale. The images presented in the figures correspond to the most representative data.



The hyperspectral reflectance of attached leaves was recorded using a Pika L hyperspectral imaging camera (Resonon, Bozeman, MT, USA) in the visible (400–700 nm) to near-infrared spectral range (700–1000 nm), according to Pineda et al. [24]. Prior to the leaf measurements, dark and light corrections were carried out. The dark correction was performed in darkness; then, the light correction was performed by illuminating a white homogenous calibration tile provided by Resonon with four calibrated xenon lamps with a homogeneous light intensity between 400 and 1000 nm. Finally, the leaves were placed on a translation stage while they were homogeneously illuminated, and the camera took the images vertically positioned 50 cm over the sample. Spectronon v. 2.134 (Resonon) software was used for dark and light corrections, build-up of 281 images-datacubes, and measurement analysis. The reflectance spectra averaged for whole leaves were obtained and used to calculate VIs summarized in Table 2, as well as to design novel VIs specific for abiotic stress detection.




2.4. Statistics


Microsoft Office Excel 2016 (Microsoft Corporation, Redmond, WA, USA) was used to create the databases and plot the figure graphs (averages ± standard errors). Boxplots were performed to discard outliers in the sample distributions. Later, SigmaPlot v. 14.5 (Systat Software Inc., San José, CA, USA) was chosen for statistical analysis. The sample distributions passed both the Shapiro–Wilk normality test and Brown–Forsythe equal variance test. Then, a two-tailed Student t-test could be used to compare treatments at every das assayed. Differences were considered significant at p < 0.05 and were indicated by different lowercase letters in the bar graphs. When comparing reflectance spectra, differences were considered significant at p < 0.001. Bivariate correlations were developed using SPSS v. 28.0 software (IBM Corporation, Armonk, NY, USA); the Pearson correlation coefficient (R) was considered significant at p < 0.01.





3. Results


3.1. Visual Evolution of the Fourth Leaf under the Three Climatic Conditions Assayed


The fourth leaf of oilseed rape plants was selected for this study. The leaf was fully developed at 25 das and did not undergo any drastic visual changes throughout the experiment under CCC (Figure 1). However, the plants grown under the analyzed RCPs were visually different from the control treatment, with the most dramatic changes occurring the more intense the condition imposed. The leaves of plants grown under RCP 4.5 and RPC 8.5 appeared progressively less green from 28 das onwards, whereas yellow and purple colors were clearly evident at 32 das, suggesting considerable changes in leaf metabolism and leaf health status.




3.2. Climate Change Induces Alterations in Plant Health Status


To evaluate the alterations caused by climate change on the general health status of the fourth leaf of oilseed rape plants, the TAA, total phenolics content, and lipid peroxidation were quantified using invasive methods based on the absorbance of biochemical compounds (Figure 2).



TAA (Figure 2a) measures the capacity of the antioxidant substances present in the leaf samples to scavenge free oxidant radicals. Moreover, several phenolic compounds (Figure 2b) possess antioxidant activity, among other functions. Lastly, the level of lipid peroxidation (Figure 2c) is a widely used marker of oxidative damage. Neither TAA nor lipid peroxidation increased in the leaves of plants grown at CCC during the measured period; however, a slight increment of soluble phenolic content could be registered during the last das assayed. At 28 das, no differences in TAA or lipid peroxidation were detected in plants grown under RCP 4.5 and RCP 8.5 relative to the controls, whereas soluble phenolic compounds increased in both treatments. At 32 das, increments in TAA and phenolic compounds could be registered in plants cultured under RCP 4.5 and RCP 8.5. However, in spite of this increment of antioxidant substances, oxidative damage was registered as lipid peroxidation in the leaves of plants grown under the studied RCPs with respect to the controls.



Since the visual changes in the plants grown under the analyzed RCPs suggested an impairment of pigment composition respecting to those grown at CCC, the content of Chl, Car, Xanth, and Anth were measured using invasive techniques at 28 and 32 das (Figure 3).



The total Chl content of the controls plants slightly decreased from 28 to 32 das (Figure 3a). However, the Chl content in the leaves of plants grown under the analyzed RCPs was considerably lower with respect to the controls at both 28 and 32 das. The Chl a/Chl b ratio (Figure 3b) remained constant in the leaves of plants grown under CCC during the period measured, whereas the leaves of plants grown under the studied RCPs showed ratio decreases relative to the controls at both 28 and 32 das. The content of (Xanth + Car) remained constant in the leaves of the control plants from 28 to 32 das (Figure 3c). The plants grown at RCP 4.5 did not show any significant differences with respect to the controls at 28 das, whereas the content of (Xanth + Car) decreased at 32 das. However, plants grown under RCP 8.5 displayed significant differences relative to the control condition at both 28 and 32 das. Chl/(Xanth + Car) ratio decreased in leaves of plants grown under CCC from 28 to 32 das (Figure 3d). The plants grown under the analyzed RCPs showed lower ratio values than the controls at both 28 and 32 das. Finally, the plants grown at CCC did not significantly synthetize Anth from 28 to 32 das (Figure 3e). Only the leaves of the plants grown at RCP 8.5 displayed significant increments of Anth with respect to the controls at both 28 and 32 das, while the leaves of the plants grown at RCP 4.5 only showed increments at 32 das.



In general terms, the more drastic the climate condition imposed on the plants, the greater the change in pigment composition, except for Anth. In this case, there were no significant differences between the plants grown under RCP 4.5 and those grown under RCP 8.5.




3.3. Non-Invasive Techniques to Assess Plant Health Status


The health status of the leaves of oilseed rape plants grown under CCC, RCP 4.5, and RCP 8.5 was also evaluated by several imaging techniques: MCFI, thermography, and hyperspectral reflectance imaging. The sensors provide results in short periods of time and do not consume plant material. Therefore, one additional das could be included in the study: 25, 28, and 32 das; i.e., before stress symptoms were apparent, with mild and clearly evident symptoms, respectively.



The F440 (Figure 4a and Figure 5a) and F520 (Figure 4b and Figure 5b) that were excited with ultraviolet light and measured by MCFI correlate with the insoluble phenolic content of the leaves. The leaves of the plants grown at CCC displayed slightly increasing F440 values from 25 to 32 das, whereas F520 increased only at 32 das. The F440 and F520 increases were mainly related to the primary and secondary veins. The F440 and F520 leaf values of the plants grown at the studied RCPs were higher than the control plants from 25 das onwards, except for those plants grown at RCP 4.5 at 32 das when no significant differences related to the controls could be detected in F520. The increments registered mostly affected the main veins (primary and secondary) at 25 das, but they also could be measured in interveinal tissues on successive days. As in the previous measurements, the greater changes with respect to the controls could be detected in the most dramatic climate change projection (RCP 8.5).



The F680/F740 ratio obtained from MCFI is inversely correlated with the Chl content of the leaves (Figure 4c and Figure 5c). No changes in this ratio could be measured in the leaves of the plants grown under the control conditions within the experiment. On the other hand, the leaves of those plants grown at RCP 4.5 and RCP 8.5 displayed significantly higher F680/F740 values with respect to the controls from 25 to 32 das. Those increments increased as the experiment progressed, especially in the case of the plants grown under RCP 4.5. However, no significant differences could be found between the plants grown under RCP 4.5 and RCP 8.5 until 32 das.



TL − TA is a parameter measured by thermography and is inversely correlated to the transpiration rates of the leaves (Figure 4d and Figure 5d). The leaves of the plants grown under CCC showed an increase in TL − TA and, thus, a decrease in leaf transpiration from 28 to 32 das. The leaves of the plants grown under the assessed RCPs displayed an increment in TL − TA relative to the controls from 28 das onwards; the more drastic the climate conditions imposed on the plants, the higher the temperature registered in the leaves.



Hyperspectral reflectance sensors allow for the calculation of many VIs related to different vegetation traits such as vigor, fitness, and pigment composition. CRI is a VI related to Car content (Table 2; Figure 5e). No differences in CRI could be detected in the plants grown under CCC within the experiment. However, the plants grown under the studied RCPs showed lower CRI values than the controls at every das assayed. However, no significant differences could be detected between the leaves of plants grown at RCP 4.5 and RCP 8.5 until 32 das. ARI is a VI related to the Anth content (Table 2; Figure 5f). There were no significant increases in the ARI values in the leaves of plants grown under the control conditions within the experiment. On the contrary, significant increments in the ARI values of the leaves of the plants grown under the analyzed RCPs could be measured at both 28 and 32 das. Significant differences between the ARI values of the leaves of the plants grown at RCP 4.5 and RCP 8.5 were only evident at 32 das.




3.4. Common and Novel Vegetation Indices to Evaluate Plant Fitness


There is a collection of VIs related to plant fitness that can be calculated from hyperspectral reflectance experiments (Figure 6). The most widely used are NDVI, related to plant vigor and greenness, and PRI, strongly correlated with plant photosynthesis (Table 2). The NDVI values of the leaves of the plants grown under the control conditions did not show changes during the experiment (Figure 6a). However, the leaves of the plants grown under the studied RCPs displayed lower NDVI values than the controls from 25 das onwards; the strongest decay of leaf vigor was registered at 32 das. No significant differences between the NDVI values of the leaves of the plants grown at RCP 4.5 and those grown at RCP 8.5 could be found. Regarding PRI (Figure 6b), the leaves of the plants grown at CCC registered a progressive decrease in photosynthesis from 25 das onwards. Moreover, the leaves of the plants grown at RCP 4.5 and RCP 8.5 showed lower PRI values with respect to those grown at CCC during the entire experiment. In the case of the plants grown at RCP 8.5, the extent of the PRI decline was greater than in the case of those grown at RCP 4.5 only at 25 das; there were no significant differences between these two treatments for the rest of the das analyzed.



The great advantage of having complete reflectance spectra is that it allows researchers to create novel VIs tailored to their specific needs. That was the case of the VIs DBI1–3, specifically designed to detect biotic stress challenged by Xanthomonas campestris pv. campestris on broccoli plants, another plant of the Brassica genus (Table 2). These three indices were applied to this piece of work to investigate their capacity to detect the abiotic stress caused by climate change on oilseed rape plants with a different extent of success. DBI1 was the only DBI displaying differences between the plants grown under RCP 4.5 and RCP 8.5 from 28 das onwards (Figure 6c). However, DBI1 was the least sensitive of them to presymptomatically detect significant changes between the controls and the plants growing under the analyzed RCPs: at 28 and 32 das for RCP 4.5 and RCP 8.5 treatments, respectively. Indeed, DBI2 and DBI3 showed those differences presymptomatically from 25 das onwards (Figure 6d,e, respectively). Nevertheless, the DBI2 values did not develop any changes during the experiment for any of the treatments assayed, while the DBI3 values showed increments compared to previous days in the case of the plants growing under the studied RCPs.



In this piece of work, two requirements have been established to be indispensable when considering VI as an optimal reporter of the abiotic stress caused by climate change in oilseed rape plants: (i) to provide information before the symptoms become visible; and (ii) to distinguish between the plants grown at RCP 4.5 and RCP 8.5 treatments. None of the analyzed VIs meet both criteria at the same time. Therefore, novel VIs have been designed for this particular interest, following the process described by Pineda et al. [24]. Briefly, the whole leaf reflectance spectra were averaged for each treatment and das assayed (Figure S1) and then compared by a two-tailed Student t-test. Then, two wavelength ranges were selected: the first one (510–630 nm) for showing the maximal differences between the three treatments at every das assayed (p < 0.001); and the second one (790–815 nm) for displaying little or no differences between them. The purpose of selecting the most stable range is for the “normalization” of the designed parameters. Finally, selected wavelengths were combined by different mathematical calculations (subtractions, additions, divisions, and combinations thereof) to construct novel VIs showing statistical differences (p < 0.001 according to a Student t-test) between the three climatic conditions along the entire experiment. Thus, one VI was found that met requirements (i) and (ii) and was therefore named the climatic stress index for brassicas (CSIB):


CSIB = R525/R800,



(1)







CSIB showed significant differences between the plants growing under the three climatic conditions as early as 25 das (Figure 6f) when the oilseed rape leaves were visually similar to each other. Moreover, these differences increased in the subsequent days and were greater for the more severe climatic conditions imposed. In regard to the control plants, there was a small increase in CSIB at 32 das with respect to previous days.




3.5. Assessing the Relationship between Novel VIs and Underlying Physiological Traits of Plants


The novel VIs DBI1–3 developed by Pineda et al. [24] and the mainly CSIB first proposed here have been shown to be indicative of the abiotic stress induced by climatic conditions in oilseed rape plants to different extents. However, the physiological processes underlying these VIs remains unknown. To try to establish a relationship between those indices and the physiological traits analyzed in this piece of work, bivariate correlations have been developed. The parameters available for 25, 28, and 32 das (i.e., those measured by imaging sensors: F440, F520, F680/F740, CRI, ARI, TL − TA, NDVI, and PRI) were selected for this analysis. Only those variables with a Pearson correlation coefficient of R ≥ 0.85 at p < 0.01 were considered to be true correlations (Figure 7). Thus, DBI1 and DBI2 did not correlate with any of the selected parameters representing the physiological traits. On the other hand, DBI3 correlated well with F680/F740 (Figure 7a), NDVI (Figure 7b), and PRI (Figure 7c), with R = 0.946, 0.914, and 0.958, respectively. F680/F740 is an MCFI parameter linked to chlorophyll content, as described above, whereas NDVI and PRI are measured by hyperspectral reflectance and are associated with the plant’s vitality and photosynthesis, respectively. Finally, CSIB only correlated with F520 (Figure 7d), although to a lesser extent (R = 0.870). F520 is linked to phenolic compounds synthetized by plant secondary metabolism.





4. Discussion


Climate change is one of the greatest challenges we face, especially in terms of its effects on global ecosystems, natural resources, and agriculture, on which humanity depends [29]. However, studies on the alterations that climate change causes in the metabolism of plants of agronomic interest (such as oilseed rape) grown under combined elevated temperatures and CO2 remain scarce, despite being clearly needed. Several potential scenarios should be tested to assay the magnitude of the alterations that climate change would cause in oilseed rape metabolism. In this piece of work, the intermediate projection RCP 4.5 has been selected as it would represent the most probable scenario of climate change by the year 2100; whereas the extreme projection RCP 8.5 would take place if governments do not take any action against climate change, according to IPCC [4]. A combination of both invasive and non-invasive methods was chosen to assess the plant health status of oilseed rape plants to gain a broad insight into the physiological processes affected by climate change.



Some plant traits related to oxidative stress, such as TAA and lipid peroxidation, are of particular interest for the assessment of the plant health status, as the exposure to extreme environmental factors leads to an imbalance in the production of reactive oxygen species, which in turn results in oxidative stress that could damage cellular components, including lipids [39]. The oilseed rape plants grown under CCC showed no changes in TAA or lipid peroxidation, suggesting that these leaves did not undergo oxidative stress during the period analyzed. On the contrary, TAA increased at 32 das in the plants grown under the studied RCPs with respect to 28 das and compared to the controls. This was in accordance with the previous results from the plants grown under extreme temperatures [40,41,42] and elevated CO2 concentrations [43]. Maintaining a high level of TAA might be a good strategy to scavenge the excessive reactive oxygen species produced by environmental stresses [44]. However, the increase in the antioxidant substances registered on the oilseed rape leaves grown under the analyzed RCPs was not sufficient to protect the plants from oxidative damage, as measured as lipid peroxidation. Heat stress also induces lipid peroxidation in plants such as lentils [45] or wheat [42]. Indeed, it is known that leaf senescence is related to the membrane deterioration induced by the increasing levels of lipid peroxidation [46,47]. Thus, climate change may be accelerating the oilseed rape leaf aging process.



Among plant secondary metabolites, phenolic compounds have the highest antioxidant activity both in vivo and in vitro [48,49,50], although they also have other important functions such as providing structural support [51] or protection from pathogens and pests [52]. In the case of the plants grown under CCC, a slight increment in the total soluble phenolic content and both F440 and F520 could be detected from the first das assayed, while TAA remained stable. This fluorescence increase was mainly associated with principal veins; thus, the progressive accumulation of compounds with structural function could be responsible for the increase in phenolics in the control plants [14]. On the other hand, the oilseed rape plants grown under the assessed RCPs presented a higher soluble phenolic content than those grown at CCC from 28 das as measured by colorimetric measurements. It has been previously described that other plants growin under climate change conditions also accumulated phenolic compounds with a high antioxidant capacity [40,41,53], as discussed above. Furthermore, MCFI registered higher F440 and, particularly, higher F520 from 25 das onwards across the whole leaves. The content of insoluble phenolics increased as a more drastic climatic condition was imposed. This could be due to the more pronounced decrease in Chl and Car contents measured in the leaves of the plants grown under RCP 8.5 since these pigments are responsible for the reabsorption of part of F440 and F520 emitted by phenolic compounds [54]. In any case, it is known that the antioxidant activity of plant phenolics benefits human health [48], but more research is needed to identify the nature of those compounds accumulated in oilseed rape leaves grown under the analyzed RCPs to elucidate how they will affect the quality of the products yielded from this plant in the future.



Lipid peroxidation causes ruptures in cell membranes, including the thylakoids where pigment–protein complexes are located, thus leading to leaf yellowing [47]. Yellowing is an indicator of leaf senescence, a programmed physiological process mainly associated with aging but which can also be induced by environmental stress [55,56]. Indeed, exposure to elevated temperatures or high atmospheric CO2 concentrations accelerates plant senescence [57,58,59]. During leaf senescence, Chl catabolism is the main process, while the degradation of Xanth and Car occurs to a lesser extent [60,61,62]. The ratio between Chl a and Chl b is fine-tuned in leaves; however, chlorophyll a is more easily degraded by oxidative stress than chlorophyll b, causing decreases in Chl a/Chl b ratio [63]. The leaves of the oilseed rape plants grown under CCC did not display any symptoms of leaf yellowing and thus of senescence, as the total Chl content and total Chl/(Xanth + Car) ratio only decreased slightly in the last das assayed. However, the content of (Xanth + Car) and the ratio Chl a/Chl b remained stable. On the other hand, the damage to membranes due to lipid peroxidation can account for the decrease in photosynthetic pigments registered on leaves of plants grown under the studied RCPs, as well as for the impairment of the Chl a/Chl b ratio. Therefore, the oilseed rape plants grown under climate change conditions showed a clear early onset of leaf senescence, with the earlier the response, the more dramatic the climate change projection imposed.



The red-purple pigments Anth are phenylpropanoids, thus products of secondary metabolism in contrast to Chl, Xanth, and Car. Anth accumulation is considered to be a stress response to reduce photo-oxidative damage [64,65]. In addition, Anth is synthetized during leaf senescence, and the degradation of Chl causes them to be even more noticeable [66]. Thus, the oilseed rape control plants maintained low levels of Anth throughout the experiment, whereas increasing amounts of this pigment were found in those plants grown under the studied RCPs. These results are in agreement with previous works showing alterations in the Anth composition of grape berries [67] and flowers [68] of plants growing under climate change conditions. Concerning green tissues, Anth accumulation under cold temperatures is well documented [69], but more research is needed to refer high temperatures, although some clues suggest that high CO2 concentrations would induce up-regulation of genes responsible for Anth biosynthesis to prolong leaf longevity [70]. Despite that, the parameters related to pigment content calculated from imaging techniques (F680/F740 ratio, CRI, and ARI) could not distinguish between RCP 4.5 and RCP 8.5 treatments or do so late at 32 das, the tendency of their measurements agreed with those obtained by invasive methods.



Carbon and water balances are two of the most important physiological traits for plant growth and development. Indeed, stomata are able to sense environmental changes to ensure adequate CO2 and water fluxes. As a consequence, the stomatal conductance and transpiration are parameters affected by environmental stress [71,72]. Cultivation under the studied RCPs caused stomatal closure in oilseed rape plants, measured by thermography as higher leaf temperatures with respect to the controls from 28 das. The plants grown under RCP 8.5 showed the largest increases in leaf temperature. This is in agreement with previous works that found that stomatal conductance generally increases with air temperature up to an optimum value and then decreases progressively with increasing ambient temperatures [73]; moreover, long exposures to elevated CO2 concentrations reduce stomatal conductance, particularly in plants grown in pots [7,59].



The photosynthesis rate correlates with stomatal conductance since the stomatal aperture regulates the CO2 available for photosynthesis [74]. That could be the case for the leaves of oilseed rape plants grown under warming conditions and high atmospheric CO2, as the PRI decreased throughout the experiment together with the decrease in leaf transpiration. Indeed, high night temperatures reduce the photosynthetic efficiency of C3 plants such as oilseed rape [6], as well as long exposures to high CO2 concentrations [7]. Moreover, lipid peroxidation may lead to disorganization of the thylakoid membrane, resulting in loss of photosynthetic pigments (as discussed above) and preventing the proper performance of photosynthesis. However, further microscopic research is required to prove this hypothesis. Together with PRI decreases, leaf vitality measured as NDVI also diminished in plants grown under climate change conditions. Several works have compared the relationship between climate change and NDVI in several locations worldwide, showing that this parameter is inversely proportional to environmental temperature [75,76,77]. In the case of control plants, photosynthesis only decayed slightly, possibly as a consequence of normal leaf aging, without affecting NDVI.



The ability of VIs DBI1–3 to estimate the health status of the oilseed rape plants grown under the studied RCPs was also assessed, as they were developed to sense stress in other brassica, such as broccoli [24]. However, among all of the VIs analyzed here, DBIs were the least adequate indices to distinguish between the two RCPs analyzed in a presymptomatic way. This apparent lack of sensitivity could be due to the fact that DBI1–3 were designed to detect the biotic stress caused by X. campestris pv. campestris [24]. For this reason, a novel VI sensitive to the abiotic stress induced by climate change was specifically designed in this piece of work and thus named the climatic stress index for brassicas (CSIB). CSIB was demonstrated to be very sensitive to abiotic stress since it could presymptomatically distinguish between the three treatments, being directly proportional to the degree of abiotic stress. Defining novel VIs is a good strategy to maximize differences between treatments when standard reflectance parameters are not sensitive enough. Thus, the copper stress vegetation index was developed to detect the stress caused by this heavy metal in several plants [78], whereas the mangrove forest index was good at revealing the damage triggered by periodical submersions caused by tidal floods [79].



One step further, an attempt was made to elucidate what physiological traits underlie DBI1–3 and CSIB by correlation analysis. Only DBI3 and CSIB were significantly correlated with other parameters assayed in this work. Whereas an increase in CSIB could be related to an enhancement of plant secondary metabolism, DBI3 was linked to the primary metabolism and may reflect the damages caused by lipid peroxidation to thylakoid membranes: loss of photosynthetic pigments, as well as a decrease in photosynthesis and plant vigor, as it correlated to F680/F740, PRI, and NDVI, respectively. Nonetheless, more research is required to establish a direct relationship between the DBI3 parameter and lipid peroxidation.



In conclusion, climate change would induce premature senescence in the leaves of oilseed rape plants, probably as a consequence of lipid peroxidation triggered by the production of reactive oxygen species that exceeds the antioxidant capacity of the plant. The extent of induced premature senescence is proportional to the climatic condition imposed. The use of invasive and non-invasive methods to determine the health status of plants proved to be complementary, although imaging techniques alone provide a reliable, sustainable, fast, and efficient estimate of it. Moreover, the novel parameter DBI3 could reflect the degree of lipid peroxidation of leaves, whereas CSIB revealed presymptomatically the stress caused by climate change in oilseed rape plants.
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Figure 1. Visual evolution of the fourth leaf of oilseed rape plants grown under current climate conditions (CCC) and under two representative concentration pathways (RCP): an intermediate and an extreme scenario of climate change (RCP 4.5 and RCP 8.5, respectively). das: days after sowing. 
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Figure 2. Measurements of (a) total antioxidant activity (TAA), (b) total phenolic content, and (c) lipid peroxidation in the fourth leaf of oilseed rape plants at 28 and 32 days after sowing (das). Graphs display averages ± standard errors of six leaf disks collected from six plants. Different lowercase letters indicate the significance of the measurements at p < 0.05. CCC: current climate conditions; RCP 4.5 and RCP 8.5: representative concentration pathways 4.5 and 8.5, respectively. 
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Figure 3. Pigment composition of the fourth leaf of oilseed rape plants at 28 and 32 days after sowing (das). (a) Total chlorophyll (Chl) content obtained as Chl a plus Chl b; (b) Chl a over Chl b ratio; (c) xanthophylls (Xanth) plus carotenoids (Car) content; (d) total Chl over (Xanth + Car) ratio; (e) anthocyanins (Anth). Graphs display averages ± standard errors of six leaf disks collected from six plants. Different lowercase letters indicate the significance of the measurements at p < 0.05. CCC: current climate conditions; RCP 4.5 and RCP 8.5: representative concentration pathways 4.5 and 8.5, respectively. 
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Figure 4. Images of the fourth leaf of oilseed rape plants captured with two different imaging sensors: a multicolor fluorescence camera (a–c) and a thermal camera (d). (a,b) blue (F440) and green (F520) fluorescence, respectively; (c) red over far red fluorescence ratio (F680/F740); (d) leaf temperature corrected by ambient temperature (TL − TA), showing transpiration patterns of the leaves. Experiments were made using twelve leaves per day after sowing (das) and climate conditions. Images correspond to the most representative data. False color scale is provided by the software of the corresponding cameras for a better interpretation of the images. CCC: current climate conditions; RCP 4.5 and RCP 8.5: representative concentration pathways 4.5 and 8.5, respectively. 
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Figure 5. Numerical data obtained from images of whole leaves of oilseed rape plants. (a) Blue (F440) and (b) green fluorescence (F520), and (c) red over far-red fluorescence ratio (F680/F740). (a–c) were recorded using multicolor fluorescence imaging. (d) Leaf temperature corrected by ambient temperature (TL − TA) was obtained by a thermal camera; (e) carotenoids reflectance index (CRI) and (f) anthocyanins reflectance index (ARI) were measured by hyperspectral reflectance imaging. Graphs display averages ± standard errors of twelve leaves. Different lowercase letters indicate the significance of the measurements at p < 0.05. das: days after sowing. CCC: current climate conditions; RCP 4.5 and RCP 8.5: representative concentration pathways 4.5 and 8.5, respectively. 
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Figure 6. Vegetation indices obtained from hyperspectral reflectance measurements of the fourth leaf of oilseed rape plants. (a) Normalized difference vegetation index (NDVI). (b) Photochemical reflectance index (PRI). (c–e) Diseased broccoli index 1, 2, and 3 (DBI1–3). (f) Climatic stress index for brassicas (CSIB) was specifically developed to monitor the stress caused by the analyzed climate change conditions. Graphs display averages ± standard errors of twelve leaves. Different lowercase letters indicate the significance of the measurements at p < 0.05. das: days after sowing; CCC: current climate conditions; RCP 4.5 and RCP 8.5: representative concentration pathways 4.5 and 8.5, respectively. 
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Figure 7. Correlation of the diseased broccoli index 3 (DBI3) with F680/F740 (a), normalized difference vegetation index NDVI (b), and photochemical reflectance index PRI (c); as well as the correlation between climatic stress index for brassicas CSIB with green fluorescence F520 (d). Pearson correlation coefficient (p < 0.01) is shown for every couple of variables. 
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Table 1. Climatic conditions (treatments) used for oilseed rape growth: current climate conditions (CCC) and Representative Concentration Pathways 4.5 and 8.5 (RCP 4.5 and RCP 8.5, respectively) regionalized for September (season of sowing and first stages of oilseed rape growth) in Castilla y León for years 2081–2100.
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	Treatment
	Average Day Temperature (°C)
	Average Night Temperature (°C)
	CO2 Concentration (ppm)





	CCC
	26
	12
	408



	RCP 4.5
	29
	15
	650



	RCP 8.5
	32
	18
	1000
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Table 2. Vegetation indices (VIs) obtained from hyperspectral reflectance imaging assays.
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	Vegetation Index
	Related to
	Equation
	References





	Anthocyanins reflectance index
	Anthocyanins content
	   ARI = R 800 ·  (   1  R 550   +  1  R 700    )      
	[20]



	Carotenoids reflectance index
	Carotenoids content
	   CRI =  1  R 510   −  1  R 700     
	[21]



	Diseased broccoli index 1
	Biotic stress
	     DBI  1  =   R 400 − R 690   R 850     
	[24]



	Diseased broccoli index 2
	Biotic stress
	     DBI  2  =   R 400   R 850     
	[24]



	Diseased broccoli index 3
	Biotic stress
	     DBI  3  =   R 578   R 529     
	[24]



	Normalized difference vegetation index
	Vigor
	   NDVI =   R 800 − R 670   R 800 + R 670     
	[22]



	Photochemical reflectance index
	Photosynthesis
	   PRI =   R 531 − R 570   R 531 + R 570     
	[19]
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