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NEURODEVELOPMENT

Single-cell transcriptomics reveals
receptor transformations during
olfactory neurogenesis
Naresh K. Hanchate,1 Kunio Kondoh,1 Zhonghua Lu,1 Donghui Kuang,1 Xiaolan Ye,1

Xiaojie Qiu,2,3 Lior Pachter,4 Cole Trapnell,2* Linda B. Buck1*

The sense of smell allows chemicals to be perceived as diverse scents. We used
single-neuron RNA sequencing to explore the developmental mechanisms that shape
this ability as nasal olfactory neurons mature in mice. Most mature neurons expressed only
one of the ~1000 odorant receptor genes (Olfrs) available, and at a high level. However,
many immature neurons expressed low levels of multiple Olfrs. Coexpressed Olfrs localized
to overlapping zones of the nasal epithelium, suggesting regional biases, but not to
single genomic loci. A single immature neuron could express Olfrs from up to seven
different chromosomes. The mature state in which expression of Olfr genes is restricted
to one per neuron emerges over a developmental progression that appears to be
independent of neuronal activity involving sensory transduction molecules.

O
dor detection in mammals is mediated by
odorant receptors on olfactory sensory neu-
rons (OSNs) in the nasal olfactory epithe-
lium (1, 2). Inmice, ~1000 odorant receptor
genes (Olfrs) and 350 pseudogenes reside

at dozens of distinct loci on 17 of 21 chromosomes
(3–5). Each Olfr is expressed by a small subset
of OSNs scattered in one epithelial spatial zone
(6–8). Previous studies suggest that each mature
OSN expresses one intact Olfr allele, but some
coexpress an Olfr pseudogene (9–11). In a pre-
vailing model of “OR [Olfr] gene choice,” the
developing OSN selects a single Olfr allele for
expression, and the encoded receptor provides
feedback that prevents expression of other Olfrs
(12–17). OSNs are generated in a developmental
progression from progenitors to precursors to
immature OSNs to mature OSNs (18, 19). We
investigated when and how the developing OSN
selects one Olfr for expression.
We used single-cell RNA sequencing (RNA-seq)

(20) to analyze the transcriptomes of single epi-
thelial neurons during development. We first
prepared cDNA libraries from single isolated
cells (10) and analyzed the libraries for markers
of the four stages of OSN development, using
polymerase chain reaction. We then conducted
Illumina sequencing (21) of libraries frommul-
tiple cells in each stage, as well as duplicate li-
braries from some cells. We used TopHat (22) and
Cufflinks (23) to identify genes expressed in each

cell and to estimate their relative mRNA abun-
dances (see fig. S1 for technical quality metrics).
We compared 85 cell transcriptomes using

Monocle, an unsupervised algorithm that deter-
mines each cell’s stage of differentiation in
“pseudotime,”which represents progress through
gene expression changes during development
(24). Monocle showed a linear nonbranching
trajectory of development (Fig. 1A). Based on
cell stage markers in individual transcriptomes,
the trajectory reflects the developmental pro-
gression fromprogenitors throughmatureOSNs.
The following gene markers were used: for progeni-
tors, Ascl1 (achaete-scute complex homolog 1);
for precursors, Neurog1 (neurogenin 1) and/or
Neurod1 (neurogenic differentiation 1); for im-
mature OSNs, Gap43 (growth-associated protein
43) and/or Gng8 (guanine nucleotide–binding
protein gamma 8); and for mature OSNs, Omp
(olfactory marker protein) and four olfactory
sensory transduction molecules downstream of
odorant receptors—Gnal (guanine nucleotide bind-
ing protein, alpha stimulating, olfactory type),
Adcy3 (adenylate cyclase 3), Cnga2 (cyclic nucle-
otide gated channel alpha 2), and Cnga4 (cyclic
nucleotide gated channel alpha 4) (18, 19).
Immature OSNs were further divided into two

subsets based on their expression of olfactory
sensory transduction molecules. Early immature
OSNs lacked one or more olfactory transduction
molecules, whereas late immature OSNs expressed
all four (Fig. 2).
A total of 3830genesweredifferentially expressed

over development. Clusters of genes changed in
expression during specific developmental periods,
suggesting sequential large and coordinated changes
in gene expression during OSN development (Fig.
1B and table S1). By gene ontology, most clusters
contained genes associated with transcriptional
regulation and/or chromatin modification, sug-
gesting potential regulators of development (table
S1). In kinetic diagrams, markers of early and late
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developmental stages show peak expression early
and late in the developmental progression, respec-
tively (Fig. 1C and fig. S2).
Olfr expression first appeared at the late pre-

cursor to early immatureOSN stages (Fig. 2).Olfr
transcripts were found in one of nine precursors,
38 of 40 immature OSNs, and 25 of 25 mature
OSNs (Fig. 2).Nonewere seen in twonon-neuronal
epithelial supporting cells or in three cells of
undetermined type. Overall, the number of
Olfr transcripts per cell increased over OSN
development (Fig. 2A). In early immature, late
immature, and mature OSNs, Olfrs were de-
tected at an average of 1998, 4146, and 8169
FPKM (fragments per kilobase of transcript per
million mapped reads), respectively, with median
values of 930, 2575, and 4026 FPKM. Transcripts
of individualOlfrswere detected at an average of
657, 2156, and 6382 FPKM, with median values
of 99, 807, and 2672 FPKM.

These studies indicate that the developing
OSN can initially express multiple Olfrs (Fig. 2).
Roughly half (48%, 12 of 25) of early immature
OSNs with Olfrs expressed >1 Olfr. Coexpression
of different Olfrs in single neurons declined as
development progressed, with 46% (6 of 13) of
late immature and 24% (6 of 25) of mature OSNs
expressing >1 Olfr. Moreover, single early im-
mature OSNs expressed up to 12 different Olfrs,
whereas mature OSNs with >1 Olfr expressed
two or at most three (Fig. 2B).
Early immature andmature OSNswith >1Olfr

also differed in the relative abundance of dif-
ferentOlfr transcripts (Fig. 2C). Most (10 of 12) of
the early immatureOSNs had similarly low levels
of different Olfrs. The most abundant Olfr was de-
tected at 55 to 396 FPKM in individual neurons
and the next highest at, on average, 60.5% of this
level (median, 60.1%). However, in three of six
mature OSNs with >1 Olfr, the most abundant

was detected at 14,557 to 18,056 FPKM, with the
next highest, on average, only 3.3% as abundant
(median, 0.5%).
In mature OSNs, Olfr and Omp transcripts

averaged 8169 and 10,167 FPKM per cell, re-
spectively. However, 6 of 12 early immature
OSNs that expressed >1 Olfr did not express
Omp (Fig. 2D), arguing against the possibility
that the Olfr transcripts detected were due to
contamination from mature OSNs.
Data from eight duplicate cell samples (tech-

nical replicates) were analyzed (figs. S3 and S4).
The duplicates confirmed the expression of >1
Olfr in specific OSNs (table S2). The data were
consistent with reported stochastic losses of low–
copy number transcripts in single-cell RNA-seq
data. Olfrs present in both replicates tended to
be expressed at higher levels, and those present
in only one replicate tended to be expressed at
lower levels.

1252 4 DECEMBER 2015 • VOL 350 ISSUE 6265 sciencemag.org SCIENCE

Fig. 1. Olfactory neurons exhibit large-scale shifts in gene expression
during development. (A) Unsupervised analysis of single-cell gene expres-
sion profiles with Monocle revealed a linear trajectory (black line) along which
cells develop in pseudotime. Coloring of cells based on the expression of
developmental markers shows that the trajectory corresponds to a stepwise
development from olfactory progenitors to precursors to immature OSNs to
mature OSNs. (B) Global analysis of gene expression kinetics along the tra-
jectory identified 3830 genes that vary significantly over developmental
pseudotime (false discovery rate < 5%, determined by a Tobit-valued general-
ized linear model likelihood ratio test; supplementary materials). Hierarchical
clustering of these genes via Ward’smethod recovered 11 nonredundant groups

that covary over the trajectory. Cluster analysis indicates that multiple large
shifts in gene expression occur as neurons progress through development.The
bar on top shows the locations of individual cells, colored by stage of devel-
opment, along this developmental trajectory. The Expression Z score indicates
changes in a gene relative to its dynamic range over pseudotime. (C) Kinetic
diagrams show the expression of known markers of different developmental
stages over the developmental progression. Numbers in parentheses indicate
the groups in which genes are found in (B). Dots indicate individual cells and are
colored according to developmental stage. Black lines indicate local polynomial
regression smoothing (span, 0.75; degree, 2) of log-transformed FPKM values
over developmental pseudotime.
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The above results indicate that early immature
OSNs can express low levels of multiple Olfrs,
but, during subsequent development, two changes
typically occur. Expression favors one Olfr by up
to 100 times or more, and the expression of ad-
ditional Olfrs declines or disappears.
To validate these findings, we used RNA–dual

fluorescence in situ hybridization (dual RNA-
FISH)with nasal tissue sections. At postnatal day
3 (P3), a peak time of OSN neurogenesis (19, 25),
0.22 ± 0.05 to 0.22 ± 0.12% of neurons labeled for
a single Olfr were colabeled with a mix of probes
for other Olfrs expressed in the same nasal zone
(Fig. 3A and table S3). Neurogenesis decreases as
mice mature, and no colabeled cells were seen in
adults. Using a highly sensitive RNA-FISHmethod
with branched DNA signal amplification (26),
0.41 ± 0.09 to 0.60 ± 0.13% of cells labeled for
one Olfr were co-labeled for another Olfr at P3,
and 0.10 ± 0.02 to 0.18 ± 0.05% were co-labeled
for another at P21 (Fig. 3B and table S4). Among

neurons labeled for one Olfr, the percentage co-
labeled for the immature OSN markers Gap43
and Gng8 also changed, respectively, from 80.1 ±
3.2% and 62.8 ± 0.9% at P3 to 19.5 ± 0.5% and
14.3 ± 1.1% at P21 (table S5). These results
confirm that single OSNs can express more than
one Olfr and suggest that Olfr coexpression oc-
curs predominantly, if not exclusively, in im-
mature OSNs.
To examine whether odorant receptor–induced

neuronal activity might be involved in the ob-
served developmental shift inOlfr expression, we
analyzed transcriptome data for the expression
of olfactory sensory transduction molecules:
Gnal (or Gnas, which may substitute for Gnal),
Adcy3, Cnga2, and Cnga4. All four molecules
were expressed in 6 of 18 immature OSNs and 6
of 6 mature OSNs with >1 Olfr (Fig. 2D).
Furthermore, one or more were absent in data
from 13 of 20 immature and 3 of 19 mature
OSNs with only one Olfr. These results suggest

that odorant receptor–induced neuronal activity
is neither necessary nor sufficient for the decline
in coexpressed Olfrs during development.
We next tested whether the developing OSN is

restricted to activating Olfrs expressed in a par-
ticular nasal zone. Using dual RNA-FISH, we com-
pared the nasal expression patterns of 11 pairs of
Olfrs coexpressed in six different OSNs. In every
case, the paired Olfrs were expressed either
in the same spatial zone or in partially overlap-
ping zones (Fig. 3C and table S6). These results
suggest that the developing neuron is restricted to
the expression of a particular Olfr regional gene
set, which can include Olfrs with only partially
overlapping expression patterns in the adult.
To investigate whether early coexpression of

multipleOlfrs could result from chromatin changes
at a single genomic locus containing those Olfrs,
we determined the chromosome locations of
Olfrs coexpressed in individual OSNs. For OSNs
expressing 4 to 12Olfrs, coexpressedOlfrsmapped

SCIENCE sciencemag.org 4 DECEMBER 2015 • VOL 350 ISSUE 6265 1253

Fig. 2. Immature neurons can
express multiple Olfrs. (A) Neu-
rons assigned to different devel-
opmental stages were arranged
by developmental progress, as
measured in pseudotime. Different
developmental stages are indicated
by differently colored ticks.
Different Olfrs are represented by
different colors in the bars. The
total number of Olfr transcripts
per cell shows a steady, though
variable, increase during devel-
opment. (B) Multiple different
Olfr transcripts were detected in
12 of 25 early immature, 6 of 13
late immature, and 6 of 25
mature OSNs with Olfr transcripts.
(C) The number of different Olfr
transcripts per cell was highest
in early immature OSNs and
then declined over development.
Early immature OSNs tended to
express similar levels of different
Olfrs. In contrast, the majority of
mature OSNs expressed only
one Olfr or high levels of one
Olfr and low levels of one or two
additional Olfrs. Each color in a
bar represents a single Olfr,
except gray, which represents
>1 Olfr. (D) Olfrs stimulate neu-
ronal activity via mechanisms
involving sensory transduction
molecules encoded by Gnal (or
possible Gnas in immature
OSNs), Adcy3, Cnga2, and
Cnga4. Six immature and six
mature neurons with >1 Olfr
expressed all four genes, sug-
gesting that neuronal activity
downstream of odorant receptors

is not what reduces the number of Olfrs expressed per neuron. Omp, which is highly expressed in mature OSNs, was absent from six early immature OSNs
with >1 Olfr, arguing against contamination from mature OSNs. Gapdh and Actb are housekeeping genes.
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to three to seven different chromosomes and four
to nine distinguishable Olfr gene loci (Fig. 4 and
table S7). Thus, the immature OSN is not re-
stricted to expressingOlfrs from a single chromo-
somal region.
Odor detection in the mouse nose is mediated

by 1000different odorant receptors, eachexpressed
by a different subset of sensory neurons.We asked
when and how a neuron comes to express a single
Olfr. We found that the developing neuron can
express low levels of multiple Olfrs. As develop-
ment proceeds, this ability declines. The mature
neuron typically expresses high levels of a single

Olfr. Coexpressed Olfrs tend to be expressed by
other neurons in the same region of the olfactory
epithelium, suggesting regional biases inOlfr gene
choice, but they can reside at multiple chromo-
somal locations.
How does the developing OSN transition from

expressing low levels of multiple Olfrs to expres-
sing a high level of a single Olfr? One possibility
is a “winner-take-all”mechanism. In this model,
multiple Olfrs are initially expressed, but one be-
comes dominant—for example, by the capture of
limiting factors required for high-level Olfr expres-
sion (fig. S5). In an alternativemodel, selection of a

single Olfr for high-level expression occurs inde-
pendently of those initially expressed. In either
model, early low-level expression of other Olfrs
could subside, owing to the closing of a devel-
opmental time window or to feedback signals
generated by the highly expressed Olfr. OSNs ex-
pressing multiple Olfrs are probably not pruned
by apoptosis, as suggested for OSNs in the nasal
septal organ (27), given genetic evidence that some
OSNs expressing one Olfr previously expressed
another (13). This Olfr “switching” may reflect
the early expression of more than one Olfr per
immature OSN, as observed in this study.

1254 4 DECEMBER 2015 • VOL 350 ISSUE 6265 sciencemag.org SCIENCE

Fig. 3. Olfrs expressed in the same neuron belong to a regional gene
set. (A) Dual RNA-FISH of P3 tissue sections using a conventional method
showed a small percentage of OSNs co-labeled with an Olfr1507 probe and a
mixof probes forotherOlfrs expressed in the samezone (zone 4).Cell nuclei were
counterstained with 4',6-diamidino-2-phenylindole (blue). Two co-labeled
cells are shown,oneon the left half and theotheron the right half of thepanel.Scale
bar, 5 mm. (B) Dual RNA-FISH of P3 tissue sections using a highly sensitive
method showed a small percentage of OSNs coexpressing Olfr1507 and
Olfr286. Two co-labeled cells are shown [as in (A)], and a cell labeled with

only one probe (red only) is also shown on the right. Scale bar, 5 mm. (C) Dual
RNA-FISH shows that Olfrs coexpressed in single immature OSNs (neurons
D200 or D243) are singly expressed in neurons in the same or partially
overlapping zones in adult olfactory epithelium sections.This correspondence
suggests that Olfr expression in the immature OSN is restricted to a spatially
determined set of Olfr genes. In the upper row, colored dots indicate the
locations of labeled neurons. Boxed areas in the upper row are shown at higher
magnification in the lower row. Scale bars, 500 mm (upper row) and 250 mm
(lower row).
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Fig. 4. Immature neurons coexpress Olfrs from multiple chromosomal loci. Diagrams show the chromosomal locations of Olfrs expressed in single
OSNs of different stages. Each mouse chromosome is indicated by a vertical bar with its number below. The names of neurons, parenthesized number of
Olfrs per neuron, and dots indicating the chromosomal locations of those Olfrs are shown in different colors for different neurons.
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PROTECTED AREAS

Protected areas and global
conservation of migratory birds
Claire A. Runge,1,2* James E. M. Watson,1,3 Stuart H. M. Butchart,4 Jeffrey O. Hanson,5

Hugh P. Possingham,5,6 Richard A. Fuller5

Migratory species depend on a suite of interconnected sites. Threats to unprotected
links in these chains of sites are driving rapid population declines of migrants around the
world, yet the extent to which different parts of the annual cycle are protected remains
unknown. We show that just 9% of 1451 migratory birds are adequately covered by
protected areas across all stages of their annual cycle, in comparison with 45% of
nonmigratory birds. This discrepancy is driven by protected area placement that does not
cover the full annual cycle of migratory species, indicating that global efforts toward
coordinated conservation planning for migrants are yet to bear fruit. Better-targeted
investment and enhanced coordination among countries are needed to conserve migratory
species throughout their migratory cycle.

F
rom the writings of Aristotle (1) to the
musings of Gilbert White in Georgian
England (2), migratory birds have fas-
cinated and inspired people for generations.
Migrants undertake remarkable journeys,

from endurance flights exceeding 10,000 km by
bar-tailed godwits (Limosa lapponica) (3) to the
annual relay of arctic terns (Sterna paradisaea),
which fly the equivalent of the distance to the
moon and back three times during their lives (4).
Migratory species make major contributions to
resource fluxes, biomass transfer, nutrient trans-
port, predator-prey interactions, and food-web
structure within and among ecosystems (5) and
play an important role in human culture (6). Yet
more than half of migratory birds across all major
flyways have declined over the past 30 years (7).
Threats in any one part of a annual cycle can

affect the entire population of a migratory spe-
cies (8), and so environmentalmanagement actions
for migrants need to be coordinated across hab-
itat types, seasons, and jurisdictions (8). Pro-
tected area designation is awidely used approach
for averting species loss (9) because it can reduce
habitat loss, habitat degradation, hunting pres-
sure, and disturbance (10). Yet the extent towhich
the distributions ofmigratory species are covered
by protected areas globally is poorly understood.
Many previous global and regional species con-
servation assessments andprioritization analyses
either omit parts of the annual cycle or treat all
species’ distributions as static (9–12). Here, we
explore how protected area coverage of migra-

tory birds varies across their annual cycle and
among countries and compare their current lev-
els of protected area coverage against standard con-
servation targets. Overlaying maps of protected
areas (13) onto distribution maps of the world’s
birds, we assessedwhether the proportion of each
species’ distribution covered by protected areas
met a target threshold (9, 11). For migratory spe-
cies, we set targets for each stage of the annual
cycle separately for the 1451 migratory birds, with
mapped distributions throughout their annual
cycle.
We discovered that 91% of migratory bird spe-

cies have inadequate protected area coverage for
at least one part of their annual cycle, despite
individual elements of the annual cycle being
well protected for some species (Table 1). This is
in stark contrast to 55% of nonmigratory species
with inadequate protected area coverage across
their global distribution. A typical migrant relies
on two or three disjoint geographic locations, and
the chance that they are all adequately conserved
is probabilistically lower than for a single loca-
tion (supplementary materials). We found that
migratory species are less likely to meet protec-
tion targets as the number of seasonal areas in-
creases and that the proportion of migratory
species meeting targets is consistent with ran-
domly allocated conservation effort (Fig. 1), indi-
cating that despite widespread recognition of the
need for an internationally coordinated approach
to conservation of migratory species, protection
is not yet systematically coordinated across the
seasonal ranges of species. Twenty-eight migra-
tory bird species have no coverage in at least one
part of their annual cycle, and 18 of these have no
protected area coverage of their breeding range.
Two species lack any protected area coverage
across their entire distribution (Table 1). Dis-
turbingly, less than 3% of threatened migratory
bird species have adequate protected area cover-
age across all parts of their annual cycle (table S1).
Widespread migrants may benefit more from

broader-scale policy responses (such as targeting
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Single-cell transcriptomics reveals receptor transformations during olfactory
neurogenesis
Naresh K. Hanchate, Kunio Kondoh, Zhonghua Lu, Donghui Kuang, Xiaolan Ye, Xiaojie Qiu, Lior Pachter, Cole
Trapnell, and Linda B. Buck
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Maturation of olfactory neurons
The sense of smell depends on neurons in the olfactory epithelium to perceive chemical scents. Each neuron
specializes with one receptor. Hanchate et al. now show that the one-for-one relationship is not as simple as thought.
As new neurons develop to replenish the olfactory epithelium, they initially express several different alleles of olfactory
receptors. Then, as each neuron matures, they specialize to express a single receptor.
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