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Double Labeling of Microtubules and Actin Filaments in Maize Leaf Division Zone
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[Abstract] Maize leaves grow in a gradient. The base of young maize leaves contains a high proportion
of symmetrically and asymmetrically dividing cells, making the leaf an effective model system for the
study of cell division. Here, we describe a double staining method to visualize actin filaments and
microtubules in fixed maize leaf tissues, using immunofluorescent staining for microtubules and
fluorescent phalloidin staining for actin filaments. This method provides a technique for the study of the
cytoskeleton during maize cell division.
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[Background] Immature growing maize leaves mature in a gradient. The developing leaf blade, which
is distal to the pre-ligular band or ligule, has three primary developmental zones. Proximal to the base
or ligule are undifferentiated cells undergoing symmetric divisions, followed by differentiating cells
undergoing asymmetric divisions, and finally cells that are no longer dividing but undergoing rapid cell
expansion (Sylvester et al., 1996; Facette et al., 2013). This makes the monocot leaf an excellent model
for studying cell division and aspects of leaf development. The developmental progression observed in
monocot leaves has been used to study photosynthetic and vascular bundle formation in maize (Li
et al., 2010); stomatal divisions in Brachypodium distachyon (Raissig et al., 2016), rice (Wu et al., 2019)
and maize (Facette et al., 2015); and cell division in maize (Hunter et al., 2012; Nelissen et al., 2012).
Maize leaves have large cells excellent for imaging these processes. Live cell imaging of the immature
leaf using fluorescent markers is powerful (Rasmussen, 2016), however this requires that plants express
transgenic markers, which can be limiting. We present a whole-mount procedure that does not require
difficult and time-consuming sectioning, to observe the actin and microtubule cytoskeleton in the

developing maize leaf epidermis.

Materials and Reagents

Glass Scintillation vial (20 ml)
Parafilm

Microscope slides

A wDnhPE

Microscope cover slips (use glass coverslips of appropriate thickness for your microscope
objective, typically 1.5. Wide cover glasses are convenient, we recommend Fisher 12-544-D)

5. Corning Netwell Inserts and 12-well plate (Corning, catalog number: 3478)

Copyright © 2019 The Authors; exclusive licensee Bio-protocol LLC. 1


http://www.bio-protocol.org/e3262
mailto:mfacette@umass.edu

W Bio-101: €3262.
IO— www.bio-protocol.org/e3262 DOI:10.21769/BioProtoc. 3262

9.

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24,
25.
26.
27.

28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.

M-maleimidobenzoyl-N-hydroxysuccinimide ester (MBS) (Thermo Fisher, catalog number:
22311)

PIPES (Fisher Scientific, catalog humber: 50-144-6210)

HEPES (Alfa Aesar, catalog number: A1477709)

MgSOa (Fisher Scientific, catalog number: AC423900250)

KOH (Fisher Scientific, catalog humber: 18-605-601)

Na:HPO4-7H20 (Fisher Scientific, catalog number: 18-606-699)

NacCl (Fisher Scientific, catalog number: 18-606-422)

KCI (Sigma-Aldrich, P5941)

KH2PO4 (Fisher Scientific, catalog number: 18-602-144)

Methanol (Fisher Scientific, catalog number: 18-604-352)

EGTA (Fisher Scientific, catalog number: 02783-100)

16% Formaldehyde (Pierce, catalog number: 28906)

10% Glutaraldehyde (Electron Microscopy Services, catalog number: 16120)
Driselase powder (Sigma, catalog number: D8037)

Pectolyase Y-23 powder (Duchefa Biochemie, catalog number: P8004)
Anti-Tubulin antibody clone B-5-1-2 mouse (Sigma, catalog number: T5618)
Goat anti-mouse AlexaFluor 568 (Invitrogen, catalog number: A11004)
AlexaFluor 488-Phalloidin (Invitrogen, catalog number: A12379)

Normal goat serum (NGS) (Thermo Fisher, catalog number: 16210)

Triton X-100 (Sigma-Aldrich, catalog nhumber: T8787)

Dimethyl sulfoxide (DMSO)

ProLong Diamond Antifade reagent, with or without DAPI (Invitrogen, with DAPI: P36962 or
without DAPI P36961)

MilliQ Water

30 mM MBS (stock solution) (see Recipes)

Alexafluor 488-Phalloidin (stock solution) (see Recipes)

Anti-Tubulin antibody clone B-5-1-2 mouse (freezer stock solution) (see Recipes)
2x PHEM buffer (see Recipes)

1x PHEM buffer (see Recipes)

10x PBS (see Recipes)

1x PBS (see Recipes)

10% Triton X-100 (see Recipes)

Pre-fix solution (see Recipes)

Fix solution (see Recipes)

Enzyme solution (see Recipes)

Extraction solution (see Recipes)

Block solution (see Recipes)

Staining solution | (see Recipes)
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43. Staining solution Il (see Recipes)

Equipment

© © N o gk~ w NP

Pipettes

Scalpel with blade #11

Fine tweezers (Electron Microscopy Services, catalog number: 78138-01)

Tweezers

Water spray bottle

Orbital Shaker

Vacuum chamber (Bel Art, F42025) connected to vacuum pump or building vacuum

Speed Vacuum Concentrator

Microscope system equipped for illumination for Alexafluor 488 (GFP) and Alexafluor 568
(RFP/Texas Red)

Note: We recommend a point scanning confocal microscope, but other microscopes equipped
with fluorescence are acceptable. Optional UV laser for DAPI if staining DNA using the ProLong
Diamond Antifade with DAPI.

Procedure

1.

Record plant genotype and which leaf is to be used. We usually use unexpanded leaf 4 of 10-
14-day plants to isolate its division zone part (Figure 1). Leaf 4 should be just emerging from
the whorl.

Note: It is essential to consistently use the same leaf for comparisons. Juvenile vs. adult leaves
have different morphological features (Freeling and Lane, 1994). Moreover, we have observed
that stomatal division mutants will have different frequencies of abnormal divisions at each leaf,
with the first (oldest) leaves having the greatest frequency of abnormal divisions and later

(youngest) leaves having less frequent abnormal divisions.
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Leaf 4

1em

Figure 1. Maize seedling used for staining. A. The whole maize leaves after cutting from soil.

B. The isolated leaf 4, its base of 0.5-2.5 cm was indicated with black lines. Scale bar =1 cm.

2. Prepare fresh Pre-fix Solution (see Recipes).

Cut whole plant at the base of leaves from soil. Usually, we cut about 1 cm into the soil to make
sure the division zone is included. Then, use a scalpel or razor blade to carefully peel away
leaves 1-3. The leaves should be handled gently; using a scalpel instead of your hands to cut
the leaves away one-by-one is most effective. Further details are given in Figure S1.

4. Dissect the division zone of leaf 4 (Figure 1B). Cut about 0.5-2.0 cm from the base of leaf 4
(Figure 1).

Important: If the ligule is more than 0.5 cm from where the leaf meets the stem, cell divisions
will be complete and the leaf is too old.

5. Cut the tissue got from Step 4 into 1 cm long x 2-5 mm wide strips using a scalpel. Using fine
tweezers, transfer slices to vial and fix for 30 min at room temperature, shaking in the dark.
Note: During cutting, put the tissues on a wet paper towel to keep its moist, and/or use a water
spray bottle. Change scalpel blades every 2-3 plants as they become dull. Antibody staining
works best at the edges of the tissues, so maximizing the perimeter area by cutting many thin
slices is ideal.

Prepare Fix solution, 1 ml per vial.

7. Remove Pre-fix solution with a pipette and add Fix solution. Place vials with caps removed or
loose in a vacuum desiccator. Apply vacuum for 10 min, then slowly release. Repeat 2 more
times. Fix an additional 30 min at room temperature with gentle shaking.

Note: Tissue should sink during vacuum application.

8. Remove fix solution from scintillation vials and wash tissue with 1x PHEM for ~10 min, 3 times.
For the last wash, transfer tissue slices using fine tweezers to Netwell baskets wrapped in
parafilm (Figure 2). Wrapping the bottom of the baskets in parafilm permits smaller wash and

incubation volumes since it removes “dead” volume between the basket and the plate.
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10.
11.
12.
13.

Note: While care should be taken prior to fixation to avoid damaging or wounding the tissue,
which will affect the cytoskeleton, now using the fine tweezers to make 3 or 4 very tiny holes in
the fixed tissue will help the antibody gain access and improve the degree of microtubule

labeling.

A

Figure 2. The image of Corning Netwell “immunobasket”. A. The image of inmunobasket’s

top and bottom side. B. The image of immunobaskets mounted on Falcon multiwell plate.

During the third wash, prepare fresh Enzyme Solution. After washing is complete, digest tissue
with 500 pl, of enzyme mix per sample. Treat tissue for exactly 23 min—timing is critical. After
this step, the tissue will be “sticky” and tend to adhere to itself.

Note: Make the enzyme solution fresh every time. After taking enzyme vials from fridge, do not
open until they are warmed to room temperature (by touch) before opening to prevent
condensation on enzymes (which will ruin them). Different manufacturer enzyme batches vary
in activity so the precise incubation time may need to be optimized with each batch, usually
between 15 and 25 min.

Remove parafilm from baskets and wash tissue with 1x PHEM for 10 min. Repeat 2 more times.
Wrap the basket in parafilm and incubate in Extraction Solution for 15 min (500 ul per sample).
Incubate in freshly made Blocking solution for 10 min. Repeat two more times.

Remove blocking solution and wrap basket bottoms in fresh parafilm. Add 250-500 pl staining
solution |, ensuring all tissue pieces are completely submerged. Apply vacuum to tissue for
10 min and then slowly release; repeat 2 more times. After infiltration, make again sure tissue
is immersed. Wrap the tops of the baskets in parafilm as well to prevent evaporation. Incubate

overnight, in the dark, with gentle shaking.
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Note: The solution is prepared as in Step 10, with antibody added as appropriate. Record

antibody number, dilution, total volume, and incubation time.

Next day:

14.

15.

16.
17.

18.

19.

20.

Remove parafilm from tops and bottoms of baskets and rinse 20 min in 1x PBS with 0.05%
Triton X-100. Repeat 2 times.

While the tissue is washing, determine the amount of AlexaFluor488-phalloidin needed for Step
11 (10% of total volume needed. e.g., if making 500 ul of Staining solution II, prepare 50 pyl of
AF-phalloidin). Put the required amount of AF-phalloidin into speedvac and dry down into a
pellet.

Prepare Staining Solution Il, 0.5 ml per sample.

Remove wash solution and wrap basket bottoms in parafilm, then add Staining Solution Il. Apply
vacuum as in Step 13. Incubate in the dark with gentle shaking for 3-4 h total (including 30 min
vacuum) at room temperature. Record incubation time.

Note: Make sure tissue pieces are well covered!

Remove parafilm and wash 3 x 10 min in 1x PBS with 0.05% Triton-X 100 while shaking in the
dark.

Mount in ProLong Diamond Antifade (with or without DAPI) and store at 4 °C. If mounting with
DAPI, tissues must incubate overnight before observation.

Observe using your microscope of choice. We recommend a point-scanning confocal
microscope using a 60x oil immersion objective.

In our case, Alexafluor 488, Alexafluor 568 and DAPI were excited at 488 nm, 568 nm and
405 nm respectively. Z series were captured at 0.125 uym intervals. A representative experiment
data is shown in Figure 3.

Note: When observing, in order to avoid DAPI fluorescence bleeding into 488 nm channel, we

usually set up to scan for AF568 and DAPI on one track, and 488 on a second track.
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MTs DNA Merge

Figure 3. Microtubules, actin filaments and DNA visualized by double staining in maize
division zone. In each row, the first panel (red) shows microtubules, second panel (green)
shows actin filaments, third panel (blue) shows DNA and final panel is a merge of the first three
panels A. Late G2 of a cell where the preprophase band is at the early stages of formation.
White arrow indicates where the preprophase band is beginning to assemble. B. Telophase of
a dividing cell, white arrow points to phragmoplast. Scale bar is shown in the bottom right panel;

scale is identical in all panels.

Recipes

1. 30 mM MBS (stock solution)
Add 106 pl of DMSO per mg of MBS for 30 mM solution
Note: MBS is labile in water, keep dry. Store stock solution tightly parafilmed in a secondary
container with desiccant at -20 °C.

2. Alexafluor 488-Phalloidin (stock solution)
a. AlexaFluor 488-Phalloidin (A12379) will arrive as a dry powder, resuspend in 1.5 ml

methanol

b. Store in the dark at -20 °C

3. Anti-Tubulin antibody clone B-5-1-2 mouse (freezer stock solution)
Antibody Sigma T5618 is supplied at a concentration of 2 mg/ml
We store all antibodies in our lab at 1 mg/ml, and therefore add an equal volume 1x PBS to
dilute the newly arrived antibody to 1 mg/ml. The antibody is then divided into 50 pl aliquots and
each tube is parafilmed and stored in the dark at -20 °C in a frost-free freezer. For a working
stop, 50 pl of glycerol is added to a tube to obtain a working solution of 0.5 mg/ml. The working
solution of antibody is stored at -20 °C, and freeze-thaw cycles should be avoided

4. 2x PHEM buffer (500 ml)
PIPES 18.14 g
HEPES 6.5¢g
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MgS040.99 g

25 ml of 0.5 M EGTA, pH 8.0

a. Dissolve in 400 ml water, adjust the pH to 7.0 with 10 M KOH and bring volume up to
500 ml

b. Autoclave and store at room temperature for up to 6 months
c. EGTAwill not dissolve at low pH therefore we find it easier to prepare using a pre-dissolved
stock solution of EGTA
5. 1x PHEM buffer (500 ml)
250 ml 2x PHEM buffer
250 ml MilliQ water
6. 10xPBS (1L)
NazHPO4-7H20 25.6 g
NaCl 80 g
KCl2g
KH2PO4 2.4 g
Dissolve in 800 ml of H20, adjust to pH 7.4
Autoclave and store at room temperature for up to 6 months
7. 1x PBS (500 ml)
50 ml 10x PBS
450 ml MilliQ water
8. 10% Triton X-100 (10 ml)
1 ml Triton X-100
9 ml MilliQ water
9. Pre-fix solution (1 ml)
Note: Prepare fresh.
10 pl 30 mM MBS (final 300 uM)
10 pl DMSO (1% added directly + 1% from MBS; final 2%)
10 pl 10% Triton X-100 (final 0.05%)
0.5 ml 2x PHEM buffer
470 pl MilliQ water
10. Fix solution (1 ml)
Note: Prepare fresh.
10 pl 30 mM MBS (final 300 pM)
10 pl 10% Triton X-100 (final 0.05%)
10 pl AlexaFluor 568-Phalloidin (final 1%)
250 pl 16% formaldehyde (final 4%)
75 pl 10% Glutaraldehyde (final 0.75%)
0.5 ml 2x PHEM buffer
145 ul MilliQ water
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11.

12.

13.

14.

15.

Enzyme solution (1 ml)

Note: Prepare fresh.

15 mg Driselase powder (final 1.5%)

7.5 mg Pectolyase Y-23 powder (final 0.75%)
500 pl 2x PHEM buffer

500 pl MilliQ water

Extraction solution (1 ml)

100 ul 10% Triton X-100 (final 1%)

50 pl DMSO (final 5%)

0.5 ml 2x PHEM buffer

350 pl MilliQ water

Block solution (1 ml)

50 pl 100% NGS (final 5%)

10 pl 10% Triton X-100 (final 0.05%)

500 pl 2x PHEM buffer

455 pl MilliQ water

Note: NGS should be aliquoted into 1-2 ml tubes upon arrival to avoid freeze-thaw cycles.
Staining solution | (1 ml)

50 pl 100% NGS (final 5%)

0.5 pg/ml Tubulin antibody, 1x PBS

100 pl 10x PBS

50 pl 100% NGS (final 5%)

1 pl 0.5 mg/ml Tubulin antibody (final 0.5 pg/ml)
850 pl MilliQ water

Staining solution 11 (500 pl)

50 pl AlexaFluor 488-Phalloidin with methanol
Use speedvac to remove methanol from phalloidin and dry it into a pellet. Once the methanol
has completely evaporated, resuspend the pellet with:
50 pl 10x PBS

25 pl 100% NGS (final 5%)

2.5 pl Goat anti-mouse AF568

422.5 pl MilliQ water
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