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TUESDAY 6/7
Arrive and Check in with conference assistant (401-451-0350) at Faunce Memorial room in the
Robert Center (enter under Arch, door on right)
Mark’s Cell Phone: 401-241-6188
Machado house is ~6 blocks (5-10 minute walk) from Faunce Arch.
Dinner: 7 pm Kabob and Curry – 261 Thayer St. Providence
WEDNESDAY 6/8
Breakfast: Verney-Woolley (VW) dining hall on Meeting Street
Morning Lab Session (BioMedCenter rm. B-8)
9 am – 12 pm
Make pollen growth media
In vitro germination and growth of Arabidopsis pollen
Introduction to Microscopy facility (Dr. Robbert Creton) 10:00 – 10:45
Staining of pollen grains with DAPI
Staining of pollen grains for GUS activity
Lunch: Verney-Woolley (VW) dining hall on Meeting Street
12 pm – 1 pm
Afternoon Lab Session (BioMedCenter rm. B-8)
1 pm – 5pm
Pollination of ms1 with LAT52:GFP, LAT52:RFP, LAT52:GUS
Fix and Stain pollen tubes from the morning
Mount and Image pollen tubes
Measure pollen tube length and %germination
Dinner: Verney-Woolley (VW) dining hall on Meeting Street
Evening Lab Session (BioMedCenter rm. B-8)
Tell us your research
Set up Semi-in vivo (SIV) ovule targeting assays
THURSDAY 6/9
Breakfast: Verney-Woolley (VW) dining hall on Meeting Street
Morning Lab Session (BioMedCenter rm. B-8)
9 am – 12 pm
Pistil Surgery for blue dot assay, fixation, X-gluc staining
Staining pistils with DAB (decolorized aniline blue)
Imaging of LAT52:FP-expressing pollen tubes in the pistil
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Spinning Disk Confocal available all day
Start pollen tube growth for various pollen tube markers
Analyze over night SIV experiment
Lunch: Verney-Woolley (VW) dining hall on Meeting Street
12 pm – 1 pm
Afternoon Lab Session (BioMedCenter rm. B-8)
1 pm – 5pm
Image LAT52:GUS in the pistil (blue dot assay)
Confocal and fluorescence imaging of pollen tube markers
Make PGM for tomorrow’s liquid collection of pollen
Dinner: Verney-Woolley (VW) dining hall on Meeting Street
Evening Lab Session (BioMedCenter rm. B-8)
7 pm – 9 pm
Tell us your research
Recap of day
FRIDAY 6/10
Breakfast: Verney-Woolley (VW) dining hall on Meeting Street
Morning Lab Session (BioMedCenter rm. B-8)
9 am – 12 pm
Particle Bombardment at UMASS (Yanjian Zou and Eric Johnson)
Pollen Collection by vacuum and liquid
Put bombarded pollen on LUMAR for live imaging
(when Yanjian and Eric arrive ~noon)
Lunch: Verney-Woolley (VW) dining hall on Meeting Street
12 pm – 1 pm
Afternoon Lab Session (BioMedCenter rm. B-8)
1 pm – 5pm
Image bombarded pollen on fluorescence/confocal
Protein prep, run gel, transfer, block/primary
RNA prep, rt-PCR, load gel
Start crosses for analysis of Double fertilization
Dinner: Verney-Woolley (VW) dining hall on Meeting Street
Free Evening
8 pm ‘the marriage of Figaro’ at creative arts center
(tickets need to be reserved in advance)
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SATURDAY 6/11
Breakfast: Verney-Woolley (VW) dining hall on Meeting Street
Morning Lab Session (BioMedCenter rm. B-8)
9 am – 12 pm
secondary antibody, wash, develop western
IMAGE Double Fertilzation @ confocal
Tobacco Chemical Screen - start assay @ 9am (Emmy Hartman)
Screen mutants for pollen phenotypes (mutants from McCormick lab)
Lunch: Verney-Woolley (VW) dining hall on Meeting Street
12 pm – 1 pm
Afternoon Lab Session (BioMedCenter rm. B-8)
1 pm – 5pm
Arabidopsis M1 EMS screen HTR10:RFP
pick pollen into 96 well plate
Image DAPI and RFP pattern
Tobacco Chemical Screen – get data on plate reader
Dinner: Verney-Woolley (VW) dining hall on Meeting Street
Evening Session @ Paw Sox Game
Get on Bus @ VW @ 5:45, will be back to Campus by 9:30.
SUNDAY 6/12
Breakfast: Verney-Woolley (VW) dining hall on Meeting Street
Morning Lab Session (BioMedCenter rm. B-8)
9 am – 12 pm
Introduction to pollen genomics resources
Additional analysis of EMS mutants
Repeat any experiments you’d like more practice with
Afternoon Lab Session (BioMedCenter rm. B-8)
1 pm – 5pm
Additional analysis of EMS mutants
Repeat any experiments
Participants will begin departing during the afternoon
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Stanley Thornburn
Micro Video Instrument (Nikon distributor)
StanleyT@mvi-inc.com

Tom Diglio
Sales Consultant Bioscience & Materials
Carl Zeiss Microimaging LLC
tdiglio@zeiss.com
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5672/87/39(1+76:64;(!7*9<0:9 (Robbert Creton, Director; Geoff Williams, Manager)
Wednesday 6/8
1-5 pm
Zeiss Axioskop – Compound Fluorescence/DIC microscope – rm. 113
Overnight
Lumar Dissecting Scope – rm. 115
Thursday 6/9
10 am – 12 pm; 1 pm – 5 pm; 7pm – 10 pm
Zeiss Axioskop – Compound Fluorescence/DIC microscope – rm. 113
Zeiss LSM 510 Confocal - rm. 111
Leica Confocal – rm. 106B
Zeiss Spinning Disk Confocal – rm. 109 (Demo until 5pm)
Overnight
Lumar Dissecting Scope – rm. 115
Friday 6/10
10 am – 12 pm; 1 pm – 5 pm
Zeiss Axioskop – Compound Fluorescence/DIC microscope – rm. 113
Zeiss LSM 510 Confocal - rm. 111
Leica Confocal – rm. 106B
Overnight
Lumar Dissecting Scope – rm. 115
Saturday 6/11
10 am – 12 pm; 1 pm – 5 pm
Zeiss Axioskop – Compound Fluorescence/DIC microscope – rm. 113
Zeiss LSM 510 Confocal - rm. 111
Leica Confocal – rm. 106B
Overnight
Lumar Dissecting Scope – rm. 115
Sunday 6/12
1 pm – 5 pm
Zeiss Axioskop – Compound Fluorescence/DIC microscope – rm. 113
Zeiss LSM 510 Confocal - rm. 111
Leica Confocal – rm. 106B
Lumar Dissecting Scope – rm. 115
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In Vitro Pollen Tube Growth
References:
Temperature as a determinant factor for increased and reproducible in vitro pollen germination
in Arabidopsis thaliana. Leonor C. Boavida and Sheila McCormick. The Plant Journal (2007) 52,
570-582
The protocol below is the Johnson lab version of Boavida et al.
Plant material required
Flowering Arabidopsis from genotypes of interest
- 25 – 50 Flowers for each genotype is best.
-Younger plants are better, however the first few flowers on the primary bolt are often
infertile, look for flowers above siliques that have started to lengthen. Confirm anther
dehiscence on a dissecting scope before use.
-If the plants have been grown in a growth chamber, then avoid the flowers that have
been growing very close to the lights – these will have increased anthocyanin production and
will look purple or otherwise pigmented, heat stress can negatively affect pollen development
and dehiscence.
Reagents Required
Stock Solutions (at 100x) pre-autoclaved & stored at room temperature:
500mM KCl
500mM CaCl3
100mM MgSO4
1% H3BO3
Sucrose
Low-Melt Agarose
1M KOH (for adjusting pH)
MilliQ H20 or ddH20
Equipment Required
Microscope slides, Coverslips, ImmEdge Pen
Forceps
Pollen Growth Chamber
pH meter
65°C Water Bath
Protocol Steps
Making Pollen Growth Media (20ml):
1. Weigh out sucrose 10% for liquid media (2g), 20% for solid media (4g). Pour into a 50ml
Falcon conical tube.
2. Add 200µl of each stock solution to the sucrose to reach the final desired concentrations
(5mM KCl, 5mM CaCl3, 1mM MgSO4, and 0.01% H3BO3).
3. Add ddH20 to reach the final volume of 20ml and vortex until all solutes are completely
dissolved.
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4. Add 1M KOH to reach pH 7.5. 4µl of 1M KOH is normally sufficient, however depending
on the pH of your ddH20 water source this is subject to variation. In the optimization
process it is best to determine this volume empirically. Once the PGM is at pH 7.5 it is
ready for us in liquid culture.
5. When making solid media add 1.5% to 2% low melt agarose to pollen growth media
containing 20% sucrose and incubate in a 65°C water bath until all the agarose is
completely dissolved.
6. When completely dissolved, this media can be poured into small (35 x 10mm) petri
dishes or onto a microscope slide (~100 !l).
Prepping microscope slides for liquid growth
1. Using the ImmEdge pen, trace 2 9mm x 9mm squares on each slide. Each slide
normally carries two independent replicates of each genotype of interest
2. Let the hydrophobic barrier completely dry before use.
3. Using a clean pair of forceps, apply the pollen genotype of interest to the center of the
square, either by dabbing whole flowers or anthers onto the glass, or by gently flicking
the flower across the tip of another pair of forceps, such that the square is densely
covered in pollen. When using healthy Arabidopsis flowers this normally takes between
4 to 8 flowers before the square is saturated. Alternatively pollen can be applied after
application of the growth media, both techniques can be used successfully.
4. Add 50µl of fresh pollen growth media onto each pollen-saturated square.
5. Gently flip the slide over so that the droplets are hanging from the surface of the slide.
The droplet will be held in place by the hydrophobic barrier laid down by the ImmEdge
pen. Be careful to not turn the slide over too slowly or too quickly, as the drop can fall off.
The pollen should quickly collect at the surface of the upside-down droplet.
6. Place the slides carefully into the pollen growth chamber. Make sure that the growth
chamber has a clean layer of water in the bottom to create the humid environment
needed for pollen tube growth.
7. Close the chamber when it is full of slides for pollen tube growth, and gently wrap the
chamber in tin foil as to block out light.
8. Place the growth chamber in a temperature controlled chamber at 22°C for the desired
time of growth, typically a 6 hour time course is sufficient to have pollen tubes of an
average length of ~400 microns.
For solid media
1. After you have made fully solidified media slides, like with liquid media, gently dab or
flick the pollen onto the desired regions of the solid media slide.
2. Place these slides into a pollen growth chamber. If the slides are facing upright they run
the risk of precipitation from the humidity chamber falling onto them, so they are often
grown upside-down to avoid this.
3. Cover the growth chamber with tin foil to block light and place into a 22°C chamber for 6
hours.
Preparing pollen growth slides for imaging
1. Remove slides from the growth chamber and gently flip the slides back over. Pollen
growth should be visible under a dissecting scope.
2. If pollen is to be examined live (ie for DAPI, Fluorophore-tagged proteins, etc) remove
~30µl of the pollen growth media, and place a cover slip (24mm x 30mm) over the two
squares which each have 20µl of growth media left. (See Fluorescence-tagged protein
microscopy)
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3. If pollen is to be imaged for length alone, completely remove the pollen growth media
and add 20-30 µl of 50% glycerol to each square (volume depends on cover-slip size).
Place a cover-slip over the squares. These can be stored long term by sealing with clear
nail polish.

Measuring pollen tube length with ImageJ
1) Open the ImageJ application
2) In Finder, locate the tif file of your image of interest.
3) Drag the file on top of the ImageJ button in the bottom scrollbar of your computer screen
(this will open the file using the ImageJ program)
4) To set your scale:
a. In the imageJ toolbar, right click on the button with the diagonal straight line (this is
the fifth button from the left). Set the setting to “straight” line
b. Trace your scale bar
c.
Go to “analyze” - “set scale”
i. Type in your known distance (for example, if your scale bar represents 100
!m, type that in your known distance, and type in micrometer in the unit of length.
ii. Click the “global” button. This will keep your scale bar set for the entire time
you have ImageJ open.
5) Now go back to the imageJ toolbar and right click again on the button with the diagonal
straight line (the fifth button from the left). Now set the setting to “freehand”.
6) Trace your pollen tube from the edge of the pollen grain to the tip of the tube.
7) Command + M measures the length of the pollen tube. You can also get there by going to
“analyze à measure”.
8) Your measurements will show up in a new window called “Results”.
9) After measuring 50 pollen tubes for one rep, copy and paste your results into an excel
document for analysis.

Fluorescence-tagged protein microscopy
After pollen tube growth, the slides of genotypes bearing fluorophore-tagged protein constructs
should be mounted in pollen growth media and covered with a coverslip. If DAPI is to be added
to pollen tube growth DAPI should be added into the liquid pollen growth media, see protocol.
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DAPI Staining of pollen grains
*DAPI is a mutagen, handle with gloves only*
Plant material required:
-Two flowers worth of pollen/genotype or plant of interest
Reagents and buffers required:
-DAPI (4',6-diamidino-2-phenylindole) soap:
0.1 M sodium phosphate (pH 7)
1 mM EDTA
0.1% Triton X-100
0.4 !g/ml DAPI; high grade, SigmaStock
Stock solution at 1mg/ml in ddH2O. Working solution 0.25mg/ml in ddH2O.
Equipment needed:
-Fluorescent microscope for analysis
Protocol Steps:
1. Dab 2 flowers worth of pollen onto a glass slide
2. Add 30!l DAPI soap solution to slide, circling around the periphery of where the pollen
was dabbed
3. Place on cover slip avoiding bubbles
4. View pollen grains using DAPI/UV setting on the fluorescence scope (361nm maximum
absorption, 461nm maximum emission)
References:
-http://probes.invitrogen.com/media/pis/mp01306.pdf
PARK, S. K., R. HOWDEN and D. TWELL, 1998 The Arabidopsis thaliana gametophytic
mutation gemini pollen1 disrupts microspore polarity, division asymmetry and pollen cell fate.
Development 125: 3789-3799.

Detecting GUS activity in pollen
Plant material required:
-One dehiscing flower/plant of interest
Reagents and buffers required:
-80% acetone
-X-Gluc stock solution:
To make: (20 mls)
-2ml 50mM Ferrocyanide
-2 ml 500mM NaPO4, pH7
-0.5ml 20mg/ml X-Gluc (in DMSO)
-15.5ml ddH2O
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Equipment needed:
-Dissection/compound scope for analysis
Protocol Steps:
1. Place dehiscing flowers in ~80!l 80% Acetone for at least 20 min (can use eppendorf
tubes, but it is often easier to place flowers in separate wells of a 96 well plate).
2. Remove access acetone or allow to evaporate.
3. Add ~80!l X-Gluc stock solution.
4. Incubate at 37°C for at least 3 hrs (Usually let go overnight). Some transgenic lines
require longer incubation.
5. Analyze pollen under the dissection scope or transfer to slides for compound scope.
References:
Johnson et al (2004). Genetics 168 (2):971-982.

Pollinating ms1 (male sterile 1) Plants
Plant material required
ms1 (male sterile 1) plants (Flowering)
Genotypes of interest, also flowering
Equipment required
Dissecting microscope
2 pairs of clean forceps
Surgical scissors
Thread and/or lab tape
Permanent Marker
1.
2.

3.
4.
5.
6.
7.

Protocol steps
Place the ms1 flowers under the microscope so that the top of the inflorescence is
visible. (Place pot on side, or bend & tape shoot stalk to location)
Staging the ms1 flowers: The health of the ms1 plants will dictate how many flowers on
the apical shoot are ready to be pollinated, normally there are 2-5 flowers that are young
enough to use. You want to avoid pollinating flowers that have abscising petals and
sepals. The stigma tissue should be fully hydrated and receptive to pollen.
Once you have chosen the pistils you want to pollinate you may want to cut off (surgical
scissors) the siliques lower on the shoot to help identify which pistils you pollinate.
Place a labeled piece of lab tape indicating the genotype of pollen to be crossed right
below the pistils that will be pollinated.
Pick off a stage 12-14 flower from the pollen donor using forceps and either pick off the
anthers under the microscope or pinch the flower whole so that the anthers are splayed
and easy to pollinate with. Make sure that the anthers are fully dehiscent.
Gently rub the anther against the stigma so that the pistil is completely covered in pollen.
This may take several anthers or even several flowers worth of anthers depending on
the donor plant health or the genotype.
A thread can be tied around the pedicel of the individual flower if needed.
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Propagating ms1 (male sterile 1) Plants
Plant material required
ms1/MS1 seeds (ABRC)
Supplies required
Soil & water
Pots or Flats
Equipment required
Growth chamber/greenhouse
Protocol steps
1. Grow ms1/MS1 seedlings either first on sterile media or directly on soil.
2. When the seedlings start flowering examine the flowers either by eye or with a dissecting
microscope, the plants are ms1/ms1 if there is no pollen dehisced and no silique
lengthening.
3. Plants that are fertile are either ms1/MS1, or MS1/MS1 and can be kept for propagating
ms1/MS1 seed stock.
4. Alternatively homozygous ms1 pistils can be pollinated with the fertile siblings of the
original ms1/MS1 seedlings. This will result either in fully fertile offspring (indicating that
the F1 is the desired ms1/MS1 genotype) or offspring that are half heterozygous and half
homozygous for the ms1 mutation (in this case all fertile F1s are the desired ms1/MS1
genotype). All ms1/MS1 genotypes should be kept for propagating the ms1 stock.

In Vivo Analysis of pollen tube growth using LAT52:GUS (Blue Dot
Analysis)
References:
-Arabidopsis hapless mutations define essential gametophytic functions. Johnson MA, von
Besser K, Zhou Q, Smith E, Aux G, et al. Genetics (2004) 168: 971-982.
-Arabidopsis HAP2(GCS1) is a sperm-specific gene required for pollen tube guidance and
fertilization. von Besser K, Frank AC, Johnson MA, Preuss D. Development (2006) 133: 47614769.
Plant Material Required
Flowering ms1 (male sterile 1) plants
Flowering Arabidopsis from mutant genotypes of interest bearing a LAT52:GUS transgene (i.e.
SAIL lines 1-456, 1052-1057, 1142-1205 & 1206(A-D))
Flowering Control LAT52:GUS line (76224)
Reagents Required
80% Acetone
X-Gluc Solution
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(X-Gluc constituents final concentration: 5mM Potassium Ferrocyanide, 5mM Potassium
Ferriccyanide, 50mM NaPO4 pH7, 0.5mg/ml X-gluc (5-bromo-4-chloro-3-indolyl-"-D-glucoronic
acid, cyclohexylammonium salt)
50% Glycerol
Equipment Required
Dissection microscope
Double sided tape
Hypodermic needle (27.5 gauge)
Syringe
Forceps
Petri Dishes
Thread and/or Lab Tape
Scissors
Flat bottomed 96 well plate
Humidity chamber (Tupperware with water in bottom)
Microscope slides
Coverslips
Protocol steps
1. Position an ms1 flower under a dissecting microscope, trim away older pistils with
scissors.
2. Tie a piece of looped thread around the pedicel of the flower or fold a labeled piece of
tape below flowers pollinated.
3. Using the forceps, fully pollinate the stigma of the ms1 with the desired pollen genotype.
4. Allow the pollination to continue for 12-24 hours at normal growth conditions.
5. Place a strip of double-sided tape onto the lid of a petri dish and place this under the
field of a dissecting microscope.
6. Pick off the pollinated ms1 pistils and lay them flat on the double-sided tape so that the
replum is facing up, and the two carpels are at either side.
7. Using a clean needle (27.5 gauge) attached to a hypodermic needle as a handle, gently
cut along the edge of each replum, and at the base and top of the carpel walls (see
figure in Johnson and Kost, 2010 – end of book).
8. Push the now loose carpel walls against the double-sided tape.
9. Gently cut the back wall of the carpels that is attached to the tape.
10. Carefully lift the pistil off of the tape and place it into a well in a 96 well plate filled with
200µl of 80% Acetone.
11. Allow the pistil to clear for 2 or more hours.
12. Remove the acetone and exchange for 100µl of X-Gluc solution.
13. Cover the 96 well plate and place into a humidity chamber.
14. Incubate at 37°C for 24 hours or longer. Depending on the strength of the LAT52:GUS
expression in the mutant allele, staining can be extended up to 7 days.
15. Remove the incubation chamber from 37°C and using forceps pull the stained pistils out
by the base of the pistil. Place the pistil on a microscope slide under a dissecting scope
and add 20µl of 50% glycerol to keep the pistil from drying out.
16. The pistil can be cut in half vertically for quantification of targeting events, or it can be
sealed as is by adding additional 50% glycerol and placing a cover slip over the pistils.
17. Image on a microscope, you should be able to see GUS precipitate in the ovules that
have been successfully targeted by LAT52:GUS containing pollen tubes.
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Semi In Vivo Pollen Tube Growth
Reference:
Distinct short-range ovule signals attract or repel Arabidopsis thaliana pollen tubes in vitro.
Palanivelu R, Preuss D. (2006) BMC Plant Biol 6: 7.
Plant Material Required
ms1 (male sterile 1) flowers
Flowering Arabidopsis from genotypes of interest
Reagents Required
Solid pollen growth media on plates and/or slides
Equipment required
Pollen growth humidity chamber
Microscope slides
Slide Coverslips
Forceps
Sharp surgical scissors (or a 27.5 gauge needle)
Petri dishes
Double-sided tape
Protocol Steps
1. Place a strip of double-sided tape onto the lid of a petri dish and place this under the
field of a dissecting microscope.
2. Pick several ms1 flowers and place the whole pistil onto the double-sided tape.
3. Gently angle the pistil so the stigma is facing upwards and is amenable for pollination
with your pollen genotype of interest.
4. Using clean forceps gently pollinate the ms1 pistil with your desired pollen donor.
5. Once the pistil is fully covered (or if in the case of limiting pollinations sparsely covered)
with pollen, use the surgical scissors (or a 27.5 gauge needle) to cut across the
shoulders of the style just below where they meet the stigmatic tissue. The aim is to
exclude ms1 ovules, but to include the very beginning of the transmitting tract (see
following diagram).
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(Qin et al, 2010)
6. Place the pollinated stigmas vertically onto the solid growth media such that the incision
is flush with the media. The stigma should be sticking up into the air, not allowing the
pollen to touch the media. Leave the stigmas standing for 1.5 – 1.75 hours. Keep the
dish/slide covered and humid whenever it is not being actively used.
7. Lay the ms1 pistils that donated their stigmas flat onto the double-sided tape so that the
replum is in facing up with each carpel on either side.
8. Use a clean sharp hypodermic needle (27.5 gauge) to cut each carpel open, revealing
the ovules without damaging them.
9. Excise ovules from the dissected ms1 pistils by gently rubbing the needle tip against the
funiculi of the ovules.
10. Transfer the ovules to the solid media in the desired arrangement. A single file line, or Ushaped arrangement close to the base of the excised stigmas both work well. The
distance from the edge of the pistil explant is crucial, as you want the ovules to be within
~200-500 !m of the stigma explant.
11. After you have arranged the ovules, put the dish/slide into a humidity chamber. Plate this
at 22°C until the 1.5 hours is complete.
12. Take out the petri dish/slide after the initial 1.5 hours and gently push the stigma over so
that it is lying horizontally with the transmitting tract facing the ovules.
13. If targeting will be examined in real time take the dish to a dissecting scope equipped
with time-lapse capabilities. Otherwise, place the dish back into the humidity chamber
and grow at 22°C for another 6-18 hours to quantify tube growth.
Aniline blue staining of pollen tube in the Arabidopsis pistil
Reference: MORI, T., H. KUROIWA, T. HIGASHIYAMA and T. KUROIWA, 2006
GENERATIVE CELL SPECIFIC 1 is essential for angiosperm fertilization. Nat Cell Biol 8: 64-71.
Solutions:
Fixative Acetic acid/EtOH (1:3) solution
EtOH series 70%, 50% and 30% EtOH
Alkaline treatment solution (ATS) 8 M NaOH
Decolorized(*) aniline blue solution (DABS) 0.1% (w/v) aniline blue in 108 mM K3PO4 (pH ~11)
* Decolorization After preparation of the solution above, store it in the fridge at 4C
overnight.Prepare a funnel with filter paper and add a teaspoonful active carbon powder, then
filter the solution through the powder on the following day. Add glycerol to the filtrate so that its
final concentration becomes 2% (v/v). Store it in the fridge at 4C.
Protocol Steps:
1. Fixation Collect Arabidopsis pistils from one- or two-day-old flowers after flowering
and put them in a plastic tube of the fixative. Aspirate the air in the capped tube using a 50 mlsyringe with 18 gauge until the specimen does not release any bubbles. Leave the tube for at
least 2 hr at room temperature (RT).
2. Exchange the fixative with 70% EtOH and leave for 10 min at RT. After that, do the
same treatment using 50, 30% EtOH and DW.
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3. Alkaline treatment: Move the specimen into the small petri dish (96 well plates are
very efficient) of ATS carefully. Leave the dish with its lid overnight at RT.
4. Washing Exchange ATS to DW carefully because each pistil must be very softened.
At this time, you can observe the specimen clearing. Leave the dish for 10 min at RT.
5. DABS staining Exchange DW to DABS carefully and leave for at least 2 hr under dark
condition using a piece of aluminum foil at RT. You do not have to wash the specimen after this
treatment.
6. Observation. Put each pistil with extra DABS on the slide glass, and then put a cover
slip on it carefully from the end of pistil with avoiding bubble contamination.
At this time,
you can see ovary walls are split by the weight of cover slip. After that, you only have to observe
pistils with a microscope under UV irradiation condition. If you would not like to disperse pollen
tubes so randomly, you had better increase the glycerol concentration in DABS.

Mass Collection of Dry Pollen using Vacuum Filtration
Reference:
A compendium of methods useful for characterizing Arabidopsis pollen mutants and
gametophytically expressed genes. Sheila A. Johnson-Brousseau and Sheila McCormick. The
Plant Journal (2004) 39, 761-775.
Plant material required
8 or more flowering flats of each Arabidopsis genotype of interest (Approximately 100ul of dry
seeds per flat)
Reagents Required
None
Equipment Required
Large ShopVac style Vacuum cleaner
PVC pollen collection wand (See Below)
80 micron mesh
35 micron mesh
6 micron mesh
Clean razor blades
1.5 ml tubes
Plastic petri dishes

80µ

35µ

6µ

Protocol Steps
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gasket

Vacuum nozzle

1. Construct the pollen collection wand. Place a 9cm x 9cm square of 6µ mesh around the
base PVC piping and wrap the gasket around the mesh to secure it in place. Firmly slide
the interlocking section of PVC piping over the 6µ mesh.
2. Place a 9cm x 9cm square of each respective mesh size in-between each screw section
of the head of the wand (see above).
3. Attach the assembled wand to the hose of the vacuum cleaner and turn it on.
4. Gently massage the flowers of the plants of interest over the 80µ filter in a circular
motion. The pollen will be collected on the 6µ filter while the floral debris will be collected
on the 80 and 35µ filter. The 35µ filter will collect a fair amount of pollen, which can also
be used even though it is not as pure.
5. Filter 5 flats of each genotype per 8µ & 35µ filter. Store the pollen filled filters in a clean
labeled petri dish.
6. When all genotypes are collected use a razor blade to scrape the pollen into a 1.5 ml
tube. This can be used immediately, or stored dry at -80°C for later DNA, RNA or protein
extraction.

Liquid Pollen Collection
Plant material required:
-Grow up at least 4 flats of genotype(s) of interest (preferably 6-10)
Reagents and buffers required:
-Pollen Growth Media (PGM):
For 1L:
-17% Sucrose (170g)
-2mM CaCl2 (2ml of 1M CaCl2)
-1.625mM Boric Acid (3.25ml 0.5M)
-pH to 7.5 with 4M KOH
-Bring to volume
-Generally use 2L for each genotype.
Equipment needed:
-Miracloth for filtration
-Large Centrifuge
Protocol Steps:
1. Collect all inflorescences (using scissors works best) into cold (4°C) pollen growth
media.
2. Release pollen by agitating with gloved hands. Spend about 10min squeezing the
branches/flowers in the PGM to release all the pollen.
3. Remove all the “green” plant material you can with your gloved hands.
4. Filter remaining contents through miracloth into a 500ml centrifuge tube
5. Collect the pollen by centrifugation at 5000xg for 10 minutes, repeat until pollen is
collected into one pellet/genotype.
6. Can freeze pollen for later use in protein preparations, or continue on to microsomal
membrane preparation if isolating a membrane-bound protein (Murphy and Hoogner.
Plant Physiology March 2002 vol. 128 no. 3 935-950).
References:
-Hicks et al, 2004; Plant Phys. 134: 1227-1239.
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-Murphy and Hoogner. Plant Physiology March 2002 vol. 128 no. 3 935-950

Pollen and Pollen Tube RNA Preparation
Plant material required
Depending on the tissue type desired:
For Grains: 8-12 flats worth of pollen concentrated (dry or hydrated)
For Tubes: 8-12 flats worth of pollen, grown for 6+ hours in vitro (see in vitro pollen growth).
This growth protocol is adjusted for larger extractions and is done in an eppendorf tube wrapped
in tin foil. This can be spun down at 5,000xg and excess pollen growth medium aspirated
leaving only a pellet of pollen tubes.
*These can be frozen down at -80C previous to extraction.
Reagents and buffers required
Pollen growth media (if pollen tubes are wanted)
Liquid nitrogen/Dry Ice
Qiagen RNeasy Plant Mini Kit (Cat. No. 74904)
"-mercaptoethanol
100% Ethanol
Equipment required
1.5 ml plastic tubes
Grinding pestles (plastic that fit 1.5ml Tubes - conte)
Metal Freezer block
Microcentrifuge
Protocol steps
1. The microfuge containing pollen grains or pollen tubes should be frozen in liquid nitrogen
after growth. Grind pollen/pollen tubes to a fine powder using a pestle on dry ice in a
metal block. Then, use Qiagen RNeasy kit to isolate RNA.
2. Add 450 µl Buffer RLT into the pollen powder. Vortex vigorously. Note: Ensure that "ME is added to Buffer RLT before use (Add 10 µl "-Mercaptoethanol per 1 ml Buffer
RLT).
3. Transfer the lysate to a QIAshredder spin column (lilac) placed in a 2 ml collection tube,
and centrifuge for 2 min at full speed. Carefully transfer the supernatant of the flowthrough to a new microcentrifuge tube (not supplied) without disturbing the cell-debris
pellet in the collection tube. Use only this supernatant in subsequent steps.
4. Add 0.5 volume (225 ul) of ethanol (96–100%) to the cleared lysate, and mix
immediately by pipetting. Do not centrifuge. Proceed immediately to step 5
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5. Transfer the sample (usually 650 µl), including any precipitate that may have formed, to
an RNeasy spin column (pink) placed in a 2 ml collection tube (supplied). Close the lid
gently, and centrifuge for 15 -30s at 10,000 rpm. Discard the flow-through.
6. Add 700 µl Buffer RW1 to the RNeasy spin column. Close the lid gently, and centrifuge
for 15 s at 10,000 rpm to wash the spin column membrane. Discard the flow-through and
the 2 ml collection tube. Note: After centrifugation, carefully remove the RNeasy spin
column from the collection tube so that the column does not contact the flow-through. Be
sure to empty the collection tube completely.
7. Place the RNeasy spin column in a new 2 ml collection tube (not supplied). Add 500 µl
Buffer RPE to the RNeasy spin column. Close the lid gently, and centrifuge for 15 s at
10,000 rpm to wash the spin column membrane. Discard the flow-through. Note: Buffer
RPE is supplied as a concentrate. Ensure that ethanol is added to Buffer RPE before
use (see “Things to do before starting”).
8. Add 500 µl Buffer RPE to the RNeasy spin column. Close the lid gently, and centrifuge
for 2 min at 10,000 rpm to wash the spin column membrane. The long centrifugation
dries the spin column membrane, ensuring that no ethanol is carried over during RNA
elution. Residual ethanol may interfere with downstream reactions. Note: After
centrifugation, carefully remove the RNeasy spin column from the collection tube so that
the column does not contact the flow-through. Otherwise, carryover of ethanol will occur.
9. Place the RNeasy spin column in a new 1.5 ml collection tube (supplied). Add 30 µl
RNase-free water directly to the spin column membrane. Close the lid gently, and
centrifuge for 1 min at 10,000 rpm to elute the RNA.
10. Aliquot 1 ul RNA for yield and determine concentration by Nano-Drop.

RT-PCR from Pollen RNA samples
Plant material required
1!g RNA sample from pollen/pollen tubes of genotype of interest
Genomic DNA sample
Reagents and buffers required
10x DNase I Reaction Buffer
1µl DNase I, Amp grade, 1U/µl
Nuclease Free water
25mM EDTA
Promega Access RT-PCR kit
Nuclease free water
5X buffer mix
dNTP mix
25 MgSO4
AMV Reverse Transcriptase
Tfl polymerase
Primers to specific genes of interest [preferably spanning introns] at 20µM
Equipment required
Thermocycler
65°C water bath
PCR 0.2 ml thin wall tubes & caps (USA scientific 1402-3500 & 1400-0800)
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Ice and Ice bucket
1.

2.
3.
4.
5.

6.

Protocol steps (numbered)
Treat RNA with DNase. Add the following to an RNase-free 0.2ml tube on ice:
1 µg RNA sample
1 µl 10X DNase I Amp Grade, 1U/µl
Nuclease Free water to 10µl
Incubate tubes for 15 minutes at room temperature. Note: Don’t Exceed 15 minutes.
Inactivate the DNase I by the addition of 1µl of 25mM EDTA to the reaction mixture.
Heat for 10 minutes at 65°C. This RNA sample is ready for use in reverse transcription.
Note: Don’t exceed 15 minutes.
Combine in a new 0.2ml PCR tube the following:
5 µl 5X Buffer mix
0.5 µl dNTP mix
1.25 µl Primer F (20 µM)
1.25 µl Primer R (20 µM)
1 µl 25mM MgSO4
0.5 µl AMV RT
0.5 µl Tfl polymerase
0.5 µg of DNAse Treated RNA
Nuclease Free ddH2O to 25 µl total volume
Run a combined Reverse-transcriptase and amplification thermocyling program, ie:
45°C 60 min, 94°C 2 min, [94°C 30 seconds, 55°C 1 minutes, 68°C 3 minutes] x 35
cycles, 68°C 7 minutes, hold at 4°C.

High-throughput Tobacco Pollen Tube Growth Assay for chemical
screening
Reference: not yet published (Hartman, Kern et al, Johnson and Basu labs)
Congo Red Assay Procedure
• Harvest 15 newly-opened flowers (right) into a 15 mL conical vial.
o Cut the base of the flower where the stem is approximately
1 cm in diameter. Pinch the stem closed as the flower is cut
to prevent pollen, stigma and style from falling through the
petals. Gently place on top of a 15 mL conical vial and tap
the vial on the table until the pollen, stigma and style all fall
into the vial.
• Set up compounds for screening in a 96 well plate
o Label the lid using permanent marker to keep track of what conditions will be
present in each well. If you are using more than one plate, label each plate and
lid with a number so the lids are not confused.
o To each well (excluding outer edge of wells), add 25 total !M of volume
! Positive Control: 2 !L 100% DMSO, 23 !L water
! Negative Control: 25 !L of 40% (by volume) DMSO
• 40% DMSO: 500 !L DMSO, 750 !L water
! Test Compound Control: 6 !L of 5 mM DNJ-Gal in water, 2 !L 100%
DMSO, and 17 !L water
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!

Test wells:
• If compounds are in DMSO, add 0-2 !L and bring total volume to
25 !L with water
o Example: 2 !L test compound in DMSO, 23 !L water
• If compounds are in water, add 0-23 !L, 2 !L of 100% DMSO and
bring the total volume to 25 !L with water
o Example: 15 !L test compound in water, 2 !L DMSO, 8 !L
water
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Make 2X Pollen Growth Media
o If using a acid-unstable compound such as sodium azide, pH 1X to 6.0 and 2X to
7.0. Otherwise, do not pH media.

Sucrose
Boric Acid
CaCl2
Ca(NO3)2
MgSO4

•

Test
cmpd
control
Test
cmpd
control
Test
cmpd
control
Test
cmpd
control
Test
cmpd
control
Test
cmpd
control

96 well plate – Sample
Trial
Trial
Trial
Trial
cmpd
cmpd
cmpd
cmpd
1
1
4
4
Trial
Trial
Trial
Trial
cmpd
cmpd
cmpd
cmpd
1
1
4
4
Trial
Trial
Trial
Trial
cmpd
cmpd
cmpd
cmpd
2
2
5
5
Trial
Trial
Trial
Trial
cmpd
cmpd
cmpd
cmpd
2
2
5
5
Trial
Trial
Trial
Trial
cmpd
cmpd
cmpd
cmpd
3
3
6
6
Trial
Trial
Trial
Trial
cmpd
cmpd
cmpd
cmpd
3
3
6
6

Final
18%
.01%
1 mM
1 mM
1 mM

Stock
Powder
4%
1M
100 mM
500 mM

Dil Factor
.18
400
1000
100
500

50 mLs 2x
18g
.25 mLs
.1 mL
1 mL
.2 mL

o Dissolve sucrose in beaker with stir bar plus ~35 mL water
o Add all liquid reagents
o Bring volume up to 50 mLs using graduated cylinder. This is now 2X PGM.
o No need to autoclave
o Make fresh every day
Make 1X PGM
o Take 25 mLs of 2X PGM and add 25 mLs of water. This is now 1X PGM
Add 25 microliters of 2X PGM to each well (using multichannel pipette)
Add 5 mLs of 1X PGM to the 15 mL conical vial with the pollen, stigma and style. Cap
and invert 5-6 times or until pollen is suspended in PGM. Pour PGM, pollen, stigma and
style through an 80 micromolar nytex filter (funnel made with 15 mL tube) and catch in a
multichannel trough. Add 5 mLs PGM through the filter over the stigma and style to wash
excess pollen into the trough. Some pollen may be left in the conical vial and filter – this
is to be expected.
Tip the trough back and forth 3-4 times (no need to be gentle) to suspend the pollen
grains evenly in the media. Use a multichannel pipette to add 50 microliters of pollen +
PGM to each well. This step needs to be done quickly and efficiently after suspending
the pollen in PGM, since the pollen will quickly re-settle to the bottom of the trough.
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•
•

Put the lid on the plate, and place it in a Tupperware container with wet paper towels
and water in the bottom to maintain at 100% humidity. Store at 22 degrees for 5 hours.
After incubation, add 100 microliters of .000497% Congo Red (62.5 !L Congo Red stock
in 12.5 mL water) using the multichannel pipette. Wrap in aluminum foil, wait 30 minutes,
then read on the SAFIRE plate reader (Z-position: 6374 Excitation: 470 nm Emission:
600 nm).

Crossing Using Fertile Pistil Donors
Plant material required
Flowering Arabidopsis genotypes of interest
Equipment required
Dissecting microscope
2 pairs of clean forceps
Surgical scissors
Thread and/or lab tape
Permanent Marker
Protocol steps
1. Place the flowers of the female donor under the microscope so that the top of the
inflorescence is visible. (Place pot on side, or bend & tape shoot stalk to location)
2. Staging the female donor flowers for emasculation: The health of the female donor
plants will dictate how many flowers on the apical shoot are ready to be pollinated,
normally there are 2-5 flowers that are young enough to use. You want to identify buds
that have not opened or have only a small amount of white petals poking through.
3. Once you have chosen the pistils you want to pollinate you may want to cut off the
siliques lower on the shoot to help identify which pistils you pollinate.
4. Place a labeled piece of lab tape indicating the genotype of pollen to be crossed right
below the pistils that will be pollinated. Alternatively this can be done after pollination.
5. Using the forceps gently grasp the sepals on the bud, and pull them apart. Inside you
should see the pistil with a partially hydrated (yet still immature) stigma, and hydrated
and pre-dehiscent anthers. If the anthers have dehisced do not use this flower (you will
see pollen on the sides of the stigma in this case). Gently pick off the anthers using the
forceps. The petals and sepals can also be removed but this is not necessary. Avoid
touching the pistil in any way with the forceps, as it is easily damaged.
6. Tie a string around the pedicel to indicate which pistils are emasculated.
7. Place the emasculated plants back into the chamber overnight, and the following day
take them out and pollinate them with your genotype of interest.
8. Place the emasculated plants back under the dissecting microscope.
9. Make sure that the emasculated pistils have fully hydrated and developed, and then
using clean forceps pick off a flower of the pollen donor genotype and either by picking
off anthers, or by pinching the flower whole to splay the anthers, apply a full coating of
pollen to the stigma.
10. After fully pollinating the emasculated flowers place the plants back into the growth
chamber for the desired length of time.
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Protein preparation for western blots
Reagents and buffers required:
-Extraction buffer: For 100ml
-50mM Tris-HCl pH 8.0 (5ml of 1M stock)
-100mM NaCl (2ml 5M stock)
Add just before use:
-12.5mM BetaMercaptoethanol (0.9!l/ml)
-2 !g/ml aprotinin (0.5!l/ml)
-1!g/ml leupeptin (0.5!l/ml)
-0.2mM PMSF (2!l/ml)
-Liquid Nitrogen (lN2)
-1x Laemmli SDS-PAGE Buffer:
-0.1% 2-Mercaptoethanol
-0.0005% Bromophenol blue
-10% glycerol
-2% SDS (electrophoresis grade)
-63mM Tris-HCl pH 6.8
Equipment needed:
-Spectrophotometer for quantification
-Mortar and pestle
-cooled spatula
Protocol steps:
1. Label 5 sets of eppendorf tubes and keep them on ice.
2. Put 200-300!l of buffer in one set of tubes.
3. Grind the plant material (~50mg) in lN2: Cool down a small mortar and pestle with lN2.
Add seedling/tissue/protein source to a small pool of lN2 in te mortar. When the lN2
evaporates grind the tissue into a fine powder. Double grind if necessary by carefully
adding more lN2 and repeating grind.
4. Use a cooled-down spatula to transfer the powder from the mortar to the eppendorf tube
with buffer in it. Be careful to keep the spatula cool, using more lN2.
5. Sping tubes at 4C for 10 minutes.
6. Pipet supernatant into a clean eppendorf tube.
7. Pipet ~200!l of extract into a clean tube, mix with an equal volume of lameli buffer and
freeze, or use immediately in a gel.
8. Pipet another 50!l into a tube for 1-2 rounds of Bradford assays. Freeze remaining
supernatant.
References:
- Cold Spring Harb Protoc; 2007; doi:10.1101/pdb.prot4680
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Western blot analysis
Plant material required:
-Protein prep from previous protocol.
Reagents and buffers required:
-SDS polyacrylamide gels: reference Molecular Cloning Laboratory Manuel, Sambrook and
Russell, 2001.
-4X SDS-laemmli buffer :
-0.1% 2-Mercaptoethanol
-0.0005% Bromophenol blue
-10% glycerol
-2% SDS (electrophoresis grade)
-63mM Tris-HCl pH 6.8
-Methanol (100%)
-Transfer Buffer:
-25mM Tris
-192mM Glycine
-15%MeOH
-Blotto for blocking:
-5g Carnation non-fat milk
-100ml 1X PBST (Phosphate buffered Saline Tween-20):
Dissolve the following in 800 ml of distilled H2O
8g of NaCl
0.2g of KCl
1.44g of Na2HPO4
0.24g of KH2PO4
2ml of tween-20
Adjust pH to 7.2
Adjust volume to 1L with additional distilled H2O
Sterilize by autoclaving
-Primary and Secondary antibodies
-Chemiluminescent Horseradish peroxidase (Denville Scientific, Cat# E2500)
Equipment needed:
-Gel Dock Apparatus (Invitrogen, BioRad) with voltage source
-Transfer Cassettes and Transfer dock (Biorad)
-8x8’’ pyrex dish
-PVDF (polyvinylidene fluoride) membrane (Immobilon-FL transfer membrane, 0.45!m pore
size, Cat# IPFL00010)
-Seal-a-meal
-Shaker
-Film developer (2nd floor Sidney Frank Hall)
-Developing cassettes (8x10’’, Spectroline Cassete, Spectronics corporation)
-Film for developing (Denville Scientific, Kodak, Hyblot Cl, Autoradiography film, 8x10’’, Cat#
E3018).
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Protocol Steps:
Loading the gel:
1. Once gel apparatus is set up and ready for sample loading, add 4X SDS Laemmli (to
2X) to samples.
2. Incubate samples at 70°C, 10min to denature.
3. Can load wells by volume or by protein concentration. Total well volume =16!l, and
you want to add 5!l of sample to each well. Example: If you want 12!g protein/well
and your sample concentration is 5.7!g/!l:
Sample

Vol.
Sample

For 2 gels

2X
Laemmli

New Vol

For 10!l
(5!l/gel)

12/5.7!g/!l
2.10!l
4.20!l
4.20!l
8.40!l
1.60!l
4. Load 5!l ladder.
5. Run gel at 80V until samples run to the bottom of the gel (~3hrs).

Lam to add
to bring to
16!l
11!l

Gel transfer:
1. Cut a PVDF membrane to the size of the white filter paper.
2. Place membrane (without blue paper) in pipette tip lid (or some other small square
container) and wash with Methanol. Pour this directly onto the membrane and keep
wet at all times!
3. While this is setting, prepare transfer cassette. Wet in 4°C transfer buffer in an 8x8’’
pyrex dish. Keep wet at all times!! Order of cassette assembly: 1. Black cassette
backing (*black in back) 2. Dk yellow pad. 3. Filter paper. 4. Gel (crack out of glass
carefully and place onto filter paper. 4. PVDF. 5. Filter paper. 6. Light yellow pad.
4. Close carefully without moving around and keep wet!
5. Transfer cassette to transfer dock. Will transfer back to front. This apparatus holds 2
gels, be sure to make note of which gel is in the front (red) and which is in the back
(black).
6. Run at 100V, 1hr with ice block and stirrer (keep cold). (If had a low abundance
protein, would want to transfer overnight, in the cold room, at 23V).
1° Antibody treatment:
1. Prepare fresh Blotto (for blocking): 5g carnation non-fat milk, 100ml 1X PBST, mix in
a sterile 100ml bottle. If you have 2 gels, will split this volume into 2, 50ml conocal
tubes.
2. Take gel out of transfer cassettes. Cut bottom right of the corner of the gel to keep
track of orientation.
3. Transfer PVDF membrane to blotto mixture, do not overlap.
4. Put on the rotator in the cold room for several hours (I usually do 6hrs).
5. Remove gel from blotto.
6. Put in seal-a-meal bags and seal 3 sides, leaving the top open for antibody addition.
7. Pour in antibody mixure: 5ml blotto solution with 5!l primary antibody (!-GFP, Ab
290, 1:1000 concentration), mixed in 15ml conocal tube.
8. Remove all bubbles using a ruler.
9. Seal remaining edge.
10. Put on shaker in the cold room overnight.
11. The next day, remove gel from seal-a-meal and place into 1X PBST in a pyrex dish.
Cover the gel completely.
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12. Put on shaker for 10min.
13. Drain PBST into sink, being careful to hold onto membrane.
14. Fill with 1X PBST again and repeat this wash 3 times.
2° Antibody treatment: (goat !-rabbit). Turn on film developer!!
1. Add 1!l 2° antibody into 5ml blotto in 15ml conocal tube. (1:5000)
2. Put in seal-a-meal as previous.
3. Add antibody solution.
4. Shake at RT, 1hr.
5. Wash same as the primary antibody (3 times).
Develop film: *Before washing make sure the film developer is on (takes ~20min to warm
up)
1. Cut a whole sheet of seal-a-meal.
2. Transfer membrane to this sheet, line up bottom right of gel (where you cut it) with
the already sealed edge.
3. Spray membrane with developer (stored at 4°C). This is temperature sensitive so
use quickly and immediately put back into fridge.
4. Seal 2 sides and remove any bubbles.
5. Seal the top.
6. Make a spot for the exposure indicator be separating a small segment above the
previously sealed line (at top left of membrane).
7. Tape into developing cassette (Kodak).
8. Bring with you to the developer in the dark room: Cassette, Kodak film, timer, and
pen.
9. Develop film according to directions on the developer. Try 30sec exposure first. Then
try 1min exposure.
10. After developed, mark edges of gel and ladder using the light box and using the
exposure indicator as a reference.
Reference:
-Sambrook and Russell, Molecular Cloning Laboratory Manual, Vol. 3, Coldspring Harbor
Laboratory Press, 2001.

!
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Microprojectile Bombardment-mediated Transient Transformation of Pollen
Adopted from BIORAD Bulletin 1688
Modified by A. Cheung, C. Chen, Y-j. Zou and Eric Johnson
May, 2011.
Key references
1. Biorad Bulletin 1688 “Optimization of Biolistic Transformation using the Heliumdriven PDS-1000/He System (pdf included). This is almost the original protocol. Our
lab protocol derives from this, plus other hands-on experience.
2. Cheung et al. (1998) The dynamic pollen tube cytoskeleton: Live cell studies using
actin-binding and microtubule-binding reporter proteins. Mol. Plant 4:686-702 (pdf
included).
This paper made an effort to explain how to collect and analyze growth-related data and
make meaningful functional interpretation.
3. Johnson, M.A. and Kost, B. (2010) Pollen tube development. (2010) Pollen tube
development. Methods Mol Biol. 2010;655:155-76
4. Wang and Jiang (2011) Transient expression and analysis of fluorescent reporter
proteins in plant pollen tubes. Nature protocols 6: 419 (pdf included). This paper
provides a step-by-step protocol; it focuses on intracellular imaging to illustrate what the
methods can achieve.
(Note: I ask Jiang to see if he will ask Jane Jia to share their experience with the class,
he said OK.)
Advantage:
(i)
(ii)
(iii)

The procedure itself is very easily learned;
Transformation frequency is adequate for good quantitative analysis based on
microscopic observations (i.e in the range of 150-500 transformants per
bombardment are readily attainable – enough for statistical consideration);
Can rapidly examine protein localization and function and is especially valuable
in determining signaling relationship.

Disadvantage:
(i)
There is a long learning curve and it differs from one student to another, i.e. you
have to know what you are looking at and learn to make meaningful and accurate
interpretation. Variability of pollen tube growth rates is inherent and broad even
among wild type and healthy grains. It is easy to be overwhelmed by the
perceived variability. Therefore, to be proficient and precise in interpretation
takes a relatively long time.
(ii)
Transformation frequency is lower than possible for biochemical analysis.
(But see Wang and Jiang, 2011: “Approximately 10% of lily and tobacco pollen
tubes expressing a cytosolic GFP construct showed good fluorescent signals 1 to
2 hrs after transformation”. At this level, it should be good enough for biochemical
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(iii)
(iv)

analysis. Please share your experience as you start to do these experiments
yourself.)
Day to day variability is quite high, even if all the reagents are the same.
Relatively expensive, especially if you do not get enough transformants or if you
do not exhaustively observe your samples, i.e. work as long as your samples are
still good for observation not only till it’s time to quit.

Materials needed
1. Biorad PDS-1000/He System (see Biorad Manual, attached)
2. Microcarriers (for DNA coating), Biorad 165-2267, M17, tungsten, 1.1 !m ($84/6 gm;
enough for 100 particle preparations).
We found tungsten particles to be adequate. The original Biorad protocol and later ones
indicate that for plant cells, tungsten particles work fine (gold is better for animal cells).
Our limited experience with gold particles on pollen indicated similarly. However, refer to
Wang and Hao (2011) for the use of gold particles (Biorad 165-2263, 1 !m -- $467/0.25
gm, only enough for 4 particle preparations).
3.

Macrocarriers (for spotting microcarriers for bombardment), Biorad 165-2335.

4.

Rupture disks (to build up pressure for bombardment), Biorad 165-2329 (1100 psi). We
have tested higher pressure ones with no improvement.

5. Stopping screens (metal mesh to stop the rupture disk and macrocarrier to be shot out of
the stage and hit [destroy] the sample), Biorad 165-2336.
Biorad Bulletin 1688, Fig. 1 provides an illustration on the relative positions of the rupture
disc, macro/microcarriers, stopping screen and sample for bombardment.
Materials
1. Pollen grains, plants have to be healthy. Pollen collected from plants grown in the
summer greenhouse of >100oF is usually not so good. Never use pollen from plants that
have just been treated with insecticides.
We find tobacco (Nicotiana tabacum W38 or SR1) and lily (Lilium longiflorum and Lilium
Formosan) work well. We have not tried Arabidopsis thaliana, but should try out the
Wang and Jiang (2011) protocol.
Fresh pollen grains are best; but frozen ones maintained at -20oC or -80oC last many
years. With frozen grains, we routinely test each batch before use to be sure they
germinate well.
2. DNA quality and quantity. Need quite a bit of DNA. We found that CsCl gradient
preparation is still the best – provides quantity and quality at affordable cost. Column
purification (e.g.Qiagen or USB Easyprep) ends up being very expensive. We have also
used crude maxi-preparation of plasmid DNA; if cleaned up enough, it actually worked
adequately.
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DNA quantification should be quite accurate. After DNA concentration (usually to ~2.5
!g/ml), we routinely run a little bit (~0.2 !g) on a gel to make sure recovery is as
expected). It is a good practice to prepare enough DNA so you can do several runs of an
experiment using the same batch of DNA to minimize variability because of DNA
quantification.
3. Chemicals – the Wang and Jiang paper provides a good list of chemicals needed. We
have not found manufacturer to manufacturer differences, although we stick with the
more commonly used companies
For solid medium, we use agarose (0.7%) and spread ~300-400 ml on a microscope
slide for viewing by an upright microscope. We use low melting agarose (final 0.7%)
when plating is done in glass-bottom dishes to make as thin a layer as possible for
viewing by an inverted microscope.
Procedure (this follows the Biorad 1688 quite closely, with modifications that fit our laboratory’s
set up and individual’s experience; there is no reason it cannot be further improvised based on
your own experience)
Batch Preparation of Microcarriers (tungsten particles, 1.1 mm): You should have particles
ready to use prior to starting your bombardment experiments. When properly prepared and
stored (we use 4oC or -20oC), we do not see decline in quality with time.
1. Weigh 60 mg of tungsten particles (easiest is just to add the particles to a microfuge tube
already tared on a balance. Note: If you use gold particles, it’s important to remove statics
from the tube, use an antistatic spray will be fine);
2. add 1 ml 70% ETOH;
3. vortex vigorously for at least 30 mins (We find that longer time will disperse the particles
much better and we some time leave the tube on a vortex as long as two hours).
4. spin on a small bench-top microfuge for 2 sec;
5. remove ETOH;
6. replace with sterile ddH2O, spin 2 sec, remove supernatant; repeat two more times;
7. resuspend in 0.8 ml of sterile 50% glycerol (there will be some loss of particles in the
washes, so we use 0.8 ml instead of 1 ml. to maintain roughly the original protocol’s
recommendation of using 500 mg particles for bombardment.
The particles will settle upon storage. Prior to coating with DNA for bombardment, vortex the
tube again to resuspend the particles (we routinely vortex for 30 mins before DNA coating).
Tip: there is batch-to-batch variability in these preparations; some batches just do not work well.
To minimize loss, prepare a new batch before you run out of the old one, and include a test
sample using the new preparation as you do your experiment using the previous batch.
Preparation of DNA-coated particles for bombardment: If you are not concerned about a
very long day of work, starting early in the morning is best. But getting the particles ready the
evening before has the advantage that you are not rushed and have time to make observations
for as long as possible to maximize the return from each experiment.
The protocol is written for ONE sample; in practice, that’s hardly realistic. For multiple samples
(we find 4-6 samples are most manageable for one day’s experiment), you may do steps 2-4 for
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sample #1, repeat for others. If you work fast, you may do these steps for #1-3, then proceed to
#4-6. We do not recommend handling more than 4 samples at a time.
You should have on hand:
1. Freshly-resuspended microcarriers (i.e. take your prepared particles and vortex for 30 mins
before start of procedure);
2. Your plasmid DNA (resuspended ideally in > 2 mg/ml in 10 mM Tris-HCl pH7.5, 1 mM
EDTA). You should not use more than 5 !l of DNA in total. So if you are coating with 2 (e.g.
a reporter and a regulator) or 3 (e.g. a localization reference, a reporter, and a regulator)
DNA samples, you will have to adjust DNA concentrations accordingly.
3. 0.1 M spermidine (prepared a batch in ddH2O, make 0.5 or 1 ml aliquots, keep at -20oC,
discard after a few freeze/thaw and move on to a new aliquot);
4. 2.5 M CaCl2 (prepared a batch in ddH2O, make 1 ml aliquots, keep at -20oC to prevent
microbial growth, discard after a few use).
5. Freshly prepared 70% ETOH at 4oC;
6. 100% ETOH at 4oC.
DNA coating:
1. Between 1-5 mg of DNA should be used per bombardment; ideally the volume of DNA used
should be less than 5 !l for each preparation.1
1

Note: Everyone needs to test out their own DNA and the kind of pollen used. For the
DNA that provides visualization, you want a level of expression enough to detect (e.g. if
just GFP), or enough to do intracellular localization and dynamics analysis (e.g. if you
are interested to study organelle or actin cytoskeleton dynamics) during a time when
pollen tube growth is most robust. E.g. for tobacco pollen tubes and Lat52-expressed
GFP, that usually 0.5 to 0.8 mg DNA for optimum observation between 4-8 hours after
plating. For a new construct you want to examine localization, you will need to find out
the best amount to use. Most fusion proteins, if they are way over-expressed, will have
some effect on pollen health. So you need to find a compromise quantity to use. If your
DNA is not label and you want to examine the function of the gene tested, a doseresponse assay is a good place to start. See Cheung et al., 2008 for these discussions.
2. Add DNA (up to 5 !l) to tube.
3. Quickly pipet 25 !l of the resuspended microprojectiles into the microfuge tube; vortex
immediately for 5 secs to mix well.
(Note: it is important to add particles to DNA, especially when you have more than one DNA
sample to coat. This reduces preferential coating compare to if you add DNA sequentially to
the particles).
4. Quickly add 25 !l 2.5 M CaCl2, vortex immediately to mix well, and followed immediately by
the addition of 10 !l 0.1 M spermidine, vortex immediately to mix well.
5. Vortex the tube vigorously for 10-30 min. (We find the best result is by attending to these
tubes, vortex 3 tubes together for 30 sec, put back on ice for 30 sec while vortexing the next
3 tubes, then go back to the first three tubes. But if you can’t stand it, taping all your tubes to
the vortex and just let them shake for 15-30 min. are OK too.)
6. Spin 2 sec; remove supernatant;
7. Add 200 !l 70% ETOH, vortex to resuspend as well as you can; add another 200 !l 70%
EtOH, vortex more;
8. Spin 2 sec; remove supernatant [use a yellow pipet tip is better than a blue one, you disturb
the pellet less;
9. Repeat #6,7 with 100% ETOH;
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10. Resuspend particles in 20 !l of 100 ETOH, this is ready to be spotted onto macrocarrier
discs for bombardment.
Preparation of macrocarrier discs:
Some considerations:
(1) For bombarding pollen, it is not necessary to sterilize the macrocarriers (and the rupture
discs). The experiment lasts for a few hours, and pollen grains are not sterile anyway.
Just handle them with tweezers with be fine.
(2) One bombardment or double bombardment?
Our experience has been that one shot/sample works well enough for most
observations. Two shots may give you more transformants if your experiments need to
accumulate numbers. However, if the problem is low transformation frequency, a double
bombardment yields only marginal advantage and it’s better to work on how to get better
bombardment!
1. Both sides of the discs work the same. Label the discs along the edge (best to use nonETOH erasable marker pen). Place the discs in a dish (this is just a carrier, no need to use a
sterile one).
2. Vortex the DNA-coated microcarriers for 10 sec, make sure all the particles are washed off
from the wall of the tube.
3. Pipet 10 !l of particles onto the center of a macrocarrier; let the ETOH dried up a bit, pipet the
remaining 8-10 !l to the same spot.
4. Usually there are still some residual particles left in the tube, we usually wash it down by
adding another 5-10 !l of ETOH, repeat the spotting. Pipetting the particles up and down will
help getting most of them out of the tube onto the macrocarrier.
5. Once the ETOH dries out, the macrocarriers are ready to use. The better ones should have a
homogeneous spread of particles from the center, reaching about two-fifths to half of the
diameter of the disks. Ones that have clumps of particles will not yield good transformation
frequency.
If you have to do things over two days, you may stop here and keep your macrocarriers at 20oC. If not, just proceed with bombardment.
-----------------------------------------------------------

Preparation of pollen for bombardment:
Sterility is not of the utmost importance since we usually samples are usually observed
within 3-8 hours after plating on the medium. Medium should be freshly prepared. If you have to
store your medium, keep at -20oC for a few days is OK.
For tobacco pollen (see Cheung et al., 2008):
Solid germination medium: 3 mM Ca(NO3)2, 1mM KNO3, 0.8 !M MgSO4, 1.6 mM H3BO3,
10 mM MES pH7, 8 % sucrose, 0.7 % agarose.
Liquid germination medium, replace 8% sucrose with 2% sucrose and 14% polyethylene
glycol (8000).
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Also see Johnson and Kost (pdf included). Growth rates are faster in this medium.
For lily pollen (see Cardenas et al. 2006. Plant Physiol.142: 1460-1468):
0.1 mM CaCl2, 1 mM KCl, 1.6 mM H3BO3, 15 mM MES pH 5.5, 7% sucrose.
For solid medium, add 0.7% agarose.
1.

2.
3.
4.
5.

6.

Collect pollen from freshly dehisced anther. If you want to store your pollen, let them
dehydrate in a dri-rite-containing chamber for 30-60 minutes, keep at -20oC. Before use,
remove from -20oC, let it warm up and rehydrate a bit in an open tube. *Always check
frozen stock for germination frequency before use.
Use about 5-10 mg (we aim for 7 mg per sample) of pollen grain per bombardment.
Prepare a 3.5 cm petri dish with 1 ml of pollen germination medium (basal +0.7% agarose).
You may use days old medium – it’s just for support. Let the plate dry a bit.
Prepare pollen germination medium, liquid for resuspending pollen and most of the time
solid for plating the pollen.
Before bombardment, resuspend pollen with germination medium (~100 !l per sample),
pipet onto the center part of the dish. Let the liquid be absorbed by the agarose, but not
overdry. [Some protocols use put the pollen grains on a medium-soaked filter]. The
purpose is to achieve a relatively dry environment so when the pollen grains are hit by the
microprojectiles, there is back pressure so the particles can penetrate.
Bombard.

Bombardment:
WEAR GOGGLES when you bombard!
1. Let helium into the system (turn outlet on helium tank clockwise) until pressure gauge reads
somewhat over the pressure you want (e.g for 1100 psi rupture disc, go to about 1250 psi).
2. Turn on vacuum pump; turn on bombardment equipment (left-hand most switch).
3. Open chamber door; remove the plexiglass tray (the lowest one); remove the stoppingscreen/macrocarrier assembly (the middle one); and unscrew the rupture disc holder (the
large nut on the top of the chamber).
4. Things should be left clean from the previous user. But, wipe the rupture disc holder, the
macrocarrier holder and assembly with water and ETOH if you are concerned about cross
contamination from other people’s sample;
5. To assemble the bombardment setup:
(i) insert rupture disc into the hole in the rupture disc holder, make sure it sits well in the
depression, screw this large nut back onto the chamber, make sure it is tight, but not too
tight. Note: it may take a few times to learn just the right position and tightness. If not
done properly, the rupture disk will either pop early, or will be pushed out of place.
(ii) assemble stopping screen/macrocarrier -- put stopping screen into the depression in
the assembly, put a macrocarrier into the macrocarrier holder with the DNA side up,
make sure it fits well into of groove of the holder; invert the whole thing onto where the
stopping screen is sitting; screw the cover on to “finger-tight” only. Now your DNA is
FACING DOWN.
(iii) put this assembly into the chamber, usually the second notch from the top.
(iv) put your dish of pollen grain on the center ring of the plexi-glass tray.
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(v) insert this sample tray to the third notch from the top [if it doesn’t fit, it’s because the
stopping screen/macrocarrier assembly is sitting too low; you can raise its position by
unscrewing the assembly from the bottom a bit]
[Where to insert the stopping screen/macrocarrier assembly and the sample tray has to
be empirically worked out for each kind of samples, the pressure discs used etc. The
set up described works well enough for pollen grain bombardment].
Now you are ready to deliver the bullets: remember to wear goggles!
6. Close the chamber door (you may want to smooth over the o-ring a thin film of vacuum
grease, this is not necessary every time; but be sure there is no dirt particles).
7. Push the middle control button to the upward position to start “vacuum”, the gauge should
get to 27-28 in 1 minute or so;
8. Quickly flip the middle button to the downward position to “hold” the vacuum (try to by pass
the middle position as quickly as possible);
9. Push the right-hand most switch and hold it, this lets helium in; the gauge above the
chamber should build up pressure; once it reaches a little above e.g. 1100 psi, the 1100 psi
rupture disc will rupture and you hear a loud “pop”. The pressure will send the bullets flying
down to your sample.
10. Release the right-hand most switch. You have completed a bombardment!
11. To retrieve your sample, push middle button to center position, this “vents” the chamber,
the vacuum gauge should return to zero.
12. Open the chamber, remove the plexiglass tray to retrieve your dish. You should see a
spatter of particles, sort of centered, but spread over a broad diameter.
13. Remove the stopping screen/macrocarrier assembly, discard the macrocarrier and the
stopping screen [make sure you do not inadvertently throw away the macrocarrier
holders!!!!]
14. Unscrew the rupture disk holder, discard the rupture disk.
[You may start the process all over again with the next sample. If you want to bombard the
same sample a second time, try to rotate your sample dish 90o so the microprojectiles will hit
some different area].
When you are finished with bombardment:
1. Wipe the macrocarrier holders with water and ETOH and return them to their storage place.
2. Wipe the stopping screen assembly and return it to the chamber; wipe the rupture disc
holder and return it to the chamber.
3. Close the chamber door;
4. start the vacuum to the chamber again till vacuum is high;
5. stop the helium supply by turning the outlet of the helium tank counter clockwise;
6. push the right-hand most button to let helium into the chamber to bleed the helium line; hold
the button for 1 minute, release it, push it again and hold for a few seconds; check the
gauge above helium tank that it is reading zero; if not, bleed the helium a couple more times
until the gauge reads zero.
7. “Vent” the chamber.
8. Turn off the vacuum pump.
9. Sign-off in the log book (it’s important to keep a log, noting problems – we have experienced
e.g. faulty rupture discs, leaking chamber etc).
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Plating the bombarded pollen grains:
If you only wish to observe casually, you may add 100-200 !l of medium, wrap the plate for
growth.
For more precise observation, you will need to flush all the grains out using 500-600 !l of
medium, and let the tubes grow in liquid conditions or put onto agarose medium. Most routinely,
we pipet ~150 ml of pollen onto a microscope slide covered with ~350-400 ml of solidified
medium. Each bombardment sample will be distributed on 4 slides. They are placed in a humid
chamber [just a box lined with very moist, but not watery, paper towel], and incubate at ~2830oC. We also incubate the bombardment dish with its residual grains.
Observations:
We usually start to observe 3-4 hours after plating. First, we look at the bombardment plate. If
you see a few transformed pollen tubes, that’s a good sign and you should proceed to make
real observation. If no transformed tubes on the plate, you may wish to wait an hour and start
observation.

EMS mutagenesis of Arabidopsis seeds
!
*EMS is a carcinogen and a mutagen. Use gloves and use under hood only*
*White “sectors” on growing plants is a good sign that the EMS is working.
Plant material required:
-Depends on the screen. If you are performing a large-scale screen, you will need ~0.80g of
seeds (~40,000 seeds). If you are performing a small-scale screen ~0.20g of seeds is sufficient
(~10,000 seeds). You can adjest these amounts and go even smaller scale. For the screen we
are conducting for the course ~5000 seeds were mutagenized).
Reagents and buffers required:
-Ethyl methane sulfonate (EMS)
-1M NaOH to neutralize/collect waste
-0.1% agarose for planting mutagenized seeds
Equipment needed:
-Chemical hood with vacuum flask
Protocol steps: Large Scale
1. Put 0.8g of seeds in 100ml H2O in a glass 250ml Erlenmeyer flask. Swirl.
2. Add 0.24ml EMS. Swirl to mix.
3. Incubate in the dark at room temp for 16 hours.
4. Wash seeds 3-4 times with water using vacuum flask under hood. Collect EMS and
washes into an equal volume of 1M NaOH to neutralize (we generally make up in
excess, 500ml in the vacuum flask).
5. Resuspend the washed seeds in 0.1% agarose and spread into 8 flats (5,000
seeds/flat). This can be adjusted for preference of plant density.
Protocol steps: Small Scale
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1.
2.
3.
4.

Put 0.2g of seeds in 25ml H2O in a glass 100ml Erlenmeyer flask. Swirl.
Add 0.06 ml EMS. Swirl to mix.
Incubate in dark at room temp for 16 hours.
Wash seeds 3-4 times with water. Collect EMS and washes into an equal volume of 1M
NaOH to neutralize (we generally make up in excess, 500ml in the vacuum flask).
5. Resuspend the washed seeds in 0.1% agarose and spread into 16 big pots (2 flats with
624 seeds per pot) seeds/flat). This can be adjusted for preference of plant density.
References:
-Cold Spring Harb Protoc; 2006; doi:10.1101/pdb.prot4621 (adapted by the Bender lab at Brown
University).
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Summary
Despite much effort, a robust protocol for in vitro germination of Arabidopsis thaliana pollen has been elusive.
Here we show that controlled temperatures, a largely disregarded factor in previous studies, and a simple
optimized medium, solidified or liquid, yielded pollen germination rates above 80% and pollen tube lengths of
hundreds of microns, with both Columbia and Landsberg erecta (Ler) ecotypes. We found that pollen
germination and tube growth were dependent on pollen density in both liquid and solid medium. Pollen
germination rates were not substantially affected by flower or plant age. The quartet1 mutation negatively
affected pollen germination, especially in the Ler ecotype. This protocol will facilitate functional analyses of
insertional mutants affecting male gametophyte function, and should allow detailed gene expression analyses
during pollen tube growth. Arabidopsis thaliana can now be included on the list of plant species that are
suitable models for physiological studies of pollen tube elongation and tip growth.
Keywords: pollen tube growth, pollen grain, tip growth, gametophyte function, Columbia ecotype, Landsberg
erecta ecotype.

Introduction
The male gametophyte, the pollen grain, is composed of
three cells: two sperm cells within a larger vegetative cell.
Pollen grains of most species are regarded as anhydrobiotic,
as they are extremely desiccated at anther dehiscence
(Crowe et al., 1992). After landing on the receptive stigmatic
surface of the pistil, pollen grains undergo rehydration, a
tightly controlled process: the integrity of the plasma
membrane is reorganized, metabolism is activated and a
pollen tube forms (Taylor and Hepler, 1997). The pollen tube
grows through the transmitting tract of the pistil, transporting the two sperm cells to the embryo sac, where they
are released and double fertilization occurs. Molecular,
biochemical and physiological analyses of male gametophyte development, pollen grain rehydration, germination
and pollen tube growth are therefore important for fundamental studies in plant reproduction.
570

In vitro pollen germination rates are considered the best
indicator of pollen viability (Shivanna et al., 1991) – the
ability of the pollen grain to perform its function of delivering the sperm cells to the embryo sac following compatible
pollination. In vitro pollen germination can be useful to
detect alterations in germination or tube growth performance (Cole et al., 2005; Hashida et al., 2007; Procissi et al.,
2003; Steinebrunner et al., 2003), as assays for defects in
these parameters are difficult to perform in vivo.
Pollen tubes are considered one of the best model
systems to study cellular processes involved in polarity
and tip growth. Cytoskeletal reorganization, endocytosis and
exocytosis, maintenance of polarized ion gradients and
fluxes, and periodic reorientation occur during pollen tube
growth (reviewed by Cheung and Wu, 2007; Feijo et al.,
1995, 2001; Hepler et al., 2001; Mascarenhas, 1993). Most
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studies of these processes have been performed in species
with bicellular pollen, such as lily and tobacco. In these
species, pollen can easily germinate and grow long tubes
in vitro when placed in a simple medium containing boric
acid, sucrose, calcium and some salts (Brewbaker, 1967).
Arabidopsis thaliana is an excellent model plant (The
Arabidopsis Genome Initiative, 2000), but it clearly lags
behind in analyses of pollen germination and pollen tube
growth. Several attempts have been made to develop a
reliable pollen germination protocol for A. thaliana (e.g.
Johnson-Brousseau and McCormick, 2004), but in general
in vitro pollen germination is extremely problematic, as is
true for other species with tricellular pollen (Preuss et al.,
1993; Taylor and Hepler, 1997). Many different recipes for
A. thaliana pollen germination have been described, from
complex (Azarov et al., 1990) to more simple compositions
(Fan et al., 2001; Li et al., 1990; Mouline et al., 2002;
Thorsness et al., 1993). Most of these references reported
60–80% germination rates when different ecotypes were
tested. Although these values are acceptable, the results are
often poorly reproducible in other laboratories (JohnsonBrousseau and McCormick, 2004; Scholz-Starke et al.,
2003). Moreover, if the utmost objective is to mimic in vivo
pollen tube growth, pollen tube lengths in vitro are far
from optimal. The problem of poor pollen germination can
be partially overcome by analyzing a mutant phenotype in
a quartet background (Copenhaver et al., 2000; JohnsonBrousseau and McCormick, 2004). In a quartet background
the number of affected pollen grains within a tetrad can be
determined, but the high variability in the length of pollen
tubes may introduce further problems if the objective is to
perform a time-course analysis of pollen tube growth or to
detect differences between wild-type and mutant pollen
tube growth rates. The need for a robust method for
in vitro pollen germination and tube growth analysis is
therefore of extreme importance for A. thaliana.
In an attempt to optimize growth conditions for an
in vitro pollen-germination medium, we were also faced
with the problem of reproducibility. If the results of pollen
germination assays could be so variable with the same
germination medium from day to day, we hypothesized
that external factors, to our knowledge not considered in
previous studies, might influence the reproducibility of
in vitro pollen germination assays. To evaluate the effects
of external factors on the kinetics of pollen germination
and pollen tube growth, we used an optimized artificial
medium under strictly controlled incubation conditions.
We demonstrate that pollen germination and tube growth
show a temperature-dependent performance, and that
under optimal temperatures in vitro pollen germination
rates for both the Columbia and Landsberg erecta (Ler)
ecotypes of A. thaliana are high, and highly reproducible.
Pollen collected from various ages of plants and flowers
germinates well, although Ler is more sensitive to these
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parameters. The quartet1 mutation has a negative effect
on pollen germination rate that is more pronounced in
Ler. We also present additional conditions or factors that
can be taken into consideration to obtain maximum
pollen germination and pollen tube growth rates, or to
help synchronize pollen germination for time-course
analyses.
Results and discussion
Optimization of an A. thaliana pollen germination medium
For optimization of the germination medium, all experiments were performed using pollen from flowers that had
opened that day (day 0). Pollen germinations were performed on agarose medium on microscope slides that were
incubated in moisture chambers constructed from empty
pipette tip boxes (Johnson-Brousseau and McCormick,
2004). Pollen from single flowers was spread on the surface of an agarose pad by inverting the flower with the
help of a tweezers and gently bringing it to the surface of
the agarose (Figure 1). The whole flower can be used as a
‘brush’ to spread the pollen uniformly on the surface of
the agarose. We tested different A. thaliana pollen germination media (Fan et al., 2001; Li et al., 1999; Mouline et al.,
2002), which reportedly yielded germination rates of
60–80%. However, the results we obtained with these recipes were unpredictable, and clearly suboptimal under our
conditions. Some days germination rates were 50–70%, but
often they were around 5–20%. Johnson-Brousseau and
McCormick (2004), while testing different germination
conditions and media, pointed out that success with these
assays requires practice, and they recommended the agar
pad method and moisture incubation chambers, to maintain humidity, in order to achieve germination rates above
70%. But even with these suggestions, reproducibility was

Figure 1. Transfer of pollen to solid medium.
Arabidopsis thaliana pollen is transferred to an agarose pad by holding an
inverted flower with tweezers and gently brushing the flower across the
surface.
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not acceptable. We assumed that the variability might be
due to the physiological conditions of the growing plants,
so we decided to optimize a germination medium that
would give consistent results with plants grown in our
glasshouses.
A modified medium based on that of Li et al. (1999),
and containing the basic components required for pollen
germination (0.01% H3BO3, 1 mM CaCl2, 1 mM KCl, 5%
sucrose pH 7.5, 1% low-melting agarose) was used as
starting point to optimize an in vitro medium. The optimization approach consisted of varying the concentration
of the chemical components, one at a time, followed by
fine readjustments of all other components regarding the
factor primarily tested. Additional components were considered based on other recipes, and their ability to
increase pollen germination rates or pollen tube growth
was tested.
Boric acid is known to be crucial for pollen germination
and tube growth and is required at concentrations of
0.01% for most species (Brewbaker and Majumder, 1961),
therefore no variations of it were considered a priori. In
preliminary experiments, we found that significant differences in pollen germination were associated with sucrose,
calcium concentrations and pH (data not shown). We tested
a range of sucrose concentrations (0–20%) and found that
pollen germination was maximal at 10% sucrose, whereas
below 5% or above 15%, germination did not occur or was
reduced. Calcium concentration was important for pollen
germination per se, but more critical for normal pollen tube
growth. Calcium concentrations above 10 mM or below
2 mM gave reduced germination and abnormal tubes, with
thick walls and stunted growth. Pollen germination was
highest at pH 7.5–8; below these values pollen grains
appeared incompletely hydrated and germination rates
were reduced. Fan et al. (2001) tested several components
and reported pH as an important factor contributing to
pollen germination success, and that [K+] was important for
tube growth. Indeed, we found that pollen germination and
tube growth improved drastically when the potassium
concentration was increased to 5 mM when in combination
with an equivalent calcium concentration. Our final optimized medium (0.01% boric acid, 5 mM CaCl2, 5 mM KCl,
1 mM MgSO4, 10% sucrose pH 7.5, 1.5% low-melting
agarose) yielded germination rates of 80% and pollen
tubes longer than 1 mm after overnight incubation. We
found that using 1.5% agarose, instead of 1%, made it less
likely to damage the agarose pad, which could interfere
with subsequent imaging, and did not change the germination rate. However, reproducibility was still a problem,
even with the optimized medium. Some days germination
rates attained the expected 80%, while on other days
germination rates were poor (5–10%) or none – pollen
grains would burst during hydration. We therefore tested
external factors.

A narrow temperature window is optimal for pollen
germination and pollen tube growth and increases
reproducibility
Reproduction is one of the most temperature-vulnerable
stages of plant development, and negative effects in seed
yield (Clarke and Siddique, 2004; Herrero and Johnson,
1980; Morrison, 1993; Prasad et al., 2006; Sato et al., 2006),
gametophyte viability, pollen germination and tube growth
(Cerovic et al., 2000; Jakobsen and Martens, 1994; Kakani
et al., 2005; Kozai et al., 2004; Kuo et al., 1981; Lardon and
Triboiblondel, 1994) have been reported for several species.
However, the effect of temperature on pollen germination
and pollen viability, to the best of our knowledge, was never
systematically evaluated in A. thaliana. It seemed plausible
that temperature variations could contribute to the variability of in vitro pollen germinations performed at ‘room
temperature’, a fairly relative measure.
To test the effect of temperature, pollen from both
Columbia and Ler ecotypes was collected from day 0
flowers. Pollen viability, as estimated by a positive fluorochromatic reaction (Heslop-Harrison et al., 1984), was
around 95% (data not shown). Pollen was incubated on
solidified optimized medium under controlled temperatures
ranging from 18–32!C, at 2!C intervals (Figures 2a–f and 3a).
We found that Columbia and Ler ecotypes had defined
temperature optima at 22!C, where pollen germination rates
were 80%. Above and below 22!C, pollen germinations
dropped to <50% (Figure 3a).
The effect of temperature was also evident when the
length of pollen tubes was evaluated (Figure 3b). Under
optimal conditions, pollen tubes reached lengths of more
than 1 mm after 16 h incubation (Figures 2g,h and 3b),
lengths that are markedly longer than those in other reported
studies. For example, the Fan et al. (2001) medium has been
used widely to characterize mutants affecting pollen germination and tube growth, but it is worth noting that, with this
medium, the mean tube length reported after 16 h germination was 200–400 lm. Similar results were reported by other
studies (Derksen et al., 2002; Hashida et al., 2007; Singh
et al., 2002; Taylor et al., 1998; Wang et al., 2004), and in
some studies (Fan et al., 2001; Thorsness et al., 1993) the
pollen tube morphologies appear abnormal, with thicker
walls or stunted growth.
At the optimal temperature, pollen tubes remained stable
without rupturing for more than 16 h germination, showing
regular growth and periodic callose plug deposition. Temperatures >24!C or <20!C had adverse effects on pollen tube
growth as well as on pollen germination. At 24!C and higher,
although pollen tubes seemed to grow more quickly, pollen
germination was reduced and approximately 50% of the
pollen tubes showed abnormal morphologies or polarity
defects (Figure 2e,f). At temperatures below 20!C, germination was strongly inhibited and many pollen grains burst
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Figure 2. Effect of temperature on Arabidopsis thaliana pollen germination.
(a) 18!C, pollen grains burst during hydration; (b) 20!C; (c) 22!C; (d) 24!C; (e) 28!C, a high proportion of pollen tubes showed disturbed polarity and growth; (f) 32!C, a
high proportion of pollen tubes inflated and blew up, and pollen protoplasts were seen frequently; (g, h) lower-magnification views of pollen germination at 22!C
after 16 h incubation on solidified medium (g) and in liquid medium (h); (i) a pollen grain after 2 h germination in liquid medium. White arrows, abnormal tubes.
Scale bars: (a–f) 100 lm; (g, h) 500 lm; (i) 50 lm.
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(a)

(b)

Figure 3. Effect of temperature on pollen germination rate and pollen tube
length.
(a) Pollen germination rate; (b) pollen tube length. Pollen from both Columbia
and Landsberg erecta ecotypes was germinated on solidified pollen-germination medium. Bars represent means ! SE, n = 2.

(Figure 2a). It is important to maintain the temperature
throughout the course of the experiment, as temperature
variations at any time led to pollen tube growth arrest or
abnormal morphologies (data not shown).
Columbia and Ler ecotypes showed different behaviors
above and below the optimal temperatures, suggesting that
these two ecotypes have slightly different temperature
tolerances (Figure 3a). The Columbia ecotype showed higher germination rates above the optimal temperature, with a
slight increase in germination rate at 28!C, but pollen tube
length was reduced, while at higher temperatures the Ler
ecotype showed germination rates lower than Columbia but
had longer pollen tubes. It is interesting that the optimal
temperature for pollen germination falls in the range of
temperatures suggested for A. thaliana growth conditions in
glasshouses. Temperatures above 24!C or below 18!C have
negative effects on plant growth and fertility [Arteca and
Arteca, 2000; Arabidopsis Biological Resource Center
(ABRC), http://www.biosci.ohio-state.edu/pcmb/Facilities/
abrc/handling.htm]. A recent study with Brassica napus

suggested that the major cause of low pollen fertility under
high temperatures was reduced pollen germination (Young
et al., 2004).
In addition to the positive effect on pollen germination
rates at optimal temperatures, a considerable increase in the
reproducibility of results was evident. The variations generally reported (Johnson-Brousseau and McCormick, 2004)
between different flowers or experiments on different days
were considerably minimized, and the germination rates
were routinely homogeneous with different day 0 flowers, as
observed by the typical ‘spaghetti-like’ pollen tubes from
different flowers incubated for 16 h in controlled conditions
(Figure 2g,h).
Although our experiments were routinely performed in an
incubator without lights, we tested whether light affected
pollen germination. Pollen germination in light yielded
values >80% for the Columbia and Ler ecotypes, similar to
the germination rates obtained in the dark (85%; data not
shown). Thus researchers who have access to a 22!C
incubator with lights should still achieve successful pollen
germination.
It is a common assumption that A. thaliana pollen germinates better in solid medium as it has a dry stigma. The
inability to use liquid medium has held back the use of
A. thaliana as a model system for physiological studies on
the regulation of pollen tip growth. We therefore tested
whether pollen germination was also attainable in liquid
medium. To perform this test, we collected pollen from
flowers in pollen germination medium, using a procedure
similar to that described by Becker et al. (2003). Pollen was
germinated in glass vials, without agitation, at 22!C. In these
conditions, pollen tends to settle on the bottom of the vial,
suggesting that oxygen availability is not crucial for pollen
germination. After just 2 h, long tubes with thin walls,
showing apparently regular growth and producing callose
plugs (Figure 2i), were observed floating in the liquid
medium. The results after 16 h incubation (Figure 2h,i) were
equivalent to those obtained on solidified medium (Figure 2g). Given these results, and a method to collect large
amounts of pollen using a vacuum cleaner (JohnsonBrousseau and McCormick, 2004), it should be feasible to
isolate enough growing pollen tubes for biochemical assays
or proteomics, and for gene expression profiles during
different stages of pollen tube growth.
To consolidate the view that temperature was the critical
factor determining reproducibility of in vitro pollen germination, several A. thaliana pollen germination media were
selected from the literature and tested under our optimal
incubation conditions. The results were evaluated and
compared with those reported by the authors. Pollen germination rates varied between 0 (medium A) (Azarov et al.,
1990) to 75–80% (Figure 4a). Among all media tested, the
best results for pollen germination and tube growth
(Figure 4a,b) were obtained with our optimized medium
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(a)

(b)

Figure 4. Pollen germination rate and pollen tube length with different pollen
germination media.
Pollen was germinated on solidified medium at the optimal temperature
(22!C). (a) Pollen germination rate; (b) pollen tube length. Pollen germination
media recipes were from: (A) Azarov et al. (1990); (B) Fan et al. (2001); (C) Li
et al. (1999); (D) Mouline et al. (2002); (E) Boavida (2005); (F) our optimized
medium. Bars represent means ! SE, n = 2.

(medium F) followed by those optimized for the C24 ecotype
(medium E, Boavida, 2005) and by Li et al. (1999; medium C).
Medium B (Fan et al., 2001) and medium D (Mouline et al.,
2002), two of the most cited pollen germination media for
A. thaliana, showed the lowest germination rates (50–60%)
and shortest pollen tube lengths (600–700 lm after 16 h
incubation) (Figure 4a,b). Nonetheless, the pollen tube
lengths we obtained with these media were greater than
those reported by the authors, and the results were consistent in separate experiments.
Importance of pH and use of buffered medium for
physiological studies of pollen tube growth
Most physiological analyses of pollen germination require
the manipulation of ions in the medium, and sometimes the

Figure 5. Effects of pH and buffered medium on pollen germination rates.
Analysis of pollen germination rates in solid media of different pH or after
addition of buffer. Bars represent means ! SE, n = 2.

medium is buffered. We therefore tested if adding buffer to
our medium would improve pollen germination rates. Variations of pH with buffered and non-buffered medium were
tested. We found that adding buffer to the medium
decreased the germination rate in both Columbia and Ler
(Figure 5), indicating that pollen tubes grow better and
germination rates are higher in a non-buffered medium. Ler
was more tolerant to pH variations in non-buffered conditions, but both ecotypes behaved similarly when buffer was
added to the medium. The germination rates were reduced
to 50–60% in buffered conditions at pH values of 7.0–7.5,
while in non-buffered medium, germination rates of 70–80%
were obtained at pH values of 7.5–8.0. In pollen tubes, a
proton influx is localized at the extreme apex, whereas the
rest of the tube (including the immediate subapical region)
experiences an efflux (Feijo et al., 1999; Messerli and
Robinson, 1998; Messerli et al., 1999; Robinson and Messerli, 2002).These fluxes are important for the establishment
and maintenance of pollen tube tip growth (Messerli and
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Robinson, 1998). The efflux of protons from the pollen tube
to the extracellular medium may contribute to a gradient of
acidification in the surrounding environment, probably
promoting pollen germination and tube growth.
Determining the best flowers and plant ages with which
to perform pollen germination assays
We presumed that Arabidopsis pollen would lose viability
quickly, and that this could have been one of the main reasons for our initial variable germination rates. Therefore, for
the experiments reported so far, we had used day 0 flowers
(Figure 6a,b). Given that we had an optimized protocol, we
then tested whether flower age or plant age was important.
Young plants produce, on average, two newly opened
flowers per day, but as plants get older the number of
flowers per day is reduced and new flowers do not open
every day (Figure 6a,b). We assumed that vacuum-collected
pollen is a mixture from flowers of different ages and different viabilities. Germination was evaluated with pollen
collected from flowers of different ages and from plants at
different developmental stages (Figure 6c,d). Although pollen maintained high viability over several days, the best
pollen was from day 0 flowers, and viability in the Columbia
ecotype dropped approximately 10% for each day a flower
was older (Figure 6c). Columbia pollen collected by vacuum
showed germination rates of 70%, in liquid or solid medium
(data not shown), confirming that pollen viability was not
drastically reduced in the Columbia ecotype as flowers grew
older. However, pollen viability in Ler declined more rapidly,
with a decrease from an 80% germination rate with day 0

(a)
(c)

(b)

(d)

flowers to a rate of 50% with day 1 flowers (Figure 6c). Pollen
from older flowers (day 4) for both ecotypes yielded a
40–50% germination rate. Pollen viability was also evaluated
throughout plant development (Figure 6d). Germination
rates above 80% were achieved for the first bolting flowers
of young plants, from flowers the first week after bolting,
and from mature plants (approximately 3 weeks after bolting), with only a slight decrease, to about 75%, with pollen
from the last flowers of an old plant. However, a considerable reduction in germination (65%) was observed with day
0 flowers from plants that had been cut back to stimulate the
production of new bolts. Pollen viability at all these stages,
as assessed by the fluorochromatic reaction test, remained
at about 95% (data not shown). Although the decrease in
performance was not drastic, it is advisable to use day 0
flowers to obtain the best results.
Pollen germination rates are dependent on pollen density
The phenomenon of density-dependent pollen germination
and tube growth, also known as the pollen population effect,
is important in several species (Brewbaker and Majumder,
1961; Chen et al., 2000; Pasonen and Kapyla, 1998). This
effect probably involves pollen–pollen interactions, as
addition of conditioned medium can promote pollen germination at low densities. Chen et al. (2000) demonstrated
that the small peptide phytosulfokine was responsible for
the conditioned medium effect, suggesting that this compound, and perhaps other molecules, released from pollen
grains, promote pollen germination. In the experiments
reported so far, pollen from approximately six flowers was
Figure 6. Effect of flower and plant age on germination rates.
(a) Mature plants showing position of flowers relative
to the inflorescence buds; in general, two flowers
open per day.
(b) In old plants, in general, only one flower per day
opens.
(c, d) Pollen germination rates in Columbia and
Landsberg erecta ecotypes relative to flower age (c)
and plant age (d). First flowers of a young plant,
flowers 1 week after bolting, mature plant (approximately 3 weeks after bolting), last flowers produced
by an old plant, and day 0 flowers from a new bolting
of a plant that had been cut back. Bars represent
means ! SE, n = 2.
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Figure 7. Effect of pollen density on germination rate.
Assays were performed with solid (a–e, k) and liquid medium (f–j, l) using Columbia pollen.
(a–e) Pollen from different numbers of anthers was spread in a 5-mm2 area: (a) 0.5, (b) one, (c) two, (d) three, (e) eight anthers.
(f–i) Pollen from different numbers of flowers was germinated in 250 ll medium: (f) 10, (g) 20, (h) 30, (i) 40 flowers.
(j) Higher-magnification view from a 40-flower density assay after 3 h incubation.
(k) Pollen germination rates in solid medium; statistical classes were defined according to the number of grains/area present in each density assay.
(l) Pollen germination rates in liquid medium. Bars represent means ! SE, n = 3. Scale bars: (a–i), 500 lm; (j), 100 lm.

spread onto the area defined by the agarose pad, to achieve
a reasonable pollen density. To develop guidelines for pollen density in liquid medium, pollen from different numbers
of flowers was diluted in a defined volume of medium. For
guidelines for solid medium, pollen from different numbers
of anthers was spread on a defined area (5 mm2) of the
agarose pad. Figure 7 shows that pollen density promotes
pollen germination and tube growth. At lower pollen densities, in either solid or liquid medium, the germination rates
were poor and tubes were shorter (Figure 7a–j). As pollen
density increased, the germination rate improved (Figure 7k,l). For solid medium, the highest pollen germination
rates (90%) were observed when more than 300 pollen
grains were spread in a 2-mm2 area (Figure 7k). This pollen
density is achieved by spreading pollen from approximately

six to eight anthers on a 5-mm2 area, or by dusting pollen
from approximately 10 flowers onto the surface of the agarose pad. For liquid medium, maximal pollen germination
rates (90%) were achieved with 40 flowers per 250 ll medium (Figure 7l). Liquid germination can also be performed in
single wells of 96-well plates, using 50 ll medium and pollen
from 8 to 10 flowers (data not shown). Vacuum-collected
pollen germinated in liquid medium (at a concentration of
2 mg ml)1) gave a 70% germination rate (data not shown).
The quartet1 mutation negatively affects pollen germination
The Arabidopsis quartet (qrt) mutation (Preuss et al., 1994)
has been used extensively (reviewed by Johnson-Brousseau
and McCormick, 2004) to facilitate phenotypic analysis of

ª 2007 The Authors
Journal compilation ª 2007 Blackwell Publishing Ltd, The Plant Journal, (2007), 52, 570–582

578 Leonor C. Boavida and Sheila McCormick

Figure 8. Effect of the quartet1 mutation on pollen germination rates.
Overall germination rate (%) represents germination/total number of grains
analyzed. 1–4 refer to the distribution of tetrads with 1, 2, 3 or 4 pollen tubes.
Bars represent means ! SE, n = 3.

male gametophytic mutants, because a male gametophytic
mutant will have two normal and two affected pollen grains
in each tetrad. To determine if quartet1 affected pollen germination rates, quartet1 pollen in either Columbia or Ler
ecotypes was germinated on agarose (Figure 8) and germination rates were compared with those for the corresponding wild-type background. The quartet1 mutation had a
negative effect on pollen germination, which is more pronounced in Ler, where the overall percentage of germination
(considering the total number of grains) was reduced to
40%. In the Columbia ecotype, the overall germination rate
was still acceptable (70%). However, if the percentage of
germination is evaluated per tetrad, the results are not ideal.
In Columbia, tetrads containing two, three or four pollen
tubes were present, but in Ler most of the tetrads had only
one or two pollen tubes. Thus using qrt1 in Ler requires
analysis of a large number of tetrads to find some containing
three or more pollen tubes, and therefore usable for scoring
the phenotypic effects of a male gametophytic mutant on
pollen germination or tube growth.
Pre-hydration and heat treatment reduce the time required
for in vitro metabolic activation and synchronize pollen
germination
Pollen grains and seeds are considered anhydrobiotic
organisms as they are able to survive under extreme desiccation conditions. They are also extremely sensitive to rapid
imbibition in cold medium, particularly when extremely
dehydrated (Crowe et al., 1992). In hydrated conditions,
membranes are generally in a liquid crystalline phase, while
during desiccation the phospholipid bilayers pass into a gel
phase. The initial uptake of water by dehydrated pollen
grains, when placed directly on germination medium, can be
very fast due to their small size, inducing a rapid phase

transition of membranes and potentially compromising
pollen viability due to disruption of membrane integrity.
This probably explains why pollen grains burst when they
were incubated directly on pollen-germination medium at
18!C (Figure 2a). If, however, a brief period of hydration is
done at warmer temperatures, damage is avoided as phase
transitions in membranes are minimized (Crowe et al.,
1992). The initial reorganization of the membranes from dry
to hydrated state is therefore a critical cellular process
(Crowe et al., 1989).
Pollen germination percentages for many species can be
increased considerably if pollen grains are equilibrated in a
moisture environment before incubation in a suitable
in vitro germination medium (Shivanna and Heslop-Harrison, 1981). In an attempt to increase pollen vigor, assessed
as the time taken before in vitro pollen germination starts,
the effects of different conditions of pre-incubation were
tested using pollen from the Columbia ecotype. Pollen
dehydration, pre-hydration, a short incubation at higher
temperatures, or combinations of these treatments were
tested. The results were evaluated with respect to the
improvement in percentage of germination in the first hours
of incubation (synchronization) and the uniformity of pollen
tube lengths within the sample.
Dehydration of pollen for 1 h before incubation on pollen
germination medium did not improve germination rates
relative to the control (data not shown). Dehydration was
reported to increase subsequent pollen viability before
storage at low temperatures (Pickert, 1988), and may not
be relevant for pollen harvested directly from fresh flowers.
Similarly, pre-incubation of pollen at 30!C for 30 min to 1 h
did not improve pollen germination. However, pre-hydration
for 30 min at room temperature (22–24!C) followed by
30 min incubation at 30!C increased the germination rate
upon transfer to solidified medium at optimal temperature
(22!C). Higher temperatures can have a positive effect on
metabolic activation when pollen is exposed to them for
short periods (Figure 9a,b), but are detrimental to pollen
germination rates if applied for long periods (Figure 2a).
Pre-hydration and incubation at 30!C during pollen
hydration appeared to minimize damage during imbibition,
and accelerated metabolic activation. In vitro pollen grain
germination rates increased from 80% to >90%, and pollen
tube growth was increased in the first hours of incubation
after pre-treatment (Figure 9a,b). The number of germinated
grains in the first 2 h after pre-treatment was five-fold higher
when compared to the control. With pre-treatment, about
30% of the pollen grains started germinating within the first
hour, with another 20% initiating germination between the
third and fourth hours. In the control, only 10% of the grains
germinated in the first hours of incubation, with an increase
to 30% after 6 h incubation. The higher pollen germination
percentage and an apparent regular pollen tube growth rate
in the first 4 h of incubation contributed to uniformity of tube
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the growth rates estimated for fast pollen tube growth
species such as lily (approximately 12 lm min)1), the average growth rates we obtained for A. thaliana (5 lm min)1)
pollen tubes were comparable with those reported for
tobacco pollen tubes (6–12 lm min)1).
Transcriptome analyses of the A. thaliana male gametophyte (Becker et al., 2003; Honys and Twell, 2003, 2004; Pina
et al., 2005) contributed significantly to our knowledge of
gametophyte gene expression. The development of a robust
method that can be routinely applied for in vitro pollen
studies is no less important. Our method substantially
improves the reliability and reproducibility of in vitro
A. thaliana pollen germination and tube growth, in both
liquid and solid media, and will allow detailed analyses of
knockout mutants affected in male gametophyte function
and time-course analyses of pollen tube growth. Arabidopsis thaliana is no longer a challenging organism for physiological and genetic studies of pollen tip growth.

Experimental procedures
Plant growth conditions

Figure 9. Effects of pre-hydration and heat treatment on pollen germination
rates and pollen tube length.
(a) Pollen germination rate; (b) pollen tube length. Control: Columbia pollen
was placed immediately onto solidified pollen-germination medium and
incubated at 22!C. Liquid medium: Columbia pollen was placed immediately
into liquid medium and incubated at 22!C. Pre-hydration and heat treatment:
flowers were incubated in a moisture chamber for 30 min, then pollen was
transferred to solidified germination medium and incubated at 30!C for
30 min before incubation at 22!C. Bars represent means ! SE, n = 2.

lengths within the sample, and facilitated time-course
analyses of pollen tube growth. Mouline et al. (2002)
reported 500-lm-long pollen tubes after only 6 h incubation,
but these values are far from in vivo pollen tube growth
rates (300–500 lm h)1, Mansfield and Briarty, 1991). For the
Columbia ecotype, during the first hour of incubation, the
average pollen tube growth rate for the control was
estimated as 200 lm h)1 (Figure 9b), while for pre-treated
pollen grains this rate was 300 lm h)1 for the same period of
incubation, followed by a relatively steady growth rate of
150–200 lm h)1 in the following hours. Although the influence of pre-treatment was not tested for liquid medium, the
average growth rate was equivalent to that obtained for pretreated pollen grains, suggesting that higher pollen tube
growth rates can be achieved for A. thaliana pollen tubes
when incubated in liquid medium. Although not reaching

Seeds of A. thaliana, Columbia and Landsberg erecta ecotypes,
were obtained from the Arabidopsis Biological Resource Center
(ABRC, Ohio State University, Columbus, OH, USA). Seeds were
surface-sterilized with 20% sodium hypochlorite solution for
10 min, washed three times with sterile water and plated onto Petri
dishes containing basal MS medium (Murashige and Skoog, 1962)
supplemented with vitamins (1 mg l)1 thiamine, 0.5 mg l)1 pyridoxine, 0.5 mg l)1 nicotinic acid, 0.1 mg l)1 myoinositol), 0.5 g l)1
2-(N-morpholino)ethanesulfonic acid (MES, Sigma, http://www.
sigmaaldrich.com), 1% (w/v) sucrose (Fisher Scientific, http://www.
fisher.co.uk), 0.8% agar (Fisher Scientific) and adjusted to pH 5.7.
Seeds were stratified for 3 days at 4!C in the dark and then grown in
short-day conditions (8 h light/16 h dark at 21!C) for 14 days in a
Percival growth chamber. After transfer to soil, plants were grown in
glasshouse conditions, with 16 h daylight with a light intensity of
75–100 lmol m)2 sec)1, day/night temperatures of 21!C/18!C, and
approximately 50% relative humidity.

Optimization of pollen germination medium and
incubation conditions
Pollen germination medium (final volume 20 ml) was always prepared fresh from 100· stock solutions of the main components (KCl,
H3BO3, CaCl2, MgSO4) using autoclaved MilliQ water (Millipore,
http://www.millipore.com). Sucrose was added and dissolved, then
the pH was adjusted to 7.5 using NaOH (with our laboratory water,
approximately 30 ll 0.1 M NaOH is enough to bring the pH to the
desired value). It is extremely important that the pH adjustment is
done with minimal volumes to avoid variations in the concentration
of the main components. For solidified medium, 1% low-melting
agarose (Nusieve GTG agarose, Biowhittaker Molecular Applications, http://www.biowhittaker.com) was added and briefly heated
in a microwave oven, on medium power, just long enough for the
agarose to melt. After optimization, we found that 1.5% agarose was
more useful for imaging, as 1% agarose is more easily damaged. All
subsequent experiments used 1.5% agarose.
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A rectangle of 20 · 45 mm was drawn on a glass microscope
slide using a Super HT PAP pen (Research Products International
Corp., http://www.rpicorp.com). This well was filled with 500 ll
melted germination medium, to build a flat agarose pad where
pollen could be spread after the agarose was solidified. The slides
were immediately placed inside a moisture incubation chamber to
avoid dehydration of the medium. The incubation chambers were
empty micropipette tip boxes, assembled as described by JohnsonBrousseau and McCormick (2004). All experiments were performed
using pollen from freshly opened flowers, defined here as day 0 if
not otherwise indicated. To minimize biological variation, pollen
from six flowers from different plants was spread on the surface of
the agarose pad to achieve an appropriate pollen density. Bulk
pollen collection with a vacuum was performed as described by
Johnson-Brousseau and McCormick (2004). In one experiment,
buffers (MES or HEPES) were added to solid medium by addition
from 0.5-M stock solutions, for final concentrations of 5 mM. For
germination assays and pollen density effects in liquid medium,
pollen from a given number of flowers (10, 20, 30, 40 flowers) was
collected in germination medium, agitated briefly on a vortex mixer,
then the flower parts were removed with a forceps and the pollen
was pelleted for 30 sec at 800 g. For density assays using pollen
collected by the vacuum method, the pollen was weighed and
different pollen dilutions were used for germination (0.5, 1, 1.5,
2 mg ml)1). In both cases, pollen was resuspended in 250 ll fresh
pollen germination medium and placed in small (12 · 45 mm) glass
vials with their screw caps loosely attached. Germination was
performed without agitation, as a rotating shaker in the incubator
would produce heat, which might have disturbed the temperature
of the incubator. After germination a 50-ll aliquot was removed,
using a 1000-ll pipette tip, and placed on a microscope slide for
observation. For pollen density analysis on solid medium, 5-mm2
area squares were defined on the agarose pad, then pollen from
different numbers of anthers (1, 2, 3, 4, 8 anthers) was spread evenly
on each square to establish different pollen densities. As the
number of grains in each assay could not be controlled accurately
(the number of pollen grains deposited per anther was variable), we
grouped categories by the number of grains present in a defined
area. The numbers of pollen grains in a 2-mm2 area were counted
and the germination rates were determined for each category.
For pre-hydration assays, flowers were collected and immediately placed into moisture incubation boxes (the same as used for
pollen germinations) for 30 min before pollen was transferred to
germination medium and incubated under controlled conditions.
Pollen hydration can also be performed in 96-well plates by putting
four to five flowers in each well and placing a moistened piece of
paper wipe between the wells and the lid. For the dehydration
assay, flowers were collected and maintained in a parafilm-sealed
100 · 15-mm Petri dish containing 30 g of Drierite (magnesium
perchlorate hydrate, Acros Organics, http://www.acros.com) for 1 h
before pollen was transferred to germination medium. To transfer
pollen to solid germination medium, the flower was inverted with
the help of tweezers and, using a stereoscope for observation,
brought close to the surface of the agarose pad and pollen was
dusted upon it. The slides were placed in a moisture-incubation
chamber and taken immediately to a controlled-temperature incubator. Pollen germination rates and tube growth were scored after
16 h incubation in the dark, unless otherwise indicated. It is
important that the temperature inside the incubator remains stable,
as slight variations have negative effects. Therefore repeated
opening of the incubator door should be avoided.
In vitro pollen germination was examined under a Zeiss Axioskop
2 (Carl Zeiss, http://www.zeiss.com) microscope using DIC optics
(2.5·, 0.075 NA; 10·, 0.25 NA; 20·, 0.50 NA). Slides can be observed

at these magnifications without a coverslip. Images were captured
with AXIOVISION ver. 4.3 software using an AxioCamMR camera, and
processed with Jasc PAINT SHOP PRO ver. 9. Pollen germination
counts and tube lengths were performed manually with the IMAGEJ
software (http://rsb.info.nih.gov/nih-image/index.html) using the
cell counter and measure and label plug-ins, respectively. Two
replicates (two slides incubated in different pipette boxes under the
same conditions) and a minimum of two independent experiments
were performed for each assay. Images were collected from at least
four different microscopic fields, from each replicate. At least 500
pollen grains were scored for pollen germination rates and 20–30
pollen tubes were measured for analysis of pollen tube growth in
each replicate. A pollen grain was classified as germinated if the
pollen tube length was equal to or greater than the pollen grain
diameter. Statistical analysis of results and further processing was
performed using GRAPHPAD PRISM ver. 4.00 for WINDOWS (http://
www.graphpad.com).
Pollen viability was estimated by the fluorochromatic reaction
test (Heslop-Harrison et al., 1984). Pollen was collected as described
for liquid pollen germination, incubated in a 5-mM solution of
fluorescein diacetate with 17% sucrose, and observed under the
fluorescent microscope using the fluorescein isothiocyanate FITC
filter (490/520 nm).
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INTRODUCTION
Plants rely on a dramatic polar cell growth process—pollen
tube elongation within pistil tissues—to transport sperm cells
to the ovules for fertilization (Hepler et al., 2001; Lord and
Russell, 2002; Cheung and Wu, 2008). Pollen grains on the
stigma extrude a polar outgrowth from a germination pore
to form a pollen tube. The pollen tube penetrates the extracellular matrix of stigmatic and stylar tissues and elongates basally by a tip growth process whereby cell expansion occurs
only at the tube apex. As the tube apex extends away from
the pollen grain, callose is deposited periodically behind the
migrating tube front, thus compartmentalizing the pollen cytoplasm, the tube nucleus and two sperm cells to the most
proximal segment of the pollen tube. In many species, pollen
tubes extend for centimeters within the pistil, sometimes even

much longer (e.g. in the maize silk), before reaching the ovules
for fertilization, resulting in a tubular structure whose length
is thousands of times that of the diameter of the grain or of the
width of the tube.
The cellular basis of this polar cell growth process has been
extensively studied in in-vitro pollen tube growth cultures, in
particular those of tobacco and lily because of their robust
growth properties. Elongating pollen tubes show a highly
1
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ABSTRACT Pollen tubes elongate within the pistil to transport sperm cells to the embryo sac for fertilization. Growth
occurs exclusively at the tube apex, rendering pollen tube elongation a most dramatic polar cell growth process. A hallmark pollen tube feature is its cytoskeleton, which comprises elaborately organized and dynamic actin microfilaments and
microtubules. Pollen tube growth is dependent on the actin cytoskeleton; its organization and regulation have been examined extensively by various approaches, including fluorescent protein labeled actin-binding proteins in live cell studies.
Using the previously described GFP-NtADF1 and GFP-LlADF1, and a new actin reporter protein NtPLIM2b-GFP, we re-affirm
that the predominant actin structures in elongating tobacco and lily pollen tubes are long, streaming actin cables along the
pollen tube shank, and a subapical structure comprising shorter actin cables. The subapical collection of actin microfilaments undergoes dynamic changes, giving rise to the appearance of structures that range from basket- or funnel-shaped,
mesh-like to a subtle ring. NtPLIM2b-GFP is used in combination with a guanine nucleotide exchange factor for the Rho
GTPases, AtROP-GEF1, to illustrate the use of these actin reporter proteins to explore the linkage between the polar cell
growth process and its actin cytoskeleton. Contrary to the actin cytoskeleton, microtubules appear not to play a direct role
in supporting the polar cell growth process in angiosperm pollen tubes. Using a microtubule reporter protein based on the
microtubule end-binding protein from Arabidopsis AtEB1, GFP-AtEB1, we show that the extensive microtubule network in
elongating pollen tubes displays varying degrees of dynamics. These reporter proteins provide versatile tools to explore
the functional connection between major structural and signaling components of the polar pollen tube growth process.

Cheung et al.

Cytoskeleton Dynamics and Regulation in Pollen Tubes

|

687

nucleating protein formin disrupts the normal actin organization, induces supernumerary actin cables, pollen tube growth
depolarization and arrest (Cheung and Wu, 2004). Increasing
or reducing the level of gelsolin-like actin severing proteins,
ABP29 and ABP41 from lily, results in growth inhibition and
obliteration of the actin cytoskeleton (Fan et al., 2004; Xiang
et al., 2007). Moreover, the activity of many of these actinbinding proteins is regulated by ionic conditions and lipid
metabolites (Ren and Xiang, 2007). Thus, the pollen tube actin
cytoskeleton and growth are subject to regulation by signaling
pathways that directly or indirectly impact actin dynamics. Rho
GTPases, referred to as RAC/ROPs, with their multiple signaling
pathways that regulate Ca2+, phosphoinosides and ADF activity
are known to play critical roles in regulating pollen tube growth
and polarity (Nibau et al., 2006; Yang and Fu, 2007; Kost, 2008).
An expedient pollen tube growth system that permits observation of the actin cytoskeleton under live cell conditions will
immensely facilitate efforts to dissect in real time the intricate
network of interacting elements that regulate the pollen tube
actin cytoskeleton. Towards this end, several green fluorescent
protein (GFP)-labeled actin-binding proteins, in particular
a GFP-labeled actin-binding domain of mouse talin (GFPmTalin) (Kost et al., 1998; Fu et al., 2001) and ADF from tobacco
and lily (GFP-NtADF1 and GFP-LlADF1) (Chen et al., 2002), have
been developed in the past decade. As the GFP-ADFs have
been determined to be most tolerated by growing pollen
tubes (Wilsen et al., 2006), we present here an overall description of the tobacco and lily pollen tube actin cytoskeleton as
revealed by these reporter proteins based on reported and additional imaging data. Recent studies have identified a novel
actin-binding protein, NtWLIM1, from tobacco (Thomas et al.,
2006). Using a GFP labeled, pollen-specific LIM protein from
tobacco, NtPLIM2b-GFP, we describe the use of this actin reporter protein in a study that examines the functional connection between a guanine nucleotide exchange factor Rho
GTPases from Arabidopsis (Berken et al., 2005), AtROP-GEF1,
polar tube growth, and the pollen tube actin cytoskeleton.

RESULTS
GFP-NtADF1 Reveals a Dynamic Actin Cytoskeleton in
Elongating Tobacco Pollen Tubes
We have shown that the pollen tube actin cytoskeleton and
polar cell growth process are highly sensitive to alterations
in ADF level or activity (Chen et al., 2002). Growth is retarded
in tobacco pollen tubes that have been transformed by microprojectiles coated with as little as 0.1 lg of Lat52-NtADF1 DNA.
Transformation by 2.5 and 5 lg of this DNA reduces the average growth rates over a 5–8-h growth period to less than 20%
that of control pollen tubes. On the other hand, pollen tubes
transformed by 5 lg of Lat52-GFP-NtADF1 maintained an average growth rate of about 70–80% that of control tubes. GFPNtADF1 decorates an elaborate actin cytoskeleton structure
with long cables aligned with the tube axis in the shank
and a prominent mesh- and basket-like structure at the
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polarized cytoplasmic organization (Steer and Steer, 1989;
Derksen et al., 1995; Hepler et al., 2001; Cheung and Wu,
2007, 2008). Readily noticeable is the almost exclusive segregation of a large density of transport vesicles to the tube apex,
giving rise to the appearance of an apical domain with a relatively smooth cytoplasm. This organelle-free cytoplasm spans
the apical dome and converges at about 5–15 lm distal from
the tube apex, such as in tobacco and lily pollen tubes, respectively, to form an inverted cone-shaped region, referred to as
the ‘clear zone’. Subtending the inverted cone is a cytoplasm
enriched in the more granular-appearing, metabolic, and secretory organelles. The cytoplasm is continuously engaged
in a rapid streaming pattern, referred to as reverse fountain
cytoplasmic streaming. Cellular contents are transported apically along the cortical cytoplasm until the subapical region
subtending the clear zone, where their transport is reversed
and they are trafficked distally in the core of the tube. Numerous studies in chemically fixed and living pollen tubes reveal an
elaborate cytoskeleton comprising extensive networks of long
actin cables and microtubules throughout the shank of the
tube. They are largely aligned with the long axis of the tube,
reaching the subapical region but not readily observable
within the apical dome (see below). A prominent actin structure comprising shorter actin cables is consistently observed in
the subapical region, but is variably referred to as a ring or
a collar (Kost et al., 1998; Gibbon et al., 1999; Fu et al., 2001),
a mesh (Geitmann et al., 2000; Chen et al., 2002), a funnelor basket-like structure (Vidali et al., 2001; Hormanseder
et al., 2005), and a fringe (Lovy-Wheeler et al., 2005). These
seemingly variant structures would seem to suggest a structure
that is constantly in flux and highly sensitive to the constantly
fluctuating cytoplasmic conditions; or they may reflect a highly
fragile structure easily perturbed by fixation or binding by actin
reporter proteins, rendering an accurate representation difficult. Inhibitor studies show that the polar cell growth process
in angiosperm pollen tubes is dependent on the actin cytoskeleton whereas actin and microtubule interactions are important
for gymnosperm pollen tube growth (Anderhag et al., 2000).
The rapidity, dramatic polar characteristic, and absolute dependence of the angiosperm pollen tube growth process on
the actin cytoskeleton are the basis for an attractive cell system
for studying actin organization and dynamics and examining
how they may be correlated to cell growth. Many actin-binding proteins regulate different aspects of actin dynamics and
architecture (Staiger, 2005; Ren and Xiang, 2007). Among
these, the G-actin-binding protein profilin and actin depolymerizing factors (ADF) inhibits actin polymerization and stimulates depolymerization, respectively, are probably the best
characterized. Microinjection of profilin and slight overexpression of ADFs from a transgene both induce severe disruption of
the pollen tube actin cytoskeleton and inhibit growth (Vidali
et al., 2001; Chen et al., 2002), suggesting properly regulated
actin dynamics critically underlies the normal tip growth process. The level of nascent actin filament production is apparently also critically regulated, as slight increases in the actin
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GFP-LlADF1 Reveals Prominent Subapical Actin Mesh
and Basket in Elongating Lily Pollen Tubes
Lily pollen tubes are almost twice the width of tobacco pollen
tubes and elongate at rates of 200–300 nm/s (see Hepler et al.,
2001), making them particularly attractive for studies in which
microinjections are involved (e.g. see Holdaway-Clarke and
Hepler, 2003). Previous studies using 5 lg of Zmc13-GFP-LlADF1
DNA for transformation showed transformed lily pollen tubes
with a prominent subapical mesh, sometimes subtended by actin cables, yielding also a basket-shaped structure (Chen et al.,
2002). A subsequent study reiterated the earlier observations of
a GFP-LlADF1-labeled subapical structure across the width of
medial sections in transformed tubes (Wilsen et al., 2006).
The substantially larger cytoplasmic volume in lily pollen
tubes requires higher levels of actin marker proteins to efficiently reveal more of the actin cytoskeleton beyond the
subapical collection of microfilaments. To determine if GFPLlADF1 may be expressed to a high enough level to provide
a more complete view of the lily pollen tube actin cytoskeleton, we bombarded lily pollen grains by microprojectiles
coated with either 7.5 or 10 lg of Zmc13-GFP-LlADF1 DNA.
Both quantities of input DNA yielded acceptable results in that
about 50% of the transformed pollen tubes elongating at
rates within the growth rate range reported for wild-type lily
pollen tubes show various extents of discernable GFP-labeled
actin structures. A distribution profile of growth rates
among these transformed pollen tubes observed from two independent bombardment samples is shown in Figure 2A. The
growth rapidity of these pollen tubes is readily noticeable in
the selected images within time series taken of these tubes
(Figure 2B and 2C) and in Supplemental Movies 2B and 2C. Pollen tubes monitored to obtain the data shown in Figure 2A
show a range of actin cytoskeleton labeling patterns. These include pollen tubes in which GFP-LlADF1 reveals only the subapical actin mesh (Figure 2B), similar to those reported
previously (Chen et al., 2002; Wilsen et al., 2006). In others,
the subapical structure and long actin cables in the shank
can both be observed (Figure 2C and 2D). Rotated views of
its subapical structure (Figure 2D, lower panel) and animation
of its serial sections (Supplemental Movie 2D) show a subapical
basket structure with a denser collection of actin cables closer
to the cortex than in the core of the tube. Transformed pollen
tubes elongating at rates close to and below 75 nm s!1 have
more extensive GFP-LlADF1-labeled actin cables, some showing presence of actin cables in the apical dome cytoplasm.
Thus, physiological studies in lily pollen tubes with a relatively
normal GFP-actin-binding protein-decorated actin cytoskeleton and growth rates comparable to those observed in nontransformed controls are imminently possible.

NtPLIM2b-GFP, a New Reporter Protein for the Pollen
Tube Actin Cytoskeleton
LIM proteins are a conserved family of eukaryotic proteins
characterized by the common presence of what is referred
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subapical region of these transformed pollen tubes (Chen et
al., 2002, 2003; Feijo and Moreno, 2004; Moreno et al.,
2006; Cheung and Wu, 2008). In fact, as little as 0.5–1 lg of
Lat52-GFP-NtADF1 DNA used for transformation is adequate
to reveal various actin structures in transformed tobacco pollen tubes (Figure 1; Cheung and Wu, 2004, 2008; Wilsen et al.,
2006). Since the Ser6 residue in NtADF1 is important for its actin depolymerizing activity (Chen et al., 2002), fusion of a GFP
at its N-terminus apparently has compromised this activity
while preserving actin binding. The mitigated actin disassembling activity due to the N-terminal fusion thus permits the use
of GFP-NtADF1 as an actin marker over a broad range of
expression levels. A relatively large number of transformed
pollen tubes (Figure 1A) with elongation properties approximating those in non-transformed or control GFP-expressing
transformed pollen tubes, namely with growth rates of
between 20 and 40 nm s!1 in GM, and ;40-70 nm/s in polyethylene glycol supplemented media, are routinely observed in
each transformation sample over a growth period spanning
3–8 h from the start of growth cultures.
Transformed pollen tubes elongating at rates higher than
7–8 nm s!1 showed a range of GFP-NtADF1 labeling patterns
(Figure 1B–1E). The least fluorescent tubes tend to have an entirely cytoplasmic GFP-NtADF1 labeling pattern (not shown).
At higher expression levels, GFP-NtADF1 decorates almost exclusively a subapical mesh-like structure in some tubes (Figure
1C–1E), or a mesh and a basket- or funnel-shaped subapical
structure together with long actin cables along the shank of
some pollen tubes (Figure 1B). The subapical structure,
whether more mesh-like or more basket-shaped, shows continuous changes in its location relative to the migrating tip, morphology, expanse, and density of actin cables. These changes
are readily observable in images captured in time series for
elongating pollen tubes (Figure 1E; Supplemental Movie 1E;
see also Chen et al., 2002; Cheung and Wu, 2004; Feijo and
Moreno, 2004; Wilsen et al., 2006; Moreno et al., 2006; Cheung
and Wu, 2008). Medial sections of pollen tubes with a denser
subapical structure show that it spans the width of the tube
cytoplasm and is evidently maintained in time series (Figure
1E). When whole tube projections are rotated to provide
a more frontal view of the tube, actin cables can also be seen
across much of the cross-section of the tube (Figure 1B and 1D).
Rotated views of less prominent subapical structures reveal
a subtle ring structure, with denser actin cables around the cortex than in the center of the tube (Figure 1C, upper panel).
Longitudinal sections nonetheless reveal presence of actin
cables across the width of these tubes (e.g. in the 4-lm section
of Figure 1C, lower panel). In pollen tubes in which a higher
density of shank actin cables is revealed than in the tube
shown here, the subapical short actin cables become less discernable but appear more as a continuum with the long cables
(see, e.g. Figure 2H in Cheung and Wu, 2007). Notably, in these
live cell observations, short actin cables, whilst they evidently
exist, usually do not persist along the apical periphery in elongating pollen tubes.

Cheung et al.

d

Cytoskeleton Dynamics and Regulation in Pollen Tubes

|

689

Downloaded from mplant.oxfordjournals.org at University of Massachusetts on May 20, 2011

Figure 1. GFP-NtADF1 Reveals an Elaborate and Dynamic Actin Cytoskeleton in Elongating Tobacco Pollen Tubes.
(A) Growth rate distribution among pollen tubes expressing GFP-NtADF1 examined in one transient transformation experiment. Growth
rates were obtained from measuring distances elongated by each pollen tube imaged at their medial planes over periods spanning ;250 to
;800 s, at either 5 or 10-s intervals. Forty-four pollen tubes were observed over a span of 3–9 h after bombardment. The distribution profile
is typical of numerous experiments carried out using GFP-NtADF1 as an actin marker for different experimental purposes.
(B) A medial section (upper panel) and a whole tube projection (lower panel) of a transformed pollen tube with an extensive GFP-NtADF1labeled actin cytoskeleton. The middle and lower images, in the whole tube projection panel, are rotated (degrees rotated clockwise are as
indicated) from the axial view (upper image) to reveal a more frontal view of the tube, showing short actin cables spanning the region
across the proximal pollen tube cytoplasm. Similarly, serial sections of the Z-stack (Supplemental Movie 1B) reveal short actin cables spanning the width of cytoplasm at the subapical region. The pollen tube was observed at ;5.5 h after bombardment. Arrow indicates a basketlike subapical actin structure; arrowhead indicates a mesh-like structure.
(C) (Top panel) An axial (upper) and two rotated (middle and lower) views of a whole tube projection of a pollen tube showing a moderately
labeled subapical mesh-like structure. (Bottom panel) Three consecutive optical sections from the medial region of the tube reveal subtle
but evident presence of short GFP-NtADF1-labeled cables spanning the subapical cytoplasm. The pollen tube was observed at ;4.5 h after
bombardment.
(D) An axial (left panel) and two rotated (middle and right panels) views of a transformed pollen tube with a prominently labeled subapical
actin mesh. Short actin cables spanning the width of tube are evident in the rotated views. The pollen tube was observed at ;6 h after
bombardment.
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Using NtPLIM2b-GFP as an Actin Reporter Protein in
Sample Transient Pollen Transformation Experiments
A major goal of developing imaging markers for cellular components is providing the opportunity to assess how different
experimental conditions may impact the marked cellular system under live cell conditions. When combined with transient

expression systems, such as microprojectile bombardmentmediated pollen transformation, efforts to examine the functional integration of various components into specific cellular
processes could be accomplished expediently. Here, we use
NtPLIM2b-GFP in a series of experiments to illustrate the use
of actin reporter proteins to examine how the pollen tube actin cytoskeleton responds to cellular perturbations in transient
expression assays.
Average growth rates among pollen tube populations transformed by microprojectiles coated with different doses of SF3NtPLIM2b-GFP DNA were determined initially to determine
the best combination of DNA dosage, marker protein expression level and the effect of these actin-binding proteins on tip
growth. This combination should permit a broad window of
time for observation in normally elongating pollen tubes before optimum pollen tube growth properties begin to decline.
Using three different levels of SF3-NtPLIM2b-GFP DNA, we
determined that transforming pollen with microprojectiles
coated with 1.25 or 2.5 lg of DNA does not significantly affect
pollen tube growth rates over a period of 3–6 h, while transformation by 5 lg of input transgenes results in obvious
growth reduction (Figure 4A and 4B). Because of the inherent
variability in the time an individual pollen grain takes to germinate and in pollen tube growth rates between pollen tubes
in general, distribution profiles of the length of individual pollen tubes observed in this kind of experiment (Figure 4B) provide an assessment that more directly reflects the overall
growth characteristic of these transformed cells. As seen in
Figure 4B, the majority of control pollen tubes are between 100
and 700 lm long after 6 h of growth, while the bulk of pollen
tubes transformed by 1.25 and 2.5 lg of SF3-NtPLIM2b-GFP
DNA spans the range of between 100 and 600 lm. It is also evident that the majority of pollen tubes in the culture transformed by 5 lg of the transgene have not elongated much
beyond 200 lm after 6 h growth. The small number of tubes
in the culture transformed by 5 lg DNA that have attained longer lengths are substantially weaker in their fluorescence signals, thus permitting more rapid growth.
Based on these analyses, we routinely use between 1.5 and
2.5 lg of SF3-NtPLIM2b-GFP to coat microprojectiles for one
transformation sample. Pollen tubes transformed by a higher
amount of DNA produce observable fluorescent signal around
3 h after bombardment, while those transformed by lower
doses of transgenes are optimum for observation at later hours
after bombardment. In general and whenever comparison can
be made with tubes developed from stable transformed pollen
grains, transiently transformed pollen tubes begin to show
higher levels of fluorescence by 2–3 h after bombardment.

(E) Selected images in a time series of a GFP-NtADF1-expressing pollen tube elongating at ;51 nm s!1. The time series was taken at 5-s
intervals over a 116.5-s period. A movie for this time series (Supplemental Movie 1E) shows morphological changes in the subapical structure
during growth.
Pollen tubes were transformed by microprojectile bombardment and cultured in GM. 0.5-lm serial sections were obtained for the Z-stacks.
Scale bars = 10 lm.
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to as the LIM domain—a cysteine-histidine-rich, zinc-fingercontaining domain (Eliasson et al., 2000; Arnaud et al.,
2007). They are found in the cytoplasm as well as the nucleus
(Arnaud et al., 2007). While a clear biological role for LIM proteins remains to be revealed, a GFP-labeled tobacco vegetative
cell-expressed LIM protein, GFP-WLIM1, has been shown to associate prominently with the actin cytoskeleton in BY2 cells
and in N. benthamiana leaf cells (Thomas et al., 2006). We isolated a cDNA (NtPLIM2b) from a N. tabacum pollen cDNA library corresponding to a LIM protein that shares high levels
of homology with another tobacco pollen-expressed LIM,
NtPLIM2 (Eliasson et al., 2000) (see Supplemental Figure 1).
A sunflower pollen-specific promoter, SF3, was used to drive
the expression of NtPLIM2b-GFP in transformed tobacco
plants. More than 20 transgenic plants were obtained, with
at least 10 among these expressing readily detectable levels
of NtPLIM2b-GFP by protein blots (not shown) or microscopic
imaging (Figure 3). None of the transformed plants showed
noticeable fertility defects, suggesting in-vivo pollen tube
growth is quite tolerant of NtPLIM2b-GFP.
In-vitro-grown transformed pollen tubes reveal extensive
NtPLIM2b-GFP-labeled long filamentous structures reminiscent of the actin cytoskeleton (Figure 3A). Co-localization with
Texas-red conjugated phalloidin in chemically fixed transformed pollen tubes (Figure 3B) confirms that GFP-NtPLIM2b
indeed associates with F-actin in these cells. Furthermore, the
NtPLIM2b-GFP labeling pattern is obliterated rapidly upon
treatment of elongating pollen tubes with the G-actin sequester latrunculin b (Figure 3C). These stably transformed
NtPLIM2b-GFP-expressing pollen tubes elongate rapidly in
vitro (Figure 3D; Supplemental Movie 3D), showing actively
streaming actin cables along the shank and a discernable subapical actin structure that is more frequently basket-shaped
than mesh-shaped. Whole tube projection of serial sections
of these transformed tubes also shows prominent NtPLIM2bGFP labeling of the shank actin—a subtle but still evident subapical structure (Figure 3A). Stable transformed pollen tubes
expressing N-terminal fused GFP-NtPLIM2b show similar labeling patterns, although fluorescence signal tends to be weaker
than in tubes expressing the C-terminal fused NtPLIM2b (unpublished observation).
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(A) Growth rate distribution among pollen tubes expressing GFP-LlADF1 examined in two transient transformation samples. Growth rates
were obtained from measuring distances elongated by each pollen tube imaged at their medial planes over periods of ;150 to ;510 s, at
either 5 or 10-s intervals. Sixty-six pollen tubes were observed over the period of 3.5 to 8.5 h after bombardment.
(B) Selected sections from a time series of a GFP-LlADF1-expressing lily pollen tube showing a prominently labeled subapical mesh-like
structure (arrow). The pollen tube was observed at 5 h after bombardment. The time series was taken at 5-s intervals over a 162-s period;
the pollen tube was elongating at an average rate of 236 nm s!1. A movie for this time series (Supplemental Movie 2B) shows obvious as
well as subtle morphological changes in the subapical structure during growth.
(C) Selected sections from a time series of a GFP-LlADF1-expressing lily pollen tube with an evidently labeled subapical basket-like structure
(arrowhead) as well as a network of long cables in the tube shank. The pollen tube was observed at 5.5 h after bombardment. The time
series was taken at 10-s intervals over a 150-s period; the pollen tube was elongating at an average rate of 198 nm s!1. A movie for this time
series (Supplemental Movie 2C) shows constant morphological changes in the subapical structure during growth.
(D) A whole tube projection for the tube shown in (C) taken after the time series. The Z-stack was obtained from serial 0.6-lm steps. The
lower panel shows rotated views of the tip region of the same tube. The axial view is designated as 0. Degrees rotated from 45! counterclockwise to 230! clockwise from the axial view are as indicated. Serial sections of the Z-stack are shown in animation in Supplemental
Movie 2D.
Pollen tubes were transformed by microprojectile bombardment and were cultured in LGM. Arrows indicate basket-like subapical actin
structure; arrowhead indicates a mesh-like structure. Scale bars = 10 lm.

By 5–8 h, pollen tubes with a range of reporter protein expression levels would be found in these pollen cultures. Thus,
observations of tobacco pollen tubes maintaining the normal
pollen tube growth property and imageable levels of
NtPLIM2b-GFP are possible during a span of at least 3–8 h after

bombardment. Beyond 8 h, fewer tubes continue to grow
with optimum properties; those that remain robustly growing
can still be used for analysis.
Images shown in Figures 4C, 4D, and 5A are representative
of at least half of the transformed pollen tube population
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Figure 2. GFP-LlADF1 Reveals an Elaborate and Dynamic Actin Cytoskeleton in Elongating Lily Pollen Tubes.
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(A) Whole tube projections of two typical NtLIM2b-GFP-expressing pollen tubes. The tube shown in the lower panel was imaged after the
time series shown in (D) was collected. Extensive long actin cables along the shank are prominently labeled. A subtle but evidently labeled
subapical structure is also labeled.
(B) Whole tube projections of two NtLIM2b-GFP-expressing transformed tubes showing co-labeling by Texas red-phalloidin (upper) and
NtLIM2b-GFP (lower).
(C) A medial section of a latrunculin b (250 nM)-treated NtLIM2b-GFP-expressing tube. The 1-m image was taken almost immediately after
latrucunlin was added. The relatively high latrunculin b concentration was used to achieve rapid disassembly of actin cables. In studies in
which growth and intracellular trafficking aspects are assessed, concentrations of between 12.5 and 50 nM of latrunculin b are preferred for
tobacco pollen tubes (see, e.g. de Graaf et al., 2005).
(D) The first and last image of a time series of NtLIM2b-GFP-expressing pollen tubes elongating at 69 nm s!1. The entire time series, taken at
10-s intervals between frames, is shown in Supplemental Movie 3D.
Z-stacks were taken at 1-lm steps. Pollen tubes were cultured in GM(P2%S). Arrows indicate basket-like subapical actin structure; arrowhead indicates a mesh-like structure. Scale bar = 10 lm.

routinely observed in one transformation sample that
expresses an imageable level of NtPLIM2b-GFP. The
NtPLIM2b-GFP-labeled patterns of actin cables in these transiently transformed pollen tubes are indistinguishable from
those seen in stably transformed tubes (Figure 3), namely high
density of actively streaming long actin cables along the shank.
A subtle but discernable subapical structure is also present in
some of the tubes (Figure 4C). These pollen tubes usually have
elongated considerably at the time of observation, suggesting
appreciable growth rates. In the specific examples shown here
(e.g. Figure 4C and 4D; Figure 5A), the average growth rates
for the pollen tubes shown are within the range normally observed for control tobacco pollen tubes.
Among hundreds of transiently transformed GFP-NtPLIM2bexpressing pollen tubes observed to date for different experimental purposes, a few (,10) show strong, sometimes
intertwining, donut-shaped structures clustered in the cytoplasm (Figure 4E). These tubes are usually short and no longer
elongating. The low frequency at which these defective pollen

tubes occur and their obvious abnormality permit them to be
readily recognizable as a defect and discounted from analysis.
Growth rate observations and the actin cytoskeleton
revealed in NtPLIM2b-GFP-expressing tobacco pollen tubes
reported here suggest it is an efficient actin reporter protein
that is rather well tolerated by tip-growing pollen tubes. In
a study that examines the functional role of a pollen-expressed
LIM protein in lily, LlLIM1, a majority of microprojectilemediated transformed pollen tubes with GFP-tagged LlLIM1 decorated actin cytoskeleton also maintains normal tube growth
properties (Wang et al., 2008), suggesting it may also be a useful
actin reporter protein in lily pollen tube live cell studies.

NtPLIM2b-GFP as a Reporter for the Actin Cytoskeleton
in Functional Studies
To illustrate the versatility of live cell actin markers in functional studies, we show here a sample experiment using
NtPLIM2b-GFP as the actin reporter and the Rac/Rop regulator
AtROP-GEF1, which has been shown to regulate pollen tube
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Figure 3. Actin Cytoskeleton Revealed by NtLIM2b-GFP in Stably Transformed Tobacco Pollen Tubes.
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(A) Tube growth measurements for control (GFP-expressing) and NtPLIM2b-GFP-expressing pollen tubes transformed by microprojectiles
coated with different amounts of SF3-NtPLIM2b-GFP DNA as indicated. Triplicate bombardments were made for each condition. Pollen
tubes were cultured in GM, and aliquots were imaged by epifluorescence at the indicated hours after bombardment; their lengths were
subsequently measured. Because of inherent differences among pollen grains in the time they take to germinate irrespectively of experimental manipulations, pollen tubes shorter than three grain lengths in the 3-h sample (light gray data bar) and those shorter than five
grain lengths in the 6-h sample (dark gray data bar) were not included in the measurements. Average pollen tube lengths were calculated
independently for each triplicate. Data bars shown are averages of the average pollen tube lengths calculated from the three triplicates
(n = at least 25 tubes in each of the triplicates).
(B) Pollen tube length distribution profiles for control (GFP-expressing) and NtPLIM2b-GFP-expressing pollen tubes cultured for 6 h in
GM(P5%S) after bombardment. Data were collected from one bombardment experiment. Image collection and tube length measurements
were as described above. All pollen tubes observed were included in the distribution profiles. Numbers of tubes analyzed were 92, 82, 192,
and 96, respectively for the control, 1.25, 1.5, and 5 lg SF3-NtPLIM2b-GFP transformed pollen tube samples.
(C, D) Whole tube projections of three NtPLIM2b-expressing pollen tubes showing prominent long actin cables in the shank and a subtle
subapical mesh-like structure. Pollen tubes were transformed with microprojectiles coated with 2 lg (C) or 2.5 lg (D) of SF3-NtPLIM2b-GFP
DNA. The NtPLIM2b-GFP-labeling patterns are typical of normally elongating pollen tubes among the transformed population, which routinely accounts for 40–60% of the observed samples during an imaging period of between 3 and 8 h after bombardment under similar
culture conditions. Long actin cables can be seen extending throughout the proximal (C) and the distal (D, lower panel) regions of the tubes.
Top and bottom images in (D) are of different magnifications to display the overall length of the tube and the NtPLIM2b-GFP-labeling
pattern in the distal region of the tube. The pollen tube, imaged at 3 h after bombardment, was approximately 310 lm long, reflecting
an average growth rate of ;1.73 lm min!1 (;28.7 nm s!1) over the entire growth period.
(E) Two pollen tubes showing mild pollen tube depolarization and with NtPLIM2b-GFP-labeling pattern dominated by donut-shaped species anomalous to known actin structures in pollen tubes. The pollen tube in the upper panel of (E) is shown in two magnifications. We only
observed two pollen tubes showing these elaborate ring structures (at the most, 2% of the transiently SF3-NtPLIM2b-GFP-transformed
pollen tubes observed by CLSM thus far under different experimental manipulations). They have not been observed in stably transformed
pollen tubes expressing this marker protein or in tubes transiently expressing other actin reporter genes we have used so far.
Scale bars = 10 lm.
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Figure 4. NtPLIM2b-GFP as an Actin Reporter Protein in Transiently Transformed Tobacco Pollen Tubes.
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(A) A control transformed pollen tube expressing NtPLIM2b-GFP shown in two magnifications. This pollen tube was imaged at 4.5 h after
bombardment; its length (;515 lm) reflects an average growth rate of ;1.92 lm min!1 (;32 nm s!1).
(B–D) Pollen tubes co-transformed by SF3-NtPLIM2b-GFP and Lat52-AtROP-GEF1 expressing the respective actin marker proteins and AtROPGEF1. The disrupted actin cytoskeleton revealed by NtPLIM2b-GFP is characteristic of all the transformants that displayed the effect of
augmented activities in the Rho GTPase signaling pathway.
(E) A control transformed pollen tube expressing GFP-mTalin.
(F) Representative pollen tubes co-transformed by Lat52-GFP-mTalin and Lat52-AtROP-GEF1.
(G) A pollen tube representative of a prevalent class of GFP-mTalin-expressing pollen tubes.
Pollen was transformed by 2.5 lg of SF3-NtPLIM2b-GFP (A) and, together with 0.625 lg of Lat52-AtROP-GEF1 (B-D), or 1 lg of Lat52-GFPmTalin (E, G), and together with 0.625 lg of Lat52-AtROP-GEF1 (F), and cultured in GM(P5%S). Pollen tubes were observed between 4 and
6 h after bombardment. Scale bar in (A) = 500 lm; others = 10 lm.

growth in transformed pollen tubes (Gu et al., 2006). Rac/Rop
GTPases are known to play critical roles in regulating the actin
cytoskeleton in elongating pollen tubes and maintaining tip
growth (Kost et al., 1999; Fu et al., 2001; Chen et al., 2003).
ROP-GEFs, as guanine nucleotide exchange factors, would activate the Rac/Rop signaling pathway and, when overexpressed, induce pollen tube depolarization (Gu et al., 2006;
Zhang and McCormick, 2007). AtROP-GEF1 is apparently
a highly active GEF, as even bombardment by microprojectiles
coated by less than 1 lg of a Lat52-AtROP-GEF1 results in deformed pollen tubes among almost 100% of all the transformed cells, exceeding the level achieved even in cultures
that were transformed by 5 lg of Lat52-NtRac1 or constitutively active NtRac1 (Chen et al., 2002). The NtPLIM2b-GFPand AtROP-GEF1-coexpressing tubes reveal evidently that
the normally highly organized actin cytoskeleton revealed
by NtPLIM2b-GFP in control tubes (Figure 5A) is totally disrup-

ted in these depolarized cells (Figure 5B and 5D). A majority of
the depolarized pollen tubes have long and thick actin bundles
extending into the entire apical cytoplasm or transverse bands
of actin circling the subapical cortex. Many of the transformed
tubes are short, often having extended less than five grainlengths, when control GFP-NtLIM1b-expressing pollen tubes
in the same experiment have in general extended more than
10 grain-lengths of distance (Figure 5A). The occasional longer,
SF3-NtPLIM2b-GFP and Lat52-AtROP-GEF1 cotransformed
tubes usually maintain a long and slender tube shank that
broadens in the proximal region of the tube, which terminates
in an abruptly expanded tip (Figure 5B), suggesting an initial
phase of relatively normal growth characteristics until
AtROP1-GEF1 accumulates to a prohibitive level. Growth depolarization and actin deformation observed in these transiently transformed pollen tubes are considerably more
pronounced than those revealed in phalloidin-stained stable
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Figure 5. NtPLIM2b-GFP Reveals AtROP-GEF1-Induced Deformation of Actin Cytoskeleton in Pollen Tubes.
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GFP-AtEB1 as a Reporter Protein for Microtubules
in Elongating Pollen Tubes
Probably because of a lack of evidence for an essential role in the
polar cell growth process in angiosperm pollen tubes, the dynamics of its extensive microtubule system have not received
the same level of attention as the actin cytoskeleton. The plus
end tracking microtubule binding protein AtEB1 has been
shown to associate with what is believed to be microtubule plus
ends as well as with stabilized microtubules in Arabidopsis epidermal cells (Mathur et al., 2003). When expressed in transiently
transformed pollen tubes, GFP-AtEB1 reveals an extensive network of cables in patterns that, on casual observation, look very
similar to that for the actin cytoskeleton (Figure 6A and 6B),
namely long axially oriented cables in the shank and shorter
cables that gather into a basket-shaped structure in the core cytoplasm in the subapical region. However, close inspection of
serial images in time series (Figure 6C; Supplemental Movie
6C) suggests microtubules in the core cytoplasm and along
the cortex have distinguishable dynamic properties. In particular, microtubules that concentrate in the subapical region up till
about 50–60 lm from the tube apex are dynamic, parallel to the
growth axis and enter the apical dome in discrete episodes, as
can be seen in the time series. On the other hand, in cortical
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microtubules, while also undergoing dynamic changes in that
their lengths increase and decrease with time, their association
with the cortex is relatively stable, as they remain in approximately the same location over time (see Supplemental Movie
6C). In the more posterior part of the tube, GFP-AtEB1-labeled
cables are often not seen in the core cytoplasm. Instead, a netlike structure is prevalent along the cortex and appears immobile, suggesting possible attachment of cortical microtubules to
the cell membrane (Figure 6B, 6E and 6F). A cortical net-like network along the subapical cortex is also evident in tubes that have
fewer GFP-AtEB1-labeled cables in the anterior core cytoplasm
(Figure 6D). It is also evident, especially in single optical sections,
that GFP-AtEB1 also labels punctuate structures (Figure 6E and
6F), perhaps marking the microtubule plus ends. Moreover,
GFP-AtEB1 also labels a prominent structure in longer pollen
tubes, suggestive of the generative cell (not shown), whose signal often overwhelms observation of the cytoplasmic microtubules. Thus, the GFP-AtEB1-labeled microtubules are best
observed in an early period, prior to 4 h, after bombardment.

DISCUSSION
GFP-Labeled Actin Reporter Proteins Reveal an Actin
Cytoskeleton in the Shank of Elongating Pollen Tubes
Compatible with a Role for Long-Range Intracellular
Trafficking
That the actin cytoskeleton in elongating pollen tubes comprises an extensive network of polymerized actins with different degrees of architectural complexity is indisputable among
the numerous studies that have examined this important cellular structure (Derksen et al., 1995; Hepler et al., 2001; Cheung
and Wu, 2008). The extraordinary density and organized alignment of apparently long actin cables in the shank of the tube
are best exemplified in the recent re-analysis of the pollen tube
actin cytoskeleton by an improved rapid freeze-whole mount
procedure, followed by immuno-staining and observation by
CLSM (Lovy-Wheeler et al., 2005). Each of the previously
reported GFP-labeled actin-binding proteins, GFP-mTalin (Kost
et al., 1999; Fu et al., 2001), GFP-NtADF1, GFP-LlADF1 (Chen et al.,
2002) and GFP-fimbrin (Wilsen et al., 2006), and NtPLIM2b-GFP
described here reveals to different extents the shank collection
of actin cables, with GFP-NtADF1 and NtPLIM2b-GFP displaying
the dynamics of the system most dramatically and a reversefountain motility pattern for these GFP-labeled actin cables is
readily observed. Together with studies that demonstrate the
effect of inhibitors on actin dynamics on cytoplasmic streaming
(see Hepler et al., 2001), the evidence supporting a dynamic network of actin cables generally paralleling to the long axis of the
tube as the underlying structural elements that support the reverse fountain intracellular organelle trafficking activity is unequivocal. Contrary to the GFP-ADFs, the dynamics of the
network distal to the subapical region revealed by GFP-mTalin
appears to be rather subdued (Kost et al., 1999). While GFP-fimbrin reveals a shank actin density most similar to that seen in fixed
pollen tubes, its strong propensity to induce growth and actin
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transformed pollen tubes that overexpressed a tomato ROPGEF homolog (Kaothien et al., 2005), suggesting perhaps
a modulating effect on these regulators in stably transformed
pollen in order to preserve their viability.
The more established actin marker, GFP-mTalin (Kost et al.,
1998; Fu et al., 2001), is also used in combination with AtROPGEF1. In control cultures transformed by 1 lg of Lat52-GFPmTalin, a third to half of the transformed tubes routinely
can maintain a relatively normal morphology and show an extensively decorated actin cytoskeleton comprising long actin
bundles (Figure 5E) when observed between 3 and 5 h after
bombardment. GFP-mTalin-labeled actin microfilaments are
relatively sparse, or not observed, in the apical cytoplasm of
these transformed tubes (Figure 5E). Coexpression of AtROPGEF1 with GFP-mTalin induces severe depolarization and
deformation of the actin cytoskeleton structure (Figure 5F),
similar to those seen when NtPLIM2b-GFP is used as a marker.
Pollen tubes with transverse actin bands encircling the bulbous
subapical cortex (Figure 5D and 5F, upper panel) are the most
prevalent among AtROP1-GEF1-induced anomaly. Transverse
actin bands are also prevalent among Rac/Rop overexpressing
and tip depolarized pollen tubes (Kost et al., 1999; Fu et al.,
2001). In our hands, expression of GFP-mTalin alone is actually
often associated with transformation of longitudinally aligned
actins in the subapical region into transverse bands (Figure 5G;
Wilsen et al., 2006). However, severe tip depolarization as
those induced by ROP-GEFs or by Rac/Rops rarely occurs in pollen tubes that are transformed only by Lat52-GFP-mTalin, permitting unambiguous identification of phenotypes induced by
regulators such as those in the Rac/Rop signaling pathways or
other actin regulatory proteins (Cheung and Wu, 2004).
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(A) A whole tube projection (upper panel) and single optical sections (lower panel) from the cortical (upper) and medial region (middle and
lower) of the proximal region of a pollen tube showing an extensive network of GFP-AtEB1-labeled microtubules throughout the pollen
tube cytoplasm. A movie for the Z-stack is shown in Supplemental Movie 6A.
(B) Another example of a GFP-AtEB1-expressing pollen tube.
(C) (Top panel) The 55th and 76th images (upper and lower) of a time series taken from the medial plane at 5-s intervals of a GFP-AtEB1expressing pollen tube. A movie of this time series is shown in Supplemental Movie 6C.
(D) A whole tube projection (upper panel) and images (lower panel) of single cortical sections (upper and middle) and a medial section
(lower) of the proximal region of a pollen tube revealing net-like GFP-AtEB1-labeled cortex-associated microtubules but few microtubules
spanning the central cytoplasm. A movie for the Z-stack is shown in Supplemental Movie 6D.
(E) A single optical section from the distal region showing a GFP-AtEB1-labeled net-like structure.
(F) (Top two panels) Single optical sections (16th and 23rd of a stack) from contiguous regions from the distal region a GFP-AtEB1-expressing
pollen tube. (Lower panel) Maximum projection from the 4th to the 23rd optical sections from this stack showing an extensive cortical netlike microtubule structure.
Pollen was transformed with 2.5 (A) or 5 lg (B–F) of Lat52-GFP-AtEB1 and cultured for 2–4 h after bombardment. Pollen tubes shown in
(B–F) were cultured in GM(6%S). Z-sections were taken at 1-lm steps; the time series in (C) was taken at 5-s intervals for 94 frames. Scale
bars = 10 lm.

abnormality renders it the least useful (Wilsen et al., 2006). Thus,
the GFP-ADFs and NtPLIM2b-GFP are probably actin markers de-

A Subapical Actin Structure with Varying Morphology in
Elongating Pollen Tubes

scribed to date that may best facilitate analysis of organelle and

Prevalence of an actin mesh or basket-like structure in the subapical region of elongating pollen tubes (see Hepler et al.,

actin interactions in live elongating pollen tubes.
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Figure 6. GFP-AtEB1 Reveals an Extensive and Dynamic Microtubule System in Elongating Tobacco Pollen Tubes.
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plasm in images of whole tube projections (Figure 1B and
1D). The density of actin cables in these varying structures is
usually highest around the cortical region, declining progressively towards, but rarely entirely absent from, the core cytoplasm, as long as a subapical structure can be revealed by the
expressed actin markers (Figure 2C). Thus, the notion of a subapical core of cytoplasm devoid of actin microfilaments (LovyWheeler et al., 2005) is apparently not suggested by these live
cell observations. The exclusive accumulation of transport
vesicles in the apical clear zone and differential transport of
different classes of organelles into different depth of the apical dome (Lovy-Wheeler et al., 2005; Cheung and Wu, 2007)
almost provoke a visual image whereby sieves with varying
pore sizes provide some kind of a filtration mechanism, permitting size differentiation for passage into the apical cytoplasm.
A subapical actin structure comprising actin filaments across
the subapical cytoplasm and subtending the apical clear zone
provides an attractive model for a biological sieve (Kost et al.,
1998). The fluctuating ionic conditions in the apical and subapical cytoplasm will permit rapid remodeling of the actin organization within this subapical actin structure during pollen
tube elongation.
A cortical actin fringe, or a dense collar of actin filaments,
has been revealed by immuno-staining at the subapical region
of lily, and, to a lesser extent, tobacco pollen tubes that have
been fixed by improved fixation procedures (Lovy-Wheeler
et al., 2005). In lily pollen tubes, starting between 1 and
5 lm distal from the tube apex, the actin fringe spans between
5 and 10 lm along the apical flank. In tobacco, a similar but
probably proportionally reduced and less consistently
detected structure spanning 3–5 lm was also observed
(Lovy-Wheeler et al., 2005; Fossiner et al., 2002; Hormanseder
et al., 2005; and I. Fossiner, personal communication). Since the
actin fringe is observed in virtually every pollen tube fixed under the described conditions, it is proposed that the actin
fringe is a fundamental attribute in growing pollen tubes
(Lovy-Wheeler et al., 2005). It is, however, difficult to envisage
an actin network that, on the one hand, has to be highly dynamic to account for the cellular activities observed in the subapical region, yet can be universally captured as one uniform
structure by flash fixation in virtually every pollen tube observed. To account for the apparent constant presence of what
ought to be a highly dynamic structure that is maintained at
a finite distance from the migrating tube tip, the actin fringe in
an elongating lily pollen tube is speculated to completely turn
over every 16–33 s (Lovy-Wheeler et al., 2005), reconciling the
notion of a highly dynamic cortical structure that is yet also
observed as a permanent fixture at the subapical region.
However, absent from live cell observations is a subapical
actin structure that maintains association with the cortex
to an extent suggested by the actin fringe in fixed pollen
tubes. Membrane-anchored actin filaments have been observed emanating from the apical and subapical membrane
domains when the level of a membrane-anchored formin is
augmented (Cheung and Wu, 2004). Thus, presence of
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2001; and, e.g. Fossiner et al., 2002; Chen et al., 2002; LovyWheeler et al., 2005), and an intimate relationship between
the integrity of this structure and the tip growth process
(Gibbon et al., 1999; Vidali et al., 2001), implicate important
functional roles in how this actin microfilament collection
contributes to the polar cell growth process. Moreover, multiple interlinking cellular features important to the tip growth
process converge at the subapical region. The reversal of the
intracellular trafficking pattern at the subapical region implies
a high level of actin reconfiguration in that cytoplasmic domain. A fluctuating apical [Ca2+] gradient and a subapical alkaline region (see Robinson and Messerli, 2002; Feijo et al.,
2001; Holdaway-Clarke and Hepler, 2003) imply constant
changes in ionic conditions that are known to impact on actin
dynamics (Ren and Xiang, 2007). Vesicular trafficking activities
are, in turn, impacted on to modulate the deposition of membrane-associated regulators of ion transport. Furthermore,
nascent actin microfilaments assemble from the cell membrane around the apical domain (Cheung and Wu, 2004)
and ADF is predominantly localized to the subapical cytoplasm, where pH conditions favor their activity (Chen et al.,
2002; Lovy-Wheeler et al., 2007). These together support the
notion of continuous and high levels of actin dynamics, assembly, disassembly, and modifications into higher-order configurations occurring in the apical and subapical cytoplasmic
domain of elongating pollen tubes. The question is then
whether one specific actin morphological structure, even undergoing continuous dynamic changes within, is adequate and
responsible for driving the rapid tip growth process. Or, is the
tip growth process rather supported by a collection of dynamic
actin microfilaments that are constantly being assembled into
and disassembled from different structural configurations during the growth process to provide the plasticity needed for
rapid growth and directional orientation?
The fact that the subapical actin structure in pollen tubes
has been described as structures that seem to be variations
of a similar blueprint, a ring or collar (Kost et al., 1998; Gibbon
et al., 1999; Fu et al., 2001), a mesh (Geitmann et al., 2000; Chen
et al., 2002), a funnel- or basket-like structure (Vidali et al.,
2001; Hormanseder et al., 2005), and a fringe or collar of microfilaments (Lovy-Wheeler et al., 2005), suggests perhaps a continuum of related structures each existing part of the time or
interconverting from one to another during pollen tube
growth. The most prevalent structures observed in live
cells, particularly pollen tubes expressing GFP-ADFs and
NtPLIM2b-GFP, range from being mesh-like and spanning
across the subpical cytoplasm, to funnel- or basket-like with
actin cables emanating from the apical flank and converging
towards the subapical cytoplasm (Figures 1–4; Chen et al.,
2002; Feijo and Moreno, 2004; Wilsen et al., 2006; Moreno
et al., 2006; Cheung and Wu, 2008). These structures have varying densities of actin cables and often appear as spanning
across the subapical cytoplasm, as suggested by their
prominence in medial optical sections of elongating pollen
tubes, and presence of short actin cables in the central cyto-
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Using GFP-Labeled Actin-Binding Proteins as Actin
Markers in Functional Studies
An obvious goal of the development of actin reporter proteins
by different groups is for adoption in functional studies that
examine regulatory components of the polar cell growth

process and how the actin cytoskeleton underlies or mediates
their functions. This has been amply demonstrated, especially
in microprojectile bombardment-mediated transient transformation experiments that permit a wide range of gene delivery
and expression levels, allowing subtle as well as prominent
structures to be observed (Fu et al., 2001; Chen et al., 2002;
Cheung and Wu, 2004; Gu et al., 2005). We find that a productive use of these actin markers in transient expression studies is
dependent on careful establishment of the best combination
of input transgene dosage that least compromises growth yet
allows a level of gene expression so that observations within
the most robust pollen tube growth period are possible. For
tobacco and lily, that would be between 2 and 8, and, at
the most, 10 h after bombardment. In the case illustrated here
for NtPLIM2b-GFP, for instance, we have found it most efficient
to bombard two pollen samples, one by microprojectiles
coated with lower amounts of transgene DNA (e.g. closer to
1.25 lg) and another with more DNA (e.g. 2.5 lg). This would
achieve a supply of appropriately labeled transformed pollen
tubes spanning the most robust pollen tube growth period in
one experimental setting. The authenticity of the revealed actin cytoskeleton is most likely reflected in pollen tubes whose
growth rates fall within the observed range for control pollen
tubes at the time of observation. Ideally, biological insights
should be derived from observations made in transformed
tubes that show relatively normal growth rates under the culture conditions used. However, from tobacco pollen tubes
growing at depressed growth rates due to GFP-mTalin expression, fine spatial and temporal information can apparently be
adequately resolved to reveal a phase relationship between
actin polymerization and oscillatory growth (Hwang et al.,
2005).
The efficiency of microprojectile delivery and gene expression from the delivered transgenes vary for each transformed
pollen grain. Therefore, even well tolerated actin marker proteins, such as GFP-NtADF1 and NtPLIM2b-GFP, may induce actin
abnormalities and compromise growth in transformed tubes
that highly express these marker proteins (e.g. Figure 4D;
Wilsen et al., 2006). The aberrant actin cytoskeleton observed
in two NtPLIM2b-GFP-expressing pollen tubes shown here (Figure 4D) underscores the occurrence of these anomalies. Lowfrequency occurrence of GFP-ADFs and NtPLIM2b-GFP-induced
growth and actin abnormalities like those shown here (Figure
4D; Figure 5G) and previously described (Wilsen et al., 2006)
are readily identified and thus do not easily lead to mistaken
interpretation that they are consequences of experimental
manipulations that explore functional participation of different regulatory molecules in the tip growth process.
An obvious deficiency of the actin reporter proteins described thus far is none of them decorates the entire complement of the actin cytoskeleton as revealed in fixed cells. Given
the sensitivity of the polar cell growth process to perturbations
of actin dynamics, and the sensitivity in turn of actin structures
and dynamics to structural and to environmental perturbation
in the cytoplasm, it is probably unrealistic to expect any
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membrane-anchored actin filaments around the subapical cortex is not unexpected. However, a detectable level of polymerized actin along the apical and subapical membrane domain is
always associated with severely retarded or arrested growth
during live cell observations (Cheung and Wu, 2004; unpublished observations). These then suggest rapidly elongating
pollen tubes may not tolerate the accumulation of apical
and subapical membrane-anchored actin microfilaments to
readily detectable levels or with a stability that allowed them
to be readily imaged. GFP-labeled ADFs have been referred to
best identify the actin fringe (Lovy-Wheeler, 2005; Wilsen et
al., 2006). Indeed, in pollen tubes in which a relatively broad
actin mesh that extends edge to edge is revealed by GFPNtADF1 or GFP-LlADF1 (e.g. Figure 1E; Figure 5 in Chen et
al., 2002; Figure 3 in Wilsen et al., 2006), actin filaments close
to the cortex would most likely be among the actin that constitutes the actin fringe upon fixation. However, in instances in
which actin cables are observed close to the cortex in GFP-ADFexpressing pollen tubes, apparent dynamic association followed by detachment from the cortex is evident (see, e.g.
Figure 2C; Supplemental Movie 2C; Figure 3D; Supplemental
Movie 3D; Chen et al., 2002).
Increasing knowledge about the pollen tube growth process and improving technology have already allowed us to advance from previous convictions that claims of a dense actin
meshwork in the tube apical region are erroneous (e.g. Miller
et al., 1996) to a general consensus that such a collection of
dynamic actin microfilaments indeed exists. The picture that
emerges in the last decade for the actin status at the subapical
region of pollen tube appears to be a collection of actin microfilaments that undergoes constant remodeling to assume
a continuum of structures that span between a mesh and
a deep funnel across the tube. Some of the time, these structures would have their edges extend to and immediately peel
away from the cortex. These pollen tubes, when flash-fixed,
would be the most likely candidates of having a dense subapical cortical network approaching that of an actin fringe. However, to refer to the subapical actin structure in live elongating
pollen tubes by any single morphological descriptive would be
conceptually too confining for a structure that comprises
highly dynamic constituent microfilaments and, at the same
time, maintains a high level of morphological plasticity. The
combined use of ‘subapical actin structure’ as a general description for the collection of actin in the subapical cytosplasm
of an elongating pollen tube and specific morphological terminology that most closely reflects the structure at the time of
observation would reflect more accurately the constantly
changing actin status at this critical region in these polar
growth cells.
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GFP-based actin marker to be associated with microfilaments
to the extent that it reveals the entire complement of polymerized actin without negatively impacting on the growth process. That an actin-based live cell reporter protein has not
been reported thus far in plant further underscores the sensitivity of actin polymerization to structural perturbation. As
GFP-ADFs, NtPLIM2b-GFP, and GFP-mTalin do show overlapping actin-labeling ability, it would be possible to corroborate
observations made by using one marker system by another to
an adequate extent, further ensuring the authenticity of these
live cell observations.

than in the more distal cytoplasm. Additional microtubule reporter proteins will need to be developed to provide corroborative support for the GFP-AtEB1-revealed structure and
dynamic. Like the different actin marker proteins, different
microtubule reporters may allow more pronounced views
on certain subpopulations of this cytoskeleton. Revealing
the microtubule network under live cell conditions would
be a first step towards exploring what must be more subtle
but significant aspects of how the overall cytoskeleton act together, such as how the microtubules and actin cytoskeleton
interact, to achieve the highly regulated tip growth process.

Towards Studying the Interaction between Actin
and Microtubules in Elongating Pollen Tubes

Conclusion
The most precise description of the cytoskeleton in elongating
pollen tubes will likely be from perfectly preserved flash-fixed
samples and detection methods that provide a global view of
various discernable structural elements in these polar growth
cells. Reconstruction from snapshots from fixed samples, each
capturing some of the predominant features of the cytoskeleton organization in elongating pollen tubes, will likely reflect
more accurately the reality of the intracellular dynamics that
underlie this rapid polarized cell growth process rather than
any single view may suggest. While unlikely to reveal the entire complement of the pollen tube cytoskeleton, fluorescent
protein probes in live cell studies reveal discernable cytoskeleton structures consistently and show that they are sensitive to
factors known to regulate the tip growth process. The opportunities afforded by live cell studies to advance our views on
intracellular dynamics and rapidly elucidate our understanding of functional and signaling relationships in cellular process
are unparalleled by studies in fixed cells. With rapidly advancing technology to achieve high temporal and spatial resolution of live cell observations, superimposition of these live
cell observations with ultrastructural information (e.g. Betzig
et al., 2006) may ultimately be attainable to provide both structural and dynamic precision that accurately describes the intracellular organization and activity within these amazing polar
growth cells.

METHODS
Chimeric Gene Constructs
All fusion genes were constructed using standard recombinant
DNA methodology. NtPLIM2b (Genbank accession # EU496813)
was identified as highly and specifically expressed in tobacco
pollen in a differential display (Liang and Pardee, 1997) effort.
A full-length clone was isolated from a Nicotiana tabacum pollen cDNA library. The deduced amino acid sequence for
NtPLIM2b is shown in Supplemental Figure 1. AtROP-GEF1
(At4g38430) and AtEB1 (At5g67270) cDNA was isolated by
RT–PCR of Arabidopsis seedling mRNA. SF3-GFP-NtPLIM2b,
Lat52-GFP-AtEB1, and the previously described constructs
Lat52-GFP, Lat52-GFP-NtADF1, Zmc13-GFP-LlADF1, and Lat52GFP-mTalin (Chen et al., 2002) are derived from the Bluescript
pKS vector (Stratagene). SF3-GFP-NtPLIM2b was introduced
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In pollen tubes, an extensive network of microtubules almost
paralleling the actin cytoskeleton can be observed throughout
its shank cytoplasm (Fossiner et al., 2002; Gossot and Geitmann,
2007; Poulter et al., 2008). Coordination between microtubules and the actin cytoskeleton is known to be important
for cytoplasmic streaming and the tip growth process in gymnosperm pollen tubes (Anderhag et al., 2000). However, in angiosperm pollen tubes, the microtubules have only been
attributed a clear role in maintaining the shape of the generative cell and transport of the tube cell nucleus and the generative cell (Astrom et al., 1995; Raudaskoski et al., 2001). Tip
growth and cytoplasmic streaming appear not to be affected
even under conditions in which microtubules are entirely
disassembled by polymerization inhibitors (Gossot and
Geitmann, 2007; Poulter et al., 2008). However, evidence suggesting the integrity of the microtubule system is linked to
a properly organized actin cytoskeleton in angiosperm pollen
tubes is beginning to emerge. Immuno-detection of microtubules in poppy pollen tubes treated with latrunculin B at concentrations that disintegrate the shank actin cables showed
that the normally long and axially oriented microtubules
are also disintegrated and replaced by a severely fragmented
labeling pattern (Gossot and Geitmann, 2007; Poulter et al.,
2008). On the other hand, although the integrity of the actin
cytoskeleton does not appear to depend on an intact microtubule system, pollen germination and tube growth are synergistically inhibited when sub-inhibitory concentration of
latrunculin B and the microtubule polymerization inhibitors
are used in combination (Gossot and Geitmann, 2007; S. Costa,
Ph.D. thesis, University of Lisbon). Moreover, in-vitro motility
assays showed that pollen tube organelles, including Golgi
bodies and mitochondria, are capable of moving along microtubules and do so at rates different from trafficking along actin filaments, leading to the suggestion that the microtubules
may contribute to short-range trafficking in these polar
growth cells (Romagnoli et al., 2003, 2007).
The GFP-AtEB1-revealed microtubules in pollen tubes
shown here (Figure 6) suggest a relatively stable cortical microtubule network, while those in the core cytoplasm of the proximal region of the tube are more dynamic and appear to
gather at slightly higher density around the subapical region
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into a Ti plasmid vector for Agrobacterium-mediated tobacco
(N. tabacum petit Havana SR1) leaf disc transformation. SF3 (Baltz
et al., 1992) and Lat52 (Twell et al., 1990) are pollen-predominant
promoters from sunflower and tomato, respectively.

Pollen Transient Transformation and Plant Transformation
Agrobacterium-mediated tobacco leaf disc transformation
followed standard procedures (Delebrese et al., 1986). Microprojectile bombardment was used for transient pollen transformation. The overall procedure is as described in Chen
et al. (2002). DNA ranging from 0.5 to 10 lg was used per
microprojectile coating. The amount of DNA used for each experiment is indicated in the text or figure legend. Between 5
and 10 mg of tobacco and 10 mg of lily (Lilium longiflorum)
pollen was used for each transformation. A single bombardment was used for tobacco pollen transformation and double
bombardments were used for lily pollen.

Tobacco pollen germination medium with minor composition
variations was used over the years that spanned the studies
reported here. All of them supported robust tobacco pollen
tube growth with indistinguishable pollen tube morphology.
The basic germination medium (GM) for tobacco pollen was
0.8 lM MgSO4.7H2O, 1.6 lM H3BO3, 3 mM Ca(NO3)2.4H2O,
1 mM KNO3, 10 mM MES, pH 6.0, 8% sucrose; if solidified, agarose was added to 0.7%. When supplemented by polyethylene
glycol, PEG-4000, as in Chen et al. (2002), 8% sucrose was
substituted by 15% PEG 2% sucrose (GM(P2%S)), or by 12%
PEG and 5% sucrose (GM(P5%S)). If solidified, 0.35% phytagel
(Sigma) was added. GM(6%S) was a slight modification from
GM, the major difference being 6% sucrose and 50 lM CaCl2
are used. In general, the PEG-supplemented media, all variations from Read et al. (1993), provided faster growth rates,
but the cytoskeleton patterns revealed in the tobacco pollen
tubes grown in these media are not obviously distinguishable.
When not indicated, GM was used. Lily pollen germination medium (LGM) was as described (Cardenas et al., 2006) and is composed of 1.6 mM H3BO3, 1 mM KCl, 0.1 mM CaCl2, 7% sucrose,
and 15 mM MES, pH 5.5.
After bombardment, pollen grains were cultured either on
solidified medium or in liquid cultures with gentle rotation.
Expression of marker proteins was examined at about 3 h after
bombardment. Microscopic observations were most frequently made between 3 and 8 h after bombardment. Observations rarely continued beyond 8 h after bombardment, but
occasionally observations made in pollen tubes from cultures
as old as 10 h may still be usable. Where relevant, culture time
for individual samples or experiments is indicated in the text or
figure legend. Transformation efficiency varied between bombardments. In general, as culture time increased, the number
of observable transformants increased, since expression of
marker proteins increased over time. The number of observable transformants usually exceeded that which realistically

Microscopic Observation of Pollen Tubes
In CSLM, GFP was excited by the 488-nm line of argon lasers. All
the data presented here are obtained from CLSM (Biorad
MRC600 or Zeiss Meta 510), except for data on bulk growth rates
analysis shown in Figure 4A and 4B, which were obtained
by imaging pollen tubes by widefield fluorescence carried
out on a Nikon E800. Measurement of distance elongated by
pollen tubes was carried by measurement software for the SPOT
camera system on the Nikon E800, the Zeiss LSM browser,
or Image J.
GenBank accession number for NtPLIM2b is EU496813.

SUPPLEMENTARY DATA
Supplementary Data are available at Molecular Plant Online.

FUNDING
This work is supported by grants from the USDA (CSREES 2003–
0101936; 2005–35304–16030) and NSF (MCB0618339), and Funadcao para Ciencia e Tecnologia (SFRH/BD/6453/2001 to S.S.C. and J.F.).

ACKNOWLEDGMENTS
We thank A. Steinmetz (Centre de Recherche Public-Sante, Luxembourg) for constructing the SF3-NtPLIM2b-GFP and other related
constructs and donated them as gifts, S. McCormick (PGS, UC
Berkeley) for the Lat52 promoter, J. Mascarenhas (SUNY, Albany)
for the Zmc13 promoter, and P. Hepler’s lab (U. Mass) for making
available lily pollen grains. We thank G.-Y. Jauh (Academia Sinica,
Taiwan) for sharing unpublished studies based on LlPLIM1, I.
Fossiner (U. Salzburg, Austria) for sharing unpublished images
of the actin cytoskeleton from fixed tobacco pollen tubes, and
B. Kost (U. Warwick, UK) for reminding us of the PEGsupplemented pollen tube medium to obtain more rapid tube
growth rates. We acknowledge the use of the University of Massachusetts Central Microscopy Facility for some of the CLSM work.
No conflict of interest declared.

REFERENCES
Anderhag, P., Hepler, P., and Lazzaro, M. (2000). Microtubules and
microfilaments are both responsible for pollen tube elongation
in the conifer Picea abies (Norway spruce). Protoplasma. 214,
141–157.
Arnaud, D., Dejardin, A., Leple, J.-C., Lesage-Descauses, M.-C., and
Pilate, G. (2007). Genome-wide analysis of LIM gene family in
Populus trichocarpa, Arabidopsis thaliana, and Oryza sativa.
DNA Research. 14, 103–116.

Downloaded from mplant.oxfordjournals.org at University of Massachusetts on May 20, 2011

In-Vitro Pollen Germination and Tube Growth Culture
and Pollen Tube Observation Regimes

could be analyzed microscopically within the duration of an
experiment, especially when using confocal laser scanning microscopy (CSLM).
Chemical fixation of pollen tubes followed that described in
Vidali et al. (2001) and Chen et al. (2002). In latrunculin treatments, a relatively high concentration of 250 nM Latruculin B
in growth medium was used.

Cheung et al.

Astrom, H., Sorri, O., and Raudaskoski, M. (1995). Role of microtubules in the movement of the vegetative nucleus and generative
cell in tobacco pollen tubes. Sex. Plant Reprod. 8, 61–69.
Baltz, R., Domon, C., Pillay, D.T., and Steinmetz, A. (1992). Characterization of a pollen-specific cDNA from sunflower encoding
a zinc finger protein. Plant J. 2, 713–721.
Berken, A., Thomas, C., and Wittinghofer, A. (2005). A new family of
RhoGEFs activates the Rop molecular switch in plants. Nature.
436, 1176–1180.
Betzig, E., Patterson, G.H., Sougart, R., Lindwasser, O.W.,
Olenych, S., Bonifacino, J.S., Davidson, M.W., LippincottSchwartz, J., and Hess, H.F. (2006). Imaging intracellular fluorescent proteins at nanometer resolution. Science. 313,
1642–1645.

d

Cytoskeleton Dynamics and Regulation in Pollen Tubes

|

701

Fossiner, I., Grolig, F., and Obermeyer, G. (2002). Reversible protein
phosphorylation regulates the dynamic organization of the pollen tube cytoskeleton: effects of calyculin A and okadaic acid.
Protoplasma. 220, 1–15.
Fu, Y., Wu, G., and Yang, Z. (2001). Rop GTPase-dependent dynamics
of tip-localized F-actin controls tip growth in pollen tubes. J. Cell
Biol. 152, 1019–1032.
Geitmann, A., Snowman, B.N., Emons, A.M.C., and FranklinTong, V.E. (2000). Alterations in the actin cytoskeleton of pollen
tubes are induced by the self-incompatibility reaction in Papaver
rhoeas. Plant Cell. 12, 1239–1251.
Gossot, O., and Geitmann, A. (2007). Pollen tube growth: coping
with mechanical obstacles involves the cytoskeleton. Planta.
226, 405–416.
Gibbon, B.C., Kovar, D.R., and Staiger, C.J. (1999). Latrunculin B has
different effects on pollen germination and tube growth. Plant
Cell. 11, 2349–2363.

Chen, C.Y., Cheung, A.Y., and Wu, H.-M. (2003). Actin-depolymerizing factor mediates Rac/Rop GTPase-regulated pollen tube
growth. Plant Cell. 15, 237–249.

Gu, Y., Fu, Y., Dowd, P., Li, S., Vernoud, V., Gilroy, S., and Yang, Z.
(2005). A Rho-family GTPase controls actin dynamics and tip
growth via two counteracting downstream pathways in pollen
tubes. J. Cell Biol. 169, 127–138.

Chen, C.Y., Wong, E.I., Vidali, L., Estavillo, A., Hepler, P.K., Wu, H.-M.,
and Cheung, A.Y. (2002). The regulation of actin organization by
actin-depolymerizing factor in elongating pollen tubes. Plant
Cell. 14, 2176–2190.
Cheung, A.Y., and Wu, H.-M. (2004). Overexpression of an Arabidopsis formin stimulates supernumerary actin cable formation
from pollen tube cell membrane. Plant Cell. 16, 257–269.
Cheung, A.Y., and Wu, H.-M. (2007). Structural and functional compartmentalization in pollen tubes. J. Exp. Bot. 58, 75–82.
Cheung, A.Y., and Wu, H.-M. (2008). Structural and signaling networks for the polar cell growth machinery in pollen tubes. Annu.
Rev. Plant Biol. 59, 547–572.
De Graaf, B., Cheung, A.Y., Andreyeva, T., Levasseur, K.,
Kieliszewski, M., and Wu, H.-M. (2005). Rab11 GTPase-regulated
membrane trafficking is crucial for tip-focused pollen tube
growth in tobacco. Plant Cell. 17, 2564–2579.
Delebrese, R., Reynaert, A., Hofte, H., Hernalsteen, J.-P.,
Leemans, J., and Van Montagu, M. (1986). Vectors for cloning
in plant cells. Methods Enzymol. 153, 277–290.
Derksen, J., Rutten, T., van Amstel, T., de Win, A., Doris, F., and
Steer, M. (1995). Regulation of pollen tube growth. Acta Bot.
Neerl. 44, 93–119.
Eliasson, A., Gass, N., Mundel, C., Baltz, R., Krauter, R., Evrard, J.-L.,
and Steinmetz, A. (2000). Molecular and expression analysis of
a LIM protein gene family from flowering plants. Mol. Gen.
Genet. 264, 257–267.
Fan, X., Hou, J., Chen, X., Chaudhry, F., Staiger, C.J., and Ren, H.
(2004). Identification and characterization of a Ca2+-dependent
actin filament-severing protein from lily pollen. Plant Physiol.
136, 3979–3989.
Feijo, J.A., and Moreno, N. (2004). Imaging plant cells by twophoton excitation. Protoplasma. 223, 1–32.
Feijo, J.A., Sainhas, J., Holdaway-Clarke, T., Cordeiro, M.S.,
Kunkel, J.G., and Hepler, P.K. (2001). Cellular oscillations and
the regulation of growth: the pollen tube growth paradigm. Bioassays. 23, 86–94.

Gu, Y., Li, S., Lord, E.M., and Yang, Z.B. (2006). Members of a novel
class of Arabidopsis Rho guanine nucleotide exchange factors
control Rho GTPase-dependent polar growth. Plant Cell. 18,
366–381.
Hepler, P.K., Vidali, L., and Cheung, A.Y. (2001). Polarized cell
growth in higher plants. Ann. Rev. Cell Dev. Biol. 17, 159–187.
Holdaway-Clarke, T., and Hepler, P.K. (2003). Control of pollen tube
growth: role of ion gradients and fluxes. New Phytologist. 159,
539–563.
Hormanseder, K., Obermeyer, G., and Foissner, I. (2005). Disturbance of endomembrane trafficking by brefeldin A and calyculin
A reorganizes the actin cytoskeleton of Lilium longiflorum pollen tubes. Protoplasma. 227, 25–36.
Hwang, J., Gu, Y., Lee, Y., and Yang, Z. (2005). Oscillatory ROP
GTPase activation leads the oscillatory polarized growth of pollen tubes. Mol. Biol. Cell. 16, 5385–5399.
Kaothien, P., OK, SH, Shuai, B., Wengier, D., Cotter, R., Kelley, D.,
Kiriakopolos, S., Muschietti, J., and McCormick, S. (2005). Kinase
partner protein interacts with the LePRK1 and LePRK2 receptor
kinases and plays a role in polarized pollen tube growth. Plant J.
42, 492–503.
Kost, B. (2008). Spatial control of Rho (Rac-Rop) signaling in tipgrowing plant cells. Trends Cell Biol. 18, 119–127.
Kost, B., Lemichez, E., Spielhofer, P., Hong, Y., Tolias, K.,
Carpenter, C., and Chua, N.H. (1999). Rac homologues and compartmentalized phosphatidylinsitol 4,5-bisphosphate act in
a common pathway to regulate polar pollen tube growth. J. Cell
Biol. 145, 317–330.
Kost, B., Spielhofer, P., and Chua, N.H. (1998). A GFP-mouse talin
fusion protein labels plant actin filaments in vivo and visualizes
the actin cytoskeleton in growing pollen tubes. Plant J. 16,
393–401.
Liang, P., and Pardee, A.B. (1997). Differential display. A general
protocol. Methods Mol. Biol. 85, 3–11.
Lord, E.M., and Russell, S.D. (2002). The mechanisms of pollination
and fertilization in plants. Ann. Rev. Cell Dev. Biol. 18, 81–105.

Downloaded from mplant.oxfordjournals.org at University of Massachusetts on May 20, 2011

Cardenas, L., McKenna, S.T., Kunkel, J.G., and Hepler, P.K. (2006).
NAD(P)H oscillates in pollen tubes and is correlated with tip
growth. Plant Physiol. 142, 1460–1468.

702

|

Cheung et al.

d

Cytoskeleton Dynamics and Regulation in Pollen Tubes

Lovy-Wheeler, A., Cardenas, L., Kunkel, J.G., and Hepler, P.K. (2007).
Differential organelle movement on the actin cytoskeleton in lily
pollen tubes. Cell Motility Cyto. 64, 217–232.
Lovy-Wheeler, A., Wilsen, K.L., Baskin, T.I., and Hepler, P.K. (2005). Enhanced fixation reveals the apical cortical fringe of actin filaments
as a consistent feature of the pollen tube. Planta. 221, 95–104.
Mathur, J., Mathur, N., Kernebeck, B., Srinivas, B.P., and
Hulskamp, M. (2003). A novel localization pattern for an EB1-like
protein links microtubule dynamics to endomembrane organization. Curr. Biol. 13, 1991–1997.
Miller, D.D., Lancelle, S.A., and Hepler, P.K. (1996). Actin microfilaments do not form a dense meshwork in Lilium longiflorum pollen tube tips. Protoplasma. 195, 123–132.
Moreno, N., Bougourd, S., Haseloff, J., and Feijo, J.A. (2006). Imaging plant cells, In Handbook of Biological Confocal Microscopy,
3rd edn, Pawley, J. ed.( New York: Springer), ch. 44, pp. 769–787.
Nibau, C., Wu, H., and Cheung, A.Y. (2006). RAC/ROP GTPases: hubs
for signal integration and diversification in plants. Trends Plant
Sci. 11, 309–315.

Romagnoli, S., Cai, G., Faleri, C., Yokota, E., Shimmen, T., and
Cresti, M. (2007). Microtubule- and actin filament-dependent
motors are distributed on pollen tube mitochondria and contribute differently to their movement. Plant Cell Physiol. 48, 345–361.
Staiger, C.J. (2005). Signaling to the actin cytoskeleton in plants.
Annu. Rev. Plant Physiol. Plant Mol. Biol. 51, 257–288.
Steer, M.W., and Steer, J.M. (1989). Pollen tube tip growth. New
Phytol. 111, 323–335.
Thomas, C., Hoffmann, C., Dieterle, M., Van Troys, M., Ampe, C.,
and Steinmetz, A. (2006). Tobacco WLIM1 is a novel F-actin binding protein involved in actin cytoskeleton remodeling. Plant Cell.
18, 2194–2206.
Twell, D., Yamaguchi, J., and McCormick, S. (1990). Pollen-specific
gene expression of two different tomato gene promoters during
microsporogenesis. Development. 109, 705–713.
Vidali, L., McKenna, S.T., and Hepler, P.K. (2001). Actin polymerization is essential for pollen tube growth. Mol. Bio. Cell. 12,
2534–45.
Wang, H., Wan, A., and Jauh, G. (2008). An actin binding protein,
LILIMI, mediates Ca and H regulation of actin dynamics in pollen
tubes. Plant Physiology, in press.

Raudaskoski, M., Astrom, H., and Laitianen, E. (2001). Pollen tube
cytoskeleton: structure and function. J. Plant Growth Regul. 20,
113–130.

Wilsen, K.L., Lovy-Wheeler, A., Voigt, B., Menzel, D., Kunkel, J.G.,
and Hepler, P.K. (2006). Imaging the actin cytoskeleton in growing pollen tubes. Sex Plant Reprod. 19, 51–62.

Read, S.M., Clarke, A.E., and Bacic, A. (1993). Stimulation of growth
of cultured Nicotiana tabacum W38 pollen tubes by poly(ethylene glycol) and Cu(II) salts. Protoplasma. 177, 1–14.

Xiang, Y., Huang, X., Wang, T., Zhang, Y., Liu, Q., Hussey, P.J., and
Ren, H. (2007). ACTIN BINING PROTEIN29 from Lilium pollen
plays an important role in dynamic actin remodeling. Plant Cell.
19, 1930–1946.

Ren, H., and Xiang, Y. (2007). The function of actin-binding proteins
in pollen tube growth. Protoplasma. 230, 171–182.
Robinson, K.R., and Messerli, M.A. (2002). Pulsating ion fluxes and
growth at the pollen tube tip. STKE. 162, 51–53.
Romagnoli, S., Cai, G., and Cresti, M. (2003). In vitro assays demonstrate that pollen tube organelles use kinesin-related motor proteins to move along microtubules. Plant Cell. 15, 251–269.

Yang, Z., and Fu, Y. (2007). ROP/RAC GTPase signaling. Curr. Opin.
Plant Biol. 10, 290–294.
Zhang, Y., and McCormick, S. (2007). A distinct mechanism regulating a pollen-specific guanine nucleotide exchange factor for the
small GTPase Rop in Arabidopsis thaliana. Proc. Natl Acad. Sci.
U S A. 104, 18830–18835.

Downloaded from mplant.oxfordjournals.org at University of Massachusetts on May 20, 2011

Poulter, N.S., Vatovec, S., and Franklin-Tong, V.E. (2008). Microtubules are a target for self-incompatibility signaling in Papaver
pollen. Plant Physiol., in press.

Chapter 11
Pollen Tube Development
Mark A. Johnson and Benedikt Kost
Abstract
Pollen tubes grow rapidly in a strictly polarized manner as they transport male reproductive cells through
female flower tissues to bring about fertilization. Vegetative pollen tube cells are an excellent model
system to investigate processes underlying directional cell expansion. In this chapter, we describe materials
and methods required for (1) the identification of novel factors essential for polarized cell growth through
the isolation and analysis of Arabidopsis mutants with defects in pollen tube growth and (2) the detailed
functional characterization of pollen tube proteins based on transient transformation and microscopic
analysis of cultured tobacco pollen tubes.
Key words: Arabidopsis, tobacco, pollen tube, fertilization, tip growth, mutant screening, transient
transformation, live-cell microscopy.

1. Introduction
The formation of a pollen tube by germinating pollen grains represents the final stage of the development of the haploid male
gametophyte. Pollen tubes consist of one large vegetative cell,
which contains much smaller reproductive cells, either a single
generative cell or two sperm cells, enclosed in its cytoplasm. Division of the generative cell into two sperm cells occurs either before
pollen germination (in Arabidopsis and other species producing
tricellular pollen), or during pollen tube elongation (in tobacco
and other species producing bicellular pollen).
Growing pollen tubes mediate fertilization by transporting
male reproductive cells through different female flower tissues
from the stigma to egg cells within ovules. The elaborate signaling
mechanisms that must be guiding pollen tubes along this path are
L. Hennig, C. Köhler (eds.), Plant Developmental Biology, Methods in Molecular Biology 655,
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only poorly understood. After penetrating an ovule through the
micropyle, pollen tubes burst at the tip. Their cytoplasm along
with the sperm cells it contains is discharged into the extracellular space freed-up by the degeneration of one of the two synergid cells, which are flanking the egg cell adjacent to the large
central cell. Subsequently, double fertilization characteristic of
angiosperms occurs when one sperms cell fuses with the egg cell
to form a zygotic embryo, whereas the other fuses with the central
cell to initiate endosperm development (1).
Pollen tubes grow extremely rapidly in a strictly polarized
manner exclusively at the tip. Pollen tube tip growth is widely
used as model system to investigate cellular polarization, directional cell expansion and the control of these processes by extracellular cues. The characterization of Arabidopsis mutants with
defects in pollen tube development is a very potent approach
to identify novel genes with essential functions in these processes. Pollen tubes grow deeply buried within female flower tissues. Normal development of these cells is essential for the sexual
transmission of mutations and generation of homozygous mutant
lines. The effective identification and characterization of pollen
tube mutants therefore require specifically developed tools and
procedures (2).
The investigation of many processes underlying tip growth is
greatly facilitated by growing pollen tubes in culture. Large numbers of pollen tubes can be grown in vitro, free from contaminating other cell types, for RNA isolation or biochemical analyses (3). Cultured pollen tubes are excellent material for live-cell
microscopy as they are transparent, free of auto-fluorescence and
have a diameter of only 10–20 µm. Efficient methods for the
transient or stable expression of transgenes in pollen tubes under
the control of specific promoters are available (4). RNAi-based
techniques can be employed to down-regulate the expression of
specific pollen tube genes (5; Cottier and Kost, unpublished).
GFP (green fluorescent protein)-fusion proteins and staining procedures based on specific dyes have been developed, which enable
noninvasive visualization of a variety of structures (e.g., organelles
and cytoskeletal elements) and processes (e.g., membrane traffic,
accumulation of signaling lipids, and Rac/Rop activation) in cultured pollen tubes (e.g. 4, 6). These tools and techniques are
extensively employed to functionally characterize genes involved
in pollen tube tip growth by analyzing, in detail, effects of increasing or decreasing their expression levels and monitoring distribution as well as dynamic behavior of the proteins they encode.
Although pollen tubes of most species can be cultured in
simple media containing just carbohydrates, borate, and calcium,
reproducing normal pollen germination and pollen tube growth
in vitro is not trivial. Pollen tubes generally elongate at lower rates
in vitro than in situ. Culturing pollen tubes of Arabidopsis and

Pollen Tube Development

157

other species forming tricellular pollen is particularly challenging.
In vitro germination rates of Arabidopsis pollen, as well as growth
rates and morphology of cultured Arabidopsis pollen tubes, tend
to display considerable variations even under optimized conditions (7). Transient transformation of Arabidopsis pollen tubes
has not been reported, presumably because these cells do not
survive long enough in culture to support detectable transgene
expression. Because of the relatively small amount of pollen produced by individual plants, collecting enough Arabidopsis pollen
for biochemical experiments requires major resources. As a consequence of these issues, tobacco pollen tubes are much more
widely employed than Arabidopsis pollen tubes as an experimental system for the investigation of tip growth in vitro. Often,
Arabidopsis proteins are transiently expressed in tobacco pollen
tubes to contribute to their functional characterization. Culture
conditions have been established under which tobacco pollen
reproducibly germinates at high rates and forms morphologically normal pollen tubes that elongate at rates approaching those
observed in situ (8, 9). All tools and techniques listed in the previous paragraph are readily applicable to tobacco pollen tubes cultured under these conditions.
In this chapter, we describe materials and methods required
for the analysis of pollen tube growth and guidance in mutants
of Arabidopsis, or for the culture, transient transformation and
microscopic analysis of tobacco pollen tubes. These protocols take
advantage of the individual strengths of the tobacco and Arabidopsis pollen experimental systems.

2. Materials
2.1. In Vitro
Determination
of Pollen Germination
Rate and Pollen Tube
Length of
Heterozygous
Arabidopsis ‘Blue
SAIL’ Mutants (see
Note 1)

1. Flowers with dehiscent anthers (stage 14; 10) from a plant
that is heterozygous for a single-locus ‘Blue SAIL’ insertion
in gene of interest.
2. Flowers with dehiscent anthers from LAT52:GUS positive
control line (76224, ABRC stock # CS16336; 2).
3. Fresh Arabidopsis pollen germination medium (APGM):
0.01% boric acid, 5 mM CaCl2 , 5 mM KCl, 1 mM MgSO4 ,
10% sucrose, pH 7.5 (7).
4. Glass microscope slide and coverslips (24 × 30 mm).

5. Dissecting microscope for sample preparation; compound
microscope for analysis.
6. Hydrophobic barrier pen (1-mm Edge pen, http://www.
vectorlabs.com, cat #H-4000).
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7. Forceps (e.g., Fine Science Tools, http://www.
finescience.com, Dumont Inox 5, cat #91150–20).
8. Humidity chamber (sealed plastic container with water in
the bottom and rack to hold microscope slides).
9. 22◦ C incubator.
10. GUS staining solution: 5 mM potassium ferrocyanide,
5 mM potassium ferricyanide, 50 mM NaPO4 , pH 7,
0.5 mg/mL 5-bromo-4-chloro-3-indolyl-β-D-glucuronic
acid (X-Gluc).
11. 60% glycerol.
2.2. The Blue Dot
Assay: In Vivo
Analysis of Pollen
Tube Growth
and Guidance in
Arabidopsis ‘Blue
SAIL’ Mutants (see
Note 1)

1. Flowers with dehiscent anthers (stage 14; 10) from a plant
that is heterozygous for a single-locus ‘Blue SAIL’ insertion
in gene of interest.
2. Flowers with dehiscent anthers from LAT52:GUS positive
control line (76224, ABRC stock # CS16336; 2).
3. male sterile 1 (ms1, ABRC stock number CS75) plants at
stage 14 (10).
4. Dissecting microscope for sample preparation; compound
microscope for analysis.
5. 27.5 gauge needle (Becton Dickinson, Franklin Lakes, NJ)
and 1-mL syringe.
6. Double-sided tape and Petri dish.
7. Glass slide and coverslips (18 mm).
8. Forceps (e.g., Fine Science Tools, http://www.
finescience.com, Dumont Inox 5, cat #91150–20).
9. GUS staining solution (see Section 2.1)
10. 96-Well microtiter dish with lid.
11. 60% glycerol.

2.3. Tobacco Pollen
Tube Culture

1. 10× PTNT salts: Dissolve 1470 mg of CaCl2 ×2H2 O,
989 mg of H3 BO3 , 746 mg of KCL, 1972 mg of
MgSO4 ×7H2 O, and 75 mg of CuSO4 ×5H2 O in 1 L of
water, keep 50 mL aliquots at −20◦ C (4, 8, 9).

2. 1.5% Casein hydrolysate: Dissolve 4.5 g of casein acidhydrolysate (Sigma ‘amicase,’ A-2427) in 300 mL of water,
keep 10 mL aliquots at −20◦ C.

3. 20 mg/mL Rifampicin: Dissolve 250 mg of rifampicin
(Sigma, R-7282) in 12.5 mL of dry methanol, keep 600 mL
aliquots at −20◦ C.

4. 2× PTNT: Dissolve 50 g of sucrose and 3 g of MES in
150 mL of water. Add 100 mL of 10× PTNT salts, 20 mL
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of 1.5% casein hydrolysate, and 500 µL of 20 mg/mL
rifampicin. Adjust pH to 5.8 with KOH, before adding
125 g of PEG-6000 (BDH, 4427). Stir for 30 min to dissolve PEG, add water to total volume of 500 mL, filter sterilize and keep at 4◦ C.
5. 1× PTNT: 1 mM CaCl2 , 1.6 mM H3 BO3 , 1 mM KCL,
0.8 mM MgSO4 , 30 µM CuSO4 , 5% (w/v) sucrose, 0.03%
(w/v) casein hydrolysate, 12.5% (w/v) PEG, 10 mg/L
rifampicin, 0.3% (w/v) MES, pH 5.8. Mix 2× PTNT 1:1
(v/v) with sterile water.
6. 0.5% (w/v) Phytagel: Dissolve 150 mg of phytagel (Sigma,
P-8169) in 30 mL water, autoclave.
2.4. Gene Transfer
by Particle
Bombardment
to Tobacco Pollen
on Solid Medium

1. Particle suspension: Suspend 60 mg of gold particles
(1.6 µm diameter; Bio-Rad, 165–2264) in 1 mL of absolute ethanol by vortexing. Centrifuge for 10 s at 13,000×g
and aspirate supernatant. Wash twice with 1 mL of sterile
water. Resuspend in 1 mL of sterile 50% glycerol and store
at room temperature (4)
2. 2.5 M CaCl2 : Dissolve 3.675 g of CaCl2 ×H2 O in 10 mL of
water and filter sterilize. Keep 0.5 mL aliquots at −20◦ C.

3. 0.1 M spermidine: Dissolve 5 g of spermidine (Sigma,
S-2626) in 344 mL of water and filter sterilize. Keep 10
mL aliquots at −70◦ C for long-term storage, and 0.5 mL
aliquots at −20◦ C for short-term storage.

2.5. Microscopic
Analysis of Pollen
Tubes Cultured on
Solid Medium

1. 1 M Sodium phosphate at pH 7.0 (∼100 mL): Titrate 1 M
Na2 HPO4 (∼60 mL) with 1 M NaH2 PO4 (∼40 mL) to
pH 7.0
2. 50 mM Potassium ferricyanide: Dissolve 1.65 g of potassium
ferricyanide (Sigma, P-3667) in 100 mL of water, filter sterilize, and freeze 5 mL aliquots at −20◦ C.

3. 50 mM Potassium ferrocyanide: Dissolve 2.112 g of potassium ferrocyanide (Sigma, P-3289) in 100 mL of water, filter
sterilize, and freeze 5 mL aliquots at −20◦ C.
4. GUS substrate solution composition: 0.2% (w/v) X-Gluc,
0.1% Triton X-100, 5% mannitol, 5 mM potassium ferricyanide, 5 mM potassium ferrocyanide, 0.1 M sodium phosphate, pH 7.0. Dissolve 2.5 g of mannitol in 31.5 mL of
water. Add 5 mL of 1 M sodium phosphate at pH 7.0,
0.5 mL of 10% Triton X-100, 5 mL of 50 mM potassium
ferricyanide, 5 mL of 50 mM potassium ferrocyanide, and
100 mg of X-GLUC dissolved in 3 mL of dimethyl formamide.
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3. Methods
3.1. In Vitro
Determination of
Pollen Germination
Rate and Pollen Tube
Length of
Heterozygous
Arabidopsis ‘Blue
SAIL’ Mutants (see
Note 1)

1. Prepare media and slides. APGM should be made freshly and
the pH should be adjusted to 7.5 immediately before beginning an in vitro pollen germination assay (see Note 2). Pollen
tubes are grown in upside-down drops of APGM (11). We
draw a 9 mm × 9 mm square on the surface of a microscope
slide using a hydrophobic barrier pen (see Fig. 11.1).
2. Apply pollen to medium. Pipette 50 µL of APGM into the
square so that a dome forms (see Fig. 11.1A). Dust pollen
from two flowers onto the surface of the APGM, invert the
slide, and immediately place the slide into a humidity chamber. Remove petals from the pistil using forceps and then
hold the flower with forceps by the pedicel and touch the
anthers to the surface of APGM. Do this under the dissecting microscope, to ensure that pollen is applied to the
APGM. Flowers should be at stage 14 (10); petals are obvious and either still closed around the stigma, or they have
just opened. Pollen should be abundant and appear flaky on
anthers. Slides should be kept humid at all times – evaporation of APGM diminishes germination.

Fig. 11.1. Measuring pollen tube growth in vitro after staining for GUS activity in
Arabidopsis pollen tubes. (A) Set up for pollen tube growth on a microscope slide.
A 9 cm × 9 cm hydrophobic barrier has been drawn on the slide and pollen growth
media was pipetted into the center. (B) A representative image after 6 h of pollen tube
growth of a control line hemizygous for LAT52:GUS. This image was obtained using a
10× objective. Scale bar: 200 µm. (C) A higher magnification image of a group of pollen
tubes. GUS+ (B) pollen tubes and GUS− (W) pollen tubes are shown. A freehand line was
drawn next to one GUS− pollen tube (arrow) and measured at 210.65 µm using ImageJ
software. Scale bar: 50 µm.
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3. Pollen tube growth. Allow 6 h for pollen tube germination and growth (see Fig. 11.1B, C). This time is sufficient
for maximal germination, and wild-type pollen tubes will be
long enough to measure significant differences from mutants
affecting pollen tube growth. Longer incubation times are
possible, but pollen tubes become difficult to measure when
they are too long and pollen tube viability decreases quickly
after longer periods of growth.
4. Differential staining of mutant and wild-type pollen tubes.
Remove slides from humidity chamber and carefully invert
them so they are medium-side-up. Under a dissecting scope,
carefully remove APGM using a pipette. Add 100 µL of 80%
acetone and let incubate for 20 min. Do not let the acetone
evaporate completely. Remove residual 80% acetone using a
pipette and add 50 µL of GUS staining solution. Incubate
the slide (right-side-up) in the humidity chamber at 37◦ C
for 16 h (overnight). Length of staining can be reduced significantly for most transgenic lines (as little as 3 h); however,
lines with weak GUS expression will require 16 h or more of
staining.
5. Imaging and analysis. When staining is complete, carefully
remove GUS staining solution under the dissecting scope
using a pipette. Add 20 µL of 60% glycerol and place a 24 ×
30-mm coverslip on the sample. The coverslip will flatten the
sample and liquid will spread beyond the hydrophobic barrier square; however, the pollen and pollen tubes will generally be found inside this square. We use the 10× objective
on a Zeiss Axiovert 200 M fluorescence microscope (Carl
Zeiss, Germany) equipped with optics for differential interference contrast (DIC) microscopy to obtain images using
a Zeiss AxioCam MRc5 (Carl Zeiss, Germany) color digital camera. However, any compound microscope equipped
with a color digital camera should work. We take 2584 ×
1936 pixel images, using ∼70 ms exposure time. We use
axiovision software (v. 4.2, Carl Zeiss, Germany) to adjust
the numerical aperture of the condenser lens to 0.16 – this
increases the depth of field so that entire pollen tubes are in
focus in a single image (see Fig. 11.1B, C). Image the entire
area marked by the hydrophobic barrier pen taking a picture
of every frame with at least one tetrad in it.
6. Determine relative percent germination. Pollen tube germination rates are determined by counting the number of
tetrads, the number of blue pollen tubes, and the number
of white pollen tubes on each image. One can also count
pollen germination rates while at the scope; this may be useful because it allows one to change the focal plane while
scoring germination. A germinated pollen tube is defined
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as a projection from the pollen grain that is at least half
the width of a pollen grain. The counts for each image are
entered into a spreadsheet and the percent germination is
calculated for white and blue pollen grains. A typical experiment will result in 30 images containing ∼250 tetrads or
1000 pollen grains. Data are reported as relative germination of blue versus white pollen. The value of this method is
that in each experiment the wild-type pollen (GUS−, white)
are growing alongside the mutant pollen (GUS+, blue); germination rates vary between experiments for both wild-type
and mutant pollen, however, we have found that relative germination rate is consistent across experiments.
7. Determine relative pollen tube length. Pollen tube lengths
are determined using ImageJ software (http://rsbweb.
nih.gov/ij/). Images (tiff) are opened in ImageJ and a freehand line (see Fig. 11.1C) is drawn along the length of each
pollen tube in the image. The length is obtained using the
measure feature of the software. This reports the length of
the freehand line, so curving pollen tubes can be accurately
measured. A scale in µm can be set by obtaining an image of
a stage micrometer and using the set scale feature. We record
the length (µm) and color (white or blue) in a spreadsheet
and calculate average tube lengths for blue and white pollen
tubes. There is often a wide range in tube lengths for mutant
and wild-type pollen tubes; it is useful to report the average
tube length along with the range in tube lengths. A typical
experiment will routinely yield 50 wild-type and 50 mutant
pollen tubes. In cases where mutant pollen have severe germination defects, the number of mutant pollen tubes may be
reduced relative to wild-type and multiple experiments are
required to measure an adequate number of mutant pollen
tubes.
3.2. The Blue Dot
Assay: In Vivo
Analysis of Pollen
Tube Growth
and Guidance in
Arabidopsis ‘Blue
SAIL’ Mutants (see
Note 1)

1. Pollinate male sterile 1 (ms1) pistil with mutant pollen.
Pollen tube growth and guidance are affected by the developmental stage of the pistil and female gametophyte (12),
so care must be taken to consistently choose flowers at the
same appropriate developmental stage. We use ms1 as pollen
acceptor in our experiments. ms1 is a recessive, sporophytic
mutation in the Landsberg erecta background that completely blocks pollen development. We use a single, justopened ms1 flower per inflorescence. We do not use older
pistils and have noted significant differences in pollen tube
growth patterns between pistils of different stages. Pollen
donors are used that are just about to open; at this stage
pollen is abundant, flaky, and still on the anther surface.
For manual pollination, we use forceps to remove sepals,
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petals, and the pistil from pollen donor flowers and then
apply pollen to the ms1 stigma by holding onto the pedicel
of the pollen donor and using the flower like a paint brush.
The stigma must be saturated with pollen; more than one
pollen donor flower may be required.
2. Pollen tube growth in the pistil. ms1 plants are returned
to growth chambers to allow pollen tube growth. A timecourse of growth can be performed by stopping the assay at
desired times. The apical ovules begin to be targeted after
as little as 3 h and basal ovules will be reached by 12 h
(see Fig. 11.2; 13); pollen tube growth is complete by 20 h
after pollination. 16 h of pollen tube growth is a good endpoint that allows one to assess how long mutant pollen tubes
will grow and how likely they are to target ovules. Furthermore, we have found that GUS activity is abundant and easily detected in pollen tubes at this stage; GUS activity begins
to decrease with longer periods of time after pollination.
3. Remove ovary walls from pistil. When pollen tube growth
is complete, it is important to remove the ovary walls from
the pistil so that pollen tube growth can be imaged. Using
forceps, remove the pistil from the plant where the pedicel
meets the inflorescence (see Fig. 11.2). Lay the pistil down
on a piece of double-sided tape that has been placed on top
of a Petri dish; position the dish and the pistil under a dissecting scope. The pistil should be oriented such that the
replum is facing up and the two carpels are on either side
(see Fig. 11.2). Use a 27.5-gauge needle attached to a 1-mL
syringe as a scalpel to make a shallow incision on both sides
of the replum (see Note 3). Make incisions at the top and
bottom of each carpel and push the ovary wall to either side
of the pistil, securing it to the surface of the tape. Finally cut
the ovary wall away by running the needle under the ovules,
cutting the ovary wall away from lower surface of the pistil.
Gently lift the sample by the pedicel and place it in 80% acetone immediately. We use 96-well microtiter plates to handle
samples. Incubate the pistil in 80% acetone for at least 1 h;
samples can be left in acetone for up to 4 h as long as they
do not dry out. This minimum incubation time is required
to clear the pistil tissue, which facilitates imaging of GUS+
pollen tubes. Remove acetone using pipette and replace with
50 µL of GUS staining solution; incubate pistils overnight
at 37◦ C in a humid chamber.
4. Mount pistils on microscope slides. Pipette 30 µl of 50%
glycerol onto the center of a microscope slide and transfer
the pistil into the center of the glycerol; carefully place an
18-mm coverslip over the pistil. The glycerol should form a
seal around the pistil and between the slide and the coverslip.
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Fig. 11.2. The blue dot assay. (A) How to remove the ovary walls from the Arabidopsis pistil. Dotted lines represent
incision sites. (B) An ms1 pistil pollinated with homozygous LAT52:GUS control pollen. The blue dots appear as dark
spots on each ovule. (C) A series of four ovules in an ms1 pistil pollinated with hemizygous LAT52:GUS pollen. Arrows
represent ovules that have been targeted by GUS+ pollen tubes.

5. Obtain images. To image the pistil, we use DIC optics on a
10X objective a Zeiss Axiovert 200 M fluorescence microscope (as above) and obtain images using Zeiss AxioCam
MRc5 (see Fig. 11.2). This low magnification view will
reveal obvious mutant phenotypes such as failure of mutant
pollen tubes to grow in the pistil (see Fig. 4 in reference
(2)). Around 2–3 10× images are required to document
the entire length of the pistil. We use Adobe Photoshop to
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generate composite images of the entire pistil length. ImageJ
can be used to measure the length of the longest GUS+
pollen tube in these images. Comparison of these values to
those of the control line allows one to make conclusions
about the pollen tube growth potential of the mutant. We
use a 20× magnification objective to obtain images of pollen
tubes growing on the funiculus and into the micropyle (see
Fig. 11.2, see also Fig. 5 in reference (2)). These images are
useful for documenting abnormal growth behavior as pollen
tubes approach the micropyle.
6. Quantification of ovule targeting. Apply gentle pressure to
the coverslip using a pipette tip. This will squash the sample
slightly and move ovules away from each other so they are
easier to count. By scanning down the length of the pistil
with the 20× objective, one can count the total number of
observed ovules and the number that have a characteristic
blue dot of GUS activity in the synergid cell (see Fig. 11.2).
This blue dot represents GUS activity that has been injected
from the pollen tube into the synergid cell as the pollen tube
bursts. When counting, be careful to ensure that the blue dot
is in the correct position at the micropylar end of the ovule.
This positional information is important to ensure that the
blue dot being counted is a bona fide ovule-targeting event.
To obtain ovule-targeting rates, we simply divide the number of ovules with blue dots by the number of total ovules
observed (see Note 4).

3.3. Tobacco Pollen
Tube Culture

3.3.1. Tobacco Pollen
Tube Culture in Liquid
Medium: Large Scale,
e.g., for the Isolation
of About 0.5 mg RNA
(see Note 5)

1. Collect 100 mg of pollen from dehiscent anthers of about 70
freshly opened flowers using a vacuum-powered collection
device constructed as outlined in Fig. 11.3 (see Note 6).
2. Transfer pollen to 25 mL of 1× PTNT in a 50-mL screw-cap
tube and suspend by vortexing.
3. Transfer pollen suspension through sieve (1-mm pore size:
to remove stamen and anther tissue) to a 15-cm Petri dish
and incubate for 3 h in the dark at 25◦ C.
4. Transfer pollen tube culture back to a 50-mL screw-cap tube
and centrifuge for 1 min at 700×g.
5. Remove supernatant and wash pollen tube pellet with 0.4 M
mannitol and 50 mM Tris-HCL, pH 6.0.
6. Add appropriate extraction buffer to pollen tube pellet (see
Note 7).
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Fig. 11.3. Collection of tobacco pollen using vacuum suction device. A vacuum
suction device assembled as outlined from standard 1.5-mL reaction tubes and plastic
tubing greatly facilitates large-scale collection of tobacco pollen.

3.3.2. Tobacco Pollen
Tube Culture on Solid
Medium: 16 Culture
Plates, for Gene Transfer
by Particle
Bombardment or
Microscopic Analysis of
Living Pollen Tubes (see
Note 5)

1. Transfer 25 mL of 2× PTNT medium to a 50-mL screw-cap
tube and place in hot water (about 95◦ C) to heat up.
2. Boil 30 mL of 0.5% (w/v) phytagel in microwave.
3. Add 25 mL of boiling 0.5% (w/v) phytagel to preheated
2×PTNT in screw-cap tube, mix well (vortex), and keep in
hot water.
4. Transfer 3 mL of 1× PTNT + 0.25% phytagel (w/v) to a
5-mL Petri dish and spread by gently shaking (see Note 8).
5. Deposit pollen grains on solidified 1× PTNT + 0.25% phytagel (w/v) either by dipping dehiscent anthers from freshly
opened flowers onto the surface of the medium (for microscopic analysis of pollen tube growth) or using vacuum filtration as described below (for gene transfer by particle bombardment).
6. Seal plates with parafilm and incubate in the dark at 25◦ C.

3.4. Gene Transfer
by Particle
Bombardment
to Tobacco Pollen on
Solid Medium (see
Notes 5 and 9)
3.4.1. Particle Coating
with Plasmid DNA:
For One Plasmid Mix and
Two Bombardments (see
Note 10)

1. Vortex 25 µL of particle suspension in a 1.5-mL reaction
tube (hold with forceps at the lid hinge).
2. Continue vortexing and add in the indicated order: 6 µL or
less of a plasmid mix containing a total of 2–6 µg of DNA
(see Note 11), 25 µL of 2.5 M CaCl2 , and 10 µL of 0.1 M
spermidine.
3. Keep vortexing for 2 min.
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4. Centrifuge for 10 s (13,000×g) and aspirate supernatant.
5. Add 200 µL of absolute ethanol and resuspend particles
(pipette up and down, vortex).
6. Centrifuge for 10 s (13,000×g) and aspirate supernatant.
7. Add 15 µL of absolute ethanol and resuspend particles
(pipette up and down, vortex).
6. Place about half the volume of the particle suspension
(changes rapidly due to ethanol evaporation) in the center of
each of two macro carriers (Bio-Rad, 165–2335) mounted
in a macro carrier holder (Bio-Rad, 165–2322).
7. Let ethanol evaporate in a vibration-free environment.
3.4.2. Plating of Pollen
Grains on Solid Medium
for Particle
Bombardment: For One
Plasmid Mix and Two
Bombardments (see
Note 10)

1. Transfer 10 stamen with dehiscent anthers from two freshly
opened flowers to 10 mL of 1× PTNT in a 50-mL screw-cap
tube and vortex.
2. Pour pollen suspension through sieve (1-mm pore size) into
a fresh tube to remove stamen and anther tissue.
3. For each of the two plates to be prepared, collect the pollen
contained in 5 mL of suspension on a circular membrane filter (4.5-cm diameter, Millipore HAWP 047 00) by vacuum
filtration. To ensure even spreading of pollen grains, prewet
filter before use by slowly submerging it in sterile water and
vortex pollen suspension immediately before pouring it onto
the filter.
4. Place membrane filter upside-down on 3 mL of solid PTNT
in a 5-cm Petri dish, such that pollen grains are in contact with the medium surface. Remove air bubbles trapped
between filter and medium by gently applying pressure from
above. Lift filter off (can be reused), leaving pollen grains on
the surface of the medium.

3.4.3. Particle
Bombardment (see
Note 12).

1. Bombard pollen tube cultures as soon as possible after pollen
plating (within 5–10 min).
2. Set-up Bio-Rad PDS-1000/He particle gun (Bio-Rad 165–
2257) according to the instruction manual with standard
settings for solenoid valve, vacuum flow rate, as well as distance between macro carrier and stopping screen.
3. Load particle gun with an 1100-psi rupture disc, and with a
lunch assembly containing coated particles dried down on a
macro carrier facing a stopping screen underneath.
4. Place culture plate containing pollen tube cultures without
lid on the target plate shelf inserted into the particle gun
at position L2 (3rd slot from the bottom), 6 cm below the
stopping screen.
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5. Evacuate the sample chamber to 28 in. of mercury and trigger particle delivery (see Note 13).
6. Release vacuum and remove culture plate. Close plate with
lid, seal with parafilm, and incubate in the dark at 25◦ C.
3.5. Microscopic
Analysis of Pollen
Tubes Cultured on
Solid Medium (see
Note 14)
3.5.1. Pollen Tubes in
Culture Plates: Monitor
Quality of Cultures,
Particle Delivery, and
Transformation
Efficiency (see Note 15)

1. Place culture plates on the stage of an inverted microscope
to observe pollen tubes growing on the surface of solid
medium at low or intermediate magnification (4×−40×
objectives designed for working distances of several mm).
2. Use epifluorescence illumination or confocal laser scanning
to noninvasively visualize pollen tubes expressing GFP (see
Note 16).
3. To identify pollen tubes transformed with GUS expression
constructs, add 1 mL of GUS substrate solution to culture
plates and incubate at 37◦ C for 3–12 h before microscopic
analysis (see Note 17).

3.5.2. Pollen Tubes
on a Coverslip: Analysis
of Length, Morphology,
Growth Rate, and
Intracellular Distribution
of Fluorescent Fusion
Proteins

1. Use scalpel to cut two ca. 2×3-cm rectangular sections out
of the solid medium in a pollen tube culture plate.
2. Transfer a single section upside-down on a coverslip (standard thickness: 170 µm), such that pollen tubes are in direct
contact with the glass surface.
3. Place coverslip on the stage of an inverted (or upright)
microscope with the glass surface facing the objective and
the culture medium facing the condenser (see Note 18).
4. Statistical analysis of pollen tube length: 5–6 h after gene
transfer, take digital images of at least 50 different GFP- or
GUS-expressing pollen tubes per plate at 4× or 5× magnification (see Note 19). Measure the length of individual
pollen tubes using ImageJ (see Note 20).
5. Analysis of cellular morphology: Image the tips of GFPlabeled, living pollen tubes (see Note 21) using 10× or
20× objectives, and epifluorescence or 3-dimensional confocal microscopy. Additional information may be obtained
by taking transmitted light differential interference contrast
(DIC, Nomarski) reference images.
6. Analysis of growth rate: At an interval of 2 min, take two
sequential fluorescence or DIC high-magnification (63× or
100× objectives) images of the tip of an individual growing
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pollen tube using a digital camera or a confocal microscope. To determine growth rate, measure the distance the
extreme apex has traveled between the two images. Confocal microscopes generally are equipped with software functions for this purpose. Alternatively, the distance between
the pollen tube apex on sequential images can be measured
using ImageJ, after the images have been converted to a
stack (see Note 22).
7. Analysis of the intracellular distribution of fluorescent fusion
proteins: Use the epifluorescence equipment of a confocal
microscope and intermediate magnification (25× or 40×
objectives) to search samples for pollen tubes suitable for
confocal imaging. Transiently transformed pollen tubes display a range of transgene expression levels and fluorescence
brightness. Select pollen tubes with tips lying flat on the
coverslip surface, which display a normal morphology and
weak fluorescence just bright enough for confocal imaging
(see Note 23). At an interval of 2 min, take two sequential confocal images of such pollen tubes at high magnification (63× or 100× objectives; see Note 24). Determine the
growth rate of the imaged pollen tube as described above
(see Section 3.5.2 and step 6). A growth rate in the range of
several µm/min (see Note 5), together with normal pollen
tube morphology on the second image, establish that the
first image displays the intracellular distribution of the analyzed fusion protein in a normally elongating pollen tube (see
Fig. 11.4).

Fig. 11.4. Analysis of the intracellular distribution of fluorescent fusion proteins.
Single medial confocal sections through a pollen tube expressing a Cys1:YFP fusion
protein that serves as a marker for the membrane lipid diacyl glycerol (6) imaged at
an interval of 2 min. The analyzed pollen tube was growing at a rate of 3.8 µm/min
between the two images and showed a normal morphology on the second image (T=2% ).
The first image (T=0% ) therefore displays Cys1:YFP distribution in a normally elongating
pollen tube. Scale bar: 10 µm.
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4. Notes
1. Mutations that completely block pollen tube growth
and/or guidance, or the ability of sperm to fertilize the
egg and central cell cannot be transmitted to progeny by
pollen and have to be maintained in the heterozygous
state. Analysis of pollen mutant phenotypes in heterozygous plants is challenging because half of the pollen are
wild-type and it is difficult or impossible to differentiate
these from mutant pollen. Fortunately, a large collection
of SAIL (syngenta arabidopsis insertion library) T-DNA
insertion mutants are available, which have been mutagenized with a T-DNA that carries the LAT52:GUS reporter
gene (14). Therefore, in mutants that carry the T-DNA at
a single insertion site, mutant pollen tubes are marked by
GUS activity and can be clearly differentiated from their
wild-type meiotic siblings that do not express GUS. SAIL
inserts can be identified within your gene of interest and
ordered through the Salk Institute’s T-DNA express website (http://signal.salk.edu/cgi-bin/tdnaexpress) (15). All
SAIL lines with numbers beginning from 1 to 456, 1052 to
1057, 1142 to 1205, or 1206 (A to D) were generated in
the qrt1-2 mutant background and carry the LAT52:GUS
T-DNA (14). The qrt1-2 mutant, which maintains the four
male meiotic products in a tetrad (16), is very useful for
studying gametophytic mutations that disrupt pollen development or function because these mutations will generate
tetrads with two wild-type and two mutant pollen grains
(2, 17, 18). LAT52:GUS provides a visible marker that
is only expressed in mutant pollen grains, enabling one
to efficiently associate phenotype with genotype in pollen
tetrads; tetrads generated by plants with a single insertion site will have two mutant (GUS+) and two wild-type
(GUS−) pollen grains. We refer to the insertion mutants
constructed this way as ‘Blue SAIL’ lines and found that
we could identify at least one ‘Blue SAIL’ insertion in 55%
of 400 Arabidopsis genes we surveyed. We previously performed a forward genetic screen on a collection of T-DNA
mutants that was constructed in the same way as the ‘Blue
SAIL’ lines and identified a series of hapless mutants with
defects in pollen tube growth, guidance, and fertilization
(2, 18). We have also found this collection to be advantageous for reverse genetic analysis of pollen-expressed genes
and here, we provide protocols that enable one to take
advantage of the ‘Blue SAIL’ lines to carefully analyze
pollen tube growth and guidance in vitro and in the Arabidopsis pistil.

Pollen Tube Development

171

2. Arabidopsis pollen has notoriously low, and variable, germination rates in vitro and it is critical to standardize and
optimize all variables in the assay. Pollen growth medium
has recently been optimized for Arabidopsis (APGM) (7).
3. Incisions should just cut the ovary wall, no deeper; deeper
cutting will remove ovules. Hold the syringe so that the
point of the needle cuts the tissue and the angled face of the
needle points up; this will help you make straight incisions.
The needle must be sharp; we use a fresh needle for each
pistil.
4. This calculation is based on the assumption that all ovules
are targeted and that those without blue dots have been targeted by wild-type (GUS−) pollen tubes. This assumption
has proven to be valid when the stigma is at the appropriate developmental stage and saturated with pollen. To
assess whether ovule targeting is complete in your assay
conditions, perform the assay using control pollen that is
homozygous for LAT52:GUS (all four members of each
tetrad are GUS+). Ovule targeting should approach 100%,
and the value obtained with this control experiment can be
used to normalize values obtained from experiments done
in parallel.
5. All methods described in Sections 3.3, 3.4, 3.5 have
been developed for pollen produced by Nicotiana tabacum
cultivar Petit Havana SR1 plants grown in a green
house. Except for excessive summer heat, which may
reduce the efficiency of gene transfer by particle bombardment, seasonal changes in plant growth conditions
do not noticeably affect pollen tube culture or transformation. Pollen tube cultures can be established and
maintained under semisterile conditions, as the culture
medium PTNT contains an antibiotic that effectively prevents the growth of most contaminating microorganisms.
Most pollen grains germinate within the first hour of culture in liquid or on solid PTNT. Emerging pollen tubes
deposit callose plugs at regular intervals, contain a cytoplasmic generative cell that divides into two sperm cells
(8, 9), and grow to a total length of about 15 mm
within 48 h. Highest growth rates (up to 10 µm/min;
average 5 µm/min) are reached a few hours after
germination.
6. Although pollen can be stored at −70◦ C, germination rates
are highest with fresh pollen.
7. Osmotic pressure will cause pollen tubes to burst in extraction buffer; freezing and grinding are not required for RNA
isolation. Different protocols for RNA isolation will work
including the one described in (3).
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8. Work rapidly, PTNT + 0.25% phytagel (w/v) rapidly solidifies even at high temperature above 50◦ C (high Ca2+ concentrations strongly promote phytagel polymerization).
9. This protocol routinely results in successful gene transfer to at least 50 pollen tubes per bombarded plate (see
Fig. 11.5A).

Fig. 11.5. Transformed pollen tubes on plates after bombardment with GUS
expression constructs. Representative pollen tube cultures bombarded with equal
amounts of a LAT52:GUS (A) or of a 35S:GUS (B) construct (plasmid mix containing
5 µg plasmid) and assayed for GUS expression 6 h after gene transfer (lower panels:
selected regions at higher magnification). The cytoplasm-rich tips of many individual
transformed pollen tubes expressing GUS under the control of the LAT52 promoter are
visible in (A), whereas GUS expression driven by the 35S promoter is not detectable (B).
Scale bars: 10 mm.

10. It is advisable to prepare enough material for the bombardment of at least two plates with each plasmid mix. Occasional failure of the particle gun can cause single bombardments to result in inefficient gene transfer (see Note 13).
11. Plasmid solutions containing at least 0.5 µg/µL DNA
prepared using alkaline-lysis spin-column miniprep kits, or
with cleaner methods, generally work well. Impurities in
plasmid solutions may cause excessive particle clumping
(some clumping is always observed) and may reduce gene
transfer efficiency. To allow identification of successfully
targeted cells after gene transfer, particles can be coated
with plasmids conferring cytoplasmic expression of GFP
(noninvasively detectable; see Section 3.5.1., Fig. 11.6A
and 11.7B) or GUS (detectable using a destructive assay;
see Section 3.5.1., Fig. 11.5A and 11.6B) under the control of the LAT52 promoter (19), which is highly active
in tobacco pollen tubes (see Fig. 11.5A). The CaMV 35S
promoter, which drives strong gene expression in most
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Fig. 11.6. Transformed pollen tubes after cobombardment with GFP and GUS
expression constructs. Pollen tubes bombarded with equal amounts of a LAT52:GFP
and a LAT52:GUS construct (plasmid mix containing 2 µg of each plasmid) were analyzed by epifluorescence microscopy 6 h after gene transfer. Noninvasive imaging of GFP
fluorescence (A), followed by destructive analysis of GUS expression (B), showed that
transformed pollen tubes expressed both marker genes. Note that a pollen tube visible
in the lower left corner in (A, arrow) slightly shifted position on the surface of the culture
medium upon addition of the GUS substrate solution. Scale bar: 500 µm.

Fig. 11.7. Transformed pollen tubes expressing Nt-Rac5 and Nt-RhoGDI2 at different levels. GFP-labeled pollen tubes analyzed by epifluorescence microscopy 6 h after
bombardment with plasmid mixes containing 2 µg of a LAT52:GFP construct, along with
different amounts of LAT52:Nt-Rac5 (L:R5) and LAT52:Nt-RhoGDI2 (L:G2) constructs: (A)
3.2 µg L:R5 and 0.8 µg L:G2, (B) 2 µg L:R5 and 2 µg L:G2, and (C) 0.8 µg L:R5 and
3.2 µg L:G2. Excess Nt-Rac5 activity depolarizes pollen tube tip growth (A: ballooning
tips), whereas high-level Nt-RhoGDI2 expression inhibits this process (C: short tubes).
Tip growth is not affected when both proteins are cooverexpressed at similar levels (B)
(3). Scale bar: 200 µm.

types of plant cells, only confers marker gene expression at barely detectable levels in tobacco pollen tubes
(see Fig. 11.5B). Simultaneous coating of particles with a
marker gene construct, and one or more additional plasmids containing different LAT52 expression cassettes (e.g.,
3 µg each of two plasmids or 2 µg each of three plasmids),
will result in expression of all cassettes in pollen tubes (see
Fig. 11.6). To titrate levels of gene expression, particles
can be coated with varying amounts of an expression construct (see Fig. 11.7). In such experiments, it is advisable to
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compensate unequal amounts of an expression construct in
different plasmid mixes by adding corresponding amounts
of a marker gene construct that is different from the one
used to identify successfully targeted cells: e.g., to compare
effects of the expression of gene X at different levels on
the growth of GFP-labeled pollen tubes, the following two
plasmid mixes can be used: (a) 2 mg LAT52:GFP + 2 mg
LAT52:X and (b) 2 mg LAT52:GFP + 0.2 mg LAT52:X +
1.8 mg LAT52:GUS.
12. Because the culture medium PTNT contains the antibiotic
rifampicin (see Note 5), gene transfer by particle bombardment can be performed under semisterile conditions.
13. Rupture disks occasionally burst or are dislodged before the
target pressure for particle delivery (1100 PSI) is reached.
This generally drastically reduces gene transfer efficiency.
14. In liquid medium, it is difficult to obtain high-quality
microscopic images because most pollen tubes are floating.
15. Microscopic analysis of pollen tubes in culture plates allows
rapid, nondestructive observation of cultured pollen tubes,
particle (visible as small black dots) distribution after bombardment, and transient marker gene expression. However,
Petri dish material and solid culture medium in the light
path, along with a long working distance, prevent highquality microscopic imaging.
16. GFP expression starts to become visible 3 h after bombardment with particles coated with 2 µg of a LAT52:GFP
construct.
17. Pollen tube growth stops immediately after the addition of
GUS substrate solution. This is an advantage when comparing the lengths of pollen tubes in many plates based on
digital imaging (see Section 3.5.2 and step 4). Continuing pollen tube growth during the time it takes to collect
digital images can reduce data accuracy.
18. With only a coverslip between pollen tubes and the surface of objectives, conditions are optimal for high-quality
microscopic imaging at all available magnifications. Pollen
tubes continue to grow normally for 20–30 min on the
coverslip, before the osmolarity in the drying medium rises
too high.
19. An epifluorescence microscope equipped with a sensitive
digital camera, or a confocal microscope, can be used for
this purpose. More than 6 h after gene transfer, normally
growing pollen tubes are too long to fit on a single image
from grain to tip.
20. ImageJ is platform independent, freely available software
(http://rsbweb.nih.gov/ij/). Calibrate ImageJ by taking
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a digital image of a stage micrometer at the same magnification as used for pollen tube imaging and use the ‘calibrate’ function in the ‘analyze’ menu. Draw a freehand line
along the image of a pollen tube to be measured and determine its length by applying the ‘measure’ function in the
‘analyze’ menu. Export data to spread sheet software (e.g.,
Excel) for statistical analysis.
21. Destructive GUS assays (see Section 3.5.1) cause pollen
tubes to collapse and are therefore not suitable for the analysis of cellular morphology.
22. Open sequential images in ImageJ and convert to a stack
by applying the ‘images to stack’ function in the ‘stacks’
sub-menu of the ‘image’ menu. Draw a straight line from
the apex on the first image to the apex on the second image
and determine its length as described above (see Note 20).
23. Most fluorescent fusion proteins affect pollen tube growth
when expressed at high levels. Weakly fluorescent pollen
tubes are therefore most likely to display normal growth.
Most fluorescent fusion proteins can be expressed at levels
sufficient for high-quality confocal imaging without interfering with normal growth. The complete absence of autofluorescence at the tip of pollen tubes strongly facilitates
imaging of weakly fluorescent structure.
24. Pairing 20–25× and 63× water immersion objectives, or
40× and 100× oil immersion objectives, allows rapid
switching between searching samples at intermediate magnification and performing high-magnification confocal
imaging.
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Summary
This article provides detailed protocols for collecting pollen and outlines genetic crosses and phenotypic
assays that are useful for characterizing mutants that affect pollen development.
Keywords: gametophyte, mutant, quartet, tetraspore, segregation distortion, pollen germination.

Introduction
The male gametophyte is an ideal system for studying a
number of processes, including tip growth and cell–cell
interactions. Mature pollen of Arabidopsis has three cells: a
larger vegetative cell that will extend to grow the pollen
tube, and two sperm cells that are enclosed within the
cytoplasm of the vegetative cell. The pollen vegetative cell
has two cell walls: an intine or inner wall and an exine or
outer wall; the sperm cells lack cell walls. In Arabidopsis,
microarray hybridizations suggest that about 10% of the
genes are selectively pollen-expressed (Becker et al., 2003;
Honys and Twell, 2003), a percentage similar to earlier estimates for pollen in other species (reviewed in Mascarenhas,
1990). Whether genes are expressed both in pollen and in
the diploid sporophyte, or are pollen-specific, mutational
analysis is frequently the first step in functional characterization. To facilitate such approaches, there are now over
900 000 T-DNA and transposon insertion lines (Alonso et al.,
2003; Kuromori et al., 2004; Pan et al., 2003; Parinov and
Sundaresan, 2000) and ethyl methanesulfonate (EMS)
mutagenized populations (McCallum et al., 2000) available.
This article is aimed at several different groups of
researchers. Some researchers might be characterizing
T-DNA insertion lines for genes expressed in the sporophyte, but find to their dismay that they cannot obtain a
homozygous line with the T-DNA insertion. Others might
have identified a phenotype that affects pollen development
ª 2004 Blackwell Publishing Ltd

and might be trying to determine the molecular basis for this
phenotype. Still others might know only that the gene they
are studying is expressed in pollen and not whether its gene
product plays an important role during pollen development.
Here, we provide detailed protocols for preparing flowers for
microscopic observation of pollen and for collecting pollen
in bulk for germination or for RNA or protein isolation. We
outline crossing schemes that will help confirm or refute
hypothesized roles for the gene of interest, and we outline
phenotypic characterizations that are useful in determining
whether a gene product is important during one or more
phases of pollen development or germination.
Harvesting pollen
Preparing flowers for observations of pollen
Arabidopsis flowers have four upper stamens and two lower
stamens (Figure 1a) that differ slightly in maturation; occasionally flowers will have only four or five stamens. To
obtain dehiscent anthers containing mature pollen or
younger anthers that contain immature pollen grains or
microspores, it is convenient to remove anthers from flowers by dissection, using forceps with narrow tips (Fine Science Tools, Foster City, CA, USA; see Table S1 for detailed
supplier information). Dissecting tools that are suitable for
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dissecting young anthers can also be fashioned from disposable hypodermic needles (#23 gauge; Becton, Dickinson
and Company, Franklin Lakes, NJ, USA) attached to 1-ml
disposable syringes.
In general, mature pollen is present in the flower once
white petals are visible, coinciding with stage 13 of flower
development (Smyth et al., 1990). For mature but nondehiscent anthers, flowers can be collected and left to dry
slightly on a glass slide to promote anther dehiscence
(Figure 1b). If pollen will be hydrated in water or a histochemical stain, a Super HT PAP pen (Research Products
International Corp., Mt Prospect, IL, USA) can be used to
draw "5-mm diameter wells on glass microscope slides
(Figure 1b,f) to retain the solution. To prepare a slide, single
flowers are placed in each well, anthers are dissected and
the remaining flower parts are removed. For photography,
dissect anthers from a flower, on a standard glass slide, and
then transfer, onto a new glass slide, only the anthers to a
PAP pen well, to reduce the presence of cellular debris or
stray flower parts (debris can obscure images; some flower
parts have intense autofluorescence).
To dissect anthers from a flower, first press, gently wiggle
and then hold a forceps or needle along the calyx, just above
the pedicle margin, so that the forceps is perpendicular to
the pistil (Figure 1c,d). The forceps will stabilize and splay
the flower, making removal of anthers easier (Figure 1e).
Before splaying a young bud, lift the calyx free by sliding a
forceps along the calyx margin and lifting upward. In either
case, pollen can be released into solution by gently squashing open the anthers using a probe (Fine Science Tools) or a
similar microprobe (Fisher Scientific, Pittsburgh, PA, USA).
To facilitate squashing, apply a small amount of liquid (up to
5 ll), squash and then add solution to fill the well. The
dispersion of pollen within a PAP pen well can easily be
controlled by changing the size of the well or the volume of
liquid added to the well.
Whole flower preparations are useful for rapidly scoring
mature pollen phenotypes from many individual plants
(Figure 1f). For example, in a mapping population it might
be necessary to score 1000 plants to determine whether each
has mutant or normal pollen, and it is advisable to score at
least two flowers from each plant to confirm that the pollen
phenotype is consistently observed. To screen pollen,
flowers with dehiscent anthers are placed on slides with
PAP pen wells (Figure 1b,f). Square (100 · 100 · 15 mm)

Petri plates (Fisher Scientific) are useful for holding up to
three standard slides (Figure 1f) of harvested flowers when
in transit from the greenhouse or growth chamber. If using
square plates, apply a drop of water to the inside surface of
the lid and wipe across the surface until dry to eliminate
static electricity; otherwise, when the lid is put back on after
flower collection, the flowers might fly off and stick to the lid.
In preparation for flower squashes, staining solution or
water (if staining is not desired) is added to each well. Pollen
is released from the flower by splaying it open and then
gently rolling over the flower and dabbing the flower and
anthers using either a pipette tip, reusable plastic toothpick
or stirring rod (BioSpec Products, Inc., Bartlesville, OK, USA).
Whole flower preps interfere with level placement of a cover
glass onto the slide, but for low-magnification observations,
a cover slip is not required. To add a cover glass, first gently
draw up and eject the solution from a well several times, in
order to agitate the pollen into the solution and away from
the flower parts. Then, draw up the solution, remove the
flower parts from the well and return the solution to the well.
Alternatively, transfer the staining solution that contains the
pollen into a new PAP pen well on a clean slide; this is best
for closer inspection of one or a few plants.
In some cases, slides can be stored for later re-examination, depending on the type of stain used and the cellular
component being stained. For example, air-dried slides can
be re–scored by re–hydrating the pollen to confirm the
phenotype of putative recombinants in a mapping population. An easy way to determine if slides stained with a
particular stain will be suitable for storing is to test whether
the staining pattern can be reproduced when the stain (or
water, in the presence of previously applied stain) is applied
to the sample. We have had success storing and rescoring
slides with flowers stained with decolorized aniline blue to
detect callose (see histology section for further discussion on
decolorized aniline blue). However, viability stains, such as
Alexander’s stain (see histology section for further discussion) or rhodamine 123, which stains active mitochondria,
are only useful on fresh tissue. Nonetheless, some preparations can be retained for several days if coverslips are applied
and sealed with fingernail polish. When this procedure is
followed, the slides are stored in the dark at 4!C to prevent the
sample from drying out. Mature dehiscent pollen can be
easily released from dehiscent anthers into mineral oil or
glycerol by dabbing or squashing. Pollen dispersed in oil is

Figure 1. Preparation of mature flowers for screening pollen on slides or for dissection of anthers.
(a) Close-up of flower showing dehiscent stamens.
(b) Freshly picked flowers to be used for screening; wells drawn on slide correspond to score sheet with identifying plant numbers.
(c, d) Procedure to open a flower for access to anthers and pollen. (c) A forceps is placed at the calyx–pedicel junction and gently wiggled left and right, (d) in order to
splay open the flower.
(e) A splayed-open flower. White line indicates optimum point of dissection, to minimize transfer of filament cells when anther is squashed to release pollen.
(f) Examples of slides used for screening pollen. Each slide contains 18 PAP pen-outlined wells.
Care should be taken not to disrupt the continuity of the PAP pen edge, so that the solution remains inside. The plant line is recorded on the lower left corner of each
slide. Two flowers from each plant (e.g. )13, )14) are placed in adjacent wells. Such slides can be stored and rehydrated for examination later.
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ideal for analysis of surface features of pollen but interferes
with pollen germination assays. Alternatively, thin strips of
double-sided tape can be placed onto a glass slide and
dehiscent anthers touched to the sticky surface to release and
adhere the pollen to the tape. An advantage of the doublesided tape is that the pollen grains are fixed in place and can
be monitored over time. Pollen adhered to the tape will
hydrate when staining solution or germination medium is
added; a disadvantage is that it is impossible to remove a
cover slip from such microscope slides, as they stick too
firmly to the tape. This method is suitable for fluorescence
microscopy as long as the filters used will block autofluorescence from the tape; different brands of tape should be
tested.
Large-scale pollen isolation
Maize pollen is easily collected in bulk by shaking tassels
into paper bags, and pollen from Solanaceous plants is fairly
easy to collect by agitating flowers or flower pedicels with a
mechanical buzzer. Because Arabidopsis flowers are so
small, bulk harvesting of mature pollen might seem
impossible but is not. One way to isolate Arabidopsis pollen
in bulk is to cut off the primary inflorescences from several
flats of plants. It is not necessary to collect each plant carefully, a gardening shears cutting across the canopy works
well. The collected tissue is agitated in liquid (e.g. TE buffer)
to release the pollen into solution, for example, by stirring in
a large flask. The solution is then filtered through Miracloth
(Calbiochem, La Jolla, CA, USA), transferred into 50 ml
disposable centrifuge tubes, pelleted by low-speed centrifugation, then the supernatant is decanted. To conserve
centrifuge tubes, additional solution can be added to tubes
with already pelleted pollen and re-centrifuged, so that the
pellets accumulate. The pelleted pollen can be resuspended
in a small amount of TE, and examined with a microscope
for potential contaminants. Depending on the application,
additional filtration can eliminate contaminants, or fluorescence-activated cell sorting (Becker et al., 2003) can be used
to separate fully hydrated pollen from partially hydrated and
non-hydrated pollen. This liquid agitation method was used
for bulk isolation of pollen for RNA isolation (Becker et al.,
2003; Honys and Twell, 2003; Kulikauskas and McCormick,
1997), and for a second round screen for raring-to-go-like
mutants (Johnson and McCormick, 2001). The disadvantages of this method are the time required for repeated centrifugation and that the main inflorescence stalks of the
plants are removed, although eventually the side branches
grow out and flower again.
It is much easier and significantly less time-consuming to
use a vacuum cleaner to collect pollen from flowers of intact
plants. Figure 2(a) shows a vacuum cleaner that has been
modified for large scale pollen isolation; the protocol
described here is based on the one developed in Jose

Feijo’s laboratory (Oeiras, Portugal). The pollen vacuum
consists of three different-sized Nitex" meshes (Sefar
America, Inc., Depew, NY, USA) held together in sequence,
using plumbing fittings that are readily available at a
hardware store; see Figure S1 for assembly instructions.
This ‘wand’ is then attached to a handheld vacuum cleaner
with duct tape. The 80 micron mesh traps the flower parts
and the 35-micron mesh traps debris, such as soil and
vermiculite particles. The pollen is trapped on the 6-micron
mesh. For vacuuming pollen, each flat is planted with "250
seeds. The seeds are prepared by mixing 10 mg seeds with
50 ml 0.1% agar, shaking to eliminate seed clumps, and then
dribbling 25 ml of the agar/seed mixture uniformly over the
soil surface. Figure 2(b) shows pollen collected on the 6-lm
mesh after vacuuming 10 flats. In the summer, the yield from
10 flats planted at this density is "10 mg pollen day)1, in the
winter the yield is "7 mg pollen day)1. Pollen can be
harvested from the same plants repeatedly (four to five
times) during their flowering cycle. Damage to the plants can
be avoided by controlling the suction force of the vacuum
(note: the vacuum cleaner used in the Feijo laboratory has a
rheostat that can control the suction force; the suction force
of inexpensive hand-held vacuums can be modified by
adding extra plumbing fittings to extend the length of the
wand). It is important that the plants be well-watered before
harvest, to avoid detaching the plants from the soil. It is also
important to hold the vacuum near the top of the canopy
(Figure 2c) and stay away from the soil level, in order to
minimize/prevent collection of fungal spores that might be
present in the flat (fungal spores are about the same size as
pollen grains). Maximum yield is obtained when pollen is
vacuumed from open flowers. The best time of day should
be determined empirically, given the growing conditions in
the greenhouse or growth chamber.
We found that substantial amounts of pollen get trapped
on the 35-micron mesh and that some adheres to the inside
of the plumbing fittings. We tried using anti-static cloth or
sprays inside the plumbing parts, but they did not help.
However, a small paintbrush can be used to release residual
pollen from the mesh and plumbing parts. For example,
while the vacuum is applied, the 35-micron mesh is dabbed
with the paintbrush to push residual pollen through onto the
6-micron mesh. Disassemble the wand in reverse order and
examine the 6-micron mesh filter under a dissecting microscope to estimate yield and confirm purity. To remove
collected pollen from the 6-micron mesh, cover the wide
opening of a 200 ll pipette tip (where the micropipettor
would seat) with a small section of 6-micron mesh. Insert the
mesh-facing side of the pipette tip into the rubber tubing
attached to the suction, such as that provided by a
NALGENE" vacuum pump aspirator (Nalge Nunc International, Rochester, NY, USA) attached to a water faucet. To
avoid loss of the mesh filter by suction into the vacuum, the
filter can be secured to the pipette tip with a rubber band.
ª Blackwell Publishing Ltd, The Plant Journal, (2004), 39, 761–775

Arabidopsis pollen mutants and gametophytically-expressed genes 765

Figure 2. Harvesting Arabidopsis pollen with a vacuum cleaner.
(a) Vacuum with the filter attachment used to isolate pollen in bulk. The collection tube is constructed from plumbing parts that screw together, with interspersed
mesh filters. The size of each mesh filter is indicated to the left. Unwanted plant tissue and debris collects on the 80- and 35-micron mesh filters. Pollen passes
through these mesh filters and collects on the 6-micron mesh.
(b) Pollen obtained on the 6-micron mesh after vacuuming 10 flats. Penny placed in lower left for scale.
(c) Pollen is vacuumed from plants by passing the filter ‘wand’ over flowers.
(d) Isolating pollen from individual plants. A 6-micron mesh filter is fitted over the wide opening of a pipette tip (200 ll) and inserted into tubing connected to a water
aspirator. A gentle vacuum is created by turning on the faucet, before placing the open end of the pipette tip near a flower.

Apply the vacuum and then vacuum the pollen from the
larger 6-micron mesh. In order to transfer the pollen
adhering to the inside of the pipette tip, successively clip
the end of the tip and use the paintbrush to push pollen onto
the small section of the 6-micron mesh.
To harvest pollen from individual flowers, use a pipette tip
version of the vacuum as shown in Figure 2(d). After
vacuuming, carefully disassemble the setup. To remove
pollen from the filter used with the pipette tip setup, turn the
ª Blackwell Publishing Ltd, The Plant Journal, (2004), 39, 761–775

pollen-containing side of the filter into a 1.5-ml microfuge
tube and secure the mesh to the tube with a rubber band.
Attach a pipette tip to the rubber tubing connected to a
laboratory air supply. Turn on the air supply and adjust to a
gentle air current, holding the pipette tip away from the filter
until air is adjusted appropriately. To avoid having too
strong of an air current and potentially blowing off the filter
with the pollen on it, hold the pipette tip above the filter and
then slowly bring it toward the filter. Apply the end of the
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pipette tip to or near the filter and make several passes over
the filter to ensure that all the pollen is transferred into the
tube, lowering the air flow if necessary. Once the filter mesh
is removed, the pollen can be pelleted by brief, low-speed
centrifugation. The pelleted pollen can be used for immediate RNA or protein extraction, germination or microscopic
examination. For RNA or protein isolation, store pelleted
pollen at )80!C until needed. To store pollen for later in vivo
or in vitro germination, Pickert (1988) added a drying agent
to pollen and allowed the pollen to dry at room temperature
before storing it at )20!C. When pollen was stored in this
way for 10 months and then rehydrated (100% humidity at
24!C for 30 min) before use, it was reported that "80% of the
pollen germinated in vitro and was comparable with wildtype pollen when used for crosses (Pickert, 1988). If imaging
and quantifying of pollen tube lengths is planned, a
convenient feature of collection onto mesh is that the pollen
can be transferred directly from the mesh onto solid
germination medium. From a sparse monolayer (from
vacuuming a few flowers; Figure 2d) pollen grains will form
tubes that will be easily separated, instead of forming an
overlapping, intertwined mass of tubes.
Genetic analyses
Determining transmission ratios
When the ratio of the expected progeny from a selfed
pollination deviates significantly from the expected 1:2:1
Mendelian segregation ratio, it can be inferred that a mutant
has impaired transmission (Howden et al., 1998). Gametophytic mutations affect the haploid life cycle and thus it is
typical for gametophytic mutations to show segregation
distortion, that is, altered transmission ratios through male,
female, or both. Accordingly, it can be difficult to obtain a
homozygote, but gametophytic mutations can be maintained as heterozygotes (see Figure S2 for potential outcomes of crosses).
Many gametophytic mutants have been identified from
segregation distortion screens, whereby altered transmission of a T-DNA-linked antibiotic resistance gene was noted
first, and then the individual lines were examined for
potential phenotypes (Bonhomme et al., 1998; Howden
et al., 1998; Page and Grossniklaus, 2002). One such example
is the kinky pollen mutant (Procissi et al., 2003); the mutant
pollen grains exhibit aberrant pollen tube growth, accounting
for the altered transmission through the male parent.
Another segregation distortion screen looked for EMS
mutants with altered transmission of visible markers using
a multiply-marked chromosome 1 (Grini et al., 1999); mutants affecting the female, the male or both gametophytes
were identified. Of the four male-specific mutants identified,
three were arrested at different stages of development
and one was defective in pollen tube growth. Still other

gametophytic mutants exhibiting altered transmission have
been identified by brute-force screens. For example, microscopic inspection of pollen from individual M1 or M2 plants
yielded the gametophytic mutants sidecar pollen (Chen and
McCormick, 1996), raring-to-go (Johnson and McCormick,
2001), gemini pollen (Park et al., 1998; Twell et al., 2002),
germ unit malformed (gum) and male unit displaced (mud)
(Lalanne and Twell, 2002). Analysis of T-DNA insertions in
genes implicated in pollen development have also shown
altered transmission through the male parent. For example,
the no pollen germination1 mutant, a T-DNA insertion in a
gene that encodes a calmodulin-binding protein, appears
normal at pollen maturity but the mutant pollen fails to
germinate (Golovkin and Reddy, 2003). Occasionally mutants
might exhibit perturbed transmission through the male,
although they show no apparent defect in pollen tube growth,
as was observed with a Rop GTPase mutant in maize (Arthur
et al., 2003). Some mutants with striking pollen phenotypes
(gum and mud) exhibit little or no effect on transmission
through the male (Lalanne and Twell, 2002).
It is important to test explicitly for gametophytic expression/function; it should not be inferred solely by observations of percentage affected pollen. For example, the tardy
asynchronous meiosis mutant (Magnard et al., 2001) was
first identified in a screen to identify lines in which about 50%
of the pollen appeared abnormal. However, further characterization of tam revealed that the primary defect occurred
during meiosis and that tam is sporophytically-expressed.
Mutants obtained from screens conducted to search for
specific sporophytic phenotypes have also been shown to
have gametophytic phenotypes. For example, tip1 is a
mutant that affects root hair morphology but also has defects
in pollen tube growth (Schiefelbein et al., 1993). Furthermore, from a screen to identify suppressors of the trichome
branching mutant zwi-3, the suz1 zwi-3 double mutant
showed suppression of the trichome branching defect and
showed very poor seed set (Krishnakumar and Oppenheimer, 1999), although the single mutants were completely
fertile. Further analysis and reciprocal outcrosses of the suz1
zwi-3 double mutants demonstrated that the defect was
caused by aberrant pollen germination and tube growth.
Reciprocal crosses should be carried out when segregation distortion is observed in the selfed F1 progeny, in order
to determine if one or both parents are affected. The absence
of a homozygous mutant cannot, in and of itself, be used to
infer that the mutation is homozygous lethal. This should be
concluded only if transmission through both the male and
female is normal, yet the progeny of a selfed heterozygote
yields no homozygotes (Figure S2c). To determine transmission of the mutation through the female, cross mutant
plants as females to wild-type plants (Figure S2d). Transmission of the mutation through the female is unaffected if
the segregation ratio for the F1 progeny is 1:1. To test
transmission of the mutation through the male, conduct the
ª Blackwell Publishing Ltd, The Plant Journal, (2004), 39, 761–775
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reciprocal cross by pollinating wild-type females with pollen
from mutant plants (Figure S2d). Transmission of the
mutation through the male is affected if the segregation
ratio is less than 1:1 (Figure 2Se,g). For example, when F1
plants with the rtg phenotype (rtg/þ) were allowed to selfpollinate, the F2 plants segregated 1:1:0 (wild-type:rtg
heterozygote:rtg homozygote), a significant deviation from
the expected 1:2:1 ratio. Reciprocal crosses showed that
female transmission of the mutant allele was normal, while
crosses using rtg/þ as the male donor yielded only wild-type
progeny (Johnson and McCormick, 2001). Transmission
efficiency, or the percentage of gametes that can successfully transmit the mutant allele, can be calculated by
determining the ratio of mutant to wild-type in the F1
progeny and multiplying by 100. For example, the gem1
mutant had 8.6% transmission efficiency through the male
but 29.5% through the female (Park et al., 1998).
It is advisable to perform more than one cross in each
direction, and it may prove useful to keep track of the
position of the seeds within the silique. For example, seeds
in a particular region of the silique might be the only ones to
have obtained the mutant allele from the male parent. The

quickest growing pollen tubes generally fertilize the ovules
closest to the stigma (Hülskamp et al., 1995b), and pollen
tubes arriving later have to grow further down the transmitting tract to other ovules. It is easy to plant seeds in order, by
placing the silique (nearly mature but not yet shattered) on a
piece of double-sided tape and removing the seeds from top
to bottom, one by one.
Crosses with quartet and tetraspore
If a pollen mutant is outcrossed to wild-type and some of the
F1 progeny show the mutant pollen phenotype, this suggests that the mutation is either a gametophytic mutation or,
less likely, a dominant sporophytic mutation. Because pollen
is haploid, it is not easy to determine if a gametophytic
mutation is dominant or recessive. One way to test whether
a mutation is dominant or recessive is to cross the mutant
female with diploid pollen from a tetraploid plant. However,
the resulting F1 progeny are triploid. Pollen from triploid
plants typically exhibits pollen abortion that might confound
reliable scoring of the pollen phenotype being tested.
Luckily, in Arabidopsis, two mutants, quartet (Copenhaver

Figure 3. Arabidopsis pollen development in wild-type, quartet, and tetraspore mutants.
The white box highlights the developmental differences between wild-type and the quartet and tetraspore mutants. In quartet, microspores remain attached after
the tetrad stage but otherwise complete development normally. In tetraspore, simultaneous cytokinesis is inhibited at meiosis II so that a large, multinucleate
microspore is formed; subsequent nuclear divisions occur but in some cases polyploid sperm form by nuclear fusion. Such sperm give rise to polyploid progeny or
fail to fertilize, partially accounting for the poor seed set of tetraspore plants.
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et al., 2000; Preuss et al., 1994) and tetraspore (Spielman
et al., 1997; Yang et al., 2003), make it possible to answer
these questions. The stages of pollen development in wildtype are shown in Figure 3, left panel. Differences from the
normal development pathway occur in the mutants.
To test whether observed pollen phenotypes result from a
gametophytic mutation or dominant sporophytic mutation,
tetrad analysis is performed using quartet1 (qrt1), a sporophytic recessive mutation that keeps all the products of a
single meiosis together throughout pollen development
(Preuss et al., 1994). If a mutation is sporophytically
expressed but has low expressivity, the numbers of normal
and affected pollen might vary in a given quartet. However,
in a plant that is heterozygous for the pollen mutant being
tested, the ratio of normal to affected pollen in each quartet
should be 2:2 if the mutation is gametophytic. To perform
pollen tetrad analysis, mutant/þ plants are crossed as

Figure 4. Crossing scheme used to determine if a pollen mutant is gametophytic.
Plants heterozygous for a pollen mutation are crossed as female to plants
homozygous for quartet. F1 progeny exhibiting mutant pollen are selfpollinated and the F2 progeny are screened for double mutants. The pollen
mutation is gametophytic if most quartets in the double mutant show a ratio
of two affected: two normal pollen grains. Three examples of gametophytic
mutants in the quartet background are shown: rtg ¼ raring-to-go;
pdp1 ¼ polka dot pollen 1; gwp1 ¼ gift-wrapped pollen 1. If, by contrast,
the double mutant plants exhibit variable distributions of affected pollen
(as shown within the purple box), the mutant likely represents a sporophytic
mutant. If the pollen mutant can be maintained as a homozygote and the
mutant exhibits strong expressivity, crosses to quartet will yield 4:0 ratios
(mutant/mutant;qrt/qrt; all pollen grains affected). mutant ¼ mutant gene
affecting pollen, WT ¼ wild-type gene, QRT ¼ wild-type, qrt ¼ quartet
mutant.

females to homozygous quartet plants. Those F1 progeny
with the mutant phenotype are selfed, and the F2 progeny is
scored to identify the m/þ; qrt1/qrt1 double mutants.
Figure 4 illustrates the crossing scheme, and illustrates the
phenotypes of three mutants that were confirmed to be
gametophytic by such crosses. There can be differences in
the expressivity of pollen mutants in different genetic
backgrounds. For example, the sidecar pollen mutant (in
No-0) exhibited a more severe phenotype ("50% dead
pollen) after crossing into the Columbia quartet1 background (Chen and McCormick, 1996). It might therefore be
advisable to perform crosses to quartet in different ecotypes
if the mutant background ecotype is different from the
ecotypes available for quartet stocks. The quartet1 mutant is
available from the Arabidopsis stock center in the Landsberg
erecta and Columbia ecotypes; the recently described quartet3 mutant (Rhee et al., 2003) might prove useful for crosses
to mutants in the WS or RLD ecotypes.
As an alternative to crosses with tetraploid plants, pollen
mutants can be crossed (Figure 5) with a sporophytically

Figure 5. Crossing scheme used to determine if a pollen mutant is a lossof-function mutant, or a gain-of-function or dominant negative mutant.
Karyotype tes-4/tes-4 plants to identify diploid plants for use in crosses. Cross
tes-4/tes-4 diploids as female to wild-type Arabidopsis to generate F1 progeny
that are diploid tes-4/TES. These tes-4/TES heterozygotes are then crossed, as
male, to plants heterozygous for a given pollen mutation. From this second
cross, identify those F1 progeny that have mutant pollen and self all of these
plants. Identify the tes-4/tes-4 plants (large pollen, low seed set) among the F2
progeny. Score these tes-4/tes-4 plants for presence of the pollen mutant
phenotype. If the pollen mutant phenotype is observable in the large pollen,
then the pollen mutation is likely a gain-of-function or dominant negative,
because the presence of the wild-type allele in the common cytoplasm is not
able to block the phenotype. If no tes-4/tes-4 plants exhibit the pollen
mutation, then the wild-type allele present in the common cytoplasm rescued
the pollen defect and the pollen mutation is likely a loss-of-function mutant.
tes-4 ¼ tetraspore-4 allele, large pollen that lacks internal cell walls,
TES ¼ wild-type, mutant ¼ mutant gene affecting pollen, WT ¼ wild-type.
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acting, recessive mutant called tetraspore (tes) (Spielman
et al., 1997). The stud std) mutant (Hülskamp et al., 1997) has
the same phenotype as tes and was later shown to be allelic
to tes (Yang et al., 2003). Because tes and stud meiocytes do
not undergo cytokinesis after pollen meiosis II, all the nuclei
remain in a common cytoplasm. In mutant/þ; tes/tes plants,
both the mutant pollen allele and the wild-type allele will be
present in large pollen grains. If there is no pollen phenotype, then the pollen mutant being tested is a lossof-function allele. However, if the mutant pollen phenotype
is observed, then the wild-type allele was not able to rescue
the mutant phenotype, and the mutation is either a dominant negative or gain-of-function allele. The weak tes-2 allele
produces incomplete callose intersporal walls within the
large pollen grain (Spielman et al., 1997) and therefore is not
suitable for these crosses. In tes pollen, nuclear fusion
sometimes occurs, resulting in aneuploid sperm and
reduced fertility (Spielman et al., 1997). For this reason, tes
should be karyotyped in order to identify diploid plants for
crosses. To karyotype plants, fix anther filaments (Ross
et al., 1996), stain with DAPI, gently squash tissue on a
microscope slide, and count chromosomes in the elongated
cells of the filaments.
Before using transformation to confirm whether a lesion
in a candidate gene is responsible for the mutant phenotype,
it is useful to determine whether the pollen mutant of
interest is a loss-of-function, dominant negative, or gainof-function mutant. Candidate genes are transformed into
either wild-type or mutant plants via Agrobacterium tumefaciens (Clough and Bent, 1998). For loss-of-function
mutants, wild-type is transformed into the mutant background. If the phenotype is rescued in these transgenic
plants, it confirms that the identified gene is responsible for
the mutation. For gain-of-function or dominant negative
mutants, the mutant allele is transformed into wild-type.
Transgenic plants surviving selection would be expected to
show the mutant phenotype in pollen. Some transformation
constructs use genomic DNA and therefore the endogenous
promoter drives gene expression; if cDNAs are being tested
for complementation, it is advisable to use a pollen-specific
promoter, such as Lat52p (Twell et al., 1990) to drive
expression, because the commonly used 35S promoter is
poorly expressed in pollen (McCormick et al., 1991).
Obtaining homozygous lines of gametophytic mutants
Homozygous lines for gametophytic mutants are desirable.
Detailed microscopic analysis and pollen germination
assays are easier when the pollen genotype of a plant is
uniform. Homozygous lines are needed to determine
whether a gametophytic mutation also confers a sporophytic phenotype. Screens for suppressors of a gametophytic
mutation are feasible if a homozygous line is available, but
such screens are difficult in a heterozygous background,
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because it is not straightforward to distinguish pollen grains
carrying a putative suppressor of a phenotype from the wildtype pollen grains already present in the heterozygous plant.
Although pollen mutations generally exhibit segregation
distortion, some pollen mutations (e.g. gum and mud;
Lalanne and Twell, 2002) are relatively easy to obtain as
homozygous lines, while a few others transmit through the
male, albeit at a low frequency. For example, the gametophytic mutant sidecar pollen transmits through the male
around 5% of the time (Chen and McCormick, 1996). To
determine whether a pollen mutation can transmit through
the male at a rare frequency, score several hundred progeny
from a selfed mutant plant. If the pollen mutant has a
variable phenotype, it may be possible to identify plants
that, on average, produce mutant pollen with a weaker
phenotype. Such plants can be selfed and progeny examined for possible homozygotes.
If mutant pollen is viable and can grow a pollen tube, but
cannot compete with wild-type pollen to fertilize ovules, it
may still be possible to recover homozygotes from sparse
pollinations, by controlling the amount of wild-type pollen
that is present in the cross. Using the quartet mutant can be
useful in this respect, because each tetrad has only two wildtype pollen grains. Cross an individual or very few pollen
quartets from a mutant/þ; qrt/qrt plant onto a female that is
heterozygous for the pollen mutant (mutant/þ). To isolate
individual quartets for crosses, dab dehiscent pollen onto a
glass slide. To lift individual quartets, briefly dip the end of a
forceps or hypodermic needle into water, blot to remove
excess, then touch the forceps or needle to individual
quartets and transfer to the stigma surface of an emasculated mutant flower.
Phenotypic characterizations
Histochemical analysis of mutant phenotypes
Microgametogenesis is characterized by distinct developmental stages (Figure 3; reviewed in McCormick, 2004). A
general method to determine the stage first affected in a
mutant is to sort flower buds by size (Piffanelli et al., 1998),
dissect anthers from the flowers and examine different
developmental stages, using histochemical staining. A table
in Regan and Moffatt (1990) lists the appropriate concentrations for histochemical stains frequently used to analyze
the cellular components of pollen grains. Two of the most
widely used stains are 4¢,6-diamino-2-phenylindole (DAPI)
(Molecular Probes, Portland, OR, USA), which stains DNA
(Coleman and Goff, 1985), and decolorized aniline blue
(DAB), which contains a fluorochrome (Sirofluor) that specifically binds to b-1,3-glucan (Evans and Hoyne, 1984), a
major component of the pollen tube wall. Visualization of
these dyes requires a fluorescence microscope. Solutions of
DAPI and DAB should be stored in the dark.
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A typical DAPI stock solution at 1 mg ml)1 in distilled water
is made and stored at 4!C. A DAPI working solution at
1 lg ml)1 (in distilled water) will stain nuclei; at a lower
concentration (0.25–5.0 lg ml)1 in distilled water) DAPI can
be added to pollen germination medium to stain nuclei
during pollen tube growth (Coleman and Goff, 1985). A stock
solution of 0.1% DAB is prepared by decolorizing watersoluble aniline blue (Fisher Scientific) in aqueous phosphate
(0.067–0.1 M K3PO4, or K2HPO4, or a mixture of both) (Currier
and Strugger, 1956; Martin, 1958). The solution is initially
dark blue or purple but will eventually turn pale yellow as it
decolorizes. If a blue precipitate forms after addition to the
sample, the pH of DAB can be adjusted (more basic): a small
amount (a microliter at a time) of phosphate buffer at a higher
pH can be applied to the sample; this dilution will not
substantially affect the fluorescence intensity. The pH of the
phosphate buffer used varies in the literature, but in general
the higher the pH (up to 11.5), the more intense the
fluorescence (Smith and McCully, 1978). Make a working
solution of DAB within the range of 0.005–0.1% by diluting the
stock with 0.067–0.1 M phosphate buffer. If the fluorescence
is too intense, the DAB concentration can be reduced in situ
by flooding the sample with phosphate buffer and carefully
wicking away with a tissue along the edge of the well. This is
easily performed with fixed sections as they can be completely rinsed and the aniline blue reapplied. Sirofluor can be
used for vital staining at neutral pH (Hough et al., 1985).
For light microscopy, Alexander’s (1969) stain is a reliable
way to score pollen viability; grains that are viable will stain
a dark blue or purple, grains that are dead will stain pale
turquoise blue. The stock solution for Alexander’s stain is:
10 ml 95% ethanol, 5 ml 1% malachite green in 95% ethanol,
5 g of phenol, 5 ml 1% acid fuschin in H2O, 0.5 ml 1% orange
G in H2O, 2 ml glacial acetic acid, 25 ml glycerol and 50 ml
H2O; the stock solution should be stored in the dark at room
temperature. For a working solution, dilute 1:50 in H2O. Note
that the original recipe for this stain includes chloral hydrate
(a controlled substance in the USA). For viability staining,
chloral hydrate can be omitted. Alexander’s stain is not a
vital stain. For fluorescence microscopy, fluorescent proteins are increasingly being used to image pollen and pollen
germination (Cheung, 2001; Faure et al., 2002). Note that
Arabidopsis pollen that is not fully hydrated has substantial
autofluorescence in the GFP channel, and transgenic pollen
will not easily be distinguished from wild-type pollen, unless
the promoter used to drive GFP is strong (e.g. LAT52; Twell
et al., 1990).
The penetration of some histochemical stains into pollen
can be inhibited by the anther wall or the pollen exine, and
longer incubation times may be required for certain stains
at certain developmental stages. For example, penetration
of DAPI into mature dehiscent pollen typically takes longer
than penetration into pollen grains from earlier developmental stages; in that event, slides can be prepared and

held at 4!C (to maintain humidity and prevent drying out)
until the staining intensity is sufficient. The most consistent
results are obtained with pollen from mature but not yet
dehiscent anthers (from flowers with white petals). DAPI
fluorescence is sometimes obscured during the transition
from unicellular to bicellular development, by autofluorescence from the newly forming microspore wall. If DAPI
staining is faint, it is not a good idea to increase the
concentration, because higher concentrations result in
intense yellow fluorescence. This yellow fluorescence can
also occur if flower samples are repeatedly screened,
because the DAPI concentration builds up; to rehydrate
samples that have dried out, add H2O rather than extra
aliquots of DAPI. Some water-soluble chemicals can be
delivered to developing inflorescences, as described in
detail in Magnard et al. (2001) and in Johnson and
McCormick (2001). Meiosis and pollen development
proceed relatively normally, and seeds set.
Some problems associated with penetration of histochemical stains into pollen can be overcome by fixing and
sectioning anthers. Fixation of anthers or flowers (Ross
et al., 1996) is improved by applying a vacuum during
fixation to ensure penetration through the anther wall.
Vacuum infiltration is also useful for infiltrating resin,
because incomplete penetration often results in sections
that lack or have few pollen grains. For a thorough discussion on how to prepare flower tissues for sectioning, consult
other sources, such as Ruzin (1999).
Phenotypic variability and statistical analysis
Pollen mutants that are the outcome of a lesion in a single
gene can exhibit variable phenotypes, in the same anther,
the same flower, or on different flowers of one plant. For
example, the raring-to-go pollen mutant has three classes of
pollen grains: aborted, rtg (premature pollen tubes) and
normal pollen (Johnson and McCormick, 2001). Analysis of
the mutant plants throughout pollen development, as well
as tetrad analysis, revealed that some pollen grains first
showed signs of the rtg phenotype and then aborted later
during development. Thus in rtg/þ plants, the aborted and
rtg pollen grains represented the phenotypic range for the
affected pollen, and together comprised about 50% of the
pollen grains.
To determine the range of phenotypes of affected pollen
as well as to determine the percentage of affected and
normal pollen, it is important to confirm that variability is not
related to additional mutations present in the mutant
background. Although analysis of primary mutants (T-DNA
insert lines or M1 plants) is useful, mutant lines should be
crossed to wild-type, in order to clean up the background,
before carrying out detailed characterizations of possible
phenotypic variability. To rule out developmental differences caused by anther location within the flower, the four
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tall anthers can be separated from the two short anthers
during dissection and observed separately.
Pollen counts are used to determine the percentages of
affected pollen and normal pollen. To conduct pollen counts,
individual pollen grains from a given flower or anther are
scored as affected or normal. Some pollen mutants (Chen
and McCormick, 1996; Park et al., 1998) have been shown to
have reduced expressivity of the mutant phenotype: that is,
pollen grains carrying the mutant allele do not exhibit the
mutant phenotype. Accordingly, a large sample size is
needed for statistical analysis. Conducting pollen counts
from one mutant plant or from just a few flowers will not
provide adequate data. Pollen counts for multiple flowers
from an individual plant will give a single plant mean; for the
population mean pollen from many mutant plants should be
counted. To reduce the time on the microscope required for
pollen counts from large numbers of flowers, images of
multiple pollen fields from each collected flower can be
captured digitally and scored later, to identify affected and
normal pollen.
Pollen germination
Arabidopsis has dry stigma-type flowers. In vivo, it is known
that the pollen coat is important in adhesion (Zinkl et al.,
1999) and that it facilitates pollen hydration for germination
(Hülskamp et al., 1995a; Mariani and Wolters-Arts, 2000;
Preuss et al., 1993). In vitro germination presumably does
not fully mimic the in vivo pollen–pistil interaction. Mutations
that cause defects in pollen germination are some of the most
desired, but for the novice, in vitro pollen germination assays
are frustrating and problematic. Sometimes the picture is
optimistic – in vitro pollen germination ranged from 60 to
75% in the ecotypes Ler and WS (Fan et al., 2001; Golovkin
and Reddy, 2003; Mouline et al., 2002) to nearly 100% in
ecotype Columbia (Thorsness et al., 1993). Azarov et al.
(1990) tested 10 Arabidopsis ecotypes, including Ler and
Columbia; germination ranged from 76.6 to 95.8%, depending on the ecotype. However, Scholz-Starke et al. (2003) used
the same medium as Fan et al. (2001) and reported only 7%
germination with the Colombia ecotype, whereas the C24
ecotype showed 70–85% germination. Some days nothing
will germinate, even if it appears that conditions are identical
to the day before, when germination was excellent. As a
result of such potential variations in ecotype or the conditions used for plant growth, germination medium will need
to be optimized. For example, Fan et al. (2001) tested many
parameters and found that, for them, optimizing the potassium concentration in the medium, and correcting the pH
was important – the pH of water can vary and as a first step
can be checked and buffered, if germination percentages are
suboptimal. We advise starting with a simple medium (e.g. Li
et al., 1999; Thorsness et al., 1993), and modifying it as
necessary. Each experimenter should optimize the protocol
ª Blackwell Publishing Ltd, The Plant Journal, (2004), 39, 761–775

for themselves; although initial success rates differ widely,
even in our laboratory, they improve with practice.
We recommend germination on solid medium or on nylon
membranes that are floated on liquid medium, following the
protocols illustrated in Figure 6, because we think maintaining humidity is critical; for example, we noticed that pollen
does not hydrate fully if the agarose pad is too firm. With
these protocols (Figure 6), using the Thorsness et al. (1993)
germination medium and Columbia pollen, we routinely
obtain "70% germination, and occasionally nearly 100%
germination (Figure 6d). Li et al. (1999) recommended drying flowers for 2 h before dabbing pollen onto 0.5% agarose
germination pads. We tried this and their medium recipe
with Columbia pollen and obtained "75% germination.
Other protocols have been used; for example, Derksen et al.
(2002) achieved reasonable germination percentages
("50%) when pollen was applied to dialysis membranes
resting on top of semi-solid medium. Hicks et al. (2004)
germinated pollen in 30 ll drops of liquid germination
medium on coated microscope slides. It is important to
experiment with pollen from multiple flowers and to test a
protocol on several different days. We tested different pollen
from different flowers on agarose pads prepared with either
the Thorsness et al. (1993) or the Li et al. (1999) recipes; on
occasion pollen from a given flower burst instead of
germinating while pollen from other flowers tested at the
same time with the same medium germinated well. Prehydrating the pollen before applying it to germination medium
may prevent bursting and also was shown to be critical for
germinating pollen previously stored at )20!C (Pickert,
1988). We have found that it is better to use a dissecting
microscope, rather than magnifying eyeglasses or the naked
eye, when applying pollen onto agarose germination pads
or membrane filters. By looking through the microscope,
you can avoid inadvertent problems. For example, we
noticed that pressing the anther too far into the agarose
germination pad reduced germination efficiency. Also, if the
pollen is applied in a clump (pollen on top of other pollen)
rather than a monolayer, access to the germination medium
or liquid might be restricted and this could result in reduced
germination efficiency. Placing other portions of the flower
in the germination medium can sometimes improve pollen
germination percentages (Derksen et al., 2002; Ryan et al.,
1998). To our knowledge this anecdotal effect has not been
experimentally analyzed, but might be because of slight
changes in the ion concentration or pH of the medium, or to
the release of chemoattractants, as recently described in lily
(Kim et al., 2003).
Low germination efficiency can be problematic if the
desire is to assess whether a mutant gene is affecting pollen
germination. Arabidopsis flowers have two types of anthers
(Figure 1a), so it is possible that slight maturity differences
could fool a researcher into thinking that 50% of the pollen is
affected, if pooled pollen is collected and then germinated. If
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using pollen that was harvested in bulk, first assay a subset of
the pollen for viability. Pollen viability was found to closely
correlate with the % of pollen germinated in vitro (Pickert,
1988), but the amount of viable pollen was always slightly
higher than that which germinated. Hülskamp et al. (1995a)
reported that flowers from the same inflorescence varied in
germination percentage with at least one flower producing
pollen that had a significant level of germination (10–30%)
while the other flowers had none or barely germinated. We
have found that pollen germination frequency can vary
widely, even among anthers from a single flower. A possible
explanation for these observations is that trinucleate pollen
loses viability quickly and that some flowers in an inflorescence are past their prime; Arabidopsis pollen reportedly has
longevity of less than 3 days (Pickert, 1988). Yamamoto et al.
(2003) postulated that dehiscent pollen may autolyze storage
compounds necessary for pollen germination, so that older
pollen would be less likely to germinate. Pickert (1988)
reported that the best germination rates were obtained with
pollen from flowers where the long anthers extend above the
stigma (Muller’s B4 stage; comparable with stage 14, Smyth
et al., 1990). Figure 5 of Kandasamy et al. (1994) illustrates
subtle differences in bud size that correlate with slight
maturation differences in tricellular pollen grains. To ensure
that fresh pollen is harvested, remove open flowers from the
plants to be assayed a day before, and collect pollen from
freshly opened flowers the next day. Alternatively, harvest
mature flowers with non-dehiscent anthers and allow the
flowers to dry on a glass slide until the anthers dehisce.
Given the variability in pollen germination, the best
option to evaluate whether a mutant gene is affecting
pollen germination is to examine pollen germination of the
mutant in the quartet background. Even if the overall
germination percentages are poor, if tubes from two pollen
grains of each tetrad appear normal while two appear
aberrant, then the conclusion that the mutant gene affects
pollen germination is robust. For example, Golovkin and
Reddy (2003) showed that in qrt1/qrt1 plants that were
otherwise wild-type, three or four of the pollen grains in a
quartet had tubes (although the overall pollen germination
rate was poor – only one in five quartets formed pollen

tubes). However, in the mutant they were characterizing
(no pollen germination 1), only one or two pollen grains in
a quartet germinated. Testing germination percentages of
a pollen mutant in the quartet background requires two
rounds of crossing. An alternative approach is to examine
pollen germination frequency of pollen released from a
single anther. This is easily performed by splaying flowers
with dehiscent anthers (Figure 1) and dabbing the anthers
onto pollen germination medium; the pollen from each
anther will be deposited in separate areas of the medium.
A valid assessment of germination frequency can be
obtained in those anthers whose pollen shows a high
percentage of germination. Even from bulked pollen, it is
possible to evaluate whether a mutation significantly
affects pollen tube growth, but independent experiments
(different days) and assays of large numbers of pollen
grains are required to demonstrate reproducibility.
Programs such as NIH image (http://rsb.info.nih.gov/nihimage) can be used to measure pollen tube lengths and
facilitate statistical analyses.
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Supplementary materials
The following material is available from http://www.
blackwellpublishing.com/products/journals/suppmat/TPJ/TPJ2147/
TPJ2147sm.htm:
Figure S1. Assembly of pollen ‘wand’.
Drape an 80-micron mesh filter over the left opening of part (2).
Secure filter by threading on part (1) to part (2). Thread part (3) to the
right-side of part (2). Once part (3) has been threaded, drape the 35micron mesh filter over the left opening of part (4). Secure the filter
by inserting the filter covered left-side of part (4) into the right
opening of part (2) until firmly in place. Remove the black rubber

Figure 6. Pollen germination protocols.
(a) Cartoon showing set-up for pollen germination. Pipette tip box with water in the bottom and a moistened kimwipe on the platform maintains humidity. Glass
slides with agarose pads are dabbed with anthers to release pollen, and the slides are placed on top of the moistened kimwipes. The lid is closed and the box is
incubated at 28!C.
(b) Glass slides with pollen germination medium solidified with 1% low-melt agarose.
(c) Humid chamber set-up.
(d) Pollen (Columbia-O) after 4 h germination on an agarose pad prepared with the Thorsness et al. (1993) germination medium.
(e) Cartoon showing preparation of WhatmanTM polycarbonate nucleopore membrane (pore size 0.4 micron) for pollen germination.
(f) Cartoon showing placement of polycarbonate nucleopore membranes with pollen onto liquid pollen germination medium in 12-well microtiter plates.
(g) Columbia pollen tubes after germination on a black polycarbonate nucleopore membrane (0.4 micron pore), using Thorsness et al. (1993) germination medium.
Pollen tubes were stained with decolorized aniline blue (DAB). Black membranes do not interfere with fluorescence microscopy. Note that the tubes grow in one
plane. To eliminate air bubbles, the membrane was lifted off the surface of the germination medium and inverted (pollen side down) onto a 5-ll droplet of DAB on a
cover glass. Then the cover glass was turned over and, using forceps to control the speed, was lowered at an angle onto a standard glass slide onto which a 10-ll
drop of DAB was dotted. It is important to rest the edge of the cover glass in the DAB drop before lowering the cover glass.
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gasket from part (5) and slide part (6) over part (5) as shown. Drape
the 6-micron mesh filter over the left opening of part (5), secure with
the black rubber gasket. Insert the mesh-covered part (5) into the
right opening of part (4) until firmly in place. Make sure the black
rubber gasket is at the right edge of part (4). Slide part (6) onto the
right-side on part (4) and align the pins of part (4) to the locking
screw of part (6). Twist part (6) to lock. Note: Duct tape was used to
secure part (5) to the vacuum hose. Both parts (4) and (5) were cut to
the length dimensions shown.
Figure S2. Schematic illustrating transmission of a mutant allele
through the male or female gametes.
(a–c) Potential segregation patterns for selfed progeny from a
heterozygous mutant plant. (a) Normal transmission of the mutant
allele through the female and male parent. (b) Example of impaired
transmission of the mutant allele through the male parent. To test
whether impaired transmission is through the male or female or
both, perform reciprocal crosses (see below). Even if impaired
transmission through the male (or female) is confirmed, the mutant
allele may transmit rarely through that parent. Large numbers
(maybe on the order of hundreds) of F2 progeny can be scored to
identify rare homozygotes. (c) The homozygous mutant is lethal.
(d–g) Reciprocal crosses to determine if transmission is affected in
either parent. (d) Unaffected transmission of the mutant allele
through the female parent yields the expected ratio of one wildtype:one mutant in the F1 progeny. (e) Lack of transmission of the
mutant allele through the male parent yields 100% wild-type F1
progeny. (f, g) Impaired transmission of the mutant allele through
the female parent (f) or the male parent (g) yields a larger number of
wild-type than mutant F1 progeny. þ, Wild-type allele; m, mutant
allele; $, female parent; #, male parent; , failed transmission
of mutant allele.
Table S1 Detailed supplier information for tools and
reagents
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Abstract
Background: Pollen tubes deliver sperm after navigating through flower tissues in response to
attractive and repulsive cues. Genetic analyses in maize and Arabidopsis thaliana and cell ablation
studies in Torenia fournieri have shown that the female gametophyte (the 7-celled haploid embryo
sac within an ovule) and surrounding diploid tissues are essential for guiding pollen tubes to ovules.
The variety and inaccessibility of these cells and tissues has made it challenging to characterize the
sources of guidance signals and the dynamic responses they elicit in the pollen tubes.
Results: Here we developed an in vitro assay to study pollen tube guidance to excised A. thaliana
ovules. Using this assay we discerned the temporal and spatial regulation and species-specificity of
late stage guidance signals and characterized the dynamics of pollen tube responses. We established
that unfertilized A. thaliana ovules emit diffusible, developmentally regulated, species-specific
attractants, and demonstrated that ovules penetrated by pollen tubes rapidly release diffusible
pollen tube repellents.
Conclusion: These results demonstrate that in vitro pollen tube guidance to excised A. thaliana
ovules efficiently recapitulates much of in vivo pollen tube behaviour during the final stages of pollen
tube growth. This assay will aid in confirming the roles of candidate guidance molecules, exploring
the phenotypes of A. thaliana pollen tube guidance mutants and characterizing interspecies
pollination interactions.

Background

After a pollen grain lands on the surface of the pistil, it
absorbs water from the stigma and forms a pollen tube –
a long polar process that transports all of the cellular contents, including the sperm [1]. Pollen tubes invade the pistil and migrate past several different cell types, growing
between the walls of the stigma cells, travelling through
the extracellular matrix of the transmitting tissue, and
finally arriving at the ovary, where they migrate up the
funiculus (a stalk that supports the ovule), and enter the

micropyle to deliver the two sperm cells-one fertilizes an
egg and other the central cell (Fig. 1a, 1b) [2]. Typically,
only one pollen tube enters the ovule through an opening
called the micropyle, terminates its journey within a synergid cell, and bursts to release sperm cells-a process
defined as pollen tube reception [3].
A combination of genetic and in vitro assays has defined
signals that contribute to the early stages of pollen tube
guidance. Chemocyanin, a small basic protein from lily
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Figuretube
Pollen
1 targeting in vitro
Pollen tube targeting in vitro.(a) Diagram of a pollinated
pistil within an A. thaliana flower. After reaching the stigma
(si), pollen (p) extends a tube through the style (st) to reach
the transmitting tract (tt) before entering one of the two
ovary (ov) chambers to target an ovule. (b) Upon reaching
the ovule, the pollen tube (pt, green) either grows up the
funiculus (f) or makes a sharp turn towards the micropyle
(m) and enters the ovule. Within the ovule, the pollen tube
navigates towards the female gametophyte (gray) encased by
outer (o) and inner (i) integuments, lyses within one of the
two synergid (s) cells that flank an egg cell (e). Upon lysis,
one sperm fertilizes the egg cell to form the zygote and the
other fuses with the central cell (c) to form the endosperm.
The number of pollen tubes drawn is for illustration purposes only and does not reflect the quantity typically
observed in an assay. (c) Merged fluorescent and bright field
images depicting the final stages of in vitro pollen tube growth.
GFP-tagged pollen tubes make a committed turn (arrows)
before entering a virgin ovule and lysing (arrow heads). (d)
Diagram and (e) merged fluorescent and bright field image of
in vitro pollen tube guidance assay. Pollen tubes emerge from
the cut portion of the pistil, travel across the agarose
medium before entering the excised ovules. Fluorescent
green spot within ovules mark successful pollen tube targeting. Scale bars, 100 Pm.

stigmas, attracts lily pollen tubes in vitro [4], and in A. thaliana, wild type pollen guidance was abnormal when
grown on stigmas over expressing the A. thaliana chemocyanin homolog [5]. Other signals are active in the nutrient-rich extracellular matrix secreted by the female
transmitting tissue. A pectin that may promote guidance
by mediating adhesion of pollen tubes to this matrix has
been identified in lily [6]. Glycoproteins that likely contribute to guidance have also been described: in lily, a
lipid transfer protein that contributes to adhesion [6], and
in tobacco, two glycoproteins (TTS1 and TTS2) that provide nutritional and guidance cues are known [7,8].
Although potential homologs of these proteins exist in A.
thaliana, their role in pollen tube growth is yet to be determined [6].
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After emerging from the transmitting tract, pollen tubes
approach the ovule micropyle with remarkable precision.
Mutants defective in pollen tube guidance have demonstrated that this process is controlled by a series of molecular signals that involve pollen tubes, ovule tissues, and
female gametophytes [1]. The A. thaliana mutants, ino [9]
and pop2 [10] point to a role for diploid ovule tissue in
pollen tube guidance; these have aberrant interactions
between pollen tubes and diploid ovule cells, yet their
female gametophytes appear normal, and in the case of
pop2, can be fertilized with wild-type pollen [11]. Pollen
tubes fail to either reach or enter the micropyle in A. thaliana mutants with nonviable or aberrant female gametophytes yet apparently normal diploid ovule tissue,
providing strong support for the role of the haploid germ
unit in promoting growth to the micropyle [12,13]. Based
on these studies, it was proposed that final stages of pollen tube growth can be divided into two distinct phases:
funicular guidance, in which pollen tubes adhere to and
grow up the funiculus, and micropylar guidance, where
pollen tubes enter the micropyle to deliver sperm to the
female gametophyte [13]. Micropylar guidance signals
originate at least in part from the two synergid cells contained within the female gametophyte; pollen tubes do
not enter ovules in which synergid cells were either laser
ablated [14] or defective due to a lesion in A. thaliana
MYB98 gene [15]. The maize EA1 protein, which is exclusively expressed in the egg and synergids of unfertilized
female gametophytes, may specify a role for these cells in
regulating micropylar guidance. Plants expressing EA1
RNAi or antisense constructs produced significantly fewer
seeds than wild type, and wild type pollen tubes failed to
enter mutant ovules [16].
In vitro assays have been used to characterize intracellular
cues such as a Ca2+ gradient at the tip of pollen tubes that
is critical for growth. Disrupting this gradient by iontophoretic microinjection or by incubation with Ca2+ channel blockers can change the direction of tube growth [17].
The Ca2+ gradient in pollen tubes is controlled by Rho
GTPases; injection of antibodies against these proteins
into pollen tubes, or expression of dominant-negative
forms of RhoGTPase, causes the tip-focused Ca2+ gradient
to diffuse and eliminates tube growth [18], presumably by
disrupting F-actin assembly [19]. These pollen tube
growth defects can be partially alleviated by adding high
concentrations of extracellular Ca2+ [18].
In vitro grown pollen tubes also reorient their growth in
response to certain extracellular cues; lily pollen tubes are
attracted to chemocyanin [4] and repelled by a point
source of nitric oxide [20]. In addition, in vitro grown
pearl millet pollen tubes are attracted to ovary extracts
[21]. For T. fournieri pollen tube guidance across a simple
medium and into the ovule was achieved after pollen
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Table 1: In vitro ovule targeting efficiency

Female tissues

Stigma
–
+
+
+
+
+
+

Style
–
+
–
+
+
+
+

Ovule
+
+
+
+
+ (fertilized)c
+ (100°C)d
+ (25°C)d

Funiculus
+
+
+
–
+
+
+

Fraction
ovules
targeteda

%

nb

4/162
77/145
30/156
61/175
0/122
0/52
23/57

3*
54
19*
35*
0*
0*
40

6
18
25
21
20
8
8

aAlthough the same number of ovules were placed in each assay, only
those with a pollen tube tip d 100 Pm from the micropyle were
considered potential targets; bnumber of independent in vitro assays;
cexpanded ovules, indicating embryo growth, were collected 1 day
after pollination; dovules immersed in 100°C or 25°C water for 5 min;
tissues present (+) or absent (–) after removal by microdissection
(rows 1 and 4); assays in which pollen tubes germinated and grew
only on the stigma (row 3); *, significantly different (F2, P < 0.001)
from assays performed with a stigma, style and intact funiculus (row
2).

tubes were grown through a stigma and style [22]. In this
species, the female gametophyte protrudes from the
ovule, and pollen tubes enter the micropyle without interacting with funiculus [22]. Thus, the T. fournieri in vitro
guidance system serves as a model for the micropylar, but
not the funicular guidance phase of pollen tube growth to
ovules [23]. Here, we describe an A. thaliana in vitro guidance assay that recapitulates both funicular and micropylar guidance, serving as a model for ovules with encased
female gametophytes, an arrangement that is more common among flowering plants. With the sequenced A. thaliana genome, the large collection of mutants affecting
reproductive functions, and comparative genomic
resources, this assay will greatly facilitate identifying genes
that mediate the final phases of pollen tube guidance.

Results

The A. thaliana stigma and style confer pollen tube
targeting competence
Previous studies indicated that pollen tubes germinated in
a simple growth medium cannot be guided to the micropyle [14,22]. Consistent with these observations, when
such assays are performed for A. thaliana, few ovules are
targeted (~3%, Table 1). Hence, we instead removed the
upper portion of the pistil (the stigma and style
[4,10,14,24]), deposited pollen on the stigma surface and
showed that A. thaliana pollen tubes emerged from the
style, travelled across an agarose medium to excised
ovules and successfully entered the micropyle (Fig. 1a,
1b). To facilitate pollen tube observation, especially after
they enter the micropyle and are obscured by the opaque
ovule integument cells, we transformed plants with a GFP

reporter under the control of the pollen-specific LAT52
promoter [25], and identified GFP-expressing lines with
fully functional pollen tubes. Upon reaching the female
gametophyte, these tubes burst and release a large spot of
GFP (Fig. 1c, 1d, arrowheads and see Additional files 1
and 2), conveniently marking targeted ovules. Pollen
tubes that grew within ~100 Pm of an unfertilized ovule
often made a sharp turn toward an ovule; of the tubes that
grew within this range, ~50% successfully entered the
micropyle (Table 1). This targeting efficiency is significantly higher than that of tubes germinated on agarose
(Table 1). Thus, pollen tubes acquire the ability from pistil tissue to perceive ovule guidance signals, perhaps by
absorbing essential nutrients or undergoing critical developmental transitions; a similar phenomenon was
reported in T. fournieri [22]. In some cases, pollen grains
that germinated on the stigma formed tubes that grew
onto the medium, rather than penetrating the pistil and
growing through the style. Nonetheless, these tubes successfully targeted excised ovules, suggesting that interaction with the stigma alone is sufficient to confer pollen
tube guidance competence (Table 1); targeting efficiency
was significantly reduced, however, suggesting that direct
contact with female cells, rather than exposure to diffusible factors in the medium, is most important.
Characterization of A. thaliana pollen tube-ovule
interactions
As tubes left the style, they dispersed (Fig. 1e and see Additional File 1), growing at 2.5 ± 1.0 (s.d) Pm/min (n = 20)
and up to 3 mm before reaching an ovule (Fig. 2a–f). Near
a virgin ovule, however, growth rates decreased (1.2 ±
0.59 (s.d) Pm/min (n = 20;Fig. 2a–f) and the tubes often
made sharp turns (Fig. 1d, arrows) within 33 ± 20 (s.d)
mm of a micropyle (avg. 60 ± 38° (s.d); n = 60). Pollen
tube guidance to ovules was abolished when fertilized or
heat-treated ovules were used (Table 1), indicating they
release a diffusible, heat-labile attractant prior to fertilization. Tube entry into the ovule appears to be not influenced by the number of tubes near a micropyle; targeting
was achieved regardless of whether one or multiple tubes
were in the vicinity of an ovule (see Additional files 1, 2,
3, 4). When approaching an ovule, the in vitro grown pollen tubes did not always migrate up a funiculus, Fig. 1c)
before entering it. To directly test the role of this tissue, we
removed funiculi from ovules, revealing a small but significant decrease in targeting efficiency (Table 1). These
results indicate that an interaction between the pollen
tube and funiculus is not essential, yet this interaction
enhances successful entry into the ovule, perhaps by i)
providing a physical support for pollen tubes to reach the
micropyle, ii) aiding in the generation and maintenance
of a signal gradient, or iii) enhancing the availability of
ovule-derived guidance signals.

!"#$%@%'(%)
!"#$%&'()*%+&',-&.,+&/0-#-0,'&"(+",1%12

345&67#'-&30,7,$8%*++,-%!./

0112.33444567'8$9:$;1<"=5:'83&>/&?***)3,3/

Table 2: Developmental regulation of short-range guidance
signals from ovulesa

Developmental stage
Stigma, style

Ovule

14
"
"
"
"
"
"
"
"
12a
12b
12c
13
14
15
16
17
18

12a
12b
12c
13
14
15
16
17
18
14
"
"
"
"
"
"
"
"

Fraction ovules targetedb

%

nc

0/79
15/84
61/335
51/159
195/398
50/120
48/119
47/104
40/103
6/25
14/43
21/55
17/64
22/46
28/66
27/61
26/64
26/63

0**
18**
18**
32
49
42
40
45
39
24
33
38
27
48
42
44
41
41

13
7
31
18
41
18
15
15
13
5
8
10
10
9
10
9
7
8

aPollen

grains were from A. thaliana stage 14 (9); b, cas in a,bTable 1; **,
significantly different from assays with stigma, style and ovules from
stage 14; (F2) P < 0.001.

nucellus cells (Fig. 2g–k and see Additional files 1 and 2),
potentially reflecting guidance by these cells.

Figuretube
Pollen
2 navigation time course
Pollen tube navigation time course. (a–f) Graphs of
position (Pm; X axis) versus growth rate (Pm/min; Y axis) for
six pollen tubes, from the moment they exit the style (white
bar), enter the micropyle (arrow) and navigate within the
ovule (black bar). (g–l) Merged fluorescent and bright field
images of a GFP-tagged pollen tube entering a micropyle (g),
navigating past diploid ovule cells (h–j), and pausing upon
reaching a synergid (k), and completing lysis (l). Characterstics of pollen tube growth within the ovule shown in G-L
were graphed and shown in (e). Time is min ('); scale bar, 50
Pm.
After responding to the attractant and entering an ovule,
the growth rate of each pollen tube decreased to 0.98 ±
0.34 (s.d) Pm/min (n = 19), reaching the female gamtophyte and lysing after a 73 ± 19 (s.d) min delay (n = 19;
Fig. 2g–l and see Additional files 1 and 2). While previous
work showed that pollen tube growth arrests only after
reaching the female gametophyte [9,10], our observations
point to additional signals that slow growth within the
ovule prior to this arrest. This delay coincides with meandering pollen tube navigation past the integument and

Short-range guidance signals from A. thaliana ovules are
developmentally regulated
The data presented above indicate that contact with A.
thaliana stigmas and styles enables pollen tubes to
respond to diffusible ovule signals. To understand the
nature and source of these signals, we examined their
activity during ovule development. Previously it was
shown that pollen tubes grow randomly or fail to elongate
in immature A. thaliana pistils [26]. However, it was
impossible to distinguish the contributions of distinct tissues in these experiments. Here, we exploited the modular
nature of the in vitro system, varying the age of stigmas,
styles, and ovules. While mature flower parts (stage 14
[27] were optimal, the stage of ovule development was
critical, with guidance factors completely absent at ~32
hrs (stage 12a) and lower at ~16–24 hrs (stages 12b–c)
before flowers mature (Table 2, upper panel). This pattern
correlates with synergid development, the suggested
source of pollen tube attractants; these cells form after
stage 12a [27,28]. Even so, immature ovules promote better pollen tube guidance than heat-treated or fertilized
ovules, suggesting that a basal signalling capability is
established early and increases as the female gametophyte
differentiates. In contrast, the developmental stage of the
stigma and style did not significantly alter targeting (F2; P
> 0.1; Table 2, bottom panel), indicating that the signals
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Table 3: Species specificity of short-range guidance signals from
ovulesa

Species
Stigma, style

Ovule

A. thaliana
"
"
"
"
A. arenosa
O. pumila
C. rubella
S. irio

A. thaliana
A. arenosa
O. pumila
C. rubella
S. irio
A. thaliana
"
"
"

Fraction ovules targetedb

%

nc

152/304
50/161
5/131
0/87
0/107
38/79
72/128
16/48
17/36

50
31*
4**
0**
0**
48
56
33
47

33
26
21
12
16
10
17
15
12

aPollen

grains were from A. thaliana stage 14 (9); b,cas in a,bTable 1; *,
**, significantly different from stage 14 A. thaliana assays in row 1; (F2)
P < 0.05, P < 0.001, respectively.

that confer targeting competence to pollen tubes do not
vary over the course of pistil maturation (stages 12a–18)
and that they emerge as early as stage 12a.
Short-range guidance signals from ovules are highly
species-specific
Like many traits that mediate reproduction [29,30], pollen tube guidance signals diverge rapidly – crosses
between A. thaliana and its relatives show random or
arrested pollen tube growth, even among species separated by <25 million years, MY [13,31]. Because these
interspecies crosses utilized intact pistils, it has been
impossible to discern the roles of individual tissues; moreover, early blocks in pollen tube migration have often
made it difficult to assess interactions at downstream
stages, including those near ovules. Here, we examined
whether the stigma, style and ovule-derived signalling
interactions are shared among A. thaliana relatives separated by ~5, 10, or 20 MY [31] (Table 3). The ability of the
stigma and style to promote pollen tube competence was
highly conserved (F2; P > 0.05; Table 3, bottom panel),
while the ovule-derived attractant diverged rapidly (F2; P
< 0.01; Table 3, upper panel). For example, A. thaliana
pollen tubes inefficiently target ovules from Arabidopsis
arenosa (separated by 5 MY from A. thaliana), rarely target
Olimarabidopsis pumila ovules (10 MY), and fail to target
Capsella rubella or Sysimbrium irio ovules (10 and 20 MY,
respectively, Table 3, upper panel). Because C. rubella and
S. irio are challenging to transform, it was not possible to
test whether ovules from these two species are able to
guide self-pollen expressing GFP under our assay conditions. Nonetheless, the ability of A. thaliana pollen to target ovules correlated with phylogenetic separation [30],
suggesting that A. thaliana pollen tubes are sufficiently
diverged that they fail to recognize attractants from C.
rubella and S. irio ovules. Unlike the calcium signals that
emanate from synergids [32,33], the proposed source of

micropylar guidance signals, our results point to a diffusible, heat-labile ovule-derived signal that is sufficiently
complex for rapid divergence – criteria that are most consistent with a protein-based signal. Pollen tubes perceive
this signal at a distance of ~100Pm from ovules after a 5
hour incubation in the assay. To estimate the molecular
weight of this signal, we measured the diffusion rates of
fluorescently-labelled dextran molecules under the same
conditions in which the in vitro assay was performed, and
calculated that the ovule-derived signal could measure up
to approximately 85 kD (see methods).
Targeted A. thaliana ovules repel supernumerary pollen
tubes in vitro
Interestingly, while the ovule-derived attractant in the in
vitro assay acted to guide multiple pollen tubes toward
ovules, only one pollen tube gained access to each micropyle. This is reminiscent of polyspermy blocks in vivo,
where only one tube generally migrates up the funiculus
and into the ovule [13]. While the mechanisms that prevent multiple tubes from even approaching an ovule are
highly efficient, it is nonetheless possible for more than
one pollen tube to enter a micropyle. In wild-type maize,
heterofertilization results when the egg and central cell are
fertilized by different pollen tubes at a frequency of ~1/50
[34] and in A. thaliana, ~1% (wild type) and ~10% (feronia) of ovules are penetrated by multiple pollen tubes [3].
When we performed the in vitro assay with fertilized
ovules, many tubes grew within 100 Pm, but none entered
(Table 1), suggesting that the release of the ovule attractant terminates after fertilization, or alternatively, that a
new signal repels additional pollen tubes. To distinguish
between these possibilities, we used time-lapse imaging
analysis (Fig. 3 and see Additional files 3 and 4). While
44% of targeted ovules (n = 143) were approached by
additional pollen tubes, in every instance, these tubes did
not enter the micropyle. Repelled tubes either stalled near
the micropyle or turned sharply away from the targeted
ovule (84 ± 42°; n = 61, Fig. 2e–h and see Additional files
3 and 4), a response that was observed as early as 10 min
after a successful targeting event. This effect was fairly
short-range; only tubes that approached within 27 ± 22
(s.d) Pm were repelled. The diffusion rate of a series of
dextran molecules through the medium used in this assay
allowed us to estimate that a repellent measuring <10kD
could diffuse ~27 Pm in 10 minutes. Such abrupt turning
behaviours were not observed when a single tube
approached a virgin ovule. Instead, these tubes changed
their growth direction by 60 ± 38° (s.d; n = 60), migrating
toward, and not away, from the micropyle.

In the A. thaliana female sterile feronia and sirene mutants,
wild type pollen tubes enter the mutant ovules but fail to
cease growth or burst. In addition to this defect, multiple
pollen tubes gain access to feronia and sirene mutant
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Figuretubes
Pollen
3 avoid targeted ovules
Pollen tubes avoid targeted ovules. Two examples (a–h and i–p) of pollen tube avoidance by ovules approached by three
pollen tubes (false colour: green, the tube that enters the micropyle (*); pink and red, tubes that arrive later and do not enter;
entire set of original images are presented in Additional Files 3 and 4). Elapsed time in minutes; Scale bars, 100 Pm.

ovules [3,35]. Based on these results, it was suggested that
repulsion of supernumerary tubes does not initiate until
pollen tube reception occurs. Our observations with wild
type pollen tubes in this in vitro assay indicate this is not
the case – repulsion responses occurred well before tube
growth terminated or tubes released their cytoplasm (n =
50, Fig. 3j, 3n and see Additional files 3 and 4). Moreover,
while previous work suggested that female gametophyte
cells release an inhibitory signal [3,35], our results show
that repulsion initiated soon after the pollen tubes
entered the micropyle and long before they reached the
female gametophyte (Fig. 3 and see Additional files 3 and

4). Thus, this work points to a diffusible repulsive signal
that is sufficient to override the ovule attractant. This signal may be derived directly from the diploid cells that surround the micropyle, from the female gametophyte, or
from the successfully targeted, but unlysed, pollen tubes.

Conclusion

Based on the results described here, we have defined three
signaling events that regulate pollen tube guidance in A.
thaliana: i) contact-mediated competence conferred by the
stigma and style, ii) diffusible ovule-derived attractants
and iii) repellents exuded from recently-targeted ovules.
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The species specificity and diffusion properties of the
ovule attractant are consistent with a protein signal, while
the abrupt transmission and response to the repellent suggests the activity of a small molecule, a peptide, or posttranslational modifications to signals present before fertilization. This investigation also provides a platform to
confirm the roles of candidate guidance molecules and to
explore the phenotypes of A. thaliana mutants, including
those that affect the development of diploid [9,10] and
haploid [3,16,35] female tissues or pollen tubes [36]. The
ability to characterize interspecies pollination interactions
with this assay could lead to improvements in generating
novel plant hybrids, a process that often requires in vitro
manipulations [37].

Methods

Plant growth and material
Pollen was derived from LAT52:GFP transgenic lines
(Columbia background). Stigmas, styles, and ovules were
from the A. thaliana male sterile mutant, ms1 (CS75,
Landsberg background) or from A. arenosa (CS3901), O.
pumila (CS22562), C. rubella (CS22561) and S. irio
(CS22653), deposited in the A. thaliana Biological
Resources Center, Ohio State University. Female structures are unaffected by ms1, making it a convenient source
of virgin pistils without the need for emasculation. No difference was detected between assays performed with
materials derived from the Landsberg or Columbia ecotypes (not shown). Seeds were sown in soil and stratified
at 4°C for 2 days, and plants were grown under fluorescent light (100 PE) for 16 or 24 hrs/day at 40% humidity.
To consistently isolate pistils of varying developmental
stages, we correlated the initial day of flowering of our
plant population with previously defined floral development stages [26]. First, we confirmed that the youngest
open flower is similar to stage 14 [26]. In A. thaliana, flowers continuously arise at the floral apex and are arranged
in a spiral, with the younger buds on the inside. This predictable pattern allowed us to select stage 14 flowers as a
starting point and identify older flowers (up to stage 18)
and younger buds (up to 12a).
In vitro pollen tube guidance assay
Growth medium for in vitro manipulations of pollen
tubes [10] was determined to be optimal for also growing
pollen tubes through a cut pistil. For the in vitro assays
described here, pollen growth medium (3 ml) was poured
into a 35 mm petri dish (Fisher Scientific, Hampton,
USA). This volume of medium was ideal both for pollen
tube growth and for microscopically viewing the interactions between pollen tubes and ovules. Excised pistils
were pollinated under a dissection microscope (Zeiss
Stemi 2000), cut with surgical scissors at the junction
between the style and ovary (World Precision Instruments, Sarasota, USA), and placed horizontally on pollen
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growth medium. Pollen tubes emerged from the pistil ~3
hours after pollination and dispersed along the agarose
surface for up to ~3 mm from the pistil.
Unlike previous reports [12,18], ovules were excised dry
under a dissection microscope with a 27.5 gauge needle,
from pistils that were held horizontally on double-sided
tape (Scotch brand, 3M, St. Paul, USA). Excised ovules
were immediately placed on the pollen growth medium,
~2 mm from the pistil, a distance that was typically accessible by the emerging pollen tubes. To maximize pollen
tube-ovule interactions, 8–10 ovules were placed at the
base of a pistil as shown in Fig. 1d. Because pollen tubes
tend to disburse and grow randomly after leaving the
style, not all ovules, particularly those placed near the cut
pistil, are visited by a pollen tube (Fig. 1e).
For time-lapse imaging, ovules were placed with their
micropylar end closest to the pistil excision site. Although
not essential for targeting, ovules were oriented in this
manner to reduce the time elapsed before targeting was
achieved. In vitro assays were typically performed by completely coating stigmas of cut pistils with pollen (>100
grains per stigma); in contrast, for the repulsion assays
only 20–30 pollen grains were deposited per stigma, making it possible to clearly observe individual tube behaviour. Based on experiments with limited amounts of
pollen, we typically observed 50–80% of the pollen grains
produced tubes that emerged from the style.
LAT52:GFP transgenic plants
A HindIII fragment encoding GFP expressed from a postmeiotic, pollen-specific LAT52 promoter [25], was cloned
into PBI121 (Clonetech, CA) and introduced into A. thaliana (Columbia) plants by Agrobacterium-mediated transformation. Kanamycin-resistant transgenic plants were
selected, and a line containing a single transgene insertion, based on segregation of kanamycin resistance and
GFP, was chosen for this study. This line had no detectable
reproductive defects.
Microscopy
Ovules targeted by pollen tubes in the in vitro assay were
counted under a Zeiss fluorescent dissecting stereoscope.
For calculating targeting efficiencies, we included only
ovule micropyles within 100Pm of a growing pollen tube;
within this range pollen tubes exhibited responses that are
typical for cells undergoing attraction: significant reorientation of growth towards the signal source, followed by a
steady advance towards the target. For time-lapse fluorescent microscopy, GFP-labelled pollen tubes were
observed using a Zeiss Axiovert 100 fitted with an automated shutter, motorized stage and CCD camera (CoolSNAP fxHQ, Roper Scientific, Inc Tucson, AZ). Images
were captured at 10-minute intervals, converted to a TIFF
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format per the manufacturer's instructions using Slidebook (Intelligent Innovations Imaging, Santa Monica,
CA). Pollen tube behaviours (growth rate, angle of turning, distance from micropyle) were measured and images
were assembled into movies using ImageJ image analysis
software (http://rsb.info.nih.gov/ij/download.html).
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Additional material
Additional File 1
In vitro pollen tube guidance assay monitors ovule targeting by pollen
tubes. Time-lapse imaging of GFP-tagged pollen tubes emerging from the
cut portion of the pistil, travelling across the agarose medium before
approaching a subset of excised ovules. In this instance, pollen tubes grew
within 100 Pm only near two of the six ovules; of these two, only one was
successfully targeted.
Click here for file
[http://www.biomedcentral.com/content/supplementary/14712229-6-7-S1.mov]

Diffusion rates
To estimate the size of pollen tube signalling molecules,
we performed time-lapse imaging of diffusion of a series
of fluorescein-conjugated dextrans (Invitrogen, Carlsbad,
CA) ranging in molecular weight from 3 to 70 kD on the
pollen growth medium used for performing the in vitro
pollen tube guidance assay. We dissolved each dextran
compound in pollen growth medium, and spotted 2 ul
each of 10 ng/ul and 100 ng/ul onto pollen tube guidance
assay plates. Time-lapse imaging was performed as
described for in vitro pollen tube behaviours except that
images were captured once in 30 minutes. The rates of diffusion (3 kD = 5.5Pm/min; 10 kD = 2.73 Pm/min; 40 kD
= 2.43 Pm/min and 70 kD = 1.01 Pm/min) were measured from these images using ImageJ software. Specifically, the fluorescent intensities along a line drawn from
the centre of a dextran spot to the diffused periphery were
calculated for an entire time-lapse series. The data was
imported into Microsoft Excel and regression analyses
were performed. Extrapolating from these values, molecular weights were estimated for attractants that would diffuse 33 Pm and repellents that would diffuse 27 Pm in
300 minutes (the time required for a typical pollen tube
to reach an ovule in the in vitro assay).

Additional File 2
Pollen tube migration within an ovule. Time-lapse images showing a
GFP-tagged tube entering and navigating within the ovule. The growth
rate of the pollen tube decreases substantially before and soon after entry.
Within the ovule, pollen tube ceases growth presumably in one of the synergids and tube discharge occurs, leaving a visible GFP spot.
Click here for file
[http://www.biomedcentral.com/content/supplementary/14712229-6-7-S2.mov]

Additional File 3
Pollen tube repulsion by a targeted ovule, example 1. Three pollen tubes
approach an ovule, however only one of them is ultimately successful. The
unsuccessful tubes stall near the micropyle, despite coming very close to it.
Click here for file
[http://www.biomedcentral.com/content/supplementary/14712229-6-7-S3.avi]

Additional File 4
Pollen tube repulsion by a targeted ovule, example 2. Three pollen tubes
approach an ovule, however the pollen tube that arrived at the micropyle
first was successful. The unsuccessful tubes approached the micropyle;
however, one of them turned away from it, while the other one skips the
micropyle and grows over the successful tube and stalls. The repulsion
behaviors initiate well ahead of pollen tube discharge within ovule.
Click here for file
[http://www.biomedcentral.com/content/supplementary/14712229-6-7-S4.avi]

Statistical analysis
To measure the significance of the differences among
observed ovule targeting efficiencies, we employed a F2
test for consistency in observed frequency distributions
with a dichotomous classification and variable sample
size [38].
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The pollen tube is an excellent single-cell model system for studying cellular processes in plant cell biology. This protocol describes
a detailed step-by-step procedure with optimized conditions for introducing various fluorescent reporter proteins into lily, tobacco
and Arabidopsis pollen grains by means of biolistics for their transient expression and subsequent analysis in germinating pollen
tubes. The whole experiment consists of four major stages: coating gold microcarriers with DNA constructs, preparation of pollen
grains, transformation of plasmid DNA into pollen grains by particle delivery system and germination of bombarded pollen grains
in optimized germination media to obtain pollen tubes for protein trafficking, protein localization, drug treatment and organelle
dynamics analysis. This protocol takes about 4–12 h from pollen preparation to protein detection.

INTRODUCTION
Pollen, the male gametophyte of the flowering plant, has an important role in sexual reproduction. Upon landing on the stigma for
pollination, the pollen grain produces a long pollen tube to deliver
sperm to the ovule for fertilization. Pollen tube growth is an extremely
polarized and highly dynamic cellular process, making it an ideal single-cell model system for studying molecular mechanisms of signal
transduction, protein trafficking, vesicular secretion and endocytosis
in plant cells1–4. Several approaches have been used to transform
genes into pollen grains or germinating pollen tubes in these studies, including microinjection of plasmid DNA into pollen tubes5
and the use of transgenic plant-derived pollen grains. However, it
takes at least a few months to generate transgenic plants, including Arabidopsis, tobacco, maize and rice, through Agrobacteriummediated transformation6–9, and the microinjection of pollen tubes
is a technically challenging and low-efficiency approach. Transient
expression of pollen grains has thus become an alternative and more
attractive system for studying protein localization and organelle
dynamics in germinating pollen tubes10–17.
Transient expression of fluorescent reporter proteins has been a
useful tool for quickly illustrating organelle dynamics and protein
localization in various plant cell types and tissues using various
methods of DNA delivery, including electroporation- or PEGmediated transient expression of protoplasts derived from suspension cultured cells18–21 and Agrobacterium infiltration of tobacco
leaves7. However, all these methods cannot be simply applied to
pollen grains because of the pollen cell wall and the pollen coat4, as
removing the pollen coat and cell wall will result in poor pollen germination. Therefore, transient expression of fluorescent reporter
proteins in growing pollen tubes by means of biolistics has been
widely used for studying protein dynamics, membrane trafficking,
cytoskeleton organization, signal transduction and exocytosis or
endocytosis in pollen tubes of different plant species10,11,13,15–17,22–29.
Such a system has also been commonly used to study the effects
of protein overexpression and allows coexpression of multiple
proteins in the same pollen tube13,17,28–33.
In this study, we have tested and optimized a pollen grain transient expression procedure with in vitro species-specific pollen tube
germination media/conditions for pollen grains of three commonly

used plant species: lily, tobacco and Arabidopsis (Table 1). The application of this protocol consists of four essential stages: (i) coating
gold microcarrier with plasmid DNA, (ii) preparing pollen grains
for transient expression, (iii) transforming DNA into pollen grains
by means of particle bombardment and (iv) germinating pollen
in vitro for dynamic analysis of fluorescent-tagged proteins in
germinating pollen tubes. With this protocol, more than 95%
of the lily and tobacco pollen grains and 80% of the Arabidopsis
pollen grains are capable of germinating into pollen tubes, whereas
~10% of the germinated lily and tobacco pollen tubes and 5–6%
of the bombarded Arabidopsis pollen tubes show good fluorescent
signals several hours after the bombardment (Figs. 1a and 2e).
Transformation efficiency is calculated by comparing the number
of pollen tubes with fluorescent signals versus the number of pollen tubes collected from bombarded areas (rather than counting all
the pollen grains on the filter paper; see Step 15 of PROCEDURE).
As a proof of principle, we used this protocol to test known protein
markers of prevacuolar compartment (PVC) and apical endocytosis28 for their subcellular localization, dynamics and response to drug
treatments in germinating pollen tubes, as compared with those
previously described in transgenic tobacco BY-2 and Arabidopsis
suspension culture cells19,30–36. Identical results were obtained when
the same fluorescent reporter proteins were transiently expressed,
either in germinating pollen tubes or in tobacco BY-2 and Arabidopsis
protoplasts19,34. This protocol is also compatible with drug treatments
(e.g., wortmannin treatment, see ANTICIPATED RESULTS).
Potential limitations of this protocol include: (i) relatively low
transformation efficiency in germinating pollen tubes as compared with other transient expression systems, such as the BY-2 or
Arabidopsis protoplast transient expression systems19 and (ii) difficulty in handling the Arabidopsis pollen grains owing to their small
size. However, as it takes several months to generate transgenic plants
to obtain the needed transgenic pollen grains for dynamics studies in
germinating pollen tubes11,37, this transient expression approach is
an attractive alternative for studying large numbers of new proteins
quickly in germinating pollen tubes of various plant species. In addition, as germinating pollen tubes show highly dynamic endocytosis
and exocytosis38, as well as being an excellent single-cell system39, this
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TABLE 1 | Species-specific germination media and culture conditions.
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Species

Medium composition
(dissolved in double-distilled H2O)

Germination conditions and time

References

Lily (L. longiflorum) pollen grains

1.3 mM boric acid
2.9 mM KNO3
9.9 mM CaCl2
10% (wt/vol) sucrose
pH 5.8

27.5 °C
85 r.p.m. per min
Shaker for 1.5–2.5 h

16,28,29,49,50

Tobacco (N. tabacum) pollen grains

0.01% boric acid
1 mM CaCl2
1 mM Ca(NO3)2·4H2O
1 mM MgSO4·7H2O
10% (wt/vol) sucrose
pH 6.5

27.5 °C
85 r.p.m. per min
Shaker for 2–3 h

11,13,23,25,51

A. thaliana pollen grains

0.01% boric acid
5 mM KCl
1 mM MgSO4
5 mM CaCl2
10% (wt/vol) sucrose
pH 7.5

22.5 °C water bath for 8–10 h

22,24,48,51–53

protocol represents a very fast and reliable transient expression system for studying protein trafficking, protein localization, organelle
dynamics and protein-protein interactions, as well as the effects of
overexpression of proteins in the rapid tip-focused growing pollen
tubes of various plant species, including the three commonly used
plant models of lily, tobacco and Arabidopsis.
Experimental design
Selection of pollen-specific promoter and expression vector.
To increase the transient expression efficiency of the fluorescent
reporter proteins in germinating pollen tubes, pollen- or pollen
tube–specific promoters ZM13 (refs. 40–42) or Lat52 (refs. 43,44),
rather than the constitutive cauliflower mosaic virus (CaMV 35S)
promoter19, are used in this protocol. The ZM13 promoter and the
Lat52 promoter are derived from maize and tomato, respectively,
that have been successfully used to control the expression of various
reporter genes in pollen grains or pollen tubes of monocots and
dicots29,41–44. The expression vectors for transient expression should
have a high expression level and be small in size (about 3–6 kb). In
this protocol, we usually use constructs derived from the pBI221
plasmid under the control of the ZM13 promoter for lily pollen or
the Lat52 promoter for tobacco or Arabidopsis pollen grains and the
nopaline synthase (NOS) terminator (Clontech)19,28,29.
DNA quality. DNA used for transient expression in pollen grains or pollen tubes needs to be of high purity and high

quality. A conventional DNA preparation method is usually used,
in which bacteria are lysed by lysozyme-Triton solution, followed
by plasmid DNA purification by means of phenol/chloroform
extraction45. Generally, purified DNA should have an optical
density (OD) OD260/OD280 value close to 1.8. The OD260/OD230
value of the purified DNA should also be > 1.5, which indicates that the DNA is free of contamination from organic compounds or chaotropic salts. Plasmid DNA with higher quality
will further improve the transformation and expression efficiency. Therefore, either CsCl gradient centrifugation methods30
or the DNA maxi preparation kit (Qiagen) can also be used to
prepare high-quality DNA for high expression efficiency in
this protocol.
Pollen tube germination ratio. The pollen tube germination ratio
is one of the key factors that significantly affect the efficiency of
transient expression. Factors such as germination medium, temperature and plant species determine the germination rate of the
pollen grains. In this protocol, three types of pollen grains from
lily, tobacco and Arabidopsis were tested for transient expression
because pollen grains from different plant species require speciesspecific in vitro germination medium and conditions. Table 1 summarizes the optimized germination media and conditions for these
three types of pollen grains tested in this protocol, with an in vitro
germination rate of 95% for lily and tobacco pollen grains or 80%
for Arabidopsis pollen grains.

MATERIALS
REAGENTS
• Lily (Lilium longiflorum), tobacco (Nicotiana tabacum) or Arabidopsis
thaliana (Columbia 0) pollen grains (obtained from plants grown in
greenhouse or growth chambers)
• Sucrose (Fluka, cat. no. 84097)
• H3BO3 (USB, cat. no. 10043-35-3)
420 | VOL.6 NO.4 | 2011 | NATURE PROTOCOLS

• CaCl2 (Ajax Chemicals, cat. no. 960)
• KNO3 (Sigma-Aldrich, cat. no. P-8291)
• MgSO4 (Sigma-Aldrich, cat. no. M2643)
• Agar (Sigma-Aldrich, cat. no. A-7921)
• Gold microcarrier particles (1.0 Mm; Bio-Rad, cat. no. 165-2263)
• Spermidine (Sigma-Aldrich, cat. no. S-2626)

© 2011 Nature America, Inc. All rights reserved.

PROTOCOL
Figure 1 | Transient expression of fluorescent
reporter proteins in growing lily pollen tubes.
(a,b) Comparable differential interference
contrast (DIC) and GFP fluorescence images
of transient expression of cytosolic GFP in
germinating lily pollen tubes, showing a
transformation efficiency of ~10%. Arrows
indicate examples of germinating pollen
tubes with fluorescent signals, whereas the
signals from pollen grains (arrowheads) are
due to autofluorescence of the pollen coats.
(c) Cytosolic localization of the expressed
cytosolic GFP construct in germinating lily
pollen tube. (d) Localization and dynamics
of the transiently expressed GFP-BP-80, a
reporter for prevacuolar compartment (PVC),
in germinating lily pollen tube. Asterisk
indicates the tube apex lacking the GFP
signals. (e) Germinating lily pollen tube
expressing the GFP-BP-80 was incubated with
the endocytic marker FM4-64 dye (red) for
10 min before image collection. (f) Lily pollen
tube expressing the GFP-BP-80 was treated
with wortmannin (Wort) at 8.25 MM for
30 min before image collection, showing the
wortmannin-induced enlarged PVC (arrow)
in which the insert shows an example of an
enlarged PVC. (g) Localization of RFP-LlSCAMP,
a reporter for endocytosis, in germinating
lily pollen tube. (h) Coexpression of LlVSR
and RFP-LlSCAMP in germinating lily pollen
tube. BP-80, the transmembrane domain and
cytoplasmic tail of the pea-binding protein
80 kDa; LlSCAMP, L. longiflorum secretory
carrier membrane protein; LlVSR, L. longiflorum
vacuolar sorting receptor; and RFP, red
fluorescent protein.

Lily pollen tubes

a
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DIC

GFP

DIC

200 µm
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d
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f

GFP-BP-80 + Wort

DIC

50 µm

e

GFP-BP-80 + FM4-64

DIC

50 µm

50 µm

g

RFP-LISCAMP

• MgSO4·7H2O (Sigma-Aldrich, cat. no. M1880)
• CaCl2·2H2O (Ajax Chemicals, cat. no. 127)
• Ethanol (Merck, cat. no. 1.00983.2511)
• ZM13 promoter, Lat52 promoter and nopaline synthase (NOS) terminator
(Clontech)
EQUIPMENT
• PSD-1000/He particle delivery system (Bio-Rad, cat. no. 165-2257)
• Confocal microscope (Leica, cat. no. TCS SP5)
• Macrocarriers (Bio-Rad, cat. no. 165-2335)
• Rupture disk (Bio-Rad, cat. no. 165-2329)
• Stopping screen (Bio-Rad, cat. no. 165-2336)
• Shaker set at 85 r.p.m. at 27.5 °C
• Syringes (20 ml)
• Syringe filter (0.22 Mm)
• Petri dishes (85 mm × 15 mm)
• Conical tubes (50 ml)
• Eppendorf tubes (1.5 ml)
• Benchtop centrifuge
• Water bath set at 22.5 °C
• Nucleic acid electrophoresis system (Bio-Rad, cat. no. 170-4392)
• Confocal dish (cover glass–bottom dish; Life Scientific,
cat. no. SPL-100350)
• Buchner funnel (Nalgene, cat. no. 4280-0700)
• Filtering flask (500 ml; Nalgene, cat. no. DS4101-0500)
• Filter paper (70 mm; Whatman, cat. no. 1001070)
• Vacuum pump (VacuGene XL Blotting Pump 220 VAC, Amersham
Biosciences, cat. no. 80-1265-15) M CRITICAL To get an even distribution
of the pollen grains on the filter paper, the pump should work gently
and slowly.

10 µm

h

DIC

50 µm

GFP-LIVSR + RFPLISCAMP

DIC

50 µm

REAGENT SETUP
Pollen grain preparation Lily (L. longiflorum) plants are grown in the
greenhouse of the Chinese University of Hong Kong according to standard
conditions46. Mature pollen grains are collected from anthers, and after being
air-dried for 1 d at room temperature (23–25 °C), the pollen grains are stored
at 4 °C before use. Tobacco (N. tabacum) plants are grown in the greenhouse
at 22 °C under a light cycle of 12 h of light and 12 h of darkness23. A. thaliana
plants are grown in growth chambers under standard conditions47. Fresh pollen grains were collected from these individual plants and used for transient
expression by means of particle bombardment. M CRITICAL To maintain a
high germination rate, the storage time for lily pollen grains should not be
longer than 7 d at 4 °C. Longer storage of the pollen grains at 4 °C will significantly reduce the pollen germination rate. To obtain high germination ratio
for tobacco and Arabidopsis pollen grains, freshly collected samples to be used
for biolistics are highly recommended.
Pollen tube germination buffer To germinate pollen grains into pollen
tubes in vitro, pollen grains are suspended in the species-specific germination
medium, as listed in Table 1. M CRITICAL The pollen germination medium
should be freshly prepared just before use; alternatively, it should be sterilized
in an autoclave or filtered for long-term (3–5 months at 4 °C) storage
because the medium contains sucrose.
Spermidine solution Spermidine working solution of 0.1 M concentration
can be prepared by diluting 1 M spermidine stock solution with sterilized
double-distilled H2O. Prepare aliquots of 100 Ml each and store them at
− 20 °C for up to 1 year. M CRITICAL Spermidine stock solution of 1 M
concentration should first be prepared to avoid degradation. Sterilize the
solution by filtration through a 0.22-Mm syringe filter and store at − 80 °C.

NATURE PROTOCOLS | VOL.6 NO.4 | 2011 | 421

Tobacco pollen tubes

Figure 2 | Transient expression of fluorescent
reporter proteins in growing tobacco and
Arabidopsis pollen tubes. (a) The germination
rate of tobacco pollen grains was ~95%
(as determined by the growth of pollen tube
after 2.5-h incubation in the tobacco germination
medium). (b) Expression and subcellular
localization of an ER fluorescent reporter
GFP-HDEL in germinating tobacco pollen tube,
showing typical ER network pattern. (c) The
germination rate of Arabidopsis pollen grains
was > 80% (as determined by the growth of
pollen tube after an 8-h incubation in the
Arabidopsis germination medium at 22.5 °C).
(d) Expression and subcellular localization of a
GFP fusion with the Arabidopsis SCAMP4 (GFPAtSCAMP4) in germinating Arabidopsis pollen
tube; the signals were mainly found in the
inverted cone region of the pollen tip and
plasma membrane, with some punctuate signals
in the sub-apical region. (e) An overview of a
3D image showing the green fluorescent signals
from germinating Arabidopsis pollen tubes and
pollen grains. Arabidopsis pollen grains (Columbia 0)
were transformed with the cytosolic GFP
construct and germinated for 10 h in optimized
Arabidopsis pollen grain germination condition
before collection of confocal images. AtSCAMP4,
Arabidopsis secretory carrier membrane protein4;
HDEL, His-Asp-Glu-Leu, an ER retention signal;
PVC, prevacuolar compartment.

a

b

GFP-HDEL

DIC

25 µm

500 µm

c

d

200 µm
Arabidopsis pollen tubes
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Gold microcarrier solution To prepare a 60 Mg per liter microcarrier
solution, first wash 1.0-Mm gold microcarrier particles with absolute ethanol
and vortex them continuously for 3 min. Centrifuge the gold particles at max
speed (13,400g) for 1 min in a benchtop centrifuge, then discard the supernatant and wash with distilled water twice. Finally, resuspend the particles in
50% (wt/vol) glycerol and store at − 20 °C for up to 1 year.

GFP

GFP-AtSCAMP4

DIC

12.5 µm
DIC

400 µm

EQUIPMENT SETUP
PSD-1000/He particle delivery system The settings of the PSD-1000/He
particle delivery system are as follows: 1,100 psi, 29 mmHg vacuum,
1 cm gap distance between the rupture disk and macrocarrier and
9 cm particle flight distance between macrocarrier and pollen grain
samples.

PROCEDURE
Coat gold particles with plasmid DNA L TIMING 50 min
1| Vortex gold microcarrier solution extensively for 3 min. Pipette 1.5 mg (25 Ml) gold particles into a new 1.5-ml
Eppendorf tube.
2| First, vortex the gold particles with 10 Ml of 0.1 M spermidine. Second, add 5 Ml of 1 Mg Ml − 1 plasmid DNA and keep
vortexing for another 1 min. Third, slowly add 25 Ml of 2.5 M CaCl2 solution while constantly mixing for 3 min.
M CRITICAL STEP The order for the addition of solutions should be followed as described because spermidine will first
impart positive electronic charges to the gold particles so that the negatively charged plasmid DNA can bind to the gold
microcarriers subsequently; finally, CaCl2 can precipitate the DNA on the microcarriers.
3| Centrifuge the gold microcarriers using a benchtop centrifuge at 13,400g for 5 s and remove the supernatant. Wash with
200 Ml of absolute ethanol and centrifuge at 13,400g for 5 s.
4| To assess the efficiency of DNA coating on gold particles, the supernatant removed in Step 3 (50–55 Ml plus 5 Ml
10× DNA loading dye) can be analyzed by agarose gel electrophoresis (run at 90 V for 20 min) in conjunction with 5 Ml of
1 Mg Ml − 1 plasmid DNA (with 0.5 Ml 10× DNA loading dye) in the same gel. In this manner, the amount of DNA remaining in
the supernatant and thus the DNA coating efficiency can be estimated. DNA coating efficiency is usually about 70–80%.
5| Remove the supernatant and resuspend the gold particles in 18 Ml of absolute ethanol and aliquot 6 Ml of particle
suspension onto three macrocarriers and let them air-dry.
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M CRITICAL STEP It is essential to completely resuspend the gold particles by vortexing or pipetting up and
down with the pipette tips. Ensure that the gold particles are evenly distributed in the center of the
macrocarriers. Preventing the gold particles from forming aggregations is crucial for achieving high transformation
efficiency.
Preparation of pollen grains for transient expression L TIMING 30 min
6| Harvest anthers from two lily flowers, 15–20 tobacco flowers or 40–50 Arabidopsis flowers and transfer them into
20 ml of species-specific pollen germination medium in a 50-ml Falcon tube. Vortex vigorously for 1 min to release the
pollen grains into the medium and remove the anthers with forceps.
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7| Connect the vacuum pump to the filtering flask with rubber pipes and fix the Buchner funnel into the filtering
flask tightly.
8| Carry out vacuum filtration using option A for lily or tobacco pollen or option B for Arabidopsis pollen.
(A) Vacuum filtration of lily or tobacco pollen
(i) To prepare lily and tobacco pollen grains for bombardment, pre-wet a 70-mm filter paper with pollen germination
medium, turn on the vacuum pump and adjust the vacuum to 40 mbar.
(ii) Directly vacuum-filter the 20-ml pollen grain suspension onto the pre-wetted filter paper so that the pollen grains are
collected and evenly distributed onto the filter paper.
(B) Vacuum filtration of Arabidopsis pollen
(i) To prepare Arabidopsis pollen grains for bombardment (because they are less abundant than lily or tobacco pollen
grains), it is necessary to spread the Arabidopsis pollen grains on a smaller area of the filter paper. First, use a pencil
to draw a square of 20 mm × 20 mm in the center of the 70-mm filter paper.
(ii) Second, pre-wet the filter paper with germination medium, turn on the vacuum pump and adjust the vacuum
to 40 mbar.
(iii) Third, transfer the suspended Arabidopsis pollen grains with a pipette from the Falcon tube onto the marked
20 mm × 20 mm square. To ensure an even distribution of the Arabidopsis pollen grains on the marked area of the filter
paper, individual droplets of pollen grains should be added one by one to different positions of the marked area; each
droplet must be completely stuck on the filter before you apply the next droplet.
9| Transfer the filter paper with the pollen grains facing up onto an 85-mm Petri dish containing 2% (wt/vol) agar.
M CRITICAL STEP To avoid losing pollen grains from the filter paper during vacuum filteration, ensure that there are no air
bubbles between the pre-wetted filter paper and the Buchner funnel.
Transfer of DNA into pollen grains via particle bombardment L TIMING 30 min
10| Set up the PSD-1000/He particle delivery system, as described in the EQUIPMENT SETUP, using the macrocarriers
prepared in Step 5.
11| Bombard the pollen grains on the filter paper (from Step 9) three times at three randomly chosen positions on the
filter paper (ensuring that these are within the marked area in case they can be estimated) in order to increase the
transformation efficiency.
! CAUTION Wear safety glasses when operating the PSD-1000/He system because potentially dangerous conditions, such as
high-pressure gas and high-speed particles, are associated with the system.
12| Immediately after bombardment, you can identify the bombarded areas that are visible on the filter paper because of
the brown color of gold particles.
13| Use a knife to cut out the filter paper ~2 mm wider around the bombarded areas and use 5 ml of speciesspecific pollen germination buffer to wash all the bombarded pollen grains from the three bombarded areas
into a 50-ml conical tube (for lily and tobacco pollen germination), or use 250 to 300 Ml of Arabidopsis pollen
germination medium48 to wash the bombarded Arabidopsis pollen grains into a 1.5-ml Eppendorf tube for
germination.
Pollen tube germination in vitro L TIMING 2–10 h
14| Germinate the bombarded pollen grains into pollen tubes in the species-specific germination medium and under
conditions described in Table 1 for 2 to 10 h before fluorescent signals are observed.
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15| Use cover glass–bottom confocal dishes for signal observation to minimize the mechanical pressure on growing pollen
tubes and calculate expression efficiency from the pollen tubes with fluorescent signals versus all the pollen tubes within
one field of the confocal dish. Repeat counting at least three times under different fields.
! CAUTION The expression efficiency and fluorescent signal intensity are gene and species dependent.
? TROUBLESHOOTING
? TROUBLESHOOTING
Troubleshooting advice can be found in Table 2.
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TABLE 2 | Troubleshooting table.
Step

Problem

Possible reason

Solution

15

Low pollen tube
germination rate

Old pollen grains or
long-term storage of
pollen grains

Use fresh pollen grains or pollen grains stored at 4 °C for < 7 d for lily. Use
freshly collected pollen grains of tobacco or Arabidopsis (see Step 6)

Low expression
efficiency and
level

Poor DNA quality
(see Step 2)

Use high-quality plasmid DNA prepared from commercially available max plasmid
extraction kit or CsCl gradient centrifugation methods

Low efficiency of DNA
coating onto gold
microcarrier

Vortex the gold particle solution extensively before use to prevent aggregation
of gold particles (see Step 1)
During microcarrier coating, make sure to follow the proper order of mixing
solutions: first, microcarrier; second, spermidine; third, plasmid DNA; and,
finally, CaCl2. Keep vortexing throughout the whole procedure (see Step 2)

Aggregation of gold
Before loading gold particles onto the macrocarriers, completely resuspend the
particles on macrocarriers gold particles by vortexing or pipetting up and down with the pipette tips to
(see Step 5)
prevent aggregations. Make sure that the gold particles are evenly distributed in
the center of the macrocarriers
Uneven distribution of
pollen grains on the
filter paper for bombardment (see Step 8)

Make sure that there are no air bubbles between the pre-wetted filter paper and
Buchner funnel

Vacuum filter pollen grains slowly and gently (a 40 mbar)
For Arabidopsis pollen grains, individual droplets of pollen grains should be
added one by one to different positions of the marked area; allow each droplet to
completely stick on the filter before applying the next droplet
Limited bombardment
areas (see Step 11)

To bombard more pollen grains for increased transformation efficiency, use
different bombardment positions of the pollen gains rather than shooting the
same single position

Inaccurate transformation ratio calculation
(see Step 15)

Wash off pollen grains only from the bombarded areas rather than from the whole
filter paper. The transformation ratio is calculated by comparing pollen tubes
with fluorescent signals against all the germinated pollen tubes collected from
bombarded areas

L TIMING
Steps 1–5: 50 min
Steps 6–9: 30 min
Steps 10–13: 30 min
Steps 14 and 15: 2–10 h
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ANTICIPATED RESULTS
More than 95% of the tested lily and tobacco pollen grains and 80% of the Arabidopsis pollen grains can germinate
(Figs. 1a and 2a,c,e). Approximately 10% of the lily and tobacco pollen tubes expressing a cytosolic GFP construct
showed good fluorescent signals 1 to 2 h after transformation (Fig. 1a,b)28. Owing to relatively lower pollen tube germination ratio and smaller size of pollen grains, only approximately 5–6% of the Arabidopsis pollen tubes collected from the
bombarded areas showed good fluorescent signals at about 8 to 10 h after transformation with a cytosolic GFP construct
(Figs. 1a,b and 2e)48.
As a proof of principle, we transferred and tested a cytosolic GFP construct and GFP fusion constructs, either with a
vacuolar sorting receptor (VSR) BP-80 (GFP-BP-80) that is known to locate to PVCs of the plant secretory pathway in both
tobacco BY-2 and Arabidopsis suspension culture cells19,30,34–36 or with the lily secretory carrier membrane protein (LlSCAMP)
that is known to be involved in endocytosis during pollen tube growth28. When the soluble GFP was transiently expressed in
the lily (or tobacco; data not shown) pollen tubes, the fluorescent signal was found in the whole germinating pollen tube in
a diffused pattern, as expected for cytosolic proteins (Fig. 1c). An overview of a 3D projection of Arabidopsis pollen grains
transformed with the cytosolic GFP was shown in Figure 2e. The expressed GFP-BP-80 fusion proteins exhibited punctate
pattern throughout most of the germinating pollen tube, except in the inverted cone region at the pollen tube apex (Fig. 1d,
as indicated by an asterisk). Interestingly, when an uptake study was carried out using the endocytic pathway marker
FM4-64 (ref. 32) in germinating pollen tubes expressing GFP-BP-80, the internalized FM4-64 was found mainly in the inverted cone region lacking the GFP-BP-80 signals (Fig. 1e), a result indicating the distinct distribution between the GFP-BP-80marked secretory pathway and the FM4-64-marked endocytic pathway in germinating pollen tubes. In addition, the punctate
GFP-BP-80 signals may represent the PVCs because wortmannin treatment ( + Wort) causes them to form ring-like structures
in germinating pollen tubes (Fig. 1f), a unique feature of PVCs in both tobacco BY-2 and Arabidopsis cultured cells19,34–36.
Furthermore, the GFP-BP-80 proteins are highly dynamic and extremely active, moving along with the cytoplasmic streaming
in pollen tubes and showing vigorous ‘reverse fountain’ motion (Supplementary Video 1). In contrast, the expressed
RFP-LlSCAMP proteins are highly concentrated on the tip region of a growing pollen tube (Fig. 1g), consistent with the
pattern of the endocytic marker FM4-64 dye in which active and vigorous endocytosis occurs. When coexpressed in the
same lily pollen tube, GFP-LIVSR (GFP fusion with the L. longiflorum Vacuolar Sorting Receptor) and RFP-LlSCAMP show
distinct pattern of distribution: GFP-LlVSR (green) is missing from the tip region in which signal of RFP-LISCAMP (red) is
concentrated (Fig. 1h).
When an endoplasmic reticulum (ER) reporter GFP-HDEL (His-Asp-Glu-Leu, which is an ER retention signal) was transiently
expressed in germinating tobacco pollen tubes under the control of the Lat52 pollen-specific promoter, a typical ER network
pattern was shown (Fig. 2b). Furthermore, when the GFP-AtSCAMP4 (GFP fusion with A. thaliana Secretory Carrier Membrane
Protein 4) was transiently expressed in germinating Arabidopsis pollen tubes, similar to RFP-LISCAMP expressing in lily pollen
tubes (Fig. 1h), the signals were mainly found in the tip region (Fig. 2d). Taken together, all these results from germinating
pollen tubes of three commonly used plants of lily, tobacco and Arabidopsis are consistent with those obtained from other
plant cells11,19,28,32–36.
Note: Supplementary information is available via the HTML version of this article.
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