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ABSTRACT

We describe here the results of genetic screens for Caenorhabditis elegans mutants in which a single neu-
ronal fate decision is inappropriately executed. In wild-type animals, the two morphologically bilaterally
symmetric gustatory neurons ASE left (ASEL) and ASE right (ASER) undergo a left/right asymmetric
diversification in cell fate, manifested by the differential expression of a class of putative chemoreceptors
and neuropeptides. Using single cell-specific gfp reporters and screening through a total of almost 120,000
haploid genomes, we isolated 161 mutants that define at least six different classes of mutant phenotypes in
which ASEL/R fate is disrupted. Each mutant phenotypic class encompasses one to nine different
complementation groups. Besides many alleles of 10 previously described genes, we have identified at least
16 novel ‘“Isy” genes (“laterally symmelric”). Among mutations in known genes, we retrieved four alleles of
the miRNA Isy-6 and a gain-of-function mutation in the 3’-UTR of a target of lsy-6, the cog-1 homeobox gene.
Using newly found temperature-sensitive alleles of cog-1, we determined that a bistable feedback loop
controlling ASEL vs. ASER fate, of which cog-1is a component, is only transiently required to initiate but not
to maintain ASEL and ASER fate. Taken together, our mutant screens identified a broad catalog of genes
whose molecular characterization is expected to provide more insight into the complex genetic archi-
tecture of a left/right asymmetric neuronal cell fate decision.

PART from expressing a core set of features that dis-
tinguish neuronal from nonneuronal cell types,
individual cell types in the nervous system express dis-
tinct batteries of genes that generate the structural and
functional diversity of neuronal cell types. The diver-
sification of cell fate in the developing nervous system
presumably relies on the interplay of a host of regu-
latory factors. Screens for mutant animals defective in
neuronal fate specification provide a powerful and un-
biased approach to identify these regulatory factors.
Such screens have been successfully conducted in var-
ious model systems, most prominently flies and worms,
yielding valuable insights into the molecular mecha-
nisms that control neuronal fate specification. We de-
scribe here genetic screens for neuronal fate mutants
in the nematode Caenorhabditis elegans that focus on a
cell fate decision executed by a single neuron class, the
ASE gustatory neurons. This neuron class is composed of
two morphologically bilaterally symmetric neurons, ASE
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left (ASEL) and ASE right (ASER). ASEL and ASER are
the main taste receptor neurons of C. elegans and sense
multiple chemosensory cues in a left/right asymmetric
manner (BARGMANN and HorviTz 1991; PIERCE-
SHIMOMURA et al. 2001) (our unpublished data). Left/
right asymmetric chemosensory functions correlate with
the left/right asymmetric expression of a class of puta-
tive chemoreceptors encoded by the gey (guanylyl cyclase)
gene family (YU et al. 1997; PIERCE-SHIMOMURA et al.
2001; OrTIZ et al. 2006) (Figure 1). These left/right
asymmetric features of ASEL and ASER provide a model
to understand how functional laterality is superimposed
on a morphologically symmetric structure, a hallmark of
many nervous systems across phylogeny (HOBERT et al.
2002; Sun and WALsH 2006).

We have previously reported the identification of mu-
tants that affect the development of the left/right asym-
metry of the ASE neurons (CHANG et al. 2003; JOHNSTON
and HoserT 2003, 2005; JoHNSTON et al. 2006). These
mutants, which we termed lsy mutants (for laterally
symmetric) to indicate their role in controlling the fate
of two left/right asymmetric neurons, fell into four dis-
tinct classes (Figure 1A). In class I mutants, both ASE
neurons adopt the fate of the ASEL neuron, with a con-
comitant loss of ASER cell fate (“2 ASEL” mutants). In
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FIGURE 1.—Summary of the ASEL/R differentiation program. (A) Schematic of mutant classes previously identified in screens
for ASEL/R developmental defects. Red indicates ASEL fate, monitored with several distinct gfp markers, and blue indicates ASER
fate. The asterisk indicates that mir-273 is inferred to be an inducer of ASER fate based on gain-of-function, rather than loss-of-
function phenotypes (CHANG et al. 2004). See text for more explanations of the phenotypes. (B) ASEL/R laterality is controlled by
a bistable regulatory feedback loop (HoBERT 2006). The bias in the activity of the regulatory loop can be traced back to the four-
cell stage in which the two precursors of ASEL (ABa) and ASER (ABp) are instructed by a Notch signal, emanating from the P2
cell, to adopt distinct fates (PooLE and HOBERT 2006). Isy-2, ceh-36, and lin-49 are required for execution of the ASEL fate, but are
not instructive since they are expressed in both ASEL and ASER (CHANG et al. 2003). Why these genes are not active in ASER and
how they control the expression of individual genes in this network is not currently known. UNC-37, a transcriptional corepressor,
likely physically interacts with COG-1 and is not shown here. che-1 is also expressed in ASEL and ASER and appears to control the

expression of every gene in this regulatory network (CHANG et al.

class II mutants, the opposite phenotype is observed,
with both neurons expressing ASER fate and losing
ASEL fate (“2 ASER” mutants). In class III mutants,
both ASEL and ASER fates are lost and in class IV mu-
tants, either the ASEL or the ASER fate is mixed, express-
ing both ASEL and ASER features (Figure 1A). The
molecular characterization of these mutants revealed a
complex gene regulatory network composed of several

2003; ETCHBERGER ef al. 2007).

transcription factors and miRNAs that control ASEL/R
fate specification (Figure 1B) (HoBerT 2006). These
regulatory factors interact with one another in specific
network configurations, including feedback and feed-
forward loops, to control ASEL/R fate specification
(HoBERT 2006). Given that both cells have the ability to
adopt either the ASER or the ASEL fate, the system es-
sentially classifies as a bistable system (JOHNSTON et al.
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2005). Conceptually similar bistable systems that also
utilize double-negative feedback loops composed of
gene regulatory factors include the decision of phage
lambda to adopt either the lytic or the lysogenic state
(PTAsHNE 1992).

ASEL and ASER fates are adopted after the two neu-
rons have passed through a transient hybrid precursor
state. During the hybrid precursor state, both neurons
coexpress genes that during ensuing development be-
come restricted to either ASEL or ASER (JOHNSTON
et al. 2005). However, the decision regarding which of
the two ASE neurons adopts the stable ASER or ASEL
fate is not controlled at the stage when the ASE neurons
progress from the hybrid precursor state to their ter-
minal state. Itis rather determined very early in embryo-
genesis by asignal sent along the anterior/posterior axis
through the gip-1/Notch signaling system (Figure 1B)
(PoorLe and HoserT 2006). This signal represses ex-
pression of two T-box genes at the four-blastomere stage
(Goob et al. 2004), thereby instructing a descendant of
the ABa blastomere to eventually adopt the ASEL fate
and a descendant of the ABp blastomere to adopt the
ASER fate (Figure 1B) (PooLE and HosERT 2006). Since
the Notch signal and the eventual adoption of the ASEL
and the ASER fate are separated by nine cell divisions,
one central unanswered question is how this informa-
tion is transmitted throughout development (indicated
by a “?” in Figure 1B).

Genetic screens for mutants that affect ASEL/R fate
specification may not only provide the link between
early embryonic signaling and terminal neuron specifi-
cation but also reveal additional components of the
bistable loop shown in Figure 1B. Since the bistable
feedback loop involves several miRNAs, a class of regu-
latory molecules whose mechanism of action is poorly
understood (NILSEN 2007), another expected outcome
of genetic screens for ASE specification mutants is the dis-
covery of molecules that may act together with miRNAs to
control the expression of their target genes.

In this article, we provide a first step toward these goals
by reporting the results of significantly expanded genetic
screening efforts aimed at uncovering the complete ge-
netic regulatory architecture required for ASEL/R fate
specification. Previously published mutants (CHANG et al.
2003; JounsToN and HOBERT 2003, 2005; JOHNSTON et al.
2006) were derived from relatively small-scale screens
totaling ~15,000 haploid genomes (Table 1). We de-
scribe here mutants from those previous screens that
were notyet reported and report the results of an almost
10-fold expansion of these screening efforts, resulting in
the screening of ~120,000 haploid genomes (Table 1).
We describe informative alleles of previously known
genes, such as temperature-sensitive alleles that allowed
us to determine the timing of action of the bistable feed-
back loop described above. We describe new genes that
fall into previously described phenotypic categories as
well as genes that define novel phenotypic categories.

TABLE 1

Overview of screens for Isy mutants

Haploid genomes  No. of
Reporter Transgene screened alleles
ASEL reporter otls6 3,200 11«
lim-6"""":: gfp otls114 84,600 116"
ASEL reporter otls3 12,200 19°
goy- 7" gfp
ASER reporter nilsl 19,440 15°
gcy_5 prom « « g‘p
Total: 119,440  Total: 161

Allele frequency: 1/740 haploid genomes

“Five of these 11 alleles were molecularly analyzed in
CHANG et al. (2003, 2004) [cog-1(0t28), cog-1(0t38), unc-
37(0t59), die-1(0t26), and che-1(0t27)]. The remaining 6 alleles
(0125, 0t29, ot30, ot31, ot35, and ot37) are described in this
article.

’First described in this article.

‘Sixteen of these 19 alleles were molecularly analyzed in
CHANG et al. (2003) (cog-1, lin-49, ceh-36, and che-1), JOHNSTON
and HoBERT (2003) (lsy-6), JouNsTON and HoOBERT (2005)
(Isy-2), and JoHNSTON el al. (2005) (fozi-I). The remaining
3 alleles (0168, 0t76, 0t80) are described in this article.

Our mutant collection illustrates the genetic complexity
of neuronal cell fate decisions.

MATERIALS AND METHODS

Strains and reporter transgenes: N2 Bristol wild-type
(BRENNER 1974) and CB4856 Hawaiian wild-type isolates
(HopGKIN and DonNiacH 1997) were used. Transgenes that
label ASEL and ASER fates include ASEL markers otIs3V =
Is[gey-7""::gfp; lin-15 (+)], otls131 = Is[gcy-7"""::dsRed2; rol-
6(d)], otls6, and otls114] = Is[lim-6""::gfp; rol-6(d)]; ASER
markers ntls1V = Is[gey-5""":: gfp; lin-15 (+)] and otEx2333 =
Ex[gcy-5"":: cherry, rol-6(d)]; and ASEL/R marker otls151V =
Is[ceh-36"""::rfp; rol-6(d)]. Reporter transgenes that assay the
3’-UTR regulation in ASEL vs. ASER are otEx2646 = Ex[ceh-
36 gfp: iune-54 U] and otls185 = Is[ceh-36""":: gfp: : cog-I” "]

Screening for Isy mutants: In all screens, animals were
mutagenized with EMS according to standard protocols
(BRENNER 1974), one to two F; progeny of mutated PO animals
were singled on individual plates, and their ensuing progeny
(Fo and F5 generation) were screened under a stereomicro-
scope equipped with a fluorescent light source. Animals with
mutant phenotypes were picked, and their Lsy phenotype was
confirmed in ensuing generations and subsequently back-
crossed [alleles of previously characterized genes were gener-
ally backcrossed zero to two times, and new /sy genes and the
cog-1(0t221ts) allele were backcrossed two to five times] and
then mapped. Temperature sensitivity was tested by maintain-
ing mutant animals for several generations at 15° and 25°
before scoring.

As indicated in Table 1, four independent screens were
conducted using three different L/R asymmetric fate report-
ers, expressed from four different chromosomally integrated
transgenic arrays, lim-6"""":: gfp (otls114 and otls6), gcy-7""":: gfp
(otls3) (all ASEL markers), and gey-5"::gfp (ntlsl; ASER
marker). Each reporter has its own individual advantages and
disadvantages. While all markers are visible under a stereomi-
croscope equipped with a fluorescent light source, the ASEL
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reporters [im-6""""::gfp and gey-7""":: gfp produce substantially
more gfp fluorescence than the ASER reporter gey-5""":: gfp. To
facilitate the screening through a large number of genomes,
we therefore conducted most of our screens (100,000/119,440
haploid genomes) with ASEL markers. Among those markers,
we preferred lim-6"""::gfp over gcy-7/""::gfp since the strong
expression of lim-6"""":: gfpin the excretory gland cells provides
a convenient internal control to exclude that loss of lim-
6" gfp expression in ASEL is not simply caused by global
array loss. lim-6""::gfp integrants also appear to be more
healthy than several independently derived gey-77"":: gfp inte-
grants. One shortcoming of the usage of the ASEL markers gcy-
7 or lim-6 for screening is that in embryos, these markers are
bilaterally expressed in ASEL and ASER and become restricted
to ASEL only postembryonically (JoHNSTON et al. 2005).
Mutant animals that arrest at embryonic stages can therefore
only be assessed for the absence of gfp expression, but not for
aberrant expression of ASEL fate in ASER, observed in class I
(2 ASEL) mutants in larval and adult stages. This problem
cannot be easily overcome through the use of gey-5""::gfp,
which is restricted to ASER even in embryos, since 2 ASEL
mutants would produce mutants that fail to express gcy-
Srem:igfp. In practice, such non-gey-5""::gfp-expressing, ar-
rested embryos are difficult to identify in a large population of
mutagenized animals. Non-gcy-5"":: gfp-expressing, arrested
embryos may have also simply died before the ASE neurons are
born. Since we attempted to be as unbiased as possible in our
phenotypic categories, we nevertheless also screened a sub-
stantial number of genomes with gey-5""::gfp (Table 1). The
use of several independent gfp arrays also controls for possible
genetic background effects in the transgenic strains.

The screens with the otls6, otls3, and ntlsl transgenes
(84,840 haploid genomes screened) were conducted at 20°
(i.e., animals were constantly maintained at this temperature)
while the screen with the ot/s114 transgene (84,600 haploid
genomes screened) was conducted at 25° to allow for the
isolation of temperature-sensitive alleles. For the screen with
ntlsl, a gey-7""::rfp transgene (otlsI131) was contained in the
background. Rfp expression from this array is too low to allow
for primary screening under a stereo microscope, but this
transgene allows us to quickly distinguish under a compound
microscope whether aberrant gey-5"""::gfp expression was
paralleled by aberrant ASEL marker expression. As the ot/s131
array contained a dominant roller mutation, this array also
facilitated the assessment of left/right asymmetric gey-5"":: gfp
expression since animals can be observed from multiple
distinct perspectives.

Mapping and allele identification: We first tested mutants
for linkage to the X chromosome by crossing them with wild-
type males and examining a potential mutant phenotype in
hemizygous, male F; cross-progeny. If a phenotype was ob-
served in the F; male progeny, it was tested whether this is due
to dominance rather than to X-linkage. If a mutant was indeed
X-linked, it was, depending on the mutant phenotypic class,
either complementation tested or sequenced to determine
whether it was allelic to known X-linked genes with a Lsy
phenotype (ceh-36, lsy-2, lim-6). If the mutant was not X-linked,
a mapping strategy was employed that was contingent on the
known set of previously identified, non-X-linked genes in-
volved in ASE fate specification (class I, cog-1, unc-37; class 1II,
lin-49, die-1, Isy-6; class 111, che-1; class 1V, fozi-1) (CHANG et al.
2003, 2004; JounsToN and HoBeRT 2003, 2005; JOHNSTON
et al. 2006). Each mutant that failed to express one of the ASEL
or ASER fate markers could, depending on the gfp marker
used, constitute either a class III (“no ASE differentiation”) or
aclass I or Il phenotype (loss of either ASEL or ASER fate, with
inappropriate execution of the opposite cell fate). To avoid
remapping already known genes, we did not cross further gfp

markers into the individual mutants to precisely define that
phenotype, but rather immediately conducted complementa-
tion tests. All mutants with a lack of expression of either a left-
or a right-specific gfp fate marker were first complemented
with the sole gene that defines the class III mutant class, che-1.
A failure to complement was followed by sequencing of the c/e-
I locus. If the mutant complemented che-1, further comple-
mentation tests were contingent on the transgenic array and
the mutant phenotype. Mutants that constituted a potential
class II phenotype (2 ASER phenotype; i.e., bilateral expres-
sion of the ASER marker gcy-5 or loss of expression of the ASEL
marker lim-6 or gcy-7) were complemented against known,
non-X-linked class II genes (die-1, lsy-6, lin-49); failure to
complement was followed by sequencing of the respective
loci. Mutants that constituted a potential class I phenotype (2
ASEL phenotype; i.e., bilateral expression of ASEL marker gey-
7 or lim-6 or lack of expression of ASER marker gcy-5) were
initially not complementation tested against known class I
genes since we had found that the first two described class I
mutants, cog-I and unc-37, displayed nonallelic noncomple-
mentation (CHANG et al. 2003; in the course of characterizing
new class I mutants, we subsequently found that nonallelic
noncomplementation is not a general feature of all class I
genes; supplemental Table 2 at http:/www.genetics.org/
supplemental/). New class I mutants were therefore rather
linked to individual chromosomes using single-nucleotide
polymorphisms (SNPs) in the CB4856 Hawaiian wild-type
isolate (Wicks et al. 2001; SWAN et al. 2002; DAvis et al. 2005). If
located on the same chromosome as cog-I (LGII), unc-37
(LGI), or fozi-1 (LGIII; this is a different mutant class, but like
class I mutants, it also displays ectopic expression of ASEL
markers in ASER), the respective loci were sequenced, leading
to the identification of 28 alleles of the previously known cog-1,
unc-37, and fozi-1 genes.

Mutants that were not allelic to previously known genes
were further mapped using SNP markers (supplemental Table
2 at http:/www.genetics.org/supplemental/). Mutants locat-
ing in similar intervals were complementation-tested against
each other (supplemental Table 2). With the exception of
X-linked and dominant genes, these complementation tests,
as well as complementation tests mentioned above, were usu-
ally done by crossing two mutants and determining whether F,
male cross-progeny displayed the mutant phenotype.

Reporter gene constructs: The functional consequence of
the Isy-6(ot150) promoter mutation was tested by introducing
this mutation into a reporter construct that monitors expres-
sion in ASEL. The wild-type reporter construct was generated
by subcloning a 930-bp PCR product, extending from —930 to
—1 bp relative to the [lsy-6 hairpin into the pPD95.75 ex-
pression vector, using an Xbal site and a HindIII site in-
troduced at either end of the PCR product. This construct,
termed Isy-6""“:: gfp, contains the same sequences as the pre-
viously described [sy-6 promoter construct lsy-6"""::gfp (in-
correctly annotated in JoHNsTON and HoBerT 2003 as
containing 2 kb of promoter sequence). In contrast to the
previously described Isy-67""":: gfp, which was generated by PCR
fusion and injected with a rol6(d) injection marker, Isy-
67" gfp was subcloned and was injected at 50 ng/pl with
45 ng/ ul elt-2:: gfp injection marker. We note that lsy-67"":: gfp
transgenes [both extrachromosomal arrays and the integrated
derivative otls160 (JOHNSTON et al. 2005)] are expressed with
high penetrance in ASEL and also in a few other head and tail
neurons (JoHNSTON and HoBErT 2003), while four different
Isy-6""¢:: ofp extrachromosomal arrays (otEx3071, otEx3072,
otEx3079, and otEx3080) produce lowly penetrant (12-33%)
expression in ASEL, generally lower gfp levels in ASEL and no
readily detectable gfp expression in other neurons. These
differences in gfp expression may be due to differences in copy
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numbers of the DNA on the arrays (linear DNA is more
efficiently incorporated on DNA than circular DNA) or to the
usage of different injection markers.

The Isy-6""“::gfp construct was mutated using the Strata-
gene (La Jolla, CA) QuickChange II XL site-directed muta-
genesis kit to introduce the ot150 allele into the reporter
construct. Like the wild-type construct, this construct was also
injected at 50 ng/l with 45 ng/ul elt-2:: gfp injection marker.

Primer sequences (5'-3") for these constructs are as follows:

Isy-6prom5’ HindIII: ttaagcttCTTCTGACGAACCAAAGCC
Isy-6prom3’ Xbal: GCTTATTTTTCAGAAATTAGTAGGtctagaaa
Isy-6promotl50mutb’: ggtgcctgatattttacggctttcgeccattaccg
Isy-6promotl50mut3’: cggtaatgggcgaaagecgtaaaatatcaggeacc.

For the 3’-UTR sensor construct, two previously described
control sensor constructs (cog-1 3'-UTR and wunc-54 3'-UTR)
were rescored (DipiaNo and HoBerT 2006). A cog-1 3'-UTR
sensor construct replicating the o123 deletion was generated
by PCR amplification (see primer sequences below) of the
wild-type cog-1 3’-UTR; the amplicon was digested with Eagl
and EcoRI and was used to replace the unc-54 3'-UTR in the
previously described ceh-36"" sensor construct (DIpIANO and
Hogsert 2006). The sensor construct was injected at 5 ng/ul
with rol-6(d) at 100 ng/ul as the injection marker.

Primer sequences (5'-3") for these constructs are as follows:

DD#97: tttgaattccttttaagegttctacctct
DD#415: ttttcggeeggtttggt TTTTGTATAAGTGACGATGATTTGG.

All sensor construct-expressing strains were maintained at
20° prior to scoring. All lines were scored under a Zeiss
Axioplan 2 microscope. To minimize the inclusion of mosaic
animals only those animals were scored in which gfp expres-
sion in the AWCL and AWCR neurons was observed. The
fluorescence intensity of the 3’-UTR sensor constructs was
compared between ASEL and ASER in each individual animal
and scored as ASEL > ASER, ASEL = ASER, or ASER > ASEL
(see Dipiano and HoOBERT 2006 for a more detailed ex-
planation of scoring criteria).

Microscopy, laser ablation, and phenotypic observations:
Laser ablations were done as previously described (PooLE and
HoserT 2006). Embryos were dissected from gravid hermaph-
rodites, mounted at the one- to four-cell stage in a drop of
water on a 5% agar or agarose pad, and sealed between a cover-
slip and slide using melted Vaseline. A Photonics dye laser
attached to the microscope was used to ablate embryonic blas-
tomeres. Larger early blastomeres were irradiated for 3—5 min
with the laser beam, while smaller later blastomeres were
irradiated for 1-2 min in and around the nucleus. Increased
cytoplasmic movements were often observed and in many
cases the nucleus was observed to break down. Irradiated blas-
tomeres usually did not divide although on some occasions
late aberrant divisions were observed. Laser ablations were
performed at 25°. A copper ring attached to the microscope
objective through which temperature-controlled water was
passed maintained the constant temperature of the slide. Fol-
lowing ablation the slides were left overnight for ~12-15 hr at
25° and then scored for the number of cells exhibiting trans-
gene expression at late threefold/L1 stages.

RESULTS AND DISCUSSION

Overview of the screen

We used three different /R asymmetrically expressed
gfp reporter genes to monitor ASEL or ASER fate. lim-
67" gfpis expressed in ASEL and in the excretory gland

cells, gey-77":: gfp is expressed in ASEL and weakly in the
excretory cell of adult animals, and gey-5"""::gfp is ex-
pressed exclusively in ASER. We conducted separate F,
semiclonal screens for mutants in which the expression
of the respective gfp marker is different from expression
in wild-type animals (see MATERIALS AND METHODS for a
detailed description of the screen and for an explanation
on why different markers were used). A total of 119,440
haploid genomes were screened (100,000 with ASEL
markers and 19,440 with an ASER marker) and 161
mutants with gfp expression defects were retrieved (Table
1). Mutant phenotypes are 2-100% penetrant. We focused
our analysis on 123 mutants. The other mutants were
not pursued since they display defects that are <10% pen-
etrant (34 mutants), have multiple loci mutated (2 mu-
tants), or have the gfp-expressing array affected (2 mutants)
(supplemental Table 1, A-C, at http:/www.genetics.
org/supplemental/). Most of the isolated mutant strains
were viable and recessive (Table 3). By complementation
testing, mapping, and allele sequencing (see MATERIALS
AND METHODS), these 123 alleles were found to define 30
complementation groups (Tables 2 and 3; supplemental
Table 2 at http: /www.genetics.org/supplemental/). The
mutation rate of 1 mutant allele per 740 haploid ge-
nomes is within the range of the average mutation rate
observed in other mutant screens (ANDERSON 1995).

We observed six mutant classes that show aberrant
expression of ASEL/R fate markers (classes I-VI), two of
which had not been previously described (class V and
class VI) (Figure 2). All mutant classes can be summa-
rized as follows. As mentioned in the Introduction
(Figure 1A), in class I mutants, ectopic expression of
the ASEL fate is observed in ASER with concomitant loss
of the ASER fate markers (ie., lim-6"""::gfp or gcy-
7m:gfp is expressed in two cells rather than one cell
and gey-57":: gfp expression is lost); in class II mutants,
the opposite phenotype is observed; in class III mutants
ASEL and ASER cell fate is not executed (lim-6"""":: gfp,
gey-77":gfp, and gey-5 not expressed); and in class IV
mutants (“mixed fate”), ASEL fate is ectopically ex-
pressed in ASER, but the ASER fate marker continues
to be expressed (or, vice versa, ASER fate is ectopically
expressed in ASEL with ASEL fate markers being unaf-
fected) (Figure 1A). In two mutant classes not previously
described, we observe a “heterogeneous phenotype”
with a combination of loss and gain of gfp expression of
individual markers in ASEL or ASER within a mutant
population (class V mutants) and an ectopic gfp expres-
sion phenotype in which cells other than the ASE neu-
rons express the cell fate marker (class VI mutants). In
the following sections, we describe these mutants and
phenotypic classes in more detail.

Class I mutants (2 ASEL neurons)

Alleles of known class I genes: We have isolated a
total of 19 alleles of the previously known class I gene
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TABLE 2

Summary of mutant classes and genes

No. Gene Molecular No.
Mutant class ASE phenotype genes  names identity alleles
Class I “2 ASEL” 6 cog-1 Homeobox 19
unc-37  Corepressor 2
Isy-5 Unknown 2
1sy-22 Unknown 2
Isy-16 Unknown 1
Isy-17 Unknown 1
Class II “2 ASER” 9 die-1 Zn-finger TF 9
lsy-2 Zn-finger TF 5
Isy-12 Unknown 5
lsy-6 miRNA 4
lin-49 Chromatin regulator 3
Usy-14 Unknown 2
Isy-15 Unknown 1
Isy-19 Unknown 1
ceh-36 Homeobox 1
Class IIT No ASEL/R fate specification 1 che-1 Zn-finger TF 22
Class IV Mixed fate in ASEL or ASER 5 Jozi-1 Zn-finger TF 12
Isy-18 Unknown 2
1sy-20 Unknown 1
Isy-20 Unknown 1
lim-6 Homeobox 0
Class V Heterogeneous phenotype 2 Isy-9 Unknown 4
Isy-21 Unknown 1
Class VI Ectopic expression of ASER and/or 7 ced-3 CARD domain 12
ASEL fate marker in cell other than ced-4 CARD domain 5
ASE neuron class lax-2 Ion channel 1
tax-4 Ion channel 1
Usy-23 Unknown 1
Usy-24 Unknown 1
Isy-25 Unknown 1
Sum of mutants 30 16 novel 123

New genes are underlined. Mutants with <10% penetrance are not shown (see supplemental Table 1 at

http:/www.genetics.org/supplemental/).

“This gene is listed here since its knockout produces a class IV phenotype; we have not retrieved any alleles of

this gene in our screening efforts.

cog-1,ahomeobox gene (PALMER et al. 2002; CHANG et al.
2003), and 2 alleles of unc-37, the previously known
C. elegans ortholog of the Groucho corepressor family
(Table 3; Figure 3) (PFLUGRAD et al. 1997; CHANG et al.
2003). Each allele displays a characteristic 2 ASEL phe-
notype, manifested by the gain of ASEL markers in ASER
and the concomitant loss of ASER markers in ASER
(Figures 1A and 2A). Representative class I mutant ani-
mals display the phenotypic defects expected by the loss
of ASER fate; i.e.,, these mutants have defects in their
ability to sense ASER-specific chemosensory cues (data
not shown). This observation complements previous
observations made with class II mutants (defective in
ASEL-sensed cues; CHANG et al. 2004), class III mutants
(defective in sensing both ASEL and ASER cues; UcHIDA
et al. 2003), and class IV mutants (discrimination defects
of ASEL and ASER cues; PIERCE-SHIMOMURA et al. 2001).

cog-1: Most cog-1 alleles lie within the homeobox
(Figure 3). We were unable to identify mutations in
the coding region or UTRs of cog-1 in two mutants, ot119
and 0t201, which we conclude are cog-1 alleles because
they (a) are tightly linked to the cog-1 locus, (b) fail to
complement a canonical cog-I mutation (supplemental
Table 2 at http:/www.genetics.org/supplemental/),
and (c) are rescued by a fosmid, WRMO067cF11, that
contains the cog-1 locus [two of seven lines rescue the
62%-penetrant 2 ASEL phenotype of ot119 each to 15%
(n=>55) and 7% (n=52), respectively; two of eightlines
rescue the 80%-penetrant 2 ASEL phenotype of 0201
to 9% (n = 51) and 30% (n = 65), respectively].
These mutations may reside in regulatory elements that
control cog-1 expression.

By conducting most of the genetic screens at 25°
(84,600 of the total of 119,440 haploid genomes



2115

Screen for Neuronal Fate Mutants

(panuryuoo)

VOV D10 OVL D1D 109D
VOO DID LLD OID VVO
DLD OVD IVO VOO VOO
DLD OVD LOL VOO VOO
DL OVD IVD VOO VOO
‘DLD OVD IVO VOO VOO

pauopun
L<D
L<D
V<9
L<D
V<9
V<9

suor8a1 Surpod ur uoneINW ON

(¥003) 1 12
(¥003) w12

ONVH))
ONVH))

g TedN sdeq 561, IA SSeD ocrio Ryl
Sunew orew 1ood Adq 001 L£¢1o
SNOIAQO QUON] 00T 86110
SNOIAQO dUON 00T o110
SNOIAQO QUON 001 8o
SNOIAQO SUON 00T cLro
SNOIAQO dUON 00T 13254
Adq 69 80110
SNOIAQO QUON 001 0orm”
a8l 001 001 11 SSe[D 9z I-2tp

11 dnoa8 a8eyury

VVO OVV VOL VVD VOO L<D [PIN Pun [ £FCHO

(€003) 17 12 ONVH) 1671 PN dun 69 8% I sse[D 26610 Lgoun
meRs VL DD IVV L<D SNOIAQO SUON 001 cecio
veSerre HLL VOL V<9 SNOIAQO SUON 00T ogcio
1OV L1LO LLL IOL IDL L<D SNOIAQO SUON 001 £aeio
LIO ILVL ILDL VVV LVD L<D SNOIAQO SUON 001 Locio
VVVOVD eeonnn V<9 SNOIAQO SUON 00T 84110
VVV OLV DVL D9V ILVD L<D SNOIAQO SUON 001 L1
mSeeSedne oy VIV V<9 SNOIAQO SUON 001 29110
IOV VVO LLL LLL VOO L<D SNOIAQO SUON 001 £¢crio
OOV DLL LV- OOL LVO uonapp dq- SNOIAQO SUON 001 csrio
VOO LVV VVL VOO DVD L<D SNOIAQO SUON 001 g1
OVD VOD VOL VOO VOO V<9 SNOIAQO SUON 001 sIio
‘OVD VOD VOL VOO VOO V<9 SNOIAQO SUON 001 110
IOV vVvO LLL LLL VOO L<D SNOIAQO SUON 00T cero
LLD IDOL LLL LOV VVO L<D SNOIAQO SUON 001 #crio
LVO VOleennee) V<9 SNOIAQO SUON 18 oo
LLO ILVL IDL VVV IVD L<D SNOIAQO SUON 001 »5610
LILOD LVL ILOL VVV LVD L<D SNOIAQO SUON L8 610
(6003) 17 12 ONVHD SNOIAQO SUON 001 (74
(£003) 77 12 ONVH)D) SNOIAQO dUON 00T /10
(€003) 17 12 ONVH) SNOIAQO SUON 001 oL1o
AN«OONV 10 12 ONVH)) SNOIAQO SUON 001 9910
(€00g) v 12 ONVH)) SNOIAQO dUON 001 £910

(€003) 17 12 ONVH) 08T SNOIAQO SUON 001 001 III Sse[) Lcho 242

pauopun QANISUIS Uh:ﬁthQEOrﬁ G—G— SNOIAQO SUON 06 0 Al SSe[D +OI10 g
pauopupn oun AS P 001 FHCIo

pauopun Ppandsax %:NAH.HMHNE ST \Amq jou Ing 19 ¢1-6 PN \mhm mb I sse[n) L1110 g
pauopun SNOTAQO 2UON 001 9f[10

pauopun jmpe ur uﬂﬁhw@CQQ jsowx S129J9p TASY 66 1161 SNOIAQO UON 09 0L II sse[n 1010 g
pauopun SANISUIS @h:wﬁhugaﬁﬁ SNOIAQO SUON 0¢ LFCI0

pauopun YASV < TASV 8— TeoN SNOIAQO SUON 0 00T AISSBID  4,g6110 ST47

pauopun QANISUIS ®.:~HNM®QE®7H {— JeaN JESOHM MO[S @N NN I sse[n 06110 E
pauopun QANISUIS DhSHNhUQE@rﬁ WN\m‘ |mNuw‘ Iad AUED (%] [ z44

pauopun QADISUIS @Hﬂuﬂh@QEM,H Mwhm‘ —66'8— ad RUQHH nwum .~>1~ AQEMM wb N@ I sse[n o/, €10 Wlia

1 dnoi8 oSeyury
ouanbag a8ueyd apnoapPnN S9ION uonisod depy sardonorard (%) 12939p (%) 12939p SSe[)  O[[[Y SNO0O
snomnqO IN[IRW JYHASY  JoIew TASY

soua$ (s7 yo IsI
¢ ATdVL



S. Sarin et al.

2116

(panuryuod)

pauopun 2AnIsUdS damerodway, SNOIAQO dUON 0% 01210
pauopun 2anIsuas aunjeradway, 0 20210
pauopuny 03 9€110

pauopun oAnIsuds damerodway, ¥ TeoN SNOIAQO dUON 8¢ [ A Sse[D) <810 6857

pauopun 8— IvON SNOIAQO dUON 91 8% [sse[)  gcri0 9IS

pauopun Tey1of 103JJo-[elIa) eIl <®m H> SSe[D) h@ua g
(£008) 77 12 ONVHD) 19 69 sL10
(8008) 77 12 ONVHD [eyiaf [earer] 18 LS $£10

(8008) 77 12 ONVHD 36'¢ 001 §g MSSeD 6910 6p-uy

AI dnoi8 a8eyury

IVD DOL VLD D1D VVV L<D SNOIAGO JUON 001 9£¢10
IVD DOL VLD OID VVV L<D SNOIAGO JUON g9 regIo
VID LLD VVL OLV D19 L<D sinpe urjuensuad s10p SNOIAqO JUON 001 16110
VVD OVD OVL OVD VVD 1L<D SNOIAQO dUON 001 9110
<<<(V.H>H<N.Nuﬁum V<9 SNOIAQO UON 001 6¢110
VVD VVV OVL VVD IVV L<D SNOIAGO JUON 001 FEII0
VVD DVD DVL DOVD VVD L<D SNOIAGO JUON 001 ceno
LLV VOL DVL 91D VDD L<D SNOIAGO JUON 001 zenwo
VVD OVD DVL HOVD VVD L<D NGO JUON 001 1m0
VIV DIV OVL OVD OVD L<D SNOIAGO JUON 001 0g10
VOD LLV IVL D9L VOO L<D SNOIAGO JUON 001 60110

(900g) 77 12 NOLSNHO[ 660 SNOIGO JUON 0 001 ALSSE)  [910  [z0f

111 dnoa8 a8eyury

DDDOVVLEEDNEEE V<9 IAd ‘sSegq 001 greo
DVO OVD DLO DID DVD L<D aanisuos drmyetddway, SNOIAGO JUON ag 1zgm
OVO OVD DILO DID DV L<D sanisuds aumerduy, SNOIGO JUON ol 0cew
DOV LLO VIO 1OV OVO L<V suonEINu 221y, A 001 81g10
\QOMMUM MG:uOu ur uonemnuw oN mSOSDO QUON 08 10g10
OV OVD DILO DILD DVD L<D aansus dmrerodwoy, SNOIAQO dUON 01 00z
meoSsere HYV LIO V<9 IAd ‘sSeq 001 6110
OVO DVD DL DID DVD L<D aanisuas armernduwy, Adq Apusys o ccro
OV OVD DLO DILD DVD L<D aansus dmrerddwoy, SNOIAQO dUON 0% 9z 110
eeede1n 83 /oeeeddeeee uonadPp JYI1.N-,¢ JUBUTWOPIWDS SNOIAJO QUON 001 001 (p)czrio
suor8ar Surpod ur uoneInW ON SNOIAQO SUON 29 61110
DVV VLL OVL DL OVO L<D SNOIAGO JUON al 91110
VOV DOV VVIL OVV DVVY L<D 28 0$ Irno
OVV DD VOL VVV VOV V<9 s8eq ‘215 yuenouad A[renieg 001 Lo
DVV VLL OVL DL OVO L<D E2N zo1mo
OVD VOO IOL IVO VDO L<D fora 1610
(§003) 77 12 ONVHD JuBUIWOpPIWRg L g9
(€003) v 12 ONVHD) 001 8€10

(£008) 77 12 ONVH) 0L°63 9¢ 39 Imssed  ggio [6502

SSO[ TASY MOUS %09 S[IYM ef JSV JO $50]

pouopun  Juaredde moys %(F ‘spewiue 2AN295OP YSY JO  F1— JO Y9I Adq 0 al AR Lp[10 TgN]

pauopun) (vou st [37) panosar A[ewrorews SLAST 6L 1~ —059— 181 99 0L mssery 9910 4]

ouanbag a8ueyd apnoapPnN S9I0N uonisod depy sardonorord (%) 12919p (%) 129J9p  SSB[D)  QR[[V SNDOT

snonqQ IIew JYHASY IoIew TASY

(panunuon))

¢ A'TdVL



2117

Screen for Neuronal Fate Mutants

‘(LI TS0 YIIM pakesse) S[euIrue o) JO 94 ()G UT PISLIIIIP TOAIMOY ‘ST Gf5: g 9-UtZ) INTCW THSY [2A] N[0S e ) z-(s7 JO ased o u] "Passaxdxa [[ns st 9] TASY 1) s21edIpuy ,

AASY Ul uorssoxdxa ¢f5::,.,..~03 Jo sso[ o st adKrouayd JYHASY 2y ‘gg 2y ur umoys sodfrouayd oy Jo wns e st odSrouoyd TISY oYL,

‘sod&iouoyd uo [relop sxow 10§ £ S[qe], 998,

Y3 na 08 PIMIOU GYT 2 g9z s £[UO 13930(

*(1X91 998) 9NISAL PIWISO} 7-307 JO €D oY) ul ‘pue ‘uonviudws[dwoduou ‘erep Sutddewr :K[pandoadsar 7-ap 10 [-50s SuIdq 10§ dUSPAY ,
‘Surrdsyjo sno84zowoy /1 Jo 2ouasaxd o) J0J PIIOALI0d SIIQUINU I} PUE PIIOIS IIIM SIIYIOW SNOILZOID

191 paouerequou g paynuapt jo AuaSoad ¢xz10 [V *[9£SIP]Z LY M padUe[eq UTRNS € WOIJ PAI0IS dI9M SIQI0OW sN05Az01939Y Jo Ausfoad snoSAzowoy 4¢10 a[qeynuapy,
“SONSIIE]S UDAIDS [[BISA0 9Y) UI [9[[e auo Isn[ se pajunod yoes axe Lot ¢ (syuared poziuaSeinw wody Iy om) 01 auo Surureyuod) ored L,

SUIBS S} WOIJ PIAILIDL O 2I9M £91) SB TUAD dIuaSeInut dures 91 wody asode A[ay1 sired a[9[[e (¢910)g-(s) pue (£910)z-(s) a1 pue ared S[a[[e (¢510) [7Y2 PUR (+610)[7y2 9U]T,,
*(edbrouayd THSY g Jo 2ouenauad Surenba) 94qy, 15891 £19A 9171 1B $1109J0p YHASY 211 Jo 2ouenauad o) 1erp) SUNesrpur ‘¢fi: : ,,,¢-05 ssoxdxa 01 pafrej surom THSY g 2 Jo 1uadrad

paIpuny au(Q) ‘S[EWIUR £ [ 710 M PISSOID ‘CLczxiio Keare Cuayo : : (-5 [eutosomwoIyornxa 91) Suisn a1ef YHASY 10J pa1ods axom adLiousyd TSy g e Suikerdsip swom ¢rri0
"PaI0dS dIoM AeLIe 9} SUrurejuod

£usagoad paonpoud yey sfewriue 950y A[UQ "S[RWIUER £ ] [STI0 [IM PISSOID £LEZXI0 KRLIR (UAIYIUL:  140,4¢~(25 [RUIOSOWOIYILIIXD S} SUIST 918J YISV 10J PAIOIS 19M SULIOM G110,

“Lpeydo] 0) SUIMO (g 18 paIods,
"PeaIsul UALS SI 90UQIJAI € “PaqLIdsap A[snomard uoaq sey ofa[[e jueInwi ay) J[ ‘¢ 2INSL] Ul UMOYS SI 93UBYD PIOE OUIWE JO SWLId) UL 95UBYD dPHOI[ONU ) JO 109Jd
oy, "oouanbas rajowoad 10 druomur syedrpur 19139] rerrded-uou (soouanbas Surpod aeorpur s19339] [eIrdED fUOTEINW $IJLITPUL P[O] ‘SUOPOD edIpur sadkeds ‘uwnjod souanbag
o U] (OO < %) SINIBUWI 2SI} JO UOISSIIAXI UI §109J0p 9, () moys sewarue adL-pipy “(S1ueINW AJ SSe[d pue [] sse[d 10J) THSY ul uorssardxo ¢f5 jo ures 1o (syueinua ] ssep pue
1 SSe) WASY UL /5 ! u0¢-(25 JO sSO YIIm s[ewiIue JO 93e1uad1ad oY) s91edIpUL 109JOP INIBW YISV, "STUBINW [A SSB[D UL S[[9 Y /TASVY-uou ut uoissaxdxo o1do1oo pue ‘syueinur A
SSB[O UT UOISSaIdX0 YISV JO SSO[ “ (siueinuu AT sse[d pue | sse[d JoJ) YHSV Ul uoissaxdxa ¢/5 jo ures (syueinuu [[] sse[d pue [] sse[d 10J) TASY Ul uotssoxdxo ¢fG: : ../ -8 10 G5 :: ,.,.,9
) JO SSO[ M S[ewTue Jo 258e1ua019d $91edIPUT 109JoP INIBW TSV, ‘06 < ST 29dL10ua8 yoes 103 az1s ojdures 93 s9s€d JSOW U] " G J& UOP SeM SIUBINW PILIDSIP A[MIU [[€ JOF

sodfiouoyd yueinur Jo SurI0ds ‘OSIMIAYIO PatedIPUT 10U JT * (HZ-(s] pue cz-(s7 1doox2) /—G s9[qe], Ul umoys A[o1eredos aTe SIULINW JA SSB[) "PIUIIOPUN JTL SIUIS PIUO[IUN MIN

IOL LYV DIV VVO DDL V<9 SNOIAQO SUON 001 98 0610
(G003) L¥A4OH pue NOLSNHO[ NS 001 98 740
(600g) 19990 pue NOLSNHO|[ Il 96 16 L0
(¢00g) L¥EIOH pue NOLSNHO[ RN 00T 96 1910
(G00g) L¥A9OH pue NOLSNHO[ BN 16 S6 26910
(600g) 19990 pue NOLSNHO|[ 80 L1— NS 001 001 11 Sse[o #9170 (s
pauopun L1— 3o T $N01AQO DUON 508 IASSeD  gggo TN
(£00g) 77 12 ONVHD) aantsuds armeroduray, 9991 SNOIAGO QUON 6% _F 11 sse|) 6210 9€1Y2
X dnoi8 oSeyury
pauopun ¥ $NOIAQO SUON ag 0 ALSSED  gIgi0 07N
pauopu 0 TeaN STIOIAQO SUON ab 04 msseD 00 6T
saR[[e Z7-(57 1o sjuswaduwod
pauopun mq ‘970 yuowa[dwod 0y syreq A priw Yor1s ‘sSegq 00T 1,110
pauopuny 189 06 ¢80
pauopup Ad Oun 001 oL
pauopun SNOIAQO QUON s 2 <TI0
poauopun 95°'5-03'5 18 o215 pooq Mo 46 98 11 sse[) 6810 ZTN
©200801110380en L<D SNOIAQO DUON 0% 0<110
ooedesrenmies L<9 1§ 001 6F110
QUIULIIIP JOU SaLIBPUNoO asaxd UOoI1)3[9 SNOIAQO U0 170
(paut 3 Lepunoq aspatd) uonapq 1aq N 001 z81
(§003) 1MIHOH pue NOLSNHO[ €92 $NOIAQO DUON 001 001 1 sseD) 1210 9057
A dnoi8 o8eyury
2ouanbag J8ueyd apnoapPnN S9ION uonisod depy sardonorord (%) 12939p (%) 12919p SSe[) ORIV  SNOOT
snonqo IIBW YHSY IR W "THSYV
(panunuoy)

¢ A'TdVL



2118 S. Sarin et al.

ASER marker
gey-5"""::gfp

A ASEL marker
lim-6°""::gfp

wild type

Class |
(2 ASEL) ot221

Class Il
(2 ASER) ot101

Class Il
(no ASE)

Class IV
(mixed) ot131

B ASEL marker lim-6°"°"::gfp

Class V
(hetero- ot85
geneous)

screened; Table 1), we aimed to identify temperature-
sensitive alleles of known genes that would help us
address the question of at what stage the previously de-
scribed regulatory factors (Figure 1B) act to control ASE
fate determination. We indeed found that five alleles of
cog-1 show a strong temperature-sensitive phenotype.
All five alleles harbor the same Ala > Val substitution
that is highly conserved in most homeodomain proteins
(Figure 4A) and is located in the third a-helix of known
homeodomain structures (Figure 4B) (P1PER et al. 1999).
A slightly more bulky Val residue in this position may
affect the packing of the three a-helixes, thereby pos-
sibly destabilizing the protein at higher temperatures.
We note that a mutation in an adjacent position of the
homeodomain of UNC4 (Leu > Phe) also causes a

Class VI
(ectopic)

ASEL marker
lim-6P™°™:gfp

’

ot120 . @

ot25
F1GURE 2.—Abnormal ex-

pression of left/right asym-
metric gfp reporter genes in
mutant classes (“Lsy phe-
notype”).  Representative
examples of mutant pheno-
types observed in adult ani-
mals are shown. (A) New
alleles of the previously de-
scribed phenotypic classes
I-IV. The quantification of
defects is shown in Table 3.
(B) Heterogeneous pheno-
types observed within a pop-
ulation of animals carrying
a new, representative class
Vallele, 0t85. The two addi-
tional cells labeled are the
excretory gland cells that
normally also express lim-6
(HOBERT et al. 1999). The
occurrence of each pheno-
typic category in ot85 mu-
tants is: lim-6"""::gfp (otls114)
in ASEL only, 40% (100%
in wild-type animals); ASEL
and ASER, 28%; ASER only,
12%; neither ASEL nor
ASER, 20% (n = 109). The
ASER marker gey-5"""::gfp
shows only one mutant cat-
egory, “ASER off,” in 38%
of animals (n = 112). (C)
Representative allele of the
new mutant class VI. The
quantification of defects is
shown in Tables 3, 5, and 6.

ot115

-

A
QO ASEL s
QO ASER $

P

temperature-sensitive phenotype (MILLER et al. 1993).
Other less specific impacts of Ala > Val mutations, e.g.,
on protein synthesis, cannot be ruled out.

We characterized one of these alleles, 0/221, in more
detail. 0/22] animals raised at 15° show an almost 100%
penetrant wild-type phenotype, while animals raised at
25° show a ~50% penetrant 2 ASEL phenotype (Figure
4C). By performing both up- and downshift experiments
at different developmental stages we found that cog-I
gene activity is required embryonically only right around
or shortly after the birth of the ASE neurons to control
terminal ASEL and ASER fate, as assessed by the expres-
sion of three different differentiation markers (Figure
4D). Raising or lowering cog-1 gene activity after the
threefold stage has no effect on the expression of the
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three terminal differentiation markers that we tested
(Figure 4D).

These temperature-shift experiments demonstrate
that the bistable feedback loop, of which cog-1 is a crit-
ical component, is required only embryonically to ini-

Transcription factors

EH domain
23 39

COG-1 |

QH!STOP)J
ac

homeodomain

| RS

oi62

splice acceptor R490Stop
ot59 3

WD40 repeats ) 612
UNC-37 EEEEEEN-
. Zinc Fingers o
DIE-1 q | B B |
Zinc Fingers Zinc Fingers
78 156 264 318
LSY-2 . . . . 365 aa

QQSSEO:&)C!HY k‘srahcannrmr

ot64, ol65 ot77 ol67, ot72

P249L P2495

splice ol70  ot94, 0i95, 0t207

Zinc
l Fingers

CHE-1 ..

deletion  Q23Stop Stop Q1295top S204F Di?ff .
ol66  ol75, 01232 ot27 ol13 3 Hzsdy
1173

nor  splic or 0sF

732 aa

QB84Stop
ot6?

CARD domain
CED-3

20

4K splice donor

L2F

of248

ICARDdomain 3-ARC dor

cep-+ [N WO
2 8

R470STOP
ot228

lon channels

TAX-2 —

— 800 aa

TAX-4 — 51" s2_ s3_s4_s5 B

I u U k = 733aa

tiate the induction of the L/R asymmetric, terminal
differentiation features of ASEL and ASER. After this
initial choice has been made, terminal differentiation
features must rely on some other mechanisms to main-
tain their activity. This finding is perhaps unexpected
since feedback loops are often involved in stabilizing
and maintaining cellular fates (EDLUND and JESSELL
1999) and since the expression of bistable loop compo-
nents, including cog-1, persists in ASE throughout adult-
hood, as measured by various reporter gene constructs
(data not shown). Given our temperature-shift experi-
ments, we speculate that the ASE feedback loop may
rather act to amplify an initial, perhaps transient or low-
level input into the system, rather than stabilizing it.
Fate stabilization and maintenance may be ensured by
positive autoregulation of transcription factors that pro-
vide the output from the loop (die-1) or act downstream
of the loop, such as lim-6, which we have previously
shown to autoregulate (JOHNSTON et al. 2005). More-
over, we note thatin a newly isolated allele of the class IV
gene fozi-1, a transcription factor, the mutant phenotype
appears more penetrant in adult vs. larval stage animals
(0t191 allele), which argues for a continuous require-
ment of the gene throughout larval and adult stages.
The lack of requirement for the bistable feedback loop
postembryonically may also explain a puzzling observa-
tion that we previously reported, namely that in lim-6
mutants, lsy-6 expression is partially lost without having
an effect on expression of terminal fate markers such as
gey-7 (JOHNSTON et al. 2005). We infer that the loss of lsy-6
in lim-6 mutants occurs too late to have an impact on the
temporally restricted, ASEL-inducing activity of Isy-6.

unc-37: In addition to class I cog-1 alleles, we isolated
two recessive alleles of the unc-37 Groucho-type tran-
scriptional cofactor (Table 3; Figure 3). Both alleles
cause an embryonic lethal phenotype that is maternally
rescued. The Lsy phenotype is not maternally rescued
and can be readily observed in the homozygous off-
spring of heterozygous mothers (Table 3).

FIGURE 3.—Molecular identity of mutant alleles. Alleles first
described in this article are shown in green and alleles that
we previously described (CHANG et al. 2003; JOHNSTON and
HoserT 2003, 2005; JOHNSTON et al. 2006) are shown in purple.
See Figures 4 and 5 for alleles in non-protein-coding regions
of genes (lsy-6 and cog-1 3’-UTR). The nucleotide changes for
all mutations are shown in Table 3. Two pairs of alleles, lsy-
2(ot64) and Isy-2(0t65) (JouNsTON and HOBERT 2005) as well
as che-1(0t94) and che-1(ot95) were isolated from the same plate
and have very likely arisen from the same mutagenic event.
Allele counts in Table 2 and Figure 7 include only one allele
per allele pair. Note that current Wormbase (WS160) and
GenBank entries show an incorrect gene structure of che-1
that does match the experimentally determined cDNA struc-
ture, published by UcHIDA et al. (2003). Upon reanalyzing the
che-1(0t73) sequence we found the molecular lesion to be a
D233G change, rather than an earlier frameshift, as previ-
ously reported (CHANG et al. 2003).
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COG-1 KKQSRPTFTGHQIYQLERKFEQTKYLAGADRAQ
60% consensus P++PRssa*ppQlpbLEpbFppspYss pc+pc
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FIGURE 4.—Analysis of the temperature-sensitive cog-1 allele 0t221. (A) Alignment of the COG-1 homeodomain to the consensus
sequence found in >60% of homeodomains in the SMART database (http:/smart.embl-heidelberg.de/). See SMART for abbreviations
used. The Ala residue mutated to Val in the five cog-I temperature-sensitive alleles (0126, ot155, 0t200, 01220, and 0t221) is shown. Sec-
ondary structure elements are indicated according to PIPER et al. (1999). (B) Structure of HoxB1 bound to DNA (PIPER et al. 1999). The
structure was obtained from http:/www.pdb.org/pdb/explore/explore.do?structureld=1B72. The alanine residue that is mutated in
COG-1 is indicated in a ball model. (C) cog-1(0t221) animals show a temperature-sensitive Lsy phenotype as assessed with otls3
(gey-7""::gfp), otls114 (lim-6!""::gfp), and ntlsI (gey-5"""::gfp). Animals were kept at the indicated temperatures for several generations.
(D) Temperature-shift experiments with terminal differentiation markers otls3 (gey-7"""::gfp), ntlsl (gey-5"""::gfp), and otls114
(lim-6""":: gfp). All animals were scored as adults. Animals that were temperature shifted postembryonically had been staged by Clorox-
mediated extraction of eggs from gravid adults. Embryonically shifted animals were also staged by Clorox-mediated extraction of em-
bryos from gravid adults, but picked specifically at the two-cell stage. The phenotype of non-temperature-shifted animals (from C) is
shown as a black line.
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On the basis of their physical interactions in other
systems as well as genetic interaction tests, we proposed
that the COG-1 and UNC-37 proteins directly interact to
control the postmitotic adoption of terminal ASEL and
ASER fates (CHANG et al. 2003). However, a recent
analysis of maternal unc-37function in the early embryo
reveals a role for this gene in early, Notch-mediated
lineage decisions (NEVEs and Priess 2005). unc-37 acts
as a corepressor with the ref-1 family of bHLH transcrip-
tion factors downstream of Notch signaling in the early
embryo. In ref-I mutants, a second ectopic ASEL neuron
is generated from the ABara blastomere (POOLE and
HoserT 2006). To test whether the cell that ectopically
expresses ASEL fate in hypomorphic unc-37(e262) mu-
tants (CHANG el al. 2003) is caused by an early lineage
transformation in the ABara lineage or whether it is
caused by the transformation of the ABp-derived ASER
neuron into ASEL, we laser ablated the ABp blastomere
in unc-37(262) mutants. This manipulation abolished
one of the two cells that expresses ASEL fate, which in-
dicates that this cell is not derived from the ABara
blastomere and which is consistent with this cell being
ASER (data not shown). Taken together, unc-37 func-
tions independently of its early embryonic patterning
role to cause a 2 ASEL phenotype.

New class I mutants: In addition to cog-1 and unc-37
alleles, we found six recessive class I mutations that
define four novel class I complementation groups, termed
Isy-5, Isy-16, lsy-17, and Isy-22 (Table 3, supplemental
Table 2 at http: /www.genetics.org/supplemental /). Up
to two alleles per locus were identified. The penetrance
of the mutant phenotypes ranges from 35 to 100% pen-
etrant (Table 3). isy-16 and Isy-17 are fertile and viable,
while the Isy-5 and lsy-22 genes are required for viability.
The embryonic lethality of Isy-22 mutants is maternally
rescued but the Lsy phenotype is not. The most severe
allele of Ilsy-5 mutants, ot37, displays zygotic embryonic
and larval lethality. Escapers are uncoordinated (Unc)
and display a protruding vulva (Pvl) phenotype but
produce no progeny. A weaker allele of Isy-5, 0t240, is
homozygous viable but also Unc and Pvl.

We previously noted that mutations in the first two
identified class I genes, cog-1 and unc-37, failed to com-
plement each other (CHANG et al. 2003). The nonallelic
noncomplementation is likely a reflection of a direct phy-
sical interaction of COG-1 and UNC-37 proteins, which
we infer from the ability of COG-1 orthologs (Nkx6
family) to physically interact via the EH1 domain with
vertebrate UNC-37 orthologs (MUHR et al. 2001). Non-
allelic noncomplementation is, however, not a general
feature shared by class I genes. For example, Isy-5 and Isy-
16 each complement unc-37 and the new class I sy genes
show complementation among each other (supplemen-
tal Table 2 at http:/www.genetics.org/supplemental/).

Future molecular characterization and genetic epis-
tasis analysis will reveal how Isy-5, Isy-16, Isy-17, and Isy-22
fit into the known regulatory architecture of ASE fate

specification shown in Figure 1B. Given that they fall in-
to the same phenotypic category as cog-1, it is possible
that some of these genes may mediate the control of the
die-1 3'-UTR by the cog-1 gene. Our previous work in-
dicated that cog-1 may exert its effect on the die-13'-UTR
through mir-273, a miRNA that is expressed in a cog-1-
dependent manner in ASER and that is sufficient
to downregulate die-1 expression (CHANG et al. 2004;
JoHNSTON et al. 2005). However, mir-273 alleles were
not recovered from our screens, perhaps because of a
potential redundancy of mir-273 with several sequence-
related miRNAs (mir-51 through mir-56) or because
another factor (miRNA or protein) may have a more
prominent role in controlling the die-1 3'-UTR. In that
latter case, it is conceivable that the molecular identity
of Isy-5, Isy-16, Isy-17, and [sy-22 will provide a better
understanding of how cog-1 controls the die-1 3'-UTR.

Class II mutants (2 ASER neurons)

Alleles of known class II genes: We have isolated a
total of 22 recessive alleles of known class I genes (die-1,
Isy-2, ceh-36, lin-19, and Isy-6) and one gain-offunction
allele of a previously described class I gene, cog-1.

die-1: die-1 encodes a C2H2 Zn-finger transcription
factor (HEID et al. 2001). In contrast to the early em-
bryonic lethality of a die-I null mutant allele (HEID et al.
2001), all die-1 alleles that we isolated are viable and all
except one of the die-1 alleles show a 100% penetrant
Lsy phenotype (Table 3). With the exception of 0t100, a
point mutation in the first Zn finger, all other alleles
cluster at the C terminus of the protein and constitute
either nonsense or missense mutations (Figure 3). This
C-terminal region contains no recognizable sequence
motif, but missense mutations alter residues that are
conserved in three nematode species (data not shown).
Considering the viability of these alleles and their com-
pletely penetrant Lsy phenotype, it is possible that these
alleles have revealed genetically separable functions of
distinct parts of the DIE-1 protein. For example, the C
terminus of DIE-1 may interact with a cell-type-specific
cofactor in ASEL. Alternatively, all of these alleles may
simply produce less overall gene activity and the es-
sential function of die-I in the hypodermis (HEID et al.
2001) may require less gene activity than die-1 function
in the ASE neurons.

Isy-2: Isy-2 encodes a C2H2 Zn-finger transcription
factor (JounsTON and HoserT 2005). All previously
described alleles of Isy-2 cause a completely penetrant
sterility (Ste) phenotype, whose basis is currently un-
known (JoHNsTON and HoerT 2005). We have now
also recovered an allele, 0190, a splice donor mutation
(Figure 3), which displays the Lsy but not the Ste
phenotype.

cog-1: We mapped the only dominant gain-of-function
mutation retrieved in our screen, 0t123 [48% penetrant
2 ASER phenotype in heterozygous state (n = 114);
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FIGURE 5.—A gain-of-function mutation in the cog-I locus. (A) Location of the 0/123 mutation. The 0123 deletion does not
eliminate the Isy-6 complementary site but deletes a second, less strongly conserved Isy-6 complementary site that we previously
noted (JoHNsTON and HoBERT 2003) (light red shading). Further analysis of the 3’-UTR revealed that a region apart from this
second site, also contained within the ot123 deletion, appears to be required for downregulation of the 3’-UTR (D. Dip1ano and
O. HoBERT, unpublished data). (B) 3"-UTR sensor data. Each tripartite bar graph classifies gfp expression from the 3’-UTR sensor
into three categories: L > R, more gfp expression in ASEL than in ASER; L =R, gfp expression in ASEL and ASER is equal; L <R,
less gfp expression in ASEL than in ASER. As controls, we rescored the unc-54 3'-UTR control transgenic line otFx2646, described
in Dip1aNo and HoBERT (2006) (not regulated, i.e., no bias in expression in ASEL vs. ASER), and we scored a new cog-1 3-UTR
control transgenic line (ot/s185, a chromosomally integrated version of one of the previously described extrachromosomal lines in
Dip1ano and HoBERT 2006; expression is strongly biased to ASER). Only single control lines were scored since previous work
showed no variance between lines (DipiaNno and HoBerT 2006). Several independent lines (otEx3076—0tEEx3078) were tested
for the cog-1 3'-UTR"* sensor and each showed nonregulated expression compared to the unc-54 3'-UTR or any other non-

regulated 3’-UTR (DipiaNo and HoBERT 2006).

100% penetrant in homozygous state (n = 76)] to the
cog-1locus. Sequence analysis revealed a 329-bp deletion
that eliminates the last 105 bp of the cog-I 3'-UTR
(Figure 5A). The cog-13'-UTR is downregulated in ASEL
by the Isy-6 miRNA (JounsToN and HoBERT 2003) and
ectopic expression of cog-1 in ASEL transforms ASEL
into ASER (CHANG et al. 2003). A failure to downreg-
ulate endogenous cog-1 expression therefore causes the
same 2 ASER phenotype that we observe in otl23
animals (Table 3). To experimentally test whether the
3'-UTR deletion in ot123 mutants indeed causes a fail-
ure to downregulate the cog-1 3'-UTR, we employed a
previously described sensor gene strategy (JOHNSTON
and HoseRrT 2003; Dip1ano and HoBerT 2006). In this
approach the ASEL/ASER-expressed promoter of the
ceh-36 gene is fused to gfp, followed by the cog-1 3'-UTR.
This sensor construct is downregulated in ASEL and this
downregulation can be observed by assessing relative gfp
levels in ASEL vs. those in ASER (Figure 5B). Introduc-
tion of a deletion into this sensor that corresponds to
the ot123 mutation causes a failure to downregulate gfp

expression, and therefore the cog-1 3'-UTR, in ASEL
(Figure 5B). We conclude that in cog-1(ot123) animals,
ectopic expression of cog-1 in ASEL causes the cell to
adopt an ASER fate.

We note that the ot/23deletion does not delete the Isy-
6 complementary site in the cog-1 3"-UTR (Figure 5A),
which is required for cog-I downregulation ( JOHNSTON
and HoBERT 2003). As the Isy-6 complementary site is
not sufficient to confer downregulation of a 3'-UTR
(Dip1aNo and HoerT 2006), we conclude that the
ot123 mutation affects another cistegulatory or struc-
tural element of the cog-1 3'-UTR that is required for lsy-
6-mediated downregulation of cog-1.

lsy-6: We had previously described the isolation of a
single allele of the miRNA Isy-6, a deletion allele that
eliminates the complete miRNA (ot71; Figure 6A)
(JonnsTON and HoBERT 2003). Our expanded screen-
ing efforts resulted in the isolation of three more Isy-6
alleles, two point mutations (otI49 and ot150) and a
deletion allele (0t/82) that eliminates the entire Isy-6
locus (Figure 6A). All alleles are completely viable, have
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Frcure 6.—Mutant alleles of the miRNA Isy-6. (A) Location of all isy-6 alleles. The syntenic region around the Isy-6locus in three
nematode species is shown. The Isy-6 hairpin is boxed in red, and the mature miRNA is shaded red (OHLER et al. 2004). The ot71
allele (purple) was described previously, and the ot149, 0t150, and ot182alleles (green) are new. The sequence of the lsy-6locus and
the intergenic region from Isy-6 to the first predicted exon of the upstream gene is shown and point mutations are indicated. We
have not mapped the precise endpoint of 0182 as we have been unable to obtain PCR products across the lsy-6locus. The genomic
regions that we attempted to amplify by PCR are indicated at the top; all regions could be amplified from wild-type genomic DNA,
the amplicon indicated in black could also be amplified from 0182 genomic DNA lysates, while the amplicons indicated in gray
could not be amplified from ot182lysates. Corroborating the notion that ot1821is a Isy-6 allele, ot182 fails to complement lsy-6(ot71)
and maps to the Isy-6 locus. See D for more information on the gray-shaded ASE motif. (B) The ot/49 mutation disrupts the seed
region in the cog-1/Isy-6 heteroduplex and also affects base pairing in the lsy-6 hairpin precursor. (C) Functional analysis of the lsy-
6(ot150) allele. The ot150 mutation disrupts expression of a Isy-6 reporter gene fusion. Four of five lsy-6"“:: gfp lines show expres-
sion in ASEL (12-33% penetrant; see MATERIALS AND METHODS for comments on this transgene) and zero of four Isy-6"“"":: gfp
show expression in ASEL. (D) The o150 mutation affects one of the invariant positions in the ASE motif, a binding site for the Zn-
finger transcription factor CHE-1 (ETCHBERGER ¢t al. 2007). The ASE motif of Isy-6 binds CHE-1 in vitro (ETCHBERGER et al. 2007).
CHE-1 is required to induce the hybrid precursor state in the two ASE neurons during which asymmetric regulatory and terminal
differentiation factors are initially expressed in a bilaterally manner (JOHNSTON et al. 2005). The ASE motif shown here is con-
sensus build from >20 ASE expressed genes (ETCHBERGER et al. 2007).

normal brood sizes, and display no obvious pleiotropies. 1/10,000; Table 2) but as these protein-coding loci are
With a total of four alleles, the allele frequency of the Isy- also much larger than Isy-6 they are more likely to be
6locus is one in 24,000 haploid genomes. The only two targeted by a random mutagen.

other cloned genes besides Isy-6 whose null phenotype The ot149 point mutation in the Ilsy-6locusisa G > U
does not impinge on brood size, overall health, or via- substitution. The mutated G nucleotide normally par-

bility are more frequently isolated (che-1, 1/5400; fozi-1, ticipates in base pairing within the lsy-6 hairpin precursor
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TABLE 4

ceh-36 mutants show a temperature-sensitive Lsy phenotype

“2 ASER” phenotype’

15° 25°
Genotype Nature of allele” % animals n % animals n
Wild type E =iEm i 0 =100 0 100
ceh-36(0t79) B
N innm | 38 50 12 51
ceh-36(ky640) H minm [ |
? 78 50 44 75
ceh-36(ky646) HE miEE ]
f 59 54 0 56
h-36(tm251
ceh-36(tm251) [ minnm | Embryonic lethal
<>
ceh-36(ok795
eh-36( ) [ | = iEm i - Embryonic lethal
< -~

“Boxes indicate exons of the ceh-36 locus (5" to left), red filling indicates position of the homeobox. Solid
arrows indicate premature stop codons (CHANG et al. 2003; LANJUIN et al. 2003), open arrows indicate deletion

alleles (http://www.wormbase.org).

’Scored with the nilsI transgene. Worms were grown at 15° or 25° for several generations and scored as adults.
The original scoring of 079 mutants, grown at 20° and reported by Chang et al. is shown in Table 3. Ectopic ex-
pression of the ntls] marker in ASEL of ceh-36 mutants is often much dimmer than normal expression in ASER.

(Figure 6B, top) and in base pairing between the mature
lsy-6 miRNA with its complementary sequence in the
cog-13"-UTR (Figure 6B, bottom).

In contrast to the other Isy-6 alleles, the Isy-6(0t150)
allele is only weakly penetrant (Table 3) and, like the
ot149 and ot182 alleles, was identified as a lsy-6 allele by
noncomplementation with the lsy-6 reference allele 0t71
(data not shown). Isy-6(ot150) animals harbora C — T
mutation ~100 nucleotides upstream of the predicted
lsy-6 hairpin structure (Figure 6A). We considered the
possibility that the mutation might affect a cisregulatory
element required for lsy-6 expression. Consistent with
such a possibility, the alignment of the Isy-6 upstream
region in C. elegans, C. briggsae, and C. remanei reveals
that the ot150 allele lies in a conserved patch of nucle-
otides, consistent with this region being functionally rel-
evant (Figure 6A). To test the functional relevance of
this region experimentally, we introduced this mutation
into a reporter gene construct that monitors expression
of Isy-6in the ASEL neuron. The introduction of this mu-
tation completely abolishes expression of the reporter
in ASEL (Figure 6C). The ot150 mutation therefore in-
deed disrupts a cistegulatory element required for lsy-6
expression.

A recent analysis of cistegulatory elements of genes
expressed in ASE identified a cistegulatory element,
termed the ASE motif, that is required for expression
of genes in ASE and constitutes a binding site for the
Zn-finger transcription factor CHE-1 (ETCHBERGER ¢t al.

2007). The ot150 mutation affects one of the invariant
positions of the ASE motif (Figure 6D).

ceh-36 and lin-49: Notably, we did not recover addi-
tional alleles of the previously described lin-49and ceh-36
genes, two transcription factors required for expression
of the ASEL fate (CHANG et al. 2003), even though we
have screened ~10 times as many haploid genomes as in
the previously described smaller-scale screens. Since
our original publication of the only ceh-36 allele that
resulted from our initial screen, 0t79 [a premature stop
codon very late in the coding sequence (CHANG et al.
2003)], two additional, also completely viable alleles of
ceh-36, ky640, and ky646, have become available (LANjUIN
etal. 2003). Both ky640animals and ot79mutant animals
harbor a premature stop codon late in the gene, and
each allele displays a partially penetrant class II (2
ASER) phenotype (CHANG et al. 2003; LANJUIN el al.
2003). In contrast, the ky646 allele, which harbors a
premature stop codon at the beginning of the homeo-
box, was reported to display a much weaker Lsy pheno-
type (LANJUIN et al. 2003). To exclude that this surprising
result is not caused by different scoring criteria or
conditions in different laboratories, we compared adult
mutant animals side-by-side at carefully controlled tem-
peratures. We observed that all alleles display a previously
unnoted strong temperature sensitivity with a much
stronger phenotype at 15°, compared to 25° (Table 4).
This is particularly evident for ky646 animals, which
display no phenotype at 25°, but a >50% penetrant
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phenotype at 15°. This observation suggests that ky646, in
spite of its premature stop codon, may not be anull allele.
Indeed, two ceh-36 deletion alleles, independently iso-
lated by two different knockout consortia, display embry-
onic lethality (http:/www.wormbase.org), which likely
represents the true null phenotype of the gene. Such a
phenotype is consistent with an early embryonic expres-
sion of ceh-36 at epidermal closure (data not shown).
Moreover, RNAI of ceh-37, a closely related paralog of ceh-
36 (LANJUIN et al. 2003), shows no effect on viability or
ASE laterality in a wild-type background, but causes em-
bryonic lethality if done in a viable ceh-36(ky646) mutant
background (data not shown). Taken together, the cold
sensitivity and early embryonic pleiotropy of ceh-36 gene
function may decrease the frequency of allele recovery in
our screens, which were mainly conducted at 25°. Pleio-
tropies that affect the viability of strong lin-49 loss-of-
function alleles (CHAMBERLIN and THoMAS 2000; CHANG
et al. 2003) may also explain the low recovery rate of lin-49
mutants.

New class II mutants: We recovered nine class II
mutant alleles that define four novel class II genes, Isy-
12, Isy-14, lsy-15, and lsy-19 (Table 3, supplemental Table
2 at http:/www.genetics.org/supplemental/). All five
loci are recessive, viable, and defined by one to five
alleles, ranging in penetrance from 50 to 100% (Table
3). One viable mutant, Isy-12(0t86), has the unique pro-
perty of being maternally rescued as revealed by scoring
the homozygous progeny of heterozygous parents. An
egg-laying-defective (Egl) phenotype associated with lsy-
12is not maternally rescued.

Future molecular characterization and genetic epis-
tasis analysis will reveal how lsy-12, Isy-14, Isy-15, and Isy-19
fit into the known regulatory architecture of ASE fate
specification (Figure 1B). As these genes show similar
phenotypes to the Isy-6 miRNA, it is conceivable that
one of these loci may be a miRNA-specific cofactor of
lsy-6 activity that may provide a better understanding of
miRNA function. Such cofactors are beginning to emerge
from other systems (NOLDE et al. 2007). As expected, we
have not retrieved generic miRNA processing enzymes,
such as Dicer, due to early development pleiotropies
associated with loss of these genes (GRISHOK et al. 2001).
As is the case for novel class I genes, the novel class II
genes described here may also act far outside the bistable
feedback loop to provide a link between the early em-
bryonic Notch induction and the bistable feedback
loop (? in Figure 1B). An early embryonic function is a
particularly attractive possibility for Isy-12, which appears
to be contributed maternally.

Class III mutants (no ASEL/R differentiation)

All class III mutants that we identified define a single
complementation group on chromosome I, che-1 (Fig-
ure 3; Table 3), which codes for a Zn-finger transcription
factor (CHANG et al. 2003; UcHIDA et al. 2003). We have

identified a total of 22 che-1 alleles, which include splice
site, missense, and nonsense mutations in the coding
region of the gene (Figure 3). All of the nonsense mu-
tations are located before the C-terminal Zn-finger
domains. All of the amino acid-changing missense mu-
tations reside in three of the four Zn-finger domains
(Zn-finger 2, 3, and 4). We have recently shown that Zn-
finger 3 and 4, but not Zn-finger 1 and 2, are involved
in binding of CHE-1 to the ASE motif of the gcy-5 gene
(ETCHBERGER el al. 2007) . The ASE motifis a cisregulatory
element that is present in many ASE-expressed promoters
(ETCHBERGER et al. 2007). The apparent requirement of
Zn-finger 2 for ASE development, revealed by our genetic
analysis, suggests that CHE-1 may show a differential
domain requirement for binding to different ASE motifs.

The loss of genes that control the tightly regulated
expression of che-1in ASE (CHANG et al. 2003; UcHIDA
et al. 2003) would be expected to yield a class III mutant
phenotype, yet no class Il mutants other than che-1 were
found. We presume that either those upstream regu-
lators have pleiotropies that prevented their retrieval
(e.g., essential functions in early embryonic develop-
ment) or a redundant set of regulatory factors may
control che-1 expression.

Class IV mutants (mixed fate of ASEL or ASER
neurons)

Alleles of known class IV genes: We have previously
identified two genes with a class IV “mixed” phenotype,
the LIM homeobox gene lim-6 and the C2H2 Zn-finger
factor fozi-1 (HOBERT et al. 1999; JOHNSTON et al. 2006).
In lim-6 mutants, ASER fate is ectopically expressed in
ASEL without the concomitant complete loss of ASEL
fate, while in fozi-I mutants, ASEL fate markers are
ectopically expressed in ASER without the concomitant
loss of ASER fate markers (schematically shown in Figure
1A). Our extended screening efforts have retrieved 11
additional alleles of fozi-1, many of them premature stop
codons (Table 3; Figure 3). Two missense mutations
map into the first Zn-finger domain, thereby corrobo-
rating its previously reported importance in fozi-I func-
tion (JOHNSTON el al. 2006). No missense mutations
in the FH2 domain were identified, corroborating our
previous conclusion that the FH2 domain is not essen-
tial for fozi-1 function (JOHNSTON et al. 2006). The ot191
and the ot61 allele, both nonsense mutations in the FH2
domain, may destabilize the mRNA and/or protein.
Animals that carry the ot191] allele show a more pene-
trant phenotype in adult compared to larval stages (data
not shown), suggesting that fozi-I may be continuously
required to maintain ASER fate.

We have notisolated any alleles of the LIM homeobox
gene lim-6, a previously known class IV gene. This gene
was the first regulatory gene to be implicated in ASE
laterality, on the basis of the analysis of a single, reverse-
genetically engineered deletion allele, nr2073, which
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TABLE 5

ASE cell fate in cell death mutants

% animals expressing ASEL fate marker (otls114)

-~ -
VY .I A
~s N ~7

—_ -
[

A

badAd Nucleotide

Gene Allele . O . O O O n change Sequence context”

Wild type 100 0 0 >100

ced-3 n717 5 95 0 40
otl15 10 90 0 52 G>A GTT TCG TGA AGA AAC
ot138 20 80 0 56 T>G AGT GAT AAG GGA GAT
otl161 5 95 0 58 C>T GTG CAG GTT TGT CGA
ot164 8 92 0 54 G>A CCAGAT Cataggtttttaa
ot179 10 90 0 67 C>T CGC CTG TTC AAA AAG
ot187 31 69 0 55 C>T CGC CTG TTC AAA AAG
0t204 11 89 0 62 G>A GTT TCG TGA AGA AAC
ot211 22 78 0 63 G>A GGC GAA CAT CGT GAC
ot212 16 84 0 51 C>T CCG AGC TAA GCT GAC
01222 32 68 0 53 G>A ACA CAC ACA AAG GAT
0t239 58 42 0 62 C>T CTA TCA TAC GGA GAA
ot251 15 85 0 52 C>T CGC CTG TTC AAA AAG

ced-4 nll62° 5 96 0 45
ot188 34 66 0 53 G>A CGA GCT GAA TCC GGA
01227 33 67 0 54 C>T GCT GGA TTC GGA AAA
01228 12 88 0 57 C>T GGA AAA TGA ATG CCC
01238 44 57 0 71  No mutation in coding region’
01248 13 87 0 60 C>T tcag ATG TTC TGC GAA

% animals expressing ASER fate marker (nt/sI)
t\"l‘.) l\). '\1\'\/\

Gene Allele O . O . O O n

Wild type 100 0 0 >100

ced-3 n717 5 95 0 50

ced-4 nll62" 4.5 95.5 0 50

All animals were scored at 25°. Circles indicate ASEL and ASER, and dashed circles indicate ASEL/R sisters
that are fated to die. Gray shading indicates gfp expression.

“Reference allele.

’Spaces indicate codons, boldface type indicates mutation, uppercase letters indicate coding sequences, and
lowercase letters indicate intronic sequence. See Figure 3 for amino acid change.
‘Evidence for being ced-# is noncomplementation with reference allele and linkage to the ced-# locus.

eliminates the complete DNA-binding domain of lim-6
(HOBERT et al. 1999). lim-6(nr2073) mutants show only
partially penetrant and expressive effects on the expres-
sion of the gfp markers that we used for screening
(JonnsToN et al. 2005, 2006), thereby providing a pos-
sible explanation for our failure to retrieve lim-6 alleles.
New class IV mutants: We have identified three novel
class IV mutant loci, Isy-18, Isy-20, and lsy-26 (Table 3).
The mutant phenotypes of both lsy-20 and [sy-26 are
defined by the ectopic expression of the ASER marker
gey-5in ASEL. In contrast to class Il mutants, the ectopic
expression of the ASER marker is not accompanied by a
loss of expression of the ASEL fate marker (Table 3).
The ASEL neuron therefore displays a mixed fate, char-
acterized by coexpression of ASEL and ASER fate mark-
ers. This phenotype is similar to that of lim-6(nr2073)
mutants (HOBERT et al. 1999). lim-6 has distinct func-

tions in different neuron types (HOBERT et al. 1999). Itis
conceivable that Isy-20 and Isy-26 are transcription fac-
tors that may act together with lim-6 to determine its
ASE-specific function in controlling gcy and flp gene
expression patterns in ASEL (Figure 1B). Neither Isy-20
nor lsy-26 share the Egl phenotype of lim-6 that is caused
byloss of lim-6function in the uterus (HOBERT ¢Z al. 1999).

In contrast to Isy-20 and Isy-26, Isy-18 displays a fozi-1-
like mixed phenotype in which ASEL fate is derepressed
in ASER without a concomitant loss of the ASER fate
marker gey-5. Like in fozi-]1 mutants (JOHNSTON et al.
2006), the derepression of ASEL fate in ASER is fully
penetrant (100% of animals show derepression of lim-
o :: gfpin ASER) but only partially expressive (levels of
ectopic gfp expression in ASER vary and often do not
reach the level of expression normally seen in ASEL).
Isy-18 may act together with fozi-I to distinguish between
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TABLE 6

Regulation of ASE fate markers by the ion channels fax-2 and tax-4

Ectopic ASEL marker

Ectopic ASEL marker Ectopic ASER marker

ll'm_6 prom N :g‘l) gcy_ 7 prom N :g‘l) gcy_jlﬂ'l’)?ﬂ N :g‘p
Genotype % animals n % animals n % animals n
Wild type 0 >100 0 >100 0 >100
tax-4 p678° 86 22 0 56 0 40
ot35 100 35 ND ND
tax-2 p69I 48 48 0 90 0 23
ot25 72 53 ND ND

All worms were grown at 20° and scored as adults. ND, not determined.

“Early stop and putative null (KoMATsU et al. 1996).

’ Missense mutation with most severe behavioral phenotype (COBURN and BARGMANN 1996).

the roles of fozi-I in neuronal and mesodermal cell
specification (JOHNSTON et al. 2006; AMIN et al. 2007).

Class V mutants (heterogeneous phenotype)

We recovered five alleles with novel phenotypes. Four
of these alleles define a new complementation group on
chromosome IV, termed [sy-9, which displays a hetero-
geneous phenotype. Within a population of mutant
animals, a spectrum of phenotypes is observed, includ-
ing the loss of the ASEL marker lim-6, ectopic expres-
sion of lim-6 in ASER, and, surprisingly, exclusive
expression of lim-6 in ASER (Figure 2B; Table 3). The
ASER fate marker gey-5 is frequently lost, but never
ectopically expressed in ASEL (Table 3).

One allele, 0t147, defines a new locus on chromosome
II, Isy-21, which displays another type of a heteroge-
neous phenotype that varies within a population. Some
animals lose expression of the ASEL marker lim-6 in
ASEL while a subset of these animals also lose expres-
sion of the bilateral ASEL/R marker ceh-36 in ASEL but
not in ASER (data not shown), indicating a partial loss
of ASE cell fate.

At this pointitis difficult to speculate on the potential
role of class V genes. It is conceivable that these mixed
phenotypes reflect a reduced but not completely elim-
inated gene dosage. The characterization of null phe-
notypes of these loci will eventually resolve this issue.

Class VI mutants (ectopic ASEL/R fate)

We identified a substantial number of mutants that
display normal L/R asymmetric expression of the ASE
fate markers in the ASE neurons, but ectopic expression
of ASEL or ASER markers in cells other than ASEL or
ASER (Figure 2C). In spite of the normal ASEL/R
laterality, we still refer to this phenotype as a Lsy phe-
notype as the mutants were isolated with gfp markers
that monitor ASEL/R laterality.

Cell death mutants: The sisters of ASEL and ASER
normally undergo programmed cell death (SuLsToN

et al. 1983). We retrieved a substantial number of alleles
of previously known regulators of cell death, namely 12
alleles of ced-3 and b alleles of ced-4 (YUAN et al. 1993;
SHAaHAM and HorvriTz 1996; Figure 3). All alleles display
ectopic expression of ASEL fate markers in the undead
sister of ASEL (Figure 2; Table 5). Similarly, undead
ASER sisters execute the ASER fate (Table 5). Although
we found that a reference loss-of-function allele of the
cell death gene egl-1 also causes a class VI phenotype (data
not shown), we did not retrieve egl-I alleles, possibly
because the locus is very small (CONRADT and HOrvITZ
1998). Undead cells have previously been shown to
execute the fate of their lineal sisters (e.g., AVERY and
HorviTz 1987; GUENTHER and GARRIGA 1996). In the
case of the ASE neurons, the observation that the un-
dead ASEL or ASER sister cell expresses the appropriate
fate [rather than being “stuck” in the bilateral ASE pre-
cursor state (JOHNSTON et al. 2005)] provides a further
argument for left/right asymmetric fate being pro-
grammed into the ASEL and ASER lineage before the
ASE neurons are generated (PooLE and HOBERT 2006).
Also, it argues that the cleavage plane of the last cell
division generating the ASE neurons has no impact on
the adoption of ASE fate (i.e., both the anterior and the
posterior daughter of the ASE mother cell can adopt the
ASE fate).

Ion channel mutants: Two mutant alleles displayed
normal expression of lim-6 in ASEL, but also ectopic
expression in a pair of bilaterally symmetric sensory
neurons located anteriorly to ASE, the AFD thermosen-
sory neurons (Figure 2C; Table 6). Mapping and com-
plementation tests revealed that these mutations affect
the two subunits of a previously identified, AFD-expressed
cyclic nucleotide gated ion channel, tax-2and tax-4 (Figure
3, Table 6) (CoBURN and BARGMANN 1996; KomaTsU
et al. 1996) . Unlike previously described tax-2alleles, tax-
2(o0t25) appears to be a clear molecular null allele (early
stop codon; Figure 3). Similar defects in the expression
of the ASEL fate marker lim-6 can be observed using
previously described reference alleles of tax-2 and tax-4
(Table 6). Ectopic expression of ASE fate in AFD is
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TABLE 7

The ABp blastomere generates ectopic ASER neurons in Isy-25 mutants

% animals with number of gfp-positive cells equaling”

Genotype Cell fate marker” Laser ablation 0 1 2 3 n
Wild type®  ASER marker ~ Mock ablated 2 98 0 0 64
ABp ablated 95 5 0 0 22

ASEL marker  Mock ablated 0 55 45 0 22

ABp ablated 21 75 4 0 24

Isy-25(0t97)  ASER marker = Mock ablated 37 44 19 0 43
ABp ablated 100 0 0 0 9

ASEL marker ~ Mock ablated 47 6 47 0 17

ABp ablated 100 0 0 0 7

“ASER marker, ntlsl (gey-5"""::gfp); ASEL marker, otls3 (gcy-7""::gfp).
’ At this pointitis unclear whether the zero gfp-expressing cell category indicates that ASE is formed, but does
not express the respective marker or whether the embryo has died prior to the generation of ASE. In all cases,

the embryos were allowed to develop for 12-15 hr.

“These data are taken from PooLe and HoserT (2006) and shown for comparison only.

restricted to the lim-6 gene. Neither the ASEL marker
goy-7, nor the ASER marker gey-5, nor the bilateral ASEL/
R marker ceh-36 display any expression defects in tax-2/
tax-4 mutants (Table 6 and data not shown).

Loss of tax-2/tax-4was previously shown to affect gene
expression of a putative olfactory receptor in the ASI
and AWC neurons (TROEMEL et al. 1999; PECKOL et al.
2001); an effect of these channels on the regulation of
gene expression is therefore not unprecedented. How-
ever, in contrast to the previously described case, the
expression of lim-6 in AFD is not controlled by the
calcium-dependent UNC-43 kinase since neither gain-
nor loss-of-function mutations in the unc-43 gene affect
lim-6 expression (CHANG et al. 2003).

New mutants: We identified mutations in two genes
on LGII and LGX, termed Isy-23 and Isy-24, that show
normal ASEL/R laterally but display ectopic lim-6""":: gfp
expression in the AVL motor neuron (Figure 2C). As is
the case for tax-2/tax-4, the ectopic expression is observed
only with the lim-6 fate marker and not with the alter-
native ASEL marker gey-7""::gfp (data not shown).

We isolated a single allele of a gene on LGIV, termed
lsy-25(0t97), which displays a completely penetrant em-
bryonic lethal phenotype that is maternally rescued.
Homozygous lsy-25 embryos derived from a heterozy-
gous mother show no aberrant ASEL/R specification,
but the unviable offspring of these animals show up to
two gey-5""":: gfp-expressing cells (wild-type animals at
similar embryonic stages of development always show
only one gey-5"":: gfp-expressing cell) and up to two gey-
7 gfp-expressing cells [two is normal for wild-type
animals as mature ASEL markers label both ASE neurons
in the embryo (PooLE and HOBERT 2006)] (Table 7). The
apparent 2 ASER phenotype of this mutant is, however,
not caused by a transformation of ASEL into ASER (as in
class I mutants), but caused by a lineage transformation
within the ABp lineage. In wild-type animals, the ASER
neuron is generated from ABp and the ASEL neuron

from ABa. ABa ablation in wild-type animals therefore
eliminates ASEL. and ABp ablation eliminates ASER
(Table 7) (PooLE and HOBERT 2006). In Isy-25(0t97)
animals, the ablation of ABp eliminates both gey-5"":: gfp-
expressing cells (Table 7). As ASEL is derived from ABa,
the ectopic gey-5""::gfp cell can therefore not be an
ASEL > ASER transformed neuron, but is rather a de-
scendant of the ABp lineage that normally produces
ASER.

lsy-25(0t97) animals not only generate an additional
ASER cell from the ABp lineage, but also lack the nor-
mally ABa-derived ASEL neuron. We derived this notion
from laser ablation of ABp in Isy-25(0t97) animals ex-
pressing gey-7"":: gfp, which normally marks both ASEL
and ASER in embryos. ABp ablation completely elimi-
nates gey-7""":: gfp expression. We conclude that in lsy-
25(0t97), the ABa lineage fails to produce an ASEL
neuron, while a lineage transformation in ABp gener-
ates an ectopic ASE lineage that expresses the ASER
fate. We therefore classify lsy-25 as a class VI mutant.

Saturation of the screens

Having determined the number of complementation
groups recovered by our screens, we considered the
degree of saturation of our genetic screens. Hints about
saturation are contrasting: On the one hand, (a) 13 nucleo-
tide positions in six different loci have been hit multiple
times (one even five times; summarized in supplemental
Table 3 at http:/www.genetics.org/supplemental/), (b)
multiple alleles of the small miRNA Isy-6 have been
retrieved, (c) several loci are represented by >10 alleles
(Figure 7), and (d) viable hypomorphic alleles of es-
sential genes (e.g., die-1, lin-49, Isy-5) have been isolated.
On the other hand, eight loci are represented only by
single alleles (Figure 7). These eight single-allele loci do
not reside within a particular class (Table 2, Figure 7),
indicating that alleles of any one class are not harder to
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FIGURE 7.—Saturation of the genetic screen. Distribution
of number of complementation groups against the number
of mutants isolated per locus is shown. We did not include
class VI genes in the analysis as these do not disrupt the de-
velopmental program in ASEL or ASER.

uncover than others. Genes defined by single alleles
may have pleiotropic functions and these single alleles
may be rare alleles that do not provide enough activity
for their function in ASE development but do provide
enough activity for other functions.

To analyze the degree of saturation in a more quan-
titative manner, we utilized a method introduced by
Porrock and LARKIN (2004) that calculates the maxi-
mum-likelihood estimates of the number of alleles that
remain to be found. The algorithm attempts to fit the
given data (number of alleles vs. number of loci) to
various models that describe a different probability of
discovering mutants across the genome. The model that
fits our allele distribution the best predicts a 74% satu-
ration of our screen (supplemental Table 3 at http://
www.genetics.org/supplemental/), indicating that up
to 12 class I-class V loci in addition to the currently
known 23 class I-class V loci (Table 2) remain to be
identified. We caution that this is only a rough estimate
that does not take into account 34 mutants with a <10%
penetrant mutant phenotype. Future analysis of these
mutants may increase allele coverage for several loci,
thereby causing a different saturation estimate.

Conclusions

One approach to understanding how cellular diver-
sity in the nervous system is genetically encoded is to
employ genetically amenable model systems to screen
for mutants in which developmental programs in the
nervous system are disrupted. This endeavor has been
substantially aided by the introduction of reporter gene
technology that allows the visualization of the differen-
tiation program of neurons on a single-cell level in live
animals (CHALFIE et al. 1994). We have made use of gfp
reporter gene technology to dissect the genetic pro-

gram of a single-neuron class-specific fate decision at
unprecedented genetic depth. In light of an average al-
lele frequency of 1/2000 haploid genomes (ANDERSON
1995), our screening through ~120,000 mutagenized
haploid genomes provides a broad catalog of genes that
govern ASE cell fate specification. Our screens also re-
covered informative alleles of previously known genes,
such as a conditional cog-1 allele that allowed us to dem-
onstrate that a previously described bistable feedback
loop is required to initiate but not to maintain terminal
fates. This is an unexpected finding in light of the per-
sistent expression of bistable loop components through-
out the life of the animal. The retrieval of hypomorphic
alleles of essential genes further illustrates the advan-
tage of genetic screens over genomewide knockout
approaches that would not have revealed functions of
several genes due to early pleiotropies. Apart from the
previously known 10 loci that control ASE specification,
we have identified 16 novel loci and estimate that
another 12 loci remain to be identified. We expect that
the molecular characterization of all these loci will con-
tinue to provide insights into the architecture of gene
regulatory networks that induce and maintain neuronal
cell fate decisions.
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