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[Abstract] Here we describe two experimental protocols to measure the biomechanical properties of
primary (growing) plant cell walls, with a focus on analyzing cell wall epidermal strips of onion scales.
The first protocol measures cell wall creep (time-dependent irreversible extension) under constant force.
Such creep is often mediated by the wall-loosening action of expansin or selective endoglucanases.
The second protocol is based on two consecutive stretches of the wall and measures the wall’s elastic
and plastic compliances, which depend on cell wall structure. These two assays provide complementary
information that may be linked to cell wall structure and expansive growth of cells.
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[Background] The primary walls of growing plant cells are strong enough to resist the tensile forces
generated by cell turgor pressure, yet can expand irreversibly during cell growth as a result of the
selective loosening action of expansins or other catalysts necessary for irreversible cell wall enlargement
(Cosgrove, 2016a and 2016b). Assessments of cell wall mechanical properties, such as elasticity and
plasticity, are important for understanding cell wall structure and its modification during growth (cell
enlargement) and after growth ceases. An important measure of wall mechanics is based on uniaxial
tensile tests, as described below in our stress/strain assay, which measures elastic and plastic
compliance (compliance is the reciprocal of modulus; modulus is a measure of stiffness). A second,
complementary assay is based on the irreversible, time-dependent increase in length (creep) that occurs
in primary cell walls when they are held at constant tension and continuously loosened by endogenous
expansin or exogenous endoglucanase (Durachko and Cosgrove, 2009; Cosgrove, 2011; Cosgrove et
al., 2017). In this protocol, we describe procedures for preparing epidermal cell wall strips from onion
scales and testing them in these two assays. Onion epidermal cell walls provide a useful model to
explore the connection between cell wall structure and biomechanics (Wilson et al., 2000; Suslov et al.,
2009; Kim et al., 2015; Zhang et al., 2017; Zheng et al., 2017).

Materials and Reagents

1. Single edge razor blades (e.g., VWR, catalog number: 55411-050)
2. Double edge razor blades (e.g., Safety Razor Company, catalog number: 74-0002)
3. Disposable Petri dishes (e.g., Corning, Falcon®, catalog number: 351007)
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4. Double sided Y2 inch wide ‘Scotch’ tape
5. Masking tape or similar (e.g., VWR, catalog number: 89097-920)
6. 25x 75 mm, 1.0 mm thick microscope slides (e.g., VWR, catalog number: 48300-025)
7. 22 x 22-1.5 microscope cover glass (e.g., Fisher Scientific, Fisherbrand, catalog number: 12-

541-B)
8. White onion (Allium cepa L.) bulbs; we use the Cometa cultivar
9. Distilled-deionized water (ddH20)
10. Sodium acetate trihydrate (e.g., VWR, catalog number: BDH9278-500G)
11. HEPES (e.g., VWR, catalog number: 97061-826)
12. Hydrochloric acid (e.g., Merck, catalog number: HX0603-75)
13. Acetic acid (e.g., Merck, catalog number: AX0073-6)
14. HEPES buffer (20 mM, pH 6.8) (see Recipes)
15. Sodium acetate buffer (20 mM, pH 4.5) (see Recipes)

Equipment

Microwave oven, hot plate, or Bunsen burner

pH meter (e.g., Corning, model: Model 430)

Analytical balance (e.g., Mettler Toledo, model: XPE105)

Fine forceps (e.g., Dumont No. 5)

Flat tip forceps (e.g., Rose Scientific, catalog number: FF-001)
Custom 3 mm slicing jig (see Notes section)

Microcomputer

Data acquisition hardware (e.g., Data Translation, model: DT9801)

© ® N o g kA~ DN =

Constant-force extensometer (Figure 1) (Durachko and Cosgrove, 2009; Cosgrove, 2011;
Cosgrove et al., 2017)
10. Stress/strain analyzer (Figure 2) (Cosgrove, 2011; Cosgrove et al., 2017)
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Figure 1. The constant-force extensometer. A vertically adjustable, open clamping chamber
fixes the bottom of the wall sample and is capable of holding liquid with a capacity of roughly
150 microliters. A second clamp is applied to the upper portion of the wall sample and is
connected to a balanced lever. Displacement of the lever and connecting rod is monitored using
a linear variable displacement transducer (LVDT), e.g., Schaevitz 050HR. Weights are applied
to the lever to modulate the tension on the sample. Custom software displays and records
displacement and calculated extension rates. We use a bank of eight of these units connected

in parallel to a microcomputer via a data acquisition module (Data Translation DT9801).

Ohionwall
sample

<«— Ténsion
(98 mN)

Figure 2. The device used for stress/strain assays. A. The vertical stage is controlled by a
PC serial port stepper driver (e.g., AutomationDirect STP-DRV-4850), stepper motor (e.g., Lin
Engineering 4218L-01D-02), geared belt drive, and lead screw assembly. Stage position is
monitored with an LVDT. Tension is monitored with an s-type load cell (e.g., Futek LSB200 100
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g). Custom software controls the strain rate and tension. Two clamps hold the sample being
measured. The upper clamp is fixed to the movable stage. The lower clamp is fixed to the load
cell. B. Close up of peel affixed between clamps (peel stained blue to aid visualization for this

image). C. Alternate view of device noting specific pieces.

Software

Custom software written using Microsoft Visual Basic is used for acquiring data and some data

analysis. Microsoft Visual Basic may be freely downloaded at http://www.microsoft.com.

Alternatively, many commercial software packages are available both free and for purchase to

allow data acquisition and analysis

Procedure

A. Onion peel preparation

Here we describe the protocol for preparing a cell wall strip from the onion. This is obtained from

the abaxial epidermis of onion scales (from the outer or convex surface of the scale). The abaxial

epidermis adheres tightly to the underlying cells and so when one makes a peel the outer (periclinal)

epidermal wall separates from the rest of the cell, resulting in a strip made up of the outer wall only.

This contrasts with the peeling behavior of the adaxial epidermis (from the inner or concave surface

of the onion scale), which is only weakly attached to the underlying cells and consequently separates

as a whole-cell layer with cells living and intact, e.g., Hepworth and Bruce, 2004; Vanstreels et al.,
2005; Suslov et al., 2009; Beauzamy et al., 2015.

1.
2.
3.

Purchase fresh white onions roughly the size of a baseball (between 6 and 10 cm in diameter).
Remove and discard the outermost dry, brown layers (Figure 3A).

The remainder will be readily separable into layers called scales. We refer to these scales from
outermost (oldest) to innermost by number (outer to inner, 1, 2..., n) (Figure 3B).

Use a single edge razor blade to slice the onion vertically to obtain tapered scale sections of
roughly 3 to 4 cm at their widest dimension (Figure 3B).

Remove scales 1 through 4, leaving scale 5 on the onion from which we obtain our peels. It is
also possible to make peels from the other scales.

Use the 3 mm slicing jig to make shallow (~0.5 mm deep, 3 mm wide) incisions on the outer
(abaxial) surface of scale #5 along the onion vertical axis. These cuts should be roughly 3 cm
long and are centered over the middle of the onion vertical axis (Figure 3C).

Use a single edge razor blade to make three similar incisions perpendicular to existing ones.
These three cuts should be roughly 1 cm apart and centered about the onion vertical axis. This
allows for four peels per set of incisions (Figure 3D, lines indicate incisions, one peel per

rectangle).

Copyright © 2017 The Authors; exclusive licensee Bio-protocol LLC. 4
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Figure 3. Preparing an onion for obtaining peel strips. A. Remove dry layers; B. Excise to

scale #5; C. Make vertical incisions; D. Make horizontal incisions.

Using the flat tip forceps, gently work under one end of the four incised rectangles around 0.5
mm deep into the subdermal tissue. Pinch this tissue and use it to gently peel off the epidermal
layer approximately halfway along the long axis of one of your four incised rectangles. Then,

working from the other end of the rectangle, peel the remainder to get an intact rectangle of

epidermal tissue with chunks of subdermal tissue adhering to both ends. Float peels on HEPES
buffer in a Petri dish (Figure 4).

Figure 4. Peeling strips from the onion (A) and floating them on HEPES buffer (20 mM,
pH 6.8) (B)

Strips ~1 cm long and 3 mm wide are now ready for use in biomechanical assays. For the
assays described in this paper, we clamp both ends into one of two devices, with an initial length

of 3 or 5 mm between clamps.

B. Constant-force extensometer (creep) assay

This is the procedure for measuring cell wall creep, e.g., mediated by catalysts for cell wall loosening
(Cosgrove, 2016a).

1.
2.

Copyright

Ensure all units of extensometer are clean and ready for a new experiment.

We typically use 15 to 17 g of tension (0.15-0.17 N) for 3 mm wide abaxial onion epidermal
peels from scale #5. Wall strips from younger and older scales have different properties, so you
may need to adjust the extensometer tensioning system by trial and error (sufficient tension to

obtain good creep rates, not so much that wall breakage becomes a problem).

© 2017 The Authors; exclusive licensee Bio-protocol LLC. 5
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3. Prepare an appropriate number of peels and proceed with loading as many units as you desire

© ©o N o

for your particular experiment. We find 8 to 16 replicates to be typically adequate to account for
sample variability.

Heat inactivation

Note: Steps B4a-B4g are only used when one wants to inactivate endogenous wall enzymes
and they occur before loading the peels in the extensometer.

a. Place the peels between microscope slides and secure with a rubber band (Figure 5).

Figure 5. Three peels between slides secured with a rubber band

b. Put peels in slides into a heat-safe vessel with 100 ml of distilled water so that they can lay

flat and be completely submerged.
Place into a microwave oven on its highest setting and start the oven.
Watch carefully and once a rolling boil is established allow samples to heat for 12 sec.

e. Remove immediately and quench by placing the slides with peels into another vessel
containing room temperature water.

f. A Bunsen burner or hot plate may be used but alter the procedure as follows: allow the
water to come to a boil and then submerge the peels in slides into the already boiling water.
After 12 sec quench as for the microwave protocol.

g. Once the microscope slides are cool, place the peels into buffer as dictated by experimental
requirements.

Remove one peel from the Petri dish and place it onto a cover glass, which serves as a carrier

for the peel (Figure 6A).

Position the peel at the top center of the cover glass (Figure 6B).

Open the upper clamp with one hand.

Insert one end of the peel into the upper clamp of the extensometer and clamp it (Figure 6C).

Slide the cover glass down away from the upper end of the peel so as to allow it to hang within

the lower clamp. Position the sample so as to clamp a 5 mm length of tissue between the clamps

(Figure 6D).

10. Clamp the lower clamp onto the peel.

11. Add buffer to the freshly hung sample as dictated by experimental requirements (Figure 6E).

Copyright © 2017 The Authors; exclusive licensee Bio-protocol LLC. 6
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Figure 6. Procedures of a uniaxial wall extension (creep) assay. A. Transfer peel from
solution to cover glass; B. Position peel at top center of cover glass; C. Insert peel into upper

clamp and remove cover glass; D. Insert peel into lower clamp; E. Add buffer to peel.

12. Adjust the lower clamp assembly so as to ‘zero’ the displacement transducer into the lower
portion of its range.

13. Proceed with remaining empty units.

14. Begin acquiring length data.

15. After recording stable baseline rates, solutions covering the samples are exchanged as dictated
by experimental needs, e.g., different pH or addition of enzymes such as expansin (Cosgrove,

2015 and 2016a) or endoglucanases (Park and Cosgrove, 2012) (Figure 7).
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Figure 7. Uniaxial cell creep extension of native onion epidermal cell wall induced by

acidic buffer. Native wall strip (that is, not inactivated by heat) clamped at 10 g tension exhibits
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acid-induced creep when the initial neutral buffer (20 mM HEPES, pH 6.8) is exchanged for 20

mM sodium acetate, pH 4.5, at the point indicated by the arrow.

C. Stress/strain assay

Here we describe a protocol for quantifying the cell wall mechanical properties based on

stress/strain curves (Cosgrove et al., 2017). The wall is stretched until a defined force is attained,

then returned to original length and stretched a second time to the same force. The second stretch

is reversible and thus provides a way to measure wall elasticity. The first stretch is partly irreversible

(plastic) and so may be combined with the second stretch to calculate plasticity.

1.

= © © N o

Adjust the extensometer software for a strain rate of 3 mm per minute, which is continued until
a tension of 98 mN is reached. This tension may need to be smaller or larger, depending on the
treatment and history of the cell wall strip. It should be set low enough to avoid tearing of the
wall strip or slipping in the clamp, but large enough to produce plastic extension.

We configure our device to use a starting distance of either 3 or 5 mm between clamps. This

length of sample is convenient and provides sufficient material from which we can obtain a

magnitude of measurable biomechanical response we require for these procedures.

Prepare an appropriate number of peels as needed for your particular experiment. We typically

find 12 to 15 replicates to be adequate to account for sample variability.

Steps C4a-C4g are only used when one wants to inactivate endogenous wall enzymes.

a. Place the peels between microscope slides and secure with a rubber band.

b. Put peels in slides into a heat-safe vessel with 100 ml of distilled water so that they can lay
flat and be completely submerged.

Place into a microwave oven on its highest setting and start the oven.

d. Watch carefully and once a rolling boil is established allow samples to be heated for 12 sec.

e. Remove immediately and quench by placing the slides with peels into another vessel
containing room temperature water.

f. A Bunsen burner or hot plate may be used but alter the procedure as follows: allow the
water to come to a boil and then submerge the peels in slides into the already boiling water.
After 12 sec quench as for the microwave protocol.

g. Once the microscope slides are cool, place the peels back into buffer as dictated by
experimental requirements.

Remove one peel from the Petri dish and place it onto a cover glass, which serves as a carrier

for the peel (Figure 6A).

Position the peel at the top center of the cover glass (Figure 6B).

Open the upper clamp with one hand.

Refer to Figure 6 panels C and D for Steps 14 through 16 below. The device clamps are similar.

Insert one end of the peel into the upper clamp of the device and clamp it.

. Slide the cover glass down away from the upper end of the peel so as to allow it to hang within

the lower clamp.

Copyright © 2017 The Authors; exclusive licensee Bio-protocol LLC. 8
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11. Clamp the lower clamp onto the peel.

12. Adjust the device to take any slack out of the sample.

13. Stretch the sample twice consecutively until a stress of 98 mN is reached each time (see Figure
8 and Videos 1-3 for examples of what the stretching looks like).
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Figure 8. Representative stress-strain (force-extension) measurement. An onion epidermal

cell wall strip was stretched in two cycles to a 98 mN load twice at a strain rate of 3 mm min-'.

Here are three movies illustrating the two sequential extension cycles for a stress/strain assay
of onion epidermal wall strips.

Video 1. An example of a moderately stiff wall

Copyright © 2017 The Authors; exclusive licensee Bio-protocol LLC. 9
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Video 3. An example with slippage at the top clamp (this is an error condition)

Data analysis

1. Extensometer data is gathered as follows: For each displacement transducer a position sample
is captured every 30 sec. Those thirty samples are then averaged and saved to a data file as a
single average position data point. Each single extension rate data point is calculated from 3
consecutive position points and saved to the same data file.

2. For stress/strain analysis the slope of each stress/strain line is calculated by fitting the final 10%
of the data gathered up until the target stress is reached using a linear least squares fit. The
slope of the line (% extension versus force) is known as a compliance (the reciprocal of stiffness
or modulus).

3. The slope of the second stretch represents the elastic compliance (% extension/change in
tensile force). The slope of the first stretch represents the total (elastic + plastic) compliance.
The plastic compliance may be obtained by subtracting the elastic compliance from the total

compliance.

Copyright © 2017 The Authors; exclusive licensee Bio-protocol LLC. 10
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Notes

1. Incubation times for peels should always be minimized to attenuate any changes which might

be caused by endogenous biological activities, unless that is the aim of the experiment. We also
keep our samples on ice prior to use whenever it seems appropriate.

Making the custom 3 mm slicing jig (Figure 9): This jig makes 3 mm wide peels. You will
need three double edge razor blades, double stick ‘Scotch’ tape, masking tape (or similar) and
8 standard microscope slides (25 x 75 mm, 1.0 mm thick). On a clean, flat surface lay out the
slides and razor blades. Put two pieces of double stick tape side-by-side on the upper surface
of each slide to almost completely cover the slide surface. Place one blade near the end of a
slide keeping a cutting edge parallel to the slide and protruding 5 mm from the edge of the slide.
Place three slides on top of the first blade. Follow with another blade, 3 more slides, the final
blade, and then the final slide. Be careful to assemble the parts in an orthogonal manner. You

may wish to wrap the ends of the jig with additional tape.

Figure 9. Custom 3 mm slicing jig

When performing stress/strain analyses proceed at a pace so as not to allow tissue samples to
dehydrate. Small amounts of buffer may be applied using a cotton-tipped swab or pipet if needed

after clamping tissue and prior to collecting data.

Recipes

HEPES buffer (20 mM, pH 6.8)

Dissolve 4.77 g of (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) in 0.95 L of ddH20,
adjust to pH 6.8 with 1 N HCI, and add ddH20 to make a final volume of 1 L

Sodium acetate buffer (20 mM, pH 4.5)

Dissolve 1.64 g of sodium acetate trihydrate in 0.95 L ddH20 and adjust to pH 4.5 with 1 M

acetic acid, and add ddH20 to make a final volume of 1 L

Copyright © 2017 The Authors; exclusive licensee Bio-protocol LLC. 11
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