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The role of cell-cell interaction in the postembryonic development of nongonadal tissues in the 
nematode Caenorhabditis eleguns has been explored by selective cell ablation with a laser 
microbeam. Examples have been found of induction and of regulation in cell lineage and fate. 
Regulation in which one cell precisely or partially replaces another is seen, but only in certain 
groups of hypodermal cells which resemble one another closely; cells which are unique are not 
replaced in this way. The regulation of cell form is more widespread and less restrictive. 

INTRODUCTION 

The cellular development of the nema- 
tode Caenorhabditis elegans is now known 
from hatching to maturity (Sulston and 
Horvitz, 1977; Sulston et al., 1980; Kimble 
and Hirsh, 1979). The pattern of divisions 
and differentiations is constant from animal 
to animal, and the fate of each terminally 
differentiated cell is generally correlated 
with its position in the lineage tree. This 
might be a consequence of the cell’s ances- 
try or might be due to reproducible inter- 
actions with its neighbours so that it is 
always exposed to the same influences. Se- 
lective ablation of cells with a laser micro- 
beam can help to decide between these 
possibilities, and we have carried out such 
experiments on the nongonadal tissues of 
C. elegans. 

In the past the development of nema- 
todes has been experimentally rather inac- 
cessible, because of the lack of a culture 
medium for their cells. The egg is sur- 
rounded by a rigid shell and the hatched 
animal by a tough cuticle; extensive perfo- 
ration of these coverings, in a cutting or 
grafting operation, causes rapid death. 
Thus the technique of blastomere isolation, 
which was employed classically to demon- 
strate cell autonomy in the early embryo- 

genesis of several invertebrates (reviewed 
by Davidson, 1976), could not be used in 
nematodes. Individual blastomeres in nem- 
atode eggs could, however, be inactivated 
by ultraviolet irradiation, and the results 
were consistent with cell autonomy of de- 
velopment (reviewed by Nigon, 1965). Re- 
cently, true blastomere isolation experi- 
ments have been carried out in C. elegans, 
and have confiied the absence of regula- 
tion in young embryos of this species (Lau- 
fer et al., 1980). 

In the absence of any evidence for regu- 
lative development, the reproducibility of 
the cell lineages in nematodes led to the 
idea that they may be purely mosaic orga- 
nisms. Here we show that certain cell line- 
ages in C. elegans are, in fact, capable of 
regulation, although the majority appear to 
be autonomous. We define regulation as the 
generation of structures from alternative 
progenitors after the destruction of their 
normal progenitors. 

MATERIALS AND METHODS 

The culture and handling of C. elegans 
have been described in the preceding paper 
and by Brenner (1974). 

A laser microbeam system was developed 
by one of us (J.G.W.) in order to kill indi- 
vidual cells in live animals. The system is 
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based on that designed by Berns (1972). A 
Zeiss universal microscope with Nomarski 
optics was modified by the addition of a 
special nose piece containing a semisilvered 
mirror mounted immediately above the ob- 
jective. The laser beam was directed in 
from the side through a 5-cm focal length 
lens to the mirror and then down through 
the objective (Plan 100). The lens was set 
up so that the laser beam was brought into 
focus at the image plane of the objective 
and so was also in focus at the specimen 
plane. An Electra Photonics flashtube- 
pumped dye laser was used with coumarin 
2 dye (Eastman Kodak) which gave pulses 
of 1-pet duration with a maximum energy 
of 250 mJ per pulse at a wavelength of 450 
nm. An auxiliary He/Ne gas laser was used 
in conjunction with a partially reflecting 
pellicle so that part of its beam would be 
directed into the cavity of the dye laser. 
When the incident and emergent beams are 
parallel they coincide with the beam from 
the dye laser and so the emergent beam can 
be used for alignment purposes. A spot size 
of about 0.8 pm (diameter of central maxi- 
mum) was obtained with this system. It was 
found that reasonable depth resolution was 
obtained with the high (1.25) numerical 
aperture lens used. It was possible to kill 
cells which were in the center of an animal 
with minimal damage to the cells above 
and below. The use of a laser microbeam to 
study nematode development has also been 
described by Samoiloff (1973). 

For successful cell ablation the adjust- 
ment of microbeam energy is critical, and 
it is usually more satisfactory to use a series 
of low energy pulses, during which the con- 
dition of the cells can be monitored, rather 
than a single high energy one. The target 
cell is not destroyed instantaneously, but 
often dies in a way reminiscent of pro- 
grammed cell death. Its refractility in- 
creases and then it slowly shrinks. Exces- 
sive damage, which may kill neighbouring 
cells or the whole animal, can be avoided 
by experience. To ensure that the opera- 
tions were successful, each ablation was 

validated after l-4 hr; by this time it was 
usually obvious whether the target was 
dead or had recovered, and the condition of 
neighbouring cells could be assessed. 

Before surgery, nematodes were anaes- 
thetised in 0.5% 1-phenoxy-2-propanol and 
then mounted on agar containing 0.2% l- 
phenoxy-2-propanol, by the quick mount 
procedure (anaesthetic mount: preceding 
paper). Before ablation of lateral cells in a 
young Ll, the animal was placed with its 
dorsal or ventral side uppermost; in this 
way damage to the intestine was minimized, 
and bilateral operations were facilitated. 
On an agar surface free of excess liquid, a 
young anaesthetised animal adopts this 
posture when stroked along its length with 
a hair until it is straight. At ages greater 
than about 7 hr, this orientation is no longer 
stable. 

Immediately after surgery, animals were 
placed on individual small NG plates. After 
l-4 hr, and subsequently at appropriate 
times, they were mounted for microscopic 
observation, and then returned to their 
plates. 

The formaldehyde-induced fluorescence 
(FIF) procedure for visualizing dopamine 
was performed as described by Sulston et 
al. (1975). 

For polarizing microscopy, the anaes- 
thetic mount was again used. Adult males 
could be rolled into various positions by 
manipulation with a hair: ventral, dorsal 
and ventrolateral views were found most 
useful. A h/30 Brace-Kohler rotary mica 
compensator proved invaluable for analysis 
of the male sex muscles; we are indebted to 
Richard McIntosh for suggesting this tech- 
nique. The objective most used was a Plan- 
apo 40, operated at full aperture to maxi- 
mize vertical resolution. 

The lineage nomenclature used in this 
paper was described by Sulston and Horvitz 
(1977). After a cell division, each daughter 
is given its parent’s name followed by a 
letter representing the direction of the di- 
vision: a, anterior; p, posterior; d, dorsal; v, 
ventral; 1, left; r, right. Thus, Rn.aa is the 
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anterior daughter of the anterior daughter 
of Rn. In lineage charts, divisions are an- 
teroposterior (anterior drawn to the left) 
unless otherwise indicated. 

RESULTS 

The first sections of the results deal with 
those areas (ventral and lateral hypoder- 
mis, male proctodeum; Fig. 12), in which 
precise replacement of one cell by another 
was found. Among the remaining sections, 
special consideration is given to the meso- 
derm because no regulation was seen in 
spite of a striking bilateral asymmetry of 
certain cell fates in the male. 

VENTRAL HYPODERMIS 

The ventral hypodermis, in L2 and older 
animals, comprises cells of the class Pn.p, 
which are formed in the Ll by division of 
the ventral cord precursors Pl-P12. At 
hatching, Pl-P12 are disposed as six bilat- 
erally symmetrical pairs of hypodermal 
cells; they subsequently move ventrally to 
form a single file of cells in the midline, 
each pair becoming ordered anteroposte- 
riorly at random. They can then be named 
according to their relative anteroposterior 
positions (Fig. 12). 

P12.p divides once in the Ll of either sex; 
its posterior daughter dies leaving a unique 
hypodermal cell PlB.pa. The remaining 
ventral hypodermal cells fuse with the large 
hypodermal syncytium, except for the 
groups P3.p-P8.p in the hermaphrodite and 
PS.p-Pl1.p in the male (Fig. 1). In the 
hermaphrodite P5.p, P6.p, and P7.p gener- 
ate a 22-cell vulva (Fig. 2); P3.p, P4.p, and 
P8.p divide once only, and their daughters 
fuse with the large hypodermal syncytium. 
In the male, Pl0.p and Pl1.p add 16 neu- 
ronal, supporting, and hypodermal cells to 
the preanal ganglion (Fig. 3); P9.p fuses 
with the large hypodermal syncytium, 
sometimes after dividing once. 

Hermaphrodite Vulva 

The results of ablations in the vulval 
lineage are summarized in Table 1. 

Regulation is restricted to cells P3.p- 

P8.p. Even when all the parent cells (P3- 
P8) are ablated in a newly hatched animal, 
the remaining ventral hypodermal cells 
(Pl.p, P2.p, PS.p-Pl1.p) fuse with the large 
hypodermal syncytium, without division, in 
the normal way. 

After ablation of the gonad, P3.p-P8.p 
divide once only and all their daughters 
fuse with the large hypodermal syncytium. 
The anchor cell, which lies at the midpoint 
of the gonad, has been shown to be the 
specific cell required for the induction of 
the vulva (Kimble, in preparation). Al- 
though the gonad and the developing vulva 
lie close together, they are in relative mo- 
tion until the end of the vulval divisions, 
when the gonad becomes attached to the 
hypodermis. This contrasts with all the 
other cases of cell-cell interaction reported 
here, and suggests that a humoral mecha- 
nism may be responsible for the induction 
of the vulva. 

The cell, normally P6.p, which will form 
the central section of the vulva comes to lie 
directly beneath the anchor, to which its 
progeny subsequently become attached. 
The final divisions of this anchor-associated 
cell are all transverse. In the two experi- 
ments in which only P5.p or P6.p were left 
intact out of the P3.p-P8.p group, the iso- 
lated ventral hypodermal cell came to lie 
beneath the anchor and gave the same di- 
vision pattern. The division patterns of iso- 
lated cells which do not lie beneath the 
anchor are variable, and do not necessarily 
correspond to any pattern seen in the wild 
type. 

In two experiments, blast cells which 
were isolated by ablation of their neigh- 
bours divided, but their progeny failed to 
join the vulva developing under the anchor 
cell, instead, they formed pseudovulvas 
(small protrusions) in the adult. Thus divi- 
sion of the blast cells and cooperation of 
their progeny are separable events. This 
observation helps in interpreting the devel- 
opment of “multivulva” mutants, in which 
several pseudovulvas are formed (Horvitz 
and Sulston, in preparation). 
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FIG. 1. Male ventral hypodermis, 23 hr; electron micrograph of transverse section; bar = 1 bm. (a) P9.p 
emains separate from the large hypodermal syncytium (sy); arrowheads point to desmosomes. (b) P&p has 
Ased with the large hypodermal syncytium. 
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FIG. 2. Lineages of ventral hypodermal cells of the vulva1 equivalence group in an intact hermaphrodite. 

Male Preanal Ganglion 

(1) Late cell ablations (L3). When iden- 
tified cells in the preanal ganglion were 
ablated during the L3 stage, it appeared 
from Nomarski observation that the re- 
mainder followed their normal fates in 
terms both of lineage and of morphology. 
In order to test the extent of this apparent 
cell autonomy, a systematic series of abla- 
tions was carried out, and the presence of 
the prominent sclerotic hook (Fig. 4) was 
scored in the resulting adults. The results 
(Fig. 3) demonstrate that the hook is 
formed only by cell PlO.papp and that this 
assignment is not altered by cell ablations 
in the L3. In some cases where adjacent 
cells were killed, the resulting hook was 
abnormal and displaced (Fig. 5); however, 
since there are no other comparable struc- 
tures, this effect does not cause ambiguity. 

Pl0.p 

, ,++-," , 

Thus the hook can be used as one indicator 
of a normal PlO.p-type lineage. 

(2) Early cell ablations (Ll and L2). The 
results of earlier ablations are shown in 
Table 2 and Fig. 6. Three features were 
scored: cell lineages, the formation of the 
hook, and mating behaviour. 

In the formation of the most posterior 
ventral hypodermal cell (PlB.pa), Pll can 
replace P12 provided that the ablation is 
carried out before the nuclei enter the cord. 
In the preanal ganglion lineages, Pl0.p can 
replace Pll.p, and P9.p can replace Pl0.p 
or Pll.p, but recruitment of other cells has 
not been seen. This result is consistent with 
the fusion of P&p and more anterior cells 
with the large hypodermal syncytium (Fig. 
1). Recruitment is always from anterior to 
posterior. 

Ablation of Pl1.p in the late L2 does not 
affect the lineage of PlO.p, but does affect 

Pl1.p 
d 
d 

d l-4 d 

FIG. 3. Preanal ganglion lineages in the L3 male. Each symbol represents an ablation of the designated cell 
in a separate animal, which was then allowed to mature so that the hook (Figs. 4 and 5) could be scored. n, hook 
normal; d, hook abnormal, displaced, o, hook absent. 
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TABLE 1 
REGULATION IN THE VENTRAL HYPODERMIS OF THE HERMAPHRODITE” 

Ablated No. of ani- 
mals 

P3.p 

No. of descendants from Egg by- 

P4.p 
ing 

P5.p P6.p P7.p P8.p 

0 Many 
P6.p 2 
P(4, 5j.P 1 
P(5, 6J.p 1 
P(5, 7J.P 1 
P(7, 8I.P 1 
P(5-7J.p 1 
P(5-7J.p 1 
P(3, 4, 5, 7, 8I.P 1 
P(3,4,6, 7981.~ 1 
P(3-8) 3 
P(l,2,9-12) 2 

l-2 2 7 8 7 2 
1-2 7 8 - 7 2 
2 - - 8 7 2 
1 1+4 - - 8 7 
2 8 - 8 - 8 
2 2 7 8 - - 
8 8 --- 8 
1, 8 --- 8 

- - - 8 - - 
- - 8 _ - - 
- - - - - - 

1-2 2 7 8 7 2 

+ 
+ 
+ 
+ 
+ 
+ 

Slow 
Slow 
Slow 

- 
+ 

o Ablations performed lo-12 hr after hatching, except for P(l-12) which were ablated in the frost hour after 
hatching. Heavy type: incorporated into vulva; italic type: form pseudovulvas; normal type: fuse with large 
hypodermal syncytium. 

the fates of its progeny: some of them are (Fig. 3) do allow expression of the hook and 
abnormal in appearance and behaviour, yield more normal-looking Pl0.p progeny. 
and no hook is formed. It would be reason- Perhaps in this case determination of line- 
able to suppose that debris from the oper- age precedes determination of cell fate, so 
ation blocks the outgrowth of the cell proc- that the production of-cell PS/lO.papp is a 
ess which forms the hook, were it not for necessary but not sufficient condition for 
the fact that still later ablations of Pl1.p the formation of the hook. 

FIG. 4. Ventral view of adult male tail; anaesthetised animal mounted on agar with fan spread against cover 
slip. Nomarski optics; bar = 20 pm. 
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- --- ~- -- 
FIG. 5. Effect of cell ablation on the hook. Adult animals mounted as in Fig. 4; Nomarski optics; bar = 20 

q-~. Arrow points to hook sensillum. (a) Ablation of Pl0.p in Ll: regulation yields normal structure; (b) ablation 
of Pll.ppa: hook displaced, (c) ablation of PlO.papp: hook absent. 

Ablations of P12.p, B, C, and E showed 
that these cells are not required for the 
preanal ganglion lineages to proceed in the 
normal way. 

LATERAL HYPODERMIS 

On each side of the newly hatched animal 
there is a single longitudinal row of seam 
cells; these are blast cells which give rise to 
hypodermis and other structures as de- 
scribed below. 

Male Sensory Rays 

The nine pairs of sensory rays (Fig. 4) 
are formed by ray precursor cells (Rn) de- 
rived from the three most posterior pairs of 
seam cells (V5, V6, T). Each precursor gives 
rise to a hypodermal cell (Rnp) and to a 
ray cell group comprising two neurons (A 
and B) and one structural cell (St) (Fig. 7, 
and preceding paper). In rays 5, 7, and 9, 
neuron A is dopaminergic. 

(1) Late ablations (mid-L3 onwards). A 
series of ablations in the late L3 and young 
L4 indicated that the lineages and fates are 
largely cell autonomous in this period (Suls- 
ton and Horvitz, 1977). These experiments 
have been extended in two ways. 

First, in one very young L4 all the Rn.apa 
cells were destroyed on the left side and all 
the Rn.aaa cells on the right side (preceding 
paper). Of the identifiable ray neurons 
which survived, those on the left side dis- 
played only type A character and those on 

the right side only type B character. The 
large amount of debris produced and the 
accompanying displacement of surviving 
cells from their normal positions should 
have given ample opportunity for the reas- 
signment of cell fates, if that had been 
possible at this stage. Apparently, there- 
fore, the determination of Rn.aaa and 
Rn.apa cells to the type A and the type B 
neurons is established early. 

Second, the ablation of 98 putative do- 
paminergic cells or their ancestors was at- 
tempted in a total of 29 animals. The re- 
sulting adults were examined by the FIF 
procedure and it was found that in 96 cases 
the expected cell had disappeared from the 
FIF pattern. In 2 cases, however, it had not: 
in both, the target was R5.aaa (the putative 
dopaminergic cell of ray 5). Probably the 
cells in question were not killed: in this 
series of experiments the power of the laser 
beam was limited in order to avoid damage 
to neighbouring cells, and because of the 
rapid development of the animal at this 
stage validation is difficult. Furthermore, if 
regulation were truly possible after the 
death of R5.aaa, it might be expected to 
occur with still higher frequency after the 
death of its parent, R5.aa. For that reason 
12 RS.aa’s were killed in the course of the 
experiments, but no regulation was ob- 
served. 

To summarize: in the great majority of 
experiments, the function of the target cell 
(but not that of any other cell) was lost. 
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TABLE 2 
REGULATION IN THE VENTRAL HYPODERMIS OF THE MALE” 

Approx age Ablated No. of P9.p PlO.p-type Pllp- P12.p- Hook Mating 
(W ani- recruit- 

mals 
lineage t-e tme 

ment lineage lineage 

16-20 Pl0.p 3 + C C + + + 
22 Pl0.p 2 - + + Slow 
12 Pl1.p 1 + C C + + + 
12 P1l.p 3 - + + Slow 
18 Pl1.p 1 + PartiaF + + + - 
22 Pl1.p 2 - + - + - - 

10 PlO.p, Pll 2 - + - 

12 P(10, ll).p 1 + + + Slow 
2 P12 3 + C C + + -I- 

2 P(9, 10) 1 + + Slow 
2 P(11, 12) 1 + + + + 
2 P(9-12) 1 - 

12 P(9-ll), 1 - + - 
12 P12.p 5 - C C + +/- 

12 P(4-9).p 1 + + + + + 

n Normal lineages of Pl0.p and Pl1.p are shown in Fig. 3. In columns 5 and 6: -, lineage absent; c, final cells 
normal in position and morphology but lineage not followed; +, lineage normal. In column 9: Slow, male was 
initially unable to locate the hermaphrodite vulva, but yielded progeny after prolonged mating; mating was with 
four paralysed (E369) hermaphrodites. 

b PS.pppp did not divide. 
’ The right hand member of the symmetrical pair Pll/P12 was ablated before entry into the ventral cord; it 

is known that P12 usually comes from the right. 

(2) Early ablations (young Ll). It can be feet, regulation is possible after destruction 
seen from experiments 3, 4, and 7-9 in of some of the ray-producing seam cells 
Table 3 that substantial, though not per- (Fig. 8). Lineages, ray morphology, and the 

FIG. 6. Regulation in the ventral hypodermis; Pl0.p ablated at about 20 hr. Nomarski optics; bar = 20 pm. 
(a) 7 hr after ablation; (b) 12 hr after ablation. 
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FIG. 7. Lineages of lateral hypodermal ceils in the wild-type male and in some experimental animals (see 
Table 3). The timing of divisions in the experimental animals is not known accurately. DN, dopaminergic 
neuron; rcg, ray cell group; s, sister cells which appear alike; se, hypodermal seam; sy, large hypodermal 
syncytium. 

585 
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synthesis of dopamine are all subject to 
regulation. The recruitment of cells is al- 
ways from anterior to posterior. Only one 
of the resulting adults yielded progeny 
when mated with paralysed hermaphro- 
dites, but this low success rate is probably 
due in part to the loss of hypodermal cells 
causing distortion of the bursa. 

In all cases, descendants of one or more 
V cells were recruited to the ray area, in the 
sense that they migrated posteriorly and 
went through additional rounds of division. 
V5 was able to replace V6 completely, V4 
replaced V6 partially, and in one animal 
(10) V3.pppp approached the cloaca at L3 

lethargus and divided to yield two seam 
cells and two syncytial nuclei. Thus, no 
distinct borderline between recruitable and 
nonrecruitable V cells was detected. After 
ablation of T, however, no V cell moved 
into its position and the posterior three rays 
were not produced; the only replacement of 
a T function occurred in experiment 1 when 
an extra dopamine cell was formed (see 
below). Equally, T never changed its line- 
age to resemble that of V6. It is not clear 
whether this division between T and V cells 
is inherent or due to mechanical con- 
straints. 

In experiments 1, 3, 4, and 7, dopamine 

TABLE 3 

REGULATIONINTHELATERALHYPODERMISOFTHEMALE 

(a) Source of Postdeirid and Sensory Ray CeIIs on One Side of a Normal Animal (Intact MJe) 

Derived from Postdeirid ceiI Ray cell groups Rays 
group” 

Dopamii;gic ray 

T 0 3 3 2 
V6 0 5 5 1 
v5 1 1 1 0 

Total 1 9 9 3 

(b) Results of Early Ablations at Age O-4 hr (Experimental Males) 

Experi- Ablated post- 
merit* 

No. of ray cell groups from: No. of No. of 
deirid rays’ dopami- 

cell v4 v5 V6 T nergic 
group” ray cell.7 

1 2 1 T T + + 1 1 5 5 3 3 2 1 
3 V6, T 5 5 1 
4 V6, T - 4 2 1 

i 5 6 V(5,6), V(5,6), T T - - 0 1 0 1 0 0 
7 V(4, 6), T - 5 3 1 

i 8 9 V(5,6) V(5, 6) - 4 2 3 3 5 7 
10 V (4-6) - 3 3 2 
11 V(3-5) - 5 3 8 
12 V(2-5) - 4 3 7 
13 V(2-4) - 1’ 5 3 a 
14 V(l-4) - 3’ 5 3 8 
15 V(l-4) 1 + 1’ 5 3 8 
16 V(l-4) 1 + 1” 5 3 8 
17 V(l-3) + 1’ 5 3 8 

n The postdeirid cell group includes one dopaminergic neuron. 
b Bracketed pairs are in single individuals. 
’ Ray cell groups do not necessarily form rays. The cell group is of more significance than the production of 

a ray as such; even in the wild type, it is not uncommon for a ray to be missing even though the appropriate 
cehs have been formed. e, ectopic ray cell group (anterior to normal region); r, reversed lineage (see Fig. 9). 
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FIG. 8. Left lateral hypodermis 10 hr after ablation of V4, V6, and T (Expt 7, Table 3). V4 has disappeared; 
V5 has divided; V6 and T are refractile blobs. Nomarski optics; bar = 20 pm. 

was synthesized by cells which would not 
normally do so. In 3, 4, and 7 the new 
dopaminergic cell was derived from V5. 
Since the latter failed to make the post- 
deirid (see below), it produced in all only 
one dopaminergic cell, as usual, neverthe- 
less, although the exact identity of the new 
cell is not known, it was formed from 
V5.ppp rather than from VS.paa as is the 
postdeirid. Experiment 1 is more striking in 
that a total of three dopaminergic cells (one 
postdeirid and two ray neurons) were de- 
rived from V5 and V6, which normally pro- 
duce only two. 

cell group; some of the additional ray cell 
groups so formed lie well anterior to the 
cloaca and are termed ectopic (Table 3, 
experiments 13-17; Fig. 9). 

The lineages shown in Fig. 7 demonstrate 
that recruitment of the Ll seam cells to ray 
formation is not an all-or-none decision re- 
stricted to the possibilities seen in the wild 
type, and suggest that some regulation may 
occur at later stages as well. This was con- 
firmed by the ablation of VG.pa and VG.pp 
in a young L2, which led to the production 
of two rays, instead of the usual one, from 
V5.ppp. Ablations at slightly later times, in 
the mid-LB, have not led to any regulation 
of cell lineages. 

Although ectopic ray cell groups did not 
give rise to rays visible by light microscopy, 
electron microscopical reconstruction of 
two animals (15, 16) revealed that the cell 
group had formed a typical ray tip embed- 
ded in the cuticle. Such rays would not be 
expected to elongate, because the necessary 
hypodermal withdrawal does not take place 
in this region (see preceding paper). These 
experiments demonstrate two important 
points about sensory ray production: first 
that the total number of ray cell groups can 
exceed the normal number, and second that 
the position of the blast cells at the time of 
ray cell group formation is not decisive in 
the control of their lineages. 

(3) &topic ray cell groups. When a suf- 
ficiently large gap is created in the seam, 
some of the remaining cells yield more hy- 
podermal daughters than usual and the be- 
haviour of the ray cell progenitors may be 
modified. The most striking change is in 
V5, which can give rise both to additional 
hvnodermal cells and to more than one rav 

Two additional features of these experi- 
ments are worth mentioning, although at 
present there is insufficient data to justify 
further comment. First, V5 and V6 some- 
times give rise to a group of small cells, in 
a manner which suggests that a ray lineage 
has been attempted but has failed. An ex- 
ample is shown in Fig. 7 (Expt. 4). 

“_ 

Second, following the more extensive 
ablations, polarity reversals sometimes oc- 
cur in the lineages. An anterior daughter 
may become a seam cell while its posterior 
sister joins the hypodermal syncytium: nor- 

~ mally, such an orientation is seen only at 



588 DEVELOPMENTAL BIOLOGY VOLUME 78,198O 

the ends of the animal. In experiment 16 
(Fig. 9) the anterior-posterior reversal of 
an entire ray lineage was seen. 

Hermaphrodite Lateral Hypodermis 

As in the male, the creation of a suffi- 
ciently large gap in the seam of a hermaph- 
rodite can cause the remaining cells to pro- 
liferate more than usual. The response is 
limited: no more than one extra hypoder- 
mal cell per juvenile blast cell has been 
seen. Usually it is due to some of the ante- 
rior daughters, which normally fuse with 
the hypodermal syncytium, persisting as 
seam cells and subsequently dividing again. 

Postdeirid 

The postdeirid is a sensillum embedded 
in the lateral cuticle in the posterior half of 
the body of both sexes; its single sensory 
neuron is dopaminergic. Underlying the 
sensillum is the postdeirid cell group, com- 
prising the cell bodies of the postdeirid 
neuron, its socket cell, its sheath cell, and 
an accompanying neuron. Their origin is 
shown in Fig. 7. 

Like the sensory ray lineages, the post- 
deirid lineage is cell autonomous after late 
ablations (Sulston and Horvitz, 1977). The 

Exp 15 v5 
I 

ectopic 
rcg 

results of early ablations are shown in Table 
3b and Table 4. The postdeirid lineage is 
all-or-none in that either VB.pa gives rise to 
the entire lineage, or it divides to give one 
syncytial cell (anterior) and one seam cell 
(posterior); no intermediate cases have 
been seen. No cell other than V5 gives rise 
to the postdeirid. Production of the post- 
deirid is not strongly position dependent: 
after ablation of T, it was formed more 
posteriorly than usual, and after ablation of 
V4 it was formed more anteriorly. Con- 
versely, after ablation of V (3, 4, 6), V5 
failed to form the postdeirid although it did 
not move appreciably. 

A plausible explanation for these obser- 
vations is that V5, and no other cell, has 
the potential to form the postdeirid, yet if 
it loses contact with either of its neighbours 
in the Ll it behaves as an ordinary seam 
cell. Nomarski observations are consistent 
with this hypothesis, but it has not been 
tested by electron micrographic reconstruc- 
tion. 

The inability of other V cells to replace 
V5 indicates that position can only be of 
importance in very young animals if at all. 
Possibly V5 is programmed by its special 
ancestry, which differs from that of the 

w  v5 
I 

ectopic 
rcg 

FIG. 9. Lineages of V5 in denuded seams (see Table 3); formation of ectopic ray cell groups. Note the 
inversion of the ectopic ray lineage in Expt 16. 
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TABLE 4 
EFFECT OF ABLATIONS IN THE LATERAL 

HYPODERMIS ON THE PRODUCTION OF THE 
POSTDEIRID” 

Ablated post- No. of ablations 
deirid cell 

group q 8 

QV5 3 
v5 4 6 
V4 + 2 
V6 4 
T -I- 4 
V(3,4,6) - 1 1 
V&4) 1 1 

n Except for QV5, which was ablated about 6 hr 
before hatching, the cells were ablated in newly 
hatched animals. 

other V cells. V5 is the posterior daughter 
of a cell (QV5) which divides in the lateral 
hypodermis one hour before hatching (Fig. 
7); the anterior daughter is Q1/2. The other 
V cells do not go through an equivalent 
division and so cannot be strictly homolo- 
gous. 

MALE PROCTODEUM 

In the lineage of blast cell B, which gen- 
erates many of the cells in the male proc- 
todeum (cloaca and copulatory apparatus), 
there are four pairs of cells that have a 
choice of fates in normal development. The 
members of each pair are made by bilat- 
erally symmetrical sublineages of B, and 
subsequently move to the midline (Fig. 12, 
and preceding paper). There are two fates 
open to each pair of cells, the first being 
followed by one cell and the second by the 
other. In the pairs B.alaa/B.araa and 
B.alpp/B.arpp the homologues become or- 
dered anteroposteriorly and subsequently 
differ in lineage; after ordering they are 
renamed Bcx/BP and By/B6 (Fig. 12). In 
the pairs B.alapaav/B.arapaav and By.ald/ 
Byard one homologue lives and the other 
dies. After removal of one member of a pair, 
usually achieved by ablation of its parent, 
the remaining member may invariably fol- 
low one fate; if so, that fate is said to be 
primary for that pair. 

After ablation of Bala or Bara, Baraa 

or Balsa, respectively, gave a normal Ba 
lineage; there were no BP derivatives. Fur- 
thermore, if the putative Ba (the more an- 
terior cell) was ablated when its commit- 
ment was visible but before it reached the 
midline (23-24 hr), then the putative B/l 
gave a BCY lineage. Therefore the Bcw fate is 
primary. 

After ablation of Balapaa or Barapaa, 
Barapaav or Balapaav, respectively, did 
not die but formed part of the vas deferens 
(the usual function of the surviving cell). 
Therefore, hypodermal function is probably 
primary for this pair. 

In the dorsal proctodeum, the results 
were not decisive. The commitment of By 
and BS seems to occur as soon as they are 
born. After ablation of one parent (Balp or 
Barp), either By or B6 could be formed; it 
seemed that the relative position of the 
dead cell was important in determining the 
outcome. In one animal the survivor 
(Barpp) lay neither anterior nor posterior 
to the dead cell but spanned the entire gap 
between the normal neighbours of By and 
B6; it gave an intermediate type of lineage, 
consisting of a single anterior-posterior di- 
vision. After ablation of one grandparent 
(B.al or Bar), Barpp or Balpp, respec- 
tively, again spanned the entire By/B6 re- 
gion and again gave an intermediate type 
of lineage. It is possible, then, that neither 
the By nor the B6 fate is primary, and that 
contact of a single cell with both anterior 
and posterior neighbours leads to confu- 
sion. 

The consequence of ablating Byal or 
By.ar was also unpredictable; Byard or 
Byald, respectively, sometimes survived 
and sometimes died. 

The apparent difference between the 
dorsal and ventral regions of the procto- 
deum may be due partly to the way in 
which it develops. All the cells originate 
from B, which lies dorsal to the rectum, and 
a close contact between left and right sides 
persists at this point; the ventral bilateral 
homologues contact one another only later 
in development. This means that in dorsal 
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ablations there is more risk of damaging 
the contralateral cell as well as the target 
cell, and that cytoplasmic processes may 
establish the anteroposterior ordering of 
dorsal cells at an early stage. 

MALE MESOWRM 

Experiments on the mesoderm were car- 
ried out in the male rather than the her- 
maphrodite, because of its greater complex- 
ity and the asymmetry of certain cell fates. 

The single juvenile mesoblast (M) di- 
vides in the Ll to yield body muscles and 
three sex mesoblasts #Ml, SM2, SM3) on 
each side. In the L3, the sex mesoblasts 
divide to yield male specific muscles and a 
single coelomocyte. 

The ablation experiments were carried 
out with two questions in mind. First, are 
the sex mesoblasts SMl and SM2, which lie 
close together dorsally, interchangeable? 
Second, what is the basis for the difference 
in cell assignments between the left and 
right sides of the animal? Whereas the lin- 
eages of the sex mesoblasts are identical on 
the two sides of the animal, the fates of five 
of their progeny are not (Fig. 10). Since the 
five cells involved, which are derived from 
SMl and SM2, initially lie close together in 
a row (preceding paper, Fig. 27), a possible 
explanation might be a system of hierar- 
chical determination in which the fate of 

SMl 

I I 
I 1 I I 

left: 
Ye” t 

) SPlC dlag dlag dlag diag lliag 
protr 

right: 

each cell depends upon the fate of its neigh- 
bour. 

The male specific muscle cells can be 
recognized by the characteristic positions 
of their nuclei in the late L4, and most of 
them can be identified in the adult by the 
position and orientation of their birefrin- 
gent myofilaments (Fig. 11). 

(1) Late ablations (L3). SMB.pp was 
killed on the left in two animals and on the 
right in five animals; SMB.pa was killed on 
the left in one animal and on the right in 
one animal. The cells were killed as soon as 
possible after their birth. In every case the 
fates of the remaining cells were normal. 
When the left SM2.pa was killed, the left 
SMB.pp moved to the midline as usual but 
was unable to move anteriorly; neverthe- 
less, it differentiated into a coelomocyte in 
the normal way. 

These experiments suggest that the con- 
cept of hierarchical determination is incor- 
rect. However, because the mesoblasts are 
both large and mobile, there is a possibility 
that debris from the dead cells may restrict 
the regulatory behaviour of the remaining 
ones. 

(2) Early ablations (L2). In order to in- 
terpret the results of these experiments 
(Table 5) it was necessary to score all the 
muscles on both sides of the animal, be- 
cause sometimes cells migrated across the 

SM2 

I I 
I I I I 

FIG. 10. Lineages of the dorsal sex mesoblasta, showing side-specific fates of their progeny. ant, anterior; 
post, posterior; dors, dorsal; vent, ventral; cc, coelomocyte; diag, diagonal; erec, erector; gub, gubernacular; obl, 
oblique; protr, protractor; retr, retractor; spit, spicule. 
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FIG. 11. Birefringence of male tail; anaesthetised animal mounted on agar; crossed polarisers, with h/30 
Brace-Kohler compensator set for maximum transmission, and Planapo 40 objective. The compensator causes 
muscles running in one direction to appear darker, and those running in the perpendicular direction to appear 
lighter, than the background. The strongly birefringent spicules always appear bright. dep, depressor (reorgan- 
ised); other abbreviations as in Fig. 10. (a) Ventrolateral; (b) dorsal, (c) ventral, diagonal muscles arrowed. 

midline. It is interesting that the trans- 
ferred cells appeared to retain their com- 
mitments. 

It is immediately apparent that the abla- 
tion of one mesoblast had little effect upon 
the fates of the others. This was true even 
when SMl or SM2 was ablated at 16 hr, 
only 1 hr after its birth (since these two 
cells are sisters, this is the earliest time at 
which the experiment is possible). Further- 
more, the surviving cells behaved normally 
not only with regard to their ultimate fates 
but also at intermediate times. Unless the 
precise time at which the cells approach 
the cloaca is decisive, it is difficult to avoid 
the conclusion that there is an intrinsic 
difference between SMl and SM2. 

A more detailed inspection of Table 5 
rules out an extensive fate hierarchy among 

the cells whose assignments vary from left 
to right. After ablation of SMl, SM2 pro- 
duces its normal complement of muscles 
and fails to produce more than one spicule 
retractor muscle; after ablation of SM2, 
SMl fails to produce the coelomocyte, the 
gubernacular erector, and the posterior 
oblique muscle. The cells behave as though 
they are limited to the variation seen be- 
tween left and right. If the basis for this 
limited variation is a posterior to anterior 
hierarchy, which would be consistent with 
the results of SMl ablation, then SMl in 
the absence of SM2 should produce two 
spicule retractors; on the contrary, it invar- 
iably produces only one. However, pre- 
sumptive spicule retractors are often seen 
to develop into diagonal muscles (e.g., after 
ablation of the unrelated mesoblast SM3); 
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perhaps the general disturbance following 
ablation of SM2 causes a switch in the same 
way. 

The dorsal coelomocyte (cc) is a unique 
cell which is normally formed from the left 
SM2. It migrates anteriorly in the midline 
and eventually moves to the right. On one 
occasion an intact animal was seen to pro- 
duce two dorsal coelomocytes; one was the 
left SMB.pp and the other came from the 
right, probably being the right SM2.pp. 
This observation suggests that both 
SMB.pp’s have the potential to be coelo- 
mocytes. However, the coelomocyte was 
not formed after ablation of the left SM2 
(six animals) although it was still formed 
after ablation of the right SM2 (three ani- 
mals); this result is consistent with the later 
ablations described above. 

OTHER TISSUES 

When the blast cells B, C, E, F, K, or M 
were ablated no lineage regulation was 
seen. All these cells are unique in morphol- 
ogy (with the exception of K, which has a 
contralateral homologue) and fate. There 

was also no lineage regulation when endo- 
dermal cells were ablated. 

SEARCH FOR AN ORGANISER IN THE MALE TAIL 

As described above, the gonad is neces- 
sary for the development of the hermaph- 
rodite vulva; this process involves the 
movement of several ventral hypodermal 
cells towards the centre of the gonad. The 
movement of various groups of male cells 
(lateral hypodermal, ventral hypodermal, 
mesodermal, gonadal) towards the tail sug- 
gested that another such organising centre 
might be located there. Furthermore, the 
general cell movements involved in the final 
maturation of the male might also be con- 
trolled by a particular tissue. Therefore, as 
many cells as possible were ablated in an 
effort to abolish the recruitment of the blast 
cells and the shaping of the tail. In different 
animals, the gonad, all the tail neurons, the 
tail hypodermal cells and many of the rectal 
cells (including B, C, E, F, K, and K’ in 
various combinations) were eliminated. 
Some of the animals died, but in those that 
survived the characteristic movements and 

TABLE 5 
ABLATION OF THE SEX MESOBLASTS” 

Side Ablation SMl derivatives SM2 derivatives SM3 Other Contralatersl 
deriva- 

Age Cell vent diag spit diag gnb ant spit post gob cc 
abnormality 

tives 
(W spit retr retr obl retr obl erec 

protr 

- 152211011 6 
- 161211111:6 

16 SMl 0 0 0 2 1 1 0 1 1 6 
16 SMl 0 0 0 2 1 1 1 1 1 : 6 

-21 SMl 0 0 0 2 1 1 0 1 1 6 1 spit retr - 1 retr 
-21 SMl 

spit 
0 0 0 2 1 1 1 1 1 : 6 2 diag -2 

R -21 SMl 0 
diag 

0 0 2 1 1 1 1 1 0 6 2 diag -2 diag 

L 16 SM2 1 6b 1 0 0 0 0 0 0 0 6 
R 16 SM2 1 6 1 0 0 0 0 0 0 0 6 
L -21 SM2 1 6 1 0 0 0 0 0 0 0 6 
R -21 SM2 1 6 1 0 0 0 0 0 0 0 6 

R 24 SM2 1 6 1 0 0 0 0 0 0 0 6 1 gnb retr 
1 ant obl 

c L -21 SM3 1 5 2 2 1 1 0 1 I 0 
R -21 SM3 1 6 1 2 1 1 0 1 1 : 0 +l diae 

’ The lineages were not followed, but cell types were determined by Nomarski observation of the late L4 and polarised light 
microscopy of the adult (see text). The results are matched as nearly as pcssible to the normal patterns (shown in the top two 
lines); some cells (e.g., diagonals) may be derived either from SMI or from SM2, but most (e.g., spicule protractors, coelomocyte) 
are normally derived from one particular mesoblast. Abbreviations: ant, anterior; post, posterior; vent, ventral; cc, coelomocyte; 
diag, diagonal; erec, erector; gnb, gnbemacular; obl, oblique; protr, protractor; retr. retractor; spit, spicule. 

b Three normal, three abnormal morphology. 
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divisions of the hypodermis and mesoderm 
were always seen. 

These results do not rule out the exist- 
ence of a general male tail organiser; they 
may mean simply that it is difficult to in- 
activate the organiser without killing the 
animal, or that the proper combination of 
cells was not eliminated. They do, however, 
suggest an alternative possibility: that in 
their initial movements and cell divisions 
the tissues are directed only by their own 
internal programme and perhaps by an an- 
teroposterior polarity. 

The experiments did reveal another, 
more limited, example of organisation in 
the male. After ablation of E, the vas def- 
erens fails to connect to the proctodeum 
and consequently the adult is sterile. Al- 
though derivatives of E are not used struc- 
turally, they do serve two important func- 
tions: the first is the engulfing and killing 
of a specific gonadal cell, and the second 
(which may be a consequence of the first), 
is to stimulate the attachment of the proc- 
todeal cells K.a and K’ to the vas deferens 
(see preceding paper). 

FORM REGULATION 

After adoption of their discrete fates, 
which are expressed by movements and 
final positions as well as morphology, cells 
can show plasticity of form. Examples 
which are of importance to the organism 
are the ability of intestinal and hypodermal 
cells to grow, without division, to replace 
lost neighbours. An extreme case of repair 
was seen when five of the eight cells which 
normally form the posterior half of the in- 
testine were destroyed in a young Ll; the 
remaining three elongated and shaped 
themselves appropriately to regenerate a 
functional intestine. 

In the mesoderm some of the cells behave 
as though they are competing for attach- 
ment sites. When both spicule retractors on 
one side are lost, a spicule protractor some- 
times grows anteriorly and attaches to the 
body wall. In these cases it is not obvious 

that form regulation is useful to the orga- 
nism, but they do indicate another factor 
controlling differentiation of muscle cells. 

DISCUSSION 

SUMMARY 

We have examined the extent of cell-cell 
interaction in the postembryonic develop- 
ment of nongonadal tissues of the nematode 
C. eleguns. Cells were ablated with a laser 
microbeam, and the consequences were as- 
sessed mainly by light microscopy. Much of 
the development appeared to be cell auton- 
omous by this criterion, but three types of 
cell interaction could be distinguished. 
With the exception of the induction of the 
vulva, all appear to involve direct contact 
between cells. 

(1) Induction. The development of a 
structure is dependent upon the presence 
of cells which do not themselves contribute 
to that structure. Two cases were found: 
the induction of the vulva by the gonad and 
the organisation of the vas deferens at the 
cloaca. In neither case is there any homol- 
ogy between the inducing and induced cells. 
Another type of interaction, related to in- 
duction, is that between a cell programmed 
to die and its killer (see preceding paper). 

(2) Lineage regulation. The lineage of 
one cell is changed in such a way as to 
compensate for the loss of another. This 
can involve simple replacement in which 
the regulating cell switches from its normal 
lineage to that of the lost cell or a less well- 
defined proliferation in which extra cells 
are generated by a lineage not seen in the 
intact animal. In no case, however, is regu- 
lation complete: even when a functional 
adult is produced, it contains fewer cells 
than normal. The groups of cells which can 
regulate in this way are depicted in Fig. 12. 
The members of each group show substan- 
tial homology with one another. Con- 
versely, there is no lineage regulation be- 
tween cells which lack homology. 

(3) Functional regulation. The function 
of one cell is changed in such a way as to 
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compensate for the loss of another. Simple 
replacement, in which the nature of one cell 
changes completely to that of another, is 
seen only in two pairs of bilateral homo- 
logues in the male tail. Form regulation, in 
which a cell grows in such a way as to 
combine its own normal function with that 

of the lost cell, is more widespread and is 
seen in the ectoderm, the mesoderm, and 
the endoderm. 

CELL AUTONOMY 

When the behaviour of a cell is not af- 
fected by the ablation of any of its neigh- 

FIG. 12. Schematic drawings showing positions of blast cells which form equivalence groups. 
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bours it is reasonable to conclude that it is 
behaving autonomously. Autonomous be- 
haviour of cells at late stages is also sug- 
gested by their extensive and apparently 
independent movements in many areas. It 
must be remembered though, that these 
observations principally concern nuclear 
movements, and that the cytoplasms of 
quite distant cells may be in contact. In the 
absence of grafting experiments (which 
cannot as yet be performed on nematodes) 
the proposal of cell autonomy is necessarily 
a negative conclusion, and to that extent 
lacks conviction. There are three important 
ways in which ablation experiments which 
imply autonomy may be misleading. 

First, parts of the target cell may survive 
for a few hours, and continue to signal in 
the normal way to neighbouring cells. By 
definition, however, the nucleus of the tar- 
get cell is not seen again and the cell does 
not divide; thus dynamic exchange of infor- 
mation between surviving pieces and other 
cells is unlikely. 

Second, the adjacent cells may continue 
to develop normally because of their posi- 
tion, with respect either to distant land- 
marks or to their remaining neighbours. 
This possibility can be investigated by caus- 
ing more extensive damage, so that a sur- 
viving cell is shifted from its normal posi- 
tion and isolated as far as possible from its 
normal interactions. Experiments of this 
kind have been performed in the terminal 
development of the postdeirid and the sen- 
sory rays; in these areas, at least, the cells 
do seem to behave autonomously by this 
criterion. 

Third, when cells are ablated late in de- 
velopment, there may be insufficient time 
for the survivors to establish and respond 
to new contacts. 

EQUIVALENCE GROUPS 

The ability of one cell to replace another 
is an indication that the two cells are equiv- 
alent in developmental potential. We refer 
to groups of such cells as equivalence 
groups (Kimble et al., 1979). 

The members of an equivalence group 
resemble one another closely in structure 
and function, and in most cases they are of 
similar origin as far as this is known. Fol- 
lowing ablation of unique cells, replacement 
does not occur though form regulation may 
be seen. On the other hand, similar cells are 
not necessarily equivalent (cf. Lewis and 
Wolpert, 1976). 

Equivalence Groups in Intact Animals 

Some equivalence groups were known 
previously, as a result of the analysis of 
particular cell lineages in several individ- 
uals. Each of these groups comprises a bi- 
laterally symmetrical pair of cells which 
move to, and meet in, the midline; subse- 
quently, one cell (sometimes from the left 
and sometimes from the right) follows one 
fate while the other follows a second fate. 
It is possible either that the pairs are never 
truly symmetrical and that the members 
are differentially committed before central- 
ization, or alternatively that the cells, hav- 
ing reached the midline, compete with each 
other for one of the fates. In certain cases 
the second hypothesis has been confirmed 
by cell ablation; this has the added advan- 
tage of revealing which, if either, fate is 
primary (i.e., is invariably followed by the 
surviving cell). 

The groups which show natural ambigu- 
ity in this way are the following (see Fig. 
12): 

(1) The six pairs of ventral cord precur- 
sors Pl-P12 become ordered anteroposte- 
riorly in the ventral midline. Certain neu- 
rons derived from Pl differ from the ho- 
mologous neurons derived from P2; the be- 
haviour of the ventral hypodermal cells de- 
rived from each of the pairs P3/4, P5/6, 
P7/8, P9/10, and P11/12 differ in either the 
hermaphrodite or the male or both. Cell 
ablations have shown that the Pl fate is 
primary in the first pair (White, unpub- 
lished results) and that the P12 fate is pri- 
mary in the last. The behaviour of the 
ventral hypodermal cells is governed by the 
equivalence groups which they join. All 



596 DEVELOPMENTAL BIOLOGY VOLUME 78,198O 

twelve precursors may be potentially equiv- 
alent but we have not succeeded in testing 
this idea by causing one of them to move 
into the region normally occupied by an 
adjacent pair. 

(2) The pair of cells Ba/B/3 is formed by 
bilaterally symmetrical lineages and so is 
the pair By/B& the members of each pair 
differ in subsequent lineage. The fate of Ba 
is primary. 

(3) The cell pairs B.alapaav/B.arapaav 
and By.ald/Byard are also formed by bilat- 
erally symmetrical lineages. One member 
of each pair dies and the other takes on a 
structural role; the structural role is pri- 
mary in B.alapaav/B.arapaav. 

Another equivalence group showing nat- 
ural ambiguity was found by Kimble and 
Hirsh (1979) in the development of the 
gonad. Its members are not bilaterally sym- 
metrical but are radially symmetrical about 
the twofold rotation axis of the gonad. 

Equivalence Groups in Regulation 

Other equivalence groups were revealed 
by the cell ablation experiments described 
in this paper. They lie in the ventral and 
lateral hypodermis, and comprise cells 
which are arranged anteroposteriorly. 
Within each group, the cells are recruited 
in a definite hierarchy (presumably on ac- 
count of their arrangement), and so no am- 
biguity is seen in the lineages of intact 
animals. 

(2) Ventral hypodermis. In the hermaph- 
rodite, the ventral hypodermal cells P(3- 
S).p form an equivalence group for genera- 
tion of the vulva. In intact animals P(5-7).p 
give rise to the vulva (Fig. 2); after ablation 
of one or more of these cells, recruitment of 
their neighbours towards the centre of the 
group is possible. At least for the central 
cells, the P6.p fate is primary. P3.p is only 
occasionally recruited, perhaps because it 
fuses prematurely with the hypodermal 
syncytium (see below). 

In the male, P(9-ll).p form an equiva- 
lence group for late development in the 

preanal ganglion. In intact animals Pl0.p 
and Pl1.p are used, after cell ablation re- 
cruitment is from anterior to posterior. The 
Pl1.p fate is primary. 

With the exception of PlS.pa and those 
involved in the ventral equivalence groups, 
the ventral hypodermal cells fuse with the 
large hypodermal syncytium by the L2 
stage (Fig. 1). This fusion programme ap- 
pears to be laid down before hatching, be- 
cause ablation of some of the precursor 
pairs at this time does not affect the fusions 
of the hypodermal daughters of the remain- 
der. This may be the mechanism by which 
both boundaries of the vulval equivalence 
group and the anterior boundary of the 
preanal equivalence group are defined. The 
posterior boundary of the preanal group 
falls between Pl1.p and P12.p, whose par- 
ents are themselves equivalent until entry 
into the ventral cord. 

In embryogenesis, therefore, develop- 
mental boundaries seem to be set up be- 
tween some of the pairs of ventral precur- 
sors (Fig. 12). The boundaries at P2/P3 and 
at PB/P9 are revealed also by the fates of 
Pn.aap cells. In the hermaphrodite, these 
cells die outside the group P(3-8) but be- 
come Class C ventral motor neurons inside 
it (White et al., 1976); in the male our 
information is incomplete but there is a 
discontinuity in terms of lineage at P2/P3 
and in terms of fate at PB/P9 (preceding 
paper). 

(2) Lateral hypodermis. In the male the 
lateral hypodermis on each side contains an 
equivalence group for sensory ray produc- 
tion. The group seems to have a posterior 
boundary between V6 and T, but the an- 
terior boundary is less well defined. In in- 
tact animals, V6 gives rise to five rays and 
V5 to one; after cell ablations, V4, V5, and 
V6 can be recruited posteriorly and can 
generate replacement rays. V3 also re- 
sponds to some extent, although it has not 
been seen to generate ray cells; since V4 is 
itself less active in ray formation than V6, 
we cannot say whether V3 is potentially 
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capable of generating rays or whether its Albertson, Martin Chalfie, and Jonathan Hodgkin for 

response is part of the general hypodermal advice, to Terry Bailey and Dave Hart for help in the 

proliferation (see below). It may be that all 
design and construction of the laser microbeam, to 

V cells are potentially alike, but that when 
Nichol Thomson for providing electron micrographs, 
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