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Mechanical impedance limits soil exploration and resource capture
by plant roots. We examine the role of root anatomy in regulating
plant adaptation to mechanical impedance and identify a root
anatomical phene in maize (Zea mays) and wheat (Triticum aesti-
vum) associated with penetration of hard soil: Multiseriate cortical
sclerenchyma (MCS). We characterize this trait and evaluate the
utility of MCS for root penetration in compacted soils. Roots with
MCS had a greater cell wall-to-lumen ratio and a distinct UV emis-
sion spectrum in outer cortical cells. Genome-wide association
mapping revealed that MCS is heritable and genetically controlled.
We identified a candidate gene associated with MCS. Across all
root classes and nodal positions, maize genotypes with MCS had
13% greater root lignin concentration compared to genotypes
without MCS. Genotypes without MCS formed MCS upon exoge-
nous ethylene exposure. Genotypes with MCS had greater lignin
concentration and bending strength at the root tip. In controlled
environments, MCS in maize and wheat was associated improved
root tensile strength and increased penetration ability in com-
pacted soils. Maize genotypes with MCS had root systems with
22% greater depth and 49% greater shoot biomass in compacted
soils in the field compared to lines without MCS. Of the lines we
assessed, MCS was present in 30 to 50% of modern maize, wheat,
and barley cultivars but was absent in teosinte and wild and land-
race accessions of wheat and barley. MCS merits investigation as a
trait for improving plant performance in maize, wheat, and other
grasses under edaphic stress.

root anatomy | soil impedance | phenotype

Soil mechanical impedance is a significant problem that im-
pacts root growth, soil quality, the environment, and crop

production on a global scale (1). Soil compaction destroys struc-
ture, reduces porosity, limits water infiltration, reduces aeration,
and restricts root growth through physical consolidation (2).
Compacted soil layers constrain crop productivity by restricting
root growth and exploration in deeper soil domains, which in turn
limits access to nutrients and water (3). Plants with roots that are
able to penetrate hard soil have an advantage in water and nu-
trient capture at depth, ultimately affording superior performance
under drought or low soil fertility (4).
Root phenes [phenes are the fundamental units of a pheno-

type, in the sense of Lynch (5)] have important roles in plant–soil
interactions, nutrient cycling, and soil resource capture (4, 6).
Root phenes affect the temporal and spatial distribution of roots
in specific soil domains and the ability of roots to obtain mobile
and immobile resources (4, 6–9). Mobile nutrients, including
nitrate and water, are more available in deeper soil strata due to
leaching and evaporation throughout the growth season. In
contrast, phosphorus, an immobile soil nutrient, is more avail-
able in the topsoil (10). The ability of plants to penetrate through
compacted soil is important for capturing mobile nutrients lo-
cated in deep soil domains.

Root anatomical phenes have a large effect on penetration
ability (11). Thicker roots are more resistant to buckling and
deflection when encountering hard soils (12, 13). However, in
maize, cortical cell wall thickness, cortical cell count, cortical cell
wall area, and stele diameter predict root penetration and bend
strength better than root diameter (14). Smaller cells in the outer
cortical region in maize are associated with increased root pen-
etration of hard layers by stabilizing the root against compression
and reducing the risk of buckling and collapse (14). Deeper-
rooting maize plants in compacted soils have a reduced cortical
cell file number in roots from node three and increased aeren-
chyma in node four (11). Variation in penetration ability has also
been observed among and within species, including cotton (15),
maize (16), soybean (16), rice (17, 18), and wheat (19, 20).
In addition to affecting penetration of hard soil, root ana-

tomical phenes also have significant effects on the metabolic
costs of soil exploration. In maize (Zea mays), the number of
cortical cell files and size of cortical cells impacts root respira-
tion, nutrient content, and root elongation into deep soil do-
mains (21, 22). In wheat (Triticum aestivum), larger cortical cells
are associated with reduced metabolic costs under mechanical
impedance (23). Aerenchyma in the root cortex also affects tis-
sue maintenance costs, plant growth, and yield in environments
with suboptimal water and nitrogen availability (24–27).

Significance

Multiseriate cortical sclerenchyma (MCS) is a root anatomical
phenotype with utility in environments with mechanical im-
pedance. The MCS phenotype is characterized by small cells
with thick walls in outer cortical tissue. Genotypes with MCS
were associated with greater root lignin concentration, greater
tensile strength, and greater root tip bending force compared
to non-MCS genotypes. MCS improved root depth and plant
growth under mechanical impedance in the greenhouse and
field. MCS is heritable and genetically controlled. The identifi-
cation of anatomical phenes and their genetic control may be
an important consideration for breeders for the improvement
of crop cultivars with enhanced edaphic stress tolerance.
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While relationships of root cortical phenes, like cell size, cell
file number, and aerenchyma with root penetration ability have
been reported, the functional utility of multiseriate sclerenchyma
in outer cortical cells is unknown. Here, we define multiseriate
cortical sclerenchyma (MCS) as small lignified cortical cells in
the outer cortex of nodal roots. Sclerenchyma are complexes of
thick-walled cells, usually lignified, with important mechanical
functions. Sclerenchyma tissue enables plant organs to withstand
strains from stretching, bending, weight, and pressure while
protecting thin-walled cells. Sclerenchyma cells show wide vari-
ation in form, structure, origin, and development and frequently
have no living protoplasts at maturity (28). However, there are
also types of sclerenchyma with living protoplasts and lignified
secondary walls, including sclerotic parenchyma (29, 30).
In monocotyledonous plants, peripheral cortical tissues have

variable composition. Peripheral cortical tissues may include a
complex hypodermis, consisting of one or several layers below
the epidermis and centripetally developed internal sclerenchyma
layers (31). In response to mechanical injury, cell wall modifi-
cations and impregnation by suberin and lignin have been ob-
served in hypodermal and deeper cortical layers (31). Cortical
cells that comprise the MCS phenotype are lignified scleren-
chyma, a common cell type in plant tissue. However, here we
focus on the utility of the spatiotemporal development of MCS,
which is distinct from the cell types involved.
Lignin, an umbrella term for a large group of complex aro-

matic polymers resulting from the oxidative polymerization of
hydroxycinnamyl alcohols (32, 33), is associated with mechanical
support, water transport in the xylem, and defense against pests
and microorganisms in plants (34). In monocots, lignin deposi-
tion occurs after the incorporation of hemicellulose and cellulose
into the cell wall (35, 36). Lignification begins when cell wall
polysaccharides become cross-linked to monolignols through
hydroxycinnamic acids (37). Lignin fills the spaces in the cell wall
between cellulose, hemicellulose, and pectin to increase the
mechanical strength of the cell wall (38). Lignin biosynthesis may
be induced by a variety of biotic and abiotic stresses, such as
pathogen infection, metabolic stress, wounding, and perturba-
tions in the cell wall structure (39–41). After cellulose, lignin is
the second-most abundant organic compound in plants and is
predominantly deposited in the walls of secondarily thickened
cells, making them rigid and impervious. The extent of lignifi-
cation depends on the tissue type and function, and supportive
tissues typically have greater lignification when compared to
parenchyma tissues. Plant lignin content also varies with plant
maturity (42, 43), among organs (44–46), among species [e.g.,
between angiosperms and gymnosperms (47, 48) and between
maize and wheat (45, 46, 49)], as well as within species (47).

In roots, lignin concentration is elevated in several tissues,
including the endodermis, exodermis (i.e., hypodermis with a
Casparian band), and hypodermis (i.e., one or more cell layers
adjacent to the epidermis). In maize, the epidermis and endo-
dermis are the outermost and innermost parts the cortex, re-
spectively, while the “central cortex” or mesodermis refers to the
region of the cortex between the epidermis and the endodermis.
Lignin deposition in the exodermis and the endodermis increases
with plant maturity and is marked by cellulosic wall thickenings,
often embedded with lignin and sometimes suberin, deposited
along the radial, tangential, and transverse walls (50). Lignifi-
cation of these tissues presumably is induced by a suite of abiotic
and biotic factors and modulated by many genes and hormonal
pathways. Ethylene, for example, has known roles in lignin de-
position (51) in roots and is an important regulator of the de-
velopment of the Casparian band (52). Genes related to ethylene
biosynthesis and signaling are also associated with lignin accu-
mulation in the root (53, 54). In mungbean roots (Vigna radiata),
lignin content was enhanced by exogenous ethylene exposure
and the increased production of lignin was associated with
changes in the activity of key lignin biosynthesis enzymes and
hydrogen peroxide content (51).
This study is an explicit characterization of the functional

utility of the phene we are designating as MCS. In this work, we
define the characteristics, development, and regulation of MCS
in maize roots and test the utility of this phene for root pene-
tration ability in compacted soils through laboratory, green-
house, and field experiments.

Results
Characterization of MCS. Thickened, outer cortical sclerenchyma
(MCS) cell walls are characterized as living small cells with thick
cell walls within the four to seven cell files directly inside the
hypodermis (Fig. 1). In genotypes with MCS, thickness of outer
cortical cell walls ranged from 7.9 to 11.1 μm, with a mean of 9.5
μm. In genotypes lacking MCS, thickness of outer cortical cell
walls ranged from 2.3 to 5.4 μm with a mean of 4.3 μm (SI Ap-
pendix, Fig. S1). Maize, wheat, and barley lines with MCS were
classified as having a cell wall-to-lumen area ratio of greater than
2 and lines without MCS were characterized as having a cell
wall-to-lumen area ratio less than 2 (Fig. 1). Thick cell walls
present in MCS are primarily thickened with high concentrations
of lignin but not pectin or cellulose (Fig. 2). Histological staining
of root segments demonstrates that sclerenchyma cells com-
prising MCS tissue are viable (SI Appendix, Fig. S2).
Laser ablation tomography (LAT) can be used to quickly

phenotype MCS in cortical cells. Total lignin quantification in
plant tissues by traditional chemical methods requires relatively

N
o
M
CS

M
CS

No MCSMCS

Fig. 1. LAT can be used to quickly and accurately phenotype MCS. Lines with MCS have smaller and thicker outer cortical cells. These thickened cortical cells
are stained red with phloroglucinol-HCl due to their high lignin content. Cryo-SEM images show detailed images of the smaller cells with thick cell walls in the
outer cortex. (Scale bar, 100 μm.) Violin plot showing median, interquartile range, 95% CIs, and frequency of cell wall:lumen area ratio for MCS (n = 27) and
non-MCS (n = 26) root samples. Letters denote significant differences as determined by Welch’s two-sample t-test at a confidence level of α ≤ 0.05.
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large sample volumes and up to 10-d processing time, while LAT
image capture and analysis requires less than 2 min per sample.
Roots with MCS had a greater cell wall-to-lumen area ratio in
the outer third of the cortex than roots without MCS (Fig. 1).
Under UV excitation, cell walls of the outer cortex had a sig-
nificantly reduced dominant emission spectra in roots with MCS
(474.4 nm) compared to roots with no MCS (479.5 nm), as
demonstrated through Welch’s two-sample t test (Fig. 3). Phe-
notyping MCS by cell wall-to-lumen area ratio was validated
through total lignin quantification assays in the laboratory and
histological methods (Figs. 1 and 3). MCS can also be pheno-
typed qualitatively with phloroglucinol-HCl staining (Fig. 1 and
SI Appendix, Fig. S3); however, staining methods require signif-
icantly more time for sample preparation and imaging compared
to LAT. In addition to maize, we observed variation for the MCS
phenotype in barley and wheat. LAT of barley and wheat genotypes
grown in solution culture demonstrated that these species show
genotypic variation for the MCS phenotype (SI Appendix, Fig. S4).
Genotypes with MCS were classified as having a cell wall-to-lumen
area ratio greater than 2 in barley, wheat, and teosinte.
A more detailed analysis of barley (landraces vs. modern

cultivars) and wheat (landraces, wild accessions vs. modern cul-
tivars) revealed that the MCS phenotype was only present in
modern cultivars, whereas none of the 26 landraces and wild taxa
we assessed developed MCS. Furthermore, MCS was observed in
∼50% of the modern barley and wheat cultivars. No landraces or
wild taxa formed MCS (SI Appendix, Figs. S5 and S6 and Table
S1). In wheat, MCS was only observed in modern hexaploid
varieties and not in diploid wild cultivars and tetraploid landrace
and modern varieties (SI Appendix, Fig. S5 and Table S1). In
addition, MCS was not present at any nodal position in the five
Z. mays ssp. parviglumis accessions studied (SI Appendix, Fig. S7
and Table S1).
In greenhouse mesocosms, the MCS phenotype in maize was

observed at 25 d after planting at 10 to 12 cm from the root apex
in node 2, after the zone of differentiation and lateral root for-
mation (SI Appendix, Fig. S8). Cortical cells with MCS did not
change their cell wall thickness once it had formed (SI Appendix,
Fig. S9) or along the root axis (SI Appendix, Fig. S8). In the

genotypes studied, MCS was not detected in seminal, primary,
and first node crown roots or lateral roots (SI Appendix, Fig.
S10). Its presence was weakly observed in second node crown
roots and it became more pronounced in roots emerging from
younger nodes with increased diameters. When compared within
a nodal position, root diameter was not associated with MCS.
However, the proportion of cross-sectional area that was occu-
pied by the stele was significantly positively correlated with MCS
(SI Appendix, Fig. S11).
Root lignin concentrations were significantly positively corre-

lated with cell wall-to-lumen area ratios (R2 0.74, P < 0.05). No
significant differences were observed in root lignin concentra-
tions of primary, seminal, and first node axial roots between
genotypes with and without MCS (Fig. 3). Third- and fourth-
node crown roots with MCS had significantly greater lignin

No MCSMCS

Fig. 2. Fourier-transform infrared spectroscopy demonstrates that outer
cortical cells in genotypes with MCS are embedded with lignin (highlighted
in red circles) and do not have elevated concentrations of pectin or cellulose
when compared to non-MCS genotypes (n = 2). The heatmap displays the
concentration of the cell wall component and the hotter the color, the
greater the concentration. Images are of nodal, field-grown maize roots.
(Scale bar, 50 μm.)

No MCS
MCS

No MCSMCS

D

A

B C

Fig. 3. (A) Violin plot showing median, interquartile range, 95% CIs, and
frequency of dominant emission wavelength (λ) for the outer cortical region
of high (n = 27) and low lignin roots (n = 26). Letters denote significant
difference as determined by Welch’s two-sample t-test at a confidence level
of α ≤ 0.05. (B and C) Density plots of modal R, G, and B values for pixels in
outer cortical region of roots with MCS (B) and non-MCS (C). (D) Root lignin
concentrations and MCS in different root classes and nodes. Root lignin
concentrations are not significantly different in primary, seminal, and first-
and second-node crown roots in genotypes with and without MCS. Root
lignin concentrations were measured in all tissues of the entire root. Roots
with MCS had significantly greater lignin concentrations compared to roots
with no MCS in third and fourth-node crown roots. Data shown are means ±
SE for three genotypes per group (n = 12). Means with the same letters are
not significantly different (P ≤ 0.05).
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concentrations compared to roots without MCS. In addition,
genotypes with MCS had significantly more lignin in the root tip
(0.021 ± 0.004 g g−1) compared to genotypes without MCS
(0.01 ± 0.003 g g−1). Total root lignin concentration and the
presence of MCS in roots did not correlate with lignin concen-
trations of stems or leaves (SI Appendix, Fig. S12).
MCS development was modulated by ethylene exposure. All

non-MCS genotypes formed MCS upon exogenous ethylene
exposure (SI Appendix, Fig. S13). However, genotypes with MCS
did not change the extent of MCS or cell wall thickness upon
exogenous ethylene exposure. Ethylene treatment did not in-
fluence where MCS began relative to the root apex. No differ-
ences in MCS were observed between the ethylene inhibitor,
control, and the ethylene and inhibitor treatments. This suggests
that ethylene action is not strictly required for MCS, but instead
acts as a modulator of MCS initiation (Fig. 4).

Utility of MCS under Mechanical Impedance.
MCS increases tensile and root tip strength. During the tensile test,
roots displayed typical elastic–plastic deformation with initially
steep force displacement curves in the elastic region before plastic
deformation beyond the yield point. In the force displacement
curves, two distinct peaks were observed. The first peak marks
cortical failure and the second peak marks ultimate tensile failure
[see Chimungu et al. (14)]. Tensile breaking force increased with
increasing root lignin concentration and cell wall-to-lumen area
ratio (Fig. 5 A and C). Genotypes with MCS were associated with
greater cortical tensile strength compared to non-MCS genotypes.
In maize, root lignin concentrations were significantly positively
correlated with root cortical tensile strength (R2 = 0.15, P =
0.0034). In wheat, cell wall-to-lumen area ratios were significantly
positively correlated with root cortical tensile strength (R2 = 0.29,
P = 0.0047). Tensile strength of the root cortex was on average
20% and 28% greater in lines with MCS compared to lines
without MCS in maize and wheat, respectively (Fig. 5 A and C).
Similarly to increased cortical tensile strength, genotypes with

MCS had greater root tip strength. In maize roots from nodes 3
and 4, genotypes with MCS had on average 109% greater root
tip bending strength (i.e., the force required to bend the root tip)
at 3 mm from the root apex compared to genotypes without MCS
(Fig. 5B). In wheat, genotypes with MCS had on average 57%
greater root tip bending strength at 3 mm from the root apex
compared to genotypes with no MCS (Fig. 5D).

MCS increases root penetration of a wax layer. The root penetration
ratio through a wax layer ranged from 0.44 to 0.93 across the six
maize genotypes studied, where a root penetration value of 1
signifies that all roots penetrated the wax layer and a root pen-
etration value of 0 signifies that no roots were able to penetrate
the wax layer. Maize genotypes with MCS had on average 48%
greater penetration ability through the hard wax layer compared
to genotypes without MCS (Fig. 6 A and B). Wheat genotypes with
MCS had on average 62% greater penetration ability through the
hard wax layer compared to genotypes without MCS (Fig. 6 C
and D).
MCS increases root penetration of compacted soil. Compacted green-
house mesocosms had significantly greater penetrometer resis-
tance at 22- to 45-cm depth compared to mesocosms without
compaction (SI Appendix, Fig. S14). Upon reaching the com-
pacted zone, roots of the genotypes without MCS increased their
cell wall-to-lumen area ratio in the outer cortex by 19% while
this ratio remained unchanged in genotypes with MCS. However,
in non-MCS genotypes cell wall-to-lumen area ratios did not meet
the threshold to be considered MCS (i.e., cell wall-to-lumen area
ratio greater than 2) but genotypes with MCS reduced the number
of cell files with thickened walls by 45% after the transition from
less to more compacted soil (SI Appendix, Fig. S14). In addition, MCS
was accompanied by larger cells in the mesodermis (i.e., midcortex)
(SI Appendix, Fig. S14). Interestingly, MCS genotypes had on average
50% greater dry shoot biomass compared to non-MCS genotypes
in the compaction treatment while no differences in dry shoot
biomass were observed between these genotypes in control con-
ditions (SI Appendix, Fig. S14).

Field Experiments. Genotypes with MCS had on average 26%
greater D75 (the depth above which 75% of the total root length
within a core was located) in compacted soil at the Apache Root
Biology Center in Willcox, Arizona (ARBC) and on average
18% greater D75 in compacted soil at the Russell E. Larson
Agricultural Research Center in Rock Springs, Pennsylvania
(PSU), compared to lines without MCS (Fig. 7). This indicates
that roots with MCS are better able to penetrate hard, com-
pacted soils compared to roots without MCS. Genotypes with
MCS had on average 46% and 51% greater dry shoot biomass
compared to lines without MCS in compacted soils at the ARBC
and PSU, respectively. No significant differences were observed
in shoot biomass in the noncompacted treatment between gen-
otypes with and without MCS in either environment (Fig. 7).

Genome-Wide Association Mapping and Quantitative Trait Mapping.
MCS is heritable (H2 = 0.64) and genetically controlled.
Genome-wide association mapping/studies (GWAS) identified a
significant SNP using a Bonferroni-corrected genome-wide
threshold value of −log(p) = 7.07. Candidate genes were selected
from gene models containing SNPs above the Bonferroni signifi-
cance threshold. The significant SNP was located in gene model
Zm00008a033967 on chromosome 9 and was associated with a
MEI2-like RNA binding protein (Fig. 8). This significant SNP on
chromosome 9 identified through GWAS overlaps with the 1.5
LOD confidence interval (CI) with a quantitative trait locus (QTL)
identified in the IBM population (SI Appendix, Fig. S15).

Discussion
We present MCS, a root anatomical phenotype in maize and
other cereals and provide evidence for its physiological impli-
cations. We evaluated genotypes with and without MCS in dif-
ferent environments, including the growth chamber, greenhouse,
and two field sites in order to assess the physiological utility of
this phene under mechanical impedance. We demonstrated that
MCS can be accurately and rapidly phenotyped using LAT (Figs.
1 and 3) or less rapidly with phloroglucinol-HCl staining (Fig. 1).
MCS is characterized by small cells with highly lignified, thick

A A
A A

A

B B
B

Fig. 4. Ethylene modulates the formation of MCS. Genotypes with no MCS
increased their cell wall-to-lumen ratio (a quantitative measure of MCS
formation) upon exposure to ethylene. Genotypes with MCS formation did
not increase their cell wall-to-lumen area ratio in outer cortical cells upon
ethylene exposure. The ethylene inhibitor treatment reversed the ethylene-
induced increase in MCS in no MCS genotypes. Data shown are means ± SE
for three genotypes per group (n = 12). Means with the same letters are not
significantly different (P ≤ 0.05).
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cell walls in the outer cortex (Fig. 2). MCS is modulated by
ethylene in genotypes without constitutive MCS (Fig. 4). MCS is
associated with enhanced cortical tensile strength and bending
force of the root tip (Fig. 5). In the greenhouse and growth
chamber, genotypes with MCS were associated with increased
penetration of hard soils (Fig. 6). In the field, genotypes with
MCS had greater root depth distribution (D75) and greater shoot
biomass in compacted soil compared to non-MCS genotypes
(Fig. 7).
Cortical cells that comprise the MCS phenotype are lignified

sclerenchyma, a common cell type in plant tissue. Sclerenchyma
cells can be found in many plant tissues, including xylem,
phloem, leaves, fruits, periderm, cortex, and the pith. In roots,
sclerenchyma is common in monocotyledons, but rare in dicot-
yledons and usually presents as a cylindrical arrangement of
several cortical cell files either directly beneath the epidermis or
next to the endodermis (28). Several species develop sub-
exodermal layers modified with lignin or suberin (but not Cas-
parian bands or suberin lamellae). These lignified subexodermal
layers may provide structural support and occur in many species,
including Pontederia, Nelumbo (55), and Phragmites (56). While
these species have a similar pattern of sclerenchyma when
compared to MCS, MCS is characterized by many more lignified
cell layers, with thicker cell walls and a distinct temporal devel-
opment in specific root classes. The term “MCS” refers to the

spatial and temporal development of sclerenchyma cells in the
root cortex, as described here.
In the present study, LAT and subsequent semiautomatic

analysis of images using MIPAR software (57) enabled the rapid
quantitative evaluation of MCS, expressed as cell wall-to-lumen
area ratios. Strock et al. (58) used the autofluorescent signature
of cell walls under UV excitation (355 nm), converted into RGB
spectra values, and calculated the dominant emission wavelength
within the visible spectrum to detect root colonization by edaphic
organisms. With minor adjustments, these methods were adap-
ted in to rapidly identify MCS based on spectral emission of
outer cortical cells. Total lignin quantification in plant tissues
using traditional chemical analysis requires relatively large
sample volumes and up to 10-d processing time (59). We dem-
onstrate that quantitative phenotyping the cell wall-to-lumen
area ratio, or spectral analysis by LAT or qualitative phenotyping
by phloroglucinol HCl staining, are viable and rapid methods to
phenotype MCS.
Thickened cell walls were weakly present in a few second-node

crown roots and became more pronounced in younger nodes
with increased root diameters (SI Appendix, Fig. S10). When
compared within node, root diameter was not associated with
MCS. However, the proportion of cross-sectional area that was
occupied by the stele was positively correlated with MCS (SI
Appendix, Fig. S11).

Fig. 5. Root lignin concentration is correlated with tensile stress of the root cortex and root tip bending force. (A) Tensile stress of seminal roots, and first-,
second-, and third-node crown root in maize is shown at 37 d of growth from greenhouse mesocosms. (B) Roots with MCS had a greater root tip bending
force compared to tips of roots without MCS in maize. (C) Tensile stress of nodal roots in wheat is shown at 30 d of growth from greenhouse mesocosms. (D)
Tips of roots with MCS had a greater bending force compared to tips of roots without MCS in wheat. Data shown are means ± SE for four replications per
genotype from plants grown in greenhouse mesocosms (n = 12 in maize, n = 16 for wheat with MCS, n = 32 for wheat without MCS). Means with the same
letters are not significantly different (P ≤ 0.05) according to Tukey’s HSD.
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Our results are consistent with previous reports suggesting that
lignification and thickening of cortical cell walls may have utility
under edaphic (i.e., soil-related) stress (31, 60, 61). In grasses,

hypodermal (and subhypodermal) layers are frequently com-
prised of small cells with thick walls (31). Lux et al. (31) reported
a “multilayered sclerenchymatous hypodermis” in sorghum and

Fig. 6. MCS enables roots to better penetrate soils with a hard wax layer in maize and wheat. (A) Maize genotypes with MCS have a greater penetration
ratio compared to genotypes with no MCS. (B) Average penetration ratio of maize genotypes with MCS compared to the average penetration ratio of non-
MCS genotypes. (C) Wheat genotypes with MCS have a greater penetration ratio compared to genotypes with no MCS. (D) Average penetration ratio of
wheat genotypes with MCS compared to the average penetration ratio of non-MCS genotypes. Penetration ratio was calculated as the ratio of the number of
roots penetrating the compacted layer to number of roots reaching the compacted layer. Data shown are means ± SE for four replications per genotypes (n =
12 in maize, n = 16 for wheat with MCS, n = 32 for wheat without MCS) of all axial roots. Means with the same letters are not significantly different (P ≤ 0.05)
according to Tukey’s HSD.

Fig. 7. In the field, genotypes with MCS have significantly greater rooting depth and shoot biomass in compacted soil compared to genotypes without MCS
at PSU and ARBC. Data shown are means ± SE for four replications per genotype (n = 12). Means with the same letters are not significantly different (P ≤ 0.05).
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wheat characterized by small cortical cells with thick walls and
speculated that small, thick cells may provide mechanical pro-
tection to the root surface and may be an important barrier for
inner tissues. In sorghum, a drought-tolerant genotype increased
“subhypodermal sclerenchyma with thickened walls” in the stem
and to some degree in the roots compared to a drought-susceptible
genotype (60). In aerial brace roots in maize, the outer cortex was
observed to have heavily lignified secondary walls (62). Thick cell
walls of the multiseriate epidermal layer in graminaceous and
cyperaceous species increased root resistance to compression (61).
However, these studies are largely observational and speculative
and do not test the utility of MCS for edaphic stress tolerance.
Analysis of numerous root anatomical phenes in maize lines found
a correlation of outer cortical cell size with root penetration of a
hard wax layer, but did not include further characterization of cells
in the outer cortex, or experimental isolation of this phene from
other anatomical phenes reported (14). In light of the results
presented here, we propose that the small diameter outer cortical
cells reported by Chimungu et al. (14) were MCS. The lack of
consistent terminology to describe the MCS phenotype further
complicates the investigation of this phene. This emphasizes the
need for the use of a reference naming system (ontologies) for
roots and root phenes (63).
Not all genotypes develop MCS constitutively, but MCS could

be induced through ethylene exposure in all genotypes studied.
Although MCS was induced by ethylene, 1-MCP, an ethylene
inhibitor, did not affect MCS in the absence of ethylene. This
suggests that ethylene action is not strictly required for MCS but
instead may act as a modulator of MCS initiation: That is, MCS
is not regulated by basal endogenous production of ethylene,
however, increases in ethylene induce MCS when it is not already
present. Levels of 1-MCP used in this study have been shown to
be effective in inhibiting root cortical senescence in barley (64)
and root cortical aerenchyma in maize (65).
Ethylene has known roles in lignification. Lignification in-

duced by ethylene has implications in mitigating pathogen in-
fection, metabolic stress, wounding, and perturbations in the cell
wall structure (39, 40). Ethylene-related genes have been shown
to be up-regulated in root tissue in response to root-knot nema-
tode infestation in rice (66) and Arabidopsis (53) and are associ-
ated with lignin accumulation in the root. MCS and increased
lignification of outer cortical cells may also play a role in defense
against pests and pathogens.
Genotypes that had roots with high lignin concentrations did

not have elevated lignin concentrations in the shoot (SI Appen-
dix, Fig. S12). Therefore, MCS cannot be predicted by lignin
concentrations in the stem or leaves. Roots of wheat and maize
have higher lignin concentrations than stems and leaves (SI
Appendix, Fig. S12) (44–46). In addition, MCS or elevated root
lignin concentration was not consistently present until the
emergence of third-node crown roots in maize and nodal roots in
wheat, so phenotyping roots at earlier growth stages cannot
predict this phenotype. A recent study reported that root cortical

phenes in the first and second nodes are not representative of
those in subsequent nodes (67). Root lignin content varies among
plant organs and generally increases with plant maturity (44).
Root tensile strength, or the maximum force per unit root area

required to cause the material to break, plays a role in soil re-
inforcement and slope stabilization (68) and penetration of hard
soils (14). In the present study, root lignin concentrations had a
significant, positive relationship with root cortical tensile strength.
MCS was more prevalent in roots of younger nodes with greater
root diameters. However, MCS was present in wheat and barley
lines of thinner diameters, indicating that the development of
MCS is not size-related. Previous studies in tree species have
demonstrated that as root diameter increased, cellulose, and
α-cellulose concentration increased, but the lignin concentration
decreased (68, 69). In Chinese pine (Pinus tabulaeformis), root
tensile strength decreased with increasing root diameter (with
roots that had a similar diameter to the present study) in a power
function relationship. However, root lignin content had a positive
relationship with tensile strength (68). Cellulose content may also
play a significant role in increasing tensile strength of the root
(70). However, in the present study we did not observe elevated
concentrations of cellulose or pectin in MCS (Fig. 2). MCS and
increased root lignin concentrations may enable roots with larger
diameters maintain tensile strength. Presumably, many factors,
including root anatomy and cell wall composition, influence root
cortical tensile strength. MCS (and root lignin concentration)
plays a significant role in root tensile strength and has utility in
penetrating hard soils.
Recent studies have demonstrated that smaller cells in the

outer cortical region are associated with increased root pene-
tration in compacted soils. It was proposed that smaller cells in
outer cortical cell files stabilize the root against compression and
thus reduce the risk of local buckling and collapse during pen-
etration of hard soils (14). Similarly, Striker et al. (61) identified
a “multiseriate ring of cells” in graminaceous and cyperaceous
species that improved the mechanical strength of the root, even
with the presence of aerenchyma in inner cortical cell files.
Formation of root cortical aerenchyma significantly weakened
root structure in two dicotyledonous species, but the presence of
small cells with thick walls in the outer cortex allowed the roots
of two monocotyledonous species to maintain mechanical
strength, even in the presence of aerenchyma (61, 71). Here we
confirm that small cells with thick cell walls in the outer cortical
region are important for the ability of maize roots to penetrate
hard soils.
Root tensile strength in terms of cortical and stele failure have

very different implications. In this study, MCS was positively
correlated with the tensile strength of cortical tissue, which is
often much weaker than stele tissue (14). Cortical failure, or
damage to the cortex due to tensile forces, would have impli-
cations in radial water and nutrient update and defense against
pathogens if the cortex becomes disrupted. However, if the stele
remains intact, the root would be able to perform hydraulic
functions and continue to transport water axially. Presumably, if
the stele and the growing root tip remain undamaged, regardless
of cortical failure, the root would be able to continue growth
(72). In addition, the proportion of cross-sectional area that was
occupied by the stele was positively correlated with MCS (SI
Appendix, Fig. S11), which may have synergistic interactions on
the tensile strength of the stele.
Metabolic costs of root systems are substantial, and several

root anatomical phenes have been demonstrated to improve
plant performance in edaphic stress by reducing the nutrient and
carbon cost of tissue construction and maintenance (4, 6, 73).
Root thickening, which may increase the metabolic cost of the
root, in response to mechanical impedance, varies by genotype,
and the degree of root thickening is not associated with rooting
depth in compacted soils (11). However, root anatomical phenes,
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Fig. 8. GWAS identified a significant SNP associated with MCS on chro-
mosome 9. Significant SNPs were identified based on a genome-wide cor-
rected Bonferroni threshold of –log(p) = 7.07.
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including reduced cortical cell file number, greater cell size in the
mesodermis, and increased root cortical aerenchyma, enabled
deeper rooting in compacted soil (11). For example, greater
cortical cell size or fewer cortical cell files reduce root respiration
and nutrient content per unit root length and subsequently im-
prove soil exploration of deep soil domains, water acquisition,
and plant performance, and yield in drought environments
(21–23). We propose that roots with the smaller, thick outer
cortical cells characteristic of MCS combined with fewer cell files
with a larger cortical cell size in the mesodermis would improve
soil penetration ability and reduce root metabolic costs.
In general, MCS developed ∼10 cm behind the root apex and

was not observed at the root tip. However, MCS-forming geno-
types had greater lignin concentrations and greater resistance to
bending at the root tip compared to non-MCS genotypes.
Greater lignin concentrations and resistance to root bending at
the root tip in genotypes with MCS may enable the penetration
of hard soils to obtain mobile soil resources in deep soil domains.
We speculate that the development of MCS after the zone of
differentiation and lateral root formation occurs so that the
thickened outer cortical cells do not impede lateral root emer-
gence through the cortex. MCS was weakly present in second-
node crown roots and more apparent in third node and younger
root nodes (SI Appendix, Fig. S10). MCS may have greater utility
in younger nodes due to the typical onset of some types of
edaphic stress (e.g., drought and nitrogen limitation) later in
plant development. Since root tensile strength generally de-
creases with root diameter (68), the development of MCS may
act to maintain strength of larger diameter roots.
Genetic variation for MCS was found in each of the cereals

examined, and heritability was relatively high, suggesting that
this phene could be successfully selected in breeding programs
using either phenotypic or marker-assisted selection. In a
genome-wide association analysis of maize, a significant SNP for
MCS was associated with a MEI2-like RNA binding protein.
QTL analysis of MCS in a recombinant inbred population pro-
duced a very significant peak in the same genomic region. Mei2-
like genes are associated with morphogenesis in plants and required
in early formation of the basic plant body (74). Zm00008a033967 is
root-expressed and its expression is elevated in younger nodes and
cortical cells (75). Confirmation of the role of this candidate and
identification of additional genes that control MCS will provide
molecular tools for breeders to develop genotypes with enhanced
edaphic stress tolerance.
MCS exhibited intraspecific variation in three Poaceae spe-

cies: maize, barley, and wheat (SI Appendix, Figs. S1 and S3–S5).
However, we did not detect MCS in rice. Rice may have a fun-
damentally different growth strategy than maize, barley, and
wheat (76, 77). In contrast to maize, barley, and wheat, rice
develops a suberized and lignified exodermis, which may serve
the same role as MCS in terms of pathogen defense and pro-
viding mechanical support for the penetration of hard soils. The
growth of rice in flooded paddy soils may also alter the fitness
landscape of root phenotypes enabling penetration of hard soil.
In addition to compaction tolerance, MCS may also have

utility in drought environments. Lignin has important implica-
tions in water transport in xylem vessels and radial water trans-
port and uptake through apoplastic barriers, including the
endodermis and exodermis (34). Both the exodermis and the
endodermis show increased lignin deposition with plant maturity
(50). Increased lignification in the endodermis is associated with
decreased radial hydraulic conductivity (78). Increased lignifi-
cation of cortical cells may also reduce root radial hydraulic
conductivity. In addition to reduced hydraulic conductivity, MCS
may improve plant performance under drought by improving the
mechanical strength of the root to promote penetration of hard,
dry soils (79). Phenes that enable roots to penetrate hard,

compacted soil to capture deep water and nutrients are impor-
tant targets for crop improvement (4).
Of the taxa we assessed, MCS was observed in modern maize,

barley, and wheat accessions. However, we did not observe MCS
in wild taxa and landraces of barley and wheat or Z. mays par-
viglumis accessions. Modern agricultural practices have caused
significant changes in the soil environment that contribute to
increased soil hardness, including a reduction in soil organic
matter content and increased soil erodibility (80). In addition,
the use of tractors and heavy machinery in modern agricultural
practices have substantially contributed to soil compaction (81,
82). Cultivated agricultural soils have a greater bulk density,
especially in the topsoil, when compared to native prairie soils
(83, 84). It is possible that MCS has been inadvertently selected
for in modern breeding programs as a result of evaluation of
germplasm in soil subject to these practices.
MCS may promote increased carbon sequestration in deep soil

domains. Tissue composition influences the rate and extent of
residue decomposition. Recalcitrant carbon compounds, partic-
ularly lignin, increase carbon sequestration because they have a
long residence time in soil due to the specificity of lignin-
degrading enzymes (85). The placement of roots in deeper soil
domains may improve carbon sequestration due to decreased
microbial activity associated with reduced soil temperatures, less
physical disturbance (e.g., tillage), and hypoxia.
We suggest that MCS could be an important trait for edaphic

stress tolerance in cereal crops. Genotypes with MCS had
greater penetration of hard soils and therefore may enable the
capture of deep soil resources. MCS may also increase C se-
questration by increasing rooting depth as well as root lignin
content. Additional research is necessary in order to assess po-
tential benefits and trade-offs of MCS for plant productivity.
Although this work is focused on maize and wheat, we also ob-
served MCS in barley and speculate that the utility of MCS in
maize is analogous to other members of the Poaceae. We pro-
pose that MCS merits consideration as a trait for plant adapta-
tion to edaphic stress.

Materials and Methods
Plant Material. Six maize genotypes contrasting in root lignin content, which
were categorized in preliminary experiments, were grown to assess root
penetration ability. Seeds for lines with MCS (small lignified cortical cells)
(IBM14, IBM86, IBM146) and non-MCS lines (OHW128, IBM178, IBM284) were
provided by Shawn Kaeppler, University of Wisconsin, Madison, WI. The six
recombinant inbred lines from two populations designated IBM and OHW
were used in all maize experiments (unless otherwise specified) and are
described in Burton et al. (86).

Twenty-two genotypes of wheat and its relatives corresponding to dif-
ferent ploidy levels were used in this greenhouse experiment. This includes 4
diploids (Triticum monococcum, Triticum uratu, Aegilops taushii, Aegilops
speltoides), 6 tetraploids [Triticum turgidum, Triticum timopheevi (zhuk.)],
and 12 hexaploids (T. aestivum) varieties. The genotypes were procured
from the United States National Plant Germplasm System (https://www.ars-
grin.gov/npgs/) and their details are listed in the SI Appendix, Table S1.

Evaluation of Root Penetration Ability.
Growth chamber. Four replications of each maize and wheat genotype were
grown in mesocosms in a temperature-controlled growth chamber (Envi-
ronmental Growth Chambers, Model GC-36) using a thin wax-layer system
(14, 87). Mesocosms were constructed of two stacked polyvinyl chloride
cylinders (PVC) pipes, each 13-cm long with an internal diameter of 12.5 cm.
A wax–petroleum layer was poured and molded into the bottom of the first
layer to simulate a hard-layer. Growth details and experimental set-up are
detailed in SI Appendix. Plants were grown for 25 d. At harvest, the two
parts of the column were separated and the number of roots reaching the
wax layer and penetrating the wax layer were counted. The ratio of the
number of roots penetrating compared to the number of roots reaching the
wax–petroleum layer per plant was expressed as the root penetration index
(88). Anatomical samples, 2 cm in length, were collected from all axial roots
directly before and after the wax–petroleum layer and preserved in 75%
ethanol for anatomical analysis.
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Greenhouse mesocosms. The experiments were conducted in a greenhouse at
University Park, Pennsylvania. Six maize genotypes (listed above) were planted
in a split plot design in two treatments (compacted and noncompacted) with
four replications. Plants were grown in individual mesocosms (details in SI
Appendix). A compaction layer was created with a manual press to an average
bulk density of 1.5 g cm−3 (details listed in SI Appendix). For the non-
compaction treatment, mesocosms were filled to a bulk density 1.1 g cm−3.

At harvest (i.e., 40 d after planting), the shoot was removed, the plastic
liner was extracted from themesocosm, cut open, and the roots were washed
by rinsing the medium away with low pressure water. Root segments (2 cm in
length) of all axial roots at 15 cmbelow the soil line (∼5 cm above the compaction
layer) and at 25 cm below the soil line (∼10 cm deep within the compaction
layer) were collected and preserved in 75% EtOH for anatomical analysis.

Field Experiments. Two field experiments were used to study the utility ofMCS
in compacted soils. One experiment was conducted at the ARBC the other
experiment was conducted at PSU. Six maize genotypes (listed above) were
planted in a randomized split plot design in two treatments (compaction and
noncompaction). Experimental and environmental details are described in
Vanhees et al. (11) and in SI Appendix. In the ARBC, the bulk density was
1.6 g cm−3 in the compacted treatment compared to 1.48 g cm−3 in the
noncompacted treatment. In PSU over the 45 cm profile, the bulk density
was 1.3 g cm−3 in the compaction treatments compared to 1.22 g cm−3 in the
noncompacted treatments (11). Soils were cored at anthesis (details in SI
Appendix). At anthesis, two plants per plot were evaluated using the
shovelomics method (89). Shoot biomass was collected, and shoot material
was dried at 60 °C. Anatomical samples 3 cm in length were collected 3 cm
from the crown base from nodes 3 and 4 and stored in 75% ethanol in water
(vol/vol).

Evaluation of Root Tensile and Tip Strength and Development of MCS. Six
maize genotypes (listed above) were grown in a greenhouse at University
Park, Pennsylvania. Plants were grown under the same conditions as listed
above for greenhouse mesocosm experiments in four replications per
timepoint and plants were harvested at four different time points (15, 20, 25,
30, and 37 d after planting).

At each harvest, roots segments of 6 cm in length were collected 14 to
20 cm from the base of the seminal roots and first-, second-, and third-node
crown roots. For harvest time points of 15, 20, 25, 30, and 37 d after
planting, roots were preserved in 75% EtOH for anatomical analysis. In ad-
dition, at 37 d after planting, a second replication of root segments was
collected and refrigerated at 4 °C between moist germination paper to
preserve them for up to 24 h until tensile strength testing. Tensile mea-
surements were carried out using a universal testing machine (Instron,
model 5866). For tensile strength testing, root samples (55 cm in length)
were secured between two grips. The force was recorded with extension at a
constant rate of 10 mm min−1. Tensile load was measured using a 100 N load
cell (Instron 2525-807 Series) accurate to ±2.5 mN at maximum load. Root
tensile strength was calculated as maximum tensile force at cortical failure.

Twelve wheat genotypes (listed above) were grown in four replications in
a greenhouse in University Park, Pennsylvania. Growth details are listed in SI
Appendix. Plants were destructively sampled 35 d after planting by washing
the root system with water and collecting root segments from nodal roots,
3 cm in length, ∼4 cm from the base of nodal roots, and refrigerated at 4 °C
between moist germination paper. Tensile strength was measured with an
Instron as described above.

For root tip bending strength, growth details are listed in SI Appendix. The
root sample was placed on a support and secured with tape 1 cm from the
root tip. A pushing probe with a radius of 10 mm was lowered until contact
with the sample. The force applied to the root was continuously registered
by a 100 N (±2.5) load cell (Instron 2525-807 Series). During the test, the
crosshead was lowered at a rate of 10 mm min−1 and force required to bend
the tip was recorded. Root diameter at 3 mm from the root apex was
measured with a caliper. No significant differences were observed in root
diameter at the root tip between nodes or genotypes (SI Appendix, Fig. S16).

Cryoscanning Electron Microscopy. The cryoscanning electron microscopy
(cryo-SEM) technique was used to generate images on the Zeiss Sigma VP-
FESEM at the Pennsylvania State University Huck Institutes of the Life Sci-
ences Microscopy Core Facility. Samples of roots with and without MCS were
collected at 37 d after planting (greenhouse mesocosm experiment, August
2019). Segments of third-node axial roots 10 to 14 cm from the base of the
plant were collected from a genotype with MCS (IBM14) and a genotype
without MCS (IBM17) and preserved in 75% EtOH. The sample was mounted
on a sample holder and plunged into liquid nitrogen. The sample holder is

withdrawn under a vacuum into the cryopreparation chamber where the
sample is maintained at a low temperature. The sample was then trans-
ferred to the SEM chamber onto a cold-stage module. Variable pressure
without sputter coating was used. Voltage was 10 kV and samples were
imaged at a temperature of −195 °C.

Fourier Transform Infrared Spectroscopy. Cell wall composition (i.e., cellulose,
lignin, pectin) in the outer cortex and mesodermis in genotypes with and
without MCS was measured using a Fourier transform infrared spectrometer
in two replications. LAT (details below) was used to prepare root-cross sec-
tions 5 μm in width of a genotype with MCS (IBM14) and a genotype with no
MCS (IBM178). In order to obtain the highest-quality representative spectra
of each sample, the measurements were performed on a Bruker Hyperion
3000 Fourier Transform Infrared-Microscope equipped with a 64 × 64 focal
plane array detector. Each element on such an array represents an inde-
pendent infrared sensor. Imaging and data processing details are listed in
SI Appendix.

Lignin Concentrations through Acid Digestion. Lignin determination was
performed according to Goering and Van Soest (90) using the acid-detergent
fiber procedures and lignin separation using the permanganate acid-
detergent procedure with some minor modifications. Lignin concentrations
were determined for whole stems, leaves, and first-, second-, third-, and
fourth-node crown roots from each genotype in four replications. In addition,
root tips (apical 2 cm) from all root classes were bulked for MCS and non-MCS
genotypes for lignin analysis. Plant tissue was collected from a greenhouse
mesocosm experiment (37 d after planting, August 2019 experiment), dried,
and ground for analysis at Cumberland Valley Analytical Services.

Histology. To confirm spatial accumulation of lignin, phloroglucinol-HCl
(Wiesner) staining was used. A 3% phloroglucinol solution in ethanol (wt/
vol) was prepared. Roots were hand-sectioned using a razor blade, sub-
merged in the phloroglucinol stain for 10 min, rinsed with de-ionized water,
and then transferred to a microscope slide for imaging (details in SI
Appendix).

Cell viability of sclerenchyma cells forming MCS was confirmed using
Evan’s blue and propidium iodide. Evan’s blue dye penetrates through
ruptured or destabilized membranes to stain nonviable cells blue. Evan’s
blue stain was prepared by mixing 0.25 g of stain in 100 mL of 0.1 M CaCl2
solution at pH 5.6. Root segments 3 cm in length from 5 to 8 cm from the
basal portion of the root were collected from wheat roots and placed in
2 mL of the staining solution and imaged. (details in SI Appendix). In addi-
tion to imaging, Evan’s blue bound in destabilized cell membranes was
extracted using 1% SDS buffer and quantified spectrophotometrically (de-
tails in SI Appendix). Propidium iodide staining was performed on the maize
IBM46 genotype at 25 d of growth. Longitudinal sections were imaged using
a confocal microscope (details in SI Appendix).

Ethylene Experiments. Six maize genotypes were grown in solution culture in
three treatments: 1) Root zone air application (control), 2) root zone ethylene
application, 3) root zone 1-MCP (1-methylcyclopropene, ethylene inhibitor)
application, and 4) combined root zone ethylene and 1-MCP application, all
applied continuously beginning at seedling transfer to solution culture
(details in SI Appendix) and according to Schneider et al. (64). After 30 d of
growth, root samples were harvested in four replications per genotype per
treatment. Root samples from the primary, seminal, and first-, second-, and
third-node crown roots were collected 5 to 7, 10 to 12, 15 to 17, 20 to 22, and
25 to 27 cm from the root apex and preserved in 75% EtOH for
anatomical analysis.

GWAS and QTL Mapping. MCS was phenotyped on inbred lines of the Wis-
consin Diversity Panel (SI Appendix, Table S2). Genotypes were grown at the
ARBC in 2015 and 2016. Experimental and sampling details are described in
SI Appendix, and refs. 90–92. In brief, at anthesis, one representative plant
per plot was excavated and a 3-cm segment from 5 to 8 cm from the basal
portion of the root was excised from a crown root for ablation using LAT
(details below). Root images were analyzed using MIPAR (57) software (details
below). Phenotypes were used in a Multiple Loci Linear Mixed (93) imple-
mented in the FarmCPU R package (94). Details are listed in SI Appendix.

QTL mapping was performed in the IBM population (B73 × Mo17) (95).
Genotypes were grown at the Ukulima Root Biology Center in Alma, Lim-
popo, South Africa in 2011. Experimental and sampling details are described
in SI Appendix. Composite interval mapping was used to identify QTL with
five marker covariates and a window size of 10 cM in R/qtl (96). The LOD
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threshold was determined using 1,000 permutations at a significance
threshold of 0.05. Details are listed in SI Appendix.

Teosinte Experiments. Seeds seven Z. mays ssp. parviglumis accessions (Ames
21802, Ames 21803, Ames 21808, Ames 21814, Ames 21830, Ames 21861,
and PI 384063) and three Z. mays ssp. mexicana accessions (Ames 8083, Ames
21857, and PI 566674) were used. In the first experiment, plants were grown
for 25 d in greenhouse mesocosms and in the second experiment plants
were grown for 40 d in greenhouse mesocosms (growth, harvest, and sam-
pling details in SI Appendix).

Wheat Experiments. Eighteen genotypes of wheat and its relatives corre-
sponding to different ploidy levels were used in this study. This includes
diploids (T. monococcum, T. uratu, A. taushii, A. speltoides), tetraploids (T.
turgidum), and hexaploids (T. aestivum) varieties (details are listed in SI
Appendix, Table S1). Seeds were germinated and grown in solution culture
for 30 d (details in SI Appendix). At 30 d after germination, three mature
nodal roots were harvested from each plant. Root segments, 4 cm from the
tip and the base region, from the each harvested nodal root were preserved
using a Leica EM CPD300 critical point dryer (Leica Microsystems).

Barley Experiments. Four barley (Hordeum vulgare) genotypes consisting of
four landraces (BCC776, HOR4727, Nuerenburg, and Tkn24b) and four
modern varieties (Barke, MorexIPK, Arena, and Golf) were grown in solution
culture as described in Schneider et al. (97) (details in SI Appendix). At 45 d
after germination, nodal roots were sampled 20 cm from the apex and
preserved in 70% ethanol for anatomical analysis.

Anatomical Phenotyping with LAT. Root samples were imaged cross-sectionally
using LAT (58, 98). In brief, a UV pulsed laser beam is used to vaporize the root
at the camera focal plane and simultaneously imaged. Imaging of root cross-
sections was performed using a Canon T3i camera (Canon) and 5× micro lens
(MP-E 65 mm) (99, 100).

To characterize roots with and without MCS formation, cortical anatomy
and autofluorescent spectral emission from the outer third of the cortex
(based on cortical width) were measured from LAT images and using
RootScan2 software (details in SI Appendix) (101).

Data were analyzed by linear regression, Pearson correlation coefficients,
Welch’s Two Sample t-test, and Tukey’s honest significant difference (HSD)
using R 4.0.2 (102).

Data Availability. All data have been deposited in Zenodo (103).
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