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Abstract: Root morphological traits (RMTs) profoundly influence plant growth, resilience to abiotic
stresses, and yield in soybean (Glycine max). In a comprehensive study spanning two consecutive
years (2021-2022), the RMTs were assessed in 216 soybean accessions from 34 diverse origins. The
investigation involved randomized batches with plants cultivated in PVC pipes filled with horticul-
tural soil and harvested at the V2 growth stage. All the germplasms exhibited significant differences
(p < 0.001) in all measured traits, i.e., total root length (TRL), root volume (RV), average diameter
(AD), number of tips (NT), number of forks (NF), and tertiary total length (TTL). Among the top
5% performers in TRL, which, interestingly, were exclusively of Korean origin, germplasm 1T115491
displayed an impressive average TRL value of 1426.24 cm. Notably, germplasms from Serbia and
Korea predominantly occupied the upper AD quantile, with IT156262 exhibiting the highest AD value
of 0.57 mm. A correlation analysis showed strong positive associations of TRL with RV (r = 0.85), NT
(r=0.84), NF (r = 0.96), and TTL (r = 0.88), whereas it had a negative association with AD (r = —0.25).
A principal component analysis (PCA) showed a cumulative 95% of the total variance in the data in
the first three principal components (PCs). PC1 (eigenvalue = 4.64) accounted for a 77.00% variance,
with TRL, RV, NF, NT, and TTL exhibiting the highest associated eigenvectors. K-means clustering
was performed with three clusters. Cluster 2 contained accessions with higher AD values, whereas
Cluster 3 comprised accessions with increased TRL, NT, NE, and TTL, which mostly originated from
Korea. Our findings offer targeted insights for plant breeders to optimize specific root traits and
enhance crop performance across diverse environmental conditions by strategically targeting these
clusters. Additionally, the influence of cultivar origin on root traits warrants further investigation,
with implications for future breeding programs.

Keywords: soybean (Glycine max); germplasm; root morphological traits (RMTs); plant breeding; 2D
root imaging; WinRHIZO; principal component analysis (PCA)

1. Introduction

Soybean (Glycine max) is significantly important today due to its various usages,
consumption as a vital nutritious food and feed, and its use in different industries [1,2].
Soybean seed is considered to be a vital source of protein [2], with levels ranging from
33% to 45% with favorable amino acids; additionally, it also contains 18-24% fat and a
mere 5-8% crude fiber [3]. Adding to that, the presence of other essential nutrients for
human and animal well-being, such as vitamins, mineral salts, and antioxidants are also
reported [4,5]. However, even with a multitude of valuable nutrients, some studies have
also reported the presence of anti-nutrients (ANFs), including phytates, tannins, trypsin
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inhibitors, and oligosaccharides [6]. Owing to its innumerable benefits and wide usage,
soybean is cultivated as a commercial crop worldwide in over 35 countries, with Brazil,
the United States, China, India, and Argentina being the highest producers [7]. While
historically closely associated with Asia in terms of its cultivation and production, the
present scenario of soybean output demonstrates a shift in major production hubs to the
western regions, where the United States, Brazil, and Argentina have emerged as the
primary soybean producers, collectively accounting for a substantial 82% share of its global
production [7].

Soybean productivity is severely affected by abiotic stresses, which disturb crop physi-
ology and overall growth, leading to significantly decreased crop yield outputs [2,3,8-10].
Moreover, in natural circumstances, the combined effects of multiple stressors, referred to
as “multistress”, are frequently witnessed; for instance, cases of water scarcity typically
coincide with elevated temperatures, intensifying the effects of drought stress [11-13].
Additionally, the moisture conditions in different soybean regions are gradually becoming
less favorable for normal crop development and optimal pod filling [14]. Soybeans are
commonly cultivated on soil with hardpans worldwide [15]. In the southeastern coastal
plains of the United States, sandy soils typically have an inherent hardpan that obstructs
the penetration of roots and exploration; consequently, their access to water and nutrients
is restricted, negatively impacting crop yield [15-17]. Soil hardpans limit plant access to
stored water, increasing drought vulnerability [18]. Farmers often resort to deep tillage
to address soil compaction issues, which is time-consuming, energy-intensive, and envi-
ronmentally unsustainable [15]. Furthermore, deep tillage has temporary benefits as the
compacted layer reforms, which leave the option of having an optimum root system that
would help plants in adverse growth conditions, i.e., limited water and nutrient availabil-
ity in the rhizosphere [19]. Roots, a pivotal part of plants, serve the crucial functions of
providing structural support and facilitating water and nutrient uptake [20]. Establishing
robust root systems is crucial for soybean growth and yield output, enabling plants to
effectively withstand abiotic stresses and adverse environmental conditions [21,22]. It is
generally believed that root systems play a pivotal role in augmenting the efficiency of
water and nutrient utilization, particularly in legume crops, including soybeans [23-25].
The root morphological traits (RMTs) and root system architecture (RSA) of a plant critically
influence its productivity under optimal and suboptimal conditions [26,27]. Additionally,
they help in comprehending plant responses to environmental cues and facilitate disease
management strategies [28].

Given its utmost importance, studying a plant’s root system, referred to as the “hid-
den half” [29], is difficult because of its complex structure and the dynamic environment
it grows in [21]. The phenotypic plasticity of roots, which allows them to adapt their
morphology and physiology to environmental conditions, presents challenges for standard-
izing root research. This difficulty arises from the absence of cost-effective and efficient
screening techniques and the challenges associated with harvesting roots without causing
damage [30-32]. RMTs and RSA function as valuable indicators that offer insights into a
plant’s nutrient status and its reactions to external stimuli [33]. Therefore, conducting a
comprehensive study on RMTs and RSA is vital.

Moreover, several studies have documented the genetic variability of root traits and
their correlation with water and nutrient acquisition, including in chickpea (Cicer arietinum
L.) [23] and lentil (Lens culinaris L.) [34]. Despite the considerable efforts made by soybean
breeders, a comprehensive research is still required to study and explore RMTs and their
underlying genetics to optimize root systems and develop soybean varieties with a high
tolerance to abiotic stresses and a better yield output. In this experiment, a diverse set of
216 soybean germplasms from 34 different origins were characterized for two consecutive
years, 2021 and 2022. The insights obtained from this study will help plant breeders to put
targeted efforts into furthering research toward developing a variety with an optimal root
system and better RMTs, environmentally resilient capabilities, and ultimately a higher
yield output.
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2. Materials and Methods
2.1. Plant Materials

In this research experiment, 216 cultivated soybean varieties were subjected to a rigor-
ous evaluation for their RMTs in a controlled environment in a greenhouse at Kyungpook
National University in Daegu, South Korea. The experiment spanned two consecutive
years, 2021-2022. The accessions used in this study were sourced from the Rural Devel-
opment Administration in South Korea, and had 34 diverse origins (Figure 1, Table S1).
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Figure 1. Geographic Distribution of 216 Germplasms. Numbers associated with each geographical
origin indicate the number of germplasms sourced from that location. Additionally, 10 germplasms
used in the study have unknown origins.

2.2. Experimental Details

Our investigation consisted of two separate batches conducted in 2021 and 2022. It
involved a comprehensive evaluation of 216 germplasms, originating from 34 diverse
origins, with three replications in each batch. The experiment employed a completely
randomized design to assess the variability of the root traits. Seeds were sown in polyvinyl
chloride (PVC) pipes, measuring 60 cm in height and 16.5 cm in diameter, filled with
horticulture soil. The pipes were covered with a non-woven cloth at the bottom and
placed inside trays. For each PVC pipe, two seeds of the same variety were sown at a
shallow depth of less than 2 cm in the soil, followed by the direct application of water. No
treatment was conducted for the seeds, also, no fertilizer was added later on. As the plants
germinated, the healthiest plants were retained, while the rest were thinned out. The plants
were regularly watered using a sprinkler and harvested at the V2 growth stage, i.e., when
two sets of unfolded trifoliate leaves developed.

2.3. Data Collection

To identify the diversity in RMTs, we assessed the germplasms at the vegetative V2
growth stage, corresponding to the development of 2-3 trifoliate leaves. The soil was
removed during harvest. Subsequently, the plants were meticulously cut at the base to
separate the shoot part from the roots. Then, the roots were carefully rinsed with tap water
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and placed in plastic bags containing a small amount of water to prevent the desiccation
of the root samples. For a comprehensive root analysis, the roots were scanned using
an Expression 12000XL scanner manufactured by Epson, Japan. Before scanning, the
root samples were carefully removed from the Ziploc bags and placed on a transparent
tray (25 cm x 20 cm X 2 cm) filled with clean water. This submerged setup aimed to
optimize separation and minimize overlapping of the roots during scanning. The scanned
root images were analyzed for their RMTs using WinRHIZO (Pro Software Version 2021a,
Regent Instruments Inc., Quebec, QC, Canada).

2.4. Statistical Analysis

The experimental design employed a randomized methodology comprising four
replications. For both years, an analysis of variance (ANOVA) was conducted for all
traits using SAS 9.4 (SAS, Gary, NC, USA). Descriptive statistics, a correlation analysis,
and k-means clustering were performed using Python version 3.11.2 in the Visual Studio
environment. PCA was performed using the Sklearn package in Python.

Parameters/ Variables:

x1 = Total root length (TRL), x2 = Average diameter (AD), x3 = Root volume (RV),
x4 = Number of tips (NT), x5 = Number of forks (NF), and x6 = Tertiary total length (TTL)

3. Results
3.1. Variation Assessment: Descriptive Statistics, ANOVA, and Varieties Ranking

Most traits showed a bell histogram revealing a normal distribution (Table 1,
Figure 2). To establish significant differences, an ANOVA was conducted. All the germplasms
exhibited significant differences in all measured traits with a p-value of <0.0001 (Table 2).

Table 1. Descriptive statistics of root traits of 216 soybean germplasms over two years (2021-2022).

TRL AD RV NT NF TTL
Mean 899.44 0.46 1.42 1140.82 2522.23 672.67
Std Dev 212.33 0.03 0.28 308.25 738.25 183.97
Min 415.73 0.39 0.69 554.67 678.11 227.56
Max 1426.24 0.57 2.22 1824.17 4677.83 1189.26
Kurtosis -0.69 0.64 —0.03 —0.79 —0.48 —0.22
Skewness —0.07 0.59 —0.08 0.12 0.10 0.22

TRL: Total Root Length; AD: Average Diameter; RV: Root Volume; NT: Number of Tips; NF: Number of Forks;
and TTL: Tertiary Total Length.

Table 2. ANOVA examination for different root parameters among 216 cultivated soybeans over two
consecutive years (2021-2022).

Traits Source DF Type III SS Mean Square F Value Pr>F
TRL var. 215 89,031,898.74 414,101.85 28.22 <0.0001
rep. 2 2973.04 1486.52 0.10 0.9037

AD var. 215 0.92931836 0.00432241 8.02 <0.0001
rep. 2 0.0088429 0.00442145 8.20 0.0003

RV var. 215 99.2070554 0.46142816 15.69 <0.0001
rep. 2 0.20860586 0.10430293 3.55 0.0297

NT var. 215 156,362,761.30 727,268.70 14.24 <0.0001
rep. 2 361,778.50 180,889.20 3.54 0.0298

NF var. 215 1,199,371,126.00 5,578,470.00 20.64 <0.0001
rep. 2 44,006.00 22,003.00 0.08 0.9218

TTL var. 215 66,205,864.10 307,934.25 12.44 <0.0001
rep. 2 15,965.85 7982.92 0.32 0.7244

TRL: Total Root Length; AD: Average Diameter; RV: Root Volume; NT: Number of Tips; NF: Number of Forks;
TTL: Tertiary Total Length; and var: variety; rep: replication.
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Figure 2. Histograms showing a normal distribution, forming nearly a bell curve of all traits of the
216 germplasms over two years (2021-2022). TRL: Total Root Length; AD: Average Diameter; RV:
Root Volume; NT: Number of Tips; NF: Number of Forks; and TTL: Tertiary Total Length.

The varieties were then sorted and ranked based on each trait, with the top 5% in
descending order and the lowest 5% in ascending order, along with their origin (Table 3).
This selection included the top and bottom 11 cultivars, resulting in a distinct set of soybean
accessions. The results indicated variations in performance regarding traits, with some
genotypes showing a vigorous TRL and RV but an insignificant AD (Table 3). Conversely,
other genotypes displayed thicker roots but smaller root lengths and fewer branches. The
TRL ranged from 415.73 cm to 1426.24 cm. The top 5% had an average TRL of 1313.11 cm,
whereas the lowest 5% had an average TRL of 495.00 cm. Accessions IT115491 and IT25668,
both originating from Korea, displayed the highest and lowest TRL values, respectively
(Table 3). The root AD ranged from 0.39 mm to 0.57 mm. Among the top 5%, the average
AD value was 0.53 mm, while the lowest 5% averaged 0.41 mm. IT156262 and 1T146110
from Korea and Taiwan had the highest and the lowest AD values, respectively (Table 3).
The RV ranged from 2.22 cm?® to 0.69 cm?, with the top 5% accessions averaging 2.00 cm3.
Conversely, the lowest 5% exhibited an average RV of 0.82 c¢m3. The observation showed
the highest and the lowest RV in IT115491 and IT22891, originating from Korea and UNK,
respectively (Table 3). The NT ranged from 554.67 to 1824.17, with the top 5% accessions
averaging 1733.94; conversely, the lowest 5% exhibited an average NT value of 594.43.
The observation showed the highest and lowest NT values in 1T143347 and 11161474,
originating from Korea and UNK, respectively (Table 3). The NF ranged from 678.10 to
4677.80, with the top 5% accessions averaging 4045.60; conversely, the lowest-ranked 5%
showed an average NF value of 11519.40. The highest and lowest NF values were observed
in IT154621 and Pungsan, both from Korea (Table 3). The TTL ranged from 227.56 cm to
1189.26 cm, with the top 5% accessions averaging 1085.01 cm; conversely, the lowest 5%
exhibited an average TTL value of 333.44 cm. The highest and lowest TTL values were
observed in IT154621 and IT103951, both from Korea (Table 3).
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Table 3. Top and bottom 5% varieties based on root trait performance.

. 1T TRL ‘s 1T AD ‘. IT RV .. IT .. IT ‘e IT TTL ‘e
Ranking Number (cm) Origin Number (mm) Origin Number (cm®) Origin Number NT Origin Number NE Origin Number (cm) Origin
1 1T115491 1426.24 KOR 1T156262 0.57 KOR 1T115491 222 KOR 1T143347 1824.17 KOR 1T154621 4677.80 KOR 1T154621 1189.26 KOR

2 1T154397 1377.52 KOR 1T156253 0.55 KOR 1T143347 218 KOR 1T115491 1781.75 KOR 1T115491 4449.20 KOR 1T160105 1165.76 KOR

3 1T154621 1363.06 KOR 1T156195 0.54 KOR 1T154724 2.08 KOR 1T154621 1752.33 KOR 1723848 4093.50 KOR 1T143347 1165.42 KOR

4 1T143347 1325.75 KOR PUNGSAN  0.54 KOR 1T143169 2.05 KOR 1T154724 1741.33 KOR 1T160105 4002.30 KOR 1T115491 1113.54 KOR
Top 5 1T23848 1317.62 KOR IT153915 0.53 KOR 1T24681 1.97 USA 1T153901 1734.50 KOR 1T143169 3987.80 KOR 1T154397 1096.73 KOR
6 1T143169 1276.06 KOR 1T23071 0.53 SRB 1T154397 1.93 KOR 1T25384 1723.17 KOR 1T143347 3960.20 KOR 1T154724 1090.54 KOR

7 1T153901 1268.40 KOR 1T158073 0.52 SRB 1T154621 1.93 KOR 1T101015 1715.50 KOR 1T154613 3909.30 KOR 1723848 1030.22 KOR

8 1T154724 1267.25 KOR 1T143161 0.52 KOR 1T142818 1.89 KOR PUNGSAN  1697.33 KOR 1T141627 3888.90 KOR 1T153901 1020.78 KOR

9 1T160105 1267.23 KOR 1T161990 0.52 KOR 1T153901 1.89 KOR 1T153722 1688.67 KOR 1T154724 3746.10 KOR 1T142811 992.27 KOR

10 IT154613 1241.95 KOR 1T143039 0.51 KOR 1T142807 1.88 KOR 1T160105 1680.67 KOR 1T141865 3741.00 KOR 1T141865 985.56 UNK
11 1T25384 1232.20 KOR IT156190 0.51 KOR 1723071 1.86 SRB 1T161435 1672.00 CHN 1T25384 3725.00 KOR 1T161443 973.60 AUS

1 1T25668 41573 KOR 1T146110 0.39 TWN 1722891 0.69 UNK 1T161474 554.67 UNK PUNGSAN  678.10 KOR 1T103951 227.56 KOR

2 1T153844 459.19 KOR 1T108929 0.40 KOR 1T25668 0.69 KOR 1T153844 558.33 KOR 1T153844 1094.80 KOR 1T25668 281.99 KOR

3 1T158006 464.94 BEL 1T101256 0.40 KOR 1T146110 0.76 TWN 1T156262 565.67 KOR 1T158073 1127.00 SRB 1T158063 336.35 ZAF

4 IT157861 49251 KOR 1T24570 0.41 KOR 1T158006 0.78 BEL 1T158006 572.33 BEL 1T158049 1140.50 SWE 1T24099 338.58 KOR

5 1T158049 492.62 SWE 1T104789 0.41 KOR 1724099 0.82 KOR 1T25668 586.83 KOR 1T25668 1141.80 KOR 1T153844 349.26 KOR
Bottom 6 1722891 499.08 UNK 1T143192 0.41 JPN 1T141790 0.87 KOR 1T156253 598.50 KOR 1T157861 1181.90 KOR 1T158006 352.37 BEL
7 1T141790 507.78 KOR IT101015 0.41 KOR 1T103951 0.87 KOR IT21686 610.33 USA 1T158006 1190.30 BEL 1T158073 356.97 SRB

8 1T158073 508.28 SRB 1T115505 0.41 KOR 1T21665 0.89 CHN 1T156278 629.50 BTN 1T161474 1275.00 UNK 1T141790 360.16 KOR

9 1T161474 509.85 UNK IT153834 0.41 KOR 1T158073 0.90 SRB 1722074 630.00 UNK 1T156278 1337.70 BTN 1722891 361.49 UNK

10 1T156278 524.50 BTN 1T24147 0.41 KOR 1T21686 0.90 USA 1T103951 638.17 KOR 1T156262 1352.20 KOR 1T21649 369.70 HKG
11 1724099 560.90 KOR 1T23005 0.41 DNK IT158004 0.93 BEL 1T158073 649.00 SRB 1T103951 1356.00 KOR 1T21686 369.80 USA

Note: These accessions were graded on the basis of performance of the two-year data. The accessions (represented by their IT numbers) mentioned made up the top 5% and bottom 5%
arranged in descending and ascending order, respectively. TRL: Total Root Length; AD: Average Diameter; RV: Root Volume; NT: Number of Tips; NF: Number of Forks; and TTL:
Tertiary Total Length.



Agronomy 2023, 13, 2666

7 of 14

3.2. Correlation and Distribution Analysis

The results in a heatmap illustrate the outcomes of a correlation analysis conducted
on the root traits: the TRL, AD, RV, NT, NF, and TTL of the 216 germplasms of 34 origins,
for two consecutive years (2021-2022) (Figure 3). Different root traits showed distinctive
outcomes in the correlation analysis. A noteworthy positive correlation was observed
between TRL and RV (r = 0.85), NT (r = 0.84), NF (r = 0.96), and TTL (r = 0.88), whereas
TRL exhibited a negative correlation with AD (r = —0.25) (Figures 3 and 4). Conversely, as
expected, AD exhibited an inversely proportional pattern with TRL, RV (r = —0.047), and
architectural traits, i.e., NF (r = —0.17) and TTL (r = —0.068) (Figures 3 and 4).

g

- 06

-04

-02

T

Figure 3. Heatmap showing the correlation between RMTs. The sidebar represents the range of
Pearson correlation coefficients ranging from —1 to 1. TRL: Total Root Length; AD: Average Diameter;
RV: Root Volume; NT: Number of Tips; NF: Number of Forks; and TTL: Tertiary Total Length.
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Figure 4. Joint plots demonstrate the linear relationships between important root traits. TRL: Total
Root Length; AD: Average Diameter; RV: Root Volume; NT: Number of Tips; NF: Number of Forks;
and TTL: Tertiary Total Length.

With an increase in TRL, traits NT, NF, and TTL, increased linearly. RV also formed a
positively correlated linear regression with TRL, while AD exhibited a negative correlation
with TRL (Figure 4).
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3.3. Principal Component Analysis

A PCA was performed on the dataset. The first three PCs captured the most variability
in the data, accounting for a 95% variation, in which the first PC1 had most of the traits,
showing an eigenvalue of 4.644—capturing 77.0% of the total variation in the data. PC2
represented an eigenvalue of 0.900, accounting for 15.0% of the variability, and PC3 had
an eigenvalue of 0.206, accounting for 3.4% of the variability, while PC4 accumulated an
eigenvalue of 0.107, accounting for 2.1% of the variability (Table 4).

Table 4. Eigenvalues and proportions of principal components of six root traits of 216 germplasms.

Eigenvalues Explained Variance Cumulative Variance
PC1 4.644 0.770 0.770
PC2 0.900 0.149 0.919
PC3 0.206 0.034 0.953
PC4 0.107 0.021 0.974
PC5 0.122 0.014 0.988
PCé6 0.027 0.012 1.000

The traits corresponding to PC1 were TRL, RV, NT, NE and TTL, with positive eigen-
vectors of 0.460, 0.394, 0.425, 0.448, and 0.426, respectively, whereas the root AD showed
an eigenvector value of 0.216 in PC3, respectively (Table 5). All the measured traits and
accessions were plotted against two PCs (Figure 5). The angle between the direction of the
traits indicates their approximate correlations. Accessions with similar traits that clustered
together in the same PCs appear close to their corresponding PCs on the biplot (Figure 5).

Table 5. Eigenvectors of six root traits of 216 germplasms.

Principal Component

o /o
)
.

Traits (Eigenvectors)
1 2 3
TRL 0.460 —0.024 —0.057
AD —0.265 —0.852 0.216
RV 0.394 —0.486 —0.043
NT 0.425 0.092 0.828
NF 0.448 0.023 —0.078
TTL 0.426 —0.171 —0.507
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Figure 5. A biplot of PC1 (77.0%) and PC2 (15.0%) based on six root traits, TRL: Total Root Length;
AD: Average Diameter; RV: Root Volume; NT: Number of Tips; NF: Number of Forks; and TTL:
Tertiary Total Length, of 216 germplasms of diverse origins. AF: Africa; ASIA: EUP: Europe: AM:
North America; AUS: Australia; and SA: South America.
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The correlation matrix of the traits with the PCs responded similarly, where TRL, RV,
NT, NF, and TTL showed strong positive correlations of 0.46, 0.39, 0.42, 0.44, and 0.42 to
PC1, respectively, while AD indicated a positive correlation with PC3 of 0.21. Surprisingly,
NT also showed a positive correlation (r = 0.82) with PC3 (Figure 6).

0.5,
Correlation
1
0.5
1.5
"
4] 2
a []
2.5
=-0.5
=
35
TRL AD RV NT NF ™

Variables

Figure 6. A heatmap showing root traits’ correlations with PCs. The sidebar represents the range of
Pearson correlation coefficients ranging from —1 to 1. TRL: Total Root Length; AD: Average Diameter;
RV: Root Volume; NT: Number of Tips; NF: Number of Forks; and TTL: Tertiary Total Length.

3.4. Cluster Analysis of Root Traits

A K-means clustering analysis was conducted on the dataset using three clusters.
The optimum numbers of clusters were chosen using the Within-Cluster Sum of Squares
(WCSS) method (Figure S1, Table S2). Accessions with similar characteristics were grouped
together. The results showed a group of 77 accessions assembled together in Cluster 1, 69 in
Cluster 2, and 70 in Cluster 3 (Figure 7, Table S3). The silhouette scores revealed cohesion,
indicating well-defined and well-separated clusters (Figure 8). Accessions with higher
AD values were grouped into Cluster 2, those with higher TRLs and related traits were
assembled in Cluster 3, and those with intermediate values were grouped into Cluster 1
(Figure 9, Table S3).

K-means Clustering with 3 Clusters
e Cluster 1

* Cluster 2
¢ Cluster 3

® Cluster 2
n=69

PC1

Figure 7. K-means clustering analysis of 216 accessions based on six measured root traits. n = number
of accessions.
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Figure 8. Silhouette scores of the three clusters of root traits, representing cohesion in the clusters.

a ¢
b
'
H
2
< B

800 0.5
. % $

1 2 3

Cluster Cluster Cluster

TRL

o
;.HH- 5
-
;_m_q,..
i

a a 1200

3
a
]
b : é 4000 1000 b
1400 b
3000 800
1200 % c 5 3 E <
600
1 2 3

NT

1 2 3 1 2 3

Cluster Cluster Cluster

aoo
Cluster: 1 2 3
Figure 9. Box plots of six root traits in three clusters of 216 soybean germplasms. The letters above
the box indicate the statistical differences based on the least square difference (LSD). TRL: Total Root
Length; AD: Average Diameter; RV: Root Volume; NT: Number of Tips; NF: Number of Forks; and
TTL: Tertiary Total Length.

4. Discussion

This study comprehensively evaluated the root traits—TRL, AD, RV, NT, NF, and
TTL—in a substantial set of 216 accessions from 34 diverse geographical origins, spanning
two consecutive years, 2021-2022. Our study showed a significant diversity among the
traits of the studied germplasms. To explore the interrelationships between the important
root traits, a correlation analysis was performed among the traits. TRL demonstrated a
negative association with AD while, conversely, positive associations with RV, NT, NF, and
TTL (Figure 3). This pattern of association can be attributed to the inverse relationship
between root length and thickness, as reported in previous studies [35,36]. Furthermore,
thinner roots typically exhibit a higher fibrous nature and a greater propensity for branching
than thicker roots [37,38]. Additionally, a growth in TRL results in deeper roots, coupled
with a fibrous nature, causing an increased root coverage, subsequently causing a higher
root surface area and expanded RV [35,37,38]. Our results are consistent with those of
previous studies, in which similar trends among root traits have been noted in different
legumes, including soybeans [35,39,40]. Considering the importance of RMTs, the varieties
were ranked on the basis of these traits and their geographical origins to investigate the
potential regional influences on these characteristics. Interestingly, the cultivars of the top
5% in terms of TRL originated from Korea. The same was true for other essential RMTs,
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i.e., RV, NT, NFE and TTL, in which the top 5% cultivars predominantly originated from
Korea (Table 3). The list of those with higher root ADs was shared by Serbians and a few
of Korean origin. The variability in traits among different cultivars can be linked to their
origins. Under water-limited conditions, the availability of water and nutrients to plants
is contingent on environmental conditions, root system morphology, architectural traits,
and competition; consequently, plants under such conditions tend to develop deeper root
systems to access water [35,41].

A PCA was performed to discern the underlying patterns and primary components
that governed the variability of the root traits. The first three PCs collectively elucidated
most of the variance within the dataset. Notably, PC1 showed the most substantial in-
fluence, accounting for 77% of the total variance, with an associated eigenvalue of 4.64
(Table 4). TRL, RV, NT, NF and TTL exhibited the highest eigenvectors in association with
it (Table 5), highlighting the representation of most root traits. The pronounced prominence
of PC1 suggests a notable commonality among these traits, implying potential shared envi-
ronmental, genetic, or origin-related factors that warrant further investigation. Conversely,
PC2 contributed an eigenvalue of 0.90, accounting for 15% of the total variability. The inter-
mediate role of PC2 highlights its aptitude for capturing the unique patterns of variation
that extend beyond the overarching trend represented by PC1. These distinctive patterns
may pertain to specific root traits that deviate from the pattern captured by PC1, thereby
offering valuable insights into trait interactions and adaptations, particularly pertinent to
germplasm selection. There was also the presence of PC3, characterized by an eigenvalue of
0.206, representing 3.4% of the total variability. PC3 unveiled subtler variations in the RMTs
that were not fully accounted for by PC1 or PC2, showing dissimilarity. Expectedly, AD
correlated with PC3, exhibiting a higher eigenvector value in the direction opposite to that
of TRL. This alignment confirms the earlier noted relationship between traits, specifically
TRL and AD (Figure 6). Similar patterns have also been reported by studies conducted on
Adzuki beans (Vigna angularis) and Sorghum (Sorghum bicolor) [35,42].

The objective of our experiment was to comprehensively characterize RMTs, study
their mutual associations, and provide a targeted roadmap for an optimized breeding
program focused on developing cultivars with superior RMTs. To achieve this objective,
trait-based categorizations of the examined 216 accessions were employed. This approach
effectively streamlined our efforts, allowing us to concentrate on clusters or groups that
exhibited the desired RMTs, thus facilitating targeted and efficient breeding endeavors. The
WCSS methodology was employed in combination with k-means clustering, with which
the comprehensive dataset of 216 accessions was grouped into three distinct clusters. The
same number of clusters was also formed in the previous studies conducted on the RMTs
of adzuki bean and soybean [35,39]. In our study, a detailed analysis of the RMTs in each
cluster showed significant differences in the accessions of the other clusters. Consistent
with the correlation analysis and PCA findings, accessions displaying dissimilarities in
RMTs, ie., TRL or AD, were categorized into distinct clusters and vice versa (Figure 7). In
our results, Cluster 2 was characterized by accessions with higher AD values. In contrast,
Cluster 3 predominantly comprised accessions with more prominent root-length-related
traits, i.e., TRL, NT, NF, and TTL (Figure 9, Table S3). The presence of well-separated
clusters suggested a substantial phenotypic and genetic diversity in the RMTs among
the germplasms. Interestingly, the germplasms originating from Korea were observed to
be greater in number in Cluster 3, substantiating the significance of the origin’s role, as
previously mentioned [35,41].

A longer TRL and other improved RMTs serve as positive indicators for a plant’s
tolerance to abiotic stresses, overall crop growth, and yield output [36]. Improved RMTs
enable plants to cover more soil layers and access more nutrient hotspots and water pro-
files [37,40,41,43-47]. Additionally, NT is a crucial trait of the plant root system, particularly
due to its sensitivity to abiotic stresses and its crucial role in plant stress signaling and
phytohormone level modification [48]. These distinct clusters offer targeted opportunities
for breeders to improve specific root traits, address particular concerns, and optimize
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root systems with better and improved RMTs. By leveraging our findings, breeding pro-
grams can strategically target these clusters to enhance crop performance and adaptability
across diverse environmental conditions. Furthermore, it is imperative to thoroughly
investigate the influence of origin on root traits and its potential implications for future
breeding programs.

5. Conclusions

This study comprehensively evaluated the root traits of 216 diverse soybean germplasms
from 34 different origins. The results revealed a significant diversity among all the measured
traits, and a correlation analysis demonstrated interesting associations between the different
root traits. TRL exhibited positive correlations with RV, NT, NF, and TTL, whereas it
had a negative correlation with AD. The top 5% varieties, based on the TRL and related
architecture traits, were predominantly of Korean origin. Germplasm 1T115491 had an
impressive TRL value of 1426.24 cm, whereas the highest AD values were from Serbian and
Korean germplasms. Notably, the highest AD was in IT156262 at 0.57 mm. A PCA provided
valuable insights into the major patterns of variation among the RMTs. The first three
PCs collectively captured a substantial 95% of the total variability, with PC1 accounting
for 77.00% of the variance. PC1 served as a representative composite of most of the root
traits under investigation, suggesting a strong underlying commonality among these traits,
likely driven by shared origin or genetic factors. PC2 and PC3 showed unique patterns
of variation that were not fully accounted for by PC1, offering insights into specific root
traits and their interactions critical for certain germplasms. The WCSS method was used to
group the accessions into three optimal clusters, followed by a k-means clustering analysis.
Notably, Cluster 2 exhibited higher AD values, whereas Cluster 3 comprised accessions
with more prominent root-length-related traits, in which most of the germplasms were of
Korean origin. Cluster 1 occupied an intermediate position.

To conclude, our study offers valuable insights into the distinctive root system charac-
teristics of diverse soybean germplasms, providing a foundation for advancing soybean
breeding strategies aimed at improving RMTs, enhancing crop productivity, and improving
adaptability, specifically needed in changing environmental conditions. These distinct
clusters provide targeted opportunities for breeders to enhance specific root traits, address
pertinent concerns, and optimize root systems. Furthermore, we suggest that the role of
origin in shaping RMTs and RSAs should be further explored.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agronomy13102666/s1, Figure S1: An Elbow graph using WCSS
method; Table S1: List of soybean accessions used; Table S2: Cluster results; Table S3: K-means
clustering results.
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