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Abstract

:

Detection of morphological stress symptoms through 3D examination of plants might be a cost-efficient way to avoid yield losses and ensure product quality in agricultural and horticultural production. Although the 3D reconstruction of plants was intensively performed, the relationships between morphological and physiological plant responses to salinity stress need to be established. Therefore, cucumber plants were grown in a greenhouse in nutrient solutions under three salinity treatments: 0, 25, and 50 mM NaCl. To detect stress-induced changes in leaf transversal and longitudinal angles and dimensions, photographs were taken from plants for 3D reconstruction through photogrammetry. For assessment of physiological stress responses, invasive leaf measurements, including the determination of leaf osmotic potential, leaf relative water content, and the leaf dry to fresh weight ratio, were performed. The transversal and longitudinal leaf dimensions revealed statistically significant differences between stressed and control plants after 60 °Cd (day 3) for the leaves which appeared before stress imposition. Strong correlations were found between the transversal width and some investigated physiological traits. Morphological changes were shown as indicators of physiological responses of leaves under salinity stress.






Keywords:


3D reconstruction; salinity stress; osmotic potential; stress detection












1. Introduction


Plants are constantly subjected to changes in environmental variables, which might act as stressors when a certain threshold is reached. Under stress conditions, plants respond at both morphological and physiological levels [1]. Under NaCl salinity stress, the plant absorbs sodium and chloride present in the root zone. If the plant cell cannot distribute sodium efficiently, the plant is forced to exclude sodium from the leaf, which is energy costly. If this adaptation mechanism collapses, the plant suffers from sodium toxicity [2,3]. As part of the stress avoidance strategy, a change of leaf angle might help to prevent water loss through transpiration, alongside the reduction in the stomatal conductance, leaf rolling, and the reduction in leaf area growth [3]. Significant yield loss and reduction in photosynthetic traits were observed in plants under salinity stress [3,4,5]. Therefore, early stress detection might help to prevent yield reduction.



Salinity stress firstly causes a reduction in the osmotic potential in the nutrient solution, which leads to a reduction in leaf expansion and stomatal conductance [3,5]. Then, the biochemical capacity of leaves is affected, and the stomatal regulation is disturbed due to the accumulation of sodium and chloride ions in the leaves leading to an ionic effect [3,5]. The accumulation is faster in matured leaves [2], leading to an appearance of chlorotic and partially necrotic spots [6]. For plant species with high water use efficiency WUEs, such as tomatoes, the toxicity of sodium might be delayed [7,8].



Plant 3D architecture can provide morphological information, which might help to quantify the abiotic stress status. Different methods such as light detection and ranging (LiDAR), laser scans, time of flight (ToF) cameras, and stereoscopic viewing were investigated as non-invasive methods to assess plant 3D architecture. LiDAR was used to investigate some canopy traits such as volumes [9], leaf area, width, height [10]. Other methods such as ToF and stereoscopy were successfully used to measure structural traits such as leaf angles and optical parameters such as reflectance of plant populations [11,12,13]. However, the application of these methods is much easier in isolated plants than in dense canopies, as they mostly require space for the interaction of robots with the plants. A 3D reconstruction of images using photogrammetry allows the reconstruction of objects with clear lines or regular shapes. Although plants have a complex geometry difficult to reconstruct through photogrammetry, traits such as leaf area, leaf angle, and plant topology were successfully determined using 3D models [14], and good correlations with physiological traits were reported [14].



Physiological parameters obtained from destructively sampled plant material such as ion content, water potential, or osmotic potential were reported as good indicators of plant abiotic stress [3]. On the other hand, non-invasive methods using hyperspectral images were performed in different plant species to detect early stress, senescence, or disease symptoms [15,16,17,18,19,20,21]. For instance, stress symptoms were found ten days earlier from hyperspectral images than using the dimensionless normalized difference vegetation index, which describes the difference between visible and near-infrared reflectance of vegetation cover. Using architectural characteristics included in a 3D model and hyperspectral images of sugar beet, high accuracy in the detection of leaf spot disease symptoms was observed [16]. A hyperspectral camera was used to observe the drought recovery after the re-watering through leaves reflectance of maize plants [17]. Especially narrow waveband reflectance within a range of 690–700 nm was suggested to be helpful for early plant stress detection [18,19,20,21]. Stomatal conductance showed a high correlation with a band combination of hyperspectral data under drought stress [22]. A laser scanner showed the low night temperature stress affected the plant height of sweep pepper only six hours post-stress imposition [23]. Although the hyperspectral camera and the laser scanner were found efficient for early stress detection of individual plants, the sensors are still not affordable for low budgets, and therefore, there is a need for cheaper tools and affordable methods. As an alternative to a multispectral camera, the Microsoft Kinect RGB camera of the Xbox360 gaming console can relatively easily reproduce small objects in 3D and in real-time. This method is easy to use since a successful measurement of plant height was reported [24] but showed a limitation under direct sunlight, which leads to missing tree branches in cherry trees [25].



The aim of this work was to investigate architectural and physiological plant traits for early stress recognition using 3D reconstruction by photogrammetry of RGB images. We would like to investigate (1) whether non-invasive or invasive measurement methods allow an earlier stress detection and (2) whether there are relationships between invasive and non-invasive measurement methods.




2. Materials and Methods


2.1. Plant Material


Two experiments were conducted in a greenhouse of the Institute of Horticultural Production Systems, Leibniz Universität Hannover, Germany (52.5°N, 9.7°E) in March and June 2017. Cucumber seeds (Cucumis sativus, cv. Aramon, Rijk Zwaan, De Lier, Netherlands) were sown in rock-wool cubes (36 mm × 36 mm × 40 mm) for each experiment. Seven days after sowing, seedlings were transplanted into larger rock-wool cubes (10 cm × 10 cm × 6.5 cm) and grown there for another seven days until the appearance of the third leaf. Then, seedlings were transplanted upon Styrofoam floating in a container filled with 30 L of nutrient solution in the greenhouse. There was one plant per container, and each container was placed on a scale to record the weight of the container and a rod, which was attached to the container to support the cucumber plant. Each litre of the nutrient solution contained 0.53 g Ca(NO3)2 and 0.65 g Ferty Basisdünger 1 (Planta GmbH, Regenstauf, Germany). The electrical conductivity was adjusted to 1.2–1.3 mS cm−1, and the pH was kept between 5.6–6.2 by adding 1% sulfuric acid to the nutrient solution and changing the solution weekly. A total of eighteen experimental plants were distributed randomly to three blocks to achieve a plant density of 0.4 plants m−2. The blocks were organized to reduce the light gradient effect within the glasshouse. The three plants in the south of the greenhouse were considered as border plants and received no salinity treatment. When the fifth leaf reached roughly 5 cm in length, containers received salinity treatments of 0, 25, and 50 mM NaCl in the nutrient solution with two repetitions per block. A weekly refreshment of all treatment solutions was performed. The day/night temperature for heating was set to 22 °C day/20 °C night. Greenhouse ventilation was opened at 24 °C during daytime. All side shoots under leaf six and fruits were removed during the early vegetative growth of the plant.




2.2. Measurements


Destructive and non-destructive measurements were performed on different dates for leaves 3, 7, and 11. The first measurement was performed at the five-leaf stage when salinity stress was imposed. The number of repetitions varied with measurements and days post-stress imposition. At the stress imposition, there were 6 repetitions for each stress treatment. At stress imposition (day 0, 16 °Cd), four repetitions per treatment were measured, and photos were taken. On days 1 (33 Cd), 2 (39 °Cd), 3 (60 °Cd), 7 (110 °Cd) and 8 (133 °Cd), a total of 2 repetitions were measured for each treatment. On days 14 (220 °Cd) and 21 (325 °Cd), 4 replications were measured for each treatment.



2.2.1. Non-Invasive Measurements


Pictures of each experimental plant were taken in JPEG format from different angles with the digital single-lens reflex camera (Canon EOS 750 D, Canon Germany GmbH, Krefeld, Germany) with an overlapping region of about 50–70%. Depending on the size of the plant, the number of obtained photos ranges between 60 and 160. After importing the pictures of individual plants in Agisoft PhotoScan (Agisoft version 1.3.2, Agisoft LLC, St. Petersburg, Russia), a 3D reconstruction of the plants was performed, and the result was exported to a .ply file (Figure 1). In the program MeshLab (version 2016.12, [26], 2008), the 3D model was first scaled using the grids with known size place at the base of the plant. Then, measurement points for obtaining the angles and distances on leaves 3, 7, and 11 were selected on the 3D plant and saved as pp-file to be imported in Excel. The points P0, P1, P2, P3, P4, and P5 were chosen, as can be observed in Figure 1, to capture the variation of different leaf architectural traits.



The curvature lengthwise is the included angle along the leaf’s main vein defined by the vectors      P 3   P 1     →    and      P 3   P 2     →   , in reference to the angle between the points P2, P1, and P3. The larger the angle, the less curved the leaf is in the longitudinal direction. The basic formula for all curvature angles is:


     P 1   P 3   P 2   ^  = c o  s  − 1    (       P 3   P 1     →  ×    P 3   P 2   →     |     P 3   P 1     →   |  ·  |     P 3   P 2   →   |     )  .  



(1)







The curvature along the petiole is defined as the included angle along the leaf’s main vein and along the petiole that lies between P0, P1, and P2. The distance between the internode and the leaf tip is proportional to the angle        P 0   P 1   P 2   ^   :


     P 0   P 1   P 2   ^  = c o  s  − 1    (       P 1   P 0     →  ×    P 1   P 2   →     |     P 1   P 0     →   |  ·  |     P 1   P 2   →   |     )  .  



(2)







The transversal curvature, i.e., the curvature of the leaf width, can be defined by the angle      P 4   P 1   P 5   ^    formed by the vectors      P 1   P 4     →   , and      P 1   P 5   →   .      P 4   P 1   P 5   ^    is the included angle broadside of the leaf’s opposite margins of second-order veins. The angle can be derived in a similar way to Equations (1) and (2).



Leaf transversal P4P5 and longitudinal distances P1P2 are denoted here as “width” and “length”. However, the reader has to keep in mind that these are 3D distances and do not denote the width or length of the flat-leaf. These leaf distances are caused by leaf curvature and are sensitive to stress treatment.




2.2.2. Invasive Measurements


Destructive measurements such as osmotic potential (Ψs), relative water content (cW), leaf dry weight (WLd), the fresh weight (WLf), and the dry weight to fresh weight ratio (rd). For the measurement of Ψs, circular leaf disks of 0.5 cm diameter were cut from the leaves, dipped in liquid nitrogen, and then stored in the freezer at −15 °C until the end of sampling. The samples were individually transferred to sample chambers connected to a psychrometer (Psypro C-52, Wescor Inc., Logan, UT, USA) and left there for two hours at room temperature to equilibrate. Each measurement included three log-intervals of five minutes each. Only the third reading was kept. A 2 cm diameter circular section was punched out of the leaves, and the fresh weight (FW), the weight at full turgor (DW100), and the dry weight (DW) were determined. The relative water content was calculated as   RWC    ( % )  =   F W − D W   D  W  100   − D W   × 100  . From DW and FW, the dry weight to fresh weight ratio was calculated in % by       D W   F W   × 100  . Furthermore, ion analyses (sodium, chloride, and potassium) of leaves and fruits were conducted, and the DW_FW_ratios of the fruits were calculated.





2.3. Statistical Analysis


Data were analyzed with a linear mixed model (R-version 3.5.1, R Foundation) using the package lmer4 with blocks and experiments as random factors. To evaluate linear correlations between non-invasive and invasive measurements within leaves 3 and 7, linear regressions were used. To evaluate the salinity stress effect on both destructive and non-destructive traits, a linear mixed model was used. Thereafter, pairwise comparisons were carried out using the Tukey test to evaluate the significance of each salinity treatment with control. The packages lmerTest and emmeans were applied.



The significances indicated by asterisks (*) denote significant differences to the control at p < 0.05 based on the Tukey test. Significant difference between all treatments determined using the Tukey test is indicated by different letters. The figures show mean values as well as standard deviations over the thermal time    ∑   (     T  m a x   +  T  m i n      2  −  T  b a s e    )    and diverse repetition numbers. The hourly averaged temperature values Tmax and Tmin or Tbase represent the maximum, minimum, or base temperature (10 °C) in the greenhouse.





3. Results


3.1. 3D Reconstruction of Plants


3D reconstruction of the plants from photographs was successful (Figure 2). This allowed quantifying the morphological development of each plant. Plants with 50 mM NaCl concentration showed leaf symptoms such as chloroses and necrosis from day 14. The oldest leaves were most affected by the stress.




3.2. Early Detection of Salinity Stress from Leaf Longitudinal and Transversal Dimensions after 60 °Cd


Transversal widths of the third leaves were found very sensitive to salt stress when grown under 50 mM NaCl and less sensitive in the 25 mM NaCl treatment (Figure 3a). Transversal widths of the leaves, which appeared at stress imposition (leaves 7), reacted equally sensitive to stress as lengths. At 60 °Cd after the imposition of salinity stress, leaves three exposed to 50 mM NaCl already had a significantly shorter longitudinal length than the control (Figure 3b). For leaves seven, the differences between the leaf lengths at 50 mM NaCl to the control treatment were significant from the first time at 110 °Cd. The leaves under 25 mM NaCl treatment also had a shorter longitudinal length than the control leaves at 133 °Cd and 220 °Cd. Leaves 11 significant effects under showed from the beginning 25 and 50 mM NaCl.




3.3. Stress Response of the Transversal Leaf Included Angle


After 110 °Cd there were significant differences in longitudinal included angle of leaves three for both stress treatments in comparison to the controls. However, the difference was no longer significant at 220 °Cd (Figure 4a). From the beginning of the salinity treatment until the last measurement date 220 °Cd later, the transversal included angle of leaves three decreased in both salt treatment, and was significant from 133 °Cd on (Figure 4c). A statistically significant difference between stress and control treatments was obtained from time 133 °Cd on for leaves three (Figure 4c).




3.4. Physiological Traits


At the beginning of the measurements of leaf 7 (110 °Cd), the relative leaf water potential, the relative water content, and the relative dry weight/ fresh weight ratio of the 50 mM treatment were significantly different from the control (Figure 5a,c,e). These trends were kept during the leaf development at each measurement time point. A similar trend was observed for the 25 Mm salinity treatment but was less pronounced. For leaves three, which was already growing at stress imposition, almost no significant salinity stress effect was observed on the physiological parameters investigated. However, there were significant differences in sodium, potassium, and chloride concentration in leaves three at the final harvest (Figure 5b,d,f).




3.5. Relationships between Architectural and Physiological Traits


The relationship between the architectural and physiological traits was investigated using correlation diagrams. The significant correlations between different architectural and physiological traits obtained are summarized in Figure 6 and Figure 7 for both relative and absolute values. Negative correlations were found between the relative longitudinal and transversal dimensions of the leaves and the relative osmotic potential (Figure 7). Therefore, leaves that declined the less their transversal and longitudinal dimensions under salinity stress were leaves with the lower osmotic potential. A good correlation was also found between transversal width and the dry weight, suggesting that the ratio of the transversal width of the stress plants became smaller with respect to the control when the osmotic potential of the stressed plant became more negative.



Architectural traits such as longitudinal length and transversal width had a high correlation with RWC. This suggests that the longitudinal and transversal dimensions of the leaf are good indicators of RWC (Figure 6a,b). Therefore, leaves with higher transversal and longitudinal dimensions tend to have higher relative water content. Moreover, good correlations were found between the transversal widths and traits, such as the dry and fresh weight of the leaf disk harvested destructively during the experiments (Figure 6c,d). The longitudinal included angle and the petiole inclination angle also showed a good correlation with the osmotic potential and RWC, respectively (Figure 6e,f). These results support the idea that observing architectural changes of leaf traits might provide insights about physiological traits such as RWC, dry and fresh weight and the osmotic potential of the leaves.





4. Discussion


An affordable early stress detection method for greenhouse crops might prevent high yield losses. The aim of this work was to identify architectural responses of cucumbers under salinity stress that might be helpful for the early detection of salinity stress using photogrammetry. Some morphological traits such as the transversal and longitudinal length of the leaf appeared to be better indicators of salinity stress than the physiological traits investigated since significant differences were detected after 60 °Cd and 110 °Cd, while the difference was obtained for destructive measurements from 220 °Cd on.



4.1. Later Significant Differences between Stress and Control for Invasive Measurements


Salinity stress effects on leaves were reported to be completely dependent on the growth phase. Under salinity, the osmotic potential was reported to reduce at a first phase, leading to osmotic stress [3,5]. This effect, when occurring typically for developing leaves, led to the reduction in the growth rate of the leaf [5]. For a fully expanded leaf, it was assumed that the toxic effect of salt is faster than in a younger leaf [3,5]. An early reduction in the leaf elongation rate might contribute to the reduced leaf area and, therefore, the leaf longitudinal and transversal distances under salinity stress for the leaves that were already initiated at stress imposition. In our results, the earliest difference between the control and the salt treatment 50 mM NaCl was observed for osmotic potential, RWC, and DW/FW-ratio after 220 °Cd in leaf 11 and not in leaf 7. The younger the leaf was, the faster or earlier the effect was measured as the leaves grew. However, the measurement interval for leaves three and seven was probably too large to get an even earlier response. Data points between 220 °Cd to 325 °Cd could help to address the issue.



At the last measurement date, most third leaf of the plants under 50 mM NaCl treatment was dried. The salinity effect was more severe for these plants. In healthy leaves, the potassium concentration is usually higher than that of sodium, as reported in the literature [3]. Potassium is one of the most important ions in plants and is usually found in stomata guard cells, where it controls opening [3]. Potassium deficiency disadvantaged the plant’s photosynthetic processes, which depend on CO2 input. An abundance of sodium and potassium ions in the leaf was recently reported to trigger growth reduction in the Arabidopsis plants under NaCl treatment due, among others, to their effects on stomatal regulation [27]. However, through active transport of sodium in the root, the sodium ions can be accumulated into the vacuoles and, therefore, protect the rest of the plant. Chlorosis and necrosis symptoms were already evident in the 3D model of the treatment with 50 mM NaCl after 14 days suggesting a toxic salinity effect. Although the cucumber plant was still producing dry matter and fruits, the processes slowed down or even stagnated. Chemical analysis of the leaves showed a higher sodium concentration than that of potassium. Wolf et al. [28] suggested remobilization of sodium from new leaves to the oldest through the phloem. In our study, we observed a similar relative ion concentration in both old and young leaves, which is not completely in agreement with [2]. An imbalance of the sodium, chloride, and potassium ions occurred at the end of the experiment (Figure 5), with up to 12 times more Na+ and 5 times more Cl- in stress plants than in control plants, while 40% less K+ was measured as reported for cotton [29].




4.2. Earlier Response of Non-Invasive Morphological Traits


The 3D reconstruction using photogrammetry allowed to non-invasively estimate morphological responses of cucumber leaves under salinity stress. 97.78% of possible 3D models were reconstructed successfully using pictures taken during the experiment. The leaf angles and dimensions were successfully calculated and used for stress detection. By statistical analysis, significant phases of salinity described by the osmotic and ionic effects were detected [5]. With large curvature angles, the curvature of the leaf is less pronounced and more pronounced at a smaller angle. After 110 °Cd for leaves three and 220 °Cd of leaves seven, differences between stress and control plants were significant for some longitudinal length and the transversal width of the plants.



The curvature lengthwise angle represented the earliest possibility of stress detection under the leaf angles for a leaf, which appeared already before stress imposition, followed by the transversal leaf included and petiole to leaf inclination angles. Some effects characterized by changes in angles or other measured parameters independently of the treatments suggested that changing in angle was not only due to salt treatment but also to climatic conditions or the development stage of the leaves. At 60 °Cd the width and length of leaves thhree of the treatment with 50 mM NaCl showed the earliest stress response in comparison to the control. The width and length of leaves three and seven seemed to increase in all treatments, which was explained by climatic or development effect.



However, from 60 °Cd and 133 °Cd, the increase was associated with the significance between at least the control and the salt treatment with 50 mM NaCl so that the stress was recognizable and maintained despite the plant growth.




4.3. Relationship between Non-Invasive and Invasive Data


Significant correlations between the leaf osmotic potential, the relative water content and the dry weight fresh weight ratio, and some 3D-base morphological traits were found for cucumber leaves under greenhouse conditions (Figure 6 and Figure 7). These suggested that the measured morphological changes can be related to physiological responses. Factors such as the relative osmotic potential can be derived from the relative transversal width, relative longitudinal length, and longitudinal curvature. Our results were obtained with cucumber leaves, which are relatively large and react to salinity stress through leaf rolling, leading to limited exposed surfaces to irradiance. For smaller leaves, it might be difficult to observe a similar behavior since the leaf width would not vary in a similar magnitude. However, as the growth rate of the leaves is also salinity sensitive [2,3], this might lead to a significant salinity effect on the width and the length. Using leaves of different sizes, the variation in the transversal and longitudinal included angles could be different since not all plants would vary these angles. It would therefore be important to investigate other leaf parameters such as petiole elevation angle and leaf inclination angle.





5. Conclusions


Using 3D reconstruction of plant architecture through photogrammetry, it was possible to find a significant salinity effect on the transversal and longitudinal leaf lengths just 60 °Cd post-stress impositions for leaves that appeared before stress imposition. Invasive measurements such as the leaf osmotic potential, the relative water content in the leaf as well as the dry weight-fresh weight ratio of leaves showed statistically significant differences much later for leaves that appeared before stress imposition. Moreover, we found that these morphological traits correlate well with physiological traits such as leaf osmotic adjustment, relative water content, dry weight, and fresh weight.
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Figure 1. Workflow for image processing and data extraction to determine leaf angles and distance dimensions. 
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Figure 2. 3D reconstruction of a plant one day before (−1) and 0, 2, 7 and 14 days after stress imposition under 50 mM NaCl treatment. 
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Figure 3. Dynamics of the relative leaf (a) longitudinal and (b) transversal dimensions of leaves three and seven during the NaCl stress treatment of 0, 25, or 50 mM in the nutrient solution. The x-axis represents the thermal time from stress imposition, while the relative values are the ratio of the stress treatments to the control (blue line). The squares represent the averages, and the whiskers represent ± standard deviations of 5 to 10 repetitions. The asterisks represent significant differences from the control through pairwise comparison. 
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Figure 4. Temporal development of the (a) curvature lengthwise angle, (b) petiole to leaf inclination angle, and (c) transversal leaf included angle of leaves three and seven during the salinity stress treatment with 0, 25, or 50 mM NaCl in the nutrient solution. The x-axes represent the thermal time since stress imposition, while the y-axes present the relative values for each leaf with respect to the control value. Asterisks indicate significant differences compared to the control treatment. 
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Figure 5. Dynamics of the relative values of (a) osmotic leaf water potential, (b) potassium ion concentration, (c) relative leaf water content, (d) sodium ion concentration, (e) dry weight to fresh weight ratio, and (f) chloride ion concentration of leaves three and seven during the salinity stress treatment 0, 25, or 50 mM NaCl in the nutrient solution. The x-axis represents the thermal time since stress imposition, while the y-axis presents the relative values for each leaf with respect to the control value. Asterisks indicate significant differences with the control treatment. 
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Figure 6. Relationships between architectural traits such as the relative transversal width (a), the relative longitudinal length (b), and the transversal vertex angle with the relative osmotic potential (c) of cucumber leaves under salinity stress treatment of 0, 25, and 50 mM NaCl. The grey region represents the 95% confidence interval. 
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Figure 7. Relationships between architectural such as the transversal width (a,c,d), the longitudinal length (b), the longitudinal included angle (e) and the petiole to leaf inclination angle (f), and physiological traits such as the relative water content, the dry and fresh weights and the osmotic potential of cucumber leaves under salinity stress treatment of 0, 25, and 50 mM NaCl. The grey regions represent the 95% confidence interval. 
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