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Identification of Thermosensory
and Olfactory Neuron-Specific Genes
via Expression Profiling of Single Neuron Types

lized a recently described method to culture and collect
populations of single neuron types [3] (R. Fox et al.,
submitted).

We generated cultures of embryonic cells from trans-
genic C. elegans strains stably expressing the markers
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Brandeis University gcy-8::gfp and str-1::gfp. gcy-8::gfp is expressed specif-

ically in the AFD thermosensory neurons [4], whereasWaltham, Massachusetts 02454
2 Department of Physics str-1::gfp is expressed strongly and consistently in the

AWB olfactory neurons and weakly in the AIN interneuronsHarvard University
Cambridge, Massachusetts 02138 [5]. Cells expressing these markers were observed in cul-

ture at approximately the expected frequency (gcy-8::gfp:
expected 0.36%, observed 0.38%; str-1::gfp: expected
0.36%, observed 0.41% for cells exhibiting strong gfpSummary
expression). Although the gfp-expressing cells appeared
to adopt a neuronal morphology such that they fre-Most C. elegans sensory neuron types consist of a single
quently extended processes, most did not appear to bebilateral pair of neurons, and respond to a unique set
bipolar. Moreover, neuron-specific sensory structuresof sensory stimuli. Although genes required for the
[6] were observed only rarely, suggesting that thesedevelopment and function of individual sensory neuron
neurons may not have fully differentiated under thesetypes have been identified in forward genetic screens,
culture conditions.these approaches are unlikely to identify genes that

To isolate enriched populations of single neuron types,when mutated result in subtle or pleiotropic pheno-
cultures containing gcy-8::gfp or str-1::gfp-expressing cellstypes. Here, we describe a complementary approach
were sorted with a fluorescence-activated cell sorter. Into identify sensory neuron type-specific genes via mi-
a typical run, we obtained cell populations in whichcroarray analysis using RNA from sorted AWB olfac-
approximately 50% were GFP�, representing a 140-foldtory and AFD thermosensory neurons. The expression
enrichment. For each experiment, mRNA was isolatedpatterns of subsets of these genes were further veri-
from approximately 20,000–50,000 sorted cells and am-fied in vivo. Genes identified by this analysis encode
plified linearly through two rounds of amplification. Affy-7-transmembrane receptors, kinases, and nuclear fac-
metrix microarrays containing the majority of open read-tors including dac-1, which encodes a homolog of the
ing frames predicted by the C. elegans genome werehighly conserved Dachshund protein [1]. dac-1 is ex-
hybridized with mRNA isolated and amplified in threepressed in a subset of sensory neurons including the
independent experiments. As controls for our analysis,AFD neurons and is regulated by the TTX-1 OTX ho-
arrays were further hybridized with amplified mRNA iso-meodomain protein [2]. On thermal gradients, dac-1
lated from unsorted embryonic cells. Gene expressionmutants fail to suppress a cryophilic drive but continue
profiles of independent replicates were highly correlatedto track isotherms at the cultivation temperature, rep-
(Figures S1 and S2 in the Supplemental Data availableresenting the first genetic separation of these AFD-
with this article online), indicating good overall repro-mediated behaviors. Expression profiling of single
ducibility among independent experiments.neuron types provides a rapid, powerful, and unbiased

To identify neuron-specific genes, we selected genesmethod for identifying neuron-specific genes whose
with an arbitrary 2-fold or higher ratio of differential ex-functions can then be investigated in vivo.
pression. Using this criterion, we identified 58 and 108
genes as being differentially expressed in the AWB andResults and Discussion
AFD neurons, respectively (the complete data set is
shown in Table S1). As a first step in data validation,In principle, genes expressed in an individual sensory
the expression of genes that were previously reported toneuron type in C. elegans could be identified via compar-
be differentially expressed between these neuron typesison of the expression profiles of wild-type and mutant
were examined. 6/11 genes previously reported to beanimals in which a specific neuron type fails to differenti-
expressed in the AWB but not the AFD neurons wereate or is not generated. However, mutations in most
identified as being differentially expressed in this analy-developmental genes affect multiple cell types, and
sis (Table 1). Conversely, 4/10 genes reported to bemoreover, genes expressed in only two of approximately
expressed in the AFD but not the AWB neurons were950 cells in the adult C. elegans hermaphrodite cannot
detected (Table 1). Failure to detect the remaining genesbe detected via conventional microarray methods. There-
could be due to several reasons. Genes such as str-1fore, to identify sensory neuron-specific genes, we uti-
were not identified due to misannotation of their se-
quences in the databases or failure to be included on

*Correspondence: sengupta@brandeis.edu the Affymetrix array (M.E.C. and P.S., unpublished data).3Present address: The MITRE Corporation, Bedford, Massachusetts.
Expression of a subset of genes was below the threshold4Present address: Department of Molecular and Cell Biology, Har-
of detection, suggesting that they may be embryonicallyvard University, Cambridge, Massachusetts 02138.
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Table 1. Genes Differentially Expressed between the AWB and AFD Neurons

Sequence Gene Fold Real-Time
Name Name Description Change P Valuea PCR Ratio Anatomical Expressionb

AWB�AFD

C42D4.9 str-220 7TM receptor 26.11 0.124 AWB
Y97E10B.9 7TM receptor 10.62 0.021 5.9 � 0.8 AWB, AWC
B0240.3 daf-11 guanylate cyclase 8.26 �0.001 AWB �

R07B5.4 sru-38 7TM receptor 5.38 0.084 AWB, ASH
Y40H7A.5 srd-23 7TM receptor 5.00 0.016 91.3 � 33.2 AWB, ASK
R01E6.1 odr-1 guanylate cyclase 2.72 0.069 AWB �

C53A5.9 KELCH protein 2.52 0.004 No neurons
C27H5.7b TPR repeat 2.32 0.006 Variably in AWB
C37E2.5 ceh-37 homeobox domain 2.25 0.014 AWB �

C04E6.9 srd-16 7TM receptor 2.13 0.009 ASH, ASI, PHA, PHB
C34D1.3 odr-3 G� subunit 2.08 0.009 AWB �

F48C11.3 nlp-3 neuropeptide 2.07 0.072 AWB �

AFD�AWB

B0496.5 7TM receptor �15.45 0.109 �49.1 � 2.8 AFD, AWC
C49H3.1 gcy-8 guanylate cyclase �13.39 0.002 AFD
C04H5.3 guanylate cyclase �12.64 0.074 AWC, ASE �

B0412.1a dac-1 SKI/SNO/DAC family �9.9 0.148 �20.5 � 4.9 AFD, AWC, ASE, ASK
Y113G7A.6b ttx-1 homeobox domain �7.38 0.031 AFD �

F54G8.2 dgk-3 diacylglycerol kinase �3.54 0.054 �2.1 � 0.1 AFD, AWB, AWC, ASE, ASK, ASI
F07C3.10 zinc finger, C4 type �3.5 0.012 AFD, AWC, ASE, ADF �

R13H7.2c 7TM receptor �3.26 0.197 Variably in AFD �

F18E9.2 nlp-7 neuropeptide �3.03 0.102 AWC, ASE, ADF, ADL
C33B4.3 proline-rich and ankyrin domains �2.77 0.034 AFD, AWC �

K01H12.3 nhr-38 nuclear hormone receptor �2.18 0.161 AFD
Y48A6A.1 zig-5 C2 Ig domain, cell �2 0.006 AFD �

adhesion/signaling

Newly identified genes whose expression patterns were examined in this study are underlined. Additional genes are previously described
genes whose differential expression was confirmed by this analysis. The AFD dataset was used as the control and AWB dataset as the
experimental values.
In addition to the shown genes, expression ratios of the following genes were also examined.
Previously reported to be expressed in AWB but not AFD: lim-4, str-1, ace-2, tbx-2, str-219. These were not found to be differentially expressed
at a �2.0-fold ratio between the AFD and AWB datasets.
Previously reported to be expressed in AFD but not AWB: ceh-23, egl-2, dbl-1, ceh-14, nlp-21, tax-6. These were not found to be differentially
expressed at a �2.0-fold ratio between the AFD and AWB datasets.
Known to be expressed in both AFD and AWB (sensory genes): tax-4, osm-6, tax-2, osm-5. These were not found to be differentially expressed
at a �2.0-fold ratio between the AFD and AWB datasets but were expressed at a �2.0-fold ratio in the (AFD �AWB) dataset when compared
to the unsorted cell dataset (Table S2).
Likely expressed in both AFD and AWB (pan-neuronal or primarily neuronal genes): unc-14, snt-1, unc-104, slo-1, daf-19, syd-1, unc-13. These
were not found to be differentially expressed at a �2.0-fold ratio between the AFD and AWB datasets but were expressed at a �2.0-fold
ratio in the (AFD �AWB) dataset when compared to the unsorted cell dataset (Table S2).
Non-neuronal genes: hsp-16.2, unc-122, myo-3, act-5, elt-2, zig-7. These were not found to be differentially expressed at a �2.0-fold ratio
between the AFD and AWB datasets but were expressed at a �2.0-fold ratio in the unsorted cell dataset when compared to the (AFD �AWB)
dataset (Table S2).
The complete list of genes differentially expressed between AFD and AWB and between (AFD �AWB) and unsorted cells is shown in Tables
S1 and S2, respectively.
ap Values were calculated by a paired two-tailed t-test.
bRelevant expressing cells are indicated. For genes whose expression patterns were examined in this study, identified cells are shown. �

indicates additional neuronal and/or non-neuronal cells. None of the shown AWB�AFD genes are or have been shown to be expressed in
the AFD neurons. Conversely, for the AFD�AWB genes, only dgk-3 is expressed in both neuron types (see Figure 2).

viously reported expression patterns for a subset of set (Table S2). In addition, several nonneuronal genes
were not detected as being differentially expressed be-these genes were incomplete. In particular, embryonic

expression patterns have not been examined in detail tween the AWB and AFD datasets (see Table 1 legend).
As shown in Table 1, Table S1, and Figure S3, genesfor most genes. We also examined the expression of

four genes shown to be expressed in and required for predicted to be differentially expressed between the
AFD and AWB neuron types encode members of differ-the sensory responses of both the AWB and AFD neu-

rons, as well as seven genes encoding molecules re- ent protein families, including seven transmembrane
domain receptors, transcription factors, kinases, andquired for general neuronal functions (see Table 1 leg-

end). None of these genes were predicted to be signal transduction molecules. To verify the predicted
differential expression, we examined the in vivo expres-differentially expressed between the AWB and AFD neu-

ron types, although expression of these genes was sion patterns of subsets of these genes. We selected
genes predicted to be differentially expressed at differ-upregulated when compared to the unsorted cell data-
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rons to seven [5, 7] (this work). Because many C. elegans
genes contain additional regulatory elements in their in-
tronic sequences, we confirmed the spatial expression
pattern by examining expression of gfp-tagged olfactory
receptor genes. These fusion genes contain upstream
regulatory sequences as well as all predicted introns.
GFP-tagged proteins were localized to the specialized
and unique ciliary endings of only those sensory neurons
identified via expression of promoter::gfp fusion genes
(Figure 1). Localization of these proteins to the cilia impli-
cates these receptors in primary signal transduction
events. Although a subset of these olfactory receptor
genes are located in a cluster on LG IV, additional AWB-
expressed receptor genes identified in this analysis are
located elsewhere in the genome, indicating that these
genes are not coregulated.

AFD neuron type: We examined the expression pat-
tern of eight genes via promoter::gfp fusions. Six out of
eight genes were expressed in the AFD neurons (Figure 2
and Table 1). With one exception, none of the examined
genes were expressed in the AWB neurons. dgk-3 en-
codes a predicted diacylglycerol kinase and was ex-
pressed in both the AFD and AWB neurons (Figure 2C).
However, in four of four examined independent trans-
genic lines, �65% of transgenic animals expressed dgk-3
more strongly in the AFD than in the AWB neurons (Fig-
ure 2D). Stronger expression in the AFD as opposed to
the AWB neurons was further validated by real-time PCR
(Table 1). It is possible that we did not detect expression
of a subset of examined genes in the appropriate cell
type because we failed to include all regulatory se-
quences in the fusion constructs. Alternatively, these
genes may be expressed transiently in the AFD or AWB
neurons at specific developmental stages or under spe-
cific environmental conditions. Taken together, the
in vivo expression pattern analysis validates the mi-
croarray data, and suggests that we have identified newFigure 1. Expression Patterns of Three G Protein-Coupled Receptor
genes expressed in the AWB and the AFD neurons.Genes Predicted to Be Differentially Expressed in the AWB Neurons

As a further validation of this method, we wished toExpression of promoter::gfp and full-length gfp-tagged (insets) srd-
investigate the roles of the newly identified genes in23 (A), Y97E10B.9 (B) and sru-38 (C) fusion genes. Structures of

the constructs are shown above each panel with shaded boxes sensory neuron development and function. As indicated
representing GFP coding sequences. Localization of the GFP- in Table 1, one of the genes shown to be differentially
tagged proteins to the characteristic forked cilia of the AWB neurons expressed in the AFD neurons is dac-1. dac-1 encodes
can be seen in A and C insets (the AWB cilia are out of the plane

the C. elegans homolog of the Dachshund nuclear fac-of focus in B inset). Cell bodies of expressing neurons are indicated.
tor, which has been implicated in the development ofAnterior is at left. Scale – 10 �m.
many organs including the eyes and mushroom bodies
in Drosophila and muscle and limbs in vertebrates [1,

ent ratios and that encode proteins with recognizable 8–12]. In particular, in Drosophila, Dac is a member of
homologies to known protein domains. The results for a core set of genes necessary and sufficient for eye
each neuron type are summarized below. development [1, 13–15]. Dac has been shown to syner-

AWB neuron type: We fused the promoters of selected gize with transcription factors and bind DNA, thereby
genes to the gfp reporter and examined the expression regulating transcription [16, 17]. The expression pattern
of gfp in transgenic animals carrying the fusion genes and functions of dac-1 in C. elegans have not previously
on extrachromosomal arrays. Expression in the AWB been examined. The approximately 100 amino-acid
neurons but not in the AFD neurons was observed for DD1/Dachbox-N domain is highly conserved across
4/6 fusion genes examined for which we could detect species and has been shown to be essential for all func-
expression (Figure 1 and Table 1). None were expressed tions of Drosophila Dac [16, 18]. The DD1 domain of
in the AFD neurons. We further quantitated and con- C. elegans DAC-1 is approximately 65% identical to
firmed differential expression of two of these genes via Drosophila and mouse Dac homologs (Figures 3B and
quantitative real-time PCR (Table 1). Three of the AWB- 3C), although additional domains are poorly conserved.
expressed genes are predicted to encode candidate A GFP-tagged DAC-1 fusion protein is expressed strongly
olfactory receptors, bringing the total number of olfac- in the AFD and weakly in the AWC, ASE, and ASK chemo-

sensory neurons in the head and is nuclear localizedtory receptors shown to be expressed in the AWB neu-
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generated via RT-PCR indicated that gk211 is a deletion
that is predicted to encode a truncated protein lacking
the DD1 domain (Figure 3A). Predicted alternate tran-
scription/translation start sites are also deleted in gk211.
In the gk198 and gk213 alleles, alternate start sites are
retained, and transcripts predicted to encode proteins
retaining most DD1 sequences were detected. Thus,
gk211 is likely a null allele.

We further examined the role of dac-1 in the develop-
ment and function of the AFD neurons. We have pre-
viously shown that differentiation of the AFD neurons
requires the TTX-1 OTX-like homeodomain protein [2].
In ttx-1 mutants, expression of genes such as the gcy-8
guanylyl cyclase and tax-2 cyclic nucleotide-gated chan-
nel subunit genes is abolished in the AFD neurons, and
the structures of the specialized microvillar sensory end-
ings of the AFD neurons are severely compromised [2,
19]. We found that although expression of a ttx-1::gfp
transgene in the AFD neurons was unaffected in dac-1
mutants, dac-1 expression in the AFD neurons was regu-
lated by TTX-1 (Table S3). However, unlike ttx-1 mutants,
the structures of the sensory endings of the AFD neurons
was unaffected in dac-1 mutants (data not shown).
Moreover, the expression of gcy-8::gfp and tax-2::gfp
fusion genes was also unaltered in dac-1(gk211) animals
(Table S3). These results indicate that DAC-1 may act
downstream of TTX-1 to regulate a distinct subset of
AFD-mediated functions.

When grown at a specific temperature in the presence
of its bacterial food source, C. elegans forms a memory
of the cultivation temperature (Tc). This memory modu-
lates the behavior exhibited by worms when placed sub-
sequently on a thermal gradient such that animals en-
countering ambient temperatures (Ta) � Tc exhibit a
cryophilic drive toward the Tc, although animals at Ta �
Tc do not exhibit an equally robust corresponding ther-
mophilic drive [20–22]. When Ta is within 2	–3	C of Tc,
animals track isotherms [20–22]. Animals lacking AFD
neuronal function primarily exhibit a constitutive cryo-
philic drive regardless of Tc and fail to track isotherms
at any temperature [2, 21]. These results suggest that
at Ta � Tc, the AFD neurons may suppress a cryophilic
drive whereas at Ta 
 Tc, the AFD neurons promote
isothermal tracking. Whether these behavioral outputs
are mediated by distinct or shared sets of genes is un-
known. Unexpectedly, while dac-1(gk211) mutants ex-
hibited a significant cryophilic drive both above and

Figure 2. Expression Patterns of Genes Predicted to Be Differen- below Tc (Figures 4A and 4B), they tracked isotherms
tially Expressed in the AFD Neurons near Tc (Figure 4C). This behavior is in contrast to that
Expression of full-length gfp-tagged (A and B) or promoter::gfp (C) of ttx-1 mutants which exhibit constitutive cryophilic
fusion genes. Structures of the constructs used are shown with behavior and fail to track isotherms at any temperature
GFP coding sequences indicated by shaded boxes. Cell bodies of

(Figure 4) [21]. The cryophilic behavior of dac-1(gk211)relevant neurons are indicated. Arrow indicates GFP localization in
mutants was rescued by expression of the dac-1 tran-the sensory endings of the AFD and AWC sensory neurons in (B).
script specifically in the AFD neurons under the ttx-1Scale – 10 �m. (D) Comparison of expression levels of a dgk-3::gfp

fusion gene in the AFD and AWB neurons in transgenic animals promoter (Figure 4B). Recent reports have suggested
from four independent lines. GFP expression levels were compared that migration down gradients and isothermal tracking
qualitatively in adult animals (n�100) examined at 400X magnifi- are performed by distinct behavioral algorithms and that
cation. the AFD neurons are more active when Ta � or � Tc

than when Ta 
 Tc [20, 23, 24]. Thus, mutations in dac-1
(Figure 2A). Expression was also observed in the alae, may specifically affect the expression of genes required
which arise from fusion of the hypodermal seam cells for suppression of the cryophilic drive but not for promo-
as well as additional unidentified cells in the tail (data tion of isothermal tracking, suggesting a genetic separa-
not shown). Three dac-1 alleles were available. Se- tion of the pathways underlying these two behavioral

paradigms.quencing of the genomic region and analysis of cDNAs



Identification of Sensory Neuron-Specific Genes
2249

Figure 3. dac-1 Encodes the C. elegans Dachshund Homolog

(A) Genomic structure of dac-1. Exons encoding the predicted DD1 domain are shaded. The extents of the deletions in the gk198, gk211 and
gk213 alleles are indicated. Arrows mark the positions of putative translation start sites deduced from RT-PCR and sequencing of cDNAs
and ESTs. (B) Phylogenetic tree of the DD1 domains of Dachshund homologs and the related SNO/SKI domain. The forkhead domains of
DmSLP2 and MmFOXM1 were used as outliers. The tree was generated using Bonsai http://calliope.gs.washington.edu/software/index.html.
1000 bootstrap replicated were performed and bootstrap values are indicated by hatchmarks: (/ ) 
 �80%; (// ) 
 80%–89%; (/// ) 
 90%–100%.
Accession numbers: DmSLP2 (P32031), MmFOXMI (O08696), HsSNO (NP005405), HsSKI (P12755), MmSKI (AAH68305), DmDAC (AAC46510),
GgDACH1 (AAL76234), MmDACH1 (Q9QYB2). (C) Alignment of the DD1 domain of DAC-1 with the DD1 domains of Drosophila DAC and mouse
DACH1. Residues identical to DAC-1 are indicated in gray.

Since dac-1 is also expressed in the AWC olfactory cific postembryonic developmental stages. As a conse-
and the ASE chemosensory neurons, we examined the quence, we may have failed to identify all differentially
AWC-mediated olfactory behaviors of dac-1 mutants. expressed genes, or have identified a subset of genes
However, dac-1(gk211) mutants responded to all AWC- that is not diffentially expressed in vivo. Nevertheless,
sensed odorants tested (data not shown). Moreover, the this approach in combination with forward genetic screens
expression of AWC and ASE markers such as an odr-1:: should allow for the description of most, if not all genes
dsRed [25](expressed in the AWC and AWB olfactory neu- required to confer neuron-specific functions.
rons) and a ceh-36::gfp transgene [26–28](expressed in Using this analysis, we have defined the role of the
the AWC and ASE neurons) was unaffected in dac-1 Dachshund nuclear factor DAC-1 in AFD neuron func-
mutants (data not shown). tion. Since the behavioral defects of dac-1 mutants are

relatively subtle and thermosensory behavioral assays
are non-trivial to perform, it is unlikely that dac-1 muta-Conclusions
tions would have been easily identified in behavioralWe have described the expression profiles of isolated
screens. Thermosensory behavioral analysis of dac-1embryonic populations of single sensory neuron types
mutants suggests that DAC-1 may function downstreamin order to identify subsets of genes expressed in these
of TTX-1 in the AFD neurons to regulate genes requiredneurons. Similar methods have previously been used to
for suppression of the cryophilic drive, but that addi-identify genes expressed in the six mechanosensory
tional DAC-1-independent pathways function to pro-neurons of C. elegans [29]. Caveats to this method in-
mote isothermal tracking. Dachshund proteins haveclude the fact that in the absence of functional physio-
been shown to function in a conserved genetic networklogical characterization, it is possible that the neurons
with Pax-6/Eyeless, Sine Oculis/Six1 and Eyes Absentin culture exhibit properties that differ from those in vivo.

Moreover, genes may be expressed differentially at spe- to regulate the development of diverse tissue types such
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Figure 4. dac-1(gk211) Mutants Are Cryophilic but Track Isotherms at Their Cultivation Temperature

The means of distribution of the indicated strains at time
0’ (t0), 10’ (t10) and 20’ (t20), on a linear thermal gradient are shown. Animals were
cultivated at 15	C (A) or 25	C (B). Asterisks indicate means at t10 and t20 that are different from the mean at t0 for a given genotype at p � .05.
The means at t0 were not significantly different among genotypes. Data shown are from at least five independent assays using 30-50 animals
per assay. (C) Shown is the probability that wild-type or dac-1(gk211) animals cultivated at 15	C, 20	C and 25	C track isotherms at the indicated
temperature. Probability is calculated as the number of worms tracking at a given temperature/total number of tracking worms. The mean
tracking temperatures for wild-type and dac-1 mutants were 17.8 � 0.9	C and 18.0 � 0.7	C for Tc 
 15	C, 19.3 � 0.6	C and 19.8 � 1.2	C for
Tc 
 20	C, 22.9 � 1.8	C and 22.9 � 1.0	C for Tc 
 25	C. ttx-1(p767) mutants did not track isotherms at any temperature. n � 30 animals for
each assay.
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