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The root is the most critical plant organ for water and nutrient acquisition. Although the root is vital for water and nutrient uptake, the diverse root characters of soybean still need to be identified owing to the difficulty of root sampling. In this study, we used 150 wild and 50 cultivated soybean varieties to collect root image samples. We analyzed root morphological traits using acquired-image. Except for the main total length (MTL), the root morphological traits for most cultivated and wild plants were significantly different. According to correlation analysis, the wild and cultivated plants showed a significant correlation among total root length (TRL), projected area (PA), forks, total lateral length (TLL), link average diameter, and MTL. In particular, TRL was highly correlated with PA in both cultivated (0.92) and wild (0.82) plants compared with between MTL (0.43 for cultivated and 0.27 for wild) and TLL (0.82 for cultivated and 0.52 for wild). According to principal component analysis results, both plants could be separated; however, there was some overlap of the traits among the wild and cultivated individuals from some regions. Nevertheless, variation among the cultivated plants was higher than that found in the wild plants. Furthermore, three groups, including MTL, TLL, and the remaining traits, could explain all the variances.
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INTRODUCTION

Soybean (Glycine max L.) is regarded as a significant worldwide crop owing to its nutritional value (Kim et al., 2015). According to Nawaz et al. (2018), soybean is classified into 28 species under 2 subgenera. Among them, G. max and G. soja Sieb. and Zucc are consumed as food by humans and livestock (Nawaz et al., 2018).

Glycine max (cultivated soybean) is an annual legume with white to purple–pink flowers and trifoliate leaves and an extensive taproot system; most of the taproot system is in the top 15 cm soil layer (Chaturvedi et al., 2011). Cultivated soybean was domesticated from its annual relative G. soja (wild soybean) (Carter et al., 2004). Soybean is native to East Asia, and it is widely cultivated for its edible beans in Korea, China, Japan, and Russia (Jeong et al., 2019). Soybean has numerous uses (Multilingual Multiscript Plant Name Database: Retrieved Feb 16, 2012). It is an economically important legume crop that provides food and animal feed (Graham and Vance, 2003). In China, which is the world’s largest soybean genetic diversity reservoir (Li et al., 2008), 23,587 soybean landraces have been collected.

Several pieces of evidence, including proteomics, genomics, and cytological traits (Wang et al., 2016), suggest that wild soybean is the progenitor species of cultivated soybean. Moreover, wild soybean is widely distributed in East Asia, including Korea, China, Japan, and the Russian Far East. Moreover, it grows well in diverse areas, including agricultural fields, lakesides, marshlands, and riverbank, within any nation (Lu, 2004; Wang et al., 2016). Thus, it is well acclimated to various environmental conditions because of its broad regional adaptability (Nawaz et al., 2018). The wild soybean contains enriched characters known as gene banks for the species (Li et al., 2017; Nawaz et al., 2018). Hence, various traits have been comprehensively characterized, focusing on the above-ground organs of wild soybean.

The root is essential for water acquisition and nutrient absorption across the entire life of a plant (Zhao et al., 2017). It participates in nutrient cycling and soil formation stabilization via its interaction with soil organisms (Bardgett et al., 2014; Faucon et al., 2017). Thus, there is a considerable potential for breeding better cultivars by understanding root morphological traits associated with plant growth and development. This makes the root important for identifying crucial traits. However, the root system has not been studied in detail compared with the above-ground organs of the plants because of difficulty in phenotyping them. In addition, manual measuring of the root traits is time-consuming, laborious, and inaccurate in a fully grown plant (Costa et al., 2001; French et al., 2009; Lobet et al., 2011). Hence, phenotyping of the architecture of the root system is performed primarily under controlled laboratory conditions at early growth stages, although “shovelomics” has also been used for both field breeding and quantitative genetics (Colombi et al., 2015). However, the shovelomic method measures the ground nodal root (crown root) phenotypes, disregarding the internal root system despite its enormous impact on plant growth (York and Lynch, 2015).

Due to developments in imaging technology, high-resolution images can be easily captured using a compact camera (Chung et al., 2017). Many efforts have been employed to apply image-based phenotyping for high-throughput phenotyping in agricultural research fields (Vasseur et al., 2018; Kim et al., 2019). In particular, many imaging analysis software were launched to determine root growth and development (Judd et al., 2015; Richard et al., 2015). In this context, WinRHIZO root-scanning software (Regent Instruments Inc., Ottawa, ON, Canada) is unique for measuring several root morphologies, including total root length (TRL), average root diameter, projected area (PA), number of tips, and forks (FK) (Pornaro et al., 2017). This software comprises two parts: one is the scanner, which acquires images, and the other is the analysis software in the computer. This equipment can quickly analyze several root traits via the acquired two-dimensional (2D) images (Arsenault et al., 1995). Hence, it has been used to identify root morphology and architecture (Wang and Zhang, 2009; Pang et al., 2011; Tajima and Kato, 2013; Pornaro et al., 2017). The present study aimed to screen root morphology to evaluate the variation in root traits among the cultivars and wild germplasm of soybean.



MATERIALS AND METHODS


Plant Materials and Growth Conditions

We used 200 soybeans (150 wild soybean accessions and 50 cultivars; Supplementary Table 1) to evaluate root characteristics in soybean. Each accession comprised three plants. We used polypropylene (PVC) pipes as pots to collect root samples without damage. The size of the PVC pot was 6 (diameter) × 40 cm (height). The seeds were sterilized with 70% ethanol and then washed with double distilled water thoroughly. Three experimental replicates were performed, and a single plant was used as one replication for root analysis. We planted two sterilized seeds on the PVC pots containing horticulture soil (Tobirang, Baekkwang Fertility, South Korea) to reduce the chances of the seeds not germinating. Then, we placed the pipes in a greenhouse that is located at the research farm in Kyungpook National University. After germination, only one soybean plant was used to collect the root sample.



Phenotypic Data Collection


Root Data Collection

We collected root samples when the soybean plant reached the V1 growth stage with fully developed leaves at the unifoliate node (Jones et al., 1991). We carefully removed the stopper from the bottom of the PVC pipes to minimize root damage or loss. Then, we removed all soil and soybean roots from the pipes. We carefully transferred the soil and soybean root samples to a sieve and separated the soil from the roots using fresh water. The clean root samples were transferred to a plastic bag containing distilled water until image analysis to prevent the root from drying. We analyzed the root morphological traits using a 2D image captured by a scanner (Expression 12000XL, Epson, Japan). The clean root samples were placed on a transparent tray (30 cm × 20 cm), and tap water was poured carefully until the root samples floated. Images of the floating root samples were captured using the scanner. The root images were added to WinRHIZO pro software (Regent Instruments Inc., Canada) for root morphological data analysis (Figure 1). We annotated and analyzed only the root area in the original image to avoid sampling error data. Supplementary Table 2 describes the root morphological traits obtained with the WinRHIZO software.
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FIGURE 1. Process of root analysis for morphological data collection.





Statistical Analysis


One-Way Analysis of Variance

We performed two experiments: the first experiment identified the root traits among 150 wild plants and the second experiment evaluated the root traits in 50 cultivated plants. Hence, a total of 200 soybean genotypes (150 wild and 50 cultivated) were used for identifying root characteristics. To determine differences among soybean accessions and to verify that there is no effect from replications, all data were transformed into square roots for normalizing the distribution of data. One-way analyses of variance (SAS v.9.4; SAS, Gary, NC, United Sates) were performed twice for replications and genotypes. The equation is as follows:
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Where, Yij is the ith and jth quantified phenotype observations, i is the index regarding the observations of the phenotype in the entire dataset, j is the index of over replication of genotype groups, τij is the ith and jth effect of replications or genotypes, and e is the error.



Kruskal–Wallis Rank-Sum Test and Spearman’s Rank Correlation Test

The Kruskal–Wallis rank-sum test was performed using a raw dataset of 200 genotypes to demonstrate differences in the phenotypes of wild and cultivated soybean cultivars. Moreover, the Spearman’s rank correlation test was performed to identify correlations among the phenotypes of the cultivars. The R programming language was used for performing these tests (R v. 4.0.4; R Foundation for Statistical Computing, Vienna, Austria).



Principal Component Analysis Plot Analysis

Principal component analysis (PCA) was performed for the same 200 soybean accessions, (150 wild and 50 cultivated cultivars) in R. The analysis was performed using five traits that showed significant differences between the wild and cultivated cultivars [TRL, PA, FK, main total length (MTL), and total lateral length (TLL)]. The PCA plot was generated through the R packages “devtools” and “ggbiplot” for choosing the first and second principal components.





RESULTS


Variations Among the Cultivated and Wild Plants

Both the cultivated and wild plants were significantly different from one another with respect to the root morphological traits obtained from image analysis, except for MTL (0.060) among the cultivated plants (Table 1). We could infer that MTL was selected as a direction or breeding goal in the cultivated plants during the domestication process of soybean. The p-value of MTL for the wild plants was relatively higher (0.008) than that of the rest of the traits (<0.001 for all others), suggesting that MTL among the wild plants was somewhat selected compared with other characteristics. Likewise, the relatively high p-value of TLL (0.0126) in the cultivated plants might suggest the same domestication pattern.


TABLE 1. Analysis of variance for the wild (n = 150) and cultivated soybean (n = 50).
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Comparison Between the Cultivated and Wild Plants

Between the wild and cultivated plants, there was a significant difference among five traits, including TRL, PA, FK, MTL, and TLL (Table 2). However, the p-value of MTL between the plants was higher (0.045) than that of others (<0.001). The values of each trait were higher in the cultivated and wild plants (Figure 2). This result could be because the above-ground biomass of the cultivated plants is significantly more than that of the wild plants. However, the MTLs of both the cultivated and wild plants were not significantly different (Table 1). This result indicates that MTL is an essential trait for survival in the wild and leads to better performance in the cultivated field.


TABLE 2. Kruskal–Wallis rank-sum test for wild and cultivated soybean (By Wild/Cult).
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FIGURE 2. Plot of each traits: (A) the total root length; (B) the projected area; (C) the forks; (D) the main total length; and (E) the total lateral length (blue, wild; red, cultivated).




Correlations

According to the correlation analysis, both soybean plant types mostly showed a significant correlation among TRL, PA, FK, MTL, TLL, and AD, except for the correlation between few traits [PA and AD (wild plants); MTL and AD (wild and cultivated plants)] (Table 3). Both plant types showed correlations between L and AD (−0.12 for cultivated plants and −0.41 for wild plants), between FK and AD (−0.19 for cultivated plants and −0.56 for wild plants), and between MTL and TLL (0.54 for cultivated plants and 0.73 for wild plants). By contrast, the correlation between TLL and AD showed a difference (Table 3). These results suggest that longer MTL means longer TLL in wild plants, whereas longer MTL does not necessarily mean longer TLL in cultivated plants. As stated above, TRL was highly correlated with PA in both cultivated (0.92) and wild (0.82) plants and relatively less correlated with MTL (0.43 for cultivated and 0.27 for wild plants) and TLL (0.82 for cultivated and 0.52 for wild plants) even though TRL comprises the sum of MTL and TLL. That tendency was particularly prominent in the wild plants rather than in the cultivated plants. The correlation between TRL and TLL was higher than that between TRT and MTL for both the cultivated and wild plants, suggesting that the length of lateral root branches is more responsible for TRL than the main root length.


TABLE 3. Spearman rank correlation of wild and cultivated soybean (raw data).
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The correlations between TRL and MTL as well as TRL and TLL were stronger in the cultivated plants than in the wild plants, suggesting that MTL and TLL are more explanatory compared with TRL in cultivated plants than in wild plants. There was a stronger correlation between TRL and AD in the wild plants (−0.41) than in the cultivated plants (−0.12). Our results showed that the diameter of the roots is more consistent in the wild plants compared with that in the cultivated plants. Although most results showed a positive correlation among root morphological traits, only AD showed a negative correlation with TRL, FK, and TLL in both the cultivated and wild plants. The highest correlation values for the ranked comparison between TRL and PA were 0.92 (cultivated plants) and 0.85 (wild plants), respectively. The correlations between TRL and AD as well as between FK and AD were stronger in the wild plants than in the cultivated plants, whereas the correlation between FK and MTL was much stronger in the cultivated plants than in the wild plants.



PCA

Principal component analysis revealed a variation between the cultivated plants and wild plants (Figure 3). The cultivated and wild plants could be separated, but there was an overlap. The variation among the cultivated plants was higher than that among the wild plants. Three groups, including MTL, TLL, and the rest of the traits, could explain all the variance. Of note, a very high variation was found among the cultivated plants, which implies a considerable breeding potential for the root traits, if necessary.
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FIGURE 3. Plot of the first-two PC loading vectors (blue, wild; red, cultivated).





DISCUSSION

The root area shows the enormous diversity by several factors such as soil physical property, chemical composition of soil, soil moisture and soil nutrients (Neina, 2019). In general, however, the root area is known as over fifty percent of the whole plant area (Bardhan et al., 2021). Moreover, roots regulate or participate in various physiological mechanisms in the plant; therefore, understanding root morphological traits is crucial for plant research. In soybean research, the identification of root traits is required to expand the research field, which can help improve water and nutrient efficiency to increase productivity under uncertain water and nutrient conditions. For these reasons, many studies have been conducted to identify root morphologies in cultivated and wild plants (Costa et al., 2001; French et al., 2009; Lobet et al., 2011; Zhao et al., 2017). However, most root studies were conducted with a limited number of cultivars or germplasm. Thus, these studies could not show enough variation among and within cultivars or germplasm. This is because most of these studies collected root phenotypes manually; hence, it was challenging to show detailed root morphological traits. Therefore, we investigated root morphological traits using the image basis analysis technology to improve the limitation of previous studies. According to previous QTL studies, loci associated with root morphological traits were found to be inconsistent. Liang et al. (2014) analyzed the lateral root number, maximum root length, and root volume to identify related QTLs. They located QTLs in chromosome 2 with two loci and chromosome 4 with five loci. Prince et al. (2020) investigated QTLs that are involved in taproot length; QTLs were located in chromosome 8 with one locus and chromosome 7 with one locus. Although both studies used similar root traits, different QTLs were identified. We believed that this issue could be resolved using a large-scale dataset of root traits in many cultivars and wild germplasm, thereby enabling researchers to detect more unidentified loci.

Similar to correlation studies on root characters, many studies examined the association between under- and above-ground traits. Plant height, one of the above-ground traits, was not correlated with root length in the study by Liang et al. (2014), whereas an inconsistent result was reported by Mayaki et al. (1976). QTL studies on under- and above-ground traits were also inconsistent with respect to the location and number of loci (Liang et al., 2014; Prince et al., 2015).

Only when that information is obtained, numerous traits can be efficiently incorporated into new cultivars. Many rare alleles from wild plants have been employed to improve various agronomic traits in cultivated plants (Hajjar and Hodgkin, 2007; Liu et al., 2007). Such improvements include stress tolerance (Carter et al., 2004; Chen et al., 2006; Tuyen et al., 2010), seed compositional traits (Kanamaru et al., 2006), and seed yield (Li et al., 2008). In addition to these traits, the root traits also have been incorporated from wild plants to cultivated plants. Root length root volume are highly associated with stress tolerance (drought and aluminum stress) indices (Liu et al., 2005; Yang et al., 2005). Plants with drought tolerance ability have a profound rooting ability (Taylor et al., 1978) and more fibrous roots (Myers et al., 2007) for the effective acquisition of water, which is positively associated with improved yields under drought conditions (Hudak and Patterson, 1995). Root volume and surface area can facilitate foraging and phosphorus accumulation (Liang et al., 2014) and even improve shoot growth (Bates and Lynch, 2001). The results of the present study, however, showed that these traits were present in both wild and cultivated plants, considering the large variation found in PCA.

These root morphologies are not the only factors that are correlated with yield components. High numbers of mitochondria, Golgi bodies, and amyloplasts in root tip cells can affect shoot growth and yield (Yang et al., 2012). Furthermore, the mechanism underlying root–shoot and root–soil interactions, roles of root-sourced hormones in regulating crop growth and development, and soil moisture and nutrient management on the root architecture and physiology may be necessary for the root morphology itself. Indeed, Ramos et al. (2010) reported that root morphology changes depending on soil physicochemical characters. This interaction was supported by Forde and Lorenzo (2001) when they proposed “trophomorphogenesis” to describe changes in plant morphology that arise from variations in the availability or distribution of nutrients in the environment. They described the mechanisms of external and internal nutrient sensing, the possible nature of long-distance signals, and the role of hormones in the trophomorphogenic response. This makes sense because roots have evolved to adapt to dynamic soil conditions, including soil moisture, soil property, soil nutrition, and soil temperature (Wasaya et al., 2018). Nevertheless, the present study would be useful for “root breeding” because our study was conducted with large numbers of both the wild and cultivated plants. This finding enabled us to observe the end results of interactions in the “standard condition.” Once changes in the standard condition are understood, these changes can be evaluated in the given field condition, which does not refer to location of the wild and cultivated plants but the target location for cultivation.

According to various studies, wild plants have diverse genetic resources involved in abiotic stress resistance, including salinity (Ji et al., 2010), drought (Kao et al., 2006), flooding (Li et al., 2017), and high temperature (Nawaz et al., 2018). Thus, they are considered as an alternative to breeding new cultivars because they contribute a significant proportion of genetic resources to mitigate unfavorable environmental conditions for cultivation (Dwivedi et al., 2017; Zhang et al., 2017; Mammadov et al., 2018). Moreover, the root may evolve as per the given environment, which could be vast sources for breeding. One of the most important root features to measure for breeding is its morphology. The data obtained in this study by the phenome technology provided a better estimation of the correlations among traits because of the large numbers of cultivated and wild plants. More importantly, our results revealed huge variations in root morphologies even among cultivated plants, which is sufficient to break the general myth “screen wild germplasm for new traits.” Indeed, the study results showed a huge potential of root breeding in soybean. In the future, it is suggested that the root shape should be examined using the method by Falk et al. (2020) to gain an insight in the variation of the root shapes as well as the traits examined in the present study.



CONCLUSION

We analyzed numerous images of the roots of cultivated and wild soybean using WinRHIZO software. We revealed that there is a huge variation in root morphology. Of note, we found that the variation is larger in cultivated than in wild plants. Furthermore, we found the following relationships among root traits. First, TRL significantly decides PA in the wild and cultivated plants. Second, TRL is more affected by FK in both the wild and cultivated plants. Third, TRL in wild plants is shorter than that in cultivated plants, and FK is less developed as AD increases, unlike in cultivated plants. Fourth, TLL in cultivated plants is highly affected by TRL, PA, and FK; however, in wild plants, it is positively associated with MTL. There was no correlation between MTL and AD, suggesting that these two traits independently segregate each other. However, a high correlation found in this study could imply two characteristics: linked and co-selected. One trait can be selected by the other trait when they are highly correlated and linked; however, if they are not correlated and linked, the traits are co-selected, which can be discovered by a molecular marker study. Taken together, our results showed that there is enough room for root breeding, particularly in cultivars.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author/s.



AUTHOR CONTRIBUTIONS

K-SK, S-HK, and JK wrote the manuscript and analyzed the root phenotype data. PT participated in PCA analysis. J-DL assisted with the data collection and donated wild soybean germplasm. YC and YK inspected the experimental design and revised the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This research was supported by the Basic Science Research Program through the National Research Foundation of Korea (NRF) funded by the Ministry of Education (2021R1I1A3040280).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2021.704239/full#supplementary-material

Supplementary Table 1 | List of soybean genotypes.

Supplementary Table 2 | Description of root morphological traits used in the study by WinRHIZO software.



REFERENCES

Arsenault, J. L., Poulcur, S., Messier, C., and Guay, R. (1995). WinRHlZOTM, a root-measuring system with a unique overlap correction method. HortScience 30, 906–906.

Bardgett, R. D., Mommer, L., and De Vries, F. T. (2014). Going underground: root traits as drivers of ecosystem processes. Trends Ecol. Evol. 29, 692–699. doi: 10.1016/j.tree.2014.10.006

Bardhan, K., York, L. M., Hasanuzzaman, M., Parekh, V., Jena, S., and Pandya, M. N. (2021). Can smart nutrient applications optimize the plant’s hidden half to improve drought resistance? Physiol. Plant. 172, 1007–1015. doi: 10.1111/ppl.13332

Bates, T. R., and Lynch, J. P. (2001). Root hairs confer a competitive advantage under low phosphorus availability. Plant Soil 236, 243–250.

Carter, T. E. Jr., Nelson, R. L., Sneller, C. H., and Cui, Z. (2004). “Genetic diversity in soybean,” in Soybeans: Improvement, Production, and Uses, eds Richard M. Shibles, James E. Harper, Richard F. Wilson, and Randy C. Shoemaker (Crop Science Society of America, and Soil Science Society of America), 303–416.

Chaturvedi, S., Gupta, D. S., and Jain, R. (2011). Biology of Food Legumes,” in Biology and Breeding of Food Legumes. Kanpur: Institute of Pulses Research, 35–48.

Chen, Y., Chen, P., and de los Reyes, B. G. (2006). Differential responses of the cultivated and wild species of soybean to dehydration stress. Crop. Sci. 46, 2041–2046. doi: 10.2135/cropsci2005.12.0466

Chung, Y. S., Choi, S. C., Silva, R. R., Kang, J. W., Eom, J. H., and Kim, C. (2017). Case study: estimation of sorghum biomass using digital image analysis with Canopeo. Bio. Bioener. 105, 207–210. doi: 10.1016/j.biombioe.2017.06.027

Colombi, T., Kirchgessner, N., Le Marié, C. A., York, L. M., Lynch, J. P., and Hund, A. (2015). Next generation shovelomics: set up a tent and rest. Plant Soil 388, 1–20. doi: 10.1007/s11104-015-2379-7

Costa, C., Dwyer, L., Hamel, C., Muamba, D., Wang, X., Nantais, L., et al. (2001). Root contrast enhancement for measurement with optical scanner-based image analysis. Can J. Bot. 79, 23–29. doi: 10.1139/cjb-79-1-23

Dwivedi, S. L., Scheben, A., Edwards, D., Spillane, C., and Ortiz, R. (2017). Assessing and exploiting functional diversity in germplasm pools to enhance abiotic stress adaptation and yield in cereals and food legumes. Front. Plant Sci. 8:1461.

Falk, K. G., Jubery, T. Z., Mirnezami, S. V., Parmley, K. A., Sarkar, S., Singh, A., et al. (2020). Computer vision and machine learning enabled soybean root phenotyping pipeline. Plant Methods 16:5.

Faucon, M. P., Houben, D., and Lambers, H. (2017). Plant functional traits: soil and ecosystem services. Trends Plant Sci. 22, 385–394. doi: 10.1016/j.tplants.2017.01.005

Forde, B., and Lorenzo, H. (2001). The nutritional control of root development. Plant Soil 232, 51–68. doi: 10.1007/978-94-010-0566-1_6

French, A., Ubeda-Tomás, S., Holman, T. J., Bennett, M. J., and Pridmore, T. (2009). High-throughput quantification of root growth using a novel image-analysis tool. Plant Physiol. 150, 1784–1795. doi: 10.1104/pp.109.140558

Graham, P. H., and Vance, C. P. (2003). Legumes: importance and constraints to greater use. Plant Physiol. 131, 872–877. doi: 10.1104/pp.017004

Hajjar, R., and Hodgkin, T. (2007). The use of wild relatives in crop improvement: a survey of developments over the last 20 years. Euphytica 156, 1–13. doi: 10.1007/s10681-007-9363-0

Hudak, C., and Patterson, R. (1995). Vegetative growth analysis of a drought-resistant soybean plant introduction. Crop Sci. 35, 464–471. doi: 10.2135/cropsci1995.0011183x003500020031x

Jeong, S. C., Moon, J. K., Park, S. K., Kim, M. S., Lee, K., Lee, S. R., et al. (2019). Genetic diversity patterns and domestication origin of soybean. Theor. Appl. Genet. 132, 1179–1193. doi: 10.1007/s00122-018-3271-7

Ji, W., Zhu, Y., Li, Y., Yang, L., Zhao, X., Cai, H., et al. (2010). Over-expression of a glutathione S-transferase gene, GsGST, from wild soybean (Glycine soja) enhances drought and salt tolerance in transgenic tobacco. Biotechnol. Lett. 32, 1173–1179. doi: 10.1007/s10529-010-0269-x

Jones, J. W., Boote, K. J., Jagtap, S. S., and Mishoe, J. W. (1991). Soybean development. Mod. Plant Soil Syst. 31, 71–90.

Judd, L. A., Jackson, B. E., and Fonteno, W. C. (2015). Advancements in root growth measurement technologies and observation capabilities for container-grown plants. Plants 4, 369–392. doi: 10.3390/plants4030369

Kanamaru, K., Wang, S., Abe, J., Yamada, T., and Kitamura, K. (2006). Identification and characterization of wild soybean (Glycine soja Sieb. et Zecc.) strains with high lutein content. Br. Sci. 56, 231–234. doi: 10.1270/jsbbs.56.231

Kao, W. Y., Tsai, T. T., Tsai, H. C., and Shih, C. N. (2006). Response of three Glycine species to salt stress. Environ. Exp. Bot. 56, 120–125. doi: 10.1016/j.envexpbot.2005.01.009

Kim, S. L., Chung, Y. S., Silva, R. R., Ji, H., Lee, H., Choi, I., et al. (2019). The opening of phenome-assisted selection era in the early seedling stage. Sci. Rep. 9, 1–5.

Kim, Y. H., Hwang, S. J., Waqas, M., Khan, A. L., Lee, J. H., Lee, J. D., et al. (2015). Comparative analysis of endogenous hormones level in two soybean (Glycine max L.) lines differing in waterlogging tolerance. Front. Plant Sci. 6:714.

Li, X., Cai, W., Liu, Y., Li, H., Fu, L., Liu, Z., et al. (2017). Differential TOR activation and cell proliferation in Arabidopsis root and shoot apexes. Proc. Natl. Acad. Sci. 114, 2765–2770. doi: 10.1073/pnas.1618782114

Li, Y., Guan, R., Liu, Z., Ma, Y., Wang, L., Li, L., et al. (2008). Genetic structure and diversity of cultivated soybean (Glycine max (L.) Merr.) landraces in China. Theor. Appl. Genet. 117, 857–871. doi: 10.1007/s00122-008-0825-0

Liang, H., Yu, Y., Yang, H., Xu, L., Dong, W., Du, H., et al. (2014). Inheritance and QTL mapping of related root traits in soybean at the seedling stage. Theor. Appl. Genet. 127, 2127–2137. doi: 10.1007/s00122-014-2366-z

Liu, B., Fujita, T., Yan, Z.-H., Sakamoto, S., Xu, D., and Abe, J. (2007). QTL mapping of domestication-related traits in soybean (Glycine max). Ann. Bot. 100, 1027–1038. doi: 10.1093/aob/mcm149

Liu, Y., Gai, J., and Lu, H. (2005). Identification of rhizosphere abiotic stress tolerance and related root traits in soybean [Glycine max (L.) Merr.]. Acta Agron Sin 31:1132.

Lobet, G., Pagès, L., and Draye, X. (2011). A novel image-analysis toolbox enabling quantitative analysis of root system architecture. Plant Physiol. 157, 29–39. doi: 10.1104/pp.111.179895

Lu, B. R. (2004). Conserving biodiversity of soybean gene pool in the biotechnology era. Plant Species Biol. 19, 115–125. doi: 10.1111/j.1442-1984.2004.00108.x

Mammadov, J., Buyyarapu, R., Guttikonda, S. K., Parliament, K., Abdurakhmonov, I. Y., and Kumpatla, S. P. (2018). Wild relatives of maize, rice, cotton, and soybean: treasure troves for tolerance to biotic and abiotic stresses. Front. Plant Sci. 9:886.

Mayaki, W., Teare, I., and Stone, L. (1976). Top and root growth of irrigated and nonirrigated soybeans. Crop Sci. 16, 92–94. doi: 10.2135/cropsci1976.0011183x001600010023x

Myers, D. B., Kitchen, N. R., Sudduth, K. A., Sharp, R. E., and Miles, R. J. (2007). Soybean root distribution related to claypan soil properties and apparent soil electrical conductivity. Crop Sci. 47, 1498–1509. doi: 10.2135/cropsci2006.07.0460

Nawaz, M. A., Yang, S. H., and Chung, G. (2018). Wild Soybeans: An Opportunistic Resource for Soybean Improvement,” in Rediscovery of Landraces as a Resource for the Future. London: IntechOpen Limited 5 Princes Gate Court.

Neina, D. (2019). The role of soil pH in plant nutrition and soil remediation. Appl. Environ. Soil Sci. 2019:5794869.

Pang, W., Crow, W., Luc, J., McSorley, R., Giblin-Davis, R., Kenworthy, K., et al. (2011). Comparison of water displacement and WinRHIZO software for plant root parameter assessment. Plant Dis. 95, 1308–1310. doi: 10.1094/pdis-01-11-0026

Pornaro, C., Macolino, S., Menegon, A., and Richardson, M. (2017). WinRHIZO technology for measuring morphological traits of bermudagrass stolons. Agron. J. 109, 3007–3010. doi: 10.2134/agronj2017.03.0187

Prince, S. J., Song, L., Qiu, D., Dos Santos, J. V. M., Chai, C., Joshi, T., et al. (2015). Genetic variants in root architecture-related genes in a Glycine soja accession, a potential resource to improve cultivated soybean. BMC Genom. 16:1–20.

Prince, S. J., Vuong, T. D., Wu, X., Bai, Y., Lu, F., Kumpatla, S. P., et al. (2020). Mapping quantitative trait loci for soybean seedling shoot and root architecture traits in an inter-specific genetic population. Front. Plant Sci. 11:1284. doi: 10.3389/fpls.2020.01284

Ramos, J. C., Imhoff, S. D. C., Pilatti, M. Á, and Vegetti, A. C. (2010). Morphological characteristics of soybean root apexes as indicators of soil compaction. Sci. Agric. 67, 707–712. doi: 10.1590/s0103-90162010000600013

Richard, C. A., Hickey, L. T., Fletcher, S., Jennings, R., Chenu, K., and Christopher, J. T. (2015). High-throughput phenotyping of seminal root traits in wheat. Plant Methods 11, 1–11.

Tajima, R., and Kato, Y. (2013). [Short report] a quick method to estimate root length in each diameter class using freeware imageJ. Plant Prod. Sci. 16, 9–11. doi: 10.1626/pps.16.9

Taylor, H. M., Burnett, E., and Booth, G. D. (1978). Taproot elongation rates of soybeans. J. Agron. Crop Sci. 146, 33–39.

Tuyen, D. D., Lal, S., and Xu, D. (2010). Identification of a major QTL allele from wild soybean (Glycine soja Sieb. & Zucc.) for increasing alkaline salt tolerance in soybean. Theor. Appl. Genet. 121, 229–236. doi: 10.1007/s00122-010-1304-y

Vasseur, F., Bresson, J., Wang, G., Schwab, R., and Weigel, D. (2018). Image-based methods for phenotyping growth dynamics and fitness components in Arabidopsis thaliana. Plant Methods 14, 1–11. doi: 10.1007/978-1-61779-995-2_1

Wang, M.-B., and Zhang, Q. (2009). Issues in using the WinRHIZO system to determine physical characteristics of plant fine roots. Acta Ecol. Sin. 29, 136–138. doi: 10.1016/j.chnaes.2009.05.007

Wang, Y., Shahid, M. Q., and Baloch, F. S. (2016). Phylogeographical studies of Glycine soja: implicating the refugium during the quaternary glacial period and large-scale expansion after the last glacial maximum. Turk J. Agric. For. 40, 825–838. doi: 10.3906/tar-1607-30

Wasaya, A., Zhang, X., Fang, Q., and Yan, Z. (2018). Root phenotyping for drought tolerance: a review. Agronomy 8:241. doi: 10.3390/agronomy8110241

Yang, J.-C., Zhang, H., and Zhang, J.-H. (2012). Root morphology and physiology in relation to the yield formation of rice. J. Integr. Agric. 11, 920–926. doi: 10.1016/s2095-3119(12)60082-3

Yang, S., Chen, J., He, X., Yu, D., and Gai, J. (2005). Inheritance of drought tolerance and root traits of seedling in soybean. Soybean Sci. 24, 275–280.

York, L. M., and Lynch, J. P. (2015). Intensive field phenotyping of maize (Zea mays L.) root crowns identifies phenes and phene integration associated with plant growth and nitrogen acquisition. J. Exp. Bot. 66, 5493–5505. doi: 10.1093/jxb/erv241

Zhang, H., Mittal, N., Leamy, L. J., Barazani, O., and Song, B. H. (2017). Back into the wildapply untapped genetic diversity of wild relatives for crop improvement. Evol. Appl 10, 5–24. doi: 10.1111/eva.12434

Zhao, J., Bodner, G., Rewald, B., Leitner, D., Nagel, K. A., and Nakhforoosh, A. (2017). Root architecture simulation improves the inference from seedling root phenotyping towards mature root systems. J. Exp. Bot. 68, 965–982. doi: 10.1093/jxb/erw494


Conflict of Interest: K-SK was employed by the company FarmHannong Ltd.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Kim, Kim, Kim, Tripathi, Lee, Chung and Kim. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fpls-12-704239-t003.jpg
TRL wild
Cultivated
PA Wwild
Cultivated
FK Wwild
Cultivated
MTL Wwild
Cultivated
TLL wild
Cultivated

TRL

1.00
1.00

PA

0.85%
0.92%
1.00
1.00

FK

0.83"
0.91™
B
0.80"*
1.00
1.00

MTL

0.27*
0.43*
0.34"
0.42**
0.19*
0.35"*
1.00
1.00

TLL

0.50%
0.80%
0.50%
0.74%
0.40%
0.73"
0.73"
0.54
1.00

1.00

AD

0417
-0.12*
0.08
0.25™*
—0.56"*
—0.19"*
0.05
0.01
—0.14*
—0.14*

TRL, total root length; PA, projected area; FK, forks; MTL, main total length; TLL,
total lateral length; AD, average diameter. * < 0.05, ** < 0.01, ** < 0.001.





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		A Large Root Phenome Dataset Wide-Opened the Potential for Underground Breeding in Soybean



		INTRODUCTION



		MATERIALS AND METHODS



		Plant Materials and Growth Conditions



		Phenotypic Data Collection



		Root Data Collection







		Statistical Analysis



		One-Way Analysis of Variance



		Kruskal–Wallis Rank-Sum Test and Spearman’s Rank Correlation Test



		Principal Component Analysis Plot Analysis











		RESULTS



		Variations Among the Cultivated and Wild Plants



		Comparison Between the Cultivated and Wild Plants



		Correlations



		PCA







		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/fpls-12-704239-t002.jpg
TRL PA FK MTL TLL

Df 2 2 2 2 2
P-Value <0.001 <0.001 <0.001 0.045 <0.001
chi-square 232.930 264.370 36.795 4.036 94.186

TRL, total root length; PA, projected area; FK, forks; MTL, main total length; TLL,
total lateral length.





OPS/images/fpls-12-704239-t001.jpg
Wild

Effects df TRL_sqgrt PA sqrt FK_sqrt MTL_sqrt TLL_sqrt LAD_sqrt
F value Pr(>F) F value Pr(>F) F value Pr(>F) F value Pr(>F) F value Pr(>F) F value Pr(>F)
Rep 2 3.376 0.068 302.59 < 0.001* 10.342 0.002** 1.230 0.269 0.193 0.661 329.586 < 0.001**
Genotype 149 14465 < 0.001** 13.04 < 0.001™ 8.177 < 0.001™* 1.492 0.008** 3.011 < 0.001** 1.854 < 0.001"

Cultivated

TRL_sqrt PA sqrt FK_sqrt MTL_sqrt TLL_sqrt LAD_sqrt
Rep 2 0.128 0.722 37133 < 0.001™* 22148 < 0.001** 11.949 0.001*** 5.426 0.0219* 76.855 < 0.001"*
Genotype 49 19.084 < 0.001** 9.577 < 0.001™* 6.677 < 0.001** 1.453 0.060 1.708 0.0126* 2.382 < 0.001*

TRL, total root length; PA, projected area; FK, forks; MTL, main total length; TLL, total lateral length; LAD, link average diameter. * < 0.05, ** < 0.01, *** < 0.001.





OPS/images/cover.jpg
frontiers
in Plant Science










OPS/images/logo.jpg
' frontiers
in Plant Science





OPS/images/fpls-12-704239-g002.jpg
A Total Root Length

500 -

400 -
300+ -

200 -

100 -

D  Main Total Length

=

30"

E

150 -

100 -

50

Projected Area C  Forks

1000-






OPS/images/fpls-12-704239-g001.jpg
Process of plant
root extraction

Numeric data

Bt elﬁ!

Root immersed in a tray filled with water for

scanning and the image obtained.

Misc Data mage

Display Regions

Analysis Developmental Color Batch Calibration Help

[ ___0 | DataFile:

Calibration: Color Classes:

cm

7299
AvglinkLen 0.2112
AvgLinkPA 0.0072

Colors of the root skeleton indicate into

which diameter class the root part has been

classified.






OPS/images/fpls-12-704239-e000.jpg
Yi = p+1+ey

]





OPS/images/fpls-12-704239-g003.jpg
Standardized PC2 (17.7% explained var.)

CW14719
YWS444 YWS68

2 4
723
508
390
164
164
V gitaes 701 420 4
0 b i ey 508
OV et /) |
: 91
70
446 | T0B7 25
9th 164
823
29
CWI1TB
159
247
482 159
707 87
4 154 W Cultivated
390 = wild
1 0 1 2 3

Standardized PC1 (69.3% explained var.)





