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gure 1.5 Devices for measuring stalKk

developed to study winter wheat stalk lodging and consists of a hand
held forcemeter with a load cell attached to a push bar that measures
the resistance force to push over in multiple plants. An updated

version of this device called the Stalker (B), was developed for small
grains (wheat, oat and barley) and reduced the weight of &y s

device and introduced some automation. Specifically, the Stalker is
pushed forward until a preset-diggrees, and then the fonesation

data is continuously recorded until the test is ended by the operator.
Guodbds devi ce (héldtwdcempanent cacsit bbockh a n d
system and measures the forces required to bend maize stalks across a
set of discrete angles. One component, a controller module, contains a
strain sensor, singlaxis angle sensor, microcontroller, power supply
module, signal acgsition circuit, and a radio frequency transceiver.

The second component consists of another radio frequency transceiver
and single axis sensor. The two components are connected by a rigid
belt, and the controller is pulled to discrete angles to measure the
maximum equivalent force £fj, which is used to assess stalk lodging
resistance. The Device for Assessing Resistance to Lodging in Grains
(DARLING) (D) was developed to assess stalk biomechanics in larger
cereal crops and more closely recreate natuitalégpatterns during

stalk lodging. DARLING consists of a vertical support with a control
box and digital display mounted at the top, a horizontal footplate
attached by a hinge at the base, and an adjustable height load cell
attached. Plants can be nortdestively bent within the lineaglastic

range of the material to obtain flexural stiffness or displaced until
failure and the maximum applied bending strength recofgdre

from Erndwein et al., 2020........coouuiiiiiii e 26
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Figure 1. 6. Devices for measuring root anc
vertical root pulling resistance in maize. The device uses an electric
poweredmotor and pulley system to pull the plants out of the soil at a
constant rate. Fou®r ®06s device (B) m
force in maize and consists of a main frame, handle, adjustable force
sensor, angle sensor, a tfgwnged steel fork withrechoring nails,
and control head with electronic display and keys. This device uses a
force sensor to transmit an angular pushing force to the stalk and an
electronic control system automatically records the resistance force.

Sposar o6s de wallgdevelppéd for suaflowers and g i
later applied to maize to improve upon root pulling/pushing resistance
devices, and better replicates the failure mode of root lodging. With
this device, a push bar is attached to the plant stem, while a base
protractor ad an offset pulley system are used to pull the plant over.
Root failure moment (Rfm) can then be calculated. For smaller crops
(canola, wheat, rice) a commercially available prostrate testing device
(D) can be used. The device attaches to an adjustalbiletedbplate
attached to the plant. Plants are displaced to@egbee angle and the
pushing resistance is recordé&igure from Erndwein et al., 2020.....32

Figurel.7: Three of the most common methods to mechanically phenotype plant
materials in a lab setting. (Aénsion, where a uniaxial pulling force is
applied to a sample gripped at both ends, (B) compression, where a
uniaxial bucklng force is applied to a sample gripped at both ends,
and (C) bending, where a force is applied perpendicular to the sample

Figure 1.8 Characteristic mechanical testing curves and quantities of interest for a
linear elastic material. In (A) materials are loaded with a constant
displacement (x) and the resulting force is measured. The elastic
region indicates that if the foreeere to be removed the sample would
return to its original dimensions. The slope of this linear region is read
as the structural stiffness (K) of the sample. The highest point on the
curve is the ultimate load (UL). The point at which the graph drops off
steeply-indicating sample breakagis called the break load (BL).

When the geometry of the sample is accounted for, the graph becomes
(B), a stressstrain curve. The elastic modulus is the slope of the initial
linear region. The yield strength point indtes the beginning of

plastic or irreversible deformation. The ultimate strength is the
maximum stress that the sample can experience without breaking.
Finally, the break strength is the stress at which the sample hreaks.

XVii



Figure 1.9 Two economically significant insect pests of maize and their associated
damageThe larval stages of the (A) western corn rootworm (WCR)
and (B)fall armyworm (FAW) were chosen as representative pests of
maize for this chapter. WCR beetle adults and larvae both feed on
maize tissues. Adults feed on tassels, leaves, silks, kernels, and pollen,
and larvae feed on root tissue. Larval feeding has aéssoriated with
root lodging. FAW larvae are caterpillars that feed on foliage, ears and
tassels. It is unknown whether FAW feeding contributes to lodging9

Figure 2.1 Subtractive flexural testing procedtiest, plants were tested with the
presence of all the brace root whorls touching the soil. This test was
|l abell ed AA0O. Then the top whorl tou
pant was fl exural tested again. This
was continued in this manner and tests labelled alphabetically until all
brace roots were removed from the plants. In this example, the final
flexural test with all brace roots removedash e | | éidureffr@o .
Reneau et al. 2020.......cccoieieiieiiiieiieeeee e 65

Figure 2.2 Plant stiffness varies throughout the day and between growth stages.
Inbred maize (c.v. CML258) was planted in two replicate plots (Plot
A and Plot B). Individual plant replicates are indicated by blue
numbers. Plants were nalestructively tested three times in series to
test repeatability (bluefirst test, reésecond teshlack- third test).
Replicate test and plot number did not significantly influence the
force-deflection slope (p = 0.716 and 0.972, respectively). At
vegetative tasseling stage (VT, 103 days after planting) plants were
tested at three time points (09:00A12:00 PM, and 04:00 PM).
Results of timeof-day testing show that the fordeflection curve is
highest in the morning and decreases throughout the day (p =2.36E
06). To remove the effect of fluctuations in water content with time of
day, plants werere again tested at late seasondivwn (R5). The
resulting forcedeflection slope of the plants at R5 were higher than
VT plants at any time point. Plant 11 and 12 in plot A were not used
due damage from weed control measuiegure from Reneau et al.,

Xviii



Figure 2.3 All brace root whorls contribute to plant anchorage. CML258 maize
plants in two replicate plots were flexuralBsted after the excision of
each whorl. First, flexural tests were conducted with all brace root
whorls | eft on the plant (test AAO0).
touching the soll (ie. the top whorl) was excised and plants were tested
agai n (Thiewas cofBiued. until all brace root whorls were
removed from the plant. A) The number brace roots in the soil had a
significant effect on plant replicate (p = 0.0308). B) The force
deflection slope dramatically decreased with the excision of each
brace root whorl (p = 5.88H.1). C) This collective result was also
measured at the individual plant level. D) The contribution of maize
brace roots to plant anchorage was calculated from two pdatad
approaches: (a) relativavhich uses the ratio of thercedeflection
slope with no brace root whorls (FDwo) to the fedsflection slope
with all brace roots (FDw), and (b) absolutghich uses the
difference between FDw and FDweigure from Reneau et al., 20204

Figure 2.4 a) Each whorl has a differential contribution to plant anchdrbge.
ratio of the reduction in the foratisplacement slope after removal of
each brace root whorl is correlated with the number of brace root
whorls in the soil (R=0.50, p=0.02)b) Brace root whorl significantly
influences the relative contribution to plant stability (p=2.4488lE
Specifically, the bottom whorl (BWR) closest to the soil contributed
the highest to plant anchorage and each subsequent whorl farther from
the soil (iddle whorl- MWR, top whorl- TWR) contributed
significantly less. c) The relative contribution of the bottom whorl was
highly correlated with the overall relative contribution of the brace
root system (R=0.85, p=1.30Z¥6). Black dots indicate plants thi
two whorls, blue dots indicate plants with three whorls. Line is fit to a
linearized model (glm) and shading represents a 95% confidence
interval.Figure from Reneau et al., 2020............cccceeeiiiiiieeceeeennnnns 76
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Figure 3.1. Methods for measuring biomechanics of maize brace roots. A)
Breakage through bending is a common failure mode for brace roots
during lodging. B) In this study, BWR (bottom whorl) indicatests
emerging from nodes closest to the soil, MWR (middle whorl)
indicates roots from the next node shootward, and TWR (top whorl)
indicates the node furthest away from the soil. The first 20 mm of
each brace root was used for testing. C) The moment iogirgs101)
was calculated with the assumption that brace roots are solid elliptical
cylinders. The major (bo) and minor (ao) diameters were measured
from microCT scans and digital calipers. D) Thpdnt bend fixture
was 17 mm with the load cell anvil dgal to the center of the brace
root sample at a constant rate of displacement until frac¢tigere
from Erndwein et al., 2021.........coooeiiiiiiiiiiiieee s 87

Figure 3.2 Quality control and geometry measurements of maize brace root
microCT scans. Multiple brace root samples were loaded into a
custom bed made of low density upholstery foam for microCT
scanning. A) A representative microCT scan image. B) A maghifi
microCT image of a brace root that meets the elliptical cylinder
assumptions and was used for further analysis. Brace root sections
were excluded if they did not meet the criteria of an elliptical cylinder
with clearly defined diameters and wall thickses. &) The
following criteria were used to score brace root cross sections that
were not characterized as an elliptical cylinder: C) Brace root is a
figure 8 shape (CT1), D) Brace root is an irregular shape (CT2), E)
Brace root has an unbalanced diaené€CT3), and F) Brace root is
any combination of CT1, CT2, and CT3 (CT4). G) The following
brace root dimensions were measured from the central cross section of
microCT scans: Distance from the center point to the (1) exterior of
the minor outer wall (ag)2) interior of the minor inner wall (ai), (3)
exterior of the major outer wall (bo), (4) interior of the major inner
wall (bi). Major and minor diameters and inner and wall thicknesses
were then calculated from these measureme&igsre from Erndwein
EBLal, 2021, .. i 90
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Figure 3.3 Maize brace root diameter cannot be used ast@spaiagnostic tool to
predict geometry discrepanciéssing microCT scanning, bace root
samples were scored according to their divergence from the elliptical
cylinder geometry assumption (CT error) according to the following
criteria: Brace root is a figure 8 shape (CT1), brace root is an irregular
shape (C2), brace root has an unbalanced diameter (CT3), and brace
root is any combination of CT1, CT2, and CT3 (CT4). Brace roots
were also scored for error during mechanical testing (M error) based
on the following criteria: Brace roots were too short to testex,
diseased, or splintered during testing (M1), and break load occurred
before ultimate | oad (M2). No error
determine whether error could be predicted by diameter alone, error
types were graphed by minor diameter measuresrfentried V13
V15 brace root samples. CT1, CT2, CT4 were more common among
brace roots with lower minor diameters (<1.2 mm), and CT3 was
more common among brace roots with higher diameters (>1.2 mm);
however, this error overlapped with brace roots with M2, and no
error. Therefore, we conclude that minor diameter alone cannot be
used to determine discrepancies from the elliptical cylinder
assumption. To minimize discrepancies, CT error and M1 error were
discarded from future analySes...........cccevvvvvviiiccee e, 91

Figure 3.4. Structural mechanical properties differ between brace root whorls at
vegetative and reproductive stages. A) Structural mechanical
properties are extracted from thep®int bending forcalisplacement
curve. These properties include: structural stiffness (K), ultimate load
(UL), break load (BL). K, UL, and BL decrease from BWR to TWR
for all four growth stages and conditions: A) W13 (diied), B) V13,

V15 (fresh), C) R1/2, and D) R6. This result was not significant for
BL of V13-V15 (dry) and K for R6. TWR = top whorl, MWR =
middle whorl; BWR = bottom whorl. Gray bars indicate Tukey HSD
p<0.01.Figure from Erndwein et al., 2021...........cccceeeeeiiiivieeennennnn. 95

Figure 3.5. MicroCT and caliper geometry measurements are highly positively
correlatedTwo methods for measuring brace root geometry, microCT
(CT) and digitakcaliper (DC) were compared for VA5 B73
samplesThe major and minor diameters had pearson correlation
coefficients (r) of 0.87. Asterisks indicate significance level (* =
p<0.05, ** = p<0.01, ** = p< 0.01, *** = p<0.001 , **** =
p<0.0001)Figure from Endwein et al., 2021............ccoevvrrvrrvrrnnmanen.. 96
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Figure 3.6. The diameter of maize brace roots varies between whorls. A) Brace root
major diameter and minaliameter were measured for all growth
stages and conditions. For all growth stages, except for fresh V13,
V15, the TWR has a lower major (B) and minor (C) diameter than
MWR and BWR. For fresh V13, V15, no differences in major and
minor diameter between whs. The difference in diameter results
between fresh V13,V15 vs. dry VABL5 brace roots may be
attributed to the fast drying process. TWR = top whorl, MWR =
middle whorl; BWR = bottom whorl. Gray bars indicate Tukey HSD
p<0.01.Figure from Erndwein et gl2021............ccccvvvieviiiiiiiieeeirnnee 98

Figure 3.7 Brace root wall thickness varies between whorls for vegetative but not
reproductive stages. A) To determinkether differences in
mechanical properties between whorls are due to differences in inner
wall thickness, the major (B) and minor (C) wall thickness
measurements were measured from microCT scans. Differences in
wall thickness exist between whorls for \V18 (dried) B73 brace
roots but not R6 B73 brace root samples. TWR = top whorl, MWR =
middle whorl; BWR = bottom whorl. Gray bars indicate significance
(p<0.01, Tukey HSD)Figure from Erndwein et al., 2021................. 99

Figure 3.8. The material properties of brace roots are constant in reproductive, but
not vegetative growth stages. The bending modulus (E) of B73 brace
root samples from three growth stages was calculated under a solid
cylinder assumption. For R1/2 and Réld stages, E of maize brace
roots does not vary significantly between whorls. ForXth3dried)
and V13, V15 (fresh) greenhouse stages, E of TWR brace roots is
significantly different from E of MWR and BWR brace roots. TWR =
top whorl, MWR = middle whd, BWR = bottom whorl. Gray bars
indicate Tukey HSD p<0.0FEigure from Erndwein et al., 2021.......101

Figure 3.9: There are no sigmidint differences in structural mechanical or material
properties between brace roots that are aerial and in th8ismée
roots excised from the TWR of fresh greenhegsevn V13, V15
plants were subjected tepdint bending and mechanical properties
teged. While brace roots in the soil tended to yield higher mechanical
and material properties than aerial brace roots, this result was not
significant. TWR = top whorl, MWR = middle whorl, BWR = bottom
whorl. Significance was determined as p<0.01,wag ANOVA......103
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Figure 3.10: The aerial nature of brace roots does not influence diameter
measurementg&imong brace roots from the TWR ¥iL3 and V15
fresh greenhousgrown plants, there are no significant differences in
major and minor diameter. TWR = top whorl, MWR = middle whorl;
BWR = bottom whorl. Significance was determined as p<0.0%, one
WAY ANOVA. ...ttt eeee et ee e eeems e en e 104

Figure 3.11. Within genotype variation in brace root biomechanics is consistent for
two additional genotypes. To determine if B73 biomechanical
observations can lextended to other maize genotypes, brace roots
from A632 and Oh43 at R1/2 and R6 werpdnt bend tested. As
with B73, A) UL, B) BL, and C) K decrease from BWR to TWR. D)
Calculating bending modulus (E) again reduces the differences
between whorls, withhie exception of R1/2 A632. TWR = top whorl,
MWR = middle whorl; BWR = bottom whorl. Gray bars indicate
Tukey HSD p<0.01Figure from Erndwein et al., 2021................. 109

Figure 3.12. Brace root diameters differ between whorls for A632 and Ol
(A) and minor (B) brace root diameters were measured in genotypes
A632 and Oh43. BWR brace roots have a higher major and minor
diameter than braaeots from MWR and TWR. TWR = top whorl,
MWR = middle whorl; BWR = bottom whorl. Gray bars indicate
Tukey HSD p<0.01Figure from Erndwein et al., 2021................. 110

Figure 3.13. Growth stage affects brace root biomechanics in a genatype
whorl- specific mannermMechanical properties were compared
between R1/2 and R6 cditions within a whorl and within a
genotype. A) UL was higher in all genotypes and all whorls at R1/2 as
compared to R6. B) BL was higher in all genotypes and all whorls
R1/2, with the exception of Oh43 BWR brace roots, which did not
reach the significarecthreshold. C) A632 brace roots had a higher K
at R1/2 only for the MWR; B73 brace roots had a higher K at R1/2 for
both BWR and MWR; Oh43 brace roots were not significantly
different for K between growth stages for either whorl. D) A632 and
Oh43 brace rots had a lower E at R1/2 for the MWR; B73 brace
roots had a lower E at R1/2 for both BWR. MWR = middle whorl;
BWR = bottom whorl. Gray bars indicate Tukey HSD p<ORidure
from Erndwein et al., 2021.........coooeiiiiiiiiiiiiie e 112
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Figure 3.14. Geometry plays a role in the higher mechanical properties of R1/2
brace rootsMajor and minor diameters were compared between R1/2
and R6 conditions within a whorl amdthin a genotype. Excluding
brace roots of Oh43 MWR and A632 BWR, all genotypes and whorls
measured significant differences in diameters between growth stages
R1/2 and R6. R1/2 brace roots measured a consistently higher minor
diameter than R6 brace rool8WR = middle whorl; BWR = bottom
whorl. Gray bars indicate Tukey HSD p<0.01.............ccevvvvvrrienn. 113

Figure 3.15. The normalized order of genotypesissistent for bending modulus,
but not structural mechanical propertiesast square means were
calculated for the mechanical properties of brace roots from inbred
maize genotypes A632 and Oh43 and normalized (norm) by those of
B73. For the majority of mterial properties of R1/2 whorls, with the
exception of K for the MWR, the order of genotypes was consistent
within whorls, but varied between whorls and growth stages. For R6
K, UL, and BL, the order of genotypes varied within and between
whorls and bet&en growth stages. In contrast, the order of genotypes
was more consistent between all whorls and growth stages when
utilizing E as the comparative metrkigure from Erndwein et al.,

Figure 3.16 For the majority of growth stage whorls, normalized order of genotypes
is consistent between diameters. Least square means were calculated
for the mechanical properties of brace soflobm inbred maize
genotypes A632 and Oh43 and normalized (norm) by those of B73.
For both major and minor diameters, the relationship between
genotypes was consistent within whorls for the majority of R1/2 and
R6 brace roots. One exception is BWR R6 bramots. This result
suggests that brace root diameter varies in a gencygevhori
SPECITIC MANNET ... ..ieiiiciee e eeer e 116

Figure 3.17: Metaxylem element number increases from the BWR to the TWR.
Greenhousgrown V12 and V13 brace roots were sliced thinly with a
razor, stained with fuchsin, and imaged using fluorescence
microscopy to better visuak vascular bundles (4x magnification,
cherry filter). From microscopy images, metaxylem element number
and area were quantified...............cccco v 118
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Figure 3.18. There are differences in the number of metaxylem elements and total
metaxylem area between brace root whorls. Staining and fluorescence
microscopy were utilized on fresh greenhegsewn B73 brace roots
(stage V12v13) to determine whether differences in mechanical
properties may be due to differences in metaxylem elements. For
brace roots from both vegetative stages, the BWR had significantly
fewer metaxylem elements than the MWR and TWR. There were no
differencedn total metaxylem area between BWR and TWR;
however, brace roots from the MWR had a significantly larger total
metaxylem area than the other whorls. MWR = middle whorl; BWR =
bottom whorl. Gray bars indicate Tukey HSD p<0.01.................. 119

Figure 3.19. Bending moduli of maize brace roots is comparable with those of other
maize organsAmong all growth stages and genotypes, the majority of
maize brace roots measured in this study had bending moduli between
0.14 and 23 GPa. This E range is comparable with that of other maize
organs that have been reported in the literature (see also Table 3.3).
Figure from Erndwein et al. 2021...............oviiiiiiiiceeeee, 121

Figure 3.20. The solid and hollow cylinder assumptions are highly correfated.
all bending moduli calculations in this study, brace root gegmes
assumed to be a solid elliptical cylinder; however, microCT scanning
revealed a hollow doublealled structure. To investigate the
difference between hollow and solid elliptical cylinder assumptions,
MOI and E for both V135 and R6 brace roots weegressed using
both the solid cylinder and hollow cylinder assumptions. Regressing
A) Solid MOI and hollow MOI and B) solid E and hollowlieth
resulted in a strong correlation within and between growth stages. To
test the validity of the solid cylindassumption, solid MOI was
compared with true MOI for a subset of R6 brace roots. True MOI
was calculated using 3D reconstructions of microCT scans. C) A
moment of inertia plot between brace root geometry assumptions
reveals no differences between solid &ollow MOI (p=0.99) and no
significant differences between either assumption and the true MOI
(p=0.97 for both comparisons). D) True MOI was regressed by solid
MOI and revealed a strongly positive correlation (p=0.Fgjure
from Erndwein et al., 2021.........coooeiiiiiiiiiiiiie e 125
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Figure 4.1 Synthesizing field and laboratory based methods for measuring brace
root biomechanicg=or this study, we synthesized both fiedehd lab
based biomehanics methodologies to determine whether brace root
biomechanics influences their contribution to plant anchorage. A)
First, each of 49 genotypes were planted in two replicate plots in
Newark DE. B) After harvest, plants were subjected to nondestructive
flexural testing using the DARLING device. C) The flexural testing
procedure progressed as follows: all brace roots were left on the plant
and flexural tested (test A), the top whorl (TWR) of brace roots was
excised and the plant was flexural tested a@fast B). This process
was continued until all brace root whorls (middle whaMWR,
bottom whorl- BWR), were removed from the plant. The final
flexural test with no brace roots present is labelled test C in this
figure. The relative contribution of theace root system to plant
anchorage was calculated as the force deflection slope with no brace
roots (FDwithout) to the force deflection slope with all brace roots
(FDwith). According to this figure, Ratio = C/A. Next, brace roots
were allowed to dry prioto labbased biomechanical testing. D)
Brace roots were then trimmed to include the first 20 mm section
closest to the stalk. E) To better visualize brace root internal geometry
and enhance accuracy of diameter measurements, brace root samples
were micr@€T scanned and dimensions (minor radius (ao) and major
radius (bo)) were extracted using Fiji image analysis software.
Moment of inertia was calculated using the assumption that brace root
samples are a solid cylinder. F) Finally, brace root samples were 3
point bend tested and structural mechanical and material properties
WErE @NAIYZEA.........viiiiieiee e 132

Figure 4.2 The relative contribution of theaize brace root system to stalk
anchorage varies with genotyp@etotal of 49 maize genotypes were
planted in two replicate plots over two years and were flexural tested.
To calculate the contribution of the total brace root system, the ratio
was calculad based on the for@eflection curve without any brace
root whorls divided by the foredeflection. Red dots are data from
2018 plants, blue dots are data from 2019 plants........................ 135

Figure 4.3 The number of whorls in the soil influences relative contribution of the
brace root system to plant anchordger. a population of 49
genotypes grown over two years (2018d dots, 2019 blue dot$,
the more brace root whorls that entered the soil, the greater those
brace roots contributed to the relative contribution to plant anchorage
(ie. three whorls is better than two). Gray bars represent Tukey HSD,
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Figure 4.4 A subset of 9 inbred maize genotypes were chosen-ioadab
biomechanics testin@f the 49 flexural tested genotypes, a subset of
9 maize genotypesare chosen to proceed to{bhsed biomechanical
testing. Red dots are data from 2018 plants, blue dots are data from
2019 plants. Genotypes were classified as follows according to
average contribution ratio among both growth years on a scale of high
(HI) and low (LO) contribution ratios: GT112, HP301, Hickory King,
LH252, and B73 (HI), W64A, Oh43, A632, Ky21 (LO). Differences
in contribution ratio are significant between this HI/LO classificatiG.

Figure 4.5 Genotype and whorl influences brace root ultimate load and break
load.Among the 2019 nine genotype subset, ultimate load (UL) and
break load (BL) were assessed across whodgganotypes. TWR =
top whorl, MWR = middle whorl, BWR = bottom whorl. Ultimate
load and break load decrease from BWR to TWR for most of the
genotypes tested. There were significant differences in UL and BL
between genotypes. Specifically, the BWR and MW&te roots of
LH252, Ky21, and GT112 measured significantly higher UL and BL
than the other genotypes tested. Gray bars indicate Tukey HSD

Figure 4.6 Genotype and whorl influences brace root structural stiffuessng
the 2019 nine genotype subset, structural stiffness (K) was assessed
across whds and genotypes. TWR = top whorl, MWR = middle
whorl, BWR = bottom whorl. Like ultimate load (UL) and break load
(BL), K decreased from BWR to TWR; however, fewer genotypes
reached the significance threshold for this mechanical property.
Within each whorlthere were differences in K between genotypes.
Specifically LH252, Ky21, and GT112 measured a higher K than the
other genotypes tested. This result is consistent with that of UL and
BL. Gray bars indicate Tukey HSD p<0.0L1...........ccoovrriirirrieemennn. 141

Figure 4.7 The diameter of maize brace roots varies between whorls and
genotypesAmong the 2019 nine genotype subset, major and minor
diameters were assesseaviieen whorls and genotypes. TWR = top
whorl, MWR = middle whorl, BWR = bottom whorl. For most
genotypes, major and minor diameter decreased from BWR to TWR.
Major diameters of GT112, Oh43, and major and minor diameters of
LH252 between whorls did not rdathe significance threshold.
Significant differences existed in major and minor diameters between
genotypes, where B73, A632, and Oh43 brace roots measured the
highest major and minor diameters. This result is consistent with that
of UL and BL. Gray barsdicate Tukey HSD p<0.01.................... 144
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Figure 4.8 The wall thickness of maize brace roots varies between whorls and
genotype Among the 201%ine genotype subset, structural major and
minor wall thickness was compared between whorls and genotypes.
TWR = top whorl, MWR = middle whorl, BWR = bottom whorl.
Major and minor wall thicknesses decreased from BWR to TWR for
some but not all genotypesoiFexample, there are no differences in
major and minor wall thickness of Ky21 brace roots between whorls.
There are significant differences between genotypes. Overall, B73,
A632, and Oh43 brace roots measure the highest major and minor
outer wall thickneses. This genotype ranking is also consistent with
genotype ranking for diameter. Gray bars indicate Tukey HSD

Figure 4.9Genotype influences brace root material properkesthe nine
genotype subset from both 2018 (red) and 2019 (blue), bending
modulus (E) was calculated and compared between genotypes.
Significant differences in E exist between genotypes. Specifically,
HP301, Ky21, and GT112 measured higher E than the other
genotypes tested. B73, Oh43, and A632 measured the lowest.EL47

Figure4.10 Bending modulus is either a weak or negative predictor of brace root
contribution to plant anchorage. The inverse of the brace root
contribution ratio (inverse ratio) was correlated with average bending
modulus (E) per biological replicate for a pagiidn of nine
genotypes. Correlation coefficients were interpreted as: no correlation
(R=0-0.09, white), weak (R=0.10.29, white), weaknoderate
(R=0.300.49, yellow), moderate (R=0.8D69, orange), and strong
(R=0.730.99, red) Among all genotypes, thevas no correlation
between inverse ratio and E. Within genotypes however, a negative
moderate correlation was found between inverse ratio and E for
GT112 and B73. The other seven genotypes had either a weak
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Figure 4.11 Structural stiffness moderately influences brace root contribution
within few genotype whorlsThe inverse of the brace root
contributian ratio (inverse ratio) was correlated with average
structural stiffness (K) per whorl for each biological replicate in a
population of nine genotypes. Correlation coefficients were
interpreted as: no correlation (R8009, white), weak (R=0.10.29,
white), weakmoderate (R=0.30.49, yellow), moderate (R=0.50
0.69, orange), and strong (R=0-0®@9, red). Among all genotypes no
correlation existed between structural stiffness and contribution to
plant anchorage. However, within genotype and whorl coroslsti
varied. Brace roots from the BWR of W64A, Oh43, and BWR and
MWR of LH252 measured weakoderate correlations. Ky21 brace
roots from the BWR measured a moderate correlatian............... 158

Figure 4.12 Ultimate load has a moderate influence on brace root contribution
within several genotype whorl§he inverse of the brace root
contribution ratio (inverse ratio) was correlated with average afém
load (UL) per whorl for each biological replicate in a population of
nine genotypes. Correlation coefficients were interpreted as: no
correlation (R=60.09, white), weak (R=0.10.29, white), weak
moderate (R=0.30.49, yellow), moderate (R=0.8D69,orange), and
strong (R=0.7D.99, red). The correlation between inverse ratio and
UL among all genotypes was the highest of all mechanical and
material properties, but was still weak within whorls. However, within
genotype and whorl, correlations variedmiatically. Overall, BWR
correlations were higher than that of the MWR. W64A in particular
measured higher URatio inverse correlations than other genotypes
in both BWR and MWR. Brace roots from the BWR of LH252, Oh43,
A632, Ky21, and MWR of W64A measuregakmoderate
correlations and brace roots from the BWR of W64A measured a
moderate COrrelation................uuvviueiiicceeeeerer e erens 160
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Figure 4.13 Among several gdagpes, there exists stronger correlations between
break load and contribution to plant anchordades inverse of the
brace root contribution ratio (inverse ratio) was correlated with
average break load (BL) per whorl for each bioloical replicate in a
popuhtion of nine genotypes. Correlation coefficients were
interpreted as: no correlation (R8009, white), weak (R=0.10.29,
white), weakmoderate (R=0.30.49, yellow), moderate (R=0.50
0.69, orange), and strong (R=0-0®@9, red). Among all genotypes no
correlation existed between ultimate load and contribution to plant
anchorage. However, within genotype and whorl correlations varied
dramatically. Similar to the Ullnverse ratio results, BWR
correlations were higher than that of the MWR. Brace rootseof th
BWR of LH252 and Ky21, and MWR of B73 and W64A brace roots
measured a weakoderate correlation, and brace roots of the BWR of
W64A measured a moderate correlation. Brace roots from the BWR
of Oh43 measured the highest correlation of all genotypes tegdted
R=0.7604, revealing a strong correlation between BL and inverse

Figure 5.1 The relative contribution of maize bremets varies between resistant
and susceptible maize genotyp8gnificant differences exist in the
relative contribution ratio (Ratio) of maize brace roots to stalk
anchorage among the maize genotypes that were either resistant or
susceptible to fall argworm (FAW) or western corn rootworm
(WCR). The differences in Ratio between maize genotypes that are
resistant and susceptible to WCR were much more dramatic than
those resistant and susceptible to FAW. Brace roots of LH51, the
WCR susceptible genotype gasured the highest contribution to stalk
anchorage (lower ratio). Brace roots from both WCR and FAW
resistant maize measured the lowest contribution to stalk anchorage
(highest ratio). WCR resistant and susceptiblee, FAW resistant
and susceptiblered. Gray bars indicate Tukey HSD p<0.01........ 172

Figure 5.2 The ForeBeflection slope for test A varies with genotype. The force
deflection slope of flexural test A (all brace roots intact) was
compared betwen susceptible and resistant maize genotypes. Fall
armyworm (FAW) resistant maize, MP701, measured the lowest stalk
stiffness among the four genotypes tested. Stalk stiffness of WCR
resistant and susceptible genotypes did not differ from each other.
WCR resistant and susceptiblblue, FAW resistant and susceptible
red. Gray bars indicate Tukey HSD p<O0.01...........ccovvviiiiiiiicennnnn. 174
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Figure 5.3 Insect resatt genotypes have fewer brace roots in the soil. To
investigate potential energetic tradeoffs between insect resistance and
brace roots, we compared the number of brace root whorls in the soil.
The number of brace root whorls in the soil varied from ortéree.

Both insect resistant genotypes have fewer brace roots in the soil, than
both insect susceptible genotypes. Data is color coated by insect
interaction: WCR resistant and susceptilbleie, FAW resistant and
SUSCEPLIDIE MEA......eeiiiiiiiiiiiii e 176

Figure A.1. Bruker Skyscan 1276 user interface. Image originally published in
(ABruker Skyscan 1276..Us.er..Mal6ual V1

Figure A.2. Scanning modes. Access scanning modes under the options tab.
Change voltage to 40 kV, current to 100 pA, and exposure to 203 ms.
Image origindly publishedinl A Br uker Skyscan 1276 Us
V1. 10 ..2.0L1.7 )i eeems s en e 218

Figure A.3. Scanning options. Specify destination folder and scan name before
starting scan. Change rotation step to 0.4 degrees. Image originally
publishedinl AiBr uker Skyscan 1276..U36r Manu

Figure B.1. Tighten the load cell onto the Instron with an 8 mm Allen wrenct223

Figure B.2. INStron teStiNg SELUD.......uuiiii e eeveene e 224
Figure B.3. Load transducer SettingsS ICOM...........uuuurrrrriiieeeiiriiiieieeeeeeeeeeeeeeeeas 225
Figure B.4. Move the black and yellow bar beneath the testing setup........... 226
Figure B.5. Reset the gauge length after applying a 0.2 N preload and before
starting €ach tESt.........cooiiiiiiiee e 227
Figure B.6. 3point bend fixture set up for testing maize brace rdoxgures for 3
point bending were designed by collaborator, Elahe Ganii.......... 228
Figure B.7. Typical loagxtension curve for a brace root sample................... 228
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GLOSSARY

Adventitious Root

A type of root that originates from nanot tissues. Adventitious
roots can arise through endogenous development or in respon
wounding.

Agronomy The science of agricultural production for food, fuel,
manufacturing, andther commercial industries.
Bending Also known as flexure. Refers to the application of an external

force perpendicular to the longitudinal axis of a slender object.
Bending tests can be performed in the field or laboratory using
different equipment tobtain mechanical properties or phenotyp
Field-based configurations are discussed in this review, and
laboratorybased configurations are explained in Shah et al.
(2017).

Bending Modulus (E)

A measure of a materi al Gslopad
the stress vs. strain curve during bending mechanical testing.

Brace Roots

Maize nodal roots that originate above the soil line.

Brazier Buckling

Refers to the mechanism by which hollow tubes fail in bending
this mechanism, transverse s
cross section. This results in a characteristic creasing or buckli
failure pattern(Brazier 1927)

Break Load (BL)

The force at which an object fails.

Endogenous Induced by factors within the organism
Herbivory The consumption of plants by an animal.
Lodging The displacement of plants from their vertisince

(Rajkumareet al.2008) Lodgingcan occur as a result of
stalk or root failure. Stalk lodging occurs when plants ar
bent or broken at the stalk below the inflorescence. Rog
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lodging occurs when roots areoken or pulled from the

soil.
Moment In the context of an applied force, a moment is the tendency fo
force to rotate an object about a point or axis.
Nodal Roots Stembourne roots characteristic of monocots that originate frof

junctures in thestalk. Nodal roots consist of those that originate
below the soil line (crown roots) and above the soil line (brace
roots).

Rind Penetration

The measured force required to pierce the rind of a plant stalk.
test is typically conducted with a prob¢aahed to a force gauge.
This measurement has been used to assess stalk lodging
susceptibility, but the results are conflicting about the utility of {
measurement and its relationship to stalk lodging.

Rootpulling/pushing
resistance

The amount of fore required to overcome soil adhesion and upi
a plant. Root pulling resistance is applied vertically, and root
pushing resistance is applied horizontally.

Stochastic

Having a random probability or pattern that cannot be accurate
predicted.

Strain

The change in shape of an object over the original shape.

Strength

The ability of an object to resist forces before deformation or
failure. In engineering, the term can refer to the localization of
forces using integrative modeling or to the collectiveds applied
to a structural member or object. For the scope of this paper,
strength refers to the latter meaning, which is also known as
structural strength (Moulia 2013). There are multiple types of
strength measurements. Bending strength (also knoflexasal
strength) is an objectds abi
plastic or permanent deformations. Failure strength or break
strength is the force at which an object breaks. Ultimate tensile
strength is the maximum force that can be applieahtobject
before failure. Yield strength is the force at which elastic
deformation ends and plastic or permanent deformation begins

Stress

The force applied to an obje

Structural Stiffness (K)

The ability of asample to resist flexure. The slope of the force V
displacement curve during mechanical testing.
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Thigmomorphogenesis| The ability for plants to respond physiologically and
morphologically to mechanical stimuli. A Thigmotropism refers
the particularytpe of growth response generated.

Ultimate Load (UL) The maximum force that can be applied to an object before fal
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ABSTRACT

Corn (Zea mays L.; Maize) is the top food crop cultivated worldwide and the
United States alone is responsible for about 40% of the global supply. In the wake of
rising global population demands, farmers need to maximize crop yields with limited
land resotces. Two environmental stresses that jeopardize maize cultivation and limit
yields are weather and insect herbivory. Wind applies a horizontal force to stalks that
can result in plant uprooting, a phenomenon known as root lodging. To reduce the
negative #ects of root lodging, research is needed to investigate the plant features
that may contribute to lodgiagesistance. One plant feature that may promote root
lodgingresistance in maize is the presence of brace roots that form at stem nodes
above the shiBrace roots are proposed to enable maize plants to resist root lodging
and facilitate nutrient absorption, but these functions have not been directly tested. |
hypothesize that brace roots contribute to plant anchorage, the biomechanics of brace
roots ehances this contribution, and that breeding maize for insect herbivory may
influence brace root mechanical performance. My research uses a combination of
mechanical testing methods (fidbdsed bending tests,p®int bend tests) and imaging
techniques (MsroCT, fluorescence microscopy) to investigate the link between brace
root biomechanics and their contribution to plant anchorage. My results show that: (1)
maize brace roots are important to root anchorage, the extent of which varies with
genotype (2) bree root whorls closest to the soil measure a higher contribution to root
anchorage and higher structural mechanical properties, (3) brace root biomechanics

may be a factor in increasing their contribution to plant anchorage, and (4) breeding
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maize for inset resistance traits may compromise plant anchorage. The results of my
research provide a foundation for targeting brace roots to promote lodging resistance

in maize and other cereal crops.
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Chapter 1

INTRODUCTION

*Portions of this chapter were published in Erndwetial.2020.

1.1 Plant Response tdV echanicalStress

Plants are subjected to a variety of mechanical stimuli and stress throughout
their lifetimes. Mechanically induced stress may be due to abiotic factors such as
wind, rain, and hail caused by severe weather events, or biotic factors like pathogens
and pestlamage. Plant organs can respond to mechanically induced stress in a variety
of physiological and morphological ways, a phenomenon known as
thigmomorphogenesigdaffe 1973) Thigmotropic responses to of&nical stimuli
include but are not limited to: decreased stem le(Bglyl and Mitchell 1977; Steucek
and Gordon 1975ecreased stem weiglgeyl and Mitchell 1977)increased stem
diameter(Jaffe 1976; Larson 1965; Neel and Harris 19#igreased root biomass
(Stokes etl. 1997; Goodman and Ennos 1996Freased mechanical strength
(Goodman and Ennos 199decreased petiole lengfhurgeon and Webb 197,1and
delayed flowering timgBiddington 1986; Akers and Mitchell 1984)he mechanical
stimuli needed to elicit these morphological or physiological phenotypes can be cyclic
(daily, hourly, etc. Patterson 1992; Steucek and Gordon 193&gtaining (wind)

(Smith and Ennos 2003)r even singular with a duration of only a few secqddffe
1976) Phenotypes that arise in response to mechanical stimuli vary between plant

species and genotypédamza et al. 2007; Goodman and BE®ri996; Steucek and
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Gordon 1975; Berry et al. 2003or this project, | focus on genotypic differences
between maize root mechanical phenotypes.

Thigmotropic responses of plant shoots have been well documented for over a
century(Hibbard 1907) To highlight a few examples, leaf petioles®fmelopepo
that were handled exhibited significant physical changes when compared to the
unhandled control grou@urgeon and Webb 197.1%aidi et al(2009)showed that
rubbing the fourth developed internode efv8ekold tomato reduced internode
elongation and icreased cell wall rigidificatiofSaidi et al. 2009)However, roots
were demonstrated to respond more dramatically to stimuli than shoots, and
herbaceous root systems like that of maize, respond mameatcally than woody
root systemgGoodman and Ennos 1996tokes et al. 1997

The first studies investigating root thigmotropic responses werettiext of
root mechanical impedance in s(@arley and Greacen 1967; Abdadiaal1969) For
example, oots grown in compact soil respond morphologically with reduction in the
speed of axial grothh (Abdallaet al1969) root length(Cook et al. 1996)and root
system sizéMulholland et al1996) Many studies on root thigmotropism investigate
their indirect response to shoot mechanical stress. Goodman and(E®®)provide
evidence that nondestructive mechanical stimulation of the slist®m can elicit a
thigmotropic response in the roots. Sunflower and maize grown with supported stems
have50% weaker roots than those without supp@daodman and Ennos 199¥Yhen
stems are flexedpots respond with both morphological and mechanical phenotypes
(Crook and Ennos 1996; Niklas 1998poots of flexed plant stems are longer, stiffer,
and stronger, and have increased biomass, while the stem is thicker and experiences a

reduction in total biomag€rook and Ennos 1996; Nad 1998; Gartner 1994n
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addition, roots that experience sustained unidirectional stem flexure (ie. wind), have
been shown to grow parallel to the direction of stimulation to resist the mechanical
stres§{Goodman and Ennos 1998)hese types of growth are beneficial because they
function to reduce the maximum bending moment applied by external forces,
increasing the force required to uproot the p(&tiklas 1998) The

thigmomorphogenesis of roots is now known to be essential to helping the plant resist
aboveground mechanical stress.

In addition toresponding to indirect stimuli of the shoots, individual roots can
also respond locally to direct meclhaal stimuli. Goodman and Enn@a001)
demonstrated this by growing maize hydroponically and flexing individual roots daily
by hand. Flexed roots had small but significant increases in diameter, as well
dramatic increases in stiffness and rigidity. There was also a small increase in the dry
root mass of the flexed roots and the authors suggest that mechanically stimulated
plants allocated biomass to the roots to promote anchorage. The importanse of th
study showed that the responses to local mechanical stimuli can be detected at the
individual root level.

At the intersection of engineering and plant biology, plant biomechanics is a
quickly growing field of science that seeks to study how mecharioallsinfluence
plant materialsThereforethe field of plant biomechanics is becoming increasingly
important in agronomy and securing sustainable food production. For natural plant
populations, generational mechanical stresses can lead to the na¢etadrsef plant
phenotypes that have enhanced survival and fitjAegen et al2005; Puijalon et al.

2008) These phenotypes can be mechanical, such as increased stiffness and strength,
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and/or norphological, such as increased stem girth or increased root length and
spread.

Integrating mechanical testing strategies from engineering with plant biology
can help plant breeders and farmers identify, genetically target, and introduce these
stronger pkRnotypes into commercial varieties of crops. These stronger plants may
then be able to better resist mechanical stresses like wind, disease, reduced soil
adhesion, and pest pressure. One limitation to plants reallocating energy resources to
strengthen plartissues, is the possible reduction of flowering, seed production, or
grain quality(Niklas 1998) Understanding the genes governing this traifl@nd
investigating how mechanical and morphologicalitgpes can enhance plant

strength is important for securing a reliable food source for the future.

1.2 Lodging in Cereals

Plant organs have the ability to respond to mechanical stimuli albeit to a
limited extent. When the ability for plants to maintain amalge in the soil is
overcome by strong mechanical forces, such as high winds during a severe weather
event, plants do not have the time to adapt. This fagukaownas lodging and refers
to the Apermanent di spl acemdRakumartetapl ant s f
2008) Lodging is multifactorial and stochastic, but has been reported to cause up to
80% yield losses, depending on the crop and field locéajkumaraet al.2008;
Berry et al. 2004)and even if harvested, lodging can reduce grain quiuno et
al. 2018) Factors underlying plasusceptibility to lodging include meteorological
factors (e.g. wind, rain, and hail), field management practiRagumaraet al.2008)
plant architecturéStamp and Kiel 1992; Brune et al. 2018)d plant biomechanics
(Robertson et al. 2016)
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1.2.1Types of Lodging

There are two types of lodging that are distinguished by the point of
mechaical failure- stalk lodging and root lodgin@erry et al. 2004)In cereal crops,
stalk lodging refers to breakage of the stem below the height of the flower, and root
lodging refers to failure at threot-soil interface. In maize, stalk failure is further
distinguished by the point of failure as green (brittle) snap or stalk lodging. Green snap
refers to stalk breakage at the stem node prior to flowering, whereas stalk lodging
refers to stem internodmickling and occurs at late plant stages. Root lodging can
occur at any plargtage howeveryield losses become more severe as plants mature
or as time to harvest decreases (Eayter and Hudelsoro88). From an agronomic
perspective, stalk and root lodging often occur in the same field and are rarely
differentiated by growers. From a plant breeding/phenotyping perspective, stalk and
root lodging are distinct in both their failure types and failueeanismgBerry et al.
2003)As such, the genetic and environmental underpinnings of stalk lodging
resistance and root lodging resistance are expected to be distinct. Mechanical
phenotyping methods uséalassess each type of lodging are likewise distinct. Herein,
we review fieldbased mechanical phenotyping approaches to quantify stalk lodging
resistance and root lodging resistance in cereals.

Several additional review articles provide information andbneral topic of
lodging (Berry et al. 2004; Rajkumasd al.2008; Berry 2013; Khobra et al. 201®he
impact of wind forces on plan(&ardineret al.2016) root anchoragéStubbset al.

2019) laboratorybased mechanical phenotyping of stalks/stshsh et al. 2017)
and plant biomechanigdliklas 1992; Niklas and Spatz 2012)
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1.2.2Failure Analysis ofNaturally Occurring Lodging

Understanding the failure patterns associatigd lodging is critical to identify
breeding targets for lodging resistance. Lodging can manifest by different failure
mechanisms, which can provide insight into the most appropriate mechanical
phenotyping strategigfRobertson et al. 208h In general, stalk lodging failure
patterns can vary spatially (location of failure within the plant) and temporally (across
the plantés | ifespan). For example, smal/|l
((Mulder 1954; Laude and Pauli 1956; Neenan and Sp&méh 1975) Figure
1.1A), but in barley and oats, buckling of the middle internodes is common and failure
can even occur near the pedien@Vhite 1991 Figure 1.1B). In contrast, large grains
like maize tend to fail near a node, but the specific failure pattern can differ by growth
stage. For example, analysis of rsieason maize showsat plants fail at the node in
a green or brittle snapping patté(BImore et al. 2005)igure 1.1C). Whereas late
season maize skalodging primarily involves a mechanism known as brazier buckling
((Robertson et al. 2012015%); Figure 1.1D). Understanding these different failure
patterns has been essential to the development of testing protocols and phenotyping
methods that reproduce natural failure types and paif@obertson et al. 2014

2015.
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A - Small grain buckling at lower internode - Barley/oat buckling at middle internode and peduncle

Figurel.1 Failure patterns of cereal stalkiatural failure patterns of cereal stalks
vary by the crogiype and age of the plant. (A) In small grains, the most
common failure mechanism is buckling at the low¢grnodes. (B)
However, in barley and oat, buckling of middle internodes or as high as
the peduncle have been reported. (C) In contrast for large grains, such as
maize, midseason failure occurs in a green (or brittle) snapping pattern,
with failure at tle stem nodes. (D) For lageason maize lodging, failure
is defined by brazier buckling of stem internodes, close to the node.
Figure from Erndwein et al., 2020.

Plant anchorage is achieved through interactions of roots and soil. Roots can
act as tethersiitension or compression, with those tethers failing during root lodging.
In addition, a root ball can be formed (i.e., a cohesivesoistructure) that rotates
out of the soil during plant failure. This is similar to uprooting observed in large trees

(Eassao et al.1992) Failure during induced root lodging in winter whe@tqok and
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Ennos1993 199) and maiz€Ennoset al1993)is characterized by the tensile
anchorage modélboth crops demonstrate buckling of roots on the leeward side
(away from the applied force). A study of root failure during natural lodging in wheat
also found a fatlre of tensile anchorage with roots breaking and roots pulling free of
the soil((Eassonet al.1992); Figure 1.2A-B). Our unpublished observations of root
failure in maize after lodging are consistent with these results. These results favor a
model of tensile anchorage over the model of root ball anchorage. However, soll
composition may influence the type oflése and additional studies are needed to

fully understand the potential variations of root failure patterns.
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A - Uprooting

B - Breakage

Figurel1.2 Failure patterns of cereal rooExperimental evidence suggests that cereal
crop roots act as tethers in tension or compression. Dwatdadging,
these tethers may fail through (A) roots pulling out of the soil and/or (B)
roots breaking in either tension (on the side where force is applied) or
compression (on the side away from where the force is applied). Figure
from Erndwein et al., @0.



While lodging significantly affects most cereal crops worldwide, for the scope
of this project we will focus on maize. In maize specificalgg may}y lodging
causes up to 25% yield losses, with the impact of root lodging increasing as plants
reat reproductive maturityFlint-Garcia et al. 2003; Carter and Hudelson 1988;
Tirado, Hirsch, and Springer 202@ecause the increased unpredictability and
intensity of storms coincides wittuman population growth, it is important to study
natural adaptations of cereal crops that may help mitigate their susceptibility to
lodging. One potential root adaptation of maize that may protect plants against root

lodging is maize brace roots.

1.3 Maize Brace Roots

The maize root system is fibrous and composed of a variety of different root
types that wvary in function throughout t he
(roots originating from the seed) and pestbryonic roots. Embryonic roots consét
the primary root (red, Figure 1.3) and seminal roots (green, Figure 1.3). Post
embryonic roots consist of approximately five tiers of crown roots (blue, Figure 1.3)
and one to two tiers of brace roots (also commonly referred to as prop roots). éfter th
embryonic roots establish the seedling, at approximately vegetative stage V6, the post
embryonic roots permanently become the dominant roots for water and nutrient
absorption for the plarfHochholdingr et al. 2004)

More information on the developmental cues and stages involved in nodal root
growth can be found in several revie(lizard and Sparks 2020; Hostetler et al.
2020) Postembryonc roots are also referred to as nodal roots because they originate
from stem nodes below (crown roots) and above (brace roots) tt{elecliiholdinger

et al. 2004; Hochholdingel0R9; Feldman 1994; Blizard and Sparks 2020; Hagipe

1C
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al. 1986) Nodes refer to junctures in the stalk, characteristic of monocots like maize.

For this research, we will refer to a node with brace roots as a whorl (Figure 1.3).

1.3.1 Brace Root Nomenclature

The literature often uses conflicting terms to describe brace roots. To clarify,
the review by Blizard and Spark&020)provides a detailed explanation of the
terminology used to descrilbeace roots, as well as their designation on the hierarchy
of postembryonic root types (Figure 1.4). To summarize, brace roots are a type of
adventitious root, which refers to roots that originate fromnoar tissuegHayward
1938; Esau 1953 Adventitious roots can emerge in both monocots and dicots
endogenously or in response to woundiBteffens and Rasmussen 20Mhen
adventitious rootsriginate endogenously from the stem, they are referred to as stem
borne roots. In monocots like maize, stborne roots originate from the nodes, and
are called nodal roots. Nodal roots consist of those originating below the soil line
(crown roots) and ave the soil line (brace rootgrace roots develop in monocots
from theAndropogonea@ndPaniceadribes ofPoaceadHostetler et al. 2021Y his
includesmaize, sorghum, sugarcane, &wtaria

The naming system for whorls of nodal roots has not meedaconsistent and
often poses a difficulty when comparing mechanical properties of maize roots in the
literature. Hoppe et afHoppe, McCully, and Wenzel 198@gveloped a tier
numbering system to dieguish maize nodal roots. While our research did not
organi ze brace root whorls according
nodes in this study could be referred back to the literature. Nodal roots in tier 1

develop at the coleoptilar node jubbae the mesocotyl. Roots of nodeSs dlevelop
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underground, node 6 develops just above the soil surface, and nodes 7 and 8 develop
aerially. Ac csystethinodgs 6f7,candi8,ccormespand with this
researchos bottom whomR),andtBOMROI(TWR) ddl e whor

respectively.
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Brace roots

Crown roots

Lateral roots

Figurel.3: The root system of maiZEheroot system of maize consists of a primary
root, seminal roots, crown roots, and brace roots. Nodal roots, roots that
develop from junctures in the stem, refers to the crowrsraad brace
roots. After maize reaches vegetative stage V6, the plant primarily relies
on the nodal roots for nutrient and water acquisition. A node refers to a
junction in the maize stem, characteristic of monocots. A whorl refers to
a node bearing braceots. lllustration adapted fro(iostetler et al.

2020)
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( Adventious Roots )

( Wound/Stress Induced ) ( Endogenous Development )

( Stem-borne Roots )

( Dicot ) ( Monocot )

( Nodal Roots )

( Crown Roots ) ( Brace Roots )

Figurel.4 Hierarchy of adventitious root typésdventitious roots can occur in both
monocots and dicots and can emerge endogenously or in response to
wounding. Nodal roots are a type of steorne roots that originate from
junctures in the stem solely in monocots. Nodal roots in monocots consist
of thase originating below the soil line (crown roots) and above the soil
line (brace roots). Figure originally publishedBlizard and Sparks

2020)

1.3.2 Evidence for theM echanicalFunction of Maize Brace Roots

Brace roots have been theorized to brace the plants from mechanical loads and
promote additional nutrient absorpti@iVanget al.1994; Van Deynze et al. 2018)
The mechanical functionf brace roots has been inferred by the deposition of lignin in
brace root cell walls. Lignin is known to provide structure and stability to plant cells
(Hoppeet al.1986; Gibson 2012)This lignification suggests that brace roots are key
structural components of plants and provide resistance to shear forces. However,

research is needed to further elucidate and directly measure the mechanical function of
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maize brace roots and their link to lodgimgistance. We hypothesize that brace roots
contribute to plant anchorage and lodging resistance, and that mechanical phenotypes
of the brace roots themselves may influence their mechanical function. In support of
our hypothesis, two recent studies fourmberelation between higher numbers of
maize nodal (brace) roots and increased lodging resistance. The first study
investigated the effect of increased planting density on root lodging resistance and
nodal root growtl{Liu et al. 2012) Increasing planting density is commonly
employed by farmers to increase yield, but it often results in increased lodging
incidence and subsequent yield loss. The authors planted two different maize varieties
in low, mediumand high planting densities, and the root failure moment (Rfm), was
used to quantify lodging resistance (further discussed in Section 1.4.3).

Results showed that increasing planting density decreases Rfm, which
consequently increases root lodging susbéypy in maize. Further, nodal root
number and average root diameter decrease with increasing planting density. For the
upper nodal roots, Rfm was positively correlated with nodal root phenotypes like
greater root number and diameter. The authors mehaurgh positive correlation
between nodal root number and diameter with lodging resistance. This study suggests
that phenotypes of maize nodal (brace) roots like diameter and anchorage mechanics
may play a role in root lodging resistance.

To build on tke evidence that nodal roots correlate with increased anchorage
and decreased lodging resistance, the second study by Shpetll, began to
investigate the genetic and hormonal cues that induce nodal root development. Recall
that brace roots are a &pf adventitious roots. Ethylene is a plant hormone known to

be influential in the formation of adventitious roots, however until the research by Shi
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et al. Shiet al.2019, it was unknowmwhether ethylene influences the formation of
maize nodal roots.

To investigate this, the authors used the transgenic maize overexpressing the
ARGOSS8, a gene that reduces plant sensitivity to ethylene by decreasing ethylene
signaling but also enhances gmngyield. When constitutively overexpressed, ARGOSS8
increased grain yield but decreased ethylene sensitivity, consequently reducing nodal
root emergence. Without adequate nodal roots, susceptibility to root lodging increased.
The hypothesized role of etleyle was further confirmed when exogenous application
of ethylene precursor ACC to transgenic maize was found to promote the emergence
of nodal roots.

Finally, using the developmentally regulated FTM1 promoter for ARGOSS8
overexpression in adult plants, tethors cultivated transgenic plants that did not
present the tradeoffs between yield and lodging susceptibility. These plants presented
negligible effects on ethylene signaling, increased grain yield, in addition to decreased
root lodging incidence. Thidemonstrates that selecting the timing of modified
ethylene signaling can decouple grain yield and root lodging. The significance of this
study was that it provided evidence that maize can be genetically manipulated to
produce fewer nodal (brace) rootglghat there is more than a sole genetic cue
involved in the emergence of brace roots. Overexpressing ARGOSS8 in maize, the
authors concluded that the loss of brace roots is associated with an increase in lodging
incidence(Shiet al.2019) This provides support to my hypothesis that brace roots are
important for lodging resistance.

Additional evidence for the mechanical function of brace roots suggests that

the number of brace root whorls that enterdbié positively influences lodginrg
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resistancgShiet al.2019 Liu et al. 2012; Sharma and Carena 201B6ajvever, it is
unknown which brace root whorl contributes the most to plant anaharadylodging
resistance. While these studies have associated the presence of maize nodal roots and
associated phenotypes with plant anchorage and lodging resistance, the direct
measurement of the contribution of the maize brace root system to planteeyechas

yet to be tested.

To answer the many questions surrounding brace root mechanical function, a
standard methodology must be developed for best quantifying lodging resistance and
mechanical phenotypes. There are three main experimental approacgheadaring
mechanical phenotypes of plants: (1) fiblased testing (2) computational modelling,
and (3) labbased testing. The next sections will provide a brief review of current
methods and principles surrounding each approach and integrate appraaenels (

(3) into an experimental design for investigating the mechanical function of maize

brace roots.

1.4 Field-BasedM ethods forthe MechanicalPhenotyping of Cereal Crops

First, considering the variation in lodging failure modes described in Section
1.2, quantifying lodging resistance in the field is not a simple nor singular task.
Several approaches have been developed to evaluate lodging resistance in the field,
including artificial wind and devices that measure proxies of stalk or root failure. The
following section will review the methods that have been used to assess cereal crops

for lodging resistance in the field.
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1.4.1 Atrtificial Wind to Evaluate Stalk and Root L odging

Artificial wind sources that attempt to mimic the natural weather patterns
associateavith plant failure have been used to assess lodging resistance. One early
study tested the effectiveness of a mobile wind source (an airplane propeller driven by
an automobile engine) to evaluate lodging resistance in wheat, oats, and barley
(Harrington and Waywell 19507 his study found that while the artificial wind
experiments provide some value to assess lodging resistance, the large kne and
throughputof the wind source made this an unsatisfacapproach to study lodging.
More recent studies have developed wind machines to study lodging in wheat
(Sterling et al. 2003)maize(Wen et al. 2019)and riceg(Shrestha et al. 2020n
wheat, a wind tunnel was constructed with a portable wooden enclosure and six axial
fans mounte@n a mobile trailer. This setup was determined to provide an accurate
simulation of natural wind conditior{Sterling et al. 2003)This wind tunnel revealed
interesting differences in the timing of ladg i namely that stalk lodging occurs
instantaneouslyand root lodging occurs progressivé8terling et al. 2003 However,
additional studies with this wind tunnel were not found in the literaturerfaize, a
mobile wind machine was constructed of a high speed fan set on parallel rails for
mobility and used to evaluate stalk lodging as an outcome of variable wind speeds
(Wen et al. 2019)This stuly showed that the failure wind speed varies based on
maizevariety butdid not attempt to link these results directly to the incidence of

lodging (Wen et al. 2019)

1.4.1.1 The Blaster
Recently a device calléBlaster, that is a combination wind machine and rain

simulator Shrestha et al. 2020pas been developed. The device was applied across
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twenty rice cultivars and three field seasons, and shows a ladicion of natural

stalk lodging when evaluated for a subset of eight geno{giesstha et al. 2020)

The bending moment of the lower internodes, as measured by a prostrate tester (see
below for addibbnal description of prostrate testers used to evaluate root lodging
resistance) was the best single trait predictor of stalk lodging induced by Blaster.
However, a compound trait, named fiLodging
the Internode / [Abowground Fresh Weight * Culm Lengtl{{pokawa and Ishihara
1992) was the best predictor of lodging induced by Blaster with an R2-68%5
depending on wind spe¢8hrestha et al. 2020y his study by Shrestha et al., also
represents the first comprehensive analysis of widdced stalk lodging compared to
natural stalk lodging and provides a solid biological basis for genetic variation in stalk
lodging resistance. However, it remains unclear if the addition of water to the wind
simulator has a significant impact on lodging or whether wind alone could be used for
future evaluations. One study of natural wheat lodging in China reported that the
combinaton of wind and rain was related to a higher percent of lodging than either
factor alongNiu et al. 2016)suggesting that the addition of water to wind simulators

may be critical for their successful@jeation in understanding lodging resistance.

1.4.1.2 The Boreas
The approaches described above all consist of a wind source that is able to be
moved from one location to tmext butis static relative to the field. In other words,
there is a single point sowof wind that is applied in a gradient across the plants. A
major advancement was realized for commercial breeding applications, when Pioneer
H-Bred (now Corteva) developed a mobile wi

green snap, root lodging, asthlk lodging resistance in mai@@arreiro et al. 2008)
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The basis of Boreas is a wind generator that can move througheldat @andcan

apply varying durations and velocities of wind to simulatestigronmental

conditions associated with each type of loddiBgrreiro et al. 2008) Using Boreas

to simulate thunderstorm conditions was reported as a strong indicator of green snap
events(Cooper et al. 2014However, as Boreas is used in commercial applications

and protected by patents, the details of the device and research data obtained from this

platform are not readily available.

1.4.1.3 Wind SpeedConsiderations

A major consideration in the construction and cost of an artificial wind system
is acquiring the desired wind speeds. Theoretically, the failure wind speed of cereals
was calculated as 11.6 m/s at the can@aker 1995) However, this likely varies
dramatically between crop types, within different genotypes of the same crop, and
under different moisture conditions and planting densities. Failure wind speeds have
not been directly caildated for many crops, and thus the minimum needed wind
speeds for wind simulators is an open question. In maize the failure wind speeds were
calculated between 16 m/s and 30 m/s depending on the variety, but this study relied
on purely windinduced failue without soil saturatioWen et al. 2019)it is likely
that failure wind speeds would be reduced with the addition of soil moisture to these
studies.

Reported wind speeds achieved by the artificialdnsources described above
are: Sterling et a(2003)- 8.5 m/s (up to 10 m/s for gusts), Wen ef(2019)- 30 m/s,
Blaster- 16.7 m/s (converteffom 60 km/h; Shrestha et §2020) and Boreas 45
m/s Barrerio et a2008) Thus, the wind tunnel of Sterling et &2003)would likely

not generate enough wind speed to evaluate lodging in maize, but is suitable for
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smaller stature crops. Although limited in their application (likely because of the cost
and expertise needed to construct theartjficial wind approaches can provide

valuable information about lodging resistance in cereal crops.

1.4.2 Mechanical Methods to Evaluate Stalk Lodging

1.4.2.1 Rind Penetration

The most common approach for assessing stalk lodging resistance is measuring
rind penetation resistance. This measurement involves piercing the stalk rind with a
probe attached to a digital force ga(Beiffer et al. 2013; FlinGarcia et al. 2003)
and recording the maximumrfie required to penetrate the rind. This method has been
used throughout most of the 20th century datksbackto at least 193%Khanna
1935) However, there are conflicting reports of the utilitylod tind penetration
procedure to evaluate lodging resistance and it is not widely used by commercial
breeding programs. Some studies show that rind penetration resistance is highly
correlated with stalk lodging resistan@udley 1994; Andersoat al.1994) while
others show that rind penetration is weakly correlated with stalk lodging resistance
(McRostie and MacLachlar914 2 ; Butrod6n et al . 2002; Hu
Robertson et al. 201.7Pne of the studies with weak correlation compared the results
from rind penetration resistance in maize to laborabased stalk-point bending
strength measuremer(Robertson et al. 201,Avhich closely mirror failure patterns
of naturally stalk lodged plan{Robertsoret al. 20142015). In this analysis, rind
penetration resistance accounted for less than 20% of the variation in stalk bending

strength(Robertson et al. 2017)
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These conflicting results about the utility of rind penetration resistance to
predict stalk lodging resistance could be attributed to the fact that rind penetration
resistance measurements do not quantify the effect thanhstagihological properties
have on stalk lodging resistance. From a biomechanical perspective, the stem
diameter, crossectional area and rind thickness all influence stalk lodging resistance
(Robertson eal. 2017) Several studies investigating the genetic architecture of rind
penetration resistance have shown that there is not a direct correlation between rind
penetration and other morphological features of importance for stalk lodging
resistanc But r oo n et etal.2004;2Ma 6t2l; 201M;&rLt et ah. 2014,
Gibson 2012; Hu et al. 201Further, it has been suggested that the relationship
between rind penedtion resistance and stalk strength is highly dependent on growing
conditions such as planting density, genotype, and locé@®obertson et al. 2016\
primary reason for the contrasting reports onetfiectiveness of rind penetration
resistance is likely due to the lack of published testing standards. For example, the
geometry of the penetrating probe and the rate of force application are expected to
significantly impact measurements, but these fachoe rarely reported in papers that

utilize the rind penetration method.

1.4.2.2 Bending Tests

In considering the natural failure pattern of lodged stalks, severabfésleld
measures of stalk bending stiffness and stalk bending strength have been developed.
The original fieldbased bending test was achieved by fastening different weighted
chains 6 the base of an oat panicle and measuring the stalk displacement from
horizontal(Grafius and Brown 1954 With this information, the authors calculated a

metric of lodging resistance (calculated asttrgue a plant can resist / applied
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torque), which showed a moderate correlation with natural lod@rafius and

Brown 1954) These experiments were latwoughput and laborious, thus a series of
semtautomated fieldbased bending devices were subsequently developed. These
devices can be divided into two categories based on whether they have been applied to
small grains€.g. wheatrice, oat, or barley) or large grains (e.g. sorghum or maize).

A primary challenge with fiekbased mechanical testing of small grains is the
inability of a single stem to providmougtresistance to reliably detect with a load
sensor. To overcome this limitation, multiple plants are tested together in small grain
applicat ons. One device (referred to here as I
winter wheat lodging and consists of a hdmadd force meter with a load cell attached
to a push bar to measure the force required to push over multiple plants (Figure 1.5B,
Tablel.1;Berryet al.2003) The measurement obtained from this device is the force
applied to reach a discrete angle. Recently, this device was modified by another group
to reduce the weight, and continuously record data as plants are bent (Figure 1.5B,
Table 1.1Heuschele et al. 2019)his updated device, called the Stalker, was created
to differentiate between different management practices in wheat and between
different small grains (wheat, oat and barley). However, thetsesuthese trials are
not reported in the manuscrifiieuschele et al. 2019)

For larger grains, several different devices have been developed to test
individual plant biomechanics in the field. Thesfit devi ce (referred to
Device) was developed to nondestructively measure the forces required to bend maize
stalks across a set of discrete angles (Figure 1.5C, Tabl@uolet al. P18, 2019)

In this device, a controller module with a strain sensor is connected by a belt to a

second unit fixed to the stalk. The controller module is pulled to discrete angles
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ranging from Oto 45degrees and the maximum equivalent force is recoiides.
force was shown to have a strong negative correlation with the incidence of stalk
lodging in maizgGuo et al. 2018, 2019)

A second device, DARLING (Device for Assessing Resistance to Lgdgin
Grains), was also developed to assess stalk biomechanics in larger cere@cobps
et al. 2019) This device (DARLING, Figure 1.5D, Table 1.1) collects continuous
force-rotation data and consigié a vertical support with a control box mounted at the
top, a horizontal footplate attached by a hinge at the base, and an adjustable height
load cell. To use, the operator places a stalk in contact with the load cell, and a foot on
the hinged base to amor the device to the ground. Using this device, the stalk can be
tested in two modes, either (1) bent until failure to obtain stalk bending strength, or (2)
bent within the lineaelastic range of the material to obtain flexural stiffness. In the
first mode, the device reproduces the natural stalk lodging failure mode (buckling).
Whereas the second mode of testing allows for a nondestructive measurement that is a
surrogate for laboratofigased stalk bending strength measurem@&ubertson et al.
2016; Cook et al. 2019However, in the nondestructive mode the reliability of
measurements depends on soil conditions and soil type, which should ideally be kept
constant throughout testing. A recentdstuvhich utilized the DARLING device as
part of multtyear, multilocation study demonstrated that bending strength
measurements are more highly correlated with natural lodging incidence as compared
to rind penetration testingékhon et al. 2020However, the study also indicated that
rind penetration resistance does account for part of the observed variability in natural

lodging incidence that is not accounted for by bending strength measurements.

24


https://paperpile.com/c/cR66Ns/rvmu0+8HFaM
https://paperpile.com/c/cR66Ns/OAFZT
https://paperpile.com/c/cR66Ns/OAFZT
https://paperpile.com/c/cR66Ns/dfmby+OAFZT
https://paperpile.com/c/cR66Ns/dfmby+OAFZT
https://paperpile.com/c/cR66Ns/M9bti

A - Berry’s device B - The Stalker

C - Guo’s device D - DARLING
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Figurel1.5 Devices for measuring stalk bending strenBtle r rdgvigées(A) was
developed to study winter wheat stalk lodging and consists of a hand
held force meter with a load cell attached to a push bar that measures the
resistance force to push over in mukiplants. An updated version of
this device called the Stalker (B), was developed for small grains (wheat,
oat and barley) and reduced the wei gl
some automation. Specifically, the Stalker is pushed forward until a
preset &-degrees, and then the fonagation data is continuously
recorded until the test is ended by 1
a handheld twecomponent circuit block system and measures the forces
required to bend maize stalks across a set ofatis angles. One
component, a controller module, contains a strain sensor, -sirigle
angle sensor, microcontroller, power supply module, signal acquisition
circuit, and a radio frequency transceiver. The second component
consists of another radio frequey transceiver and single axis sensor.
The two components are connected by a rigid belt, and the controller is
pulled to discrete angles to measure the maximum equivalent fegse (F
which is used to assess stalk lodging resistance. The Device for
Assesig Resistance to Lodging in Grains (DARLING) (D) was
developed to assess stalk biomechanics in larger cereal crops and more
closely recreate natural failure patterns during stalk lodging. DARLING
consists of a vertical support with a control box and aligiisplay
mounted at the top, a horizontal footplate attached by a hinge at the base,
and an adjustable height load cell attached. Plants can be
nondestructively bent within the lineafastic range of the material to
obtain flexural stiffness or displagentil failure and the maximum
applied bending strength record&iyure from Erndwein et al., 2020.
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Tablel.1: A comparison of stalk mechanical phenotyping devicse originally

published in Erndwein et al., 2020.
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1.4.3 Methods to Evaluate Root Lodgng

1.4.3.1 Root Pulling/Pushing Resistance

While the failure mechanics of roots during lodging includes both uprooting
and breakage, fieldased approaches have focused on measuring plant anchorage
independent of these failure mechanics. Vertical root pulling resistance (VRPR) is a
parameter for &essing root anchorage that has been widely used in maize since the
1930s(Wilson 1930; Zubeet al.1971; Fincheet al.1985) VRPR can be measured
rapidly in the field and was shown to be negatively correlated with root lodging in
maize(Kamara et al. 2003; Liu et al. 2013)RPR has been less utilized in other
cereal cops, particularly in the context of root lodging. One set of studies used VRPR
in rice as an approach to understand and select for drtalgrdance, but did not
evaluate root lodgingEkanayakest al. 1985, 1986 Another study determined that
VRPR was highly variable and unsatisfactory to predict the tendency to root lodge in
wheat, oats, and barléiarrington and Waywell 1950pespite the urear
relationship with root lodging resistance, several devices have been developed to
measure VRPR in the field.

An early device to measure VRPR consisted of a clamp and a scale, where the
plant is lifted from the soil by manually pushing a lever; thithod has proven
inaccurate since it was impossible to control for lifting rate and measurements were
extracted manuallfRogerset al.1976; Thompson 1972, 1982; Jemet al.1981,
Peterset al.1982; Penny 1981; Arihara and Crosbie 198#her devices have been
subsequently designed to reduce manual error and measure VRPR using tractor

hydraulics, but this approach has proven too heavy and cumbersome f@prede:
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measurement&uber 1968; Donovan et al. 1982; Kevern and Hallauer 1983;
Melchingeret al.1986)
Two devices were designed to overcome the limitations identified from these
early metlods to measure VRP@®ourleijn et al.1988; Fouérét al.1995) One
device (referred to here as Dourleijnbs De
powered motor and pulley system to ghi plants vertically out of the soil at a
constant ratéDourleijn et al.1988. The maximum pulling force is recorded as a post
test on an attached scale. A DBeecedigwle devi ce
1.6B, Table 1.2) is anchored by nails into the soil and the stalk is symmetrically placed
between the anchor fe@ouéréet al.1995. A force sensor then transmits an angular
pushing dsplacement to the stalk and records the resistance force at discrete angles.
Mechanical data are recorded as monr@sgle relationships and the maximum force
applied to pull the root system out of the soil is then extracted as the horizontal root
pushing esistance. This device represented several improvements upon previous
devices, including the use of fork prongs to prevent root system damage, nails to

anchor the device to the soil, and automated recording of force measurements.

1.4.3.2 Root Failure Moment

A major drawback of the root pulling/pushing systems is that they do not
necessarily replicate how a plant fails during root lodging. In other words, they apply
unnatural loads and likewise produce unnatural failure types and patterns. An attempt
to improwe upon these approaches and replicate root lodging conditions was made
with the introduction of a device to measure root failure moment (Rfm). This approach
was originally designed for sunflowgposaraet al.2008) and subsequently applied

to maize(Liu et al. 2012) The devices used to measure Rfm consist of a push bar
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attached to the plant stem at a specific height with a steel cable, a basgqratrd

an offset pulley system to pull the plant
Figure 1.6C, Table 1.2. The Rfm is then calculated as the force when the stalk is

pulled to the perpendicular multiplied by the attachment height of the pusihite

not widely used (likely due to the cumbersome andtawughput nature of the

device), Rfm in maize was shown to be negatively correlated with planting density,

which is known to increase root lodgifigu et al. 2012)

1.4.3.3 Handheld Prostrate Testing

An approach to measure root anchorage in small grains has been the use of a
commercially available, handheld prostrate testing device (Daiki Rika Kogyo Co., Ltd,
Saitama, Japan). In this system, thesfrate device is attached perpendicularly to
multiple plant stems (1@5), the plants are displaced to adigree angle and the
pushing resistance is recorded (Figure 1.6D, Table 1.2). This approach has been
applied to winter wheatXiao et al. 2015)canola(Wu and Ma 2018)and rice
(Kashiwagi and Ishimaru 20Q4nterestingly, this approachvery similar to the
bending tests used to assess stalk lodging, varying only in the placement of the device
lower on the stem and closer to the soil surface. While this approach is often presented
as a measure of root anchorage, one study notes thdiffiaslt to separate this
measure as indicative of root lodging distinct from stalk lod@igo et al. 2015)

For example, in rice the bending moment calculated from prostrate testing of the
lowest irternodes was highly predictive of Blasteduced stalk lodgingShrestha et

al. 2020)
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A - Dourleijn’s device B - Fouéré’s device

C - Sposaro’s device
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Figurel.6. Devices for measuring rootanchordg®@ ur j el i nés device (A
vertical root pulling resistance maize. The device uses an electric
powered motor and pulley system to pull the plants out of the soil at a
constant rate. Fou®r ®6s device (B) mi
in maize and consists of a main frame, handle, adjustable force sensor,
ande sensor, a twpronged steel fork with anchoring nails, and control
head with electronic display and keys. This device uses a force sensor to
transmit an angular pushing force to the stalk and an electronic control
system automatically records theresistc e f or ce. Sposar o6s
was originally developed for sunflowers and later applied to maize to
improve upon root pulling/pushing resistance devices, and better
replicates the failure mode of root lodging. With this device, a push bar is
attached tahe plant stem, while a base protractor and an offset pulley
system are used to pull the plant over. Root failure moment (Rfm) can
then be calculated. For smaller crops (canola, wheat, rice) a
commercially available prostrate testing device (D) can be. 03
device attaches to an adjustable mounted plate attached to the plant.
Plants are displaced to a-dBgree angle and the pushing resistance is
recordedFigure from Erndwein et al., 2020.
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A comparison of root mechanical phenotypiegices.Table originally

Tablel.2

published in Erndwein et al., 2020.

(#007) niewiys| pue 1Bemiysey (9102) BN PUe N (S 10T) ‘[ 12 OBIX,

(2107) "2 3@ NI 4(8007) '|e 12 Osesods,
(S661) '[e 19 919N04,
(8861) (e 13 ufispnoq.

sanuadoid yjels pue 1001 u3aMIaq ysinbunsip ouue)
1u3puadap Joresado si el Huipeon
PUIM UI SJUWIJINSEIW 1ONPUOD 01 3NdYIg

siue|d Jo L131eA e J0j pasn aq ue)
SAIIDNIISIPUON
Pley-pueH

. (221 1eAyYM
. juswow ‘ejoued) RERINETo)

Aedsip |eubip oN 3|qe|ieA AJ|eIDIawWod pue aAisuadxau| - ainjiej100y  suelb jjews Bunsay aensold
Buibpo| 1001 Buunp ainjiey O«
3|qenod-pjaly
uonouny o1 buideds mos abiej sannbay yb13y Jeg-ysnd a|geisnipy - JUsaWowW Jamoypuns
Alowaw [eusaiul ON aaisuadxau| - 2In|iej 100y ‘ziIe ,921A3p solesods
(lueid/uiw |) sijuswiainseaw pidey  «
SIUSWIAINSEIW 3210 JO Buipiodal pajewoiny «
Huibpoj 1001 Buunp 3injie) J1WIW 10U S30Q Ajjeusaiul panes exeq -« 20UeISISAI
SUONIPUOD |10S UO Juapuadag a|geuod-pjal4 - Buyjind 1001
(0005$SN) 2AIsUdx3 Aeidsip leubig - |e1UOZ1IOH aziew 49DIASP 5,219N04
Huibpoj 1001 Buunp 3injie) J1WIW 10U S30Q
si01e12do om1 sainbay
Jy1>3ds IDIAIP 3. SIUSWINSEeIW 30ULISISAI
(MmoueqI3aym e 31| P3)j|0s 3G 1snwl) AresH (swueyd Q| /ulw Q1—G) SusWaInseaw pidey  « Buynd
Ajjlenuew papiodal pue peal 3 1SNW 3[edS (pa1ewolne) paads buynd ueisuo) - 1001 [BDILISA Sz IDIAIP sufiajinog
suo) soid jJuswaInseapy doin I3

33



1.4.4 A Discussionof Field-BasedM echanicalTestingM ethods

A general overview of fiekdbased mechanical phenotyping equipment used to
assess lodging resistance in grain crops is provided ir3dhbl and 1.2. In the
sections below, we discuss the need for improved standard operating procedures and
testing standards for phenotyping equipment that will enable greater interoperability.
In addition, we provide an evaluation of each phenotyping ndeshd mention best

practices for conducting fieldased mechanical tests of plant stalks and roots.

1.4.4.1 DevelopingStandards to Enable Reproducibility.
As technologies to assess plant mechanics in a field setting continue to be
developed, there is an urgeneddo focus on reproducibility and a complete
understanding of the mechanics of plant failure. Several of the approaches outlined
above suffer from a lack of reproducibility between laboratories and/or devices. This
lack of reproducibility comes in partdim a failure to understand how plants fail
during lodging. For example, there is little conceptual relationship between rind
puncture resistance (pushing a needle | i ke
ti ssues of the st al kure, vehichotypinalytmamfests aswi nd i nc
buckling, snapping, or splittindRobertson et al. 20&8h Similarly, for root lodging,
plants are not pulled vertically from the soil during natural lodging everitaud
follows that root pulling/pushing tests have shown variable success in increasing our
understanding of root lodging resistance.
Another challenge in reproducibility is the lack of experimental detail included
in published articles. It is often unelehow devices are constructed, how they are
used, and/or what mechanical metrics are measured. A prime example of this is the

copious use of the term fistrength, o which
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contexts are of importance when discussing strerigéhfirst concerns how strength

was measured (e.g., bending, crushing, shear, tensile, compressive) and the second
with how strength was extracted. For example, there are two strength measures often
associated with plant mecharficthe ultimate structuratrength and the structural

failure, also known as yield strength. The ultimate structural strength represents the
highest force that the object can withstand, whereas the structural failure or yield
strength represents the force at which the object breiakuckles. These measures are
not alwaysequivalent anghould be differentiated when reporting results.

Furthermore, structural strength should be differentiated from material strength. The
ultimate structural strength of an object is the highest fibian withstand and does

not account for differences in geometry among objects, whereas the ultimate material
strength is the highest force per unit area a given material can withstand. The ultimate
structural strength is the type of strength most contynmeasured in plant

phenotyping experiments. Clarifying the type of strength measured by devices in

future studies will enable greater interoperability and understanding.

Lastly, there remains a | ack of connect

measue s descri bed here and the underlying
measures to plant anatomy, architecture, and composition is a key phase of future
research in mechanical phenotyping. Understanding how mechanical measures vary
with the underlyig biology enhances our ability to select for plants with improved
lodging resistance without compromising other traits such as yield or disease

resistance.
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1.4.4.2 A Comparison ofField-BasedM echanicalTestingM ethods
In this section, we will provide ambjective evaluation of current phenotyping
met hods. This evaluation is based on the &
limited data availability. It is intended to assist plant scientists in choosing a
phenotyping method and to highlight potentiglfe research directions. A ranking of
phenotyping devices is not provided, as our intent is only to provide an objective
evaluation of each methodology. Each method has its own unique benefits and
drawbacks as discussed below.
As compared to other phenotyping methods, artificial wind is generally
assumed to most closely mimic naturally applied forces that induce stalk and root
lodging. Although artificial wind has been shown to induce stalk lodging in rice with a
high correlation to natural lodgingShrestha et al. 2020)e are unable to find any
examples in the literature demonstrating that these machines do or do not produce
natural stalk lodging or root lodging failure typand patterns. Additionally, the large
cost and size of such machines make them i
breeders and agronomists. The limited mobility of wind machines (with the exception
of Boreas) also makes them difficult to utilize karge association panels to discover
the genetic underpinning of lodging resistance. A primary limitation of artificial wind
machines that are static relative to the field is that wind speed naturally decreases with
distance from the wind source. Thukamis near the wind source will experience
different wind forces than those near the back of a plot. Various correction factors or
other manners of accounting for this have been presented in the referenced articles.
However, the Boreas machine has overctimselimitation altogether and is likely the
most well developed artificial wi nd sour ce€

in the machine; however, as mentioned previously, the Boreas machine is inaccessible
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to most breeders and most of the datidected with the machine are proprietary. To
increase accessibility, the goal for future studies should be to lower the cost and
improve mobility of artificial wind sources. In addition, future researchers should seek
to confirm that artificial wind indces natural failure types and patterns in cereal crops
to confirm the validity of use as a proxy for lodging resistance.

Rind penetration experiments have been conducted for nearly 100 years, yet
much is still unknown about the methodology. For exampig unclear how probe
geometry and the rate of force application affect the measurement. A primary
advantage of rind penetration is that it is not entirely destructive (i.e., it does not
induce plant death) and the testing can be done before floweriisgefdbles plant
scientists to make breeding decisions (e.g., experimental crosses) in the same season
that the data are collected. This is not possible when utilizing artificial wind sources or
other destructive phenotyping measurements of lodging neséstRind penetration
testing is also one of the most rapid ways of mechanically phenotyping cenegsl
andenables testing any given plant without disturbing neighboring plants. This
method is effective for rapidly ranking varieties with significanteslénces in stalk
strength, but does not perform well at differentiating between elite varieties, which
may possess very similar strengths. The primary limitation of this approach is that rind
penetration experiments do not produce natural stalk lodgiogefgatterns. Thus,
breeding for increased rind penetration resistance may not always increase stalk
lodging resistance. The lack of association with natural failure types and patterns is
one likely reason that previous studies have demonstrated mswdtsréVe are
unaware of any studies using rind penetration resistance to study small grains. The

puncture force of small grains is likely so low as to complicate accurate measurement
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in a field setting. In summary, rind penetration resistance appeagstoiable way to
rapidly investigate stalk lodging resistance, but additional factors (e.g., plant geometry
or bending strength) also need to be considered when breeding for stalk strength.
Future studies should report the rate of force application awbera detailed

description of the probe geometry used in the study. In addition, it is important that
scientists agree upon a standard operating procedure for rind penetration resistance
testing.

Bending tests can induce the same failure patterns oblsermaturally lodged
crops. At the time of writing, the DARLI NC
strength device explicitly shown to produce natural failure types and p&tberDs
Cook et al. R19) However, we believe it is highly probable that the other bending
strength devices (which operate on similar principles) likewise produce natural failure
types and patterns. The bending test approach essentially eliminates the chaotic
influence of wird loading, thus decreasing measurement uncertainty. In other words,
these tests provide information about the inherent strength of individual stalks in the
absence of wind effects. For example, artificial wind tests are affected by factors such
as leaf sie, leaf number, leaf angle, and planting density. From a statistical standpoint,
the bending strength approach likely provides the greatest distinguishing power for
ranking varieties based on inherent stalk strength. Of course, these methods are not
without their own unique drawbacks. The throughput of bending tests can vary, but in
general this method typically takes longer than the rind puncture test (testing rates of

wind tests are not well guanti fied).
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The DARLING device appears to be the fasteshefliending test methods,
with testing rates of approximately 150 stalks/hour. The results of bending tests
must be interpreted with caution. Although the method does provide very detailed
information about stalk strength, it does not provide any irdition about how each
variety translates wind into bending load. Thus, one can imagine a situation in which a
crop variety with a high strength rating may lodge at a higher rate than a similar
variety with a slightly lower strength, because the leaf arite of the first variety
results in higher bending loads than the leaf architecture of the second variety.

All of the devices utilized for testing small grains suffer from one common
limitation or constrairé they require testing of multiple plants at en®uring the
test, these plants interact with one another and can provide mechanical support to one
another. The physics governing this self
not been fully elucidated. To overcome this limitation, the measuree i®tgpically
divided by the number of stems deflected in the test to determine an average strength
value. It is unclear how different plant spacings, or factors such as the number of
tillers, may affect the average strength value.

In general, there hagbn greater progress in understanding the mechanics
associated with stalk lodging than the mechanics associated with root lodging. Root
lodging is more difficult to simulate due to a lack of devices that apply a rotational
moment at the base of the plaBpecifically, root pushing/pulling devices have
suffered from a lack of reproducibility and variable ability to predict natural root
lodging. The failure pattern of roots achieved using these devices has not been
reported, thus it remains unclear if vaoatin predictability is related to the type of

failure induced or the wrong direction of applied force to mimic root lodging.
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Devices that measure root failure moment are likely the most appropriate for
determining root lodgingusceptibility buerecure nt | 'y cumber some and
throughput. Furthermore, the one study that reported results in maize did not detail the
failure pattern of the roots or provide a direct comparison with natural root lo@ing
Liu et al. 2012) There is an urgent need to develop phenotyping approaches that
simulate the natural failure patterns during root lodging. However, the natural failure
patterns during root lodging are poorly understood. It is likely that development of
devices that apply a rotational moment at the base of the plant will enable a better
understanding of the rdatoil interactions that are critical for plant anchorage. It
should also be noted that several patents exist for devices to measure crop lodging
resistance. However, the majority of these devices are not evaluated in scientific
literature, and their efficacy is therefore not possible to assess in this thesis.

Overall, the field devices discussed coc
supporting the codiction of metadata (e.g., plot number, GPS coordinates) and
utilizing improved digital user interfaces. These features are necessary to make the
devices amenable to |l arge genetic studies
corruption, and dataloss.ur t her mor e, the accessibility
phenotyping equipment is limited. The technology is rapidly advancing, and the
discipline lacks a consensus on the best phenotyping approaches. In our experience,
the best practice for acquiringfiel based mechani cal phenotypi
collaborate directly with the developers of the instrument(s) being used. Data
collection pitfalls are many and are unique to each device, crop, and field

combination. Integrative research teams combining expénti@ant science and
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mechanical measurements are required to successfully identify and navigate such

pitfalls in the field.

1.5 Computational Modelling as anAlternative to Field-basedM echanical
Testing

One attempt to understand root lodging outside ofigié $etting was the use
of computational models of root/soil interactions that were used to gain new insights
on the factors influencing root lodging in ma{Brune et al. 2018)These models
allow regarchers to explore hypotheses and carry out computational experiments that
could not be accomplished with purely empirical approaches. One major advantage of
computational models is that every aspect of a computational model can be
independently manipuledl. This enables experiments that are fundamentally different
from the experiments that can be performed in either the laboratory or the field. For
example, computational modeling has been used to dissect the factors influencing
stalking lodging in maizé-orell et al. 2015)Additional information on
computational modeling to understand plant biomechanics can be found in a review
article by Prusinkiewicz and Runiorg02) While this thesis does not involve
computational modelling, there are many applications for modelling maize brace roots

and | encourage future researchers to pursue this approach.

1.6 Laboratory -BasedM echanicalPhenotyping of Cereal Crops

Laboratorybased measurements rely on samples being removed from the field
and transported to a laboratory. These types of analyses include destructive crushing
tests, bending tests, or analyses of plant anatomy. A recent review provides an
overview ofthe laboratorybased measurements of stalk mechaf8btshet al. 2017)

In contrast to stalk lodging, there are limited approaches that have been used to
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understand root lodging in the laboratory settilue to the root system being less

amenable to removal and mechanical testing.

1.6.1 Understanding Natural L oading Configurations

The first step in any analysis of crop biomechanics is to understand the loading
thatenvironmental forces place upon the plant architecture. For example, stalks are
primarily subject to bending forces from gravity, wind, rain, and(&ibbset al.
2019) In contrast, roots are subject to more complex forces, including compression
and shearing forces when growing through compac{Bailey and Grezen 1967)
and tension, compression, bending, and torsion forces when external forces are applied
to the shoot systefiiNiklasand Spatz 2012)he underground forces that roots
experience are directlynked to the forces occurring in the aboveground shoot system,
and failure often occurstiier in breaking of individualbots at the ground level or

failure at the sotroot system interface (uprootin(gtubbset al.2019)

1.6.2 Conventional Loading Configurations for Mechanically TestingPlant
M aterials

The most common loading configurations that have been used to test plant
biomechanical phenotypes are illustrated in tension (Figure 1 WhAgre a uniaxia
pulling force is applied to a sample gripped at both ¢Kddstschmann 2008; Zhang et
al. 2016; Yu et al. 2012; Yu et al. 2006; Varanasi et al. 2@@npression (Figure
1.7B)- where a uniaxiabucklingforce is applied to a sample gripped at both ends
(Al-Zube et al. 2017; Zhang et al. 2QKrfetschmann 2008; dung and Clancy 2001)
and Bending (Figure 1.7Cwhere a force is applied perpendicular to the sample
length. Bending forces are a combination of both tension and compression. The

sample surface against the bending anvil is under compression, and éoe surf
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opposite the anvil is under tension. Two types of bending tests have been used to
characterize plant materialsp®int bending, where one loading anvil is applied to the
center of a sample placed on a tpronged fixture, and-point bending, where tavo-
pronged loading anvil is applied to a sample in the same figRoeeet al.2004;

Speck 1994; Wright et al. 200Fjourpoint bending allows a uniform distribution of a
loadacross a larger surfa¢Robertson et al. 2015bgnd is commonly used for high
stiffness, brittle materials like ceramics and {mmmogenous materials like

compositesin general, Bnding tests areommonlychosen foinvestigatingplant
biomechanics becae (1) they are the simple and rapid methods for testing large plant
populations, and (2) they represent natural wind loading patterns.

Compression testing can be applied in the transverse, where the load is applied
parall el t o t healae8tpgbbsetal.201%) orasak wheretbet i o n
| oad is applied perpendi cullZhangeta. 200 e s ampl
Unlike compession tests, tensile tests are not typically applied in both directions for
plants. Due to the small section of transverse tissue in most stems and roots, it would
be extremely challenging to conduct these tests. Plants are also not subjected to
transvers tension forces (stems and roots are not pulled apart with forces
perpendicular to the stem length), so measuring transverse tension would yield little

functional information on the strength of the stem or root material.
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C - Bending

Axial Transverse 3-Point 4-Point
e

Figurel.7: Three of the most commamethods to mechanically phenotype plant
materials in a lab settingA) tension, where a uniaxial pulling force is
applied to a sample gripped at both ends, (B) compression, where a
uniaxialbucklingforce is applied to a sample gripped at both ends, and
(C) bending, where a force is applied perpendicular to the sample length.

Bending tests are perhaps the most common method of assessing plant organ
mechanical properties due to the ease of sample preparation and reprod(aibility
Zube et al. 2018)Bending tests have been used to characterize the biomechanics of
wood (Buchanan 1990; Kin and Shim 2010; Kretschmann 2008; Lindstéh
2002) sunflower stalk§ Kn c e e tpotatd tuber and 8pplé fruit parenchyma,
celery stalk collenchyma, and elderberry stem sclerencliiikias 1993, sugarcane
stalks(Qingtinget al.2004) sorghum stalkéBashford et al. 1976Wwheat stalks
(Esehaghbeygi etal. 20006 Do g h e r t Yy, Beeytet ah 2000, 20@692607
Verma et al. 2005 barley culmgKokubo et al. 1991)ice staks (Jin et al. 2009 Li
et al. 2003)and maize stalkg§Robertson et al. 2085201%). Stalk lodging occurs
when a bending moment applied to a stalk exceeds the capacity of the plant, so

bending tests are particularly useful when investigating stalk lodging risk in cereal
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crops. Indeed, stalk bending strength has recently been shown ®wrheghimportant

property for estimating stalk lodging resistance in mésaskhon et al. 2020)

1.6.3 Characterizing MechanicalPhenotypes

Sample preparatioand mechanical testing configuratidepends on material
type.The American Society of Testing Materials (ASTM) defines standard
configurations for testing material properties in a variety of engineering materials like
metals, plastics, ceramics, and carsiges like lumber, but none for living materials in
plants. Reproducibility of results is a challenge when applying engineering protocols
to biological materials. Natural variation caused by genetics, timing, and
environmental conditions is difficult toitigate. Thus, it is necessary to test a large
sample size and consider how structure reflects function in plant materials when
choosing a mechanical testing strategy.

While the mechanical properties of biological materials will never be as exact
as engieering materials, drawing parallels between the two enables the development
of reliable, repeatable testing methodologies that best estimate mechanical phenotypes
(Niklas and Spatz 2012Plant organs it provide structurbke stalks and roots are
comprised of nonlinear buref of anisotropic fiber®in 2011)and often paralleled
to viscoelastic polymer reinforcadmpositegGibson 2012; Speck and Burgert 2011;
Robertson et al. 201 Tanimoto et al. 200MNiklas 1992 Schopfer 2006; Qiet al.

2011) In general, for simplification roots and shoots are assumed to be Hookean or
elastic materialsin other words, below a certain strain point, stress and strain are

directly propational to each other. Linear elastic materials will return to their original
dimensions when the load is removedcamtrast, nonlinear elastic materials return to

their original dimensions even past their strain lifNiklas and Spatz 2012)
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Applying loads in various configurations (i.e. tension, compression, and bending), and
measuring the material 6s resul matenal def or me
properties.

An example mechanical testvisualized as a force vs. displacement testing
curve (F vs. px) (Figure 1.8A). Il n al l me t
di spl acement @x is applied to the sampl e &
load cell. This produces a characteristice-displacement curve, from which
mechanical phenotypes can be extracted (Figure 1.8A). The initial linear part of the
curve represents assumed elastic deformation, where the material behaves as an ideal
spring. If the applied force returned to zero Il this linear region, the assumption
is that the sample would return to its ori
uniaxial force applied to a spring varies by a spring constant, K. Thus, the slope of the
linear part of the forcelisplacement cuevis defined as the structusdiffness or the
spring constant, K. K is a primary metric for measuring plant biomechanics and
represents the resistance of a sample to bending unddivioang et al2002)
Higher K values indicate samples that resist deflection. When failure occurs (sample
breakage) the graph will steeply drop off and that force at this drop off is defined as
the break force.

Forcedisplacement mechanical testing curves form thesldasiall
biomechanical measurements. However, these curves do not take into account the
sample geometry, which is critical for comparing the mechanical properties of both
nortidentical samples of the same material and different matéNaéis and Spatz
2012) If the forcedisplacement curve is normalized for sample geometry it then

becomes a stresdrain curve (Figure 1.8B). Stress is the force applied to an object
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over a sampl e 0a F/A Thossress seetionaliarean vehile canstamtly
changing throughout the testing procedure, is assumed to be constant for extracting

bul k material properties of a sampl e.

in length over its original lengh, @@L/ L. The sl ope ot the

strain curve is the bending (elastic) modulus, E. E is defined as the ability for the
material to resist deformation. To contrast with K, higher E values indicate materials
(rather than samples) thasist deformation (rather than deflection), whereas lower E
values indicate materials that are more pliable. Unlike K, E is a scalable material
property because it has been normalized for saggaenetry andan be used to
compare different materials. Atier feature that can be extracted from the stress
strain testing curves is yielding, which is the point at which the slope decreases and
indicates the beginning of plastic deformation. At this point any increase in force will
be enough to permanently dafothe sample. Lastly, the ultimate tensile strength
marks the maximum stress the sample can experience without failure.

For the scope of this project, since the radial growth and thickehpigra
organs has been shown to play a role in resisting meaidorces, we chose to
investigate brace root structural mechanical phenotypes: structural stiffness (K),
ultimate load (UL), and break load (BL). In addition, the bending modulus (E) was

calculated to investigate differences in brace root materiakpiep.

47

el

Str &

-~

C



A - Force-Displacement Curve

Ultimate load, UL

Force

Break load, BL

Structural stiffness, K

Displacement (x)

B - Stress-Strain Curve

Yield strength  Ultimate strength

Break strength

Stress (o)

Bending modulus, E
(Material stiffness)

Strain (g)

'. \

)

-4

48



Figurel1l.8 Characteristic mechanical testing curves and quantities of interest for a
linear elastic materialn (A) materials are loaded with a constant
displacement (x) and the resulting force is measured. The elastic region
indicates that if the fae were to be removed the sample would return to
its original dimensions. The slope of this linear region is read as the
structural stiffness (K) of the sample. The highest point on the curve is
the ultimate load (UL)The point at which the graph dropg sfeeply-
indicating sample breakagis called the break load (BL). When the
geometry of the sample is accounted for, the graph becomes (B), a stress
strain curve. The elastic modulus is the slope of the initial linear region.
The yield strength point @hcates the beginning of plastic or irreversible
deformation. The ultimate strength is the maximum stress that the sample
can experience without breaking. Finally, the break strength is the stress
at which the sample breaks.

1.6.4 Measuring Stalk/ Stem Biomechanis in theL ab

Due to the different challenges posed when measuring root and shoot
biomechanics, the next sections will highlight these and propose possible solutions to
improve upon future researdBereal crops have been bred to increase grain yield per
unit area, often through fewer branches (e.g. the domestication of the single stalked
maize from its branched ancestor teosinte). From an engineering perspective, branches
provide stability where horizontal beams converge on a central sipjpsihi and
Burgess 2002)This allows stresses to be shared by the supporting branches. Without
branching to support a central structure, domestic cereal crops are more susceptible to
stalk lodging. Stalk lodging depds on internode bending failure strength, stem
diameter, and rind thickneg8uber et al. 1999; Baker et al. 1998pllecting
mechanical phenotypes like rind penetration resistance, compresgngth, tension
strength, and bending strength may provide insight to the diagnosis of stalk lodging

susceptibility.
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Many approaches to assess crop biomechanics utilize equipment that has been
designed for material testing in other contexts. For exanghsion, compression, and
bending tests are often performed onlased universal testing stands (e.g. Instron,
Norwood, MAhttps://www.instron.ug/ These testing stands often require
modification of the sampl® enable testing. For example, when subjecting maize
stalks to tension tests, thin strips of stalk must be excised for téathzyibe et al.

2018) In this instance, the need to modify the samplegsting can be attributed to

the difficulty in gripping a round object for tension testing. Interestingly, in the same
study, the authors measured and compared the modulus of elasticity (E) from tension,
compression, and bending tests and showed thattkegquivalenfAl-Zube et al.

2018) This indicates that, for maize stalks at least, the mechanical properties are
symmetricand E measured from one loading configuration can be expanded to

encompass mechanical behavior in other loading configurations.

1.6.5 Measuring Root Biomechanics in thel ab

While the role of stalk biomechanics in stalk lodging is well understood, the
role of root biomechanics in root lodging is less so. For the scope pfthest, |
hypothesize that the mechanical properties of maize brace roots themselves impact
their importance to plant anchorage and lodging resistance. In general, root
mechanical phenotypes have been difficult to quantify due to the heterogeneous
structue and irregular geometry of these orgéBsodman and Ennd998 2001).
Previous studies in maize have aimed to simplify root biomechanics by assuming roots
are a solid cylinder and testing onthe tip of the root prior to lateral branching
(Goodman and Ennos 1998, 20019 measure root mechanical phenotypegoidit

bend loading is a wetlocumented method used to assess root biomeshahi
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subterranean lateral and nodal roots of m@&@odman and Ennos 2001, 1998)
However, considering natural loading configurations, the aerial portion of brace roots
may be affected more by @ronmental bending forces like wind and have yet to be
mechanically characterized. To date, a comprehensive analysis of spatiotemporal

brace root biomechanics has not yet been performed.

1.6.6 Limitations of Lab BasedM echanicalTesting

An understanding of hoforces interact with the plant roots in the field is a
critical step for determining functional mechanical phenotypes of roots in the lab. For
example, analyses of midnd lateseason stalk lodging revealed different failure
patterndRobertson et al. 20B5EImore et al. 2005 or lateseason maize stalk
lodging, it was determined that the majority of maize stalks fail from a mechanism
known as brazier bucklin@razier 1927; Robertson et al. 201BJazier buckling
occurs when the cross sections of hollow tubular structures ovalize and the outermost
layer of the tube permanently crifi®@patzet al.1990; Niklas 19921997; Spatz and
Niklas 2013) While the stalks of cereal crops have multiple nodes that provide
transverse reinforcement and minimize brazier buckling, roots diNikbas 1989
1997; Spatet al.199Q 1997; Schulgasser and Witztum 1992, 198fazier buckling
manifests in falsely high stresses at low strains and inflates material stiffness values
(Robertsa et al.2015). Bendingtests on roots are further limited by the unbranched
straightlength available for testing, which leads to errors in testing root samples with
large diameters. According to ASTM standards for polymer reinforced composites
(D726), a materiatype similar to plant roots,-Boint bend span length to sample

diameter rao in 3-point bending should be at least 16:1.
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It is important to note that proper preparation of sample shape must be
consideredn measuring the desired mechanical properfieshighlight an example,
prior to bending tests, particularlygint a 4point bending, it is a common practice
to create a notch in the sample on the surface undergoing tension, opposite to the
upper fixture. This allows the measur ement
ability to withstand crack propagation. Notching is nftssed on homogenous
materials like metaléSarnoet al.1974) ceramic{ Koz gows ki , Kadel a, a
2015) and natural ston@hang et al. 2015Notching has also been used on-on
homogenous materials like bo(dcCormack et al. 20125tandards have shown that
notching should not be used on er&ls that behave as laminate composites such as
certain plastics and lumber because this increases risk delaminating anisotropic fibers
(International Organization for Standardization 20Bdant orgashave been
theorized to behave asisotropigolymer reinforced composites since tloeysist of
layers of anisotropic fibersf different tissue typeand densitiegGibson 2012; Speck
and Burgert 2011; Robertson et al. 20T@nimoto et al. 200Niklas 1992 Schopfer
2006; Qin et al. 2011)urther, plant organs like stems and roots are reinforced by cell
wall components in vascular tissues around the circumference ofltherical plant
organ. Notching plant samples would likely damage these structural tissues and result
in inaccurate mechanical properties. Therefore, for the scope of this thesis notching

was not used in our sample preparation.

1.6.7 Comparison ofLab BasedBiomechanicalTesting Strategies
While each method of testing (tension, compression, bending) is useful for
mechanical phenotyping, the ideal testing strategy for a given sample should seek to

maximize reproducibility anchinimize error preparationand testing time.
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Bending & the most efficient method, with the benefit of the shortest time for
preparation and testingdeal for testing a large sample size in a short time. Many
material properties can be easily extracted from bending tests such as elastic modulus,
flexural stffness, and fracture toughness. The primary detriment to bending tests is
that the properties obtained are for the aggregate material and lack spatial distribution.
Materials with an irregular internal structure or taper along the length will likely see
decreased tegest repeatability and increased error in elastic moduli measurements.
The mechanical behavior of these materials would be best studied usiyg X
computed tomography (CT) and finite element analysis to extract local elastic moduli.
Additionally, if the plant sample is a hollow tube with a large diameter, bending may
cause brazier buckling, which can interfere with testing results but can be mitigated by
using 4point bendingas opposed to-Boint bending)optimizingspan length to
sample tcameter ratipand/or using a rounded upper fixture (as opposed to a knife
edge upper fixture) (Shah et al. 2017)

Despite the fast testing time for tensile tests, the sample preparation time is the
longest. A common challenge in tensile testing is tippage of the sample due to an
improper gripping fixture, especially when testing cylindrical objects like plant stems
and roots. Thus, samples are often prepared into thin slices or square segments for
testing. We propose that this could be solved bygusatf aligning platens that tighten
upon rotation, however this theory has not been tested.

Finally, compression testing has the longest preparation time and a longer
testing time than bending. As with bending, it provides a single aggregate elastic
moduus for the entire sample. This test can also be done locally to obtain a tissue

specific local elastic modulus; however, this requires multiple strain measurements
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and can become time consuming. Compression testing also yields the lowtestt test
repeataility values(Al-Zube et al. 2017)Another common challenge with

compression testing is that it is very difficult to cut perpendicular end faces on

samples due to the irregular geometry of plant st&piserical platens could be used

to fix the issue, or researchers could use strategies developed for bone specimens and
embed the ends of samples in poly(methyl methacrylate) (PMMA) before mounting on
the testing fixturéKeller and Liebschner 1999; Untaroiu 2010)

It is important to note that the elastic modulus for certain materials is the same
in compression as in tension. The elastic modulus of maize stalks exhibits this
symmetry(Al-Zube et al. 2018; Wght et al. 2005)however, several other plant
materials like wheat and barley ste(Wéright et al. 2005)wood(Ozyharet al.2012)
and lumbei(Kin and Shim 2010§lo not. If preparation and testing time is of concern,
it may be more convenient to choose tensile testing rather than compression testing,
given the elastic moduli will be equal.

While all these methods have pros and cOilsZube et al. 2018howed that
in measuring the elastic modulus for maize stalks, all methods produced statistically
accurate results, with tesgst variability of less tha®%. Therefore, the proper testing
method simply depends the properties of interest. Regardless, when choosing the
best testing method for extracting mechanical phenotypes, it is important to consider

factors like material type, sample geometry, and preparation and testing time.

1.7 Quantifying the Potential Link BetweenBiotic MechanicalStimuli and
Brace Root M echanicalPhenotypes

In the previous sections, we have mainly discussed measuring lodging as an

effect of abiotic stressors. While abiotic mechanical stimuli such as unpredictable
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weather events are th@ost common cause of lodging, biotic mechanical stimuli such

as insect herbivory must lsensidered

1.7.1 Plant BiomechanicsApplied to I ntegrated PestManagement

Conventional agriculture has heavily relied on manufactured chemical pest
control since the Green Revolutidrgwever the longterm impacts of chemical
controls on public health and the environment may do more harm thar{Rjodd et
al. 2015) It is estimated that half a million species of insects will be facing extinction
in the coming decades, which is extremely concerning considering their importance to
ecosystemgBongaarts 2019)This largescale extinction of insects is associated with
human impacts, like climate change, habitat loss, invasive species, pollution, use of
fertilizers (both organic and inorganic), and excessive use of pesticdié®dmncides
(Cardoso et al. 2020; Bruhl and Zaller 2Q19dt only do pesticides cause acutely
toxic or sublethal effects, but bioaccumulation from chronic exposure can cause
physiological effect®n insect population®esnewet al.2007) For example, two
widely used neonicotinoid pesticides, imidacloprid and clothianidin, have been
associated with Colony Collapse Disorder (CCD) in honeyf@esnshengt al.
2014; Dively et al. 2015)Glyphosate, the most commonly used herbicide in the
United states, has been fouiadin high concentrationgjter the gut bacteria of bees
which rendes them more susceptible to infecti@iMotta et al.2018 2020; Motta and
Moran 2020) Both organic and inorganic fertilizers have also been shown to cause
eutrophication, soil nitrificatiorand changes in host plant composition which further
increase insect mortalif)Kurze et al2018; Habekt al.2019)

To avoid further extinctions and to preserve insect biodiversity, it is ttocia

develop new methods of integrated pest management that do not negatively impact the
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environment. Currently, natural enemies of pests such as parasitoid(Waspset al.
2019) entomopathogenic netodegRasmann et al. 2005pined soldier bug&'u
1987) and even bird@viantyla et al. 2008are showing efficacy in control efforts.
Volatile organic compounds released by plants upon insect herbivory may also be
utilized in integrated pest management to attract naturalieaemd deter pests from
feeding on host plan{®Var et al. 2011)To improve targeted deployment of pest
control, more effective pest detection methods can also assist. | propose that plant
biomechanicsnay be developed as an improved pest detection method for more
accurately detecting root pest damage in order to determine appropriate control

measures.

1.7.2 Attacking from Above andBelow: An Overview of Two Common Insect
Pests ofM aize

This project will fows on two economically significant pests of maize, fall
armyworm (FAW,Spodoptera frugiperdd:epidoptera: Noctuidae) and western corn
rootworm (WCR Diabrotica virgifera virgiferaLe Conte Coleoptera:
Chrysomelidae).

WCR (Figure 1.9A) is the most desttive pest of maize in the United States
and it has been recently introduced into Europe where it also causes significant
economic losse@Miller et al. 2005 Flagel et al. 2015; Gray et al. 2009; Hummel
2007; Tinsleyet al.2013) In the past crop rotation with s@yevine et al. 2002)and
transgenic maize expressingBty3Bb1 (B) insecticidal proteirfMoellenbeck et al.
2001; Vaughn et al. 200%jere effective ways to control WCR. Recently populations
have become resistant to Bt maj@assmann et al. 201dhd/or adapted to crop

rotation. For the cropotation resistant WCR variants, femategrate to neighboring

56


https://paperpile.com/c/cR66Ns/mffq4
https://paperpile.com/c/cR66Ns/mffq4
https://paperpile.com/c/cR66Ns/3sfPe
https://paperpile.com/c/cR66Ns/Gwm0i
https://paperpile.com/c/cR66Ns/Gwm0i
https://paperpile.com/c/cR66Ns/UYAgy
https://paperpile.com/c/cR66Ns/zVq3t
https://paperpile.com/c/cR66Ns/uSAen
https://paperpile.com/c/cR66Ns/NGBjM+Oqgmy+jtyFb+q5Kcj
https://paperpile.com/c/cR66Ns/NGBjM+Oqgmy+jtyFb+q5Kcj
https://paperpile.com/c/cR66Ns/nSWw1
https://paperpile.com/c/cR66Ns/nArxL+Yvnjm
https://paperpile.com/c/cR66Ns/nArxL+Yvnjm
https://paperpile.com/c/cR66Ns/lBvpe

fields to lay eggs which hatch the following year when the field is rotated with maize
again(Levine et al. 2002)WCR are univoltine (one generation per year). Both the
adult and the larval stage of the WCR beetle feed on maize. Female beetles deposit
eggs in the soil in late summer/early fall. WCR adulésifen tassels, leaves, silks,
kernels, and pollen, and larvae feed on root tissue. WCR larvae are known to feed on
nodalroots,and it is estimated that for every node of roots destroyed, grain yield is
reduced 15%Tinsleyet al.2013) Severe root damage from WCR larvae has been
associated with increased likelihood of root loddifR@ekeljaet al.2018; Spike and
Tollefson 199) Figure1.9A).

FAW (Figure 1.9B) is a moth native to North and South America. In 2016,
FAW was first detected in AfricéGoergen et al. 201@nd by 2018 spread across
Asia (Kalleshwaraswamy et al. 201&AW has two genetic strains (both detected in
Africa); the first prefers rice and other grasses and the second prefers maize and
sorghum(Sparks 1979)While FAW is well controlled in the United States due to
transgenic maize expressing Bt toxin, small farmers in Africa and Asia do not readily
have access to these methods of control. Consequently, FAW can cause up to US $13
billion in crop losses per yearrass subSaharan Africaandpose a substantial threat
to smallholder food securifAbrahams et al. 2017; Baudron et al. 20¥&)wever,
practicing intercropping with legumes is showing some premmsontrolling FAW
in Africa (Hailu et al. 2018)In the Americas, FAW is a sporadic and long distance
migratory pest and adults can fly up to 100 km in a single figgnly et al. 2018)
FAW do not diapause (suspend development due to unfavorable environmental
conditions) and can overwinter in warm climagéshnson 1987)Adult females

deposit egs on the underside of leaves and after hatching, first instars move up the
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plant and disperse with ballooning silk thre@day et al. 2017)FAW larvae feed on

foliage, ears and tassels. FAddrlyinsar s have a chapamce@ri stic
feeding pattern on leaves and late instars create large holes in the leaves and may

burrow deep into the leaf whdiPaul and Deole 20207 his reduces the

photosythetic area and weakens the pl@natova et al. 2020Maize can recover

from minor foliar damage; however, FAW larvae nigstroythe developing ear,

which results in significant yield logsoster 1989)FAW is predicted to become

more of a problem as climate change worg&ihderd and Reilly 2014)
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Western Corn Rootworm (WCR) Fall Armyworm (FAW)
A B
Diabrotica virgifera virgifera Spodoptera frugiperda

Figurel.9 Two economically significant insgogsts of maize and their associated
damageThe larval stages of the (A) western corn rootworm (WCR) and
(B) fall armyworm (FAW) were chosen as representative pests of maize
for this chapter. WCR beetle adults and larvae both feed on maize tissues.
Adultsfeed on tassels, leaves, silks, kernels, and pollen, and larvae feed
on root tissue. Larval feeding has been associated with root lodging.
FAW larvae are caterpillars that feed on foliage, ears and tassels. It is
unknown whether FAW feeding contributedadging.

While the mechanisms behind FAW and WCR resistance in maize are
documented in the literature (discussed further in chapter 6), it is unknown whether

resistant and susceptible maize genotypes measure different mechanical phenotypes,
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or how they difer in brace root contribution to plant anchorage. WCR damage is
known to increase the likelihood for root lodging but it is unknown whether

mechanical phenotypes like increased plant anchorage are associated with decreased
WCR herbivory. FAW larvae do né¢ed on roots, but we hypothesize that they may
indirectly affect the brace root system. Given that severe foliar damage may result in
reduced photosynthetic area, the plant may divert energy away from root anehorage
orderto sustain itself. Investigag how breeding for insect resistance affects
mechanical phenotypes of maize will provide a new perspective to integrated pest
management and add plant biomechanics to the toolbox for ecologically friendly pest

detection for targeted control.

1.8 Open Questons on the Biomechanics of Maize Brace roots, their
Importance to Plant Anchorage, and Potential Link to Insect Herbivory

The mechanical function of maize brace roots and their potential role in
lodging resistance has not yet been directly measuredyvéstigate the mechanical
function of maize brace roots and characterize the mechanical phenotypes that may
govern this function, | will develop strategies based on the current iettlabbased
approaches outlined.

In the context of fieledbased measumeents of lodgingesistance, it is
important to select mechanical loading configurations that mimic natural failure
patterns during root lodging. Root lodgingsistance is a function of the resistance of
the compressed leeward roots to bending, and ttieasage of roots under tension
(Coutts 1986)Further, it has been proposed that brace roots are well adapted to resist
bending because their internal structure is composed of concentric rings ofvitters,

the outer subepidermal ring consisting of fibers with very thick WBbsley and

60


https://paperpile.com/c/cR66Ns/gS2GI
https://paperpile.com/c/cR66Ns/6Ye5D

Greacen 1967)Although the failure patterns of individual brace root failure are poorly
reported in the literater we have observed that breakage in bending is a common
failure mode for maize brace roots during root lodging (Figure 1.2; Figure 3.1A).

Based on the body of evidence regarding plant biomechanical approaches, |
have proposed four aims for determining tble of brace roots in root lodging
resistance and investigating the phenotypes that may contribute to stalk anchorage.
Each of these approaches are designed to best replicate natural failure patterns of brace
roots under root lodging incidence.

(2) 1 will use the fieldbased DARLING device to determine the contribution
of the brace root system to overall plant anchorage (Chapter 2).

(2) 1 will use laboratorybased Joint bend testing to investigate
biomechanical phenotypes of maize brace roots (Chapte

(3) 1 will correlate brace root anchorage data with mechanical properties for a
population of multiple genotypes (Chapter 4).

(4) 1 will investigate the link between insect resistant maize phenotypes and
brace root mechanical phenotypes (Chapyer 5

The completion of these aims will reveal the mechanical function of maize
brace roots and identify mechanical phenotypes that may facilitate lodging resistance
in a large population of different maize genotypes. The-teng goal of this research
is to secure food sources in a changing climate by genetically targeting maize brace

roots to produce stronger, more resilient varieties of maize.
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Chapter 2
MAIZE BRACE ROOTS PROVIDE PLANT ANCHORAGE

*Portions of this chapter were published in Reneau 020.

2. 1 Rationale

Lodging, the permanent displacement of crops from their vertical position,
significantly reduces crop yield globally. Understanding the plant traits that promote
mechanical stability and root anchorage may help to mitigate lodging incidence
Maize brace roots are nodal roots of maize that have been proposed to promote stalk
anchorage and lodging resistance by providing a rigid base for the plant; however, the
mechanical function of maize brace roots had not been directly tested. Hereime outl
a methodology for directly testing the contribution of maize brace roots to plant
stability. We utilize a fieledbased mechanical phenotyping device to load plants in a
cantilever (2point bend) configuration in order to replicate the natural loading
paterns of wind. Using a subtractive flexural test procedure, we directly measured the
differential contribution of each whorl to stalk anchorage in addition to the change in
stalk anchorage throughout the day. The results presented here provide a foundatio

for understanding the role of brace root biomechanics in lodging resistance.
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2.2 Methods

2.2.1 Plant Material

Maize of the tropical inbred line CML258 was planted in two replicate plots in
Newark DE during the summer of 2019. At 103 days after plagWigtasseling
stage), 12 plants from replicate plot one and 11 plants from replicate plot two were
chosen for repeat and time of day flexural testing to investigate differences in the
force-deflection curve. Flexural tests were conducted on experimeatab®5 days
later (128 days after planting, reproductive dent stdf&). The contribution of brace
roots to stalk rigidity was analyzed using the methods below. Two plants from the first
replicate plot were not tested at 5 due to damage incurred frech eeatrol

measures.

2.2.2 Data Collection

DARLING devices, as described in chapter 1, were used for all data collection
(Cook et al. 2019)Devices were used to conduct nondestructive flexural tests and the
slope of the force displacement curve was extracted. The load cell was adjusted to a
height of 0.64 m from the base of the plant and an inertial measurement unit (IMU)
measured rotation. The pivot point of the DARLING device was placed on level soil at
thebase of the plant and the load cell was broughbntact with the stalk. Three
cycles of deflection were applied to each plant. Each cycle involved slowly pushing
the device forward to approximately-tiégrees and returning to approximately 0
degrees. &1 time-of-day testing, two replicate plots (A and B) with 12 and 11 plants
were tested at 09:00 AM, 12:00 PM, and 04:00 PM. To ensure no permanent
deformation is incurred to experimental plants, that would confound the brace root

removal testing, each plawas tested three times in a series. At each time point,

63


https://paperpile.com/c/cR66Ns/OAFZT

plants 1 through 12 in replicate plot A were tested and returned to plant orteso re
each plant for a total of three repeat tests. When all three tests of replicate A were
completed, plants iplot replicate B were tested using the same strategy. Total time to
complete testing for each plot varied from113 minutes with a total of 280 minutes

per time point. For testing plants during senescence edalmn, plants were tested

with each whorbf brace roots touching the soil intact and removed. Tests were

| abell ed in a subtractive manner as fo
brace roots touching the soil removed
was manually excesd using pruning shears. This process was repeated until all brace
roots touching the soil were removed and labelled alphabetically. Brace roots included

in this study were defined as any nodal root visible above the soil surface.
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Figure2.1 Subtractive flexutdesting procedurerirst, plants were tested with the
presence of all the brace root whorls touching the soil. This test was
|l abell ed AA0. Then the top whorl tou:
pl ant was fl exural testde.d Tagstiinng Tvwd s
continued in this manner and tests labelled alphabetically until all brace
roots were removed from the plants. In this example, the final flexural
test with al/l br ace Fgorefroem Reneametv ed i s
al. 2020.

2.2.3 Force-Deflection Calculations

The flexural stiffness is measured by bending the stalk while measuring both
the resulting force andeflection(Cook et al. 2019)Calculatingflexural stiffness
assumes that the piaacts as a cantilever beam with a rigid boundary condition at the

base (soil anchorage). Under these conditions, flexural stiffness is purely a property of
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the stalk itself. Here we assume that the stalk properties are unchanging and thus any
change inhe forcedeflection slope from brace root removal is due to the changing of
the boundary condition of soil anchorage. Therefore, to present a clearer picture of
what is happening at the soil line, we chose to report the force deflection slope rather
than te flexural stiffness of the stalk. To do this, rotation must be first converted to
deflection. IMU data was first converted from degrees to radians using the following

equation:

d = deg x pi/180

(Eq.1)
Where pi = 3.1415.

The rotation irradians was then converted into deflectionusing the following

equation:

Ud=hxsin( d) (Eq.2)

Where h is the height of the applied load (m) digltherotational angle
(radians).

To extract the slope from the fordeflection data measured by the
DARLING, three different approaches were compared. In the first approach, a line
was fit to the complete dataset, which includes loading and unloading data for all three
cycles. For the s®nd and third approaches, the data were automatically parsed into
loading and unloading data based on a-deéined number of monotonically

increasing data. Here, ten consecutively increasing deflection data points were
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required to define a single loaglate, and each load must span at least 0.02 m to be
considered a cycle. In the third approach, a random sample consensus (RANSAC) was
used to fit a line to each of the cycles and the slope of the line that fits the curve with
the longest continuous dataipis was kept. Comparison of the different methods to
extract the sl opes revealed that all three
O 2-162I6s ideal to extract the slope from only the loading data because the
variation in the manual accgiiion of data in the field environment often results in the
unreliable automated detection of the loading portion of the curve (eg. wind will
introduce noise that prevents the identification of monotonically increasing data
points). To avoid introducingids by the manual definition of loading data, the slopes

of lines that were fit to the complete dataset (loading and unloading data) were used in
this manuscript. Fitting a line to the complete dataset was highly correlated with fitting
datatojustthedi ng dat a (-16), thus Bele&@ién,of epher @@prodIEis

unlikely to influence results.

2.2.4 Brace Root Contribution Calculation

Since removal of brace root whorls does not affect stalk properties, any
differences in the foredeflection slope @an be attributed to a change in boundary
conditions (ie. anchorage in the soihe brace root contribution to anchorage was
calculated through both relative and absolute approaches. For the relative approach,

the ratio of brace root contribution to plamtchorage (ratio) was calculated as:

Ratio = FDvithou? FDwith (Eq. 3)
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Where FRiithout is the forcedeflection slope with a brace root whorl removed,

and FDQuin is the forcedeflection slope with the same brace root intact.

For plants with three beca root whorls in the soil, the calculation is Ratio =
D/A and for plants with two whorls in the soil, Ratio = C/A. In the absolute approach,

the difference was calculated as:

Difference = FRiith-FDuwithout (Eq.4)

Where FQuithout is the forcedeflectionslope with a brace root whorl removed,

and FDQuin is the forcedeflection slope with the same brace root intact.

For plants with three whorls in the soll, the calculation is DifferenceB= A
and for plants with two whorls in the soil, tbalculation is Difference = A. To
calculate the contribution of each whorl, the whorls were indicated beginning closest
to the soil with the bottom whorl (BWR), then middle whorl (MWR), and finally top
whorl (TWR). For plants with three whorls ratios weéndicated as follows: BWR =

D/C, MWR = C/B, and TWR = B/A.

2.2.5 Data Analysis

To determine samples sizes required to identify differences in the force
deflection slope, G*Power was used to compute sample size A. priori for each of the
three time points of CM 258. This resulted in a sample size estimate of four. All
other statistics were performed using R version 3.6.3 or JMP version 14. Specifically,

oneway and tweway ANOVA, pairwise comparisons with Tukey HSD post hoc tests

68



and Pearson correlation analyseere performed with default parameters in R.

Distributions were tested with the Shapitd | k nor mal ity test, and
Tukeyods Ladder of Powers was used to nor me
(version 2.3.25). Repeatability was calted using the rptR package of R (version

0.9.22) with bootstrapping (n=1000). Graphs and input files were generated using the
following R packages: ggplot2 version 3.3.0, ggpubr version 0.2.5, reshape version

1.4.3, and dplyr version 0.8.5. Regressionsaweerformed in IMP.

2.3 Results

2.3.1 Plant Stiffness isReducedThroughout the Day

Given fluctuations in water turgor pressure of green maize plants changes
throughout the day (highest in the morning and decreasing throughout the day), we
hypothesized that thisauld be reflected in plant stiffness. To test this hypothesis, we
used the DARLING device to flexural test 12 CML258 inbred maize plants from two
different replicate plots at growth stage VT (tasseling, 103 days after planting). Plants
were tested at thréeme points: 09:00 AM, 12:00 PM, and 04:00 PM. The resulting
force-displacement curve decreased throughout the day for all replicates tested (p =
2.36E06). This result indicates that a population of green plants must be mechanically

tested at the samaerte point to avoid variation in plant stiffness due to water content.

2.3.2 Neither Number of Testsnor the Field Plot Replicate Affects Plant
Stiffness

To ensure that flexural testing was nondestructive, plant replicates from plots
A and B were tested three @%in series. Variation did exist between the three tests

for eachplant; however this was not related to the testing order (Figure 2.2; p=0.716).
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No variation in stiffness was measured between plants in replicate plots A or B
(Figure 2.2; p = 0.972). Oidrences between repeat tests are likely due to the manual
operation of the DARLING. First, the fopetal of the device required repositioning,
which may have introduced differences in the starting location of testing. Additionally,
noise in testing curgedue to wind and human error introduced some difficulty in
extracting consistent foregisplacement curves. Despite this technical error, we
measured a high repeatability in the fed=dflection slope measurements (Figure 2.2;

R =0.876, SE = 0.0245, p23E49). These results show that the nondestructive
technique of measuring plant stiffness with the DARLING device is repeatable within

plants, and between plants from two replicate plots.

2.3.3 Plant Stiffness isHigher During Senescencd han the TasselingStage

To remove timeof-day variation, the same CML258 plants were flexural
tested at late season dry down (senescence, reproductive stage R5). Fhe force
deflection curves from R5 plants were then compared with those from the same plants
at stageVT. The resulting comparison shows that R5 plants have a higher force
deflection slope than VT plants at any time point (Figure 2.2). This suggests that the

biomechanics of maize changes throughout its lifespan.
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Figure2.2 Plant stiffness varies throughou ey and between growth stagesred
maize (c.v. CML258asplanted in two replicate plots (Plot A and Plot
B). Individual plant replicates are indicated by blue numbers. Plants were
nondestructively tested three times in series to test repeatdbility-
first test, redsecond test, blackthird test). Replicate test and plot
number did not significantly influence the fordeflection slope (p =
0.716 and 0.972, respectively). At vegetative tasseling stage (VT, 103
days after planting) plants wetested at three time points (09:00 AM,
12:00 PM, and 04:00 PM). Results of thofeday testing show that the
force-deflection curve is highest in the morning and decreases throughout
the day (p = 2.366). To remove the effect of fluctuations in water
content with time of day, plants were once again tested at late season dry
down (R5). The resulting foregeflection slope of the plants at R5 were
higher than VT plants at any time point. Plant 11 and 12 in plot A were
not used due damage from weed contiebasuredsrigure from Reneau et
al., 2020.
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2.3.4 BraceRootsContribute Significantly to Plant Anchorage

Brace roots have been hypothesized to contribute to plant anchorage and root
lodging resistance, but this contribution has not yet been directly tested.38ML2
plants were observed to have two to three brace root whorls entering the soil (Figure
2.3A). Despite there being no effect of plot replicate on the foefection slope,
there was an effect of plot replicate on the number of whorls entering the soil
(p=0.0308). To determine whether brace roots contribute significantly to plant
anchorage, plants were tested after the excision of each whorl of brace roots (from
TWR to the BWR) until no whorls were left on the plant (Figure 2.1). Since repeat
testing wadound to not influence the foradeflection slope, any variation between
tests is due to the excision of the brace root whorls. Results showed that removal of
brace roots significantly affects the fordeflection slope (Figure 2.3B; p=5.88H).
Comparedo the forcedeflection slope with all brace root whorls intact, removal of
the TWR does not result in a change in the fateftection slope (Tukey HSD test A
vs. B, p=0.0138). Removal of the MWR and BWR did result in significant differences
between thedrcedisplacement slope (Tukey HSD test B vs. C, p=0.048). The low
effect of the TWR removal was expected because the TWR had fewer brace roots in
the soil than the MWR and BWR. The observation was maintained in the plant level,
with each plant measuring@duction in the forceleflection slope with each
successive whorl removal (Figure 2.3C). In two plants, plot A plant 5 and plot B plant
1, test B is higher than test A. This supports the result that the TWR contributes very
little to the forcedeflectioncurve.

Next, individual paired analyses were done to quantify within plant
contribution of the entire brace root system to plant anchorage. The contribution of

maize brace roots was calculated using the following (a) relative as a ratio of the
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force-deflection slope (Figure 2.3, Eq.3) with all brace roots excised to the original
force-deflection slope, and (b) absolute adifeerencebetween initial forcedeflection
slope and the foredeflection slope with all brace roots removed (Figure 2.3D, Eq.4).
Plot replicate had no significant effect on the ratio or difference measures. There was a
moderately positive correlation between the difference measure and the initial Force
deflection slopeR=0.59, p=0.004). When normalizing for relative contribution &g u

of ratio this difference disappeaRR<-0.17, p=0.461). The initial foregeflection

slope is most influenced by stalk properties, so it makes sense that there is no
correlation with relative brace root contribution to anchorage. To separate from the
initial stalk mechanics, we use the relative ratio the remainder of this analysis. These
ratios are a relative contribution of brace roots to anchorage. And a lower value

indicates a higher contribution of brace roots.
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Figure2.3 All brace root whorls coribute to plant anchorag€EML258 maize plants
in two replicate plots were flexurally tested after the excision of each
whorl. First, flexural tests were conducted with all brace root whorls left
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the plant
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This was continued until all brace root whorls were removed from the

plant. A) The number brace roots in the soil had a significant effect on

plant replicate (p = 0.08). B) The forcedeflection slope dramatically
decreased with the excision of each brace root whorl (p = SL&REC)
This collective result was also measured at the individual plant level. D)
The contribution of maize brace roots to plant anchorage aleslated
from two paireddata approaches: (a) relativerhich uses the ratio of the
force-deflection slope with no brace root whorls (FDwo) to the force
deflection slope with all brace roots (FDw), and (b) absclutkich uses

the difference between FDand FDwo Figure from Reneau et al., 2020.
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2.3.5 Brace Root Whorls Have Differential Contribution to Anchorage

In addition to a consistent reduction in the fedegormation slope upon
removal of each brace root whorl, there is variation in the relative lsontm within
the CML258 inbred line (Figure 2.3D). Previous studies show that the number of
brace root whorls that enter the soil is correlated with root lodging resigtanet
al. 2012; Shara and Carena 2016blhus, we examined the role of different numbers
of brace root whorls in the soil. There is a significant correlation between brace root
whorls in the soil (Figure 2.4AR=-0.50, p=0.02). However, it is important to note
that each whorl does not contribute equally. The brace root whorl closest to the soil
(BWR) contributes the most and each successive whorl contributes significantly less
(Figure 2.4B; BWR vs. MWR p=0.008JWR vs. TWR p=0.05). There is a
significant correlation between the contribution of all whorls and the contribution of
BWR (Figure 2.4CR=0.85, p=1.32ED6), MWR (Figure 2.4CR=0.51, p=0.018), and
TWR (Figure 2.4CR=0.62, p=0.017). These results showt thare are differential
contributions of each whorl to plant stiffness, with the BWR contributing most.
Additionally, while the BWR contributes the most to plant stability, the contribution

of each whorl is directly related and thus important to the d\ematribution.
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Figure2.4a) Each whorl has a differential contribution to plant anchor@ge.ratio
of the reduction in the foregisplacement slope after removal of each
brace root whorl is correlated with the number of brace root whorls in the
soil (R=-0.50, p=0.02). b) Brace root whorl significantly influences the
relative contribution to plant stability (p=2.44308). Specifically, the
bottom whorl (BWR) closest to the soil contributed the highest to plant
anchorage and each subsequent whorl faftber the soil (middle whorl
- MWR, top whorl- TWR) contributed significantly less. c) The relative
contribution of the bottom whorl was highly correlated with the overall
relative contribution of the brace root systdRs(.85, p=1.302E6).
Black dots imlicate plants with two whorls, blue dots indicate plants with
three whorls. Line is fit to a linearized model (glm) and shading
represents a 95% confidence inter¥agure from Reneau et al., 2020.

2.4 Conclusions and Future Directions

This study is the fittsto directly measure the contribution of maize brace roots
to overall plant anchorage. We showed that plant age (tasseling vs. senescence)
significantly affects the foredeflection slope. Specifically, senesced maize measured

a higher forcaleflection sbpe than tasseling maize. We propose three main reasons
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for this result. (1) There exist differences in the elasticity of living cells vs. dying/dead
cells during senescence. (2) A compensatory mechanical response was detected as the
floral organs created weighted beam. (3) It is possible that the increased-force
deflection curve of senesced stalks is a thigmotropic response to plants being tested
earlier in life. However, the nondestructive nature of flexural testing meant to replicate
the ubiquitous envonmental mechanical stress of wind on the stalk. It is likely that no
permanent thigmotropic change occurred in response to flexural testing.

We have demonstrated that maize brace roots do indeed contribute to plant
anchorage and plant stiffness incesawith the more brace root whorls in the soil.
Brace roots likely act as guy wires to provide both support and a rigid base to the
vertical stalk. However, there is a limitation to this analogy. In guy wires, higher
supports contribute more than lower pags. In brace roots, the whorl closest to the
soil (BWR) contributes the highest, and each subsequently higher whorl (MWR,
TWR) contributes significantly less. In brace roots, the high contribution of the lowest
whorl is likely due to the depth of theats in the soil, as the BWR is the oldest and
longest growing whorl. However, it is difficult to measure subterranean root
phenotypes due to the complexity of root systems and limiteddesdd root
phenotyping method<{ark et al. 202Q)In contrast, the lower contribution of the
TWR can be attributed to (1) fewer brace roots from this whorl entering the soll,
and/or (2) lower mechanical or material properties of the TWR compared to the
BWR.

We havehus provided a foundation for further investigating the mechanical
function of maize brace roots. The next step in this project is to investigate the brace

root phenotypes that enhance plant anchorage. What differences exist between brace
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root whorls thatnfluenced the higher contribution of the BWR compared to the MWR
and TWR? Brace roots have been observed to fail during breakage in the incidence of
root lodging. Based on this failure mechanism, | hypothesize that mechanical and
material properties ohte maize brace roots dictate their performance in plant
anchorage. Further, | predict that there are differences in overall contribution of the

brace root system between maize genotypes.
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Chapter 3

MAIZE BRACE ROOT BIOMECHANICS ARE DETERMINED BY
GEOMETRY WITHIN A GENOTYPE AND MATERIAL PROPERTIES
BETWEEN GENOTYPES

*Portions of this chapter are in submission asdi#vein et al. 2021Draft manuscript

is available on BioRxiv prior to publication.

3.1 Rationale

Crop plants are susceptibteyield loss by mechanical failure, which is called
lodging. In maize{ea mayy aerial nodal brace roots impart mechanical stability to
plants, with the lowest whorl of brace roots contributing the most. The features of
brace roots that determine theantribution to mechanical stability are poorly defined.
Here we tested the hypothesis that brace root mechanical properties vary between
whorls, which may influence their contribution to mechanical stabil#yoi8t
bending tests were used to determirag thrace roots from the lowest whorl have the
highest structural mechanical properties regardless of growth stage, and that these
differences are largely due to brace root geometry within a genotype. Analysis of the
brace root bending modulus determineat tfferences between genotypes are
attributable to both geometry and material properties. These results show that brace
root biomechanics may be important to determine the brace root contribution to

mechanical stability.
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3.2 Methods

3.2.1 VegetativeSample Collection (Greenhouse)

3.2.1.1 Dried Roots, V13V15

Seeds from an inbred maize genotype (Zea mays cv. B73) were germinated in
3-gallon pots with BK 55 soil (PR®IX) and 30 grams of slow release osmocote
pellets (Scotts Mirack&ro). Target greenhouse conditions weder °C day/21.6°C
night, 49% day/52% night humidity, and 14 h daylight. Supplemental lighting of 400
Watt High Pressure Sodium and Metal Halide bulbs were used when natural light
levels fell below 600 W/m2 (watts per square meter). Plants were wateredatwic
week until complete soil saturation: (1) with tap water and (2) with tap water mixed
with supplemental nutrient solution (Peters Exceb220 N-P-K). Five biological
replicates were grown to the vegetative leaf 13 (V13), V14, and V15 stage based on
the Adr oo py o(NielsoraZ019)ymehishmetldod, emerged leaves are counted
that have begun to droop downward. This begins with the thumb leaf at the base of the
plant (typically senesced withe emergence of the bottom whorl of brace roots), and
continues shootward until all drooping leaves have been counted.

At each growth stage, stalks were cut approximately 15 cm above the TWR
and 15 cm beneath the BWR. Cuttings were then transferrddtiordnere brace roots
were excised from each whorl with a singlgged razor and dried in a drying oven at

57°C for a minimum of 24 hours.

3.2.1.2 FreshRoots, V13V15
Six biological replicates of inbred maize genotype B73 were grown in the

greenhouse under tharae conditions as above. Four replicates were grown to
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vegetative stage V13 and two replicates were grown to vegetative stage V15. At each
growth stage, stalks were cut approximately 15 cm above the TWR and 15 cm beneath
the BWR. Cuttings were then transtd to a lab where brace roots were excised from
each whorl. Brace roots were then placed on a damp paper towel to maintain moisture,
and subjected to-Boint bend tests on the same day. Aerial roots removed from the

TWR were noted and included in thisidy.

3.2.1.3 FreshRoots, V12V13 (for Vascular Analysis)

Five biological replicates of inbred maize genotype B73 were grown in the
greenhouse under the same conditions as above. Of these five, three replicates were
grown to vegetative stage V12 and two plantseagrown to vegetative stage V13. At
each growth stage, stalks were cut approximately 15 cm above the TWR and 15 cm
beneath the BWR. Using a singddged razor, five roots were excised from each
whorl and thin slices (~0-@.5 mm) were cut from the firsb2nm brace root section
closest to the stalk. Brace root slices were then storedwel4lates, and organized
by each biological replicate whorl. Sections were fixed overnight with 4% PFA in 1X
PBS. The next day, the PFA PBS mixture was extracted éamh well with a pipet
and sections were washed with 1X PBS. Sections were stained with 0.2% fuchsin in
ClearsedKurihara et al. 2015; Ursache et al. 20a8) left overnight at room
temperatureClearsee mixture was prepared from the following ingredients: 250
grams urea, 150 grams sodium deoxycholate, 100 grams xylitol, and distilled water
added to produce 1 liter. After about 12 hours, the stain was removed and sections
were rinsed twice with €arsee, applying agitation on the second rinse. Sections were
left in Clearsee for at least one hour before imaging. Section imaging was performed

on an Echo Revolve (Discover Echo, San Diego, California) hybrid microscope at 4X
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magnification. Metaxylem eiment number and area counts were measured with Echo

Revolve builtin software.

3.2.2 Reproductive Sample Collection (Field)

Seeds from three inbred maize genoty@eEa(maysv. B73,Zea maysv.
Oh43, andZea maysv. A632) were planted in two replicate gaonh Newark, DE
during the summers of 2019 and 2020. In 2020, four brace roots from the top whorl
(TWR), middle whorl (MWR), and bottom whorl (BWR) (Fig. 3.1B) were removed
from six plants per genotype at the reproductive stage (R1/2, ~67 days aftergplanti
Roots were placed on a damp paper towel to maintain moisture and subjected to 3
point bend tests on the same day. In 2019, four brace roots from the MWR and four
brace roots from the BWR (Fig. 3.1B) were removed from six to seven plants per
genotype areproductive maturity (R6, ~123 days after plantiaugd stored in brown

paper bags in a dry field shbdfore testing

3.2.3 Measuring Brace Root Geometry

Brace roots were trimmed to include the first 20 mm closest to the stem (Fig.
3.1B). Brace root sampliiameters were measured with a digital caliper (DC)
(NEIKO 01407A, 66 inch). Major diameter (majorDC) and minor diameter
(minorDC) measurements (Fig. 3.1C) were taken at the midpoint of the brace root
section, which is the loading site duringp@int bendhg (Figure3.1D).

Micro-computed tomography (microCT) scanning was used as a second
estimate of brace root geometry on VIBdried roots and R6 roots. Brace root
samples were inserted into a low density upholstery foam fixture to provide a

supportive be that would not appear on the microCT scan and samples were scanned
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with a Bruker Skyscan 1276 (Settings: pixel size = 42.32 um, voltage = 40 kV, current
=100 pA, exposure = 203 ms, angular step = 0.4 degrees). Scans were reconstructed
using Bruker Nreco software (Figure 3.2). Fiji softwa(8chindelin et al. 2013yas

used to measure the following brace root dimensions from the central cross section of
microCT scans: distance from the center poirth&(1) exterior of the minor outer

wall (ao), (2) interior of the minor inner wall (ai), (3) interior of the minor inner wall

(bi), (4) exterior of the major outer wall (bo) (Figure 3.2G). For\53and R6 roots,
major (majorCT) and minor (minorCT) diatees, and major and minor wall

thicknesses were calculated using measurements extracted from CT scans. For R1/2
roots, a digital caliper was used to measure diameters (majorDC and minorDC) in lieu
of microCT scanning. See APPENDIX A for operational procedar microCT and

NRecon.

3.2.4 Moment of Inertia Calculations
Moments of inertia (MOI) were calculated using the following equations, with
the consideration that the brace roots can be considered solid elliptical cylinders (Eq.

1) or hollow elliptical cylindes (Eq. 2):

D00 -0d® (Eq. 1)
000 —OOO OO (Eq. 2)
wher e st mihat duter, radias (distance from the center to the

short side exterior wall of the cortex), b the major outer radius (distance from the

center to the long side exterior wall of the cortexis the minor inner radius (distance
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from the center to the short side interior wall of the cortex), arsdtive major inner

radius (distance from thesgter to the long side interior wall of the cortex) (Figure

3.2G). For all comparative calculations, the equation for solid cylinder MOI was used.
True MOI was also measured from the microCT scanned images. Each sample

was aligned in three dimensions iat@Viewer (Bruker, Belgium) to get aligned cross

sectional stacks. Images were thresholded to separate the roots from the background.

MOI was then calculated using a 2D analysis function for each thresholded sample at

the midlength, using CT Analyzer safare (Bruker, Belgium).

3.2.5 3-Point Bend Testing

A custom 3point bend fixture was machined with a 17 mm span length
(Figure 3.1D). Samples were tested using an Instron 5943 (Norwood, Massachusetts
USA) equipped with a 100 N load cell (Instron 2530 Seriggdtad cell, Norwood,
Massachusetts USA). Each brace root sample was placed on the fixture and adjusted
for midpoint loading, in which the top fixture was moved to come in contact with the
sample at its midength. Prior to testing, each sample was @edal to 0.2 N and the
displacement readout was calibrated. Samples were loaded in compression at a
constant rate of 1 mm/min until failure. Fordisplacement data were captured with
Bluehill 3 software (Instron, Norwood, Massachusetts USA). See APPENDdX B
operational procedure for the Instron 5943.

Testing continued until failure, which was defined as the first steep decline in
the forcedisplacement curve and characterized as a crack forming in the brace root
sample opposite of the loading site. Stuwal stiffness (K) was defined as the linear
slope of the forcelisplacement curve (Figure 3.4A). Ultimate load (UL) was defined

as the highest force the sample withstood without failure (Fig. 3.4A). Break load (BL)
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was defined as the force upon fractultastrated as the first sharp drop in the ferce
displacement curve (Fig. 3.4A). All K were extracted from fadisplacement curves
using Bluehill 3 software. UL and BL were extracted using a custom Python code. To
normalize structural stiffness measusts for geometry, K was converted to bending

modulus (E), using the following equation for a center loaded beam fixed at both ends:

0 U (Eq. 3)

where E is the bending modulus, K is the structural stiffness, L is the fixture
span lagth, and MOl is the moment of inertia for the solid cylinder assumption (Eq. 3

adapted fronfAl-Zube et al. 2018)
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A - Maize brace root natural failure patterns

B Sample preparation

Growth Stages: Brace root sample
1. V13-V15 (greenhouse)
2 R1/2 (field)

3. R6 (field)

WR

|
:20mm
|

C- Geometry and MOI D - 3-point bend testing
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Figure3.1. Methods for measuring biomechanics of maize brace roBreakage
through fending is a common failure mode for brace roots during
lodging. B) In this study, BWR (bottom whorl) indicates roots emerging
from nodes closest to the soil, MWR (middle whorl) indicates roots from
the next node shootward, and TWR (top whorl) indicateadide
furthest away from the soil. The first 20 mm of each brace root was used
for testing. C) The moment of inertia (MOI) was calculated with the
assumption that brace roots are solid elliptical cylinders. The major (bo)
and minor (ao) diameters were ma@sl from microCT scans and digital
calipers.True MOI was measured using a microCT analyzer software
and compared with solid MOD) The 3point bend fixture was 17 mm
with the load cell anvil applied to the center of the brace root sample at a
constantate of displacement until fracturéigure from Erndwein et al.,
2021.

3.2.6 Quality Control

Data were quality controlled for both the microCT scan (CT error) andthe 3
point bend tests (M error). Brace root microCT scans were scored independently by
two scientists according to the following criteria: CT1: Shaped like a figure 8, CT2:
Irregularly shaped, CT3: Inner wall biased towards one side, CT4: A combination of
CT21-CT3, or None (Figure 3.2€). 3-point bend tests were classified as follows: M1.:
sampletoo short, curved, diseased, or splintered during testing, M2: break load
occurred before ultimate load, or None. Samples scored as M2 or None were retained
for analysis (Figure 3.2B).

To determine whether pttest diameter measurements could succegsfull
predict CT error, brace root minor diameters were compared between each error type
and those with those with no error (dried greenhauee/n V13V15 brace root
samples) (Figure 3.3). Minor diameter (rather than major diameter) was chosen in this
analyss because this dimension is in contact with the upper testing fixture and will

reveal more important information regarding errors due to geometry and shear effects
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(eg. splintering M1 error). Results showed that CT1, CT2, CT4 were more common
among braceoots with lower minor diameters (<1.2 mm), and CT3 was more
common among brace roots with higher diameters (>1.2 mm); however, CT error
collectively overlapped with M1, M2, and no error. Therefore, we conclude that minor
diameter alone cannot be usedi&termine discrepancies from the elliptical cylinder
assumption. To minimize discrepancies, CT error and M1 error were discarded from

future analyses.
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Figure3.2 Quality control and geometry measurements of maize brace root microCT
scansMultiple brace roosamples were loaded into a custom bed made
of low density upholstery foam for microCT scanning. A) A
representative microCT scan image. B) A magnified microCT image of a
brace root that meets the elliptical cylinder assumptions and was used for
further andysis. Brace root sections were excluded if they did not meet
the criteria of an elliptical cylinder with clearly defined diameters and
wall thicknesses. &) The following criteria were used to score brace
root cross sections that were not characteriseaheelliptical cylinder: C)
Brace root is a figure 8 shape (CT1), D) Brace root is an irregular shape
(CT2), E) Brace root has an unbalanced diameter (CT3), and F) Brace
root is any combination of CT1, CT2, and CT3 (CT4). G) The following
brace root dimesions were measured from the central cross section of
microCT scans: Distance from the center point to the (1) exterior of the
minor outer wall (ao), (2) interior of the minor inner wall (ai), (3) exterior
of the major outer wall (bo), (4) interior of theajor inner wall (bi).

Major and minor diameters and inner and wall thicknesses were then
calculated from these measuremehktgure from Erndwein et al., 2021.
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Figure3.3 Maize brace root diameter cannot be used as-tept@iagnostic tool to
predict geomey discrepanciedJsing microCT scanning, bace root
samples were scored according to their divergence from the elliptical
cylinder geometry assumption (CT error) according to the following
criteria: Brace root is a figure 8 shape (CT1), brace root igeguiar
shape (CT2), brace root has an unbalanced diameter (CT3), and brace
root is any combination of CT1, CT2, and CT3 (CT4). Brace roots were
also scored for error during mechanical testing (M error) based on the
following criteria: Brace roots were t@hort to test, curved, diseased, or
splintered during testing (M1), and break load occurred before ultimate
|l oad (M2). No error was indicated
error could be predicted by diameter alone, error types were graphed by
minor dianeter measurements for dried V¥35 brace root samples.
CT1, CT2, CT4 were more common among brace roots with lower minor
diameters (<1.2 mm), and CT3 was more common among brace roots
with higher diameters (>1.2 mm); however, this error overlapped with
brace roots with M1, M2, and no error. Therefore, we conclude that
minor diameter alone cannot be used to determine discrepancies from the
elliptical cylinder assumption. To minimize discrepancies, CT error and
M1 error were discarded from future analyses.
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3.2.7 DataAnalysis
To determine sample sizes required to tell differences in each mechanical
propertypoweranal yses were performed with G*Powe
Di fference from Constant (one sample case)
required sample size gi Wefundféerpuna, power , &
significance thresholdlpha=0.01, hetotal sample size requirési66. We used ane
way analysis of variance (ANOVA) to determine if there were statistical differences
between whorls of B73 plants within each growth stage for brace root structural
mechanical properties, brace root geomeind brace root material properties. For
V13-15 samples, brace root whorls were nested within vegetative stage. For R1/2 and
R6 samples, whorls were compared among biological replicates. To determine if the
variation in brace root mechanical and matgsiaperties between whorls was
conserved in other taxa, two additional genotypes were tested at the R1/2 and R6
growth stage (as described above). Within each maize genotype, an ANOVA was used
to determine if there were statistical differences betweeR 12 and R6 growth stage
for brace root structural mechanical and material properties. Further, the brace root
structural mechanical and material properties of A632 and Oh43 were normalized by
B73 and compared within each whorl. All data analysis was ipeei in R (version
4.0.3) statistical computing software with default paramdiezam and Others 2013)
All figures were generated in R with the ggplot2 (version 3.3.1) data visualization

packaggWickham 2016)
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3.3 Results

3.3.1 BraceRoot Structural MechanicalProperties Vary BetweenWhorls,
which can beAttributed to Differences inGeometry.

We hypothesized that brace root mechanical properties vary between whorls,
and thus may contribute to the differential contribution of brace roots to stalk
anchoragéReneau et al. 20207 o test this hgothesis, Joint bend tests were
applied to brace roots from two-three whorls from one maize genotype (B73) at
different vegetative and reproductive growth stages and conditions1¥{&ied),

V13 and V15 (fresh), R1/2, and R6. A comparison-pb8t bend results shows that

the structural stiffness (K) and ultimate load (UL) are decreased from BWR to TWR
for all three growth stages (Figure 3B Table 3.1A). For R6 brace roots,

significant differences in UL and BL but not K were measured betweeR Bid

TWR. BWR was not statistically different from MWR or TWR in K and this likely a
result of type |l statistical error where the sample size of BWR brace roots is too small
to measure significance. The break load (BL) was significantly decreased frétn BW
to TWR for R1/2 field samples, but no statistical difference in BL between whorls was
observed in V135 dried greenhouse samples (Figure 33H able 3.1A). These

results show that brace roots from whorls closest to the soil have higher structural
mechanical properties than brace roots from whorls further from the soil, and

differences between whorls become more distinct in older plants.
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Figure3.4. Structural mechanical properties differ between brace root whorls at
vegetative and reproductive staglyStructural mechanical properties
are extracted from the@oint bending forcealisplacement curve. These
properties include: structural stiffness (K), ultimate load (UL), break load
(BL). K, UL, and BL decrease from BWR to TWR for all four growth
stages andonditions: A) V1315 (dried), B) V13, V15 (fresh), C) R1/2,
and D) R6. This result was not significant for BL of VW35 (dry) and
K for R6. TWR = top whorl, MWR = middle whorl; BWR = bottom
whorl. Gray bars indicate Tukey HSD p<0.®igure from Erndwei et
al., 2021.

The differences in structural mechanical properties can be due to differences in
geometry and/or the material properties of brace root samples. Here, the geometry of
B73 brace roots was measured at the site of loading (approximately 1mrthé
brace root base) by microCT and/or a digital caliper. There was a high positive
correlation for diameter measurements between both approaches (minor dRumeter
value = 0.87, major diametB&value = 0.87; (Figure 3.5). In three of the four growth
stages (V13v15 (dried), R1/2, and R6), the major and minor brace root diameters
(Figure 3.6A) decrease from BWR to TWR (Figure 3@BTable 3.1B). For V13 and
V15 (fresh) brace roots, no differences existed in major and minor diameters between
whorls (Figire 3.6BC). The major and minor wall thickness for dried WIB5 brace
roots also differs between whorls, with the TWR having thinner wall thickness than
the BWR (Figure 3.7, Table 3.1C). For R6 brace roots, no differences in major and
minor wall thicknes exist between whorls. The discrepancy in wall thickness results
between V13v15 (dried) and R6 brace roots may be due to drying methods (ie. fast
dried in an oven vsaturally senesc@dThese results demonstrate that both diameter

and wall thickness nyainfluence the structural mechanical properties of brace roots.
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MicroCT (CT) vs. caliper (DC) diameters:

Dry greenhouse B73
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Figure3.5. MicroCT and caliper geometry measurements are highly positively
correlatedTwo methods for measuring brace root geometigtoCT
(CT) and digital caliper (DC) were compared for VI3 B73 samples.
The major and minor diameters had pearson correlation coefficients (r) of
0.87. Asterisks indicate significance level (* = p<0.05, ** = p<0.01, ** =
p< 0.01, ** = p<0.001 , **** = p<0.0001)Figure from Erndwein et al.,
2021.
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Figure3.6. The tameter of maize brace roots varies between whajlBrace root
major diameter and minor diameter were measured for all growth stages
and conditions. For all growth stages, except for fresh V13, V15, the
TWR has a lower major (B) and minor (C) diamekemt MWR and
BWR. For fresh V13, V15, no differences in major and minor diameter
between whorls. The difference in diameter results between fresh
V13,V15 vs. dry V13V15 brace roots may be attributed to the fast
drying process. TWR = top whorl, MWR = middidorl; BWR =
bottom whorl. Gray bars indicate Tukey HSD p<0Bigure from
Erndwein et al., 2021.
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s between whorls for vegetative but not
reproductive stage#) To determine whether differences in mechanical
propertes between whorls are due to differences in inner wall thickness,
the major (B) and minor (C) wall thickness measurements were measured
from microCT scans. Differences in wall thickness exist between whorls
roots but not R63arace root samples.

ddle whorl; BWR = bottom whorl. Gray

bars indicate significance (p<0.01, Tukey HSEure from Erndwein



To determine if the structural mechanical properties within a genotype are
influenced by material properties, the bending modulus (E) was calculated based on a
solid cylinder assumption. In R1/2 and R6 field samples, B73 brace roots did not
differ in material properties between whorls (Figure 3.8, Table 3.1B). However, in
dried V13-15 greenhouse samples, the brace roots from the TWR had a greater E
compared to brace roots from either the MWR or BWR (Figure 3.8, Table 3.1B).
Interestingly, this relationship was reversed in fresh V13 and V15 greenhouse
samples, where BWR measuregrsficantly higher E than the MWR and TWR.

These results are likely attributed to the age of roots at the time of sampling and the

force drying of roots. AtV1d 5, the TWR brace roots are tF
recently emerged from the stem. The highdyiable bending modulus in dried roots

may be due to differences in water content when the roots are young. As roots are

force dried, the TWR reduces in size more than the older whorls. Measuring the water
content of roots at various ages is a subjecfufiure research. These results suggest

that developmental age and force drying of the roots themselves both influence the

bending modulus.
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Figure3.8. The material properties of brace roots are constant in reproductive, but not
vegetative growth stagethe kending modulus (E) of B73 brace root
samples from three growth stages was calculated under a solid cylinder
assumption. For R1/2 and R6 field stages, E of maize brace roots does
not vary significantly between whorls. For \A15 (dried) and V13, V15
(fresh)greenhouse stages, E of TWR brace roots is significantly different
from E of MWR and BWR brace roots. TWR = top whorl, MWR =
middle whorl, BWR = bottom whorl. Gray bars indicate Tukey HSD
p<0.01.Figure from Erndwein et al., 2021.
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3.3.2 The Aerial Nature of Brace Roots does notnfluence Structural
Mechanical orM aterial Properties.

We hypothesized that there may be differences in mechanical properties
between TWR brace roots that are aerial and those that are in the soil. Brace roots that
enter thesoil are subject to compressive forces from surrounding soil and may exhibit
a thigmomorphic response. Further considering future studies, we wanted to
investigate whether or not it was necessary to separate aerial brace root samples from
those in the sailFor fresh greenhousgrown V13 and V15 B73 maize, both aerial and
in-soil brace roots underweni@int testing. While the mechanical properties
appeared to be higher for brace roots in soil, there are no significant differences in K
(p=0.10), UL (p=0.68 or BL (0.13), between aerial or-goil brace roots (Figure 3.9).

This result makes sense because structural mechanical properties are influenced by
sample geometry, and we measured no differences in major or minor diameters
between aerial or isoil brace roots (Figure 3.10). Even when normalizing for
geometry there is no significant difference in E between aerial asallibrace roots
(Figure 3.9; p=0.1791). It is likely that no differences were measured between aerial
and insoil brace roots becaut®e tested section of both growth behaviors were aerial
(=10 mm from the root base). | hypothesize that if | had compared subterranean roots
with that of aerial roots, differences in mechanical properties would be measured.
These results provide evidenb@at mechanical and material properties are consistent

within a whorl when samples are taken from the same location in each root.
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Figure3.9: There are no significant differences in structural mechanical or material

properties between brace roots that areaband in the soilBrace roots
excised from the TWR of fresh greenhoggewn V13, V15 plants were
subjected to oint bending and mechanical properties tested. While
brace roots in the soil tended to yield higher mechanical and material
properties thamaerial brace roots, this result was not significant. TWR =
top whorl, MWR = middle whorl, BWR = bottom whorl. Significance
was determined as p<0.01, emay ANOVA.
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Figure3.10: The aerial nature of brace roots does not influence diameter
measurement&mongbrace roots from the TWR of V13 and V15 fresh
greenhousgrown plants, there are no significant differences in major
and minor diameter. TWR = top whorl, MWR = middle whorl; BWR =
bottom whorl. Significance was determined as p<0.01;vame
ANOVA.

Table 3.1.A: Summary of K, UL, and BL nested ANOVA comparisons for growth
stage, biological replicate, and whorl.

K UL BL
Sum of | Sum of ' Sum of
df  squares P-value df  squares P-value df squares P-value
B73 V1315 (dried)
WR 18 5254.6 5.68E08 18 2199.44 8.25E05 18 817.7 0.03

WR : Plant 10 5305.6 2.43E10 10 1258.44 5.88E04 10 463.4 0.05

WR: Plant :
Stage 2 616 3.09E03 2 12454 0.16 2 212.85 0.01

B73V13-V15 (fresh)

WR 4 114882 4.21E05 4 430.4 0.02 4 487.36 0.03
WR : Plant 2 27269 0.03 2 223.38 0.05 2 32.69 0.66
WR: Plant :

Stage 1 4874 0.24 1 1.97 0.81 1 131.14 0.08
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Table3.1.B: Summary of E, MajorMinorD nested ANOVA comparisons for
growth stage, biological replicate, and whorl.

E Major Diameter Minor Diameter
' Sum of | Sum of ' Sum of '
df  squares P-value df squares P-value df squares P-value

B73 V1315 (dried)

WR 18 1319.2 18 18.885 18 22,5381

WR: Plant 10 979.5 10 22.192 10 20.8679

WR: Plant :

Stage 2 38.8 0.47 2 4.781 2 1.7116 0.02
B73 V1315 (fresh)

WR 4 151.019 4 3.7967 4 2.5266

WR : Plant 2 13.807 0.22 2 3.8516 2 3.0319

WR: Plant :

Stage 1 1.007 0.63 1 0.8977 0.02 1 0.6256  0.03
B73 R1/2

WR 11 1.8531 0.16 11 17.1929 11 14.8323 0.67

WR: Plant 5 0.334 0.7 5 226 0.06 5 1.1357 0.67
B73 R6

WR 11 24458 0.30 11 17.317 11 21.759

WR: Plant 19 154.988 19 20.71 19 29.592
A632 R1/2

WR 8 6.3526 8 13.817 8 13.0687

WR: Plant 5 4.4786 5 3.6652 0.04 5 3.0694 0.11
A632 R6

WR 13 401.03 0.105 13 44.63 13 46.133

WR: Plant 25 1826.21 25 141.897 25 55.977
Oh43 R1/2

WR 12 1.56657 0.02 12 16.9986 12 18.3764
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WR: Plant 5 0.17096 0.63 5 07751 0.61 5 0.7821 0.64

Oh43 R6
WR 5 53.01 0.57 5 7.9031 5 12.501
WR: Plant 18 270.99 0.39 18 18.4192 18 27.929

Table3.1.C: Summary of major wall thickness and minor wall thickness nested
ANOVA comparisons for growth stage, biological replicate, and whorl.

Major Wall Thickness Minor Wall Thickness
Sum of Sum of
df  squares P-value df squares P-value

B73 V13V15 (dried)

WR 18 2.06175 18 1.74513

WR :Plant 10 2.62423 10 3.10904

WR: Plant :

Stage 2 0.10222 0.21 2 0.38997 0.012804
B73 R6

WR 11 6.8183 11 6.6112

WR: Plant 19 15.312 19 10.3577

3.3.3 Differences inBrace Root Structural MechanicalProperties Between
Whorls are Observed inTwo Additional Maize Genotypes

To determine if whorkpecific brace root biomechanics are unique to B73 or
common across othgenotypes, R1/2 and R6 field samples from two additional
genotypes{ea maygvs. A632 and Oh43) were subject tp@nt bendingLike B73,
structural mechanical properties, K, UL, and BL decrease from BWR to TWR in both
reproductive growth stages (Figl3; Table 3.1A). While this decrease from BWR to

TWR was significant for most genotypes and growth stages, it did not reach the



significance threshold for BL of R1/2 Oh43 and R6 Oh43 brace roots or K of R6 Oh43
brace roots. Brace root diameters also vaioedoth reproductive stages of A632 and
R1/2 Oh43, with brace roots from the highest whorls having smaller diameters (Figure
3.12A-B; Table 3.1B). Therefore, when accounting for the geometry of A632 and
Oh43 by calculating E, the majority of within plawatriation was reduced (Figure

3.11D, Table 3.1B). One exception is the A632 brace root samples from R1/2
conditions. These roots have a significantly different E between the TWR and the

MWR, with the TWR having a larger E than the BWR (Figure 3.11D, Ta4B).
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Figure3.11. Within genotype variation in brace root biomechanics is consistent for
two additional genotype3.o determine if B73 biomechanical
observations can be extended to other maize genotypes, brace roots from
A632 and Oh43 at R1/2 and R6 werpd@nt bend tested. As with B73,
A) UL, B) BL, and C) K decrease from BWR to TWR. D) Calculating
bending modulus (Eagain reduces the differences between whorls, with
the exception of R1/2 A632. TWR = top whorl, MWR = middle whorl;
BWR = bottom whorl. Gray bars indicate Tukey HSD p<ORdure
from Erndwein et al., 2021.
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Figure3.12.
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Brace root diameters differ betwedmons for A632 and Oh43Jajor

(A) and minor (B) brace root diameters were measured in genotypes
A632 and Oh43. BWR brace roots have a higher major and minor
diameter than brace roots from MWR and TWR. TWR = top whorl,
MWR = middle whorl; BWR = bottom whbrGray bars indicate Tukey
HSD p<0.01Figure from Erndwein et al., 2021.
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3.3.4 Plant Growth Stage Affects Brace Root M echanicalProperties.

The impact of root lodging increases with plant maty@srter ad Hudelson
1988) and thus we wanted to understand the variation in brace root biomechanics
between R1/2 and R6 growth stages. Brace root biomechanical data was compared
between the two stages within a whorl and genotype (Figure 3.13; Table 3.2). For all
comparisons except Oh43 BWR, UL and BL was significantly higher for R1/2 brace
roots compared to R6 brace roots (Figure 3:BJAThese results demonstrate that the
force needed to cause failure (UL and BL) decreases during reproductive maturity,
which mayaffect the frequency and impact of lodging.

In contrast to UL and BL, the relationship between R1/2 and R6 samples for K
and E was variable by both genotype and whorl (Figure 3lBGpecifically, B73
had a higher K at R1/2 for both whorls. Whereas32B6ad a higher K at R1/2 for
MWR brace roots only, and Oh43 showed no differences in K between growth stages
for either whorl. Major and minor diameters differ significantly between R1/2 and R6
brace roots (Figure 3.14). For most genotype whorls, therrdiameter is
consistently higher in R1/2 brace roots. There areexeeptions; howevethe major
diameter for Oh43 BWR minor diameter for A632 BWR do not differ between growth
stages. Interestingly, these genotype whorls also do not measure significant
differences in K and UL between growth stages. This further demonstrates that sample
geometry influences structural mechanical properties. Differences are retained upon
calculation of E for A632 BWR, B73 MWR, and Oh43 BWR (Figure 3.13D), and thus
cannot besolely attributed to differences in geometry. These results indicate that the
variation in brace root stiffness and bending modulus throughout reproductive
maturity is genotypeand whorldependent. This is likely a result of differences in

material propdies and/or the variable dynamics of plant senescence.
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Figure3.13.

Growth stage affects brace root biomechanics in a genatygpevhort
specific mannemMechanical properties were compared between R1/2
and R6 conditions within a whorl and within a genotypeUL was

higher in all genotypes and all whorls at R1/2 as compared to R6. B) BL
was higher in all genotypes and all whorls R1/2, with the exception of
Oh43 BWR brace roots, which did not reach the significance threshold.
C) A632 brace roots had a high€at R1/2 only for the MWR; B73

brace roots had a higher K at R1/2 for both BWR and MWR; Oh43 brace
roots were not significantly different for K between growth stages for
either whorl. D) A632 and Oh43 brace roots had a lower E at R1/2 for the
MWR; B73 brace roots had a lower E at R1/2 for both BWR. MWR =
middle whorl; BWR = bottom whorl. Gray bars indicate Tukey HSD
p<0.01.Figure from Erndwein et al., 2021.
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Figure3.14. Geometry plays a role in the higher mechanical properties of R1/2 brace
roots.Major and nmnor diameters were compared between R1/2 and R6
conditions within a whorl and within a genotype. Excluding brace roots
of Oh43 MWR and A632 BWR, all genotypes and whorls measured
significant differences in diameters between growth stages R1/2 and R6.
R1/2brace roots measured a consistently higher minor diameter than R6
brace roots. MWR = middle whorl; BWR = bottom whorl. Gray bars
indicate Tukey HSD p<0.01.

Table3.2: Summary of ANOVA comparison between reproductive stages.

A632 A632 B73 B73 Oh43 0Oh43
BWR MWR BWR MWR BWR MWR
K 0.97 3.24E-08 |(2.20E-16|C2.20E-16|0.84 0.5722
UL 1.75E-03|(2.20E-16|1.62E-15 |2.92E-08 |0.02 3.30E-12
BL 5.02E-04 (2.20E-16|1.07E-13 |1.10E-06 |0.18 5.98E-09
E 0.49 3.77E-03 |4.61E-04 |0.05 0.01 6.42E-03
Major diameter 2.30E-03 6.79E-06 (2.20E-16 (2.20E-16 0.53 4.03E-03

Minor diameter 0.90 7.54E-15 ((2.20E-16|(2.20E-16|4.50E-03|8.64E-11

Significance = p<0.01
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3.3.5 The Relationship BetweenGenotypes isConstant for M aterial Properties,
but not Structural MechanicalProperties.

Given the variation between genotypes and whorls, we aimed to understand the
relative relationship of brace root biomechanics between genotypes at a given growth
stage and whorl. Least square means were calculated for the mechapedigs of
brace roots from A632 and Oh43 and normalized by those of B73. For R1/2 structural
mechanical properties, with the exception of K for the MWR, the relative relationship
between genotypes is consistent within whorls, but varies between wididgsaavth
stages (Fig. 3.15). For R6 structural mechanical properties, the relative relationship
between genotypes is variable within whorls, between whorls, and between growth
stages (Fig. 3.15). Between both major and minor diameters, the relatiorisieprioe
genotypes is consistent within whorls for the majority of R1/2 and R6 brace roots
(Figure 3.16). One exception is BWR R6, which measures a variable genotype
relationship between major and minor diameter. This result suggests that brace root
diametervaries in a genotypend whor specific manner. For all whorls and
conditions, the E for A632 is relatively higher, whereas the E for B73 and Oh43 are
closely related (Fig. 3.15). These results demonstrate that there are differences in brace
root materidproperties that can be used to differentiate between genotypes at a similar

growth stage.
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Figure3.15. The normalized order of genotypes is consistent for bending modulus, but
not structural mechanical propertiegast square means were calculated
for the mechanical properties of brace roots from inbred maize genotypes
A632 and Oh43 and normalized (norm) by those of B73. For the majority
of material properties of R1/2 whorls, with the exception of K for the
MWR, the order of genotypes was consistent within whorls, but varied
between whorls and growth stages. For R6 K, UL, and BL, the order of
genotypes varied within and between whorls and between growth stages.
In contrast, the order of genotypes was more consisetween all
whorls and growth stages when utilizing E as the comparative metric.

Figure from Erndwein et al., 2021.
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Figure3.16 For the majority of growth stage whorls, normalized order of genotypes is
consistent between diametergast square means werectdhted for the
mechanical properties of brace roots from inbred maize genotypes A632
and Oh43 and normalized (norm) by those of B73. For both major and
minor diameters, the relationship between genotypes was consistent
within whorls for the majority of R2 and R6 brace roots. One exception
is BWR R6 brace roots. This result suggests that brace root diameter
varies in a genotypa@nd whort specific manner.

3.3.6 Differences inM etaxylemElement Number ReflectsDiameter and
Structural MechanicalProperties BetweenBrace Root Whorls

The vascular bundle phenotypes of plant organs, particularly total vascular
area, are known to affect their mechanical propef@iesok and Ennos 1994;
Schulgasseand Witztum 1992, 1997; Zhang et al. 20 evious studies have

reported a greater number of metaxylem elements among brace roots of the higher
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