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Abstract

:

The non-invasive analysis of seeds is of great interest to experimental biologists and breeders. To reach a high varietal identity and purity of seed material, it is often necessary to access features of individual seeds via the screening of mutant populations. While near-infrared spectroscopy (NIRS) and time-domain nuclear-magnetic-resonance spectroscopy (TD-NMR) are well-known in seed research and industry for bulk seed measurements, their application for individual seeds is challenging. Here we demonstrate how to overcome this limitation using a practical approach to cereal grains using oat (Avena sp.) as a model. For this, we generated a representative collection of oat seeds from the ex situ German federal gene bank, which includes wide variation in grain size, shape, and coloration. Next, we established a short experimental pipeline to exemplify how to improve the procedure for individual seed measurements. In its current state, the method is ready to use for the high-accuracy estimation of nitrogen (protein) content (R2 = 0.877), water content (R2 = 0.715), and seed weight (R2 = 0.897) of individual oat grains. This work introduces the combination of NIRS and TD-NMR as an efficient, precise, and, most importantly, non-destructive analytic platform for a high throughput analysis of individual intact seeds.
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1. Introduction


Oat (Avena sativa) is a robust, hardy crop domesticated over 3000 years ago [1,2]. It is widely used in modern agriculture, in particular for food and feed, due to its grain’s high nutritional value [1,3,4]. The recently published full reference genome of oat [1] could allow new breeding approaches to prevent the presumed genetic diversity loss resulting in stagnating yield [2,5]. Phenotypic traits, such as caryopsis type, lemma color, or panicle type, but also the differentiation between naked, black, or husked oats, seem insignificantly influenced by or contribute to genetic clustering patterns [2]. While robust molecular tools are established and seem applicable for future genetic variations, analyzing individual seeds non-destructively is of growing interest for many seed-related industries because it enables the selection of the best compositional traits [6,7].



In this context, to avoid time-consuming and destructive conventional techniques, high-throughput, non-invasive, and accurate methods are required.



Two of the most promising methods which fulfill both criteria, fast measurement and application as a non-destructive method, are time-domain nuclear magnetic resonance (TD-NMR) and near-infrared spectroscopy (NIRS). Near-infrared spectroscopy (NIRS), on the one hand, has been used for more than 60 years for analytical applications [7] and is well-established for analyzing multiple traits and high throughput. As an optical method, NIRS relies highly on choosing representative model seeds to develop robust calibration methods. However, when seed shape or color differs substantially from those of the calibrated sample set, precision may be compromised [8]. Thus, at present, the ability to noninvasively characterize individual seeds rapidly and robustly remains in need of significant improvement. In contrast, nuclear magnetic resonance spectroscopy (NMR) is unaffected by color, shape, or size [9], meaning it is not limited to existing cultivars and may be used for new genetic varieties. A method for simultaneous screening of fresh weight, lipid, carbohydrate, and water content, using different species with the limitation of inaccurate protein detection, was presented by Rolletschek et al., 2015 [9].



The main components in oats are starch (39–55%), dietary fiber (20–39%), proteins (9–16%), and lipids (2–18%), according to Banas et Harasym 2021 [3]. So far, previously reported results focused mainly on bulk measurement of mature grains for whole grains [4,10] and flour [11,12]. While lipids can be measured accurately with TD-NMR, Rolletschek et al., 2015 [9] did show that carbohydrates can also be determined with their method. As they reported an unsatisfactory protein detection, the need arose to develop a robust supplementary NIRS procedure.



The first promising approach to single oat grain protein measurement was reported by Gracia et al., 2017 [13]. Thus, we aimed here to establish a robust non-invasive high-throughput method enabling measurement of protein and water content as well as dry weight for single oat seeds using NIRS and TD-NMR. For this purpose, from about ~3000 available Avena accessions [9], we selected 50 oat lines, representing the vast majority of variance for seed composition and thousand-grain weight. Using such a wide range of seed shapes, colors, and sizes ensured the quality and robustness of the method.




2. Materials and Methods


2.1. Seed Material


All seed accession were provided by the German Federal Ex situ Gene Bank at the IPK Gatersleben (https://www.ipk-gatersleben.de/en/infrastructure/gene-bank/gene-bank-gatersleben, accessed on 24 April 2023).




2.2. NIRS Measurements


Spectra of single seeds were generated using the Bruker MPA NIR spectrometer (Bruker Optics, Ettlingen, Germany). Single seeds from all selected Avena accessions were analyzed in separate glass vials (flat bottom vials: FIOLAX, clear HGB 1/ISO 719, 45 × 8/0.5 mm, MGlas AG, Münnerstadt, Germany) to fit the 50-slot sampling disc of the MPA. The sides and the top of the glass vials containing the seed were covered by standard aluminum wrap, with the dull side facing outwards to offer shade from outside light sources and reflect light from the NIR source. The system was equipped with an integration sphere detector (TE-InGaAs) used in diffuse reflectance mode. Data were recorded in the spectral range of 12,500 to 3600 cm−1 at a spectral resolution of 20 cm−1. Each spectrum is comprised of 64 co-added scans. As background, a spectra of the internal standard of the spectrometer was measured prior to sample testing and automatically subtracted from the recorded sample by the software OPUS 6 (Bruker Optics, Ettlingen, Germany).




2.3. NMR Hardware and Application


2.3.1. TD-NMR


High-throughput measurements with nuclear magnetic resonance spectroscopy were performed using a low-field minispec mq60 TD-NMR (Bruker BioSpin GmbH, Rheinstetten, Germany). This device operates at a proton frequency of 60 MHz (1.4 T), and the available probe head allows testing of samples with 6 mm diameter and 10 mm length. An automated sample delivery system, enabling the measurement of ~1400 samples per day, was provided by LAIX Technologies (Langerwehe, Germany). Detailed information about the hardware, as well as the applied pulse sequence, is described elsewhere [9].




2.3.2. MRI


Visualization of intact grains was achieved by using an Avance III HD 400 MHz NMR-spectrometer (Bruker Biospin, Rheinstetten, Germany). Imaging was performed using a 3D multi-spin multi-echo sequence with a repetition time (TR) = 1000 ms, echo time (TE) = 6.9 ms, and a field of view (FOV) = 23 × 9 × 9 mm, achieving a resolution of 70 × 70 × 70 µm. Three grains were inserted in plant oil as a magnetic field homogenizer and measured simultaneously. Data processing was conducted using Matlab (R2020b, The MathWorks Inc., Natick, MA, USA), and visualization was done using AMIRA software (Amira3D 2022.1, ThermoFisher Scientific, Inc., Schwerte, Germany).





2.4. Nitrogen Content Determination


Dumas combustion method was used for nitrogen content measurement using the elementary analyzer vario MICRO Cube (Elementar Analysensysteme GmbH, Langenselbold, Germany). For this method, grains and husks were manually ground, and three biological replicates (independent individual grains) of 0.5 mg ground material were tested. Factor 5.83 [14] was used to convert nitrogen content to protein content.





3. Results


The primary goal was to establish a robust high-throughput method to measure protein (nitrogen) content (along with other traits like water content or dry weight) of individual oat seeds using NIR spectroscopy as the main analytical tool already available in many seed labs. Our analytical pipeline is depicted in Figure 1. Three replicate samples of whole kernels were measured once with a balance and NIRS, divided into grain and husk, and measured again by balance and NIRS. Water content was then determined by drying the samples at 60 °C for 24 h, balancing them, and measuring using NIRS. Afterwards, the dried samples were measured using an elemental analyzer to obtain nitrogen (protein) content. If applicable, husk and grain values were added to get the combined husk + grain value.



For compositional analysis, we selected 50 oat accessions (out of ~3000) representing 99.9% of the variance for seed composition (carbohydrate, lipid, and protein content) and thousand kernel weight. Selected seeds thus represent a wide range of shapes, colors, and sizes, which in turn shall ensure the high quality and robustness of the novel analytical scheme/method. The apparent diversity of selected cultivars is exemplarily shown in Figure 2.



Next, we measured individual seeds (husk and grain) using NIRS according to the pipeline (see Figure 1). Reference spectra of a subset of single seed spectra were further used for calibration model development in software OPUS 6. Reference data for calibration of dry weight, moisture, and nitrogen mass was provided by gravimetric, drying, and elemental analysis. The optimization tool within the method development app of OPUS 6 was used to identify spectral relevant regions and data treatment for each analyte by optimizing for RMSE value using a partial linear regression approach. The optimized settings were cross-validated.



Our newly developed NIRS method enables a very accurate nitrogen content measurement (Figure 3a) compared to the reference method (Dumas combustion method). After one technical replication, the validation resulted in a correlation factor R2 = 0.877, a root-mean-square-error of cross-validation RMSECV = 0.133 mg, and a ratio of standard deviation to root-mean-square-error of prediction RPD = 2.69. This calibration method can be considered a good prediction model for screening, according to Williams [15]. Due to the division of kernels in grains, husks, and grains + husks, as well as the selection of 99.9% of total oat variance, this method should be applicable for any existing oat population as well as newly developed mutant or breeding lines, regardless of their size, shape or kernel status. Furthermore, this calibration method may be improved by using additional technical repeats. As shown in Figure 3b, the relative error of the measurement with one technical replication is about ±15%. In contrast, after 3 technical repeats, it decreases to ±5%, whereas the measurement time triples to two minutes per sample and, therefore, still enables high-throughput measurement.



An evaluation of the water content of a seed using non-invasive measurements is presented in Figure 4. While the NIRS method can approximate quantitative prediction of water content (see Figure 4a; R2 = 0.715, RMSECV = 0.542 mg, RPD = 1.88), NMR water prediction proved to be unreliable for single oat seeds, as seen in Figure 4b, due to the fact that the water content seems to be below the quantitative threshold of this method. Still, NMR may be used for fresh material, seeds with higher moisture content, or, in general, for bulk measurements as described by Rolletschek et al. 2015 [9].



The third parameter, which we could measure using NIRS, was the dry weight of a single seed. Measurement of dry weight by NIRS is shown in Figure 5a, with accurate prediction statistics of R2 = 0.897, RMSECV = 3.94 mg, and RPD = 3.11. However, the applied NMR measurement method, which was described by Rolletschek et al. [9] (Figure 5b), showed an almost perfect prediction of dry weight (R2 = 0.990, root-mean-square-error of prediction RMSEP = 1.363 mg and RPD = 7.38).



A combination of both NIRS and TD-NMR allows the assessment of main kernel components, as shown in Figure 6. Carbohydrates and oil content were measured with TD-NMR according to Rolletschek et al., 2015 [9]. Protein and dry weight, on the other hand, were determined with our newly established NIRS method. Complete whole seeds were used (with husks or, if available, naked). The weight ranged from ~15 mg to ~45 mg per seed, with a total carbohydrate content between 81–88%. The oil range was between 0.8 and 5.2%, and protein was between 4.6 and 14.3%.



Based on our results, we conclude that the NIRS/TD-NMR approach is reliable for all oat accessions, regardless of kernel size, shape, or composition. Therefore, it can be useful for phenotyping mutant populations and/or breeding lines.




4. Discussion


Seeds start and end the plant life cycle in most crops, making it important to develop analytic tools that do not require invasive procedures. The applied single-seed screening approach allows a more differentiated and individualized analysis of plants/seeds by assessing traits for breeding experiments. Mutant lines enable the selection of the best compositional traits for various purposes [6,7]. Thereby, the sample amount required for multiple analyses by screening could be substantially reduced along with the reduction of resources (human, industrial, natural) required for their production.



We successfully developed a NIRS method for determining protein (nitrogen) content, water content, and dry weight of single oat seeds. The nitrogen calibration was satisfactory for screening in breeding programs (R2 = 0.877, RMSECV = 0.133 mg, RPD = 2.69) and even more accurate than the pioneer Gracia’s [13] work that inspired our design (R2 = 0.72, RMSECV = 0.58%, RPD = 1.9, using all data for protein measurement). Furthermore, our method uses a larger variety within the training set, with 50 different lines representing 99.9% of the variance (compared to six lines [13]). By applying all types of seed morphologies (husk, grain, grain + husk) instead of only de-hulled grains [13], we expect our method to work for new hybrids in breeding studies for single oat seeds without further processing of kernel status or differentiation of seed morphology (color, shape). Our results are also comparable to similar single seed calibrations of protein, using maize kernels (R2 = 0.87, RPD = 3.15, [16]) or barley (R2 = 0.90, RPD = 2.9, [17]). Although using nitrogen-to-protein conversion factors is deemed unsatisfactory [18], it is still an often-used approach. Usually, the same factor is used for all samples/tissues in one study (for oat: 5.83% [14], 5.36% [19], 5.32% [20], or average cereals 5.4% [18]). It is considered not to influence calibration statistics, and thus, the comparison between protein and nitrogen calibration seems appropriate.



Combined with the previously reported TD-NMR method, which accurately determines fresh weight, lipid, and total carbohydrate content [9], we can measure all main seed components. While NMR is not affected by morphological grain traits such as shape or color, resulting in excellent fresh weight prediction statistics (R2 = 0.990, root-mean-square-error of prediction RMSEP = 1.363 mg and RPD = 7.38), the presented method requires a minimum amount of ~20 mg biomass per sample [9], which could explain the less appropriate water measurement (see Figure 4b). The near-infrared spectroscopy, as an optical method, on the other hand, is affected by morphological grain traits and, therefore, a higher variance of measurement parameters can be explained. Nonetheless, the presented NIRS method can be further enhanced by adding specific sugar or protein constituent parameters to the calibration set. Our methodological approach is also suited to expand for various cereals and developmental stages in separate or even potentially in one calibration.



The TD-NMR system with an integrated sample handling robot allows for measuring ~1400 samples per day [9]. The NIRS system is limited to ~500 samples per day. For further augmentation of high throughput in the NIRS, one might add a robot for sample picking and/or apply an enlarged slot sampling disc. Other authors developed or likewise used high-throughput NIRS equipment [13,21]. Using 48 well plates, Gracia et al., 2017 [13] achieved a throughput of up to 1152 individual seeds per day. A high-speed throughput with 10 kernels per second, on the other hand, was achieved by Armstrong 2006 [21]. Their best prediction statistics for corn moisture (R2 = 0.97, RPD = 5.5, standard error of cross-validation SECV = 0.76%), soybean moisture (R2 = 0.99, RPD = 10.5, SECV = 0.32%) and soybean protein content (R2 = 0.96, RPD = 4.9, SECV = 0.99%) showed acceptable to good results while usage of limited genetic variety together with reported material handling problems limits application of this system. Compared to that, our approach had similar or better calibration statistics using more analytes while still allowing high throughput on readily available technology platforms.



Our analytical approach combining NIRS and TD-NMR enables the accurate determination of weight, lipids, protein, water, and carbohydrates in high-throughput for single kernels. Such a non-invasive platform is reliable for measurements regardless of color, shape, age, and composition. It can be used to analyze mutants and breeding lines, opening broad prospects for experimental biologists and breeders.
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Figure 1. Black arrows indicate processing (data storage and measurement), green indicates process for weight determination (including separation), blue arrows indicate process for dry weight determination, and yellow indicates data for N-content measurement with an elemental analyzer (EA-Analyzer). Data were stored in Table S2a: Single seed dry weight measured with NIRS, Table S2c: Single seed dry weight measured with NIRS, Table S2e: Single seed nitrogen content measured with NIRS, and Supplementary Table S1: A detailed list of accessions belonging to the genus Avena available in the IPK genebank. 
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Figure 2. Four selected accessions from a total of 50. These four accessions were selected to highlight the great variety in shape, color, and size of the dataset. For images of the complete collection, see Figures S1–S3. 
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Figure 3. (a) Validation of NIRS model for protein content by reference measurement with Dumas combustion method. Included are in total ~450 measurements (three biological replicates for each, Husk, Grain, and Grain + Husk). (b) Impact of technical repeats on NIRS protein prediction calibration. Measuring the same samples 3 times reduces the relative error to ±5%. 
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Figure 4. (a) Validation of NIRS model for water content by gravimetric weight determination before and after drying. Included are in total ~450 measurements (three biological replicates for each, Husk, Grain, and Grain + Husk). (b) NMR prediction of the water content of single kernels representing all 50 selected oat accessions, all containing grains + husks. As a reference, seeds were gravimetrically measured before and after drying. 
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Figure 5. (a) Validation of NIRS model for seed weight by gravimetric determination Included are ~450 measurements (three biological replicates for each, Husk, Grain, and Grain + Husk). (b) NMR prediction of weight for single kernels representing all 50 selected oat accessions, all containing grains + husks. As a reference, seeds were gravimetrically measured. 
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Figure 6. Single grain images and composition. (a) Images of representative kernels recorded with (i) camera and (ii) MRI method. MRI images show caryopsis (C) and, if available, husks (H). Morphology of caryopsis (C) is highlighted, while husk (H) is presented in transparent gray. (b) All cultivars for grain composition were ordered by weight. Shown are protein content (measured by new NIRS calibration) and oil and carbohydrate content (measured by TD-NMR calibration as developed by [9]). Red marked oat cultivars are shown in more detail in (a). 
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