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Using Formaldehyde-Assisted Isolation of Regulatory
Elements (FAIRE) to Identify Functional Regulatory DNA
in Insect Genomes

Daniel J. McKay

Abstract

Differential regulation of gene expression determines cell-type-specific function, making identification of
the cis-regulatory elements that control gene expression a central goal of developmental biology. In
addition, changes in the sequence of cis-regulatory elements are thought to drive changes in gene
expression patterns between species, making comparisons of cis-regulatory element usage important for
evolutionary biology as well. Due to the number of extant species and the incredible morphological
diversity that they exhibit, insects are favorite model organisms for both developmental and evolutionary
biologists alike. However, identifying cis-regulatory elements in insect genomes is challenging. Here, I
describe a method termed FAIRE-seq (Formaldehyde-Assisted Isolation of Regulatory Elements, followed
by high-throughput sequencing) that can be used to identify functional DNA regulatory elements from
developing insect tissues, genome-wide.
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1 Introduction

Identifying cis-regulatory elements in insect genomes faces multiple
challenges. As in other organisms, cis-regulatory elements such as
enhancers and promoters are small, typically around 1000 base
pairs in length. Enhancers in particular can also function over
long distances and in a position-independent manner, meaning
that they lack a stereotypical location relative to the genes they
regulate. And in contrast to protein-coding genes, cis-regulatory
elements lack a universal genetic code. For these reasons, accurate
prediction of cis-regulatory elements based on DNA sequence
alone is difficult.

A variety of experimental methods have been employed to
directly identify cis-regulatory elements in target cells. Due to
their small size, collecting sufficient amounts of input cells for
genomic assays can be challenging in insects, especially if cell-

Susan J. Brown and Michael E. Pfrender (eds.), Insect Genomics: Methods and Protocols, Methods in Molecular Biology, vol. 1858,
https://doi.org/10.1007/978-1-4939-8775-7_8, © Springer Science+Business Media, LLC, part of Springer Nature 2019

89

http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-4939-8775-7_8&domain=pdf


type-specific information is desired. Likewise, many insects
undergo rapid changes during development, limiting the time
available to identify cis-regulatory elements with temporal-specific
activity. Here, I present a method termed FAIRE-seq (Formalde-
hyde-Assisted Isolation of Regulatory Elements) [1] that has suc-
cessfully been used to identify functional cis-regulatory elements in
insects, genome-wide. FAIRE-seq is a simple method that is sensi-
tive enough to be used with limiting amounts of input cells. It also
does not rely on enzymes or antibodies, thus simplifying the ability
to identify and compare cis-regulatory element usage between spe-
cies. Finally, since FAIRE-seq relies on formaldehyde-fixed samples,
it allows time for precise tissue dissections and collection of short-
lived developmental stages.

FAIRE-seq identifies sites of “open” chromatin in the genome
[1–6]. Due to the competition between transcription factors and
nucleosomes for DNA binding, active cis-regulatory elements,
which are typically bound by transcription factors, are often
depleted of nucleosomes or contain nucleosomes that are remo-
deled in such a way as to decrease their interactions with DNA
[7]. In the FAIRE-seq protocol, samples are briefly fixed with
formaldehyde, sonicated to shear chromatin into smaller frag-
ments, and then subjected to a phenol-chloroform extraction to
isolate water-soluble DNA, which is then prepared for high-
throughput sequencing. FAIRE is thought to work by exploiting
the differences between histones and transcription factors for being
crosslinked to DNA. Due to the large number of amino acid
residues that react with formaldehyde, and because of the extensive
contacts that they make with DNA, histones are more likely to be
crosslinked to DNA than transcription factors. As a result, genomic
sites bound by transcription factors will preferentially segregate to
the aqueous phase during the phenol-chloroform extraction,
whereas DNA crosslinked to protein will be trapped at the interface
between the aqueous and organic phases.

The ease of performing FAIRE-seq has led to its use with a
range of developmental samples, including whole embryos [8],
dissected tissues [9], and FACS-purified cell populations [10], as
well as with a variety of insects, including fruit flies [8, 11], mos-
quitoes [12], aphids [13], silkworms [14], and beetles [15].
FAIRE-enriched DNA has been found to correspond to functional
and developmentally relevant cis-regulatory elements, including
transcriptional enhancers [8–10]. And when combined with a
developmental time course, FAIRE-seq can successfully identify
enhancers with temporal-specific activity because the timing of
regulatory element accessibility often coincides with the timing of
its activity. Details of the protocol are described below. The proto-
col is written for performing FAIRE on Drosophila wing imaginal
discs. Guidelines and suggestions for other sample types are
contained in the “Notes” Subheading 4.
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2 Materials

2.1 Buffers

and Reagents

1. Apple-agar plates: Flask 1: 200 mL apple juice, 300 mL
dH2O. Flask 2: 25 g BactoAgar, 500 mL dH2O, stir bar.
Autoclave Flask 1 and Flask 2 for 30 min. Pour contents of
Flask 1 into Flask 2. Mix on magnetic stirrer until cool enough
to handle. Pour into 100� 15 mm or 60� 15 mm plastic petri
dishes. Allow to harden overnight and store at 4 �C.

2. 1 � PBS: 130 mM NaCl, 7 mM Na2HPO4, 3 mM NaH2PO4,
pH to 7.4 with HCl. Autoclave to sterilize.

3. FA Fix Buffer: 4% paraformaldehyde, 50 mM HEPES pH 8.0,
100 mM NaCl, 1 mM EDTA pH 8.0, 0.5 mM EGTA pH 8.0.
This buffer must be prepared fresh.

4. Quench Buffer: 1 � PBS, 125 mM Glycine, 0.01% Triton
X-100.

5. Buffer A: 10 mM HEPES pH 8.0, 10 mM EDTA pH 8.0,
0.5 mM EGTA pH 8.0, 0.25% Triton X-100, 1 mM PMSF.

6. FAIRE Lysis Buffer: 2% Triton X-100, 1% SDS, 100mMNaCl,
10 mM Tris–Cl pH 8.0, 1 mM EDTA pH 8.0.

7. TE: 10 mM Tris–Cl pH 8.0, 1 mM EDTA pH 8.0.

2.2 Equipment

and Consumables

1. Screw cap tubes with 2.38 mm tungsten beads for tissue
homogenization, MoBio, catalogue # 13117-50.

2. Mini-BeadBeater-8, Biospec products.

3. Branson model 450-digital sonifier.

4. QIAquick PCR purification kit (Qiagen).

5. QuBit dsDNA HS Assay kit (Invitrogen).

3 Methods

3.1 Dissection

and Fixation

of Drosophila Wing

Imaginal Discs

1. Collect larvae of the target developmental stage. For precise
developmental staging, set up an embryo-collection cage of the
desired genotype. Let adults lay eggs for several hours on an
apple-agar plate, then transfer the plate off the cage and incu-
bate the plate at 25 �C. After 20–24 h, use forceps to clear all
larvae from the plate, and return the plate to 25 �C. After an
additional 2 h, use forceps to pick newly hatched larvae. Trans-
fer larvae in batches of ~35 to a fresh vial containing standard
Drosophila food. Incubate at 25 �C until the target develop-
mental stage (see Note 1). We typically use 40 wing imaginal
discs from wandering third instar larvae for a single FAIRE-seq
replicate. Since each wing disc contains approximately 50,000
cells, this corresponds to about 2-million cells per replicate.
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However, we have also successfully performed FAIRE-seq from
40 haltere imaginal discs, which contain approximately 10,000
cells per disc. Scale culture sizes for each tissue of interest
accordingly (see Note 2).

2. Wash larvae extensively with 1 � PBS to remove any traces of
food. Transfer larvae to wells containing 1 � PBS in a 9-well
dissecting dish. Screen through larvae to select females (see
Note 3). Dissect and invert larvae, leaving the wing discs
attached to the cuticle (see Note 4). Transfer inverted larvae
to cold 1 � PBS in a 9-well dissecting dish on ice.

3. Remove 1 � PBS and fix inverted larvae in 1 mL of FA Fix
Buffer for 10 min at room temperature on an orbital shaker (see
Note 5).

4. Stop the crosslinking reaction. Remove the FA Fix Buffer and
replace with 1 mL Quench Buffer. Incubate with shaking at
room temperature for 5 min. Repeat wash, for a total of 10 min
of Quench incubation.

5. Remove Quench Buffer, and replace with 1 mL of ice-cold
Buffer A. Keep fixed inverted larvae on ice in Buffer A until
all larvae have been dissected, fixed, and quenched.

6. Dissect wing discs off cuticle in Buffer A, working in small
batches to keep solution cold. Transfer discs to 1.5 mL tube
on ice containing Buffer A (see Note 6).

7. Once all discs have been dissected off cuticle, pellet discs at
1500 RCF for 5 min at 4 �C. Remove Buffer A (see Note 7).

3.2 Chromatin

Preparation

1. Add 1 mL of FAIRE Lysis Buffer to discs. Transfer discs to
screw-cap tube containing 2.38 mm tungsten beads. Homog-
enize in a bead beater for six cycles of 1 min on, 2 min off at
4 �C, power setting high (see Note 8).

2. Transfer the lysate to a fresh 15 mL tube. Add FAIRE Lysis
Buffer to a total volume of 1.8 mL. Sonicate to a DNA frag-
ment size of 100 bp to 2 kb (see Note 9). We use a Branson
450-digital Sonifier and perform five 30-s cycles, with a duty
cycle of 1 s on, 0.5 s off at 18% amplitude. Keep tube on ice
during sonication to prevent sample heating. Let tube rest on
ice for at least 2 min between sonication cycles.

3. Verify sonicated DNA fragment size by transferring 50 μL of
lysate to a fresh 1.5 mL tube. Add 50 μL FAIRE Lysis Buffer
and incubate the sample at 65 �C overnight to reverse cross-
links. Then add RNaseA to a final concentration of 100 μg/mL
and incubate for 30 min at 37 �C. Then add Proteinase-K to a
final concentration of 200 μg/mL and incubate for 2 h at
37 �C. Purify the DNA by phenol-chloroform extraction and
ethanol precipitation. Resuspend precipitated DNA in 25 μL
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TE and run on a 1.2% agarose gel. The desired fragment size is
100 bp to 2 kb, with the average size being approximately
500 bp. If the fragment size is too big, additional rounds of
sonication are necessary (Fig. 1).

4. Once the desired fragment size has been achieved, pellet insol-
uble chromatin at 15,000 RCF for 5 min at 4 �C. Transfer the
supernatant to a fresh tube, leaving behind ~30 μL to avoid
carryover of DNA in the pellet. Insoluble chromatin can be
discarded.

3.3 Preparation

of FAIRE DNA

1. Remove a 50 μL aliquot of soluble chromatin for use as an
Input sample. Reverse crosslinks, treat with RNase and
Proteinase K, and purify Input DNA as described in Subhead-
ing 3.2, step 3. Store Input DNA at �20 �C (see Note 10).

2. Perform FAIRE on the remaining soluble chromatin lysate.
Transfer 500 μL aliquots of lysate to fresh 1.5 mL tubes. Add
an equal volume of phenol-chloroform to the chromatin lysate.
Vortex 10-s. Centrifuge at 15,000 RCF for 5 min at 4 �C.
Transfer aqueous (upper) phase to fresh 1.5 mL tube. Avoid
transferring any debris that may be trapped at the interface
between aqueous and organic phases.

3. Perform a second phenol-chloroform extraction. Add an equal
volume of phenol-chloroform to the FAIRE DNA-containing
aqueous phase. Vortex 10-s. Centrifuge at 15,000 RCF for
5 min at 4 �C. Transfer the aqueous (upper) phase to a fresh

* *
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Fig. 1 The effects of increasing sonication cycle number on DNA fragment size.
Agarose gel stained with ethidium bromide. Lanes 1 and 8: DNA ladders. Lanes
2–7: A fixed amount of Drosophila S2 cell chromatin was sonicated for an
increasing number of cycles. The DNA fragment sizes in Lanes 6 and
7 (asterisks) are suitable for FAIRE-seq
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1.5 mL tube. If the interface is not clear and free of debris,
perform a third phenol-chloroform extraction.

4. Perform a chloroform extraction. Add an equal volume of
chloroform/isoamyl alcohol to each tube. Vortex 10-s. Centri-
fuge at 15,000 RCF for 5 min at 4 �C. Transfer the aqueous
(upper) phase to a fresh tube. Pool aqueous phases from sam-
ples that were divided across multiple tubes.

5. Precipitate the FAIRE-enriched DNA. Add 1/10th volume of
3 M sodium acetate (pH 5.2) and mix well. Add 10–20 μg
glycogen and mix well. Add 2-volumes of 95% ethanol and mix
well by inverting the capped tubes three to four times. Incubate
the tubes at �80 �C for at least 30 min (see Note 11).

6. Recover tubes from �80 �C and centrifuge at 15,000 RCF for
20 min at 4 �C. Remove the supernatant without disturbing
the DNA pellet. Wash the pellet with 500 μL of cold 70%
ethanol. Centrifuge at 15,000 RCF for 20min at 4 �C. Remove
all traces of ethanol and let pellet dry. Resuspend FAIRE-
enriched DNA pellet in 100 μL TE.

7. Heat overnight at 65 �C to reverse any remaining crosslinks.
Then add 100 μg/mL RNaseA. Incubate for 30 min at 37 �C.

8. Purify DNA with QIAquick PCR purification spin column.
Add 500 μL Buffer PB. Mix well by pipetting. Transfer to
column. Centrifuge at 10,000 RCF for 1 min at room temper-
ature. Empty the collection tube. Add 750 μL Buffer PE to
column. Incubate for 2 min at room temperature. Centrifuge
at 10,000 RCF for 1 min. Empty the collection tube. Centri-
fuge at 10,000 RCF for 1 min. Transfer the column to a fresh
1.5 mL tube. Centrifuge at 15,000 RCF for 1 min to remove
all residual ethanol. Transfer the column to a fresh 1.5 mL
tube. Add 38 μL Buffer EB directly to silica at bottom of
column (see Note 12). Incubate for 1 min at room tempera-
ture. Centrifuge at 10,000 RCF for 1 min at room tempera-
ture. The eluted buffer contains the FAIRE-enriched DNA.

9. Measure DNA concentration of FAIRE-enriched DNA and
Input DNA using a fluorometer (e.g., QuBit High Sensitivity
dsDNA kit). The quantity of FAIRE-enriched DNA should be
approximately 1–10% of the total DNA in the original sample
(see Note 13).

10. FAIRE-enriched DNA and Input/genomic DNA can be
stored at �20 �C indefinitely, and prepared for single-end
high-throughput sequencing using a variety of commercial
kits. For Drosophila, 5–10 million aligned reads per replicate
is often sufficient for subsequent bioinformatics analysis.
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4 Notes

1. When possible, take advantage of behavioral milestones or
distinct morphological features to improve precision of devel-
opmental staging. For example, wandering third instar larvae
can be synchronized by clearing all larvae from the walls of the
vial, waiting 2 h, and then collecting newly wandering larvae
for dissection. Similarly, pupal stages can be synchronized col-
lecting animals at the white prepupal stage, which lasts only 1 h
at 25 �C.

2. When possible, process experimental and control samples in
parallel to avoid batch effects, which are technical in origin,
from being interpreted as having a biological basis. This is
preferred to processing experimental samples separately from
control samples. Batch effects can arise from multiple steps in
the protocol, including culture conditions, chromatin prepara-
tion, FAIRE, and high-throughput sequencing library
preparation.

3. Performing FAIRE-seq only on females simplifies subsequent
bioinformatics analysis by equalizing the number of sex chro-
mosomes and autosomes.

4. Depending on how quickly the dissections can be performed, it
is preferred to work in small batches to minimize the time
between dissection and fixation. Fixed larvae can be left in
Buffer A on ice after quenching (Subheading 3.1, step 5)
until all larvae have been dissected.

5. These conditions are designed for Drosophila imaginal discs.
Other conditions may be required for different tissues, devel-
opmental stages, or insect species. The objective is to achieve a
light crosslinking of proteins to DNA. Therefore, as a guide, we
suggest using fixation conditions that have been established for
performing immunofluorescence on the target sample, with
the exception of decreasing the crosslinking time by half. For
example, fixation of Drosophila embryos for immunofluores-
cence is typically performed in a mixture of heptane and fixa-
tion buffer for 20 min at room temperature. For FAIRE-seq on
Drosophila embryos, we used the same mixture of heptane and
fixation buffer for 10 min at room temperature [8].

6. Since open chromatin profiles are often cell type specific, it is
important to remove extraneous tissues such as trachea. Finer-
detailed dissections can also be performed at this time to
increase cell type specificity of FAIRE-seq data.

7. Stopping point. Dissected discs can be frozen in Liquid Nitro-
gen and stored at �80 �C.

Open Chromatin Profiling Identifies Functional Enhancers 95



8. We have noticed that bead-beating the sample improves tissue
dissociation and increases reproducibility between replicates. It
is possible that other means of homogenization will sufficiently
dissociate the tissue prior to sonication [5].

9. It is often necessary to optimize sonication conditions for each
type of sample. For example, tissues with a high amount of
cuticle proteins may require additional sonication to achieve
the desired DNA fragment size. Similarly, different ages, mod-
els, or brands of sonicator may vary in their performance. We
suggest performing pilot experiments to empirically determine
the optimal sonication conditions for a given sample, as well as
the reproducibility of these results.

10. As an alternative to Input DNA, genomic DNA can be
prepared from each genotype used in the experiment and
sonicated to a fragment size of 100 bp to 2 kb. Sequencing
Input or genomic DNA sample is essential for interpreting
FAIRE-seq data because it controls for genomic features such
as repetitive DNA and copy number variations.

11. Stopping point. DNA/ethanol can be stored at �80 �C
indefinitely.

12. Water can be used instead of Buffer EB to elute the DNA from
the column. Using water allows for the DNA to be concen-
trated in a speed-vac if necessary for high-throughput sequenc-
ing library preparation.

13. FAIRE-enriched DNA that is substantially greater than 10%
may be indicative of samples that have been under-crosslinked.
Suboptimal crosslinking of proteins to DNA may result in
experimental failure due to poor signal to noise. To quantify
FAIRE enrichment, use the Input sample to calculate the
amount of DNA in the original sample and compare this
amount to the quantity of DNA recovered in the FAIRE
sample. For example, if 50 μL of soluble chromatin lysate was
used for the Input sample, and 500 μL of soluble chromatin
lysate was used for the FAIRE sample, the amount of DNA in
the Input sample represents 1/10th of the total DNA that was
present in the FAIRE sample. If the Input sample yielded 10 μg
of DNA, and the FAIRE sample yielded 1 μg of DNA, then the
FAIRE enrichment would be 1% of the total DNA in the
original sample.
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