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A host of observations demonstrating the relationship between
nuclear architecture and processes such as gene expression have
led to a number of new technologies for interrogating chromo-
some positioning. Whereas some of these technologies reconstruct
intermolecular interactions, others have enhanced our ability to
visualize chromosomes in situ. Here, we describe an oligonucleo-
tide- and PCR-based strategy for fluorescence in situ hybridization
(FISH) and a bioinformatic platform that enables this technology to
be extended to any organism whose genome has been sequenced.
The oligonucleotide probes are renewable, highly efficient, and
able to robustly label chromosomes in cell culture, fixed tissues, and
metaphase spreads. Our method gives researchers precise control
over the sequences they target and allows for single and multicolor
imaging of regions ranging from tens of kilobases to megabases
with the same basic protocol. We anticipate this technology will
lead to an enhanced ability to visualize interphase and metaphase
chromosomes.

The role of chromosome positioning in gene regulation and
chromosome stability is fueling a growing interest in tech-

nologies that reveal the in situ organization of the genome. Among
these technologies are chromosome conformation capture (3C)
(1) and its several iterations, such as Hi-C (2), which are applied
to populations of nuclei to identify chromosomal regions that
are in close proximity to each other (3, 4). Another technology is
fluorescence in situ hybridization (FISH), wherein nucleic acids
are targeted by fluorescently labeled probes and then visualized
via microscopy; this technology is an extension of methods that
once used radioactive probes and autoradiography but have since
been adapted to use nonradioactive labels (5–11). FISH is a sin-
gle-cell assay, making it especially powerful for the detection of
rare events that might otherwise be lost in mixed or asynchronous
populations of cells. In addition, because FISH is applied to fixed
cells, it can reveal the positioning of chromosomes relative to
nuclear, cytoplasmic, and even tissue structures. FISH can also be
used to visualize RNA, permitting the simultaneous assessment of
gene expression, chromosome position, and protein localization.
FISH probes are typically derived from cloned genomic re-

gions or flow-sorted chromosomes, which are labeled directly via
nick translation or PCR in the presence of fluorophore-conjugated
nucleotides or labeled indirectly with nucleotide-conjugated hap-
tens, such as biotin and digoxigenin, and then visualized with
secondary detection reagents. Probe DNA is often fragmented
into ∼150- to 250-bp pieces to facilitate its penetration into fixed
cells (12) and, as many genomic clones contain repetitive se-
quences that occur abundantly in the genome, hybridization is
typically performed in the presence of unlabeled repetitive DNA
(13). Another limitation to clone-based probes is that the genomic
regions that can be visualized with them are restricted by the
availability of clones and the size of their genomic inserts, which
typically range from 50 to 300 kb. Whereas it is possible to target
larger regions and establish banding patterns by combining probes
(9, 14–17), this approach is often challenging, as each clone needs
to be prepared and optimized for hybridization separately.
The efficiency of these probes can also be variable, even among
different preparations of the same probe. This variation may

sometimes be a consequence of random labeling and frag-
mentation during probe production.
Many types of custom-synthesized oligonucleotides (oligos) have

also been used as FISH probes, including peptide nucleic acid
(PNA) and locked nucleic acid (LNA) oligos (18–23). Rather
than relying on the isolation of a clone, such probes are designed
to target precisely defined sequences. Also, as these probes are
typically short (∼20–50 bases) (24–26) and single stranded, they
diffuse efficiently into fixed cells and tissues and are unhindered
by competitive hybridization with complementary probe frag-
ments. Oligo probes have allowed the visualization of single-copy
viral DNA as well as individual mRNA molecules using branched
DNA signal amplification (27) or a handful to a few dozen short
oligo probes (26, 28), and, by targeting blocks of repetitive se-
quences as a strategy to amplify signal, enabled the first FISH-
based genome-wide RNAi screen (29). Oligo probes have also
been generated directly from genomic DNA using parallel PCR
reactions (30, 31). However, the high cost of synthesizing oligo
probes has limited their use.
The availability of complex oligo libraries produced bymassively

parallel synthesis has enabled a new generation of oligo-based
technologies. These libraries are synthesized on a solid sub-
strate, then amplified or chemically cleaved to move the library
into solution (32, 33). Two very recent studies have used complex
libraries to visualize single-copy regions of mammalian genomes
by FISH. One study used long oligos (>150 bases) as templates for
PCR, and then labeled the amplification products nonspecifically
(34), whereas the other adapted a 75–100 base single-stranded
sequence-capture library for FISH by replacing the 5′ biotin with
a fluorophore (35).
Here we report a method, called “Oligopaints,” which uses

oligo libraries as a renewable source of FISH probes carrying only
32 bases of homology to the genome. We amplify these libraries
with fluorophore-conjugated PCR primers, thereby ensuring one
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fluorophore per oligo probe, and are, furthermore, able to pro-
cess the amplification products enzymatically to produce highly
efficient single-stranded, strand-specific probes that can visualize
regions ranging from tens of kilobases to megabases. We also
describe a set of bioinformatics tools to facilitate the design of
these probes, which makes our technology compatible with any
sequenced organism.

Results
From Oligo Library to FISH Probe. Our strategy for generating
Oligopaints begins with the design and synthesis of libraries of
single-stranded 74mers (ss74mers), where each oligo contains
32 bases of genomic sequence flanked by 21-base primer se-
quences (Fig. 1). As such, more than one probe set can be syn-
thesized from the same library through the use of multiple primer
pairs. The oligos are then amplified via PCR, which can be carried
out with or without an emulsion (Materials and Methods) (36).
Importantly, one of the primers contains a 5′-conjugated fluo-
rophore, whereas the other contains the recognition site for a
nicking endonuclease (NE) (37), which provides a strategy for
making Oligopaints single stranded. As shown in Fig. 1, the NE
recognition site is oriented such that the nick occurs immedi-
ately 3′ of the 32 bases of genomic sequence on the labeled
strand. Upon denaturation, the nicked strand separates into
53- and 21-base fragments, whereas the undigested strand remains
at 74 bases. Finally, we use denaturing gel electrophoresis to iso-
late and extract the labeled ss53mers, which can then be used as
a strand-specific FISH probe.

Genome-Scale Probe Design. The Oligopaints approach calls for
identifying genomically unique sequences with desirable hybrid-
ization properties. To this end, we have created a bioinformatics
pipeline that uses the program OligoArray, which simulates the
thermodynamics of probe-target hybridizations and allows the
user to specify several parameters, including melting tempera-
ture (TM), percent G+C content (GC%), and sequences to avoid
(38). Candidate probes are then assessed using the UNAfold
package (39) for the propensity to form secondary structures and
verified using BLAST to have only a single genomic target (40).
To use OligoArray to design FISH probes, we first assembled

a sequence database of tiled 1-kb segments for each genome
analyzed. Whereas Oligopaints can theoretically be made to carry
any length of homology to the genome, we elected to search for
32mer sequences, as this length is compatible with short array
formats and gave us the densest coverage in our pilot searches for

probe sequences (SI Appendix, Table S1). We searched for unique
32mers with a TM between 75 and 90 °C, to select probe se-
quences whose hybridization with their targets would withstand
stringent FISH wash conditions, and with a GC% between 35
and 80%, to increase the likelihood of amplification. A minimum
spacing of 10 bases between probe sequences was imposed to
minimize steric interference by adjacent probes during hybrid-
ization, and homopolymeric stretches of five or more A’s or T’s,
or four or more G’s or C’s were avoided to maximize PCR fidelity
and minimize spurious probe–probe interactions. The thermo-
dynamics were simulated at 70 °C, as this temperature mimics the
most stringent conditions under which we anticipated performing
FISH washes.

Genomic Target Sites Are Abundant. We have used OligoArray to
mine the Caenorhabditis elegans, Drosophila melanogaster, Ara-
bidopsis thaliana, Mus musculus, and human genomes for probe
sequences and, despite differences in genome size and complex-
ity, found an average density of ∼10 per kb in each (Table 1).
Furthermore, although there are many 1-kb segments in which we
found no appropriate sequences, the overall distribution of probe
sequences tends to be fairly uniform (SI Appendix, Figs. S1–S3).
These observations suggest that most genomic regions will be
amenable toOligopaints. Indeed, our coverage ranges from 90.3%
for the human genome to 100% for the C. elegans genome (Table
1). Oligopaints is supported by a website (http://genetics.med.
harvard.edu/oligopaints) that hosts files detailing the genomic
locations of all of the target sites we have discovered as well as a
suite of scripts and documentation to assist with the design of
probe sets (SI Appendix, Fig. S4). The website also provides tools
and instructions that will allow researchers to use OligoArray to
search for targets using different parameters and to mine the
genomes of additional organisms for probe sequences.

Oligopaints Robustly Label Interphase and Metaphase Chromosomes.
We have used Oligopaints to visualize single-copy DNA in a va-
riety of cell lines, including Drosophila Kc167 (XXXX 4N) and
human WI-38 (XX 2N) and MRC-5 (XY 2N) cells, and have
found it to be applicable for a range of target sizes (SI Appendix,
Tables S2 and S3). At the lower end, we have found that a 10-kb
interval on human chromosome 4 (4p16.1) with very dense
coverage (>18 probe sequences/kb) could be visualized with 200
oligos, producing at least one FISH focus in 90% of WI-38 nu-
clei, with 88% displaying two foci (n = 137; Fig. 2A). This same
interval could also be visualized in human metaphase spreads
(SI Appendix, Fig. S5). We obtained similar success when we
extended coverage in this region to 52 kb using an additional 650
probes, with 98% of nuclei displaying at least one FISH focus
and 86% displaying two foci (n = 126; Fig. 2B). We have also
visualized larger regions, such as a 2.1-Mb interval on the human
X chromosome. Here, we used 20,020 probes and observed 100%
of nuclei with one focus and 97% with two in WI-38 (XX) cells
(n = 119) and 98% of nuclei with at least one focus in MRC-5
(XY) cells (n = 124; Fig. 2 C and D). Comparable efficiency
(95%; n = 136) was observed for a probe set composed of 25,000
oligos targeting a 2.7-Mb region (50D1–53C7) of the right arm of
the second chromosome of Drosophila (2R) (Fig. 2E).
Because our bioinformatics platform allows us to specify custom

hybridization patterns, such as multicolor banding, the effective-
ness of Oligopaints can be extended to chromosomal regions on
the order of tens of megabases or more. For example, we have
used three-color FISH to visualize 7.6 Mb on the human X
(Xq13.1–q21.1; SI Appendix, Table S3) in both WI-38 interphase
nuclei (Fig. 3A) and human primary metaphase spreads (Abbott
Molecular) (Fig. 3B) using 60,060 oligos, and 19.5 Mb of Dro-
sophila 2R (41E3–60D14; SI Appendix, Table S3) using 180,000
oligos (Fig. 3C). The same 180,000-oligo pool has been used to
reveal chromosome packaging in a polytenized salivary gland
nucleus (Fig. 3D), whereas a 75,000-oligo subset of that pool has
been combined with fluorescently labeled wheat germ agglutinin

21 base  32 base 

Genomic seq 

21 base 

R primer 

Complex 

ssDNA library labeled primer 

NE 

Nicking 

endonuclease 

digestion 

Denaturing  

gel purification 

FISH 

Fig. 1. Each oligonucleotide in the library is composed of 32 bases of ge-
nomic sequence flanked by 21-base primer sequences. One of the primers
carries a 5′ fluorophore, whereas the other contains a recognition site for
a nicking endonuclease (NE) (37). A nicking reaction followed by denaturing
gel electrophoresis yields 53-base ssDNAs.
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to provide an in situ rendering of the positioning of Drosophila
chromosome 2R relative to the nuclear envelope (41) (Fig. 3E).
We have also found Oligopaints to be quite robust. They are

compatible with a range of hybridization and wash conditions
(SI Appendix, Figs. S6–S8), work in the 40- to 800-nM range (SI
Appendix, Table S2), and are amenable to repeated rounds of
hybridization (Fig. 4A and SI Appendix, Fig. S9), indicating that
they will enable researchers to “walk” along the lengths of chro-
mosomes, especially if each step, or hybridization, were itself to
involve multicolor FISH targeting several contiguous or even
noncontiguous regions. In addition, our bioinformatics platform
yielded probe sets that permitted a single hybridization to visu-
alize a 2.5-Mb region centered on the X-inactivation center (XIC)
as well as the Xist RNA produced by this region (42) (Fig. 4B and
SI Appendix, Fig. S10); while simultaneous visualization of both
genomic regions and transcripts has been achieved previously
(43), visualization of both DNA and RNA typically requires se-
quential hybridizations to avoid cross-talk between the probe sets
targeting DNA and those targeting RNA (44). Oligopaints are
also suitable for conducting high-throughput FISH in 384-well
plates (29) (Fig. 4C; SI Appendix, Fig. S11), opening up the possi-
bility of Oligopaints-based whole-genome RNAi and small mole-
cule screens. Finally, we anticipate that Oligopaints may be useful
for discerning chromatin structure; our probes coveringmegabase-
sized regions have occasionally produced foci that display sub-
structures, with some appearing spherical or “ball-like” and others
more linear or “thread-like” (Fig. 4D).

Chromosome Painting in Whole-Mounted Drosophila Ovaries. To
assess the efficacy of Oligopaints in vivo, we turned to the Dro-
sophila ovary and, using a probe set targeting the 2.7-Mb 50D1–
53C7 region, demonstrated robust labeling of three cell types:
oocytes containing pachytene chromosomes undergoing homo-
log pairing, polytene nurse cells, and somatic follicle cells (Fig.
5A and SI Appendix, Table S2). For example, 100% of pachytene
nuclei (n = 28) identified using an antibody against the nuclear
synaptonemal complex protein C(3)G (45) were labeled, with
89% containing a single focus and the remaining 11% displaying
two closely positioned foci (≤1.0 μm apart), as would be expected
for cells containing paired homologs. This result is especially
notable, as condensed, pachytene chromosomes are often diffi-
cult to label. Our probes also labeled 100% of the polytene nurse
cells (n = 24) and follicle cells (n = 110) (SI Appendix, Table S2).
Moreover, we attained 99–100% efficient multicolor FISH in all
three cell types by introducing a second probe set targeting the
3.1- and 2.6-Mb regions of 41E3–44C4 and 58D2–60D14, re-
spectively, flanking 50D1–53C7 (Fig. 5 B–D and SI Appendix,
Table S2). These results demonstrate that Oligopaints are capa-
ble of labeling chromosomes from whole-mounted tissue prepa-
rations with high efficiency regardless of copy number or level
of compaction.

Discussion
Oligopaints are renewable and highly efficient probes that are
amenable to studies of any sequenced organism. In addition to

Table 1. Occurrence of probe sequences in the genomes of five eukaryotic organisms

Organism Assembly Size, Mbp No. probes × 106 Probes/kb Coverage, %

C. elegans ce6 100 1.10 10.9 100
D. melanogaster dm3 140 1.79 12.8 95.4
A. thaliana tair10 119 1.45 12.2 98.1
M. musculus mm9 2,655 30.1 11.4 94.1
H. sapiens hg19 3,096 29.9 9.7 90.3

For each, we present the genome assembly version, the haploid genome size in megabase pairs, the number
of probes found in millions, the mean density of probe sequences per kilobase, and our estimated percent
coverage. The estimation of percent coverage is the percentage of 250-kb windows in a given genome in which
at least 500 probe sequences occur. Genome size corresponds to size of the genome assembly used (Materials
and Methods).
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Fig. 2. Oligopaints efficiently label interphase human and Drosophila nuclei. (A) Probe set of 200 oligos targeting 10 kb at human 4p16.1 was hybridized to
WI-38 (2N) cells. (B) Probe set targeting the region shown in A, but extended to 850 oligos targeting 52 kb was hybridized to WI-38 cells. (C and D) Probe set of
20,020 oligos targeting 2.1 Mb at human Xq13.1 was hybridized to WI-38 cells (XX) (C) or MRC-5 (XY 2N) cells (D). (E) Probe set of 25,000 oligos targeting
2.7 Mb at 50D1-53C7 on Drosophila 2R was hybridized to Kc167 (4N) cells. Enlarged image of the Inset is shown beneath each micrograph. (Bottom) Labeling
efficiencies presented as the percentage of cells that displayed at least one FISH focus (SI Appendix, Table S2). All probe sets were labeled with TYE563 (Cy3
mimic; red); DNA was identified with DAPI (blue). (Scale bars, 5 μM.) Images are maximum Z projections. Each micrograph was acquired using parameters
optimized for entire fields of cells; thus, the sizes of the foci do not necessarily correlate with the sizes of the targeted regions.
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revealing chromosome positioning, the probes should facilitate
the detection of chromosomal aberrations, especially in con-
junction with combinatorial labeling technologies (9, 14–16) and
therefore contribute also in the clinical setting. In terms of ex-
pense, discounting the one-time investment for an oligo library,
the cost of consumables (SI Appendix, Table S4) ranges from ∼$0.10
to $1.50 per assay and is significantly below the cost of commercial
probes. Even so, we are continuing to work toward improving the
yield and reproducibility of our probe preparations and hence
reducing cost. Importantly, probe sets targeting several megabases
work at the same concentrations as do probe sets targeting tens of
kilobases (SI Appendix, Table S2), making the cost of painting
large stretches of the genome extremely low.
We are especially interested in the capacity of Oligopaints to

reveal the telomere-to-telomere positioning of interphase chro-
mosomes and believe that our short, single-stranded oligo probes
are particularly suited for this task. For instance, clone-based

FISH probe fragments are typically much longer and thus may
bind to their genomic targets without being fully hybridized; this
may place the label further from the chromosome as well as
promote the formation of networks of interacting probe fragments
that could extend well beyond their genomic target. In contrast,
the short, strand-specific nature of Oligopaints argues that they
are more likely to fully hybridize to their target and less likely to
network, ensuring that they “hug” the chromosome and thereby
enhance their ability to reveal chromosome structure. These fea-
tures may also enhance entry of Oligopaints into the nucleus and
their maneuverability through fixed chromatin. The advantages
over conventional probes may be particularly relevant at the <100-
nm resolution of superresolution fluorescence microscopy (46–
49), wherein precision in probe placement and an exact number of
fluorophores per probe could augment image interpretation.
Finally, we note that our technology is versatile and able to

interface with many other technologies (SI Appendix, Fig. S12).
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A Fig. 3. Multicolor FISH with Oligopaints. (A and B) Three
20,020 oligo probe sets targeting adjacent regions at hu-
man Xq13.1, Xq13.2, and Xq13.3-q21.1 (SI Appendix,
Fig. S1A and Table S3) were used to produce 3-color FISH
images from WI-38 (XX) interphase (A) and primary meta-
phase (Abbott Molecular) (B) chromosomes. Probe sets were
labeled with TYE563 (Cy3 mimic; red), TYE665 (Cy5 mimic;
white), or 6-FAM (green), respectively. (C and D) Probe set
of 180,000 oligos was used to paint a multicolor banding
pattern from 41E3 to 60D14 (SI Appendix, Fig. S1B and
Table S3) on Drosophila 2R in interphase Kc167 (4N) nuclei
(C) and salivary gland polytene chromosomes (D) with the
following pattern: 41E3–44C4 [white (C) or blue (D); 25,000
TYE665-labeled oligos], 44C4–50C9 (green; 52,500 6-FAM–

labeled oligos), 50D1–53C7 (red; 25,000 TYE563-labeled oli-
gos), 53C9–58B6 (green, 52,500 6-FAM–labeled oligos), and
58D2–60D14 [white (C) or blue (D); 25,000 TYE665-labeled
oligos]. (E) Two probe sets were combined to span Dro-
sophila 2R. One probe set was composed of 25,000 TYE563
(red)-labeled oligos targeting 50D1–53C7, whereas the sec-
ond was composed of 25,000 TYE665 (white)-labeled oligos
targeting 41E3–44C4 and 25,000 TYE665 (white)-labeled
oligos targeting 58D2–60D14. The nuclear envelope was
stained with wheat germ agglutinin conjugated to Alexa
Fluor 488 (green). A, C, and E are maximum Z projections,
whereas B and D are single Z slices. DNA was identified with
DAPI (blue for A–C and E; gray for D). (Scale bars, 10 μM.)
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peated rounds of hybridization in WI-38 (XX 2N) cells
using a probe set composed of 20,020 TYE563 (Cy3
mimic; red)-labeled oligos targeting 2.1 Mb at Xq13.1,
a probe set composed of 20,020 TYE665 (Cy5 mimic;
green)-labeled oligos targeting 2.5 Mb at Xq13.2, and
a probe set composed of 20,020 6-FAM (white)-labeled
oligos targeting 3.0 Mb at Xq13.3–q21.1. Once a slide
was hybridized with a probe set labeled with a given
fluorophore (e.g., Tye563 for Hyb 1), the slide was then
scanned for the presence of that fluorophore after all
successive hybridizations. For all panels, DNA was iden-
tified by DAPI (blue). Also see SI Appendix, Fig. S9. (B)
Simultaneous RNA/DNA FISH using a probe set com-
posed of 20,020 TYE563 (red)-labeled oligos tar-
geting the XIC at Xq13.2 and spanning 2.5 Mb and
a probe set composed of 96 6-FAM (green)-labeled oli-
gos targeting the Xist RNA in WI-38 cells (42). Also see SI
Appendix, Fig. S10. (C) Automated imaging of a probe
set composed of 25,000 TYE563-labeled oligos targeting
a 2.7-Mb region at 50D1–53C7 on Drosophila 2R in Kc167
cells (4N; single focus reflects pairing of homologous
chromosomes in Drosophila) seeded in a 384-well plate.
Also see SI Appendix, Fig. S11. (D) Examples of morphologies produced by a probe set composed of 20,020 Cy3-labeled oligos targeting 3 Mb at human
chr19q13.11–q13.12 in WI-38 cells. (Right) Enlarged image of Inset. All images are maximum Z projections. (Scale bars, 10 μM.)
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Importantly, the primer sequences retained in the probe provide
general strategies for coupling a wide variety of functionalities to
bioinformatically designed oligo libraries, thereby extending the
potential usefulness of Oligopaints. Functionalities can be at-
tached directly to primers and incorporated into the probe during
amplification, or they can be brought in by the hybridization of
a secondary oligo (48, 50, 51) that is homologous to the primer
sequence; either way, significant cost savings can be achieved by
bulk orders of modified oligos that can then be applied to any
number of libraries. The availability of primer sequences further
opens opportunities for bringing in functionalities via DNA bind-
ing factors or assembling DNA structures, such as those used in
branched signal amplification (11, 27). Thus, we believe that Oli-
gopaints has the potential to become a reagent not only for visu-
alization, but also a broader spectrum of methods that require the
targeting of biochemical modifications and functional chemistries
to nucleic acids in a sequence-specific fashion.

Materials and Methods
Genome Sequences. The ce6, dm3, mm9, and hg19 genomic sequences were
obtained from the University of California Santa Cruz genome bioinformatics
website. The tair10 sequence was obtained from the Joint Genome Institute
and Center for Integrative Genomics Phytozome website.

Probe Discovery. Genomes were inputted into OligoArray2.1 (38), which was
run on the Harvard Medical School Research Information Technology Group
Orchestra UNIX cluster with the following parameters: -n 22 -l 32 -L 32 -D
1000 -t 75 -T 90 -s 70 -x 70 -p 35 -P 80 -m “GGGG;CCCC;TTTTT;AAAAA” -g 42.

PCR Primers. For descriptions, please see SI Appendix, SI Methods.

Oligonucleotide Libraries. Oligonucleotide libraries were synthesized by
MYcroarray (Ann Arbor, MI). Libraries were either ordered as ssDNA 74mers
or ssDNA 60mers. The 60mer libraries were extended to 74mers using the
emulsion PCR protocol detailed in ref. 36 and using the “touch-up” cycle
described for the generation of probe set for the Xist RNA.

Emulsion PCR Amplification. Our strategies for PCR have evolved with the
development of the technology, involving changes in template and primer
concentrations and ratios as well as the use of emulsion. Although we con-
ducted all earlier PCR reactions for the preparation of probe with emulsion
(Figs. 2 A–E; 3 A, C, and D; 4 A, C, and D; and 5 B–E and SI Appendix, Fig. S6 A
and B, S7–S9, and S11) we now use this protocol primarily for renewing the
library (as opposed to the generation of FISH probe). For more information
about the protocol, please see SI Appendix, SI Methods.

NonemulsionPCRAmplification.DNAFISHprobe sets amplifiedwithout emulsion
used the following cycle: 95 °C for 5 min, 3 cycles of 95 °C for 30 s, 50 °C for
30 s, 72 °C for 15 s, followed by 40 cycles of 95 °C for 30 s, 60 °C for 30 s, and
72 °C for 15 s, with a final extension step at 72 °C for 5 min. One hundred
picomoles of each primer and 1 ng of template were used per 100 μL of PCR.

FISH Probe Set Targeting the Xist RNA. The probe set for the Xist RNA was
made from 96 ssDNA 60mers (Integrated DNA Technologies, IDT), each con-
taining 32 bases of exonic sequence fromXist exon 1flanked by 14 base primer
sequences. The 60mers were then amplified in a pool using 21 base primers
and the same cycle and parameters listed above for nonemulsion PCR am-
plification except that 10 fmol of template were used per 100 μL of PCR.

Extraction and Purification of ssDNA. For descriptions, please see SI Appendix,
SI Methods.

Slide Preparation for Interphase FISH. Glass slides (Thermo Scientific; 4951–
001) were treated with a 0.01% (vol/vol) poly-L-lysine solution (Sigma; P8920)
for 5 min, then air-dried. A total of 100 μL of a 1–2 × 106 cells/mL solution
was spotted on each slide and allowed to adhere for 1–2 h at 23 °C (Dro-
sophila) or 37 °C (mammalian). Slides were rinsed in 1× PBS at room tem-
perature (RT), then fixed at RT for 5 min or 15 min in 1× PBS + 4% (vol/vol)
paraformaldehyde (Electron Microscopy Sciences; 15710). Postfixation, slides
were rinsed in 1× PBS, washed for 5 min in 2× SSCT (0.3 M NaCl, 0.03 M
NaCitrate, 0.1% Tween-20), then washed for 5 min in 2× SSCT + 50%
formamide (vol/vol), all at RT. Slides were then transferred to fresh 2× SSCT
+ 50% formamide for storage at 4 °C. For information on cell culture, see SI
Appendix, SI Methods.

Interphase FISH. Slides werewarmed to RT, then incubated for 2.5 min or 3 min
in 2× SSCT + 50% formamide (vol/vol) at 92 °C, then incubated for 20 min at
60 °C in 2× SSCT + 50% formamide, then cooled to RT. A total of 1–20 pmol of
each probe was then added to each slide as part of a 25-μL hybridization
mixture composed of 2× SSCT, 50% formamide, 10% dextran sulfate (wt/
vol), and 10 μg of RNase A (Fermentas; EN0531) and sealed beneath a 22 ×
22-cm #1.5 coverslip using rubber cement. Slides were denatured for 2.5
min at 92 °C on a water-immersed heat block and then allowed to hy-
bridize overnight at 37 °C or 42 °C in a humidified chamber. Slides were
washed for 15 min in 2× SSCT at 60 °C, then for 10 min 2× SSCT at RT, and
then for 10 min in 0.2× SSC at RT. Slides were then mounted in SlowFade
Gold + 4′,6-diamidino-2-phenylindole (DAPI) (Invitrogen; S36938) and sealed
with a 22 × 30-cm #1.5 coverslip using nail polish.

Simultaneous RNA/DNA FISH. Simultaneous RNA/DNA FISH was performed
using a “3D-FISH” protocol adapted from ref. 52. For more information,
please see SI Appendix, SI Methods.

Metaphase Spreads. (46, XY) metaphase spreads were obtained from Abbott
Molecular (30-806010).

Metaphase FISH Protocol. For descriptions, please see SI Appendix, SI Methods.

Rehybridization Protocol. The same FISH protocol was used as for single-round
interphase FISH, with probe being stripped off between hybridizations by
a 40-s wash in 2× SSCT + 50% formamide (vol/vol) at 65 °C.

Modified 384-Well FISH Protocol for Oligopaints. For descriptions, please see SI
Appendix, SI Methods.

pachytene oocyte somatic follicle cell polytene nurse cell 

Germarium 

Egg chambers 

Stage 2 Stage 3 Stage 4 

A B 

C D E 

Fig. 5. Oligopaints efficiently label nuclei from whole-
mounted Drosophila ovaries. (A) Cartoon of a Drosophila
ovariole displaying three cell types: the pachytene oocytes
and polytene nurse cells within the meiotic cysts and the
somatic follicle cells that encase them. (B) Drosophila ger-
marium labeled with two probe sets composed of 25,000
TYE563 (Cy3 mimic; red)-labeled oligos targeting a 2.7-Mb
region at 50D1–53C7 and an additional set composed of two
pools of 25,000 TYE665 (Cy5 mimic; green)-labeled oligos
targeting 41E3–44C4 and 58D2–60D14 (green), all regions
located on Drosophila 2R. An antibody to the synaptonemal
complex component C(3)G (white) was used to identify
oocytes. Hashed circles demarcate the meiotic cysts. (C and D)
Same probe set as described for B in a magnified view of
a single oocyte (C) and a polytene nurse cell (D). (E) The
50D1–53C7 probe set in a magnified view of follicle cells.
(Scale bars, 5 μM.) For all panels, DNA was identified by DAPI
(blue).
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Hybridization to Drosophila Ovarioles and Polytene Chromosome Squashes. For
descriptions, please see SI Appendix, SI Methods.

Microscopy and Image Processing. For descriptions, please see SI Appendix,
SI Methods.

Note Added in Proof. We encourage interested readers to also view Bienko
et al. (53), which was accepted by Nature Methods while galley proofs were
being prepared for our article. This study describes a related strategy for
making FISH probes.

ACKNOWLEDGMENTS. We thank S. Nguyen, C. Kim-Kiselak, and M. Hannan of
the C.-t.W. laboratory; G. Church, F. Bantignies, J. Bateman, J. Birchler, R. Daniels,
P. Ferree, J. T. Lee, A. Lindgren, C. Morton, J. Mosberg, Y. Murgha, J. Seidman,

M. Sismour, S. Sun, S. Vassalo, Frederic Vigneault, Francois Vigneault,
H. Wakimoto, Y. Wakimoto, and L. Yang for advice and technical assistance;
R. Jungman, T. Schmidt,W. Shih, and P. Yin for stimulating discussion; S. Clewely,
C. Botka, and the Research Information Technology Group (RITG) for computa-
tional assistance; M.Muscato, B. Schneider (Olympus), and K. Stevens (Integrated
DNA Technologies) for generosity and technical expertise; and S. Elledge,
R. Kingston, D. Moazed, and M. Thomas for helpful feedback. This work was
supported by a National Institutes of Health (NIH)/National Institute of General
Medical Sciences Grant (1R01GM085169) and Pioneer Award; a Broad Institute
Scientific Planning and Allocation of Resources Committee (SPARC) Award; a
Cox Program Award from Harvard Medical School (to C.-t.W.); a NSF Graduate
Fellowship (to B.R.W.); an NIH/National Cancer Institute Ruth L. Kirschstein
National Research Service Award (to E.F.J.); an NIH Centers of Excellence
in Genomic Science grant (to G. Church in support of J.B.L.); NIH Grants
5R42GM097003 and 1R43GM093579 (to J.-M.R.) for the development of the
oligo synthesis technology; and Grant 1S10RR028832-01 (to C. Botka and RITG).

1. Dekker J, Rippe K, Dekker M, Kleckner N (2002) Capturing chromosome conforma-
tion. Science 295(5558):1306–1311.

2. Lieberman-Aiden E, et al. (2009) Comprehensive mapping of long-range interactions
reveals folding principles of the human genome. Science 326(5950):289–293.

3. de Wit E, de Laat W (2012) A decade of 3C technologies: Insights into nuclear orga-
nization. Genes Dev 26(1):11–24.

4. Tanizawa H, Noma K (2012) Unravelling global genome organization by 3C-seq.
Semin Cell Dev Biol 23(2):213–221.

5. Pardue ML, Gall JG (1969) Molecular hybridization of radioactive DNA to the DNA of
cytological preparations. Proc Natl Acad Sci USA 64(2):600–604.

6. Bauman JG, Wiegant J, Borst P, van Duijn P (1980) A new method for fluorescence
microscopical localization of specific DNA sequences by in situ hybridization of flu-
orochromelabelled RNA. Exp Cell Res 128(2):485–490.

7. Levsky JM, Singer RH (2003) Fluorescence in situ hybridization: Past, present and fu-
ture. J Cell Sci 116(Pt 14):2833–2838.

8. Gilbert N, Gilchrist S, Bickmore WA (2005) Chromatin organization in the mammalian
nucleus. Int Rev Cytol 242:283–336.

9. Volpi EV, Bridger JM (2008) FISH glossary: An overview of the fluorescence in situ
hybridization technique. Biotechniques 45(4):385–386, 388, 390 passim.

10. Cremer T, Cremer M (2010) Chromosome territories. Cold Spring Harb Perspect Biol
2(3):a003889.

11. Itzkovitz S, van Oudenaarden A (2011) Validating transcripts with probes and imag-
ing technology. Nat Methods 8(4):Suppl):S12–S19.

12. Lichter P, Cremer T, Borden J, Manuelidis L, Ward DC (1988) Delineation of individual
human chromosomes in metaphase and interphase cells by in situ suppression hy-
bridization using recombinant DNA libraries. Hum Genet 80(3):224–234.

13. Landegent JE, Jansen in de Wal N, Dirks RW, Baao F, van der Ploeg M (1987) Use
of whole cosmid cloned genomic sequences for chromosomal localization by non-
radioactive in situ hybridization. Hum Genet 77(4):366–370.

14. Schröck E, et al. (1996) Multicolor spectral karyotyping of human chromosomes. Sci-
ence 273(5274):494–497.

15. Speicher MR, Gwyn Ballard S, Ward DC (1996) Karyotyping human chromosomes by
combinatorial multi-fluor FISH. Nat Genet 12(4):368–375.

16. Tanke HJ, et al. (1999) New strategy for multi-colour fluorescence in situ hybrid-
isation: COBRA: COmbined Binary RAtio labelling. Eur J Hum Genet 7(1):2–11.

17. Shopland LS, et al. (2006) Folding and organization of a contiguous chromosome
region according to the gene distribution pattern in primary genomic sequence. J Cell
Biol 174(1):27–38.

18. Larsson LI, Christensen T, Dalbøge H (1988) Detection of proopiomelanocortin mRNA
by in situ hybridization, using a biotinylated oligodeoxynucleotide probe and avidin-
alkaline phosphatase histochemistry. Histochemistry 89(2):109–116.

19. Lansdorp PM, et al. (1996) Heterogeneity in telomere length of human chromosomes.
Hum Mol Genet 5(5):685–691.

20. Silahtaroglu AN, Tommerup N, Vissing H (2003) FISHing with locked nucleic acids
(LNA): Evaluation of different LNA/DNA mixmers. Mol Cell Probes 17(4):165–169.

21. Pellestor F, Paulasova P, Macek M, Hamamah S (2005) The use of peptide nucleic acids
for in situ identification of human chromosomes. J Histochem Cytochem 53(3):
395–400.

22. Müller P, et al. (2010) COMBO-FISH enables high precision localization microscopy
as a prerequisite for nanostructure analysis of genome loci. Int J Mol Sci 11(10):
4094–4105.

23. Briones C, Moreno M (2012) Applications of peptide nucleic acids (PNAs) and locked
nucleic acids (LNAs) in biosensor development. Anal Bioanal Chem 402(10):3071–
3089.

24. Dernburg AF, et al. (1996) Perturbation of nuclear architecture by long-distance
chromosome interactions. Cell 85(5):745–759.

25. O’Keefe CL, Warburton PE, Matera AG (1996) Oligonucleotide probes for alpha sat-
ellite DNA variants can distinguish homologous chromosomes by FISH. Hum Mol
Genet 5(11):1793–1799.

26. Femino AM, Fay FS, Fogarty K, Singer RH (1998) Visualization of single RNA transcripts
in situ. Science 280(5363):585–590.

27. Player AN, Shen LP, Kenny D, Antao VP, Kolberg JA (2001) Single-copy gene detection
using branched DNA (bDNA) in situ hybridization. J Histochem Cytochem 49(5):
603–612.

28. Raj A, van den Bogaard P, Rifkin SA, van Oudenaarden A, Tyagi S (2008) Imaging
individual mRNA molecules using multiple singly labeled probes. Nat Methods 5(10):
877–879.

29. Joyce EF, Williams BR, Xie T, Wu CT (2012) Identification of genes that promote or
antagonize somatic homolog pairing using a high-throughput FISH-based screen.
PLoS Genet 8(5):e1002667.

30. Navin N, et al. (2006) PROBER: Oligonucleotide FISH probe design software. Bio-
informatics 22(19):2437–2438.

31. Lamb JC, et al. (2007) Single-gene detection and karyotyping using small-target
fluorescence in situ hybridization on maize somatic chromosomes. Genetics 175(3):
1047–1058.

32. Porreca GJ, et al. (2007) Multiplex amplification of large sets of human exons. Nat
Methods 4(11):931–936.

33. Gnirke A, et al. (2009) Solution hybrid selection with ultra-long oligonucleotides for
massively parallel targeted sequencing. Nat Biotechnol 27(2):182–189.

34. Yamada NA, et al. (2011) Visualization of fine-scale genomic structure by oligonu-
cleotide-based high-resolution FISH. Cytogenet Genome Res 132(4):248–254.

35. Boyle S, Rodesch MJ, Halvensleben HA, Jeddeloh JA, Bickmore WA (2011) Fluores-
cence in situ hybridization with high-complexity repeat-free oligonucleotide probes
generated by massively parallel synthesis. Chromosome Res 19(7):901–909.

36. Williams R, et al. (2006) Amplification of complex gene libraries by emulsion PCR. Nat
Methods 3(7):545–550.

37. Xu SY, et al. (2007) Discovery of natural nicking endonucleases Nb.BsrDI and Nb.BtsI
and engineering of top-strand nicking variants from BsrDI and BtsI. Nucleic Acids Res
35(14):4608–4618.

38. Rouillard JM, Zuker M, Gulari E (2003) OligoArray 2.0: Design of oligonucleotide
probes for DNA microarrays using a thermodynamic approach. Nucleic Acids Res
31(12):3057–3062.

39. Markham NR, Zuker M (2008) UNAFold: Software for nucleic acid folding and hy-
bridization. Methods Mol Biol 453:3–31.

40. Altschul SF, et al. (1997) Gapped BLAST and PSI-BLAST: A new generation of protein
database search programs. Nucleic Acids Res 25(17):3389–3402.

41. Wright CS (1984) Structural comparison of the two distinct sugar binding sites in
wheat germ agglutinin isolectin II. J Mol Biol 178(1):91–104.

42. Brown CJ, et al. (1991) A gene from the region of the human X inactivation centre is
expressed exclusively from the inactive X chromosome. Nature 349(6304):38–44.

43. Chaumeil J, Augui S, Chow JC, Heard E (2008) Combined immunofluorescence, RNA
fluorescent in situ hybridization, and DNA fluorescent in situ hybridization to study
chromatin changes, transcriptional activity, nuclear organization, and X-chromosome
inactivation. Methods Mol Biol 463:297–308.

44. Lee JT, Strauss WM, Dausman JA, Jaenisch R (1996) A 450 kb transgene displays
properties of the mammalian X-inactivation center. Cell 86(1):83–94.

45. Page SL, Hawley RS (2001) c(3)G encodes a Drosophila synaptonemal complex protein.
Genes Dev 15(23):3130–3143.

46. Rust MJ, Bates M, Zhuang X (2006) Sub-diffraction-limit imaging by stochastic optical
reconstruction microscopy (STORM). Nat Methods 3(10):973–975.

47. Huang B, Babcock H, Zhuang X (2010) Breaking the diffraction barrier: super-reso-
lution imaging of cells. Cell 143(7):1047–1058.

48. Jungmann R, et al. (2010) Single-molecule kinetics and super-resolution microscopy by
fluorescence imaging of transient binding on DNA origami. Nano Lett 10(11):4756–4761.

49. Flors C, Earnshaw WC (2011) Super-resolution fluorescence microscopy as a tool to
study the nanoscale organization of chromosomes. Curr Opin Chem Biol 15(6):
838–844.

50. Li Y, Cu YT, Luo D (2005) Multiplexed detection of pathogen DNA with DNA-based
fluorescence nanobarcodes. Nat Biotechnol 23(7):885–889.

51. Lin C, Liu Y, Yan H (2007) Self-assembled combinatorial encoding nanoarrays for
multiplexed biosensing. Nano Lett 7(2):507–512.

52. Lanzuolo C, Roure V, Dekker J, Bantignies F, Orlando V (2007) Polycomb response
elements mediate the formation of chromosome higher-order structures in the bi-
thorax complex. Nat Cell Biol 9(10):1167–1174.

53. Bienko M, et al., A versatile genome-scale PCR-based pipeline for high-definition DNA
FISH. Nat Methods, 10.1038/nmeth.2306.

21306 | www.pnas.org/cgi/doi/10.1073/pnas.1213818110 Beliveau et al.

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
10

, 2
02

1 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1213818110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1213818110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1213818110/-/DCSupplemental/sapp.pdf
www.pnas.org/cgi/doi/10.1073/pnas.1213818110

