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An Organ-Specific Differentiation Gene, pha-1, from

Caenorhabditis elegans

HEINKE SCHNABEL AND RALF SCHNABEL

Embryonic lethal mutations in the nematode Caenorhabditis elegans were generated and
screened for phenotypes that suggest regulatory functions in order to identify genes
involved in the control of early development. In embryos homozygous for mutations in
one such gene, pha-1, the pharynx fails to undergo late differentiation and morphogen-
esis. Early pharynx development is not affected; thus, pha-1 controls the latter stages of
this developmental process. All markers specific for differentiation in various pharyn-
geal cell types tested are affected, suggesting that pha-1 acts in an organ-specific, rather
than cell type—specific, manner. The temperature-sensitive phases of both temperature-
sensitive mutations indicate that pha-1 function is required solely during midembryo-
genesis, shortly before the onset of morphogenesis.

N OUR STUDY OF THE EMBRYONIC
Idcvclopment of the nematode Caenor-
habditis elegans, we have attempted to
identify developmental control genes by an-
alyzing the phenotypes caused by embryonic
lethal mutations; our experiments are similar
to the work of Niisslein-Volhard and Wies-
chaus in Drosophila (1). Here we report on
one such developmental control gene, pha-1,
which is specifically involved in the develop-
ment of the pharynx, an organ required for
the uptake and transport of food.
Shortly before the wild-type C. elegans
embryo hatches (800 min after first cleav-
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age) (2, 3), the pharynx has developed into a
functional organ with characteristic mor-
phology, enclosed by a basement membrane
(4) (Fig. 1A). All pharynx cells, which come
from a variety of unrelated lineages, are
generated during the first half of embryonic
development, the proliferation phase (0 to
about 430 min). The pharynx primordium,
a group of cells bounded by a basement
membrane, becomes visible anterior to the
gut toward the end of this phase. Subse-
quently, the pharynx elongates, attaches to
the anterior tip of the embryo where a
buccal cavity is formed, develops its charac-
teristic morphology, and begins to pump
shortly before hatching at 800 min (2). Em-
bryos homozygous for mutations in pha-1
(Table 1) lack a functional pharynx and
instead have a group of cells anterior to the
gut surrounded by a basement membrane

Table 1. Mutations in pha-1. Derivation of alleles
is described in (9).

Embryos

Allele  Muta- hatct:iyng Phenotype

gen (%)
e2123 EMS 4% Strongt, ts
11001 EMS 5% Strongt, ts
€2468 EMS Strong¥
2275  EMS 5% Strong at 25°C§
€2286  EMS 38 Weakl|
11002 EMS 95+ Weakl|
eDf20  X-ray Weakl|
tDf2 X-ray Strong¥

*All hatched embryos die as L1 larvae. tA few
hatched individuals survive to late larval stages.
$Pharynx cells are present and enclosed by a basement
membrane; they are attached to the gut, but not extend-
ing to the tip of the head. No morphogenesis, differentia-
tion, or pumping is visible. Prolonged incubation of
mutant embryos beyond the time of normal hatching
leads to gradual appearance of some differentiation mark-
ers, such as interior cuticle; ts, temperature sensitive.
$Though lethal at any temperature, the phenotype of
2275 is more severe at 25°C. IIIn embryos homozy-

us for weaker alleles, the pharynx is usually of full
ength but appears poorly differentiated. Pharyn%cal
Eumping as it occurs in wild-type embryos shortly before
atching is generally not observed.

(Fig. 1B). This structure is similar to that of
the pharynx in wild-type embryos at an
carlier developmental stage, the 1%2-fold
stage, just after initiation of morphogenesis
(430 min), suggesting that pharyngeal de-
velopment has arrested at this stage. The
normal number, 80, of pharyngeal cells ap-
pears to be generated in mutant embryos as
we counted 80 * 4 nuclei (£SD, n = 25)
by Nomarski microscopy in pha-1(e2123)
embryos and 79 nuclei in a pha-1(t1001)
embryo optically sectioned with a confocal
microscope.

The pharynx of C. elegans contains five
different cell types: muscle cells, marginal
cells, epithelial cells, glands, and nerves. To
determine whether the effect of pha-1 muta-
tions was limited to any single cell type, we
stained mutant embryos with monoclonal
antibodies (MAbs) to markers expressed in
three of the five pharyngeal cell types. Anti-
body 3NB12 (Fig. 2A) recognizes an epi-
tope expressed early (at about 400 min) in
pharyngeal muscle cells, several hours before
pharyngeal myosin is expressed (5). The
staining pattern in terminal-stage pha-1 em-
bryos was similar to that in wild-type em-
bryos of the 1¥2-fold stage (430 min) indi-
cating, as suggested by the morphology
observed in Nomarski microscopy (Fig. 1),
that pharynx development in mutant embry-
os ceases at the 1Y2-fold stage of embryonic
development. Furthermore, three late pha-
ryngeal markers normally expressed during
terminal  differentiation—pharynx-specific
myosin C, intermediate filaments, and a
component of gland cells—were not ob-
served in most pha-1(e2123) embryos (Fig.
2, B through D). Although we could not
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test the remaining two pharyngeal cell types
with specific antibodies, these results to-
gether with the cessation in pharynx mor-
phogenesis suggest that pha-1 function is
required not only for the differentiation of
one specific cell type but also for all cells in

Fig. 1. Nomarski photomi
a pha-1(e2123) eml
basement membrane surror

the pl
from the

cggshell. Terminal-

the pharynx. We tested structures outside of
the pharynx by MAb staining and found
that the H-shaped excretory cell (Fig. 2C),
certain nerve-associated cells in the head
(Fig. 2D), neurons expressing GABA (y-
amino-n-butyric acid), and body wall muscle

of the head regions of (A) ancwlyhatdwdwild-typclarvaand ((:)]
o raised at 25°C. Arrows point to the pharynx in both
. Animals were
hed as described by Sulston et al. (2) For case of observation, pha-1 embryos were released
pha-1(2123) embryos were treated with alkaline hypochlorite
solution (1.6% NaOCl, 0.25 M KOH) (10) for 5 min, cen

animals, arrowheads to the
prcparedforNommhnucrosoopyand

for 2 min at 1500 rpm in a Heracus

Minifuge, washed several times in chitinase buffer (10 mM tris-HCL, pH 7; 120 mM NaCl), and then
incubated with chitinase (Sigma, 1500 units per milliliter) at room temperature for 10 to 15 min. The

were sucked up and down through a pulled-out Pasteur pipette until most of the embryos were
liberated. The released embryos were washed several times with M9 buffer (10) and then mounted for

Nomarski microscopy. Bar, 10 pm.

Fig. 2. Expression of pharyngeal antigens in wild-type and pha-1(e2123) cmbryos Immunofluorescence

mi of animals stained with various antibodies that recognize s
geal muscle cells stained with MAb 3NB12 (11), which stains the

(A) P

cstructumoranngcns

of wﬂd(l:{gc

embryos from early morphogenesis (400 min) on (5). Wild-type embryos shortly
and at the 1Y2-fold stage (center); pha-1 terminal-stage embryos (right). (B) Pharynx- c myosm in
pharyngeal muscles (stained with MAb 9.2.1.) (12), and P granules (arrowheads) in germline

precursor cells as a control for

ICB4 (11) of pharyngeal glands in the pharynx

bilization of embryos (stained with MAb to P granuls) (13). (C)
Staining with MAD to intermediate filaments (14) in

excretory H cell outside of the pharynx (right), visible only in pha-1 (arrows). (D) Staining
(left, arrows), visible only in wild type, and of gut (g)

cells of a wild-type animal (left) and the
with MAb

and two nerve-associated cells (arrowheads) outside of the pharynx in both wild type (left) and pha-1

(right). Embryos were fixed and stained as described (15). Bar,
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, 10 pm.

develop normally in pha-1 embryos. Al-
though embryos homozygous for the alleles
€2123, 1001, e2468, and 2275 are often
shorter than wild-type embryos and have
epidermal lumps, we found no abnormali-
ties in the number and arrangement of hy-
podermal cells in mutant comma-stage (400
min) embryos. Because the pharynx fills the
anterior third of the developing wild-type

.worm, the effect of pha-1 on general body

shape may be an indirect consequence of
abnormal pharynx development.
The phenotypes of the six recessive pha-1

K)

A 2 A
FF LS
eDf20 -
D2
0.5 map unit

Fig. 3. Genetic map of a section of the right arm
of chromosome III. The positions of the genes
pha-1, vab-7, and tra-1 and the deficiencies eDf20
and tDf2 are shown. Standard 2-factor and 3-
factor crosses were used to map pha-1 (16). Defi-
ciency tDf2 was isolated by crossing wild-type
males that had been X-irradiated (7500 rad) with
vab-7 (e1562) dpy-18 (e499) III; dpy-7 (e88) X
hermaphrodites at 20°C and screening the proge-

ny for Vab non-Dpy hermaphrodites.
Proliferaton _ Morphogenesis
w
E = = 3 © 2
1 da | osad
o~ i) élv'e $ -8 oa

Fraction of viable embryos
d
L

1 2 34 5 6 7 8 9 1011 12
Time (hours after 2- to 4-cell stage at 15°C)

Fig. 4. Tcmpcramrc-scnsitiv;})criod of the two

-sensitive alleles of pha-1 (e2123 and
t1001); (@) 2123 down-shift, (O) €2123 up-shift,
(W) 11001 down-shift, (CJ) 1001 up-shift. Stages
cither refer to the number of E cells (gut precur-
sor cells) in the embryo or are named as in (2).
Embryos were cut from gravid adults cither raised
entirely at 15°C for up-shift or raised at 15°C and
then at 25°C for 24 to 36 hours for down-shift
experiments. Embryos with two or four cells were
placed on agar plates at the same temperature
as that of the adults and cither were moved to an
incubator at 25°C for up-shift after the indicated
times cf)(f; 15°C, or were moved to an incubator at
15°C for down-shift at times to
half of those indicated, as dcvclopumcmp(:nftm‘ff"‘c
proceeds at approximately twice the rate of devel-
opment at 15°C. An average of 32 (10 to 63)
embryos was shifted for each data point. Plates

were examined for viability. those hatched
embryos that up to adult worms were
counted as viable.
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mutations described here are probably the
result of reduced or abolished function of
the pha-1 gene. In order to identify the
phenotype presented by complete absence of
pha-1 (null phenotype), we isolated a defi-
ciency, tDf2, which fails to complement not
only pha-1 but also both flanking genes, vab-
7 and tra-1 (Fig. 3), and therefore has most
likely completely lost the pha-1 locus. The
phenotype of homozygous tDf2 embryos is
very similar to that of the strong pha-1 alleles
(Table 1). Thus, complete removal of pha-1
function results in defective pharynx differ-
entiation. Another deficiency, eDf20 (for-
metrly e1855) (6), also fails to complement
pha-1 and tra-1. Its phenotype is similar to
that of weak pha-1 alleles, suggesting that
some pha-1 function is still present.

Animals homozygous for the tempera-
ture-sensitive pha-1 alleles 2123 and 1001
grow to fertile, wild-type—looking hermaph-
rodites and males of wild-type morphology
when shifted to nonpermissive temperature
(25°C) after embryogenesis and hatching at
permissive temperature (15°C). Tempera-
ture-shift experiments during embryogene-
sis show that the temperature-sensitive
phases of both temperature-sensitive alleles
begin during the proliferation phase and
end at the 12-fold stage of embryogenesis
(Fig. 4).

The defect in pharynx development ob-
served in pha-1 mutants indicates that there
are at least two steps in embryonic pharynx
development. Early pharynx development
does not require pha-1 function since, in
mutant embryos, pharyngeal cells are gener-
ated, a basement membrane is formed, and
an early muscle cell-specific antigen is ex-
pressed. Later pharynx development, how-
ever, requires pha-1 function, as expression
of later markers in three of five pharyngeal
cell types and morphogenesis of the pharynx
are blocked in mutant embryos. Thus, cells
that have already acquired their identities do
not continue to differentiate but require an
additional cue. The temperature-shift ex-
periments indicate that pha-1 only functions
during embryogenesis and is not required
for the continued expression of pharynx
components such as myosin during postem-
bryonic growth. Therefore, pha-1 appears to
be a gene involved in the control of the latter
stages of differentiation and morphogenesis
of the pharynx.

The identification of an organ-specific
gene provides further evidence against the
original thought that the C. elegans body is
largely put together in a piecemeal manner
by cell-autonomously determined cell lin-
eages (2, 5). To our knowledge, organ-
specific lack of differentiation has rarely been
observed. The other examples of organ-
specific genes that have been described are
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cardiac lethal (7) and eyeless (8) in the Mexican
axolotl and may be involved in inductive
interactions, as shown by transplantation
experiments. The gene pha-1 may similarly
be involved in an inductive interaction.
Alternatively, pha-1 could be required au-
tonomously in all pharynx cells—for exam-
ple, to turn on expression of late differentia-
tion functions in the pharynx of C. elegans.
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Changes in Sodium Channel Gating Produced by
Point Mutations in a Cytoplasmic Linker

J. RANDALL MOORMAN,* GLENN E. KiRSCH, ARTHUR M. BROWN,

RoLr H. JoHo

Voltage-gated sodium channels are transmembrane proteins of approximately 2000
amino acids and consist of four homologous domains (I through IV). In current
topographical models, domains IIT and IV are linked by a highly conserved cytoplas-
mic sequence of amino acids. Disruptions of the III-IV linker by cleavage or antibody
binding slow inactivation, the depolarization-induced closed state characteristic of
sodium channels. This linker might be the positively charged “ball” that is thought to
cause inactivation by occluding the open channel. Therefore, groups of two or three
contiguous lysines were neutralized or a glutamate was substituted for an arginine in
the III-IV linker of type III rat brain sodium channels. In all cases, inactivation
occurred more rapidly rather than more slowly, contrary to predictions. Furthermore,
activation was delayed in the arginine to glutamate mutation. Hence, the ITII-IV linker
does not simply act as a charged blocker of the channel but instead influences all

aspects of sodium channel gating.

HE AMINO ACID SEQUENCES OF
many voltage-gated ion channels
have been identified, and segments
responsible for channel gating and ion con-
duction have been proposed. A highly con-
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served segment links domains III and IV of
the voltage-dependent Na™ channel (1-3)
(Fig. 1A). This linker has a role in Na*
channel gating, since antibodies against a
peptide sequence within this region delay
Na® current inactivation in skeletal myo-
balls when applied from the cytoplasmic
surface (4), and coinjection of mRNAs en-
coding domains I to III with mRNAs en-
coding only domain IV of the type II Na*
channel produces slowly inactivating Na*
currents in Xenopus oocytes (5). A physical
basis for these findings was originally sug-

SCIENCE, VOL. 250





