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Changes of Induction and Competence During the
Evolution of Vulva Development in Nematodes

Ralf J. Sommer and Paul W. Sternberg*

In Caenorhabditis, the vulva is formed in the central body region from three of six equivalent
cells and is induced by the gonad. In some nematodes, however, the vulva is located in
the posterior body region. Vulval development has been analyzed in three such genera.
The same precursor cells give rise to the vulva in Caenorhabditis and in the posterior vulva
species, but in the latter the cells first migrate posteriorly. In two such species, the vulva
is not induced by the gonad, but instead relies on intrinsic properties of precursor cells.
Thus, evolution of organ position involves changes in induction and competence.

Morphological change during evolution
arises from modification of ontogeny, which
implies that an understanding of morpho-
logic evolution will require insight into the
evolution of development. To elucidate
how developmental processes evolve, it is
necessary to have detailed knowledge at the
cellular and genetic level of a particular
aspect of development, as well as the ability
to compare the development of a number of
species. The invariant development of free-
living nematodes provides a useful experi-
mental system for such an analysis at the
single cell level. Formation of the vulva,
the egg-laying structure of nematodes, is
one tractable aspect of development for an
evolutionary developmental analysis.

The vulva of Caenorhabditis elegans is a
derivative of the ventral epidermis, which
consists of 12 ectoblasts (Fig. 1A) (I). These
12 cells are equally distributed between the
pharynx and-anus and are named according to*
their anterior-posterior position (P1-P12).
The gonadal anchor cell (AC) induces three
of six vulval precursor cells (VPCs) to adopt
vulval fates (2). The VPCs (P3-8.p) are
descendants of the central ectoblasts. They
form a so-called equivalence group because all
cells have the potential to adopt vulval fates.
During wild-type development, only the three
cells centered around the AC, P(5-7).p, re-
spond to the inductive signal by generating
vulval cells. The cell closest to the AC, P6.p,
has the 1° cell fate and generates eight prog-
eny, whereas the two more distal cells, P5.p
and P7.p, have the 2° cell fate, and each
generates seven progeny. The three remain-
ing VPCs (P3.p, P4.p,. and P8.p) do not
contribute to formation of the vulva; instead,
they generate nonspecialized epidermis, the 3°
fate. The VPCs that normally give rise to 3°
cells can make 1° or 2° cells and thus regen-
erate the vulval pattern after ablation with
laser microbeam irradiation of more AC-prox-
imal VPCs (3). Extensive genetic and molec-
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ular analysis indicates that three intercellular
signals—an inductive signal, a lateral signal,
and a negative signal—are involved in the
specification of the precise pattern of VPC
types (4)-

In Caenorhabditis and in most other nem-
atode species, the vulva forms at approxi-
mately 50% body length (5). However, spe-
cies with the vulva in the posterior body
region are present in many nematode taxa
(5, 6). The family Rhabditidae contains sev-
erdl evolutionary lines with posterior vulva—
forming species (7). Here, we have used
three different genera of the subfamily Rhab-
ditinae to study vulva development in species
that form a posterior vulva (8). In Cruznema
tripartitum and Mesorhabditis sp. PS1179, the
vulva forms at 80% body length; in Tera-
torhabditis palmarum, the vulva forms at 95%
body length, in a position immediately an-
terior to the anus (Figs. 1 and 2).

In Caenorhabditis and in other members of
the family Rhabditidae with the vulva in the
central body region, P(5-7).p generate the
vulva (I, 9). In Panagrellus redivivus of the
distinct family Panagrolaimidae, in which the
vulva forms at 60% body length, P(4=9).p
have the potential to generate vulval tissue
(10). Because a more posterior cell, P9.p, has
the potential to participate in vulva formation
in Panagrellus, it might be expected that the
more posterior Pn.p cells would form the
vulva in species with posterior vulvae. How-
ever, our cell lineage analysis revealed that
the central Pn.p cells form vulyal tissue in all -
three species examined (Fig. 1) (11). In Me-
sorhabditis and Teratorhabditis P(4-8).p are
VPCs; in Cruznema P(3-8).p.are VPCs. In
the first larval stage (L1) of all three species,
the 12 Pn.p ectoblasts are located in order
along the anterior-posterior axis as they are in
Caenorhabditis (Figs. 1 and 2A). The VPCs
migrate posteriorly during the second larval
stage (L2), adopting a species-specific ‘posi-
tion. In Cruznema, P(3-8).p lie anterior to
P9-11).p (Fig. 1B). In Mesorhabditis, the
VPC:s lie in the same region as P(9,10).p (Fig.
1C). In Teratorhabditis, the VPCs move pos-
terior to P(9-11).p (Fig. 1D) (12). P(5-7).p
have vulval cell fates in all three species, but




cell lineages generated by the VPCs differ
between species (Fig. 1, B to D). Because the
same set of precursors assume vulval fates in
species with central or posterior vulvae, we
suggest a regulatory constraint exists at the
cellular level that requires central cells to
migrate to the posterior and form the vulva
rather than allowing posterior cells to become
competent to form the vulva.

In species with posterior vulva formation,
contact between the gonadal AC and the
VPCs is delayed relative to species with a
central vulva (Fig. 1, arrows in lineage
diagrams) (5, 7). This delay correlates with
different gonad morphology in the central
and posterior vulva species. Caenorhabditis
and most other species with a central vulva
have two ovaries located symmetrically
about the vulva (didelphic gonad). In con-
trast, species with a posterior vulva have a
single ovary directed anteriorly from the
vulva (monodelphic gonad). In Cruznema,
Mesorhabditis, and Teratorhabditis, the mono-
delphic gonad develops from a gonad pri-
mordium located in the central body region
(Figs. 1, A to D, and 2A). During the L2
and L3 stages, the somatic gonad grows
posteriorly, but only contacts the VPCs late
in the L3 stage. Thus, in the posterior vulva

Fig. 1. Schematic summa- A
ry of the position of the
Pn.p ectoblasts in the L1
stage and the early L3
stage and the vulva cell
lineage in Caenorhabditis
(A), Cruznema (B), Meso-
rhabditis (C), and Tera-
torhabditis (D). In the L1
stage (A), the Pn.p ecto-
blasts are equally distribut-
ed in the region between the
pharynx and the anus. This

norhabditis only, but is true
for the other species. P(3—
8).p in Cruznema and P(4—
8).p in Mesorhabditis and
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species there is no contact between the AC
and the VPCs in the early L3 stage when
vulva induction occurs in Caenorhabditis.
How does vulval cell fate specification occur
in the posterior vulva species?

A different timing of vulva induction
solves the problem of the delayed contact
between the gonad and the VPCs in
Cruznema. Cell ablation experiments demon-
strate that induction takes place after the AC
reaches the VPCs (Fig. 3). In the early L3
stage, the VPCs lie in their final position at
80% body length (Fig. 3A). The gonad has
extended posteriorly, but has not yet reached
the VPCs. The VPCs do not divide until the
AC reaches P6.p late in the L3 stage (13)
(Fig. 3B). Thirty to forty-five minutes after
contact between the AC and P6.p is estab-
lished, the VPCs start to divide, suggesting
that the AC induces vulval fates (five animals
followed) (13). Indeed, ablation of the somat-
ic gonad precursors Z1 and Z4 in the L1 stage
or ablation of the AC in the L3 stage prevents
vulva formation; instead, the VPCs form epi-
dermis (Fig. 3, C and D). We conclude that
vulva formation in Cruznema is gonad-depen-
dent and that in comparison to Caenorhabdi-
tis, the signaling event takes place later in the
L3 stage.

Caenorhabditis (o]
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Changing cell-cell interactions involved
in vulva induction might be an alternative
way to compensate for the delayed contact
between gonad and VPCs. In Mesorhabditis
and Teratorhabditis, vulva development is
not induced by the AC. In both species,
the VPCs undergo two rounds of cell divi-
sion before the AC contacts the forming
vulva (13) (Figs. 2C and 4B). Ablation of
Z1 and 74, the potential precursors of the
AC, in the early L1 stage does not affect
vulva formation (Figs. 2E and 4C and Table
1). We believe it is unlikely that the go-
nadal precursors induce the vulva during
embryogenesis, because we observed regu-
lation of vulval cell fates after ablation of
individual VPCs later in development (Ta-
ble 1). This implies that signals necessary
for patterning are still active.

A simple hypothesis is that another sin-
gle cell could replace the AC and induce
the vulva. However, we have been unable
to prevent vulva differentiation by ablation
of cells other than the VPCs (14). There-
fore, it is possible that processes autono-
mous to the VPCs are responsible for vulva
formation. We cannot, however, eliminate
the possibility that a group of cells induces
vulva formation.

Mesorhabditis
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Teratorhabditis migrate to B
the posterior body region in
the L2 stage. In the early L3
stage these cells have spe-
cies-specific positions rela-

tive to the posterior Pn.p ec-
toblasts (B to D). (B), (C),
and (D) show a higher mag-
nification of the correspond-
ing body region indicated

by the box in (A). (A to D) -,
Pn.p line- ages for the vulva 2 —
precursor cells. We refer to (]

the first VPC division as O
hour; T, transverse division;
L, longitudinal division, N, no
division according to the

definition in Caenorhabditis (3); U, undivided cell in Mesorhabditis and
Teratorhabditis. We use a different terminology, N and U, because of different
cell morphology. The P7.p lineage in Cruznemaiis variable with respect to the
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first time of contact between AC and vulval cells. Note that in Caenorhabditis
this proximity is in principle already present in the L1 stage. For experimental
procedures and generation times, see (717).
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In previous work on Caenorhabditis, the
isolation of subsets of VPCs by the ablation
of their neighbors helped to define the
intercellular signals involved in vulva for-
mation (I, 15). To investigate the cell
interactions responsible for pattern forma-
tion, we carried out a series of experiments
in Mesorhabditis in which we ablated all but
one, two, or three VPCs and observed the
fates of the remaining VPCs (Table 1).
These experiments suggest that, unlike in
Caenorhabditis, the VPCs have differential
intrinsic properties in Mesorhabditis. Only
P5.p or P6.p can adopt the 1° cell fate in
Mesorhabditis. After ablation of four of five
VPCs, single P5.p or P6.p cells assume the

1° cell fate. In contrast, single P7.p or P8.p
cells generate intermediate lineages with
abnormal AC contact and abnormal invag-
ination (16). P4.p assumes only the 3° fate
as an isolated cell. In contrast, in Cae-
norhabditis all cells of the equivalence group
have the potential to adopt the 1° cell fate.
Further experiments in Mesorhabditis, sum-
marized in Table 1, indicate the nonequiv-
alence of the VPCs. After ablation of one,
two, or three VPCs, only P5.p or P6.p can
become 1° at the expense of other cells
(17). In contrast, after the ablation of both
P5.p and P6.p, no correct 1° cell fate was
observed; P(4,7,8).p had 2°, 3°, or inter-
mediate cell fates. In 21 animals in which

Table 1. Ablation experiments in Mesorhabditis and Teratorhabditis. Cells were ablated in the Pn or
Pn.p stage in L1 animals. No difference was observed when the ablation was performed at these
two stages. In intact animals and after ablation of VPCs, some variability in the anterior-posterior
position of the VPCs was seen with respect to P(9,10).p. There is no correlation between the position
of cells and the observed pattern formation. In two experiments only, P5.p stopped migration at
approximately 70% body length (*) and assumed a 3° or 4° cell fate. We define 4° cell fate as a VPC
that did not divide. Cell lineage of the ablated animals was followed by observation at 20-min
intervals during the late L3 stage. When the third round of cell divisions began, animals were
observed continuously until final vulval progeny were generated. We only counted animals in which

the last round of cell divisions was observed.

Ablation P4.p P5.p P6.p P7.p P8.p Obs./total
Mesorhabditis
Intact 3° 2° 1° 2° 3°
Z(1,4)" 3° 2° 1° 2° 3° 17117
P6.p~ 2° 1° X 2° 3° 21/21
P(6.,7.8).p~ 2 1° X X X 717
P(4,5,6).p~ X X X Hybrid Hybrid 3/4
X X X Hybrid 3° 1/4
P(4,5,8).p~ X X 1° 20 X 6/6
P(4,6,8).p~ X 1° X 2° X 7/9
X 4 X Hybrid X 1/9*
X 2° X 1° X 1/9
P(4,7,8).p~ X 2° 1° X X 8/9
X Hybrid Hybrid X X 1/9
P(4,6,7).p" X 1° X X 2° 7/9
X 2° X X 1° 19
X 3° X X 1° 1/9*
P(4,5).p" X X 1° 2 3° 3/3
P(7.8).p~ 3° 2° 1° X X 3/3
P(4.6).p~ X 1° X 2° 3° 717
P(6.8).p~ 2° 1° X 2° X 6/6
P(5,6).p~ 3° X X Hybrid 3° 3/9
Hybrid X X 2° 2° 1/9
Hybrid X X Hybrid 3° 1/9
3° X X Hybrid Hybrid 2/9
3° X X Hybrid 2° 2/9
P(5,6,7.8).p~ 3 X X X X 4/4
P(4,6,7,8).p~ X 1° X X X 3/5
X 3° X X X 1/5
X Hybrid X X X 1/5
P(4,5,7,8).p~ X X 1° X X 3/4
X X Hybrid X X 1/4
P(4,5,6,8).p~ X X X Hybrid X 6/6
P(4,5,6,7).p X X X X Hybrid 8/8
Teratorhabditis
Z(1,4)- 3° 2° 1° 2° 3 6/6
P(4,5,6).p~ X X X Hybrid Hybrid 1/4
X X X Hybrid 3° 3/4
P(4.6,7.8).p X 1° X X X 2/3
X Hybrid X X X 1/3
P(4,5,6,8).p~ X X X Hybrid X 4/6
X X X 3° X 2/6
116 SCIENCE ¢ VOL. 265 ¢ 1]JULY 1994

P6.p was ablated, P5.p had the 1° cell fate.
In Caenorhabditis, by comparison, either
P5.p or P7.p can assume the 1° fate after
the ablation of P6.p (1, 3).

Similar ablation experiments in Tera-
torhabditis give similar results (Table 1). An
isolated P7.p or the isolated pair P(7,8).p
did not assume the 1° fate, whereas an
isolated P5.p did. Taken together, these
data provide evidence for the nonequiva-
lence of the VPCs (18).

Models for vulva formation in Mesorhab-
ditis involve three steps. (i) An early spec-
ification process distinguishes at least some
of the VPCs from one another in compe-
tence to assume vulval cell fates. In partic-
ular, only P5.p or P6.p are able to adopt the
1° cell fate. (ii) The decision to distinguish

Fig. 2. Nomarski photomicrographs of lateral
views of Mesorhabditis hermaphrodites at various
stages of vulval development. Anterior is to the
left. (A) Early L1 stage. Distribution of P(3—12) in
the ventral cord. The gonad (G). is in a different
focal plan, between P6 and P7. (B) Early L3
stage. P(4-8).p are located in the region of P9.p
and P10.p. P(11,12).p are not visible in this plane
of focus. The gonad is still in a more anterior
position. (C) L3 molt. P9.p is anterior to the prog-
eny of P4.p. All VPCs have divided twice. The
P(7.8).p progeny are only partially visible in this
plane of focus. AC, anchor cell. (D) Mid-L4 stage
showing the invagination of the vulva (V) connect-
ed to the uterus. (E) Mid-L4 stage of a gonad-
ablated worm. No uterus is formed; the vulva is
still present. Scale bar, 20 um.



P5.p from P6.p is made. In experiments in
which all but P5.p and P6.p were ablated in
Mesorhabditis, P6.p always had the 1° fate
(Table 1). Two different factors could be
responsible for this result. An as yet un-
identified inductive signal might specify
P6.p to be 1° rather than P5.p. We expect
such a signal would be produced by more
than one cell in the posterior body region.
Another possibility is that P6.p is different
from P5.p, which allows it to become 1° at
the expense of P5.p. (iii) Intercellular sig-
naling events specify the final cell fate
pattern among the VPCs (3°-2°-1°-2°-3°).
These lateral signaling interactions may
well be similar to the signaling in Cae-
norhabditis (15). In addition, there could be
a permissive inductive signal necessary for
vulva differentiation. The signal that pro-
motes P6.p to become 1°, if it exists, could
serve this permissive function.

Our analysis of the development of the

posterior vulva in Cruznema, Mesorhabditis,
and Teratorhabditis demonstrates that in all
three species the central Pn.p cells still form
the vulva. The possibility that the vulva is
formed by the posterior Pn.p cells, which are
in the appropriate position to make the pos-
terior vulva (Fig. 1), was not found, indicat-
ing that a constraint has restricted what
changes can occur in this taxon. Because
phenotypic changes of vulva formation (cen-
tral as opposed to posterior; at the level of
adult morphology) do not require coincident
changes at the level of the precursor cells
(P3.p-P8.p), we call this phenomenon a reg-
ulatory constraint at the cellular level (19).
This regulatory constraint might be created by
the underlying morphogenetic mechanism. In
Caenorhabditis, the specification of the vulval
equivalence group is controlled, in part, by
the Hox gene lin-39, which is required for the
central Pn.p cells (P3.p—P8.p) to be VPCs
rather than epidermis (20). The Hox cluster is
conserved in the animal kingdom and appears
to provide most of the positional cues along
the anterior-posterior body axis (21). This
property could create regulatory constraints at
the single cell level. The position of a struc-
ture controlled by this multifunctional cluster
might be unable to change without the dis-
ruption of other processes controlled by the
Hox genes. The observed VPC migration
might be the simplest way to bypass this
regulatory constraint (22).

We have documented at a cellular level
evolutionary changes of induction and com-
petence. A major task is to understand the
genetic changes that underlie such alterations
in these fundamental features of intercellular
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Fig. 3. Schematic summary of vulva develop-
ment in Cruznema in intact and ablated ani-
mals. (A) Early L3 stage. The VPCs are located
at 80% body length, far posterior to the gonad
primordium. (B) Late L3 stage. The gonadal AC
contacts the VPCs. After the AC reaches P6.p,
vulval cell divisions occur. (C) AC ablation in
mid-L3 gives rise to nonvulval cell fate in all the
VPCs. (D) Summary of ablation experiments.
Each line represents a different type of experi-
ment. X represents the ablated cells.
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Fig. 4. Schematic summary of vulva develop-
ment in Mesorhabditis in intact and ablated
animals. (A) Early L3 stage. The VPCs are
located at 80% body length, far posterior to the
gonad primordium. (B) Late L3 stage. The
gonadal AC has not contacted the vulval cells,
but the VPCs have already divided twice. (C)
Z(1,4) ablation in the L1 stage. The vulva is still
formed. P9.p and P10.p are not shown in these
diagrams.
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signaling during metazoan development. In
molecular terms, different positional values
within the VPCs might result from an earlier
pattern formation process, for example, by the
Hox gene cluster (20). In the Caenorhabditis
male, the different combination of the Hox
genes lin-39 and mab-5 establishes different
positional values along the anterior-posterior
axis (20). lin-39 and mab-5 are coexpressed in
the region of P(7,8).p. This overlap in expres-
sion makes this region different from
P(5,6).p, in which only lin-39 is expressed. A
corresponding difference in Hox gene expres-
sion might create the difference between
P(5,6).p and P(7,8).p in Mesorhabditis. This
positional information could result in a differ-
ential response by the VPCs to intercellular
signals.
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Suppression of Odorant Responses by Odorants in
Olfactory Receptor Cells

Takashi Kurahashi,* Graeme Lowe, Geoffrey H. Gold

Odorants activate an inward current in vertebrate olfactory receptor cells.-Here it is shown,
in receptor cells from the newt, that odorants can also suppress this current, by a mech-
anism that is distinct from inhibition and adaptation. Suppression provides a simple ex-
planation for two seemingly unrelated phenomena: the anomalously long latency of ol-
factory transduction and the existence of an “off response” at the end of a prolonged
stimulus. Suppression may influence the perception of odorants by masking odorant
responses and by sharpening the odorant specificities of single cells.

Odorants activate an inward (depolariz-
ing) membrane current, termed the trans-
duction current, in vertebrate olfactory re-
ceptor cells (1-3). This current is carried by
second messenger—gated ion channels (4,
5) that are activated by enzymatic cascades
consisting of receptor proteins (6), hetero-
trimeric guanosine triphosphate—binding
proteins (G proteins) (7), and effector en-
zymes (8). However, these mechanisms
cannot explain two prominent characteris-
tics of olfactory responses: their long laten-
cies, which can exceed 500 ms in amphib-
ians and are only weakly dependent on
odorant concentration (9), and the tran-
sient_increase in membrane current after
the end of a prolonged stimulus, termed an
“off response” (10-12). Models of the acti-
vation kinetics of G protein cascades pre-
dict minimum latencies of less than 50 ms
and a strong dependence of latency on
odorant concentration (13). Off responses
are not predicted by the G protein cascade
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model, nor are they observed in other
signal-transducing cells. Consequently, the
existence of these phenomena suggests fun-
damental differences between olfactory and
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other signal transduction mechanisms.
Here we report that odorants can suppress
the inward transduction current in solitary
newt olfactory receptor cells, an effect that
provides a simple explanation for these
seemingly unrelated phenomena.
“Odorant suppression of the transduction
current was shown by the application of a
brief odorant pulse during a cell’s response
to.an earlier pulse of the same odorant (Fig.
1A) (14). A single pulse of the odorant
amyl acetate caused a transient inward cur-
rent that began with a latency of 280 ms
(trace 1) (15). Such a response is typical of
whole-cell recordings from vertebrate olfac-
tory receptor cells (1-3). However, a sec-
ond odorant pulse that was timed to begin
at the peak of the response to the first pulse
caused an immediate decrease in membrane
current (trace 2; latency, 20 ms). This

Fig. 1. Suppression of an odorant
response by a pulse of odorant.
(A) Trace 1, response to a single
pulse of amyl acetate (10 psi; 100
ms in duration, starting at 0.5 s);
trace 2, response to two pulses of
amyl acetate, the first pulse iden-
tical to the pulse in trace 1 and the
second starting ar1.2 s (10 psi,
120 ms in duration). Holding po-
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L tential, —40 mV. (B) The same
mV experiment as in (A), repeated at

" the holding potentials indicated;

t, (1.1 s) was the time at the peak

of the current indiced by the first

pulse; t, (1.4 s) was the time at

maximal suppression. (C) Current-

voltage relations for the traces in

-150 (B), measured at t, (triangles) and

t, (circles). The curves are sec-
ond-order regression.





