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Abstract: Rhizosphere soil ecosystems are represented by the diversity of different soil aggregate-size
classes, such as large macroaggregates, small macroaggregates, mesoaggregates, and microaggregates.
Though these aggregate-size classes represent distinct biological, chemical, and physical properties,
little is known about their dynamics and relationships with belowground and aboveground plant
traits. In this study, we examined the relationships of various soil aggregate-size classes and their
organic carbon contents with many aboveground and belowground soybean plant traits. Our study
revealed several novel and interesting relationships between soil structural properties and plant traits.
Notably, small macroaggregates represented a major portion of the rhizosphere soil ecosystem of
soybean plants while organic carbon contents decreased with decreasing size of soil aggregates. Only
microaggregates showed a significant relationship with root architectural traits, such as length and
surface area. Among all soil aggregate size classes, the abundance of small macroaggregates and
the organic carbon contents of microaggregates were better correlated with plant traits. In general,
organic carbon contents of different soil aggregate-size classes showed positive correlations with
leaf trichome density (defense traits) and major macronutrients, such as root P, K, and S contents;
while there were mostly negative correlations with some micronutrient (Ca, Mn, Zn, Cu, B, and Mg)
contents of roots and shoots. However, the abundance of small macroaggregates mostly positively
correlated with the mineral contents of plant roots and shoots. Collectively, the positive and negative
correlations of organic carbon contents of different soil aggregate-size classes with trichomes (defense)
and physiological traits (micro-mineral contents) suggest their significance in plant nutrition and
defense. Though our results suggest the relationships of soil aggregate properties with aboveground
and belowground traits, further research is needed to discern the role of soil structural traits in
mediating plant growth, development, defense, and physiology.

Keywords: macroaggregates; microaggregates; aboveground and belowground traits; root system
architecture; root chemistry; soil organic carbon; plant mineral contents; rhizosphere; root-soil
interactions; soil-plant interactions

1. Introduction

The rhizosphere soil is a complex environment that includes a diversity of soil ag-
gregates, both in terms of their sizes and shapes. The physical component of soil is
characterized by different aggregate-size classes, ranging from micro- to macro-aggregates.
Classically, soil aggregates are grouped into macroaggregates (>0.25 mm) and microaggre-
gates (<0.25 mm) [1,2]. However, some studies have further classified and categorized them
into four aggregate-size classes, such as large macroaggregates (>2000 µm), small macroag-
gregates (<2000–500 µm) [3], mesoaggregates (<500–250 µm) [1,4], and microaggregates
(<250 µm) [5]. Though different soil aggregate-size classes differ in their physical, chemical,
and biological properties, both macroaggregates and microaggregates can have several
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distinct differences. These include but are not limited to: (i) carbon turnover increases
with decreasing soil aggregate size; (ii) macroaggregates generally possess more organic
carbon than microaggregates; (iii) the size of soil aggregates is inversely proportional to the
amount of energy required to break them; and (iv) the decomposition generally increases
with decreasing soil aggregate sizes [2,6,7]. Nevertheless, soil aggregates are considered
important indicators of essential soil properties that determine soil nutrient retention, cy-
cling, porosity, and erosion resistance [8]. Aggregation of soil particles into different soil
aggregate-size classes increases soil capacity to encapsulate soil organic carbon (SOC) by
improving the physical protection of organics to reduce the biodegradation mediated by
the soil microbial activities [9].

Different agronomic practices can significantly alter the composition and relative abun-
dance of various aggregate-size classes in agricultural soils. For instance, conventional soil
tillage practices, such as intensive plowing, can potentially break the soil macroaggregates
into smaller, finer and/or microaggregates [10–12]. Contrarily, the amendment of soil
with organic materials or conservation tillage can potentially increase the proportion of
soil macroaggregates. Several studies have reported a positive correlation between soil
organic carbon and the formation of macroaggregates in soils under different farm man-
agement practices [2,7,12]. Furthermore, the alternation between wet and dry conditions
can potentially break macro-aggregates into other aggregate-size classes, thus altering
the soil structure [13–15]. Recently, our results suggested that cover crop increased and
decreased the proportion of soil macroaggregates and microaggregates, respectively [1].
There has been a great deal of work on the impact of soil texture, aggregate stability,
and other edaphic properties on root system architecture and growth parameters of crop
plants [16,17]. Similarly, several studies have tested the impact of soil amendments on soil
biophysical conditions [18,19]. Although the biochemical and physical properties of soil
aggregates are described in several studies, little is known about their relationship with
plant traits under natural settings.

Few studies have tried to link the relationship between soil aggregate types and plant
traits. For instance, Kohler et al. (2010) studied the relationship between soil aggregates
and root biomass of Lactuca sativa under microbial influence [20]. In another study, root
biomass was negatively correlated with various soil aggregate classes [21]. Nevertheless,
some studies have tested the impact of individual aggregates on various plant growth
parameters, such as germination and root growth [22]. Though not empirically tested, it
is commonly perceived that the nature and type of soil aggregates may influence plant
growth and development. For instance, macro- than micro-aggregates may have relatively
more organic matter and nutrient levels and, consequently, these properties may influence
plant growth via better nutrient availability, mobility, and aeration [23–25]. Nevertheless,
we know very little about the mutual relationships between soil aggregates and plant traits
(belowground and aboveground).

In this study, using soil and plant samples from soybean crop grown under different
conditions (seed treatments), we investigated the correlation of soil aggregate-size classes
with several aboveground and belowground traits of soybean plants. This study aimed to
explore the relationship of essential soil properties, such as different aggregate-size classes
and their properties (abundance and organic carbon contents), with shoot and root physical
and chemical traits. We hypothesized that both relative abundance (physical property)
and organic carbon contents (chemical property) of different soil aggregate-size classes
would demonstrate correlation with various belowground (root) and aboveground (shoot)
traits of soybean plants, though nature of these correlations will depend on soil aggregate
properties and types of plant traits. According to our knowledge, this is the first study
that has attempted to explore the links between soil structural properties; for instance,
the properties of soil aggregate-size classes with several plant physiological, mineral, and
defense traits.
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2. Materials and Methods
2.1. Belowground and Aboveground Plant Data Collection

We collected soil and plant samples from the soybean experimental plots that were
established at the Henry J. Stumpf International Wheat Center (Grant, NE, USA). The
experimental soil had the following properties at the time of sowing: The soil contained 47%
sand, 42% silt, and 11% clay. It had a pH of 6.8, with other nutrients at 0.58 mg kg−1 soluble
salt, 2.2% organic matter, 9.3 mg kg−1 of nitrate nitrogen (NO3-N), 6 mg kg−1 of phosphorus
(P2O5), and 302 mg kg−1 of potassium (K). This experiment was conducted in June 2018,
while rhizosphere soil and plant samples were collected at the soybean reproductive stage
six (R6) in August 2018. We took soil and plant samples from soybean plants that were
grown under different conditions, such as seed treatments. Since the major objective of
this study was to determine the relationships of soil aggregate properties (i.e., abundance
and organic carbon contents) with plant traits on average, testing similar relationships at
each seed treatment level was neither possible (due to low replicates or sample numbers)
nor our objective. The soil and plant samples were collected and processed as described
recently [26]. The samples were taken at the reproductive maturity of the soybean crop.
The details about experimental set up, inoculation, sampling procedure, collection, and
processing of belowground and aboveground plant traits were recently reported [26] and
also given (Supplementary Materials). The root architectural traits were profiled using
Winrhizo, whereas the leaf trichomes were counted under the microscope. Both root and
shoot tissues were analyzed for mineral contents as reported recently [26,27]. Unless
otherwise stated, the plant root and shoot mineral contents (P, K, Ca, Mg, S) are expressed
as the percentage (%) of the dry matter, while the contents of other minerals (Zn, Fe, Mn,
Cu, Mo, and B) are expressed as ppm (mg/Kg).

2.2. Profiling of Different Soil Aggregate-Size Classes

At reproductive maturity, the rhizosphere soil samples (~500 g) were collected into
the plastic bags from the above-mentioned soybean field treatments. These soil samples
were gently crumbled to break the large soil clods along the planes of weakness before
drying and sieving [1,28]. The soil samples were sieved into four aggregate-size classes
that included large macroaggregates (particle size >2000 µm), small macroaggregates
(<2000–500 µm), mesoaggregates (<500–250 µm), and microaggregates (<250 µm). Given
discrepancies in terms of the advantages and disadvantages of using different soil sieving
approaches, we selected dry rather than wet sieving for profiling the soil aggregate-size
classes [29]. Briefly, we choose dry sieving because it causes relatively less damage to
the soil structure and shows the biologically active carbon pools in the rhizosphere soil
ecosystems [1]. The aggregate-size classes profiled through this approach are often used
to determine soil resistance against different environmental stresses, such as erosion and
porosity [30]. After sieving, we calculated the relative abundance (% of total) of different
soil aggregate-size classes in each sample. The relative abundance (% proportion) of each
soil aggregate-size class was determined by dividing its mass by the total mass of all soil
aggregates in the same sample, followed by multiplying by 100.

2.3. Analysis of Organic Carbon Contents of Different Soil Aggregate-Size Classes

The plant roots and debris were removed using forceps. All sieved aggregate-size
classes were kept in 50 mL falcon tubes at the room temperature till their analysis for soil
organic carbon contents. Before analysis, the samples belonging to different soil aggregate-
size classes were treated with sulfurous acid (H2SO3) to remove different inorganic forms of
the carbonates (e.g., inorganic carbon). Next, the organic carbon contents were determined
using the resistance furnace method, as described previously [20]. Briefly, samples of
different soil aggregate-size classes were ignited in the oxygen-rich combustion chamber at
1350 ◦C. After that, the aliquots of the combustion gas were passed through an infrared
absorption detector to quantify the organic carbon contents [4,21,22].
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2.4. Data Analysis

In this study, as described elsewhere, we investigated crop plant traits in five different
treatments that had at least four experimental replicates. Considering the significance
of plant traits and soil structure, we used this opportunity to discern the relationship
between plant traits and soil aggregate-size classes. In all the analyses, we performed linear
regression followed by one-way analysis of variance (ANOVA) to test the relationship of soil
aggregate-size classes with aboveground and belowground plant traits, as outlined in the
result section (Figures 1c–6, Tables 1–4). To determine differences in the relative proportion
(% of total) of different aggregate-size classes in the soybean rhizosphere soil, we conducted
ANOVA, followed by the Fisher’s test at a significance of 0.05 (Figure 1b). Overall, these
are typical tests for exploring correlations between variables in experimental studies.

3. Results
3.1. Composition and Properties of Soil Aggregate Size-Classes

After separating soil aggregate-size classes, we found that small-macroaggregates
made up the dominant portion of the total soil mass, followed by mesoaggregates, large-
macro macroaggregates and microaggregates (Figure 1a). Regarding their properties,
we found a gradual decline in the organic carbon contents with decreasing size of soil
aggregates (Figure 1b). Moreover, a positive correlation between organic carbon contents
of soil aggregate-size classes was observed, though it was absent between macroaggregates
and microaggregates (Figure 1c).
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Figure 1. (a) The relative proportion of different soil aggregate-size classes, such as large macroag-
gregates (G1), small macroaggregates (G2), mesoaggregates (G3), and microaggregates (G4). Lack
of letter sharing on bars represents significant statistical difference. (b) The soil organic carbon
contents across the soil aggregate-size gradient from large macroaggregates to microaggregates as
determined by the linear regression. (c) The correlation between organic carbon contents of various
soil aggregate-size classes as determined by the linear regression.
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3.2. Relationship of Soil Aggregate-Size Classes with Plant Growth Parameters

We also investigated the relationship between different plant growth parameters and
various soil aggregate size classes, and only microaggregates positively correlated with
root length and surface area (Figure 2).
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Figure 2. The relationship between the abundance (proportion of total) of soil microaggregates and
root length (cm) and area (cm2), as determined by the linear regression. Since both root length and
area had different units, and are also plotted together, we named the y-axis “plant growth parameters
to represent root traits simultaneously”.

3.3. Relationship of Large-Macroaggregates (>2000 µm) with Aboveground and Belowground Traits

The relative abundance of large macroaggregates in soil showed a positive relationship
with leaf traits, such as adaxial (up) and abaxial (down) trichome density. Moreover, the
large macroaggregates in soil also positively correlated with the P and K contents of fine
roots (FR) and large root (LR) K contents. Other than that, the large macroaggregates
showed a negative correlation with the Ca, Zn, Fe, Mn, and Cu contents of FR, while
the same relationship was observed for the K, Ca, Mn, and Cu contents of LR (LR), on
average, across all samples (Table 1). Moreover, we also investigated the relationship of
soil large macroaggregates with plant traits. Both the S and B contents of LR correlated
positively; however, the Mo contents of LR correlated negatively with the abundance of
large macroaggregates (Figure 3).

Table 1. Relationship between abundance of large macroaggregates (>2000 µm) and plant traits.

Large Aggregate (>2000 µm) Linear Regression Coefficient (R2) Probability Value (P) Relationship

Shoot traits

Up trichome R2 = 0.34 p = 0.006 +
Down trichome R2 = 0.25 p = 0.023 +

Fine root traits

Fine root P contents (%) R2 = 0.18 p = 0.056 +
Fine root K contents (%) R2 = 0.26 p = 0.02 +
Fine root Ca contents (%) R2 = 0.33 p = 0.0008 -
Fine root Zn contents (%) R2 = 0.38 p = 0.004 -
Fine root Fe contents (%) R2 = 0.30 p = 0.012 -
Fine root Mn contents (%) R2 = 0.32 p = 0.008 -
Fine root Cu contents (%) R2 = 0.27 p = 0.017 -

Large root traits

Large root K contents (%) R2 = 0.38 p = 0.004 +
Large root Ca contents (%) R2 = 0.21 p = 0.038 -
Large root Mn contents (%) R2 = 0.27 p = 0.019 -
Large root Cu contents (%) R2 = 0.18 p = 0.059 -
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Figure 3. The relationship between the organic carbon contents (%OC) of soil large macroaggregates
with the B (a), S (b), and Mo (c) contents of LR, as determined by the linear regression. Only significant
(p < 0.05) relationships are plotted.

3.4. Relationship of Small Macroaggregates (<2000–500 µm) with Plants Traits

Likewise using linear regression, we tested the relationship of small macroaggregates
with various plant traits (Table 2). The relative abundance of small macroaggregates in soil
showed a negative relationship with leaf traits, such as adaxial and abaxial trichome density.
In addition, their abundance in the soil positively correlated with shoot S and Mn contents.
These aggregates showed a positive correlation with the Ca, Zn, Fe, Mn, and Cu contents of
FR, and the Cu contents of the LR. However, the relative abundance of small macroaggregates
in soil negatively correlated with the P and K contents of FR, and the K and B contents of LR
(Table 2). The organic carbon contents of small macroaggregates correlated positively with
the B, K, and S contents of LR (LR). Similarly, these correlated positively with the Mg, P, and
K contents, and negatively with Zn, Ca, and B contents of FR (Figure 4). The leaf abaxial
trichomes positively correlated with the organic carbon contents of small-macroaggregates in
the rhizosphere soil. However, the shoot contents of Ca, Mn, and S negatively correlated with
the organic carbon contents of small-macroaggregates (Figure 4).

3.5. Relationship of Mesoaggregates (<500–250 µm) to Plant Traits

Moreover, using linear regression, we also tested the relationship between mesoag-
gregates and various plant traits (Table 3). Interestingly, the relative abundance of large
macro-aggregates in soil (% of total) showed a positive relationship with the P and B con-
tents of LR and the P contents of FR. However, the relative abundance of mesoaggregates
negatively correlated with the Mo and Mn contents of LR and plant shoots (Table 3). The or-
ganic carbon contents of mesoaggregates positively correlated with the S, B, and K contents
of LR. Similarly, both adaxial and abaxial trichome density positively correlated with the
organic carbon contents of mesoaggregates. The organic carbon contents of mesoaggregates
positively correlated with the P and K contents, while negatively correlated with the B,
Zn, and Cu contents of LR. The shoot B, S, and Mn contents positively correlated with the
organic carbon contents of mesoaggregates (Figure 5).
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Figure 4. The relationship of organic carbon contents (%OC) of soil small macroaggregates with
plant traits as determined by the linear regression (a–n). Only significant (p < 0.05) relationships
are plotted. The abbreviations are LR (large roots), FR (fine roots), Sht (shoot), LAdTri (leaf adaxial
trichome density), and LAbTri (leaf abaxial trichome density). The trichome density was number of
trichomes per 0.29 cm2 of soybean leaf area.

Table 2. Relationship between abundance of small macroaggregates (<2000–500 µm) and plant traits.

Small Macro-Aggregates (<2000–500 µm) Linear Regression Coefficient (R2) Probability Value (P) Relationship

Plant traits
Up trichome R2 = 0.28 p = 0.024 -

Down trichome R2 = 0.24 p = 0.023 -
Shoot traits

Shoot S content (%) R2 = 0.21 p = 0.043 +
Shoot Mn content (%) R2 = 0.46 p = 0.017 +

Fine root traits
Fine root P contents (%) R2 = 0.40 p = 0.003 -
Fine root K contents (%) R2 = 0.25 p = 0.029 -
Fine root Ca contents (%) R2 = 0.33 p = 0.008 +
Fine root Zn contents (%) R2 = 0.22 p = 0.035 +
Fine root Fe contents (%) R2 = 0.23 p = 0.034 +
Fine root Mn contents (%) R2 = 0.22 p = 0.035 +
Fine root Cu contents (%) R2 = 0.30 p = 0.012 +

Large root traits
Large root K contents (%) R2 = 0.41 p = 0.002 -

Large root Cu (ppm) R2 = 0.20 p = 0.047 +
Large root B content (%) R2 = 0.56 p = 0.0001 -
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Figure 5. The relationship between the organic carbon contents (%OC) of soil mesoaggregates and
plant traits, as determined by linear regression. Only significant (p < 0.05) relationships are plotted
(a–n). The abbreviations are LR (large roots), FR (fine roots), Sht (shoot), LAdTri (leaf adaxial trichome
density), and LAbTri (leaf abaxial trichome density). The trichome density was number of trichomes
per 0.29 cm2 of soybean leaf area.

Table 3. Relationship between abundance of mesoaggregates (<500–250 µm) and plant traits.

Meso-Aggregates (<500–250 µm) Linear Regression Coefficient (R2) Probability Value (P) Relationship

Shoot traits
Shoot Mn content (ppm) R2 = 0.18 p = 0.08 -

Fine root traits
Fine root P content (%) R2 = 0.19 p = 0.07 +

Large root traits
Large root P content (%) R2 = 0.16 p = 0.087 +
Large root B content (%) R2 = 0.47 p = 0.0001 +

Large root Mo content (ppm) R2 = 0.45 p = 0.0001 -
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3.6. Relationship of Microaggregates (<250 µm) to Plant Traits

The relative abundance of microaggregates also showed positive correlation with the
K and B contents of LR, and the Zn contents of the FR. However, the relative abundance of
these aggregates showed a negative correlation with the Ca, Fe, Mn, and Cu contents of LR,
and the B contents of shoot tissues (Table 4). The organic carbon contents of microaggregates
positively correlated with the S, B, and K contents of LR in the rhizosphere soil. Similarly,
the organic carbon contents of microaggregates positively correlated with the P and K
contents, while negatively correlating with the B, Zn, and Cu contents of LR. Similar to
mesoaggregates, both adaxial and abaxial trichome density positively correlated with the
organic carbon contents of microaggregates. Finally, the B, S, and Mn contents of the shoots
negatively correlated with the organic carbon contents of microaggregates (Figure 6).
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density was number of trichomes per 0.29 cm2 of soybean leaf area. Only significant (p < 0.05)
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Table 4. Relationship between abundance of microaggregates (<250 µm) and plant traits.

Micro-Aggregates (<500–250 µm) Linear Regression Coefficient (R2) Probability Value (P) Relationship

Shoot traits
Shoot Zn content (%) R2 = 0.39 p = 0.036 -
Shoot B content (%) R2 = 0.36 p = 0.038 -

Fine root traits
Fine root Ca content (%) R2 = 0.35 p = 0.034 -
Fine root Zn content (%) R2 = 0.28 p = 0.067 +
Fine root Fe content (%) R2 = 0.33 p = 0.09 -
Fine root Mn content (%) R2 = 0.33 p = 0.037 -
Fine root Cu content (%) R2 = 0.34 p = 0.058 -

Large root traits
Large root K content (%) R2 = 0.35 p = 0.031 +

Large root Cu content (%) R2 = 0.30 p = 0.053 -
Large root B content (%) R2 = 0.41 p = 0.024 +

4. Discussion

Soil structure plays a significant role in soil quality, health, and functioning [31]; while
soil aggregation is considered an important indicator of soil structure [1]. The aggregation
of mineral particles into various aggregate-size classes (from microaggregates to macroag-
gregates) determine the quality and level of soil aggregation. Thus, soil aggregate-size
classes are the fundamental units of soil systems, while their physical stability is an im-
portant indicator of essential soil properties [32]. Soils with different soil aggregate-size
classes could potentially enhance the capacity of soils to sequester carbon, moisture, and
other essential nutrients [33]. Therefore, soil aggregates might have important role in plant
growth, development, and defense, though this has not been empirically tested. In this
study, we investigated the relationship between soil aggregate abundance and organic
carbon contents with belowground and aboveground plant traits.

Large macroaggregates made up a relatively significant fraction of the soil environ-
ment; while these closely related to important aboveground defense traits—such as leaf
trichome density—and nutritional traits—such as the content of major plant macronutri-
ents, including the P and K contents of LR and the K contents of FR. Interestingly, the
organic carbon contents of large macroaggregates were also shown to be relatively higher
and positively correlated with other essential nutrients, such as the S and B contents of LR.
However, interestingly, the minerals content of several micronutrients—such as Ca, Zn,
Fe, Mn, and the Cu of LR, as well as the K, Ca, Mn, and Cu contents of LR—correlated
negatively with the abundance of large macroaggregates (Table 1, Figure 3). The positive
correlation of plant mineral contents with the properties of large macroaggregates could be
due to their better organic carbon contents (Figure 1b), which are considered supportive
of soil fertility [34]; whereas the negative correlations with several micronutrient contents
could be due to their poor interaction with plant roots and/or sequestration of these nutri-
ents by organic carbon complexes [35]. In addition to their abundance and organic carbon
contents, other properties of large macroaggregates might also determine plant tissue
nutrient contents; for instance, nutrient contents, resident microbial taxa, orientation and
exposure of roots, and C: N ratio—including other edaphic properties and plant factors,
such as the properties of root architectural traits [36,37]. However, further research is
required to estimate the relative influence of soil and plant factors in mediating the impacts
of large macroaggregates on plant nutrition.

Interestingly, small-macroaggregates made up the largest proportion of the soybean
rhizosphere soil environment (Figure 1a). Previously, some studies reported the impact of
crop types and diversity on composition and relative abundance of different soil aggregate-
size classes [1], though there was a greater abundance of macroaggregates in soybean
rhizosphere soil under different management practices, such as no tillage, applications
of organic manures, and biofertilizers [38–40]. Unlike large ones, the abundance of small-
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macroaggregates negatively correlated with leaf traits, such as trichome density (adaxial
and abaxial); though their carbon contents positively correlated with these traits. These
results imply the significance of organic carbon contents for mediating plant defense
traits, such as trichomes [41]. In correspondence with their greater abundance in the
rhizosphere soil, the small-macroaggregates correlated positively with most aboveground
and belowground plant traits, such as shoot S and Mn contents, and the Ca, Zn, Fe,
Mn, and Cu (also of LR) contents of FR; thus suggesting their role in improving the
mineral nutrition of plants (Table 2). Moreover, the organic carbon contents of small
macroaggregates positively correlated with the B, K, and S contents of LR, and the Mg, P,
and K contents of FR in the soybean rhizosphere soil environment. The organic carbon
contents of small macroaggregates negatively correlated with the Zn, Ca, and B contents,
and the Ca, Mn, and S contents of FR and soybean shoots; which nevertheless suggest the
immobilization role of organic carbon in nutrients [42] (Figure 4). The positive relationship
of macroaggregate abundance and their organic carbon contents with belowground and
aboveground plant traits could be due to improved microbial activities and other plant
beneficial properties of the macroaggregates [43]. For instance, a recent study reported a
positive correlation between the abundance of macroaggregates and length of the external
mycorrhizal hyphae in the soil environment [44]. In another study, the abundance of
macroaggregates positively correlated with the contents of phenolic compounds (phenols
and phenolic acids), phospholipid fatty acids (PLFA), and soil organic matter [45]. Thus,
our results and previous evidence suggest the strong role of soil macroaggregates and
associated carbon in improving belowground and aboveground plant traits.

We also attempted to discern the relationship between mesoaggregates and below-
ground and aboveground plants, though these are less investigated with respect to plant
growth than macroaggregates and microaggregates. The abundance of this aggregate-size
class positively correlated with the P contents of the LR, though these demonstrated few
correlations with other plant traits (Table 3). However, interestingly, the organic carbon
contents of mesoaggregates demonstrated positive correlation with the S, B, and K contents
of LR, with adaxial and abaxial trichome densities, with the P and K contents of LR, and
with the B, S, and Mn contents of shoot tissues. Nevertheless, we also found a negative
correlation between the organic carbon contents of mesoaggregates and the B, Zn, and
Cu contents of LR (Figure 5). Recently, several studies have reported the significance
of mesoaggregates in carbon sequestration, microbial activities, and microbial responses
to soil and crop management practices, along with the impact of land use changes on
mesoaggregates and their properties [46–48]. However, our study is the first to report that
the relationship between important plant traits and mesoaggregates clearly predicts their
significance in plant growth, nutrition, and fitness.

The evaluation of the relationship between soil microaggregates and plant traits
showed that the abundance of soil microaggregates correlated positively with adaxial
and abaxial trichome leaf density, the K and B contents of LR, and the Zn contents of
LR. However, their organic carbon contents positively correlated with the S, B, and K
contents of LR, and the P and K contents of LR. It is important to mention that abundance
of microaggregates also positively correlated with major plant growth traits, such as root
length and surface area (Figures 2 and 6), thus predicting the role of microaggregates
and their properties in plant growth and nutrition [49]. However, their carbon contents
showed a negative relationship with the B, Zn, and Cu contents of LR, and the B, S, and
Mn contents of shoots (Figure 6). Though several studies have predicted the importance
of microaggregates in biogeochemical processes related to soil fertility, health, and plant
growth [45,50], little information is available about their role in plant growth, nutrition, and
defense. For instance, some evidence suggests the proliferation and enlargement of hyphae
between microaggregates, which could possibly improve plant root systems (Figure 2),
though further research is needed to generalize the role of microaggregates in plant growth
parameters and other fitness traits.
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5. Conclusions and Limitations

In this study, we investigated the relationship between different soil aggregate-size
classes (large macroaggregates, small macroaggregates, mesoaggregates, and microag-
gregates) and their organic carbon contents with several belowground and aboveground
soybean plant traits. Our study revealed several novel and interesting relationships between
soil structural properties and plant traits. Notably, the small macroaggregates represented
a major portion of the rhizosphere soil system of the soybean plants, while organic carbon
contents decreased with decreasing soil aggregate size. Only microaggregates showed
a significant relationship with root architectural traits, such as length and surface area.
The organic carbon contents of large macroaggregates showed correlation with several
plant traits, such as trichome density and root and shoot mineral traits; whereas those of
small macroaggregates and mesoaggregates showed correlation with fourteen plant traits
related to leaf trichomes and root and shoot mineral contents. Interestingly, the organic
carbon contents of microaggregates showed significant correlation with seventeen different
aboveground and belowground plant traits. The abundance of small macroaggregates and
organic carbon contents of microaggregates appeared to be key determinants of plant traits.
Moreover, we observed that the organic carbon contents of different aggregate-size classes
demonstrated positive correlations with leaf trichomes—an important plant defense trait,
while microbial activities were often linked with soil carbon contents and the induction of
leaf trichomes—though further research is needed to elucidate these interactions. Mean-
while, data showed that the improved mineral contents of different root fractions, such
as fine and large roots, could be due to better aggregation of soil particles into different
aggregate-size classes. Meanwhile, the widespread negative correlations between organic
carbon contents of different soil aggregate-size classes and some mineral contents of root
and shoots nevertheless suggest their role in nutrient sequestrations. Despite these inter-
esting results, there are some limitations and precautions that need to be considered in
interpreting our results and planning future research. First, though dry-sieving is widely
used to characterize different soil aggregate-size classes and their properties, there might
be some soil textural particles (sand, silt, clay) other than soil aggregates coming through
the sieving process, so those need to be distinguished. Second, the rhizosphere soils of
different agronomic crops might have different proportions or properties of soil aggregate-
size classes and their relationships with the plant traits; thus, further research to needed to
establish crop-specific relationships.
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