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One sentence summary
Shoot-root anchoring in grass relies on cortex cell wall thickening activation by mechanical
forces, gibberellic acid signaling, and the SWN7 transcription factor.

Running title (50 characters)
Lodging and root cortex secondary cell walls


https://doi.org/10.1101/2024.01.25.577257
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.25.577257; this version posted January 29, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

ABSTRACT

Plants depend on the combined action of a shoot-root-soil system to maintain their anchorage to
the soil. Mechanical failure of any component of this system results in lodging, a permanent and
irreversible inability to maintain vertical orientation. Models of anchorage in grass crops identify
the compressive strength of roots near the soil surface as key determinant of resistance to
lodging. Indeed, studies of disparate grasses report a ring of thickened, sclerenchyma cells
surrounding the root cortex, present only at the base of nodal roots. Here, in the investigation of
the development and regulation of this agronomically important trait, we show that development
of these cells is uncoupled from the maturation of other secondary cell wall-fortified cells, and
that cortical sclerenchyma wall thickening is stimulated by mechanical forces transduced from
the shoot to the root. We also show that exogenous application of gibberellic acid stimulates
thickening of lignified cell types in the root, including cortical sclerenchyma, but is not sufficient
to establish sclerenchyma identity in cortex cells. Leveraging the ability to manipulate cortex
development via mechanical stimulus, we show that cortical sclerenchyma development alters
root mechanical properties and improves resistance to lodging. We describe transcriptome
changes associated with cortical sclerenchyma development under both ambient and
mechanically stimulated conditions and identify SECONDARY WALL NACY7 as a putative
regulator of mechanically responsive cortex cell wall development at the root base.
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INTRODUCTION

In both monocots and eudicots, development of the root system begins with the emergence of
the primary root at germination. These seed-borne roots then increase their effective interface
with the soil by developing lateral roots, which originate from pericycle tissue at the periphery of
the stele. However, in grasses like maize, wheat, and barley, vegetative development produces
a cluster of nodes at the base of the plant. In response to phytohormone and environmental
signaling, these nodes produce new roots, called nodal or shoot-borne roots, which together
make up the shoot-borne root system, a characteristic aspect of grass root system architecture
(Chochois et al., 2015; Sebastian et al., 2016). Anatomically, both eudicot and monocot roots
have a central cylinder composed primarily of pith cells called the stele, which surrounds the
xylem and phloem. The stele is surrounded by the cortex, several cell files of thin-walled
parenchyma cells, through which water and solutes are radially transported from the soil to the
vasculature in the stele (Lux et al., 2004). The cortex is separated from the stele by a single
layer of cells called the endodermis, which develop an apoplastic barrier called the casparian
strip, forcing solutes which may have been traveling between cells in the apoplastic pathway of
the cortex to pass through the plasma membrane of the endodermis before entering the
vasculature (Barberon, 2017; Barbosa et al., 2019). The cortex is finally surrounded by two
additional cell layers, the exodermis, an outer apoplastic barrier that forms under certain
conditions, and the epidermis, the outermost layer from which root hairs originate (Zimmermann
and Steudle, 1998; Marzec et al., 2014).

Recent work has identified a novel and agronomically important developmental process in the
cortical tissue of grass nodal roots: the formation of multiseriate cortical sclerenchyma (MCS)
(Schneider, 2022). Compacted subsoils can create barriers to root growth that severely impact
agricultural productivity. However, the roots of some grass crop species can traverse these
barrier layers by developing MCS, several files of specialized cortex cells around the perimeter
of the root. Multiseriate means “many rows”, reflecting that relative to other cortex cells, the
MCS region contains very small cells, arranged in a tightly packed matrix. These cortex cells
develop a secondary cell wall, a layer of cellulose and hemicellulose that is rigidified by the
phenolic polymer lignin. Development of MCS layers allows roots to penetrate soils that
genotypes lacking this trait cannot (Schneider et al., 2021).

Lodging, the failure of a plant to maintain its upright orientation, is often catastrophic for the
plant as it often wounds the plant, impedes its access to sunlight, and exposes it to unfavorable
microenvironments closer to the soil surface (Li et al., 2022). Lodging is a potent problem for
growers of cereal crops worldwide and can cause drastic losses of grain yield when it occurs.
Loss of upright orientation caused by a failure of the root system to maintain plant anchorage is
called root lodging, in contrast to stem lodging, which is driven by breakages of the stem
(Gardiner et al., 2016; Pifiera-Chavez et al., 2016; Lindsey et al., 2021; Hostetler et al., 2022; Li
et al., 2022). However, anchorage is the product of a larger shoot-root-soil system.

The dynamics of mature grasses subjected to strong winds illustrates the combined action of
this multipart system in determining the ability to maintain anchorage. At the shoot, wind pushes
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air over the stem and leaves, exerting a bending force that depends on aerodynamic drag and
stem rigidity. Because the plant is fixed at the base of the shoot, lateral wind force is converted
to a rotational force acting on the plant, initially centered just below the shoot (Ennos et al.,
1993; Brune et al., 2018). For nodal roots on the windward side of the plant, rotation will place
them under tension, while roots on the leeward side will be compressed. As the plant is rotated
further, windward roots of grasses tend to have sufficient tensile strength to resist failure,
causing the plant to turn about a windward hinge point. Leeward roots must then either resist
compression without buckling, move through the soil, or move with the soil as the zone of root-
reinforced soil shears away from the bulk soil around it (Stubbs et al., 2019). Of these
outcomes, only compression without failure maintains plant anchorage. Thus, in models of
grass root system anchorage, the most important determinants of anchorage are soil properties
to resist shear and compression and the resistance of nodal roots to bending and compression
(Ennos et al., 1993; Goodman and Ennos, 1999; Ennos, 2000; Stubbs et al., 2019).

Modeling studies of wheat and maize anchorage note the presence of a ring of thickened,
lignified cells at the periphery of the root cortex. These cells are specific to nodal roots and
found only at the base of the root, where models predict resistance to compression is most
important (Ennos, 1991; Ennos et al., 1993). While these studies indicate that this basal cortical
sclerenchyma tissue very likely functions to promote anchorage by improving root resistance to
buckling, neither the ontogenesis of these cells, nor the genetic regulation that promotes their
wall development have been directly interrogated. However, micrographs of the basal region of
nodal roots found in other literature suggest that basal cortical sclerenchyma development is a
shared trait across many grasses. Among millet species grown under control or waterlogging
conditions, Panicum miliaceum, Setaria glauca, and Setaria italica (but not Panicum
sumatrense) developed similar lignified cortex cells at the root base, irrespective of treatment
(Matsuura et al., 2022). Brace roots, a distinct class of nodal roots that originate above the soil
surface in maize, had thickened cortex cells in the aerial portion of the root and conventional,
parenchymatous cells below ground (Hoppe et al., 1986; Sparks, 2023). In an investigation of
root development under drought, basal wheat cortical cells showed intense phloroglucinol-HCI
staining around the root periphery. However, this lignified tissue was absent in the same region
of rice nodal roots (Ouyang et al., 2020). Notably, while the presence or absence of MCS has
not yet been interrogated in Panicum or Setaria species, MCS was present in wheat and maize,
but absent in rice, suggesting a potential linkage between basal cortical sclerenchyma
development at the soil surface, and MCS, which occurs closer to the root apex (Schneider et
al., 2021).

For cortex cells to develop thickened, lignified cell walls in a specific region of the root requires
that secondary wall biosynthetic processes are activated in some cells but not in others. Tissue
and cell-type specific deposition of secondary walls in this manner is a common feature of other
aspects of plant development. In general, the regulatory systems that control the biosynthesis of
cellulose, hemicellulose, and lignin are well studied (Zhang et al., 2018; McCahill and Hazen,
2019; Coomey et al., 2020). In secondary cell wall depositing cells, a series of feed-forward
transcriptional regulatory loops stimulate cellulose biosynthesis via the action of cellulose
synthase complexes, hemicellulose biosynthesis via a number of glycosyltranferase families,
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and monolignol production via the phenylpropanoid metabolic pathway. In this study, we
leverage the genetic model Brachypodium distachyon to interrogate the developmental
regulation of basal cortical sclerenchyma in nodal roots, an understudied trait that is unique to
grasses and has only been identified in crop species.

RESULTS

B. distachyon and other grasses develop a ring of cortex sclerenchyma in the basal region of
nodal roots

We sampled leaf nodal roots of B. distachyon across a developmental gradient from the root
apex to the shoot-root junction. These root segments were sectioned and stained with
phloroglucinol-HCI, which produces an intense pink color in lignified tissues. To understand
cortex cell wall thickening in relationship to the development of other root tissues, we quantified
wall thickness and stain intensity of sclerenchyma, vascular, and apoplastic barrier cell types
(Supplementary Fig. 1). The stele was smallest at the root apex and increased in size in older,
more basal regions, both in absolute terms and as a percentage of the root cross sectional area
(Figs. 1A-C). The walls of the pith cells that comprise the majority of the stele similarly
increased in both thickness and stain intensity along this same gradient (Figs. 1D,E). Vascular
cells within the stele likewise increased in stain intensity with tissue age, with outer metaxylem
showing higher stain intensity than the much larger inner metaxylem. However, wall thickness of
these cells did not vary appreciably along the root, indicating that these cells are fortified with
lignin throughout development but do not undergo appreciable thickening. The apoplastic barrier
tissues of the exodermis and the casparian bands showed a similar trend to xylem cells, with
lighter staining at the apex and darker staining at the base, but relatively similar cell wall
thickness throughout the root (Figs. 1D,E). Like the developing B. distachyon stem (Matos et al.
2013), we observed a positive trend with tissue age in both cell wall thickening and lignification
for structural cells, while vascular cells lignified but did not significantly thicken as they
developed.

In contrast, cortex cell walls did not show a linear developmental trend in wall development.
From the root apex to the distal basal region, cortex cell walls did not show appreciable
phloroglucinol staining or secondary wall thickening (Fig. 1). However, exclusively in the
proximal basal region, cortex walls in the outermost cell files were thicker and more intensely
stained than any other cell type examined. These thick-walled cells had a morphology like the
sclerenchyma cells found in mestome or interfascicular fiber tissues of the stem and formed a
ring of heavily reinforced tissue around the root perimeter (Figs. 1A-C). Cortex cells were
thickest in the first and second cell files (counting from the root exterior) and thinner but still
distinctly thickened in the third cell file. While the other cell types examined showed global
trends across the root, those cells were still similar between proximal and distal basal regions,
indicating that those regions are of similar developmental age. Therefore, cortex wall thickening
and lignification at the root base does not reflect a gradual process of cellular development and
maturation, but instead might represent a specialized developmental program to reinforce the
root where it emerges from the shoot.
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Figure 1. Histological characterization of Brachypodium
distachyon nodal root development. Representative plant (A).
Scale bar 5 cm. Phloroglucinol-HCI stained sections from the same
root at 10x (B) and 20x (C) magnification. Scale bars 100 pm.
Brackets and arrows indicate the root region corresponding to each
section. Quantification of cell wall thickness (D) and
phloroglucinol-HCI stain intensity (8-bit grayscale saturation value)
(E). N = 4 plants. Plant means calculated from the mean of 15
measurements of cortex and exodermis, and casparian strip and 9
measurements for pith and metaxylem.
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To examine this trait directly in crop species, nodal roots from maize and wheat were examined.
Because maize nodal roots have a region of red pigmentation near the shoot-root junction that
resembles the pink color of phloroglucinol-HCI staining, the fluorescent stain Basic Fuchsin was
used to characterize lignified tissues without confounding effects (Fig. 2A,B) . Like B.
distachyon, nodal roots of both species displayed thickened, lignified cortex cells, exclusively in
the proximal basal region, giving way to thin-walled cortex cells in the distal basal region (Fig.
2). In maize in particular, these thickened cells near the shoot-root junction resemble
multiseriate cortical sclerenchyma, albeit with a lesser degree of cell wall thickening, and are
similarly situated in the outermost cell files of the cortex (Schneider et al., 2021). This analysis
confirmed that despite variations in scale and cortex anatomy between species, the lignification
of cortex cells at the root base is conserved among both wild grasses and crops.

Cortex sclerenchyma develop continuously and undergo rapid cell wall thickening

To study secondary cell wall deposition specific to the root base, we examined development of
this proximal tissue over time. As in the developmental gradient analysis, we observed different
dynamics of secondary wall deposition based on cell function (Fig. 3A-C). Among both inner
and outer metaxylem, stain intensity increased strongly over the course of the experiment, but
cell wall thickness did not (Fig. 3D,E). At every time point, outer metaxylem cell walls were
darker staining than inner metaxylem walls, although the magnitude of this difference decreased
in later harvests. Exodermis cell walls likewise increased in stain intensity without a
corresponding increase in wall thickness. However, these cells plateaued in stain intensity at 33
days after sowing (DAS). In the developmental gradient analysis, pith cells differed from other
cell types in the degree of cell wall thickening. Here, these cells more than doubled in wall
thickness, while increasing in stain intensity throughout the time series.

Cortex cells in the outer three cell files increased in both stain intensity and thickness
throughout the course of the experiment. Notably, cell wall thickening and lignification first
increased in the outermost cortex cells. In the earliest timepoint at which plants had developed
nodal roots (22 DAS), cortex cell files 1 and 2 were already thicker and more intensely stained
than pith cells. Cortex cells in the third cell files lagged the outer two files in wall development,
only surpassing pith in thickness and staining at 28 DAS (Fig. 3). We also examined this data
as a function of root length, irrespective of plant identity. This analysis showed similar patterns:
that metaxylem and exodermis cells lignify without significant thickening, that pith and outer
cortex cells thicken and lignify, and that cortex cell wall development begins in outer cell files
(Supplementary Fig. 2). Thus, in terms of wall thickness, basal cortex cells develop faster than
the baseline rate of sclerenchyma maturation but lignified at the same pace as other root cell
types. Analysis of this data at the plant level suggests that across the shoot borne root system,
basal cortex cells continuously thicken, even as other root cells reach maturity.

Cortex sclerenchyma cells are lignified but not suberized

In many species, root cell layers that function as apoplastic barriers deposit the hydrophobic
polymer suberin into their cell walls. Rice in particular develops a sclerenchymatous layer that is
both lignified and suberized, that together with the epidermis, is called a complex hypodermis
(Lux et al., 2004; Lynch et al., 2014). To assess whether thickened basal cortex cells in B.
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Figure 2. Identification of basal cortical
sclerenchyma in crop species. Overlay of
fluorescence (red) and brightfield (grayscale)
micrographs of the proximal (A) and distal (B)
basal regions of a Basic Fuchsin stained maize
nodal root. Scale bars 500 ym. Characterization
of secondary cell wall traits in maize (C-F) and
wheat (G-J). Fluorescence micrograph of
peripheral cortex cell in proximal (C) and distal
(D) regions. Images shown in grayscale and
brightened by the same factor for visualization.
Scale bars 50 um. Quantification of local cell wall
thickness (E,l) and fluorescence signal (F,J).
Student’s t-test, **p < 0.01, ***p < 0.001,
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Figure 3. Time course of nodal root development. Phloroglucinol-HCI stained root sections,
harvested at 22 (A), 31 (B) and 37 (C) days after sowing. Scale bars 50 um. Quantification of nodal
root secondary wall development. Cell wall thickness (D) and phloroglucinol-HCI stain intensity (8-bit
grayscale saturation value)(E). Each point represents the cell type mean of one plant. Three roots of
each plant were sectioned and 15 cells per root were measured for cortex and exodermis, 9 per root
were measured cells for pith and metaxylem.
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distachyon represent the development of a specialized multiseriate barrier layer or instead
reflect altered development of otherwise-typical cortical cells, we separately stained basal
sections from the same leaf nodal roots with phloroglucinol-HCI for lignin and Sudan Black B
(SBB) for suberin. As expected of ligno-suberized apoplastic barrier tissues, exodermis cell
walls and casparian bands were stained blue by SBB and pink by phloroglucinol-HCI
(Supplementary Fig. 3). Outer cortex cell files, however, stained pink under phloroglucinol, but
were not stained by SBB. That basal cortex sclerenchyma cells are lignified but not suberized
suggests that these cells are functionally and developmentally distinct from the exodermis.

Cortex cell wall thickening is stimulated by mechanical perturbation of the shoot

Models predict that grass root lodging resistance depends on the ability of the nodal root base
to withstand the compression when the plant is displaced laterally by wind or other forces
(Ennos, 1991; Ennos et al., 1993). To test whether these forces also stimulate the development
of cortical sclerenchyma, we used an automated system to apply a bi-directional mechanical
stimulus to plants at 90 min intervals. As in other mechanical treatment experiments, plants
subjected to mechanical stress had significantly reduced stature (Supplementary Fig. 4)
(Kouhen et al., 2023). Under ambient conditions, basal cortical sclerenchyma characteristically
developed as a ring of thickened tissue around the root periphery (Fig. 4A). Mechanical
treatment however, stimulated cell wall thickening and lignification throughout the cortex. To
capture this global change, we quantified the local thickness and stain intensity of all cortex and
stele cell walls. Touch treatment stimulated a significant increase in cortical cell wall thickness
and Basic Fuchsin stain intensity but did not significantly affect these same measures of pith
cells (Fig. 4C-F).

Mechanically stimulated plants have increased resistance to artificial lodging

While the presence of stiffened roots at the shoot base is predicted to be a feature of the grass
anchorage system, our system of mechanical treatment represents a novel avenue to
manipulate the trait. To test whether increases in basal cortex thickening improve anchorage,
we measured the force required to bend plants 30° from vertical (Fig. 5A). This approach is
similar to other methods of assessing lodging resistance, which quantify the pushing or pulling
forces required to rotate a plant to a given angle (Erndwein et al., 2020). Plants stimulated for 4
weeks required significantly more pulling force to deflect the stem, but only when tested
perpendicular to the direction of treatment (Fig. 5B). However, this may reflect that repeated
treatment displaces soil away from the plant on the axis of touch, disrupting the root-soill
interface required for anchorage.

Nodal roots increase their resistance to lateral compression in response to mechanical
treatment

That mechanically stimulated plants have both thicker cortex cell walls and increased resistance
to stem rotation is consistent with the hypothesis that nodal root stiffness allows grasses to
maintain their anchorage. To more granularly evaluate how development under persistent
challenge to anchorage shapes the material properties of individual roots, we measured the
force required to compress different regions of single roots (Fig. 6A). Root diameter was similar
across treatments and regions; as a whole, proximal and distal basal root segments did not
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have significantly different diameters, and treatment did not produce a difference within either
tissue (Fig. 6B). In the distal basal region, control and stimulated roots were similar in the forces
required to penetrate the root (Fig. 6C). Within control plants, the proximal basal region
registered greater forces at the same relative penetration than the distal basal region, consistent
with the hypothesis that cortex sclerenchyma improves the ability to withstand lateral
compression. In proximal basal samples, roots of treated plants required more force to
penetrate than control plants, further indicating that the additional thickening stimulated by
mechanical perturbation provides additional resistance to mechanical challenge.

Exogenous gibberellic acid stimulates root secondary cell wall development

Gibberellic acid (GA) phytohormone signaling is implicated in both secondary wall regulation
and plant mechanoperception (Jiang et al., 2008; Wang et al., 2017; Singh et al., 2019; Coomey
et al., 2023; Wu et al., 2023). To test whether GA is a component of the perception or
transduction pathways that modulate cortical sclerenchyma thickening, we treated
hydroponically grown plants with GA3, or the GA biosynthesis inhibitor, paclobutrazol. In
general, nodal roots of hydroponically grown plants were markedly less lignified than those of
similarly mature soil grown plants (Fig. 1 and 7). In contrast to mechanical treatment, which
stimulated cortical sclerenchyma cell wall thickening but did not significantly affect the wall
characteristics of pith cells, GA3 application dramatically increased stele phloroglucinol-HCI
stain intensity, while also triggering wall thickening of the outer three cortical cell files Fig. 7).
However, as with touch-induced cortical thickening, GA3 treatment did not trigger cortical cell
wall thickening outside of the basal region where it is typically observed. Thus, while these
results indicate that GA signaling promotes secondary wall thickening in cortical sclerenchyma
cells as it does in other lignified cell types, they suggest that other regulatory mechanisms
govern the initial transition between conventional cortex cells and cortical sclerenchyma
(Supplementary Fig. 5).

Transcriptomic signatures of basal cortex cell wall thickening

To uncover the transcriptomic signatures of cortical sclerenchyma development, we compared
the transcriptomes of proximal and distal nodal root tissue
(https://hazenlab.shinyapps.io/swiztc/). Further, to understand the genetic mechanism by which
mechanical stimulus enhances cortical sclerenchyma thickening, we compared the proximal
regions of control and mechanically treated plants. The transcriptome of proximal tissue
samples, control and mechanically stimulated, were more like each other than the distal
samples with more than three times as many genes differentially expressed between distal and
proximal tissue of control plants than between control and treated proximal samples
(Supplementary Fig. 6, Supplementary Table 1-2). Among the proximal and distal tissue
differentially expressed genes, six cell wall related gene ontology (GO) terms were enriched
(Supplementary Fig. 7, Supplementary Table 3). A notable 14 response to biotic and abiotic
environment GO terms and lignin biosynthesis were enriched when comparing control
mechanically stimulated proximal tissue.

To understand global trends in the root transcriptome across this set of treatment and tissue
comparisons and the cis-regulatory elements that create them, we examined patterns of co-
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expression via hierarchical clustering analysis (Supplementary Table 4, Supplementary Fig.
8). Of the three largest clusters (1, 2, and 4), expression of genes in clusters 1 and 2 were
positively associated with regions that undergo thickening, with cluster 1 showing stronger
responses to mechanical stimulus, while cluster 2 genes showed similarly elevated expression
in the proximal region of both control and mechanically stimulated roots, relative to distal
untreated tissue. Genes in cluster 4 showed the opposite pattern and were most expressed in
distal roots. Using a de novo k-mer approach to motif discovery, we next identified sequence
motifs enriched in the cis-regulatory regions of genes in each cluster (Supplementary Table 5).
Cluster 1, which contains the most distinct touch responsive expression pattern, showed
significant enrichment for the Rapid Stress Response Element , P-box, G/A-box, AC element,
and FARL1 binding sites, all of which have been implicated in transcriptional responses to
mechanical forces (Walley et al., 2007; Van Moerkercke et al., 2019; Coomey et al., 2023). In
Cluster 2, we also identified several distinct touch responsive elements including P-box, G-box,
and site Il elements which have been reported as a response to mechanical stimulus as well as
several other motifs not associated with wall thickening. The Rapid Stress Response Element
and W-box were significantly enriched in the Cluster 3 which have previously been described as
touch responsive elements (Moore et al., 2022). The enrichment of this suite of motifs suggests
that gene activation in response to mechanical stimulus is an important component of nodal root
wall thickening.

Secondary cell wall deposition is in part governed by transcriptional regulation of genes in the
various metabolic pathways that synthesize wall materials (Taylor-Teeples et al., 2015; Zhang
et al., 2018; Coomey et al., 2020). The B. distachyon homologs of Arabidopsis thaliana
VASCULAR NAC DOMAIN (VND) transcription factors that regulate vascular development,
SECONDARY WALL NAC (SWN) gene (SWN2, 3, 4, 5, and 6) expression was extremely low
and not affected by mechanical treatment (Supplementary Fig. 9A). SWN7 and SWNS8 are
most similar to A. thaliana activators of interfascicular fiber cell wall thickening, the NAC
SECONDARY THICKENING (NST) and SECONDARY NAC DOMAIN (SND) genes (Valdivia et
al., 2013). SWN8 was more highly expressed in proximal tissue compared to distal tissue, but
was not upregulated by mechanical treatment, while SWN7 expression was both elevated in
control proximal tissue relative to distal and mechanically stimulated. These NAC genes induce
secondary wall thickening through direct regulation of wall biosynthetic genes, but also through
activation of a larger number of MYB family transcription factors. Among the MYB genes with
characterized roles in cell wall regulation, expression of MYB2, an ortholog of AtMYB52/54 and
SWAM1, which lacks an ortholog in the Brassicaceae, was elevated in proximal root tissues
(Handakumbura et al., 2018). Consistent with a putative role in mediating touch-induced
thickening downstream of SWN7, transcripts of MYB104 and MYB69 (orthologs of AtMYB58/63
and AtMYB20/42/85, respectively) were elevated in proximal tissues, and much higher still in
roots subjected to mechanical treatment (Supplementary Fig. 9B). Secondary cell wall
cellulose is synthesized by the cellulose synthase genes CESA4, 7 and 8 and CESAL, 2, 3, 5,
6, and 9 are associated with primary wall cellulose biogenesis (Handakumbura et al., 2013).
Here, no primary wall CESA gene was differentially expressed between tissues or treatments,
while all three secondary wall CESAs were significantly upregulated in proximal tissue
compared to distal (Supplementary Fig. 10A). Monolignols are synthesized through the
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phenylpropanoid pathway, and their polymerization into lignin is facilitated by several laccase
enzymes. Comparing proximal and distal basal tissues, we measured increased expression of
genes throughout the process of lignin biogenesis, including PAL2, PTAL1, 4CL2, HCT1/2,
CCoAOMT2, CCR1, F5H, COMT6, CAD1 and PMT in the phenylpropanoid pathway and the
laccases LAC5 and LACS8 (Supplementary Fig. 10B). In monocot cell walls, hemicelluloses,
structural carbohydrates composed of a heterogeneous set of sugar monomers and linkages
represent an especially large percentage of secondary wall biomass (Coomey et al., 2020).
Analysis of known hemicellulose biosynthetic genes revealed no direct evidence of mechanical
responsiveness, and only GT47D3 was significantly upregulated in proximal tissues
(Supplementary Fig. 10C).

To investigate SWN7 function as a putative transcriptional regulator of cortical sclerenchyma
cell wall thickening, we characterized the genome-wide binding of SWN7 protein using DNA
affinity purification sequencing (Supplementary Table 6). Analysis of the highest magnitude
SWNY7 binding peaks revealed a consensus SNBE/VNS element DNA binding motif
characterized as the core binding motif for secondary wall regulating NAC transcription factors
(Fig. 8)(Zhong et al., 2010; Nakano et al., 2015; Olins et al., 2018). Most of the binding peaks
were in promoter regions or between the transcriptional start and stop sites.

Among the cell wall regulating MYB transcription factors, all the genes that showed differential
expression by tissue or treatment also featured SWN7 binding peaks within the first exon or
immediately upstream of the transcriptional start site (Fig. 9, Supplementary Table 6). This
included MYB104 and MYB69, which were strongly responsive to mechanical treatment as well
as SWAM1 and MYB2, which were only elevated in control proximal roots. Interestingly, the
promoter of SLR1, which regulates GA biosynthesis, was bound by SWN7 and SLR1
expression was significantly upregulated in proximal tissues (Huang et al. 2015). Considering
cell wall carbohydrate biosynthesis, we found SWN7 binding peaks in the promoter regions of
CESA4, CESAS8, COBL, as well as in GT47D3, the only hemicellulose gene to show significant
differences between root regions. Both CESA4 and GT47D3 had additional binding within the
gene model itself, while CESA8 was notably bracketed upstream and downstream by two trios
of binding peaks. SWN7 binding was associated with several lignin genes in different ways.
PAL2, F5H, HCT2, and COMT6 showed SWN7 binding both upstream and within an intron, and
PAL2 and F5H were bound 1 kb upstream of the transcriptional start site. We did not detect
SWN7 binding upstream or in the gene body of PTAL1 but did uncover a cluster of five
significant SWN7 binding peaks downstream of the PTAL1 locus. This aligns with the direct
binding of SWN7 orthologs in various other species to the cis-regulatory region of cell wall
biosynthesis genes and the MYBs that also regulate them (Zhong et al., 2008; Zhong et al.,
2011; Huang et al., 2015; Taylor-Teeples et al., 2015; Zhong et al., 2015; Chen et al., 2019; Zhao
etal., 2019).

DISCUSSION

The process by which plants detect the existence of touch or other mechanical stimulus is called
mechanoperception, while altered growth or development in response to mechanical force is
called thigmomorphogenesis (Jaffe, 1973; Bacete and Hamann, 2020). A global model of the
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Figure 9. Secondary cell wall genes and the transcriptional regulators with expression
associated with wall thickening in nodal roots were often DAP-seq binding targets of
SECONDARY WALL NAC?7 protein. Box plots are the average transcript abundance of 4-5 biological
replicates for each tissue/treatment. Binding site determined as peaks of sequence alignment and
denoted by green ovals. Scale bar unit is bases. Direction of transcription is shown with arrows on the
gene model, 5 and 3’ UTRs are depicted by narrowed rectangles on the gene model. * adj-p < 0.05,
*% adj-p < 0.01, **x* adj-p < 0.001, **x* adj-p < 0.0001.
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mechanoreceptive systems that allow plants to undertake these responses has not yet been
elucidated. However, several components of mechanosensing systems have been described.
These include a suite of mechanosensitive ion channels that control calcium and other ion
fluxes in response to membrane stretching (Kurusu et al., 2013; Monshausen and Haswell,
2013). Plants also detect immediate downstream effects of mechanical force. The receptor-like
kinases FERONIA and THESEUS govern mechanical responses and maintain cell wall integrity
by detecting carbohydrate molecules released from the wall by mechanical damage or other
stress (Cheung and Wu, 2011; Shih et al., 2014; Bacete and Hamann, 2020).

Basal cortical sclerenchyma; cortex cells proximal to the shoot-root junction with
thickened, lignified walls have been detected in several cereal crop species (Hoppe et al., 1986;
Ouyang et al., 2020). Characterizing this trait in B. distachyon, we show that cortical
sclerenchyma thickening is an output of a regulatory system by which grasses monitor
mechanical stresses and proactively maintain their anchorage in the soil.

Across a suite of histological experiments, thickened cortex cells were universally
present at the base of mature leaf nodal roots, but absent in more distal tissues, where roots are
physically protected by soil (Ennos et al., 1993). In response to a mechanical treatment that
transduced a bending force from the shoot to the root, cortex cells in the stressed region
showed even stronger thickening. We conclude that basal cortical sclerenchyma development is
stimulated by mechanical forces, with cortex thickening under unperturbed conditions reflecting
the ambient forces that are inherent to supporting the plant’'s mass.

Several instances of mechanically induced cell wall thickening have been previously
described. In B. distachyon, a similar mechanical treatment induced strong cell wall thickening
in interfascicular fibers, a type of sclerenchyma tissue in stems (Gladala-Kostarz et al., 2020).
However, above-ground, mechanical treatment did not stimulate secondary wall development in
cell types that usually lacked it, as we observed with cortical sclerenchyma. Furthermore, in our
analysis of mechanically induced thickening in roots, we only observed responses in cortex
cells, and not in pith sclerenchyma, suggesting that mechanoperception interacts with cell
identity to control wall thickening under mechanical stress. In the woody dicot Spartium
junceum, the lignin content of the root system increased when plants were grown on a slope
(Scippa et al., 2006). Deliberate bending of Populus nigra taproots likewise altered root
morphology and increased root lignin content (De Zio et al., 2016). While these responses
indicate that dicots also use cell wall deposition to meet the mechanical demands of root
anchorage, they are distinct from the tightly localized, cortex-specific thickening of grass nodal
roots that we describe here.

The topography of the grass secondary cell wall network is well-established, with NAC
transcription factors in the SWN family acting upstream of a more numerous group of MYB
genes, while also directly activating wall biosynthesis (Coomey et al., 2020). Of NAC
transcription factors with established roles in secondary wall regulation, SWN7 was the only
gene in this group to show a significant transcriptional response to both ambient and strong
mechanical forces. We therefore identify SWN7 as a putative upstream regulator of touch-
activated cell wall thickening in roots. DAP-seq analysis of SWN7 protein binding further
supported the hypothesis that cortical sclerenchyma development is a consequence of
mechanical activation of SWN7. We confirmed that SWN7 binds the VNS-element and identified
SWN7 binding peaks for SWAM1, MYB2, MYB69 and MYB104 as well as several biosynthetic
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Figure 10. Model of the effect of mechanical stimulation on
transcriptional regulation of nodal root basal cortex secondary wall
thickening. NAC, GRAS, and MYB family DNA binding
transcription factors are orange, pink, and blue ovals, respectively.
Cellulose associated CELLULOSE SYNTHASE As and
COBRA-like (COBL), green rectangles, hemicellulose associated
GT43D3, violet rectangle, and lignin, yellow rectangles, genes are
binding targets of the transcription factor proteins. Arrows indicate
activation and bars repression. Black lines are supported by RNA-
and DAP-seq results in this study. Connections depicted by gray
lines are previously described in the literature for various species
(reviewed by Rao and Dixon, 2018; Zhang et al., 2018).
Mechanical forces acting on the stem induce bending at the base
of the root and cells at the root periphery begin to thicken. Under
ambient conditions, thickening of outer cell files stiffen the root
against bending, protecting interior cortex cells. Under strong
mechanical stimulus inner cell files develop thick walls.
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genes, including CESA4 and CESAS8. Analyzing the promoter regions of genes that showed
positive responses to ambient or strong forces (Clusters 1 and 2), we found enrichment of the
MYB-associated binding site AAATATCT, as well as the AC-element, which is bound by
SWAM1 (Handakumbura et al., 2018). Thus, our DAP-seq and RNA-seq experiments suggest a
mechanism in which SWN7 is stimulated by touch and subsequently directs cortical wall
thickening, both directly and through activation of MYB intermediaries.

In rice, the SWN7 ortholog OsNAC29/0sSWN2 is negatively regulated by a physical
interaction with SLR1. Exogenous GA triggers SLR1 degradation, allowing OsNAC29 and other
NAC genes to activate secondary wall thickening (Huang et al., 2015). We likewise observed
strong activation of cell wall thickening under GA treatment, but found that unlike mechanical
treatment, GA was not sufficient to stimulate cell wall thickening in inner cortical cell files.
Therefore, it is likely that GA stimulates cell wall thickening in cortex cells by relieving post-
translational repression of SWN7-directed thickening, but only in peripheral cortex cells that
have already gained a sclerenchymatous cell identity through ambient mechanical forces. A
model of ambient and strong mechanical effects on cortical sclerenchyma development is
shown in Fig. 10.

Cell wall remodeling governed by this process is essential to allow proper growth and
prevent catastrophic mechanical failure of exterior cells. In B. distachyon roots, certain cortex
cells undergo thigmomorphogenic cell wall thickening around the root exterior. This process
alters the way roots interact with additional mechanical forces, and presumably affects cell-cell
interactions between interior cortex cells and thickened cortex sclerenchyma. Elucidation of the
mechanisms that govern the perception of these mechanical stimuli, and that ensure that
thigmorphogenically stimulated roots maintain their viability will further clarify the mechanisms
by which grasses proactively maintain their anchorage and resist lodging.

In characterizing basal cortical sclerenchyma, we note the visual similarity between that
trait and multiseriate cortical sclerenchyma, particularly in our analysis of maize. In plants that
develop MCS, thickening of cortex cells deeper in the soil allows roots to resist failure as they
penetrate compact soils (Schneider, 2022). While MCS has been detected in wheat, maize, and
barley, it is absent in landraces of those species, and only found in more modern cultivars
(Schneider et al., 2021). This apparent pattern of parallel evolution strongly suggests that, in
selecting for yield in environments with some degree of soil compaction, breeders inadvertently
selected for mutations that exaggerated that activity of a cortex-thickening pathway present in
grasses. In describing the mechanical and genetic regulation of cortex thickening in B.
distachyon, a wild relative of these species, this work may provide a platform to better
understand the evolution of an important agronomic trait.

Materials and Methods

Plant growth conditions

B. distachyon accession Bd21-3 seeds were imbibed for 10 days at 4 °C then planted in potting
mix (Pro-Mix BX Mycorrhizae) in 22 cm deep Conetainer pots (Ray Leach SC10). Plants were

grown in a PGC-105 growth chamber (Percival Scientific) with a ~450 umol-m-2.s~1 day period

of 16 h at 24°C and a night period of 8 h at 18°C. Fertilization with Grow 7-9-5 fertilizer (DYNA-
GRO) diluted to 0.6 ml/liter began ~2 weeks after germination. For the time course analysis,
fertilization was performed once a week via bottom watering. For all other growth chamber
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experiments, fertilization was delivered via top-watering every other week. In the time-course
experiment, plants were harvested at 3-day intervals after the onset of nodal root development,
and the longest 3 roots were selected. For all histological and mechanical characterization of
the root base, we define the proximal basal region as the interval from 0-2 cm, and the distal
basal region as the interval from 4-6 cm, with O representing the shoot-root junction. Maize
inbred B73 and wheat cultivar Kronos were grown as described above. The mechanical
stimulus apparatus used to make contact every 90 min, is previously described (Coomey et al.,
2023). In the B. distachyon mechanical stimulus experiment, plants were grown for 2 weeks
prior to treatment onset. Samples were harvested after 2 weeks of treatment for RNA
sequencing, and after 4 weeks of treatment for histological and mechanical analysis.

For the hydroponics experiment, seeds were germinated on half strength MS plates, and then
transferred to hydroponic growth in half-strength Hoagland's No. 2 media (Caisson Labs).
Aqueous solutions of paclobutrazol and GA3 were freshly prepared and diluted to 0.1 uM and
10 pM respectively in hydroponic media. To allow for recovery after transfer, pharmacological
treatment was applied after one week, and plants were harvested for histological
characterization after two weeks of growth in control or treated media. To prevent stagnation or
phytohormone depletion, the media was changed weekly.

Histological characterization and image analysis

Root segments were embedded in 5.4% agarose and 60 micron transverse sections were
prepared using a VT1000 S vibratome (Leica) with the following settings: Speed: 5;50,
Frequency: 8, Feed: 60. Operating the vibratome in continuous mode, we sectioned the entire
embedded region of each root. Phloroglucinol-HCI staining was performed according to
(Liljegren, 2010). Sudan Black B staining was performed as described in (Ruzin, 1999). Basic
Fuchsin staining was performed as described by (Kapp et al., 2015). Brightfield imaging of
phloroglucinol-HCI and SBB sections was performed on an Eclipse E200 microscope (Nikon)
and Pixelink camera (Pixelink). Phloroglucinol-HCI staining intensity was quantified using a
saturation intensity approach (Lee et al., 2019). For cortex, pith, and exodermis cells, five
unique cells were measured, while for metaxylem, at least two cells per image were measured.
For each root, images of three separate sections were analyzed as above. Fluorescence and
brightfield imaging of Basic Fuchsin stained sections was performed using a BZ-X800
fluorescent microscope (Keyence). Fluorescent images were captured with an excitation
wavelength of 545 nm and an emission wavelength of 605 nm. In this experiment, five section
images per root replicate were analyzed, and local cell wall thickness and stain intensity were
guantified using a MIPAR based image segmentation algorithm (Sosa et al., 2014). In the
hydroponic experiment, thickness and phloroglucinol intensity of cortical, xylem and apoplastic
barrier cells were quantified as described above, while phloroglucinol-HCI staining of the stele
was measured using MIPAR.

Physical characterization of root anchorage

To assess resistance to lateral deflection, the force required to bend plants 30° from vertical
was measured. Because B. distachyon developed more rigid stems in response to mechanical
treatment in other studies, bending force was applied as close to the soil surface as possible to
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avoid the influence of stem characteristics (Gladala-Kostarz et al., 2020). Plants were placed in
front of a bending guide with 10°, 20°, and 30° of deflection. A small sticker was applied to the
tallest stem to serve as a reference point. To allow the plant to move, but minimize the influence
of stem elasticity, a flexible metal hook, constructed from 18-gauge aluminum wire, was secured
around the base of each plant, ~2 cm above the lip of the conetainer. The hook was connected
by a ~15 cm length of sewing thread to a DS2-1 force gauge (IMADA), set to peak mode. The
force gauge was gently pulled along a guide surface, in line with the plant, until the stem came
in line with the 30° guideline. Two measurements were performed for each plant, first bending
the plant along the same axis as the touch treatment, and then a second test perpendicular to
this axis. Plants from both treatments that had obvious poor establishment or visible breakage
of nodal roots were excluded.

Texture analysis

Resistance of individual root segments to compressive force was measured using a TA-XT Plus
Texture Analyzer (Texture Technologies), equipped with a 55 mm, flat compression probe.
Compression measurements were carried out using force target mode (25000 mN) and return to
start mode with a probe speed of 0.2 mm/sec. Excised nodal roots were cut into 1.5 cm
segments and placed flat on the stage of the texture analyzer with compressive force applied
laterally relative to the root’s original orientation in soil. For each test, the force required to
penetrate the sample 25%, 50%, and 75% of its diameter was calculated. First, the diameter of
the segment was calculated by identifying the point where the probe contacted the root (the
position at which the measured force first exceeded 2.5 mN) and subtracting that from the probe
starting position. Force displacement curves were normalized to root diameter. To calculate
displacement at a given percentage, normalized force values were averaged from the interval of
n-1to n+1, i.e., force at 25% represents the average of values from 24% to 26%.

RNA sequencing and analysis

To harvest root tissue for RNA extraction a longitudinal cut was made in the pot. This allowed
for plant removal from the pot without an uprooting force on the plant that might confound
responses to mechanical treatment. Leaf nodal roots were quickly excised at the shoot root
junction, and further dissected into a proximal basal region (0-1 cm from the shoot-root junction)
and a distal basal region (3-4 cm), excluding the 1 cm interval between these regions to ensure
a representative signal from thickened and unthickened regions. Segments of three separate
roots per plant were pooled. Total RNA was extracted with the Plant RNeasy mini kit (Qiagen)
according to manufacturer instructions with on-column treatment of RNase-free DNase I. RNA
guality was evaluated with a Nanodrop spectrophotometer 2000c and Qubit 2.0 fluorometer.
RNA sample quality, library preparation, and RNA sequencing were performed under contract
by GeneWIZ. Quality of sequencing data was assessed with FastQC v0.11.9 (Andrews, 2010)
and low-quality reads were trimmed using TrimGalore v0.6.10. High quality reads were mapped
to the Bd21 genome v3.2 with Hisat2 v2.2.1 (Kim et al., 2015). Per-gene reads were quantified
using StringTie v1.3.4 (Pertea et al., 2015), and read counts were normalized and assessed for
differential expression using the DESEQ2 R package (Love et al., 2014). Gene ontology
enrichment analysis was carried out with KOBAS v3.0 (Bu et al., 2021). In a preliminary
analysis, principal component analysis showed that one pair of control distal and control
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proximal samples from the same plant clustered away from other replicates. These samples
were eliminated from analysis and differentially expressed genes and enriched GO terms were
recalculated. To find groups of genes with similar expression patterns, we first filtered to include
differentially expressed genes. Transcript abundance was then standardized by computing z-
scores within each treatment. The distance between each pair of genes was calculated based
on the euclidean method and hierarchically clustered according to the complete linkage method.
Cis-regulatory sequence analysis of differentially expressed genes was conducted as previously
described using both a de novo k-mer approach and testing for overrepresented motifs present
in the HOMER v4.10 A. thaliana DAP-seq database of 2 kb of sequence upstream of the
transcriptional start site using Hypergeometric Optimization of Motif EnRichment suite (Heinz et
al., 2010; Moore et al., 2022; Coomey et al., 2023). Raw read data was deposited in the
European Nucleotide Archive for public access (Accession PRJEB71480).

DNA affinity purification sequencing

DNA affinity purification was carried out as previously described (Coomey et al., 2023). DAP-
seq data were first trimmed using BBtools bbduk. To identify binding target regions, reads were
mapped to the Bd21 genome v3.2 using bowtie2 and peak calling was done using MACS3
(Zhang et al., 2008; Langmead and Salzberg, 2012). Motif calling was performed using Meme-
suite v5.5.5 and the +/- 30 bp of the 100 tallest peaks (Bailey et al., 2015). We considered
peaks containing the most significant motif and assigned those to genes using the ChiPseeker
package in R (Yu et al., 2015). Raw read data was deposited in the European Nucleotide
Archive for public access (Accession PRIEB71398).

Statistical analysis

Histological and gross phenotyping experiments were analyzed using analysis of variance
(ANOVA). Pairwise differences were then assessed using Tukey's HSD test with a p < 0.05
cutoff. In RNA-seq analyses, adjusted p values were calculated using a Benjamini-Hochberg
test. Figures were created with BioRender.

Accession numbers

4CL2 (Bradi3g05750), C3’H1 (Bradi2g21300), C3H (Bradi1lg65820), C4H1 (Bradi2g53470),
CAD1 (Bradi3g06480), CCoOAOMT2 (Bradi3g39420), CCR1 (Bradi3g36887), CESA1
(Bradi2g34240), CESA2 (Bradilg04597), CESA3 (Bradilg54250), CESA4 (Bradi3g28350),
CESAS5 (Bradilg29060), CESAG6 (Bradilg53207), CESA7 (Bradi4g30540), CESA8
(Bradi2g49912), CESA9 (Bradilg02510), CESA10 (Bradilg36740), CSLF6a (Bradi3g16307),
COBL (Bradi1g59880), COMT6 (Bradi3g16530), F5H (Bradi3g30590), GT43A (Bradi5g24290),
GT47D3 (Bradi2g59400), GT61 (Bradi2g01480), HCT1 (Bradi5g14720), HCT2 (Bradi3g48530),
LACS5 (Bradilg66720), LAC6 (Bradilg74320), LAC8 (Bradi2g23370), LAC12 (Bradi2g54740),
MYB1 (Bradi4g06317), MYB2 (Bradilg10470), MYB36 (Bradi23710), MYB41 (Bradi2g36730),
MYB104 (Bradi5g20130), MYB69 (Bradi3g42430), PAL2 (Bradi3g49260), PMT (Bradi2g36910),
PTAL1 (Bradi3g49250), SLR1 (Bradi1g11090), SND2R (Bradi2g462197), SWAM1
(Bradi2g47590), SWAM3 (Bradi2g40620), SWN2 (Bradi5g16917), SWN3 (Bradi3g50067),
SWN4 (Bradi1g52187), SWN5 (Bradi5g27467), SWN6 (Bradi3g13117), SWN7 (Bradilg50057),
SWNS8 (Bradi3gl13727), XTH8 (Bradi3g18600).
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Supplementary Data

Supplementary Figure 1. Brachypodium distachyon nodal root anatomy. Ep: Epidermis,
Ex: Exodermis, CF1: Cortex File 1, CF2: Cortex File 2, CF3: Cortex File 3, P: Pith,Imx: Inner
Metaxylem, Omx: Outer Metaxylem, Cs: Casparian Strip. Micrograph

of a nodal root stained with phloroglucinol-HCI. Scale bar indicates 100 pm.

Supplementary Figure 2. Quantification of secondary wall development as a function of
root length. Cell wall thickness (A) and phloroglucinol-HCI stain intensity (8-bit grayscale
saturation value) (B). Each point represents the cell type mean for one root. R and p-values
reflect Pearson's correlation.

Supplementary Figure 3. Comparison of lignin and suberin localization. Transverse
sections of the proximal basal region of the same nodal root, stained with Sudan Black B for
suberin (A) and phloroglucinol-HCI for lignin (B). Scale bars indicate 100 ym.
Supplementary Figure 4. Gross phenotypes of control and mechanically stimulated
plants. (A). Representative control (left 3 plants) and treated (right 3 plants) plants. Scale bar

indicates 5 cm. Quantification of plant height (B). Student’s t-test, ****p < 0.0001.
Supplementary Figure 5. Distal root phenotypes of hydroponically grown roots.

Representative transverse sections of the distal region (~4 cm from the shoot-root junction) of
plants grown under control (A) and 10 uM GA3 (B) treatment.

Supplementary Figure 6. Analysis of gene expression by RNA-seq of nodal roots.
Principal component analysis plot illustrating the relationship among RNA-seq samples (A).
Venn diagram of differential expressed transcripts between tissue and treatment comparisons
(B).

Supplementary Figure 7. Gene Ontology (GO) analysis depicting the functional
categorization of differentially expressed genes among nodal root samples. The analysis
depicts enriched biological processes. GO terms enriched among stringently differentially

expressed transcripts (p < 0.01) in each comparison set.

Supplementary Figure 8. Cis-regulatory sequences enriched among hierarchical clusters
of differentially expressed genes in nodal roots. *motif previously reported as enriched
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among genes that show a transcriptional response to mechanical stimulus (Coomey et al. 2023,
Moore et al. 2022).

Supplementary Figure 9. Transcript abundance measured by RNA-seq of selected
secondary cell wall regulatory transcription factor genes in nodal root samples.

SECONDARY WALL NAC (A) and secondary wall associated MYB (B) family transcription
factors. * adj-p < 0.05, »+ adj-p < 0.01, »++ adj-p < 0.001, ***+ adj-p < 0.0001. N = 5 control and 4

brushed plants.

Supplementary Figure 10. Transcript abundance measured by RNA-seq of cellulose,
hemicellulose, and lignin biosynthesis associated genes in nodal root samples.
Expression of CELLULOSE SYNTHASE A (CESA) family (A), lignin biosynthesis pathway (B),

and hemicellulose associated glycosyltransferase (C) genes. * adj-p < 0.05, *+ adj-p < 0.01, #**

adj-p < 0.001, ==+ adj-p < 0.0001. N = 5 control and 4 brushed plants.

Supplementary Table 1. Genes differentially expressed between control and mechanically
stimulated proximal leaf nodal roots.

Supplementary Table 2. Genes differentially expressed between proximal control and distal
control leaf nodal roots.

Supplementary Table 3. GO term analysis of genes differentially expressed in the proximal
root samples relative to the distal root. Category codes, F= molecular function, C = cellular
component, P = biological process.

Supplementary Table 4. Hierarchical cluster analysis of differentially expressed genes using
the complete linkage method.

Supplementary Table 5. All putative cis-regulatory elements enriched among differentially
expressed genes at each cluster identified using the k-mer approach.

Supplementary Table 6. DNA affinity purification sequencing of SECONDARY WALL NAC7
(Bradilg50057).

FUNDING

This work was supported by the National Science Foundation Division of Integrative Organismal
Systems (NSF 10S-2049966), and the United States Department of Agriculture's National
Institute of Food and Agriculture and Massachusetts Agricultural Experiment Station
(MAS00534) and the Department of Energy Community Science Program (CSP504343) to
S.P.H., the Constantine J. Gilgut Fellowship to . W.M. and G.A.G., the Lotta M. Crabtree
Fellowship to .LW.M. and G.A.G, Spaulding Smith and the UMass Biotechnology Training
Program funded by NIGMS T32 GM135096 to G.A.G.. The work (proposal:
10.46936/10.25585/60001197) conducted by the U.S. Department of Energy Joint Genome
Institute (https://ror.org/04xm1d337), a DOE Office of Science User Facility, is supported by the
Office of Science of the U.S. Department of Energy operated under Contract No. DE-AC02-

17


https://doi.org/10.1101/2024.01.25.577257
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.25.577257; this version posted January 29, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

05CH11231. The microscopy data was gathered in the Light Microscopy Facility and Nikon
Center of Excellence at the Institute for Applied Life Sciences, UMass Amherst with support
from the Massachusetts Life Sciences Center.

CONFLICT OF INTEREST
None

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are openly available at PRIEB71398 and
PRJEB71480 in the European Nucleotide Archive and https://hazenlab-
umass.shinyapps.io/LNR-RNAseq/.

REFERENCES

Andrews S (2010) FastQC: a quality control tool for high throughput sequence data.

Bacete L, Hamann T (2020) The role of mechanoperception in plant cell wall integrity
maintenance. Plants. doi: 10.3390/plants9050574

Bailey TL, Johnson J, Grant CE, Noble WS (2015) The MEME Suite. Nucleic Acids Res 43:
W39-49

Barberon M (2017) The endodermis as a checkpoint for nutrients. New Phytol 213: 1604—-1610

Barbosa ICR, Rojas-Murcia N, Geldner N (2019) The Casparian strip-one ring to bring cell
biology to lignification? Curr Opin Biotechnol 56: 121-129

Brune PF, Baumgarten A, McKay SJ, Technow F, Podhiny JJ (2018) A biomechanical
model for maize root lodging. Plant Soil 422: 397-408

Bu D, Luo H, Huo P, Wang Z, Zhang S, He Z, Wu Y, Zhao L, Liu J, Guo J, et al (2021)
KOBAS-i: intelligent prioritization and exploratory visualization of biological functions for
gene enrichment analysis. Nucleic Acids Res 49: W317-W325

Chen H, Wang JP, Liu H, Li H, Lin Y-CJ, Shi R, Yang C, Gao J, Zhou C, Li Q, et al (2019)
Hierarchical transcription factor and chromatin binding network for wood formation in black
cottonwood (Populus trichocarpa). Plant Cell 31: 602—-626

Cheung AY, Wu H-M (2011) THESEUS 1, FERONIA and relatives: a family of cell wall-sensing
receptor kinases? Curr Opin Plant Biol 14: 632—641

Chochois V, Vogel JP, Rebetzke GJ, Watt M (2015) Variation in adult plant phenotypes and
partitioning among seed and stem-borne roots across Brachypodium distachyon
accessions to exploit in breeding cereals for well-watered and drought environments. Plant
Physiol 168: 953-967

Coomey JH, MacKinnon KJ-M, McCabhill IW, Handakumbura PP, Trabucco GM, Mazzola J,
Leblanc NA, Kheam R, Hernandez-Romero M, Barry K, et al (2023) Mechanotropic bZIP
localization is associated with thigmomorphogenic and secondary cell wall associated gene

18


http://paperpile.com/b/z4NX9F/1CKiq
http://paperpile.com/b/z4NX9F/1CKiq
http://paperpile.com/b/z4NX9F/XEtME
http://paperpile.com/b/z4NX9F/XEtME
http://paperpile.com/b/z4NX9F/XEtME
http://dx.doi.org/10.3390/plants9050574
http://paperpile.com/b/z4NX9F/ZI7C4
http://paperpile.com/b/z4NX9F/ZI7C4
http://paperpile.com/b/z4NX9F/ZI7C4
http://paperpile.com/b/z4NX9F/ZI7C4
http://paperpile.com/b/z4NX9F/ZI7C4
http://paperpile.com/b/z4NX9F/OktSK
http://paperpile.com/b/z4NX9F/OktSK
http://paperpile.com/b/z4NX9F/OktSK
http://paperpile.com/b/z4NX9F/OktSK
http://paperpile.com/b/z4NX9F/CHWFl
http://paperpile.com/b/z4NX9F/CHWFl
http://paperpile.com/b/z4NX9F/CHWFl
http://paperpile.com/b/z4NX9F/CHWFl
http://paperpile.com/b/z4NX9F/CHWFl
http://paperpile.com/b/z4NX9F/JAxvM
http://paperpile.com/b/z4NX9F/JAxvM
http://paperpile.com/b/z4NX9F/JAxvM
http://paperpile.com/b/z4NX9F/JAxvM
http://paperpile.com/b/z4NX9F/JAxvM
http://paperpile.com/b/z4NX9F/GyAQc
http://paperpile.com/b/z4NX9F/GyAQc
http://paperpile.com/b/z4NX9F/GyAQc
http://paperpile.com/b/z4NX9F/GyAQc
http://paperpile.com/b/z4NX9F/GyAQc
http://paperpile.com/b/z4NX9F/GyAQc
http://paperpile.com/b/z4NX9F/F4kiC
http://paperpile.com/b/z4NX9F/F4kiC
http://paperpile.com/b/z4NX9F/F4kiC
http://paperpile.com/b/z4NX9F/F4kiC
http://paperpile.com/b/z4NX9F/F4kiC
http://paperpile.com/b/z4NX9F/F4kiC
http://paperpile.com/b/z4NX9F/cFlyh
http://paperpile.com/b/z4NX9F/cFlyh
http://paperpile.com/b/z4NX9F/cFlyh
http://paperpile.com/b/z4NX9F/cFlyh
http://paperpile.com/b/z4NX9F/cFlyh
http://paperpile.com/b/z4NX9F/hnag0
http://paperpile.com/b/z4NX9F/hnag0
http://paperpile.com/b/z4NX9F/hnag0
http://paperpile.com/b/z4NX9F/hnag0
http://paperpile.com/b/z4NX9F/hnag0
http://paperpile.com/b/z4NX9F/hnag0
http://paperpile.com/b/z4NX9F/hnag0
http://paperpile.com/b/z4NX9F/C94IX
http://paperpile.com/b/z4NX9F/C94IX
http://paperpile.com/b/z4NX9F/C94IX
http://paperpile.com/b/z4NX9F/C94IX
https://doi.org/10.1101/2024.01.25.577257
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.25.577257; this version posted January 29, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

expression. bioRxiv 2021.02.03.429573

Coomey JH, Sibout R, Hazen SP (2020) Grass secondary cell walls, Brachypodium
distachyon as a model for discovery. New Phytol 227: 1649-1667

De Zio E, Trupiano D, Montagnoli A, Terzaghi M, Chiatante D, Grosso A, Marra M, Scaloni
A, Scippa GS (2016) Poplar woody taproot under bending stress: the asymmetric response
of the convex and concave sides. Ann Bot 118: 865-883

Ennos AR (2000) The mechanics of root anchorage. Advances in Botanical Research.
Academic Press, pp 133-157

Ennos AR (1991) The mechanics of anchorage in wheat Triticum aestivum L.: Il. Anchorage of
mature wheat against lodging. J Exp Bot 42: 1607-1613

Ennos AR, Crook MJ, Grimshaw C (1993) The anchorage mechanics of maize, Zea mays. J
Exp Bot 44: 147-153

Erndwein L, Cook DD, Robertson DJ, Sparks EE (2020) Field-based mechanical phenotyping
of cereal crops to assess lodging resistance. Appl Plant Sci. doi: 10.1002/aps3.11382

Gardiner B, Berry P, Moulia B (2016) Review: Wind impacts on plant growth, mechanics and
damage. Plant Sci 245: 94-118

Gladala-Kostarz A, Doonan JH, Bosch M (2020) Mechanical stimulation in Brachypodium
distachyon: Implications for fitness, productivity, and cell wall properties. Plant Cell Environ
43:1314-1330

Goodman AM, Ennos AR (1999) The effects of soil bulk density on the morphology and
anchorage mechanics of the root systems of sunflower and maize. Ann Bot 83: 293-302

Handakumbura PP, Brow K, Whitney IP, Zhao K, Sanguinet KA, Lee SJ, Olins J, Romero-
Gamboa SP, Harrington MJ, Bascom CJ, et al (2018) SECONDARY WALL
ASSOCIATED MYBL1 is a positive regulator of secondary cell wall thickening in
Brachypodium distachyon and is not found in the Brassicaceae. Plant J. doi:
10.1111/tpj.14047

Handakumbura PP, Matos DA, Osmont KS, Harrington MJ, Heo K, Kafle K, Kim SH,
Baskin Tl, Hazen SP (2013) Perturbation of Brachypodium distachyon CELLULOSE
SYNTHASE A4 or 7 results in abnormal cell walls. BMC Plant Biol 13: 131

Heinz S, Benner C, Spann N, Bertolino E, Lin YC, Laslo P, Cheng JX, Murre C, Singh H,
Glass CK (2010) Simple combinations of lineage-determining transcription factors prime
cis-regulatory elements required for macrophage and B cell identities. Mol Cell 38: 576-589

Hoppe DC, McCully ME, Wenzel CL (1986) The nodal roots of Zea: their development in
relation to structural features of the stem. Can J Bot 64: 2524-2537

Hostetler AN, Erndwein L, Reneau JW, Cantera W, Stager A, Tanner HG, Cook D, Sparks
EE (2022) Brace root phenotypes predict root lodging susceptibility and the contribution to
anchorage in maize. Plant, Cell, and Environment 45: 1573-1583

Huang D, Wang S, Zhang B, Shang-Guan K, Shi Y, Zhang D, Liu X, Wu K, Xu Z, Fu X, et al

19


http://paperpile.com/b/z4NX9F/C94IX
http://paperpile.com/b/z4NX9F/oIWEM
http://paperpile.com/b/z4NX9F/oIWEM
http://paperpile.com/b/z4NX9F/oIWEM
http://paperpile.com/b/z4NX9F/oIWEM
http://paperpile.com/b/z4NX9F/oIWEM
http://paperpile.com/b/z4NX9F/uBe2E
http://paperpile.com/b/z4NX9F/uBe2E
http://paperpile.com/b/z4NX9F/uBe2E
http://paperpile.com/b/z4NX9F/uBe2E
http://paperpile.com/b/z4NX9F/uBe2E
http://paperpile.com/b/z4NX9F/uBe2E
http://paperpile.com/b/z4NX9F/YwZHu
http://paperpile.com/b/z4NX9F/YwZHu
http://paperpile.com/b/z4NX9F/YwZHu
http://paperpile.com/b/z4NX9F/ydH6K
http://paperpile.com/b/z4NX9F/ydH6K
http://paperpile.com/b/z4NX9F/ydH6K
http://paperpile.com/b/z4NX9F/ydH6K
http://paperpile.com/b/z4NX9F/ydH6K
http://paperpile.com/b/z4NX9F/mPHHs
http://paperpile.com/b/z4NX9F/mPHHs
http://paperpile.com/b/z4NX9F/mPHHs
http://paperpile.com/b/z4NX9F/mPHHs
http://paperpile.com/b/z4NX9F/mPHHs
http://paperpile.com/b/z4NX9F/FoZ1k
http://paperpile.com/b/z4NX9F/FoZ1k
http://paperpile.com/b/z4NX9F/FoZ1k
http://dx.doi.org/10.1002/aps3.11382
http://paperpile.com/b/z4NX9F/VgYeV
http://paperpile.com/b/z4NX9F/VgYeV
http://paperpile.com/b/z4NX9F/VgYeV
http://paperpile.com/b/z4NX9F/VgYeV
http://paperpile.com/b/z4NX9F/VgYeV
http://paperpile.com/b/z4NX9F/DKoEY
http://paperpile.com/b/z4NX9F/DKoEY
http://paperpile.com/b/z4NX9F/DKoEY
http://paperpile.com/b/z4NX9F/DKoEY
http://paperpile.com/b/z4NX9F/DKoEY
http://paperpile.com/b/z4NX9F/ZXOpp
http://paperpile.com/b/z4NX9F/ZXOpp
http://paperpile.com/b/z4NX9F/ZXOpp
http://paperpile.com/b/z4NX9F/ZXOpp
http://paperpile.com/b/z4NX9F/ZXOpp
http://paperpile.com/b/z4NX9F/SDZe6
http://paperpile.com/b/z4NX9F/SDZe6
http://paperpile.com/b/z4NX9F/SDZe6
http://paperpile.com/b/z4NX9F/SDZe6
http://paperpile.com/b/z4NX9F/SDZe6
http://paperpile.com/b/z4NX9F/SDZe6
http://dx.doi.org/10.1111/tpj.14047
http://paperpile.com/b/z4NX9F/AZh3m
http://paperpile.com/b/z4NX9F/AZh3m
http://paperpile.com/b/z4NX9F/AZh3m
http://paperpile.com/b/z4NX9F/AZh3m
http://paperpile.com/b/z4NX9F/AZh3m
http://paperpile.com/b/z4NX9F/AZh3m
http://paperpile.com/b/z4NX9F/jTgLT
http://paperpile.com/b/z4NX9F/jTgLT
http://paperpile.com/b/z4NX9F/jTgLT
http://paperpile.com/b/z4NX9F/jTgLT
http://paperpile.com/b/z4NX9F/jTgLT
http://paperpile.com/b/z4NX9F/jTgLT
http://paperpile.com/b/z4NX9F/2XrkX
http://paperpile.com/b/z4NX9F/2XrkX
http://paperpile.com/b/z4NX9F/2XrkX
http://paperpile.com/b/z4NX9F/2XrkX
http://paperpile.com/b/z4NX9F/2XrkX
http://paperpile.com/b/z4NX9F/8LT4M
http://paperpile.com/b/z4NX9F/8LT4M
http://paperpile.com/b/z4NX9F/8LT4M
http://paperpile.com/b/z4NX9F/8LT4M
http://paperpile.com/b/z4NX9F/8LT4M
http://paperpile.com/b/z4NX9F/8LT4M
http://paperpile.com/b/z4NX9F/01sHS
http://paperpile.com/b/z4NX9F/01sHS
https://doi.org/10.1101/2024.01.25.577257
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.25.577257; this version posted January 29, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

(2015) A gibberellin-mediated DELLA-NAC signaling cascade regulates cellulose synthesis
in rice. Plant Cell 27: 1681-1696

Jaffe MJ (1973) Thigmomorphogenesis: The response of plant growth and development to
mechanical stimulation : With special reference to Bryonia dioica. Planta 114: 143-157

Jiang S, Xu K, Wang Y-Z, Ren Y-P, Gu S (2008) Role of GA3, GA4 and uniconazole-P in
controlling gravitropism and tension wood formation in Fraxinus mandshurica Rupr. var.
japonica Maxim. seedlings. J Integr Plant Biol 50: 19-28

Kapp N, Barnes WJ, Richard TL, Anderson CT (2015) Imaging with the fluorogenic dye Basic
Fuchsin reveals subcellular patterning and ecotype variation of lignification in
Brachypodium distachyon. J Exp Bot 66: 4295-4304

Kim D, Langmead B, Salzberg SL (2015) HISAT: a fast spliced aligner with low memory
requirements. Nat Methods 12: 357-360

Kouhen M, Dimitrova A, Scippa GS, Trupiano D (2023) The course of mechanical stress:
types, perception, and plant response. Biology. doi: 10.3390/biology12020217

Kurusu T, Kuchitsu K, Nakano M, Nakayama Y, lida H (2013) Plant mechanosensing and
Ca2+ transport. Trends Plant Sci 18:; 227-233

Langmead B, Salzberg SL (2012) Fast gapped-read alignment with Bowtie 2. Nat Methods 9:
357-359

Lee K-H, Du Q, Zhuo C, Qi L, Wang H (2019) LBD29-involved auxin signaling represses NAC
master regulators and fiber wall biosynthesis. Plant Physiol 181: 595-608

Liljegren S (2010) Phloroglucinol stain for lignin. Cold Spring Harb Protoc 2010: db.prot4954

Lindsey AJ, Carter PR, Thomison PR (2021) Impact of imposed root lodging on corn growth
and yield. Agron J 113: 5054-5062

Li Q, Fu C, Liang C, Ni X, Zhao X, Chen M, Ou L (2022) Crop lodging and the roles of lignin,
cellulose, and hemicellulose in lodging resistance. Agronomy 12: 1795

Love MI, Huber W, Anders S (2014) Moderated estimation of fold change and dispersion for
RNA-seq data with DESeq2. Genome Biol 15: 550

Lux A, Luxova M, Abe J, Morita S (2004) Root cortex: structural and functional variability and
responses to environmental stress. Root Research 13: 117-131

Lynch JP, Chimungu JG, Brown KM (2014) Root anatomical phenes associated with water
acquisition from drying soil: targets for crop improvement. J Exp Bot 65: 6155-6166

Marzec M, Melzer M, Szarejko | (2014) The evolutionary context of root epidermis cell
patterning in grasses (Poaceae). Plant Signal Behav 9: e27972

Matos DA, Whitney IP, Harrington MJ, Hazen SP (2013) Cell walls and the developmental
anatomy of the Brachypodium distachyon stem internode. PLoS One 8: e80640

Matsuura A, Kato Y, Suzuki T, Murata K, An P (2022) Hypoxia tolerance of four millet species

20


http://paperpile.com/b/z4NX9F/01sHS
http://paperpile.com/b/z4NX9F/01sHS
http://paperpile.com/b/z4NX9F/01sHS
http://paperpile.com/b/z4NX9F/01sHS
http://paperpile.com/b/z4NX9F/rMOuz
http://paperpile.com/b/z4NX9F/rMOuz
http://paperpile.com/b/z4NX9F/rMOuz
http://paperpile.com/b/z4NX9F/rMOuz
http://paperpile.com/b/z4NX9F/rMOuz
http://paperpile.com/b/z4NX9F/IWP4e
http://paperpile.com/b/z4NX9F/IWP4e
http://paperpile.com/b/z4NX9F/IWP4e
http://paperpile.com/b/z4NX9F/IWP4e
http://paperpile.com/b/z4NX9F/IWP4e
http://paperpile.com/b/z4NX9F/IWP4e
http://paperpile.com/b/z4NX9F/4CCQs
http://paperpile.com/b/z4NX9F/4CCQs
http://paperpile.com/b/z4NX9F/4CCQs
http://paperpile.com/b/z4NX9F/4CCQs
http://paperpile.com/b/z4NX9F/4CCQs
http://paperpile.com/b/z4NX9F/4CCQs
http://paperpile.com/b/z4NX9F/e4Tuf
http://paperpile.com/b/z4NX9F/e4Tuf
http://paperpile.com/b/z4NX9F/e4Tuf
http://paperpile.com/b/z4NX9F/e4Tuf
http://paperpile.com/b/z4NX9F/e4Tuf
http://paperpile.com/b/z4NX9F/LYjFq
http://paperpile.com/b/z4NX9F/LYjFq
http://paperpile.com/b/z4NX9F/LYjFq
http://dx.doi.org/10.3390/biology12020217
http://paperpile.com/b/z4NX9F/Mgx0x
http://paperpile.com/b/z4NX9F/Mgx0x
http://paperpile.com/b/z4NX9F/Mgx0x
http://paperpile.com/b/z4NX9F/Mgx0x
http://paperpile.com/b/z4NX9F/Mgx0x
http://paperpile.com/b/z4NX9F/ouc94
http://paperpile.com/b/z4NX9F/ouc94
http://paperpile.com/b/z4NX9F/ouc94
http://paperpile.com/b/z4NX9F/ouc94
http://paperpile.com/b/z4NX9F/ouc94
http://paperpile.com/b/z4NX9F/7Id8n
http://paperpile.com/b/z4NX9F/7Id8n
http://paperpile.com/b/z4NX9F/7Id8n
http://paperpile.com/b/z4NX9F/7Id8n
http://paperpile.com/b/z4NX9F/7Id8n
http://paperpile.com/b/z4NX9F/szYRJ
http://paperpile.com/b/z4NX9F/szYRJ
http://paperpile.com/b/z4NX9F/szYRJ
http://paperpile.com/b/z4NX9F/szYRJ
http://paperpile.com/b/z4NX9F/0VkVW
http://paperpile.com/b/z4NX9F/0VkVW
http://paperpile.com/b/z4NX9F/0VkVW
http://paperpile.com/b/z4NX9F/0VkVW
http://paperpile.com/b/z4NX9F/0VkVW
http://paperpile.com/b/z4NX9F/ux3S0
http://paperpile.com/b/z4NX9F/ux3S0
http://paperpile.com/b/z4NX9F/ux3S0
http://paperpile.com/b/z4NX9F/ux3S0
http://paperpile.com/b/z4NX9F/ux3S0
http://paperpile.com/b/z4NX9F/gs3xp
http://paperpile.com/b/z4NX9F/gs3xp
http://paperpile.com/b/z4NX9F/gs3xp
http://paperpile.com/b/z4NX9F/gs3xp
http://paperpile.com/b/z4NX9F/gs3xp
http://paperpile.com/b/z4NX9F/jdce3
http://paperpile.com/b/z4NX9F/jdce3
http://paperpile.com/b/z4NX9F/jdce3
http://paperpile.com/b/z4NX9F/jdce3
http://paperpile.com/b/z4NX9F/jdce3
http://paperpile.com/b/z4NX9F/U3Ojz
http://paperpile.com/b/z4NX9F/U3Ojz
http://paperpile.com/b/z4NX9F/U3Ojz
http://paperpile.com/b/z4NX9F/U3Ojz
http://paperpile.com/b/z4NX9F/U3Ojz
http://paperpile.com/b/z4NX9F/AWiOq
http://paperpile.com/b/z4NX9F/AWiOq
http://paperpile.com/b/z4NX9F/AWiOq
http://paperpile.com/b/z4NX9F/AWiOq
http://paperpile.com/b/z4NX9F/AWiOq
http://paperpile.com/b/pjBCv7/z9w2
http://paperpile.com/b/pjBCv7/z9w2
http://paperpile.com/b/z4NX9F/96EYv
http://paperpile.com/b/z4NX9F/96EYv
https://doi.org/10.1101/2024.01.25.577257
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.25.577257; this version posted January 29, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

is attributable to constitutive aerenchyma formation and root hair development of
adventitious roots. Plant Prod Sci 25: 1-15

McCabhill IW, Hazen SP (2019) Regulation of cell wall thickening by a medley of mechanisms.
Trends Plant Sci 24: 853—-866

Monshausen GB, Haswell ES (2013) A force of nature: molecular mechanisms of
mechanoperception in plants. J Exp Bot 64: 4663—4680

Moore BM, Lee YS, Wang P, Azodi C, Grotewold E, Shiu S-H (2022) Modeling temporal and
hormonal regulation of plant transcriptional response to wounding. Plant Cell 34: 867888

Nakano Y, Yamaguchi M, Endo H, Rejab NA, Ohtani M (2015) NAC-MYB-based
transcriptional regulation of secondary cell wall biosynthesis in land plants. Front. Plant Sci.
6:

Olins JR, Lin L, Lee SJ, Trabucco GM, MacKinnon KJ-M, Hazen SP (2018) Secondary wall
regulating NACs differentially bind at the promoter at a CELLULOSE SYNTHASE A4 cis-
eQTL. Front Plant Sci 9: 1895

Ouyang W, Yin X, Yang J, Struik PC (2020) Comparisons with wheat reveal root anatomical
and histochemical constraints of rice under water-deficit stress. Plant Soil 452: 547-568

Pertea M, Pertea GM, Antonescu CM, Chang T-C, Mendell JT, Salzberg SL (2015) StringTie
enables improved reconstruction of a transcriptome from RNA-seq reads. Nat Biotechnol
33: 290-295

Pifiera-Chavez FJ, Berry PM, Foulkes MJ, Jesson MA, Reynolds MP (2016) Avoiding
lodging in irrigated spring wheat. I. Stem and root structural requirements. Field Crops Res
196: 325-336

Rao X, Dixon RA (2018) Current models for transcriptional regulation of secondary cell wall
biosynthesis in grasses. Front Plant Sci 9: 399

Ruzin SE (1999) Plant Microtechnique and Microscopy. Oxford University Press, USA

Schneider HM (2022) Functional implications of multiseriate cortical sclerenchyma for soil
resource capture and crop improvement. AoB Plants lac050

Schneider HM, Strock CF, Hanlon MT, Vanhees DJ, Perkins AC, Ajmera IB, Sidhu JS,
Mooney SJ, Brown KM, Lynch JP (2021) Multiseriate cortical sclerenchyma enhance root
penetration in compacted soils. Proc Natl Acad Sci U S A. doi: 10.1073/pnas.2012087118

Scippa GS, Di Michele M, Di lorio A, Costa A, Lasserre B, Chiatante D (2006) The response
of Spartium junceum roots to slope: anchorage and gene factors. Ann Bot 97: 857-866

Sebastian J, Yee M-C, Goudinho Viana W, Rellan-Alvarez R, Feldman M, Priest HD,
Trontin C, Lee T, Jiang H, Baxter I, et al (2016) Grasses suppress shoot-borne roots to
conserve water during drought. Proc Natl Acad Sci U S A 113: 8861-8866

Shih H-W, Miller ND, Dai C, Spalding EP, Monshausen GB (2014) The receptor-like kinase
FERONIA is required for mechanical signal transduction in Arabidopsis seedlings. Curr Biol
24:1887-1892

21


http://paperpile.com/b/z4NX9F/96EYv
http://paperpile.com/b/z4NX9F/96EYv
http://paperpile.com/b/z4NX9F/96EYv
http://paperpile.com/b/z4NX9F/96EYv
http://paperpile.com/b/z4NX9F/aylLv
http://paperpile.com/b/z4NX9F/aylLv
http://paperpile.com/b/z4NX9F/aylLv
http://paperpile.com/b/z4NX9F/aylLv
http://paperpile.com/b/z4NX9F/aylLv
http://paperpile.com/b/z4NX9F/kjbst
http://paperpile.com/b/z4NX9F/kjbst
http://paperpile.com/b/z4NX9F/kjbst
http://paperpile.com/b/z4NX9F/kjbst
http://paperpile.com/b/z4NX9F/kjbst
http://paperpile.com/b/z4NX9F/Ta7a6
http://paperpile.com/b/z4NX9F/Ta7a6
http://paperpile.com/b/z4NX9F/Ta7a6
http://paperpile.com/b/z4NX9F/Ta7a6
http://paperpile.com/b/z4NX9F/Ta7a6
http://paperpile.com/b/z4NX9F/lVj22
http://paperpile.com/b/z4NX9F/lVj22
http://paperpile.com/b/z4NX9F/lVj22
http://paperpile.com/b/z4NX9F/lVj22
http://paperpile.com/b/z4NX9F/WfAfD
http://paperpile.com/b/z4NX9F/WfAfD
http://paperpile.com/b/z4NX9F/WfAfD
http://paperpile.com/b/z4NX9F/WfAfD
http://paperpile.com/b/z4NX9F/WfAfD
http://paperpile.com/b/z4NX9F/WfAfD
http://paperpile.com/b/z4NX9F/OAvHm
http://paperpile.com/b/z4NX9F/OAvHm
http://paperpile.com/b/z4NX9F/OAvHm
http://paperpile.com/b/z4NX9F/OAvHm
http://paperpile.com/b/z4NX9F/OAvHm
http://paperpile.com/b/z4NX9F/bQ6PU
http://paperpile.com/b/z4NX9F/bQ6PU
http://paperpile.com/b/z4NX9F/bQ6PU
http://paperpile.com/b/z4NX9F/bQ6PU
http://paperpile.com/b/z4NX9F/bQ6PU
http://paperpile.com/b/z4NX9F/gFyGX
http://paperpile.com/b/z4NX9F/gFyGX
http://paperpile.com/b/z4NX9F/gFyGX
http://paperpile.com/b/z4NX9F/gFyGX
http://paperpile.com/b/z4NX9F/gFyGX
http://paperpile.com/b/pjBCv7/WMpj
http://paperpile.com/b/pjBCv7/WMpj
http://paperpile.com/b/z4NX9F/z7Pyz
http://paperpile.com/b/z4NX9F/z7Pyz
http://paperpile.com/b/z4NX9F/Nn7ed
http://paperpile.com/b/z4NX9F/Nn7ed
http://paperpile.com/b/z4NX9F/Nn7ed
http://paperpile.com/b/z4NX9F/O5VOm
http://paperpile.com/b/z4NX9F/O5VOm
http://paperpile.com/b/z4NX9F/O5VOm
http://paperpile.com/b/z4NX9F/O5VOm
http://dx.doi.org/10.1073/pnas.2012087118
http://paperpile.com/b/z4NX9F/KQtwe
http://paperpile.com/b/z4NX9F/KQtwe
http://paperpile.com/b/z4NX9F/KQtwe
http://paperpile.com/b/z4NX9F/KQtwe
http://paperpile.com/b/z4NX9F/KQtwe
http://paperpile.com/b/z4NX9F/PX3il
http://paperpile.com/b/z4NX9F/PX3il
http://paperpile.com/b/z4NX9F/PX3il
http://paperpile.com/b/z4NX9F/PX3il
http://paperpile.com/b/z4NX9F/PX3il
http://paperpile.com/b/z4NX9F/PX3il
http://paperpile.com/b/z4NX9F/ytxKv
http://paperpile.com/b/z4NX9F/ytxKv
http://paperpile.com/b/z4NX9F/ytxKv
http://paperpile.com/b/z4NX9F/ytxKv
http://paperpile.com/b/z4NX9F/ytxKv
https://doi.org/10.1101/2024.01.25.577257
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.25.577257; this version posted January 29, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Singh V, Sergeeva L, Ligterink W, Aloni R, Zemach H, Doron-Faigenboim A, Yang J,
Zhang P, Shabtai S, Firon N (2019) Gibberellin promotes sweet potato root vascular
lignification and reduces storage-root formation. Front Plant Sci 10: 1320

Sosa JM, Huber DE, Welk B, Fraser HL (2014) Development and application of MIPAR™: a
novel software package for two- and three-dimensional microstructural characterization.
Integrating Materials and Manufacturing Innovation 3: 123-140

Sparks EE (2023) Maize plants and the brace roots that support them. New Phytol 237: 48-52

Stubbs CJ, Cook DD, Niklas KJ (2019) A general review of the biomechanics of root
anchorage. J Exp Bot 70: 3439-3451

Taylor-Teeples M, Lin L, de Lucas M, Turco G, Toal TW, Gaudinier A, Young NF, Trabucco
GM, Veling MT, Lamothe R, et al (2015) An Arabidopsis gene regulatory network for
secondary cell wall synthesis. Nature 517: 571-575

Valdivia ER, Herrera MT, Gianzo C, Fidalgo J, Revilla G, Zarra |, Sampedro J (2013)
Regulation of secondary wall synthesis and cell death by NAC transcription factors in the
monocot Brachypodium distachyon. J Exp Bot 64: 1333-1343

Van Moerkercke A, Duncan O, Zander M, Simura J, Broda M, Vanden Bossche R, Lewsey
MG, Lama S, Singh KB, Ljung K, et al (2019) A MYC2/MYC3/MYC4-dependent
transcription factor network regulates water spray-responsive gene expression and
jasmonate levels. Proc Natl Acad Sci U S A 116: 23345-23356

Walley JW, Coughlan S, Hudson ME, Covington MF, Kaspi R, Banu G, Harmer SL, Dehesh
K (2007) Mechanical stress induces biotic and abiotic stress responses via a novel cis-
element. PLoS Genet 3: 1800-1812

Wang G-L, Que F, Xu Z-S, Wang F, Xiong A-S (2017) Exogenous gibberellin enhances
secondary xylem development and lignification in carrot taproot. Protoplasma 254: 839-848

Wu H, He Q, He B, He S, Zeng L, Yang L, Zhang H, Wei Z, Hu X, Hu J, et al (2023)
Gibberellin signaling regulates lignin biosynthesis to modulate rice seed shattering. Plant
Cell 35: 4383-4404

Yu G, Wang L-G, He Q-Y (2015) ChlPseeker: an R/Bioconductor package for ChIP peak
annotation, comparison and visualization. Bioinformatics 31: 2382—-2383

Zhang J, Xie M, Tuskan GA, Muchero W, Chen J-G (2018) Recent advances in the
transcriptional regulation of secondary cell wall biosynthesis in the woody plants. Front
Plant Sci 9: 1535

Zhang Y, Liu T, Meyer CA, Eeckhoute J, Johnson DS, Bernstein BE, Nusbaum C, Myers
RM, Brown M, Li W, et al (2008) Model-based analysis of ChIP-Seq (MACS). Genome
Biol 9: R137

Zhao K, Lin F, Romero-Gamboa SP, Goh H-J, Saha P, An G, Jung K-H, Hazen SP, Bartley
LE (2019) Rice genome-scale network integration reveals transcriptional regulators of
grass cell wall synthesis. Front. Plant Sci.

Zhong R, Lee C, McCarthy RL, Reeves CK, Jones EG, Ye Z-H (2011) Transcriptional

22


http://paperpile.com/b/z4NX9F/7D8Cy
http://paperpile.com/b/z4NX9F/7D8Cy
http://paperpile.com/b/z4NX9F/7D8Cy
http://paperpile.com/b/z4NX9F/7D8Cy
http://paperpile.com/b/z4NX9F/7D8Cy
http://paperpile.com/b/z4NX9F/7D8Cy
http://paperpile.com/b/z4NX9F/1oolt
http://paperpile.com/b/z4NX9F/1oolt
http://paperpile.com/b/z4NX9F/1oolt
http://paperpile.com/b/z4NX9F/1oolt
http://paperpile.com/b/z4NX9F/1oolt
http://paperpile.com/b/z4NX9F/1oolt
http://paperpile.com/b/z4NX9F/1oolt
http://paperpile.com/b/z4NX9F/1oolt
http://paperpile.com/b/z4NX9F/vpyT
http://paperpile.com/b/z4NX9F/vpyT
http://paperpile.com/b/z4NX9F/vpyT
http://paperpile.com/b/z4NX9F/vpyT
http://paperpile.com/b/z4NX9F/HoRQc
http://paperpile.com/b/z4NX9F/HoRQc
http://paperpile.com/b/z4NX9F/HoRQc
http://paperpile.com/b/z4NX9F/HoRQc
http://paperpile.com/b/z4NX9F/HoRQc
http://paperpile.com/b/z4NX9F/R2A6x
http://paperpile.com/b/z4NX9F/R2A6x
http://paperpile.com/b/z4NX9F/R2A6x
http://paperpile.com/b/z4NX9F/R2A6x
http://paperpile.com/b/z4NX9F/R2A6x
http://paperpile.com/b/z4NX9F/R2A6x
http://paperpile.com/b/z4NX9F/GXhEG
http://paperpile.com/b/z4NX9F/GXhEG
http://paperpile.com/b/z4NX9F/GXhEG
http://paperpile.com/b/z4NX9F/GXhEG
http://paperpile.com/b/z4NX9F/GXhEG
http://paperpile.com/b/z4NX9F/GXhEG
http://paperpile.com/b/z4NX9F/cwOqE
http://paperpile.com/b/z4NX9F/cwOqE
http://paperpile.com/b/z4NX9F/cwOqE
http://paperpile.com/b/z4NX9F/cwOqE
http://paperpile.com/b/z4NX9F/cwOqE
http://paperpile.com/b/z4NX9F/cwOqE
http://paperpile.com/b/z4NX9F/cwOqE
http://paperpile.com/b/z4NX9F/1qI48
http://paperpile.com/b/z4NX9F/1qI48
http://paperpile.com/b/z4NX9F/1qI48
http://paperpile.com/b/z4NX9F/1qI48
http://paperpile.com/b/z4NX9F/1qI48
http://paperpile.com/b/z4NX9F/1qI48
http://paperpile.com/b/z4NX9F/Skod9
http://paperpile.com/b/z4NX9F/Skod9
http://paperpile.com/b/z4NX9F/Skod9
http://paperpile.com/b/z4NX9F/Skod9
http://paperpile.com/b/z4NX9F/Skod9
http://paperpile.com/b/z4NX9F/eeayy
http://paperpile.com/b/z4NX9F/eeayy
http://paperpile.com/b/z4NX9F/eeayy
http://paperpile.com/b/z4NX9F/eeayy
http://paperpile.com/b/z4NX9F/eeayy
http://paperpile.com/b/z4NX9F/eeayy
http://paperpile.com/b/z4NX9F/7STC9
http://paperpile.com/b/z4NX9F/7STC9
http://paperpile.com/b/z4NX9F/7STC9
http://paperpile.com/b/z4NX9F/7STC9
http://paperpile.com/b/z4NX9F/7STC9
http://paperpile.com/b/z4NX9F/Y7P7p
http://paperpile.com/b/z4NX9F/Y7P7p
http://paperpile.com/b/z4NX9F/Y7P7p
http://paperpile.com/b/z4NX9F/Y7P7p
http://paperpile.com/b/z4NX9F/Y7P7p
http://paperpile.com/b/z4NX9F/Y7P7p
http://paperpile.com/b/z4NX9F/iPoB8
http://paperpile.com/b/z4NX9F/iPoB8
http://paperpile.com/b/z4NX9F/iPoB8
http://paperpile.com/b/z4NX9F/iPoB8
http://paperpile.com/b/z4NX9F/iPoB8
http://paperpile.com/b/z4NX9F/iPoB8
http://paperpile.com/b/z4NX9F/kH7CY
http://paperpile.com/b/z4NX9F/kH7CY
http://paperpile.com/b/z4NX9F/kH7CY
http://paperpile.com/b/z4NX9F/kH7CY
http://paperpile.com/b/z4NX9F/1An3k
http://paperpile.com/b/z4NX9F/1An3k
https://doi.org/10.1101/2024.01.25.577257
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.25.577257; this version posted January 29, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

activation of secondary wall biosynthesis by rice and maize NAC and MYB transcription
factors. Plant Cell Physiol 52: 1856-1871

Zhong R, Lee C, Ye ZH (2010) Global analysis of direct targets of secondary wall NAC master
switches in Arabidopsis. Mol Plant 3: 1087-1103

Zhong R, Lee C, Zhou J, McCarthy RL, Ye Z-H (2008) A battery of transcription factors
involved in the regulation of secondary cell wall biosynthesis in Arabidopsis. Plant Cell 20:
2763-2782

Zhong R, Yuan Y, Spiekerman JJ, Guley JT, Egbosiuba JC, Ye Z-H (2015) Functional
characterization of NAC and MYB transcription factors involved in regulation of biomass
production in switchgrass (Panicum virgatum). PLoS One 10: e0134611

Zimmermann HM, Steudle E (1998) Apoplastic transport across young maize roots: effect of
the exodermis. Planta 206: 7-19

23


http://paperpile.com/b/z4NX9F/1An3k
http://paperpile.com/b/z4NX9F/1An3k
http://paperpile.com/b/z4NX9F/1An3k
http://paperpile.com/b/z4NX9F/1An3k
http://paperpile.com/b/z4NX9F/qzDw
http://paperpile.com/b/z4NX9F/qzDw
http://paperpile.com/b/z4NX9F/qzDw
http://paperpile.com/b/z4NX9F/qzDw
http://paperpile.com/b/z4NX9F/qzDw
http://paperpile.com/b/z4NX9F/T9dKo
http://paperpile.com/b/z4NX9F/T9dKo
http://paperpile.com/b/z4NX9F/T9dKo
http://paperpile.com/b/z4NX9F/T9dKo
http://paperpile.com/b/z4NX9F/T9dKo
http://paperpile.com/b/z4NX9F/T9dKo
http://paperpile.com/b/z4NX9F/aAPPa
http://paperpile.com/b/z4NX9F/aAPPa
http://paperpile.com/b/z4NX9F/aAPPa
http://paperpile.com/b/z4NX9F/aAPPa
http://paperpile.com/b/z4NX9F/aAPPa
http://paperpile.com/b/z4NX9F/aAPPa
http://paperpile.com/b/z4NX9F/wlUHv
http://paperpile.com/b/z4NX9F/wlUHv
http://paperpile.com/b/z4NX9F/wlUHv
http://paperpile.com/b/z4NX9F/wlUHv
http://paperpile.com/b/z4NX9F/wlUHv
https://doi.org/10.1101/2024.01.25.577257
http://creativecommons.org/licenses/by-nc-nd/4.0/

	McCahill LNR manuscript v1.4 text.pdf
	Figure1.png.pdf
	McCahill LNR manuscript v1.4 text
	Figure2.png.pdf
	Figure3.png.pdf
	McCahill LNR manuscript v1.4 text
	Figure4.png.pdf
	Figure5.png.pdf
	McCahill LNR manuscript v1.4 text
	Figure6.png.pdf
	Figure7.png.pdf
	McCahill LNR manuscript v1.4 text
	Figure8.png.pdf
	McCahill LNR manuscript v1.4 text
	Figure9.png.pdf
	McCahill LNR manuscript v1.4 text
	Figure10.png.pdf
	McCahill LNR manuscript v1.4 text
	Accession numbers


