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Abstract

Aims

Coarse-textured sandy soils impose major constraints on plant establishment due to low cohesion, rapid drainage, and
limited regulation of rhizosphere water and nutrient availability. We evaluated ethanol-precipitable material (EPM),
a microbially derived extracellular biopolymer from Rhizobium tropici, as a soil amendment and compared its effects
with xanthan gum (XGQ) to determine how biopolymer-mediated pore restructuring influences root development and

plant performance.

Methods

Synchrotron X-ray micro-computed tomography (uCT) and unconfined compressive strength testing were used to
characterize changes in soil pore architecture and mechanical behavior. Plant growth responses were quantified
through biomass and root morphology measurements. Elemental composition was determined by X-ray fluorescence
(XRF), while RNA sequencing (RNA-seq) and RT-qPCR were used to assess transcriptional responses associated

with root development.

Results

Both biopolymers increased soil strength and reduced porosity; however, they generated distinct pore architectures.
EPM produced spatially uniform reinforcement while maintaining pore connectivity, whereas XG induced localized
densification and increased pore heterogeneity. EPM significantly enhanced plant establishment, increasing Bermuda
grass biomass by more than fourfold and promoting extensive root proliferation, while XG provided little or no growth
benefit. Elemental analysis indicated improved nutrient acquisition under optimal EPM concentrations.
Transcriptomic and RT-qPCR analyses revealed coordinated regulation of cytokinin turnover, auxin-associated

signaling, flavonoid biosynthesis, and redox pathways, consistent with enhanced lateral root development.

Conclusions
EPM-mediated pore restructuring promotes plant establishment by maintaining rhizosphere accessibility while
enhancing soil stability. These findings identify pore architecture as a key regulator linking root developmental

responses and plant performance in degraded sandy soils.

Abbreviations

EPM = Ethanol precipitable material, EPS = Extracellular polymeric substances, XG = Xanthan gum, pnCT = micro-
computed tomography, UCS = unconfined compressive strength, APS = Advanced photon source, ANOVA =
Analysis of variance, Tukey’s HSD = Tukey’s Honestly Significant Difference, PCA = Principal component analysis,
RT-qPCR = Reverse transcription-quantitative polymerase chain reaction, RNA-Seq = RNA sequencing, ROS =

reactive oxygen species.
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Introduction

Soil physical degradation, characterized by the loss of soil structure and redistribution of fine particles under rainfall,
wind, and anthropogenic disturbance, remains one of the most critical drivers of global land degradation (Lal 2001).
This process results in the preferential loss of nutrient-rich topsoil, leading to reduced soil fertility, diminished water
retention, and long-term declines in ecosystem functioning. Although part of natural geomorphic and pedological
processes, these structural alterations are significantly intensified by vegetation loss, intensive agriculture, and land-
use change associated with urbanization and infrastructure development. With nearly one-third of global soils already
degraded, developing effective and environmentally sustainable strategies for soil structural stabilization and

restoration is an urgent priority.

Biopolymer-based amendments have emerged as promising environmentally compatible approaches for mitigating
soil erosion by improving interparticle bonding and increasing soil strength at low application rates (Raj et al. 2023).
These materials are attractive because they are derived from natural or bio-based sources and can temporarily enhance
soil structural stability without introducing persistent synthetic contaminants. However, their effectiveness is often
limited in natural environments, where rainfall infiltration, wetting-drying cycles, and microbial activity can lead to
polymer dissolution, leaching, or degradation, resulting in a gradual loss of reinforcement. Indeed, optimal
performance has been reported within relatively short curing periods (e.g., ~28 days for biopolymer-treated clays)

(Cheng and Geng 2023), highlighting the transient nature of their mechanical benefits.

This limitation underscores the need to move beyond short-term physicochemical stabilization toward more persistent
soil functional recovery strategies. One promising direction is to couple initial soil stabilization with biological
reinforcement processes that support vegetation establishment and long-term root-mediated soil cohesion. In this
context, soil structure plays a central role, as it regulates both mechanical resistance to root penetration and the
transport of water, gases, and nutrients within the soil matrix (Kolb et al. 2017). This is particularly critical in coarse-
textured sandy soils, where low cohesion and limited fine particles result in weak structural stability and poor water

retention (Osman 2018).

While biopolymers can improve soil strength, they also alter pore-scale architecture. Excessive pore constriction may
increase mechanical impedance, reduce gas diffusion, and restrict root growth (Bengough et al. 2006), whereas pore-
permissive modifications can simultaneously support soil stability and biological activity. Therefore, achieving an
optimal balance between soil reinforcement and pore accessibility represents a key unresolved challenge in designing

environmentally sustainable soil amendment strategies.

Importantly, changes in soil physical structure act not only as mechanical modifications but also as biologically
relevant signals. Roots perceive mechanical impedance, hydration status, and oxygen availability, integrating these
cues through coordinated hormonal and stress-response pathways, including auxin-cytokinin crosstalk and redox
regulation. These signaling networks regulate root system architecture, particularly lateral root initiation and spatial
proliferation, thereby linking soil physical conditions to plant developmental outcomes. However, the extent to which
biopolymer-induced alterations in soil structure interact with these molecular regulatory pathways remains poorly

understood.
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Extracellular polymeric substances (EPS) produced by soil microorganisms represent a class of naturally derived
biopolymers capable of simultaneously influencing soil structural properties and plant responses (Palhares Farias et
al. 2022), (Feng et al. 2026). In particular, ethanol-precipitable material (EPM) derived from Rhizobium tropici has
been reported to enhance soil stability and promote plant growth at low application rates (~0.01-0.5 wt%) (Nestler et
al. 2016), (Sloutski et al. 2025), in addition to improving soil aggregation and water retention characteristics (Larson
etal. 2012). More recent work has focused on isolating mechanistically active fractions of this material, where ethanol-
precipitable EPM exhibits pronounced gel-forming behavior and modifies particle-water interactions at the pore scale
(Yiwei Fang et al. 2025). Despite these advances, the mechanistic links between EPM-induced physical changes in

soil structure and downstream regulation of plant developmental processes remain unresolved.

In this study, we investigate how EPM-mediated modifications of soil mechanical properties and pore architecture
influence root development and overall plant performance in both model sandy systems and agronomically relevant
soils. We integrate mechanical testing and three-dimensional pore-network characterization with plant phenotyping
and transcriptomic analysis to capture coupled soil-plant responses across scales. We hypothesize that environmentally
stable and erosion-resistant soil systems emerge not from maximal mechanical strengthening, but from a balance
between structural stability and pore accessibility that supports root establishment and activates adaptive

developmental programs underlying sustained soil function.

Materials and Methods

EPM was isolated from Rhizobium tropici culture supernatants by ethanol precipitation and reconstituted in water to
generate stock solutions for soil amendment and plant assays. To evaluate the mechanical effects of EPM on granular
substrates, sand was amended with defined concentrations of EPM or xanthan gum (XG) as a reference biopolymer.
XG was selected because it is among the most effective and widely studied biopolymers for soil stabilization,
consistently reported to yield comparatively high strength and stiffness relative to other candidates such as chitosan,
guar gum, alginate, and glucan, owing to its viscous gel formation and particle-bridging behavior (Soldo et al. 2020).
Cylindrical specimens were prepared under standardized mixing and compaction conditions, cured under controlled
environmental conditions, and subjected to unconfined compressive strength (UCS) testing to quantify stress-strain

behavior and peak strength.

The micro-CT experiment was conducted at the 7-BM beamline, Advanced Photon Source (APS) of Argonne National
Laboratory. The white beam was filtered with 350 um Cu foil. The detector-to-sample distance is 300 mm to enhance
the phase contrast of sand. For the imaging system, 10x objective lens was used to result in effective image pixel size
0f 0.69 um. For the tomographic scan, 2561 projections were collected over a 180-degree rotation with exposure time

0f 0.12 s per frame. TomocuPy (Nikitin 2023) package was used for image reconstruction.

Porosity was quantified from a cubic region of interest (~1.57 x 1.57 x 1.67 mm?), corresponding to 2268 x 2268
pixels in-plane and 2426 slices axially. Image processing and segmentation were performed in Fiji (ImagelJ), and

porosity was calculated using the BonelJ plugin based on the ratio of void volume to total volume.
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Plant growth responses were assessed in Cynodont dactylon (Bermuda grass), Phaseolus vulgaris (bush bean), and
Arabidopsis thaliana (Thale cress) grown in EPM-amended sand or soil under controlled greenhouse conditions.
Biomass allocation in plant, morphology of root, and fruit production was quantified at harvest. For molecular
analyses, root tissue was collected, RNA was extracted, reverse-transcribed to cDNA, and gene expression was
quantified by qPCR. Detailed experimental procedures are provided in the Supplementary data file (Fig. S1, S2, S3,
and S4).

Results

Biopolymer-mediated modification of soil structure

Washed play sand was used as a model coarse-textured system to isolate the effects of biopolymer amendment on soil
structural behavior and plant-relevant properties. Untreated sand exhibited nearly constant unconfined compressive
strength (UCS) across curing times (Supplementary Fig. S5), indicating negligible intrinsic cohesion. Specimens

were cured for up to 3 days to capture the pre-irrigation strengthening phase relevant to plant growth conditions.

Biopolymer amendment resulted in distinct, chemistry-dependent changes in soil structural stability. Ethanol-
precipitable material (EPM) produced a moderate, concentration-dependent increase in strength (=1.05-2.12) with
relatively low variability, whereas xanthan gum (XG) generated larger and more curing-sensitive increases (up to
~2.62), particularly at higher concentrations (Figure 1a). Changes in porosity further supported these distinctions. At
125 mg L™, porosity reduction was modest for EPM (2.61%) and slightly higher for XG (3.23%), while at 500 mg
L™ both polymers produced slightly greater reductions. Micro-computed X-ray tomography (LCT) revealed that these
bulk changes corresponded to distinct pore-scale architectures (Figure 1b). EPM-treated systems maintained
relatively homogeneous and well-connected pore networks, whereas XG promoted aggregation of finer particles into

consolidated regions adjacent to larger voids, resulting in heterogeneous pore distribution and increased tortuosity.
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Figure 1| Unconfined compressive strength and pore morphology.

(a) Relative compressive strength of EPM and XG-amended sand normalized to the untreated control.

Left panel: Compressive strength ratios (sample strength divided by control strength) for sand treated with EPM at 0 (control),
125, and 500 mg L™ after 1, 2, and 3 days of curing (silt = 0%). Normalization highlights the modest, curing-dependent
reinforcement provided by EPM, with controlled strength enhancement even at high concentration. Error bars represent relative
standard deviation (sample standard deviation divided by control strength).

Middle panel: Compressive strength ratios for sand treated with XG at 0 (control), 125, and 500 mg L™ after 1, 2, and 3 days of
curing (silt = 0%). XG exhibits a pronounced concentration- and time-dependent increase in relative strength, particularly at 500
mg L™, consistent with strong particle bridging and matrix stiffening. Error bars represent relative standard deviation (sample
standard deviation divided by control strength.

Right panel: Biopolymer-induced pore-scale restructuring in sand revealed by X-ray microtomography. Porosity loss relative to
the untreated control, highlighting polymer- and concentration-dependent pore-space reduction.

(b). Three-dimensional visualization of pore morphology along with samples for micro-CT. Volume renderings derived from micro-
CT reconstructions for untreated sand and samples for tomography (column 1), EPM-amended sand (column 2), and xanthan gum—
amended sand (column 3). EPM and XG concentrations of 125 and 500 mg L™ are shown in the top and bottom rows, respectively.
Volume views were generated from a region of interest measuring approximately 0.85 x 0.85 x 0.55 mm?* (X X Y x Z; 1226 x 1226
pixels in-plane and 800 slices). Untreated sand exhibits a highly connected pore network, whereas biopolymer amendment results
in progressive pore-space reduction, with XG producing denser and more heterogeneous structures compared with EPM.

Plant growth in sandy soils

Given the distinct structural and pore-scale characteristics induced by EPM and XG, we evaluated how the modified
soil environments influence plant establishment and root development. Bermuda grass (Cynodon dactylon) was grown
in control, EPM-amended, and XG-amended sand at 125 mg L™, a concentration selected based on preliminary
optimization. After six weeks, EPM-treated systems exhibited significantly greater shoot biomass and more extensive
root systems compared to both control and XG treatments (Figure 2 a-c). Root morphology also differed among
treatments. Plants grown in control and XG-amended sand developed relatively smooth roots with limited lateral
branching. In contrast, EPM-treated plants displayed thicker roots and enhanced lateral root development, indicating

greater root system complexity and increased soil exploration capacity.
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(c)
Figure 2 | Visual validation of enhanced plant establishment in EPM-amended sand (125 mg L™).

(a) Bermuda grass grown in control sand, XG-amended sand, and EPM-amended sand under controlled chamber conditions.

(b) Plants harvested from control (left), XG-treated (middle), and EPM-treated (right) sand following washing and drying, showing
enhanced shoot and root development in the EPM-treated samples.

(c) Roots from control (left), XG-treated (middle), and EPM-treated (right) plants. Roots from control and XG treatments exhibit
relatively smooth morphologies with limited lateral root formation, whereas EPM-treated roots display increased thickness and a
dense network of fine lateral roots, indicative of enhanced root development.

EPM amendment significantly enhanced plant growth, with substantial increases in total, root, and shoot biomass
compared to the control (Figure 3a-d). Total biomass increased by more than fourfold (p < 0.001), driven primarily
by pronounced root development, whereas XG treatment did not produce significant changes across any biomass
metric. Shoot biomass increased proportionally with root biomass, and the shoot-to-root ratio remained consistent
across treatments, indicating coordinated growth rather than major shifts in biomass allocation. For cross-trait

comparison, biomass values were normalized to the control mean (Supplementary Table S1).
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Figure 3 | Growth response of Bermuda grass in biopolymer-amended sand. Violin plots showing the distribution of (a) total
plant mass, (b) root mass, (c) shoot mass, and (d) shoot-to-root mass ratio for Bermuda grass grown in control sand, EPM-amended
sand, and (XG)-amended sand. EPM-amended sand resulted in a pronounced increase in total biomass (average 0.1295 g)
compared to both control (0.0285 g) and XG-treated sand (0.0301 g). Correspondingly, both root mass (0.0669 g) and shoot mass
(0.0626 g) were significantly higher in the EPM system relative to the control (p < 0.001), whereas no statistically significant
differences were observed between control and XG-treated sand across these metrics (p > 0.05). Despite the substantial increase
in absolute biomass, the shoot-to-root mass ratio showed no significant variation among treatments, indicating proportional
enhancement of above- and below-ground growth in the presence of EPM. Individual data points represent biological replicates;
central boxes denote the interquartile range with median values, and statistical significance was assessed using two-sample t-tests
with unequal sample sizes.



189
190
191
192
193
194
195
196
197
198

199
200

201
202

Dose dependent plant response

EPM amendment induced a concentration-dependent response in bush bean (Phaseolus vulgaris) growth and root
development (Figure 4a-c). Compared to the control, low to intermediate EPM concentrations (50 - 100 mg L™)
enhanced root thickness, density, and lateral branching, indicating improved root system development and increased
soil exploration capacity. At the highest concentration (500 mg L), root systems exhibited the greatest biomass and
structural complexity, forming dense and highly branched architectures. But surprisingly, despite this pronounced root
proliferation, reproductive performance displayed a non-linear response. Pod production increased at 50 and 100 mg
L™, with maximum yield observed at 100 mg L™ but declined at 500 mg L™ to levels below the control (Figure 4c).
Elemental analysis of harvested pods (Supplementary Fig. S6) supported this trend, with macronutrient

concentrations (Ca, K, and P) highest at the intermediate concentration.

zi >
-
e

Figure 4 | Root morphology and bean pods of bush beans grown in garden soil amended with increasing concentrations of
EPM.

l

(a) Control (0 mg L'EPM) roots are sparse, thin, and exhibit limited lateral expansion. At 50 mg L™ EPM, roots display increased
thickness, density, and fine-root proliferation relative to the control. Treatment with 100 mg L™ EPM results in moderately
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developed root systems, with improved branching compared to the control but less overall biomass than observed at 50 mg L. At
500 mg L' EPM, roots exhibit the most pronounced development, with substantially greater size, density, and architectural
complexity, indicating enhanced below-ground biomass accumulation at the highest concentration tested.

(b) Microscopic analysis of roots. Bush bean roots were visualized following the removal of soil (scale bars: red = 1000 um, blue
= 200 um). Control roots are thinner and less abundant. Roots from plants grown in soil amended with 500 mg L™ EPM are
thicker and form a denser root network.

(c) Effects of EPM on bean pod formation. Representative images of bean pods harvested from individual plants grown in soil
amended with different EPM concentrations, 0, 50, 100, and 500 mg L™ EPM. the highest production was observed at 100 mg L™
(scale bar = 10 cm).

EPM amendment significantly influenced bush bean growth and biomass allocation patterns (Figure 5). Total biomass
increased with treatment (one-way ANOVA, p < 0.001), with Tukey’s HSD indicating higher values at 50-500 mg
L™ compared to the control (p < 0.05). Root biomass exhibited a pronounced, dose-dependent response (ANOVA, p
< 0.001), increasing significantly across all concentrations and reaching a maximum at 500 mg L. In contrast, shoot
biomass did not vary significantly among treatments (ANOVA, p > 0.05), indicating that increases in total biomass
were primarily driven by enhanced belowground development. The shoot-to-root ratio varied significantly with
treatment (ANOVA, p < 0.001), decreasing at intermediate concentrations and partially recovering at higher loading,

reflecting a shift in biomass allocation toward root systems under EPM amendment.

Dose-Dependent Biomass Response of Bush Beans to EPM
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Figure 5 | Dose-dependent effects of EPM on bush bean biomass and allocation patterns.

Total plant biomass, root biomass, shoot biomass (g), and shoot-to-root ratio were quantified following exposure to increasing
EPM concentrations (0-500 mg L™). One-way ANOVA revealed a significant treatment effect for total plant biomass, root biomass,
and shoot-to-root ratio (P < 0.001), whereas shoot biomass was not significantly affected (P > 0.05). Tukey's honestly significant

10
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difference (HSD) test indicated that total and root biomass were significantly greater at 50-500 mg L™ relative to the control, with
the strongest root stimulation observed at 500 mg L. The shoot-to-root ratio varied significantly among treatments, reflecting
EPM-induced shifts in biomass allocation. Points represent means and error bars denote standard deviation. Significance was
determined using one-way ANOVA followed by Tukey’s HSD multiple-comparison test.

Root elemental composition was analyzed to evaluate how EPM-mediated soil modification influences nutrient uptake
and allocation (Supplementary Fig. S7). Principal component analysis (PCA) revealed clear treatment-dependent
separation, with PC1 and PC2 explaining 90.3% of the total variance (61.6% and 28.7%, respectively; Figure 6).
Roots from the 100 mg L' treatment clustered closely with the control, indicating a comparable multielement
composition, whereas the 50 and 500 mg L' treatments were distinctly separated, reflecting concentration-dependent
shifts in nutrient accumulation patterns. Loading analysis (Supplementary Fig. S8) confirmed contributions from
multiple macro- and micronutrients. Although both lower and higher EPM concentrations led to increased elemental
accumulation in roots, this did not correspond to improved reproductive performance. In contrast, the 100 mg L™

treatment maintained a more balanced elemental profile and was associated with enhanced pod development (Figure

4c).
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Figure 6 | Principal component analysis (PCA) score plot of elemental composition in bean roots grown under different EPM
concentrations.

PC1 and PC2 together explain 90.3% of the total variance (PCI: 61.6%, PC2: 28.7%). Roots treated with 100 mg L™ EPM cluster
closely with control samples, indicating a similar elemental profile, whereas roots exposed to 50 mg L™" and 500 mg L' EPM show
clear separation from the control and from each other. The inset scree plot shows the percentage contribution of each principal
component to the total variance.

Transcriptomic responses
To assess whether EPM-induced changes in soil structure translate into biological responses at the molecular level,

root transcriptomes were analyzed following treatment with 125 mg L' EPM. Based on the observed increases in

11
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biomass and lateral root development, we hypothesized that EPM-mediated modification of the soil environment alters
gene expression pathways associated with root development and adaptive stress responses. Arabidopsis thaliana was
used as a model system due to its well-characterized regulatory networks and suitability for transcriptomic analysis

(JEFFREY CHEN et al. 2004). Representative root morphology is shown in Supplementary Figure S9.

Comparison of gene expression changes obtained by RNA sequencing and RT-qPCR showed strong agreement (R? =

0.80;

Figure 7), confirming the reliability of the dataset. EPM treatment induced coordinated upregulation of genes
associated with stress adaptation and developmental regulation, including heat shock proteins (e.g., HSP22.0,
HSP18.2, HSP17.6B) and regulatory genes such as SPL5 and TT4. Concurrent downregulation of a subset of genes
was also observed, indicating broad transcriptional reprogramming in response to EPM treatment. Minor differences
in fold-change magnitude between RNA-seq and qPCR were consistent with known methodological differences in

sensitivity and dynamic range.

RNA-seq vs RT-gPCR Correlation of Arabidopsis Root (R? = 0.80)
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Figure 7| Correlation between RNA-seq and RT-qPCR measurements of gene expression under 125 mg L™ EPM treatment.

Scatter plot comparing log: fold-changes (125 mg L™ EPM relative to tap water) obtained by RNA-seq (x-axis) and RT-qPCR (y-
axis). Each point represents an individual gene. Red dots indicate significantly upregulated genes, blue dots indicate
downregulated genes, and grey dots represent genes with no significant change. Selected genes discussed in detail in the main text
including small heat shock proteins, CTX2, APX2, TT4, and SPL5 are shown with enlarged markers and royal blue text with larger
font size for emphasis. The dashed line denotes the linear regression fit (R* = 0.7965). Strong concordance across a broad dynamic
range confirms the reliability of RNA-seq quantification, with minor compression of extreme fold-changes observed in RT—-qPCR
measurements.

Following cross-platform validation of RNA-seq results using RT-qPCR (

Figure 7), differentially expressed genes were classified into up- and downregulated groups to clarify functional

responses to EPM-mediated soil modification (Figure 8). Upregulated genes (Figure 8a) included those associated
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with hormonal regulation, redox processes, stress adaptation, and developmental responses. Increased expression of
ATCKX2, APX2, TT4, SPL5, GPT2, GAPDH isoforms, and multiple heat shock proteins (HSP22.0, HSP18.1/18.2,
HSP15.7) was observed following EPM treatment. Genes associated with cytoskeletal organization, including
TUBGI, were also induced. Detailed expression data, including moderately responsive genes, are provided in
Supplementary Fig. S10. Downregulated genes (Figure 8b) included transcripts associated with cell wall
modification, lipid transfer, nutrient acquisition, and stress-associated signaling pathways. Reduced expression was
observed for glycosyltransferases, cellulose synthase-like genes, lipid transfer proteins, the phosphate transporter
PHT1;3, phenylpropanoid-associated genes, and defense-related genes including AT5G35940 and AT2G44110.

Downregulation of AT3G19550 was also detected, indicating alterations in amino acid metabolic pathways.
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Figure 8 | Functional categorization of upregulated and downregulated genes in response to 125 mg L™ EPM (RNA-seq).

(a) Bar plot showing log: fold-change values for significantly upregulated genes grouped by functional categories. Heat shock
proteins (HSPs) constitute the dominant class, exhibiting the highest induction levels, followed by genes involved in
redox/antioxidant defense (e.g., APX2), chloroplast metabolism (e.g., GPT2, GAPDH isoforms), transcriptional regulation (SPL5),
hormone metabolism (ATCKX2), secondary metabolism (TT4), and cytoskeletal organization (TUBGI family). The data indicate
extensive activation of proteostasis and redox pathways under EPM treatment.

(b) Bar plot showing log: fold-change values for significantly downregulated genes grouped by functional categories. Repressed
genes include those associated with cell wall modification (cellulose synthase-like, ficosyltransferase), nutrient transport
(PHT1,;3), lipid transfer and signaling, amino acid and carbohydrate metabolism, and hormone-responsive pathways (AIR1). The
coordinated repression of growth- and transport-related processes suggests a shift toward stress-adaptive transcriptional
programming.

Temporal transcriptional responses

To evaluate whether EPM-induced transcriptional responses are transient or sustained, temporal expression patterns
of two representative genes, TT4 and SPL5, were quantified using RT-qPCR (Figure 9). Plants were grown in soil
and subsequently transferred to sand, with root tissues sampled at 3, 9, and 21 days. TT4 was selected as a marker
associated with secondary metabolism, while SPLS5 represents a regulatory gene involved in developmental signaling
processes. TT4 exhibited a sustained increase in expression over time. Transcript levels increased approximately 10-
fold at day 3, 22.5-fold at day 9, and reached 50.7-fold by day 21. In contrast, SPL5 displayed a transient expression
profile. Transcript abundance was strongly suppressed at day 3 (~0.02-fold), followed by a marked increase at day 9
(~32.8-fold), and returned to near-baseline levels by day 21 (~1.07-fold).
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Figure 9 | Time-dependent induction of TT4 and SPL5 under EPM treatment.

Grouped bar plot on left side shows normalized TT4 expression in control and EPM-treated plants at 3, 9, and 21 days. TT4 exhibits
strong early induction at day 9 (22.5-fold) and pronounced continuous amplification at day 21 (50.7-fold). Error bars represent
standard deviation of biological replicates. Sustained activation indicates prolonged modulation of flavonoid biosynthesis under
EPM exposure. Grouped bar plot on right side shows normalized SPL5 expression at 3, 9, and 21 days. SPLS displays strong
induction at day 9 (32.8-fold) and return to near-baseline levels by day 21. The data indicate that SPL5 functions as an early and
transient transcriptional regulator in the EPM response.

Discussions

Pore-scale organization governs soil functional behavior

The contrasting structural responses induced by EPM and XG in Figure 1 indicate fundamentally different modes of
soil pore restructuring. The gradual and spatially uniform increase in strength observed for EPM suggests distributed
interparticle interactions that stabilize soil structure without extensive disruption of pore continuity. This behavior is
consistent with compliant polymer coatings at grain contacts that generate a connected load-transfer network while
maintaining pore accessibility. In contrast, the greater variability and localized consolidation observed in XG-treated
systems are consistent with gel-like pore filling and heterogeneous particle aggregation. Although this configuration
produced higher bulk mechanical strength, the associated increase in tortuosity and pore heterogeneity likely reduced
effective transport pathways within the rhizosphere. These findings demonstrate that soil functional behavior depends
not only on the magnitude of mechanical reinforcement but also on the spatial organization and connectivity of pore
networks. Preservation of pore accessibility is particularly important for water transport, gas diffusion, and root
penetration, highlighting pore-permissive restructuring as a key mechanism linking soil physical architecture to plant

establishment.

15



324
325
326
327
328
329
330
331

332
333
334
335
336
337
338

339
340
341
342
343
344
345

346
347
348
349
350
351

352
353

354
355
356
357
358
359

Root establishment

The contrasting plant responses observed between EPM- and XG-treated systems are consistent with their distinct
pore-scale structural organizations. Previous studies have shown that XG can form heterogeneous, gel-like domains
within granular media (Kumar et al. 2024), generating localized regions of reduced pore connectivity and increased
mechanical impedance. Such structural heterogeneity may restrict root penetration, limit gas exchange, and reduce
effective access to water and nutrients despite greater bulk soil strength. In contrast, EPM-treated soils maintained a
more spatially uniform and connected pore network, providing pathways that support both structural stability and

biological accessibility.

The strong Barmuda grass root response observed in EPM-amended systems in Figure 2, is consistent with the pore-
scale structural characteristics identified in the physical analyses, where a connected and accessible pore network
likely facilitates root penetration, water uptake, and nutrient acquisition. The proportional increase in shoot and root
biomass in Figure 3, together with the stable shoot-to-root ratio, suggests that EPM-mediated soil restructuring
supports integrated plant growth without inducing stress-related or compensatory allocation responses. In contrast, the
absence of growth enhancement in XG-treated sand indicates that increased bulk soil strength alone is insufficient to

improve plant performance when pore accessibility is constrained.

Dose-dependent performance

The concentration-dependent responses observed in EPM-amended bush beans in Figure 4 and Figure 5 indicate that
plant performance is governed by an optimal balance between soil structural modification and rhizosphere
accessibility. At low to intermediate concentrations, EPM likely maintains pore continuity that support efficient root-
soil interactions, thereby promoting coordinated root development and reproductive performance. In contrast, the
extensive root proliferation observed at the highest EPM concentration did not translate into enhanced shoot biomass

and pod production.

The root elemental profile in Figure 6 among EPM treatments indicate that nutrient availability alone does not
determine plant productivity. At intermediate EPM concentrations, the enhanced development of more nutritious bean
pods suggests that pore-permissive restructuring supports effective root-to-shoot and root-to-fruit transport pathways.
Together, these findings demonstrate that EPM-mediated soil restructuring influences not only plant growth
magnitude but also biomass allocation patterns, highlighting the importance of maintaining functional soil-plant

nutrient coupling when designing biologically accessible and environmentally sustainable soil amendment strategies.

Molecular responses

The observed transcriptional responses in

Figure 7 and Figure 8 suggest that EPM-mediated modification of soil pore architecture and associated
microenvironmental conditions, including hydration and aeration, are perceived by plant roots and translated into
coordinated molecular adjustments. Upregulated genes indicate activation of integrated hormonal, redox, and
developmental processes associated with root system adaptation. Increased expression of ATCKX2 suggests
modulation of cytokinin turnover, shifting hormonal balance toward conditions that favor lateral root initiation and

spatial root expansion (Laplaze et al. 2007), (Bishopp et al. 2011). Concurrent upregulation of APX2 reflects enhanced
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regulation of reactive oxygen species (ROS), which function as key signaling intermediates in root development under
changing environmental conditions. Additional strong induction of heat shock proteins (HSP22.0, HSP18.1/18.2,
HSP15.7) suggests enhanced cellular stabilization mechanisms during active growth in modified soil environments
(Collier and Benesch 2020). Upregulation of TT4 further links secondary metabolism to root development through
regulation of flavonoid-mediated auxin transport and ROS balance, supporting fine-scale control of lateral root
formation (Peer and Murphy 2007), (Chapman and Muday 2021). Increased expression of SPL5, GPT2, and GAPDH
isoforms reflects broader developmental and metabolic adjustments required to sustain growth under altered soil
physical conditions (Gao et al. 2018), (Pastuglia et al. 2006). Changes in cytoskeletal-related gene expression (e.g.,
TUBGTI) indicate structural reorganization associated with cell expansion and root system remodeling. Collectively,
these transcriptional responses provide mechanistic evidence linking soil structural modification to enhanced root

development and plant performance in EPM-amended systems.

In contrast, downregulated genes reveal a coordinated reduction in stress-associated, structural remodeling, and
defense-related pathways. Repression of genes involved in cell wall modification (e.g., glycosyltransferases and
cellulose synthase-like genes) suggests reduced need for structural reinforcement in a mechanically buffered and more
stable soil environment (Pauly and Keegstra 2016). Downregulation of lipid transfer and stress-associated signaling
genes indicates attenuation of cuticle- and dehydration-related responses, consistent with improved moisture
conditions in EPM-treated substrates (Speicher et al. 2018), (Cameron et al. 2006). Nutrient acquisition pathways
were also modulated, including reduced expression of the high-affinity phosphate transporter PHT1;3, suggesting
altered nutrient demand or improved nutrient availability under EPM conditions (Nussaume et al. 2011), (Remy et al.
2012). Additionally, suppression of phenylpropanoid and defense-related genes indicates reduced allocation to stress-
induced secondary metabolism (Chakraborty et al. 2023). Finally, repression of defense-associated genes, including
AT5G35940 (Jacalin lectin-like) and AT2G44110 (MLO-like), points to reduced activation of biotic and abiotic stress
pathways (Alagarasan 2024), (Miklis et al. 2007), while downregulation of AT3G19550 (glutamate racemase)

suggests adjustments in amino acid metabolism and nitrogen allocation (Walker and van der Donk 2016).

The temporal expression profiles of TT4 and SPLS5 in Figure 9 suggest that EPM-mediated soil modification induces
sequential phases of molecular adaptation. Sustained upregulation of TT4 indicates progressive activation of
secondary metabolic pathways associated with flavonoid biosynthesis, which plays important roles in auxin transport,
reactive oxygen species (ROS) regulation, and environmental adaptation (Mierziak et al. 2014). The continued
increase in TT4 expression over time therefore suggests long-term metabolic adjustment rather than a transient stress
response. In contrast, the transient behavior of SPL5 is consistent with an early regulatory response involved in
initiating downstream developmental adaptation. The rapid suppression followed by temporary induction and eventual
stabilization suggests dynamic transcriptional regulation during acclimation to altered soil physical conditions. Such
temporal patterns are consistent with signaling networks that integrate environmental and hormonal cues to regulate
root developmental plasticity (Barrera-Rojas et al. 2020). Together, these transcriptional shifts support a model in
which EPM-mediated pore restructuring triggers a transition from stress-responsive metabolism toward a more stable

and resource-efficient physiological state.
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Proposed mechanism

When soil is dense, soil porosity decreases, which restricts the diffusion of oxygen and the volatile hormone ethylene.
This restricted diffusion leads to an accumulation of ethylene in the root tissue (Kirschner 2024). This physical stress
signal (ethylene) triggers downstream responses, including the expression of stress-induced CKX (Cytokinin Oxidase)
genes, that permanently degrade the plant hormone cytokinin. Because cytokinin typically promotes cell division, its
degradation serves as a protective mechanism that arrests root elongation, allowing the root to thicken so it can

physically force its way through the dense soil layer (Werner et al. 2010).

The framework summarized in Figure 10 suggests that EPM-mediated modification of soil pore architecture induces
coordinated hormonal, redox, metabolic, and developmental responses that collectively regulate adaptive root system
development. Central to this response is a shift in hormonal balance toward auxin-dominated signaling, likely

associated with induction of ATCKX2, which promotes cytokinin degradation.

This hormonal rebalancing appears closely linked to redox regulation. Upregulation of APX2 suggests modulation of
reactive oxygen species (ROS) homeostasis, maintaining signaling conditions that support cell proliferation and
differentiation under altered soil physical environments. Concurrent induction of TT4 further indicates activation of
flavonoid biosynthesis pathways known to regulate auxin transport and ROS distribution, contributing to integrated
auxin—ROS control of root development. Induction of small heat shock proteins suggests enhanced cellular
stabilization and protein protection during adaptation to modified rhizosphere conditions. Increased expression of
SPLS5, GPT2, GAPDH isoforms, and TUBGI further indicates broader transcriptional, metabolic, and cytoskeletal

reprogramming associated with sustained root growth and structural remodeling.

Together, these findings support a model in which EPM-induced soil pore restructuring modifies rhizosphere physical
conditions and triggers coordinated molecular responses regulating hormonal signaling, redox balance, metabolism,
and root developmental plasticity. This integrated response links soil physical architecture directly to plant functional

adaptation and resilience in degraded soil environments.

Figure 10 | Mechanism of EPM-induced regulatory network governing adaptive root development.
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Schematic representation of the molecular pathways associated with root growth in EPM-amended soil. Densification of soil
increases the ethylene in roots which induces ATCKX2. The induction of ATCKX2 promotes cytokinin degradation, shifting
hormonal balance toward auxin-dominant signaling and facilitating lateral root initiation. This root architecture development is
coordinated with redox regulation through APX2-mediated control of reactive oxygen species (ROS) and TT4-dependent flavonoid
biosynthesis, which together modulate auxin transport and signaling. Concurrent upregulation of small heat shock proteins
(sHSPs) supports proteostasis under dynamic substrate conditions, while SPL5 reflects broader transcriptional reprogramming of
developmental pathways. Enhanced expression of metabolic (GPT2, GAPDH) and structural (TUBG1) genes indicates reallocation
of carbon resources and cytoskeletal remodeling required for sustained root growth.

Conclusions

This study demonstrates that microbially derived biopolymers regulate soil-plant system behavior through coupled
modifications of soil pore architecture and plant functional responses. Ethanol-precipitable material (EPM) and
xanthan gum (XG) induce fundamentally different soil structural configurations. EPM generates a spatially uniform,
pore-permissive network that preserves connectivity, whereas XG results in localized densification and increased pore
heterogeneity, leading to reduced effective pore accessibility. These differences highlight that soil functional
performance is governed not only by bulk mechanical strengthening but also by pore-scale organization and

connectivity.

Plant responses closely reflected these contrasting soil environments, with EPM consistently promoting root
proliferation and biomass accumulation in sandy soils, while XG showed limited plant growth enhancement despite
greater mechanical reinforcement. In soil-based systems, EPM exhibited a concentration-dependent effect, with
optimal plant performance at intermediate levels, indicating a balance between structural support and root
accessibility. Elemental uptake patterns further suggest improved nutrient acquisition under pore configurations that

maintain continuity and rhizosphere transport pathways.

At the system level, these results support a mechanistic framework in which pore-permissive soil restructuring
regulates plant establishment through modulation of rhizosphere accessibility and root developmental responses.
Overall, this work demonstrates that optimizing soil pore architecture for biological accessibility, rather than
maximizing mechanical strength alone, is critical for enhancing plant-soil functional integration in degraded sandy

soils.

Future work

Future research should further elucidate how microbially derived EPM-driven modifications of soil pore architecture
translate into functional outcomes in coupled soil-plant-environment systems. A key priority is to establish
quantitative linkages between pCT-derived pore-scale descriptors (e.g., connectivity, pore-throat size distribution, and
tortuosity) and root system architecture, enabling predictive relationships between soil structural configuration and

root developmental patterns.

In addition, direct characterization of soil hydraulic and gas transport properties, including water retention behavior,
unsaturated hydraulic conductivity, and oxygen diffusivity, is essential to determine how pore-permissive structural
modifications regulate rhizosphere water and aeration dynamics under realistic environmental conditions. The

observed concentration-dependent effects of EPM on plant performance also warrant further mechanistic
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investigation, particularly regarding how application rate influences carbon allocation, hormonal regulation, and

developmental transitions, including reproductive output.

Long-term studies are needed to assess the stability of EPM-induced soil pore structures under dynamic environmental
cycles such as wetting-drying and mechanical disturbance, and to evaluate the persistence of associated plant growth
responses. Furthermore, the transferability of these effects across contrasting soil textures, climatic conditions, and

plant species should be systematically assessed to define the boundaries of applicability.

Finally, rhizosphere-scale investigations are required to determine whether EPM-induced structural modifications also
influence microbial community assembly and plant-microbe interactions, thereby linking soil physical architecture

with biological and ecosystem-level functioning.
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Highlights

*  Microbially derived ethanol-precipitable material (EPM) restructures sandy soil pore architecture while
preserving pore connectivity and rhizosphere accessibility.

*  EPM promotes root proliferation and increases plant biomass by more than fourfold, whereas xanthan gum
induces pore heterogeneity and provides limited growth benefits.

*  Plant responses exhibit a dose-dependent relationship with EPM, identifying an optimal balance between soil
structural modification and rhizosphere function.

*  Transcriptomic and RT-qPCR analyses reveal coordinated regulation of cytokinin turnover, auxin-associated
signaling, flavonoid biosynthesis, and redox pathways linked to root development.

*  Pore-permissive soil restructuring drives phenotypic and molecular adaptation, linking soil physical

architecture to root system development and plant establishment.
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