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Pattern Formation in the Lateral Epidermis

of the Nematode C. elegans

David A. Waring

Abstract

The work presented herein addresses the question of how a

relatively simple pattern of epidermal and neuronal cells is

established within the lateral epidermis of the nematode C. elegans.

Two different patterns are examined; the pattern of rays and adult

seam cells in males, and the pattern of postdeirid production in both

males and hermaphrodites. The data indicate that these patterns are

controlled, in part, by signals between the epidermal cells

themselves. Further it is demonstrated that one level of regulation

of this pattern is the regulation of the response of these cells to

signals from their neighbors.

In males, cells of the lateral epidermis send signals to each other

that promote the formation of epidermal structures (alae) and

prevent the formation of neuronal structures (rays). The homeobox

containing gene pal-1 acts within V6 (or its descendants), preventing

it from responding to the alae-inducing signals and allowing it to

generate rays. pal- 1 acts directly or indirectly on the transcription

of the Antennapedia-like homeotic gene mab-5.



The production of the postdeirid is also dependant on cell signals

from neighboring epidermal cells. Again pal- 1 acts within V6 to

prevent it from responding to signals that promote postdeirid

formation. The gene lin-22 also prevents V6 and other epidermal

cells from generating postdeirids. We propose that the two genes

pal- 1 and lin-22 establish pattern within the lateral epidermis by

regulating the ability of cells to respond to signals which are received

by all of the lateral epidermal cells from their neighbors. Thus the

pattern is established not by controlling which cells receive these

signals, but rather which cells respond.



Chapter 1.

Introduction and Overview.



Introduction.

As we learn more about the mechanisms that underlie pattern formation

it has become clear that intercellular signalling is used quite ubiquitously, and

that many of the molecules involved in signalling are conserved between

species. While it was at one time believed that C. elegans development was,

with a few notable exceptions, generally mosaic (involving no signalling), it

has become obvious that this was a naive notion that was based on 1) the

reproducibility of the lineage, and 2) the results of a limited number of cell

ablation experiments. Since this time, further work, including the work

presented here, has continued to identify examples of cell interactions that

were not at first obvious. C. elegans has in fact proved a valuable organism in

which to study cell interactions.

There are at least three different ways in which cell signals can be used to

control pattern formation. One common type of cell signalling involves a

cell (or group of cells) generating a diffusible signal, to which cells within a

field respond according to the strength or concentration of signal which they

receive. Examples of such cell signalling are seen in a variety of organisms: in

C. elegans a signal from the anchor cell controls the development of the

vulval precursors in a graded manner',”, in chick limb development it is

postulated that the ZPA provides a graded signal to the cells of the developing

limb bud”, and in the Drosophila embryo positional information is defined by
a gradient of the bicoid protein". This last example demonstrates an

interesting mechanistic twist in that the gradient exists within a large

syncitium and nuclei, rather than cells, receive the graded information.



These signals provide "global" positional information, telling the recipient

cell where it is within a large field of cell.

A second strategy of cell communication is best exemplified by the "lateral

inhibition" between neurectodermal cells in Drosophila and the

grasshopper*.*, and between the vulval precursor cells in the C. elegans

vulva”. In these cases a single cell signals its immediate neighbor(s) to adopt

fates different from the fate it has chosen. A similar situation is seen

between the precursors of the anchor cell and the ventral uterine cell in the C.

elegans gonad'.8. In this case we see a sort of mutual lateral inhibition, i.e.

both cells vie for the same fate, one will assume that fate and the other will

assume a different fate. In contrast to the diffusible signals, this second class

of signaling strategy allows the recipient cell to know who its neighbor is.

Another type of strategy is also possible in which the signals act in a

more permissive fashion. In such a case, the cells require a signal in order to

adopt a certain fate, but the the decision to respond is not based on whether

the cell receives the signal but rather on information that is intrinsic to that

cell. A clear case of such signalling involves the development of secondary

sexual characteristics in mammals. All cells are exposed to hormonal signals,

but only certain cells respond.

This thesis examines an example of this third type of induction strategy

within the lateral epidermis of C. elegans. In this case the signal(s) involved

are not humoral in nature, but appear to be the result of local cell

interactions. These signals may exist in the form of short-range, diffusible

signals or more direct cell-cell contact. The model that we propose here is

that all of the cells of the lateral epidermis are signaled by their neighbors but



only a subset of the cells respond. The ability of different cells to respond or

not constitutes an underlying pre-pattern within the cells. The potential for

the final pattern exists in this pre-pattern. Yet the cell signals are required for

the expression of that pattern.

A description of the patterns.

At hatching the lateral epidermis of C. elegans consists of a single row of 10

cells on each side of the animal. During larval development these cell

undergo lineages that generate epidermal cells and neuroblasts”. This thesis

examines the pattern generated from the lateral epidermal cells V1-V6.

As seen in Figure 1.1 the cells V1-V6 undergo very similar lineages. This

work deals with the formation of 2 separate patterns. During the second

larval stage (L2) a very simple pattern is generated. A single neural structure,

called the postdeirid, is generated from a descendant of V5 while all the other

V-derived cells generate only epidermal cells including two "seam" cells each.

This pattern is referred to as the postdeirid/seam cell pattern. During the

third larval stage (L3) in males a much more complicated pattern of

neuroblasts and epidermal cells is generated. This is the pattern of rays

(neural structures required for mating) and epidermal cells including the

"adult seam cells" which will produce a specialized cuticle characterized by

ridges called alae. We refer to this as the "ray/alae pattern". The anterior

cells, V1-V4, generate only alae, V5 generates alae and one ray, V6 generates 5

rays, and T generates 3 rays.
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Cell signals are involved.

It was first demonstrated that some sort of intercellular signaling is

involved in establishing these two patterns by the laser ablation studies of

Sulston and White19. They found that when V6 was ablated shortly after

hatching V5 would not generate a postdeirid but rather would undergo a

lineage exactly like the other V cells. When this experiment was performed

on males V5 would go on, during the L3, to generate as many as five rays.

Because V5 moved back toward the V6 position following these ablations it

was impossible to discern if the change in fate of V5 was due to the removal

of its neighbor or its change in position. The work presented here suggests

that there is direct communication between the cells of the lateral epidermis

and that the change in cell fate following ablations is due to the removal of

neighbors. There is, however, still a suggestion that there exists some sort of

long range positional information (perhaps in the form of a gradient) which

is involved in the formation of the pattern of rays.

The genes involved.

Prior to the beginning of this work, two genes mab-5 and lin-22, were

known to be required for the establishment of the ray/alae pattern. The gene

mab-5 is required for the differentiation of many posterior-specific structures

during postembryonic development, including the rays as well as other

neuronal, mesodermal and epidermal cells", mab-5, which encodes an

Antennapedia-class homeodomain protein!”, behaves as a classical homeotic

gene, specifying the fate of cells within a particular body region. In mab-5 null

mutant males the cells that would normally generate rays (posterior-specific

9



structures) instead go on to generate alae (anterior-specific structures). mab-5

gain-of-function mutations cause ectopic ray formation by more anterior V

cells. Thus the wild type function of mab-5 in the lateral epidermis is to allow

V5 and V6 to generate rays.

lin-22, on the other, hand is required for the proper differentiation of more

anterior cells of the lateral epidermis. In reduction-of-function mutants of

lin-22, anterior cells generate ectopic postdeirids and rays!3. Thus the

function of lin-22 in the lateral epidermis is to prevent the anterior cells from

generating postdeirids and rays.

The genetic interactions between of mab-5 and lin-22 are a bit complicated,

and suggest a mutually inhibitory pathway of gene activity, rather than a

linear pathway. The production of rays in a lin-22 mutant is dependent, to an

extent, on mab-5 function. In mab-5; lin-22 double mutants there is a

reduction in the number of rays relative to lin-22, especially in the anterior of

the animals. However there are still many rays made in these animals. The

number of rays made in a lin-22 animal is strongly dependent on the dosage

of the wild-type mab-5 gene product. As the copy number of mab-5* is

reduced, the number of rays is decreased beginning with the most anterior

rays. Higher doses of mab-5* increase the number of rays produced".

These genetic interactions suggested a model in which the two genes

mutually antagonize one another. In anterior cells, lin-22 is active and the

cells make alae, and in posterior cells mab-5 predominates and therefore rays

are made. It was proposed that a gradient of positional information along the

antero-posterior axis establishes the boundary between mab-5 and lin-22

activity! 1.
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A gradient of positional information.

Two major results argue in favor of a model in which a gradient of

positional information gives cells in the posterior a greater potential to

generate rays than cells in the anterior. First, the further posterior a cell is,

the more likely it is to generate rays following the ablation of its posterior

neighbors. When V6 is ablated, V5 generates 5 rays (four more than usual).

When V5 and V6 are both ablated V4 generates rays, but generally fewer than

5 19. V3 has been seen to generate rays only very infrequently after ablation

of V4 through V6 (Wrischnik and Kenyon unpublished data). Second, in a

mab-5; lin-22 animal, cells in the posterior are more likely to generate rays

than cells in the anterior. As the dosage of mab-5 is altered the border

between those cells which make rays and those cells which make alae shifts in

a graded fashion".

When the work described here began, the gradient model was highly

regarded in the field (i.e. both of us), with the implication being that the

generation of extra rays by V4 and V5 following ablation of their neighbors

was due to their change in position. As they moved posteriorly following the

ablation they moved into a region of "ray-making potential". The phenotype

of the pal-1 mutant which was isolated and initially analyzed by Cynthia

Kenyon, was a bit of a mystery. In pal-1 animals, V6 generates alae just like

V1-V4 but V5 is unaffected. According to the gradient hypothesis the ray

derived from V5 should be the most vulnerable to mutation because it is at

the "low end" of the "ray-inducing field". Yet V6 was affected by pal-1 and V5

WaS not.

1 1



Figure 1.2 Proposed models for the activites of pal-1 and lin-22.

A. A genetic model for the activies of pal-1 and cell signals. Signals
(indicated by arrows) from cells toward their neighbors initiate alae lineages.
It is possible that signaling occurs between progeny of V cells, rather than the
V cells themselves. The gene pal-1 functions within V6 to prevent T from
inducing alae lineages in V6, and to allow V6 to generate ray lineages. In the
absence of the T cell (after ablation) the pal-1 gene is no longer needed for V6
to generate ray lineages. Because the V5 cell is not affected by our pal-1
mutants, we have proposed that a pal-1-like activity acts in a similar manner
to allow the production of this V5 derived ray.

B. Genetic model for establishment of the postdeirid pattern.
In the model, lin-22 and pal-1 activity have the effect of preventing
intercellular signals between V cells from inducing postdeirids. The products
of these genes could block postdeirid induction by acting directly on
components of the signal transduction pathway, or they could bypass the
effects of signal transduction and act directly on downstream genes. T
generates a lineage distinct from any of the V cell lineages, which does not
include a postdeirid.
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One of the most significant ideas that arose from our attempts to address

this mystery is that the V cells signal each other, and that the changes of fates

seen following ablations are not solely due to their change in position. This

conclusion was primarily due to two observations: 1) pal-1 mutations are

suppressed by ablation of T, and 2) V6 does not move posteriorly following

this ablation. The response of V6 to the ablation of T was therefore not due to

a change in position but rather due to the removal of T. Thus in pal-1

mutants, T is signalling V6 to make alae. These observations also indicated

that the wild type role of pal-1 is to prevent T from communicating

effectively with V6. The similarity between V6 in pal-1 animals, and anterior

V cells in wild-type animals, led us to suggest that V1-V5 were also being

signaled by their neighbors (Fig 1.2).

It was with this understanding that we began the examination of the

postdeirid pattern. Sulston and White had shown that ablation of anterior or

posterior neighbors could prevent V5 from generating a postdeirid. We

found that this effect was again due to the removal of the neighbor rather

than the change in cell position after the ablation. Our results indicate that

the two genes pal-1 and lin-22 prevented the other V cell from producing

postdeirids but mutations in these genes could be suppressed by ablation. pal

1 acts within V6 to prevent it from responding to signals which would

otherwise cause V6 to generate a postdeirid. lin-22 similarly prevents the

anterior cells from generating postdeirids in response to cell signals. We

propose the model that all of the V cells receive signals that promote

postdeirid formation but pal-1 prevents V6 from responding form these

signals while lin-22 prevents V1-V4 from responding. Thus, in this model

1 4



the activities of these two genes establish a pre-determined pattern of

responsiveness to these signals within the lateral epidermis (Fig 1.2).

Brief overview

The three main chapters of this work consist of 3 papers. Chapters 2 and 3

deal for the most part with the L3 pattern i.e., the ray/alae decision, while

chapter 4 deals with the production of the postdeirid pattern in the L2.

Chapter 2 describes mutations in the gene pal-1 that prevent V6 from

generating its rays. Ablation experiments demonstrate that the wild type

function of pal-1 is to somehow prevent T from effectively signalling V6 to

generate alae, and to thereby allow V6 to generate rays instead. This chapter

also demonstrates that pal-1 acts though the genes mab-5 and lin-22. Chapter

3 describes three results. First, pal-1 does not prevent T from signalling V6

but rather acts cell autonomously within V6 to prevent it from responding to

signals from T. Second, pal-1 is a homeodomain protein, and is therefore

likely to be a transcriptional regulator. Finally, pal-1 acts (directly or

indirectly) to turn on the mab-5 gene, most probably at the level of

transcription. Chapter 4 demonstrates that the ectopic postdeirids produced

by V cells in lin-22 and pal-1; lin-22 animals, are dependent on cell signals

from neighboring cells. Thus it appears that these genes prevent V1-V4 and

V6 from responding to signals that would induce them to generate

postdeirids.

1 5
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Abstract

In C. elegans males, laterally located V cells generate a simple pattern of

anterior alae (cuticular ridges) and posterior rays (mating sensilla). We have

found that this pattern is generated, at least in part, by the selective

interruption of cell-cell interactions. In anterior V cells, lineages leading to

the production of alae are induced by cell interactions. These cell interactions

are inhibited in specific posterior V cells by the activity of the gene pal-1,

which allows these cells to generate rays instead of alae. The activities of cell

signals and pal-1 appear to influence V cell fates by determining the state of a

developmental switch involving two homeotic genes, lin-22 and mab-5.
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Introduction

Local cell-cell interactions have been found to play central roles in pattern

formation in a wide variety of developing organisms. In order to understand

how cell interactions establish biological patterns, it is necessary to

understand both the mechanisms by which cells communicate, and also the

logic of the interactions; that is, how cell signalling is regulated. As an

increasing number of molecules involved in cell signalling are identified, it is

becoming apparent that the signalling machinery has been conserved

evolutionarily. Less is known about how cell signalling is regulated to

generate spatial patterns, and whether this logic is also conserved between

species.

Information about the different roles of cell-cell interactions in pattern

formation is beginning to emerge from genetic and microsurgical studies of

developing organisms. For example, within individual segments of

Drosophila, local cell interactions are used to further subdivide a relatively

coarse pattern established by the activities of the gap and pair rule genes. For

instance, the wingless product appears to induce expression of the regulatory

gene engrailed in cells adjacent to wingless-expressing cells (for review see

Ingham, 1988). In the developing central nervous system of the grasshopper,

cell interactions have a different role; here they limit the number of pattern

elements in particular locations. In this case, developing neuroblasts produce

lateral inhibitory signals that prevent cells in their vicinity from also

differentiating into neuroblasts (Doe and Goodman, 1985). A similar process

occurs during the development of the C. elegans vulva (Sternberg, 1988).

1 9



Here we describe a distinct type of regulatory system, in which the active

inhibition of effective cell communication is required to generate a pattern of

epidermal and neural structures in C. elegans.

We are studying the mechanism by which cell-extrinsic signals influence

the lineages that generate a simple pattern of alae and rays along the sides of

the C. elegans male. This pattern is generated by seven epidermal cells, V1

V6 and T, which are located in a row along each side of the animal at

hatching. The V and T cells each undergo characteristic patterns of cell

division and differentiation to generate epidermal and neuronal cells. Alae,

which are ridges in the cuticle, are produced by epidermal cells called adult

seam cells (AS cells) generated by V1-V5. Rays, neural structures located in

the posterior body region, are generated by V5, V6 and T. The lineages of the

V and T cells are shown in Figure 2.1 (Sulston and Horvitz, 1977).

Previous studies have shown that two homeotic genes, mab-5 and lin-22

are required for V cell patterning. mab-5 and lin-22 have essentially opposite

roles: In the absence of mab-5 activity, rays are not produced, and instead all

V cells generate alae (Kenyon, 1986); conversely, in mutants in which lin-22

activity is reduced or eliminated, alae are not produced, and instead all V cells

generate rays (Horvitz et al., 1983; Wrischnik and Kenyon, unpublished). In

mab-5; lin-22 double mutants, the boundary between alae and rays becomes

highly variable, and the position of this boundary can be shifted along the

body axis by changing the mab-5 or lin-22 gene dosage (Kenyon, 1986;

Wrischnik and Kenyon, unpublished). Together these findings suggest that

lin-22 and mab-5 activities are involved in positioning the boundary between

rays and AS cells, and that the relative activities of these two genes affects

whether V cells generate AS cells or rays.

20



The decision to generate a lineage producing AS cells or rays is known

to be influenced by cell-extrinsic signals (Sulston and White, 1980). When T

and V6 are killed with a laser microbeam just after hatching, V5 gradually

moves into the position of V6 and generates a lineage similar or identical to

the wild-type V6 lineage, producing as many as five rays (see Figure 2.4).

Similarly, V4 produces rays when V5 and V6 are ablated. The finding that V4

and V5 generate rays instead of AS cells following ablation of more posterior

V cells is subject to two alternative explanations. First, localized positional

information in the vicinity of V6 could alter the fate of V4 or V5 as it moves

into the position of V6 following these ablations. Alternatively, posterior V

cells could actively send signals to V5 and V4, instructing them to produce AS

cells instead of rays; ablation of these signalling cells would then remove this

inhibition and allow V5 or V4 to make additional rays.

Here we present data supporting the idea that V cells actively

communicate with their neighbors. The data suggest that V cells (or their

descendants) send signals to their anterior neighbors that induce AS cell

lineages. We find that the T cell is capable of signalling V6 to produce AS

cells, but that in the wild type, the activity of a gene called pal-1 silences this

signalling, and thereby allows V6 to generate rays. Thus both cell signalling

as well as the deliberate interruption of cell signalling are required to generate

the final pattern. The data indicate that the cell signals and pal-1 activity exert

their effects through mab-5 and lin-22. These regulated cell interactions

appear to refine an underlying pattern of AS cells and rays that is imprecise

and highly variable.
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Results

The pal-1 gene is required to establish the difference between V6 and the
anterior V cells

As described in Experimental Procedures, we have isolated two mutations

in the pal-1 gene, e2091 and mul3, that appear to reduce or eliminate gene

function. The most striking feature of pal-1 mutants is the altered pattern of

alae and rays seen in males. In pal-1 males, most of the rays were missing,

and additional alae extended into the tail. In most cases, a gap existed in the

alae in the approximate position of V5, and a ray papillus was often seen in

this gap. Among pal-1(e2901) animals, 91% of the sides examined had 4 or

fewer rays (Figure 2. 1 legend). (Because the pattern of rays and alae on one

side of the animal does not always correspond with the fate on the other side

of the animal we describe all of our data in terms of "sides of animals

scored"). As in wild type, alae were present in anterior body regions, and

other male mating structures appear normal. Two other phenotypes, a low

frequency of embryonic lethality and variable bulges in the body, are

associated with both pal-1 alleles (Experimental Procedures). These

phenotypes suggest that pal-1 has other developmental functions in addition

to its role in V cell development. How these different phenotypes are related

is unclear. In this paper we focus on the role of pal-1 activity in V cell

patterning.

To determine how pal-1 mutations affect V cell patterning at the cellular

level, we followed V cell lineages in 9 pal-1(e2091) males. As described in

Figure 2. 1, in most cases (8/9) V6 generated a lineage identical to that of a

wild-type V1-V4 cell. This lineage transformation explains the appearance of
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Figure 2.1 Lineages of V1-V6 and T in wild-type and pal-1 males
A. V and T cell lineages in wild-type males (Sulston and Horvitz, 1977).

Symbols: o, cells that fuse with the epidermal syncytium (hyp7); ray
precursor cell; I postdeirid neuroblast; A T neuroblast; SA ray; E,
adult seam cell (AS cell); G, glial or neuronal cell.

B. V and T cell lineages in pal-1(e2091) males. In pal-1 males, V6 generally
produced a lineage identical to that of V1-V4, and the remaining V and T cells
developed as in the wild type, as shown (for details see Experimental
Procedures).

C. Nomarski photomicrographs of the patterns of alae and rays in wild
type. Alae produced by the AS cells generated by V1-V4 and V5.ppa extend
from the head of the animal to the posterior body region and are indicated
with bold arrow. In the wild type, the ray precursor cells migrate posteriorly
into the tail, and then generate the rays, which are indicated by the fine
aIIOWS

D. Patterns of rays in pal-1 males. In pal-1 animals, the 5 rays normally
produced by V6 were missing, and alae were produced by the V6-derived AS
cells. The alae generated by descendants of V1-V4 and V5.pppa extend
posteriorly from the head, but are truncated at the position of the ray
produced by V5.pppp. Normally the V5-derived ray precursor cell migrates
posteriorly into the tail, but in pal-1 animals, the V6-derived cells appear to
prevent the V5 ray precursor from migrating. Thus a gap in the alae is
formed above the V5 ray cell group. The V5 ray papillus (the junction of the
ray sensillum with the cuticle) was usually but not always visible in this gap.
The Pal-1 phenotype (5 rays missing and replaced by alae) exhibited
incomplete expressivity in males carrying either pal-1 allele. At 200C 91%
(128/140) sides of pal-1(e2091) animals appeared to exhibit a complete V6
transformation, whereas 4% of the sides (5/140) appeared wild-type and the
others showed an intermediate phenotype. The phenotype is expressed less
frequently at 25°C. 18/46 sides of animals grown at 25°C had more than 4 rays,
as compared to 12/140 sides of animals grown at 20°C. The production of rays
on one side of the animal was independent of the production of rays on the
other side of the animal. The mul3 allele exhibited a similarly level of
expressivity: 11/140 sides had a one or more V6 rays, and 0/140 were wild-type
(20°C).

E. View of a V5 ray papillus at higher magnification (fine arrow). The
papillus is located in the gap between the V4 and V6-derived alae (bold
arrows).

-
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posterior alae and the absence of the 5 V6 rays in observed in adult pal-1

males: the wild-type V1-V4 cells generate AS cells (which make alae), and no

rays. Because these pal-1 mutations appear to reduce or eliminate gene

function, these data imply that in the wild type, pal-1* activity is required for

V6 to generate its characteristic lineage rather than generating a lineage

similar to V1-V4.

In wild-type hermaphrodites, V6 generates a lineage identical to that of V1

V4. Thus, the V6 transformation in pal-1 mutants could be either a sexual or

spatial transformation. To distinguish between these interpretations, we

introduced a mutation that causes V1-V4 to develop differently from V6 in

hermaphrodites, and asked whether, in this background, a pal-1 mutation

would produce a spatial transformation, and cause V6 to adopt a V1-V4-like

fate. Mutations in the gene lin-22 cause V1-V4 to generate lineages similar to

the wild-type V5 lineage; that is, to produce postdeirids (sensilla normally

produced only by V5) in both sexes and rays in males. V6, however, is

unaffected (Horvitz et al., 1983). As shown in Figure 2.2, when a pal-1

mutation was introduced into a lin-22 strain, V6, too, was affected: In pal-1;

lin-22 mutants, V6 generated a postdeirid (48/67 sides examined in males and

hermaphrodites). This number is similar to the frequency at which V4

produced postdeirids in the same strain (20/27) (Experimental Procedures).

This finding suggests that pal-1 mutations cause V6 to undergo a spatial

rather than a sexual transformation. In other words, wild-type pal-1 gene

activity appears to function in a process that allows the V6 cell to develop

differently from its anterior homologs.
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Figure 2.2 V cell lineages in lin-22 and pal-1, lin-22 animals
A. Lineage of V4, V5 and V6 in lin-22 males (Horvitz et al. 1983). In these

animals, V2-V5 (and to a lesser extent V1) generally produce two rays and a
postdeirid. V6 develops as in the wild type, producing 5 rays and no
postdeirid. - represents either a postdeirid lineage or a lineage that yields a
postdeirid and an extra AS cell (see below).

B. Lineage of V4, V5 and V6 in pal-1; lin-22 males. In pal-1; lin-22 males,
V1-V5 developed as in lin-22 single mutants, but in this case, V6, too,
generally produced a postdeirid. I represents either a wild-type postdeirid
lineage or a lineage that yields a postdeirid and an extra AS cell. For details
see Experimental Procedures.

C. Camera lucida drawing of a lin-22 animal in late L2. The postdeirid cell
groups produced by V4 and V5 are shown in boxes

D. Camera lucida drawing of a pal-1; lin-22 animal in late L2. Three
postdeirids can be seen; one from each of V4, V5 and V6. Cell lineages were
not followed in the animals shown here; the lineages diagrammed were
inferred from the characteristic positions and morphologies of the cells.
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In pal-1 mutants, signals from T prevent V6 from generating rays

In the wild type, when their posterior neighbors are ablated with a laser

microbeam, V4 and V5 generate lineages similar or identical to that of V6,

producing up to five rays (Sulston and White 1980). Because V6 fails to

generate its characteristic ray lineages in pal-1 mutants, it seemed possible that

in pal-1 mutants, V4 and V5 might also be incapable of generating rays in

response to ablation of their neighbors. To test this, we ablated V6 in 4 newly

hatched pal-1 males, and determined the number of rays present in these

animals as adults. In untreated pal-1 animals, the only V-derived ray is the

one ray produced by V5. In contrast, in each animal in which V6 had been

ablated, additional rays (up to 5) were produced. The cell lineages of these

animals were not determined; however, it seems likely that the additional

rays were produced by V5, as in the wild type. Likewise, when V5 and V6

were ablated in pal-1 animals, V4 produced rays. In 3 of 9 animals V4

produced one or more complete ray sensilla. In other animals, V4 underwent

additional divisions but did not generate complete rays. The behaviors of V5

and V4 in these experiments were similar to the behaviors of V5 and V4 in

similar experiments using wild-type animals. (Sulston and White 1980,

Waring, data not shown). Thus V4 and V5 cells not only generated a normal

lineage in intact pal-1 animals, they also responded normally to the ablation

of their neighbors.

The experiments described in the previous section suggested that in a pal-1

mutant, V6 was transformed into a V4-like cell. The finding that V4

generated rays in pal-1 animals when its posterior neighbors were ablated

suggested the possibility that in a pal-1 mutant, V6 too might be able to
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generate rays if its posterior neighbor were ablated. We therefore ablated the

cell T, the posterior neighbor of V6, in 13 pal-1 males. In each of these

animals, V6 generated rays; in fact, in most cases (8 animals) V6 generated a

wild-type complement of rays (see Figure 2. 3b). Ablation of V5 had no effect

on V6 development (data not shown). Because ablating T was sufficient to

fully rescue the V6 mutant phenotype, this result showed that in pal-1

mutants, T prevented V6 from producing rays. Furthermore, because in

wild-type animals V6 produced rays in spite of the presence of T, this finding

implies that the wild-type function of pal-1 is to prevent T from influencing

the development of V6, so that V6 can generate its characteristic ray lineages

instead of V1-V4-like AS cell lineages.

As discussed in the Introduction, the previous observation that V5 and V4

generated a V6-like lineage following ablation of their posterior neighbors

was consistent with several signalling models: V cells could have switched

fates because they contacted localized positional information as they moved

posteriorly into the position of V6, because they no longer received signals

from their posterior neighbors, or possibly for both reasons. In pal-1 mutants,

the ability of V4, V5 and V6 to generate rays was correlated with the presence

or absence of a posterior neighbor, but not with absolute position along the

body axis. V6 failed to produce rays, yet V5 and V4 could generate additional

rays when they moved toward the position of V6 following V6 ablation.

Furthermore, when T was ablated in pal-1 mutants, V6 generated rays, but did

not change its position. Together these observations argue that the position

of a V cell along the body axis is not sufficient to determine its fate, and that

the specification of V cells fates involves active intercellular signalling.
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Figure 2.3 The response of V6 to ablation of T in wild-type, pal-1, and mab-5
males.

Each figure shows a Nomarski photomicrograph of the adult tail and the
lineage of V6 following the ablation of T.

A. Wild type. Six rays are visible (arrows), one from V5 and five from V6.
These tails looked like wild-type tails except that the three rays that would
have been produced by the ablated T cell were missing, and the V rays were
somewhat disorganized. V6 generates a wild-type lineage in these animals
(Sulston and White 1980). We repeated their experiments in four animals
and and observed the adults. In all cases there were six rays in the tail,
presumably one V5-derived ray and 5 V6-derived rays. The lineages of these
animals were not followed.

B. pal-1. Instead of producing only the V5 ray, the V cells usually
generated six rays following Tablation in pal-1 males, as they do in the wild
type. T was ablated in ten pal-1(e2091) animals and 3 pal-1(mul3) animals.
Six rays were seen in eight animals, five rays were seen in two animals and
four rays were seen in three animals. The lineage was followed in one
animal and was identical to the wild-type V6 lineage. It is not uncommon
even in wild-type animals and especially in mutant animals that a ray cell
group is generated that fails to assemble into a bona-fide ray. For this reason
it is not clear whether, in those animals in which fewer than six rays were
observed, V6 actually generated fewer than the wild-type number of ray cell
groups.

C. mab-5. No rays were visible following the ablation of T in ten mab
5(e1239) animals. The arrow points to the alae that are generated by the adult
seem cells. The alae extend far into the tail, which is indicative of V5 and V6
having generated AS cells. The lineage was followed in one animal.

D. pal-1; mab-5. As in mab-5 animals, no rays were visible following the
ablation of T in three pal-1(e2091) mab-5(e1239) animals. The alae can be seen
to extend into the tail. The lineage was followed in one animal.
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Figure 24 Summary of V and T development in wild-type and pal-1
animals.

A schematic representation of the results of V and T cell ablations. The
ablated cells are indicated by the large x, and the fates of the remaining cells
are symbolized: ray, = AS cell. V5 and V4 generated additional rays
following the ablation of their posterior neighbors in both wild-type and pal-1
animals. The ablation of T has no effect on the wild-type V6 cell, which
makes five rays whether or not T is present. The ablation of T in a pal-1
animal completely suppressed the V6 defect in these animals, causing V6 to
undergo its wild-type lineage and produce five rays.
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Specifically, these results suggest that in the wild type, signals from posterior

cells promote the formation of AS cells by their more anterior neighbors.

pal-1 and cell signals exert their effects through mab-5 and lin-22

Because pal-1 mutations and cell ablations elicit the same types of V cell

transformations as mab-5 and lin-22 mutations, it was possible to derive a

simple model explaining how these genes (and cell signals) might function

together in a regulatory pathway by examining the phenotypes of double

mutants, and the responses of these mutants to cell ablation. Recessive pal-1

and mab-5 mutations produce the same effect on the V6 cell during normal

development, causing V6 to generate a V1-V4-like lineage, and to generate

AS cells instead of rays. In pal-1 mutants, eliminating T was sufficient to

elicit ray lineages in V6; thus, wild-type pal-1 activity either inhibits or

overrides T cell function. To determine whether mab-5 activity was still

necessary in order for V6 to generate ray lineages once T was removed, we

ablated T in 10 mab-5 males. Unlike in pal-1 mutants, in mab-5 mutants V6

was never observed to produce rays in these experiments; instead, it

generated the same V1-V4-like AS cell lineages as in unablated mab-5

mutants (Figure 2. 3c).

Because pal-1 and mab-5 mutations produced the same effect on V6, we

could not order them in a regulatory pathway simply by examining the

double mutant. As expected, in the pal-1 mab-5 double mutant, V6 developed
as in the single mutants (although in the double mutant, the V6

transformation was fully penetrant, as with single mab-5 mutants; data not

shown). However, because pal-1 and mab-5 mutants exhibited opposite
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responses to Tablation, it was possible to infer a likely regulatory relationship

between mab-5 and pal-1 by determining whether or not V6 was able to

generate ray lineages following ablation of T in the pal-1 mab-5 double

mutant. We ablated T in 3 pal-1 mab-5 double mutants: In these animals, V6

was never observed to generate rays (Figure 2. 3). Thus, mab-5 mutations are

epistatic to pal-1 mutations. This experiment suggested that mab-5 functions

"downstream" from signals from T; when mab-5 is inactivated by mutation,

the presence or absence of T is irrelevant; rays are not produced.

lin-22 and pal-1 mutations produce opposite V cell transformations, so it

was possible to propose a likely regulatory relationship between them simply

by examining the double mutant. In pal-1 mutants, V6 generates AS cells

instead of rays. However, in pal-1; lin-22 males, V6, like the anterior V cells,

generated rays, not AS cells (Figure 2.2). Thus, it appears that once lin-22

activity is reduced or eliminated by mutation, pal-1* activity is no longer

required for ray production. The simplest interpretation of these results is

that lin-22 functions downstream of pal-1 in the regulatory pathway, and that

the wild-type function of pal-1 is to inhibit or override lin-22 function.

In pal-1; lin-22 animals, V6 generally does not undergo a wild-type V6

lineage and produce five rays. Instead, the cell V6.pa, which in the wild type

generates two rays, usually generates a postdeirid. This result indicates that

both lin-22 and pal-1 activity prevent V6.pa from generating a postdeirid in

the wild type, so that only when both genes are inactivated is the V6

postdeirid produced.

If pal-1 activity promotes ray formation solely through mab-5 and lin-22,

then a pal-1 mutation should have no effect on ray formation in a mab-5; lin
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22 animal, other than to allow V6.pa to generate a postdeirid. We examined

the adult ray pattern and followed the lineages of V cells in 3 pal-1 mab-5; lin

22 animals. As expected, in the triple mutant, V6.pa generates a postdeirid,

while V6.pp behaves as it does in a mab-5; lin-22 mutant, and generates rays

(data not shown).
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Discussion

Cell communication induces AS cell lineages, and silencing of cell
communication by pal-1 activity promotes ray lineages.

In wild-type C. elegans males, anterior V cells generate lineages that

produce AS cells (which in turn make stripes of alae in the cuticle), whereas

posterior V cells generate lineages that produce ray sensilla. In pal-1 males,

the posterior V6 cell adopts a V1-V4-like lineage, and generates AS cells

instead of rays. When the posterior neighbor of V6, T, is ablated in pal-1

animals, V6 generates a perfect wild-type V6 lineage, and produces rays, not

AS cells. This result implies that in a pal-1 mutant, T is responsible for the

mutant V6 lineage. Because V6 does not change its position in the animal

after T is ablated, it seems unlikely that T acts simply by preventing V6 from

moving into a more favorable location; rather, it seems more likely that, in

pal-1 mutants, T actively sends regulatory signals to V6. However, we cannot

rule out certain alternative possibilities, such as the possibility that T affects

V6 indirectly by destroying a signal from a different cell altogether.

The simplest interpretation of these findings is that, in the wild type, pal

1+ activity allows V6 to produce rays instead of AS cells either by preventing

T from producing a regulatory signal or by preventing V6 from responding to

a signal from T. An alternative interpretation is that the pal-1 mutation

creates a completely novel situation in which T somehow "poisons" V6, and

prevents it from generating rays. This seems unlikely. First, a mutation

generating such a poison would most likely be dominant while pal-1

mutations are recessive. (The unlikely possibility that pal-1 mutations create

a "poison" that is only effective if two copies are present is ruled out by the
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finding that animals carrying two mutant alleles and one wild-type allele are

phenotypically wild-type; see Experimental Procedures). Second, it seems

unlikely that a poison from T would cause V6 to behave identically to cells

that exist in the wild type (such as V4), not only with regard to its lineage but

also in its response to the ablation of its neighbors.

The similarity between the production of rays by V6 following the ablation

of T in pal-1 mutants, and the production of additional rays by V5 and V4

following ablation of their posterior neighbors in the wild type (Figure 2.4) is

significant, because it suggests that pal-1+ selectively interferes with a type of

signaling process that occurs between many or all of the lateral epidermal

cells. As diagrammed in Figure 2.5, intercellular signals cause V cells to

generate AS lineages instead of ray lineages. In anterior V cells, where pal-1

appears not to function, V cells respond to signals from their posterior

neighbors and generate AS instead of ray lineages. However, in the posterior,

the interaction between T and V6 is inhibited or bypassed by pal-1 activity,

and, as a consequence, V6 generates ray instead of AS lineages.

Our data do not rule out the possibility that signalling occurs between the

descendants of V and T cells rather than, or in addition to, the V and T cells

themselves. Ablations of descendants of the V cells produce less striking

effects on neighboring cells (Sulston and White, 1980, Kenyon, unpublished),

but the significance of this negative result is not clear.

pal-1 mutations do not affect the one ray produced by V5. It is possible that

a gene function analogous to pal-1, or alternatively, residual pal-1 gene

activity allows V5 to generate a ray in these mutants. A feature of V5 that sets

it apart from other V cells is that it produces both an AS cell and a ray; in
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effect, it contains the antero-posterior boundary between AS cells and rays. It

will be interesting to learn how the AS-ray cell boundary is positioned so

precisely within this lineage.

There are several noteworthy features about the cell-cell interactions

described here. First, the V cell interactions exhibit an apparent polarity: V

cells respond dramatically to the ablation of their posterior neighbors, yet they

exhibit relatively minor changes in response to ablation of their anterior

neighbors. The source of this polarity, and to what extent it is related to other

antero-posterior asymmetries along the body axis is not clear (for discussion

see Sulston and White, 1980; Kenyon, 1986; also see below). Second, the

analysis of pal-1 indicates that the ability of a V cell to signal its neighbor does

not depend upon its own developmental fate. In pal-1 mutants, V6 generates

a V4-like lineage, yet its ability to signal V5 is not affected. Likewise, the

lineage generated by T is not altered in pal-1 mutants, despite the fact that its

ability to influence the lineage of V6 is altered. Third, it may be significant

that in a pal-1 mutant, T is able to inhibit V6 from producing rays, yet it is not

able to prevent V5 from producing additional rays when V5 moves

posteriorly after V6 has been ablated (Figure 2.4). In contrast, V6 does inhibit

V4 from making rays following the ablation of V5. Only after the ablation of

both V5 and V6 does V4 generate rays (data not shown). One conceivable

explanation is that direct cell-cell contact might be required for inhibition to

occur. T is positioned in the tail of the animal and might not be able to

establish effective contact with V5 following the ablation of V6 due to steric

constraints imposed by the anus and the many other cells in this region.

There are few cells that might impose such steric constraints between V4 and

V6 following the ablation of V5.
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Intercellular signals and pal-1 act through a mab-5-lin-22 -dependent
switch.

Given their genetic properties, mab-5 and lin-22 can be considered formally

to function as part of a developmental switch in which mab-5 activity

promotes ray lineages, lin-22 activity promotes AS lineages, and the relative

levels of the two gene activities determines which lineage a V cell generates.

(Kenyon, 1986; Wrischnik and Kenyon, unpublished). The nature of the

mab-5-lin-22 interaction is not known; however, molecular studies of mab-5

(Costa et al., 1988) raise the possibility that the switch operates, at least in part,

at the transcriptional level. mab-5 RNA accumulates preferentially in the

posterior body region of the animal, indicating that mab-5 is subject to

regulation at the RNA level. In addition, mab-5 contains a homeobox,

suggesting that it functions as a transcriptional regulator.

Genetic epistasis experiments suggest that these regulated cell interactions

affect V cell patterning by influencing the state of the mab-5-lin-22 switch.

First, a functional lin-22 gene is required for cell signals to cause V cells to

produce AS cells instead of rays. lin-22 activity is therefore either required for

the production or response to the signal. One observation suggests that lin-22

is not involved in the production of the signal. The most anterior V cells

produce AS cells in a lin-22-dependent fashion even in the absence of their

posterior neighbors (Sulston and White 1980; see below). If lin-22 were

involved in the production of the signal and not in the response to the signal,

then the ablation of the posterior cells should completely phenocopy the lin

22 mutation; in other words, removal of the source should mimic the

removal of the signal. The conclusion that pal-1 acts through the
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Figure 2.5 A model of the regulatory relationships between cell signals, pal-1,
lin-22 and mab-5 activity in the generation of the wild-type pattern of rays
and AS cells.

A. Regulatory relationships between mab-5, lin-22, pal-1, and intercellular
signals. In formal terms, mab-5 and lin-22 mutually inhibit the activities of
one another; mab-5 specifies lineages that produce rays and lin-22 specifies
lineages that produce AS cells. This mutual antagonism is suggested by the
phenotype of single mab-5 and lin-22 mutants, the mab-5; lin-22 double
mutant, and the response of the pattern to changes in mab-5 or lin-22 gene
dosage. Signals from neighboring V cells somehow tip the lin-22-mab-5
balance in favor of lin-22. In principle, cell signals could lead to the
modification of mab-5, lin-22, or both activities. The signals from T to V6 are
somehow silenced by the activity of pal-1. In formal terms, pal-1 activity is
equivalent to the removal of T. pal-1 could inhibit the production of the T
signal, as implied by the drawing. However, we emphasize that pal-1 might
just as easily affect the signal transduction machinery within V6, or act more
directly to enhance mab-5 activity and/or inhibit lin-22 activity. Finally, as
with any genetic model, we emphasize that none of these interactions need be
direct ones.

B. Selective interruption of cell signalling leads to precise V cell
patterning. The data suggest that V5, V6 and Teach have the potential to
signal their anterior neighbors to favor lin-22 over mab-5 activity, and thus to
produce AS cells. Signalling could occur between the V and T cells
themselves, or alternatively, between their descendants. In the wild type,
intercellular signals cause V4 to generate AS lineages. In V6, pal-1* blocks or
overrides the signal from T, and as a consequence V6 generates ray and not
AS cell lineages. Apparently mab-5 activity is naturally favored over lin-22
activity in the absence of cell interactions (at least in this body region; see
Discussion). The circuitry that allows V5 to produce both a ray and a AS cell
is not understood. Because V5 generates its AS cell in a V6-dependent
fashion, V6 must signal V5 in the wild type. In addition, it seems likely that
an activity analogous to pal-1 acts on the signal between V6 and V5 (or certain
of their descendants) to allow the formation of the V5 ray.
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mab-5-lin-22 switch is further supported by the fact that a functional mab-5

gene is required in order for V6 to make rays even after T has been ablated.

Thus, pal-1 activity appears to be required only to eliminate the influence of

T, whereas mab-5 function appears to be acting more directly in the execution

of of the V6 lineage.

A model that incorporates the formal regulatory relationships between pal

1, cell signals, mab-5 and lin-22, and explains how these elements may

influence V cell patterning, is described in Figure 2.5. In this model, mab-5

and lin-22 somehow antagonize one another's activities. Signals from the

posterior neighbors of V cells tip the mab-5-lin-22 balance in favor of lin-22,

so that AS lineages are generated. In the V6 cell, pal-1 activity inhibits or

bypasses signals from T, thereby promoting mab-5 activity and hence the

production of rays.

It is not clear how intercellular signals act at a molecular level to allow

lin-22 product to inhibit or override the inferred transcriptional activity of the

mab-5 homeodomain protein, or how pal-1 activity counteracts the effects of

these signals. pal-1 could act in a number of ways in either T or V6. It could

act within T to prevent the production of the signal, or it could act within V6

to block signal transduction. It could act directly on mab-5 and/or lin-22 (for

example, by controlling their transcription, phosphorylation, or

glycosylation), or it could function in combination with mab-5 and/or lin-22

to alter the effects these regulatory genes have on their targets.
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pal-1 and cell interactions may refine an underlying, coarser pattern of rays
and AS cells.

In addition to the regulated cell interactions described above, V cell

patterning seems to involve a separate level of control that biases anterior V

cells toward AS cell formation and posterior V cells toward ray formation.

This bias is seen in several situations. First, in lin-22 mutants, anterior V

cells are more likely to generate AS cells than are posterior V cells. This

tendency is even more pronounced in mab-5; lin-22 double mutants (Kenyon,

1986). In mab-5; lin-22 double mutants, both rays and AS cells are formed.

Unlike in the wild type, the pattern of rays and AS cells is highly variable;

however, the probability of AS cell formation is much higher in anterior than

in posterior body regions.

A second hint of a separate, long range control mechanism comes from

examining the responses of all V cells to ablation of their posterior neighbors.

When their posterior neighbors are ablated, V5 and V6 (in a pal-1 mutant)

generally produce 5 rays, as does a wild-type V6 cell. In contrast, when V5 and

V6 are ablated, V4 generally makes fewer than 5 rays. V3 exhibits an even

milder response to ablation: When V4-V6 are ablated, V3 occasionally

undergoes additional cell divisions, but has not been observed to produce a

ray. V2 and V1 have never been observed to respond to ablation of their

posterior neighbors (Sulston and White 1980). Again, posterior cells seem to

have a greater potential to make rays. This bias could be established by

segregation of determinants through the lineage. Alternatively, the bias

could be established by long range positional information (perhaps in the

form of a gradient). In other words, it may be that in order to generate rays, a
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V cell must be located in the posterior body region, and also be shielded from

signals from neighboring V or T cells. Such a situation could also explain the

apparent polarity of cell signaling. It could be that cells respond more

dramatically to ablation of posterior neighbors than anterior neighbors not

because cell signaling itself is directional, but rather because only after

ablation of posterior neighbors can cells move into the posterior body region,

where the system is biased in favor of rays.

We suggest that the regulated cell interactions described here serve to fine

tune the coarse pattern generated by this underlying, long range patterning

mechanism. In wild-type animals, the pattern of rays and alae is precise and

invariant, with a sharp boundary between cell types. The pattern seen in

mab-5; lin-22 double mutants exhibits a general bias toward rays in posterior

body regions, and AS cells in anterior regions. But, unlike wild type, the

pattern in the double mutant is highly variable, and contains interspersed

rays and AS cells. By superimposing upon this underlying coarse pattern a

mab-5-lin-22-dependent switch influenced by regulated cell signalling, it

becomes possible to acquire a high degree of reproducibility and precision.

Patterning systems in which local cell interactions appear to refine a

coarser pattern have been described previously. For example, it has been

proposed that the general location in which bristles will form in Drosophila is

established by a global mechanism, and that local interactions then determine

exactly which cells in these locations will generate bristles (for review see

Ghysen and Dambly-Chaudière, 1988). Two levels of patterning have also

been described in the developing vulva of C. elegans. It has been proposed

that long range signals between a gonadal cell and epidermal vulval

precursor cells are coupled with local interactions among the precursor cells
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themselves that refine the pattern and make it more reproducible (Sternberg,

1988). In both these cases, communication between neighboring cells has

been postulated to provide a final level of refinement, allowing the cells to

evaluate their identities in the context of their neighbors. In the model

described in this paper, cell interactions alone do not provide the final level

of refinement. Rather cell signals act to force the V cells into a uniform state

leading to AS cell production, and it is the activity of genes like pal-1 that

silence these signals in particular locations to allow V cells to adopt an

alternative state, and generate rays. It will be interesting to learn whether the

strategy of creating pattern by interrupting cell interactions is widespread in

nature.
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Experimental procedures
General Procedures and Strains

Methods for routine culturing and genetic analysis were described in

Brenner (1974). All experiments were performed at 20°C unless otherwise

indicated. Males were generated using the him-5(e1490) mutation, which

causes hermaphrodites to generate approximately 30% self-progeny males

(Hodgkin et al., 1979). All strains described including the strain we refer to as

"wild type" carried the him-5 mutation.

The following alleles were used. LGIII: unc-79(e1068), pal-1(e2091, mul3),

mab-5(e1239), LGIV: lin-22(mu2), LGV: him-5(e1490). Except where

otherwise noted the e2091 allele of pal-1 was used. All strains that had mab-5

or lin-22 in them also carried unc-79(e1068) as discussed below. pal-1 mapped

to the left arm of LGIII, between unc-79 and dpy-17.

The four larval stages of C. elegans are named L(1-4). Each larval stage is

followed by a period called lethargus during which the animal molts.

Isolation of pal-1 mutants

pal-1(e2091) was identified in a search for mutants with abnormal patterns

of rays and alae. The screen was done in the presence of tra-1(e1488), a sex

determination mutation that produces self-fertile animals with male somatic

tissues. pal-1(mul3) was found in a complementation screen by looking for

mutations that failed to complement e2091. This was done by mating

mutagenized him-5(e1490) males into unc-79(e1068) pal-1(e2091) sma-3(e491);

him-5(e1490) hermaphrodites. The hermaphrodite progeny of this cross were
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scored for the segregation of Pal-1 animals. A total of 1350 cross progeny were

screened. The majority of these animals segregated 1/4 Pal-1 animals,

whereas the hermaphrodite carrying the new pal-1(mul3) mutation

segregated 100% Pal-1 animals. Both pal-1 alleles were isolated following

EMS mutagenesis (Brenner, 1974).

In order to infer the role of wild type pal-1 gene function from the mutant

phenotype, it was necessary to determine whether these pal-1 mutations

reduce the level of wild type gene function, increase gene activity, or create a

novel gene function. Both alleles were found to be recessive, as +/pal-1

heterozygotes appeared wild-type. In addition, animals carrying pal-1(e2091)

mutations on both chromosomes plus a genetic duplication carrying the wild

type pal-1+ gene, sDp3 (Rosenbluth et al. 1985) appeared wild-type (genotype

pal-1(e2091) dpy-17(e164) nel-1(e1865) unc-36(e251) /pal-1(e2091) dpy-17(e164)

ncl-1(e1865) unc-36(e251); sDp3; him-5(e1490)]. These data suggest strongly

that these mutations either reduce or eliminate wild-type gene activity. If the

pal-1 mutations elevated wild-type levels of activity, the Pal-1 phenotype

would have been exacerbated, not corrected, by adding a wild-type gene copy;

thus the mutations do not elevate gene activity. Furthermore, the possibility

that both of these mutations create a novel activity seems unlikely. First, a

novel activity would most likely be dominant. Instead, a wild-type pal-1 gene

copy suppresses the mutant phenotype in animals carrying either one or two

mutant gene copies. While it is still possible that both mutations create novel

activities that are inhibited by wild-type gene function, this seems unlikely.

Second, mutations that create novel activities should be relatively rare,

whereas these mutations arose at the relatively high frequency typical for

loss-of-function mutations in C. elegans. (For comparison, two reduction or
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loss-of-function mab-5 alleles were isolated in the same screens.) Although

these data argue against pal-1 mutations being gain-of-function alleles, they

do not address the possibility that residual pal-1 gene function(s) persists in

these mutants. Thus, it is possible that the pal-1 gene has additional

functions other than those described here. Future genetic and molecular

analysis should resolve this issue.

Cell Lineages

Cell lineages were followed as described in Sulston and Horvitz (1977).

The lineage nomenclature used in this paper was described by Sulston and

Horvitz (1977). After a cell division each daughter is given its mother's name

followed by a letter representing the direction of the division. Thus the

anterior daughter of V6 is V6.a The lineage diagrams are drawn with anterior

daughters on the left and posterior on the right. The times of all the

divisions in the lineage diagrams are approximate.

V and T cell lineages in pal-1(e2091) males.

In pal-1 males, V6 generally produced a lineage identical to that of V1-V4,

and the remaining V and T cells developed as in the wild type, as shown

(Figure 2. 1B). In all cases lineages were followed on only one side. The

lineages of V5 and V6 were followed in nine animals. The T lineage was

followed in six animals and V1-V4 lineages were followed in two animals

(and observed at regular intervals in the nine animals in which V5 and V6

were followed continuously). In five cases, the lineages were followed until

the programmed cell death within the ray lineage was observed. In the other
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cases the lineages were followed at least until the distinctive ray precursor

cells were generated, and usually until they had undergone one or two

rounds of division. In 8/9 animals, V6 generated the lineage shown. In one

animal V6.ppp divided in L3 to produce two cells each of which divided at

the L3 lethargus to produce a cell that appeared to fuse with the hyp7

syncytium (such cells are morphologically distinct from other epidermal

cells), and an adult AS cell. Four of these nine lineages were followed at

25°C, including the lineage that produced the extra AS cell. This was done

because the phenotype of pal-1(e2091) is less completely expressive at 25°C,

(see Figure 2. 1D.) and we hoped to examine intermediate phenotypes. The

genotype of these four animals was unc-79(e1068) pal-1(e.2091)III; him-5(e1490)

V.

Lineage of V4, V5 and V6 in pal-1; lin-22 males.

L2 lineages: Because the V lineages in wild-type males and

hermaphrodites are identical during the L2 stage, the effect of pal-1 mutations

on L2 development was examined in both sexes. The lineages on one side of

each of five pal-1; lin-22 animals were followed from L1 lethargus through L2.

In three of these animals V6.pa underwent an extra doubling division

generating a postdeirid neuroblast (V6.paa), which then followed a wild-type

postdeirid lineage, and a cell (V6.pap) that gave rise to an AS cell (2 cases, both

hermaphrodites) or a ray (one case, male). In this case V6.pa behaved

similarly to the wild-type V5.p.. [In the examination of L2 animals, similar

lineages, i.e. Vn.a production of a postdeirid and an AS cell, were observed or

inferred to have occurred in V lineages other than V6 and in other genotypes,

including lin-22(mu2), and pal-1 mab-5; lin-22(muz).] In one of the five pal-1;
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lin-22 animals V6.pa underwent a wild-type V6-like lineage with the

exception that V6.paa, rather than joining the syncytium, divided once to

generate a cell that produced an extra AS cell and a cell that joined the

syncytium. In the fifth animal V6 underwent a completely wild-type V6

lineage generating two AS cells and two syncytial cells.

Cell groups that appeared to be V6-derived postdeirids by morphology and

position were seen in 48/67 sides of pal-1; lin-22 animals. Eight of these sides

also had what appeared to be extra AS cells, presumably derived from V6.pa

as described above. In 19/67 sides no V6-derived postdeirid was observed and

the cells appeared to have undergone a wild-type V6 lineage. The frequency

of V6 postdeirid production is similar to the frequency of V4 postdeirid

production in this same strain (20/27). V5 produced a postdeirid, as it does in

the wild type in 27/27 sides examined.

Ray lineages: The lineages on one side of each of five pal-1; lin-22 males

were followed from L2 lethargus at least until anterior daughters of the ray

precursor cells had divided. V6 lineage data: In all five animals, the lineage

generated by V6.ppp was as shown (Figure 2. 2B). In three of these animals,

V6.pa had generated a postdeirid as shown above. In one animal, V6-pa

generated one cell that produced a postdeirid and one cell that gave rise to a

ray (this is the same animal in which the L2 had been followed as discussed

above). In the fifth animal, V6.pa had not produced a postdeirid and went on

to generate two rays. V6.pp also produced two rays in this animal. The

placement of rays in the tail was abnormal, as is generally the case when

abnormal numbers of rays are produced. Six other males that had not

produced a V6 postdeirid were picked in L2 in order to determine whether V6

would instead generate a wild-type lineage (five rays). The lineages of these
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six animals were not followed, but the animals were examined as adults. All

of these had wild-type tails suggesting that V6 had generated five rays. It is

not clear that this is the case; it is possible that V6 actually generated only four

rays, but that the tail appeared normal because of the extra V5 derived ray. V5

lineage data: Generally, cell divisions were as diagrammed (Figure 2. 2B). In

one of the five animals, V5.ppp generated one ray and an adult AS cell. V4

lineage data: In one animal, V4 ppp generated one ray and one AS cell, and

in a second animal,V4.ppp generated only one ray and no AS cells. In this

animal the usual doubling division of V4 ppp did not occur.

unc-79(e1068) was used as a visible marker on linkage group III in the

following strains: unc-79(e1068) pal-1(e2091)III; him-5(e1490)V, unc-79(e1068)

pal-1(e2091) mab-5(e1239).III; him-5(e1490) V, unc-79(e1068) pal-1(e.2091)III; lin

22(mu2)IV; him-5(e1490)V, and unc-79(e1068) pal-1(e2091) mab-5(e1239)III;

lin-22(mu2)IV; him-5(e1490)V. unc-79(e1068) itself has no effect on the

formation of rays in unc-79; him-5 animals (>30 sides examined under

Nomarski optics). In addition it did not have any effect on the production of

rays in pal-1 animals. Of the four unc-79 pal-1 animals in which the V6

lineage was followed, three had V6 lineages exactly like the other five (unct)

pal-1 animals in which the lineages were followed. In the fourth, V6

produced one extra AS cell (Figure 2. 1). This was presumably due to the

incomplete expressivity of the pal-1 mutation rather than the presence of the

unc-79 mutation.
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Laser Ablations

Individual cells were killed using a laser microbeam as described in Sulston

and White (1980). The laser used was a VSL 334 nitrogen-pumped dye laser

using 7-amino 4-methyl coumarin dye, with a wavelength of 440 nm. 1 mM

sodium azide in the agar pad was used to anesthetize the animals. All

ablations were performed on animals within 2 hours of hatching (before the

Q cells had divided). All animals were observed 3-5 hours after ablation to

confirm that the ablated cells were in fact dead or dying.

Embryonic Lethality

The frequency of embryonic lethality was approximately 25% in pal-1

strains carrying either mul3 or e2091. Both of these strains also carried the

mutation him-5(e1490) which itself causes 11% embryonic lethality (Hodgkin

et al., 1979). Thus, the frequency of embryonic lethality due to these pal-1

mutations is approximately 14%.
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Chapter 3
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Developing C. elegans Nervous System
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Abstract

In C. elegans, cell-cell communication is required to form a simple

pattern of sensory neurons (rays) and cuticular structures (alae). The C.

elegans pal-1 gene initiates one developmental pathway (ray lineages) simply

by preventing a cell-cell interaction that induces the alternative pathway (alae

lineages)". Here we show by mosaic analysis that pal-1+ blocks cell-cell

interactions by preventing specific cells from responding to intercellular

signals, not by inhibiting the production of the signals. Thus, although cell

signals play a critical role in generating the pattern of alae and rays, the signals

themselves are not localized. Instead, the ability to respond is localized. This

patterning strategy thus differs from many well-known models for pattern

formation in which localized inductive signals are proposed to influence a

subset of cells within a field. pal-1 encodes a homeodomain protein and so is

likely to regulate transcription. pal-1 * could block the response to cell signals

either by repressing genes involved in signal transduction or by acting directly

on downstream genes in a way that neutralizes the effects of intercellular

signals. Genetic experiments indicate that a good candidate for such a

downstream gene is the Antennapedia-like homeotic selector gene mab-5.
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In a newly hatched C. elegans male, seven cells (V1-V6 and T) lie in a row

along each side of the animal. Signals from neighboring V cells induce

anterior V cells to generate epidermal lineages (called "alae lineages" here),

including cells that produce alae. Posterior V and T cells generate different

lineages (called ray lineages here) that consist of ray neuroblasts as well as

epidermal cells2. The gene pal-1 is required for V6 to generate its

characteristic ray lineage instead of alae lineages ("pal" stands for "posterior

alae"). The V6 ray-to-alae transformation in pal-1 mutants is the consequence

of inappropriate cell communication. Ablation of V6's neighbor, T, allows

V6 to generate its normal ray lineage in spite of the pal-1 mutation. Thus the

function of wild-type pal-1 is to block or override signals from T that would

otherwise induce V6 to produce alae lineages. This implies that pattern

formation among these cells involves the localized inhibition of cell

interactions.1

Wild-type pal-1 activity could prevent V6 from communicating effectively

with T either by preventing T from sending signals or by preventing V6 from

receiving signals. Therefore, we generated genetic mosaic animals that were

genotypically pal-1* in some cells and pal-17 in others. These animals were

isolated from a strain which carried pal-1 mutations on each chromosome and

a wild type pal-1+ gene copy on a free duplication. During mitosis this free

duplication (and thus the pal-1* gene) is lost spontaneously at a low frequency,

creating clones of pal-1 cells in otherwise pal-1* animals. Using the

previously described markers unc-36, dpy-17, and nel-1 43 (E. Hedgecock pers.

comm.) as lineage markers, we were able to identify mosaic animals in which

the pal-1 genotypes of V6 and T were inferred to be different (Figure 3. 1).
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Figure 3.1 Mosaic analysis of pal-1

A. A lineage diagram showing the relationships between V5, V6, T and
the cells in which the Ncl-1 phenotype was used to score the presence of the
free duplication (see Methods)”. The arrows identify the point of loss of the
duplication in various classes of mosaics. In the cases where the point of
duplication loss is ambiguous the arrow points to the last cell in which the
loss could have occurred.

B. Summary of the Ncl and Pal-1 phenotypes observed in different classes
of mosaic animals.

Methods. Mosaic animals arose spontaneously in the strain sDp3; pal
1(e2091) dpy-17(e164) nel-1(e1865) unc-36(e251); him-5(e1490). SLp3, a free
duplication carrying wild-type copies of these linked genes, is lost in
approximately 1/400 cell divisions*, The mutation ncl-1(e1865) causes cells
to have unusually large nucleoli. This gene has been shown to act cell
autonomously and thus allows one to determine cell genotypes (E.
Hedgecock, pers. comm.). The Ncl phenotype is especially visible in neuronal
cells, which generally have small nucleoli. Because we were not able to score
the Ncl-1 phenotype in all cells directly, the genotype of some cells is deduced
by scoring lineally related cells in order to determine in which cell the
duplication was lost during development.
Classes Ia, Ib, and Ic: These animals were identified on the basis of the Ncl-1
phenotype of Q-derived neurons (Q.paa and Q-pap), the P(1-10).a-derived cells
and the V5.pa descendants (the postdeirid). Animals were generally
examined in early L3 for the Ncl-1 phenotype and then scored as young adults
for the Pal-1 phenotype. Animals were classified as Class Ia mosaics if the Q
derived cells and postdeirid cells on both sides of the animal were Ncl and the
ALM and BDU cells on both sides were non-Ncl. Animals were placed in
Class Ib or Ic if the ALM and BDU cells on both sides were non-Ncl, Q-derived
cells and the postdeirid cells on one side were Ncl and on the other side were
non-Ncl, and Pn.a derived cells from one of each bilateral pair were Ncl
(either P1 or P2, P3 or P4 etc.).
Class II: Two class II animals were identified by scoring the Ncl phenotype in
L3 animals. The remaining class II animals were found as adult males
exhibiting a Pal-1 phenotype (both sides) but not a Dpy Unc phenotype
(indicating that they carried the duplication in some cells), and then scored
for the Ncl phenotype. Eleven such animals were identified. Ten of these
had Ncl ALM and BDU cells (both sides), indicating a loss between ABa and
ABappp. One animal did not exhibit a Ncl phenotype (we scored neurons
and coelomocytes), and so may have been a recombinant or a double loss.
The absence of other Ncl patterns among these phenotypically Pal-1 animals
is significant, because it suggests that losses in other lineages do not produce a
Pal-1 phenotype. However, it should be noted that we have not tested all
lineages explicitly.
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In Class I mosaics, T had a mutant pal-1 genotype whereas V6 had a functional

pal-1* genotype. In all these animals, V6 developed normally (produced ray

lineages). This result indicates that pal-1* activity is not required in T. In Class

II mosaics, V6 had a mutant pal-1 genotype whereas T had a functional pal-1+

gene In all of these animals, V6 had a mutant Pal-1 phenotype (produced alae

lineages). This result indicates the pal-1 acts in V6 or in close lineal relatives of

V6 that were also mutant in Class II mosaics. Because none of these relatives of

V6 is located in the posterior body region, it seems unlikely that pal-1 functions

in these cells. Thus we believe that pal-1*acts in the responding cell, V6, to

prevent effective cell-cell communication.

The finding that pal-1 tactivity does not act by preventing T from sending

a signal indicates that, although signals play a critical role in forming this

pattern, they are not localized to one type of precursor cell. Alae and ray

precursors are both exposed to inductive signals, and the pattern is established

by regulating the cellular responsiveness to these signals.

We cloned the pal-1 gene on the basis of marker rescue. We isolated a 5.5

kb genomic fragment which fully rescued the pal-1-phenotype in DNA

transformation experiments (see Figure 3. 2 legend). Using a genomic

fragment as a probe, we isolated two independent cDNA clones (1.35 kb) from

a library kindly provided by Chris Martin. The DNA sequence of one cDNA

is shown in Figure 3. 2. This sequence contains one large open reading frame

that predicts a 208-amino acid protein containing a homeodomain, a protein

domain found in many transcriptional regulators (Figure 3. 2). Therefore,

pal-1 is likely to act by binding DNA and regulating transcription.
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Figure 3.2 The nucleotide and inferred amino-acid sequence of a pal-1
cDNA. The arrow indicates the AUG most likely to be the translation start
site based on sequences of other C. elegans start sites (M. Perry, G. Hertz and
W. Wood, pers. comm.). The homeodomain is underlined. We have found
a region of homology between pal-1 and mab-5 in addition to the
homeodomain In both genes there is a serine rich region followed by
SAAAAAAAN (shown in box). Such poly amino-acid stretches are common
in homeodomain proteins, but their function is unknown 11. The fact that
both pal-1 and mab-5 act in V6 to promote ray formation makes this
homology possibly significant.

Methods. The pal-1 gene was identified by transformation rescue as described by
Fire 13. pal-1 maps genetically close to the gene ced-4 which has been cloned (Yuan,
J., Horvitz, H.R. pers. comm.; Madhani, H., Kenyon C. unpublished). Cosmid clones
from the region, kindly sent to us by Alan Coulson (MRC, Cambridge, England),
were coinjected into pal-1(e2091); unc-31(e169) hermaphrodites with a cosmid
containing the wild-type unc-31 gene, and the non-Unc progeny were scored for the
Pal phenotype. The cosmid W05E6 fully rescued the Pal-1 phenotype. Burglin et al.
had cloned and sequenced a homeobox, ceh-3, which is located on W05E6 12.
Thinking that ceh-3 might be in the pal-1 gene we cloned successively smaller
fragments containing ceh-3 and eventually obtained a 5.5 kb Pst I-Kpn I clone
(pWPK6) that fully rescues the pal-1 phenotype. [These transformations were done
using as cotransformation markers either unc-31 (R. Hoskins, pers. comm.) or the
plasmid pKF4 which carries the dominant allele of rol-6., sul)00 (Kramer and C.
Mello, pers. comm.)] Two independent cDNAs were obtained by hybridization to
one of our rescuing clones. These cDNA clones were sequenced using Sequenase 2.0
(U.S. Biochemicals). The cDNAs were found to be identical except that one clone is 7
basepairs longer at the 5' end of the gene and has three additional bases prior to the
poly-A tail. The first 10 bases of the longer cDNA (and the first three bases of the
smaller cDNA) correspond to the last bases of one of the 19-bp trans-spliced leader
sequences found at the 5' end of many C. elegans genes”. This leader sequence
suggests that these cDNAs are, with the exception of the remaining bases of the
trans-spliced leader, full length. The genomic clone that rescues pal-1, (pWPK6),
contains approximately 1 kb of sequence upstream of the 5' end of the cDNA and
approximately 400 bases downstream of the 3' end of the cDNA. Occasionally an
additional ray has been seen in animals transformed with pWPK6, presumably due
to over-expression or ectopic expression of pal-1. This may be a result of introducing
multiple copies of pal-1 in the transformation experiments, or the removal of a cis
acting control element.
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pal-1* activity appears to initiate one developmental pathway (ray

lineages) by somehow preventing signals from T from initiating an

alternative pathway (alae lineages). Two ways in which the pal-1

transcription factor might accomplish this seem plausible. First, pal-1 might

act directly to inhibit signal transduction; for example, it could repress

transcription of a gene encoding any component of the signal transduction

pathway. The failure to transduce the signal that induces alae lineages could

allow the cells to initiate an alternative pathway leading to ray production.

Alternatively, pal-1 could promote the ray fate more directly in a way that

precludes cell signals from having any effect. For example, pal-1 could

directly activate downstream genes that initiate ray lineages or repress genes

that promote alae lineages.

The genes mab-5 and lin-22 are potential downstream targets of the cell

signals and of pal-1, mab-5 is a homeotic gene that contains an

Antennapedia-like homeobox and allows V6 as well as many other

epidermal, neural and mesodermal cells in the posterior body region to

generate the rays and other structures that characterize that region46. The

gene lin-22 is necessary for anterior V cells to generate alae rather than ray

lineages”. On the basis of genetic data we previously proposed that, in the V

cells, mab-5 and lin-22 function in a genetic switch that controls the alae vs.

ray decision. In anterior cells, signals from neighbors enhance lin-22 activity,

which then inhibits mab-5 activity and initiates alae lineages. In V6 (or its

descendants) pal-1 activity blocks or overrides the signaling pathway, and this

in turn allows mab-5 activity to inhibit lin-22 and initiate ray lineages".
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Figure 3.3 A mab-5 gain-of-function mutation overcomes the requirement
for pal-1-activity in V6.

A. A wild-type male tail, showing the nine sensory rays present on each
side of the animal. B. The tail of a pal-1(e2091); him-5(e1490) male. Only the
T-derived rays 7, 8 and 9 are present in the tail. V6 produces alae instead of
rays 2-6 in pal-1(e2091) mutants. The V5-derived ray 1 is not in the tail
because the ray 1 neuroblast does not migrate past the transformed V6
descendants into the tail". C. The tail of a pal-1 mab-5(gf) male (unc
79(e1068) pal-1(e2091) mab-5(e1751); him-5(e1490)]. In these animals, the
suppression of pal-1 by e1751 is virtually complete. On only 5 out of 100 sides
were there fewer than the wild-type number of rays, and in those cases V6
made a few rays. By comparison, in pal-1(e2091) single mutants, 85% of the
sides have no V6 derived rays 1.
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The idea that, directly or indirectly, pal-1 activates mab-5 in the V6 cell is

supported by properties of a mab-5 gain-of-function mutation, e1751, which

causes transformations opposite to those of mab-5 null alleles in several

tissues 8. This mutation alters DNA sequences upstream of mab-5, and so

may lead to inappropriate mab-5 transcription (S. Salser and C.K.,

unpublished). To learn whether this altered mab-5 gene could initiate ray

lineages in the absence of pal-1* activity, we constructed the pal-1(e2091) mab

5(e1751) double mutant. The pal-1 V6 mutant phenotype is suppressed (Fig.

3.3). The fact that the mab-5 gain-of-function mutation overcomes the

requirement for pal-1* function suggests that in the wild type the ultimate

effect of pal-1 is to activate mab-5. Thus mab-5 is a candidate for a

downstream gene directly regulated by pal-1. One way in which pal-1 could

activate a downstream gene such as mab-5 would be for pal-1 protein to bind

to the gene in such a way that a second transcriptional regulator--one that is

dependent on signals from T--could not function. This hypothesis would

explain why pal-1 function is required only if the signaling cell T is present.

Whatever the means by which pal-1 activity prevents V6 from responding

to intercellular signals, these findings indicate that a mechanism exists for

creating unequeal signal responsiveness between precursor cells that

otherwise have similar developmental potentials. Because this differential

responsiveness plays such an important role in producing the pattern of alae

and rays, it will be very interesting to ask how pal-1 function can be targeted

so precisely to V6.
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Figure 3.4 Genetic and molecular models for the action of cell signals and the
gene pal-1 in establishing the alae/ray pattern

A. A formal genetic model. Signals (indicated by arrows) from cells
toward their neighbors initiate alae lineages. It is possible that signaling
occurs between progeny of V cells, rather than the V cells themselves. The
gene pal-1 functions within V6 to prevent T from inducing alae lineages in
V6, and to allow V6 to generate ray lineages. In the absence of the T cell (after
ablation) the pal-1 gene is no longer needed for V6 to generate ray lineages 1.
Because the V5 cell is not affected by our pal-1 mutants, we have proposed
that a pal-1-like activity acts in a similar manner to allow the production of
this V5 derived ray.

B. Two ways in which pal-1 could function as a transcriptional regulator
to change the responsiveness of V6 to intercellular signals. In both models,
we suggest that a signal-dependent repressor (SDR) represses transcription of
mab-5 in anterior cells, after being activated in response to intercellular
signals by some mechanism. In model 1, wild-type pal-1 blocks the response
to cell signals in V6 (or its descendants) by repressing a gene encoding a
component of the signal transduction pathway. In model 2, pal-1 acts directly
on a downstream gene (such as mab-5 or possibly lin-22) to neutralize or
override the effects of intercellular signals. Here we show pal-1 activating
mab-5 transcription by preventing SDR from repressing mab-5. pal-1 could
simply prevent SDR from binding, or it might act as a transcriptional
activator.
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Chapter 4

Cell Signals Allow the Expression of a Pre-existent Neural Pattern

in C. elegans

This chapter has been submitted to Development under the same title by

David A. Waring, Lisa Wrischnik and Cynthia Kenyon
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Abstract

In C. elegans, a simple pattern develops within a row of epidermal

precursor cells, V1-V6. One cell, V5, gives rise to a neuroblast called the

postdeirid neuroblast, while the other V cells produce epidermal cells instead.

Here we show that in order for V5 to produce the postdeirid it must be in

close or direct contact with neighboring V cells. Signaling between V cells

induces the formation of the neuroblast. However, which of the V cells

makes postdeirids is not determined by the signals but rather by the action of

the homeotic lin-22 and pal-1 genes. These genes prevent V cells in specific

body regions from responding to intercellular signals and producing

postdeirids. This is a clear example of cell signals playing a permissive rather

than an instructive role in neuroblast induction.
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Introduction

A major question in the fields of cell signaling and development is what

roles intercellular signals play in pattern formation. In some instances, the

position of a signal determines where a structure is formed. For example, in

C. elegans the position of a signaling cell in the gonad determines which

epidermal cells initiate vulval development (Kimble, 1981). In Xenopus, the

position of the organizer, which itself is induced by signals from nearby cells,

determines the future positions of structures along the dorso-ventral and

antero-posterior axes (reviewed in Gerhart et al., 1989). Previously we

described a case in which cell signals play a different role in pattern

formation. In the development of a pattern of sensory rays and epidermal

structures (called alae) in C. elegans, cell-cell signals induce epidermal

structures. However, the signals themselves are not targeted to specific

precursor cells. Instead, only certain precursor cells have the potential to

respond to the signals (Waring and Kenyon, 1990; Waring and Kenyon, 1991).

The same precursor cells that ultimately generate the ray/alae pattern, the

V cells, give rise to another neural pattern earlier in development. This is a

simple pattern consisting of a single neuroblast, the postdeirid, within a row

of epidermal cells (see Figure 4, 1A) (Sulston and Horvitz, 1977). Laser

ablation experiments have shown that some type of cell-extrinsic signal is

required for V5 to make a postdeirid neuroblast instead of behaving like the

other V cells and producing only epidermal cells (Sulston and White, 1980).

However, the signaling events required for the postdeirid and the ray/alae

patterns are distinguishable, since ablation of precursor cells at certain stages

affects one pattern but not the other. Two genes involved in ray pattern
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formation, the homeobox-containing gene pal-1 (Waring and Kenyon, 1990;

Waring and Kenyon, 1991) and the gene lin-22 (Horvitz et al., 1983) also affect

postdeirid formation.

Here we use genetics and laser microsurgery to investigate the roles of cell

extrinsic signals and the genes lin-22 and pal-1 in postdeirid pattern

formation. The results indicate that in order to make a postdeirid, a V cell

must be in close or direct contact with each of its V cell neighbors, which

raises the possibility that it must lie within an intact epithelium. We find

that the genes lin-22 and pal-1 prevent cells other than V5 from being

signaled by their neighbors to produce postdeirids. In these mutants,

additional V cells produce postdeirids in a signal-dependent fashion. Mosaic

analysis and laser microsurgery indicate that pal-1 and probably also lin-22

function within individual V cells to prevent them from responding to

postdeirid-inducing signals. Thus, postdeirid pattern formation requires two

esential elements: a) cell signalling to induce the neuroblast, and b) pattern

formation genes to create a prepattern of cells that are competent to respond

to the signals.

The postdeirid and ray/alae pattern formation systems differ from one

another in many ways. For example, the gene lin-22 has opposite effects on

cell signals in the two cases. Nevertheless, there is a fundamental similarity

between them: in both, patterns arise through a mechanism that creates

intrinsic differences in the ability of cells to respond to intercellular signals.

This basic strategy can thus be used to produce very different patterns of

neurons even within the same tissue.

2.
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Materials and Methods

General Procedures and Strains

Methods for routine culturing and genetic analysis were described in

Brenner (1974). All experiments were performed at 20°C. The complete

genotype of the pal-1; lin-22 mutant strain was unc-79(e1068) pal-1(e2091); lin

22(muz); him-5(e1490)

Observation of Postdeirids

Late L2 or early L3 animals were examined for the presence of postdeirids

(wild-type and ectopic). Postdeirids were recognized by their cell morphology

and position relative to other cells. By examining animals at this stage, it is

possible to determine which cells were derived from each V cell and the type

of lineage that had taken place (postdeirid, seam cell, or hybrid lineage). In

the case of hybrid lineages, it was sometimes not possible to be sure of the

origin of all cells, but it was always clear that some type of hybrid lineage had

occurred. Sodium azide (2mVM) was used in many cases to anesthetize the

animals while they were being examined.

Laser Microsurgery

Individual cells were killed using a laser microbeam as described in Sulston

and White (1980). The laser used was a VSL 334 nitrogen-pumped dye laser

using 7-amino 4-methyl coumarin dye, which produces a wavelength of 440

º,

º
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nm. 1-2 mM sodium azide in the agar pad was used to anesthetize the

animals. All ablations were performed on animals within 2 hours of

hatching (before the QL cell had migrated above V5). Animals were observed

3-5 hours after surgery to confirm that the ablated cells were in fact dead or

dying. Production of postdeirids was scored about 24 hours after ablation

when the animals were in the late L2 or early L3 stage.

Mosaic analysis

Mosaic animals arose spontaneously in the strain sEp3; pal-1(e2091) dpy

17(e164) nel-1(e1865) unc-36(e251); him-5(e1490). SDp3, a free duplication

carrying wild-type copies of these linked genes, is lost in approximately 1/400

cell divisions. The mutation ncl-1(e1865) causes cells to have unusually large

nucleoli. This gene has been shown to act cell-autonomously and thus allows

one to determine cell genotypes (E. Hedgecock, pers. comm.). The Ncl

phenotype is especially visible in neuronal cells, which generally have small

nucleoli. Class I animals and some of the Class II animals were identified by

looking at L2 or L3 animals for the presence of Ncl postdeirids. At this time,

all other cells used as markers for the duplication, P(1-10).pa descendants, Q

decendants ALM and BDU, could be scored. Some of the Class II animals

were picked as Unc non-Dpy adults and then examined using Nomarski

optics for the presence of postdeirids and for the Ncl phenotype.

Isolation of lin-22 mutations

The lin-22(mu2) and lin-22(mu5) alleles were isolated by screening for

males that had undergone the alae-to-ray transformation characteristic of
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n372 animals (Kenyon, 1986). F2 male progeny from EMS mutagenized him

5(e1490) animals were examined under a dissecting microscope using oblique

illumination for the absence of adult alae, and then examined with Nomarski

optics for the presence of ectopic ray papillae and ray cell groups. (The him-5

mutation increases the frequency of male self-progeny). From 5402 F2 male

progeny of EMS-mutagenized animals, two independently isolated males

were found that displayed an alae-to-ray transformation. One of these males

produced progeny when crossed to unc-17(e245) hermaphrodites.

Complementation tests indicated that this animal contained a new lin-22

mutation, mu2. The second new lin-22 allele, mu■ , was isolated in a

complementation screen by mating mutagenized him-5(e1490) males with

lin-22(n372) unc-17(e245) hermaphrodites and examining 4267 F1 non-Unc

cross progeny for the alae-to-ray transformation. In this screen, a single

animal with this phenotype was identified. The new mutation was recovered

by outcrossing and shown to be a lin-22 allele by complementation tests with

n372. In C. elegans, the frequency with which null (or severe reduction-of

function) alleles arise in most genes following standard EMS mutagenesis

protocols is thought to be approximately 1/2000 haploid genomes. Because of

the small sample size, the lin-22 mutation frequency cannot be determined

accurately from these data; however, the results indicate that these alleles do

not correspond to rare, highly specific alterations in protein sequence.

Genetic Analysis of lin-22

lin-22; him-5(e1490) animals were examined using Nomarski optics for the

presence of a postdeirid among the descendents of each V cell. For each allele,

heterozygous lin-22/+ animals were generated by crossing lin-22; him
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5(e1490) males to unc-17(eZ45) dpy-13(e184) and dpy-17(e164); him-5(e1490)

hermaphrodites. Cross progeny were then scored for postdeirid formation.

In these crosses, the wild-type copy of lin-22 was always derived from the

mother. To test whether there is a maternal effect of lin-22, we generated

n372/+ animals in which the mutant lin-22 allele came from the mother.

These n372/+ heterozygotes were produced by crossing him-5(e1490) males to

lin-22(n372) unc-17(eZ45) osm-3(p802); e1490 hermaphrodites (the osm-3

mutation affects dye uptake in head and tail neurons), lin-22(n372) unc

17(eZ45) osm-3(p802) dpy-13(e184); e1490 hermaphrodites, and lin-22(n372)

unc-33(e.204), e1490 hermaphrodites. Cross progeny were then examined for

postdeirids. When the mutant n372 allele was provided by the mother,

ectopic postdeirid lineages were generated in 4/122 animals (3%) as compared

to the 11/250 (4%) animals that made extra postdeirids when the n372 allele

was provided by the father, indicating that there is no maternal effect on

postdeirid production.

lin-22 Gene Dosage Analysis: Animals of the genotype n372/n372/+ were

generated by crossing single males of the genotype mDp1(lin-22+); n.572 e245

p802; el490 to n272 e245 p802 el84; el490 hermaphrodites. non-Unc F1 cross

progeny, which should carry the duplication mL)p1, were scored for

postdeirids. The mDp1; n.272 e245 p802; e1490 strain is itself n372/n372/+;

however, we did not want to examine this strain directly because non-Unc

n372/+ recombinants are easily generated and could bias the results of a

dosage analysis. To insure that the original male actually carried the free

duplication and not a recombinant chromosome, all hermaphrodite F1 cross

progeny examined for postdeirids were subsequently allowed to self-fertilize.

The F2 progeny of these hermaphrodites were scored for the presence of wild

_*
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Results

Background

The V cells are a particular type of stem cell called seam cells that divide

during each of the four postembryonic larval stages, L1-L4. Each division

generates one seam cell and a second cell that becomes either another seam

cell, a neuroblast, or a cell that fuses with a large epidermal syncytium that

covers much of the animal. The cell V5.pa (the anterior daughter of the

posterior daughter of V5), which is generated during L2, becomes the

postdeirid neuroblast. This cell goes on to generate the postdeirid sensillum
º

}.

[consisting of a neuron (PDE) and two support cells) and an additional sensory

neuron (PVD) (Sulston and Horvitz, 1977; Way and Chalfie, 1988) For the

purposes of this paper we will refer to the group of four cells as a postdeirid.

The lineages generated by V cells in wild-type hermaphrodites are shown in

Figure 4, 1A. ... •

The lin-22* gene prevents V1-V4 cells from producing postdeirids º:

In the wild type, only one V cell, V5, produces a postdeirid. The lin

22(n372) mutation, identified by Fixsen and Horvitz (Horvitz et al., 1983;

Fixsen, 1985), causes V cells anterior to V5 to generate postdeirids (Figure 4.

1B). Therefore lin-22 is a candidate for a gene that regulates postdeirid 1.

pattern formation. The n272 allele is semidominant; n.272/+ animals

produce ectopic postdeirid lineages at a frequency of about 4%. Either a gain

of-function mutation in lin-22 or a haplo-insufficient, loss-of-function
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mutation could produce a semidominant phenotype. In order to infer the

wild-type function of this gene, we have therefore isolated additional lin-22

mutations and asked whether these are gain- or loss-of function mutations by

altering gene dosage.

We have isolated two additional lin-22 alleles, mu2 and mu5 (see

Methods). Each of these mutations causes V2-V4, and to a lesser extent V1, to

generate a postdeirid. (The postdeirid is always produced by a Vn.pa cell). V6

has never been observed to produce a postdeirid. The frequency with which

each V cell generates a postdeirid in homozygous lin-22 mutants and in

heterozygous lin-22/+ animals is shown in Table 4.1. Unlike n272, both mu2

and mu■ are fully recessive.

Are these lin-22 mutations loss-of-function or gain-of-function

mutations? To learn whether the n272 semidominant phenotype is the

result of a loss- or gain-of-function mutation we have altered gene dosage

using the duplication mL)p1, which carries a copy of the wild-type lin-22 gene

(see Methods). As shown in Table 4.1, adding a wild-type lin-22 gene copy to

n372/n372 homozygotes reduces the severity of the mutant phenotype seen

in n372/n372 homozygotes. This means that these lin-22 mutations do not

elevate wild-type gene activity. In that case, adding a wild-type lin-22 copy

should have increased, not decreased, the frequency of ectopic postdeirids.

The data are most simply explained by postulating that the n272 allele reduces

or eliminates lin-22 gene function. muz and mu5 are fully recessive, so it is

likely that these alleles also result in decreased lin-22 activity. Thus these data

argue strongly that the wild-type role of lin-22 is to prevent V1,V2, V3, and

V4 from making postdeirids.
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Figure 4.1 The effects of mutation of the gene lin-22. A-C. The lineages of
V1-V6 in wild-type and mutant hermaphrodites. (Sulston and Horvitz, 1977;
Horvitz et al.). In the standard C. elegans lineage convention anterior
daughters of a cell division are drawn to the left and posterior daughters to
the right. Symbols: O= cell that joins the hypodermal syncytium,
QX = Adult seam cell, X= cell death. Archetypal lineages of lin-22 (Horvitz et
al.) and pal-1; lin-22 animals are shown. As shown in Table 1 and discussed
in the text, individual V(1-4).pa cells in any given animal may generate a
postdeirid, a hybrid lineage, or a seam cell. D. Nomarski photomicrograph
of the lateral epidermis of a lin-22*; him-5(e1490) late L2 animal. The focal
plane is sub-epidermal, so that the postdeirid cells are in focus. E.
Photomicrograph of a lin-22(mu2); him-5(e1490) animal. F. The wild-type L2
lineage of V5.p, showing the production of the postdeirid. The fates of the
postdeirid cells are shown. PDE and PVD are neurons, PDEso and PDEsh are
the postdeirid support cells (socket and sheath). G. A typical "hybrid" Vn.pa
lineage. This lineage is from a V4 cell in a pal-1(e2091); lin-22(mu2); him
5(e1490) animal. In this example (which is by far the most common) the V4.pa
cell generated a postdeirid (as judged by lineage and cell morphology) and a
seam cell which was smaller than the V.pp-derived seam cell. The cells of the
postdeirid in the hybrid lineages exhibited the typical compact nuclei seen in
wild type postdeirid; however, without EM studies we can not be certain of
the fates of the individual cells. Other hybrid lineages have been observed
that yield, for example, two neuron-like cells and an extra seam cell or four
cells that are neither seam cells or neuron-like cells, but appear to be
epidermal in character.
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Table 4.1. Postdeirid production in lin-22 mutants. The first number in each

column represents the percentage of V cells that produced either a hybrid or
complete postdeirid. The percentage of V cells that produced hybrid lineages
is given in parentheses. n: number of animals examined. The frequency of
postdeirids in n372/372/+ animals is much lower than in n372/n372 animals,
indicating the n272 mutation does not elevate gene activity. However, the
postdeirid frequency in n.572/n372/+ animals is slightly higher than in
n372/+ animals. This could result from some property of the duplication (for
example, duplication loss, reduced levels of lin-22* gene expression from the
duplication, or dosage effects of genes other than lin-22), or it could reflect a
slight dominant-negative effect of the n372 mutation.
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Table 1.

mu_Y

mu2

n372

muj/+

mu2/+

n372/+

n 372 / n 372 / 4

pal-1, mu2

Percent Postdeirid Production in lin-22 Mutants

V 1 V 2 V 3 V 4 V 5 V 6

0 0 0 0 100 ()

21 75 84 90 100 0

(5) (1 l) (25) (15)

39 94 91 95 100 0

(5) (6) (17) (19)

40 88 90 95 100 0

(7) (10) (17) (15)

0 0 0 0 100 0

0 0 0 0 100 0

0 0.5 1 2 99.7 0
(0.3) (0.3) (0.5)

0 4 3 12 98 0

(0.9) (0.9) (9)

28 56 72 75 100 70

(3) (7) (18) (19) (15)

100

! 02

! 68

209

3
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In lin-22 animals, Vn.pa cells sometimes generate "hybrid" lineages that

display elements of both the wild-type V5.pa and wild-type (V1-V4).pa

lineages (Fixsen, 1985). An example of the most common hybrid lineage is

shown in Figure 4, 1G. Hybrid lineages were also observed in some wild-type

animals following ablations (Tables 4.2, 4.3). The fact that Vn.pa cells can

undergo hybrid lineages indicates that the choice between the two fates is not

simply a single binary decision made by Vn.pa cells between two possible

sublineages. Rather it appears that individual descendants of a V.pa cell can

independently choose between alternative fates.

The pal-1 protein functions cell-autonomously to prevent V6 from
making a postdeirid

So far no single mutation has been identified that is sufficient to cause V6

to generate a postdeirid. However, in double mutants that carry both a lin-22

mutation as well as a reduction-of-function mutation in the gene pal-1, V6

generates a postdeirid (Waring and Kenyon, 1990). Thus both pal-1 and lin-22

function to prevent V6 from making a postdeirid.

Previously we have shown that pal-1 acts cell-autonomously to determine

whether V6 can produce sensory rays, which arise at a later developmental

stage in males. To test whether pal-1 also functions cell-autonomously to

prevent V6 from forming a postdeirid, we generated pal-1 genetic mosaics in

the presence of a lin-22 mutation (see Methods). We found two classes of

mosaic animals (Figure 4.2). In the first class, V6 was genotypically mutant

for pal-1, but all surrounding cells were wild type. In these animals, the Pal-1

*
e
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Figure 4.2 . Mosaic analysis of pal-1 in a lin-22 background.
A. The early embryonic lineage showing the origins of the V cells and

some of their lineal relatives that were used to score for the loss of the

duplication. The arrows indicate the last cell in which the loss could have
occurred for each of the two classes of mosaics. Class Ia: (one animal) in this
animal the postdeirids derived from V1,V2, V4 and V6 on both sides were
Ncl, and the V5- and Pn.a-derived cells were Ncl”. In this animal V6 on one
side generated a postdeirid while V6 on the other side did not. Class Ib: (two
animals); In these animals ALML, BDUL and those postdeirids derived from
V1,V2, V4 and V6 on the left side were Ncl while the Q, V5 and Pn.a derived
cells were all wild type (non-Ncl). In both of these animals V6 generated a
postdeirid and an extra seam cell (hybrid lineage). Class IIa: (four animals);
In these animals, the Q- and Pn.a-derived cells and the V3 and V5 postdeirids
on both sides were Ncl, while the ALM cells, and the V1, V2 and V4-derived
postdeirids were wild type (non-Ncl). Class IIb. (three animals); In these
animals the Q-derived neurons, and the V3 and V5-derived postdeirids on
one side and the descendants of one of each pair of Pn.a cells (P1/2-P9/10)
were Ncl, while the V1,V2, and V4-derived postdeirids were wild type (non
Ncl). In Class IIa and Class IIb mosaics, V6 did not generate a postdeirid. One
additional animal appeared by most criteria to be a Class IIa animal, yet the Q
derived cells appeared non-Ncl. This result cannot be explained as a single or
even a double loss of the duplication. Unusual mosaic animals such as this
have been reported by others using spp.3. It has been suggested that such
patterns result from duplication becoming unstable within a given lineage (E.
Hedgecock pers. comm.) (Austin and Kimble, 1987)

B. Photomicrograph of a mosaic animal (class Ia). Arrows point to the
postdeirid. The origin of each postdeirid is shown. In this animal the V6 and
V4-derived postdeirids have the Ncl phenotype (very large nucleoli) while
the V3 and V5 postdeirids do not. This indicates that the free duplication has
been lost in a precursor to V4 and V6, and thus that the genotype of V6 is
pal-1-.

-
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phenotype of V6 was mutant; that is, V6 produced a postdeirid. In the second

class, V6 was genotypically wild type, but the neighboring V5 and T cells were

pal-17. (T is a seam cell located in the tail. As described below, V5 and T

appear to send postdeirid-inducing signals to V6.) In these animals, V6

developed normally, indicating that pal-1 activity is not required in V5 and T.

Other cells lineally related to V6 were also pal-1* in these mosaics so it is

possible that pal-1 acts within these cells and not V6, but these cells are not

located in the posterior body region, and therefore it seems less likely that pal

1 acts in these cells. Thus we conclude that pal-1 most likely functions cell

autonomously within V6 to prevent V6 from producing a postdeirid.

The ectopic postdeirids that form in lin-22 and pal-1; lin-22 mutants
require cell-extrinsic signals

Cell-extrinsic signals are known to be required in order for V5 to produce a

postdeirid. When V5’s posterior neighbor V6 is ablated, V5 fails to form a

postdeirid. In addition, when V5’s anterior neighbors are ablated, V5 fails to

form a postdeirid (Sulston and White, 1980).

Knowing that cell-extrinsic signals play a role in wild-type postdeirid

formation, we can ask whether signals are also required for ectopic postdeirid

formation in lin-22 and pal-1; lin-22 mutants. One possible explanation for

the ectopic postdeirid formation in these mutants is that the mutations

render postdeirid formation independent of cell-extrinsic signals. For

example, if a signal required for wild-type postdeirid formation were

normally targetted to V5, signal-independent mutations might allow V cells

that normally are not exposed to the signal to produce postdeirids. An

example of this situation can be found in vulva development. In wild-type
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animals a signal from the anchor cell is required to induce vulval

development. Many Multivulva mutations cause additional cells to generate

ectopic vulva lineages that are anchor cell signal-independent (constitutive)

(Ferguson and Horvitz, 1985).

To determine whether ectopic postdeirids require cell-extrinsic signals,

we examined postdeirid formation in lin-22 and in pal-1; lin-22 mutants

following ablation of specific V cells. The results are shown in Table 4.2. We

first asked whether the V5 postdeirid was still signal-dependant in lin-22

mutants. When V6 is ablated, the V5 postdeirid is not formed, indicating that

cell-extrinsic signals are required. In addition, formation of the ectopic

postdeirids also requires cell-extrinsic signals. In lin-22 mutants, a given V

cell almost always failed to produce a postdeirid when we ablated all the the V

cells posterior to it or all the V cells anterior to it. Likewise, in pal-1; lin-22

double mutants, V6 did not produce a postdeirid when its posterior neighbor,

T, or its anterior neighbors V3-V5 were ablated (Table 4.2).

These results indicate that neither lin-22 nor pal-1 mutations relieve the

requirement for cell-extrinsic signaling in postdeirid formation. Rather, both

mutations cause cell-extrinsic signals to induce additional V cells to form

postdeirids. This means that the wild type function of both lin-22 and pal-1 is

somehow to block signal-dependent postdeirid formation in cells other than

V5.
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Signals required for postdeirid production are produced by most or all V
cells

Two types of signaling models can explain the finding that ablation of the

neighbors of V5 abolishes postdeirid formation in the wild type. In the first

model a localized inducing signal present in the vicinity of V5 causes V5 to

produce a postdeirid. Ablation of neighboring cells could cause V5 to move

out of the range of the inducing signal. Alternatively, neighboring V cells

could signal V5 to produce a postdeirid. In this case, V5 would change fate

after its neighbors are ablated in wild-type animals because it fails to receive

intercellular signals from neighboring V cells. The ablation experiments

described above distinguish between these two models. In lin-22 and pal-1;

lin-22 mutants, postdeirid formation correlates with the presence or absence

of a neighboring cell, and not a cell's position along the body axis (Table 4.2).

Cells all along the body make postdeirids, but only if their neighbors are

present. Thus signaling from neighboring V cells rather than localized

positional information is required for postdeirid formation.

In the ablation experiments described above, most or all V cells anterior or

posterior to the test cell were ablated. We next asked whether only the

natural neighbors of a V cell are capable of providing postdeirid-inducing

signals, or whether nearby V cells can substitute for the natural neighbors if

only one or two V cells is ablated. In the wild-type, ablation of V6 alone

prevents V5 from producing a postdeirid. Therefore the T cell cannot

substitute for V6 in these experiments. However, this result does not

necessarily mean that only natural neighbors can provide postdeirid-inducing

signals. The failure of T to signal V5 could be due to steric constraints
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Tables 4.2 and 4.3 Production of postdeirids following V cell ablation. The
ablated cells are marked with an X. The frequency of postdeirid production is
shown in large characters, followed by the total number of animals

º examined. The numbers in parentheses represent postdeirids, hybrid
lineages and seam cell lineages, in that order. Cases where the ablations have

a the strongest effects are marked with thick boxes. Cases where cells are not
apparently affected by ablation of neighboring cells are marked with thin
boxes.
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Table 2.

Production of postdeirids following ablations:
lin-22 (muz); him-5 (e 1490)

All Y-2. Yi Yi. V 5 Y 6

34/100 88/100 74/100 76/100 100/100 ()/100
(3,4,5,6 l) (88.6.6) (74, 17.9) (*6, 19.5) (100.0.0) (0.0, : 00)

1/9 4/9 3/9 4/9 0/9
(1.1.7) (4.3.2) (3.3.3.) (4.3.2) () ().9) X

7/15 10/15 9/15 1/15
(7.0.3) (9,3,3) (6.6.3) ( 1.0 4 ) X X

jº º || "." | X X X

.."..., | "..., | X X X X

X 1/7 2/7 4/7 7/7 0/7(l. 1.5) (2.2.3) (4.1.2) (7.0.0) n.0 °)

X X 0/4 3/4 4/4 014(0.1.3) (3.0. 1) (4.0.0) (0.0.4)

X X X 0/16 16/16 0/16(0.0.1.6) (16.0.0) 0.0. 6 )
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Table 3

Production of postdeirids following

Wild-type
X-1 Y 2.

O 0

0 X

O 0

0 O

lin-22(muz)

.

7.4/100
(74, 17.9)

3/9
(3,3,3)

4/5
(4.0, 1)

V 4.4

:
76/100

(76, 19.5)

4/9

(4.3.2)

V 5

(), 18
(0.0.18)

0/9
(0.0.9)

5/11
(5. 1.5)

13/17
( ! 3, 2.2)

100/100
(100.0.0)

0/5
(0.0.5)

4/5
(4.0.1 )

6/11
(6, 3.2)

34/100 88/100
(34.5,61) (88.6.6)

1/9 4/9
(1.1.7) (4.3.2)

1/5 4/5
(1.0.4) (4.0, 1)

4/11 9/11
(4., l.6) (9,0,2)

3/11 5/11
(3,0.8) (5.2.4)

..", X

X

X

X
8/11

(8, 1.2 )

4/11
(4.5.2)

2/4
(2.1, 1)

2/4
(2.2.0)

1 1/11
(11.0.0)

4/4

(4,0,0)

ablations

(). 100

(on 100)

X

0/5
(0.0.5)

0/11
( 0.0.1 ! )

0/11
(0.0, l l

/4
(0,0.4)

X || ".

X X

2/7
(2,2,3)

0/9
(0,2,7)

4/7
(4, 1,2)

4/9

(4,5,0)

7/7

(7.0.0)

0/9
(0, 1,8)

0/7
(0,0.7)

X
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preventing V5 and T from moving toward one another following the

ablation of V6. The anus, along with many neurons and rectal epithelial cells

is positioned between T and V6.

Therefore, to learn whether other seam cells could substitute for V5's

normal neighbors, we asked whether ablation of only V5’s anterior neighbor,

V4, would prevent V5 from making a postdeirid. In this case, there was

usually no effect, and V5 produced a postdeirid (Table 4.3). Thus V3 and V6

together are capable of inducing V5 to produce a postdeirid. When both V3

and V4 were ablated, V5 still often produced a postdeirid, indicating that V2 is

also capable of signaling V5 to produce a postdeirid. However when V2, V3

and V4 were ablated, V5 never made a postdeirid, demonstrating that V1 is

not able to signal V5 in these animals. In all of these animals, the remaining

V cells could be seen to spread across the gap created by V cell ablation (as

judged by the positions of their nuclei, which are visible with Nomarski

optics).

A similar situation was observed when single cells were ablated in a lin

22(mu2) mutant (Table 4.3). Other than V6 ablation, which always prevented

V5 postdeirid formation, ablation of single cells generally had no effect. In a

previous study, Fixsen and Horvitz ablated single cells in the lin-22(n372)

mutant and saw no effect on postdeirid formation (Fixsen, 1985).

These experiments suggest that, in both wild type and lin-22 mutants, all V

cells are capable of producing signals required for postdeirid formation.

Presumably ablation of a single neighbor generally has no effect on postdeirid

formation because the remaining V cells spread across the gap created by cell

ablation and reestablish communication. For example, when V5 is ablated in

99



a lin-22 mutant, V6 may move toward V4 and provide V4 with postdeirid

inducing signals.

Together these data suggest that signals from both neighboring seam cells

are required for a V cell to produce a postdeirid. Finally, one can ask whether

signals from one neighboring V cell on each side of a test cell is sufficient for

postdeirid formation. If so, in a cluster of three isolated V cells, the central

cell should be able to produce a postdeirid. By doing the experiments in a lin

22 background, it is possible to monitor postdeirid formation in several cells

at once. As shown in Table 4.3, when the central group of V cells V3, V4 and

V5 were isolated in lin-22 animals by ablating all other V cells as well as T,

V4, the center cell, produced a postdeirid. V3 and V5 did not.
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Discussion

What role do neighboring cells play in postdeirid formation?

The experiments described here indicate that postdeirid production

requires some type of signal from neighboring V cells. In experiments in

which all but three V cells are killed, the central cell produces a postdeirid.

Thus the normal neighbors of a V cell are sufficient to induce postdeirid

formation.

Two types of experiment suggest that postdeirid-inducing signals are

produced by most or all of the V and T cells, and not just by the normal

neighbors of V5. First, the results of laser ablation experiments suggest that

all V cells produce postdeirid-inducing signals. For example, V2 and V3 are

both capable of signalling V5 following ablation of the intervening V cells in

wild-type animals. This demonstrates that outlying V cells can provide the

postdeirid-inducing signals normally provided by natural neighbors. Second,

the mosaic analysis of pal-1 also indicates that cells other than V4 and V6

(which are V5’s neighbors) produce postdeirid-inducing signals in the wild

type. This is because mosaic animals in which V6 lacks pal-1 activity but

neighboring V5 and T cells are wild type, V6 is induced to form a postdeirid.

This indicates that both T and V5 produce postdeirid-inducing signals.

The role played by the presence of neighboring V cells is not at all clear.

The data suggest that in order to form a postdeirid, a V cell must be in close or

direct contact with V cells on both sides of itself. Why are neighbors on both

sides required? It could be that the the level of an intercellular signal
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Figure 4.3 Genetic model for establishment of the postdeirid pattern.
In the model, lin-22 and pal-1 activity have the effect of preventing
intercellular signals between V cells from inducing postdeirids. The products
of these genes could block postdeirid induction by acting directly on
components of the signal transduction pathway, or they could bypass the
effects of signal transduction and act directly on downstream genes. T
generates a lineage distinct from any of the V cell lineages, which does not
include a postdeirid.
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produced by only one neighbor is insufficient to induce postdeirid formation,

and therefore that close neighbors on each side are required. Alternatively, it

is possible that a V cell receives different types of signals from its anterior and

posterior neighbors.

It is also possible that disruption of the epithilium per se somehow

changes the development of these cells. For example it could be that signals

from only one V cell are sufficient for postdeirid formation, but that

disrupting the epithelium on one side of a V cell changes the cell's

architecture in such a way that it is no longer capable of receiving signals

from V cells on either side. Or, it might be that, rather than requiring active

signalling from its neighbor, a V cell may simply have to be part of an intact

epithelium in order to produce a postdeirid neuroblast. Several recent

findings suggest that molecules involved in forming an epithelial sheet can

function in cell fate determination. For example, mutations in plakoglobin, a

component of desmosomes, cause specific transformations in cell fate in

Drosophila (Peifer and Wieschaus, 1990). The Drosophila Notch protein,

which affects the determination of many cell types, also affects cell-cell

adhesion (Fehon et al., 1990). In these cases the distinction between active

signalling and cell adhesion is blurred. It should be informative to identify

gene products required for V cell communication.

One feature of this signaling system that sets it apart from certain others is

that a V cell sends postdeirid-inducing signals to its neighbor whether or not

it produces a postdeirid neuroblast itself. This differs from the phenomenon

of lateral inhibition, in which a cell entering a specific pathway of

differentiation signals its neighbor to adopt a fate different from its own. In

104



cases of lateral inhibition, a cell's ability to signal its neighbor is correlated

with its own developmental fate.

pal-1 and lin-22 prevent cells other than V5 from producing postdeirid in
response to intercellular signals

The gene dosage analysis of lin-22 mutations described here, together with

previous analysis of pal-1 (Waring and Kenyon, 1990) indicates that these lin

22 and pal-1 mutations descrease the level of gene product, and therefore that

in the wild type, both genes prevent V cells other than V5 from producing

postdeirids. In postdeirid pattern formation, these genes behave as classical

homeotic genes. Mutations in these genes produce discrete transformations

in cell fate in which V cells in one body region adopt fates characteristic of V

cells in another body region. These two genes function in distinct spatial

domains. lin-22 functions in V1-V4 and, in a pal-1 mutant, in V6, whereas

pal-1 functions only in V6.

pal-1 and lin-22 are functionally redundant in V6 postdeirid formation.

However, it is not clear whether both genes are active in V6 in the wild type.

For example, it is possible that in a wild-type V6 cell, pal-1 activity represses

lin-22 and also regulates postdeirid development. This hypothesis is

suggested by the finding that pal-1 behaves as a negative regulator of lin-22 in

V6 during ray development (Waring and Kenyon, 1990). It will be

informative to determine directly which genes are expressed in wild-type V6

cells.

Whatever the regulatory relationship between pal-1 and lin-22 in V6, it is

clear that both genes can function to inhibit postdeirid formation. How do
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they accomplish this? One possible model, that mutations in these genes

allow signal-independent postdeirid formation, has been ruled out. Laser

microsurgery indicates that the ectopic postdeirids formed in these mutants

are signal-dependent. Thus, in the wild type, these genes prevent V cells **

from being induced by signals from their neighbors to produce postdeirids.

Genetic mosaic analysis indicates that pal-1 functions cell-autonomously in
*

postdeirid pattern formation. Thus pal-1 determines whether or not V6 is

competent to respond to postdeirid-inducing signals from its neighbors. --

Wild-type pal-1 protein, which is a homeodomain protein, could act in two
*

distinct ways. It could affect cell fate by acting on the signaling pathway

directly. For example, it could repress a gene required for signal transduction,

or compete with a signal-dependent transcriptional regulator for binding to a

target gene. Alternatively, it could bypass the signaling pathway altogether

and directly initiate an alternative cell fate.

Does lin-22, like pal-1, function cell-autonomously? Although mosaic

analysis has not been carried out with lin-22, the simplest interpretation of

these results is that it does. The laser microsurgery experiments described

here show that in wild-type animals, V2, V3 and V4 can each provide

postdeirid-inducing signals to V5. Therefore it seems unlikely that lin-22+

blocks postdeirid formation by preventing anterior cells from making

postdeirid-inducing signals. It seems more likely that lin-22+ blocks

postdeirid formation by acting within anterior V cells to prevent them from A. . .

responding to the signals. It remains a possibility that lin-22 acts non

autonoumously. For example, lin-22 might act within other cells, such as the

cells of the hypodermal syncitium, to cell-extrinsically prevent V2 and V3

from signalling their neighbors to generate postdeirids. Again in this case
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postdeirid production still requires signals from both neighboring V cells.

Whether lin-22 acts within the V cells or cell-extrinsically, the data suggest

that lin-22 creates an intrinsic difference between the ability of V cells to

respond to signals from neighboring V cells that are required for postdeirid

formation. Mosaic analysis of lin-22 will address these alternative

hypotheses.

The results of this study suggest the model that together lin-22 and pal-1

create a postdeirid prepattern within the lateral epidermis (Figure 4.3). The V

cells and their daughters appear morphologically similar to one another.

However, because of lin-22 and pal-1, they have different developmental

potentials: only V5 is competent to be induced by extracellular signals to

produce a postdeirid. As long as neighboring V cells are present, V5 will

express its potential and produce a postdeirid neuroblast. It is not known

how lin-22 and pal-1 activities are targeted to their respective domains of

function, and how V5 is able to escape their effects. Whatever mechanism

localizes lin-22 and pal-1 ultimately determines the spatial properties of the

postdeirid neuroblast pattern.

Similar but distinct regulatory strategies are used in postdeirid and ray
pattern formation

The postdeirid pattern is generated during the L2 stage. During the L3 stage

in males, certain descendants of the V cells generate another pattern of

neurons and epidermal structures called the ray/alae pattern. Rays, which are

mating sensilla, are made in posterior body regions by V5 and V6. Alae,

which are epidermal structures, are made in anterior body regions by anterior

V cells. Intercellular signaling between V cells (or their descendants) is also
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required for ray pattern formation. Intercellular signals cause certain V cells

to produce alae lineages instead of ray lineages. Previously we showed that

the gene pal-1 allows V6 to produce rays by preventing V6 from responding to

alae-inducing signals from its neighbor T (Waring and Kenyon, 1991).

Because both the postdeirid and the ray/alae patterning systems involve

communication between V cells, the question arises of whether a single

signal-transduction event initiates one subprogram that generates both the

postdeirid and ray patterns. This seems unlikely because, whereas ablation of

V cells themselves affects both patterns, ablation of the daughters of the V

cells does not affect postdeirid patterning but does affect the ray decision

(Fixsen et al., 1985). Thus, although the same type of signaling mechanisms

may well operate in both patterning systems, the developmental decisions

required for postdeirid and ray patterning are made independently of one

another.

There are several differences between the postdeirid and ray pattern

formation systems. One striking difference is that the regulatory relationship

between lin-22 and cell signals is opposite in the two cases. In postdeirid

patterning, lin-22, like pal-1, prevents V cells from responding to signals from

their neighbors. However, in ray/alae pattern formation, lin-22 activity

instead promotes the effects of intercellular signals by initiating the signal

dependent pathway, alae lineages. This suggests that cell signals function

independently of genes such as lin-22, which appear to create intrinsic

differences between the V cells. These cell intrinsic differences, not signals

between the V cells, specify the pattern that is generated.
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Another difference between the two patterning systems is that ablation

experiments give the impression that signals involved in ray/alae pattern

formation are unidirectional, as ablation of posterior but not anterior

neighbors causes remaining cells to generate extra rays. This apparent uni

directionality may be the result of a strong antero-posterior polarity seen in

ray/alae pattern formation. As discussed previously (Waring and Kenyon,

1990; Kenyon 1986), the data suggest the model that some type of graded

positional information functions along with intercellular signaling between

V cells to determine the pattern of alae and rays. According to this model, a

cell must be in the posterior of the animal in order to generate rays.

Following ablation of posterior neighbors the remaining cells are able to

move into this posterior, ray-permissive region. This is not the case

following anterior ablations. To test this model, we ablated anterior

neighbors of V6, that is, V2-V5, in pal-1 animals. In these experiments V6

responded by generating ray instead of alae lineages (6/6 animals) (Waring

and Kenyon unpublished results). This indicates that V cells can receive

signals from their anterior neighbors, and therefore that signaling is not º

unidirectional. The most likely explanation for why only V6 can produce ray ,

lineages instead of alae lineages after ablation of anterior neighbors is because *

V6 is located in the posterior body region. !

In spite of the differences between postdeirid and ray pattern formation,

the experiments presented here indicate that there is a fundamental º

similarity in the role that cell signals play in the two processes. In both, *

intercellular signals are required to specify one pattern element; however, the

signals themselves do not provide positional information. Instead a spatial

pattern forms because cells differ intrinsically in their ability to respond to
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intercellular signals. This finding is significant because it indicates that this

general patterning strategy-creating a specific arrangement of precursor cells

which differ in their ability to respond to intercellular signals-can generate

very different types of patterns within a single tissue.

Recent studies on the role of growth factors in Xenopus pattern formation

indicate that inductive signals may play a permissive rather than instructive

role in axial patterning in vertebrates. Dorsal and ventral regions of the

ectoderm respond differently to the factor activin in culture, indicating that

intercellular signals probably play a permissive role in allowing the

expression of a predetermined pattern in this organism as well (Sokol and

Melton 1991). It may be that the strategy of using intercellular signals to

trigger expression of a prepattern is actually widespread in development.
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Conclusions

The results presented here have led us to the model that the genes pal-1

and lin-22 act within the cells V6 and V1-V4 respectively to prevent these

cells from responding to signals from their immediate neighbors. (It should

be noted, however, that mosaic analysis of lin-22 has not yet been done. For

this reason we are we cannot be certain that lin-22 acts within the V cells

rather than cell extrinsically.) In the L2 both pal-1 and lin-22 prevent these

cells from generating postdeirids. In the L3 in males pal-1 prevents V6 from

generating alae. In both of these cases the signals are apparently sent but not

heeded. It can therefore be said that the genes pal-1 and lin-22 (along with

other yet unknown genes, certainly) define a pattern in the lateral epidermis.

Signals between the V cells are not targeted to specific cells to establish a

pattern, but they are sent to all cells. The pattern has already been established

but without cell signals this pattern would not be seen, for the cell signals are

required to allow production of the postdeirid and prevent more anteriorly

located cells from generating rays.

It appears that the function of pal-1 in the L3 is to turn on the gene mab-5,

apparently at the level of transcription. This conclusion is based on the fact

that mutations in pal-1 are suppressed by the gain-of-function mutation of

mab-5(e1751), which is the result of a breakpoint 4 kb upstream of the mab-5

coding region*. Thus we propose (Chapter 3) that some factor which is

dependent on cell signals acts within the V cells (or their descendants) to

repress the transcription of mab-5. pal-1 functions within V6 (or its

descendants) to counteract this factor. If the signal-dependant repressor is not

present (for example after the ablation of posterior neighbors) pal-1 is no
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longer required for the expression of mab-5 and the subsequent generation of

rays. pal-1 could therefore work in either of two ways. It could either prevent

the repressor from being made or activated: i.e. it could act somewhere in the

signal transduction pathway, or it could simply bind upstream of mab-5 in

such a way that prevents the repressor from acting. Because mab-5 and lin-22

apparently antagonize one another, it also could be that pal-1 acts on mab-5

indirectly through lin-22.

We know very little about how pal-1 and lin-22 might prevent V1-V4 and

V6 from generating postdeirids. It is possible that they act either to prevent

signal transduction, or regulate more downstream genes. Identification of

downstream genes will be useful in resolving this question. At present only

one gene, lin-32, presents itself as a candidate for such a gene. lin-32 is known

to be required for postdeirid formation, as well as the production of rays, and

other neural cells, thus it is a candidate for control by pal-1 and lin-22 and the

cell signals, although this regulation may be indirect. mab-5 is apparently not

involved in postdeirid formation.

While we propose that pal-1 and lin-22 prevent certain cells from

responding to the signals of neighboring cells, we have few clues as to the

mechanisms by which these genes act. Genetic mosaics demonstrate that pal

1 acts cell autonomously, preventing cells from responding to signals from

neighboring cells. The ablations data presented in Chapter 4 suggest that lin

22 may be acting in a similar manner, yet it is not certain that lin-22 acts cell

autonomously. For example, lin-22 might act within other cells, such as the

cells of the hypodermal syncytium, to prevent a second signal from inducing

the anterior V cells to generate postdeirids. Again in this case postdeirid
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production still requires signals from both neighboring V cells. Mosaic

analysis of lin-22 will address these alternative hypotheses.

An apparently similar case of a gene causing a cell to ignore signals from its

neighbor has recently been reported. In this case certain cells of the

developing Drosophila ommatidium are signaled by the product of the boss

gene. This signal induces the R7 fate. The seven-up gene apparently acts

within certain cells to prevent these cells from responding to the boss signal,

while the R7 cell, which lacks seven-up activity is induced to assume the R7

fate?. It will be interesting to find out if such systems which behave in a

strategically similar way also work in similar ways mechanistically.

Future Directions

The null phenotype of pal-1.

As stated in chapter 2 we do not know whether or not the pal-1 alleles used

in this study are null. Recent information suggests that the null phenotype of

pal-1 is larval lethality (Lois Edgar personal comm.). Two larval lethal alleles

of the gene nob-2 fail to complement pal-1(e.2091), nob-2 (no backend)

animals hatch with a relatively intact head but the posterior is severely

deformed, often consisting of just a large amorphous ball. Other animals

have severe bulges in them. This phenotype is also seen in pal-1(e2091) and

(mul3) animals. In addition both pal-1 alleles show a significant amount of

embryonic lethality. It has yet to be proved that the larval lethality is the

result of mutations of the pal-1 gene only. However, it seems a reasonable

assumption, especially in light of the pleiotropic phenes of pal-1, that the nob
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2 alleles represent the null phenotype of pal-1. This result leads to several

interesting questions. What is the nature of the lethal defect, and how does it

relate to the later phenotypes described in this thesis? Is there any

significance between the apparent posterior defect in nob-2 mutants, the

posterior location of V6, and the posterior defect in Drosophila caudal

mutants (the Drosophila homolog to pal-1.)? Caudal is required for posterior

development of the embryo and is expressed in an a posterior to anterior

gradient (high in the posterior, low in the anterior). While the early

development of Drosophila and C. elegans are drastically different, it is still

possible that pal-1 and caudal have homologous functions, this possibility

seems even more likely since the discovery of an Antennapedia-like cluster

in C. elegans?:

Assuming that the alleles described herein are not null, it is also of great

interest to know if pal-1 is also involved in any other postembryonic events.

Of particular interest is whether pal-1 might be required for the production of

rays by V5. It is proposed (chapter 2) that some pal-1-like gene must act

within the descendants of V5 in order to promote the production of the V5

derived ray. It is of course possible that this activity is in fact residual pal-1

activity. This possibility will be addressed by mosaic analysis of pal-1 null

mutations.

The nature of the signal.

Although there is extensive discussion in this work about cell signalling

between the cells of the lateral epidermis we have very little information

about the nature of these signals. As discussed in Chapter 4, it is unclear
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whether there is an active signal from each cell to its neighbor, or a more

passive factor such as the existence of an intact epithelium that constitutes the

signal. We have very little knowledge of the cell biology of the lateral

epidermis, other than the fact that the cells are connected by adherens

junctions. One reason for this is that the traditional means of observing these

cells, Nomarski microscopy, allows visualization of the nuclei, but not

distinction of the cell boundaries. Techniques that allow the visualization of

the cell boundaries are presently being examined in our lab. These should

lead to a better understanding of the the cell biology, before and following

ablations, and give us a better idea of the nature of the signals.

The gradient.

The idea that a gradient of positional information extends along the

antero-posterior axis of the worm has been suggested based on several lines of

evidence (described in the Introduction and ref. 1) This idea is even more

enchanting in light of the recent discovery of an Antennapedia and Bithorax

Complex-like cluster of homeobox genes around mab-5°. We have suggested

that a cell must meet two criteria in order to generate rays; it must in some

way overcome signals from its neighbor (for example by expressing pal-1) and

at the same time be in the posterior of the animal (as defined by the gradient).

This model can be tested by causing the expression of pal-1 in all the V cells

(with the use of an inducible promoter) and examining the change in V cell

fate. If our model is correct, cells in the anterior should fail to generate rays,

because they do not meet the second requirement for ray generation.
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pal-1 control of mab-5.

A central point of this work is that pal-1 controls the activity, and probably

the expression, of the gene mab-5 mab-5 is required for the development of

a large variety of cells in the posterior of both males and hermaphrodites.

The pal-1 activity that we have described here (as defined by the e2091 and

mul3 mutations) does not effect any of the other cells in which mab-5 is

required. This, and the fact that other subsets of cells requiring mab-5 require

completely different genes, suggests that there will be separate cis-acting

control elements for mab-5 responsible for the expression of mab-5 in

different cells. While it may be the case that pal-1 acts indirectly upon mab-5,

a direct involvement seems quite possible, and thus pal-1 might prove to be a

valuable tool in understanding the organization of the mab-5 promoter.

Moving the question back.

If the purpose of this work is to understand how patterns are formed

within a field of cells, the results described herein simply beg the question.

The pattern is established by the localized activity of the genes pal-1 and lin

22. We must now ask how these activities come to be localized where they

are. While we have no information that bears on this second question, the

cloning of pal-1 (and soon lin-22) should provide tools with which this

important question can be addressed.
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Appendix

The following is a note from Cynthia to David about pal-1, which at that
time didn't even have a gene name. It was written in the winter of 1986.
Funny how science follows its own course and we just follow.
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