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Abstract 
Chromosome conformation capture (3C) and 3C-based technology have revolutionized 
studies on chromosomal interactions and their role in gene regulation and chromosome 
organization. 3C allows the in vivo identification of physical interactions between 
chromosomal regions. Such interactions are shown to play a role in various aspects of gene 
regulation, for example transcriptional activation of genes by remote enhancer sequences, 
or the silencing by Polycomb-group complexes. The last few years the number of 
publications involving chromosomal interactions increased significantly. Until now, 
however, the vast majority of the studies reported are performed in yeast or animal systems. 
So far, studies on plant systems are extremely limited, possibly due to the plant-specific 
characteristics that hamper the implementation of the 3C technique. In this paper we 
provide a plant-specific 3C protocol, optimized for maize tissue, and an extensive 
discussion on i) plant-specific adjustments to the protocol, and ii) solutions to problems that 
may arise when optimizing the protocol for the tissue or plant of interest. Together, this 
paper should facilitate the application of 3C technology to plant tissue and stimulate studies 
on the 3D conformation of chromosomal regions and chromosomes in plants.  
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1. Introduction 
Long-distance intra- and interchromosomal interactions have long been implicated in the 
regulation of gene expression and chromosome architecture in higher eukaryotes (see e.g. 
refs. (Grosveld et al., 1987; Martin et al., 1995; Leighton et al., 1995; Stam et al., 2002a; 
Fransz et al., 2002; Lettice et al., 2003; Ronshaugen and Levine, 2004; Clark et al., 2006)). 
It was however not until the development of the chromosome conformation capture (3C) 
technique (Dekker et al., 2002) that the role of chromosomal interactions in gene expression 
and genome function became widely appreciated. Since the development of 3C technology, 
chromosomal interactions are implicated in numerous different nuclear processes, such as 
gene expression (Stadhouders et al., 2011; Amano et al., 2009; Tolhuis et al., 2002; 
Louwers et al., 2009a; Cai et al., 2006; Zhao et al., 2006; Schoenfelder et al., 2010; Tan-
Wong et al., 2009), Polycomb group (PcG) protein-mediated gene silencing (Lanzuolo et 
al., 2007; Tiwari et al., 2008; Bantignies et al., 2011), X-inactivation (Bacher et al., 2006; 
Xu et al., 2006) and chromosome architecture (Lieberman-Aiden et al., 2009; Tolhuis et al., 
2011; Splinter and de Laat, 2011; Umbarger et al., 2011; Sexton et al., 2012). It has for 
example been shown that regulatory elements control the expression of genes hundreds of 
kilobases away by means of chromosomal interactions, and that gene expression can be 
affected by interactions that partition the genome in different, functionally independent 
loops (Murrell et al., 2004; Kurukuti et al., 2006). In fact, 3C-based technology has 
revealed that DNA sequences are involved in numerous interactions (e.g. (Zhao et al., 2006; 
Simonis et al., 2006)), some of which will play a role in gene regulation, while others will 
play a role in other processes.  

In a typical 3C experiment, chromosomal interactions are crosslinked by 
formaldehyde, followed by digestion of the fixed chromatin with one or several restriction 
enzymes and intramolecular ligation (FIG. 1). As a result, fragments that were previously 
far apart on a linear DNA molecule, but physically close together, will ligate together with 
a relatively high frequency. After reversal of the crosslinks, the ligation products are 
purified and the relative crosslinking frequencies, a measure for the interaction frequencies, 
analyzed.  

3C technology allows the high-resolution detection of physical interactions 
between chromosomal regions (de Wit and de Laat, 2012). While the basic 3C technique 
allows the detection of interactions between a limited numbers of known sequence regions, 
there are several variations on this technique that allow a more unbiased, genome-wide 
detection of interactions. 4C (3C-on-chip and Circular 3C), for example, enables the 
unbiased, genome-wide detection of interactions between a known sequence region and the 
rest of the genome (Zhao et al., 2006; Schoenfelder et al., 2010; Simonis et al., 2006; 
Sandhu et al., 2009; O’Sullivan et al., 2009). 5C (3C-Carbon Copy) detects interactions 
between many known sequences, usually within one chromosomal region or a relatively 



132 3C Technologies in plants 

 

small genome (Umbarger et al., 2011; Dostie et al., 2006; Baù et al., 2011), while Hi-C is 
the “all-versus-all” technique that detects interactions between unknown sequences on a 
genome-wide scale by making use of the powerful next-generation sequencing technologies 
(Lieberman-Aiden et al., 2009; Sexton et al., 2012). Besides 4C, 5C and Hi-C type methods 
there are yet other variations to the 3C theme, such as methods that combine 3C technology 
with chromatin immunoprecipitation (ChIP) to select for interactions involving a protein of 
interest. Examples of the latter technology are ChIP-loop (“one-versus-one” (Horike et al., 
2005)), 6C (combined 3C-ChIP-cloning, “many-versus-many” (Tiwari et al., 2008)) and 
ChIA-PET (Chromatin Interaction Analysis Paired-End Tag, “all-versus-all” (Fullwood et 
al., 2012)) For a more elaborate discussion on all 3C-based techniques, see the recent 
review of de Wit and de Laat (de Wit and de Laat, 2012) and contributions to this Methods 
issue. 

Almost all 3C protocols reported so far use yeast or animal cells as starting 
material. In this paper we will discuss the adjustments required to perform 3C experiments 
on plant tissue, and provide a plant-specific 3C protocol. Major plant-specific adjustments 
that will be discussed are amongst others i) the fixation of chromosomal interactions within 
intact plant tissue, ii) the isolation of nuclei from plant tissue, iii) the inactivation of 
endogenous nucleases, and iv) the recovery of ligation products.  
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FIGURE 1. Outline and timing of a 3C experiment in plant tissue. The procedure described in this paper is shown 
in dark grey boxes. The icons on the right side of the boxes are representative for the major steps in the protocol. 
The moon icons on the left side indicate overnight incubation steps. 
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2. Practicalities of 3C in plants 
Most steps in a 3C experiment are independent of the organism or type of tissue studied. 
Some steps, however, need organism- or tissue-specific adjustments. Below, crucial plant-
specific adjustments are discussed. In addition, the restriction digestion step and the 
required controls are shortly reviewed. For elaborate discussions on non-plant-specific 
aspects of the 3C protocol, we refer to previously published 3C protocols (Hagège et al., 
2007; Splinter et al., 2004). 

2.1 Fixation of plant tissue 

Plant tissue as starting material for a 3C experiment requires several adjustments to the 
common procedure. Unlike mammalian tissue or cultured cells, due to its specific 
characteristics, plant tissue is relatively difficult to fix with formaldehyde. It is covered by a 
waxy surface, contains air-filled spaces between the mesophyll cells, and each cell is 
surrounded by a think cell wall, together hampering the fixative to enter the tissue and cells. 
To minimize the penetration problem, if compatible with the experiment, it is 
recommended to use relatively soft plant material that is rich in unexpanded cells. To 
increase the penetration of fixative into the tissue, the fixation is carried out under vacuum, 
which removes air from the tissue. To enhance the fixation efficiency further, the vacuum 
can be switched on and off a few times during the fixation process. The duration of 
crosslinking should be adjusted to the particular plant material used. The smaller the tissue 
area and softer the material, the shorter the fixation time should be. A good indication for 
successful fixation is that the tissue becomes translucent. Plant material that is rich in 
chlorophyll becomes in addition recognizably darker during successful fixation. 

2.2. Nuclei Isolation 

A way to avoid the penetration problems that occur when fixing plant nuclei within intact 
tissues would be the prior isolation of nuclei, followed by a crosslinking step. A 
prerequisite of successful 3C experiments is, however, that the isolation procedure does not 
affect the chromosomal interactions within the nuclei. To release nuclei from plant tissue it 
has to be ground with liquid nitrogen, followed by various purification steps on unfrozen 
material. As a result, preservation of the chromatin conformation within the unfixed nuclei 
cannot be guaranteed. Hence, nuclei should preferably be isolated from crosslinked 
material, as described in the protocol presented in this paper.  

The purification of nuclei involves the separation of nuclei from other plant tissue 
components by filtration through a nylon membrane with a defined pore size. Squeezing the 
filter can disrupt the membrane’s pores and lead to a high amount of debris in the nuclei 



Chapter 6 135 

 

sample, which should be avoided. The isolated nuclei should be kept cold at any time and 
handled with care, as 3C experiments require a nuclei preparation of good quality. To avoid 
damaging the nuclei, the centrifugation steps should be limited and carried out at low 
speed. The nuclei should preferably be used immediately for a 3C experiment, instead of 
first being stored at -80 oC. In our hands, the digestion efficiency is higher in freshly 
isolated nuclei than in nuclei that were stored at -80 oC.  

2.3. Inactivation of endogenous nucleases  

In published 3C protocols (Hagège et al., 2007; Splinter et al., 2004), prior to adding the 
restriction enzyme, nuclei are treated with 0.3% SDS at 37 oC to permeabilize the nuclei 
and inactive remaining enzyme activities. Nuclei, such as those of maize, however, can 
contain relatively high concentrations of endogenous nucleases (Paul and Ferl, 1998; Stam 
et al., 2002a), degrading the DNA once the nuclei are incubated at 37 oC (step 3.5.2). Such 
DNA decay can be circumvented by incubating the nuclei at 65 oC prior to incubating at 37 

oC. At 65 oC, however, formaldehyde crosslinks are being reversed, and as a result 
chromatin interactions lost. Therefore, the incubation time at 65 oC should be kept as short 
as possible to prevent extensive reversal of the crosslinks. The activity of endogenous 
nucleases may differ between different sources of nuclei. Therefore, when using other types 
of tissue then used to set up this protocol, one should test for the presence of endogenous 
nucleases and troubleshoot the time required for inactivation ((Louwers et al., 2009a); see 
also section 5, hints for troubleshooting).  

2.4. Restriction digestion 

For a successful digestion it is strongly recommended to use nuclei isolated from fresh 
tissue. Additionally, a relatively large amount of restriction enzyme (commonly 400 units) 
is needed. It is advisable to use high concentrated restriction enzyme to avoid negative 
effects of the glycerol in the enzyme storage buffer on the digestion efficiency. 
Furthermore, the restriction enzyme used should not be methylation-sensitive and 
preferably yield sticky ends, as these facilitate the subsequent ligation reaction. To facilitate 
the entry of restriction enzymes, SDS is needed to permeabilize the nuclei. SDS however 
hampers the enzyme activity and is therefore sequestered with Triton X-100 before the 
restriction enzyme is added to the sample.  
 There is only a subset of restriction enzymes that is proven to work optimally at 
the conditions described in this paper: BglII, HindIII, EcoRI, DpnII and NlaIII (Hagège et 
al., 2007; Splinter et al., 2004). If an enzyme does not perform optimally under the 
described conditions, titration of the SDS used for nuclei permeabilization can help to find 
conditions at which the DNA is cut efficiently (see also 5.3). In our hands, digestion with 
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BamHI is efficient when instead of 0.3% SDS, 0.15% SDS is present in the restriction 
sample. For the use of MseI, a concentration of 0.1% SDS was reported (Zhao et al., 2006). 

2.5. Recovery of ligation products 

The ligation is performed in a relatively large volume to favor intramolecular ligations. 
After the ligation, the crosslinks are reversed and the DNA purified and precipitated. DNA 
precipitation at low DNA concentrations proved inefficient with plant DNA. The addition 
of glycogen to the precipitation reaction, but also prolonged spinning and the use of low-
binding tubes improved precipitation. Importantly, the precipitation protocol as described in 
this paper works well for a large genome like that of maize. However, to avoid unnecessary 
loss of ligation products, when working with a smaller genome (e.g. Arabidopsis), one may 
have to transfer the ligation sample to Eppendorf tubes to allow centrifugation of the 
precipitated DNA at a higher g force.  

Dissolving the DNA pellet after precipitation appeared to require special attention 
as well. Optimal dissolving of the pellet can be accomplished by incubating for several 
hours at room temperature, followed by 12 h at 4 oC. This treatment has shown to provide 
better results than dissolving the pellet with warm Tris-HCl buffer or incubation at high 
temperatures. 

2.6. Controls for 3C 

For an accurate analysis of 3C ligation products by quantitative PCR (qPCR), several 
controls are needed. These include an endogenous control that corrects for differences in 
quantity and quality of the DNA template and a control for the amplification efficiency of 
the various primer sets. For an elaborate discussion on controls we refer to published 
papers (Tolhuis et al., 2002; Splinter et al., 2004; Dekker, 2006). 

An endogenous control can be generated from a locus that i) is unrelated and 
unlinked to the locus of interest, ii) contains multiple sites for the restriction enzyme used, 
and iii) shows a similar expression level in all tissues analyzed in the 3C experiments. 
Similar expression levels are a good indication that also the chromatin conformation at this 
locus is similar in the different tissues. A suitable control locus can be found by making 
use of currently available data sets on genomic sequences and expression profiles (see e.g. 
(Czechowski et al., 2005; Sekhon et al., 2011), TAIR (http://www.arabidopsis.org), 
MaizeGDB (http://www.maizegdb.org),  
Gramene (http://www.gramene.org), PLEXdb (http://www.plexdb.org),  
and GEO (http:// www.ncbi.nlm.nih.gov/geo)). 

The qPCR signals generated by the endogenous control region should be in the 
same range as the qPCR signals derived from the locus of interest. To fulfill this 
requirement, ideally, the endogenous control region contains multiple sites for the chosen 
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restriction enzyme. This allows measurements of the relative interaction frequencies 
between different fragments at the control region. Subsequently, the primer set that results 
in the required qPCR signal level can be chosen to normalize the data obtained for the 
chromosomal region of interest. The maximum distance between the chosen fragments 
should be 8 kb, because at such distance crosslinking and ligation occurs frequent enough 
to allow robust PCR amplification of ligation samples (Dekker, 2006). For maize tissues we 
developed the constitutively expressed S-adenosyl-methionine decarboxylase gene 
(GRMZM2G154397 (Sekhon et al., 2011)) as endogenous control region (Louwers et al., 
2009a).  

To normalize for the amplification efficiencies of the different primer sets used 
within an experiment, a second control sample has to be developed, the random ligation 
template. This sample should contain all possible ligation products of interest in equimolar 
amounts, including those derived from the endogenous control region. To this end, a large 
clone (e.g. a BAC, YAC or PAC), containing the chromosomal region analyzed, is 
digested with the same restriction enzyme as the 3C sample and ligated in a small volume. 
If a large clone containing the chromosomal region studied is not available, fragments 
spanning all restriction sites of interest can be amplified, mixed in equimolar quantities, 
digested and ligated. The latter procedure is, however, much more laborious and less 
accurate. Therefore, using a BAC (or comparable) clone as starting point is preferable. To 
include a control template for the endogenous control locus, the ligation product of choice 
can be amplified from a 3C sample and mixed in equimolar quantities with the template 
generated from the BAC (Louwers et al., 2009a). Of the final random ligation template 
serial dilutions have to be made to produce standard curves that cover the same range of 
qPCR signals obtained with the 3C samples. In order to mimic the PCR conditions in the 
3C sample, in which the ligation products of interest are present amidst a large pool of 
genomic DNA, the random ligation sample should be mixed with genomic DNA in a 
similar concentration as present in the 3C sample (Splinter et al., 2004).  

3. Method 
The following protocol is largely based on a 3C protocol for maize published previously 
(Louwers et al., 2009b), and in addition provides suggestions for adjustments when using 
other plant species.  

3.1. Plant material 

This protocol is optimized for soft maize tissue, such as young sheaths and leaves 
surrounding the shoot meristem of 5-6 week old plants, or inner husk leaves (the tough, 
outer husk leaves are discarded). Some steps in the protocol, in particular the crosslinking 
of plant material and isolation of nuclei, will have to be optimized when using tissue with a 
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different texture or tissue from other types of plants. Use 2-3 grams of freshly harvested 
tissue per sample.  

3.2. Crosslinking of plant material 

(1) Cut the plant tissue in pieces of circa 1 cm² and transfer these into a 50 ml tube 
containing 15 ml of ice-cold nuclei isolation buffer. Next, add the same volume of 4% 
formaldehyde (dissolved in nuclei isolation buffer) and mix by inverting the tube (final 
concentration 2%). If the size of the used tissue is smaller than 1 cm², like for example 
the size of Arabidopsis seedlings, do not cut the tissue before adding it to the tube.  

(2) Fix the tissue under vacuum for one hour at room temperature, e.g. in a speedvac. To 
keep the plant tissue immersed in the liquid, and avoid tissue to spill out of the tube 
during fixation, clog the tube with a piece of polystyrene that has a small incision to 
allow air exchange. Switch the vacuum on and off 2-3 times to facilitate the fixative to 
enter the plants cells. When using tissue with a different texture than soft maize tissue, 
the fixation time will have to be adapted. 

(3) To stop the crosslinking reaction, add 2 ml of 2 M glycine to the tube (0.125 M final 
concentration) and mix by inverting, followed by further incubation for 5 min under 
vacuum. 

3.3. Isolation of Nuclei 

(1) Wash the fixed plant material three times with sterile Milli-Q water and then dry it well 
between paper towels.  

(2) Grind the tissue to a fine powder in a chilled mortar filled with liquid nitrogen. Add 10 
ml nuclei isolation buffer (containing protease inhibitors) to the mortar, mix it with the 
powder and allow the frozen sample to thaw.  

(3) Filter the material through one layer of Miracloth and a layer of Sefar Nitex nylon 
(pore size of 50 µm). The Miracloth and nylon are lining a funnel that is placed into an 
Oak Ridge Centrifuge Tube on ice. Hereby, the Miracloth faces the plant material and 
the nylon the funnel. 

(4) Spin the nuclei suspension for 15 min at 3000 g at 4 °C. Remove the supernatant, 
dissolve the pellet in 1 ml of ice-cold nuclei isolation buffer containing protease 
inhibitors and transfer the sample to an eppendorf tube. 
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(5) Centrifuge for 5 min at 1900 g at 4 °C, remove the supernatant and dissolve the pellet 
once more in 1 ml of nuclei isolation buffer containing protease inhibitors. Take a 4 µl 
aliquot of the nuclei suspension to check the quality and quantity of the nuclei and spin 
the remaining sample again for 5 min at 1900 g at 4 °C. 

3.4. Check for quality and quantity of the nuclei 

To check for nuclei quality and quantity, stain the nuclei with DAPI and examine them 
using fluorescence microscopy.  

(1) To check the quality of the nuclei, mix 2 µl of nuclei suspension 1:1 with vectashield 
containing 20 ng/ml DAPI, and mount the mix on a microscopy slide. Check the nuclei 
at 100-fold magnification. The nuclei should look round or oval, have clear contours 
and well defined nuclear compartments (FIG. 2). 

(2) To quantify the nuclei, mix 2 µl of nuclei suspension 1:10 with vectashield containing 
20 ng/ml DAPI, and pipette the mix into a counting chamber. Use 20-fold 
magnification to count the nuclei in one large square of the chamber, followed by 
calculating the number of nuclei in the original sample. Continue the protocol with 107 
nuclei. 

 

 
FIGURE 2. Typical example of an intact nucleus (a) and two damaged nuclei (b) stained with DAPI. Nuclei were 
isolated from maize husk tissue, and aliquots taken at step 3.3.5 of the protocol were stained with 20 ng/ml DAPI 
in vectashield. Image acquisition was carried out using an Olympus BX fluorescence microscope with filters for 
DAPI and a 100-fold magnification, and images were captured with a CCD camera. (a) Intact nuclei have an oval 
shape without sharp edges. Heterochromatin appears as DAPI dense domains, while nucleoli are visible as dark 
regions. (b) Damaged nuclei can have an angular shape or a diffuse contour. The nuclear compartments are not as 
well defined as those from intact nuclei.  
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3.5. Genomic DNA digestion in intact nuclei 

The nuclei and chromatin need to be accessible to restriction enzymes. This is 
accomplished by treating the sample with SDS. 

(1) In order to change the nuclei isolation buffer for a restriction buffer, dissolve the nuclei 
pellet from step 3.3.5 in 400 µl 1.2 x restriction buffer, spin for 5 min at 1900 g at 4 °C 
and resuspend the resulting pellet in 500 µl 1.2 x restriction buffer.  

(2) Add 7.5 µl 20% SDS (final concentration 0.3%) and incubate for 40 min at 65 °C and 
900 r.p.m. to inactivate endogenous nucleases and permeabilize the nuclei for 
restriction enzymes. Incubate the sample another 20 min at 37 °C and 900 r.p.m. to 
permeabilize the nuclei even further. 

(3) Sequester the SDS by adding 50 µl 20% Triton X-100 (final concentration 1.8% v/v) 
followed by shaking at 900 r.p.m. for 60 min at 37 °C. 

(4) To test the quality of the DNA within the sample (e.g. to check for DNA degradation) 
transfer 5% of the sample (approximately 30 µl) to another eppendorf tube and store it 
at -20 °C until you reach step 3.6.4.  

(5) Add 400 U of high concentrated restriction enzyme to the remaining sample and shake 
overnight at 900 r.p.m. and 37 °C.  

(6) In order to inactivate the restriction enzyme, add 40 µl 20% SDS (final concentration 
of 1.6%) and incubate the sample for 20 min at 900 r.p.m. and 65 °C. When using an 
enzyme that can be heat inactivated, the addition of SDS can be left out, 

3.6. Intramolecular ligation 

The digested DNA is ligated at a low DNA concentration, favoring intramolecular over 
intermolecular ligations. 

(1) Transfer the sample to a 50 ml falcon tube and dilute it by adding 700 µl 10 x ligation 
buffer and 6.3 ml sterile Milli-Q water. To sequester the SDS present in the sample, 
add 375 µl 20% Triton X-100 (final concentration 1.1%) and incubate for 60 min at 37 
°C. 

(2) To check the digestion efficiency, transfer 5% of the sample (approximately 380 µl) to 
an eppendorf tube and store the aliquot at -20 °C until you reach step 3.6.4. 
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(3) Add 100 U T4 ligase from a high concentrated stock and incubate for 5 h at 16 °C, 
followed by 45 min at room temperature.  

(4) Add 30 µl proteinase K (10 mg/ml stock solution) and incubate overnight at 65 °C to 
reverse the crosslinks. This and subsequent steps can be done in parallel for the DNA 
quality (step 3.5.4) and digestion aliquot (step 3.6.2). See 3.8 for the details on handling 
the test aliquots.  

3.7. DNA purification 

(1) Add 30 µl RNase A (10 mg/ml stock solution) and incubate for 40 min at 37 °C to 
eliminate RNA present in the sample.  

(2) Add 10 ml of phenol-chlorophorm-isoamylalcohol (25:24:1) and mix rigorously. 
Centrifuge the sample for 10 min at 4500 g at room temperature and transfer the 
aqueous phase to a new falcon tube. For an adequate phase separation in the 3C sample, 
phenol-chlorophorm-isoamylalcohol should be kept overnight at room temperature 
before using. 

(3) In order to precipitate the ligation products, dilute the sample with 7 ml sterile Milli-Q 
water and subsequently add 1.4 ml of 2 M NaOAc (pH 5.6), 40 µl glycogen (20 mg/ml) 
and 2 volumes 96% ethanol. Mix well by inverting and store at -80 °C for minimal 2 h. 
A high DTT concentration hampers the precipitation of DNA. Dilution of the sample 
with sterile Milli-Q water before precipitation increases the precipitation efficiency.  

(4) Centrifuge the frozen tube for 60 min at 4500 g at 4 °C and discard the supernatant. To 
increase the precipitation efficiency, centrifugation can be carried out at 16000 g at 4 
°C in a microcentrifuge. In that case the precipitation sample must be aliquoted in 
eppendorf tubes before freezing them at -80 °C (step 3.7.3) 

(5) Wash the pellet by adding ice-cold 70% ethanol followed by centrifugation for 15 min 
at 4500 g at 4 °C. Discard the supernatant and air dry the pellet for 3-5 min. 

(6) Add 150 µl of 10 mM Tris (pH 7.5) to the pellet and incubate the tube for several hours 
at room temperature followed by one night at 4 °C in order to completely dissolve the 
DNA. 



142 3C Technologies in plants 

 

3.8. Analysis of digestion and ligation efficiency 

Before analyzing the ligation products by qPCR on the relative crosslinking frequencies 
between chromosomal regions of interest, one should check the DNA quality (step 3.5.4), 
digestion (step 3.6.2) and ligation efficiency (step 3.7.6) of the 3C samples, as well as the 
DNA concentration of the ligation sample. 

(1) DNA isolation from the DNA quality (step 3.5.4) and digestion (step 3.6.2) test 
aliquots can be performed side-by-side with the 3C sample, starting at step 3.6.4 
(addition of proteinase K). Before doing so, first add 350 µl sterile Milli-Q water to the 
DNA quality aliquot, as a larger volume has shown to increase the final DNA yield. 
Subsequently, perform the same treatments as described for the 3C samples, with the 
difference that with the test aliquots smaller volumes are used and all centrifugation 
steps are done at 16000 g in a microcentrifuge. Table 1 summarizes the adjusted 
volumes or amounts. 

(2) After dissolving the pellets overnight, analyze the DNA quality and digestion 
efficiency aliquots by gel electrophoresis (0.8% agarose gel). Run the purified aliquots 
side-by-side with a 2-5 µl aliquot of the ligated 3C sample (3.7.6). The DNA quality 
and ligation aliquots should show single high-molecular-weight bands, while the 
digestion sample should produce a DNA smear with distinct bands derived from 
repetitive DNA (FIG. 3). To determine the DNA concentration of the 3C sample, run 
the aliquots side-by-side with a dilution series of undigested genomic DNA of known 
concentration.  

(3) To check for sufficient digestion by a particular enzyme, perform either DNA blot or 
qPCR analysis (Louwers et al., 2009b; Hagège et al., 2007). For the latter, use primer 
sets that amplify fragments spanning a restriction site. Undigested and digested 
genomic DNA can serve as controls. Once the 3C method is established for a particular 
restriction enzyme, the quality check described in step 3.8.2 is sufficient and step 3.8.3 
can be left out. 

3.9. Analysis of the ligation products 

If the digestion and ligation, as well as the recovery of ligation products worked well, the 
relative interaction frequencies in the 3C sample (3.7.6) can be analyzed using qPCR 
(Louwers et al., 2009b). We recommend TaqMan qPCR assays, the ins and outs of which 
were excellently described defore (Hagège et al., 2007). For maize DNA, approximately 
50-100 ng is used for each qPCR reaction.  
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Table 1. Summary of volumes or absolute amounts of reagents used to isolate DNA 
from the DNA quality and digestion aliquots. 

Step in protocol Adjusted amount of input for step 3.8.1 

step 3.6.4 5 µl proteinase K (10 mg/ml stock solution) 

step 3.7.1 5 µl RNase (10 mg/ml stock solution) 

step 3.7.2 400 µl phenol-chlorophorm-isoamylalcohol 

step 3.7.3 40 µl 2M NaOAc, 1 µl glycogen, 800 µl ethanol 

step 3.7.6 30 µl 10 mM Tris-HCl (pH 7.5) 

 
 

 
 

 
FIGURE 3. Typical example of a successful 3C sample before digestion, after digestion, and after ligation, 
visualized by gel electrophoresis on a 0.8 % agarose gel and EtBr staining. Undigested DNA (uD) shows a single 
large size band, indicating intact genomic DNA. Digested DNA (D) shows a long smear with distinct bands 
derived from repetitive DNA. Ligated DNA (L) gives rise to a large size band, which indicates successful 
ligation. The uD and D aliquots were taken at step 3.5.4 and 3.6.2 of the protocol. DNA was isolated by reversal 
of the crosslinks, followed by phenol/chlorophorm extraction and ethanol precipitation. The DNA shown in this 
figure is derived from maize and digested with BglII. 
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4. Materials 
Nuclei isolation buffer  

20 mM Hepes (pH 8.0), 250 mM sucrose, 1 mM MgCl2, 5 mM KCl, 40% (vol/vol) 
glycerol, 0.25% (vol/vol) Triton X-100, 0.1 mM PMSF, 0.1% (vol/vol) 2-mercapto-
ethanol. Add PMSF and 2-mercapto-ethanol just before use. For all steps after the tissue 
fixation (3.2) supplement the nuclei isolation buffer with protease inhibitor tablets (Roche). 
Dissolve 1 tablet in 2 ml sterile Milli-Q water and add 1 ml to 25 ml of nuclei isolation 
buffer. 
 
Formaldehyde solution 

Dissolve 4 g paraformaldehyde in 100 ml nuclei isolation buffer. Set the pH to 9 to 
decompose the polymer into formaldehyde and incubate at 65 °C to facilitate dissolving. 
Let the solution cool down and adjust the pH to 7-7.5. Store 10 ml aliquots at -80 °C and 
thaw them only once.  
 
10 x Ligation buffer 

300 mM Tris-HCl (pH 7.8 at 25 °C), 100 mM MgCl2, 100 mM DTT and 10 mM freshly 
prepared ATP. Store in 1.5 ml aliquots at -20 °C and thaw only once.  
 
Phenol-chlorophorm-isoamylalcohol 

Mix chlorophorm and isoamylalcohol in a 24:1 (v/v) ratio and subsequently mix with TE-
buffered phenol in a 1:1 (v/v) ratio. Mix by inverting and allow complete phase separation. 
Store at 4 °C, but warm up to room temperature before usage to allow successful DNA 
extraction.  
 

5. Hints for troubleshooting  

5.1. Fixation 

Formaldehyde crosslinking of the starting material is a crucial step in a 3C experiment, as 
it allows the detection of chromosomal interactions. With insufficient crosslinking, 
chromosomal interactions will be lost during the procedure and cannot be detected. In case 
of over-crosslinking, the ligation reactions will become saturated, hampering the accurate 
measurement of interaction frequencies (see Fig. 5 in Splinter et al., 2004). The degree of 
crosslinking is influenced by both the formaldehyde concentration and fixation time. To 
determine the proper fixation conditions (avoiding over-ligation), the genomic distance 
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between the fragments of interest has to be taken into account. The shorter the distance 
between the fragments of interest, the lower the degree of crosslinking should be. In our 
hands, the detection of interactions between fragments 15 to 100 kb apart worked well 
using 2% formaldehyde and vacuum infiltration for 1 h in a Speedvac plus SC110A 
connected to a Gel Pump GP 110 (Savant). When establishing 3C for a tissue type of 
interest one should realize that specific features of the speedvac or exsiccator used affect 
the degree of crosslinking as well. Therefore, to determine the proper crosslinking 
conditions, the formaldehyde concentration and/or fixation time may have to be titrated. 

The crosslinking efficiency is also affected by other aspects than described above. 
The fixative can e.g. not reach all cells efficiently if a falcon tube contains too much plant 
material. Hence, do not force too much tissue into a tube, but allow it to flow free in the 
fixative. If a relatively large amount of plant material is needed for the isolation of 
sufficient nuclei, divide the sample over multiple tubes at the fixation step and combine the 
split samples at a convenient step later in the protocol, e.g. 3.3.4. The efficiency of 
crosslinking is also influenced by the buffer components. Tris, a common component of 
nuclei isolation buffers, contains free amine groups that compete with amine groups in the 
chromatin for formaldehyde, inhibiting the crosslinking. Therefore, Tris-HCl, which is 
used in other 3C protocols, was replaced with Hepes (see section 4 and (Louwers et al., 
2009b)). 

Crosslinking by formaldehyde can hamper the digestion with restriction enzymes; 
the lower the formaldehyde concentration, the higher the digestion efficiency (Splinter et 
al., 2004). For this reason, when determining the proper fixation conditions, the effect on 
digestion efficiency should be taken into account as well.  

5.2. Nuclei isolation 

To obtain a high yield of nuclei it is essential to thoroughly grind the well-washed and 
dried tissue to a fine powder. In liquid nitrogen, formaldehyde fixed plant tissue tends to 
freeze as a big clump that is difficult to grind. Crushing the clump in smaller pieces before 
the liquid nitrogen completely evaporates facilitates the subsequent grinding process. In 
case the tissue is not dry enough, water crystals form that hamper efficient grinding. Pieces 
of relatively firm plant tissue can be dried between paper towels, e.g. by thorough wringing 
of the towels. Pieces of very soft tissue, like Arabidopsis seedlings, however, stick to paper 
towels and cannot be completely recovered. To avoid loss of such tissue, after fixation, the 
tissue sample can be wrapped in Miracloth or similar material and subsequently washed 
and dried in the resulting package. After grinding, the material is filtered to separate the 
nuclei from the rest of the components. For an optimal recovery of nuclei, the amount of 
plant material per filter (step 3.3.3) should be reduced to maximal 2 g of the original input. 
Larger amounts of plant material clog the filter and impede nuclei from migrating through 
the pores. Samples that are larger than 2 g should be split before the filtration step and can 
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be pooled afterwards. Squeezing the filter to accelerate the process or to increase the yield 
results in a high amount of debris in the filtrate, and thus should be avoided.  

The quality of the nuclei should be checked microscopically after step 3.3.5, as 
high quality nuclei are crucial for a successful 3C experiment. Intact nuclei are visible as 
round or oval structures (FIG. 2). Damage of the nuclei can be avoided by keeping the 
sample cool at all steps. Thus, do not let the ground plant material thaw before adding 
nuclei isolation buffer. Intense centrifugation also causes damage of the nuclei, so the 
number of washing steps should be limited and the centrifugation speed kept below 5000 
g. To check if the centrifugation speed suggested in this paper is appropriate for your 
sample of interest, take aliquots from steps 3.3.3 and 3.3.4 and compare the quality of the 
nuclei with that in the sample after the washing steps (3.3.5). Using cut-off tips did not 
show to increase the quality or quantity of isolated nuclei. 

The quality of the nuclei sample can be low as a result of DNA degradation, 
precluding further analysis. To check for DNA degradation, take an aliquot at step 3.5.4 
and perform gel electrophoresis as described at 3.8. A single, high-molecular weight band 
indicates a sample of good quality lacking DNA degradation. A smear with a nucleosomal 
pattern indicates DNA degradation caused by endogenous nucleases. If the latter is 
observed, prolong the SDS incubation at 65 °C to inactivate nucleases (step 3.5.2). It 
should be noted, however, that incubation at high temperatures such as 65 °C should be 
limited to the inevitable minimum, as it results in reversal of the crosslinks. Therefore, if 
the DNA quality of the aliquot taken at step 3.5.4 is high, test if the incubation step at 65 
°C can be shortened or even left out.  

5.3. Digestion efficiency 

The digestion efficiency can be checked by DNA blot analysis (see 3.6.2 and 3.8) of a 
digestion aliquot. Gel electrophoresis of a DNA sample that is efficiently digested results 
in a long smear of DNA with distinct bands derived from repetitive DNA. Upon 
hybridization with a probe of interest, only the bands expected in case of complete 
digestion should be visible. Another method to check for sufficient digestion is qPCR 
analysis (Hagège et al., 2007). The principle of this analysis is the use of primer sets that 
span restriction sites of interest. In case of efficient digestion, the digestion aliquot should 
yield higher Ct values compared to uncut DNA. 

The digestion efficiency should be at least 60-70%, but is preferably higher than 
80%. If the digestion efficiency is not high enough, further adjustments of the protocol are 
needed. The activity of most restriction enzymes is hampered by the SDS required to 
permeabilize the nuclei and this sensitivity to SDS varies between different enzymes 
(Splinter et al., 2004). The enzymes mentioned in section 2.4 are shown to cut well at the 
conditions described in this paper. If using other enzymes, the amount of SDS added in 
step 3.5.2 should be titrated to determine if a good balance between successful 
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permeabilization and efficient digestion is achievable. When increasing the SDS 
concentration, also the concentration of Triton X-100 needed to sequester SDS, has to be 
adjusted. 

If the digestion efficiency is low while the SDS concentration used has shown to 
allow high digestion efficiencies, renew the Triton X-100 working solution. Stock and 
working solutions of Triton X-100 are light sensitive. It is recommended to renew the 
working solution every 1-2 months. 

5.4. Ligation  

An efficiently ligated sample is visualized as a single, high-molecular weight band on an 
agarose gel. A smear like observed for the digestion sample indicates that the ligation 
failed. SDS hampers the activity of T4 ligase as it does for restriction enzymes and may 
need to be adjusted in its concentration (see 5.3). 

The ligation is performed at a low DNA concentration, in favor of the formation 
of intramolecular bonds. A low DNA concentration, however, hampers the recovery of 
DNA by precipitation (see 5.5). If the yield of precipitated ligation products is too low, and 
the plant of interest has a relatively small genome, one can consider to adjust the ligation 
volume towards the actual DNA concentration, especially when no SDS is needed to 
inactivate the restriction enzyme (step 3.5.6). This protocol, using a ligation volume of 7.5 
ml, is adapted to the size of the maize genome (ca. 2500 Mb). For other genome sizes, 
calculate the relative DNA concentration compared to that of maize and adjust the volume 
accordingly. One, however, has to take into account that the SDS concentration will 
increase with decreasing ligation volume. High SDS concentrations hamper the ligation 
efficiency. So if SDS is added in step 3.5.6, the ligation volume should not be too low. *1 

5.5 Purification and precipitation of ligation products 

DNA purification from the ligation sample is performed using a phenol-chloroform-
isoamylalcohol extraction. For a sufficient phase separation phenol-chloroform-
isoamylalcohol should be equilibrated at room temperature overnight.  

After the purification the DNA is precipitated. The ligation sample contains DTT, 
which hampers the precipitation, and therefore should be diluted beforehand as being 
described in this paper. As stated in 5.4, the low DNA concentration hampers efficient 
precipitation. If the recovery of DNA after precipitation is too low, the concentration of the 
carrier glycogen can be increased and/or the centrifugation parameters can be adjusted. To 
increase the g force with which the precipitated DNA can be centrifuged, the sample has to 
be aliquoted into eppendorf tubes (step 3.7.3), followed by centrifugation in a 
                                                           
*1After acceptance of the presented paper in a protocol adapted to Arabidopsis the digestion volume was reduced 
to 200 µl to allow also a lower volume for the ligation step. 
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microcentrifuge. Adding a DNA dye that enhances the visibility of the pellet may be useful 
as well. Importantly, it has been shown that for DNA precipitation and further storage the 
use of low DNA binding polypropylene tubes is crucial. 
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6. Appendix 
 
Supply list 

- Adenosine triphosphate 
- Agarose 
- Chloroform 
- Complete Protease Inhibitor Tablets (Roche, 11697498001) 
- 4’,6-Diamidine-2-phenylindole dihydrichloride (DAPI) 
- Dithiotreitol, (1 M dissolved in 0.01 M NaOAc) 
- Ethanol 96% (v/v) 
- Ethidium Bromide (10 mg ml-1) 
- Glycerol 85% (v/v) 
- Glycine (2 M) 
- Glycogen (20 mg ml-1) 
- Hepes 
- High-concentration restriction enzyme plus restriction buffer  

(for BglII, Roche, 11175068001) 
- Isoamylalcohol 
- KCl 
- Liquid nitrogen 
- MgCl2 hexahydrate 
- 2-Mercapto-ethanol 
- Paraformaldehyde 
- Phenol, buffered with TE pH 8 
- Phenylmethylsulfonyl fluoride (PMSF) 
- Proteinase K (10 mg ml-1) 
- Ribonuclease A (RNase A, 10 mg ml-1) 
- Sodium acetate (NaOAc; anhydrous; 2 M, pH 5.6)  
- Sodium dodecyl sulfate (SDS, 20% (w/v)) 
- Sucrose 
- T4 DNA ligase (5 units µl-1) 
- Triton X-100 (Triton is light-sensitive and should be kept in the dark;  

work solutions can be stored for 1-2 months at maximum) 
- Trizma base 
- Vectashield 
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Equipment 

- Centrifuge for 50 ml Falcon tubes 
- Electrophoresis equipment 
- Eppendorf tubes (1.5 and 2 ml; Safe-Lock, Eppendorf)  
- Falcon tubes (BD Biosciences, 352070; brand critical)  
- Forceps  
- Funnel (80 mm diameter)  
- Thermomixer  
- Miracloth (Calbiochem, 475855)  
- Mortar and pestle  
- Oak Ridge Centrifuge Tubes PPCO (Nalge, 3119-0050)  
- Polystyrene (25 mm thick)  
- Refrigerated microcentrifuge  
- Sefar Nitex filter, pore size 50 mm (Sefar)  
- Sorvall centrifuge with SS-34 rotor  
- Speedvac or exsiccator  
- Surgical knife and blades  
- Water bath 


