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Abstract

:

Seed imbibition is a very important process in plant biology by which, thanks to a simple water income, a dry seed may turn into a developing organism. In natural conditions, this process occurs in the soil, e.g., with difficult access for a direct observation. Monitoring the seed imbibition with non-invasive imaging techniques is therefore an important and possibly challenging task if one tries to perform it in natural conditions. In this report, we describe a set of four different imaging techniques that enable to addressing this task either in 3D or in 2D. For each technique, the following items are proposed. A detailed experimental protocol is provided to acquire images of the imbibition process. With the illustration of real data, the significance of the physical quantities measured in terms of their relation to the income of water in the seed is presented. Complete image analysis pipelines are then proposed to extract dynamic information on the imbibition process from such monitoring experiments. A final discussion compares the advantages and current limitations of each technique in addition to elements concerning the associated throughput and cost. These are criteria especially relevant in the field of plant phenotyping where large populations of plants are imaged to produce quantitatively significative traits after image processing.
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1. Introduction


Over the last decade, many research works have been conducted in imaging techniques and computer vision applied to plant science. It has enabled the development of many technological solutions for plant phenotyping. Best imaging practices for given biological questions such as plant growth [1], plant architecture [2], pathogen detection [3,4] and plant physiology [5] are now identified and often presented under the form of review articles [6,7]. The new bottleneck for these questions is now moving in the direction of image processing in order to efficiently and automatically extract quantitative phenotypic traits from the acquired data [8]. In this perspective, emerging works exploit advanced machine learning techniques to automatically determine the best feature spaces enabling one to address given informational tasks [9]. However, these image processing approaches are especially efficient, in terms of computation time or learning dataset size, when applied to well-contrasted imaging. Most of the effort for determining the best imaging techniques providing well-contrasted images has so far been concentrated at the scales of young or adult plants. The very early stages, e.g., at the seed stage, are however also very interesting from a fundamental biological point of view since they strongly condition the further development of the plants [10,11]. In this article, considering the seed scale, we focus on the imbibition process in seeds [12,13].



Imbibition is a key process triggering the transition from an inert dry seed into a living plant [14]. Because this biological process occurs in the soil, the dynamics of imbibition and water distribution in seeds are however far from being completely elucidated, starting with the observation of their spatiotemporal evolutions. Nonetheless, the recent progress of plant imaging and associated image processing techniques gives access to new windows to monitor non-invasively the imbibition process of seeds in conditions related to what would occur in the soil. A few studies have reported observations of imbibing seeds for leading crop species [15,16,17].



In this article, we present and discuss four imaging techniques that can be relevant to monitoring the imbibition process of seeds, while mimicking natural conditions. In this context, we present the use of 3D X-ray imaging, 3D magnetic resonance imaging (MRI), 2D thermography and 2D biospeckle imaging techniques. We detail the principle of each of these four non-invasive imaging techniques and the experimental protocols we used for the monitoring of seed imbibition according to these techniques. We describe the associated image processing algorithms, based on standard tasks in image processing and specifically tested among acquired images, suitable to extract quantitative information of the imbibition. The four imaging techniques depicted here can have broad applicability to any seed, and we show the usability and ability of each technique to provide a significant contrast capable of qualitatively characterizing the seed imbibition. A small population of seeds of sugar beet and Medicago truncatula is selected for illustration. Besides, because of the many factors involved in the complex imbibition process, we do not aim here at systematic quantitative analyses. More specifically, Medicago truncatula seed is a model species commonly used in plant science with easily accessible genomic sequences. The sugar beet seed presents the specificity of having a cork shell surrounding the seed, which is an additional trait not always present in other species.




2. 3D X-Ray Imaging of Seed Imbibition in Soil Conditions


In X-ray imaging, the observed contrast is associated with the Beer–Lambert law in which two physical parameters come into play: the attenuation coefficient and thickness of the sample [18]. A strong contrast of attenuation differentiates between plant tissues, which absorb X-rays, and the air, which does not absorb X-rays. This situation is especially found in dry seeds. Consequently, X-ray radiography (2D) or tomography (3D) are widely used in dry seed phenotyping [10]. In this section, using classical absorption 3D X-ray tomography, we provide a protocol and an image processing pipeline to monitor and quantitatively characterize the evolution of the X-ray contrasts observed in an imbibing seed, from a dry state to an imbibed state. In this case, the water penetrating the seed both fills the volume of air by water and expands imbibed tissues. These two effects of the imbibition contribute to reducing the volume of air. Monitoring the evolution of the volume of air remaining in the seed can thus be correlated with the imbibition process.



2.1. Acquisition Protocol


The 3D X-ray imaging system is an NSI X5000 equipped with a micro-focus X-ray source operating with a voltage range of 10 kV–450 kV, using a tungsten transmission target with a 280-mA current. The geometric magnification is up to 3000×, for an overall maximum system resolution of 500 nm. The digital X-ray detector is a flat panel (DDA) with a detector size up to 10 cm × 10 cm. For this study, the system was operated with a 80-kV voltage. The number of projections was 900, and each radiograph was an average of three exposures of 333 ms each to reduce the noise. The voxel size was set at 30  μ m. The acquisition time was 20 min. A sugar beet seed was positioned in a tube of 1 cm in diameter with wet sand, sand being a homogeneous water carrier support for the seed. A scan without water was first realized. Water was introduced in the tube. Automatic acquisition was performed of a series of X-ray tomographic reconstructions over time on the seed. With X-ray tomography, only the contrast between air and tissues is present [19]. During the imbibition process, the volume of air is reduced and progressively shrinks to zero. This corresponds to a first step in the imbibition process, which occurs typically over 10 h in sugar beet seeds.




2.2. Image Processing Pipeline


The progress of the imbibition process is therefore accessible by the estimation of the volume of air remaining in the seed. Air regions in X-ray images will be identified by voxels with low gray-level intensities in images and correspond to regions between the embryo of the seed and the cork, as is visible in Figure 1A.



In order to automatically detect the voxels with low intensities identifying the air regions, we devised an image processing pipeline based on the segmentation methodology, applied to the 60 slices of the 3D X-ray image. As is visible in Figure 1B–F, where we show the process on one slice, e.g., 2D for an easier illustration, this is achieved in a two-step process realized by simple thresholdings automatically calculated according to the Otsu method [20]. A first threshold is applied to the image to separate the sand coded in high gray-level intensities from the seed coded in relatively low gray-level intensities (Figure 1B). This serves as a mask (Figure 1C), which is then applied to the original image (Figure 1D). A second threshold is then applied to separate the air in the seed coded in lower gray-level intensities than the rest of the seed coded in higher gray-level intensities (Figure 1E). A particle size filtering by morphological closing [21] is then applied to remove isolated tiny structures composed of less than three voxels (Figure 1F). Thus, the output image delivers pixels corresponding to air in the seed. Considering voxels by stacking all output images, these voxels can be counted to evaluate the air volume remaining in the seed. This can be repeated on images acquired on different dates across the imbibition process, so as to deliver the evolution over time of the remaining volume of air.




2.3. Illustration


The region with low gray-level intensities corresponding to air is gradually reduced to zero as the imbibition process progresses. This can either be due to the filling of air by water or the expansion of imbibed tissue. We found over multiple acquisitions that this process typically lasts less than 10 h for sugar beet. The imaging approach makes it possible to obtain a characterization of the cork envelop surrounding the sugar beet seed and of its impact on water dynamics during imbibition. Other species where this cork envelop surrounding the seed is less bulky or non-existent could benefit from a similar characterization of the impact of the envelop on water dynamics during imbibition. The result of applying the segmentation algorithm is shown in the output data of Figure 1G, where we clearly see the volume of air progressively shrinking to zero, whereas the volume of air in the sand surrounding the seed is relatively constant.




2.4. Interests and Limitations


An essential interest of X-ray tomographic imaging at imbibition monitoring in seeds is that it makes possible non-invasive observations of internal air dynamics in 3D with a very high spatial resolution. A limitation is that the contrast between imbibed tissue and dry tissue is almost null. In principle, the estimation of the imbibed part and the dry part could be better contrasted with the use of contrast agents, from solutions with metallic ions, such as those used in the biomedical domain for angiography [22,23]. While using such a solution, one should pay attention to its viscosity and its concentration. A too high viscosity will simply prevent the contrast agent from penetrating deeply into the seed. A too high concentration could prevent the seed from normal development, while a too low concentration would fail to enhance the contrast.





3. 3D Magnetic Resonance Imaging of Seed Imbibition in Soil Conditions


Magnetic Resonance Imaging (MRI) as a non-invasive 3D imaging modality is very well suited to the observation of internal structures of biological samples. Accordingly, it is widely applied in medical imaging. Comparatively, MRI is much less developed for plant science, and in this direction, MRI presents great potentiality still open for exploration [24]. In the present study, we address an original application of MRI in plant science, for the monitoring of the spatiotemporal dynamics of water in imbibing seeds. A few studies have reported MRI observations of imbibing seeds for leading crop species [15,16,25]. We realize here an original application to seeds of sugar beet.



3.1. Acquisition Protocol


MRI experiments were performed using a Bruker Avance DRX 300 system (Bruker Biospin SA, Wissembourg, France) equipped with a vertical super wide-bore magnet operating at 7 T, a 10-mm inner diameter gradient set capable of 2000-mT/m maximum gradient strength and a 10 mm-diameter saddle resonator. High resolution MR imaging was performed on a 10-mm glass tube filled with two sugar beet seeds in wet sand. Wet sand provides the dual benefits of keeping the seed in a wet environment while facilitating image segmentation. A 3D spoiled gradient-echo sequence was used with TR/TE = 100/3 ms, a flip angle of   20 ∘  , an isotropic field of view of 1 cm, a matrix of   128 × 128 × 64   and eight averages, affording a spatial resolution of   0.078 × 0.078 × 0.156   mm   3  . Imaging of water uptake in seed during the imbibition process required both high spatial resolution to visualize water penetration pathways and speed to characterize the dynamics of water uptake. The gradient echo sequence offers a good compromise as a 3D isotropic high spatial resolution image with a good signal-to-noise ratio can be obtained in less than one hour using a combination of short TR and small flip angle. Automatic acquisition was performed of series of MRI images over time, on sugar beet seeds undergoing an imbibition process developing over typically three to four days, so that observed contrasts are related to water dynamics and the volume of all imbibed tissues in the seed. The acquisition duration was 55 min repeated over up to 100 h.




3.2. Image Processing Pipeline


Such series of acquired MRI images are then to be processed so as to segment and quantify the imbibed regions in the seeds. For this purpose, we devised an image segmentation methodology in order to automatically detect the voxels with high MRI intensities identifying the imbibed regions. It is especially important to obtain a segmentation in 3D, and not all 2D image segmentation methods extend conveniently to 3D. We chose for segmentation in 3D a thresholding of the MRI intensities exploited to drive a region-growing method with a 3D neighborhood, according to the pipeline of Figure 2 and operating as follows. However, for an easier illustration, we show the process on a 2D image.



The range of high MRI intensities identifying the imbibed regions is determined by an average threshold obtained by the Otsu method, simultaneously minimizing the intraclass intensity variance and maximizing the interclass variance over the two voxel populations (imbibed and non-imbibed) [21]. This determination of the threshold by the Otsu method is performed as a preliminary step, from a set of typical images where imbibition is known to be significantly advanced. As depicted in Figure 2A, based on such a threshold, each 3D image taken at any date of the imbibition process is then segmented through a region-growing procedure [21] extended in 3D. Initially, a voxel with high intensity above the threshold is searched in the image. When such a voxel is found, as shown in Figure 2B by a red circle, it is taken as an imbibed voxel to serve as a germ for the region growing procedure. Initially, the segmented region is restricted to this germ voxel. Then, an iterative process is launched where the set of voxels neighboring the current segmented region is visited, and each of such neighbor voxel that is found with an intensity above the threshold is aggregated to the segmented region under construction. This processing is iterated until no voxel neighbor to the current segmented region is found with an intensity above the threshold. In the 3D image, the notion of a six-neighborhood is used to define the six neighbors of a current voxel, in each of the three directions in space. A sketch of the region-growing segmentation as it progresses over iterations is displayed with 2D slices in Figure 2C. Once such an iterative processing is complete, it has segmented a connected region of voxels with high intensities, defining an imbibed region in the 3D image. The remaining voxels not belonging to such a segmented region, but with a high intensity above the threshold can serve as a new germ to initiate the iterative segmentation of another connected imbibed region. This is repeated until no other germ voxel remains available. At completion, the process provides the output segmented image as illustrated in Figure 2D. Among the several imbibed regions that are issued by this segmentation procedure, it is possible to discard the regions comprised of too few voxels, which will be reputed as contributed by a local noise artifact rather than by a consistent imbibed region. In this study, regions comprised of less than three voxels were discarded, which was appropriate for the noise conditions of our images. This forms an essential advantage of region-growing for segmentation compared to direct thresholding: it enables one to smooth out the noise, and it segments one or a few consistent connected regions in 3D as is physically suitable for an imbibition process progressing as a continuous water filling. The connectivity information obtained for each segmented region allows their characterization in terms of the number and sizes of the imbibed regions.



In this way, after segmentation of the imbibed regions, counting the voxels comprising them gives access to an imbibed volume in the seed or volume of absorbed water. This can be repeated on images acquired at different dates across the imbibition process, so as to deliver the evolution over time of the imbibed volume in an imbibing seed.




3.3. Illustration


This segmentation pipeline is exploited for typical MRI images of sugar beet seeds. Segmentation results then give access to the quantification of the imbibed volume and its evolution over time, as depicted as output data in Figure 2E for two sugar beet seeds over three to four days of the imbibition process.



The temporal evolution of the imbibed volume provides useful information for characterizing the imbibition process of a seed. For the two sugar beet seeds, a rapid and regular water uptake is observed, from the onset of imbibition up to around 40 h. By macroscopic observation, it is also known that 40 h or two days are typically the amounts of time it takes from the onset of imbibition to germination of the seed. After 40 h, there is a visible slowdown of water uptake for the seed (1); and for the seed (2), the small decrease observed for the water volume precisely coincides with the occurrence of the germination when a seedling stems out of the seed. Such a seedling external to the initial seed is not included in the segmentation, and it drains a quantifiable amount of water out of the seed. Meanwhile, no germination is observed for the seed (1), consistent with an imbibed volume still slowly increasing as more water continues to be absorbed by the seed, yet at a rate much reduced compared to the rate for the dry seed at the onset of imbibition.



In this way, quantitative microscopic monitoring is able to provide, in a non-invasive way, useful information on the water dynamics. It is possible to know when water uptake is regular over time, compared to alternative situations of, for instance, rapid water inflow followed by saturation, or on the contrary, water restriction with hindered inflow. Such measurements in principle can be applied over systematic studies on many seeds, in different conditions and for different species, possibly enabling one to obtain differential characterizations between them based on their imbibition behavior. Beyond the global imbibed volume, MRI can deliver additional information concerning water localization, also useful to the characterization of imbibition dynamics.




3.4. Interests and Limitations


An essential interest of MRI imaging for imbibition monitoring in seeds is that it allows a fine characterization of water dynamics, both in space and time, by non-invasive observations of internal water dynamics in 3D, by contrast with macroscopic observation, usually providing a gross and external characterization of the imbibition process. A limitation is that it has relatively coarse spatial resolution. In principle, a finer resolution could be accessible, but at the cost of reducing the signal magnitude, and consequently, the signal-to-noise ratio. This could be compensated by increasing the magnitude of the static magnetic field, but at the cost of a more sizable and bulky MRI instrument. These are in fact compromises of general applicability common to many MRI applications. The throughput of MRI is also relatively slow, with only one or a few seeds being able to be accommodated inside the static electromagnet facing the MRI antenna, and signal accumulation required over typically several minutes to construct an image with a satisfactory signal-to-noise ratio. However, this is mitigated when dealing with the monitoring of slow processes, like imbibition in seed tissues, which develops typically over a few days. MRI imaging is therefore more of a laboratory technique, useful for low-throughput exploratory observations rather than for high-throughput routine characterization.





4. 2D Passive Thermography of Seed Imbibition out of Soil


Thermography is a non-invasive imaging technique. It gives access to 2D maps of the apparent temperature of an observed scene. The camera captures the emitted thermal radiation of the scene and therefrom computes temperature maps assuming the black body law holds. In plant science, thermography has been used at various scales of observation from the single leaf for studying pathosystems interactions [26,27,28] to water stress at the forest canopy scale [29]. The early stages of plant development at the scale of seeds and seedlings can also be analyzed using thermography. It has recently been used to evaluate the germination capacity of legume seeds [30], to detect biophysical and biochemical changes during imbibition and germination correlated to viability [31] and to discriminate hypocotyl and radicle of seedlings during the elongation stage due to significant thermal differences [32,33].



4.1. Acquisition Protocol


The experimental setup for thermography of seed imbibition is based on an FLIR SC 5000 cooled infrared camera, composed of a quantum detector allowing one to achieve a thermal resolution of   0.01   ∘   C, in the spectral range between   2.5   and 5  μ m. The image size is   320 × 240   pixels, and the pixel size is of 0.33 mm   2  , with a 12-bit dynamics. The camera is positioned vertically above the samples and acquires images every 5 min. The seeds are sowed on a Petri dish full of sand placed in a cryostat regulated at   24   ∘   C, and the entire system is itself placed in a growth chamber regulated at   24   ∘   C, as well. The distance of observation was some tens of cm to maximize the spatial resolution at   0.1   mm per pixel.




4.2. Image Processing Pipeline


In order to analyze the thermal evolution of the seeds, it is necessary to realize a segmentation as proposed in the pipeline of Figure 3.



Thermographic images present typical stochastic noise [34], due to temperature fluctuation noise in thermal sensors coupled with some influence of the manufacturing process [35] and the emissivity fluctuations of observed objects and background. All these factors contribute to a non-uniformity in the response of the thermal sensor, leading to various responses of the pixels. As is visible in Figure 3A, the noise in our thermal images includes some readout noise corresponding to vertical stripes of random intensities. Furthermore, this includes the “Narcisse” effects where the radiation of the camera itself creates annular artifacts in the image. In the algorithm presented and illustrated in Figure 3, the stripes are eliminated by means of the variational stationary noise removal technique [36], which is specially designed to withdraw the noise pattern of a known shape while preserving edges thanks to a prior of piecewise constant objects. As is visible in Figure 3B, the background annular noise is then reduced after a low-pass filter designed in the Fourier domain. A mask of the seeds (Figure 3C) can then be obtained after an Otsu thresholding [20]. This mask is then applied on the original image (Figure 3D), and the average temperature at the surface of each seed can therefrom be computed for each image (Figure 3E).




4.3. Illustration


We illustrate some results accessible through the image processing described above. We consider an experiment with seeds of Medicago truncatula where we compute the difference between the spatial average temperature, coded in gray-level intensity pixels, of the background surrounding seeds and the spatial average temperature, also coded in gray-level intensity pixels, of three distinct seeds, respectively in red, green and blue squares, for about 20 h of imbibition. As visible in Figure 3F, the temperature profile varies according to the various stages of the imbibition process, starting with a step of temperature increase (from less than 1 h to several hours), then followed by a sharp temperature decrease. Tested in significant amounts on imbibed seeds in [31], these changes in temperature profile may be used to reliably detect and predict the capability of seeds in the first hours for imbibition, as such thermal variations may be related to biochemical changes and transformation of the seed reserves before germination.




4.4. Interests and Limitations


Thermography is a 2D non-invasive technique that can detect and characterize imbibition associated with biophysical and biochemical changes as described in [31,33], via temperature profiles as illustrated in Figure 3F. Access to such profiles constitutes a characteristic indicator of the seed imbibition, which may vary depending on the species and environmental conditions of this imbibition process. The use of this technique has a limitation in terms of high sensitivity of the sensor to surrounding radiations of the observed scene and especially absorption by the atmosphere. To minimize this, attention has to be paid in experiments to maintain an equilibrium thermal state around the observed samples. For this purpose, experiments have to be preferentially conducted in a controlled temperature environment like growth chambers where the convection effects may be limited. Another limitation is the relatively coarse spatial resolution of the sensor, so the distance of observation has to be relatively short.





5. 2D Biospeckle Imaging of Seed Imbibition out of Soil


Biospeckle imaging is a non-invasive and non-destructive technique that gives access to 2D images of micromovements of the surface of samples by measuring the deformation of a laser light at the wavelength scale [37]. A typical biospeckle image displays irregular noisy fluctuations of intensities due to the microrugosity of the sample surface. When the microrugosity evolves over time, cross-correlation calculations enable one to evaluate the decorrelation speeds of such temporal evolutions. Therefore, the biospeckle laser is an imaging technique widely used to monitor biological activities in different research domains such as medicine or agriculture [37,38]. With a high sensitivity to follow very tiny movements in biological tissues, this technique is well-adapted for microscopic characterization of biological samples and phenomena such as bacterial spreading [39] or for the detection of drug action on parasites [40]. In plant science, at the seed scale, biospeckle imaging is especially used for the prediction of seed viability or the early detection of pathogen infestations [41,42]. In this section, we present a device coupling two imaging modalities: a full-field speckle working in coherent light and an RGB working in incoherent light, applied to monitor the early stages of the imbibition process of seeds.



5.1. Acquisition Protocol


For the speckle imaging, the optical setup is composed of a coherent green laser source of 532 nm, delivering a power of 5 mW and being linearly polarized. The distance between laser output and seed samples is 40 cm. The laser beam illuminates an area of 5 cm   2   through a diffuser, delivering a full-field speckle so that all observed seeds are homogeneously illuminated. Due to diffusion of light, the relative weakness of power and illumination time, we considered that the green laser source did not induce thermal or transforming effects. The laser source is positioned vertically with an incidence angle of   10 ∘   above the samples. Positioned vertically above the samples, the camera is a   3 × 8  -bit sensor with a matrix size of   2448 × 2050   pixels with a pixel size of   3.45    μ m   2  . It is mounted with a Navitar Zoom 7000 lens, having a focal length from 18–108 mm, with a working distance of 10 cm to infinity and an aperture of   2.5  . The depicted optical setup was assembled to provide a satisfactory spatial resolution for seed sample observations, within speckle measurements. The curvature of seeds is not taken into account in the processing protocol, as sugar beet seeds are considered as flat (less than 3 mm of thickness) regarding distances. For the RGB imaging, using the same camera, incoherent light from white LEDs is used. This white LEDs system enables one to illuminate samples in backlight mode to directly access binary masks and shapes of samples by automatic thresholding. The whole device, synchronized and driven by a computer, has been designed to acquire various sequences. The biospeckle measurements are performed in a subjective configuration, as we do not use any inert material as a reference, e.g., a plastic sample providing no evolution of the microrugosity at its surface. A typical sequence consists of an alternation of an acquisition of one RGB image in white incoherent light in backlight mode followed by the acquisition of one slot of N speckle images (typically   N = 60  ) over one minute. Such a one-minute slot is then reproduced several times without acquiring the RGB image (typically five times during 5 min). As illustrated in Figure 4, this typical sequence is then reproduced at regular intervals (every hour for instance) over several hours. Acquisition duration is typically a few hours (5 h) since measurements are focused on the micromovements at the surface of the seed linked to the water fluxes as soon as the seed is in contact with water.




5.2. Image Processing Pipeline


Images are processed to evaluate the decorrelation speeds of the speckle patterns during imbibition. The image processing requires both the speckle images (Figure 4A) and back-lit RGB images (Figure 4B). Back-lit RGB images are used to create a binary mask of the seeds (Figure 4C), by automatic thresholding. The mask is then applied to the speckle images (Figure 4D). In each one-minute slot, the normalized cross-correlation is computed between the initial speckle image of the slot and each successive image in the slot. This provides N values of cross-correlation over the slot, which usually follow a decaying pattern as the fluctuations, characteristic of the biospeckle produced by the micromovements in the biological sample, gradually destroy the correlations with the initial image of the slot. The normalized cross-correlation   C ( t )   between a speckle image    I t   ( x , y )    acquired at time t and the initial image    I 0   ( x , y )    acquired at time   t = 0   is defined by:


  C  ( t )  =  ∑  x , y     〈  (  I t   ( x , y )  −  〈  I t   ( x , y )  〉  )   (  I 0   ( x , y )  −  〈  I 0   ( x , y )  〉  )  〉    σ   I t   ( x , y )     σ   I 0   ( x , y )       








where   〈  · 〉    represents the spatial average computed over the images and   σ   I t   ( x , y )     and   σ   I 0   ( x , y )     are respectively the standard deviations of   I t   and   I 0  . The decrease of the normalized cross-correlation   C ( t )   is usually the exponential type, with a characteristic time relative to the biological phenomenon. The slope of the decaying   C ( t )   on a semilog plot defines an inverse characteristic time for the decay, local to the current slot and typical of the micromovements at the surface of the seed at this stage of imbibition. To better control the variability of the measurements, such inverse characteristic time can be averaged considering that such a kind of slot is acquired several times (for instance, five, as mentioned above). As is visible in Figure 4, it can then be plotted with filled error bars, offering a representation of the standard deviation around the average value of the inverse characteristic time. Such a procedure is then evaluated in the same way every hour over several hours of the imbibition process.




5.3. Illustration


We illustrate in Figure 4E the results of an experiment with four seeds of sugar beet. Two seeds (upper line) are known as non-viable because of a heat treatment, and two other seeds (lower row) are supposed to be viable. The evolution of the inverse characteristic time of biospeckle has been measured during the first 5 h of imbibition. Every hour, five one-minute slots of 60 images have been acquired, providing an average value of the inverse characteristic time and its standard deviation for every hour. We therefore obtain average values and standard deviations of the inverse characteristic time that we plotted in Figure 4E. Considering one viable and one non-viable seed, we can clearly see a different behavior. Consistently over the successive imbibition stages, the viable seed displays larger inverse characteristic times. This identifies a higher speed of micromovements at the surface of the seed in imbibition, consistent with more intense water fluxes in a viable seed initiating its development toward an adult plant. By contrast, the non-viable seed displays smaller inverse characteristic times, consistent with less intense water fluxes for a seed, which will stay inert and not develop into a living plant. Considering a subjective biospeckle activity measurement, both inverse characteristic times show a maximum after 4 h that may be consistent with the beginning of a new physiological process inside seeds or less water flux activities in both seeds. As demonstrated in [43], it remains a relevant result as it efficiently provides information relative to the viability of a seed, only after 2 h of imbibition.




5.4. Interests and Limitations


An essential interest of biospeckle imaging for imbibition monitoring in seeds is that it makes it possible to measure, with non-invasive 2D observations, micromovements at the surface of samples. These micromovements can be linked, for their production, to water fluxes through the sample surface. It is also a low-cost technique to implement in terms of setup, with potentially high throughput. From this point of view, biospeckle imaging could be a good candidate as a high-throughput sensor for phenotyping. Furthermore, performing speckle measurements over long times, e.g., more than 24 h, may allow a better appreciation of the relevance of the speckle imaging technique on imbibition of seeds of sugar beet. The micromovements at the surface of samples are imputed to water fluxes within the seeds. For sugar beet, the seed is surrounded by a cork shell, which during the imbibition process, first captures the water before transferring it to the seed so that the imbibition begins. By measuring for longer times, we therefore may assess the impact of water fluxes at the seed surface. A major limitation of this technique is its high sensitivity to fluctuations like mechanical vibrations of the samples, of the sample holder or air convection between samples and the sensor. Avoiding these fluctuations requires the use of a specific table protected from mechanical vibrations, by means of a massive bench common in optical instrumentation, which may affect the cost and portability of the setup. However, as illustrated in [42], some rigid registration techniques implemented on the digital images may compensate some of these fluctuations. Biospeckle imaging is also sensitive to the size of the samples to be imaged, inducing a variability in measurements. A solution to reduce this defect is to mount the digital camera with a high magnification lens.





6. Conclusions


In this report, we have tested and reviewed four non-invasive imaging techniques to monitor seed imbibition in conditions mimicking natural conditions. We discussed in this context of seed imbibition the use of 3D X-ray imaging, 3D MRI imaging, 2D thermography and 2D biospeckle imaging techniques. For each technique tested successfully during experiments, we have detailed the setup and experimental protocol we used to acquire images of seeds during the imbibition process and proposed dedicated image processing methods to extract some characteristic traits of the imbibition process. Considering a reproducible science approach, the implemented algorithms developed within ImageJ (National Institutes of Health: Bethesda, MD, USA) and MATLAB software (The MathWorks: Natick, MA, USA) and a dataset of associated images are accessible online [44]. We demonstrated that these imaging techniques generate strong contrasts, enabling simple, but efficient expert-based image processing methods that are useful to monitor seed imbibition.



We discussed the specificities for each technique in terms of interest and limitation and costs, regarding the imbibition traits we measured. Summarized in Table 1, these specificities also reveal possible complementarities between these techniques and encourage coupling them. For instance, it would technologically be possible to associate thermography and biospeckle. In addition to providing two different contrasts, this could also serve to provide a 2.5-dimensional image via the production of a disparity map as if these two cameras were considered as a stereovision system [45]. Another example considering 3D modalities is the association of MRI with X-ray tomography [46]. The MRI technique delivers information concerning water localization, useful to characterize the dynamics of imbibition. With other sequences of the instrument, MRI can also deliver well-contrasted images of specific biochemical constituents such as lipids, which are an important constituent of the dry seed embryo. Such MRI sequences could therefore be very useful at the very start of imbibition to localize the embryo when water is not yet detectable in the seed, so as to provide spatial references useful to subsequently register water MRI images in relation to this essential internal organ of the seed. The X-ray tomography technique is well suited for visualization of the internal anatomy of dry seeds and structures possibly implied in water channeling. The registration of images acquired in MRI and X-ray tomography may therefore be very relevant to better understand pathways and networks used by water in the seed during the imbibition process. This constitutes a challenging task for registration algorithms. In Figure 5, we illustrate a proof of feasibility of an approach of registration between MRI and X-ray tomography images. To facilitate such registration, experimental solutions can be envisaged by using the same seed holder, so as to control that the sample is positioned in a close position in both modalities.



The costs of the devices and their daily use prices can be additional elements for comparison. The cost of the X-ray device is 350 k€ with a daily use price of 300 €. The cost of the MRI device is approximately 1 M€ with a daily use price of 500 €. The cost for the thermal imaging device is relatively expensive, as well, with a cost of 80 k€ with a daily use price of 100 €. Inversely, the home-made speckle device is very low-cost (less than 3 k€), taking into account all the optical setup, and the daily price has not been calculated. The costs of these devices, especially 3D devices with very specific sources, sensors and technologies are very expensive, and such costs constitute an additional limitation.



Some of the current limitations, in terms of contrasts or costs, of the imaging techniques reviewed in this article may also evolve with the improvement of technologies. For instance, other sources and sensors of X-rays could be used to monitor seed imbibition such as the monochromatic synchrotron radiation sources or energy-resolved sensors, which give access to enhanced contrast. Such enhanced contrast has recently been shown for imbibed seeds during the morphogenesis of the seed [22], providing promising new insight into the imbibition process of seeds.
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Figure 1. Main steps of the image processing pipeline for the extraction of the volume of air remaining in the seed during the progress of the imbibition process. The pipeline is illustrated on a 2D slice from a 3D X-ray image. The air (identified with a white arrow on the input image (A)) corresponds to the dark region between the embryo of the seed and the cork. The output data show the evolution of volume of air relative to the initial volume of air in a dry seed and in the sand, as a function of time. 
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Figure 2. Main steps of the image processing pipeline performing 3D segmentation of the MRI images. The pipeline is illustrated with a 2D slice of   128 × 128   pixels from a 3D MRI image of   128 × 128 × 64   voxels. The output data show the temporal evolution over the imbibition process of the imbibed volume in two different sugar beet seeds (1) and (2). 
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Figure 3. Main steps of the image processing pipeline performing 2D segmentation of thermographic images, with the illustration of extracted output data in (F). The three colored curves were obtained by a computation of the difference between the average temperature of three distinct seeds and the average temperature of the background surrounding the seeds, delimited by colored squares, respectively red, green and blue. 
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Figure 4. Main steps of the image processing pipeline performing the calculations of the normalized cross-correlation and inverse characteristic times of a typical sequence of speckle images with four sugar beet seeds in imbibition. Seeds in the upper line (blue square) are non-viable, whereas seeds in the lower line (red square) are considered as viable. Considering the five slots, the average value and standard deviation are also accessible, as depicted in the output data. 
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Figure 5. (A) X-ray tomography used as a reference map; (B) registration of MRI lipid-contrasted images (in green) with X-ray tomography (in purple) images; (C) registration of MRI water-contrasted images (in green) with X-ray tomography (in purple) images. We first register the lipid content from the embryo of the dry seed in MRI with the tomography image, as the embryo shape and orientation are recognizable at the spatial resolution of MRI images. After registration, it gives us the transformations we need to apply to water MRI images to be registered with the anatomy of the seed identified by X-ray tomography. 
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Table 1. Specificities of the four non-invasive imaging techniques reviewed in this report.
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	Imaging Technique
	Imbibition Trait Measured
	Interests
	Limitations





	X-ray
	remaining air volume
	3D, high spatial resolution
	low contrast, very expensive costs



	MRI
	imbibed volume
	3D, high water sensitivity
	low throughput, low spatial resolution, very expensive costs



	thermography
	thermal signature of biochemical activities
	high sensitivity
	2D, expensive costs



	biospeckle
	external deformations
	high micrometer sensitivity, very low costs
	2D
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