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Abstract: Recognizing the variation of genetic resources is the first step in selection. One of the most important variations in grain crops is the uniformity of seed grain weight, which can be converted into seed size. However, it has been challenging since it needs high labor costs and time to measure it on a large scale. The current study used an image analysis technique to measure the grain seed area of about 100 seeds per accession with 64 germplasm of Tartary buckwheat (Fagopyrum tataricum) to study variation among and within them. To understand the nature of variation, skewness and kurtosis analysis of probability density function curve for seed area were used. As a result, a large variation among and within accessions was found. This means that the seed sizes within an accession are not uniform in this given cleistogamous species due to its non-uniform flowering time. This implies that the seed size should be considered an important factor for the germplasm enhancement program.
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1  Introduction

Various traits affect yield in cereal crops. Those traits include plant height [1,2], leaf area, total chlorophyll content [3], canopy temperature environment [4], disease resistance [5,6], thousand-kernel weight, and seed morphological traits [7]. Thus, they were heavily measured for germplasm enhancement for crop breeding. However, the uniform maturity of cereal crops has not been considered a major subject while it could be a crucial factor when the harvesting time is limited.

Grain sizes within the same plant could vary depending on the maturity rate [8] They are also correlated with the grain weight [9]. If the maturity time is uniform, the yield and even quality could increase. However, phenotyping grains is time and labor-consuming due to their small size. Thus, the sampling of them has been done on a small scale. However, the advent of high-throughput phenotyping technologies made it easier, faster, and more accurate [10]. Furthermore, it enables breeders to obtain parameters such as the area of the subjects that were not possible before via image analysis, which extracts the target subjects from the taken images to measure the parameters [11].

The study aims to demonstrate variations in grain sizes within the germplasm of Tartary buckwheat (Fagopyrum tataricum) using image analysis technology. This analysis underscores the importance of considering uniform maturity in the enhancement of germplasm quality. For this goal, skewness and kurtosis analysis of the probability density function curve for seed area were used. The results may lead to a new aspect of the breeding area through phenotyping traits.

2  Materials and Methods

2.1 Buckwheat Germplasm Preparation and Measurement

Sixty-four Tartary buckwheat germplasm accessions were provided by the Rural Development Administration (RDA) genebank, Jeonju-si, Republic of Korea. Five phenotypic characteristics, seed area, width, height, circularity, and roundness, were imaged for analysis. Values greater than 1.5 times the interquartile range considered outliers were dropped [12]. The parameter was utilized in this study in area in mm2 (Fig. 1).
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Figure 1: Some of the Tartary buckwheat germplasm accessions used for image analysis

To obtain the seed image of each buckwheat lines, we manually spread the seeds onto a blue polypropylene (PP) board (color clear PP “L” Holder, Hyunpoong Inc. Co. Pochen, Republic of Korea, 255 × 310 mm). After that, to capture red, green, and blue (RGB) images of the seeds, we set the RGB camera 25 cm above the board. In order to provide scale for the image analysis, 16 mm tag was used for a scale bar. To capture clear and accurate images of the buckwheat seeds, we used a color camera with a resolution of 23.5 × 15.7 mm (Nikon D7500, manufactured by Nikon Imaging Japan Inc. in Tokyo, Japan), equipped with a complementary met-al-oxide-semiconductor (CMOS) image sensor and a lens (af-s dx Nikkon 16–80 mm f/2.8-4 e ed vr, Nikon Imaging Japan Inc.). To minimize the effect of shadows on the seeds and reduce the likelihood of image errors, we set up a studio box (M80 Studio, China, with dimensions of 800 × 800 × 800 mm) and a Light-Emitting Diode (LED) board (ArtLight, from Unclepen Co. in Bucheon, Republic of Korea, with an area of 670 × 470 × 20 mm). In addition, we installed two light boards (measuring 600 × 10 mm and with a temperature of 5500 K ± 200) and two LED light stands (N-T96 LED, from Prodean Co. in Seoul, Republic of Korea, with a temperature of 5600 K). Fig. 2 explains steps for parameter calculation workflow.
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Figure 2: Flow diagram for parameter calculation workflow: from image to results

2.2 Image Analysis

The ImageJ program was used to process the buckwheat seeds images (ImageJ, National Institutes of Health, USA, rsd.info.nih-gov/ij). In order to separate images of the seeds from the background, we first split the RGB channels. Next, we created binary images to completely isolate the seeds from the background. To reduce the impact of noise on the accuracy of our measurements, we removed any particles in the images that were smaller than 100 times the size of the buckwheat seeds. Finally, to obtain accurate and precise measurements, we measured each area of the buckwheat seeds separately without connecting them to any other objects in the image. In order to further check the data distribution, each feature in selected Tartary buckwheat seeds were carried out (Figs. 1 and 3).
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Figure 3: The complete workflow for high-throughput buckwheat seed phenotype analysis

2.3 Data Analysis

All statistical analyses made by R studio software (Ver. 2022.02.0+443). The plots and probability density function curve for seed Area in supplementary data was made by ggplot2 package [13], and skewness and kurtosis were calculated as follows:

Skewness: 
1n∑i=1n⁡(xi−xs)3
[14]

Kurtosis: 
1n∑i=1n⁡(xi−xs)4−3
[15]

3  Results

There are large variances in seed area among 64 germplasm of Tartary buckwheat (Fig. 4). The different level of variances among them were observed when each of them was visualized using probability density function curve of seed area (Fig. 5). Moreover, each density plot has different pattern one another. To show the degree of pattern, the skewness and kurtosis were measured (Table 1). The skewness represents the degree of shift from the normal distribution; if it is shifted to left, it has minus value while if it is to right, it does plus value The kurtosis indicates that if it has minus value, it has sharper shape than the normal distribution while if it has plus value, it has flatter shape [16,17]. For the absolute values of both skewness and kurtosis, it indicates the severe non-normality, moderate non-normality, and slight non-normality when it is more than 2.3, between 1 and 2.3, and less than 1, respectively [18,19]. Based on these two parameters, the degree of normality in density plot of each accession is found to be highly diverse.
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Figure 4: Boxplot of gran areas of 64 germplasm of Tartary buckwheat after outliers are deleted (the area means the number of pixels within square pixels or calibrated square units by image-processing)
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Figure 5: Probability density function curve for seed area of each 64 Tartary buckwheat accessions. The x-axis means image processed Area which is the number of pixels within square pixels or calibrated square units by image processing
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4  Discussion

The range of normal distribution shows it variance; the wider, the larger variance of seed size in each accession. Those germplasm in the current study have large variance in terms of degree of variance in seed size (Fig. 4). It means that some of them have uniform ripening time and others do not. Those that do not have uniform ripening time should be bred to be uniform to be used for commercial purpose.

The shifted density plot from normality indicates it violates normality. To be shifted to right means that larger numbers of individuals are distributed in the right side. In this case, it can be interpreted that the more individuals are ripened at the given harvest time. The results in the current study suggest that the degree of normality in each accession should be high (Table 1). Given the Tartary buckwheat is cleistogamous meaning it pollinates before flower open, it is not cross-pollinated suggesting that each plant in accession should be homozygous [20]. This means that the variance for seed size reflected by seed area within an accession is not from chromosome shuffling among different plants. Therefore, it can be concluded that this variance is caused by other factors. One of the most important factors could be the different flowering time within an individual plant. When flowering time is different, the seed developmental stage is different one another. Consequently, it affects seed size within a given individual plant unlike domesticated crops that have been selected to possess uniformity and simultaneous ripening unlike wild germplasm [21–23].

The current study demonstrates that there is high variance in the flowering time in each accession based on over 5000 data points by the image analysis technology. This was not possible to measure them manually not only because of the number but also because of the trait itself, area. Thus, it is suggested that this new parameter based on the image analysis technique should be considered for germplasm enhancement to have higher grain yield in the future breeding program.

5  Conclusion

The current study demonstrates that grain size variation within Tartary buckwheat germplasm is substantial and significantly impacts yield potential. Traditionally overlooked, uniform maturity is identified as a critical factor influencing grain size and overall yield. By employing high-throughput image analysis, we quantified seed area variation across 64 germplasm accessions, revealing a wide range of distributions. Skewness and kurtosis analysis confirmed the non-normal distribution patterns of seed area within accessions, indicating varying degrees of maturity uniformity. The observed seed size variation is attributed to differences in flowering time within individual plants, rather than genetic diversity, as Tartary buckwheat is predominantly self-pollinated. This study underscores the importance of incorporating grain size uniformity as a selection criterion in breeding programs. By targeting germplasm with more uniform maturity, breeders can potentially increase yield and improve overall crop performance. High-throughput image analysis has proven to be an invaluable tool for identifying this previously unquantified trait. This technology enables efficient and accurate assessment of seed size distribution, facilitating the selection of superior germplasm for breeding programs aimed at developing high-yielding and uniformly maturing Tartary buckwheat cultivars.
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OEBPS/Images/table-1.png
Table 1: Skewness and kurtosis values of each F. tataricum germplasm seed area

IT number Skewness Kurtosis IT number Skewness Kurtosis
IT 028832 —0.106 —0.692 IT 226675 0.496 —0.224
IT 108885 0.252 —0.58 IT 226676 0.303 —0.06
IT 109162 0.19 —1.106 IT 226677 -0.013 —0.444
IT 113051 —0.038 -0.712 IT 226678 0.476 —0.238
IT 113066 0.481 —0.406 IT 226679 0.543 —0.294
IT 134978 0.574 —0.259 IT 226680 0.187 —-0.55
IT 141446 —-0.138 —0.687 IT 226681 0.2 —0.042
IT 141447 -0.193 —-0.079 IT 261922 0.194 —0.384
IT 148415 —-0.161 —0.886 IT 261924 —-0.115 —0.33
IT 148423 0.062 —1.155 IT 264174 —0.183 —0.881
IT 178741 0.349 0.064 IT 278316 0.456 —0.562
IT 178779 —-0.075 —0.121 IT 278317 0.164 —0.85
IT 179844 0.435 —0.244 IT 278318 0.079 —0.525
IT 180612 -0.179 —0.287 IT 278319 0.191 —0.889
IT 199279 0.441 —0.472 IT 301235 —0.08 —0.824
IT 199282 0.029 —0.829 IT 301236 0.058 —0.305
IT 199286 0.196 —0.78 IT 301237 0.092 -0.597
IT 200686 0.434 —0.523 IT 301238 —-0.109 —0.416
IT 201753 0.397 —0.078 IT 301239 —0.032 —0.38
IT 208549 0.019 —0.359 IT 301240 —0.074 —0.129
IT 208550 —-0.305 -0.216 IT 301241 0.094 —0.624
IT 209469 0.347 —0.337 IT 301242 0.245 -0.315
IT 224676 —-0.13 —0.738 IT 301243 0.184 —-0.25
IT 225083 0.241 —0.196 IT 301245 0.204 —0.534
IT 225084 0.127 —0.247 IT 310493 —-0.155 —0.611
IT 225085 0.209 0.068 IT 310494 0.118 —-0.073
IT 225086 0.362 0.018 IT 310495 —-0.325 —0.305
IT 225088 0.279 —0.539 IT 310557 0.051 —0.287
IT 225089 0.19 —0.146 IT 310558 0.143 -0.372
IT 225090 0.14 —0.244 IT 310559 —-0.151 —0.667
IT 226673 0.175 —0.732 IT 310560 0217 —0.289
IT 226674 0.289 —0.268 IT 310561 —0.117 -0.5
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