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ABSTRACT 
We describe a genetic mosaic  analysis procedure in  which Cuenmhabditis eleguns mosaics are  generated 

by spontaneous loss  of an extrachromosomal array. This technique allows almost any C.  elegans gene 
that can  be used in germline transformation experiments to be used in  mosaic  analysis experiments. 
We identified a cosmid clone that rescues the  mutant phenotype of ncl-1, so that this cell-autonomous 
marker could be used to analyze  mosaic animals. To determine  the sites of action for unc-29 and lin- 
?I, an extrachromosomal array was constructed containing the ncl-I( +) cosmid linked to lin-?I(+) and 
unc-29( +) cosmids. This array is mitotically unstable and can be  lost to produce  a clone of mutant cells. 
The specific  cell  division at which the extrachromosomal array had been lost was deduced by scoring 
the Ncl phenotypes of individual cells  in genetic mosaics. The Unc-29 and Lin-31 phenotypes were then 
scored in these animals to determine in  which  cells these genes are  required. This analysis  showed that 
unc-29, which encodes a  subunit of the acetylcholine receptor, acts  in the body  muscle  cells. Furthermore, 
lin-?I, which  specifies  cell fates during vulval induction and encodes a putative transcription factor 
similar to HNF-S/fork head, acts  in the Pn.p cells 

M ANY developmental and behavioral processes in- 
volve intercellular interactions in which one cell 

signals another cell, such as the  induction of target cell 
differentiation by regulatory cells or the stimulation of 
muscle  cell contraction by nerve cells. In using genetic 
analysis to dissect these intercellular interactions, it is 
important to determine  whether mutations that  disrupt 
the  interactions cause defects in the  inducing or target 
cell. This can  be accomplished by genetic mosaic  analy- 
sis. In Caenorhabditis ekgans, one previous approach has 
been to study genetic mosaic animals that were gener- 
ated when an  unattached  fragment of a  chromosome, 
called a  free  duplication, was spontaneously lost in a 
fraction of the cells during development (HERMAN 
1984, 1989).  In  a strain carrying a  free  duplication,  the 
free duplication itself contains wild-type copies of a cell 
lineage marker and a  gene of interest, whereas the chro- 
mosomal copies of these genes  are  mutant. Mitotic loss 
of the  free duplication in a single founder cell results 
in a  clone of  cells that lacks the activities  of both  the 
marker  gene and  the  gene of interest. The identity of 
the  founder cell that gave rise to  the  entire clone of 
mutant cells can  be  inferred by determining  the marker 
gene  phenotype of  specific lineages and correlating the 
pattern of mutant cells  with the complete cell lineage 
of C. ekgans (see Figure 1). Cells generated by the 
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founder cell must be mutant for both  the  marker  gene 
and  the  gene of interest. Finally, scoring the phenotype 
of the  gene of interest in the mosaic animal allows one 
to deduce which  cells require its activity. 

We have used loss  of an extrachromosomal array, 
rather  than loss of a  free duplication, to generate ge- 
netic mosaic animals. In C. ekgans, extrachromosomal 
arrays are  generated when DNA  is injected into  her- 
maphrodite gonads. These arrays are mixed concatam- 
ers of each of the microinjected DNA clones that be- 
have genetically like free duplications (STINCHCOMB et 
al. 1985). We reasoned that extrachromosomal arrays 
could be used to generate genetic mosaic animals in a 
manner similar to free duplications. One advantage of 
using extrachromosomal arrays rather  than  free dupli- 
cations for mosaic  analysis  is that desirable mosaic  mark- 
ers can be used even if they are  not  near  the  gene of 
interest on the genetic map, since DNA clones of 
marker gene(s)  and the  gene of interest can be artifi- 
cially linked on  an extrachromosomal array. ncl-1 is an 
especially useful cell lineage marker because ncl-1 muta- 
tions alter  the nuclear morphology of a large number 
of  cell  types  in a cell-autonomous fashion. Most  cells 
mutant for ncl-1 display enlarged nucleoli and  are re- 
ferred to as  Ncl (HEDGECOCK and HERMAN 1995). We 
identified a cosmid clone that rescues the  mutant phe- 
notype of ncl-1 animals to use it as a cell lineage marker 
on extrachromosomal arrays. 

We have used this approach to study one example of 
intercellular signaling by determining where the Zin-31 
gene acts during  induction of the C. ekgans vulva. In 



cells (P3.p-P8.p; hereafter  referred to as Pn.p)  adopts 
a cell fate (lo, 2", or 3") in response to extracellular 
signals  (reviewed in HORVITZ and STERNBERG 1991 ; 
EISENMANN and KIM 1994). LIN-3  is thought to be an 
inductive signal from  the  anchor cell that causes the 
nearest  Pn.p cell (P6.p) to adopt  the 1"  cell fate (HILL 
and STERNBERG 1992). Subsequently, a lateral signal 
from P6.p causes the two adjacent  Pn.p cells (P5.p and 
P7.p) to adopt 2" cell fates (STERNBERG 1988; KOGA and 
OHSHIMA 1995; SIMSKE and K I M  1995).  Pn.p cells may 
also express the 2" cell fate in response to low levels  of 
signal from the  anchor cell (STERNBERG and HORVITZ 
1986; THOMAS et al. 1990; KATZ et al. 1995). P3.p, P4.p 
and P8.p do  not respond to inductive signals and  adopt 
an  uninduced (3") cell fate. In  addition,  a signal from 
the hyp7 hypodermal syncytium,  which surrounds most 
of the worm, may inhibit  Pn.p cells from adopting in- 
duced cell fates (HERMAN and HEDGECOCK  1990). The 
cells generated by the 1" and 2" lineages form  the vulva, 
while the cells generated by the 3" lineages contribute 
to hyp7 (SULSTON and HORVITZ 1977). 

The Zin-31 gene is required  for the  Pn.p cells to adopt 
appropriate vulval  cell fates (FERGUSON and HORVITZ 
1985; MILLER et al. 1993). In lin-31 mutants,  the  three 
cells that normally express 1" or 2" cell fates (P5.p, P6.p 
and P7.p) may sometimes express the  uninduced 3" 
cell fate, and  the  three cells that normally express the 
uninduced 3" cell fate (P3.p, P4.p and P8.p) may in- 
stead express 1" or 2" cell fates. lin-31 encodes  a  protein 
with significant similarity to the DNA binding  domain 
of the HNF-3/fork head transcription factor family 
(MILLER et al. 1993). We used genetic mosaic  analysis 
to  show that lin-31 acts in the  Pn.p cells. This site-of- 
action,  combined with the  presence of a DNA binding 
domain, indicates that lin-31 may be involved in the 
transcriptional regulation of  vulval gene expression in 
response to extracellular signals. 

MATERIALS  AND METHODS 

Genes, alleles and  general  procedures: The animals  de- 
scribed as wild  type were C. elegans, variety Bristol, strain N2. 
Animals were grown at 20" and  standard techniques were used 
for maintenance  and  handling of C. elegans strains (BRENNER 
1974). The following genes and mutations were used: LGI, 
unc-29(eI072) (WOOD 1988); LGII, lin-?I(nI05?) (FERGUSON 
and HORVITZ 1985); LGIII, ncl-I(e1942, e1865) (WOOD 1988); 
LGX, let-2(g?7ts) (J. KRAMER, personal communication). 
Standard techniques were used  for all molecular biology ex- 
periments (SAMBROOK et al. 1989).  The plasmid pLM268 con- 
tains a 14kb Spe I fragment  spanning  the  entire lin-?I gene 
(including 4 kb of sequence upstream of the mRNA start 
site)  inserted at  the Spe I site of the Bluescript I1 SK+ vector 
(Stratagene). Individual cells were identified and Pn.p cell 
lineages were analyzed as described  in SULSTON and HORVITZ 
(1977), using the criteria  for the assignment of lo, 2", and 3" 
cell fates described  in STERNBERG and HORVITZ (1986). 

Germline transformation: Animals of genotype unc-29 
(e1072); lin-?I(n1053); ncl-I(e1942); bt-2(g37ts) were in- 

notype; LACKNER et al. 1994), cosmid C33C3 (rescues theNcl- 
1 mutant  phenotype; this paper),  and pLM268 (rescues the 
Lin-31 mutant  phenotype; MILLER et al. 1993) at DNA concen- 
trations of -50 pg/ml each, using the  method of FIRE (1986), 
as modified by MELLO et al. (1991). Cosmid C33C3 rescued 
the  mutant phenotypes of both ncl-I (eIY42) and ncl-1 ( e l  865). 
The let-2(g?7ts) mutation does  not cause a mutant phenotype 
at  the permissive temperature of 20" and was originally in- 
cluded in this strain so that DNA containing let-2(+) could 
be used as a  tranformation  marker. For these  experiments, 
unc-29 was used as a  coinjection  marker. Other markers (e.g., 
unc-30 and unc-36) have also been used successfully  with this 
technique (HERMAN et al. 1995; SIMSKE and K I M  1995). We 
obtained  one transgenic strain (SD167) with an extrachromo- 
somal array (gaEx25) that rescued the Unc-29, Lin-31, and 
Ncl-1 mutant phenotypes. The lin-31(+) gene in the gaEx25 
extrachromosomal array efficiently rescues the lin-31 mutant 
phenotype, since every Pn.p cell of each of five non-Unc, 
nonmosaic animals (30 Pn.p cells total) adopted a wild-type 
cell fate. 

We determined  the  approximate frequency with  which the 
array is transmitted through  the  germline (transmission  fre- 
quency)  in SD167.  We scored the Unc-29 phenotype in entire 
broods from non-Unc animals and  found  that 1155 of 1762 
(66%) progeny were non-Unc. The frequency of non-Unc 
animals may differ slightly from the transmission frequency, 
since some of the Unc  animals may be genetic mosaics and 
display an Unc phenotype even though they inherited  the 
extrachromosomal array. Conversely, some of the parental 
animals may have carried  multiple copies of the  extrachromo- 
somal array and transmitted the array to a higher fraction of 
progeny than  parents with a single copy. The transmission 
frequency  correlates with the frequency with which genetic 
mosaics are  generated because loss of an array (or free  dupli- 
cation) in the germline is primarily due to loss during  the 
mitotic divisions in the soma that  generates  the  germline  or 
to  the mitotic divisions in the  germline  that  generate  the 
gametes (HERMAN 1995; A. VILLENEUVE,  personal  communica- 
tion). For these experiments, we found a transmission fre- 
quency of -66% to be satisfactory for mosaic analysis; it is 
high enough  that genetic mosaics can be found  and low 
enough  that  the majority of mosaics at the 28-cell stage have 
lost the extrachromosomal array only once. Transmission fre- 
quencies of 40,44,57,  and  59% have also proven to be satisfac- 
tory for mosaic analysis (L.AC:KNER et al. 1994; I,. M. MILLER, 
unpublished observations; J. SIMSKE, personal  communica- 
tion). 

The mitotic loss rate for gaEx25 was calculated as  follows. 
Of the cells shown in Figure 1, loss of the extrachromosomal 
array at any one of 24 cell divisions would generate a mosaic 
animal with at least two Ncl cells. We found  four such losses 
in the 50 animals that were scored. In those four mosaic 
animals, 29 cell divisions were excluded since the  mother cell 
had previously lost the extrachromosomal array. Thus,  the 
mitotic loss rate is 4/1171 = 3.4 X lo-' losses per cell division. 

Identification of mosaic animals: Nomarski optics were 
used to screen 2406 non-Unc  animals  (20-25/slide)  from 
SD167 for mosaic animals in which some, but  not all, cells 
were Ncl. This  screen yielded 41 mosaic animals that had lost 
the array before the 28-cell stage and  thus were suitable for 
use in the lin-?I and unc-29mosaic analysis experiments. Most 
of these  non-Unc  animals (34) had lost the array in the AB 
blastomere or in one of its descendants, since losses at most 
other points  in the early cell lineage generates semi-Unc or 
Unc mosaic animals  (Figure 2). A few animals (seven)  had 
lost the array in one of the descendants of MS and were non- 
Unc, presumably because only a small fraction of body muscle 
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cells  lacked unc-29(+) activity. A dissecting  microscope was 
used  to screen an additional 2045  Unc animals (lethargic 
movement on the petri plate) for those with residual move- 
ment when placed  in  liquid (thrashed in M9 buffer, whereas 
Unc-29 mutant animals do not thrash in liquid); this pheno- 
type  is referred to as semi-Unc. Sixty-nine  of the 2045 animals 
(3.4%) were semi-Unc. The Ncl phenotypes of individual  cells 
in  these  semi-Unc  animals were determined using  Nomarski 
optics  (see below), and all  animals were found to  be genetic 
mosaics.  Twenty-nine (42%) of these genetic mosaics ap- 
peared to have  lost the array at a single point in the lineage, 
applying the stringent criteria that all of the observed Ncl 
cells  were  derived from one point in the lineage and no Ncl 
cells  were  observed  from other points in the lineage. All  29 
of these mosaics had lost the array  in  cells  derived  from PI, 
as  would be expected for unc-29 mosaic animals with a site- 
of-action  in the body  muscle  cells  (which are predominantly 
derived  from PI ) . Nine of the single loss mosaics had lost the 
array  at  some point in the lineage leading to the anchor cell 
and were  analyzed  in the unc-29 and lin-31 mosaic  analysis 
experiments (Figures 2 and 3). Several hundred Unc  animals 
from SD167  were  also screened for genetic mosaics by directly 
observing the Ncl phenotypes of individual  cells  using  Nomar- 
ski microscopy, and none were found. 

The following  specific patterns of  Ncl cells  were  used  to 
assign  mosaic loss at each of the different cell  divisions. All 
mosaic  animals  analyzed  in  this paper contained multiple Ncl 
cells  in a pattern consistent with  loss  of the extrachromosomal 
array at a single point in the cell lineage. Pharyngeal neurons 
(IlL,  IlR, I2L,  I2R,  15,  NSML,  NSMR, M2L, MZR,  M3L,  M3R, 
MCL,  MCR, and MI) (ALBERTSON and THOMSON 1976), ring 
neurons ALA and RID, and amphid neurons ASKL and ADLL 
were used  to identify loss of the array at AB (all  ring neurons 
Ncl) or AB.a (half of the ring neurons Ncl). Postdeirids, the 
excretory  cell, and the Pn.aderived neurons were  used  to 
identify  loss  of the array at AELp. Ring neurons other than 
ALA and RID were scored as a group; a Ncl phenotype for 
all ring neurons indicates loss at AB, and a Ncl phenotype 
for approximately half  of the ring neurons was used as one 
criterion to assign  loss at Ai3.a or AB.p. The excretory  cell, 
the left postdeirid, and half of the Pn.a  cells identified AB.pl 
losses; the right postdeirid, hypl0, and one half of the Pn.a 
cells identified AELpr mosaics. hypl0 is a syncytium containing 
two nuclei, both of  which must  be mutant to  display the Ncl 
mutant phenotype (HEDGECOCK and HERMAN 1995). Pharyn- 
geal neurons (13,  14, 16, M1, M4, and M5) (ALBERTSON and 
THOMSON 1976), both distal  tip  cells, the anchor cell, and all 
body  muscle  cells  in the head were  used to  identify  loss of 
the array at EMS or MS.  EMS and MS losses could not be 
distinguished  because intestinal cells  normally  have enlarged 
nucleoli, and loss of ncl-1 activity does not change their nucle- 
olar phenotype. Losses  in a descendant of MS exhibited a Ncl 
phenotype in  some but not all of the MSderived  cells and 
were  divided into two groups based on whether any  body 
muscle  cells  in the head were  Ncl. Although there could  be 
exceptions, mosaics  in  which  some head muscle  cells  were 
Ncl would  typically include losses  of the extrachromosomal 
array at an earlier cell  division than mosaics  in  which none 
of the head muscle  cells  were  Ncl. A specific pattern of  body 
muscle  cells posterior to the head was used  to  identify  loss of 
the extrachromosomal array  in the C blastomere (SULSTON 
et al. 1983;  AUSTIN and KIMBLE 1987). 

RESULTS 

Rescue  of  the ncl-1 mutant  phenotype  in  gennline 
transformation  experiments: ncl-1 is an  excellent cell 

lineage  marker  that  can  provide  single cell  resolution  in 
mosaic analysis experiments (HEDGECOCK and HERMAN 
1995). To use  ncbl for  our mosaic analysis experiments, 
we needed to  identify a  cosmid  clone  that  contains  the 
ncZ-1 gene  to link  it  to  our  gene of interest, lin-?l, in 
an  extrachromosomal array. ncl-1 is located  in  the  small 
genetic  interval (0.1 map unit)  between lin39and m a b  
5 on  chromosome IZI. Molecular  cloning  experiments 
have  established the positions  of both lin-39 and mab5 
on  the C. ekgans physical map (COSTA et al. 1988; CLARK 
et al. 1993; WANG et al, 1993),  and  the  region  between 
these two genes is spanned by nine overlapping cos- 
mids,  covering a maximum of 360 kb (COULSON et al. 
1986). We found  that  one of these  nine  cosmids 
(C33C3) was able  to  rescue  the  phenotype  of ncl-1 mu- 
tants  in  germline  transformation  experiments, strongly 
suggesting  that  it  contains  the ncl-1 gene  (see MATERIALS 
AND METHODS). 

Mosaic analysis using an extrachromosomal  array: 
We generated a  strain  (SD167)  that  has an extrachro- 
mosomal  array  (gaEx25)  containing wild-type copies  of 
a transformation  marker  (unc-29), a  mosaic marker 
(ncl-1 ) , and  our  gene of  interest (lin-31) , and  in which 
the  chromosomal  copies of these  three  genes  are  mu- 
tant  (see MATERIALS AND  METHODS). To  determine if 
this  strain was suitable  for  use  in mosaic analysis experi- 
ments, we characterized  three  aspects of the  genetic 
behavior  of the  extrachromosomal  array  in SD167. 

First, we needed  to  determine if SD167 generates 
mosaic  animals. We scored  the Ncl and non-Ncl pheno- 
types of  specific  individual cells in 50 animals with a 
non-Unc-29 phenotype  that were  picked at  random 
from  the SD167 strain and  found  that 20 had  both Ncl 
and non-Ncl  cells  (Figure 1) .  We then showed  that the 
Ncl phenotypes  of  individual cells in  those  animals  are 
likely due  to mitotic loss of the  extrachromosomal  array, 
rather  than  to  insufficient  gene  expression  from  the 
array. Four  animals displayed  simple Ncl patterns  in 
which  all of the Ncl mutant cells  were  derived from a 
single  progenitor cell and all  of the scored cells derived 
from  that  progenitor cell  displayed the Ncl mutant  phe- 
notype.  These  simple Ncl patterns strongly  suggest that 
the Ncl mutant  phenotypes  in  these  animals were 
caused by spontaneous loss of the array at a single  point 
in  the cell lineage  during  development. Twelve animals 
exhibited a  single Ncl mutant cell (of  those cells that 
were scored).  For  those 12 animals, one possibility is 
that  each  has lost the  extrachromosomal  array  at a late 
point  in  the cell  lineage,  such  that only one of the 
scored cells  lacked the array. Because  only one  scored 
cell in  these 12 animals is Ncl, we cannot  rule  out  the 
possibility that  the Ncl phenotype  of  that  one cell is 
due  to variable  expression of the array. Four  animals 
showed more  complex Ncl patterns,  in  which Ncl mu- 
tant cells  were  derived from  multiple  points  in  the cell 
lineage.  These  complex Ncl patterns  could be due  to 
loss of the array at  multiple  points  in  the cell  lineage 
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FIGURE 1.-Genetic  mosaic  animals. Ncl phenotypes of specific cells in 50 non-Unc  animals  from  SD167  are  shown. + and 
- indicate  non-Ncl  and Ncl mutant  phenotypes,  respectively.  Vertical  lines  represent  cells.  Horizontal  lines  represent  cell 
divisions.  Arrows represent many  cell  divisions that  lead to the  generation of the cells that can be  scored  for  the Ncl phenotype 
(shown). a, p, 1, and r refer to anterior,  posterior,  left,  and  right,  respectively. ALA and RID are  ring  neurons. ASKL, ADLL, 
MIL, ASKR, ADLR, and ASIR are  amphid  neurons. MI, 15,  13, and M4 are  pharyngeal  neurons.  exc,  excretory  cell;  post, 
postdeirid;  Pn.a, P(3-8).a; Pn.p, P(3-8).p; hypl0, byplO  syncytial  hypodermis;  bm,  body  muscles; dtc, distal  tip  cell;  ac,  anchor 
cell (generated from  either  MS.ap  or  MS.pp). A subset of these cells (MI, 15,  post,  Pn.a, Pn.p,  exc, 13,  bm, dtc, ac, and M4) 
were  used  to  identify  the  mosaic  animals represented  in  Figures  2-6. nd, Ncl phenotype was not determined; n, number of 
animals; >, the  extrachromosomal  array was lost in the  named cell or in one of its descendants.  In  most cases, only the  right 
or left postdeirid was scored  in  any one particular  animal. 

or, alternatively, they could  be the result of variable 
levels  of ncbl(+) gene expression from the  extrachro- 
mosomal array in  different cells.  Finally, the  remaining 
30 animals did not  appear to be genetic mosaics (or 
had lost the  extrachromosomal array at  a late point  in 
the cell lineage), because all of the cells that were 
scored exhibited  a non-Ncl phenotype.  Thus,  although 
the Ncl patterns of some animals carrying the extra- 
chromosomal array could  be  interpreted as the result 
of variable expression of the array, several animals dis- 
played a Ncl pattern  that strongly supported loss of the 
array at  a single point in the cell lineage. 

Another  argument  supporting array loss instead of 
variable expression is that we were able to show that 

the Ncl,  Unc-29, and Lin-31 phenotypes. If these pheno- 
types  were not coordinately expressed (due to variable 
expression from the  array),  then cells could exhibit  a 
mutant  phenotype  for one  gene  and a wild-type pheno- 
type for  another. For example, Pn.p cells could  be Ncl 
and non-Lin-31, or they could be non-Ncl and Lin-31. 
Instead, as  discussed  below, we found  that animals in 
which  all  of the Pn.p cells  were  Ncl exhibited  a Lin-31 
phenotype as strongly as Zin-31 mutants, and  that ani- 
mals in which  all the  Pn.p cells  were non-Ncl exhibited 
a non-Lin-31 phenotype. This result suggests that lan- 
31 acts in the  Pn.p cells and  that  the Ncl and  Lindl 
phenotypes  are coordinately expressed. Similarly,  re- 
sults presented below indicate that  the body muscle 

individual cells or tissues appear to coordinately express cells appeared to coordinately express the Ncl and  the 
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Unc-29 phenotypes.  Coordinate expression of mutant 
phenotypes is most likely explained by mitotic loss  of 
the extrachromosomal array leading to simultaneous 
loss  of %dl(+) , unc-29( +) and ZZn-31(+) . 

Second, because an extrachromosomal array typically 
consists of many tandem copies of each coinjected DNA 
clone (STINCHCOMB et aZ. 1985), it is  possible that  perdu- 
rance of overexpressed RNA or  protein  products con- 
tributed by the last  cell containing  the array could pre- 
vent the observation of mutant  phenotypes  in cellular 
descendants  that lack the array. However, we found Ncl 
mosaic animals at  a relatively high frequency, indicating 
that  at least in these cases, the Ncl phenotype of a cell 
that  had lost the  extrachromosomal array was not 
masked by perdurance of ncl-1 RNA or  protein products 
(Figure 1). For example,  the Ncl phenotype of the ex- 
cretory cell can be observed as  few  as four cell  divisions 
after loss  of the array in AB.p.  However, it is possible 
that in other cases, the Ncl phenotype in individual 
cells in mosaic animals was not observed due to perdu- 
rance of neb1 RNA or protein. For genes  other  than 
ncl-1, it is possible that  perdurance of gene  products 
could mask the  mutant  phenotype of  cells that have 
recently lost the  extrachromosomal array. 

Third,  our results showed that this array was lost at a 
frequency appropriate  for use in mosaic  analysis experi- 
ments. We found  that 8% of the non-Unc animals (four 
out of  50 total) were genetic mosaic animals in which 
the array had  been lost before the 2 k e l l  stage (Figure 
1). These early-loss  mosaics  were  useful in the unc-29 
and lin-31 mosaic  analysis experiments presented below, 
since at  an early  stage  of development, most or all  of the 
cells of a particular tissue (e.g., body  muscles,  nerves, 
ventral ectoderm,  gonad, hypodermis) are derived from 
a single progenitor cell, and  just  a single  loss  of the 
extrachromosomal array is required to remove  wild-type 
gene activity from the  entire tissue.  Since -8% of the 
non-Unc animals in this strain are early-loss genetic mo- 
saics,  mosaic animals can be  directly identified by using 
Normarski optics to score the Ncl phenotype of individ- 
ual  cells. When the frequency of  mosaic animals is much 
lower,  early-loss genetic mosaic animals can only be easily 
identified by using a dissecting microscope to screen a 
large number of animals for a visible  mosaic phenotype, 
such as  semi-Unc-29. 

The  acetylcholine  receptor subunit gene unc-29 acts 
in the body muscle  cells: While using unc-29 as a co- 
transformation  marker, we were fortuitously able to 
show that  the site-of-action for unc-29 is  likely to be in 
the body muscle cells. unc-29 encodes  a  protein similar 
to a  subunit of the acetylcholine receptor (FLEMING 
et al. 1993), which causes muscle cells to contract in 
vertebrates. In these experiments, we picked non-Unc 
and semi-Unc animals, and  then scored the Ncl and 
non-Ncl phenotypes of individual cells to see if they 
were genetic mosaics and to determine  the  point in 

zygote 
I 

A = semi-Unc 
= non-Unc 

FIGURE 2.-unc-29 acts in the body muscle cells. non-Unc 
(W) or semi-Unc (A) mosaic animals are shown. The position 
of each symbol indicates the  point in the lineage at which 
the array was lost. Symbols next to an arrow  indicate mosaic 
animals in which the loss occurred in one of the descendants 
of the last named cell. Brackets indicate that losses at MS and 
EMS cannot be  distinguished from each other.  The origin of 
each of the 95 body muscle cells within the cell lineage is 
shown. 

the cell lineage at which the array had  been lost (see 
MATERIALS AND METHODS). 

First, we found  that mosaics in which a significant 
fraction of the body muscle cells lacked unc-29( +) have 
a semi-Unc phenotype, indicating that unc-29( +) activ- 
ity is required in body muscles. We found two animals 
that lost the  extrachromosomal array in  the  C blasto- 
mere, which generates 32 out of  95 (34%) of the body 
muscle  cells, and  four animals that lost the array in 
either  the EMS or MS cell, which generate 42 out of 
95 (44%) of the body muscle cells;  all  six  of these ani- 
mals  were  semi-Unc (Figure 2). We also found six ani- 
mals in which the  extrachromosomal array was lost in 
a cell derived from MS. In these mosaic animals, be- 
tween one  and 27 body muscle cells from MS were  Ncl 
(1 -28% of total body muscle cells),  but multiple other 
cells derived from MS (such as other body muscle cells 
and/or a distal tip cell) were non-Ncl. Because we did 
not score each body  muscle  cell separately, we cannot 
precisely identify the  point in the cell lineage at which 
the array was lost in these animals. Three of these six 
mosaic animals were semi-Unc and  the remaining  three 
animals were non-Unc. 

Next, we found  that mosaics in which almost all  body 
muscle cells contain  the  extrachromosomal array dis- 
play a  non-Unc  phenotype. We found 34 mosaic ani- 
mals that  had lost the array in AB or in a cell derived 
from AB (AB.a,  AB.p, or a  descendant of AB.p), and 
all  were non-Unc, indicating that unc-29(+) activity  is 
not required in cells derived from AB (Figure 2). AB 
generates 662 of the 959 (69%) somatic cells  in an  adult 
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hermaphrodite  (including  97% of the  neurons)  but 
only a single body muscle cell (SULSTON and HORVITZ 

zygote 
I 

1977; SUL~TON et.al. 1983). We found  four mosaic ani- 
mals in which  several  cells derived from MS (such as 
the distal tip cells, pharyngeal cells, and the  anchor 
cell) were  Ncl but  none of the 18 muscle cells in the 
head  that  are derived from MS were  Ncl, indicating  that 
the extrachromosomal array was lost in a  descendant of 
MS that  does not give  rise to any  of the body muscle 
cells in the  head. Although we did  not score the Ncl 
and non-Ncl phenotypes of the remaining 24 MSde- 
rived  body muscle cells in these animals, the  pattern of 
cell  divisions in the MS cell lineage indicates that  a 
single loss of the  extrachromosomal array could affect 
at most six body muscle cells (6% of the total body 
muscle cells) without affecting any muscle cells in  the 
head. All four of these mosaics were non-Unc. 

Finally, we did not obtain any mosaic animals that 
had lost the array in PI,  which  would result in the ab- 
sence of unc-29( +) activity in 94 out of 95 body muscle 
cells. This class  of  mosaic animal presumably would 
have exhibited  an  Unc  phenotype and would not have 
been picked as a non-Unc or semi-Unc animal in these 
experiments. We attempted to identify a PI mosaic ani- 
mal by using Nomarski optics to directly screen animals 
for those with an  appropriate  pattern of  Ncl cells but 
did  not  find any and so were unable  to unequivocally 
determine  the  phenotype of animals in which almost 
all  of the body muscle cells lacked unc-29(+) activity. 
In summary, these results suggest that unc-29( +) is re- 
quired in the body muscle cells and  that  the semi-Unc 
phenotype can be used to identify mosaic animals that 
have lost an extrachromosomal array in some of the 
body muscle cells. 

lin-31 acts in the Pn.p cells: Vulval induction is regu- 
lated by the  anchor cell signal, a lateral signal from 
other Pn.p cells, and  an inhibitory signal from the hyp7 
syncytial hypodermis. lin-31 mutations  could affect the 
choice of  vulval cell fates by causing defects in any  of 
the cells or tissues that  send signals, or in  the  Pn.p cells 
that  respond to these signals. We first addressed this 
issue by determining if lin-31 acts in the  Pn.p cells, 
rather  than in the  anchor cell or hyp7. We scored  the 
Lin-31 phenotypes of the same mosaic animals that were 
previously identified in the unc-29 mosaic  analysis  (Fig- 
ure 3) .  Mosaic animals that  had lost the  extrachromo- 
somal array in cells other than the Pn.p cells exhibited 
wild-type  vulval development,  including  14 animals that 
had lost the array in the  anchor cell (loss of the array 
in EMS, MS, or a  descendant of MS), three  that  had 
lost the array in most of  hyp7 (75 of 132 total hyp7 
nuclei due to loss in &.a) and two that  had lost the 
array in some of hyp7 (12 of 132 total hyp7 nuclei due 
to  loss in C) . These results suggest that Zin-31 ( - t  ) activity 
is not required in the  anchor cell or  the hyp7 syncytial 
hypodermis. 

Twenty-six  of the 31 (84%) mosaic animals that  had 

hyp7 Pn.p  Pn.p  anchor  hyp7 
hYP7  hYP7 cell 

0 = Lin 
= non-Lin 

FIGURE 3.-1in-31  actS in the  Pn.p  cells.  Mosaic  animals  that 
displayed a wild-type  vulval  phenotype (W) or a Lin-31  vulval 
phenotype (a) are shown. Cell lineages,  cell  names  and  place- 
ment of symbols for each  mosaic  animal are as in Figure 2. 
Animals represented in this figure  are  the same mosaic ani- 
mals represented in Figure 2. hyp7, hyp7 syncytial  hypoder- 
mis. 

lost the  extrachromosomal array in some or all of the 
Pn.p cells as well as some of hyp7 (up to  45 nuclei) 
displayed a multivulva (Muv) phenotype (loss in AB, 
AB.p, AB.pl,  AB.pr, or the descendants of AB.pl or 
AB.pr).  However,  analysis of the AB.a and C mosaic 
animals described above suggest that lin-31 does not act 
in hyp7, suggesting that lin-31(+) activity is required in 
the  Pn.p cells rather  than hyp7. The fraction of these 
mosaic animals that  exhibit  a Muv phenotype (84%) is 
similar to  that of nonmosaic Zin-31( nlO53) animals 
(77%) (MILLER et al. 1993), suggesting that loss  of Zin- 
31(+) in the Pn.p cells can completely account for the 
Lin-31  vulval phenotype. 

lin-31 function within individual Pn.p cells: To inves- 
tigate lzn-31 function within individual Pn.p cells, we 
identified mosaic animals that  had lost the array in ei- 
ther AB.pl or AB.pr, because this type  of  mosaic animal 
contains  Pn.p cells that lack lin-31(+) activity that  are 
adjacent to Pn.p cells that contain Zin-31(+) activity. 
The single ventral row  of  six Pn.p cells is generated 
from  three cells derived from AB.pl and  three from 
AB.pr. One cell from each pair of cells (P3.p/P4.p, 
P5.p/P6.p, P7.p/P8.p) is derived from AB.pl and  the 
other is derived from AB.pr, so that one cell out of each 
pair lacks lin-?l( +) activity when the array is lost in 
either AB.pl or AB.pr. We picked non-Unc animals and 
used the Ncl phenotype of individual cells to identify 
10 mosaic animals in which the array was lost in AB.pl 
or AB.pr (or their  descendants)  (see MATERIALS AND 
METHODS). We then used Nomarski microscopy to di- 
rectly observe the  pattern of Pn.p cell  divisions  to score 
two different Lin-31 phenotypes in individual Pn.p cells. 

The first phenotype caused by lin-31 mutations is that 
-22% of the  Pn.p cells undergo  a cell  division during 
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FIGURE 4.-1in-31( +) acts  cell-autonomously  to  prevent 
Pn.p cell division during  the L2 larval  stage.  Each  line shows 
one mosaic  animal that lost the  extrachromosomal  array  in 
AB.pl,  AB.pr  or in one of their descendants. (+) and (-) 
refer to non-Ncl and Ncl cells,  respectively.  Pn.p cells that 
divided during the L2 larval  stage  are  shown  as a dividing 
cell.  These  mosaic animals are a subset of the animals shown 
in Figures 2 and 3. 

the second larval stage (L2), generating  a vulval precur- 
sor cell and  either  another vulval precursor cell or a 
Pn.a-like neuroblast (MILLER et aZ. 1993). The Pn.p cells 
do  not divide at this time in the wild  type. In  the 10 
mosaic animals described above, there were  30 Pn.p 
cells that were  Ncl and thus lacked Zin-31( +) activity; 
13 of these cells (43%)  underwent  an  extra cell  division 
(Figure 4). There were  also 30 Pn.p cells that were non- 
Ncl and thus  contained Zin-31(+); none of these cells 
divided during  the L2 larval  stage. Thus, Zin-31 acts  cell- 
autonomously within each Pn.p cell to prevent an extra 
cell  division during  the L2 larval stage. 

The second phenotype caused by Zin-31 mutations is 
that vulval  cell fates become deregulated, such that each 
of the six Pn.p cells can adopt any  of the  three vulval 
cell fates (MILLER et aZ. 1993). To study the  role of Zin- 
31 in the specification of each cell fate, we studied  the 
effect of losing Zin-31(+) in each individual Pn.p cell. 
We identified mosaic animals in which an individual 
Pn.p cell lacked Zin-31( +) but was surrounded by cells 
and tissues that  contained Zin-31(+), and  then  deter- 
mined whether loss  of Zin-31(+) in that cell resulted in 
a cell fate transformation (Figure 5).  In this group of 
mosaics, the individual Pn.p cell is expected to receive 
intercellular signals  as in the wild  type since most of its 
neighbors  are genotypically  wild  type. Therefore, ex- 
pression of  cell fates different from those normally ex- 
pressed in the wild  type indicate a cell-autonomous re- 
quirement  for Zin-31 activity in that  Pn.p cell. These 

mosaic animals are discussed in three groups, according 
to which Pn.p cell(s) lacked Zin-31(+). The first group 
contains mosaics in which Zin-31(+) is missing in P6.p, 
which is closest to the  anchor cell and normally ex- 
presses the 1" cell fate. The second group contains mo- 
saics in which Zin-31( +) is missing in either P5.p or 
P7.p, which normally express the 2" cell fate, and  the 
third  group contains mosaics in which Zin-31( +) is miss- 
ing in P3.p, P4.p or P8.p,  which  normally express the 
3" cell fate (Figure 6). In these experiments, loss  of Zin- 
31( +) in  an individual Pn.p cell sometimes caused that 
cell to divide during  the L2 stage, and we grouped  the 
resulting daughter cells along with their mother cell 
(e.g., P6.pa and P6.pp were grouped with P6.p). 

In  the first group, P6.p lacked Zin-31(+) but  the an- 
chor cell and most  of  hyp7 contained Zin-31( +) ; this 
group includes mosaics 1, 3, 5, 7, 9 and 10 (Figures 5 
and 6A). P6.p (or descendants of  P6.p if an L2 division 
had  occurred) expressed either  an  uninduced 3" cell 
fate (three cells in mosaics 5 and lo),  a partially induced 
cell fate (three cells  in  mosaics 3 and 7) or the 1"  cell 
fate (four cells in mosaics 1, 5,  7, and  9).  Thus, in 
this first group of  mosaic animals, P6.p expressed an 
inappropriate cell fate six out of 10 times. Furthermore, 
in at least two cases  (mosaics 3 and lo),  loss  of Zin-31(+) 
in P6.p not only affected the 1" cell  division pattern 
(less than  eight vulval descendants were generated)  but 
also  likely prevented the expression of the lateral signal. 
In these mosaics, we infer  that P6.p did not express the 
lateral signal because P7.p was genotypically  wild  type 
but was not  induced  to express the 2" cell fate. These 
results indicate that Zin-31 acts in P6.p, and that loss 
of Zin-31(+) activity can sometimes prevent P6.p from 
undergoing  the 1" pattern of  cell  divisions and express- 
ing  the lateral signal. 

In  the second group,  either P5.p or P7.p (or their 
daughters) lacked Zin-31(+) but P6.p, the  anchor cell 
and most  of  hyp7 contained Zin-31( +) (Figure 5). In 
these mosaics, P6.p was genotypically  wild  type and 
should have expressed the lateral signal, and we deter- 
mined  whether loss  of Zin-31(+) in either of the adja- 
cent vulval precursor cells could prevent expression of 
the 2" cell fate. Within this group,  three cells  were  di- 
rectly adjacent to P6.p: the posterior P5.p daughter in 
mosaic 4, P5.p in mosaic 8, and  the  anterior P7.p daugh- 
ter in  mosaic 8. Two cells adopted  the 2" cell fate, and 
one cell expressed the  uninduced, 3" cell fate. Since 
only one cell fate transformation was observed  in this 
group,  additional examples are  required to draw con- 
clusions regarding  the role of Zin-31 in 2" cell fate speci- 
fication in these cells. 

In  the  third  group,  either P3.p, P4.p or P8.p lacked 
Zin-31(+) but adjacent  Pn.p cells, the  anchor cell and 
most of  hyp7 contained Zin-31( +) (Figures 5 and 6B). 
In this group,  either P3.p or P4.p, but  not  both, lacked 
Zin-31( +). P3.p, P4.p or P8.p should not receive ectopic 
inductive signals from the  surrounding tissue since 
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FIGURE  5"Mosaic analysis of lin-31 function 
in individual  Pn.p cells. Each line shows the  Pn.p 
cell lineages of one mosaic animal  that lost the 
extrachromosomal array in AR.pl,  AR.pr or in 
one of their  descendants. Cell lineages of the 
Pn.p cells were determined using Nomarski o p  
tics. Cells that  contain or lack lin-31(+) are shown 
in bold or  outline, respectively. S, N, U, D, L, T, 
0 refer to syncytial cell, nondividing cell (does 
not usually divide), undivided cell (fate of a cell 
that can sometimes  divide), divided cell (division 
axis not  determined),  longitudinal cell dk.. w o n ,  . 
transverse cell division, and  oblique cell division, 
respectively. Underline indicates that  the cell divi- 
sion generated  daughter cells that  attached to the 
cuticle. 1" (TI"), 2" (LLTN or NTLI,), 3" (SS 
or  U)  or  neuroblast ( n i  cell fatesare shown 
below each cell lineage. P, -lo, -2" refer to par- 
tially induced, primary-like and secondary-like, 
respectively. NS and N N  are  referred to as par- 
tially induced because the N cells did  not  attach 
to the cuticle and fuse with the hyp7 syncytium 
as would be  expected  for cells from  the 3" lineage. 
Bracket? indicate a cell division during  the L2 
larval stage. The vulval phenotype of each mosaic 
animal is indicated. W T ,  Muv, Pvl, Egl and ND 
refer to wild-type, multivulva, protruding vulva, 
egg-laying defective, and  not  determined, respec- 
tively. The cell lineage  pattern  in wild  type  is 
shown on  the first line  for  comparison.  These 
animals  are a subset of those shown in Figure 4. 

most of the  surrounding cells were genotypically wild were 11 cells that  adopted  the 3" cell fate: P3.p in mosa- 
type, and thus this group test$ whether loss of Zin-31(+) ics 3 and 5, both P3.p daughters in  mosaic 8, P8.p  in 
in P3.p,  P4.p or P8.p can result in the expression of mosaics 1, 4 and 5, both P8.p daughters in mosaic 7, a 
induced cell fates. Of the  18 cases in this group,  there P4.p daughter  and a P8.p daughter in  mosaic 10. The 
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FIGURE 6.-Summary of individual Pn.p cell mosaics. Tissues or cells that  either  contain  (shaded)  or lack (clear) l in-31(+) 
are shown. Cell fates  expressed in wild-type (left),  nonmosaic lin-31(n3OI) or Iin-3Z(n1053) null mutants  (middle,  data from 
Miller et al. 1993) or  mosaic animals  from Figure 5 (right)  are shown. Straight arrows indicate  the  anchor cell signal,  curved 
arrows indicate  the lateral signal and lines with bars indicate  the hyp7 inhibitory signal. Each group shows the fates  expressed 
by the  named  Pn.p cells. (A) P6.p mosaics. The  other  Pn.p cells may o r  may not  contain l in-31(+) .  (B) P3.p. P4.p or P8.p 
mosaics. In these mosaics, at least one of these three  Pn.p cells lacked lin-31( +), and  adjacent  Pn.p cells contained l in-31(+) .  
The  genotype of Pn.p cells two or  more cells distant is not specified; for  example, P6.p may or may not  contain l in-31(+) in 
this group.  The last group of mosaics (P5.p or P7.p mosaics) is not shown. 
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remaining seven  cells adopted  induced (lo, 2", or hy- 
brid) cell fates:  P3.p in mosaics 1 and 4,  P4.p in mosaics 
7 and  9, P8.p in mosaic 3, a P4.p daughter  and  a P8.p 
daughter in mosaic 10. In  one case (mosaic 4), loss of 
lin-31(+) caused P3.p and P5.p to divide to generate 
vulval  cells and may also  have resulted in ectopic expres- 
sion of the lateral signal, since P4.p  (which was genotyp- 
ically  wild-type) expressed an -2" cell fate. These re- 
sults indicate that lin-31(+) acts  in P3.p, P4.p, and P8.p 
and is normally required  for  the expression of the 3" 
cell fate. 

DISCUSSION 

Mosaic analysis using a ncGl cosmid on an extracho- 
mosomal array We have identified a cosmid clone  that 
can rescue the Ncl mutant  phenotype in germline trans- 
formation  experiments and have used an  extrachromo- 
somal array containing this ncl-l(+) clone for mosaic 
analysis. We characterized the genetic behavior of an 
extrachromosomal array and  found  that it could be 
used in  mosaic  analysis experiments  to show that  the 
acetylcholine receptor  gene unc-29 likely  acts in the 
body  muscles and  that  the HNF34brk head gene lin-31 
likely acts in the  Pn.p cells. 

Previously,  many  mosaic  analysis experiments in C. 
ehgans used free duplications to generate mosaic ani- 
mals. In those experiments,  the  free duplication con- 
tained wild-type copies of a  gene of interest  and  a cell 
lineage marker  gene. The ncl-1 gene is an excellent 
cell lineage marker: it is required in a cell-autonomous 
fashion for the  normal  appearance of nucleoli and does 
not  appear  to  be  required for other cellular processes, 
the Ncl phenotype can be scored in  most  cells and in 
animals of  various ages, and  the Ncl mutant  phenotype 
appears shortly after mitotic loss of the duplication car- 
rying ncLl(+)  HEDGEC COCK^^^ HERMAN 1995).  To use 
ncl-1, previous mosaic  analysis experiments  required 
that  the  free duplication contain  both ncl-1 and the 
gene of interest (as well  as  any other desirable genetic 
markers). As free duplications are derived from chro- 
mosomes, only those genes linked to ncl-1 on linkage 
group I11 (- 10% of the total genome)  are also linked 
to ncl-1 on any free duplication (HODGKIN et al. 1995b). 
Thus, previous mosaic  analysis experiments have prefer- 
entially been  performed on the minority of genes 
linked to ncl-I( +) , due to  the desire to use ncl-1 as a 
cell lineage marker. 

To  determine  the site-of-action for  genes  that  are not 
linked to ncl-1 on LGIII, at least three  groups have 
created  free duplications in which their  gene  of  interest 
is artificially linked to ncl-1. HUNTER and WOOD (1992) 
and HEDGECOCK and HERMAN (1995) accomplished this 
by screening for animals in which two free duplications 
had  been linked together following X-ray irradiation, 
creating one large free duplication. L E U N G ~ ~ G E N -  
STEIJN et al. (1992) isolated animals in  which an extra- 

chromosomal array containing  the unc-5 gene was 
linked  to  the  free duplication q 3 ,  which contains ncl- 
1. In each of these cases, one drawback is the  need to 
screen for animals containing  a fusion event in  which 
either two free duplications or a  free duplication and 
an extrachromosomal array are  joined.  Another draw- 
back is that fused duplications are  more mitotically sta- 
ble than  either of the starting duplications or the extra- 
chromosomal array, and this added stability  causes 
mosaic animals to appear  at  a lower frequency (al- 
though mitotic loss frequencies can be increased by a 
him-10 mutation)  (HEDGECOCK  and  HERMAN  1995). 

In this work, we used germline transformation to arti- 
ficially link our gene of interest to the ncl-1 cell lineage 
marker gene  on an extrachromosomal array. We in- 
jected DNA containing lin-31( +), a cosmid carrying ncl- 
1 (+) , and a cosmid carrying the unc-29( +) cotransfor- 
mation marker  into  the germlines of unc-29;  lin-31; ncl- 
1 mutant  hermaphrodites, resulting in the formation 
of an extrachromosomal array carrying wild-type copies 
of all three genes. The genetic behavior of the extra- 
chromosomal array was similar to  a  free duplication, 
and  our  gene of interest was quickly and easily linked 
to  the ncl-1 cell lineage marker. The same germline 
transformation procedure typically generates several 
strains containing  independently derived extrachromo- 
somal arrays. The extrachromosomal arrays  have  differ- 
ent transmission frequencies, and it is likely that  at least 
one array will have a mitotic loss rate  appropriate for 
mosaic  analysis. Also, while our approach requires a 
DNA clone that can rescue the  mutant phenotype of the 
gene of interest, this requirement is becoming easier to 
fulfill due to the  near completion of the physical  ge- 
nome  map, improvements in molecular genetic tech- 
niques, and  the resulting molecular cloning of more 
genetic loci (HODGKIN et al. 1995a). 

Several points are worth noting when using extra- 
chromosomal arrays in genetic mosaic experiments. 
First, coinjection of cloned DNAs in germline transfor- 
mation experiments is a straightforward method to arti- 
ficially link genes into one extrachromosomal array. 
Second, we found  that  the Ncl phenotype of individual 
cells  in potential genetic mosaic animals is  likely due 
to mitotic loss  of the array rather  than to variable  ex- 
pression from the array. We picked non-Unc animals 
at random and  found  that 8% were  early-loss  mosaic 
animals that exhibited a simple Ncl pattern in  which 
all of the observed Ncl mutant cells  were  lineally derived 
from a single progenitor cell. These simple Ncl patterns 
are best explained by spontaneous loss of the array at 
a single point in the cell lineage during development. 
The remaining animals were not useful for mosaic anal- 
ysis because they either  contained no scored Ncl cells 
(60%), only one scored Ncl cell (24%),  or displayed a 
complex Ncl pattern in  which  Ncl mutant cells  were 
derived from cells  with independent lineal origins 
(8%). The Ncl phenotype of the last  class could be 
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explained by multiple mitotic losses  of the  extrachro- 
mosomal array during  development or from variable 
expression of the ncl-I gene.  In  addition to the  pattern 
of  Ncl  cells, coordinate expression of the Ncl-1,  Unc- 
29, and Lin-31 mutant  phenotypes in mosaic animals 
indicates that these phenotypes  are caused by mitotic 
loss  of the  extrachromosomal array leading to simulta- 
neous loss  of ncl-I(+), unc-29( +) and lin-32(+) activi- 
ties. Third,  the  rate of mitotic loss  of  many extrachro- 
mosomal arrays is satisfactory to generate mosaic 
animals at  a desirable frequency  for mosaic  analysis. We 
observed that  the gaEx25 extrachromosomal array was 
lost at  a  rate of 3.4 X per mitotic cell  division, 
which  is  very similar to the mitotic loss rates previously 
reported  for several free  duplications (0.1 x to 5.3 
X iop3) (see MATERIALS AND METHODS; HEDCECOCK and 
HERMAN 1995). We could isolate mosaic animals by di- 
rect observation of the Ncl phenotype of individual cells 
using Nomarski optics since 8% of randomly picked 
non-Unc animals were genetic mosaics that  had lost 
the array before  the 28-cell stage. Fourth,  the ability to 
obtain  genetic mosaics  itself argues  that  strong  perdu- 
rance of ncl-I( +) RNA or protein derived from the 
progenitor cell and  inherited by its cellular descendants 
does not prevent expression of the Ncl-1 mutant  pheno- 
type to a large extent, which  would interfere with  mo- 
saic  analysis experiments. Fifth, in addition to the re- 
sults presented here,  other work  reveals that mosaic 
analysis can be successful using ncl-I( +) on  an extra- 
chromosomal array, as this approach has been used to 
determine  the site-of-action  of at least six C. elegans 
genes: lin-31 (this  paper), mpk-1 (LACKNER et al. 1994), 
let-23 (KOGA and OHSHIMA 1995; SIMSKE and KIM 1995), 
lin-7 (SIMSKE and KIM 1995; J. SIMSKE, personal commu- 
nication), lin-44 (HERMAN et al. 1995), and lin-2 (HOS 
KINS et al. 1995). 

In  addition to ncl-1, we found  that  the unc-29 gene 
is a useful marker  for mosaic  analysis. Genetic mosaic 
animals that have lost the  extrachromosomal array in 
the EMS, MS, or C blastomeres can be readily identified 
by picking semi-Unc-29 animals. These blastomeres 
generate  a significant fraction of the body muscle cells, 
and loss  of unc-29( +) activity in some but  not all of the 
body  muscle  cells results in a semi-Unc-29 phenotype. 

Zin-31 acts in the Pn.p cells During vulval induction, 
multiple intercellular signals (the  anchor cell signal, 
the lateral signal and  an inhibitory signal) specify the 
fates (lo, 2" or 3")  of the  Pn.p cells. lin-31 is  involved 
in Pn.p cell fate specification, since it is required  for 
the expression of appropriate vulval cell fates. lin-31 
encodes  a putative transcription factor similar to mam- 
malian HNF3 and Drosophila fork head, suggesting 
that lin-31 may specify cell fates by regulating  gene ex- 
pression. The results presented  here  indicate  that lin- 
31(+) acts in  each  Pn.p cell to prevent  an  extra cell 
division during  the L2 stage. Later, during  the L3 stage, 
lin-31( +) activity  is required in the  Pn.p cells but  not 

the  anchor cell or hyp7 for  the  proper selection of cell 
fates during vulval induction. 

To investigate the role of lin-31(+) in specifying each 
of the  three cell fates, we examined mosaic animals 
in which an individual Pn.p cell lacked Zin-31( +) but 
surrounding cells or tissues (the Pn.p cells adjacent to 
the  mutant  Pn.p cell, the  anchor cell and hyp7) con- 
tained lin-31( +). In these mosaics, the  Pn.p cell lacking 
lin-31(+) should receive intercellular signals (the an- 
chor cell signal, the lateral signal or  the inhibitory sig- 
nal) as it would in wild-type, so that expression of a 
mutant cell fate indicates a cell-autonomous require- 
ment for lin-31 function. 

In  one  group of  mosaics, lin-31(+) was missing in 
P6.p but  not  in  adjacent Pn.p cells, most of  hyp7 or  the 
anchor cell. In these mosaics, P6.p expressed a  mutant 
cell fate (uninduced  or partially induced)  in six out of 
10 cases. This result indicates that lin-31 acts in P6.p, 
and that loss  of Zin-31(+) activity can sometimes prevent 
the expression of the 1" cell fate. These results are con- 
sistent with a role for lin-31( +) in mediating the re- 
sponse of P6.p to the  anchor cell signal, as lin-31 en- 
codes a putative transcription factor in the HNF3/fork 
head family, and genetic epistasis experiments suggest 
that lin-31 is likely to act after the signal transduction 
genes in the let-23 receptor tyrosine  kinase/let-60 ras/mpk- 
1 Mw kinase pathway (MILLER 1993; M. LACKNEK and 
P. TAN, personal communication). 

In another  group of mosaics, lin-?l(+) activity  was 
missing in P3.p, P4.p or P8.p but not in adjacent  Pn.p 
cells,  most of hyp7 or the  anchor cell. Loss  of lin-31 (+) 
in these cells  allowed inappropriate expression of in- 
duced cell fates. These results indicate  that lin-31 acts 
in these three  Pn.p cells, and  that lin-31 (+) is required 
for  the expression of the 3" cell fate. 

Comparison of the results from the two mosaic 
groups  mentioned above indicates that loss  of lin-31(+) 
in P6.p results in less induction  than in the wild type, 
but loss  of lin-31(+) in P3.p, P4.p or P8.p results in 
excess  vulval induction.  Thus, lin-31 may  have two func- 
tions during vulval induction. lin-31 may be required 
for  the  proper expression of the 1" cell fate and also 
for expression of the 3" uninduced cell fate. 

The 1" cell fate is comprised of two separate aspects: 
(1) a specific  cell  division pattern resulting in the  gener- 
ation of eight vulval descendants and  (2) expression of 
the lateral signal that  induces  neighboring  Pn.p cells 
to adopt  the 2" cell fate. Results from the individual 
Pn.p cell  mosaics suggest that lin-31( +) is required  for 
both aspects of the 1"  cell fate. For example,  there were 
two cases (mosaics 3 and 10) in which  loss of lin-31( +) 
affected  both  the 1"  cell  division pattern and lateral 
signal expression by P6.p, because this cell generated 
less than  eight  descendants and P7.p was genotypically 
wild  type but  did  not express the 2" cell fate. Conversely, 
there was one case (mosaic 4) in which  loss of lin-3I (+) 
activity resulted in the  generation of  excess  vulval  cells 
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and may  have caused ectopic appearance of the lateral 
signal; in this mosaic, P3.p and P5.p divided to generate 
vulval descendants and likely caused P4.p (which was 
genotypically  wild type) to express the 2" cell fate. 
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