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cylinder geometry assumption (CT error) according to the following 

criteria: Brace root is a figure 8 shape (CT1), brace root is an irregular 

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 too short to test, curved, 

diseased, or splintered during testing (M1), and break load occurred 

before ultimate load (M2). No error was indicated as ñNoneò. To 

determine whether error could be predicted by diameter alone, error 

types were graphed by minor diameter measurements for dried 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 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. ............................................................... 91 

Figure 3.4. Structural mechanical properties differ between brace root whorls at 

vegetative and reproductive stages. A) Structural mechanical 

properties are extracted from the 3-point bending force-displacement 

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) V13-15 (dried), 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. ............................................ 95 

Figure 3.5. MicroCT and caliper geometry measurements are highly positively 

correlated. Two methods for measuring brace root geometry, microCT 

(CT) and digital caliper (DC) were compared for V13-15 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. ....................................... 96 
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Figure 3.6. The diameter of maize brace roots varies between whorls. A) Brace 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) diameter than 

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 V13-V15 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 al., 2021. ............................................ 98 

Figure 3.7 Brace root wall thickness varies between whorls for vegetative but not 

reproductive stages. A) To determine whether 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 V13-15 (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 R6 field stages, E of maize brace 

roots does not vary significantly between whorls. For V13-15 (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. ........ 101 

Figure 3.9: There are no significant differences in structural mechanical or material 

properties between brace roots that are aerial and in the soil. Brace 

roots excised from the TWR of fresh greenhouse-grown V13, V15 

plants were subjected to 3-point bending and mechanical properties 

tested. 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, one-way ANOVA. ..... 103 
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Figure 3.10: The aerial nature of brace roots does not influence diameter 

measurements. Among brace roots from the TWR of V13 and V15 

fresh greenhouse-grown 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, one-

way ANOVA. ........................................................................................ 104 

Figure 3.11. Within genotype variation in brace root biomechanics is consistent for 

two additional genotypes. To determine if B73 biomechanical 

observations can be extended to other maize genotypes, brace roots 

from A632 and Oh43 at R1/2 and R6 were 3-point 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, with the exception of R1/2 A632. TWR = top whorl, 

MWR = middle whorl; BWR = bottom whorl. Gray bars indicate 

Tukey HSD p<0.01. Figure from Erndwein et al., 2021. ...................... 109 

Figure 3.12. Brace root diameters differ between whorls for A632 and Oh43. Major 

(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 whorl. Gray bars indicate 

Tukey HSD p<0.01. Figure from Erndwein et al., 2021. ...................... 110 

Figure 3.13. Growth stage affects brace root biomechanics in a genotype- and 

whorl- specific manner. Mechanical properties were compared 

between R1/2 and R6 conditions 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 significance threshold. 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 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. ................................................................... 112 
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Figure 3.14. Geometry plays a role in the higher mechanical properties of R1/2 

brace roots. Major and minor 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. R1/2 brace 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. ..................................... 113 

Figure 3.15. The normalized order of genotypes is consistent for bending modulus, 

but not structural mechanical properties. Least 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 consistent between all whorls and growth stages when 

utilizing E as the comparative metric. Figure from Erndwein et al., 

2021. ...................................................................................................... 115 

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 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 R1/2 and 

R6 brace roots. One exception is BWR R6 brace roots. This result 

suggests that brace root diameter varies in a genotype- and whorl- 

specific manner. ..................................................................................... 116 

Figure 3.17: Metaxylem element number increases from the BWR to the TWR. 

Greenhouse-grown V12 and V13 brace roots were sliced thinly with a 

razor, stained with fuchsin, and imaged using fluorescence 

microscopy to better visualize vascular bundles (4x magnification, 

cherry filter). From microscopy images, metaxylem element number 

and area were quantified. ....................................................................... 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 greenhouse-grown B73 brace roots 

(stage V12-V13) 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 

differences in 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 organs. Among 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. ........................................................ 121 

Figure 3.20. The solid and hollow cylinder assumptions are highly correlated. For 

all bending moduli calculations in this study, brace root geometry was 

assumed to be a solid elliptical cylinder; however, microCT scanning 

revealed a hollow double-walled structure. To investigate the 

difference between hollow and solid elliptical cylinder assumptions, 

MOI and E for both V13-15 and R6 brace roots were regressed using 

both the solid cylinder and hollow cylinder assumptions. Regressing 

A) Solid MOI and hollow MOI and B) solid E and hollow E  both 

resulted in a strong correlation within and between growth stages. To 

test the validity of the solid cylinder assumption, 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 and hollow 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=0.79). Figure 

from Erndwein et al., 2021. ................................................................... 125 
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Figure 4.1 Synthesizing field and laboratory based methods for measuring brace 

root biomechanics. For this study, we synthesized both field- and lab-

based biomechanics 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 again (test B). This process 

was continued until all brace root whorls (middle whorl - MWR, 

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 the brace 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 prior to lab-based 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 microCT 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 analyzed. ....................................................................................... 132 

Figure 4.2 The relative contribution of the maize brace root system to stalk 

anchorage varies with genotype. A total 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 calculated based on the force-deflection curve without any brace 

root whorls divided by the force-deflection. 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 anchorage. For a population of 49 

genotypes grown over two years (2018 - red dots, 2019 - blue dots), 

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, 

P<0.01.................................................................................................... 136 
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Figure 4.4 A subset of 9 inbred maize genotypes were chosen for lab-based 

biomechanics testing. Of the 49 flexural tested genotypes, a subset of 

9 maize genotypes were chosen to proceed to lab-based 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 classification. 137 

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 whorls and genotypes. 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 MWR brace roots of 

LH252, Ky21, and GT112 measured significantly higher UL and BL 

than the other genotypes tested. Gray bars indicate Tukey HSD 

p<0.01. ................................................................................................... 140 

Figure 4.6 Genotype and whorl influences brace root structural stiffness. Among 

the 2019 nine genotype subset, structural stiffness (K) was assessed 

across whorls 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 whorl, there 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<0.01. ......................................... 141 

Figure 4.7 The diameter of maize brace roots varies between whorls and 

genotypes. Among the 2019 nine genotype subset, major and minor 

diameters were assessed between 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 reach the 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 bars indicate 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 2019 nine 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 genotypes. For example, 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 thicknesses. This genotype ranking is also consistent with 

genotype ranking for diameter. Gray bars indicate Tukey HSD 

p<0.01. ................................................................................................... 146 

Figure 4.9 Genotype influences brace root material properties. For the 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 E. ......... 147 

Figure 4.10 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 population of nine 

genotypes. Correlation coefficients were interpreted as: no correlation 

(R=0-0.09, white), weak (R=0.10-0.29, white), weak-moderate 

(R=0.30-0.49, yellow), moderate (R=0.50-0.69, orange), and strong 

(R=0.70-0.99, red) Among all genotypes, there was 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 

negative or no correlation. ..................................................................... 155 



 xxix 

Figure 4.11 Structural stiffness moderately influences brace root contribution 

within few genotype whorls. The inverse of the brace root 

contribution 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 (R=0-0.09, white), weak (R=0.10-0.29, 

white), weak-moderate (R=0.30-0.49, yellow), moderate (R=0.50-

0.69, orange), and strong (R=0.70-0.99, red). Among all genotypes no 

correlation existed between structural stiffness and contribution to 

plant anchorage. However, within genotype and whorl correlations 

varied. Brace roots from the BWR of W64A, Oh43, and BWR and 

MWR of LH252 measured weak-moderate correlations. Ky21 brace 

roots from the BWR measured a moderate correlation. ........................ 158 

Figure 4.12 Ultimate load has a moderate influence on brace root contribution 

within several genotype whorls. The inverse of the brace root 

contribution ratio (inverse ratio) was correlated with average ultimate 

load (UL) per whorl for each biological replicate in a population of 

nine genotypes. Correlation coefficients were interpreted as: no 

correlation (R=0-0.09, white), weak (R=0.10-0.29, white), weak-

moderate (R=0.30-0.49, yellow), moderate (R=0.50-0.69, orange), and 

strong (R=0.70-0.99, 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 varied dramatically. Overall, BWR 

correlations were higher than that of the MWR. W64A in particular 

measured higher UL-Ratio inverse correlations than other genotypes 

in both BWR and MWR. Brace roots from the BWR of LH252, Oh43, 

A632, Ky21, and MWR of W64A measured weak-moderate 

correlations and brace roots from the BWR of W64A measured a 

moderate correlation. ............................................................................. 160 
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Figure 4.13 Among several genotypes, there exists stronger correlations between 

break load and contribution to plant anchorage. The inverse of the 

brace root contribution ratio (inverse ratio) was correlated with 

average break load (BL) per whorl for each bioloical replicate in a 

population of nine genotypes. Correlation coefficients were 

interpreted as: no correlation (R=0-0.09, white), weak (R=0.10-0.29, 

white), weak-moderate (R=0.30-0.49, yellow), moderate (R=0.50-

0.69, orange), and strong (R=0.70-0.99, 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 UL-Inverse ratio results, BWR 

correlations were higher than that of the MWR. Brace roots of the 

BWR of LH252 and Ky21, and MWR of B73 and W64A brace roots 

measured a weak-moderate 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 tested with 

R=0.7604, revealing a strong correlation between BL and inverse 

ratio. ....................................................................................................... 162 

Figure 5.1 The relative contribution of maize brace roots varies between resistant 

and susceptible maize genotypes. Significant 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 armyworm (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, measured 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 susceptible- blue, FAW resistant 

and susceptible - red. Gray bars indicate Tukey HSD p<0.01. ............. 172 

Figure 5.2 The Force-Deflection slope for test A varies with genotype. The force-

deflection slope of flexural test A (all brace roots intact) was 

compared between 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 susceptible- blue, FAW resistant and susceptible - 
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Figure 5.3 Insect resistant 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 one to three. 
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both insect susceptible genotypes. Data is color coated by insect 

interaction: WCR resistant and susceptible- blue, FAW resistant and 
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Adventitious Root A type of root that originates from non-root tissues. Adventitious 

roots can arise through endogenous development or in response to 

wounding.   

Agronomy The science of agricultural production for food, fuel, 

manufacturing, and other 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 to obtain mechanical properties or phenotypes. 

Field-based configurations are discussed in this review, and 

laboratory-based configurations are explained in Shah et al. 

(2017).  

Bending Modulus (E)  A measure of a materialôs ability to resist deformation. The slope of 

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. In 

this mechanism, transverse shear causes an ovalization of the tubeôs 

cross section. This results in a characteristic creasing or buckling 

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 vertical stance 

(Rajkumara et al. 2008). Lodging can occur as a result of 

stalk or root failure. Stalk lodging occurs when plants are 

bent or broken at the stalk below the inflorescence. Root 

GLOSSARY 
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lodging occurs when roots are broken or pulled from the 

soil.  

Moment In the context of an applied force, a moment is the tendency for a 

force to rotate an object about a point or axis. 

Nodal Roots Stem-bourne roots characteristic of monocots that originate from 

junctures in the stalk. 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. This 

test is typically conducted with a probe attached to a force gauge. 

This measurement has been used to assess stalk lodging 

susceptibility, but the results are conflicting about the utility of this 

measurement and its relationship to stalk lodging. 

Root pulling/pushing 

resistance 

The amount of force required to overcome soil adhesion and uproot 

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 accurately 

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 collective forces 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 known as flexural 

strength) is an objectôs ability to resist bending before accruing 

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 applied to an object 

before failure. Yield strength is the force at which elastic 

deformation ends and plastic or permanent deformation begins. 

Stress The force applied to an object over a sampleôs cross sectional area 

Structural Stiffness (K) The ability of a sample to resist flexure. The slope of the force vs. 

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 to 

the particular type of growth response generated.  

Ultimate Load (UL)  The maximum force that can be applied to an object before failure. 
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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 resources. 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 effects of root lodging, research is needed to investigate the plant features 

that may contribute to lodging-resistance. One plant feature that may promote root 

lodging-resistance in maize is the presence of brace roots that form at stem nodes 

above the soil. Brace roots are proposed to enable maize plants to resist root lodging 

and facilitate nutrient absorption, but these functions have not been directly tested. I 

hypothesize that brace roots contribute to plant anchorage, the biomechanics of brace 

roots enhances this contribution, and that breeding maize for insect herbivory may 

influence brace root mechanical performance. My research uses a combination of 

mechanical testing methods (field-based bending tests, 3-point bend tests) and imaging 

techniques (MicroCT, 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) brace 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 insect 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.



 1 

INTRODUCTION  

*Portions of this chapter were published in Erndwein et al. 2020. 

 Plant Response to Mechanical Stress 

 

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 pest damage. Plant organs can respond to mechanically induced stress in a variety 

of physiological and morphological ways, a phenomenon known as 

thigmomorphogenesis (Jaffe 1973). Thigmotropic responses to mechanical stimuli 

include but are not limited to: decreased stem length (Beyl and Mitchell 1977; Steucek 

and Gordon 1975), decreased stem weight (Beyl and Mitchell 1977), increased stem 

diameter (Jaffe 1976; Larson 1965; Neel and Harris 1971), increased root biomass 

(Stokes et al. 1997; Goodman and Ennos 1996), increased mechanical strength 

(Goodman and Ennos 1997), decreased petiole length (Turgeon and Webb 1971), and 

delayed flowering time (Biddington 1986; Akers and Mitchell 1984). The mechanical 

stimuli needed to elicit these morphological or physiological phenotypes can be cyclic 

(daily, hourly, etc.) (Patterson 1992; Steucek and Gordon 1975), sustaining (wind) 

(Smith and Ennos 2003), or even singular with a duration of only a few seconds (Jaffe 

1976). Phenotypes that arise in response to mechanical stimuli vary between plant 

species and genotypes (Hamza et al. 2007; Goodman and Ennos 1996; Steucek and 

Chapter 1 
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Gordon 1975; Berry et al. 2003). For this project, I 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 of C. melopepo 

that were handled exhibited significant physical changes when compared to the 

unhandled control group (Turgeon and Webb 1971). Saidi et al. (2009) showed that 

rubbing the fourth developed internode of 3-week-old tomato reduced internode 

elongation and increased cell wall rigidification (Saidi et al. 2009). However, roots 

were demonstrated to respond more dramatically to stimuli than shoots, and 

herbaceous root systems like that of maize, respond more dramatically than woody 

root systems (Goodman and Ennos 1996; Stokes et al. 1997) 

The first studies investigating root thigmotropic responses were the context of 

root mechanical impedance in soil (Barley and Greacen 1967; Abdalla et al.1969). For 

example, roots grown in compact soil respond morphologically with reduction in the 

speed of axial growth (Abdalla et al.1969), root length (Cook et al. 1996), and root 

system size (Mulholland et al. 1996). Many studies on root thigmotropism investigate 

their indirect response to shoot mechanical stress. Goodman and Ennos (1996) provide 

evidence that nondestructive mechanical stimulation of the shoot system can elicit a 

thigmotropic response in the roots. Sunflower and maize grown with supported stems 

have 50% weaker roots than those without support (Goodman and Ennos 1997). When 

stems are flexed, roots respond with both morphological and mechanical phenotypes 

(Crook and Ennos 1996; Niklas 1998). Roots of flexed plant stems are longer, stiffer, 

and stronger, and have increased biomass, while the stem is thicker and experiences a 

reduction in total biomass (Crook and Ennos 1996; Niklas 1998; Gartner 1994). In 

https://paperpile.com/c/cR66Ns/Eql8Z+adx77+SLrjN+QDLd0
https://paperpile.com/c/cR66Ns/YbAXn
https://paperpile.com/c/cR66Ns/jkVs1
https://paperpile.com/c/cR66Ns/k0S5e
https://paperpile.com/c/cR66Ns/k0S5e
https://paperpile.com/c/cR66Ns/adx77
https://paperpile.com/c/cR66Ns/74UIs
https://paperpile.com/c/cR66Ns/6Ye5D+cM3tQ
https://paperpile.com/c/cR66Ns/cM3tQ
https://paperpile.com/c/cR66Ns/nH6BF
https://paperpile.com/c/cR66Ns/iSQmU
https://paperpile.com/c/cR66Ns/adx77
https://paperpile.com/c/cR66Ns/gnreP
https://paperpile.com/c/cR66Ns/3DPar+OOee1
https://paperpile.com/c/cR66Ns/3DPar+OOee1+HN5ZO
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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 

stress (Goodman and Ennos 1998). These 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 plant (Niklas 1998). The 

thigmomorphogenesis of roots is now known to be essential to helping the plant resist 

aboveground mechanical stress.  

In addition to responding to indirect stimuli of the shoots, individual roots can 

also respond locally to direct mechanical stimuli. Goodman and Ennos (2001)  

demonstrated this by growing maize hydroponically and flexing individual roots daily 

by hand. Flexed roots had small but significant increases in diameter, as well as 

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 importance of this 

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 mechanical stimuli influence 

plant materials. Therefore, the 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 natural selection of plant 

phenotypes that have enhanced survival and fitness (Anten et al. 2005; Puijalon et al. 

2008). These phenotypes can be mechanical, such as increased stiffness and strength, 

https://paperpile.com/c/cR66Ns/9R9tC
https://paperpile.com/c/cR66Ns/UnddY
https://paperpile.com/c/cR66Ns/sSLtm
https://paperpile.com/c/cR66Ns/GhHun+BAMwo
https://paperpile.com/c/cR66Ns/GhHun+BAMwo
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and/or morphological, 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 phenotypes 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 plant tissues, is the possible reduction of flowering, seed production, or 

grain quality (Niklas 1998). Understanding the genes governing this trade-off and 

investigating how mechanical and morphological phenotypes can enhance plant 

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

 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 anchorage 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 failure is known as lodging and refers 

to the ñpermanent displacement of plants from their vertical stanceò (Rajkumara et al. 

2008). Lodging is multifactorial and stochastic, but has been reported to cause up to 

80% yield losses, depending on the crop and field location (Rajkumara et al. 2008; 

Berry et al. 2004), and even if harvested, lodging can reduce grain quality (Mizuno et 

al. 2018). Factors underlying plant susceptibility to lodging include meteorological 

factors (e.g. wind, rain, and hail), field management practices (Rajkumara et al. 2008), 

plant architecture (Stamp and Kiel 1992; Brune et al. 2018), and plant biomechanics 

(Robertson et al. 2016).  

https://paperpile.com/c/cR66Ns/UnddY
https://paperpile.com/c/cR66Ns/Fdqwy
https://paperpile.com/c/cR66Ns/Fdqwy
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https://paperpile.com/c/cR66Ns/Fdqwy
https://paperpile.com/c/cR66Ns/WF1qi+MjhOC
https://paperpile.com/c/cR66Ns/dfmby
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1.2.1 Types of Lodging 

There are two types of lodging that are distinguished by the point of 

mechanical failure - stalk lodging and root lodging (Berry 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 the root-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 internode buckling and occurs at late plant stages. Root lodging can 

occur at any plant stage; however, yield losses become more severe as plants mature 

or as time to harvest decreases (e.g. Carter and Hudelson 1988). 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 failure mechanisms (Berry 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 used to assess each type of lodging are likewise distinct. Herein, 

we review field-based mechanical phenotyping approaches to quantify stalk lodging 

resistance and root lodging resistance in cereals. 

Several additional review articles provide information on the general topic of 

lodging (Berry et al. 2004; Rajkumara et al. 2008; Berry 2013; Khobra et al. 2019), the 

impact of wind forces on plants (Gardiner et al. 2016), root anchorage (Stubbs et al. 

2019), laboratory-based mechanical phenotyping of stalks/stems (Shah et al. 2017) 

and plant biomechanics (Niklas 1992; Niklas and Spatz 2012). 

https://paperpile.com/c/cR66Ns/TpSHj
https://paperpile.com/c/cR66Ns/6I0Gl
https://paperpile.com/c/cR66Ns/QDLd0
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https://paperpile.com/c/cR66Ns/EgLOk
https://paperpile.com/c/cR66Ns/fvksJ+g3MO6
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1.2.2 Failure Analysis of Naturally Occurring Lodging 

Understanding the failure patterns associated with 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 strategies (Robertson et al. 2015a). In general, stalk lodging failure 

patterns can vary spatially (location of failure within the plant) and temporally (across 

the plantôs lifespan). For example, small grains tend to buckle at the lower internodes 

((Mulder 1954; Laude and Pauli 1956; Neenan and Spencer-Smith 1975); Figure 

1.1A), but in barley and oats, buckling of the middle internodes is common and failure 

can even occur near the peduncle (White 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 mid-season maize shows that plants fail at the node in 

a green or brittle snapping pattern ((Elmore et al. 2005); Figure 1.1C). Whereas late-

season maize stalk lodging primarily involves a mechanism known as brazier buckling 

((Robertson et al. 2014, 2015a); 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 patterns ((Robertson et al. 2014, 

2015). 

 

https://paperpile.com/c/cR66Ns/Uy3zX
https://paperpile.com/c/cR66Ns/SIIGd+FzupH+K2Q90
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https://paperpile.com/c/cR66Ns/nhFz7+Uy3zX
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Figure 1.1 Failure patterns of cereal stalks. Natural failure patterns of cereal stalks 

vary by the crop-type and age of the plant. (A) In small grains, the most 

common failure mechanism is buckling at the lower internodes. (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, mid-season failure occurs in a green (or brittle) snapping pattern, 

with failure at the stem nodes. (D) For late-season 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 tethers in tension or compression, with those tethers failing during root lodging. 

In addition, a root ball can be formed (i.e., a cohesive root-soil structure) that rotates 

out of the soil during plant failure. This is similar to uprooting observed in large trees 

(Easson et al. 1992). Failure during induced root lodging in winter wheat (Crook and 

https://paperpile.com/c/cR66Ns/FQtrI
https://paperpile.com/c/cR66Ns/JeRxj+QgBdo
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Ennos 1993, 1994) and maize (Ennos et al.1993) is characterized by the tensile 

anchorage model ï both 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 failure of tensile anchorage with roots breaking and roots pulling free of 

the soil ((Easson, et 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, soil 

composition may influence the type of failure and additional studies are needed to 

fully understand the potential variations of root failure patterns.  

 

https://paperpile.com/c/cR66Ns/JeRxj+QgBdo
https://paperpile.com/c/cR66Ns/QaFZC
https://paperpile.com/c/cR66Ns/FQtrI
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Figure 1.2 Failure patterns of cereal roots. Experimental evidence suggests that cereal 

crop roots act as tethers in tension or compression. During root lodging, 

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., 2020. 
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While lodging significantly affects most cereal crops worldwide, for the scope 

of this project we will focus on maize. In maize specifically (Zea mays), lodging 

causes up to 25% yield losses, with the impact of root lodging increasing as plants 

reach reproductive maturity (Flint-Garcia et al. 2003; Carter and Hudelson 1988; 

Tirado, Hirsch, and Springer 2020). Because the increased unpredictability and 

intensity of storms coincides with human 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.  

 Maize Brace Roots 

The maize root system is fibrous and composed of a variety of different root 

types that vary in function throughout the plantôs lifetime. These include embryonic 

(roots originating from the seed) and post-embryonic roots. Embryonic roots consist of 

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). After the 

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 plant (Hochholdinger et al. 2004).  

More information on the developmental cues and stages involved in nodal root 

growth can be found in several reviews (Blizard and Sparks 2020; Hostetler et al. 

2020). Post-embryonic roots are also referred to as nodal roots because they originate 

from stem nodes below (crown roots) and above (brace roots) the soil (Hochholdinger 

et al. 2004; Hochholdinger 2009; Feldman 1994; Blizard and Sparks 2020; Hoppe et 

https://paperpile.com/c/cR66Ns/hwEKU+6I0Gl+7lT0d
https://paperpile.com/c/cR66Ns/hwEKU+6I0Gl+7lT0d
https://paperpile.com/c/cR66Ns/wPuAQ
https://paperpile.com/c/cR66Ns/B4KKI+4nBXC
https://paperpile.com/c/cR66Ns/B4KKI+4nBXC
https://paperpile.com/c/cR66Ns/wPuAQ+B3dAq+traOn+B4KKI+fzv0u
https://paperpile.com/c/cR66Ns/wPuAQ+B3dAq+traOn+B4KKI+fzv0u
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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 Sparks (2020) provides a detailed explanation of the 

terminology used to describe brace roots, as well as their designation on the hierarchy 

of post-embryonic root types (Figure 1.4). To summarize, brace roots are a type of 

adventitious root, which refers to roots that originate from non-root tissues (Hayward 

1938; Esau 1953). Adventitious roots can emerge in both monocots and dicots 

endogenously or in response to wounding (Steffens and Rasmussen 2016). When 

adventitious roots originate endogenously from the stem, they are referred to as stem-

borne roots. In monocots like maize, stem-borne roots originate from the nodes, and 

are called nodal roots. Nodal roots consist of those originating below the soil line 

(crown roots) and above the soil line (brace roots). Brace roots develop in monocots 

from the Andropogoneae and Paniceae tribes of Poaceae (Hostetler et al. 2021). This 

includes maize, sorghum, sugarcane, and Setaria.  

The naming system for whorls of nodal roots has not remained consistent and 

often poses a difficulty when comparing mechanical properties of maize roots in the 

literature. Hoppe et al. (Hoppe, McCully, and Wenzel 1986) developed a tier 

numbering system to distinguish maize nodal roots. While our research did not 

organize brace root whorls according to the Hoppeôs system, we ensured that the 

nodes in this study could be referred back to the literature. Nodal roots in tier 1 

develop at the coleoptilar node just above the mesocotyl. Roots of nodes 1-5 develop 

https://paperpile.com/c/cR66Ns/wPuAQ+B3dAq+traOn+B4KKI+fzv0u
https://paperpile.com/c/cR66Ns/B4KKI
https://paperpile.com/c/cR66Ns/teoBa+uCzq0
https://paperpile.com/c/cR66Ns/teoBa+uCzq0
https://paperpile.com/c/cR66Ns/SKpuh
https://paperpile.com/c/cR66Ns/fzv0u
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underground, node 6 develops just above the soil surface, and nodes 7 and 8 develop 

aerially. According to Hoppeôs system, nodes 6,7, and 8, correspond with this 

researchôs bottom whorl (BWR), middle whorl (MWR), and top whorl (TWR), 

respectively.  
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Figure 1.3: The root system of maize. The root 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 crown roots and 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 brace roots. Illustration adapted from (Hostetler et al. 

2020). 

 

https://paperpile.com/c/cR66Ns/4nBXC
https://paperpile.com/c/cR66Ns/4nBXC


 14 

 

Figure 1.4 Hierarchy of adventitious root types. Adventitious roots can occur in both 

monocots and dicots and can emerge endogenously or in response to 

wounding. Nodal roots are a type of stem-borne roots that originate from 

junctures in the stem solely in monocots. Nodal roots in monocots consist 

of those originating below the soil line (crown roots) and above the soil 

line (brace roots). Figure originally published in (Blizard and Sparks 

2020).  

1.3.2 Evidence for the Mechanical Function of Maize Brace Roots 

Brace roots have been theorized to brace the plants from mechanical loads and 

promote additional nutrient absorption (Wang et al. 1994; Van Deynze et al. 2018). 

The mechanical function of 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 

(Hoppe et 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 

https://paperpile.com/c/cR66Ns/B4KKI
https://paperpile.com/c/cR66Ns/B4KKI
https://paperpile.com/c/cR66Ns/SXZvo+4CZMW
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maize brace roots and their link to lodging resistance. 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 found a correlation 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 growth (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, medium, and 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 susceptibility 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 measured a high 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 the evidence that nodal roots correlate with increased anchorage 

and decreased lodging resistance, the second study by Shi et al. (2019), began to 

investigate the genetic and hormonal cues that induce nodal root development. Recall 

that brace roots are a type of adventitious roots. Ethylene is a plant hormone known to 

be influential in the formation of adventitious roots, however until the research by Shi 

https://paperpile.com/c/cR66Ns/oMKAw
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et al. (Shi et al. 2019), it was unknown whether ethylene influences the formation of 

maize nodal roots.  

To investigate this, the authors used the transgenic maize overexpressing the 

ARGOS8, a gene that reduces plant sensitivity to ethylene by decreasing ethylene 

signaling, but also enhances grain yield. When constitutively overexpressed, ARGOS8 

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 ethylene 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 ARGOS8 

overexpression in adult plants, the authors 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. This demonstrates 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) roots and that there is more than a sole genetic cue 

involved in the emergence of brace roots. Overexpressing ARGOS8 in maize, the 

authors concluded that the loss of brace roots is associated with an increase in lodging 

incidence (Shi et 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 enter the soil positively influences lodging-

https://paperpile.com/c/cR66Ns/hEU8F
https://paperpile.com/c/cR66Ns/hEU8F
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resistance (Shi et al. 2019; Liu et al. 2012; Sharma and Carena 2016a); however, it is 

unknown which brace root whorl contributes the most to plant anchorage and lodging 

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 plant anchorage has 

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 approaches for measuring 

mechanical phenotypes of plants: (1) field-based testing (2) computational modelling, 

and (3) lab-based testing. The next sections will provide a brief review of current 

methods and principles surrounding each approach and integrate approaches (1) and 

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

brace roots.  

 Field-Based Methods for the Mechanical Phenotyping 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.  

https://paperpile.com/c/cR66Ns/QpMtN+oMKAw+lbm16
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1.4.1 Artificial Wind to Evaluate Stalk and Root Lodging 

Artificial wind sources that attempt to mimic the natural weather patterns 

associated with 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 1950). This study found that while the artificial wind 

experiments provide some value to assess lodging resistance, the large size and low 

throughput of the wind source made this an unsatisfactory approach 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 rice (Shrestha et al. 2020). In 

wheat, a wind tunnel was constructed with a portable wooden enclosure and six axial 

fans mounted on a mobile trailer. This setup was determined to provide an accurate 

simulation of natural wind conditions (Sterling et al. 2003). This wind tunnel revealed 

interesting differences in the timing of lodging ï namely that stalk lodging occurs 

instantaneously, and root lodging occurs progressively (Sterling et al. 2003). However, 

additional studies with this wind tunnel were not found in the literature. For maize, 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 study showed that the failure wind speed varies based on 

maize variety but did 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 called Blaster, that is a combination wind machine and rain 

simulator (Shrestha et al. 2020) has been developed. The device was applied across 

https://paperpile.com/c/cR66Ns/mSpmD
https://paperpile.com/c/cR66Ns/SJSWk
https://paperpile.com/c/cR66Ns/wUNiS
https://paperpile.com/c/cR66Ns/FwKj8
https://paperpile.com/c/cR66Ns/SJSWk
https://paperpile.com/c/cR66Ns/SJSWk
https://paperpile.com/c/cR66Ns/wUNiS
https://paperpile.com/c/cR66Ns/wUNiS
https://paperpile.com/c/cR66Ns/FwKj8
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twenty rice cultivars and three field seasons, and shows a high prediction of natural 

stalk lodging when evaluated for a subset of eight genotypes (Shrestha et al. 2020). 

The bending moment of the lower internodes, as measured by a prostrate tester (see 

below for additional 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 ñLodging Resistance Index'' (Bending Moment at 

the Internode / [Above-ground Fresh Weight * Culm Length]; (Ookawa and Ishihara 

1992), was the best predictor of lodging induced by Blaster with an R2 of 65-73% 

depending on wind speed (Shrestha et al. 2020). This study by Shrestha et al., also 

represents the first comprehensive analysis of wind-induced 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 

combination of wind and rain was related to a higher percent of lodging than either 

factor alone (Niu et al. 2016), suggesting that the addition of water to wind simulators 

may be critical for their successful application 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 the next but is static relative to the field. In other words, 

there is a single point source of wind that is applied in a gradient across the plants. A 

major advancement was realized for commercial breeding applications, when Pioneer 

Hi-Bred (now Corteva) developed a mobile wind machine called óBoreasô to select for 

green snap, root lodging, and stalk lodging resistance in maize (Barreiro et al. 2008). 

https://paperpile.com/c/cR66Ns/FwKj8
https://paperpile.com/c/cR66Ns/k8mJ3
https://paperpile.com/c/cR66Ns/k8mJ3
https://paperpile.com/c/cR66Ns/FwKj8
https://paperpile.com/c/cR66Ns/JwrUZ
https://paperpile.com/c/cR66Ns/cRSYt
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The basis of Boreas is a wind generator that can move throughout a field and can 

apply varying durations and velocities of wind to simulate the environmental 

conditions associated with each type of lodging (Barreiro et al. 2008)). Using Boreas 

to simulate thunderstorm conditions was reported as a strong indicator of green snap 

events (Cooper et al. 2014). However, 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 Speed Considerations 

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 canopy (Baker 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 calculated 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 wind-induced failure without soil saturation (Wen 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 artificial wind sources described above 

are: Sterling et al. (2003) - 8.5 m/s (up to 10 m/s for gusts), Wen et al. (2019) - 30 m/s, 

Blaster - 16.7 m/s (converted from 60 km/h; Shrestha et al. (2020), and Boreas - 45 

m/s Barrerio et al. (2008). Thus, the wind tunnel of Sterling et al. (2003) would likely 

not generate enough wind speed to evaluate lodging in maize, but is suitable for 

https://paperpile.com/c/cR66Ns/cRSYt
https://paperpile.com/c/cR66Ns/0vBal
https://paperpile.com/c/cR66Ns/sY7Qz
https://paperpile.com/c/cR66Ns/wUNiS
https://paperpile.com/c/cR66Ns/SJSWk
https://paperpile.com/c/cR66Ns/wUNiS
https://paperpile.com/c/cR66Ns/FwKj8
https://paperpile.com/c/cR66Ns/cRSYt
https://paperpile.com/c/cR66Ns/SJSWk
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smaller stature crops. Although limited in their application (likely because of the cost 

and expertise needed to construct them), artificial 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 penetration resistance. This measurement involves piercing the stalk rind with a 

probe attached to a digital force gauge (Peiffer et al. 2013; Flint-Garcia et al. 2003) 

and recording the maximum force required to penetrate the rind. This method has been 

used throughout most of the 20th century and dates back to at least 1935 (Khanna 

1935). However, there are conflicting reports of the utility of the rind 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 resistance (Dudley 1994; Anderson et al. 1994), while 

others show that rind penetration is weakly correlated with stalk lodging resistance 

(McRostie and MacLachlan 1942; Butroôn et al. 2002; Hu et al. 2012; Gou et al. 2007; 

Robertson et al. 2017). One of the studies with weak correlation compared the results 

from rind penetration resistance in maize to laboratory-based stalk 3-point bending 

strength measurements (Robertson et al. 2017), which closely mirror failure patterns 

of naturally stalk lodged plants (Robertson et al. 2014, 2015a). In this analysis, rind 

penetration resistance accounted for less than 20% of the variation in stalk bending 

strength (Robertson et al. 2017).  

https://paperpile.com/c/cR66Ns/62RQy+hwEKU+w6egy
https://paperpile.com/c/cR66Ns/YWep9
https://paperpile.com/c/cR66Ns/YWep9
https://paperpile.com/c/cR66Ns/Hxpfa+Flze6
https://paperpile.com/c/cR66Ns/onbY6+h8ErS+8Qslz+5aFmb+n3fzR
https://paperpile.com/c/cR66Ns/onbY6+h8ErS+8Qslz+5aFmb+n3fzR
https://paperpile.com/c/cR66Ns/n3fzR
https://paperpile.com/c/cR66Ns/lnfsR+nhFz7
https://paperpile.com/c/cR66Ns/n3fzR
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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 that stalk morphological properties 

have on stalk lodging resistance. From a biomechanical perspective, the stem 

diameter, cross-sectional area and rind thickness all influence stalk lodging resistance 

(Robertson et al. 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 

resistance (Butroôn et al. 2002; Martin et al. 2004; Ma et al. 2014; K. Li et al. 2014; 

Gibson 2012; Hu et al. 2012). Further, it has been suggested that the relationship 

between rind penetration resistance and stalk strength is highly dependent on growing 

conditions such as planting density, genotype, and location (Robertson et al. 2016). A 

primary reason for the contrasting reports on the effectiveness 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 factors are 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, several field-based 

measures of stalk bending stiffness and stalk bending strength have been developed. 

The original field-based bending test was achieved by fastening different weighted 

chains to 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 as the torque a plant can resist / applied 

https://paperpile.com/c/cR66Ns/n3fzR
https://paperpile.com/c/cR66Ns/h8ErS+3RrGJ+mI5xL+5h4tK+GsIax+8Qslz
https://paperpile.com/c/cR66Ns/h8ErS+3RrGJ+mI5xL+5h4tK+GsIax+8Qslz
https://paperpile.com/c/cR66Ns/dfmby
https://paperpile.com/c/cR66Ns/vNDbp
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torque), which showed a moderate correlation with natural lodging (Grafius and 

Brown 1954). These experiments were low-throughput and laborious, thus a series of 

semi-automated field-based bending devices were subsequently developed. These 

devices can be divided into two categories based on whether they have been applied to 

small grains (e.g. wheat, rice, oat, or barley) or large grains (e.g. sorghum or maize).  

A primary challenge with field-based mechanical testing of small grains is the 

inability of a single stem to provide enough resistance to reliably detect with a load 

sensor. To overcome this limitation, multiple plants are tested together in small grain 

applications. One device (referred to here as Berryôs Device) was developed to study 

winter wheat lodging and consists of a hand-held force meter with a load cell attached 

to a push bar to measure the force required to push over multiple plants (Figure 1.5B, 

Table 1.1; Berry et 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 1.1; Heuschele et al. 2019). This 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, the results of these trials are 

not reported in the manuscript (Heuschele et al. 2019). 

For larger grains, several different devices have been developed to test 

individual plant biomechanics in the field. The first device (referred to here as Guoôs 

Device) was developed to nondestructively measure the forces required to bend maize 

stalks across a set of discrete angles (Figure 1.5C, Table 1.1; Guo et al. 2018, 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 

https://paperpile.com/c/cR66Ns/vNDbp
https://paperpile.com/c/cR66Ns/vNDbp
https://paperpile.com/c/cR66Ns/MOOP9
https://paperpile.com/c/cR66Ns/YNnWr
https://paperpile.com/c/cR66Ns/YNnWr
https://paperpile.com/c/cR66Ns/rvmu0+8HFaM
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ranging from 0- to 45-degrees and the maximum equivalent force is recorded. This 

force was shown to have a strong negative correlation with the incidence of stalk 

lodging in maize (Guo et al. 2018, 2019).  

A second device, DARLING (Device for Assessing Resistance to Lodging in 

Grains), was also developed to assess stalk biomechanics in larger cereal crops (Cook 

et al. 2019). This device (DARLING, Figure 1.5D, Table 1.1) collects continuous 

force-rotation data and consists of 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 anchor 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 linear-elastic 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 laboratory-based stalk bending strength measurements (Robertson et al. 

2016; Cook et al. 2019). However, in the nondestructive mode the reliability of 

measurements depends on soil conditions and soil type, which should ideally be kept 

constant throughout testing. A recent study which utilized the DARLING device as 

part of multi-year, multi-location study demonstrated that bending strength 

measurements are more highly correlated with natural lodging incidence as compared 

to rind penetration testing (Sekhon et al. 2020). However, 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. 

 

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
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Figure 1.5 Devices for measuring stalk bending strength. Berryôs device (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 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 Berryôs device and introduced 

some automation. Specifically, the Stalker is pushed forward until a 

preset 45-degrees, and then the force-rotation data is continuously 

recorded until the test is ended by the operator. Guoôs device (C) features 

a hand-held two-component circuit block 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, single-axis 

angle sensor, microcontroller, power supply module, signal acquisition 

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 (Feq), 

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 natural failure patterns 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 

nondestructively bent within the linear-elastic range of the material to 

obtain flexural stiffness or displaced until failure and the maximum 

applied bending strength recorded. Figure from Erndwein et al., 2020. 
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Table 1.1: A comparison of stalk mechanical phenotyping devices Table originally 

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

1.4.3.1 Root Pulling/Pushing Resistance 

 

While the failure mechanics of roots during lodging includes both uprooting 

and breakage, field-based approaches have focused on measuring plant anchorage 

independent of these failure mechanics. Vertical root pulling resistance (VRPR) is a 

parameter for assessing root anchorage that has been widely used in maize since the 

1930s (Wilson 1930; Zuber et al. 1971; Fincher et 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. 2011). VRPR has been less utilized in other 

cereal crops, particularly in the context of root lodging. One set of studies used VRPR 

in rice as an approach to understand and select for drought-tolerance, but did not 

evaluate root lodging (Ekanayake et al. 1985, 1986) Another study determined that 

VRPR was highly variable and unsatisfactory to predict the tendency to root lodge in 

wheat, oats, and barley (Harrington and Waywell 1950). Despite the unclear 

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; this method has proven 

inaccurate since it was impossible to control for lifting rate and measurements were 

extracted manually (Rogers et al. 1976; Thompson 1972, 1982; Jenison et al. 1981; 

Peters et al. 1982; Penny 1981; Arihara and Crosbie 1982). Other devices have been 

subsequently designed to reduce manual error and measure VRPR using tractor 

hydraulics, but this approach has proven too heavy and cumbersome for wide-spread 

https://paperpile.com/c/cR66Ns/CtEWl+B5479+YZDIa
https://paperpile.com/c/cR66Ns/12yia+LazL4
https://paperpile.com/c/cR66Ns/ElIbv+5r0ae
https://paperpile.com/c/cR66Ns/mSpmD
https://paperpile.com/c/cR66Ns/oF5S8+OsXwb+Qf1xz+WnrWL+lktYo+WvAk5+VyYbF
https://paperpile.com/c/cR66Ns/oF5S8+OsXwb+Qf1xz+WnrWL+lktYo+WvAk5+VyYbF
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measurements (Zuber 1968; Donovan et al. 1982; Kevern and Hallauer 1983; 

Melchinger et al. 1986) 

Two devices were designed to overcome the limitations identified from these 

early methods to measure VRPR (Dourleijn et al. 1988; Fouéré et al. 1995). One 

device (referred to here as Dourleijnôs Device; Figure 1.6A, Table 1.2) uses an electric 

powered motor and pulley system to pull the plants vertically out of the soil at a 

constant rate (Dourleijn et al. 1988). The maximum pulling force is recorded as a post-

test on an attached scale. A second device (referred to here as Fou®r®ôs Device; Figure 

1.6B, Table 1.2) is anchored by nails into the soil and the stalk is symmetrically placed 

between the anchor feet (Fouéré et al. 1995). A force sensor then transmits an angular 

pushing displacement to the stalk and records the resistance force at discrete angles. 

Mechanical data are recorded as moment-angle relationships and the maximum force 

applied to pull the root system out of the soil is then extracted as the horizontal root 

pushing resistance. 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 improve 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 sunflower (Sposaro et al. 2008), and subsequently applied 

to maize (Liu et al. 2012). The devices used to measure Rfm consist of a push bar 

https://paperpile.com/c/cR66Ns/fEeAq+Rrp6c+TUdSl+o64cy
https://paperpile.com/c/cR66Ns/fEeAq+Rrp6c+TUdSl+o64cy
https://paperpile.com/c/cR66Ns/NHLR7+cjol5
https://paperpile.com/c/cR66Ns/NHLR7
https://paperpile.com/c/cR66Ns/cjol5
https://paperpile.com/c/cR66Ns/9wTb2
https://paperpile.com/c/cR66Ns/oMKAw
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attached to the plant stem at a specific height with a steel cable, a base protractor and 

an offset pulley system to pull the plant over (referred to here as Sposaroôs Device; 

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 push bar. While 

not widely used (likely due to the cumbersome and low-throughput nature of the 

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

which is known to increase root lodging (Liu 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, the prostrate device is attached perpendicularly to 

multiple plant stems (10-15), the plants are displaced to a 45-degree angle and the 

pushing resistance is recorded (Figure 1.6D, Table 1.2). This approach has been 

applied to winter wheat  (Xiao et al. 2015), canola (Wu and Ma 2018), and rice 

(Kashiwagi and Ishimaru 2004). Interestingly, this approach is very 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 that it is difficult to separate this 

measure as indicative of root lodging distinct from stalk lodging (Xiao et al. 2015). 

For example, in rice the bending moment calculated from prostrate testing of the 

lowest internodes was highly predictive of Blaster-induced stalk lodging (Shrestha et 

al. 2020).  
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Figure 1.6. Devices for measuring root anchorage. Dourjelinôs device (A) measures 

vertical root pulling resistance in 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®ôs device (B) measures horizontal root pushing force 

in maize and consists of a main frame, handle, adjustable force sensor, 

angle sensor, a two-pronged 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 the resistance force. Sposaroôs device (C) 

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 to the 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 used. The 

device attaches to an adjustable mounted plate attached to the plant. 

Plants are displaced to a 45-degree angle and the pushing resistance is 

recorded. Figure from Erndwein et al., 2020. 



 33 

Table 1.2: A comparison of root mechanical phenotyping devices. Table originally 

published in Erndwein et al., 2020.  
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1.4.4 A Discussion of Field-Based Mechanical Testing Methods 

A general overview of field-based mechanical phenotyping equipment used to 

assess lodging resistance in grain crops is provided in Tables 1.1 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 method and mention best 

practices for conducting field-based mechanical tests of plant stalks and roots. 

1.4.4.1 Developing Standards to Enable Reproducibility.  

As technologies to assess plant mechanics in a field setting continue to be 

developed, there is an urgent need to 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 part from a failure to understand how plants fail 

during lodging. For example, there is little conceptual relationship between rind 

puncture resistance (pushing a needle like instrument laterally through the outer 

tissues of the stalk) and natural wind induced failure, which typically manifests as 

buckling, snapping, or splitting (Robertson et al. 2015a). Similarly, for root lodging, 

plants are not pulled vertically from the soil during natural lodging events. It thus 

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 unclear how 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 ñstrength,ò which is meaningless without context. Two 

https://paperpile.com/c/cR66Ns/Uy3zX
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contexts are of importance when discussing strength: the first 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 mechanicsðthe ultimate structural strength 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 breaks or buckles. These measures are 

not always equivalent and should be differentiated when reporting results. 

Furthermore, structural strength should be differentiated from material strength. The 

ultimate structural strength of an object is the highest force it can 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 commonly measured 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 lack of connection between the field based mechanical 

measures described here and the underlying biology. Linking field based mechanical 

measures to plant anatomy, architecture, and composition is a key phase of future 

research in mechanical phenotyping. Understanding how mechanical measures vary 

with the underlying 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 of Field-Based Mechanical Testing Methods 

In this section, we will provide an objective evaluation of current phenotyping 

methods. This evaluation is based on the authorsô experience, opinion, and fairly 

limited data availability. It is intended to assist plant scientists in choosing a 

phenotyping method and to highlight potential future 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 lodging (Shrestha et al. 2020), we 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 types and patterns. Additionally, the large 

cost and size of such machines make them inaccessible to many public sector plant 

breeders and agronomists. The limited mobility of wind machines (with the exception 

of  Boreas) also makes them difficult to utilize on large 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. Thus, plants 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 overcome this limitation altogether and is likely the 

most well developed artificial wind source. This is due to a large corporate investment 

in the machine; however, as mentioned previously, the Boreas machine is inaccessible 

https://paperpile.com/c/cR66Ns/FwKj8
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to most breeders and most of the data collected 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 induces 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 example, it is 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 flowering. This enables 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 resistance. Rind penetration 

testing is also one of the most rapid ways of mechanically phenotyping cereal crops 

and enables testing any given plant without disturbing neighboring plants. This 

method is effective for rapidly ranking varieties with significant differences 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 lodging failure patterns. 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 mixed results. We 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 appears to be a viable 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 and provide a 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 observed in naturally lodged 

crops. At the time of writing, the DARLING device is the only field based bending 

strength device explicitly shown to produce natural failure types and patterns (D. D. 

Cook et al. 2019). 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 wind 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 size, 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 quantified).  

 

https://paperpile.com/c/cR66Ns/OAFZT
https://paperpile.com/c/cR66Ns/OAFZT
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The DARLING device appears to be the fastest of the bending test methods, 

with testing rates of approximately 150ï200 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 information 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 architecture 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 constraintðthey require testing of multiple plants at once. During the 

test, these plants interact with one another and can provide mechanical support to one 

another. The physics governing this self supporting behavior are complex and have 

not been fully elucidated. To overcome this limitation, the measured force is typically 

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 has been 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 plant. Specifically, 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 variation in 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 lodging susceptibility but are currently cumbersome and low

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 lodging (S. 

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 rootïsoil 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 could be made more user friendly by 

supporting the collection of metadata (e.g., plot number, GPS coordinates) and 

utilizing improved digital user interfaces. These features are necessary to make the 

devices amenable to large genetic studies and to limit inter user variability, data 

corruption, and data loss. Furthermore, the accessibility of field based mechanical 

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 acquiring field based mechanical phenotyping data is to 

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 expertise in plant science and 

https://paperpile.com/c/cR66Ns/oMKAw
https://paperpile.com/c/cR66Ns/oMKAw
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mechanical measurements are required to successfully identify and navigate such 

pitfalls in the field. 

 Computational Modelling as an Alternative to Field-based Mechanical 

Testing 

One attempt to understand root lodging outside of the field setting was the use 

of computational models of root/soil interactions that were used to gain new insights 

on the factors influencing root lodging in maize (Brune et al. 2018). These models 

allow researchers 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 manipulated. 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 maize (Forell et al. 2015). Additional information on 

computational modeling to understand plant biomechanics can be found in a review 

article by Prusinkiewicz and Runions (2012). While this thesis does not involve 

computational modelling, there are many applications for modelling maize brace roots 

and I encourage future researchers to pursue this approach.  

 Laboratory -Based Mechanical Phenotyping of Cereal Crops 

Laboratory-based 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 of the laboratory-based measurements of stalk mechanics (Shah et al. 2017). 

In contrast to stalk lodging, there are limited approaches that have been used to 

https://paperpile.com/c/cR66Ns/MjhOC
https://paperpile.com/c/cR66Ns/tdyIA
https://paperpile.com/c/cR66Ns/f0C96
https://paperpile.com/c/cR66Ns/EgLOk
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understand root lodging in the laboratory setting due to the root system being less 

amenable to removal and mechanical testing.  

1.6.1 Understanding Natural Loading Configurations 

The first step in any analysis of crop biomechanics is to understand the loading 

that environmental forces place upon the plant architecture. For example, stalks are 

primarily subject to bending forces from gravity, wind, rain, and hail (Stubbs et al. 

2019). In contrast, roots are subject to more complex forces, including compression 

and shearing forces when growing through compact soil (Barley and Greacen 1967), 

and tension, compression, bending, and torsion forces when external forces are applied 

to the shoot system (Niklas and Spatz 2012). The underground forces that roots 

experience are directly linked to the forces occurring in the aboveground shoot system, 

and failure often occurs either in breaking of individual roots at the ground level or 

failure at the soil-root system interface (uprooting) (Stubbs et al. 2019).  

1.6.2 Conventional Loading Configurations for Mechanically Testing Plant 

Materials 

The most common loading configurations that have been used to test plant 

biomechanical phenotypes are illustrated in tension (Figure 1.7A) - where a uniaxial 

pulling force is applied to a sample gripped at both ends (Kretschmann 2008; Zhang et 

al. 2016; Yu et al. 2012; Yu et al. 2006; Varanasi et al. 2012), Compression (Figure 

1.7B) - where a uniaxial buckling force is applied to a sample gripped at both ends 

(Al -Zube et al. 2017; Zhang et al. 2017; Kretschmann 2008; Young and Clancy 2001) 

and Bending (Figure 1.7C) - where 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 the surface 

https://paperpile.com/c/cR66Ns/i9JuL
https://paperpile.com/c/cR66Ns/i9JuL
https://paperpile.com/c/cR66Ns/6Ye5D
https://paperpile.com/c/cR66Ns/g3MO6
https://paperpile.com/c/cR66Ns/i9JuL
https://paperpile.com/c/cR66Ns/P2hk4+9nyMZ+Y5i6R+G1B8p+MekDM
https://paperpile.com/c/cR66Ns/P2hk4+9nyMZ+Y5i6R+G1B8p+MekDM
https://paperpile.com/c/cR66Ns/r3dHn+k5wbK
https://paperpile.com/c/cR66Ns/P2hk4+9ajnb
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opposite the anvil is under tension. Two types of bending tests have been used to 

characterize plant materials: 3-point bending, where one loading anvil is applied to the 

center of a sample placed on a two-pronged fixture, and 4-point bending, where a two-

pronged loading anvil is applied to a sample in the same fixture (Rowe et al. 2004; 

Speck 1994; Wright et al. 2005). Four-point bending allows a uniform distribution of a 

load across a larger surface (Robertson et al. 2015b), and is commonly used for high 

stiffness, brittle materials like ceramics and non-homogenous materials like 

composites. In general, bending tests are commonly chosen for investigating plant 

biomechanics because (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 

parallel to the sampleôs cross sectional area (Stubbs et al. 2019), or axial, where the 

load is applied perpendicular to the sampleôs cross sectional area (Zhang et al. 2017). 

Unlike compression 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 

transverse 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.  

 

https://paperpile.com/c/cR66Ns/JV2zM+qKKFU+5OtBw
https://paperpile.com/c/cR66Ns/JV2zM+qKKFU+5OtBw
https://paperpile.com/c/cR66Ns/Fv9J6
https://paperpile.com/c/cR66Ns/k5wbK
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Figure 1.7: Three of the most common methods to mechanically phenotype plant 

materials in a lab setting. (A) tension, where a uniaxial pulling force is 

applied to a sample gripped at both ends, (B) compression, where a 

uniaxial buckling force 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 reproducibility (Al-

Zube et al. 2018). Bending tests have been used to characterize the biomechanics of 

wood (Buchanan 1990; Kin and Shim 2010; Kretschmann 2008; Lindström et al. 

2002), sunflower stalks (Ķnce et al. 2005), potato tuber and apple fruit parenchyma, 

celery stalk collenchyma, and elderberry stem sclerenchyma (Niklas 1993), sugarcane 

stalks (Qingting et al. 2004), sorghum stalks (Bashford et al. 1976), wheat stalks 

(Esehaghbeygi et al. 2009; OôDogherty et al. 1995; Berry et al. 2000, 2006, 2007; 

Verma et al. 2005), barley culms (Kokubo et al. 1991), rice stalks (Jin et al. 2009;  Li 

et al. 2003), and maize stalks  (Robertson et al. 2015a, 2015b). 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 

https://paperpile.com/c/cR66Ns/ubxfZ
https://paperpile.com/c/cR66Ns/ubxfZ
https://paperpile.com/c/cR66Ns/uMRcK+ijaFe+P2hk4+3f4rM
https://paperpile.com/c/cR66Ns/uMRcK+ijaFe+P2hk4+3f4rM
https://paperpile.com/c/cR66Ns/QqOFt
https://paperpile.com/c/cR66Ns/VlGsQ+uVvM6+VVdVx+dcBcS+tVKiX+nd7wE+q5sqe
https://paperpile.com/c/cR66Ns/VlGsQ+uVvM6+VVdVx+dcBcS+tVKiX+nd7wE+q5sqe
https://paperpile.com/c/cR66Ns/xZG13
https://paperpile.com/c/cR66Ns/XKPev
https://paperpile.com/c/cR66Ns/XKPev
https://paperpile.com/c/cR66Ns/4D2QP+q5sqe+VuecI
https://paperpile.com/c/cR66Ns/XfqQ3
https://paperpile.com/c/cR66Ns/4D2QP+q5sqe+VuecI
https://paperpile.com/c/cR66Ns/4D2QP+q5sqe+VuecI
https://paperpile.com/c/cR66Ns/Uy3zX+lnfsR
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crops. Indeed, stalk bending strength has recently been shown to be the most important 

property for estimating stalk lodging resistance in maize (Sekhon et al. 2020).  

1.6.3 Characterizing Mechanical Phenotypes 

Sample preparation and mechanical testing configuration depends 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 composites 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 to mitigate. 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 engineering materials, drawing parallels between the two enables the development 

of reliable, repeatable testing methodologies that best estimate mechanical phenotypes 

(Niklas and Spatz 2012). Plant organs that provide structure like stalks and roots are 

comprised of nonlinear bundles of anisotropic fibers (Qin 2011) and often paralleled 

to viscoelastic polymer reinforced composites (Gibson 2012; Speck and Burgert 2011; 

Robertson et al. 2017; Tanimoto et al. 2000; Niklas 1992; Schopfer 2006; Qin et al. 

2011). In general, for simplification roots and shoots are assumed to be Hookean or 

elastic materials. In other words, below a certain strain point, stress and strain are 

directly proportional to each other. Linear elastic materials will return to their original 

dimensions when the load is removed. In contrast, nonlinear elastic materials return to 

their original dimensions even past their strain limit (Niklas and Spatz 2012). 

https://paperpile.com/c/cR66Ns/yycRx
https://paperpile.com/c/cR66Ns/g3MO6
https://paperpile.com/c/cR66Ns/J55JZ
https://paperpile.com/c/cR66Ns/GsIax+9p9DA+n3fzR
https://paperpile.com/c/cR66Ns/GsIax+9p9DA+n3fzR
https://paperpile.com/c/cR66Ns/vNnY0
https://paperpile.com/c/cR66Ns/fvksJ
https://paperpile.com/c/cR66Ns/UMmpZ+J55JZ
https://paperpile.com/c/cR66Ns/UMmpZ+J55JZ
https://paperpile.com/c/cR66Ns/g3MO6
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Applying loads in various configurations (i.e. tension, compression, and bending), and 

measuring the materialôs resulting deformation thus results in quantitative material 

properties.  

An example mechanical test is visualized as a force vs. displacement testing 

curve (F vs. ȹx) (Figure 1.8A). In all methods of mechanical testing, a constant 

displacement ȹx is applied to the sample and the resulting force F is measured by a 

load cell. This produces a characteristic force-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 while in this linear region, the assumption 

is that the sample would return to its original state. According to Hookeôs law, a 

uniaxial force applied to a spring varies by a spring constant, K. Thus, the slope of the 

linear part of the force-displacement curve is defined as the structural stiffness or the 

spring constant, K. K is a primary metric for measuring plant biomechanics and 

represents the resistance of a sample to bending under load (Young et al. 2002). 

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.  

Force-displacement mechanical testing curves form the basis for all 

biomechanical measurements. However, these curves do not take into account the 

sample geometry, which is critical for comparing the mechanical properties of both 

non-identical samples of the same material and different materials (Niklas and Spatz 

2012). If the force-displacement curve is normalized for sample geometry it then 

becomes a stress-strain curve (Figure 1.8B). Stress is the force applied to an object 

https://paperpile.com/c/cR66Ns/Awl7S
https://paperpile.com/c/cR66Ns/g3MO6
https://paperpile.com/c/cR66Ns/g3MO6
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over a sampleôs cross sectional area, F/A. This cross sectional area, while constantly 

changing throughout the testing procedure, is assumed to be constant for extracting 

bulk material properties of a sample. Strain is a unitless value of the sampleôs change 

in length over its original length, ȹL/L. The slope of the elastic region of the stress-

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) that resist 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 sample geometry and can be used to 

compare different materials. Another 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 deform the 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 thickening of plant 

organs has been shown to play a role in resisting mechanical forces, 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 material properties.  
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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 force 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 drops off steeply -

indicating sample breakage- is 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 indicates 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 Biomechanics in the Lab 

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 research. Cereal 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 support (Pasini 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 depends on internode bending failure strength, stem 

diameter, and rind thickness (Zuber et al. 1999; Baker et al. 1998). Collecting 

mechanical phenotypes like rind penetration resistance, compression strength, tension 

strength, and bending strength may provide insight to the diagnosis of stalk lodging 

susceptibility.  

 

https://paperpile.com/c/cR66Ns/qzA13
https://paperpile.com/c/cR66Ns/qzA13
https://paperpile.com/c/cR66Ns/NM1NG+A5TUc
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Many approaches to assess crop biomechanics utilize equipment that has been 

designed for material testing in other contexts. For example, tension, compression, and 

bending tests are often performed on lab-based universal testing stands (e.g. Instron, 

Norwood, MA https://www.instron.us/). These testing stands often require 

modification of the sample to enable testing. For example, when subjecting maize 

stalks to tension tests, thin strips of stalk must be excised for testing (Al -Zube et al. 

2018). In this instance, the need to modify the sample for testing 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 that they are equivalent (Al -Zube et al. 

2018). This indicates that, for maize stalks at least, the mechanical properties are 

symmetric and E measured from one loading configuration can be expanded to 

encompass mechanical behavior in other loading configurations. 

1.6.5 Measuring Root Biomechanics in the Lab 

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 of this project, I 

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 

structure and irregular geometry of these organs (Goodman and Ennos 1998, 2001). 

Previous studies in maize have aimed to simplify root biomechanics by assuming roots 

are a solid cylinder and testing only the tip of the root prior to lateral branching 

(Goodman and Ennos 1998, 2001). To measure root mechanical phenotypes, 3-point 

bend loading is a well-documented method used to assess root biomechanics of 

https://www.instron.us/
https://paperpile.com/c/cR66Ns/ubxfZ
https://paperpile.com/c/cR66Ns/ubxfZ
https://paperpile.com/c/cR66Ns/ubxfZ
https://paperpile.com/c/cR66Ns/ubxfZ
https://paperpile.com/c/cR66Ns/sSLtm+9R9tC
https://paperpile.com/c/cR66Ns/sSLtm+9R9tC
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subterranean lateral and nodal roots of maize (Goodman and Ennos 2001, 1998). 

However, considering natural loading configurations, the aerial portion of brace roots 

may be affected more by environmental 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 Based Mechanical Testing 

An understanding of how forces 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 mid- and late-season stalk lodging revealed different failure 

patterns (Robertson et al. 2015a; Elmore et al. 2005). For late-season maize stalk 

lodging, it was determined that the majority of maize stalks fail from a mechanism 

known as brazier buckling (Brazier 1927; Robertson et al. 2014). Brazier buckling 

occurs when the cross sections of hollow tubular structures ovalize and the outermost 

layer of the tube permanently crimp (Spatz et al. 1990; Niklas 1992, 1997; Spatz and 

Niklas 2013). While the stalks of cereal crops have multiple nodes that provide 

transverse reinforcement and minimize brazier buckling, roots do not (Niklas 1989, 

1997; Spatz et al. 1990, 1997; Schulgasser and Witztum 1992, 1997). Brazier buckling 

manifests in falsely high stresses at low strains and inflates material stiffness values 

(Robertson et al. 2015a). Bending tests on roots are further limited by the unbranched 

straight length available for testing, which leads to errors in testing root samples with 

large diameters. According to ASTM standards for polymer reinforced composites 

(D726), a material-type similar to plant roots, 3-point bend span length to sample 

diameter ratio in 3-point bending should be at least 16:1.  

https://paperpile.com/c/cR66Ns/sSLtm+9R9tC
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It is important to note that proper preparation of sample shape must be 

considered in measuring the desired mechanical properties. To highlight an example, 

prior to bending tests, particularly 3-point a 4-point 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 measurement of fracture toughness or a materialôs 

ability to withstand crack propagation. Notching is often used on homogenous 

materials like metals (Sarno, et al. 1974), ceramics (Kozğowski, Kadela, and Kukieğka 

2015), and natural stone (Zhang et al. 2015); Notching has also been used on non-

homogenous materials like bone (McCormack et al. 2012). Standards have shown that 

notching should not be used on materials that behave as laminate composites such as 

certain plastics and lumber because this increases risk delaminating anisotropic fibers 

(International Organization for Standardization 2010). Plant organs have been 

theorized to behave as anisotropic polymer reinforced composites since they consist of 

layers of anisotropic fibers of different tissue types and densities (Gibson 2012; Speck 

and Burgert 2011; Robertson et al. 2017; Tanimoto et al. 2000; Niklas 1992; Schopfer 

2006; Qin et al. 2011). Further, plant organs like stems and roots are reinforced by cell 

wall components in vascular tissues around the circumference of the cylindrical 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 of Lab Based Biomechanical Testing 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 and minimize error, preparation, and testing time.  
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https://paperpile.com/c/cR66Ns/UMmpZ+J55JZ
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Bending is the most efficient method, with the benefit of the shortest time for 

preparation and testing - ideal 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 stiffness, 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 test-test repeatability and increased error in elastic moduli measurements. 

The mechanical behavior of these materials would be best studied using X-ray 

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 4-point bending (as opposed to 3-point bending), optimizing span length to 

sample diameter ratio, and/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 the slippage 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 by using self 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 

modulus 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 lowest test-test 

repeatability 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 stems. Spherical 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 fixture (Keller 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; Wright et al. 2005); however, several other plant 

materials like wheat and barley stems (Wright et al. 2005), wood (Ozyhar et al. 2012), 

and lumber (Kin and Shim 2010) do 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 cons, (Al -Zube et al. 2018) showed that 

in measuring the elastic modulus for maize stalks, all methods produced statistically 

accurate results, with test-test variability of less than 5%. Therefore, the proper testing 

method simply depends on 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.  

 Quantifying the Potential L ink Between Biotic Mechanical Stimuli and 

Brace Root Mechanical Phenotypes 

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 the most common cause of lodging, biotic mechanical stimuli such 

as insect herbivory must be considered. 

1.7.1 Plant Biomechanics Applied to Integrated Pest Management 

Conventional agriculture has heavily relied on manufactured chemical pest 

control since the Green Revolution; however, the long-term impacts of chemical 

controls on public health and the environment may do more harm than good (R. Hu 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 

ecosystems (Bongaarts 2019). This large-scale 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 pesticides and herbicides 

(Cardoso et al. 2020; Brühl and Zaller 2019). Not only do pesticides cause acutely 

toxic or sublethal effects, but bioaccumulation from chronic exposure can cause 

physiological effects on insect populations (Desneux et al. 2007). For example, two 

widely used neonicotinoid pesticides, imidacloprid and clothianidin, have been 

associated with Colony Collapse Disorder (CCD) in honeybees (Chensheng et al. 

2014; Dively et al. 2015). Glyphosate, the most commonly used herbicide in the 

United states, has been found to, in high concentrations, alter the gut bacteria of bees 

which renders them more susceptible to infection (Motta et al. 2018, 2020; Motta and 

Moran 2020). Both organic and inorganic fertilizers have also been shown to cause 

eutrophication, soil nitrification, and changes in host plant composition which further 

increase insect mortality (Kurze et al. 2018; Habel et al. 2019).  

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

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 wasps (Wang et al. 

2019), entomopathogenic nematodes (Rasmann et al. 2005), spined soldier bugs (Yu 

1987), and even birds (Mäntylä et al. 2008) are showing efficacy in control efforts. 

Volatile organic compounds released by plants upon insect herbivory may also be 

utilized in integrated pest management to attract natural enemies and deter pests from 

feeding on host plants (War et al. 2011). To improve targeted deployment of pest 

control, more effective pest detection methods can also assist. I propose that plant 

biomechanics may 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 and Below: An Overview of Two Common Insect 

Pests of Maize 

This project will focus on two economically significant pests of maize, fall 

armyworm (FAW, Spodoptera frugiperda: Lepidoptera: Noctuidae) and western corn 

rootworm (WCR, Diabrotica virgifera virgifera Le Conte; Coleoptera: 

Chrysomelidae).  

WCR (Figure 1.9A) is the most destructive pest of maize in the United States 

and it has been recently introduced into Europe where it also causes significant 

economic losses (Miller et al. 2005; Flagel et al. 2015; Gray et al. 2009; Hummel 

2007; Tinsley et al. 2013). In the past crop rotation with soy (Levine et al. 2002), and 

transgenic maize expressing Bt-Cry3Bb1 (Bt) insecticidal protein (Moellenbeck et al. 

2001; Vaughn et al. 2005) were effective ways to control WCR. Recently populations 

have become resistant to Bt maize (Gassmann et al. 2014) and/or adapted to crop 

rotation. For the crop-rotation resistant WCR variants, females migrate to neighboring 
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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 adults feed on tassels, leaves, silks, 

kernels, and pollen, and larvae feed on root tissue. WCR larvae are known to feed on 

nodal roots, and it is estimated that for every node of roots destroyed, grain yield is 

reduced 15% (Tinsley et al. 2013). Severe root damage from WCR larvae has been 

associated with increased likelihood of root lodging ((Bekelja et al. 2018.; Spike and 

Tollefson 1991) Figure 1.9A).  

FAW (Figure 1.9B) is a moth native to North and South America. In 2016, 

FAW was first detected in Africa (Goergen et al. 2016) and by 2018 spread across 

Asia (Kalleshwaraswamy et al. 2018). FAW 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 year across sub-Saharan Africa and pose a substantial threat 

to smallholder food security (Abrahams et al. 2017; Baudron et al. 2019). However, 

practicing intercropping with legumes is showing some promise in controlling 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 night (Early et al. 2018). 

FAW do not diapause (suspend development due to unfavorable environmental 

conditions) and can overwinter in warm climates (Johnson 1987). Adult females 

deposit eggs on the underside of leaves and after hatching, first instars move up the 
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plant and disperse with ballooning silk threads (Day et al. 2017). FAW larvae feed on 

foliage, ears and tassels. FAW early instars have a characteristic ñwindow-paneò 

feeding pattern on leaves and late instars create large holes in the leaves and may 

burrow deep into the leaf whorl (Paul and Deole 2020). This reduces the 

photosynthetic area and weakens the plant (Matova et al. 2020). Maize can recover 

from minor foliar damage; however, FAW larvae may destroy the developing ear, 

which results in significant yield loss (Foster 1989). FAW is predicted to become 

more of a problem as climate change worsens (Elderd and Reilly 2014). 
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Figure 1.9 Two economically significant insect pests of maize and their associated 

damage. The 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 been associated with root lodging. 

FAW larvae are caterpillars that feed on foliage, ears and tassels. It is 

unknown whether FAW feeding contributes to lodging. 

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, 



 60 

or how they differ 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 not feed 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 anchorage in 

order to sustain itself. Investigating 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.  

 Open Questions 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 measured. To investigate the mechanical 

function of maize brace roots and characterize the mechanical phenotypes that may 

govern this function, I will develop strategies based on the current field- and lab-based 

approaches outlined.  

In the context of field-based measurements of lodging-resistance, it is 

important to select mechanical loading configurations that mimic natural failure 

patterns during root lodging. Root lodging-resistance is a function of the resistance of 

the compressed leeward roots to bending, and the anchorage 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 of fibers, with 

the outer subepidermal ring consisting of fibers with very thick walls (Barley and 

https://paperpile.com/c/cR66Ns/gS2GI
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Greacen 1967). Although the failure patterns of individual brace root failure are poorly 

reported in the literature, 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, I 

have proposed four aims for determining the role 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.  

(1) I will use the field-based DARLING device to determine the contribution 

of the brace root system to overall plant anchorage (Chapter 2).  

(2) I will use laboratory-based 3-point bend testing to investigate 

biomechanical phenotypes of maize brace roots (Chapter 3).  

(3) I will correlate brace root anchorage data with mechanical properties for a 

population of multiple genotypes (Chapter 4).  

(4)  I will investigate the link between insect resistant maize phenotypes and 

brace root mechanical phenotypes (Chapter 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 long-term 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. 

 

 

 

 

https://paperpile.com/c/cR66Ns/6Ye5D
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MAIZE BRACE ROOTS PROVIDE PLANT ANCHORAGE  

*Portions of this chapter were published in Reneau et al. 2020. 

 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. Here we outline 

a methodology for directly testing the contribution of maize brace roots to plant 

stability. We utilize a field-based mechanical phenotyping device to load plants in a 

cantilever (2-point bend) configuration in order to replicate the natural loading 

patterns 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 foundation 

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

 

Chapter 2 
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 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 planting (VT-tasseling 

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 experimental plants 25 days 

later (128 days after planting, reproductive dent stage - R5). 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 from weed control 

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 

the base of the plant and the load cell was brought in contact with the stalk. Three 

cycles of deflection were applied to each plant. Each cycle involved slowly pushing 

the device forward to approximately 15-degrees and returning to approximately 0-

degrees. For 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 plant was tested three times in a series. At each time point, 

https://paperpile.com/c/cR66Ns/OAFZT
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plants 1 through 12 in replicate plot A were tested and returned to plant one to re-test 

each plant for a total of three repeat tests. When all three tests of replicate A were 

completed, plants in plot replicate B were tested using the same strategy. Total time to 

complete testing for each plot varied from 11-15 minutes with a total of 29-30 minutes 

per time point. For testing plants during senescence or dry-down, plants were tested 

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

labelled in a subtractive manner as follows: all brace roots intact ñAò, top whorl of 

brace roots touching the soil removed ñBò, etc. (Figure 2.1). Each whorl of brace roots 

was manually excised 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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Figure 2.1 Subtractive flexural testing procedure. First, plants were tested with the 

presence of all the brace root whorls touching the soil. This test was 

labelled ñAò. Then the top whorl touching the soil was excised and the 

plant was flexural tested again. This test was labelled ñBò. Testing 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 removed is labelled ñCò. Figure from Reneau et 

al. 2020. 

2.2.3 Force-Deflection Calculations  

The flexural stiffness is measured by bending the stalk while measuring both 

the resulting force and deflection (Cook et al. 2019). Calculating flexural stiffness 

assumes that the plant acts as a cantilever beam with a rigid boundary condition at the 

base (soil anchorage). Under these conditions, flexural stiffness is purely a property of 

https://paperpile.com/c/cR66Ns/OAFZT
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the stalk itself. Here we assume that the stalk properties are unchanging and thus any 

change in the force-deflection 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 the 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:  

 

 ɗ = deg x pi/180  

  (Eq.1) 

Where pi = 3.1415. 

 

The rotation in radians was then converted into deflection (ŭ) using the following 

equation: 

 

ŭ = h x sin (ɗ)  (Eq.2) 

 

Where h is the height of the applied load (m) and ɗ is the rotational angle 

(radians).  

To extract the slope from the force-deflection 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 second and third approaches, the data were automatically parsed into 

loading and unloading data based on a user-defined number of monotonically 

increasing data. Here, ten consecutively increasing deflection data points were 
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required to define a single load cycle, 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 data points was kept. Comparison of the different methods to 

extract the slopes revealed that all three slopes have Pearson correlation r Ó 0.76 and p 

Ò 2.2E-16. It is ideal to extract the slope from only the loading data because the 

variation in the manual acquisition 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 introducing bias 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 

data to just the loading data (r = 0.86, p Ò2.2E-16), thus selection of either approach is 

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 force-deflection slope can be attributed to a change in boundary 

conditions (ie. anchorage in the soil). The brace root contribution to anchorage was 

calculated through both relative and absolute approaches. For the relative approach, 

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

 

Ratio = FDwithout/FDwith   (Eq. 3) 
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Where FDwithout is the force-deflection slope with a brace root whorl removed, 

and FDwith is the force-deflection slope with the same brace root intact.  

 

For plants with three brace 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 = FDwith-FDwithout  (Eq.4) 

 

 

Where FDwithout is the force-deflection slope with a brace root whorl removed, 

and FDwith is the force-deflection slope with the same brace root intact.  

 

For plants with three whorls in the soil, the calculation is Difference = A-D 

and for plants with two whorls in the soil, the calculation is Difference = A-C. 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 were indicated 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 CML 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, 

one-way and two-way ANOVA, pairwise comparisons with Tukey HSD post hoc tests 



 69 

and Pearson correlation analyses were performed with default parameters in R. 

Distributions were tested with the Shapiro-Wilk normality test, and if pÓ0.05 then the 

Tukeyôs Ladder of Powers was used to normalize with the rcompanion package of R 

(version 2.3.25). Repeatability was calculated 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. Regressions were performed in JMP.  

 Results 

2.3.1 Plant Stiffness is Reduced Throughout 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 this would 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 three time 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 = 

2.36E-06). This result indicates that a population of green plants must be mechanically 

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

 

2.3.2 Neither Number of Tests nor the Field Plot Replicate Affects Plant 

Stiffness 

To ensure that flexural testing was nondestructive, plant replicates from plots 

A and B were tested three times in series. Variation did exist between the three tests 

for each plant; 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). Differences between repeat tests are likely due to the manual 

operation of the DARLING. First, the foot petal of the device required repositioning, 

which may have introduced differences in the starting location of testing. Additionally, 

noise in testing curves due to wind and human error introduced some difficulty in 

extracting consistent force-displacement curves. Despite this technical error, we 

measured a high repeatability in the force-deflection slope measurements (Figure 2.2; 

R = 0.876, SE = 0.0245, p = 2.3E-49). 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 is Higher During Senescence Than the Tasseling Stage 

To remove time-of-day variation, the same CML258 plants were flexural 

tested at late season dry down (senescence, reproductive stage R5). The force-

deflection curves from R5 plants were then compared with those from the same plants 

at stage VT. 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.  

 



 71 

 

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 

non-destructively tested three times in series to test repeatability (blue - 

first test, red-second test, black - 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 (09:00 AM, 

12:00 PM, and 04:00 PM). Results of time-of-day testing show that the 

force-deflection 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 were once again tested at late season dry-

down (R5). The resulting force-deflection 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 measures. Figure from Reneau et 

al., 2020. 
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2.3.4 Brace Roots Contribute 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. CML258 

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 force-deflection 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 was found to not influence the force-deflection 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 force-deflection slope (Figure 2.3B; p=5.88E-11). 

Compared to the force-deflection slope with all brace root whorls intact, removal of 

the TWR does not result in a change in the force-deflection slope (Tukey HSD test A 

vs. B, p=0.0138). Removal of the MWR and BWR did result in significant differences 

between the force-displacement 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 a reduction in the force-deflection 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 force-deflection curve.  

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 as a difference between initial force-deflection 

slope and the force-deflection 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 slope (R=0.59, p=0.004). When normalizing for relative contribution by use 

of ratio this difference disappears (R=-0.17, p=0.461). The initial force-deflection 

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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Figure 2.3 All brace root whorls contribute to plant anchorage. CML258 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 

on the plant (test ñAò). Then, the first brace root whorl touching the soil 

(ie. the top whorl) was excised and plants were tested again (testòBò). 

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 = 0.0308). B) The force-deflection slope dramatically 

decreased with the excision of each brace root whorl (p = 5.88E-11). 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 paired-data approaches: (a) relative - which 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) absolute - which uses 

the difference between FDw and 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 force-deformation slope upon 

removal of each brace root whorl, there is variation in the relative contribution 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 resistance (Liu et 

al. 2012; Sharma and Carena 2016b). Thus, 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 2.4A., R= -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=0.002; MWR vs. TWR p=0.05). There is a 

significant correlation between the contribution of all whorls and the contribution of 

BWR (Figure 2.4C, R=0.85, p=1.32E-06), MWR (Figure 2.4C, R=0.51, p=0.018), and 

TWR (Figure 2.4C, R=0.62, p=0.017). These results show that there 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 overall contribution.  

https://paperpile.com/c/cR66Ns/oMKAw+NgsX6
https://paperpile.com/c/cR66Ns/oMKAw+NgsX6
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Figure 2.4 a) Each whorl has a differential contribution to plant anchorage. The ratio 

of the reduction in the force-displacement 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=2.4431E-06). Specifically, the 

bottom whorl (BWR) closest to the soil contributed the highest to plant 

anchorage and each subsequent whorl farther from 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 system (R=0.85, p=1.302E-06). 

Black dots indicate 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 interval. Figure from Reneau et al., 2020. 

 Conclusions and Future Directions 

 

This study is the first to directly measure the contribution of maize brace roots 

to overall plant anchorage. We showed that plant age (tasseling vs. senescence) 

significantly affects the force-deflection slope. Specifically, senesced maize measured 

a higher force-deflection slope 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 a 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 environmental 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 increases with 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 supports. 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 the roots 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 limited field-based root 

phenotyping methods (Clark et al. 2020). In contrast, the lower contribution of the 

TWR can be attributed to (1) fewer brace roots from this whorl entering the soil, 

and/or (2) lower mechanical or material properties of the TWR compared to the 

BWR.  

We have thus 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 

https://paperpile.com/c/cR66Ns/hF8RW
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root whorls that influenced 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, I hypothesize that mechanical and 

material properties of the maize brace roots dictate their performance in plant 

anchorage. Further, I predict that there are differences in overall contribution of the 

brace root system between maize genotypes. 
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MAIZE BRACE ROOT BIOMECHANICS ARE DETERMINED BY 

GEOMETRY WITHIN A GENOTYPE AND MATERIAL PROPERTIES 

BETWEEN GENOTYPES 

 

*Portions of this chapter are in submission as Erndwein et al. 2021. Draft manuscript 

is available on BioRxiv prior to publication. 

  Rationale 

Crop plants are susceptible to yield loss by mechanical failure, which is called 

lodging. In maize (Zea mays), 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 their contribution 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 stability. 3-point 

bending tests were used to determine that brace 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 determined that differences 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.  

 

Chapter 3 
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 Methods 

3.2.1 Vegetative Sample Collection (Greenhouse) 

3.2.1.1 Dried Roots, V13-V15 

Seeds from an inbred maize genotype (Zea mays cv. B73) were germinated in 

3-gallon pots with BK 55 soil (PRO-MIX) and 30 grams of slow release osmocote 

pellets (Scotts Miracle-Gro). Target greenhouse conditions were 24.7°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 watered twice a 

week until complete soil saturation: (1) with tap water and (2) with tap water mixed 

with supplemental nutrient solution (Peters Excel 21-5-20 N-P-K). Five biological 

replicates were grown to the vegetative leaf 13 (V13), V14, and V15 stage based on 

the ñdroopyò leaf method (Nielson 2019). In this method, emerged leaves are counted 

that have begun to droop downward. This begins with the thumb leaf at the base of the 

plant (typically senesced with the 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 transferred to a lab where brace roots 

were excised from each whorl with a single-edged razor and dried in a drying oven at 

57°C for a minimum of 24 hours.  

3.2.1.2 Fresh Roots, V13-V15 

Six biological replicates of inbred maize genotype B73 were grown in the 

greenhouse under the same conditions as above. Four replicates were grown to 

https://paperpile.com/c/cR66Ns/uXYMK
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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 transferred 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 3-point bend tests on the same day. Aerial roots removed from the 

TWR were noted and included in this study.  

3.2.1.3 Fresh Roots, V12-V13 (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 plants were grown 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 single-edged razor, five roots were excised from each 

whorl and thin slices (~0.2-0.5 mm) were cut from the first 20 mm brace root section 

closest to the stalk. Brace root slices were then stored in 24-well plates, 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 from each well with a pipet 

and sections were washed with 1X PBS. Sections were stained with 0.2% fuchsin in 

Clearsee (Kurihara et al. 2015; Ursache et al. 2018) and left overnight at room 

temperature. Clearsee 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 Clearsee, 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 

https://paperpile.com/c/cR66Ns/vZSO8+1Lv23


 82 

magnification. Metaxylem element number and area counts were measured with Echo 

Revolve built-in software.  

3.2.2 Reproductive Sample Collection (Field) 

 

Seeds from three inbred maize genotypes (Zea mays cv. B73, Zea mays cv. 

Oh43, and Zea mays cv. A632) were planted in two replicate plots in 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 after planting). 

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 at reproductive maturity (R6, ~123 days after planting) and stored in brown 

paper bags in a dry field shed before 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 sample diameters were measured with a digital caliper (DC) 

(NEIKO 01407A, 0-6 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 during 3-point bending (Figure 3.1D).  

Micro-computed tomography (microCT) scanning was used as a second 

estimate of brace root geometry on V13-15 dried roots and R6 roots. Brace root 

samples were inserted into a low density upholstery foam fixture to provide a 

supportive bed 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 µm, voltage = 40 kV, current 

= 100 µA, exposure = 203 ms, angular step = 0.4 degrees). Scans were reconstructed 

using Bruker Nrecon software (Figure 3.2). Fiji software (Schindelin et al. 2012) was 

used to measure the following brace root dimensions 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) interior of the minor inner wall 

(bi), (4) exterior of the major outer wall (bo) (Figure 3.2G). For V13-15 and R6 roots, 

major (majorCT) and minor (minorCT) diameters, 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 procedure for 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 cylinders (Eq. 2): 

 

ὓὕὍ  ὼὥὦ    (Eq. 1)

  

   

ὓὕὍ  ὼὥὦ ὥὦ   (Eq. 2)

  

where ˊ = 3.1415, ao is the minor outer radius (distance from the center to the 

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

center to the long side exterior wall of the cortex), ai is the minor inner radius (distance 

https://paperpile.com/c/cR66Ns/XzYLs
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from the center to the short side interior wall of the cortex), and bi is the major inner 

radius (distance from the center 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 in DataViewer (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 mid-length, using CT Analyzer software (Bruker, Belgium). 

3.2.5 3-Point Bend Testing  

A custom 3-point 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 Series static load 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 mid-length. Prior to testing, each sample was preloaded 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. Force-displacement data were captured with 

Bluehill 3 software (Instron, Norwood, Massachusetts USA). See APPENDIX B for 

operational procedure for the Instron 5943. 

Testing continued until failure, which was defined as the first steep decline in 

the force-displacement curve and characterized as a crack forming in the brace root 

sample opposite of the loading site. Structural stiffness (K) was defined as the linear 

slope of the force-displacement 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 fracture, illustrated as the first sharp drop in the force-

displacement curve (Fig. 3.4A). All K were extracted from force-displacement curves 

using Bluehill 3 software. UL and BL were extracted using a custom Python code. To 

normalize structural stiffness measurements for geometry, K was converted to bending 

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

Ὁ ὑ ὼ 
  

  (Eq. 3)

   

where E is the bending modulus, K is the structural stiffness, L is the fixture 

span length, and MOI is the moment of inertia for the solid cylinder assumption (Eq. 3 

adapted from (Al -Zube et al. 2018).  

 

https://paperpile.com/c/cR66Ns/ubxfZ
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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) indicates roots 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 of inertia (MOI) 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. True MOI was measured using a microCT analyzer software 

and compared with solid MOI. D) The 3-point bend fixture was 17 mm 

with the load cell anvil applied to the center of the brace root sample at a 

constant rate of displacement until fracture. Figure from Erndwein et al., 

2021. 

3.2.6 Quality Control  

Data were quality controlled for both the microCT scan (CT error) and the 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 

CT1-CT3, or None (Figure 3.2C-F). 3-point bend tests were classified as follows: M1: 

sample too 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 pre-test diameter measurements could successfully 

predict CT error, brace root minor diameters were compared between each error type 

and those with those with no error (dried greenhouse-grown V13-V15 brace root 

samples) (Figure 3.3). Minor diameter (rather than major diameter) was chosen in this 

analysis 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 brace roots 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 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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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 magnified 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 thicknesses. C-F) 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 diameter (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 (ao), (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 measurements. Figure from Erndwein et al., 2021. 
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Figure 3.3 Maize brace root diameter cannot be used as a pre-test diagnostic tool to 

predict geometry discrepancies. Using 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 (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 too short to test, curved, diseased, or 

splintered during testing (M1), and break load occurred before ultimate 

load (M2). No error was indicated as ñNoneò. To determine whether 

error could be predicted by diameter alone, error types were graphed by 

minor diameter measurements for dried 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 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 Data Analysis 

To determine sample sizes required to tell differences in each mechanical 

property, power analyses were performed with G*Power, using the ñMeans: 

Difference from Constant (one sample case)ò statistical t test, and ñA priori: Compute 

required sample size given alpha, power, and effect size.ò We found for our 

significance threshold alpha=0.01, the total sample size required is 66. We used a one-

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 geometry, and 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 material properties 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 between the R1/2 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 performed in R (version 

4.0.3) statistical computing software with default parameters (Team and Others 2013). 

All figures were generated in R with the ggplot2 (version 3.3.1) data visualization 

package (Wickham 2016).  

 

 

 

https://paperpile.com/c/cR66Ns/453Q9
https://paperpile.com/c/cR66Ns/MFiBj
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 Results 

 

3.3.1 Brace Root Structural Mechanical Properties Vary Between Whorls, 

which can be Attributed to Differences in Geometry. 

We hypothesized that brace root mechanical properties vary between whorls, 

and thus may contribute to the differential contribution of brace roots to stalk 

anchorage (Reneau et al. 2020). To test this hypothesis, 3-point bend tests were 

applied to brace roots from two-to-three whorls from one maize genotype (B73) at 

different vegetative and reproductive growth stages and conditions: V13-15 (dried), 

V13 and V15 (fresh), R1/2, and R6. A comparison of 3-point bend results shows that 

the structural stiffness (K) and ultimate load (UL) are decreased from BWR to TWR 

for all three growth stages (Figure 3.4B-D; Table 3.1A). For R6 brace roots, 

significant differences in UL and BL but not K were measured between BWR and 

TWR. BWR was not statistically different from MWR or TWR in K and this likely a 

result of type II statistical error where the sample size of BWR brace roots is too small 

to measure significance. The break load (BL) was significantly decreased from BWR 

to TWR for R1/2 field samples, but no statistical difference in BL between whorls was 

observed in V13-15 dried greenhouse samples (Figure 3.4B-D, Table 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.  

 

https://paperpile.com/c/cR66Ns/RLZtg
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Figure 3.4. Structural mechanical properties differ between brace root whorls at 

vegetative and reproductive stages. A) Structural mechanical properties 

are extracted from the 3-point bending force-displacement 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) V13-15 (dried), 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. 

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 10 mm from the 

brace root base) by microCT and/or a digital caliper. There was a high positive 

correlation for diameter measurements between both approaches (minor diameter R-

value = 0.87, major diameter R-value = 0.87; (Figure 3.5). In three of the four growth 

stages (V13-V15 (dried), R1/2, and R6), the major and minor brace root diameters 

(Figure 3.6A) decrease from BWR to TWR (Figure 3.6B-C, Table 3.1B). For V13 and 

V15 (fresh) brace roots, no differences existed in major and minor diameters between 

whorls (Figure 3.6B-C). The major and minor wall thickness for dried V13-V15 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 thickness exist between whorls. The discrepancy in wall thickness results 

between V13-V15 (dried) and R6 brace roots may be due to drying methods (ie. fast-

dried in an oven vs. naturally senesced). These results demonstrate that both diameter 

and wall thickness may influence the structural mechanical properties of brace roots.  
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Figure 3.5. MicroCT and caliper geometry measurements are highly positively 

correlated. Two methods for measuring brace root geometry, microCT 

(CT) and digital caliper (DC) were compared for V13-15 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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Figure 3.6. The diameter of maize brace roots varies between whorls. A) Brace 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) diameter than 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 V13-V15 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 al., 2021. 
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Figure 3.7 Brace root wall thickness varies between whorls for vegetative but not 

reproductive stages. A) To determine whether 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 V13-15 (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. 
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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 measured significantly 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. At V13-15, the TWR brace roots are the ñyoungestò, having 

recently emerged from the stem. The highly variable 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 subject for future research. These results suggest 

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

bending modulus.  
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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 R6 field stages, E of maize brace roots does 

not vary significantly between whorls. For V13-15 (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 not Influence Structural 

Mechanical or Material 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 the soil 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 soil. For fresh greenhouse-grown V13 and V15 B73 maize, both aerial and 

in-soil brace roots underwent 3-point 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 in-soil 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 in-soil brace roots (Figure 3.10). Even when normalizing for 

geometry there is no significant difference in E between aerial and in-soil brace roots 

(Figure 3.9; p=0.1791). It is likely that no differences were measured between aerial 

and in-soil brace roots because the tested section of both growth behaviors were aerial 

(~10 mm from the root base). I hypothesize that if I had compared subterranean roots 

with that of aerial roots, differences in mechanical properties would be measured. 

These results provide evidence that mechanical and material properties are consistent 

within a whorl when samples are taken from the same location in each root.  
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Figure 3.9: There are no significant differences in structural mechanical or material 

properties between brace roots that are aerial and in the soil. Brace roots 

excised from the TWR of fresh greenhouse-grown V13, V15 plants were 

subjected to 3-point bending and mechanical properties tested. 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, one-way ANOVA.  
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Figure 3.10: The aerial nature of brace roots does not influence diameter 

measurements. Among brace roots from the TWR of V13 and V15 fresh 

greenhouse-grown 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, one-way 

ANOVA.  

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

stage, biological replicate, and whorl. 

 

K  UL  BL 

df 
Sum of 

squares P-value  df 
Sum of 

squares P-value  df 
Sum of 

squares P-value 

B73 V13-V15 (dried) 

 WR 18 5254.6 5.68E-08  18 2199.44 8.25E-05  18 817.7 0.03 

 WR : Plant 10 5305.6 2.43E-10  10 1258.44 5.88E-04  10 463.4 0.05 

 
WR: Plant : 

Stage 2 616 3.09E-03  2 124.54 0.16  2 212.85 0.01 

B73 V13-V15 (fresh) 

 WR 4 114882 4.21E-05  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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B73 R1/2 

 WR 11 399114 9.10E-13  11 11516 9.34E-11  11 7819.9 2.03E-06 

 WR: Plant 5 11330 0.38  5 573.9 0.22  5 787.8 0.22 

B73 R6 

 WR 11 47005 1.22E-03  11 750.95 1.60E-06  11 807.96 2.08E-08 

 WR: Plant 19 87728 8.83E-05  19 741.81 1.79E-04  19 549.38 2.49E-04 

A632 R1/2 

 WR 8 67059 0.02  8 2154.01 0.01  8 2122.13 5.00E-03 

 WR: Plant 5 12668 0.52  5 655.19 0.21  5 776.71 0.06 

A632 R6 

 WR 13 139970 6.43E-07  13 1934.86 5.30E-11  13 458.21 1.84E-03 

 WR: Plant 25 79246 0.04  25 1347.64 1.50E-05  24 944.07 9.00E-05 

Oh43 R1/2 

 WR 12 73419 3.40E-06  12 3245 2.64E-06  11 1302.2 0.02 

 WR: Plant 5 4702 0.28  5 300.8 0.1  5 295.52 0.26 

Oh43 R6 

 WR 5 19631 0.06  5 685.9 2.07E-06  4 390.22 2.43E-05 

 WR: Plant 18 98270 1.39E-03  18 992.45 7.56E-05  14 351.35 6.27E-03 
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Table 3.1.B: Summary of E, MajorD, MinorD nested ANOVA comparisons for 

growth stage, biological replicate, and whorl. 

 

E  Major Diameter   Minor Diameter  

df 
Sum of 

squares P-value  df 
Sum of 

squares P-value  df 
Sum of 

squares P-value 

B73 V13-V15 (dried) 

 WR 18 1319.2 1.14E-03  18 18.885 3.10E-06  18 22.5381 3.32E-08 

 WR : Plant 10 979.5 4.75E-04  10 22.192 1.58E-09  10 20.8679 6.45E-10 

 
WR: Plant : 

Stage 2 38.8 0.47  2 4.781 1.11E-04  2 1.7116 0.02 

B73 V13-V15 (fresh) 

 WR 4 151.019 3.22E-05  4 3.7967 4.46E-04  4 2.5266 2.04E-03 

 WR : Plant 2 13.807 0.22  2 3.8516 4.38E-05  2 3.0319 6.66E-05 

 
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 1.75E-07  11 14.8323 0.67 

 WR: Plant 5 0.334 0.7  5 2.26 0.06  5 1.1357 0.67 

B73 R6 

 WR 11 24.458 0.30  11 17.317 4.51E-05  11 21.759 9.75E-07 

 WR: Plant 19 154.988 8.91E-06  19 20.71 3.00E-04  19 29.592 1.18E-06 

A632 R1/2 

 WR 8 6.3526 1.94E-03  8 13.817 1.21E-04  8 13.0687 4.54E-04 

 WR: Plant 5 4.4786 2.66E-03  5 3.6652 0.04  5 3.0694 0.11 

A632 R6 

 WR 13 401.03 0.105  13 44.63 1.99E-13  13 46.133 4.14E-11 

 WR: Plant 25 1826.21 9.18E-06  25 41.897 1.02E-09  25 55.977 1.10E-09 

Oh43 R1/2 

 WR 12 1.56657 0.02  12 16.9986 3.26E-05  12 18.3764 3.36E-05 
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 WR: Plant 5 0.17096 0.63  5 0.7751 0.61  5 0.7821 0.64 

Oh43 R6 

 WR 5 53.01 0.57  5 7.9031 1.16E-04  5 12.501 4.15E-04 

 WR: Plant 18 270.99 0.39  18 18.4192 6.99E-05  18 27.929 4.74E-04 

 

Table 3.1.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 

df 
Sum of 

squares P-value  df 
Sum of 

squares P-value 

B73 V13-V15 (dried) 

 WR 18 2.06175 1.12E-04  18 1.74513 7.53E-03 

 WR : Plant 10 2.62423 3.79E-08  10 3.10904 1.39E-07 

 
WR: Plant : 

Stage 2 0.10222 0.21  2 0.38997 0.012804 

B73 R6 

 WR 11 6.8183 3.01E-05  11 6.6112 1.11E-08 

 WR: Plant 19 15.312 4.01E-08  19 10.3577 9.21E-10 

 

3.3.3 Differences in Brace Root Structural Mechanical Properties Between 

Whorls are Observed in Two Additional Maize Genotypes 

To determine if whorl-specific brace root biomechanics are unique to B73 or 

common across other genotypes, R1/2 and R6 field samples from two additional 

genotypes (Zea mays cvs. A632 and Oh43) were subject to 3-point bending. Like B73, 

structural mechanical properties, K, UL, and BL decrease from BWR to TWR in both 

reproductive growth stages (Fig. 3.11; Table 3.1A). While this decrease from BWR to 

TWR was significant for most genotypes and growth stages, it did not reach the 
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significance threshold for BL of R1/2 Oh43 and R6 Oh43 brace roots or K of R6 Oh43 

brace roots. Brace root diameters also varied for both 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 plant variation 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, Table 3.1B).  
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Figure 3.11. Within genotype variation in brace root biomechanics is consistent for 

two additional genotypes. To determine if B73 biomechanical 

observations can be extended to other maize genotypes, brace roots from 

A632 and Oh43 at R1/2 and R6 were 3-point 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, with 

the exception of R1/2 A632. 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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Figure 3.12. Brace root diameters differ between whorls for A632 and Oh43. Major 

(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 whorl. Gray bars indicate Tukey 

HSD p<0.01. Figure from Erndwein et al., 2021. 
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3.3.4 Plant Growth Stage Affects Brace Root Mechanical Properties.  

The impact of root lodging increases with plant maturity (Carter and 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 3.13A-B). These results demonstrate that the 

force needed to cause failure (UL and BL) decreases during reproductive maturity, 

which may affect 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 3.13C-D). Specifically, B73 

had a higher K at R1/2 for both whorls. Whereas, A632 had 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, the minor diameter is 

consistently higher in R1/2 brace roots. There are two exceptions; however, the 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 be solely attributed to differences in geometry. These results indicate that the 

variation in brace root stiffness and bending modulus throughout reproductive 

maturity is genotype- and whorl-dependent. This is likely a result of differences in 

material properties and/or the variable dynamics of plant senescence. 

https://paperpile.com/c/cR66Ns/6I0Gl
https://paperpile.com/c/cR66Ns/6I0Gl
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Figure 3.13. Growth stage affects brace root biomechanics in a genotype- and whorl- 

specific manner. Mechanical properties were compared between R1/2 

and R6 conditions 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 significance threshold. 

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 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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Figure 3.14. Geometry plays a role in the higher mechanical properties of R1/2 brace 

roots. Major and minor 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. 

R1/2 brace 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.  

Table 3.2: Summary of ANOVA comparison between reproductive stages. 

 

A632 
BWR 

A632 
MWR  

B73 
BWR 

B73 
MWR  

Oh43 
BWR 

Oh43 
MWR  

K  0.97 3.24E-08 Ò2.20E-16 Ò2.20E-16 0.84 0.5722 

UL  1.75E-03 Ò2.20E-16 1.62E-15 2.92E-08 0.02 3.30E-12 

BL  5.02E-04 Ò2.20E-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 Ò2.20E-16 Ò2.20E-16 0.53 4.03E-03 

Minor diameter  0.90 7.54E-15 Ò2.20E-16 Ò2.20E-16 4.50E-03 8.64E-11 

Significance = p<0.01 
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3.3.5 The Relationship Between Genotypes is Constant for Material Properties, 

but not Structural Mechanical Properties. 

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 mechanical properties 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 whorls and growth 

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 relationship between 

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 

diameter varies in a genotype- and whorl- 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 material properties that can be used to differentiate between genotypes at a similar 

growth stage. 
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Figure 3.15. The normalized order of genotypes is consistent for bending modulus, but 

not structural mechanical properties. Least 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 consistent between all 

whorls and growth stages when utilizing E as the comparative metric. 

Figure from Erndwein et al., 2021. 
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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 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 R1/2 and R6 brace roots. One exception 

is BWR R6 brace roots. This result suggests that brace root diameter 

varies in a genotype- and whorl- specific manner.  

3.3.6 Differences in Metaxylem Element Number Reflects Diameter and 

Structural Mechanical Properties Between Brace Root Whorls 

The vascular bundle phenotypes of plant organs, particularly total vascular 

area, are known to affect their mechanical properties (Crook and Ennos 1994; 

Schulgasser and Witztum 1992, 1997; Zhang et al. 2018). Previous studies have 

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

https://paperpile.com/c/cR66Ns/JeRxj+ofnfb+mLkmI+G0Ks6
https://paperpile.com/c/cR66Ns/JeRxj+ofnfb+mLkmI+G0Ks6





































































































































































































































