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The Overlooked Biomechanical Role
of the Clasping Leaf Sheath in Wheat
Stalk Lodging

Joseph Cornwall’, Christopher J. Stubbs’, Christopher S. McMahan? and
Daniel J. Robertson ™

" Department of Mechanical Engineering, University of Idaho, Moscow, ID, United States, 2 School of Mathematical and
Statistical Sciences, Clemson University, Clemson, SC, United States

The biomechanical role of the clasping leaf sheath in stalk lodging events has been
historically understudied. Results from this study indicate that in some instances the
leaf sheath plays an even larger role in reinforcing wheat against stalk lodging than the
stem itself. Interestingly, it appears the leaf sheath does not resist bending loads by
merely adding more material to the stalk (i.e., increasing the effective diameter). The radial
preload of the leaf sheath on the stem, the friction between the sheath and the stem
and several other complex biomechanical factors may contribute to increasing the stalk
bending strength and stalk flexural rigidity of wheat. Results demonstrated that removal
of the leaf sheath induces alternate failure patterns in wheat stalks. In summary the
biomechanical role of the leaf sheath is complex and has yet to be fully elucidated. Many
future studies are needed to develop high throughput phenotyping methodologies and
to determine the genetic underpinnings of the clasping leaf sheath and its relation to stalk
lodging resistance. Research in this area is expected to improve the lodging resistance
of wheat.
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INTRODUCTION

Wheat stalk lodging—the permanent displacement of plants from their upright position—results
in millions of dollars of lost revenue each year (Berry and Spink, 2012; USDA, 2013). Furthermore,
lodging is a primary constraint to increasing the yield of current wheat varieties (Berry et al,
2003a, 2004). Lodging can be categorized into two types: stalk lodging and root lodging. Root
lodging occurs when the plant becomes uprooted or the roots break (Stubbs et al., 2019a). Stalk
lodging occurs when the stem of the plant breaks (Robertson et al., 2016, 2017; Stubbs et al.,
2019b, 2020b). Numerous studies of lodging resistance, root anchorage strength, and stalk strength
have been conducted previously in an effort to alleviate the problem of wheat stalk lodging (Berry
et al., 2003b, 2004, 2007; Berry and Spink, 2012). These studies have focused on the role of
chemical composition (Berry et al., 2003a; Kong et al., 2013), morphology (Keller et al., 1999; Zuber
et al., 1999; Tripathi et al., 2002, 2003), weather (Easson et al., 1993; van der Velde et al., 2012;
Mikinen et al., 2018), disease (Loyce et al., 2008), and pests (Daamen et al., 1989). In general, these
studies have investigated stalk strength (defined herein as the bending strength of the stem-sheath
complex) or have removed the leaf sheath and investigated stem strength directly. However, the
biomechanical role of the clasping leaf sheath has rarely been investigated directly. In particular,
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FIGURE 1 | A wheat stem specimen, showing the stem, leaf blade, and leaf sheath (top panel). Note the stalk is defined in this study as the stem-sheath complex.
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the authors are only aware of a single case study in which the
biomechanical role of the leaf sheath of wheat was investigated
directly (Wu and Ma, 2019). Consequently the mechanical role
of the leaf sheath is not fully understood (Wu and Ma, 2019).
The clasping leaf sheath is the portion of the leaf that tightly
wraps around the stem before branching outwards into leaf
blades (see Figure 1). The sheath plays a critical role in the
structural integrity of plants throughout their lifecycle. During
growth and development, the leaf sheath supports the stem, and

removal of the leaf sheath during early growth often causes the
plant to immediately become structurally unstable (i.e., to fall
over). While the biomechanical significance of the leaf sheath
has been quantitatively investigated in other plant species such
as sorghum (Bashford et al., 1976; Niklas, 1998), there is little
quantitative research on the biomechanical role of the leaf sheath
in wheat stalk lodging events (only a single case study in the
last 100 years of research on wheat stalk lodging). Consequently,
little is known about the biomechanical role of the leaf sheath.
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This lack of understanding impedes the creation of more lodging
resistant crop varieties.

The only quantitative investigation of the wheat leaf sheath
reported in the literature indicated that the sheath increased
stalk lodging resistance by increasing the effective moment of
inertia of the stalk (i.e., by increasing stalk girth) (Wu and Ma,
2019). However, our lab has qualitatively observed that when
fully mature wheat is subjected to bending loads that induce stalk
lodging the leaf sheath unravels and becomes separated from the
stem. It is typically at the moment when the sheath becomes
separated from the stem that the stem breaks. Observation of this
phenomenon led us to hypothesize that the leaf sheath does not
reinforce the stem by merely increasing the moment of inertia.
Rather a number of complex interactions between the stem and
sheath may be at play and the leaf sheath may reinforce the stem
against buckling.

The purpose of this study is to further quantify the
biomechanical role of the clasping leaf sheath in fully mature
winter and spring wheat. The effect of the leaf sheath on
the plant’s flexural rigidity, bending strength, and mechanism
of structural failure is investigated. This study builds upon
the preliminary results presented in Wu and Ma (2019).
Given limited resources the authors purposefully choose an
experimental design that did not include replication, but rather
choose to increase the number of genotypes and environments
included in the study. In other words the authors were interested
in discovering universal principles as opposed to identifying
genotype or environment specific effects.

MATERIALS AND METHODS

Plant Materials

Forty-five hybrids of hard and soft spring wheat were grown
during the 2018/2019 season, and 31 different hybrids of hard
and soft wheat were grown during the 2019/2020 season. Plants
from the 2018/2019 season were grown in a different field
than the plants grown in the 2019/2020 season. In both years
plants were sampled from ongoing variety trial experiments
and were selected to generally represent typical commercial
varieties of wheat. Each plot included in this study contained
a unique genotype. In the statistical analyses presented below
we controlled for genotype, however this variable aggregates
genotypic, plot level and year differences. In both years, plants
were grown at University of Idaho facilities with a planting
density of 108.5g seed/plot. All plots were 1.5 x 6m and
contained 6 rows. Fertilizer was broadcast and incorporated by
tillage prior to planting. Fertilizer was applied at a rate of 42.2 kg
nitrogen, 13.6 kg phosphorus, and 13.6 kg of sulfur per acre. All
stalks used in this study were allowed to reach full maturity and
remained in the field until harvest, at which point the stalk was
collected for testing. Samples were collected at harvest time as
opposed to during grain fill (when lodging is more likely to occur)
because the authors wanted to determine the minimum expected
effect of the leaf sheath. At grain fill or prior to full maturity
/ senesce the effect of the leaf sheath will be more significant
than at harvest time. Forty consecutive stalks from the middle
of each plot were cut just above ground level and the most basal

30 cm of the plants were transported to the lab. All stalks were
sampled from the middle four rows of the plot and at least 0.5 m
from the end of the plot to minimize border effects on stalk
growth (Watson and French, 1971). Only stalks that were found
to be free of disease and mechanically in good condition were
included in the study. All samples were stored in a testing room
maintained at standard room temperature and humidity after
collection (~20°C and ~15%—30% relative humidity).

Measuring Stalk Flexural Rigidity and
Bending Strength—Unpaired Data

Three-point bending tests were performed to measure the effect
of the leaf sheath on stalk flexural rigidity and stalk bending
strength. From each plot, eight to 10 specimens with a leaf sheath
and eight to 10 specimens without a leaf sheath were tested in
three-point bending to failure. As measuring bending strength
is a destructive test, the specimens analyzed were unpaired, i.e.,
the specimens with a sheath were different physical specimens
than the ones without a sheath. When removing the leaf sheath
from the stem special care was taken to ensure the stem was not
damaged. In cases where the stems were visually determined to
be especially prone to damage, a razor blade was used to mitigate
inadvertent loading of the wheat stem during sheath removal.
Any stems that were damaged during leaf sheath removal were
excluded from the study. All tests were performed using an
Instron universal testing machine (Model 5965, Instron Corp.,
Norwood, MA). The testing protocol was based on previous
protocols developed in our lab for maize (Robertson et al., 2014,
2015b; Al-Zube et al., 2018), with the following modifications: (1)
A custom fixture was developed to test the specimens with an
8 cm span length (the length from the left-most simple support
to the right-most simple support, as shown in Figure 2), with
the load being applied to the node closest to the bottom of each
stem sample (see Figure 2). The span length was chosen to ensure
proper specimen aspect ratios (length/diameter) to minimize
transverse deformation of the stalk’s cross-section (Stubbs et al.,
2018). (2) The stalk was displaced at a constant rate of 2 mm/min
until failure occurred. (3) A 50-N load cell was used to collect
force data at a rate of 100 ms. The maximum bending moment
(M) was calculated at failure by multiplying the maximum
applied load (F) by the specimen length (L) and dividing by 4
(Young and Budynas, 2002; Beer et al., 2012):

M = FL/4 (1)

The flexural rigidity (EI) of each specimen was calculated with
the applied load (F), the span length (L), and the deflection
of the specimen (3) using the Euler-Bernoulli beam equation
for three-point bending (Young and Budynas, 2002; Beer et al,,
2012):

FIL?

El= — 2
486 @

Failure Pattern Analysis—Unpaired Data
Failure patterns, the observable result of a structure failing
due to a specific failure mode, can be used to gain insight
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Loading Platen

FIGURE 2 | Long span three-point bending test setup of a wheat specimen
using an Instron universal testing machine. When testing grasses in three-point
bending it is important to load the sample at a node as shown and to utilize
long span lengths (>10 x diameter of the sample) to prevent premature failure
and transverse crushing of the cross-section (Robertson et al., 2014, 2015b;
Stubbs et al., 2018).

into which failure mode—and therefore what geometric and
material parameters—are influencing the strength of the wheat
stalks (Robertson et al., 2015a). When conducting three-point
bending tests the three failure patterns shown in Figure 1 were
consistently observed: snapped, splintered, and crushed. Snapped
stems have a clean break at the node leaving the stem in two
separate pieces. Splintered stems split longitudinally. Crushed
stems creased and collapsed near the node through Brazier
buckling (Schulgasser and Witztum, 1992; Wegst and Ashby,
2007; Stubbs et al., 2019b). This failure pattern analysis was
based on a protocol developed previously in our lab for maize
(Robertson et al., 2015a). The failure pattern was recorded for all
plants tested: both those with a leaf sheath and those without.
This was done so that the effect of the leaf sheath on failure
patterns could be determined.

Moment of Inertia and Flexural Rigidity
Testing—Paired Data

After the destructive three-point bending tests described above
were conducted several additional non-destructive bending
test were conducted. In particular, non-destructive three-point
bending tests were performed on an additional eight to 10
specimens from each plot. These tests were performed in the
same manner as previously described, except that the stalk
was not loaded until failure. Rather each stalk was displaced
by 2mm at a constant rate of 1 mm/min for 10 cycles. The
specimens were first tested with the leaf sheath intact. The leaf
sheaths were then carefully removed, and the same specimens

were retested again. These paired tests were conducted to more
precisely determine the effect of the leaf sheath on stalk flexural
rigidity. The maximum displacement of 2mm was chosen
based on preliminary testing. In particular, preliminary tests
demonstrated that stalks remained well within the elastic range
when deflections were 2 mm or less. In other words, no structural
damage or material plasticity occurred when testing stalks (with
the leaf sheath intact) that would affect the results of the later tests
performed on the stem (with the leaf sheath removed).

Flexural rigidity (EI) is comprised of two terms: the stiffness
of the tissue (E), and the bending resistance of the geometry,
called the moment of inertia (I). As the wheat sheath adds
additional material to the outside of the stem, it will increase
the moment of inertia, and therefore increase the bending
resistance of the stem. To calculate the moment of inertia,
the radius of the stem (R), rind thickness (t), and leaf sheath
thickness (s) was measured using calipers. Care was taken
to ensure the calipers did not compress the specimen when
taking morphological measurements. In addition, the same single
individual performed all the morphological measurements to
eliminate inter-user measurement variability. The moment of
inertia was then calculated both for the stalk (i.e., the stem-sheath
complex: Equation 3) and for the stem (i.e., with the leaf sheath
removed: Equation 4).

Iw/o sheath = (R4 —(R— t)4) (3)

NI RCN |

Ly/shearn = ((R + 5)4 - R- t)4) (4)

This analysis was conducted to investigate if the leaf sheath
increases the bending resistivity of the stem simply because
it increases the effective bending geometry of the stem (ie.,
moment of inertia) or if there is a more complex strengthening
mechanism in play.

Statistical Analyses: Effect of the Leaf

Sheath on Bending Strength and Flexural
Rigidity

Statistical analyses were performed on both the 2018/2019
season and 2019/2020 season data. For each analysis, the
figures for the 2018/2019 season data are shown herein, and
the corresponding figures for the 2019/2020 season data are
provided in the Supplementary Material. In both years the
data was heteroscedastic. Statistical test of significance used in
Analysis of Variance and in multiple regression analyses used to
make statistical inferences assume homoscedasticity. Therefore,
a square root transformation was applied to the data to ensure
model assumptions were meet. After these transformations,
all statistical models passed standard diagnostic checks, i.e.,
residual plots, QQ-plots, normality checks, etc. All statistics were
therefore performed on the transformed data. It should be noted
that several studies including those conducted by the authors of
this manuscript have shown a linear relationship between flexural
rigidity and bending strength. That same linear relationship
exists in the data collected in this study. However, as the aim
of this study was to make statistical inferences regarding the
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contribution of the leaf sheath on stalk flexural rigidity and
stalk bending strength the data was transformed. In particular,
a series of multiple linear regression models were fit to the
transformed data to quantify the effect of the leaf sheath on stalk
bending strength and stalk flexural rigidity. These models take
the following form:

Yi = Bo+ B1Xi + BoXio + € (5)
Yi = Bo+ X + ZajGij + € (6)

where Y; is the response variable (i.e., the square root of bending
strength or the square root of flexural rigidity) measured on
the ith observation, By is the usual intercept parameter, X;; is
a binary variable taking value 1 if the sheath is present and 0

if it was removed, B is the corresponding effect size, Xj; is a
binary variable taking value 1 if the wheat type is soft and 0
hard, B, is the corresponding effect size, Gjj is a dummy variable
that encodes genotype (i.e., if the ith observation was taken on
a plant belonging to the jth hybrid then G;j = 1 and G = 0
for all j/ # j), aj is the corresponding effect size, and ¢; is the
error term. To avoid identifiability issues, the dummy variables
encoding genotype were constructed with respect to a chosen
baseline. It is important to note that through the aforementioned
specifications model (5) roughly stratifies the genotypes based
on a common phenotype, while model (6) further refines the
analysis. An Analysis of Variance (ANOVA) was then conducted
to determine effect of the leaf sheath on stalk flexural stiffness and
stalk bending strength. This was accomplished using the anova
function in R.

Number of Wheat Varieties
w >

2018/2019 Season

0
0 10 20 30 40 50

Relative Contribution of Sheath to Stalk Flexural Rigidity (%)

Number of Wheat Varieties

60 0 10 20 30 40 50 60 70
Relative Contribution of Sheath to Stalk Bending Strength (%)

7

Number of Wheat Varieties

2019/2020 Season

15 20 25 30 35
Relative Contribution of Sheath to Stalk Flexural Rigidity (%)

FIGURE 3 | A histogram of the relative effect of the leaf sheath on stalk flexural rigidity (left) and stalk bending strength (right). The 2018/2019 season is shown in the
top row; the 2019/2020 season is shown in the bottom row. The 2018/2019 season includes data from 45 varieties. The 2019/2020 season includes data from 31
varieties. The relative effect of the leaf sheath on stalk bending strength and stalk flexural rigidity varied from variety to variety. For some varieties the leaf sheath
accounted for more than 60% of stalk bending strength and more than 50% of stalk flexural rigidity. In other words, in some cases the leaf sheath was more effective
in resisting stalk lodging than the actual stem. However, for other varieties the contribution of the leaf sheath to flexural rigidity and bending strength was <10%.

Number of Wheat Varieties

0 10 20 30 40 50 60 70
Relative Contribution of Sheath to Stalk Bending Strength (%)
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Statistical Analyses: Relationship Between  Statistical Analyses: Quantifying the Effect
Flexural Rigidity and Bending Strength of the Leaf Sheath on Failure Patterns

A series of multiple linear regression models were fit to  The influence of the leaf sheath on the failure mode of the
the transformed data to quantify the relationship between  wheat was investigated. Three failure modes were considered;
flexural rigidity and bending strength. These models take the  namely crushed, splintered, and snapped. To analyze these

following form: data, we fit a multinomial logit regression model with sheath
presence and wheat type as the only predictor variables with
Yi = fo+ BiXin + BaZi + B3 X + € (7)  both being entered into the model in an additive fashion. A
multinomial logit regression model extends the common logistic

Yi = Bo+ BiXia + BaZi + ZajGij +e (8) S s

regression model to a multi-category outcome (e.g., the outcome
could be snapped, crushed, or splintered). As a part of this
where Y; denotes the square root of bending strength, Z; is the ~ process, the model attempts to quantify K category specific
square root of flexural rigidity, and all other variables retain their ~ probabilities, which leads to the use of K-1 linear predictors.

previous definition. Given that we have three categories we estimate as a part of
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FIGURE 4 | Boxplots of bending strength stratified by sheath presence (top left), wheat type (top right) and genotype (bottom) for data from the 2018/2019 season,
where genotype is based on non-replicated plots. Data from the 2019/2020 season is presented in the Supplementary Material. In the top left panel, a sheath
presence of O indicates the sheath was removed (i.e., stem strength) whereas a sheath presence of 1 indicates the sheath was not removed (i.e., stalk strength). In the
top right and bottom panels soft wheat is shown in red and hard wheat is shown in black.
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one model 2 linear predictors, each having an intercept. In
the results presented below, the outcome snapped is treated
as the baseline category, and used to determine the odds of
being crushed vs. snapped and the odds of being splintered vs.
snapped. A second analysis is then conducted using crushed
as a baseline category to determine if the sheath presence
increases or decreases the odds of being crushed vs. splintered.
For further details on multinomial logit regression models
see Bilder and Loughin (2014).

RESULTS

Effect of the Leaf Sheath on Bending
Strength and Flexural Rigidity

The leaf sheath was found to have a large effect on the stalk
flexural rigidity and the stalk bending strength of wheat. At the
plot level, the sheath increased the flexural rigidity of the wheat
stalks an average of 27.6% (+/- 15.4% standard deviation) and
increased the bending strength by 36.7% (4-/- 15.4% standard

g 1e+05-
£
pe
=
w
Py
o
k=2
1’4
® <
2
o Se+04-
(.
0e+00- i 4
o -~
Sheath Presence
.
—
£
£ 1ev05-
o
Py
o
k=]
[14
e .
3 S5e+04 -
@
w

WB4623CLP
WB4303
Keldin
WB4311
OR2130118H
OR2110679
WAB289
Norwest 553
WAB268
WB4394
WB1532
Stephens
SY Ovation
Bruneau

FIGURE 5 | Boxplots of flexural rigidity stratified by sheath presence (top left), wheat type (top right) and genotype (bottom) for data from the 2018/2019 season,
where genotype is based on non-replicated plots. Data from the 2019/2020 season is presented in the Supplementary Material. In the top left panel, a sheath
presence of O indicates the sheath was removed (i.e., stem flexural rigidity) whereas a sheath presence of 1 indicates the sheath was not removed (i.e., stalk flexural
rigidity). In the top right and bottom panels soft wheat is shown in red and hard wheat is shown in black.
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TABLE 1 | ANOVA results of flexural rigidity, sheath presence, and wheat type
(Model 4); ANOVA results of flexural rigidity, sheath presence, and genotype
(Model 5).

TABLE 2 | ANOVA results of bending strength, sheath presence, and wheat type
(Model 4); ANOVA results of bending strength, sheath presence, and genotype
(Model 5).

Model ,/Bending Strength Df Sum Sg. Mean Sq. F-value P-value

Model ,/Flexural Rigidity Df Sum Sq. MeanSq. F-value P-value
(4) Sheath Presence 1 110868 110868 88.5 <2.2e-16
Wheat Type 1 21558 21558 17.2 3.7e-05
Residual 788 986963 1252
5) Sheath Presence 1 110868 110868 108.4 <2.2e-16
Genotype 44 246690 5607 5.5 <2.2e-16
Residual 745 761831 1023

deviation) for the 2018/2019 season. For the 2019/2020 season
the leaf sheath increased stalk flexural rigidity by an average
of 26.9% (+/- 6.1% standard deviation) and increased stalk
bending strength by an average of 35.6% (+/- 14.6% standard
deviation). Analysis of paired data in which the same specimens
were tested both with and without a leaf sheath indicated the leaf
sheath accounted for 41.5% (2018/2019) and 27.8% (2019/2020)
of the flexural rigidity of the stalk. Figure 3 depicts a histogram
of the average relative contribution of the leaf sheath to stalk
flexural stiffness and stalk bending strength for all genotypes
(i.e., plots) measured in both the 2018/2019 and 2019/2020
seasons. Figures 4, 5 provide a depiction of the variation (via
boxplots) in bending strength and flexural rigidity stratified by
sheath presence, wheat type (hard or soft), and by genotype
(i.e., plot) for the 2018/2019 season (see Supplementary Material
for 2019/2020 season data). Both bending strength and flexural
rigidity vary across these measures, with stronger associations
being tied to sheath presence and genotype.

From models (5) and (6), we find that sheath presence
is highly associated with the square root of flexural rigidity.
These findings are summarized in Table 1 which presents the
results of the ANOVA for flexural rigidity. The presence of
the sheath is estimated to increase the mean of the square
root of flexural rigidity by ~23.69 v Nmm? (p-value < 2e-
16) (2018/2019 season), and 27.87 ~/Nmm? (p-value 1.7e-9)
(2019/2020 season). Similarly, we find that sheath presence is also
highly associated with the square root of bending strength. That
is, based on these results we estimate that the presence of the
sheath increases the mean of the square root of bending strength
by ~5.48 «/Nmm (p-value < 2e-16) (2018/2019 season), and
5.31 «/Nmm (p-value<2.2e-16) (2019/2020 season). Although, it
is worth noting that under model (5) we do find that genotype
is a significant predictor (p-value < 2e-16 [both 2018/2019 and
2019/2020 season]). These findings are summarized in Table 2
which presents the ANOVA results for stalk bending strength.

Relationship Between Flexural Rigidity and
Bending Strength

As observed in previous studies a strong relationship exists
between bending strength and flexural rigidity (Robertson
et al., 2016; Stubbs et al., 2018, 2019b). Figure 6 provides
a scatter plot relating flexural rigidity and bending strength
while stratifying the data by sheath presence and wheat type.

(4) Sheath Presence 1 5930.0 5930.0 2109 <2.2e-16
Wheat Type 1 44.7 44.7 1.6 0.2
Residual 788 221534 28.1

5) Sheath Presence 1 5930.0 5930.0 249.0 <2.2e-16
Genotype 44 4458.7 101.3 4.3 <2.2e-16
Residual 745 17739.4 23.8
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FIGURE 6 | Scatterplot of the square root of bending strength and the square
root of flexural rigidity for hard and soft wheat, both with and without a leaf
sheath. Flexural rigidity and bending strength were strongly correlated as has
been shown in previous studies. Moreover, the relationship between flexural
rigidity and bending strength is relatively independent of wheat type, or sheath
presence.

Table 3 summarizes the ANOVA results which compare bending
strength, flexural rigidity, sheath presence, wheat type and
genotype. The multiple R-squared values for models (7) and
(8) are 0.87 and 0.90, respectively (2018/2019 season), and 0.70
and 0.87, respectively (2019/2020 season).The R-squared value
for the reduced model which considers only flexural rigidity
was 0.83 (2018/2019 season) and 0.61 (2019/2020 season).
This finding suggests that most of the variation in bending
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TABLE 3 | ANOVA results of bending strength, flexural rigidity, sheath presence,
and wheat type (Model 6); ANOVA analysis of bending strength, flexural rigidity,
sheath presence, and genotype (Model 7).

Model /Strength Df SumSqg. MeanSq. F-value P-value
6)  /Flexural Rigicity 1~ 23479.0  23479.0  5202.3 <2.2e-16
Sheath Presence 1 919.6 919.6 203.8 <2.2e-16
Wheat Type 1 177.6 177.6 39.4 5.8e-10

Residual 787 35519 4.5
(7)  JFlexural Rigidity 1~ 23479.0  23479.0 5961.2 <2.2e-16
Sheath Presence 1 919.6 919.6 233.5 <2.2e-16
Genotype 44 799.2 18.2 4.6 <2.2e-16

Residual 744 2930.3 3.9

TABLE 4 | Multinomial logit regression of failure type, sheath presence, and wheat

type.

Failure mode Predictor Estimate Std. Error P-value

Crushed Intercept —-1.15 0.19 9.0e-10
Sheath Presence 2,52 0.24 < 2.2e-16
Wheat Type -0.34 0.25 0.17

Splintered Intercept —2.76 0.34 6.6e-16
Sheath Presence 2.89 0.37 9.5e-10
Wheat Type 0.15 0.33 0.65

strength can be explained by flexural rigidity. It is important
to note that the slope of all regression lines in Figure 6 are
very similar. These results imply that the reduction in flexural
rigidity due to removal of the leaf sheath is a good estimate
of the reduction in bending strength due to removal of the
leaf sheath.

Effect of the Leaf Sheath on Failure Type
The leaf sheath had a significant effect on the failure mode of
the tested samples. For samples tested with the leaf sheath intact
66.8% crushed, 21.9% snapped and 11.3% splintered. For samples
tested with the leaf sheath removed 27.7% crushed, 71.7%
snapped and 0.5% splintered. A multinomial logit regression
was conducted to quantify statistical differences in failure mode
due to the presence or absence of the leaf sheath. This analysis
revealed that the presence of the leaf sheath increases the
odds of being crushed vs. snapped by 12.4 (2018/2019 season)
and 3.46 (2019/2020 season). Similarly, the presence of the
sheath increases the odds of being splintered vs. snapped by
18.0 (2018/2019 season) and 5.75 (2019/2020 season). These
findings are summarized in Table4. A second multinomial
logit regression revealed that the presence of the leaf sheath
did not increase the odds of being crushed vs. splintered
(results table not shown). In other words when the leaf
sheath is intact the stalk is more likely to crush or splinter
and less likely to snap. Moreover, wheat type was found to
be insignificant.

Effect of the Sheath on Moment of Inertia
and Flexural Rigidity

The effect of the leaf sheath on the moment of inertia and flexural
rigidity of stalk specimen was investigated through a paired
data analysis. In particular, the moment of inertia and flexural
rigidity of each stalk specimen were measured both before and
after the sheath was removed. Figure 7 provides a scatterplot of
difference in flexural rigidity and the difference in moment of
inertia of each stalk due to removal of the leaf sheath. To formally
quantify the association, a simple linear regression model was fit
using the square root of the difference in flexural rigidity as the
dependent variable and square root of the difference in moment
of inertia as the independent variable. This analysis revealed a
significant association (p-value < 2.2e-16, both 2018/2019 season
and 2019/2020 season) and resulted in a fitted model with an
R-squared of 0.29 (both 2018/2019 and 2019/2020 season). The
fairly poor association between flexural rigidity and moment of
inertia in this analysis suggests that the reinforcing role of the
leaf sheath may be complex. In other words, the leaf sheath may
not simply increase the flexural rigidity and bending strength of
the stem by merely increasing the moment of inertia.

DISCUSSION

The reinforcing role of the clasping leaf sheath in grass species
was first investigated by Karl Niklas in the 1990s (Niklas, 1990,
1998). In his studies, Niklas estimated that the leaf sheath could
increase the bending stiffness and strength of grasses by nearly
50%. Despite these remarkable findings only a single case study
has been published (which the authors are aware of) investigating
the role of the leaf sheath in stalk lodging events for wheat (Wu
and Ma, 2019). Results of our study demonstrate the leaf sheath
plays an essential role in resisting forces that induce wheat stalk
lodging. For some of the wheat plots included in our study the
leaf sheath had a greater effect on bending strength than the
stem itself.

Comparison of Results to Previously

Published Data

The only previous study directly investigating the leaf sheath of
wheat stems was a case study that analyzed two cultivars grown
in a single environment 10 days prior to maturity (Wu and
Ma, 2019). Our study looked at over 70 cultivars and analyzed
the plants at the time of harvest. Both studies demonstrated
the leaf sheath significantly increased the bending strength and
flexural rigidity of wheat stalks. Given the broad sampling
design implemented in our study it is reasonable to assume as
a general principle that the leaf sheath has a large effect on
stalk biomechanics and significantly reinforces the stem of wheat
plants to resist stalk lodging. Wu and Ma (2019) highlighted that
it is generally believed that when plants approach physiological
maturity and the leaf sheath senesces its biomechanical role is
greatly diminished. However, data from our study demonstrates
that even at harvest time (after the plant has senesced) the leaf
sheath still plays a critical biomechanical role. In several of the
plots included in this study the relative contribution of the leaf

Frontiers in Plant Science | www.frontiersin.org

August 2021 | Volume 12 | Article 617880


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Cornwall et al.

Effect of Clasping Leaf Sheath

200

Square Root Difference in Moment of Inertiad mm*

T T T T T
1 2 3 4 5

Square Root Difference in Flexural Rigidity¥ Nmm?

FIGURE 7 | Scatter plot of the square root difference in flexural rigidity due to
removal of the leaf sheath vs. the square root difference in moment of inertia
due to removal of the leaf sheath. The figure illustrates that the change in
moment of inertia due to removal of the leaf sheath does not fully account for
the reduction in flexural rigidity of the stem. This suggests more complex
interactions between the leaf sheath and stem are at play that influence stalk
flexural rigidity.

sheath to stalk bending strength and stalk flexural rigidity was
>50%. In other words, even in fully mature (senesced) plants
the biomechanical role of the leaf sheath is sometimes greater
than the biomechanical role of the stem itself. More studies
are needed to fully determine how the biomechanical role of
the leaf sheath changes throughout the plants entire lifecycle.
However, qualitative field observations from our lab as well as
data published in the literature suggest the biomechanical role of
the leaf sheath to be even greater in young plants than it is in fully
mature plants (Wu and Ma, 2019).

The complex biomechanical mechanisms through which the
leaf sheath increases the bending strength and flexural rigidity
of wheat stalks remains to be fully elucidated. Data collected
in the case study by Wu and Ma (2019) indicated that the
sheath increases the bending strength and flexural rigidity of
wheat stalks by increasing their moment of inertia. However,
the wider range of cultivars utilized in our study demonstrated
this is not generally the case. In our study the increase in the
moment of inertia due to the presence of the leaf sheath was
poorly correlated with the increase in flexural rigidity due to
the presence of the sheath (R?> = 0.29). This indicates that other
complex interactions between the leaf sheath and stem are likely

at play. This notion is supported by observations that the stem
typically breaks at the moment it becomes separated from the
leaf sheath and that the leaf sheath unravels prior to the stem
breaking. In other words, the influence of the sheath on the
bending strength and flexural rigidity of the stalk appears to be
more complex than the simple addition of structural material.
The authors hypothesize that other factors, such as the friction
between the sheath and stem, the unwrapping of the sheath
during the bending of the stem, and the radial preload of the
sheath acting upon the stem influence the interaction between
the leaf sheath and stem, and therefore also influence the bending
strength of the stalk. This notion is further supported by results
of the failure patterns analysis (there is a significant change
in failure pattern when the leaf sheath is removed). Further
research into the identification and quantification of complex
interactions that may exist between the stem and sheath are
key to fully understanding the biomechanical role of the leaf
sheath. In addition, further studies are needed to identify the
most influential physical characteristics of the leaf sheath (e.g.,
thickness, stiffness, degree of wrapping, etc.).

Implications for Breeding

The contribution of the leaf sheath to stalk lodging resistance
may be genotype dependent. Some plots in this study saw
large reductions in bending strength and flexural rigidity with
removal of the leaf sheath whereas others experienced relatively
smaller reductions. However, genotypes were not replicated in
this study. Further research is therefore required to determine if
the biomechanical characteristics of the leaf sheath are driven by
genetic factors (G), environmental factors (E), or the interaction
between them (G x E). Identifying genetic and environmental
features that affect sheath biomechanics (e.g., sheath thickness,
stiffness, strength, degree of wrapping etc.) is a promising avenue
to increase stalk lodging resistance in wheat. The biomass of
the leaf sheath is significantly less than the biomass of the
stem. Modifying the leaf sheath through selective breeding
may therefore have a lesser effect on yield as compared to
modifying the stem. However, a phenotyping protocol must
first be established to enable selective breeding and functional
genomic studies of the biomechanical role of the leaf sheath.

Phenotyping Protocol

Flexural rigidity is a reasonably accurate proxy measurement for
stalk bending strength. The flexural rigidity of wheat stalks can be
measured through non-destructive bending tests conducted with
and without leaf sheaths. Moreover, the relationship between
flexural rigidity and stalk bending strength is not significantly
affected by the presence or lack of the leaf sheath (see regression
lines in Figure 6). Therefore, it is possible to reasonably estimate
the relative contribution of the leaf sheath toward stalk bending
strength by determining the relative contribution of the leaf
sheath toward stalk flexural rigidity. In particular, the following
phenotyping protocol could be used by future studies to
investigate the genetic underpinnings of the biomechanical role
of the leaf sheath: (1) harvest the wheat stalk by cutting the
plant at the ground and just below the panicle, (2) test the
stalk in three-point bending—ensuring an aspect ratio of at least
10:1—within the elastic range of the material. The stalk should
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be loaded and unloaded 10 times as detailed in the methods
section of this paper. This is done to ensure the test fixture is
fully seated on the stalk sample and to minimize viscoelastic
effects. (3) carefully remove the leaf sheath while ensuring no
damage has occurred to the stem, (4) re-test the stem without
the leaf sheath for 10 cycles using the same three-point bending
test setup as before, (5) the difference in flexural rigidity of the
sample with and without the leaf sheath is a reasonable estimate
of the difference in stalk bending strength. It should be noted that
several field-based phenotyping devices capable of measuring
flexural rigidity have been developed and that these devices could
be used in place of the universal testing system utilized in the
current study (Cook et al., 2019; Heuschele et al., 2019; Erndwein
et al., 2020). However, if field-based phenotyping methods are
employed the grain head should either be removed prior to
testing or alternatively the grain head should be weighed and
the effect of the grain weight on bending strength and flexural
rigidity measurements should be accounted for as outlined in
Stubbs et al. (2020a). In addition, when conducting field tests,
it is important to either remove adjacent plants to prevent plant
to plant interactions or to account for interactions among plants
through a mathematical model (Bebee et al., 2021).

While the phenotyping protocol outlined above is feasible, it
is time consuming. Future studies should seek to develop higher
throughput phenotyping methodologies capable of measuring
wheat stalk flexural stiffness and stalk bending strength.
Furthermore, high throughput phenotyping methods capable
of rapidly characterizing the biomechanical features of the leaf
sheath are needed.

Limitations

Stalk samples used in this study were fully mature and were free
of disease and pest damage. Diseased or pest damaged stalks
were not included to limit extraneous variables. In addition, this
study was performed on two years’ worth of specimens, but the
genotypes were not replicated, hence the authors were unable
to conclusively differentiate genetic and environmental effects in
this study. This study does not aim to make any conclusions on
specific cultivar/genotype effects of the leaf sheath. Instead, this
study attempts to highlight a phenotype that has been historically
overlooked when making breeding decisions, and present a path
forward for simple, phenotyping strategies. This study analyzed
only the most basal portion of wheat stalks. This was done
to enable a more direct comparison between different wheat
varieties. However, future work should investigate more apical
sections of the plant as well.

In this study the leaf sheath is accounted for in an
admittedly crude manner. For example, in measuring geometry,
simple caliper measurements of the radii were taken where
optical analysis or computed tomography would give more
precise measurements (e.g., Seegmiller et al., 2020). In addition,
Equations 3 and 4 assume that (1) the sheath only wraps around
the stem a single time, (2) the amount of wrap is consistent,
and (3) the leaf sheath has a constant thickness. More detailed
modeling of the geometry of the sheath and stem will be required
to investigate the limitations of these assumptions and to develop
deeper mechanistic understanding. A host of future studies
will likely be required to fully understand the biomechanical

role of the clasping leaf sheath and its genetic underpinnings.
In particular, future studies are needed to investigate the
tissue stiffness, tissue strength and thickness of the leaf sheath.
In addition, it is currently unclear how the biomechanical
contribution of the leaf sheath changes throughout the life cycle
of the plant. Future experimental and computational modeling
studies may be needed to determine why removal of the leaf
sheath causes the failure pattern of the stalk to change. Research
in this area is expected to ultimately improve the stalk lodging
resistance of future wheat varieties.

CONCLUSION

The clasping leaf sheath plays an integral role in determining
the bending strength and failure mode of wheat. Results
demonstrated that in some cases the leaf sheath can have a bigger
effect on stalk bending strength than the stem itself. However,
the complex biomechanical role of the clasping leaf sheath has
yet to fully elucidated and many future studies will be required
to generate needed understanding in this area. Research in this
area is expected to improve the stalk lodging resistance of wheat.
In general, future studies on the topic of wheat stalk lodging may
benefit from analyzing the leaf sheath and stem as two separate
and distinct structures. Most previous studies have either focused
solely on the stem or on the combined sheath-stem complex.
Separating these two structures will enable greater specificity and
therefore improve the outcome of ‘omics’ investigations of wheat
stalk lodging.
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