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Abstract
Interactions occurring between DNA and proteins across the nuclear genome regulate numerous processes, including meiosis. Meiosis ensures genetic variation and a balanced segregation
of homologous chromosomes. It involves complex DNA-protein interactions across the entire
genome to regulate a broad range of processes, including formation and repair of double-strand
DNA breaks (DSBs), chromosome compaction, homolog pairing, synapsis and homologous
recombination. The latter meiotic event often occurs at discrete locations in a genome, within
a tight time window. The identification of genomic binding sites of meiotic proteins is a major
step towards understanding the molecular mechanisms underlying meiotic recombination
and provides important information for plant breeding. Collecting meiotic cells from plants
is challenging, tedious and time-consuming, since meiocyte-producing organs, the anthers,
are generally small and limited to certain developmental stages of plants. Here we provide a
protocol to isolate meiotic stage-specific anthers and perform ChIP on this material. We have
developed a ChIP protocol specifically for (1) low input material and (2) proteins that bind
transiently to chromatin and at very low frequency.
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Introduction
Meiosis is a widely conserved process in eukaryotes that ensures the maintenance of genetic
variation over generations [1]. For proper segregation, homologous chromosomes undergo a
series of events leading to the potential formation of crossovers via homologous recombination.
Meiotic recombination events are not randomly distributed along the genome, but occur at
preferred sites, hotspots. Recombination events are tightly regulated by meiotic proteins and
by specific epigenetic modifications [2, 3, 4, 5, 6].
Chromatin ImmunoPrecipitation (ChIP) is a powerful tool to investigate the genome-wide
distribution of DNA-binding proteins and their modifications [7, 8, 9] However, applying
a chromatin profiling approach to cells undergoing meiosis (meiocytes) for the molecular
detection of homologous recombination events faces multiple challenges: (1) the collection of
anthers containing meiocytes of the stages of interest is complex, tedious and time-consuming,
(2) the binding of proteins regulating meiosis to the genome is transient, and lastly (3)
recombination events are very rare (one up to three per chromosome [10, 11, 12]). The
first and main challenge of ChIP on meiocytes is to isolate sufficient anthers of the meiotic
stage of interest for a ChIP experiment and to obtain high quality data. A classical ChIP
experiment requires approximately 10 million cells in order to yield a sufficient amount
of DNA for downstream analysis [13]. Collecting such a considerable amount of cells of
meiotic stage-specific anthers is time-consuming and often not feasible. In addition, plant
meiocytes represent only a small fraction of the anther tissue [14]. Currently, the highest
yield is obtained by using manual dissection of anthers. An additional difficulty is to identify
anthers at the appropriate meiotic stage. Meiotic recombination occurs during prophase 1,
which is subdivided into five steps, leptotene, zygotene, pachytene, diplotene and diakinesis,
corresponding to different meiotic events, each having a different duration. Hence, the
isolation of meiocytes at the stages of interest and the subsequent ChIP experiment requires
a protocol for efficient collection of anthers in the appropriate stage and a ChIP protocol
optimized for a minimal number of cells. Recently several ChIP protocols that allow the
use of a limited number of mammalian or yeast cells have been developed [15]. Classical
ChIP protocols for plant tissue (e.g. Arabidopsis, maize, and tomato) are available for
somatic tissue (e.g. leaf, root-tip, whole seedlings), which is easy to collect [16, 17, 18].
However, these protocols appeared inappropriate for anther tissue, because of huge losses of
material during the extraction of chromatin (unpublished results). We present here a protocol
describing the isolation of meiotic stage-specific tomato anthers, and a ChIP protocol adapted
for low quantities of input material. The isolated DNA can subsequently be used to perform
quantitative PCR (qPCR) or to generate libraries for sequencing. The ChIP protocol is also
applicable to other tissue samples with a limited number of cells.

Strategic Planning
The collection of a sufficient amount of meiotic stage-specific tomato anthers for ChIP analysis
is a critical step in the analysis of chromatin from such tissue. It involves harvesting and
stage-identification of immature flower buds for several weeks or months. This should be
considered when planning the experiment. To preserve the quality of the material, a limited
number of flower buds should be dissected each time. If the isolation of stage-specific anthers
is performed for the first time, about 10 flower buds is a good start. Isolated anthers should be
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Figure 2.1: Flowchart of the isolation of meiocytes and the ChIP procedure. Details on
positive and negative controls can be found in Basic protocol 2.
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flash-frozen and stored at -80 °C. Frozen flower buds can be stored for several months. Tomato
flower buds contain five anthers, each containing about 2000 meiocytes. In comparison,
Arabidopsis contains 6 anthers, each with 200-300 meiocytes (Figure 2.1).
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BASIC PROTOCOL 1: ISOLATION OF MEIOTIC
STAGE-SPECIFIC TOMATO ANTHERS
This protocol describes a step-by-step procedure for the isolation of anthers from tomato. The
first step includes a crosslinking procedure using formaldehyde, staging of the meiocytes using
an LPO stain and microscopic analysis. This protocol is optimized for the isolation of anthers
containing prophase 1 meiocytes from the tomato cultivar ‘Moneymaker’. The protocol can
also be applied to other meiotic stages (e.g. tetrads or microspores).

Materials
• Sample material: tomato flower buds
• Crosslinking buffer (see recipe)
• Formaldehyde 37% (Sigma-Aldrich)
• 2M Glycine
• Ice-cold MilliQ water
• Lacto-propionic orcein (LPO) stain (see recipe)
• Orcein (Sigma® O7380)
• Liquid nitrogen
• Liquid nitrogen container
• Disposable gloves
• Sterilized scissors
• Dissection tweezers
• Dissection needle
• Binocular (magnification x6.4 - x16)
• Barrier micropipette tips
• Micropipettes (1mL, 200 µL, 20 µL and 10 µL)
• Vacuum pump (Savant GP110-230)
• Vacuum chamber
• Miracloth (Merck Millipore®)
• Erlenmeyer 250mL
• Funnels
• Tork tissue paper
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• Whatman® 3MM filter paper (used to keep the flower buds wet in the Petri dish)
• Petri dishes (100mm x 15 mm)
• Tissue culture dish (60mm x 15 mm) (Sigma-Aldrich® Z707686-240EA)
• Ice bucket
• Small container that fits the vacuum chamber
• Falcon 50 mL tubes
• Heat block (set at 95 oC)
• Millimeter paper
• Superfrost microscope slides (Menzel-Glaser®)
• Microscopy coverslips 20 x 20mm (Menzel-Glaser®)
• 96-well plates (Corning®, round or flat bottom)
• Phase contrast microscope
• 1.5 mL Eppendorf tubes
Materials indicated by ‘see recipe’ can be found in the section ‘Reagents and Solutions’.

Tissue collection and fixation
Dissection and staging of anthers takes time. An experienced user can dissect and stage
approximately 100 flowers buds in 6 hours. Beginners should go through the procedure a
first time with only a few flowers buds (max 10) in order to estimate the time required for
dissection, and prevent the decay of valuable tissue. The number of anthers to be collected
depends on the frequency with which the meiotic protein to be targeted by ChIP binds to
the genome, and thereby the fraction of the genome that can be precipitated. Therefore, the
collection and isolation of sufficient stage-specific anthers needs to be planned thoroughly in
advance, as it can take several weeks or months. Isolated anthers can be stored safely at -80
°C until enough material is collected to perform the ChIP experiment.
1. Collect tomato flower buds using scissors and keep them in a Petri dish on moist ice-cold
Whatman filter paper. The Petri dish is placed on ice during the procedure. Few drops
of MilliQ water are used to keep the filter moist.
Sterilize the scissors used to harvest flower buds beforehand to avoid any contamination.
2. Submerge the flower buds in ice-cold crosslinking buffer in a 50 mL Falcon tube (Figure
2.2).
The flower buds should be completely submerged in crosslinking buffer. Usually 20 mL of
crosslinking buffer is enough to submerge 100 tomato flower buds.
NOTE: The timing of the incubation in crosslinking solution is extremely critical as
overcrosslinking can decrease sonication efficiency and decreases the recovery of DNA at
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the end of the ChIP procedure. Therefore, proceed immediately to step 3 once the tissue is
submerged.
3. Incubate the sample (with lid slightly opened) for 5 minutes under vacuum. Then close
the lid and mix the sample by inverting the tube, and incubate the sample again under
vacuum for 5 minutes (Figure 2.2).
The vacuum allows the crosslinking buffer to infiltrate into the tissue.
4. Add 0.68 mL ice-cold 2M glycine per 10 mL of crosslinking buffer, close the lid of the
tube and mix the sample by inverting and incubate 5 min under vacuum to stop the
crosslinking.
5. Recover the crosslinked flower buds by pouring the sample through one layer of
Miracloth placed in a funnel. Collect the crosslinking buffer in an erlenmeyer placed
under the funnel and discard it according to the local lab regulations. Wash the tissue
by pouring 200 mL of ice-cold MilliQ water over the funnel (Figure 2.2).
6. Dry the flower buds thoroughly by gently pressing them between several layers of Tork
tissue paper. Transfer the buds to a moist filter paper (moist with MilliQ water) in a
Petri dish on ice until anther isolation and meiotic stage identification.
The stage selection can also be done the day after fixation of the flower buds. In that case
the fixed flower buds should be kept overnight in a closed Petri dish at 4 °C

Isolation and staging of anthers
The meiotic stage of tomato flower buds is assessed by analyzing one anther of each
flower bud (five anthers present per bud). It is assumed that all anthers of one bud
are at the same meiotic stage. Flower buds are kept in a moist Petri dish on ice until
an anther is dissected. Flower buds are staged one by one. The isolation of anthers
at the proper meiotic stage from several flower buds requires efficient organization of
the dissection and the staging procedures. To keep track of each flower bud, once an
anther is removed, flower buds are placed in individual wells of a 96 well plate filled
with ice-cold MilliQ water placed on ice (Figure 2.3). This facilitates registration of
the information required in an organized manner. Morphological parameters of flower
buds and dissected anthers, such as size, can help to assess the meiotic stage of anthers.
Therefore it is recommended to have a notebook aside to write down the size and stage
for each flower bud present at a particular position in the 96 well plate. Use millimeter
paper and a binocular to measure the size of the flower buds and the anthers. Set the
heat block at 95 °C.
7. Place a 96 well plate on ice and fill the wells with ice-cold MilliQ water.
8. Transfer one flower bud from the Petri dish to a superfrost microscope slide (further
referred to as the ‘dissection slide’).
Keep the rest of the flower buds in the Petri dish on ice to prevent degradation of the tissue.
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Figure 2.2: Fixation of tomato flower buds in crosslinking buffer. (A) Tomato flower buds
submerged in ice-cold crosslinking buffer in a 50mL Falcon tube. (B) The Falcon
tube containing the flower buds is placed on ice, in a small container during
the entire fixation procedure. (C-D) Under the fumehood, crosslinking buffer is
removed by filtering the sample through Miracloth.
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Figure 2.3: To minimize decay of the tissue during the staging procedure, one an anther is
removed, tomato flower buds are stored in ice-cold MilliQ water in a 96 well plate.
Storing buds in a 96-well plate allows easy organization of the plant material.
After the staging process of all flower buds processed, the user can proceed with
the flower buds of which the anthers are in the meiotic stage of interest.

9. Place the superfrost microscope slide under the binocular and proceed with the dissection using a dissection needle and a dissection tweezer.
Place millimeter paper beneath the slide to measure the size of the flower bud.Adjust the
magnification of the binocular according to your preferences.
10. Carefully remove petals and sepals and pick out one anther.
11. Transfer the anther from the dissection slide to a new superfrost microscope slide
(further referred to as ‘the staging slide’).
12. Transfer the flower bud to a defined well in the 96 wells plate containing ice-cold MilliQ
water, and submerge the bud in the MilliQ water (Figure 2.3). Record the position of
the flower bud.
13. Add 3 µL of LPO stain on top of the anther on the staging slide and incubate the slide
for 30 seconds at 95 oC on the heat block (Figure 2.4C-D).
Prevent the LPO on the slide from evaporating completely. If the LPO dries out add extra
LPO.
Do not exceed 30 seconds incubation.
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Figure 2.4: Staging procedure of a single anther. Example of the meiotic staging procedure
using LPO stain. (A) Single anther on a staging slide. (B) The anther is submerged
in 3 µL of LPO stain. (C) The slide containing an LPO stained anther is incubated
on a heat block at 95 °C for 30 seconds. (D) After the incubation on the heat
block add another drop of 3µL of LPO stain to the anther on the slide. (E) A
coverslip is placed on top of the stained anther and (F) the anther is squashed
thoroughly.

If the slides dry out, the assessment of the meiotic stage will be difficult. It is better to
isolate another anther from the same flower bud and start the staining procedure again.
14. Remove the staging slide from the heat block and add another 3 µL of LPO stain on the
anther.
15. Cover the anther with a 20 x 20 mm cover slip.
16. Squash the anther thoroughly by tapping on the cover slip with a dissection needle
(Figure 2.4F).
Tap until the anther is crushed, the tissue should be completely flattened.
17. Keep the staging slide at room temperature until staging.
Proceed to the staging under the phase contrast microscope immediately or repeat steps
7 to 16 with another flower bud. However, proceed with the staging the same day as the
staining.
18. Determine the meiotic stage of each stained anther using a phase contrast microscope.
We highly recommend the publication of Ross et al. (1996) [19] for the analysis of
meiotic stages and steps.
Once the meiotic stage of an anther is assessed, it is assumed that all remaining anthers
from the same flower bud are in the same meiotic stage.
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19. After staging all flower buds processed, determine which flower buds stored in the 96
well plate are in the meiotic stage(s) of interest and trash the others.
20. Dissect the remaining four anthers of all selected flower buds, and collect the isolated
anthers in a tissue culture dish (60mm x 15 mm) filled with ice-cold MilliQ water that
is placed on ice.
The dissection of anthers from flower buds is time-consuming. To avoid decay of the tissue,
the collected anthers are temporarily stored in ice-cold MilliQ water.
Use one tissue culture dish per meiotic stage (if multiples meiotic stages are to be selected).
21. Place a funnel lined with Miracloth in an erlenmeyer, and carefully pour the anthers
submerged in MilliQ water on top of the miracloth to remove the MilliQ water. Dry the
anthers thoroughly using Tork tissue paper.
It is crucial to remove any remaining water from the tissue. To isolate chromatin from
the anthers, the anthers are chopped in liquid nitrogen. Remaining water crystallizes,
hampering proper chopping.
22. The anthers are transferred to a 1.5mL Eppendorf tube.
23. Flash freeze the isolated anthers in liquid nitrogen and store them at -80 °C.
The entire procedure should be repeated until enough material is collected to perform a
ChIP experiment.
PAUSE POINT At this step, the anthers can be stored for several months in the -80 °C,
until enough anthers are collected to perform ChIP.
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BASIC PROTOCOL 2: CHROMATIN EXTRACTION AND
IMMUNOPRECIPITATION
This protocol describes a step by step ChIP procedure. It provides details on the preparation of
antibody-coated magnetic beads, nuclei isolation, chromatin fragmentation, immunoprecipitation of protein-DNA complexes and recovery of ChIP-enriched DNA fragments. This protocol
is applicable to any meiotic proteins present in the meiotic stage-specific anthers isolated by
Basic protocol 1. It is also applicable to other samples with limited numbers of cells.

Materials
• cOmplete Mini EDTA-free Protease inhibitor cocktail (Sigma-Aldrich)
• DNAse free MilliQ water
• Buffer B (see recipe)
• Buffer C (see recipe)
• 4’,6-diamidino-2-phenylindole (DAPI)
• Sonication buffer (see recipe)
• ChIP dilution buffer (see recipe)
• Decrosslinking buffer (see recipe)
• Antibody targeting the protein of interest (1-10 µg per ChIP sample)
• Positive control antibody (e.g. anti-H3 core antibody, Abcam ab1791)
• Negative control antibody (Pre-immune rabbit serum related to the antibody of interest)
• Dynabead Protein A/G (Catalog No. 10001D/ 10003D)
• Low-salt wash buffer (see recipe)
• High-salt wash buffer (see recipe)
• Lithium chloride wash buffer (see recipe)
• Tris-EDTA (TE) buffer (see recipe)
• Phenol:chloroform:isoamyl alcohol, 25:24:1 (v:v:v), pH 8.0
• Chloroform:isoamyl alcohol 24:1 (v:v)
• 3M sodium acetate (pH 5.2)
• Glycogen (20 mg/mL)
• 100 % ice-cold ethanol
• 70 % ice-cold ethanol
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• Liquid nitrogen
• Liquid nitrogen container
• Micropipette barrier tips (to maintain nuclei integrity, the end of the tips is cut off at
section: ‘Chromatin extraction and sonication’ – Step 14)
• Micropipettes (1mL, 200 µL, 20 µL and 10 µL)
• Ice-cold metal block to facilitate chopping of material on ice (shown in Figure 2.5A-B)
• Tissue culture dish (60mm x 15 mm); Sigma-Aldrich® Z707686-240EA)
• Sterile single edge industrial razor blades (surgical carbon steel; VWR 55411-050)
• 12 mL cell culture tubes (round bottom; Greiner Bio-one 163160)
• 15 mL falcon tubes
• 50 mL falcon tubes
• Refrigerated centrifuge for 15 and 50mL falcon tubes
• 200 µm nylon mesh filters (homemade from 15 or 50 mL falcon tubes and nylon mesh,
see Figure 2.6)
• 300 µm nylon mesh filters (homemade from 15 or 50 mL falcon tubes and nylon mesh,
see 2.6)
• Low-binding 1.5 mL Eppendorf tubes: Protein LoBind tubes (Eppendorf Catalog No.
0030108116), DNA LoBind tubes (Eppendorf Catalog No. 0030108051).
• Agarose gel equipment
• Magnetic rack for 1.5mL tubes
• Rotating wheel (in a 4 oC environment)
• Sonifier (Brandson Sonifier, Bioruptor Pico sonication device (Diagenode) or similar
device)
• Refrigerated microcentrifuge
• Vortex mixer
• -80 oC freezer
• Thermomixer compact (Eppendorf)
• Qubit dsDNA HS Assay kit (Catalog No. Q32851)
• Qubit fluorometer (Thermo Fisher Scientific)
• Agilent 2200 TapeStation system with High Sentivity D1000 ScreenTape or Agilent
2100 Bioanalyzer (equipment and associated buffers)
NOTE: Use RNAse and DNAse free reagents, and sterilized MilliQ water throughout the experiment.
The entire procedure should be carried out with clean micropipettes, barrier pipet tips and in a
clean environment.
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Preparation of antibody-magnetic beads
In this protocol, the antibody of interest is bound to magnetic beads before its incubation
with chromatin. Alternatively, the chromatin can be incubated with the antibody overnight,
followed by addition of magnetic beads. Prepare the antibody-magnetic beads freshly at least
6 hours before the sonication step. The choice between protein A, G or A/G magnetic beads is
based on the affinity of the antibody species used.
1. Determine the total number of ChIP samples in the experiment. Each ChIP sample
(including negative control) requires 25 µL of magnetic beads and 625 µL of ChIP
dilution buffer. Prepare the necessary amount of ChIP dilution buffer and supplement
it with cOmplete Mini EDTA-free protease inhibitor cocktail and keep the buffer on
ice. Usually, chromatin is split in three samples in order to perform the following
immunoprecipitations (IP): i) negative control (no antibody or pre-immune serum) ii)
antibody of interest 1, iii) antibody of interest 2 or positive control antibody.
It is advisable to use an antibody likely to result in a ChIP signal, such as an anti-H3 core
antibody, as a positive control when performing ChIP for the first time.
2. Transfer the necessary total amount of magnetic beads to a 1.5 mL tube. This volume is
considered X µL.
3. Wash the magnetic beads three times with X + 5 µL (minimally 200 µL) of ice-cold
ChIP dilution buffer using a magnetic rack.
4. Re-suspend the beads in X + 5 µL ice-cold ChIP dilution buffer.
5. Prepare one 1.5 mL tube per antibody and add the necessary volume of washed beads
(25µL beads/ChIP sample).
If the volume of the magnetic bead suspension is less than 100 µL, fill up to 100 µL with
ChIP dilution buffer.
6. Add antibody of interest or pre-immune serum to the magnetic beads and rotate the
tubes overnight in a rotating wheel at 4 oC with gentle rotation.
The volume of antibody/pre-immune serum added depends on the antibody concentration
and quality, and the manufacturer instructions. Use 1-10 µg of antibody.
Step 6 can be reduced to 6 hours.
7. Wash each sample of the antibody-coated beads three times with 200 µL ChIP dilution
buffer using a magnetic rack.
8. Discard the supernatant and re-suspend the antibody-coated beads in X + 5 µL ChIP
dilution buffer.
Apply the antibody-coated beads only to chromatin that is fragmented to the desirable size
range (200 – 800 bp).
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Figure 2.5: The set-up used to chop anthers. (A) A tissue culture dish (60.0 x 15 mm) is
placed on a metal block on ice in order to keep the tissue cold. (B) Such small
dish is the most convenient for a small quantity of input material and the size of
the razor blade.

Chromatin extraction and sonication
Unless otherwise specified, all of the following steps should be performed on ice.
9. Place the tissue culture dish (60.0 x 15 mm) on the ice-cold metal block on ice and
transfer the frozen anthers to the tissue culture dish.
10. Chop the tissue vigorously for about 20 minutes to isolate nuclei. Use a sterile single
edge razor blade and a minimum volume of buffer B.
A large volume of buffer B will impede chopping; use 500 µL as a starting volume. The
buffer should not submerge the tissue. The tissue is sufficiently chopped when it is completely
in suspension.
The cold metal ice-block keeps the tissue cold during chopping.
11. Re-suspend the material in 5 mL buffer B and transfer, by pipetting, the material into a
12 mL cell culture tube with round bottom. Wash the Petri dish with 5 mL buffer B and
then add the buffer to the cell culture tube.
12. Incubate the tube for 30 minutes in a rotating wheel at 4 °C.
13. Filter the suspension through a 300 µm nylon mesh filter. Collect the filtrate in a 50 mL
Falcon tube. Use 5 mL buffer B to rinse the filter, and collect the flow through in the
same 50 mL tube.
14. Filter the suspension through a 200 µm nylon mesh filter. Collect the filtrate in another
50 mL Falcon tube. Rinse the filter with 5 mL buffer B, and collect the flow through in
the 50 mL tube.
15. Spin for 20 minutes at 4000 x g, 4 °C to pellet the nuclei.
16. Remove the supernatant and gently re-suspend the pellet in 1 mL of buffer C using
cut-off tips in protein loBind Eppendorf tubes.
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Figure 2.6: Homemade filters with 200 and 300 µm nylon mesh. To prepare a filter : 1 )
Warm a scalpel in the blue flame of a Bunsen burner; 2 ) Cut the bottom of a 15
mL (or 50 mL) Falcon tube; 3 ) Quickly press the bottom of the cut Falcon tube
on the nylon mesh of the desired pore size for 20 – 30 seconds; 4) Cut the nylon
mesh in the shape of the bottom of the 15 mL Falcon tube.

17. Incubate for 30 minutes in a rotating wheel at 4 oC.
emphCheck nuclei for their integrity. Nuclei should be intact at this stage and have a
spherical shape as shown in Figure 6. Transfer 10 µL of the suspension to a microscope
slide, add 2 µL of DAPI (1 µM) and check under a fluorescent microscope.
18. Pellet the nuclei 20 minutes at 4000 x g, 4 oC.
19. Carefully discard the supernatant and re-suspend the pellet in 400 µL of sonication
buffer.
20. Incubate the tubes for 15 minutes in a rotating wheel at 4 °C with gentle rotation.
21. Sonicate the chromatin on ice or in ice-cold MilliQ water (depending on the sonifier)
with the following settings: 36 cycles of 5 second pulses, each followed by a 30 second
cool down (settings for Brandson sonifier).

Figure 2.7: DAPI-stained nuclei observed under a fluorescent microscope. Magnification x40.
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The sonication settings should be optimized for the tissue/cell type and sonifier used. For
example, tomato anther tissue requires 36 cycles of sonication, while tomato leaf, and
maize husk require 45 cycles in the Brandson sonifier.
If there are multiple samples, while one sample is sonicated, keep the other samples in the
rotating wheel. After sonication the samples should be kept on ice. The total sonication
duration per sample is about 15 minutes.
Wear hearing protection during sonication, the noise might damage hearing.
22. Centrifuge for 5 minutes at maximum speed at 4 oC to pellet the debris and transfer
the supernatant (sheared chromatin) to a new 1.5 mL protein loBind tube.
23. From the tube containing the sheared chromatin, transfer 50 µL and 10 µL of the sample
to two new 1.5 mL loBind tubes. The first sample will be used to examine the sonication
efficiency (Go to section ‘Examining sonication efficiency’ - Step 1), the second sample
will serve as ‘INPUT’ sample.
The volume used for the sonication efficiency control sample can be adjusted depending on
the chromatin concentration.
24. Flash freeze the input sample by incubating the tube five to ten seconds in liquid
nitrogen and then store at -80 °C. The input sample will be decrosslinked at step 13
of the section ‘Chromatin immunoprecipitation’ and will be used for the downstream
analysis.
25. Flash freeze the rest of the chromatin sample ( 340 µL) and store at -80 °C until the
chromatin shearing efficiency is checked and the correct size fragments are obtained as
described in the section ‘Examining sonication efficiency’.
It is highly recommended to check the sonication efficiency before starting the immunoprecipitation. Optimal ChIP results require DNA fragments within a specific size range.
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Figure 2.8: Example of the size distribution of sheared chromatin after sonication. Lane 1 and
2 show DNA samples isolated from sonicated chromatin extracted from 100 mg
of tomato pachytene anthers. The DNA was run on a 1.5% agarose gel containing
ethidium bromide.

Examining sonication efficiency
1. Add 450 µL decrosslinking buffer to the 50 µL sonication efficiency control sample.
2. Incubate the sample overnight in a thermomixer at 65 oC with gentle shaking at
300rpm.
The decrosslinking step can be reduced to 5 hours.
3. Take the decrosslinked sample from the thermomixer and incubate it for 5 minutes at
room temperature.
4. Add 1 volume ( 500 µL) of phenol:chloroform:isoamyl alcohol 25:24:1 (v:v:v) and
vortex thoroughly (30 seconds).
Phenol is highly toxic if it comes in contact with skin or if swallowed. It should be disposed
under the fume hood in accordance with the appropriate local regulations.
5. Centrifuge 10 min at 12000 x g, at room temperature.
6. Transfer the aqueous phase carefully to a new 1.5mL loBind Eppendorf tube.
Repeat step 5 if necessary to recover more of the aqueous phase.
7. Add 1 volume of chloroform:isoamyl alcohol 24:1 (v:v) and vortex thoroughly (30seconds).
8. Centrifuge 10 min at 12000 x g, room temperature.
9. Transfer the aqueous phase to a new 1.5mL DNA loBind Eppendorf tube.
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10. Add 1 mL of 100% ethanol (EtOH), 40 µL of 3M sodium acetate (pH 5.2) and 1 µL of
glycogen (20 mg/mL stock) to precipitate the DNA from the aqueous layer.
Addition of glycogen improves precipitation efficiency and visualization of the resulting
pellet.
11. Pellet the DNA by centrifugation for 40 min at 12000 x g, 4 °C .
12. Remove the supernatant and wash the pellet with 400 µL of 70% EtOH.
13. Spin 10 min at 12000 x g, room temperature.
14. Remove all the supernatant and air-dry the pellet at room temperature (for approximately 20 minutes).
15. Add 80 µL DNAse-free water to the pellet and dissolve the pellet by pipetting up and
down about 30 times.
16. Assess the sonication efficiency by running 5 µL and 10 µL of extracted DNA on a 1.5 2
The chromatin is ready for immunoprecipitation when the size of the DNA fragments is
between 200 and 800bp. The recommended optimal size for sequencing is around 300 bp;
the quality of high-throughput sequencing decreases with larger fragment sizes [20].

54

Chapter 2

Examining sonication efficiency
1. Split the chromatin sample into three equal volumes (100 µL) and dilute with 9 volumes
of ChIP dilution buffer:
• Antibody of interest 1 (1-10 µg per ChIP sample)
• Antibody of interest 2 or positive control antibody (e.g.anti-H3 core antibody)
• Negative control: Pre-immune rabbit serum related to the antibody of interest (if
available, alternatively do not add any antibody or serum)
For valuable material such as anthers, it is advisable to use Protein LoBind tubes.
2. Add the antibody-magnetic beads to the samples (25µL per ChIP sample).
3. Incubate overnight in a rotating wheel at 4 oC with gentle rotation.
4. Cool the magnetic rack by placing it on ice.
5. Centrifuge the tubes for one minute at 700 x g and place the tubes in the cold magnetic
rack.
6. After 20-30 seconds, carefully remove the supernatant.
7. Wash the beads by adding 1 mL of low-salt wash buffer.
8. Gently invert the tubes to homogenize the beads in the solution.
9. Incubate the tubes in a rotating wheel at 4 °C with gentle rotation for 5 min.
10. Centrifuge the tubes for one minute at 700 x g and place them in a cold magnetic rack.
11. Incubate the tubes for 30 seconds in the magnetic rack and remove as much of the
supernatant as possible.
12. Repeat steps 7 to 10 by respectively washing with high-salt buffer, LiCl buffer and twice
with TE buffer in order to decrease aspecific binding of chromatin to the beads.
13. Take the input sample from the -80 °C and let it thaw on ice.
14. Proceed to the decrosslinking of the ChIP samples and the input sample by adding 500
µL of decrosslinking buffer.
15. Incubate the samples overnight in a thermomixer at 65 °C with gentle shaking at
300rpm.
The decrosslinking time can be reduced to 5 hours.
16. Incubate the tubes in a cold magnetic rack for 30 seconds.
17. Transfer the supernatant to a new DNA LoBind tubes 1.5 mL Eppendorf tube.
18. Add 1 volume (500 µL) of phenol:chloroform:isoamyl alcohol 25:24:1 (v:v:v) and
vortex thoroughly (30 seconds).
19. Centrifuge 10 min at 12000 x g, room temperature.
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20. Pipet carefully the aqueous phase and transfer it to a new 1.5 mL DNA LoBind tube.
If the aqueous phase is not sufficiently separated from the organic phase, the last centrifugation (step 18) can be repeated.
21. Add 1 volume of chloroform:isoamyl alcohol 24:1 (v:v) and vortex thoroughly (30
seconds).
22. Centrifuge 10 min at 12000 x g, room temperature.
23. Precipitate the DNA from the aqueous layer by adding 1 mL of 100% ethanol, 40 µL of
3M sodium acetate (pH 5.2) and 1 µL of glycogen (20 mg/mL stock).
24. Mix the samples by inverting 3 times and incubate for 1 hour at - 80 °C.
This incubation improves the efficiency of the precipitation of the DNA.
Incubation at - 80 °C can be done overnight.
25. Spin 40 min at 12000 x g, at 4 °C.
26. Remove the supernatant as much as possible and rinse the DNA pellet (may be invisible)
with 400 µL of 70
27. Spin 10 min at 12000 x g, 4 °C.
28. Remove the EtOH and carefully let the tube air-dry with the lid open at room temperature.
29. Add 40 µL DNAse-free water and rinse thoroughly the side of the tubes where the pellet
should be located. Rinse by pipetting up and down the solution 30 to 40 times.
30. Incubate the DNA for one minute at 65 °C to improve the resuspension of DNA.
31. Flash freeze the DNA sample by incubating the tube five to ten seconds in liquid
nitrogen. Store at -80 °C.
The DNA samples are now ready for downstream analysis, by qPCR and/or sequencing.
32. If the downstream analysis involves sequencing, measure the DNA concentration and
the size of the DNA fragments of the samples with an Agilent 2200 TapeStation system
with High Sentivity D1000 ScreenTape or a 2100 Bioanalyzer.
The concentration of the immunoprecipitated DNA is low, in the picogram to nanogram
range depending on the abundance of the (meiotic) protein or modification targeted.
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Figure 2.9: Example of expected results for a ChIP experiment on tomato anthers using an
antibody recognizing an invariant domain of Histone H3. The DNA isolated
from the ChIP was run on an Agilent 2200 TapeStation using a High Sensitivity
D1000 screenTape and 1 µL of the isolated DNA. A DNA ladder is shown on
the left, the no-antibody control sample (no DNA on the gel) in the center, the
immunoprecipitated DNA using the anti-H3 antibody on the right (smear of DNA
fragments between 200 and 1000 bp).

REAGENTS AND SOLUTIONS
Crosslinking Buffer
• 10 mM Tris-HCl pH 8.0
• 400 mM Sucrose
• 250 mM Na-Butyrate
• 0.1 mM PMSF
• 5 mM 2-mercaptoethanol
• 1% Formaldehyde
2-mercaptoethanol should be added in a fume hood. PMSF, 2-mercaptoethanol and
formaldehyde are harmful if inhaled or absorbed by the skin.
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Formaldehyde is harmful if inhaled, absorbed through the skin or swallowed. Formaldehyde
containing solutions should be handled in a fume hood and disposed of according to the
local regulations.
This concentration of formaldehyde is optimized for crosslinking flower buds from the
tomato cultivar Moneymaker. When using other tissue, the formaldehyde concentration
has to be optimized again [17].
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Lacto-propionic orcein (LPO) staining solution
• 2% (w/v) Orcein (Sigma O7380)
• 50% Lactic acid solution
• 50% Propionic acid solution
LPO stain stock solution is prepared by dissolving orcein in equal volumes of lactic acid
and propionic acid.
Dissolving orcein in lactic-propionic acid solution requires heating at 60 °C for approximately 5 minutes. To remove any debris, the solution should be filtered through Miracloth
after cooling down to room temperature.
The orcein powder and solution should be handled carefully, it contains heavy metals and
leaves permanent stains.
The LPO stock solution needs to be diluted to 45% (v:v) with MilliQ water before use.
LPO solution can be stored for years at room temperature. Centrifuge before use to remove
potential debris.
ChIP Dilution Buffer
• 50 mM Tris-HCl pH 8.0
• 1 mM EDTA pH 8.0
• 0.1 % Triton X-100
• 150 mM NaCl
• 0.1mM PMSF
• cOmplete Mini EDTA-free Protease inhibitor cocktail (Sigma-Aldrich) (1 tablet per 10mL
of buffer)
Buffer B
• 10 mM Tris-HCl pH 8.0
• 400 mM Sucrose
• 10 mM Na-Butyrate
• 0.1 mM PMSF
• 5 mM 2-mercaptoethanol
This buffer is prepared freshly and should be chilled at 4oC before use.
Buffer C
• 10 mM Tris-HCl pH 8.0
• 250 mM Sucrose
• 10 mM MgCl2
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• 1% Triton X-100
• 10 mM Na-Butyrate
• 0.1 mM PMSF
• 5 mM 2-mercaptoethanol
• cOmplete Mini EDTA-free Protease inhibitor cocktail (Sigma-Aldrich)
This buffer is prepared freshly and should be chilled at 4oC before use.
Sonication buffer
• 50 mM Tris-HCl pH 8.0
• 10 mM EDTA pH 8.0
• 0.4 % SDS
• 0.1 mM PMSF
• cOmplete Mini EDTA-free Protease inhibitor cocktail (Sigma-Aldrich) This buffer is
prepared fresh.
Decrosslinking buffer
• 50 mM Tris-HCl pH 8.0
• 10 mM EDTA pH 8.0
• 250 mM NaCl
• 1% SDS
Low-salt wash buffer
• 20 mM Tris-HCl pH 8.0
• 2 mM EDTA pH 8.0
• 1% Triton X-100
• 150 mM NaCl
• 0.1% SDS
This solution can be stored at 4 °C for 1 year and should be chilled at 4 °C before use.
High-salt wash buffer
• 20 mM Tris-HCl pH 8.0
• 2 mM EDTA pH 8.0
• 1% Triton X-100
• 500 mM NaCl
• 0.1% SDS This solution can be stored at 4 °C for 1 year and has to be chilled at 4 °C
before use.
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Lithium chloride wash buffer
• 10 mM Tris-HCl pH 8.0
• 1 mM EDTA
• 1 % NP-40
• 500 mM LiCl
• 0.1 % Sodium deoxycholate
This solution can be stored at 4 °C for 1 year and has to be chilled at 4 °C before use.
TE buffer
• 10 mM Tris-HCl pH 8.0
• 1 mM EDTA pH 8.0
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COMMENTARY
Background information
Chromatin immunoprecipitation is a powerful tool to study protein-DNA interactions in vivo
and is widely used to study chromatin-templated processes such as transcription regulation
[21, 22]. To examine specific loci ChIP is used in combination with qPCR, whereas for the
analysis of genome-wide distribution of proteins or their modifications ChIP is combined with
high-throughput sequencing (ChIP-seq). Both downstream analyses allow the identification
of DNA binding sites of less abundant proteins such as transcription factors (TFs). ChIP-seq
on meiosis specific proteins provides detailed information about the meiotic recombination
landscape [23, 24].

Since the development of ChIP, several advances and breakthroughs in the investigation of
DNA-protein interactions have been made. Improving the efficiency of immunoprecipitation,
reducing the background noise, development of more specific antibodies, improving the
sonication conditions, and reducing the number of cells required have together allowed an
increase in resolution of the binding sites obtained with ChIP experiments [25]. Despite these
advances in ChIP methodology, the technique has its limitations. The quality of antibodies
remains the main limitation of ChIP, especially when the protein of interest is relatively
low-abundant and transiently bound to only a few targets in the genome. For example,
proteins regulating the crossover formation during meiosis are very low abundant. One of
these proteins, MLH1, is found at only 10 to 15 genomic locations per tomato nucleus during
a short time frame of meiotic prophase 1.

Several ChIP protocols exist that are optimized for plant tissues [18, 26, 17, 16]. However,
they all require large amounts of starting material. For example, a protocol for maize tissue
uses 1-5 grams [17], while a study on WRKY transcription factors in Arabidopsis used two
grams of seedlings [26], and a protocol established for tomato leaves uses 3-5 grams [16].
These ChIP protocols are not suitable for studying tissue enriched for meiocytes, because of
the challenges to collect the desired amounts of tissue. With the adapted protocol described
here, assuming a skilled experimenter for dissection, the collection of a sufficient amount
already takes several months.

For animal and yeast cells, protocols are available to perform ChIP on a limited number of
cells, for example specific cell types, or biopsy samples. Using microfluidic devices for instance,
the epigenomic profile of 100 cells can be determined [15]. For plants such protocols are not
yet available, because the isolation of chromatin from plant cells is more cumbersome. In
particular the removal of the cell wall requires vigorous physical disruption, often leading to
loss of chromatin material.

New ChIP methodologies are currently being developed, improving the resolution of the
data obtained [27, 28, 29, 30]. ChIP methods using microfluidics are expected to become
the standard in the near future. The advantage of microfluidics is the possibility to handle
single cells in a limited volume of reagents. However, the microfluidic ChIP experiments
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reported are for the moment still only proof-of-principle experiments. The greatest hurdle for
the development of microfluidic ChIP experiments is the lack of commercial availability of the
devices required [31]; they are custom manufactured.

There are also alternative technologies developed for ChIP that require less input material
than common ChIP experiments, for example the Cleavage Under Targets and Release Using
Nuclease (CUT&RUN) method developed by Skene and Henikoff [31]. This method allows
mapping of the location of transcription factors and other rare protein complexes. The
CUT&RUN assay is based on using unfixed nuclei immobilized on magnetic beads, specific
antibodies, and a protein A-micrococcal nuclease fusion protein. After immobilizing nuclei on
magnetic beads, the protein of interest is targeted by an antibody. The antibody is subsequently
bound by protein A, and the DNA-protein-antibody complex is cleaved by the micrococcal
nuclease fused to protein A. Lastly, DNA released from the nuclei is extracted from the
supernatant and used directly for downstream analysis. This method is robust, provides
high-resolution transcription factor profiles, and importantly allows a significant reduction
of the minimal input material required. The Skene and Henikoff study (2017) used 600 000
nuclei. The CUT & RUN method has still to be implemented in plant materials, with the
necessary adaptations to prevent negative effects on chromatin integrity by the disruption of
cell walls by enzymatic digestion or physical forces.

Critical Parameters
ChIP of low abundant, transiently bound proteins, such as meiotic proteins is a challenging
procedure, and includes several critical steps. Therefore, it is important to take the quality
controls described along in every ChIP experiment. Critical parameters of the protocols in this
manuscript are the following:
1. Staging of meiocytes: Several meiotic proteins have very specific time windows in
which they are expressed and bound to chromatin. Therefore, a precise staging and
selection of material is needed to ensure ChIP is performed on the meiotic stage(s)
of interest. The goal of basic protocol 1 is to enrich as much as possible the initial
population of cells for the cells of interest. The application of methods such as INTACT
and Fluorescence activated cell sorting for the isolation of purified meiocyte populations
still has to be reported [32, 33, 34].
2. Quantity of input material: To perform high-throughput sequencing, usually at least
5 ng of immunoprecipitated DNA is required for the preparation of sequencing libraries
[35, 36]. Estimation of the quantity of starting tissue required to obtain sufficient
precipitated DNA can be done by taking the quantity of nuclei within a tissue, the size
of the genome, and the frequency by which the protein(s) of interest binds into account.
3. Harvesting and storage of plant material: As described in basic protocol 1, the
isolation of tomato anthers at a specific meiotic stage is complex, tedious and timeconsuming. The anthers should be kept in a cold and moist environment during the
entire procedure of harvesting and crosslinking. To prevent the degradation of the plant
material harvested, it is important to crosslink the material with formaldehyde within
an hour after harvesting. Once crosslinked and staged the anthers can be stored for
several months at -80 °C.
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4. Formaldehyde crosslinking and decrosslinking: Optimal formaldehyde crosslinking
conditions ensure the preservation of the chromatin structure and are therefore a key
condition in the protocol. Overcrosslinking or undercrosslinking impedes the success of
ChIP experiments. Overcrosslinking of chromatin may reduce the epitope availability
and thereby the antibody binding capacity, and it severely hampers the recovery of
DNA, while undercrosslinking prevents the preservation of the DNA-protein structure
during the ChIP procedure. The crosslinking conditions need to be optimized for the
percentage formaldehyde used and the duration of incubation [17].
5. Sonication: For an optimal downstream analysis of precipitated DNA, it is important
to identify sonication conditions that consistently provide a chromatin size between
150-800 bp. Small chromatin fragments are required for an optimal resolution of
the binding locations of the protein of interest. Sonication conditions are tissue and
sonifier-dependent and need to be optimized for the duration of sonication, as well
as the duration of sample cool-down. The latter is required to prevent over-heating,
which may degrade the chromatin. Sonication should always be carried out in ice-cold
conditions, either on ice or in an ice-cold water bath, depending on the equipment
used. SDS improves the sonication efficiency and epitope availability but can induce
foaming during sonication. In case of foaming, the sonication of the sample has
to be interrupted and the sample should be left on ice for an hour. In addition
to the crosslinking conditions, a high chromatin concentration can negatively affect
the sonication efficiency [37]. It is highly recommended to examine the sonication
efficiency on an agarose gel (1.5 - 2 %) before proceeding with the immunoprecipitation
as described in the section ‘Examine sonication efficiency’.
6. Quality of the antibody: A good quality antibody is crucial for the success of a ChIP
experiment [38, 39]. If possible, use commercial ChIP-grade antibodies that are shown
to work on the species of interest or at least in plants. Check if the peptide against
which the antibody is raised, is present in the protein of the species of interest. For
plant meiotic proteins there are hardly any commercially available antibodies. If no
validated antibodies are available, the antibodies used need to first be validated with
Western-blotting and/or immunolabeling according to the ENCODE guidelines [38].
7. Experimental design: The experimental design is largely influenced by the downstream analysis. The choice of the negative and positive controls, the method of data
normalization, and the number of the biological replicates depends on the downstream
analysis method chosen. We strongly recommend to carefully set-up the experimental
design, especially if the collection of the tissue used is tedious and time-consuming [17,
13]. ChIP experiments on small sample sizes to target proteins binding to the genome
at low frequency yield a low concentration of immunoprecipitated DNA. Downstream
analysis needs to be adapted to this low DNA concentration; pre-amplification before
qPCR, and specialized library preparation protocols need to be used.
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Troubleshooting
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Understanding Results
The efficiency of the ChIP protocol can be monitored using an Agilent 2200 TapeStation system
with High Sentivity D1000 ScreenTape or with a 2100 Bioanalyzer. With this equipment the
concentration of the immunoprecipitated DNA can be measured as well as the size distribution,
which is expected to be between 200 and 800bp (Figure 2.9). From our experience, 100 mg of
anthers provides a chromatin yield of 20 µg/µL (calculated based on the sonication efficiency
control step (Step 14)). Performing a ChIP experiment with an anti-H3 core antibody on this
chromatin generates approximately a total of 40 ng of immunoprecipitated DNA.

Time Considerations
The harvesting and collection of sufficient meiotic stage-specific anthers is tedious and timeconsuming. It can take several months before having collected enough material for ChIP and
its downstream applications. Once the material is collected it takes 4-6 days to perform the
ChIP experiment. To ensure minimum loss of material, and recovery of a maximum of DNA
molecules, in this protocol the duration of several steps is extended compared to regular ChIP
protocols.
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