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ABSTRACT

A spontaneous mutation affecting locomotion of the nematode Caenorhabditis elegans has been mapped
to a new gene, unc-119. Phenotypic characterization of the mutants suggests the defect does not lie in
the musculature and that the animals also have defects in feeding behavior and chemosensation. unc-
119 has been physically mapped relative to a previously identified chromosomal break in linkage group
111, and DNA clones covering the region can rescue the mutant phenotype in transgenic animals. Three
more alleles at the locus, with identical phenotypes, have been induced and characterized, all of which
are putative null alleles. The predicted UNC-119 protein has no significant similarity to other known
proteins. Expression of an unc-119/lacZ fusion in transgenic animals is seen in many neurons, suggesting
that the unc-119 mutant phenotype is due to a defect in the nervous system.

S foreseen by BRENNER over 20 years ago (BRENNER
1974), the free-living nematode Caenorhabdiiis ele-
gans is an ideal system in which to study the develop-
ment of a complete nervous system. Development in
C. elegans follows a nearly invariant lineage, and the
locations and patterns of connectivity of neurons are
similar in every animal. Of the approximately 1000 so-
matic nuclei in the adult hermaphrodite, 37% comprise
the nervous system (CHALFIE and WHITE 1988), includ-
ing 302 neurons. Serial-section electron micrograph re-
constructions have allowed the exact placement of each
neuron cell body and axonal projections (WHITE et al.
1986). C. elegans has two independent nervous systems:
feeding is controlled by the pharyngeal nervous system
(ALBERTSON and THOMSON 1976), while movement and
behavior are controlled by the somatic nervous system
(WHITE et al. 1986). Since C. elegans is capable of self-
fertilization, animals do not need to move in order to
reproduce. These properties, coupled with the ease of
C. elegans genetic manipulation (BRENNER 1974), have
led to the identification of over 100 genes involved in
the development of the muscle and nervous systems
(Woopb 1988).

Over 30 different genes required for normal muscle
position, structure or function have been identified
(ANDERSON 1989), many of which confer an “Unc”
mutant phenotype (for uncoordinated). Mutations in
genes affecting the nervous system often have a more
subtle Unc phenotype, affecting only a small subset of
behaviors, such as response to gentle touch, sensitivity
to volatile attractants, contractile ability of certain sets
of body muscles and constitutivity of (normally) regu-
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lated behavior such as feeding or defecation. To date,
several of these have been cloned and characterized,
including kinesin homologues (HALL and HEDGEGOCK
1991), clathrin-associated proteins (LEE et al. 1994), and
cell adhesion and membrane proteins involved in nerve
axon guidance and pathfinding (HEDGECOCK ¢t al
1990; IsHII et al. 1992; LEUNG-HAGESTEIIN ¢t al. 1992;
ROGALSKI ef al. 1993). In some cases, human homo-
logues have recently been identified for gene products
previously known only in the C. elegans nervous system
(HOSONO et al. 1992; HATA ef al. 1993).

In this article, we report the identification of a new
gene, unc-119, whose defect is likely neuronal based on
both indirect and direct evidence. Animals homozygous
for putative null alleles display many abnormalities in
neuron-mediated behaviors; examination of muscle
shows normal ultrastructure; and expression of a re-
porter gene fused to unc-119shows expression in differ-
ent types of neurons. It is likely, therefore, that the unc-
119 gene product is required for the establishment or
function of the nervous system. The predicted UNC-119
protein shows no significant similarity to other known
proteins except for another C. elegans gene, of unknown
function, suggesting that there may be a family of simi-
lar proteins involved in the nervous system.

MATERIALS AND METHODS

Strains and genetics: Growth, maintenance and manipula-
tion of strains was performed as described (Woob 1988). All
strains were obtained from the stock collection of the MRC
Laboratory of Molecular Biology, Cambridge, UK (with the
help of J. HODGKIN), with the exception of dpy-28(yl) IIl and
daf-11(m47ts) V, which were obtained from the Caenorhabditis
Genetics Center; RW7097 [mut-6(st702) unc-22(st192st527)
IV], which was a gift from B. WiLL1AMS; and DA438 [bli-4(¢937)
I, 10l-6(e187) II, daf-2(e1368) vab-7(e1562) III, unc-31(e928) IV:
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dpy-11(e224) V; lon-2(e678) X|, which was a gift from L. AVERY
(AVERY 1993).

Generation of unc-119alleles: The initial une-119mutation,
€2498, arose spontaneously in the progeny of a hybrid be-
tween two C. elegans strains, Bristol (N2) and Bergerac (BO)
(PILGRIM 1993). unc-119(ed3) and unc-119(ed4) were isolated
in the F, generation of 1500 tDf2 +/+ dpy-18(e499) hermaph-
rodites mutagenized in 100 mm EMS (Sigma). unc-119(ed9)
was isolated in a similar screen. The revertant DP41 [unc-
119(e2498ed5)] arose spontancously from a strain carrying
both 2498 and mut-6(st702).

Mapping of unc-119: unc-119 was initially mapped to chro-
mosome I using the mapping strain DA438. Crosses with
daf-7, unc-64, dpy-1 and lon-I placed unc-119 on the right half
of chromosome III, between lon-1 and unc-64. unc-119 comple-
ments other Unc genes in this region including unc-25, unc-
32, unc-47, unc-49, unc-71 and unc-81.

(1) unc-119 maps very close to vab-7. Dpy non-Vab and Vab
non-Dpy self-progeny were selected from a hermaphrodite
of genotype vab-7(e1562) dpy-18(e499) +/+ + unc-119. These
recombinant progeny fell into the following classes: vab-7 dpy-
18/+ dpy-18 (0 animals); vab-7 dpy-18 +/ + dpy-18 unc-119 (31
animals); vab-7 dpy- 18/vab-7 + (35 animals); and vab-7 dpy-
18 +/vab-7 + unc-119 (0 animals). Sma non-Vab self-progeny
were selected from a hermaphrodite of genotype sma-2(e502)
vab-7(e1562) +/+ + unc-119(2498). The progeny consisted
of sma-2 vab-7 + / sma-2 + unc-119 (14 animals) and sma-2 vab-
7/ sma-2 + (0 animals).

(2) unc-119is deleted by tDf2. unc-119(e2498) heterozygous
males were crossed to hermaphrodites of genotype tDf2 +/
+ dpy-18(e499). Unc non-Dpy progeny were seen in the F,
brood.

(8) unc-119 maps to the break between eDf2 and eDp6, as
neither rearrangement complements unc-119. unc-119(e2498)
dpy- 18(e499) heterozygous males were crossed to hermaphro-
dites of strain CB1517 [eDf2; eDp6]. Wild-type progeny were
recovered in the Fy, but none carried the unc-119 dpy-18 chro-
mosome, as judged by progeny testing, suggesting that neither
eDf2 nor eDp6 complement unc-119. Unc-non-Dpy animals
were recovered among the F, outcross progeny, and shown
to carry eDf2; eDp6 and the unc-119 dpy-18 chromosome by
progeny testing. The chromosomal break that led to the pro-
duction of eDf2 and eDp6 maps just to the left of vab-7 (HODG-
KIN 1980), which places unc-119 at this position.

Construction of unc-119(e2498); daf-7(el1372ts) and unc-
119(e2498); daf-11(m47ts) double mutants: Heterozygous
unc/+ males were crossed to adult daf hermaphrodites and
placed at 25° after mating. F, animals were selfed at 25° and
dauer progeny (scored by morphology) were picked from the
F, brood to recover and self-fertilize at 15°. Unc animals were
then picked from the F; brood. Verification of the double
mutant genotype was made by crossing to wild type and check-
ing the F, segregation proportions.

Phenotypic analysis: Pharyngeal pumping, egg retention
and locomotion were scored as in SEGALAT ef al . (1995), with
modifications. Locomotion was scored as complete sinusoidal
waves per minute in liquid by adding 20 ul M9 buffer to a
plate of worms and observing the motion under a dissecting
microscope. To score egg retention, well-fed adult hermaph-
rodites were observed using differential interference contrast
(DIC) optics. Pharyngeal pumping was scored by observing
contractions of the terminal bulb of the pharynx for 1 min
and then transferring the same animals to an unseeded plate.
The animals were rescored after 5 min and then returned to
a seeded plate to verify that pumping resumed to ““on food”
levels. For the transgenic strains wunc-119e2498); edEx31
[pDP#MMO16], unc-119(ed3); edEx32 [pDP#MMO051], and unc-
119(ed4); edEx33 [pDP#MMO19], the array is extrachromo-
somal, with some meiotic and mitotic loss, and animals with

the best visible locomotion were chosen for scoring of all
traits, to assure at least partial inheritance of the transgenic
array. At least 10 animals were scored for each trait.

Ability to form dauer larvae was initially measured by de-
termining resistance to SDS in starved cultures at 25° (Cas-
sADA and RUSSELL 1975). Plates on which animals had de-
pleted the supply of bacteria were left for 4 days. At least 5000
worms per plate were collected, incubated in 2% SDS (in M9)
for 2 hr at 25°, rinsed and dropped onto an unseeded plate.
The ability to form dauers was scored as positive if surviving
animals were seen. In all such cases, there were at least 50
survivors per original plate, and they had an appearance and
behavior characteristic of dauer larvae. When fed bacteria,
most of these animals recovered to form adults (at 15° in the
case of unc-119; daf-7). Plates of strains that were unable to
form SDS-resistant larvae also lacked animals with characteris-
tic dauer morphology.

Molecular analysis: Genomic DNA was prepared as de-
scribed (PILGRIM 1993). The NZAP cDNA library was a gift
from B. BARSTEAD (BARSTEAD and WATERSTON 1989). Screen-
ing of the library and in vivo excision was performed as de-
scribed by the manufacturer (Stratagene). Cosmids and yeast
artificial chromosomes (YACs) from the physical map of C.
elegans were obtained from A. COULSON. A clone containing
the C. elegans transposable element Tcl was a gift from L.
HARRiS. The yeast strain N123 was obtained from R. C. vON
BORSTEL.

Gel electrophoresis and Southern blotting was performed
as described (PILGRIM 1993). All cloning, unless otherwise
stated, was performed in pBluescript II KS— (Stratagene)
grown in Escherichia coli XL1-B. Manipulation of DNA was
performed as described (SAMBROOK et al. 1989). All sequenc-
ing was done on single-stranded templates as described in the
USB Sequenase 2.0 kit (United States Biochemicals).

The lacZ fusion construct was made using the vector
pPD22.04 (FIRE ef al. 1990). A 3.6 -kbp HindIII-Psil fragment
was purified from pDP#MMO16 (see Figure 7) and ligated
to similarly digested pPD22.04 to produce the unc-119::lacZ
fusion plasmid. The fusion is predicted to contain the first
101 amino acids of UNC-119.

PCR was performed using the primers MMAL1 (5"-AGTCGG-
CCTTATTGTGCATTAC-3") and MMA2 (5-AAATTGCATG-
CCAGCACCGGTC-3'), on ~100 ng of genomic DNA of al-
leles ed3, ed4, ed9 and e2498ed5 in a 25 pl volume on a
Stratagene Robocycler 40 using the following conditions: one
cycle (95° 60 sec; 61°, 90 sec; 73°, 180 sec) and 29 cycles (93°,
75 sec; 61°, 75 sec; 73°, 135 sec). PCR products were purified,
digested with Nkel and Ssi, and subcloned into pBluescript
II SK— and KS— (Stratagene) that had been digested with
Xbal and Ssil (all enzymes BRL). Single strands were packaged
prior to sequencing. Two independent PCR products were
subcloned and sequenced in each case.

RACE (Rapid Amplification of cDNA Ends; FROHMAN et
al. 1988) was performed using a 5" RACE System kit (BRL)
according to the manufacturer’s instructions. The primer
used for first strand synthesis was MMA1 (sequence shown
above) and the nested primer used was MMA5 (5'-GGAGCA-
TAGGAATTCTTGAGTGATTCC-3'; the underlined base indi-
cates a single mismatch that introduces an EcoRI site). The
initial RACE product was reamplified using DHA16 (5'-TAC-
TAGGCCACGCGTCGACTAGTA-3'; this primer contains part
of the sequence found in the UAP primer supplied with the
kit) and MMAS5. The single 300-bp product was purified, di-
gested with EcoRl (BRL) and Sall (Pharmacia), and cloned
into similarly digested pBluescript II SK— for sequencing.
Multiple clones of two independent products were sequenced.

Worm and yeast plugs were prepared and handled as de-
scribed (BIRREN and Lar 1993). Restriction digestions were
performed using Noil (BRL) after treatment of plugs with 100
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N2 unc-119 (e2498)

eDf2; eDp6

FiGurt: 1.—Photographs of wild-type (N2), unc-119(e2498) and eDf2; eDp6 animals. The leftmost panel shows an L4 animal
displaying the characteristic sinusoidal wave during motion. The other panels show the similarity in wunc-119(¢2498) and eDf2;

"

eDp6 adults. The mutant animals are severely uncoordinated and tend to curl. Mutants also show a slight “*dumpy’” morphology.
All photographs are at the same magnification; the 1.4 animal in the leftmost panel is approximately | mm long.

mM PMSF (Sigma). Pulsed-field gels were electrophoresed in
1% agarose (BRL) in a Hex-A-Field CHEF gel apparatus
(BRL) for 16 hr at 150 V with a switching time of 60 sec. Gels
were run in 0.5X TBE running buffer cooled by circulation
through a glass coil immersed in a cooling bath set to 8°. YAC
DNA was purified by running 1% low gel temperature agarose
gels (BRL) and cutting out the correct band after staining in
200 ml of 0.5 pg/ml ethidium bromide in 0.5X TBE for 30
min at room temperature and visualizing bands under 254-
nm light using a ransilluminator. Agarose was removed using
GElLasc (Cedarlane Laboratories) as per the instructions ac-
companying the enzyme.

Microscopy and C. elegans transformation: Generation of
transgenic animals by microinjection of DNA into worm go-
nads was done as described (MELLO et al. 1991), using a Zeiss
Axiovert microscope equipped with DIC optics. The plasmid
pRF4, which contains the dominant mutation rol-6(sul006),
was used as a transformation control. Animals transgenic for
the une-119::lacZ fusion were fixed and stained for 8-galactos-
idase activity as described (FIRE et al. 1990).

Electron microscopy was performed on a Philips EM201
transmission electron microscope. Embedding was performed
with Epon after fixation with glutaraldehyde and osmium te-
troxide as described (Woobn 1988). One hundred nanometer
sections were cut using a Reichert OMU2 ultramicrotome
using glass knives prepared on an LKB Knifemaker II. Sec-
tions were collected on 300-mesh copper grids.

RESULTS

Identification and mutant phenotype of unc-119: The
£2498 mutation arose spontaneously as a strong uncoor-
dinated animal among the progeny of a cross between
two nematode strains, Bristol (N2) and Bergerac (BO)
during a search for strain polymorphisms on chromo-
some [/I (PILGRIM 1993). Interstrain crosses of this type
are known to increase mobility of the transposable ele-
ment Tcl (MORI et al. 1990). The Unc phenotype was
completely recessive, visible from hatching and re-
mained strong after backcrossing 10 times to N2. Older
€2498 animals are slightly dumpier in shape than wild
type, and while they can forage with their heads and
appear to respond to touch, mutants usually tend to
remain in one position on the plate, often forming a
coil or limp ““C’ shape (Figure 1). When locomotion
is assayed by scoring sinusoidal waves per minute in
liquid (see MATERIALS AND METHODS), mutants cannot
complete more than 10 body bends per minute, as com-

pared with wild type, which can complete more than
100 (Figure 2). When exposed to levamisole (an acetyl-
choline agonist), both wild-type animals and homozy-
gous ¢2498 hypercontract, suggesting that acetylcholine
receptors in ¢2498 are normal (LeEwis et al. 1980). This
also suggests that the defect in unc-719 mutants lies in

Locomotion

Eggs Retained

Sinusoidal waves/min
Number of eggs in uterus

Pharyngeal Pumping

On food Off food

dauer
formation

+-- - +++

Pumping rate (pumps/min)

Il N2 (wild type) unc-119 (ed9)
B eDr2; eDp6 unc-119 (e2498); edEx31

K unc-119 (e2498) (rescuing clone)
pg unc-119 (ed3); edEx32
Bunc-119 (ed3)

("mini-gene")
unc-119 (ed4) [ unc-119 (ed4); edEx33

(partial rescuing clone)

FIGURE 2.—Quaniitation of defects in wild-type, unc-119
homozygous mutants and homozygous wunc-119 animals
carrying the putative unc-119 wild-type gene (or portions
thercofl) on transgenic arrays. In the third histogram, dauer-
forming ability is indicated above the “off food’" bars as cither
+ or —. Bars show the standard error of the mean (SEM).
Data collection is described in MATIRIALS AND METHODS.
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the nervous system rather than the muscle system. Males
homozygous for e2498 arc similarly paralyzed, but show
normal bursa morphology and spicule movement un-
der DIC optics. Hermaphrodites are still capable of self-
ferulization and give reduced brood sizes about 50% of
wild wpe, and the development time from embryo to
adult is not affected.

Further evidence as to a role in the nervous system
comes from analysis of neuron-mediated traits as shown
in Figure 2. Under overcrowded conditions, or in the
presence ol dauer pheromone, wild-type nematodes
can cnter the dauer state, a developmentally arrested
and morphologically distinct alternative third larval
stage (Cassaba and RuUsserl 1975). une-119 mutants
cannot form such larvae as assayed by testing starved
plates for SDS-resistance (see MATERIALS AND METH-
oDns). We tested for the persistence of this dauer-form-
ing defect (Dal-cl phenotype) in combination with daf-
7(e13721s) and daf-11{m47ts), two mutations that cause
constitutive dauer formation at 25° (a Daf-c phenotype;
RiDDLE ef al. 1981). wne-1191s able to suppress the Daf-
¢ phenotype of daf-11 as unc-119(e2498); daf-11(m47ts)
animals are Dal-d at 25°. However, une-119(e2498); daf-
7(¢1372ts) animals are Dal-c at 25°, suggesting that the
Dal-d phenotype of une-179 mutants does not resuit
Irom a physiological inability to enter dauer.

Other behaviors are similarly affected. When shifted
[rom a bacterial lawn to an unseeded plate, wild-type
animals will dramatically slow the rate of pharyngeal
pumping (Avery and Horvrrz 1990). In contrast, while
the rate of pumping is similar 1o wild type in the pres-
ence of food, ¢2498 animals continue to pump their
pharynxes off food at a moderately high rate, albeit
somewhat reduced. Wild-type animals also cecase cgg
laving in the absence of food (Aviry and Horvirz
1990) and on average retain a consistent number of
cggs (SEGALAT e al. 1995). wune-119 mutants tend (o
retain more embryos than wild type, and when they do
lay cggs, they can do so in the absence of food, likely
owing to increased pressure inside the uterus. Constitu-
tive pharyngeal pumping, an egg laying defect and an
apparent inability to enter dauer all suggest that wne-
/19 has a role in the nervous system.

To rule out defects in musculature, unc-119(¢2498)
adulis were fixed and sectioned for transmission elec-
tron microscope analvsis of body wall muscle structure.
Muscle ultrastructure, placement of sarcomeres and at-
tachment to the nematode body wall appear normal.
Mutant animals were also examined under polarized
light, which can reveal defects in musculature (ErstrIN
and TroMsoN 1974), as well as with indirect immuno-
[luorescence with an anti-vinculin - antibody, which
stains the thin filaments. In all muscle characteristics
examined, no differences were seen compared to wild-
type controls (data not shown).

Mapping of unc-119: ¢2498 was mapped to chromo-
some [/ using the multiply marked mapping strain
DA438 and positioned with respect to several known

1 map unit
unc-119
unc-tlw dpy-|28 vaf1-7 phfz-l Iml-] dp)lv./a‘
! 1T ! T T ~
~
~ I eDf? Vd
~ T
~ L eDpt Z
N F
N
'S
~
~
~
s
— LGHI
¢Df2 chromosome eDp6

FIGURE 3.—Genetic map of a portion of chromosome ///
(right end), expanded o show the unc-49 10 dpy-18 interval
(EpGrry and Ripprr 1993). A subset of the genctic markers
in the region is shown. Chromosomal rcarrangements arc
indicated below the genctic map, deficiencies as single lines,
and duplications as double lines. The lelt and right
breakpoints of ¢Df20 have been physically mapped relative 1o
pha-l and tra-1 (HODGRIN 1993; GRANATO #f al. 1994). As is
discussed in the text, the portion of chromosome /17 retained
in ¢Df2 is shown as “eDf2 chromosome.™

markers in the area (see MATERIALS AND METHODS). The
new mutation is between sma-2 and dpy-18, and is almost
inseparable from wvab-7. #2498 is not complemented by
either deficiency eDf2 or (/2 (SCHNABEL and SCHNABEL
1990) and is not contained in the free duplication eDpo,
although all other known genes in the area are comple-
mented by either the eDf2 chromosome or the eDp6
duplication. This places wne-119 just to the left of vab-
7, and to the right of dpy-28 (Figure 3). Since there
were no known unc genes at this position, the mutation
was assigned to a new gene, unc-119.J. HODGKIN noticed
that the phenotype of unc-119 homozygotes was similar
to that of strain CB1517, which is homozygous for eDf2
and eDp6. This suggests that unc-119is at least partially
deleted in CB1517. eDf2 and eDp6 are chromosome 115
derived aberrations obtained concomitantly after acet-
aldehyde mutagenesis (Hobpckix 1980). Presumably
the mutagenesis created a chromosomal break at the
site, which healed to allow ¢Df2 and eDp6 to segregate
independently from one another. Since (. elegans chro-
mosomes are mitotically holocentric (ALBERTSON and
Triomsox 1982), both products of such a rearrangement
can be maintained. eDf2 and eDp6 can be seen as biva-
lents using fluorescent in sitw hybridization (AlBERTSON
1993). CBI1517 amimals are viable and otherwise
healthy, although they do show reduced brood sizes
due to meiotic loss of eDp6. Since the phenotypes of
¢2498 and e)f2; ¢vDp6 are almost indistinguishable (see
Figures | and 2), unc-119may be the only gene affected
in these animals.

Three new alleles of unc-119 (ed3, ed4 and ed9) were
recovered in the F, progeny of EMS-mutagenized ani-
mals heterozygous for tDf2. These new alleles arose at
a forward mutation frequency of 2 X 107", This figure
is approximately 10-fold lower than the expected value
for an average=sized gene in C. elegans (BRENNER 1974),
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suggesting that either the gene is small or that few al-
leles are viable or have a visible phenotype. The new
alleles are completely recessive, fail to complement
e2498, eDf2 or eDp6 and are phenotypically similar to
e2498 (see Figure 2). Homozygotes are indistinguish-
able from hemizygotes, when unc-119is placed opposite
the deficiency tDf2, suggesting the alleles may be null.

Cloning of unc-119: Since unc-119(e2498) was derived
from a dysgenic cross, it seemed possible that it was due
to the insertion of a transposable element into a single
gene. mut-6(st702) IV, a presumed transposase source
that causes high rates of mobilization of the transpos-
able element Tcl (MoRI et al. 1990), was introduced
into a strain carrying ¢2498, in an attempt to recover
revertants due to transposon excision. Homozygous
unc-119(e2498); mut-6(st702) animals were cultured for
several generations, and wild-type animals were found
on a single plate. These wild-type animals segregated
wild-type and unc-119progeny, and the suppressor phe-
notype was mapped to the unc-119 gene (data not
shown). The putative revertant, unc-119(e2498ed5),
when homozygous, is indistinguishable from wild type
and does not resegregate the unc-119 phenotype, sug-
gesting that reversion was intragenic, and may have
been due to precise excision of a transposon insertion.
Although ‘“‘transposon tagging” has been used to iso-
late other Unc genes in C. elegans (MOERMAN et al.
1986), we were unable to detect an allele-specific poly-
morphism on Southern blots of unc-119(e2498) geno-
mic DNA probed with Tcl or any other transposable
element, due to the background of other Tcl-hybridiz-
ing bands (data not shown).

The genome of C. elegans has been fractionated into
overlapping YAC and cosmid clones, and a physical map
of the genome has been assembled (COULSON et al
1986, 1988, 1991). From the physical map, four YACs
and several cosmid clones were selected for further
analysis by their proximity to the cloned loci #ra-1 and
pha-1 (HODGKIN 1993; GRANATO et al. 1994). Since it
was assumed that unc-119 is disrupted or absent from
both the eDf2 deficiency and the eDp6 duplication, and
the breakpoints of the two rearrangements lie just to
the left of vab-7, mapping the breakpoints of the two
rearrangements should define the sequences necessary
for unc-119 function. T. BARNES suggested to us that
Southern blots prepared from genomic DNA of strains
carrying varying numbers of the duplications and defi-
ciencies would reveal, by dosage, whether or not a clone
was to the left or right of unc-119 (see Figure 4). As
judged by dosage on such blots, cosmids K02B6 and
T27G1 contain DNA to the left of unc-119 and T19F2,
W06D6, W09D6, MO2H11 and WO03F10 lie to the right.
None of these cosmids apparently contain DNA from
both eDf2 and eDpé.

The YAC clones were used for long-range restriction
mapping of the genomic region. All the YACs overlap
with a 300-kbp Nod fragment in genomic DNA from
the wild-type N2 strain, as determined by cross-hybrid-

ization of the cosmid clones to Notl-digested YAC and
worm DNA (Figure 5). By correlating the size of the
cross-hybridizing Nofl fragments in the YACs with the
size of the YACs themselves, these clones were posi-
tioned to within 10 kbp. The DNA from a strain homo-
zygous for both eDf2 and eDp6 contains an eDf2-specific
Nod fragment on Southern blots that is larger than the
N2 fragment, demonstrating that extra DNA, perhaps
telomeric, has been added beyond the breakpoint. The
size of the eDp6specific Noil fragment implies that if
the left end of the fragment is the actual end of eDp6
itself, very little DNA has been added.

Based on the restriction map evidence of the YAC
clones tested, only Y60D9 contains DNA from both eDf2
and eDp6. Fluorescent in situ hybridization (FISH) has
shown that the YAC clone Y39A1 cross-hybridizes to the
meiotically visible eDf2 bivalent and the eDp6 chromo-
some (ALBERTSON 1993), implying that this YAC clone
must contain unc-119 and suggesting that its right end-
point is in between the leftmost eDp6-hybridizing cos-
mids including T19F2 (since all of the eDp6-containing
cosmids fail to cross-hybridize Y39A1) and the break-
point itself. Plasmid subclone libraries were constructed
from Y39A1 and Y60D9 DNA after enrichment for DNA
from these YACs by pulsed-field gel purification. Clones
were tested for worm specificity by cross-hybridization
against “‘spot blots’’ of genomic DNA from the . cerevis-
iae strain N123 (which contains no YAGs), Y42D3 (a
YAC from the left of chromosome I]), the other YACs
shown in Figure 5 and wild-type C. elegans genomic
DNA. Of the first 20 insert-containing clones picked
from the library, four were found to be worm-specific
and contained in Y39A1 and Y60D9 alone (data not
shown). One subclone, pDP#MMO008, was used to probe
Southern blots of genomic digests of N2, BO, unc-
119(2498), CB1517 [eDf2; eDp6] and the revertant unc-
119(e2498ed5) (see Figure 6). This clone detects a 4.5-
kbp Ssd fragment in N2 and BO genomic DNA (these
are the parent strains of the original ¢2498 mutation)
and a larger, 6.1-kbp fragment in ¢2498. The revertant
allele e2498ed5 contains the normal 4.5-kbp band, con-
sistent with pDP#MMO008 being an wune-119 specific
clone, and that unc-119(e2498) resulted from the inser-
tion of a 1.6-kbp fragment, presumably the transposable
element Tcl (EMMONS et al. 1983; LIAO et al. 1983). The
larger pDP#MMO008 cross-hybridizing fragment from
unc-119(e2498)was subcloned and shown to contain Tcl
by its ability to hybridize to a Tcl-specific probe, by a
partial sequence of the insertion site, and liberation of
the 1.6-kbp insertion by EcoRV, which digests in the Tcl
terminal repeats (ROSENZWEIG ef al. 1983). This Tcl
element contained a HindIll restriction site, which is
unusual in the Bristol strain, but has been seen in Tcl
elements isolated from the Bergerac strain of C. elegans
(ROSE et al. 1985), consistent with the isolation of ¢2498
from a Bristol/Bergerac hybrid. Furthermore, the
pDP#MMO008 clone faintly cross-hybridizes to a much
larger 9-kbp Ssf fragment from CB1517, suggesting that
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FIGURE 4.—Southern analysis of Hin-
dIII digests of strains containing varying

copy numbers of rearrangements affect-
£

eDf20; eDp6

ing the right end of chromosome 17/,
and representation of chromosome ///
for each of the strains used. The same

-2

eDf2; unc-32 dpy-18

Southern blot was probed with two dif-
ferent clones, pDP#MMO005, which is
contained on the ¢Df2 chromosome,

N2 (wildtype)

and W06D6, which is contained on eDp6.
In the right hand photograph, much
more intensc cross-hybridization is seen
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pDP#MMO08 contains DNA that is largely absent in this
strain, and that pDP#MMO008 identifies the site where
breakage occurred to generate eDf2. At this point, we
became aware of the placement of a new cosmid, M142,
on the physical map in the region between T27G1 and
T19F2; this cosmid contains the entire wvab-7 gene
(J. AHRINGER, personal communication). M142 was
found to contain sequences that hybridize to
pDP#MMO008 and was used to extend overlapping
clones to the right. The breakpoints of eDf2 and eDp6
were placed on the physical map by cross-hybridization
to the subclones in the region, and it was determined
that strain CB1517 is missing approximately 8 kbp of
DNA that is present in N2 (see Figure 7).

In order to verify that this region also contained the
unc-119 gene, cosmid M142 DNA was injected into the
gonads of unc-119(¢2498) hermaphrodites. This tech-
nique allows a small proportion of the progeny to inherit
the transgenic DNA (FIRE 1986; MELLO et ¢l 1991). The
cosmid was injected along with plasmid pRF4, which
contains the dominant su/006 allele of the collagen
gene rol-6, which allows transformants to be scored by
their characteristic rolling phenotype (MELLO et al

ence of more ¢Dp6 DNA. Approximate
sizes (in kbp) are shown on the left.

1991). Rescue of the mutant phenotype was obtained
with M 142 and smaller subclones, which defined a mini-
mum rescuing region of 5.5 kbp (see Figure 7). While
rescue was initially only scored as restoration of wild-
type movement and body shape, transmitting lines were
also found to be rescued for all other traits tested (see
Figure 2). One of the smaller subclones, pDP#MMO019,
was able to restore partial movement to homozygous
£2498 animals, such that the r0l-6 rolling phenotype was
much clearer than in wn¢-179 mutants transgenic for
pRF4 alone, but the animals were still partially defective
in movement, and slightly dumpy, although they could
form dauer larvae. This suggests that partial wnc-119
function is present in this subclone. A smaller subclone
and a clone from outside the unc-119region (not shown
in the figure) failed to rescue. Clones which were able
to rescue ¢2498 were also able to rescue the ed3, ed4 and
ed9 alleles. When the unc-11%rescuing subclones were
injected into animals of strain CB1517 [eDf2; eDp6], they
were able to restore normal movement, consistent with
the model that unc-119is the only gene affected by this
chromosomal aberration.

unc-119 cDNAs: The partial-rescuing clone pDP-

K02B6 T27Gl _Ml42  TI9F2 : 100 kbp
L5 N N ]
YAC 39A1
YACH0C: YAC 6009
YAC 56H10
eDf2 chromosome - eDp6
" i i 1
Not 1 Not [
unc-119

FIGURE 5.—Physical map of the une-119 region, showing yeast artificial chromosome (YAC), and cosmid clones. The physical
map has the same alignment as the genetic map in Figure 3. Noill restriction enzyme recognition sites are indicated. The
alignment was determined by YAC:cosmid cross hybridization, as well as long-range restriction mapping. The open boxes on
the end of ¢Df2 and eDp6 indicate the presence of DNA, suggested by the size of the Notl fragment on pulsed-field gels, which
{ails to cross-hybridize with the cosmid clones directly above. YAC clone 39A1 has been previously shown to hybridize to both
eDf2 and eDp6 DNA (ALBERTSON 1993). The boxes below the cosmid names do not indicate their size, but are meant solely to
show the region of cross-hybridization. The cosmids W06D6, W03F10, MO2H11 and W09D6, which map to the right of une-119
and only cross-hybridize to Y60D9 (see text) are not shown on this figure since they were not tested for cross-hybridization to
the 300-kbp Noi fragment.
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Ficuerek 6.—Southern blots of Ssil genomic digests of N2,
BO., unc-119(e2498), CBISIT [¢Df2; eDp6] and the revertant
DP41, probed with pDP#MMO08. The common band in N2,
DP41, BO, eDf2; unc-32 dpy-18 and ¢eDf20; ¢Dp6 is approxi-
mately 4.5 kbp in size. The larger band in #2498 is due to the
insertion of the 1.6-kbp Tcl transposable element. There is
a larger, faint band in the ¢Df2; ¢Dp6 lane, consistent with a

rcarrangement of DNA in pDP#MMO008, and the ahsence of

DNA from this clone.

€2498 (Tcl) 1000 bp
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#MMO19 was used to screen a mixed-stage cDNA library.
Three positive clones were obtained, all of which had
identical 3’ ends. The longest cDNA appears 1o be
nearly complete, since it extends in the 5" direction
beyond the end of the minimal rescuing region, and
beyond the largest open reading frame (ORF). The size
of the predicted message is 1000 b. The intron/exon
arrangement of the largest cDNA is shown in Figure 7,
and the sequence of the ¢cDNA and genomic DNA is
given in Figure 8. The first ATG in the cDNA does not
appear to be used; it precedes both a 33-bp region that
is 85% A-T rich, and the sequence 5-TAGTTAGTTAA-
3’, which encodes stops in all three frames. The se-
quence of genomic DNA spanning the rescuing region,
and extending upstream of the 5" end ol the longest
cDNA, was determined in parallel. Some of the ge-
nomic sequences were also determined, and communi-
cated, by the C. ¢legans Genome Sequencing consortium
(WILsON et al. 1994). There is no further potential cod-
ing information in the 650 bp 5" to the first base of the
longest ¢cDNA. The predicted transcript contains five
exons spanning 3.6 kbp of genomic DNA. The se-
quences of 5" RACE products (se¢ MATERIALS AND METH-
ODS) contain one more base than the longest ¢cDNA,
suggesting that the longest cDNA is full-length, and that
the transcript is not trans-spliced to SL.1 or SL2 (KRAUSE
and HirsH 1987; HUANG and Hirst 1989).

The sequences of the cDNA clones predict a single
open reading frame (ORF) in the rescuing region. This
ORF predicts that unc-119 encodes a 219 amino acid
protein. Search of the protein databases using the

28 .
-2 - LheL g
DNA H (3
ed9
Lk : P g iR E % e s

= — =— — —{ eDf2 chromosome

sz6|----—--

DNA injected straip injected escue
pDP#MMO14 unc-119 (¢2498) +
unc-119 (e2498) +
pDPEMMO16 AR v
pores gt
pDP#MMO021 unc-119 (e2498) -
unc-119 (e2498) +
POPAMMOS! unc-119 cDN;lxMMMMM L:‘"niI/I%(( :jj)) :
eDf2; eDp6 +

FiGUure 7.—Shortrange physical map showing the genomic DNA in the une-1/9 region. The ¢cDNA is shown above the genomic
restriction map (the ORF is shown as shaded), while the limits of the breakpoints of the #Df2 chromosome and eDp6 are shown
below. The rescuing ability of various clones from the region is shown. +, complete rescue of the mutant phenotype; +/-, partial
rescuc; and —, failure to rescuc (sce Figure 2). The pDP#MMO51 clone is a “‘minigene’ constructed by ligating the upstream
genomic DNA o the Tull-length ¢DNA at an Asel site in exon [ (see text). The sites ol the Tel insertion in #2998 and the
nonscnse mutations in ¢d3 and ed4 arc shown in the ¢cDNA. The site of the change in ed9 is shown above the genomic DNA.
The fusion 1o the lacZ vector pPD22.04 was made at the Psil site (see text). H, HindIIl, E, EcoRl; S, Ssil: P, Psil; X, Xbal. FroR]
and Psil sites o the right of the Xbal site have not been determined and so are not shown.
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5'-gaattctatgaaaatgtctaaagaaaatggggaaacaatttcaaaaaggcacagtttcaatggtttecgaattatactaaatccectctaaaaactteegyg

caaattgatatccgtaaaagagcaaatccgeatttttgecgaaaattaaaatttccgacaaatcggcaaaccggeaatttggegaaatttgecggaacga
ttgeegeccaccecectgttccagaggttcaaactggtagecaaagetcaaaatttectcaaattectccaatttttttttgaattttggecagtgtaccaaaaty
acattcagtcatattggtttattatagatttatttagataaaatcctaaatgattctacctttaaagatgecccactttaaaagtaatgactcaaacttca
aattgctctaagattctattgaattaccatcttttectcteattttetetcactgtctattteatcacaaattecatcectctetectetettetetectee
ctctcteteotetttctetttgetcatcatetgtcattttgtecgttectetetetgegecctecagegttececacactetectegettctettttectaga
cgtcttottttttcatcttettcagectttttegecatTTTCCATCTCTEGTCAATCATTACGGACGACCCCCATTAATTTTTGGATGTGCTCTGCGAGCA
AGAGCACACGGAACTCATTTATTTTTTGTTGCAATTTCT TT T TCATTTTAGTTAGTTAAAAGgt tattcagtgcaaaaattgattttttgetettttggt
acattagaggggtttgaaagttttecataaaaagggtttccggagtaaaaaatctaaaaatttttacaaacatttccaaaaattttgggaacatatettt
tcaaaaactcaaaaaaaaacgcaaacatcataaatttaatcaattaattggatgegttcaaatattttaaaaatatttttgaattgecatatttetttact
cataaaaaaattattaatgtttaagtaaaaaaaatatttcaggattttaaacaaaaactgtaaatcccataaaacagtgttattttttagttatttttag
taattatttgtgaattaaaaacacattttttttcaaaatattecttgaataaataaaattgaaagtgaattcaaaatatttcaccaattttacaaaattt
gaaaatttgaaaaaatattttctaccaaattgtgctcaaaaaatattattaagttcccaggaaatttatgatgaaaacttggaatatttttggtaaaatt
ttctcaaaaaattgaaagttgtcaaaaacacactaacactatacctecgeggocatagaaaaaactggtggccgaattttttaaaccaatttaaattaaata
tatttttgecactttgtacaaaaaaatttgaagttcccaggaaattcatacggaaatattttccagaacttttataatttttattttaattetcaaaattt
acaataaaaacttggaaacctgaaatttgcttaaagaataaccctatcceccacggectagaaaatactggtggecgaattttttecgeagoccacaccac
M K A E Q Q Q Q 8§ I A P
ctctaatctecagagcactcetecaaaatteccataatceccaaaattttcagCTACARCAGCATATATGARAGGCAGAGCAACAACAACAATCGATCGCAC
G 8 AT F P 5 @
CCGGCTCGGCAACCTTCCCGTCTCAGgtgaggaagacygcagagaaatgagagagagagegtgtttatgeacgecagtatactaactectgatatecaattt
catatatcgatatgcttgetttettttettctacgaagaaattgtttgaacttttetcaaaaaacgeggattttagagagacttagagttgctecaaata
aatttaatttgcaattttgecacttactattagaatctacttttatagecgectaaaatgaccgaataacacagtagattttaaaagaaaattttaaaaatta
tettttttgtgecagtcaaatttegetagtttttgecactecatttttgaacatttgtatatgtgeettteggtggttcaatcaggggtggcacgtggtgtea
gagtgttccattteggtttgatctacgttgatctacaaaaaatgegggagaagagacgcagagttctcaactgatttcacatggttatgaaccaggggtyg
gttggcaaatttgceegtttgecgagetgggcaaattttgagatttgecgecacacececcttttatgaacgtgctgacgtcacatetttttggacaaagaatt
cecgeattttttgtatatcaaacecgtgatgggacagectggecaccacgtggggttggeggcaaatgattttttecgacaaateggectttaaggeaaattyg
ccggaacccaaagtttetggcaaattgttgatttgeccgaaaaaaaatttcaaaaaggecacagttttaagtgtttecgtecttataaaatatttctctaaaa
atttccggaaaacggaaaattgccggaaatacaaagtttegtcaaatcggcaaacctgecaattttgecgaaccaactgecgeccaacacctyggttecccaaa
aaagctgcactgtttgaatattaaaaaaaaaattctctcaaaaataataaattgtgaaataggctaaattcacatctatgtacaaaaattgcatgecage
M P
accggtcaattttctcaattacttttigtctatttttgecgaacataatttgetgtttecttggcagaatacagaaaactettttetttttcagATGCCC
R P PP VT EOQATITTEA AETILULA AIKNDNWOQTITTPNDUVILALU®PGTIT
CGACCCCCACCGGTAACCGAACAGGCTATAACCACCGAGGCGGAGCTTCTCGCGAAAAATCAAATTACACCAAATGATGTGCTAGCTCTTCCAGGAATCA
Q G * F L ¢ S P S AN
CTCAAGgtaagtgaatatttgctctattgataaacgcgecgtgtactccacgtggacaaacatatcaaattttcagGATTCCTATGCTCCCCATCGGCAA
vV ¥ NI E F T K F @ I RDLDTTUEUHUVILTFETZIA AIZ KUPENDNTETETEN
ACGTCTATAACATTGAGTTCACCAAATTCCAAATCCGTGACCTCGACACGGAACACGTGCTCTTCGAAATTGCAARACCGGAAAATGAGACGGAAGAGAA
L Q A QtA E S A R Y V R Y R#F A P N F L K L K TV 6 A TV E F K V
TCTGCAGGCGE AAGCCGAATCGCCCAAGATATGTCCGATATE GATTTGCGCCGAATTTTCTGAAATTARAGACGGTCCGCGCGACGGTCGAGTTCAAGGTC
G DV P I THUV F RMIEIRHUPUFIXDRILULI KTCV FDUFETFGVFCMUPN
GGCGATGTGCCGATCACACATTTTCGAATGATTGAACGGCACTTTTTCAAGGATCGTTTATTGAAATGCTTTGATTTTGAATTTGGATTCTGTATGCCAA
S RNNGCCEUHI Y EF P QLS Q QLM
ATTCGAGAAACAACTGTGAACATATCTATGAATTTCCACAACTTTCACAACAACTCAgtgagtttgaagcgggaaaaattatttgagectecattttgtcaa
tagagcgaattttctaggtttttaaaaataaaataaatattgacaaaaagetgecctacagtagttcaaaatgtgaaaacttggaggaaattcgagtttt
ctctgagaagtttttggegggtaattcaaattttectgagaaaaaaattageecgegagaattcaaattttetgagaaaattatttgacgggaaattcaaaa
tttctcggaaatgtattgaacatttgagaaattttgttaaaaactacattaaaccgataaaaaagttcgcaaattttttttaagtgctcatggtgecateg
aagagaagaattcttgccaaaactagcccatgaaattaaaaattatcgcggaaaaaaactgactaattggaaagtaaaatgaaatttgcaaaaaaaaaat
D D MINNUPNETRSUD S F Y F V
atgtttttttgttgtaaaattaaaaaaaaaactgtatattttcagTGGACGACATGATCAATAATCCAAACGAGACCCGCTCCGATAGCTTCTATTTTGT
EN X L VM HNI KA ADY S Y D A
GGAGAATAAGCTCGTAATGCACAATAAGCGCCGACTACTCGTATGATGCATAATTTCCCGCCGATGGAATAAAACTAATAATTTTTCTCGCAATTTATAGA
AATCATGTGATTTTCCTACCGCTAAATTTAAAAT TTCCTAATTTTTCACTATATTTCTCACAAAATGCATTCCGAAAACTCTCATTTTTCAGCTTTTCAA
TACAAATCCCAATAAATGATTTTTCAAAtataatgttctcaattgatatgttttatttgaatgttggaaaaaaccataaaattaaaaaaaacttgaatta
ttcaaaaataattcggcccttttacaaaaaattatcataaaaattaaatttggaaaatctgtgatttgtegetttgecggaagtttccaattceggecaac
taaccgatttgccgattagctagaaatttcaattcecgacaatgtgecegetttgeegatttgeccggaaatttccaatttaccggecaattaacggacttgee
gattagctagaaatttaactttagataaacttctcaacaaattcaaattggaaagttcagegatttgecgettgaceggaagtttcagttaceggactte
agccattgcgattgecaaagtttactgcaaatgegeatg-3* 4538
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FIGURE 8.—Nucleotide sequence and predicted amino acid sequence of the unc-119 locus. cDNA sequences are shown in
capital letters, and the predicted amino acid sequence is denoted by single-letter abbreviations above the cDNA sequence. The
first {unused) and second ATG are underlined, as are the stop codon and the putative polyadenylation site. The sequence has
been submitted into GenBank (Accession No. U32854). The sites of the mutations are indicated as follows: *, ed9 [splice
acceptor sequence 5'-...AG-3" — 5'-.. AA-3']; 1, edd [CAA(gIn)— TAA(ochre)]: {, ed3 [CGA(arg)>TGA(opal)]; |, €2498

[Tcl (Hin) insertion 5'-. . .GAACA(Tcl)TATCT. . -8'].

BLAST protocol (ALTSCHUL et al 1990) detected no
significant similarity to other proteins in the databases,
other than to C27H5.1, an unidentified ORF in C. ele-
gans predicted by the genome sequencing project (Gen-
Bank Accession No. U14635; WILSON et al. 1994). A 92
amino acid region shows 26% identity and 51% similar-
ity between C27H5.1 and UNC-119. The other nema-
tode homologue maps to chromosome I/, to the right
of the cloned genes fra-2 and unc-104. Although there
are several mutations which map to the general location

of this ORF, no mutant phenotype has been specifically
correlated to the predicted gene.

It was not unexpected to find a cDNA that extended
beyond pDP#MMO019, which only contains exons HI to
V, since phenotypic rescue was only partial with this
clone. This rescue, which occurs without the presumed
unc-119 promoter, may be possible through low-level
constitutive expression of the genes in the extrachro-
mosomal DNA. Transgenic DNA frequently undergoes
extensive rearrangement and is present in many copies
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as a single array (Mr1LLO e al 1991). There is an in-
frame ATG at the start of exon 1Il, which may permit
translational initiation of a truncated form of UNC-
119 1o produce a polypeptide containing the carboxy
terminal 196 of 219 amino acids.

In order to verify that une-119had been cloned, oligo-
nucleotide primers were designed that would allow PCR
amplification of the majority of the coding region (see
MATERIALS AND METHODS). Genomic DNA from ed 3, ed4,
ed9and the revertant allele e2498ed5 was PCR amplified
and the products were subcloned. This allowed se-
quencing of 25 bp of exon IIT and all of exon IV. Both
of the EMS-induced alleles ed3 and ed4 contain single
C to T wransitions in exon IV that create in-frame stop
codons. The allele ¢d9 contains a G to A transition in
the intron just preceding exon IV, which changes the
splice acceptor sequence from 5-TTTCAG-3' o 5'-
TTTCAA-3". Since intron splice acceptors in C. eleguns
are invariant for the last two bases of this sequence
{(Woon 1988), this change is expected to disrupt nor-
mal processing of the primary transcript. The revertant
¢2498ed5 appears 1o be the result of a perfect excision
event of Tcl, as no base changes from wild type were
found. Since we did not check the sequences of ed3,
ed4 and ed9 upstream of the last 25 bp of exon I1I, we
cannot rule out additional base changes in the up-
stream regions in these mutants.

To test whether the ¢cDNA sequences were sufficient
to rescue the phenotype, the longest cDNA clone was
fused at the Asel site in the first exon with a 1.2-kbp
genomic DNA fragment containing the upstream re-
gion to the Hindlll site (Figure 7). Arrays carrying this
“mini-gene”” (pDP#MMOI15) werc able to restore all
aspects of the mutant phenotype in the F; progeny
when injected into strains homozygous for each of the
mutant alleles of unc-119 (rescue ol ed3 is shown in
Figure 2), consistent with the requirement of only one
mRNA [rom this region for unc-119 function.

Expression of unc-119: In order to determine the pat-
tern of expression ol unc-119, a fragment containing the
5" half of the une-119 coding region and 1 kbp of DNA
upstream of the 5" end of the longest cDNA was fused in-
frame with the lacZ gene encoding L. coli -galactosidase,
using the C. elegans lacZ expression vector pPD22.04
(Firr: et al. 1990). The portion of unc-119in the fusion
construct does not encode enough of the protein to
rescue, since the mutatons in ed3 and ed4 are further
toward the carboxy-terminus than the fusion junction.
The unc-119::lacZ tusion construct was transformed into
wild-type animals along with the dominant rol-6 marker.
Animals from mixed-stage plates of a strain with approxi-
mately 50% meiotic transmission (as determined by the
presence of the “Rol” phenotype in the progeny) were
fixed and stained with both DAPI and X-gal.

The fusion enables staining of many neurons in larval
and adult animals (see Figure 9). The transgene is pres-
ent as an extrachromosomal array, and is sometimes
lost during mitosis, resulting in a number of animals

Fioure 9.—X-gal staining of fixed wne-119::lacZ wransgenic
anmimals. (a) Adult hermaphrodite, showing ventral nerve
cord cell bodijes, the dorsal nerve cord and the nerve ring.
Anterior to the nerve ring, staining can be seen in the phar-
ynx. (b) Comma stage embrvo. (¢) Ventral nerve cord near
the hermaphrodite vulva. An asterisk (#) indicates a VC neu-
ron cell body, above and 10 the right of a developing embrvo.
() Adult male tail showing cell bodies in the posterior part
of the lumbar ganglion. (¢) Adult hermaphrodiie, showing
staining in the dorsal and venural nerve cords and the nerve
ring. () Magnilication ol posterior part of animal in ¢; a
ventral view showing the pre-anal and lumbar ganglia. All
animals result [rom a strain carrving the transgence extrachro-
mosomally and may be mosaic tor the ransgene due 1o mi-
totc loss. <, venural nerve cord; ®, dorsal nerve cord; A,
celf bodies in ventral nerve cord; A, nemve ring; Lg., lumbar
ganglion; p.a.g.. pre-anal ganglion.

that are mosaic for the transgene, and stain in only a
subset of cells. Although the wne-119::lacZ fusion con-
tains a nuclear-localizing signal (NLS; see Firl #f al.
1990), several hours alter Axation and treatment with
X-gal, staining begins to appear in axons and process
bundles. Staining is seen in embivos with as few as 60
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cells based on the counting of DAPI-stained nuclei. By
the time development has reached ‘‘comma’ stage,
about 400 min after fertilization, staining appears local-
ized largely to the anterior portion of the embryo (Fig-
ure 9b). After hatching, and continuing through larval
and adult development, staining is visible in both the
dorsal and ventral nerve cords and the nerve ring (Fig-
ure 9, a and e). Cell bodies of neurons which innervate
the vulva can be seen in Figure 9c. Differences in stain-
ing can be seen near the tail between males and her-
maphrodites, consistent with expression in lumbar gan-
glial cells (Figure 9d), where particular neurons
develop to innervate the tail rays in the male (SuLSTON
et al. 1980). In the hermaphrodite tail, staining is seen
that strongly resembles the positions of neuronal cell
bodies in the pre-anal and lumbar ganglia (Figure 9f;
SippIQUI and CULOTTI 1991). There is also some evi-
dence of expression outside of the nervous system; in
Figure 9a, staining can be seen anterior of the anterior
pharyngeal bulb, where no neuronal cell bodies are
found (WHITE et al. 1986).

DISCUSSION

We have identified a new gene, unc-119, which ap-
pears to be involved in neuron function or development
in C. elegans. The DNA encoding UNC-119 has been
identified on several sets of evidence. First, homozygous
unc-119 animals carrying the presumptive coding re-
gion (either an intact genomic DNA fragment, or a
promoter:cDNA chimera) as a transgene are phenotypi-
cally normal. Second, strains which demonstrate the
unc-119 mutant phenotype contain sequence changes
that are predicted to cause loss-of-function mutations
in the predicted protein (ed3 and ed4) or impede the
production of a normal message (¢2498 and ed9). We
have also shown that unc-119 is nearly completely de-
leted in eDf2; eDp6 and is likely the only gene affected.
Therefore, an intact coding region is necessary, and
sufficient, for UNC-119 function.

The observation of partial phenotypic rescue by a
truncated unc-119 gene suggests that specific promoter
or expression sequences that may lie upstream of the
gene are not essential. It is possible that rescue is accom-
plished by low level constitutive expression from many
tandem copies. Partial rescue of the unc-51 mutant phe-
notype by transgenic DNA containing only minimal up-
stream sequences has been reported (OGURA et al
1993), butin that case the coding region was supposedly
intact. The protein sequence predicted from the
pDP#MMO019 subclone is missing the first in-frame
ATG, suggesting that either this ATG is not used for
initiation in vive, or the first 20 amino acids of UNC-
119 are not essential for function, and that partial res-
cue with pDP#MMO019 is due to lower amounts of ex-
pression.

The wunc-119 mutant phenotype is most apparent in
its lack of movement, as mutants lack coordinated loco-

motion from hatching through adulthood. There is in-
direct evidence that this defect results from a disruption
in neuron placement or function. Examination of mus-
cle by EM, polarized-light microscopy and antibodies
to thin filaments show no structural defects, and since
mutants can hypercontract after exposure to levami-
sole, at least partial muscle function remains.

More compelling evidence of a role for UNC-119 in
the nervous system comes from the defective ability of
homozygous unc-119 animals to respond to chemical
signals in their environment. Although wunc-119animals
can move, albeit slowly, they do not appear to recognize
a change in the abundance of food, as their egg laying,
locomotory and pharyngeal responses do not change
appropriately. This is best reflected in the inability of
unc-119 animals to form dauer larvae, similar to what
is seen in daf-10 mutants, which are dauer-defective
(Daf-d) due to a chemosensory abnormality (ALBERT
et al. 1981). This is the opposite phenotype of dauer-
constitutive (Daf-c) mutants such as daf-7 and daf-11,
which inappropriately enter dauer in the presence of
food (RIDDLE et al. 1981). The observation that unc-119
can suppress the Daf-c phenotype of daf-11 but not daf-
7 is consistent with the placement of unc-119 in the
pathway for dauer formation, at a position downstream
of daf-11 but independent of daf7, at the same step as
daf-10 and other genes implicated in chemosensation
(THOMAS et al. 1993). This suggests that mutants have
an inability to recognize the absence of food, which
would also explain the maintenance of pharyngeal
pumping on removal from the bacterial lawn. Since a
defect in chemosensation alone is insufficient to ex-
plain the mobility defect in unc-119 animals (ALBERT et
al. 1981), lack of UNC-119 may affect other aspects of
the nervous system. unc-31, for example, while having
a locomotory defect, also shows constitutive pharyngeal
pumping and defects in egg-laying and dauer larvae
response, although those defects are different than
those seen for unc-119 (AVERY et al. 1993).

Evidence for a direct role in neuron development or
function, however, comes from the in vivo expression
pattern of a reporter gene construct. The 5’ end of unc-
119 fused to the E. coli lacZ gene allows the X-gal stain-
ing of many neurons. This includes those whose func-
tion is not locomotory, such as those innervating the
male tail and hermaphrodite vulva. The apparent neu-
ronal defects seen in unc-119 mutants are consistent
with the expression patterns as seen with the lacZ fu-
sions. This consistency is both temporal (gene expres-
sion beginning in the embryo, and movement defects
are seen in L1 larvae immediately after hatching) and
spatial (effects on dauer formation and movement con-
sistent with expression in the sensory and motor ner-
VOUus systems).

If UNC-119 is expressed in a large number of neu-
rons, why is the phenotype of une-119null mutants rela-
tively mild? Perhaps UNC-119 is part of a larger gene
family, with redundant function. The similarity of unc-
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119 to a predicted ORF detected elsewhere in the ge-
nome by the genome sequencing project of C. elegans
supports the idea that other genes may contribute to
the same function. However, there is also precedent
for a weak phenotype for mutations in well-conserved
neuronal proteins. Synaptotagmin is a conserved trans-
membrane protein expressed in the C. elegans nervous
system as an abundant protein which appears to be
localized in synaptic vesicles (NONET et al. 1993). C.
elegans synaptotagmin is over 70% similar to vertebrate
synaptotagmin, and unlike in vertebrates, there appears
to be only one gene in nematodes (snt-1). However, snt-
I null mutants are viable, although slow growing, and
uncoordinated (NONET et al. 1993). More recently, SEGa-
LAT et al. (1995) and MENDEL et al. (1995) report the
phenotype of worms carrying loss-offunction mutations
in the Ga, subunit of the heterotrimeric G-protein. Al-
though this protein is apparently expressed in every
neuron in C. elegans, in addition to other, non-neuronal
cells, and has been thought to play an important role
in neuronal development, loss-of-function mutants dis-
play a surprisingly subtle phenotype.

A specific role in neuronal development or function
is not yet obvious, as the subcellular localization of
UNC-119 has not been determined, and a non-nema-
tode counterpart has yet to be identified. Since some
Unc genes first cloned in C. elegans turn out to have
important homologues in other systems, it is possible
that unc-119 may have a fundamentally conserved func-
tion in higher organisms.

The expression of UNC-119 may also have use as a
general marker for the C. elegans nervous system. There
have been several reagents reported which allow obser-
vation of all (HEkiMI 1990) or a subset of the nervous
system in C. elegans (HEDGECOCK ¢t al. 1985; HOPE 1991;
SippIQUI and CurLoTTi 1991; HAMELIN e al 1992
MCINTIRE et al. 1993; MILLER et al. 1993; NONET et al.
1993; CHEN and Lim 1994), yet only unc-51 has been
reported to allow observation of the nervous system in
the developing embryo (OGURA et al. 1994). It is possi-
ble that unc-119::reporter fusions may allow the specific
visualization of the process of nervous system develop-
ment in C. elegans, and hence facilitate the recovery and
characterization of mutations affecting morphology,
number, placement or migration of neurons.
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