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ABSTRACT

The pharynx of Caenorhabditis elegans is a nearly self-contained neuromuscular organ responsible
for feeding. To identify genes involved in the development or function of the excitable cells of the
pharynx, I screened for worms with visible defects in pharyngeal feeding behavior. Fifty-two mutations
identified 35 genes, at least 22 previously unknown. The genes broke down into three broad classes:
2 pha genes, mutations in which caused defects in the shape of the pharynx, 7 phm genes, mutations
in which caused defects in the contractile structures of the pharyngeal muscle, and 26 eat genes,
mutants in which had abnormal pharyngeal muscle motions, but had normally shaped and normally
birefringent pharynxes capable of vigorous contraction. Although the Eat phenotypes were diverse,
most resembled those caused by defects in the pharyngeal nervous system. For some of the ¢at genes
there is direct evidence from previous genetic mosaic and pharmacological studies that they do in fact
affect nervous system. In eat-5 mutants the motions of the different parts of the pharynx were poorly
synchronized. eat-6 and eat-12 mutants failed to relax their pharyngeal muscles properly. These
pharyngeal motion defects are most easily explained as resulting from abnormal electrical excitability

of the pharyngeal muscle membrane.

ITH the important exception of recent work
on ion channel function in Drosophila [re-
viewed by PAPAZIAN et al. (1988)], classical genetic
analysis has played little role in the understanding of
excitable cell function. Yet genetics has much to offer
neurobiologists. Genetic analysis allows identification
of functionally important molecules independent of
their abundance, straightforward isolation of the
genes that encode those molecules, and determination
of the consequences of gene dysfunction in the whole
organism. These strengths would be useful for iden-
tifying ion channels and the molecules that modulate
them, and for determining how these molecules to-
gether produce distinctive excitability properties that
lead to normal behavior.

The genetic studies of Drosophila ion channels
prove the truth of these assertions. For instance, the
Shaker potassium channel, identified by the hyperex-
citability of mutant flies, has become the best under-
stood of all voltage-gated ion channels (HILLE 1992).
Indeed, genetic investigations of electrical excitability
in Drosophila have dominated the discovery of new
potassium channels [see, ¢.g., WARMKE, DRYSDALE and
GANETZKY (1991)]. The availability of molecular
probes has allowed the isolation of potassium channel
genes from other species [reviewed by KACZMAREK
(1991)]. The value of the Drosophila system suggests
that other model systems with complementary
strengths might help in understanding excitability. In
this paper I report a genetic investigation, the results
of which suggest that the pharynx of Caenorhabditis
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elegans has potential to become such a system.

The pharynx, which is responsible for getting food
into the worm, is a simple, self-contained neuromus-
cular pump (ALBERTSON and THOMSON 1976; AVERY
and HorviTz 1989). It contains 80 nuclei: 5 belonging
to gland cells, 18 to miscellaneous structural cells, 37
to muscle cells, and 20 to pharyngeal neurons (AL-
BERTSON and THOMSON 1976; SULSTON et al. 1983).
The entire structure is surrounded by a basement
membrane, which isolates it from the rest of the worm
(ALBERTSON and THOMSON 1976). The 20 neurons
constitute the pharyngeal nervous system, which reg-
ulates feeding (AVERY and HOrRvITZ 1987, 1989). The
pharyngeal nervous system is self-contained. There is
one bilaterally symmetric pair of connections between
the pharyngeal nervous system and the extrapharyn-
geal nervous system (ALBERTSON and THOMSON
1976), but this connection is dispensable for normal
feeding: the only known consequence of its elimina-
tion is that feeding fails to be regulated by certain
stimuli sensed by the extrapharyngeal nervous system
(J. E. SuLsToN, M. C. CHALFIE, |. H. THOMAS and G.
GARRIGA, personal communication; L. AVERY and D.
RAIZEN, unpublished). The simplicity of the pharynx
and its functional independence make it possible to
study how the organ as a whole produces and controls
behavior.

Feeding is of course essential for life. Of the 20
pharyngeal neurons, however, only M4 is essential for
life (AVERY and HorviTz 1987). A worm lacking all
19 remaining neurons is viable and fertile (AVERY and



898 L. Avery

HorviTz 1989). Although they are not essential for
life, these neurons are important for normal feeding,
and for normal growth rates and fertility levels. In at
least three cases (15, MC, and M3), killing just one
type of pharyngeal neuron causes a change in feeding
behavior together with a decrease in growth rate
(AVERY and HORrvITZ 1989; AVERY 1993). The effects
are more striking when multiple neuron types are
killed (AvERY and HorviTz 1989). Therefore 1 ex-
pected to be able to isolate mutations in genes neces-
sary for pharyngeal nervous system function by
screening for viable mutants with abnormal feeding
behavior.

In fact, most of the 35 genes identified in this screen
had phenotypes similar to those seen when pharyngeal
neurons are killed with a laser microbeam. However,
mutations in a small class of three genes, eat-5, eat-6
and eat-12, produced changes in pharyngeal muscle
motions different from those expected to result from
nervous system dysfunction. A mutation in another
gene, eat-11, causes hypersensitivity to an acetylcho-
line agonist. Their mutant phenotypes suggest these
four genes may be involved in controlling the excita-
bility of pharyngeal muscles.

MATERIALS AND METHODS

General methods: General methods for handling and
observing worms were as described by SULSTON and HopG-
KIN (1988), except that worms were routinely grown on
NGMSR agar, instead of NGM. NGMSR differs from NGM
in containing 200 ug/ml streptomycin sulfate, 10 ug/ml
nystatin, and 2% agar instead of 1.7%. (Streptomycin and
nystatin reduce bacterial and fungal contamination. The
higher agar concentration delays the burrowing of the
worms into the agar.) The plates were seeded with a spon-
taneous streptomycin-resistant mutant of Escherichia coli
OP50 (BRENNER 1974). Worms were routinely kept at 20°

Mutations used:

Chromosome 1: bli-4(e937), dpy-5(e61), dpy-14(el88), eat-
5(ad464), eat-9(e2337), eat-11(ad541), eat-15(ad602), eat-
16(ad702), eDf3, eDf4, eDf5, eDf6, eDf9, eDf12, eDf15, eDf16,
hDp62, let-75(s101), let-201(el716), let-202(e1720), let-
203(el717), lin-10(e1439), lin-11(n566), nDf23, nDf24,
nDf25, phm(ad699), phm-2(ad538, ad597), qDf3, sDp2, unc-
11(ad571, e47), unc-13(e51, e450), unc-29(e403, e1072), unc-
54(e190, ¢1092), unc-57(ad516, ad592, e402), unc-59(e261),
unc-75(e950), unc-89(ad539, e1460, e2338), unc-101(m1).

Chromosome II: dpy-10(e128), eat-2(ad453, ad465, ad570,
ad692), eat-3(ad426), exp-1(sa6), jDf1, jDf4, lin-7(e1413),
mnDf16, mnDf30, mnDf31, mnDf39, mnDf67, mnDf68, mn-
Df69, mnDf88, mnDf89, mnDf96, ric-2(ad596), rol-6(e187),
unc-4(e120), unc-52(e444), unc-104(e1265, rh43, rh142).

Chromosome I1I: daf-2(e1368), daf-7(e1372), dpy-1(el), dpy-
17(e164), dpy-18(e364), dpy-19(e1259), eat-4(ad537, ad572),
eat-8(ad599, ad697), eDf2, eDp6, emb-9(hc70), fem-2(e2105),
glp-1(e2144, ¢339), lin-12(n137 n720), lon-1(e185), mec-
12(e1605), nDf20, phm-3(ad493), qDf2, ¢Dp3(Ill; f), sma-
2e502), unc-16(e109), unc-32(e189), unc-36(ad698, 251,
¢2341), unc-45(r450), unc-93(e1500), vab-7(e1562).

Chromosome IV: bli-6(sc16), ced-2(e1752), cha-1(p1152), deb-
1(st555), dpy-9(e12), dpy-13(e184), dpy-20(e1282, e2017), eat-
1(ad427, e2343), eat-7(ad450), eat-10(ad606), eat-12(ad695),

eDf18, eDf19, let-59(s49), lin-1(e1777), lin-45(sy96), pha-
3(ad607), sDf2, sDf8, sDf9, sDf10, sDf60, sDf62, sDf63, sDf64,
sDf67, sem-3(m1655, nl905, s1734), unc-8(n491), unc-
17(e113, e245), unc-24(e138), unc-26(ad473, ad701, ad706,
e205, e2340), unc-30(e191), unc-31(e169, e928), unc-44(e362).

Chromosome V: act(ad468 ad767, st15), ali-1(e1934), ctDf1,
dpy-11(e224), eat-6(ad467), ¢gl-10m692), him-5(e1490),
phm(n2251), rol-3(e754), sDf20, sDf26, sDf27, sDf28, sDf35,
sqt-3(sc63), unc-46(el177), unc-76(e911).

Chromosome X: aex-3(ad418, ad696, sa5), che-2(e1033), dpy-
3(e27), dpy-6(eld), eat-13(ad522), eat-14(ad573), eat-
17(ad707), egl-15(n484), egl-17(¢1313), let-2(g37), lin-
15(n309, n765), lon-2(e678), maDfl, mec-4(el1611), mnDf4,
mnDf41, nDf19, pha-2(ad472), phm(ad598), sma-5(n678), sup-
10(n183), unc-1(e538, ¢1598), unc-2(ad463, e55, e2342), unc-
3(el51), unc-6(e78), unc-10(ad591, e102), unc-18(ad486, e81),
unc-20(el12), unc-58(e665), unc-78(e1217), unc-110(e1913).

Balancers: eTI(I11; V), dpy-10(e128) unc-52(e444) mnC1 II,
nTI(IV; V), dpy-19(el1259ts,mat) glp-1(q339) ¢qC1 I, lon-
2(e678) s:TI(X; I).

Parental strains for mutant screens: All but three of the
new mutations described here were isolated in an
unc-31(€928) mutant background. Three wunc-31 parent
strains were used: DA456, DAB09 and DA640. DA456 was
constructed by R. HOSKINS (personal communication) from
CB928, the original unc-31(¢928) isolate (BRENNER 1974),
by crossing once with N2, the Bristol strain used as the
standard wild type in C. elegans genetics, and then re-
isolating an unc¢-31 homozygote. DA509 was constructed
from DA456 by repeating the N2 backcross 10 times.
DAG640 is isogenic with a different wild strain, RC301, which
has many restriction fragment length differences from N2
(HoDpGKIN and BARNES 1991; T. M. BARNES, personal com-
munication). DA640 was constructed by outcrossing a
dpy-20(e1282ts) unc-31(928) unc-30(el91) triple mutant
against RC301 10 times and separating the unc-31 mutation
from dpy-20 and unc-30 by recombination.

Isolation of mutations: The F, or F; self-progeny of
unc-31 hermaphrodites mutagenized with ethane methylsul-
fonate (EMS) or x-rays were screened for feeding-defective
mutants. Mutants were recognized on dissecting microscope
examination by their visibly abnormal feeding motions or
starved appearance. Mutants with a starved appearance were
examined by Nomarski microscopy, and only those with
abnormal feeding motions were kept. Constipated, egg-
laying-defective, or flaccid paralyzed (i.e., probable body
wall muscle-defective) mutants whose pumping was slow
were not kept, since these defects can cause slow pumping
(my unpublished observations).

Worms to be screened were gotten by one or more of
five methods: F1V (F, visible), F2V (F; visible), F2SG (F:
slow growth), F1BA (F, brood arrest), and F1BV (F; brood
visible). In the F1V screen, designed to enrich for dominant
mutations, mixed viable F, self-progeny of mutagenized
hermaphrodites were individually examined. In the F2V
screen, mixed viable Fp progeny were individually exam-
ined. These methods were biased against strong feeding-
defective mutants, which grew slowly and were unable to
reach a size that allowed convenient recognition before their
healthy nieces and cousins ate all the food on the dish. The
F2SG, FIBV, and F1BA screens were designed to circum-
vent this problem. In the F2SG screens, slow growing Fas
were enriched, either by 1 X g velocity sedimentation or
hand-picking, allowed to grow, and examined individually.
[For velocity sedimentation, worms anesthetized in about
300 ul 10 mM sodium azide in M9 buffer (SULSTON and
HoDGKIN, 1988) were layered onto 3 ml 10% Ficoll, 500
pg/ml kanamycin. After about 10 min adults had settled to
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the bottom. About 0.5 ml liquid containing small worms
was removed from the top with a Pasteur pipet.] In the
F1BA and F1BV screens single gravid adult F, progeny of
mutagenized unc-31 hermaphrodites were placed on individ-
ual plates, allowed to lay eggs for a day, then removed. In
the F1BV screen, the plates were screened for ones that
bore about 1/4 viable feeding-defective mutant progeny. In
the F1BA screen, the plates were screened for ones that
bore about 1/4 progeny that appeared to be arrested as
starved larvae, and these starved larvae were transferred to
a new plate where they did not have to compete with their
sisters and nieces for food. The large majority of these
apparently arrested larvae were truly arrested and were
eventually discarded. Some however were merely slow-
growing and gave rise to feeding-defective mutant strains.
The FIBV and F1BA screens were the most successful and
were the source of most of the mutations (see Table 1).
Those Fis screened by both the F1BA and FIBV screens
are the most useful for looking at the statistical properties
of feeding-defective screens, since together the two screens
should detect viable feeding-defective mutations with near
100% efficiency.

The M4l (M4-independent) screen selected for mutants
able to survive without the essential pharyngeal neuron M4
(AVERY and Horvitz 1987). M4 was laser-killed in 679
newly hatched F; self-progeny of mutagenized
unc-29(e107 2amber) hermaphrodites, and worms that grew
up were retested for ability to survive without M4. [The
unc-29 mutation was used to reduce problems with worms
crawling off the plate (AVERY and HorvITZ 1987).] Because
of larval lethal mutations, the effective size of the screen
was about 400 Fes. No high-penetrance M4-independent
mutants were isolated, but among the worms that survived
was one homozygous for a new eat-6 mutation, ad792.
Preliminary experiments suggest that about 10% of
eat-6(ad467) worms can survive laser killing of M4 (data not
shown).

All mutations in the same gene were derived from inde-
pendently mutagenized Pos, with the possible exception of
the two ¢at-1 mutations e2343 and ad427, which both arose
from the same large mixed brood. These are treated as
independent, since they have different properties. (ad427 is
stronger than e2343.)

Two mutations, unc-57(ad516) and phm(n2251) were gifts
from J. H. THoMAS and E. JORGENSEN, respectively. Table
1 summarizes the sources of mutations.

Initial analysis of mutants: I began the analysis of each
mutation isolated in the unc-31 background in the same way.
First, the new mutation was outcrossed by mating with
unc-31/+ males and re-isolating the mutation in the F
progeny. Usually it was possible to separate the mutation
from unc-31. During this outcross X-linkage and linkage to
the unc-3 11V were detected. I discarded any mutations that
did not act like single Mendelian loci, or whose phenotypes
proved too difficult to score. The outcross was then repeated
with N2 males, and a single F; feeding-defective mutant
homozygote was used to create a strain. If the mutation did
not produce a strong Unc phenotype, I usually constructed
a him-8 or him-5 double mutant as a source of homozygous
males (HODGKIN, HORVITZ and BRENNER 1979).

After I had become familiar with some feeding-defective
mutants, I was often able to recognize that a mutation was
likely to be a new allele of a previously known gene based
on its phenotype. When this occurred a complementation
test was done, and if the new mutation was indeed allelic, it
was kept but not further analyzed.

New mutations that were not recognized as allelic with
known mutations and that had not been localized to IV or

X during backcrossing were mapped to a chromosome using
the protocol described by TRENT, TSUNG and HorviTz
(1983), except that instead of using two strains MT464 and
MT465 marked on three chromosomes each, I used the
single strain DA438 bli-4(e937), I, rol-6(el87) II,
daf-2(e1368ts) vab-7(e1562) III; unc-31(e928) IV; dpy-
11(e224) V; lon-2(e678) X, marked on all six chromosomes.
In addition to simplifying mapping, DA438 allowed a more
stringent test of genetic simplicity than MT464 and MT465,
since pseudolinkage between any pair of chromosomes
would have been detected.

Mapping and complementation tests: Genetic map data,
summarized in Table 2, were obtained using standard tech-
niques or variations on standard techniques (SULSTON and
HODGKIN 1988).

ad596 was assigned to the gene ric-2 on the basis of its
genetic map location (see Table 2, Figure 2) and a comple-
mentation test done by J. RAND (personal communication).
The Phm mutant strain DA468 was shown by L. A. SCHRIE-
FER and R. H. WATERSTON (personal communication) to
carry mutations in the closely linked act-2 and act-3 genes
(FILES, CARR, and HIrRsH 1983; WATERSTON, HIRSH and
LANE 1984), to which I assigned the allele names ad468 and
ad767, respectively. Since these two mutations are insepa-
rable for practical purposes, I treat them as a single mutation
act(ad468 ad767) from here on. It is not known whether
the act(ad468 ad767) mutant phenotype is caused by
act-2(ad468), act-3(ad767), or both.

All other gene assignments were based on genetic criteria:
two mutations were considered to affect the same gene if
they failed to complement and were closely linked. All
complementation tests and deletion mapping were done
using protocols that allowed positive identification of the
desired heterozygote. In almost every case (the exceptions
are noted in RESULTS AND DISCUSSION) these heterozygotes
were fertile. To test for second-site noncomplementation,
self-progeny broods of noncomplementing mutant hetero-
zygotes were examined whenever possible. A double heter-
ozygote a/+; b/+ between two unlinked noncomplementing
recessive mutations should produce at least 5/16 phenotyp-
ically wild-type progeny, while there should be no wild-type
progeny if the two mutations are closely linked. All noncom-
plementing mutations were closely linked by this test.

Male mating was not carefully tested. If 10 homozygous
mutant males produced abundant cross progeny in a mating
with marked hermaphrodites, the mutant is scored as + for
male mating in Table 3. Mating was usually tested as part
of genetic mapping with the hermaphrodite partner strain
DA438 (described above). Male mating “+” corresponds
roughly to HODGKIN’s ME2 or ME3, and “—” to MEO or
ME1 (HODGKIN 1983).

Estimation of gene numbers: Gene numbers were esti-
mated by a maximum likelihood method. Likelihoods and
confidence intervals were calculated using a distribution
(derived below) for the number of distinct genes detected,
with the total number of genes that could be detected and
the number of mutations isolated as parameters. This
method is slightly more rigorous than the usual Poisson
method of estimating gene numbers, but the main purpose
of deriving the distribution was to atlow the calculation of
confidence intervals.

Suppose there are ¢ genes in which mutations are detected
at equal frequencies. m independent mutations have been
isolated, and those m mutations identify g distinct genes
from among the ¢. Each gene can be thought of as a letter
in an alphabet with ¢ letters. A particular list of mutations
in a particular order constitutes a word. Let cgm be the
number of words m letters long that contain exactly g distinct
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letters. Such a word is derived from a word m — 1 letters
long by the addition of a new letter. There are two ways
this can be done. First, the old word could have been one
of the ¢,g-1,m-1 words that contain g — 1 distinct letters, and
one of the t — g + 1 letters not in the old word was added
to it. Second, the old word could have been one of the ¢, g.m-1
that contain g distinct letters, and one of these g letters was
added to it. This results in the following recursive formula
for cym:

C’C"‘ = (t - g + l)c',g—l,m—l + 8Cigm—1.

It is obvious that ¢,» = 0 whenever g > m or g > ¢, and
that ¢, = t for any ¢ and m. These equations, together with
the recursion, allow the computation of ¢, for any ¢, g and
m. Since the total number of words m letters long is simply
t™, the probability p,. of identifying exactly g distinct genes
in a collection of m independent mutations isolated from a
set of ¢ genes detected with equal probability 1s:

c
bym = ":ng

Starting with experimental values for g and m, I used this
distribution to compute confidence intervals and maximum
likelihood estimates for ¢. It might be argued that such
estimates are pointless, based as they are on an implausible
assumption of equal frequencies for gene detection. How-
ever, the estimates are useful as lower bounds. One always
expects to detect more genes if mutation and detection
frequencies are equal than if they are unequal. More pre-
cisely, the cumulative distribution function (CDF) of g, the
probability of detecting g or fewer genes, is minimized when
all ¢ genes are detected at equal frequencies. Since confi-
dence intervals are computed from the CDF, the lower
bound of the confidence interval is conservative.

An independent estimate of the number of genes was
derived from the recovery of 6/12 previously known unc
genes that produce an Eat phenotype as described in RE-
SULTS AND DISCUSSION. The confidence interval for that
estimate was derived from the binomial distribution, which
is correct under the assumption that each of the twelve
genes had an equal probability of showing up in the feeding-
defective screen, and that this probability is equal to that
that any feeding-defective gene would have been identified.
The first assumption is conservative: if there is in fact a
range of probabilities, the distribution of the number of
uncs recovered would become narrower, leading to a nar-
rower confidence interval. Thus the only important assump-
tion is that the genes that mutate to an Unc feeding-defective
phenotype are representative of all genes that mutate to
feeding-defective in their probability of recovery.

Photography: The pictures in Figures 1 and 4a were
taken using a Bio-Rad MRC-600 confocal microscope with
the transmitted light option. These images were then proc-
essed using the free software X windows image viewer XV
(BRADLEY 1992), modified to aliow reading of MRC-600
PIC files and some simple image processing. The images in
Figure 1, a, ¢, e, and g, were all taken with identical
microscope settings and were identically processed, so they
can be directly compared. Figure 1, panels b, ¢, f, and h,
were also obtained and processed identically to each other.
The remaining pictures were photographed on Kodak
Technical Pan film and developed with Diafine developer.
Scale bars were measured from simultaneous pictures of a
stage micrometer.

Arecoline sensitivity: Plates containing the acetylcholine
agonist arecoline were made by placing 0.6 ml of a 20X
concentrated stock solution on a 12 ml NGMSR plate and

waiting until the liquid had soaked in. To test strains for
sensitivity to arecoline, I placed five gravid adult herma-
phrodites on a bacteria-seeded NGMSR plate containing 5
mM arecoline. The plate was examined and the age of the
oldest F, and F; progeny noted daily either until all the
bacteria had been eaten, or until at least two weeks had
passed. If the plate starved (i.e., the worms ate all the
bacteria), the time to starvation was also noted. (Although
it is also affected by the efficiency of reproduction, time to
starvation is a useful crude measure of the rapidity with
which worms consume food.) Wild-type worms and strains
homozygous for the reference alleles of the following genes
have been tested: cha-1, eat-1, eat-2, eat-3, eat-4, eat-6, eat-7,
eat-8, eat-9, eat-10, eat-11, eat-12, phm-3 and unc-36. eat-3,
eat-10 and eat-11 growth was arrested by 5 mM arecoline.
Most eat-2 and unc-36 worms arrested immediately after
hatching as first-stage larvae, but a few were able to pass the
L1 block and become fertile adults. Because the mutations
slow growth in the absence of arecoline, and 5 mM arecoline
slows wild-type growth, this experiment alone could not
distinguish hypersensitivity from an additive effect of the
drug and the mutation. eat-3 and ¢at-10 in particular have
very strong effects on growth even in the absence of areco-
line, and 1 felt that their sensitivity to arecoline could not
be interpreted. To test whether eat-2, eat-11 and unc-36
were truly hypersensitive, I repeated the experiment, but
varied the concentration of arecoline. Only eat-11 was hy-
persensitive to lower concentrations than 5 mM. Details are
described in RESULTS AND DISCUSSION.

Videotape analysis: L.1 hermaphrodites were mounted
for Nomarski microscopy (SULSTON and HoRrviTz 1977) and
videorecordings made with a Hitachi KP-160 black-and-
white solid-state videocamera and a Panasonic AG-1960
Super-VHS videocassette recorder. After viewing the tapes
and selecting a few seconds during which the worm pumped
and there was little motion to blur the pharyngeal muscles,
I played the tape back at 1/30 original speed into a
RasterOps SPARC Card TV in a Sun SPARCStation 2.
There are 30 frames/sec, each frame consisting of two
interleaved images, the first comprising the odd lines, and
the second the even lines. The AG-1960 at 1/30 speed plays
these alternately, thus displaying a new image twice a sec-
ond, showing the pharynx as it was at 1/60-sec intervals. I
wrote programs to capture these images and store them as
computer files, then later to automatically adjust contrast
and brightness and translate into GIF format. Finally, they
were examined sequentially using XV (BRADLEY 1992), and
the motion of the corpus and terminal bulb in each image
recorded as either relaxing, contracting, or stationary. In
addition, the position was estimated at every change of
motion (e.g., from relaxing to stationary) as either fully
relaxed, fully contracted, slightly relaxed, or slightly con-
tracted.

Two points must be emphasized to avoid overinterpreta-
tion of the plots of Figure 3. First, although the abscissa,
time, is quantitative, the ordinate, state of contraction, is
partially schematic, since I recorded the extent of contrac-
tion only at changes of motion, and distinguished only four
extents of contraction. Between changes the motion is ar-
bitrarily shown as linear. Second, I have analyzed very few
worms by this method. My purpose was to represent in static
form the pharyngeal motions I had seen while watching
behavior. 1 chose for analysis worms whose motions ap-
peared typical. Therefore, although the plots are quantita-
tively accurate pictures of the timing of pharyngeal motions
in one individual and qualitatively typical of the motions of
worms of the indicated genotype, I do not know that they
are quantitatively typical.
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Antibody staining of embryos: Antibody staining meth-
ods were adapted from those described by PRIESs and
THoMSON (1987) and SuLsTON and HODGKIN (1988) as
follows. Embryos were picked off a plate into 5 ul of the
buffer described by SULSTON et al. (1983) for Turbatrix aceti
embryos on a slide coated with poly-L-lysine, covered with a
cover slip, frozen on an aluminum slab on dry ice, and the
cover slip pried off with a razor blade. The slides were fixed
with methanol and acetone at —20°, rehydrated through an
ethanol series, washed three times with PBS + 0.5% Tween
20, incubated 1 hr in primary antibody, washed three times
with PBS + 0.5% Tween 20, incubated 2 hr at room
temperature and overnight at 4° in fluorescein-labeled sec-
ondary antibody, then mounted under a coverslip in a drop
of DABCO (diazabicyclo[2.2.2]octane) in buffered glycerol
and viewed with epifluorescence optics.

RESULTS AND DISCUSSION

Isolation of feeding-defective mutants: The screen
for feeding-defective mutants was very simple in es-
sence: unc-31 hermaphrodites were mutagenized, and
their F; self-progeny examined for defective feeding.
(I also isolated a few F; feeding-defective worms, in
the hope of obtaining dominant mutations.) The
unc-31 background, although not essential, made the
screen easier since unc-31 mutants usually lie still, and
their pharynxes pump rapidly and continuously (L.
AVERY and H. R. HorvrTz, unpublished data). Not
surprisingly, strong feeding-defective mutants grow
slowly, and most screens incorporated some trick to
prevent their being overgrown by their wild-type
nieces (described in MATERIALS AND METHODS).

Feeding-defective worms were recognized in two
ways. First, the motions of the grinder, a cuticular
specialization in the terminal bulb of the pharynx that
breaks bacteria up (Figure 1b), can be easily seen
using a dissecting microscope. I looked for worms in
which its motion was visibly abnormal. Second, I
looked for worms that had a starved appearance.
Worms whose pharyngeal nervous systems have been
partially or completely destroyed (AvERY and HoOR-
viTZ 1987; AVERY and HORVITZ 1989; AVERY 1993),
are small and pale (e.g., Figure 1, g and h). Of course,
a small, pale mutant need not be starved, and a starved
mutant need not have a feeding defect. (It might, for
instance, have an intestinal defect that interferes with
nutrient uptake.) I therefore used Nomarski differ-
ential interference contrast microscopy to examine
the feeding motions of mutants isolated on the basis
of starved appearance.

Starved appearance turned out to be the more
useful of the two phenotypes. Every mutation isolated
on the basis of abnormal grinder motion also caused
a starved appearance. Furthermore, the majority of
mutants with an obviously starved appearance had
feeding defects. Figure 1 shows the appearance of
wild type (Figure 1, a and b) and of weak (Figure 1, c
and d), medium (Figure 1, e and f), and strong (Figure
1, g and h) feeding-defective mutant adult herma-

phrodites. Feeding-defective mutants consistently had
lighter intestinal color than wild type. The mutants
also tended to be smaller and thinner than wild type,
and adult hermaphrodites generally contained fewer
eggs. Wild-type worms that are starved because of
food deprivation or pharyngeal nervous system de-
fects have a similar appearance (data not shown).

I isolated 49 mutations by screening for feeding-
defective mutants. Two more, ad592 and n2251, were
gifts from J. H. THOMAS and E. JORGENSEN, respec-
tively, and one, ad792, was isolated in a screen for
mutants that could survive without the essential pha-
ryngeal neuron M4 (AVeRrY and HorviTz 1987). The
screens are summarized in Table 1. By genetic map-
ping (Table 2) and complementation tests these 52
mutations were assigned to 35 genes (Table 3) distrib-
uted over all six chromosomes (Figure 2). At least 22
of the genes were previously unknown: aex-3, eat-1
through eat-17, pha-2, pha-3, phm-2 and phm-3. [aex-3
was independently discovered by ]J. H. THoMAS
(1990).] Table 4 shows how the mutations were dis-
tributed among genes. The distribution was not sig-
nificantly different from a Poisson.

How many feeding genes are there? Feeding-de-
fective mutants arose at high frequency. This is best
seen by examining the results of the FIBA and F1BV
screens, whose design ensured a nearly 100% effi-
ciency of recovery. Using a standard EMS mutagenesis
protocol, known to have an approximately 5 X 107
probability of inactivating an average gene (BRENNER
1974; GREENwWALD and HorviTz 1980), I isolated 10
mutations in a screen of 317 F, progeny of EMS-
mutagenized hermaphrodites (Table 1), a frequency
of 0.016 (0.008-0.028 with 95% confidence) per mu-
tagenized haploid genome. The high frequency sug-
gested that many genes (about 30) were capable of
mutating to the feeding-defective phenotype.

The large number of genes was confirmed by map-
ping and complementation tests: the 52 feeding-de-
fective mutations defined 35 genes: 26 eats, 2 phas
and 7 phms. 1 found only one allele of most of these
genes, suggesting there are many more genes to be
discovered (Table 4). By assuming visible mutations
in all genes were recovered with equal probability (see
MATERIALS AND METHODS), the number of feeding
genes could be estimated at 60 (44-95 with 95%
confidence), of which 25 are still unknown. Since in
reality different genes probably give rise to visible
mutations at differing frequencies, and some genes
involved in feeding might not give rise to visible
feeding-defective mutations at all (they might be re-
dundant or essential, for instance), this number is a
lower bound.

The number of genes that mutate to feeding-defec-
tive can be estimated by an independent method.
Mutations in 12 unc genes (unc-2, unc-10, unc-11,
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intestine

intestine

FIGURE 1.—Starved phenotypes of feeding-defective mutants. The appearance of wild-type (a, b), and representative Eat mutants:
eat-11(ad541) I, a weak Eat mutant (c, d), eat-4(ad572) IlI, a weak to medium-strong Eat mutant, and eat-6(ad467) V, a medium-strong Eat
mutant. Panels a, ¢, e and g show low magnification (scale bar in a) bright-field images of several worms, and panels b, d, f and h higher
magnification (scale bar in b) Nomarski images of single worms, anterior to the left and ventral down. The Nomarski images are negatives
for easier comparison with the bright-field images. Starved worms have fewer refractile granules in intestinal cells, making them appear pale.
Strongly starved mutants are small and thin, and tend to retain fewer eggs than wild type. A strong starved phenotype such as that of eat-6
homozygotes can be easily distinguished from wild type by an inexperienced observer. With practice the medium-strength starved phenotype
of eat-4 mutants can also be reliably scored. A weak phenotype such as that of eat-11 mutants is difficult for even an experienced observer to
score reliably, although a brood of eat-11 worms can easily be distinguished from a brood of wild-type worms.
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TABLE 1

Mutant screen summary

No. Mutants

Mutagenesis screened” Screen(s) isolated
EMS 2,350 F2V 8
EMS’ 22,000 F2SG 6
F2V 0
EMS® 2,558 F1V 4
6000 rad x-ray 4,785 F2v 1
7500 rad x-ray 4,000 F2v 0
EMS 317 FIBV 7
F1BA 3
7500 rad x-ray 390 FiBV 1
9000 rad x-ray 1,138 F1IBV 10
F1BA 8
EMS 400 M4l 1
EMS Unknown Gifts 2

This table summarizes the sources of feeding-defective muta-
tions. Each row represents a group of progeny of mutagenized
worms screened by one or more methods. The screens, described
in detail in MATERIALS AND METHODS, are F1V (F, visible), F2V (F
visible), F2SG (Fq slow growth), F1BV (F,; brood visible), F1BA (F,
brood arrest), and M41 (M4-independent).

“ For the F2SG screen, the “No. screened” is the number of F
worms from which slow growing worms were selected. For F2V, it
is the number of Fgs directly examined for feeding defects. For
F1V, it is the number of F;s directly examined for feeding defects.
For F1BV and F1BA, it is the number of F, broods examined for
feeding-defective F; progeny.

% About % of these 22,000 were the progeny of 1,450 worms
screened by the F1V method.

unc-13, cha-1/unc-17, unc-18, unc-26, unc-32, unc-37,
unc-57, unc-75 and unc-104) were known to cause an
Eat phenotype (HODGKIN et al. 1988; J. H. THOMAS,
personal communication; L. AVERY, unpublished). 1
isolated new alleles of six, half of them. This suggests
the 35 genes found were half the total that could be
found, thus providing an estimate of 70 (44-165 with
95% confidence).

These two independent estimates suggest that there
are at least 60 genes necessary for proper feeding
behavior, half or more of them still genetically un-
characterized.

Use of feeding mutants as tools to change food
intake: Behavior changes in many ways when worms
are deprived of food. This collection of feeding-de-
fective mutants allows one to distinguish whether the
failure to ingest (and the ensuing starvation) or the
failure of sensory neurons to detect food in the envi-
ronment influences a particular behavior. For in-
stance, the defecation cycle stops in the absence of
bacteria (THOMAS 1990). THOMAS (1990) used eat-2
and unc-89 mutants to show that bacterial intake has
only a small effect on the period of the defecation
cycle.

Food deprivation biases worms towards entering
the dauer state (GOLDEN and RIDDLE 1984). However,
the collection of 52 mutants, ranging from ones that
are barely detectably starved to others that are so
defective in feeding they require extraordinary effort

to maintain as homozygous strains, includes only two
that caused a dauer-constitutive phenotype: the two
aex-3 mutants. All 52 formed dauers when deprived
of food. Another effect of food deprivation is to
prevent egg-laying, so that the eggs hatch inside and
eat the mother, forming a bag of worms. None of the
mutants formed bags of worms in the presence of
food. I therefore propose that bacteria influence
dauer formation and egg-laying via sensory neurons,
not (or at least not solely) because of effects on the
nutritional state of the worm.

Summary of the mutant phenotypes: Most of the
35 genes fit clearly into three broad categories: phas,
phms and eats. Mutations in pha genes caused defects
in the shape of the pharynx (Figure 4). phm mutations
caused defects in the contractile structures of the
pharyngeal muscle (Figure 5); their defining charac-
teristic was abnormal pharyngeal muscle birefrin-
gence. eat mutations caused defects in pharyngeal
muscle motions, but mutants had normally shaped
and normally birefringent pharynxes capable of vig-
orous contraction. The only genes whose classifica-
tions were uncertain were phm-2, whose mutant phe-
notype could be equally well described as a pharynx
deformity or a muscle abnormality (Figure 6), and
eat-14, mutation of which had an effect on pharyngeal
muscle motions somewhat similar to that of phm-2,
but caused no obvious deformity or birefringence
abnormality.

Descriptions of feeding mutant phenotypes: Ex-
cept where otherwise indicated, the phenotype de-
scribed below is that of the reference allele (Table 3).
For ease of description I have grouped together some
genes that produce similar phenotypes. The grouping
need not imply a fundamental similarity of mecha-
nism. Where I am fairly certain that a mutation iden-
tifies a new gene, 1 have given it a full gene name
beginning with eat, pha or phm, e.g., eat-11, pha-2 and
phm-3. Three mutations without gene names,
phm(ad598), phm(ad699) and phm(n2251), have been
less characterized and may be alleles of known genes.
However, with the possible exception of phm(ad598)
(see below), these mutations identify new feeding-
defective genes in the sense that no allelic mutations
have been previously described to produce a viable,
fertile, feeding-defective phenotype.

Individual descriptions of eat genes:

eat-10 1, eat-13 X, eat-15 1, eat-16 1, eat-17 X: Muta-
tions in these genes caused a phenotype I call “slippery
pharynx” (AVERY 1993). Bacteria in the corpus and
isthmus were not efficiently moved posteriorly during
pharyngeal pumping. In eat-13, eat-15 and
eat-17 mutants all three parts of the pharynx were
affected: corpus and isthmus were slippery, and the
timing of terminal bulb contractions was also slightly
abnormal. eat-10 and eat-16 mutants had strong slip-
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TABLE 2
Map data
Gene Data Gene Data
act(ad468 ad767) V. <2 map unit from act(st15) eat-8 11 <5 map unit from dpy-1
dpy-11(9/18) ad468 ad767 (4/18) him-5 (eat-8 dpy-1) (9/9) lon-1
(5/18) unc-76 unc-45 (1/12) eat-8 (6/12) dpy-1 (5/12)
dpy-11 (6/22) rol-3 (16/22) ad468 ad767 phm-3
(ad468 ad767 sqt-3) (11/11) egl-10 unc-45 (1/13) fem-2 (3/13) daf-7 (9/13)
(ad468 ad767 sqt-3 egl-10) (1/1) unc-76 eat-8
sDf20, slzf35 and ¢tDf1 complement ad468 eat9 I 7 (2-19) map unit from unc-54
ad767 9 (3-22) map unit from dpy-5
eat-1 IV? 0.43 (0.26-0.7) map unit from dpy-20 dpy-5 (5/9) eat-9 (4/9) unc-54
0.11 (0.04-0.26) map unit from sem-3 unc-101 (5/5) (unc-59 eat-9)
unc-24 (18/33) eat-1 (15/33) unc-31 (eat-9 let-201) (6/6) unc-54
unc-24 (19/20) eat-1 (1/20) dpy-20 1et-202 (3/12) eat-9 (9/12) unc-54
eat-1(4/11) dpy-20 (7/11) unc-31 (eat-9 let-203) (9/9) unc-54
eat-1(2/13) let-59 (11/13) dpy-20 unc-101 (6/6) (eat-9 unc-59)
eat-1(5/19) sem-3 (14/19) dpy-20 eDf3 uncovers eat-9
eDf18, eDf19, sDf8, sDf10, and sDf60 do eDf4, eDf5, eDf6, eDf9, eDf12, eDf15, and
not uncover eat-1 eDf16 do not uncover eat-9
sDf2, sDf62, sDf63, and sDf67 uncover .
cat-1 eat-10 IV <0.6 map unit from dpy-9
i (eat-10 dpy-9) (8/8) lin-1
eat-2 11 0.34 (0.21-0.49) map unit from unc-52 .
(eat-2 lin-7) (2/2) unc-52 eat-111 2.0 (0.7-4.3) map unit from unc-29
eat-2 (2/2) (lin-7 unc-52) 1.3 (0.4-3.3) map unit from dpy-5
eat-2 (16/25) lin-7 (9/25) unc-52 dpy-5 (9/9) (unc-13 eat-11)
JDfI and jDf4 do not uncover eat-2 dpy-5 (4/4) (eat-5 eat-11)
(eat-11 eat-5) (9/9) unc-29
eat-3 11 <5 map unit from rol-6 dpy-14 (6/6) {eat-5 eat-11)
dpy-10 (13/17) ad426 (4/17) unc-4 (eat-11 lin-10) (8/8) unc-29
mnDf30, mnDf67, mnDf69, and mnDf88 do nDf24 and nDf25 uncover eat-11
not uncover éat-3 nDf23 partially fails to complement
mnDf16, mnDf68, and mnDf89 uncover eat-11%
eat-3 eat-12 IV (eat-12 unc-24) (22/22) (eat-1 unc-31)
eat-4 I 0.18 (0.09-0.33) map unit from unc-32 (eat-12 unc-24) (10/10) (pha-3 unc-31)
dpy-17 (26/26) unc-32 eat-9) dpy-13 (19/45) eat-12 (26/45) unc-31
(eat-4 unc-16)(23/23) dpy-18 unc-17 (42/42) (dpy-13 eat-12)
sma-2 (2/2) (unc-32 eat-4) bli-6 (14/20) eat-12 (6/20) unc-24
unc-32 (3/12) eat-4 (9/12) emb-9 lin-45(1/2) eat-12 (1/2) unc-24
sma-2 (1/1) (unc-32 eat-4 emb-9) unc-44 (5/5) (deb-1 eat-12)
unc-32 (10/10) (eat-4 glp-1) une-8 (5/7) eat-12 (2/7) unc-24
unc-32 (9/9) (lin-12 eat-4) .
nDf20 does not uncover eat-4 eat-13 X 0.4 (0.15-0.7) map unit left of unc-58
¢Dp3 covers eat-4 lon-2 (9/9) (unc-6 eat-13)
¢Df2 uncovers cat-4° (unc-10 unc-110) (9/9) eat-13
cat-51 1.3 (0.5-2.7) map unit from dpy-5 eat-14 lon-2 (26/26) (unc-6 eat-14)
0.9 (0.3-2.2) map unit from unc-29 lon-2 (2/3) unc-6 (1/3) eat-14
dpy-5 (11/22) eat-5 (11/22) unc-29 egl-15(3/4) eat-14 (1/4) sma-5
dpy-5 (11/11) (unc-13 eat-5) nDf19 and maDf1 uncover eat-14
dpy-5 (4/4) (eat-5 dpy-14) eat-151 dpy-5 (3/3) (eat-5 eat-15)
(eat-5 dpy-14) (18/18) unc-29 (eat-15 eat-5) (4/4) unc-29
dpy-14 (51/69) let-75 (2/69) eat-5 (16/69) dpy-14 (5/7) eat-15 (2/7) eat-5
une-13 hDp62 and sDp2 do not cover eat-15
eat-6 V dpy-11(7/12) ali-1 (5/12) eat-6 eat-16 1 Linked to bli-4
dpy-11(31/37) eat-6 (3/37) him-5 (3/37) eat-5 (10/10) (unc-29 eat-16)
unc-76 unc-29 (6/15) eat-16 (9/15) lin-11
sqt-3 (1/3) eat-6 (2/3) unc-76 . - lin- 17
sqt-3 (10/24) eat-6 (14/24) egl-10 eat-17X i 135((2262//22?)(22:_5; EZ /26)};4 10
sDf20, sDf35, and %f1I do not uncover eat-6 lin-15 (12/17) (let-2 eat-17) (5/17) sup-10
eat-7 IV dpy-9 (7/15) eat-7 (8/15) lin-1 mnDf41 uncovers eat-17
eat-7 is right of ced-2 mnDf4 does not uncover eat-17
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TABLE 2
Continued
Gene Data Gene Data
pha-2 X 0.6 (0.2-1.3) map unit from unc-1 phm-3 11 5 (1-16) map unit from dpy-17
0.1 (0.05-0.2) map unit from egl-17 4.2 (2.4-6.8) map unit from dpy-1
pha-2 (22/22) (lon-2 dpy-6) (phm-3 daf-2) (10/10) dpy-17
pha-2 (16/31) unc-20 (15/31) lon-2 phm-3 (9/22) daf-2 (13/22) dpy-17
pha-2 (6/6) (unc-1 dpy-3) unc-45 (12/12) (dpy-1 phm-3)
(pha-2 unc-1) (2/2) dpy-3 unc-45 (13/22) dpy-1 (9/22) phm-3
egl-17 (3/10) pha-2 (7/10) unc-1 (unc-45 dpy-1) (19/19) (phm-3 mec-12)
(che-2 pha-2) (17/17) une-1 phm-3 (4/8) mec-12 (4/8) daf-2
(che-2 egl-17) (11/11) pha-2 eDf2 does not uncover phm-3
pha-3 IV eat-1(4/13) pha-3 (9/13) unc-31 ric-2 118 0.07 (0.03-0.14) map unit right of dpy-10
sDf8, sDf9, and sDf64 do not uncover 0.05 (0.02-0.12) map unit left of unc-104
pha-3 (ric-2 dpy-10) (10/10) unc-4
sDf10, sDf62, and sDf67 uncover pha-3 exp-1(7/7) (dpy-10 ric-2)/
phm(ad598) X (d598 lon-2) (7/7) unc-6 dpy-10(7/12) ric-2 (5/12) unc-104
) i mnDf16, mnDf31, mnDf39, mnDf68, and
phm(ad699) 1 <5 map unit from bli-4 mnDf88 do not uncover ric-2
phm(n2251)V 4.0 (2.7-5.7) map unit left of dpy-11 mnDf30 and mnDf96 uncover ric-2
n2251(19/32) unc-46 (13/32) dpy-11 une-2 X* unc-2 (6/20) lon-2 (14/20) lin-15
sDf26, sDf27, and sDf28 uncover n2251 ;
e ] 2 (0.04-9) \ from blid unc-36 111 dpy-17 (17/21) unc-36 (4/21) unc-32
phm- .04-9) map umit from biz- i _ . )
0.18 (0.08-0.35) map unit left of unc-75 unc-371 (l)? Egg ;?g zzg Z::: gg:: :ﬁi i:"
dpy-5 (8/12) eat-5 (4/12) (unc-29 phm-2) AT ) g’
cat-5 (12/12) (unc-29 phm-2) ) unc-11(8/16) unc-57 (7/16) dpy-5
une-29(7/7) (lin-11 phm-2) unc-89 1 <3 map unit from dpy-5
unc-29 (32/32) (phm-2 unc-75) (unc-89 dpy-5) (14/14) unc-13
unc-29 (10/22) lin-11 (12/22) (unc-75 une-11(5/20) unc-89 (15/20) dpy-5
phm-2) ¢Df3 does not uncover unc-89

This table summarizes data regarding the location of mutations on the C. elegans genetic map. Except where otherwise noted, the reference
allele of each gene was used. The data are of three types: two-point measurements of recombination distances, three- or more-point
determinations of gene order and relative distances, and complementation tests with deficiencies and duplications. Two-point measurements
are reported in map units, each representing a 1% probability of recombination, with 95% confidence intervals in parentheses. Three- and
four-point measurements are given as “genel (I/t) gene2 (r/t) gene3” or “genel (t/t) (gene2 gene3)”. The first format means that of ¢ independent
recombination events between genel and gene3, [ were between genel and gene2, and r were between gene2 and gene3. The second format
means that all of ¢ independent recombination events between genel and gene2 were between genel and gene3. Although the data do not
deﬁnmve]y order gene2 and gene3, their order within the parentheses is significant.

? These data probably do not imply that ad468 ad767 lies outside the deficiencies, since a deficiency acts like a wild-type allele in

corpp]ememauon tests with dominant actin mutations.
€2343 was used for all eat-1 mapping.
¢ These data were obtained by R. LEE.

¢ The eat-11/nDf23 heterozygote shows an Eat phenotype, but it is weaker than that of an eat-11 homozygote.

® All eat-12 mapping was done by R. LEE.
These data were obtained by D. RA1ZEN.
8 ric-2(ad596) was used in these experiments.

- unc-2(e2342) was used in these experiments.
' unc-36(e2341) was used in this experiment.

Jkunc-57(ad592) was used in these experiments.
unc-89e2338amber) was used in these experiments.

pery isthmus and corpus phenotypes, but I did not
notice any abnormality in terminal bulb action.
eat-11V, eat-11 1, unc-36 I1I: In addition to feeding,
each of these genes affected locomotion and body
shape. Mutations in all three caused worms to look
slightly longer and thinner than normal. eat-1 worms
pumped very slowly and irregularly, and moved some-
what sluggishly. unc-36 mutations caused slow, irreg-
ular pumping in addition to a slippery corpus and
isthmus. Movement was very sluggish and loopy.

Among these three genes, eat-11 mutations produced
the mildest phenotype. Mutants had a slippery corpus
and slightly loopy movement, but the rate of pumping
and the rate of movement were normal.

eat-11 mutants were hypersensitive to the cholin-
ergic agonist arecoline, which increases pharyngeal
muscle contraction (AVERY and HorviTZz 1990; L.
AVERY, unpublished). Wild-type worms grew well on
medium containing 5 mM arecoline: a plate inoculated
with five adult hermaphrodites produced thousands



TABLE 3

Feeding-defective mutations

Male
Gene Mutations Mutagen Screen® Feeding phenotype Other phenotypes mating
eat genes: 41 mutations, 26 genes
aex-3 X ad418 EMS F2v Slow, long-lasting pumps in unc-31 Defecation defective, also dauer-consti-  +
ad696  EMS background tutive in unc-31 background
eat-11V ad427°  EMS F2v Slow pumping Long, thin appearance. ND
2343 EMS F2v Sluggish movement
eat-2 Il ad465 EMS F25G  Slow, regular pumping
ad453 EMS  F1V
ad570  X-ray FI1BV
ad692 EMS  F1BV
eat-3 11 ad426  EMS F2v Slow, irregular pumping Sluggish movement. Seldom recovers ND
from dauer. Low fertility, some em-
bryonic lethality
eat-4 11 ad572  X-ray F1BV  Weak relaxation-defective +
ad537  X-ray FI1BA
eat-5 1 ad464 EMS F28G  Corpus and terminal bulb contractions +
unsynchronized
eat-6 V ad467 EMS F25G  Strong relaxation-defective Slightly Dpy +
ad601 X-ray FIBV
2d792 EMS M4l
eat-7 IV ad450sd EMS F1V Falls asleep. Does not feed while asleep ~ While asleep, does not move or ND
defecate
eat-8 111 ad599  X-ray F1BV  Brief, rare pumps Slight coiler Unc +
ad697 EMS  FIBV
eat-9 1 e2337 EMS F2vV Irregular pumping +
eat-10 IV ad606 X-ray F1BA  Slippery isthmus and corpus +
eat-111 ad541 X-ray F1BV  Slippery corpus Long. Slight coiler Unc. Highly sensi- +
tive to arecoline
eat-12 IV ad695sd EMS FIBV  Relaxation-defective Slightly Dpy. Adult males often have —
blocked anus, or protruding spicules
eat-13 X ad522  X-ray FIBV  Slippery, slight relaxation defect +
eat-14 X ad573  X-ray FIBV  Grinder fails to come to full relaxed +
position between pumps
eat-151 ad602 X-ray F1BV  Slippery corpus, isthmus, and terminal +
bulb
eat-16 1 ad702  EMS FIBA  Slippery isthmus and corpus Partially suppresses unc-31 ND
Unc phenotype. Most die early in
adulthood with transparent,
shrunken appearance
eat-17 X ad707 EMS F1BV  Slippery isthmus and corpus. Terminal +
bulb contractions mistimed
ric-2 11 ad596 X-ray F1BA  Very slow, irregular pumping Strong Unc: jerky backward motion ND
unc-2 X e2342 EMS F2Vv Slow, irregular pumping Unc: kinker .
+
ad463 EMS  F2SG
unc-10 X ad591 X-ray F1BA  Slow, irregular pumping Unc: strong coiler
+C
unc-111 ad571 X-ray FIBA  Slow, irregular pumping Unc: jerky backward motion .
+
unc-18 X ad486 EMS F1V Very slow, irregular pumping Unc: paralyzed, kinky .
unc-26 IV ad473  EMS F2SG  Slow, irregular pumping Unc: paralyzed, kinky .
ad701 EMS  FIBA
ad706 EMS F1BV
e2340 EMS  F2v
unc-36 111 ad698  EMS FIBA  Slow, irregular pumping Long, thin appearance. Unc: Sluggish, .
e2341 EMS F2Vv coiler -
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TABLE 3
Continued
Male
Gene Mutations Mutagen  Screen” Feeding phenotype Other phenotypes mating
unc-57 1 ad592 X-ray FIBV  Slow, irregular pumping Unc: Strong kinker, active +
ad516 EMS JT
pha genes: 2 mutations, 2 genes
pha-2 X ad472 EMS F25G Deformed pharynx +
pha-3 IV ad607 X-ray FIBA  Deformed pharynx ND
phm genes: 9 mutations, 7 genes
actV ad468 ad767 EMS F1V Phm: patchy birefringence ND
phm(ad598) X  ad598 X-ray FI1BA  Phm: disorganized terminal bulb  Unc: progressive flaccid paralysis -
birefringence
phm(ad699)1  ad699 EMS FIBV  Phm: weak terminal bulb bire- +
fringence
phm(n2251)V.  n2251 EMS EJ Phm: weak terminal bulb bire- Constipated: weak Exp contractions ND
fringence
phm-21 ad538 X-ray  F1BV  Grinder cannot come to full for- Protruding male spicules -
ad597 X-ray FI1BV ward position
ad597 X-ray  FIBV
phm-3 11 ad493 X-ray  F2V Phm: weak pharyngeal birefrin- +
gence
unc-89 1 e2338am EMS F2v Phm: generally weak birefrin- +
ad539 X-ray FI1BV gence, with bright peripheral
arcs in terminal bulb
ad539 X-ray  FIBV

Mutations identified in the Eat screen are listed by gene. Genes are grouped into three broad categories: phas, which had grossly deformed
pharynxes, phms, which had defective pharyngeal muscle, and eats, which had abnormal pharyngeal motions, but no obvious defects in
pharyngeal morphology or muscle contractile structures. Phenotypic descriptions are for the reference allele with the exception of ric-2,
where the description is of ad596. Most of these genes were identified for the first time in this screen. When this is the case, the reference
allele is shown in boldface. Others were new alleles of previously known genes. The reference alleles for these are unc-2(e55), unc-10(e102),
unc-11(e47), unc-18(e81), unc-26(e205), unc-36(e251), unc-57(e406) and unc-89(e 1460). ad468 ad767 is a special case, in that it is a mutation in
the actin genes act-2 and act-3 (L. A. SCHRIEFER and R. H WATERSTON, personal communication), but has a phenotype different from all
previously known mutations in the actin gene cluster.

? Screens were as follows: F2V: visible Eats among F; progeny of mutagenized POs. F2SG: slow-growing worms among Fe. F1V: visible
Eats among F,. F1BV: ! visible Eats in the broods of single Fys. FIBA: ' larval arrest in the broods of single F;s. M41: M4 independent F,.

jT-B gift from J. H. THoMas. EJ: gift from E. JORGENSEN. See MATERIALS AND METHODS for details.
€2343 and ad427, although not definitely known to be independent, have different phenotypes.

¢ Male mating ability quoted from HODGKIN 1983.

of progeny and exhausted the food in 8 days, 3 days
more than were required in the absence of arecoline.
In contrast, 1 mM arecoline completely arrested
growth of eat-11 mutants in the LI stage. In the
absence of arecoline, eat-11 worms grew to starvation
in seven days. A minimum concentration of 1 mmM was
required to produce a visible effect on wild-type feed-
ing. eat-11 mutants showed a similar or stronger effect
at 0.2 mM. This hypersensitivity was particularly strik-
ing because in the absence of arecoline the eat-11
phenotype was quite mild, and indeed difficult to
score.

eat-2 11, eat-8 II1, eat-9 I: Mutations in these three
genes caused slow pumping, but had little other effect.
eat-2 mutants had slow, strong, often regular pump-
ing. In eat-8 mutants pumps were brief and rare, but
otherwise normal, except that they were sometimes

so brief as to be only coordinated twitches. eat-8
worms had slightly loopy movement. eat-9 mutation
caused slow, irregular pumping. There was no other
obvious defect.

aex-3 X: aex-3 was discovered independently by
THoMmas (1990), who isolated aex-3(sa5) based on its
defect in the aBoc (anterior body wall muscle contrac-
tion) and Exp (expulsion) steps of the defecation cycle.
Like most of the eat mutations, ad418 and ad696 were
first detected in an unc-31 background. The unc-31;
aex-3 double mutant had three defects: very slow,
irregular pumping (Eat), dauer-constitutivity (Daf-c),
and failures of the aBoc and Exp steps of the defeca-
tion cycle [Aex; THOMAS (1990)]. The Aex phenotype
was equally strong in unc-31; aex-3 double mutants
and aex-3 single mutants. The aex-3 single mutant,
however, had nearly normal feeding (there was a
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FIGURE 2.—Locations on the C. elegans genetic map of genes isolated in the Eat screen. Each chromosome is represented by a vertical line
with the left end at the top. Genes identified by mutations found in this paper are shown to the right of the chromosome, and representative
markers used for mapping to the left. The scales at right give distance in map units (mu), 1 mu corresponding to 1% recombination of 1
centimorgan. This figure is only intended as an overview of the locations of the genes, not as a comprehensive representation of all
information about their positions. For complete information, see Table 2.
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TABLE 4
Distribution of feeding-defective mutations by gene and
phenotypic class

Mutations per gene eat pha phm All genes
1 16 2 5 23
2 7 0 2 9
3 1 0 0 1
4 2 0 0 2
Total genes 26 2 7 35
Total mutations 41 2 9 52

barely noticeable irregularity in pumping) and was not
Daf-c.

The Eat and Daf-c phenotypes in the unc-31 back-
ground were caused by the aex-3 mutation, not a
simultaneously induced mutation in a different gene.
This was shown by two observations. First, each of
the three double mutants unc-31; ad418, unc-31;
ad696, and unc-31; sa5 was Eat, Daf-c, and Aex. [sa5
was originally isolated in an unc-31(+) background by
its Aex phenotype (THOMAS 1990).] Second unc-31;
ad418/sa5 and unc-31; ad418/ad696 heterozygotes
were Eat Daf-c Aex.

eat-5 I: The eat-5 mutation uncoupled the contrac-
tions of the corpus and terminal bulb (Figure 3b). In
normal worms, all parts of the pharynx except the
posterior isthmus contract nearly simultaneously (Fig-
ure 3a). A peristaltic wave of posterior isthmus con-
traction occurs after some but not all pumps (AVERY
and HorvrTz 1987). The synchronization of the cor-
pus and terminal bulb is very robust; it remains after
the entire pharyngeal nervous system is killed (AVERY
and HoRrvITZ 1989), in the presence of several drugs
that affect feeding (data not shown), in the presence
of relaxation-defective mutations (below) and even
when the pharynx is dissected out of the worm (data
not shown). In eat-5 mutants the corpus and terminal
bulb each contracted approximately normally, but
they were no longer synchronized. The corpus usually
pumped faster than the terminal bulb. Posterior isth-
mus peristalsis occurred after some but not all termi-
nal bulb pumps. The unsynchronized corpus and ter-
minal bulb contraction phenotype was fully penetrant
in young larvae, and the eat-5 mutation delayed
growth during the larval stages. Pumping was syn-
chronized in a few L4 worms, and about half of the
eat-5 adults pumped normally. eat-5 adults whose
pumping was unsynchronized were small and starved,
while those with synchronized pumping were large
and appeared well fed. These results suggested that
either lack of synchronization or possibly the slow
terminal bulb pumping decreased the intake of bac-
teria.

eat-4 III: In eat-4(ad572) mutants long-lasting, fee-
ble pumps in which the lumen of the corpus failed to
open to its full extent were interspersed with normal

strong, brief pumps (Figure 3d). Long weak corpus
contractions corresponded to long terminal bulb con-
tractions of normal strength. The weaker allele
eat-4(ad537) caused slightly long-lasting pumps, a mild
slippery isthmus, and a temporary L1 arrest, but
ad537 adults were almost indistinguishable from wild
type. eat-4(ad572/ad537) heterozygotes had a phe-
notype intermediate between those of the homozy-
gotes. eat-4(ad572)/qDf2 heterozygotes are similar in
phenotype to eat-4(ad572) homozygotes (R. LEE, per-
sonal communication), so ad572 may be a null muta-
tion.

eat-12  IV: The semidominant mutation
eat-12(ad695sd) delayed terminal bulb relaxation (Fig-
ure 3¢). During the long terminal bulb contractions
the adjacent muscles of the posterior isthmus and
pharyngeointestinal valve also remained contracted,
holding the empty lumen open. This suggests that the
muscles were electrically excited rather than held in
the contracted position by some mechanical impedi-
ment. eat-12/+ heterozygotes had a similar but weaker
phenotype. The basis of eat-12 semidominance is un-
known, as there are no deficiencies known to uncover
the region.

eat-6 V: eat-6(ad467) and eat-6(ad792) mutants were
strongly defective in pharyngeal muscle relaxation
(Figure 3f). eat-6(ad601) produced similar but weaker
effects (Figure 3e). Although ad467 homozygotes had
a uniform, very starved appearance (Figure 1, g and
h), the exact pumping defect varied from worm to
worm. Figure 3f is typical. During the approximately
five seconds recorded, the terminal bulb returned to
its fully relaxed position only twice: once about three
seconds into the trace, and once at the end. Figure 3f
is also typical in that the corpus appears less strongly
affected than the terminal bulb. However, corpus
motions were abnormal: the relaxations were slow,
giving the peaks a triangular rather than a sawtooth
appearance (compare Figure 3a), and at one point the
corpus failed to relax fully between pumps. In the
most extreme cases pumps turned into yawns during
which the entire pharynx: corpus, isthmus, and ter-
minal bulb; remained contracted (data not shown),
These yawns could last at least a minute, more than
300 times as long as normal.

Paradoxically, pharyngeal contractions in eat-6 mu-
tants were often feeble; Figure 3e contains some ex-
amples. A possible explanation is that the pharyngeal
muscles wore themselves out. Long tetanic contrac-
tions induced in wild-type pharynxes by muscarinic
agonists (AVERY and HorvITZ 1990) often end after
a few minutes with a slow, gradual, unsynchronized
relaxation, and the muscle cells often appear damaged
(unpublished observations). Normally pharyngeal
muscles would not stay contracted for more than
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FIGURE 3.—Timing diagrams of wild-type and mutant pumping. Each of the six panels represents the pumping motions of a single worm
as measured by analysis of videotapes. (The eat-5 panel shows two bouts of pumping that were separated by a few seconds during which
pharyngeal motions could not be seen clearly.) Times are accurate to about 17 msec (i.e., less than the thickness of the line), but the y-axis is
partially schematic (see MATERIALS AND METHODS). Only four positions were recognized: relaxed, slightly contracted, mostly contracted, and
fully contracted. Continuous contraction or continuous relaxation is arbitrarily represented as linear (except at a few points where there was
a striking change in speed). (a) In wild type the contractions of the corpus and terminal bulb begin at the same time, and usually end at
roughly the same time, although the terminal bulb contraction seems to last slightly longer. The relaxation of the corpus is extremely abrupt,
sometimes appearing to be complete within a single video field (17 msec), giving rise to the characteristic sawtooth form of the corpus trace.
The terminal bulb relaxation is always much slower. There is a robust one-to-one correspondence between corpus and terminal bulb
contractions. (b) In eat-5 mutants this correspondence is broken. Corpus action seems normal, but the terminal bulb pumps at a lower rate.
Although five of the terminal bulb contractions in the traces began in near synchrony with a corpus contraction, the first two did not. (c) In
eat-12 worms there is a normal correspondence between the beginning of corpus and terminal bulb contractions, but the terminal bulb may
stay contracted for over a second. Corpus motions appear normal. (d) Characteristic of eat-4 mutants are long lasting, feeble corpus
contractions interspersed with normal pumps. The terminal bulb remains tightly synchronized with the corpus; the long feeble corpus
contractions are coupled with long (but strong) terminal bulb contractions. (e, f) Two alleles of eat-6 are shown, a weak one (ad601) (e) and
a strong one (ad467) (f). Most characteristic of eat-6 mutants is a failure of the muscle to relax fully. Although the terminal bulb and corpus
are both affected, the effect is more obvious in the terminal bulb. The motions of the terminal bulb and corpus are nevertheless very precisely
synchronized. (Some apparent exceptions in these plots are probably only due to the greater ease with which small motions of the terminal
bulb can be seen.)

about 200 msec. Perhaps they are damaged by longer
contractions.

The corpus and terminal bulb remained tightly
synchronized in eat-6 worms. This synchronization is
only partially evident in the timing schematics of
Figure 3, e and f. In the original videotapes most or
all corpus and terminal bulb contractions, even those
that began from a partially contracted position, could
be seen to begin within 17 msec of each other as in
wild-type. (The resolution of the measurements was
17 msec.) As in wild type, the beginnings of the
relaxations were not so tightly synchronized, but still
corresponded very well. Even during yawns erratic
partial relaxations occurred; these partial relaxations
were perfectly synchronized throughout the pharynx,
each slight closing of the corpus lumen being accom-

panied by a slight forward movement of the grinder.
This tight synchronization suggests these motions re-
flect fluctuations in membrane potential, since other
processes are too slow to communicate through the
length of the pharynx in so short a time. (For instance,
a typical small molecule with a diffusion coefficient of
107° cm?/sec would require about 10 sec to diffuse
the 150 um length of the pharynx.)

eat-7 IV: This is a mysterious and amusing mutation.
eat-7 homozygotes had a moderately starved appear-
ance. eat-7/+ heterozygotes had a slightly weaker
phenotype on average, but most were indistinguisha-
ble from eat-7 homozygotes. Since there are no known
eat-7 deficiencies, the basis of semidominance is not
known. Pumping was occasionally slow or irregular,
but this abnormality seemed far too weak to account



Genetics of Feeding 911

for the degree of starvation. A partial solution to the
mystery was suggested by the observation that all the
worms on eat-7 plates that had been undisturbed for
a day lay still without moving, pumping or defecating.
Within a minute of examination, however, they began
to move, feed, and defecate normally. In fact, they
became indistinguishable from wild-type worms ex-
cept for their starved appearance. My hypothesis is
that eat-7 worms, when undisturbed, fell asleep and
remained asleep for long periods. (I use the word
“sleep” here only for the inactive state of eat-7 mu-
tants. Wild-type worms have no unconscious state,
and there is no reason to think “sleep” in eat-7 has any
fundamental similarity to vertebrate sleep.) While
asleep, eat-7 worms did not move, defecate, or eat.
Because they failed to eat for so much of their lives
(wild-type worms feed continuously except during
molting lethargus), they became starved. I have not
had much luck pursuing this hypothesis further, be-
cause I have not been able to identify the stimulus
that wakes them up, and it is very difficult to study a
phenomenon that vanishes when looked at. They
could be awakened immediately by light touch or by
tapping the plate, but eventually woke up even if
carefully handled. Furthermore, an eat-7; mec-4 dou-
ble mutant woke up as rapidly as the eat-7 single
mutant, despite a presumed lack of the sensory neu-
rons that sense light touch, which degenerate in
mec-4 mutants (DRi1scOLL and CHALFIE 1991). Tests
for the ability of light to wake eat-7 mutants were
either inconclusive or negative.

ric-2 II, unc-2 X, unc-10 X, unc-11 I, unc-18 X,
unc-26 IV, unc-57 I: Mutations in these seven genes
caused slow, irregular pumping and a strong Unc
phenotype. To them should be added at least six more
genes: unc-13, cha-1/unc-17, unc-32, unc-37, unc-75
and unc-104, which cause generally similar phenotypes
(HODGKIN et al. 1988, ]J. H. THOMAS, personal com-
munication, and my unpublished observations) and
ought to turn up in the Eat screen but have not yet,
presumably because it has not reached saturation. Of
these genes, at least cha-I/unc-17 (RAND 1989),
unc-32 (D. THIERRY-MIEG and A. SPENCE, personal
communication), unc-37 [also known as let-76; ROSE
and BAILLIE (1980)], and unc-104 (HALL and HEDGE-
cock 1991) are essential. Mutations in unc-13, cha-1/
unc-17, unc-75 and wunc-104 cause slow, irregular
pumping. In viable cha-1/unc-17 and unc-75 mutants
the severity of the phenotype varies from time to time
in the same animal, and pumps are generally brief.
There is almost no pumping in the lethal mutant cha-
I(m324) (AVERY and HorviTZ 1990). Some worms
carrying a viable mutation in unc-104 arrest with the
anterior pharyngeal lumen stuffed full of bacteria;
this defect is characteristic of worms that lack function
of the motor neuron M4 (AvERY and HORvITZ 1987).

The reference allele of unc-32, ¢189, causes slightly
irregular pumping. Viable unc-37 mutants are also
reported to pump abnormally (J. H. THOMAS, per-
sonal communication). The Unc phenotypes vary con-
siderably within this group in a way that defies simple
classification (Table 3).

eat-3 II: eat-3 showed every sign of being a house-
keeping gene required for many different functions.
In addition to very slow irregular pumping, the mu-
tants had sluggish movement, low fertility, partial
embryonic lethality, and very poor recovery from the
dauer state. Other mutants are known that fail to
recover from dauer, but a dauer larva mutant for any
of these genes remains a living, apparently healthy
dauer under recovery conditions (ALBERT, BROWN
and RIDDLE 1981; ALBERT and RIDDLE 1988; C. I.
BARGMANN and H. R. HORVITZ, personal communi-
cation). eat-3 dauers, in contrast, died under recovery
conditions, suggesting they received the signal to re-
cover, but were unable to carry out the developmental
program it triggered.

eat-3 had a strong maternal rescue effect. The only
detectable phenotype of ¢at-3 homozygous progeny of
an eat-3/+ heterozygous mother was slightly slow,
irregular pumping. Zygotic eat-3(+) was sufficient to
produce normal worms, since eat-3/+ progeny of an
eat-3 homozygote were completely normal.

eat-14 X: In eat-14 worms the grinder failed to
return to its fully relaxed position between pumps.
Unlike the relaxation-defective eat-6 and eat-12 mu-
tants, eat-14 had no effect on the timing of pharyngeal
motions: the frequency and length of pumps were
normal in mutants. The dissecting microscope phe-
notype was very similar to that of phm-2 (below), but
eat-14 pharynxes did not have the birefringence ab-
normalities or terminal bulb lumen deformation of
phm-2.

Many eat mutations are likely to affect nervous
system function: The evidence is strongest for those
that also produced an Unc phenotype, because pre-
vious characterization of these genes suggests their
Unc phenotypes result from defects in the ventral
cord motor neurons that control locomotion {WHITE
et al. 1976; CHALFIE et al. 1985). The complex locus
cha-1/unc-17 encodes choline acetyltransferase, nec-
essary for the synthesis of the neurotransmitter ace-
tylcholine (RAND 1989). unc-104 encodes a kinesin-
like molecule necessary for the formation of neuronal
processes (HALL and HEDGECOCK 1991). Genetic mos-
aic analysis by KENYON (1986) and by Yuan and
Horvitz (1990) showed that for normal movement
unc-26 and unc-36 must function in ABp descendants,
which include the ventral cord motor neurons that
control locomotion. 7ic-2, unc-10, unc-11, unc-13,
cha-1/unc-17, unc-18, unc-32, unc-36, unc-75 and
unc-104 mutants are resistant to acetylcholinesterase
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inhibitors (A. ALFONSO-P1ZARRO and ]. RAND, per-
sonal communication; R. HosoNO and T. SassaA, per-
sonal communication) but do not turn up in selections
for mutants resistant to the acetylcholine agonist lev-
amisole (LEwIs et al. 1980). Such a result can be
explained if the ventral cord motorneurons in these
mutants release less than normal amounts of acetyl-
choline.

Eat mutants that move normally may have nervous
system defects that are confined to the pharyngeal
nervous system. Most have defects in feeding behavior
like those caused by killing subsets of the pharyngeal
nervous system. For instance, slippery pharynx mu-
tations can be phenocopied by killing the 12 GREEN
pharyngeal neuron types (AVERY and HorviTZ 1989)
or some subsets of them (AVERY 1993). I suspect the
slippery pharynx phenotype is caused by incorrect
coordination of pharyngeal muscle motions, especially
relaxation, on time scales of tens of milli-
seconds (AVERY 1993). Slow or irregular pumping,
another common Eat phenotype, can be phenocopied
by killing the MC sensory neurons (AVERY and HORrv-
1TZ 1989).

While the general similarity between Eat pheno-
types and the effects of pharyngeal nervous system
defects allows an argument that many of the eat genes
likely affect pharyngeal nervous system function, the
aberrant behaviors were not sufficiently distinctive
that specific candidate defective neurons could be
identified on this basis alone. One possible exception
is eat-4. eat-4 mutants had long, feeble corpus contrac-
tions interspersed with normal brief strong ones (Fig-
ure 3d). A very similar effect is produced by killing
the motor neuron M3 [AVERY (1993) and data not
shown]. If the effect of eat-4 mutations is to inactivate
M3 neurons, inactivation must result from blocking
the ability of M3 to function rather than to develop,
since M3 neurons were present in ea¢-4 mutants. It is,
however, unlikely that the sole effect of eat-4 inacti-
vation is to knock out M3 function, because
eat-4(ad572) worms were more severely feeding-de-
fective than wild type worms in which M3 has been
killed. A possible explanation is that eat-4(+) is neces-
sary for the function of a group of neurons that
includes M3, and all members of the group affect
pharyngeal muscle in the same way. It is also possible
that eat-4(+) is necessary in the muscle for a process
that is stimulated by M3 but not entirely dependent
on it.

Individual descriptions of pha genes:

pha-2 X: pha-2 adults had obviously misshapen phar-
ynxes in which the cells of the anterior terminal bulb
and isthmus appeared to have mixed (Figure 4b). The
terminal bulb was smaller than normal, and the
grinder was in an anterior position, instead of in the
center as usual. The isthmus was thicker than normal

-
ei

FIGURE 4.—Shapes of wild-type and Pha mutant pharynxes. No-
marski differential interference contrast pictures of wild-type (a),
pha-2 (b), and pha-3 (c) pharynxes. Anterior is to the left. The scale
bar in ¢ applies to b as well. pha-2 worms have nuclei in the isthmus,
where they are never found in wild type. The smaller size of the
pha mutant pharynxes is probably a consequence of starvation:
these are among the very strongest feeding-defective mutants iso-
lated. They grow extremely slowly, and never become as large even
as the eat-6 mutant worms in Figure 1, g and h. TB, terminal bulb.

and had nuclei in it. [In wild-type the isthmus has no
nuclei except at its posterior end (ALBERTSON and
THOMSON 1976).] In young pha-2 larvae the gross
shape of the pharynx was normal. However, the nor-
mal reproducible placement of pharyngeal nuclei was
disrupted, so that nuclei could not be easily identified,
and most pha-2 larvae arrested in the L1 stage. Oc-
casional larvae passed the L1 stage; these generally
grew up to become extremely starved adults. pha-2
was weakly cold-sensitive, in that more larvae passed
the L1 block at 25° than at 15° or 20°. The frequency
and timing of pumping were normal.

One possible explanation of the shape abnormalities
would be that the pm6 muscles of the anterior termi-
nal bulb were transformed into pm5 isthmus muscle.
To test this, I stained pha-2 embryos with the mono-
clonal antibody 3NB12, which stains pm5 and pm7
(posterior terminal bulb muscles) but not pm6 (PRIESs
and THOMSON 1987). pha-2 embryos were indistin-
guishable from wild-type by this method.

pha-3 IV: In pha-3 mutants the isthmus, whose
diameter normally is constant throughout its length
(Figure 4a), instead tapered from the terminal bulb,
becoming quite thin where it joined the corpus (Figure
4c). The metacorpus lumen was open when relaxed.
The procorpus was sometimes straight and thin,
rather like the normal isthmus. pha-3 worms took in
few bacteria and grew very slowly. However, unlike
pha-2 worms, most pha-3 worms did grow. The pha-3
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null phenotype is probably lethal or sterile. pha-3/Df
worms, although viable, were sterile, unlike pha-3
homozygotes. The deficiency heterozygotes probably
grew more slowly than pha-3 homozygotes, although
it was difficult to get enough worms to be sure. The
pharyngeal deformation was not obviously more se-
vere in pha-3/Df than in pha-3 homozygotes.

Individual descriptions of phm genes:

act(ad468 ad767sd) V: The ad468 ad767 double
mutation was isolated in an F; screen for dominant
mutations, and it was in fact semi-dominant: many
ad468 ad767/+ heterozygotes were slightly starved.
ad468 ad767 homozygotes had a strong Phm pheno-
type. Pharyngeal contractions were so feeble as to be
almost invisible in the dissecting scope, and ad468
ad767 worms grew very slowly and produced only
very small broods. The strength of the mutant phe-
notype depended solely on the number of copies of
the mutation: Df/+ heterozygotes are wild-type, and
ad468 ad767/Df heterozygotes are weakly Phm, like
ad468 ad767/+. ad468 ad767 pharyngeal muscle was
strongly birefringent, but the birefringence appeared
patchy. This appearance is deceptive, because by
changing the orientation of the polarization, most of
the pharyngeal muscle could be shown to be birefrin-
gent (Figure 5, b and c). I explain this by supposing
that the orientation of birefringent fibers varied from
place to place within the muscle cell.

The birefringence phenotype was similar to that of
semi-dominant actin mutations (WATERSTON, HIRSH
and LANE 1984), and ad468 ad767 mapped near the
act-1 act-2 act-3 cluster on chromosome V (Table 2).
In fact, L. A. ScHRIEFER and R. H. WATERSTON
(personal communication) showed by sequencing the
actin genes that ad468 ad767 carries point mutations
in act-2 and act-3. ad468 ad767 is unique among actin
mutations in one regard: homozygotes moved nor-
mally, suggesting that ad468 ad767 specifically af-
fected pharyngeal muscle. All previously known actin
mutations were isolated on the basis of their effects
on body muscle. Furthermore, ad468 is the first
known mutation in act-2. These results suggest act-2
may function specifically in pharyngeal muscle, while
act-1 and act-3 function in both pharyngeal and body
wall muscle. However, it is not known whether the
act(ad468 ad767) mutant phenotype is caused by
act-2(ad468), act-3(ad767), or both.

phm(ad598) X, phm(ad699) I, phm(n2251) V, phm-3
I, unc-89 I: These mutations all caused weak or
disorganized terminal bulb birefringence and feeble
pharyngeal contractions. In wild-type worms the pm6
and pm7 muscles of the terminal bulb have radially
oriented, strongly birefringent fibers (Figure 5a). In
the mutants, this birefringence was weak, and there
were often arcs of birefringence at the periphery of
the terminal bulb instead (Figure 5a). These periph-

20 um

FIGURE 5.—Muscle birefringence in wild-type and Phm mutant
pharynxes. Panel a shows a wild-type and a phm-3 mutant pharynx.
The anesthetized worms were arranged side-by-side and photo-
graphed together so that the intensity of the birefringence can be
directly compared. Anterior is to the left. The disorganization of
the (posterior) terminal bulb is most obvious, but the birefringence
of the corpus (anterior) is also clearly decreased. Panels b and ¢
show the patchy pharyngeal muscle birefringence of act(ad468
ad767) homozygotes. The only difference between the two panels
is the plain of polarization, indicated approximately by the arrows.
Comparison shows that most of the muscle is birefringent, although
the birefringent axes vary from patch to patch.

eral arcs were particularly strong in unc-89 mutants,
where WATERSTON, THOMSON and BRENNER (1980)
have shown that they contain longitudinally rather
than radially oriented myosin thick filaments. Most or
all of these mutations probably affect corpus and
isthmus as well as terminal bulb muscle, because con-
tractions were feeble in these parts of the pharynx.
(Indeed, Figure 5a also shows that corpus birefrin-
gence was weaker in phm-3 worms than in wild type.)
The more intricate structure of terminal bulb bire-
fringence made abnormalities more obvious there. A
possible exception is phm(n2251), whose corpus con-
tractions appeared vigorous, despite the fact that
grinder motion was almost imperceptible.

All five genes appeared to affect pharyngeal muscle
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function much more strongly than they did the func-
tion of body wall muscles, but they were not absolutely
specific. unc-89 mutants, although their body muscle
functions normally, have disorganized body muscle
birefringence (WATERSTON, THOMSON and BRENNER
1980). phm(n2251) was originally isolated by E. Jor-
GENSEN because it caused weak defecation muscle
contractions  (personal communication). And
phm(ad598) mutants have a progressive muscle Unc
phenotype: young larvae moved normally but adults
became increasingly sluggish as they aged. Mutations
in unc-78 also cause a progressive muscle Unc phe-
notype with abnormal pharyngeal muscle, and unc-78
maps in the same region of the X chromosome (Wa-
TERSTON, THOMSON and BRENNER 1980). However,
ad598 complements unc-78(e1217) (D. RAIZEN, per-
sonal communication). Given the similarities in loca-
tion and phenotype, intragenic complementation must
be considered a possible explanation. phm(ad699) and
phm-3 had no obvious effect on the contraction of
non-pharyngeal muscles, but I did not check body
muscle birefringence in either.

phm-2 I: In phm-2 worms the grinder was unable to
come to its full forward position. The muscle fibers
of the terminal bulb appeared shorter than normal,
and the space posterior to the grinder was always
expanded and often had lobes extending diagonally
posterior (Figure 6). The timing of pharyngeal muscle
contractions was normal.

CONCLUSION

Summary: Feeding in C. elegans requires first the
proper development of the pharynx, then its proper
function. Fast muscle contractions in nematodes are
controlled by fast membrane depolarizations, i.e., ac-
tion potentials (DEBELL 1965; BYERLY and MASUDA
1979), as in other animals. Proper pharyngeal func-
tion therefore requires that pharyngeal muscles be
capable of generating rhythmic action potentials, that
the contractile apparatus respond to depolarization by
producing force, that the pharyngeal nervous system
send the correct signals to the pharyngeal muscles,
and that the muscle respond to these signals by mod-
ulating membrane potential or force production. By
screening for viable, fertile mutants with defects in
feeding behavior, I have identified genes likely to be
involved in each of these processes. Mutations in two
pha genes affect pharyngeal morphogenesis. Muta-
tions in seven phm genes cause abnormal pharyngeal
muscle contraction. And mutations in 26 eat genes
affect the motions of pharyngeal muscles: these are
likely to affect pharyngeal nervous system function or
muscle functions that regulate contraction.

The genetics of muscle excitability in C. elegans:
Behavioral mutants are easy to isolate and handle in
C. elegans, probably because its nervous system is

20 um

FIGURE 6.—Wild-type and phm-2 terminal bulbs. Relaxed wild-
type (a, b) and phm-2 (c, d) terminal bulbs viewed by polarized light
(a, ¢) or Nomarski differential interference contrast optics (b, d).
Anterior is to the left. Compare the forward position of the wild-
type grinder (b) to the half-inverted position of the phm-2 grinder
(d). Note also how the muscles in the phm-2 mutant hold a broad
space open posterior to the grinder, while the relatively more
extended muscles in the wild-type terminal bulb allow the lumen to
close.

largely dispensable in the laboratory (AVERY and
Horvitz 1989). Genes identified by screens for such
mutants number in the hundreds. They affect loco-
motion (BRENNER 1974), chemotaxis (DUSENBERY,
SHERIDAN and RUSSELL 1975), osmotic avoidance (Cu-
LoTTI and RusseLL 1978), avoidance of light touch
(CHALFIE and SULSTON 1981), male mating (HODGKIN
1983), egg-laying (TRENT, TSUNG and HORvVITZ
1983), defecation (THoMAs 1990), and now feeding.
Several of these behaviors are executed in part or
entirely by muscles not used for other behaviors. For
instance, egg-laying requires vulval and uterine mus-
cles, male mating requires several types of male-spe-
cific muscles in the tail, defecation requires anal and
intestinal muscles, feeding depends on pharyngeal
muscle, and locomotion requires body-wall muscle
[for overview, see WHITE (1988)]. (Body wall muscles
are the least specific, being involved in defecation and
behaviors such as male mating, chemotaxis, and avoid-
ance that depend on locomotion.) One would there-
fore expect to isolate muscle-defective as well as nerv-
ous system-defective mutants in screens for worms
unable to execute one or more of these behaviors
normally. This expectation is fulfilled for egg-laying
(TRENT, TsuNG and HorviTz 1983), locomotion
(WATERSTON, THOMSON and BRENNER 1980), and
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feeding (RESULTS AND DISCUSSION) at least.

A muscle may be defective because its contractile
apparatus does not work, or because its properties as
an excitable cell are impaired. If the muscles are large
enough (e.g., body wall or pharyngeal muscle), mu-
tants with defective contractile apparatus can often be
recognized by abnormalities in muscle birefringence.
They may also produce a common, easily recognized
gross phenotype, such as flaccid paralysis (body wall
muscle), or small, feeble pharyngeal motions (pharyn-
geal muscle).

Mutants that affect the electrical properties of mus-
cle cells are particularly interesting to scientists who
study the function of excitable cells. They are ex-
pected to identify genes that encode ion channels and
proteins that regulate them, e.g., receptors and the
components of second messenger systems. In fact,
these genes may be even more interesting than those
that affect nervous system function. The reasons are
as follows. First, nematode neurons are not generally
electrically excitable (Davis and STRETTON 1989),
whereas muscles are (JARMAN 1959). Second, muscle
may be as important as nervous system in processing
information and generating certain behaviors (DE-
BELL, DEL CASTILLO and SANCHEZ 1963; DEBELL
1965; AVERY and HorviTz 1989). Third, muscle cells
are larger and therefore potentially more accessible
to electrophysiological recording than neurons, which
are very small in C. elegans (typical cell body diameter
5 pm). Pharyngeal muscle is the most promising C.
elegans muscle type in this last regard, since the phar-
ynx can be easily dissected out of the body, and
dissected pharynxes will function in vitro (D. RAIZEN
and L. AVERY, unpublished).

There are at least two ways muscle excitability
mutants can be recognized: by pharmacology or by
phenotype. The pharmacological method is to show
that mutant muscles respond differently to a drug
than do wild-type. This approach has been most ex-
tensively used in the study of egg-laying (TRENT,
TsuNG and HorvrTz 1983). It has also been valuable
in identifying genes that control a nicotinic receptor
active in body muscle (LEwIs et al. 1980, 1987). The
phenotypic method is to show that mutant muscle
behavior is very different from anything that can be
produced by a nervous system defect. (In practice,
this usually means that the phenotype is different from
any produced by laser killing of neurons.) Application
of this method requires that one know which neurons
control muscle action and what their effects are. In
addition, the ability to distinguish the site of gene
action varies directly with the ability to observe the
details of muscle motions. Feeding has a decisive ad-
vantage over other behaviors, because the motions of
individual pharyngeal muscles can be followed on
millisecond time scales, and the neurons that control

them belong to a well-defined set, the pharyngeal
nervous system.

eat-5, eat-6, eat-11 and possibly eat-12 are genes
likely to affect muscle excitability. eat-11 is included
based on pharmacological criteria: mutants are much
more sensitive to the acetylcholine agonist arecoline
than wild-type worms. eat-5, eat-6 and eat-12 are in-
cluded based on phenotypic criteria. In eat-5 mutants
corpus and terminal bulb contractions are unsyn-
chronized (Figure 3). In wild type, the corpus and
terminal bulb remain synchronized even when the
entire pharyngeal nervous system is destroyed. In
eat-12 and eat-6 mutants the terminal bulb or the
entire pharynx, respectively, may stay contracted for
seconds, whereas the pharyngeal neurons known to
control pump length vary it only within a range from
about 150-200 msec (AVERY 1993).

At present, the data in favor of a muscle site of
action for these four genes are only suggestive. It is
difficult to be certain a nervous system defect cannot
produce the mutant muscle behavior. (For instance,
while laser studies can eliminate the possibility that
the phenotype is due to loss of neuron function, some
of the mutations might cause neuronal hyperactivity.)
Fortunately, there is a definitive test that can eliminate
this possibility: kill the pharyngeal nervous system in
mutant worms, and compare muscle motions to those
of wild-type worms whose pharyngeal nervous systems
have been killed. If mutant is still different from wild
type, the mutation must act in a site other than pha-
ryngeal nervous system. 1 intend to apply this test to
eat-5, eat-6, eat-11 and eat-12.

In summary, the pharynx offers unique advantages
for the genetic study of muscle excitability. The clear
delimitation of a small set of neurons that act on the
muscles and the visibility of the muscle motions makes
recognition of such mutants possible. The fact that
the pharynx can function without the pharyngeal
nervous system allows a definitive elimination of the
pharyngeal nervous system as the sole site of gene
action.

This work was supported by research grant HL46154 to LA
from the U.S. Public Health Service. RAYMOND LEE mapped
eat-12, and DAVID RAIZEN provided map data on several genes. J.
RAND and M. NONET shared their unpublished data on ic-2 prior
to publication. L. A. SCHRIEFER and R. H. WATERSTON shared their
unpublished results on the sequence of mutant actin genes. I would
like to thank C. I. BARGMANN, A. CHISHOLM, F. N. KaTz, S. KM,
R. LEE, D. MCKEARIN, D. RAI1ZEN, |. H. THOMAS and S. WASSERMAN
for comments on the manuscript, and M. Han, E. M. HEDGECOCK,
R. HERMAN, J. A. HopGkiN, H. R. HorvITZ, C. JOHNSON, S. KIM,
J- KIMBLE, M. STERN and J. H. THOMAS for strains. Many of the
strains used in this work were provided by the Caenorhabditis
Genetics Center. I would particularly like to thank MARK EDGLEY
of the CGC for his care in obtaining strains and making sure they
were what they were supposed to be.



916 L. Avery

LITERATURE CITED

ALBERT, P. S., S. J. BROWN and D. L. RipDDLE, 1981 Sensory
control of dauer larva formation in Caenorhabditis elegans. ].
Comp. Neurol. 198: 435-451.

ALBERT, P. S., and D. L. RIDDLE, 1988 Mutants of Caenorhabditis
elegans that form dauer-like larvae. Dev. Biol. 126: 270-293.

ALBERTSON, D. G, and J. N. THomsoN, 1976 The pharynx of
Caenorhabditis elegans. Philos. Trans. R. Soc. Lond. Ser. B 275:
299-325.

AVERY, L., 1993 Motor neuron M3 controls pharyngeal muscle
relaxation timing in Caenorhabditis elegans. J. Exp. Biol. (in
press).

AVERY, L., and H. R. HorvITtz, 1987 A cell that dies during wild-
type C. elegans development can function as a neuron in a
ced-3 mutant. Cell 51: 1071-1078.

AVERY, L., and H. R. HorvITZ, 1989 Pharyngeal pumping con-
tinues after laser killing of the pharyngeal nervous system of
C. elegans. Neuron 3: 473-485.

AVERY, L., and H. R. Horvitz, 1990 Effects of starvation and
neuroactive drugs on feeding in Caenorhabditis elegans. J. Exp.
Zool. 253: 263-270.

BARGMANN, C. I, and H. R. Horvitz, 1991 Control of larval
development by chemosensory neurons in Caenorhabditis ele-
gans. Science 251: 1243-1246.

BEJSOVEC, A. M., and P. ANDERSON, 1990 Functions of the myosin
ATP and actin binding sites are required for C. elegans thick
filament assembly. Cell 60: 133-140.

BRADLEY, ]., 1992 XV, interactive image display for the X window
system. Available by anonymous FTP from EX-
PORT.LCS.MIT.EDU, FTP.CIS.UPENN.EDU, and other
anonymous FTP archives.

BRENNER, S., 1974 The genetics of Caenorhabditis elegans. Ge-
netics 77: 71-94.

BYERLY, L., and M. O. Masubpa, 1979 Voltage-clamp analysis of
the potassium current that produces a negative-going action
potential in Ascaris muscle. J. Physiol. 288: 263-284.

CHALFIE, M., and J. E. SuLsTON, 1981 Developmental genetics of
the mechanosensory neurons of Caenorhabditis elegans. Dev.
Biol. 82: 358-370.

CHALFIE, M., ]. E. SuLsTON, J. G. WHITE, E. SOUTHGATE, ]J. N.
THOMSON and S. BRENNER, 1985 The neural circuit for touch
sensitivity in Caenorhabditis elegans. J. Neurosci. 5: 956-964.

CuroTTl, J. G., and R. L. RUSSELL, 1978 Osmotic avoidance
defective mutants of the nematode Caenorhabditis elegans. Ge-
netics 90: 243-256.

Davis, R. E., and A. O. W. STRETTON, 1989 Passive membrane
properties of motorneurons and their role in long-distance
signaling in the nematode Ascaris. J. Neurosci. 9: 403-414.

DEBELL, J. T., 1965 A long look at neuromuscular junctions in
nematodes. Q. Rev. Biol. 40: 233-251.

Deserr, J. T., J. DeL Castieo and V. SANCHEZ,
1963 Electrophysiology of the somatic muscle cells of Ascaris
lumbricoides. J. Cell. Comp. Physiol. 62: 159-177.

DRISCOLL, M., and M. CHALFIE, 1991 The mec-4 gene is a member
of a family of Caenorhabditis elegans genes that can mutate to
induce neuronal degeneration. Nature 349: 588-593.

DusenBery, D. B., R. E. SHERIDAN and R. L. RUSSELL,
1975 Chemotaxis-defective mutants of the nematode Caeno-
rhabditis elegans. Genetics 80: 297-309.

FILEs, J. G., S. CARR and D. HirsH, 1983 Actin gene family of
Caenorhabditis elegans. J. Mol. Biol. 164: 355-375.

GOLDEN, ]. W.,and D. L. RIDDLE, 1984 The Caenorhabditis elegans
dauer larva: developmental effects of pheromone, food, and
temperature. Dev. Biol. 102: 368-378.

GREENWALD, 1. S., and H. R. HorviTzZ, 1980 wunc-93(e1500): a
behavioral mutant of Caenorhabditis elegans that defines a gene
with a wild-type null phenotype. Genetics 96: 147-164.

HaLL, D. H., and E. M. HEDGECOCK, 1991 Kinesin-related gene
unc-104 is required for axonal transport of synaptic vesicles in
C. elegans. Cell 65: 837-847.

HILLE, B., 1992 Ionic Channels of Excitable Membranes. Sinauer
Associates, Sunderland, Mass.

HODGKIN, J. A., 1983 Male phenotypes and mating efficiency in
Caenorhabditis elegans. Genetics 103: 43-64.

HoDGKIN, J. A., and T. M. BarNES, 1991 More is not better:
brood size and population growth in a self-fertilizing herma-
phrodite. Proc. R. Soc. Lond. B. 246: 19-24.

HopgkiN, ]J. A, H. R. Horvitz and S. BRENNER,
1979 Nondisjunction mutants of the nematode Caenorhabditis
elegans. Genetics 91: 67-94.

HoDGKIN, J., M. EpGLEY, D. L. RIDDLE and D. G. ALBERTSON,
1988 Appendix 4: Genetics, pp. 491-584 in The Nematode
Caenorhabditis elegans, edited by W. Woob. Cold Spring Har-
bor Laboratory, Cold Spring Harbor, N.Y.

JARMAN, M., 1959 Electrical activity in the muscle cells of Ascaris
lumbricoides. Nature 184: 1244.

KACzZMAREK, L. K., 1991 Voliage-dependent potassium channels:
minK and Shaker families. New Biol. 3: 315-323.

KENYON, C. J., 1986 A gene involved in the development of the
posterior body region of Caenorhabditis elegans. Cell 46: 477-
487.

Lewis, J. A., C. H. Wu, H. BERG, and J. H. LEVINE, 1980 The
genetics of levamisole resistance in the nematode Caenorhabditis
elegans. Genetics 95: 905-928.

Lewis, J. A., J. S. ELMER, J. SKIMMINGS, S. MCLAFFERTY, ].T.
FLEMING and T. McGEE, 1987 Cholinergic receptor mutants
of the nematode Caenorhabditis elegans. J. Neurosci. 7: 3059—
3071.

PapaziaN, D. M., T. L. ScHwARz, B. L. TEmPEL, L. C. TIMPE and
L. Y. JaN, 1988 Ion channels in Drosophila. Annu. Rev.
Physiol. 50: 379-394.

PrIEss, J. R., and J. N. THoMsoN, 1987 Cellular interactions in
early C. elegans embryos. Cell 48: 241-250.

RAND, J. B., 1989 Genetic analysis of the cha-1/unc-17 gene com-
plex in Caenorhabditis. Genetics 122: 73-80.

ROSE, A. M., and D. L. BAILLIE, 1980 Genetic organization of the
region around unc-15(I), a gene affecting paramyosin in C.
elegans. Genetics 96: 639-648.

SuLstoN, J. E., and J. HobGKIN, 1988 Methods, pp. 587-606 in
The Nematode Caenorhabditis elegans, edited by W. Woob. Cold
Spring Harbor Laboratory, Cold Spring Harbor, N.Y.

SuLsToN, J. E., and H. R. HorviTtz, 1977 Postembryonic cell
lineages of the nematode Caenorhabditis elegans. Dev. Biol. 56:
110-156.

SULSTON, . E., E. SCHIERENBERG, J. G. WHITE and ]. N. THOMSON,
1983 The embryonic cell lineage of the nematode Caenorhab-
ditis elegans. Dev. Biol. 100: 64-119.

THoOMAS, . H., 1990 Genetic analysis of defecation in Caenorhab-
ditis elegans. Genetics 124: 855-872.

TRrENT, C., N. TsuNG and H. R. Horvitz, 1983 Egg-laying
defective mutants of the nematode Caenorhabditis elegans. Ge-
netics 104: 619-647.

WARMKE, J., R. DRYSDALE and B. GANETZKY, 1991 A distinct
potassium channel polypeptide encoded by the Drosophila eag
locus. Science 252: 1560-1562.

WATERSTON, R. H,, 1989 The minor myosin heavy chain, mhcA,
of Caenorhabditis elegans is necessary for the initiation of thick
filament assembly. EMBO J. 8: 3429-3426.

WATERSTON, R. H., D. HirsH and T. R. LANE, 1984 Dominant
mutations affecting muscle structure in Caenorhabditis elegans
that map near the actin gene cluster. J. Mol. Biol. 180: 473—
496.

WaTERsTON, R. H., J. N. THOMSON and S. BRENNER,
1980 Mutants with altered muscle structure in Caenorhabditis
elegans. Dev. Biol. 77: 271-302.



Genetics of Feeding 917

WHITE, J. G., 1988 The anatomy, pp. 587-606 in The Nematode
Caenorhabditis elegans, edited by W. Woob. Cold Spring Har-
bor Laboratory, Cold Spring Harbor, N.Y.

WHITE, ]J. G., E. SOUTHGATE, J. N. THOMSON and S. BRENNER,
1976 The structure of the ventral nerve cord of Caenorhab-

ditis elegans. Philos. Trans. R. Soc. Lond. 275B: 327-348.

YuaNn, . Y., and H. R. Horv11z, 1990 The Caenorhabditis elegans
genes ced-3 and ced-4 act cell autonomously to cause pro-
grammed cell death. Dev. Biol. 138: 33-41.

Communicating editor: R. K. HERMAN



