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Both vision and olfaction rely on highly specialized sensory 
neurons: photoreceptors in the eye, and OSNs in the nose. In 
mice, these neurons exhibit unique 3D organization of their 

genomes, which is believed to underlie their sensory functions.
In the visual system, rod photoreceptors (rods) are the major 

cell type of the mouse retina. Rods sense light with their outer seg-
ments; to reach the outer segments, light must pass through the 
rods’ nuclei. Normally, the more condensed, CpG-poor, and gene-
poor heterochromatin prefers the nuclear periphery, while the less 
condensed euchromatin prefers the interior. In rods of nocturnal 
animals, however, such radial organization is inverted: euchromatin 
resides in the center, and heterochromatin in a surrounding shell1. 
This ‘inside-out’ configuration is believed to enhance night vision 
by concentrating light, and gradually forms during the first two 
months after birth1. However, the chromatin contact map of rods—
as measured by bulk Hi-C experiments2,3—is seemingly normal, 
showing few signs of the unusual configuration; and the 3D genome 
structures of single rods have not been determined.

In the olfactory system, OSNs are the major cell type of the mouse 
main olfactory epithelium (MOE). OSNs sense odors by expressing 
the large gene family of ORs4. The mouse genome encodes ~1,100 
ORs, distributed at ~50 loci across 17 chromosomes5 (see Methods). 
Each mature OSN, however, chooses only one OR gene—and only 
one of the maternal and paternal alleles—for stable expression; 
although during development most OSNs transiently express mul-
tiple ORs6,7. It remains a long-standing question how this ‘one-neu-
ron, one-receptor’ expression is established and maintained. The 
chromatin contact map of OSNs—as measured by bulk Hi-C8—
shows cell-type-specific interchromosomal contacts between OR 
genes9,10 and between their ~60 enhancers (also known as the ‘Greek 
islands’)10–16. When OSNs expressing a certain OR are purified, their 
bulk Hi-C map additionally shows interactions between the one 
active OR gene and the majority of olfactory enhancers8. However, 
the 3D genome structures of single OSNs have not been determined; 

therefore, it remains unknown how many ORs and enhancers are 
actually interacting in each cell.

In addition to ORs, each OSN also randomly expresses a few 
(albeit not exactly one) genes from the ~60 protocadherin genes 
clustered at a ~1-megabase (Mb) locus on the mouse chromosome 
18 (or human chromosome 5). Such transcriptional diversity is cru-
cial for proper axon targeting to the brain17, and is believed to arise 
from chromatin looping between the active promoters and nearby 
enhancers18–23. However, the 3D genome structure of this locus has 
not been determined.

Here, we report the single-cell 3D genomes of both neuronal 
types during development, with our recently developed method 
Dip-C24. These 3D structures allow us to examine the chromatin 
compartments, chromosome intermingling, radial positioning, and 
aggregation of chromocenters, OR genes, and their enhancers. Most 
notably, in rods (but not in retinal precursors), we observed genome-
wide radial inversion, without using any prior knowledge during 3D 
modeling; in OSNs, we observed highly cell-type-specific aggrega-
tion of ORs and their enhancers. Such aggregation brings together 
~7 enhancers from ~4 different chromosomes into a small radius of 
150 nm (or ~19 enhancers from ~8 chromosomes into 600 nm) to 
presumably activate the one chosen OR. Each cell harbored multiple 
enhancer aggregates of similar sizes; therefore, to achieve ‘one-neu-
ron, one-receptor’ expression, additional mechanisms must ensure 
that only one aggregate is transcriptionally active. Our results thus 
provide genome-wide architectures that link chromatin organiza-
tion to neuronal functions.

Results
Single-cell contact maps can separate cell types. We performed 
Dip-C (with minor modifications; see Methods) on 409 single cells 
isolated from the retina and the MOE of adult and newborn mice  
(Fig. 1a and Supplementary Dataset 1), and obtained a median of 
252,000 chromatin contacts—pairs of genomic loci that are nearby 
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Fig. 1 | Dip-c of single sensory neurons from the mouse eye and nose. a, We performed Dip-C on 409 single cells isolated from the retina and the MOE of 
adult and newborn mice. b, PCA of single-cell chromatin compartment values. For each genomic locus (1 Mb bin size), the chromatin compartment value 
is defined as the average CpG frequency of all the loci that it contacts24, and then rank-normalized to 0–1 in each cell. Compartment vectors of bulk Hi-C 
data8 (gray arrows) were calculated similarly and projected onto the PCA space (see Methods). c, Cell types (dashed boxes) were inferred from PCA.  
d, Chromosome intermingling—as quantified by the percentage of interchromosomal contacts—increased during neuronal development. In the right panel, 
gray dots represent single cells (horizontally jittered for visual clarity), grouped by cell type; the black horizontal line and the box represent the median and 
quartiles, respectively. e, Relationship between gene expression and chromatin compartment. The 37 rod-enriched genes27 (Supplementary Table 1) were 
more euchromatic in rods than in any other cell types (top). The top 100 genes upregulated in mature OSNs6,28 shifted their compartments concurrently 
(bottom). Symbols and n numbers as defined in d. Middle panels of both rows have the same scale, albeit with different baselines. Example genes are 
chosen for cell-type-specific chromatin compartment values; not all genes showed such trends.
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in 3D space but far away in the linear genome—per cell (mini-
mum = 21,000, maximum = 826,000) (Supplementary Fig. 1 and 
Supplementary Fig. 2). The 132 cells from the retina spanned three 
time points across the development of the rods’ ‘inside-out’ chromatin 
configuration: adult (8 weeks), young adult (4 weeks), and newborn (1 
week) (circles in Fig. 1b). The 277 cells from the MOE came from both 
adult (3–6 weeks) and newborn (5 days) mice, the latter being known 
to carry many immature OSNs that express multiple ORs6,7 (dots in 
Fig. 1b). Note that in the MOE, each tissue contains both young and 
old cells because of continuous regeneration. In the retina, however, 
few new cells are generated past our earliest time point (1 week).

To infer cell types, we first determined the chromatin compart-
ment values along the genome for each cell. In bulk Hi-C, each 
genomic locus is typically assigned a chromatin compartment—for 
example A or B—on the basis of the correlation matrix of the con-
tact map25. This measure requires averaging a large population of 
cells, and is therefore not ideal for single cells.

To overcome this problem, we previously define a single-cell 
measure of chromatin compartment for each genomic locus: the 
average CpG frequency of all nearby loci in 3D space24. This defini-
tion is based on an observation that in most cell types, the more 
open, euchromatic compartment A correlates well with CpG fre-
quencies along the genome, as well as other features such as gene 
densities and repeat densities24–26. Therefore, the above definition 
provides an estimate of how euchromatic a locus is in a single cell.

For each locus, this value can be calculated either from a 3D 
genome structure (by averaging all loci within a certain 3D dis-
tance) or from a contact map (by averaging all loci that it contacts)24; 
we use contact maps in this work. In each cell, we rank-normalized 
the vector of compartment values (~3,000 elements if the genome is 
partitioned into consecutive 1-Mb bins, not distinguishing the two 
parental alleles) to 0–1. A value of 1.0 represents the most euchro-
matic (A-like) locus (having the most CpGs nearby), and 0.0 the 
most heterochromatic (B-like).

We then performed principal component analysis (PCA) on the 
compartment vectors (1-Mb bins) of all 409 cells (Fig. 1b). Down-
sampling to 20,000 or 100,000 contacts per cell, or using 100-kb bins, 
did not qualitatively affect PCA results (Supplementary Fig. 3b).  
The first two principal components explained 9.2% and 3.8% of the 
total variance, respectively (Supplementary Fig. 3a), and were used 
to infer cell types (Fig. 1c).

In the adult and young adult retina (Fig. 1c, left), a tight cluster 
on the left contained the majority of adult (51, or 91% of all cells 
from that time point) and young adult (30, or 70%) cells, and was 
putatively defined as rods. In the newborn retina, a region con-
taining the majority of newborn cells (24, or 73%) was defined as 
retinal precursors, most of which will presumably differentiate into 
rods (Fig. 1c, middle). All remaining retina cells were defined as 
unknown (Fig. 1c, left and middle).

In the MOE (Fig. 1c, right), a tight cluster at the top right con-
tained the majority of cells from the adult mice (133, or 82%) and a 
few cells from newborn mice (10, or 9%). This cluster was defined 
as mature OSNs, on the basis of our previous observation that the 
majority of dissociated adult MOE cells are mature OSNs6. This 
classification was confirmed by projecting bulk Hi-C data8 of three 
purified MOE populations (Omp+ mature OSNs, Neurog1+ OSN 
precursors, and Ascl1+ multipotent progenitors) onto the PCA plot 
(gray arrows in Fig. 1b; see Methods). This projection further sug-
gested the lower right region to be developing OSNs (n = 74), and 
the remaining region non-neuronal cells (n = 60) (Fig. 1b).

Note that the above classification may not be fully accurate, 
because gene expression information is not available from these 
cells. However, further analysis of contact maps and 3D genomes 
showed additional support for this classification (see following sec-
tions). Furthermore, the exact locations of cell-type boundaries do 
not affect our major conclusions.

Extensive chromosome intermingling in rods and OSNs. Single-
cell contact maps of different cell types exhibited specific features. 
Intermingling between different chromosomes—as quantified by 
the percentage of interchromosomal contacts—was most exten-
sive in the two terminally differentiated neuronal populations 
(Fig. 1d). Adult rods, young adult rods, and mature OSNs had an 
average (±s.d.) of (49 ± 3)%, (47 ± 3)%, and (41 ± 4)% interchro-
mosomal contacts, much higher than (30 ± 2)% in retinal precur-
sors, (35 ± 7)% in developing OSNs, and (27 ± 6)% in non-neuronal 
MOE cells (two-sided Wilcoxon rank-sum tests: P = 3.9 × 10−10 
between young adult and newborn rods, P = 1.9 × 10−10 between 
mature and developing OSNs, P = 1.3 × 10−10 between developing 
OSNs and non-neuronal MOE cells) (Fig. 1d, right). This contrast 
was also apparent from the 3D genome structures that we obtained 
from these contact maps (Figs. 2a and 3a, left panels). The devel-
opmental increase in chromosome intermingling is consistent with 
bulk Hi-C of rods and OSNs2,3,8 (bulk OSNs are shown in Fig. 1d).

Correlation between gene expression and chromatin compart-
ments. Developmental changes in the transcriptome are sometimes 
accompanied by changes in the 3D genome; however, this relation-
ship has not been examined at a single-cell level.

In the retina, a previous study summarizes 37 genes that are 
known to be exclusive to or highly enriched in rods27. These genes 
include Rho, Nrl, and Nr2e3 (Supplementary Table 1). We found their 
mean chromatin compartment value much higher (more euchro-
matic) in rods (median of 0.766 and 0.772 for adult and young adult, 
respectively) than in any other populations (for example, 0.716 in 
mature OSNs), with retinal precursors (0.734) in between (two-
sided Wilcoxon rank-sum tests: P = 7.6 × 10−7 between adult rods 
and retinal precursors, P = 3.2 × 10−6 between retinal precursors and 
mature OSNs, P = 3.9 × 10−24 between adult rods and mature OSNs) 
(Fig. 1e, top). Such cell-type differences disappeared if genomic bins 
were shifted 1 Mb upstream or downstream (Supplementary Fig. 4, 
top). This suggests simultaneous shifts in transcriptional activity 
and chromatin compartment for rod-enriched genes.

In the MOE, we previously identified the top 100 genes upregu-
lated when Neurog1+ OSN precursors develop into Omp+ mature 
OSNs6,28. These mature-OSN-enriched genes include S100a5, 
Adcy3, and Gnal. We found their mean compartment value to be 
much higher in mature OSNs (median = 0.696) than in any other 
populations (for example, 0.644 in non-neuronal MOE cells), with 
developing OSNs (0.662) in between (P = 1.4 × 10−24 between mature 
OSNs and adult rods, P = 4.9 × 10−24 between mature and develop-
ing OSNs, P = 1.9 × 10−7 between developing OSNs and non-neu-
ronal MOE cells) (Fig. 1e, bottom). This again suggests concordant 
shifts in gene expression and genome structure, and was addition-
ally confirmed in bulk Hi-C data8 (Fig. 1e, bottom right). Similarly, 
such cell-type differences were greatly reduced if genomic bins were 
shifted (Supplementary Fig. 4, middle).

Note that the above conclusions describe the mean compartment 
values of gene lists; individual genes may behave differently. Some 
genes showed trends as strong as gene-list averages (Fig. 1e), while 
others did not.

Developmental formation of ‘inside-out’ organization in rods. 
We first reconstructed high-resolution 3D genome structures 
from single-cell contact maps. At 20-kb resolution, 217 cells (53%) 
yielded structures with median root mean squared deviations 
(r.m.s.d.) ≤ 0.75 particle radii (~50 nm) and root mean squared 
(r.m.s.) r.m.s.d. ≤ 1.5 particle radii (~100 nm) (see Methods). We 
focused our analysis on these high-quality cells.

We first confirmed the inverted, concentric configuration of 
fully mature, adult rods. In normal cells, such as human blood 
cells, we previously showed that radial positioning of each genomic 
locus—as quantified by its mean distance to the nuclear center of 
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Fig. 2 | 3D genome structures of rod photoreceptors. a, Representative 3D genome structures of adult rods, young adult rods, and retinal precursors. 
Dashed circles denote putative chromocenters (not resolved). Each particle represents 20 kb of chromatin (~60 nm in radius). Adjacent serial sections are 
separated by 7.5 particle radii (~450 nm). Cells are chosen randomly; all cells are shown in Supplementary Fig. 5. b, Radial distribution of CpGs—defined as 
the mean CpG frequency in each concentric spherical shell, averaged over all single cells of the same cell type. In each cell, radial distances (to the nuclear 
center of mass) are normalized by their mean. c, Genome-wide correlation between radial positioning—defined as the normalized distance to the nuclear 
center of mass, averaged over all single cells (two alleles per cell) of the same cell type—and CpG frequency of consecutive 1-Mb bins. d, CpG frequencies 
and radial positioning along the genome.
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mass—negatively correlates with its CpG frequency24. All 11 adult 
rods, in contrast, exhibited a concentric topology with the CpG-rich 
euchromatin (green) in the outermost shell, and the CpG-poor het-
erochromatin (magenta) near the center (Fig. 2a, top, Fig. 2b, top, 
and Supplementary Fig. 5a), consistent with previous DNA in situ 
hybridization data1. Note that our 3D modeling procedure does not 
involve any prior knowledge about the ‘inside-out’ topology. On a 
genome-wide level, we further found radial positioning to faithfully 
track CpG frequency with strong, positive correlation (Spearman’s 
ρ = + 0.80), indicative of complete radial inversion throughout the 
heterochromatin–euchromatin spectrum (Fig. 2c, left, and Fig. 2d, 
top two rows).

Although Dip-C cannot resolve chromocenters (dense, het-
erochromatic foci consisting mainly of major and minor satellite 
repeats), the 3D structure of every adult rod contained a single 
empty space at its center (dashed circle in Fig. 2a and Supplementary 
Fig. 5a). This is consistent with previous microscopy observations 
that from this time point (8 weeks) onward, each rod has merged all 
its chromocenters into a large, central one1.

We examined the developmental progression of the nuclear 
organization of the rods. In six young adult rods (40% out of 15), the 
nucleus contained two clearly separated empty spaces near its cen-
ter, between which euchromatin could sometimes be seen (Fig. 2a,  
middle, Fig. 2b, middle, and Supplementary Fig. 5b). The nine 
remaining cells (60%) each contained a single empty space, although 
in some cases this space assumed a multilobulated shape, suggestive 
of recent merging of two or three chromocenters (Supplementary 
Fig. 5b). This is consistent with previous microscopy observations 
that this time point (4 weeks) is a mixture of rods with one and 
two chromocenters1. We found radial positioning similarly inverted 
(ρ = + 0.76 with CpG frequency; Fig. 2c, middle and Fig. 2d, mid-
dle) as in adult rods.

The 18 retinal precursors behave differently. Their nuclear 
periphery was occupied by the CpG-poor heterochromatin (Fig. 2a,  
bottom, Fig. 2b, bottom, and Supplementary Fig. 5c), similar to 
normal cells24,29. This normal configuration was confirmed by nega-
tive correlation between radial positioning and CpG frequency 
(ρ = −0.71) (Fig. 2c right). Unlike adult rods, radial positioning 
along the genome fluctuated both locally with CpG frequency 
(reflecting A/B chromatin compartments), and more gradually on 
larger genomic scales (larger than typical A/B compartments; for 
example, the telomeric half of chromosome 5) (Fig. 2d, bottom). 
Each retinal precursor contained multiple small putative chro-
mocenters (Fig. 2a, bottom), consistent with previous microscopy 
observations at this age (1 week)1.

OSNs bias ORs towards the center of the nucleus. In the MOE, 
mature OSNs are also reported to exhibit large chromocenters in 
their nuclear interior, albeit not as extreme (a few chromocenters 
per OSN versus one per rod)9,30–32. Such morphological similarity, as 
well as its similar disappearance on forced expression of Lbr (lamin-
B receptor)9,30,33, has led to the suggestion that OSNs also adopt an 
‘inside-out’ configuration9.

Our high-resolution 3D structures provide an opportunity to 
study their nuclear architecture. We confirmed the existence of 
large chromocenters in some mature and developing OSNs (dashed 
circle in Fig. 3a). However, the nuclear periphery of the OSNs was 
still occupied by the CpG-poor heterochromatin (Fig. 3a, top and 
Fig. 3b, top), similar to retinal precursors (Fig. 2a, bottom) and 
normal cells24,29. This is consistent with previous X-ray tomography 
observations of a layer of peripheral heterochromatin in OSNs30. 
Genome-wide radial positioning in both OSN populations nega-
tively correlated with CpG frequency (ρ = −0.63 and ρ = −0.59, 
respectively), again indicative of a normal configuration (Fig. 3c). 
We also observed large, radially segregated domains similar to and 
more pronounced than those in retinal precursors (Fig. 3d). These 

domains correlated with large-scale patterns in bulk Hi-C data8 
(Supplementary Fig. 6).

Although radial positioning is overall normal in OSNs, we found 
genomic loci that harbor the 1,117 ORs—typically low in CpG fre-
quency—to deviate from their normal positions. In non-neuronal 
MOE cells, these loci obeyed the usual, negative correlation between 
radial positioning and CpG frequency (Fig. 3b,c), and therefore typ-
ically occupied the periphery (Fig. 3a, bottom). In OSNs, however, 
these loci were heavily biased towards the interior (Fig. 3b, bottom, 
and Fig. 3c), and in many cases resided near putative chromocenters 
(Fig. 3a). This is consistent with previous microscopy observations 
that in OSNs, ORs prefer the surface of chromocenters, which is 
believed to help their transcriptional silencing9,31,32. This phenom-
enon was not present in retinal precursors (Fig. 3c,d).

In contrast to canonical ORs, we found a different OR family—
trace-amine-associated receptors (TAARs)—to reside in a large 
peripheral domain (arrow in Fig. 3c). This is consistent with a pre-
vious report that in most OSNs, TAARs are located near the nuclear 
periphery31.

Overall strength of interchromosomal OR and enhancer contacts 
in OSNs. For each single-cell contact map, we analyzed the aver-
age density of contacts near all interchromosomal pairs of ORs34 
and of their enhancers11. In a typical mature OSN, contacts were 
sharply concentrated within 100 kb of enhancer pairs, indicating 
highly specific enhancer–enhancer interactions (Fig. 4a, top left). In 
contrast, contacts formed a Mb-wide smear around OR pairs, indi-
cating large-scale OR–OR intermingling (Fig. 4a, top right). Such 
distribution is consistent with bulk Hi-C8, and was not present in 
non-neuronal MOE cells (Fig. 4a, bottom).

We quantified the overall strength of such contacts by calculating 
the ratio of the mean contact density near all interchromosomal OR 
or enhancer pairs (within 200 kb for ORs, 100 kb for enhancers) and 
the mean density in surrounding regions (within 10 Mb). A larger 
ratio indicates stronger interactions, while a ratio of 1.0 or smaller 
indicates no enrichment. Note that this value only represents the 
average enrichment of contacts near all OR (or enhancer) pairs in 
a cell, and does not indicate how many ORs (or enhancers) partici-
pate in such contacts.

We found OR–OR interactions strong in all mature OSNs 
(median = 8.5, 100% of cells were ≥3.0) and in the majority of devel-
oping OSNs (7.3, 74% were ≥3.0), but nearly absent in non-neuro-
nal MOE cells (0.6, 2% were ≥3.0) (two-sided Wilcoxon rank-sum 
test: P = 3.9 × 10−29 between mature OSNs and non-neuronal MOE 
cells) (Fig. 4b, top). A similar, if not stronger, trend could be seen 
for enhancer–enhancer interactions (mature OSNs: median = 19.6, 
100% were ≥5.0; developing OSNs: 12.6, 69% were ≥5.0; non-neu-
ronal MOE cells: 0.0, 5% were ≥3.0) (P = 2.9 × 10−29 between mature 
OSNs and non-neuronal MOE cells) (Fig. 4b, bottom). Both trends 
were confirmed in bulk Hi-C data8 (Fig. 4b). We further found OR–
OR and enhancer–enhancer interactions highly correlated among 
MOE cells (ρ = + 0.81), suggesting concurrent aggregation of ORs 
and enhancers.

Such contacts are not merely a consequence of increased chro-
mosome intermingling during OSN development, because they 
were much weaker in rods. For example, adult rods—whose chro-
mosomes intermingled even more—only had a median strength 
of 1.8 and 1.1 for OR–OR and enhancer–enhancer interactions, 
respectively (Fig. 4b). Our conclusions hold if ORs near enhancers 
(within 200 or 500 kb) are excluded (Supplementary Fig. 7).

OSN-specific 3D aggregation of ORs and enhancers from differ-
ent chromosomes. Finally, we approach the critical question: how 
many ORs and enhancers are interacting in each OSN? Moreover, is 
there a single, large aggregate of enhancers per cell, which could be 
responsible for determining the one chosen OR?
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Our approach is suited to answering this question, because each 
particular interchromosomal interaction in bulk Hi-C is only pres-
ent in a fraction of cells. For example, a large OR cluster on chro-
mosome 2 interacts extensively with another on chromosome 9 in 
the bulk Hi-C contact map8 (Fig. 4c, left). Although our combined 
contact map of all mature OSNs agreed well with bulk Hi-C, the 
extent of this interaction differed considerably between single cells, 
ranging from extensive intermingling between the two OR clusters 
(albeit typically between only one allele of each cluster) to a near-
complete separation of the two corresponding chromosomes (thus 
prohibiting the OR interaction) (Fig. 4c).

We systematically analyzed the 3D configuration of all 2,234 
OR alleles (1,117 genes × 2 parental alleles in a diploid genome) 
and 126 enhancer alleles (63 enhancers × 2 alleles). In each OSN, 
we found both ORs and their enhancers to be a mixture of highly 
intermingled aggregates from multiple chromosomes, and weakly 
interacting or isolated spots (Figs. 3a and 5b). Such aggregation 
is highly cell-type-specific, because in non-neuronal MOE cells, 
ORs (or enhancers) from different chromosomes rarely interacted  
(Fig. 3a, bottom; note that ORs from the same chromosome still 
aggregate because of their proximity in the linear genome). On aver-
age (±s.d.), in each mature OSN, (52 ± 14)% of ORs and (29 ± 9)% 
of enhancers resided within 2.5 particle radii (~150 nm) of  
ORs and enhancers, respectively, from other chromosomes, much 

higher than (3 ± 2)% and (0 ± 1)% in each non-neuronal MOE cell 
(two-sided Wilcoxon rank-sum test: P = 6.5 × 10−14 for ORs, and 
P = 5.8 × 10−14 for enhancers) (Fig. 5a).

We found olfactory enhancers to form multiple small aggre-
gates per cell. In the most dense enhancer aggregate—presumably 
the site of stable OR transcription (Fig. 5b, bottom left)—each OR 
had access to 6.5 ± 1.4 (mean ± s.d.; minimum = 4, maximum = 10) 
enhancers from 4.0 ± 0.8 chromosomes within 2.5 particle radii 
(~150 nm; Fig. 5a, bottom two rows). Therefore, we conclude that 
only a small, random subset (Supplementary Fig. 8) of all enhancers 
are probably required for OR transcription.

Furthermore, we observed minimal difference between the most 
dense enhancer aggregate (presumably interacting with the one 
active OR) and the second most dense (presumably surrounded by 
silent ORs) (Fig. 5b). The two supposedly competing aggregates had 
an average of 6.5 versus 5.7 enhancers from 4.0 versus 3.5 chromo-
somes (Fig. 5c). This suggests that spatial clustering of enhancers 
alone does not determine which OR is turned on, although we can-
not rule out differences in transient dynamics.

The majority of our conclusions hold if the distance thresh-
old (2.5 particle radii, or ~150 nm) changes to 1.5 (~100 nm), 5.0 
(~300 nm), or 10.0 particle radii (~600 nm) (Supplementary Fig. 9).  
With the last threshold, which would better match confocal micros-
copy studies11 and allow for longer distance or more dynamic 
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interactions, the most dense aggregate harbored an average (±s.d.) 
of 19.0 ± 3.9 (minimum = 12, maximum = 29) enhancers from 
8.3 ± 1.7 chromosomes near each OR.

Structural heterogeneity among OSNs at the clustered proto-
cadherin locus. Unlike ORs, enhancers for the 58 clustered pro-
tocadherin genes reside in or near the ~1-Mb gene cluster. Among 
them, HS5-1 primarily interacts with the α cluster (14 genes), while 
HS18-20 (and other nearby enhancers) primarily interacts with the 
β and γ clusters (22 genes each)19 (Fig. 6a). Bulk experiments on 
a cell line, in which every cell expresses the same protocadherins, 
identify CTCF-mediated chromatin loops between HS5-1 and the 
promoters of active α genes18,19,23.

In mature OSNs, we obtained the 3D structures of a 2-Mb 
genomic segment (chromosome 18: 36.5–38.5 Mb) harboring the 
protocadherin gene cluster (Fig. 6a). We observed significant cell-
to-cell heterogeneity, with the two enhancers (HS5-1 and HS18-20) 
randomly contacting different promoters in different cells (Fig. 
6b). When averaged across cells, however, both the pairwise dis-
tance matrix and the contact map agreed well with the bulk Hi-C 
contact map8 (Fig. 6c). It remains unclear whether the observed 

heterogeneity primarily reflects random protocadherin choice or 
dynamic chromatin looping.

Similar to interchromosomal OR interactions, we found the pro-
tocadherin cluster to interact with specific loci from other chromo-
somes. These interactions were much stronger in mature OSNs than 
in non-neuronal MOE cells (Supplementary Fig. 10a), and were 
confirmed in bulk Hi-C data8 (Supplementary Fig. 10b). Some of 
these loci harbor zinc-finger gene clusters: for example, a ~1-Mb 
cluster on chromosome 13 contains ~20 zinc-finger genes such as 
Zfp65 and Zfp429 (Supplementary Fig. 10). Note that such interac-
tions were weaker than OR–OR interactions, according to the bulk 
Hi-C contact map.

Discussion
Physical interactions between different chromosomes have long been 
believed to regulate cellular functions35. However, interchromosomal 
contacts are especially challenging for traditional methods. Bulk 
Hi-C, on one hand, averages over a large population of cells, and 
therefore masks the extreme heterogeneity of interchromosomal con-
tacts36. DNA imaging, on the other hand, cannot resolve the whole 
genome at once. In rods, bulk Hi-C cannot detect the dramatic radial 
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inversion2,3, while imaging only measures radial positioning for a 
few genes1. In OSNs, bulk Hi-C only identifies average interactions 
between ORs and their enhancers8, while imaging either measures a 
few ORs (or enhancers) at once or paints all ORs as a whole, unable to 
distinguish between ORs from different chromosomes9.

Our recently developed method, Dip-C24, fills in this long-stand-
ing methodological gap. Our structural characterization of the 3D 
genomes of rods and OSNs highlights a central theme that inter-
chromosomal contacts, probably mediated by DNA–protein and 
protein–protein interactions2,8,9,12,30,33, are associated with important 
neuronal functions.

We show that despite cell-to-cell heterogeneity, identification of 
cell types with 3D genome structures alone (which we previously 
demonstrated24) can be achieved with very few contacts per cell. 
Structural differences between cell types correlate well with dif-
ferential gene expression. These results demonstrate the power of 
Dip-C to chart single-cell structural dynamics underlying cell dif-
ferentiation.

In rods, we demonstrate that radial positioning can be extracted 
from single-cell contact maps without prior knowledge, which 
allows for genome-wide analysis of the unusual chromatin inver-
sion at different developmental stages. In OSNs, we determined 
how many of the population-averaged OR and enhancer interac-
tions are present in each cell, demonstrating extraordinary cell-type 
specificity and providing concrete numbers for a recent model of 
interchromosomal interactions contributing to the ‘one-neuron, 
one-receptor’ expression8–13. The presence of multiple enhancer 
aggregates per cell—a phenomenon masked in bulk Hi-C—suggests 
additional mechanisms to block the transcriptional activity of all 
but one of the aggregates. For example, the active aggregate may be 
specifically positioned in the euchromatin compartment between 
the peripheral and interior heterochromatin9,11. We also obtained 
the 3D structures of the protocadherin gene cluster, for which no 
imaging data are currently available, and identified their interaction 
partners across the genome.

This work has certain limitations. Currently, Dip-C cannot 
measure gene expression; simultaneous determination of the tran-
scriptome and the 3D genome will better elucidate the relation-
ship between transcription and chromatin structure. Furthermore, 
Dip-C only provides a static snapshot of the 3D genome; live-cell 
measurements will enable the detection of transient interactions. 
Finally, future work includes improving the spatial resolution to bet-
ter resolve the fine structures of enhancer–promoter interactions.

online content
Any methods, additional references, Nature Research reporting 
summaries, source data, statements of data availability and asso-
ciated accession codes are available at https://doi.org/10.1038/
s41594-019-0205-2.
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Methods
Animals. Animal protocols were approved by the Institutional Animal Care and 
Use Committee at Harvard. F1 hybrids of C57BL/6J (female) and DBA/2J (male) 
were purchased directly as B6D2F1/J (also known as BDF1; JAX 100006). F1 
hybrids of CAST/EiJ (female; JAX 000928) and C57BL/6J (male; JAX 000664) were 
generated by in-house breeding. Note that B6D2F1/J mice have very few single 
nucleotide polymorphisms (SNPs) distinguishing the two female X chromosomes.

Dissociation of single cells. Single cells were isolated by papain (Worthington, 
LK003150) dissociation. MOE cells were isolated as in our previous work6. Retina 
cells were isolated similarly, except for increasing the dissociation time to 1 h.

Each sample came from a single mouse, with the exception of newborn MOE, 
for which two pups were pooled. The sex and age of the mice analyzed can be 
found in Supplementary Dataset 1.

Published data. The mouse reference genome (GRCm38.p5) and gene annotations 
(ALL) were downloaded from the GENCODE M12 release.

Phased SNPs were taken from the Sanger Institute Mouse Genomes Project 
(the file ‘mgp.v5.merged.snps_all.dbSNP142.vcf.gz’). Only genotypes that passed 
their filter (‘FI’ is 1) were used, leading to 20.7 and 5.18 million SNPs for CAST/
EiJ × C57BL/6J and C57BL/6J × DBA/2J, respectively. This corresponds to one SNP 
per 127 base pairs (bp) and one SNP per 508 bp, respectively.

Lists of top upregulated and downregulated genes from Neurog1+ OSN 
precursors to Omp+ mature OSNs, on the basis of bulk RNA-seq in a previous 
study28, were taken from our previous work34.

A list of 37 known rod-enriched genes is based on Table S3 of ref. 27 
(Supplementary Table 1). The original table summarized 43 previously identified 
genes enriched in photoreceptors (both rods and cones), from which we removed 
six obviously cone-enriched genes (‘cone PDE γ’, ‘green cone pigment’, ‘blue cone 
pigment’, ‘cone transducing’, ‘cone CNGC α’, and ‘cone CNGC β’). Note that some 
of the remaining genes are shared between rods and cones.

A list of 63 olfactory enhancers with their genomic coordinates (in mm10) was 
taken from supplementary file 1 (‘New versus Old Greek Islands.xlsx’) of ref. 12.

A list of 1,117 protein-coding OR genes was generated as in our previous 
work34, which was on the basis of the GENCODE M12 release.

Bulk Hi-C of different MOE populations was taken from the 4DN Data Portal 
(experiment sets: 4DNESEPDL6KY for mature OSNs, 4DNES425UDGS for OSN 
precursors, and 4DNESRE7AK5U for multipotent progenitors) of a previous 
study8. To save computation time, a random 1% subset of contacts were extracted 
from the contact file (.pairs.gz) of each population. Intrachromosomal contacts 
within 1 kb were discarded. This led to 4.62 million, 5.51 million, and 2.67 million 
contacts, respectively.

Promoter coordinates of the 58 clustered protocadherins were taken from 
GENCODE as transcription start sites. Note that in GENCODE, Pcdha10 
was incorrectly labeled as Pcdha11. Enhancer coordinates (chromosome 18: 
37,216,711 bp for HS5-1; chromosome 18: 37,876,256 bp for HS18-20) were 
calculated from Table S7 of a previous study19 by averaging the four end-points of 
the corresponding 4C primers (two primers for each enhancer).

Dip-C. Dip-C was performed as in our previous work24 with the second variant of the 
digestion step (the one based on in situ Hi-C26). To reduce cell loss after fixation, PFA 
was quenched by 300 μl of 1% BSA (Gemini, catalog no. 700-106P) in PBS instead of 
glycine; and cells were subsequently washed by 1 ml of 1% BSA in PBS and frozen.

A detailed, step-by-step protocol is provided in Supplementary Note 1.
Single cells were isolated by either flow cytometry24 (with a FACSJazz (BD) in 

the laboratory, or a MoFlo Astrios (Beckman Coulter) in the Bauer Core Facility at 
Harvard University) or mouth pipetting.

A subset of cells suffered from low genome coverage (and fewer contacts as a 
result) because recent lots of Qiagen protease damaged DNA. To combat this, for 
some cells we diluted Qiagen protease 10- or 100-fold in the lysis buffer, and/or 
shortened the lysis procedure (50 °C or 65 °C for 1 h, 70 °C for 15 min). This only 
affects the number, not the quality, of contacts.

For cells amplified with homemade Nextera, META transposons were replaced 
with homemade Nextera transposons (with the same total concentration). Only a 
single round of PCR is needed, where META primers were replaced with Nextera 
index primers (Vazyme or homemade; one 7XX and one 5XX for each cell) at a 
final concentration of 500 nM each, and the annealing temperature was lowered 
to 62 °C (instead of 65 °C). After 14 cycles of PCR, cells were pooled, purified with 
Clean & Concentrator-5 columns (Zymo, D4013), and size-selected with 0.7× 
Ampure XP beads. Libraries were sequenced on a HiSeq 4000 (Illumina) without 
the need for additional PhiX.

Homemade Nextera transposons have one strand of 5′-/
Phos/-CTGTCTCTTATACACATCT-3′ and one strand of either 
5′-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-3′ (‘P5’) or 
5′-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-3′ (‘P7’) (IDT, 
purification: PAGE). A Nextera XT kit (Illumina) can, in principle, substitute, but 
has not been tested thoroughly.

Homemade Nextera index primers (IDT, purification: standard desalting; 
then dissolved in 0.1× TE to 5 μM and stored at −20 °C) are in the format of 
5′-CAAGCAGAAGACGGCATACGAGAT-[i7]-GTCTCGTGGGCTCGG-3′ and 

5′-AATGATACGGCGACCACCGAGATCTACAC-[i5]-TCGTCGGCAGCGTC-3′ 
(Supplementary Note 2).

Nextera-based Dip-C is less efficient (namely, detecting roughly half of all 
contacts) than the original, META-based Dip-C24, but offers three advantages. First, 
synthesis of transposomes and primers is easier. Second, the procedure is simpler 
because only one round of PCR and no ExoI steps are needed. Third, sequencing 
is less costly, both because the yield is lower (namely, roughly half of the cost per 
cell), and because the first 39 bp of reads 1 and 2 are no longer adapters, which 
eliminates both wasted bases and the need for additional (20%) PhiX. Therefore, 
this Dip-C variant is especially suitable for high-throughput applications, and was 
used for the majority of cells in this work.

Detailed, step-by-step protocols are provided for homemade Nextera in 
Supplementary Note 2, and for META in Supplementary Note 3.

On the other end of the spectrum, if the greatest detection efficiency is 
desired (both for contacts and for SNPs), META and Nextera may be combined. 
In particular, after the first round of PCR in the original, META-based Dip-C24, 
libraries can be prepared with Nextera instead of the second and the third rounds 
of PCR. In our limited testing, however, this is less convenient because DNA 
purification seems necessary between META and Nextera. Therefore, this hybrid 
variant (META for amplification and Nextera for library preparation) was not used 
in this work.

Criteria for sample exclusion. Cells with <20,000 contacts were excluded. These 
included tubes missed by mouth pipetting or flow sorting (see ‘Success rate of Dip-
C’), and in some cases, poor amplification caused by recent lots of Qiagen protease.

For mouth pipetting, a few tubes contained multiple cells and were also 
excluded. These were apparent both from their large numbers of contacts and their 
poor 3D structures.

Success rate of Dip-C. For the chromatin conformation capture portion of Dip-C, 
every single reaction was successful (defined as yielding a contact-to-read ratio 
of at least a few per cent for each single cell isolated from the reaction) since we 
started developing Dip-C24. This includes all the reactions performed during 
method development, all three reactions in the previous study24, and all eight 
reactions in this work (MOE: P21 male, P41 female, P5 a pool of two male pups, 
P28 male; retina: P57 female, P56 male, P28 male, P7 male).

For the whole-genome amplification portion of Dip-C, ~90% of single cells 
were successful for a typical experiment. For example, 85 cells (cells 186–270) 
were successfully amplified from a 96-well plate of adult MOE, corresponding to 
a success rate of 89%. This estimate is conservative because the flow cytometer 
may miss some wells. Note that some plates were more variable because they were 
amplified before we optimized for recent lots of Qiagen protease (see ‘Dip-C’).

Analysis of contact maps. Generation of contact maps. Sexes were confirmed (for 
adults) and inferred (for newborns) by analyzing the copy numbers37 of the sex 
chromosomes, or, equivalently, by counting the numbers of contacts from the sex 
chromosomes.

Contact maps were generated from raw sequencing data with the ‘hickit’ 
package24 (with default parameters), and format-converted for further analysis with 
the ‘dip-c’ package24 (with the script ‘dip-c/scripts/hickit_pairs_to_con.sh’).

Contact maps were visualized with juicebox.js38.

Single-cell chromatin compartments. As in Fig. S17B of our previous work24 (and 
similar to another previous study39), the single-cell chromatin compartment for 
each 1-Mb bin was calculated as the average CpG frequency of all other bins 
contacting it, weighted by the number of contacts, with ‘dip-c color2’ (with 
parameters ‘-b1000000 -H -c color/mm10.cpg.1m.txt’), and rank-normalized to 
0–1 in each cell.

Compartment data from different cells were merged with ‘dip-c mgcolor’ for 
PCA. Only autosomes were analyzed.

Projection of bulk Hi-C data. Chromatin compartments of bulk Hi-C data were 
calculated in the same way as in single cells (namely, with ‘dip-c color2’). Note that 
this definition is different from typical bulk studies.

Because of the large bin size here (1 Mb), only a small number of contacts are 
needed for compartment calculation (namely, to obtain a reasonably accurate 
weighted average of CpG frequency of all other bins contacting each given bin), 
compared with the typical number of contacts obtained in a bulk Hi-C experiment. 
Therefore, bulk Hi-C data were down-sampled to save computation time (see 
‘Published data’).

Chromatin compartments of each bulk sample (a vector of compartment 
values for all 1-Mb bins along the genome) were then projected onto the PCA 
space generated from single cells in MATLAB. More specifically, if the PCA space 
is generated from single-cell data with ‘[coeff, score, latent, tsquared, explained, 
mu] = pca(single_cell_compartment_data’);’, the projected coordinates (also 
known as ‘PC scores’) of bulk samples can be calculated with ‘bulk_score = (bulk_
compartment_data’ - ones(size(bulk_compartment_data’))*diag(mu))/coeff ’;’.

Such projection is nearly identical to performing PCA jointly on single-cell and 
bulk samples, especially when single cells greatly outnumber bulks. However, we 
chose projection so that the PCA space does not depend on the bulk data.
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Contact densities between enhancers and between ORs. As in Fig. S7 of our previous 
work24, contact densities near all interchromosomal pairs of enhancers (or ORs) 
were calculated by binning nearby contacts with respect to each enhancer pair, 
with ‘dip-c ard’.

For example, for contacts between enhancers, each representative cell was 
visualized with ‘dip-c ard -d10000000 -c enhancers.con -h100000’, which produces 
a two-dimensional (2D) histogram. Each cell was quantified by comparing the 
contact densities within 100 kb of enhancer pairs (counted with ‘dip-c ard -d100000 
-c enhancers.con -n’ and then divided by (100 kb)2) and within 10 Mb but beyond 
100 kb (counted with ‘dip-c ard -d10000000 -c enhancers.con -n’, subtracted by the 
previous count, and then divided by (10 Mb)2 − (100 kb)2). A value of 1.0 indicates 
no enrichment for contacts near pairs of enhancers.

Analysis of 3D genome structures. Generation of 3D genomes. 3D genomes were 
generated after haplotype imputation with the ‘hickit’ package24 (with parameters 
‘-M’ and ‘-Sr1m -c1 -r10m -c2 -b4m -b1m -b200k -D5 -b50k -D5 -b20k’), and 
format-converted for further analysis with the ‘dip-c’ package24.

For consistency with the ‘dip-c’ package, coordinates of each 3D genome were 
rescaled by setting the ideal backbone distance (the ‘#unit’ line in the header of the 
‘hickit’ output) to 1.0 particle radii (and consequently, the repulsion threshold to 
2.0 particle radii) with the script ‘dip-c/scripts/hickit_3dg_to_3dg_rescale_unit.sh’.

Repetitive regions were removed with ‘dip-c clean3’ (with default parameters) 
using format-converted haplotype-imputed contacts (with the script ‘dip-c/scripts/
hickit_impute_pairs_to_con.sh’).

X chromosomes were excluded from further analysis for female B6D2F1/J (also 
known as BDF1) mice, because their SNP density is too low (one SNP per 5.2 kb).

For each cell, three replicate structures were generated by setting the ‘hickit’ 
random seed to 1, 2, and 3, respectively. Median and root mean squared (r.m.s.) 
(over all 20-kb particles) r.m.s.d. were calculated with ‘dip-c align’. Note that 
unlike typical definitions, here r.m.s.d. is calculated for each 20-kb particle over all 
three pairs of replicates; a median or r.m.s. value is then calculated over all 20-kb 
particles. X chromosomes were excluded from r.m.s.–r.m.s.d. calculation for female 
B6D2F1/J mice. Note that r.m.s.d. only provides an estimate for the uncertainty of 
the 3D structure24.

Estimation of length scales. Similar to our previous work24, to convert particle radii 
to nanometers, the radius of gyration of the entire 3D genome was calculated 
for each high-quality mature OSNs. The mean value, (32.6 ± 1.7) particle radii 
(mean ± s.d.; n = 103), was then matched to the expected radius of gyration of 
a solid sphere (√0.6R), leading to a nuclear radius of R = 42.1 particle radii. 
Comparison with the actual nuclear diameter of mature OSNs (2R = ~5 μm) 
suggested an estimate of one particle radius equal to ~60 nm.

OR and enhancer aggregates. From each cell, pairwise distances between 
enhancers, or between ORs and enhancers, were extracted with ‘dip-c pd’. Within 
2.5 (alternatively, 1.5, 5.0, or 20.0) particle radii from each enhancer or OR, the 
number of enhancers and the number of chromosomes they come from were 
recorded with a script ‘dip-c/scripts/network_around.py’. The two homologs of 
each chromosome counted as two chromosomes.

In each cell, the most dense enhancer aggregate was identified by finding the 
OR that had the largest number of enhancers (or chromosomes they come from) 
within 2.5 particle radii. The second most dense enhancer aggregate was identified 
by finding the OR that had the next largest number of enhancers, while requiring 
no enhancer sharing with the previous OR. This ensures that the two enhancer 
aggregates are not immediately adjacent.

Radial positioning. Single-cell radial positioning was calculated as the distance to 
the nuclear center of mass with ‘dip-c color -C’, and rescaled by setting the mean 
radial position to 1.0 in each cell.

Radial distribution of CpGs and of ORs was calculated with ‘dip-c color -R’. For 
CpGs, each concentric spherical shell has a thickness of 0.05 (normalized by the 
mean radial position in each cell).

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
Raw and processed data are deposited with GEO Series accession code GSE121791. 
All other data are available from the corresponding author upon reasonable 
request.

code availability
Codes are available on GitHub as updates to the existing ‘dip-c’ and ‘hickit’ 
packages24: https://github.com/tanlongzhi/dip-c and https://github.com/lh3/hickit
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