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Abstract
DNA fluorescence in situ hybridization \(DNA FISH) is a powerful method to study chromosomal
organization in single cells. At present, there is a lack of free resources of DNA FISH probes and probe
design tools, which can be readily applied. Here, we describe iFISH, an open-source repository currently
comprising 380 DNA FISH probes targeting multiple loci on the human autosomes and chromosome X,
as well as a genome-wide database of optimally designed oligonucleotides and a freely accessible web
interface \(http://ifish4u.org) that can be used to design DNA FISH probes. We individually validated 153
probes in our repository, and harnessed our probe repository to quantify the extent of intermingling
between multiple heterologous chromosome pairs, showing a much higher extent of intermingling in
human embryonic stem cells compared to fibroblasts. In conclusion, iFISH is a versatile and expandable
resource, which can greatly facilitate the use of DNA FISH in research and diagnostics.

Introduction
We establish a database of oligos supporting DNA FISH probes design, and targeting a substantially
larger fraction of the human genome than the available databases. Most importantly, we create a large
resource of validated DNA FISH oligo probes and probe design tools—which we name iFISH—that can be
freely used by individual researchers, as well as diagnostic laboratories, to visualize multiple regions of
the genome at high resolution, as well as to design probes in regions currently not covered by our
repository. We provide a user-friendly web interface \(http://ifish4u.org) that can query available curated
databases of oligo sequences, and design probes of variable size and number along the genome of
interest. Furthermore, we describe a continuously expanding repository of probes—now containing 380
probes in multiple colors targeting 380 loci on all the human autosomes and chrX—which we make freely
available to the community. We expand the repertoire of colors that are typically used in DNA FISH, and
show that iFISH probes can simultaneously visualize six distinct genomic loci on the same chromosome,
labeled with different fluorescent dyes. Lastly, we show that iFISH probes can be used as chromosomespotting probes to visualize multiple pairs of chromosomes in the same cells, and propose an analytical
approach to quantify the extent of intermingling between heterologous chromosomes.

Reagents
- SYBRTM Select Master Mix for CFX \(Thermo Fisher Scientific, cat. no. 4472942) - Forward primer \
(Integrated DNA Technologies) - Reverse primer \(Integrated DNA Technologies) - Customized oligopool \
(CustomArray) - Nuclease-free H2O \(Thermo Fisher Scientific, cat. no. AM9932) - DNA Wash Buffer \
(Zymo Research, cat. no. D4003-2-48) - Oligo Binding Buffer \(Zymo Research, cat. no. D4060-1-40) Ethanol Absolute \(VMR, cat. no. 20816.367) - AMPure XP \(Beckman Coulter, cat. no. A63881) RNAclean XP \(Beckman Coulter, cat. no. A63987) - RNaseOUT™ Recombinant Ribonuclease Inhibitor \
(Thermo Fisher Scientific, cat. no. 10777019) - DNase I, RNase-free \(NEB, cat. no. M0303S) - HiScribeTM
T7 Quick high yield RNA synthesis kit \(NEB, cat. no. E2040S) - dNTP mix \(Thermo Fisher Scientific, cat.
no. R0191) - Maxima H reverse transcriptase \(Thermo Fisher Scientific, cat. no. EP0751) - 0.5M EDTA \
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(Thermo Fisher Scientific, cat. no. AM9260G) - 1M NaOH \(Sigma, cat. no. 1.06467) - Novex TBE Running
buffer \(Thermo Fisher Scientific, cat. no. LC6675) - Qubit® dsDNA HS Assay Kit \(Thermo Fisher
Scientific, cat. no. Q32851) - Qubit® RNA BR Assay Kit \(Thermo Fisher Scientific, cat. no. Q10210) Qubit® ssDNA Assay Kit \(Thermo Fisher Scientific, cat. no. Q10212) - TBE-Urea 15% gel \(Thermo Fisher
Scientific, cat. no. EC6885BOX

Equipment
- PCR cycler - DynaMag™-2 Magnet \(Thermo Fisher Scientific, cat. no. 12321D) - Agencourt SPRIPlate 96
Super Magnet Plate \(Beckman Coulter, cat. no. A32782) - Multichannel pipette \(e.g., Eppendorf Xplorer
Plus, 8-channel pipette: 0.5-10 µL, cat. no. 4861000767; 5-100 µL, cat. no. 4861000783)) - Tabletop
centrifuge \(e.g., Eppendorf 5424, cat. no. 5424000410) - Qubit® 2.0 Fluorometer \(Thermo Fisher
Scientific, cat. no. Q32866) - Gel imager \(e.g., Amersham Imager 600) - Microcentrifuge tubes 0.5 ml \
(e.g., Eppendorf RNA/DNA LoBind) - Microcentrifuge tubes 1.5 ml \(e.g., Eppendorf RNA/DNA LoBind) Zymo columns IC \(Zymo Research, cat. no. C1004) - Collecting tube \(Zymo Research, cat. no. C1001) 96-well plate \(Thermo Fisher Scientific, cat. no. 4316813) - Optical adhesive PCR film \(Thermo Fisher
Scientific, cat. no. ASF0020)

Procedure
DAY 1
PCR (Polymerase Chain Reaction)
Low throughput (tubes)
1. Mix the following reagents in a PCR tube or 96-well plate:
·

Forward primer (12.5 μM) 3 μL

·

Reverse primer (12.5 μM) 3 μL

·

Oligo-pool (10 nM) 2 μL

·

SYBR master mix (2x) 12.5 μL

·

Nuclease-free water 4.5 μL

High throughput (96-well plate)
1. Prepare a master mix containing SYBR master mix and Nuclease-free water (as shown below for one
well). Always calculate for 5% extra wells.
·

SYBR master mix (2x) 12.5 μL
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·

Nuclease-free water 4.5 μL

2. In each well dispense the combination of forward and reverse primers required for the amplification of
the specific probe as well as the master mix using multichannel pipets or a liquid handling robot (we used
I-DOT One, Dispendix):
·

Forward primer (12.5 μM) 3 μL

·

Reverse primer (12.5 μM) 3 μL

·

Oligo-pool (10 nM) 2 μL

Note: the above volumes are to obtain 25 μL of PCR product. If more probe is needed, increase all the
volumes proportionally
Note: The PCR is performed in a real-time PCR cycler using the following protocol:
95 °C for 2 min à (95 °C for 15 sec and 60 °C for 60 sec) for 40 cycles à 4 °C hold

Purification of the PCR product by AMPure XP beads
1.

Pre-warm the beads for at least 30 min at room temperature (rt)

Low throughput (tubes)
2.

Transfer the PCR product into a 1.5 ml DNA Lobind tube

3. Pipette the bead solution gently to achieve homogeneous suspension before use. Add bead
suspension with 1.8x the volume of the PCR product
4.

Mix well and incubate 5 min at rt

5. Place the reaction tube onto a DynaMagTM magnetic rack and wait for 5 min at rt until the beads
clearly separate from the solution
6. Slowly aspirate the cleared solution and discard it. This step must be performed while the reaction
tube is still on the magnetic rack. Do not disturb the separated magnetic beads
7.

Add 100 μL of 70% ethanol to the tube and incubate for 30 sec at rt

8. Aspirate the ethanol and discard it while the tube is still on the magnetic rack. Do not disturb the
separated magnetic beads. Be sure to remove all of the ethanol
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9. Open the lid of the tube and let the beads air-dry for 10 min. The beads should air-dry until the last
visible traces of ethanol evaporate
Note: over-drying the sample may result in a lower recovery
10. Add 40 μL of RNase-free water to the tube, pipette-mix at least 10 times, then incubate for 2 min at rt
11. Place the reaction tube on the magnetic rack for 1 min until the beads separate from the solution
12. Transfer the eluate to a new tube
13. Measure dsDNA concentration using Qubit
Note: to measure dsDNA concentration, follow the instructions of the Qubit® dsDNA HS Assay Kit

High throughput (96-well plate)
1.

Transfer the PCR products to a 96-well plate

2.

Pipette the bead solution gently to achieve homogeneous suspension before use. Add bead

suspension with 1.8x the volume of the PCR product into each well
3.

Mix well and incubate 5 min at rt

4.

Place the reaction plate onto an Agencourt SPRIPlate 96 Super Magnet Plate and wait for 5 min at rt

until the beads clearly separate from the solution
5.

Slowly aspirate the cleared solution from the reaction plate and discard it. This step must be

performed while the reaction plate is still on the magnetic rack. Do not disturb the ring of separated
magnetic beads
6. Slowly aspirate the cleared solution and discard it. This step must be performed while the reaction
tube is still on the magnetic rack. Do not disturb the separated magnetic beads
7.

Add 100 μL of 70% ethanol to each well of the reaction plate and incubate for 30 sec at rt

8. Aspirate the ethanol and discard it while the plate is still on the magnetic rack. Do not disturb the ring
of separated magnetic beads. Be sure to remove all of the ethanol
9. Let the reaction plate air-dry for 10 min. The beads should air-dry until the last visible traces of
ethanol evaporate
Note: over-drying the sample may result in a lower recovery
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10. Add 40 μL of RNase-free water into each well, pipette-mix at least 10 times, incubate for 2 min at rt
11. Place the reaction plate onto the Agencourt SPRIPlate 96 Super Magnet for 1 min to separate beads
from the solution
12. Transfer the eluate to a new 96-well plate
13. Measure dsDNA concentration using Qubit
Note: to measure dsDNA concentration, follow the instructions of the Qubit® dsDNA HS Assay Kit

IVT (In-Vitro Transcription)
1.

Prepare and mix the following solution, incubate the solution at 37°C in a PCR cycler for 12-16h

·

Template dsDNA 16.5 μL

·

TNP buffer (20 mM)* 10 μL

·

RNAseOut (40 U/μL) 1.5 μL

·

T7 RNA polymerase mix* 2 μL

*Components included in HiScribeTM T7 Quick high yield RNA synthesis kit

DAY 2
Removal of DNA in the IVT product
1.

Add 20 μL nuclease-free water and 2 μL of DNase I to the IVT solution

2.

Incubate at 37°C for 15 min

RNA purification using RNAClean XP beads
Note: In this step, it is very important to avoid RNase contamination. Make sure that all the reagents and
tools are RNase-free. Proceed as quickly as possible.
1.

Pre-warm the beads for at least 30 min at rt.
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Low throughput (tubes)
2.

Transfer the IVT product into a 1.5 ml DNA Lobind tube

3. Pipette the bead solution gently to achieve homogeneous suspension before use. Add the bead
suspension with 1.8x the volume of the PCR product
4.

Mix well and incubate 3-5 min at rt

5.

Place the reaction tube onto a DynaMagTM magnetic rack and wait for 5 min at rt until the beads

clearly separate from the solution
6. Slowly aspirate the cleared solution and discard it. This step must be performed while the reaction
tube is still on the magnetic rack. Do not disturb the separated magnetic beads
7.

Add 150 μL of 70% ethanol to the tube and incubate for 30 sec at rt

8. Aspirate the ethanol and discard it while the tube is still on the magnetic rack. Do not disturb the
separated magnetic beads. Be sure to remove all of the ethanol
9. Open the lid of the tube, let the beads air-dry for 10 min. The beads should air-dry until the last visible
traces of ethanol evaporate
Note: over-drying the sample may result in a lower recovery
10. Add 40 μL of RNase-free water to the tube, pipette-mix at least 10 times, then incubate for 2 min at rt
11. Place the reaction tube on the magnetic rack for 1 min until the beads separate from the solution
12. Transfer the eluate into a new tube
13. Measure RNA concentration using Qubit
Note: to measure RNA concentration, follow the instructions of the Qubit® RNA BR Assay Kit

High throughput (96-well plate)
1.

Transfer the PCR products into a 96-well plate

2.

Pipette the bead solution gently to achieve homogeneous suspension before use. Add bead

suspension with 1.8x the volume of the PCR product into each well
3.

Mix well and incubate 3- 5 min at rt

Page 8/15

4. Place the reaction plate onto an Agencourt SPRIPlate 96 Super Magnet Plate and wait for 5 min at rt
until the beads clearly separate from the solution
5. Slowly aspirate the cleared solution and discard. This step must be performed while the reaction
tube is situated on the magnetic rack. Do not disturb the separated magnetic beads
6.

Add 150 μL of 70% ethanol to each well of the reaction plate and incubate for 30 seconds at rt

7. Aspirate the ethanol and discard while the plate is situated on an Agencourt SPRIPlate 96 Super
Magnet Plate. Do not disturb the ring of separated magnetic beads. Be sure to remove all of the ethanol
8. Let the reaction plate air-dry for 10 min. The plate should air-dry until the last visible traces of
ethanol evaporate
Note: over-drying the sample may result in a lower recovery
9.

Add 40 μL of RNase-free water to each well, pipette mix at least 10 times, incubate for 2 min at rt

10. Place the reaction plate onto the Agencourt SPRIPlate 96 Super Magnet for 1 min to separate beads
from the solution
11. Measure RNA concentration using Qubit
Note: to measure RNA concentration, follow the instructions of the Qubit® RNA BR Assay Kit

RT (Reverse Transcription)
1.

Prepare and mix the following reagents:

·

dNTP mix (10 mM) 3 μL

·

forward primer (100 μM) 4 μL

·

RT buffer (5x) 4 μL

·

Maxima H reverse transcriptase (200U/μL) 1 μL

·

RNaseOut (40U/μL) 1 μL

·

Template RNA 7 μL

Note: Add the template RNA as last
2.

Incubate the solution at 50°C for 1h
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3.

Terminate the reaction at 85°C for 5 min

Removal of the RNA in RT products
1.

Add 20 μL of 0.5M EDTA and 20 μL of 1N NaOH to the RT product

2.

Incubate at 95°C in a PCR cycler for 15 min

3.

Put the reactions on ice to cool down before proceeding

Purification of the RT product
1.

Add the following reagents to the RT product prepared above:

·

Oligo binding buffer 120 μL

·

100% EtOH 480 μL

2.

Mix well and transfer the entire volume into a Zymo Spin IC column

3.

Centrifuge at 10,000g for 30 sec and discard the flow-through

4.

Wash the column with 750 μL of DNA wash buffer

5.

Centrifuge at 10,000g for 30 sec and discard the flow-through

6.

Elute the product using 40 μL of nuclease-free water

7.

Centrifuge at 10,000g for 1 min

Note: In this step, you may also divide the 40 μL elution into 10 μL or 20 μL per time. This can improve the
yield of the final probe
Note: The ssDNA obtained at this step represents a ready-to-use DNA FISH probe
8.

Measure ssDNA concentration with Qubit and store the probe at -20°C

Note: to measure ssDNA concentration, follow the instructions of the Qubit® ssDNA Assay Kit

Probe size checking
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1.

Prepare 1x Novex TBE Running buffer by mixing the following reagents:

·

Novex TBE running buffer (5x) 200 mL

·

Nuclease-free water 800 mL

2.

Prepare samples for running on TBE-Urea gel by mixing the following reagents for each sample:

·

ssDNA (20-100ng) 1 μL

·

Novex TBE sample buffer 5 μL

·

Nuclease-free water 4 μL

3.

Heat the samples at 70°C for 3 min, then load them on the gel immediately. Alternatively, store the

samples on ice until ready to load them
4.

Load the samples on the gel assembled in the electrophoretic chamber pre-filled with TBE running

buffer
5.

Perform electrophoresis at 50 V for 5 min, then increase to 180 V for at least 75 min

6. Dilute 1:10,000 SYBR Green in TBE running buffer (1 µL in 10 mL) and incubate for 15 min on a
shaker
7.

Image the gel to confirm the length of the probes before proceeding to FISH.
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Figures

Figure 1
iFISH implementation. (a) Scheme of iFISH4U. Pre-designed genome-wide databases of oligo sequences
(left) are used as input by the iFISH4U web interface (center) to select oligos within one or more userspecified genomic regions, based on the indicated features. Features 1–3 are used for single probes,
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whereas all the four features are used to design multiple probes on the same chromosome. Dashed
boxes indicate examples of genomic windows, within the region of interest, each containing the same
number of oligos (vertical bars), but with suboptimal size (1), homogeneity (2), or centrality (3). In
contrast, the central dashed window, with oligos marked in red, represents the window of choice, which
best satisfies all the four features. (b) Cumulative distribution of the distances between consecutive
oligos in the human 40-mers database used to design all the iFISH probes described in this work. (c)
Median standard deviation (s.d.) of the distance between consecutive oligos, inside non-overlapping
genomic windows of the indicated size, in the 40-mers database and OligoMiner (OM) hg19 databases.
OMB, OM ‘Balance’. OMC, OM ‘Coverage’. OMS, OM ‘Stringent’. (d) Percentage of non-overlapping
genomic windows of the indicated size, containing at least 96 oligos, in the 40-mers database and
OligoMiner (OM) hg19 databases. (e) Scheme of the oligos in iFISH probes. Each probe consist of n
oligos that differ in the T sequence. (f) Location of the 330 iFISH probes targeting all the human
autosomes and chrX, that constitute the foundation of the iFISH probe repository
(http://ifish4u.org/browse). Red dots, individually tested probes (see Fig. 2a and 2b). (g) Scheme of the
high-throughput pipeline used to produce iFISH probes. (1) Up to 12,000 oligos corresponding are
synthesized on an array and then pooled together. (2) The oligo-pool is dispensed into n 96-well plates,
depending on the total number of probes (p) and colors per probe (c). (3) In each well, the oligos
corresponding to the same probe are selectively amplified using a probe-specific PCR primer pair that
incorporates the T7 promoter sequence (T7) and a specific color adapter sequence (C), and (4)
successfully amplified probes are purified and linearly amplified by in vitro transcription (IVT). (5) Purified
IVT products are reverse transcribed (RT), (6) RNA is hydrolized, and finally (7) single-stranded DNA is
purified to obtain ready-to-use probes.
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