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ABSTRACT 
A ncl-1 mutation  results in enlarged  nucleoli, which can be detected in  nearly all cells of living 

animals by Nomarski  microscopy. Spontaneous  mitotic  loss  of a ncl-I(+)-containing  free  duplication in 
an otherwise  homozygous  ncl-1 mutant animal  results in mosaicism  for ncl-1 expression,  and the patterns 
of mosaicism  lead us to  conclude  that ncl-1 acts cell  autonomously.  The  probability of  mitotic  loss of 
the  duplication sDp3 is approximately  constant  over  many  cell  divisions.  About  60%  of  the  losses  of sDp3 
at the first embryonic  cell  division  involve  nondisjunction.  Frequencies of  mitotic loss of different  ncl-I(+)- 
bearing  free  duplications  vaned  over a 200-fold  range.  The  frequencies of  mitotic  loss  were enhanced by 
a chromosomal  him-IO  mutation. We  have  used  ncl-1  as a cell autonomous  marker in the  mosaic  analysis 
of dpy-1 and lin-37. The  focus  of  action  of dpy-1 is in hypodermis. A mutation in lin-37 combined with 
a mutation in another  gene  results  in a synthetic multivulva phenotype. We  show that  lin-37  acts  cell 
nonautonomously  and  propose  that it plays a role,  along  with the previously  studied  gene lin-15, in the 
generation of  an intercellular  signal by hyp7 that  represses vulval development. 

J UST as the  function of a gene can be tested by ascer- 
taining  the effects of inactivating the  gene in a living 

organism, so can the cell  specificity of a  gene's  function 
be tested by the analysis  of genetic mosaics, in which 
one can ascertain the effects of inactivating the  gene  in 
subsets of  cells.  Most genetic mosaics of the  nematode 
Caenorhabditis elegans have been  generated by the  spon- 
taneous somatic loss  of free  chromosome fragments 
(HERMAN 1984; for review, see HERMAN 1989), called 
free duplications. In this technique,  the  normal  chro- 
mosomes are homozygous for a recessive allele of the 
gene to be analyzed, and  the free  duplication carries 
a dominant (almost always wild-type) allele. C. eleguns 
chromosomes  are  holocentric (ALBERTSON and THOM- 
SON 1982, 1993), which means that  the mitotic spindle 
fibers attach over large extents of the metaphase chro- 
mosomes rather  than  at specific localized sites. Thus 
the  problem of unstable acentric fragments does not 
arise, and free  duplications of many different regions 
of the  genome segregate fairly regularly at mitosis. Free 
duplications  are subject to spontaneous mitotic loss at 
low frequency, however, and mitotic duplication loss 
generates  a homozygous recessive mutant  clone in a 
background of duplication-bearing cells, a  genetic mo- 
saic. 

In  characterizing a mosaic animal it is usually  im- 
portant to have a cell autonomous genetic marker on 
the  duplication  in  addition to the  gene  under study. A 
good  genetic  marker  enables one to determine with 
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confidence  the genotypes of many different cells in the 
mosaic animal. In addition to being cell autonomous, 
an ideal cell marker would be scoreable in all  cells of 
living animals of various ages, would  have no effect on 
other possible mutant  phenotypes to be  analyzed and 
would exhibit no perdurance, which is the persistence 
and transmission of the  gene  product to descendant 
cells after  the  gene is no longer  present (GARCIA-BEL- 
LIDO and MERRIAM 1971). We show in this article that 
a ncl-1 gene  mutation has essentially  all the  properties 
of an ideal cell marker. We have exploited ncl-I as a 
cell marker to help reveal some features  about duplica- 
tion loss  as  well as measure the  frequencies of mitotic 
loss  of  several different  free duplications. There is con- 
siderable interest in taking advantage of the virtues of 
ncl-I as a cell marker in the mosaic  analysis  of genes 
that  are not closely linked to it and therefore not nor- 
mally found  on the same free  duplication. We describe 
one approach to  this problem:  the fusing of a ncl-I(+) 
bearing  free duplication to an  unlinked  free duplica- 
tion to give a new free duplication carrying both ncl- 
I(+) and  the  gene of interest. 

We illustrate the use  of ncl-1 as a cell marker in the 
mosaic  analysis  of two genes. One of these, lin-37, is 
defined by a  mutation  that affects C. elegans vulva devel- 
opment.  The  hermaphrodite vulva  is formed  during 
late larval development, Each  of  six  cells situated in a 
longitudinal row on  the ventral side of the  hermaphro- 
dite is capable of  generating  descendants  that  contrib- 
ute to the vulva (for reviews, see HORVITZ and STERN- 
BERG 1991; STERNBERG 1993).  These six  cells are called 
the vulval precursor cells (VPCs), although normally 
only three WCs contribute to the vulva; the  remaining 
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FIGURE 1.-Genetic map  in  the region of ncl-1 IZZ. The  map is based in  part  on  data  presented in  Table 1 and in part  on 
other data available from ACeDB  (A C. elepans database,  compiled by R. DURBIN  and J. THIERRY-MIEG, MRC Laboratory of 
Molecular Biology, Cambridge, England). '' 

three take an alternative developmental path: they fuse, 
usually after dividing once, with the large multinuclear 
hypodermis, hyp7, that  surrounds  them  and  the devel- 
oping vulva, and covers most of the worm's body except 
for  the  head and tail. The  three WCs  selected for vulva 
development  are those closest to the  uterine  anchor 
cell. The  anchor cell produces an intercellular signal 
that  induces  three WCs to generate 22 descendants, 
which undergo cell fusions and intricate  morphoge- 
netic movements to produce  the vulva. 

In multivulva (Muv) mutant  hermaphrodites, all  six 
W C s  commit to producing  descendants  that form the 
vulva rather  than fusing with  hyp7 (FERGUSON and HOR- 
VITZ 1985, 1989; FERGUSON et al. 1987);  the  extra vulval 
cells that  are  generated typically form ectopic ventral 
protrusions called pseudovulvae. In  an  earlier mosaic 
analysis, we showed that  the Muv gene lin-15 behaved 
cell nonautonomously, and we proposed  that lin-15(+) 
expression is required  in  the hyp7 syncytium to repress 
an intrinsic vulval program in the VPCs (HERMAN and 
HEDGECOCK  1990). According to this view, the  inducing 
signal from the  anchor cell must then  countermand 
the hyp7 inhibitory signal for  three of the six WCs. 

FERGUSON and HORVITZ (1989) have identified and 
characterized a set of mutations  referred to as silent or 
synthetic Muv. None of the silent Muv mutations  alone 
results in  a Muv phenotype,  but  hermaphrodites car- 
rymg two mutations, one in class A and  one in class B, 
are Muv. FERGUSON and HORVITZ (1989) have proposed 
that  the Muv phenotype caused by synthetic Muv muta- 
tions results from defects in two functionally redundant 
pathways. Indeed, many alleles of lin-15 are silent Muv 
mutations, some class A and others class B; the lin-15 
locus was recently cloned and shown to produce two 
nonoverlapping transcripts corresponding to the two 
genetically defined  functions (CLARK et al. 1994; HUANC 
et al. 1994).  The lin-15 mutations  that result in a Muv 
phenotype on their own affect both transcripts. The lin- 
37 gene is defined by a silent Muv  class B mutation. We 
show in this article that Zin-37 also  behaves  cell nonau- 
tonomously and propose  that it also acts within  hyp7 
to help  generate  the  intercellular repression of  vulval 
development by the VPCs. 

The second gene we analyzed  in  mosaics is dpy-1, 
mutations in which result in greatly shortened animals 
of approximately normal girth (BRENNER 1974).  The 

TABLE 1 

Multifactor map data 

Recombinant  Genotype of recombinant 
Genotype of heterozygote phenotype No. chromosome 

sma-3 ncl-1 unc-36/+ + + Sma non-Unc 
Unc non-Sma 

sma-3 + ncl-1 unc-36/+ lin-16 + + Sma non-Unc 

Unc non-Sma 
sma-3 + ncl-1 unc-36/+ lin-37 + +" Sma non-Unc 

Unc non-Sma 

sma-3 + ncl-1 unc-36/+ lin-13 + + Unc non-Sma 

sma-3 + ncl-1 unc-36/ + mec-14 + + Sma non-Unc 

1/1 
4/7 
3/7 

2/5 
2/5 
4/ 4 
1/2 
1/2 
2/3 

19/32 
13/32 
6/15 
3/ 15 
6/ 15 

1/5 

113 

sma-3 + + 
+ ncl-1 unc-36 
+ + unc-36 
sma-3 lin-16 + + 
sma-3 + + + 
sma-3 + ncl-1 + 
+ lin-16 ncl-1 unc-36 
ma-3  + + + 
sma-3 + ncl-1 + 
+ lin-37 + unc-36 
+ lin-37 ncl-1 unc-36 
+ + ncl-1 unc-36 
+ lin-13 + unc-36 
sma-3 mc-14 + + 
sma-3 + + + 
srna-3 + ncl-1 + 

"This strain was also homozygous for lin-8 II; the  double  mutant lin-8; lin-37 has a multivulva phenotype, 
whereas lin-37 by itself confers  a wild-type phenotype. 
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focus  of action of this gene also  appears to be in hypo- 
dermis;  mosaic  analysis has uncovered  specific  effects 
traceable to head and tail hypodermal  cells in addition 
to the large hyp7 syncytium. 

MATERIALS  AND METHODS 

General genetic  methods,  genes,  alleles  and  rearrange- 
ments: Growth media, EMS mutagenesis and  culture  and 
mating  techniques were as described by BRENNER (1974) and 
SULSTON and HODGKIN (1988).  Nematode strains were grown 
and  mated  at 20".  We have followed standard C. elegans genetic 
nomenclature (HORVITZ et al. 1979). Genes, mutations and 
chromosome  rearrangements used (references  for most are 
given by HODGKIN et al. 1988) were the following: LG (link- 
age group) 11: lin-t?(nlll). LG 111: dpy-l(el), unc-93(e1500), 
unc-93(e1500n224), which we refer to as unc-93(0), him-10- 
(e151 1 ts), lon-1 (el  as), sma-3(e491), lin-l6(el743), lin-37(n 758), 
mec-l4(u55), ncl-1 (e1865),  lin-l3(n387), unc-36(e251), dpy- 

FIGURE 2,"Extents of various dupli- 
cations used in this work. Duplications 
mnDp84 and mnDp86were derivatives of 
sDp3, and mnDp90 was derived from 
mnDp86. We showed that qDp3 carries 
him-lo(+), but mnDp84 has not been 
tested with respect to the unc-93 locus. 
Duplication mnDp89 was generated by 
the fusion of mnDp84 and mnDpl4, and 
mnDp91 and mnDp92 were generated by 
the fusion of mnDp90 and mnDpl4. All 
three fused  duplications carry unc-3(+) 
X.  Duplication mnDp89 does not carry 
osm-l(+) X,  but mnDP91 and mnDp92do. 
The  latter two duplications have not 
been checked with respect to  either unc- 
93 or unr-36. The representations of the 
three fused  duplications are highly sche- 
matic; the  junctions  and orientations of 
the different components of each fused 
duplication are unknown. 

19(e1259), glpl(q339), sQ3(ZZZ$) (ROSENBLUTH et al. 1985), 
qDp3(ZZZ$) (AUSTIN and KIMBI.E 1987), nDfl6 (THOMAS et al. 
1990), qC1 (AUSTIN and KIMBLE 1989). LC IV: him~S(e1489). 
LG V him-5(81467). LG X: him-4(e1267), unc-3(el51), osm- 
I(p808), suplO(n98?), mnDp30(X,f) (HERMAN et al. 1979), 
mnDpl4(X$) (HERMAN  1984).  The derivations of additional 
free duplications are described below. The osm-l marker was 
scored with respect to its effect on dye filling of amphid  and 
phasmid neurons (PERKINS et al. 1986). 

Genetic  mapping of d l :  We have mapped ncl-1 to a site 
near  the middle of LG 111, between sma-? and unc-36 (Figure 
1). The results of three- and four-factor crosses involving 
closely linked  markers  in this interval are given in  Table 1. 
The  phenotype scored for lin-13and lin-37 (the  latter in com- 
bination with lin-8) was multivulva or Muv (FERGUSON and 
HORVITZ 1985, 1989); lin-16results in a thin, sterile uncoordi- 
nated animal; and mec-14 abolishes the response to light  touch 
of an eyebrow hair  (CHALFIE and SULSTON 1981). We showed 
that ncl-I/Df hermaphrodites  are Ncl,  viable and fertile: ncl-I 
unc-36; mnDp90; him-8 males were mated with nDflh/qCl dpy- 

FIGURE 3.-The lineages of  21 somatic cells that were used to  monitor frequency of duplication loss. The origin of P4, which 
gives rise to  the  germline, is also shown. Each cell is drawn below its mother cell, and its lineage can be  read directly from the 
diagram,  where a,  p, 1, r, d and v refer to  anterior, posterior, left, right, dorsal and ventral daughters, respectively. Thus, for 
example, the last common  ancestor of  RID, ALA, ASKL and ADLL  is the left daughter of the  anterior  daughter of AB, which 
is designated m a l ,  and  the lineal name of RID  is ABalappaapa. In  one set of experiments, animals were scored for mosaicism 
of the six amphidial neurons  that  are boxed  in the diagram, viz., ASKL,  ADLL,  ASIL,  ASKR,  ADLR and ASIR. The 21 somatic 
cells shown are  generated by a total of 140 cell divisions. The lineages of hyp8 and hyp9 are ambiguous; either of the two 
indicated cells can  become the  more  anterior cell, which is designated hyp8. 
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FI(:URE  4.-Nomarski photomi- 
crographs  comparing  nucleoli in 
wild-type (left  panels) and ncl-I 
homozygotes (right panels). (A) 
Nerve ring  ganglia  showing 
nucleoli of sensory and other neu- 
rons. In wild-type, a small,  fused 
nucleolus  (small  arrowheads) is 
visible in each  neuronal  nucleus. 
In ncl-I, these neurons have either 
a large,  fused  nucleolus  (small ar- 
rowhead) or, less frequently, two 
distinct  nucleoli  (large  arrow- 
head). (B) Distal gonad showing 
nucleoli of  distal tip cell (large ar- 
rowhead) and germline cells 
(small arrowheads). ( C )  Excretory 
cell  nucleoli  (large  arrowheads). 
(D) Developing vulva and  uterus 
showing  nucleoli  of  vulval  cells 
(small arrowheads)  and uterine 
anchor cell (large  arrowheads). 
Right  lateral  aspect  of  new 1.4 her- 
maphrodites. Scale bar, 10 pm. 

I 9  &-I hermaphrodites, and Unc-36 hermaphrodite prog- 
eny,  genotype nllfl6/nrl-l unr-36, were  picked and scored. 

Strain  constructions: Most strains were constructed by stan- 
dard methods (BREWER 1974). A male  stock of genotype d@ 
I nrl-I;  sDp3was maintained and used in some  strain  construc- 
tions. One of the Unc non-Sma recombinants  arising  from a 
lin-811; smn-3 nrl-I unr-36/Iin-37hermaphrodite parent (Table 
1) was  used to initiate a lin-8 11; lin-37 ncl-I IinC-36 I l l  strain. 
A lin-8; djT-I lin-37 nrl-I unr-36 strain was derived as follows: 
lin-8; lin-37 nrl-1 ztnr-36 hermaphrodites were mated with dpy- 
I nrl-I;  sDp3 males;  wild-type hermaphrodites were picked, 
and several  of their Muv (requiring both lin-8 and lin-37 to 
be  homozygous [FERGLWN and HORVITL  19891)  Unc-36  seg- 
regants were  picked;  animals of the desired  genotype were 
found among their progeny. The duplication sDj13 was added 
to lin-8; lin-37 nrl-I zinc-36 and  lin-8; djg-1 lin-37 nrl-1 unc-36 
genetic backgrounds by mating hermaphrodites of each of 
these  genotypes with dfT-1 nrl-I; sDp3 males and selecting 
wild-type hermaphrodite progeny. Hermaphrodites bearing 
sDj13 were recognized on the basis  of the ratios of phenotypes 
of their self-progeny, among which  were found animals of the 
desired  genotypes. 

The construction of a lin-8 11; djT-1 unr-93(0) lin-37 nrl-I 
unr-36 111; sDp3; suj~lO(n983) Xstrain will  be described. The 
suplO(n983) mutation, which  is essentially  recessive  to sup- 
IO(+), confers a phenotype referred to as rubberband 
(GREKNWAI.D and HORVITL 1986): animals tend to  be  long, 
thin and uncoordinated and recoil and then quickly  relax 
when touched. The rubberband phenotype is suppressed  re- 
cessively  by unr-93(0). Males  of genotype unr-93(0); him-5; s u p  
IO/Owere mated with dpy-I unr-93(0); sup-IOhermaphrodites. 
Wild-type  male progeny,  genotype d / y l  unc-93(0)/unr-93(0); 
himJ/+;  sup-IO/O, were  mated with lin-8; dm-I lin-37 ncl-I unr- 
36 hermaphrodites. Dpy non-Unc-36  non-Muv hermaphrc- 
dite progeny were picked,  from which  many  Dpy non-Unc- 
36 n " d  hermaphrodites were  picked  individually  to 
separate plates.  From  broods that contained Dpy  Unc-36 ani- 
mals,  many  Dpy  non-Unc-36 non-rubberband (suppressed) 
hermaphrodites were  picked  individually.  Among the broods 
of such  animals, a Dpy  Unc-36 Muv non-rubberband segre- 

gant was found and picked  to  establish a lin-8; dfl-I zinr-93(0) 
lin-37 nrl-1 zinc-36; sup-IO strain. The presence of nrl-I was 
confirmed by Nomarski  microscopy. The presence of sujpl0 
was confirmed by mating to  N2 males,  which  yielded  rub- 
berband male  progeny. The presence of wnr-93(0) was con- 
firmed (since the rubberband phenotype is more  difficult  to 
score in Dpy  Unc-56 animals) by mating  to unr-93(0); him-5; 
.sup-lO/O males and finding only non-rubberband progeny. 
Next, unr-93(0); him-5; sup-lO/O males  were  mated with lin-8; 
dm-I unr-93(0) lin-37 ncl-I unr-36; sup10 hermaphrodites. 
Wild-type  male  progeny  were  then  mated  with lin-8; d i p 1  
lin-37 ncl-1 unr-36; sDp3 hermaphrodites. From an  efficient 
mating  (yielding a high proportion of male progeny), many 
wild-type hermaphrodite progeny  were  picked  individually. 
Animals  of genotype lin-8; dm-I lin-37 nrl-I unc-36/d@l unr- 
93(O)  lin-37 ncl-I unc-36; sDj13; supIO/+ were identified from 
the phenotypes of their broods; rubberband segregants were 
picked, among which animals of genotype lin-8; djy-1 unc- 
93(O) lin-37ncl-I unc-36;  .sDp3[Clj?v-l(+) unr-93(+)  lin-37(+) nrl- 
I ( + )  unr-36(+)]; sup-IO were identified.  These  animals are 
non-Dpy rubberband non-Mw non-Ncl  non-Unc-36; their 
nullo-sDp3  self-progeny are Dpy non-rubberband Muv Ncl 
Unc-36. 

Pruning free duplications: Young adult smn-3 ncl-1 zinc-36; 
sDp3 hernlaphrodites were exposed to  5800 roentgens (r) of 
gamma rays  from a '"Cs source, and exceptional Sma non- 
Unc  progeny  were  picked  to  identify  duplications  that  re- 
tained unr-36(+) but  lacked smn-3(+). Two such  duplications, 
which  were  recovered at a frequency of about one per 2000 
duplication-bearing  progeny screened, were mnDj>84 and 
mnDp86, both of  which  carry ncl-I(+). The genetic back- 
ground of each of these  duplications was changed by mating 
the smn-3 ncl-I unr-36; Dp hermaphrodites with nrl-I unr-36/ 
+ + males; smn-3 ncl-I unc-36/nrl-l unc-36; Dp hermaphrodite 
progeny were identified, from  which nrl-1 zinc-36; l lp  segre- 
gants were recovered. For  each  drlplication, a d$y-I ncl-I unc- 
36; Dp strain and a lon-1 ncl-1 unr-36; Dp strain were estab- 
lished, and for  each duplication, the former were  non-Dpy 
non-Unc and the latter were  Lon non-Unc;  thus  both mnIlj184 
and mnDp86carry d / y I ( + )  and not lon-I(+). Similarly, him-IO 



gous recombination w i t h  a him-IOchromosome. The mnDj19/J 
braring males arc fertile (unlike tnnl)j,R4l,earing males, a 
him-5 stock of which was tested repeatetlly for male mating), 
and  the duplication has been put in several genetic back- 
grollnds (some including him-8, for generating rnales a t  high 
I'rcquency). W e  showed that nrnll/19Ocarries d/yl(+)and trnr- 
Y?(+) hut not  /in-?7(+ ). The following crosses were used to 
show that mnl)/)90 carrirs rtnr"lj(+). Males of genotype d / ~ -  
I ncl-I; mnD/19/); h i m - 8  were mated w i t h  c1j:y-I unc-93(r15/)0) 
l~c rmap l~ r~~d i t t~s .  Wild-type hermaphrodite progeny were 
picked, among whose self-progeny were found ~ / I J - /  trnr-93; 
mnl)/~YO herm;lphroditcs; these animals were largely  wild-type 
w i t h  respect t o  locomotion (un r -Y3(~ /500)  is  weakly semi-dom- 
inant)  and non-Egl and segregated appropriate self-progeny. 

Fusing  unlinked free duplications: The following proce- 
dure was used t o  generate ftlsions of mnl)/~~0(l l l f )  and 
mnlIj114(X,f). First, ;I strain carl?ing both  duplications was 
constructed: ( / / I ] - ]  nr/-I/+ +; uric-? osm-l//);  mn1)/)14[ zrnr-3(+) 
o.~tn- l (+) ]  males were mated with rlj?V-/ ncl-I; mnI1j)YO; mr-3 
o ~ m - 1  I~crmaphroditcs. r h o n g  the wild-type hermaphrodite 
progeny,  animals of genotype d / t y - l  nrl-I; nrn1)/190; tcnr-3 o m -  
I ;  mnl)j , l4  were itlentifietl on the basis  of their progeny ratios 
and Inaintainecl a s  ;I stock. The two duplications  segregate 
indcpendently, yieltlingwil(l-type, Dpy, Unc and Dpy Unc self- 
progeny. After exposure to 3300 r ol'gamma rays, young adult 
wild-type animals were picked individually to fresh plates, as 
were several of their wild-type self-progeny. The broods of the 
latter were screened for the presence of wild-type and Dpy 
Unc but n o  Dpy o r  Unc anim;ds. Approximately 1-2% of the 
animals tested appeared to carry a fuscd duplication. For each 
of eight lines (each clescended from a different  irradiated 
hermaphrodite) carrying putative fused duplications, wild- 
type ;unim;ds were rnated with N2 (wild-type) males, which, as 
expected, yielded both wild-type (duplication-hearing) and 
Unc-3 males. The wild-type males were then crossed to dB-I 
h i m - I O  nrl-I; rrnr-3 osm-/ hermaphrodites,  and wild-type her- 
maphrotlite progeny were picked. Finally, strains homozygous 
for him-IOor  h i m - l / I ( + )  were established for  each  duplication. 
Two of the fused duplications generated in this way were 
mnl)/)9/ and mnI)j)92, each  ofwhich  carries dB-!(+), ncl-I(+), 
f rnr - j ' (+ )  and osnr-l(+) (Figure 2) .  The duplication mnDp89 
w a s  generated in a similar way from mnDj184 and mnDpl4. I t  
differs from mnl)j191 and mnDp92 in not carrying osm-I(+) 
and i n  not being transmissable by males. 

DAPI staining: Each animal was deposited individually in 
a drop of ivatcr on a slide, fixed  with a drop of Carnoy's 
(SC'ISI~N and H ~ I ) ( ; K I s  1988), stained with diamidinophe- 
nylindole (EI.I.IS and HORVITL 1986) and ohsenred by epiflu- 
orescence microscopy. 

Nomarski microscopy: Animals were mounted on a slide 
i n  a small drop o f  water on a 5 %  agar pad by the method 
tlescribcd by SLIS.IX)S and HOI)(;KIN (1988). Sometimes  both 
water drop  and agar contained 10 mu sodium azide as an 
anesthetic. The Ncl phenotypes of cells were scored by No- 
rnarski differential interferencc  contrast microscopy using ei- 
ther a Zciss Universal or Zeiss Axioplan microscope. Nuclei 
w c w  identified using published  diagrams (AI.DERTSOS and 
Tllostsos 1976; S t ~ . s I o s  and HOR\TIY. 1977; KIMIRI.F. and 
HIKSII 1979; S ~ ~ s r o s  PI n/. 1983, 1988; M ' f I m  PI nl. 1986). 

Measuring positions and frequencies of duplication  loss: 
In o u r  first set of experiments, non-Dpy dB- I  nrl-/; sDp3 12- 
1.4 hermaphrodites were picked, and six amphid neurons- 
ASKI.. ~-\Dl.l., M I L ,  ASKR,  ADLR and ASIR-of each anim;d 
were inspected by Nomarski microscopy for Ncl mosaicism. 
When mosaic was found, many lineally related cells (Svt s  
 os and H~K\'II'L 1977; KIMI%I.I< and HIKSII 1979; S L U T ~ S  PI 
( I / .  1983. 1988) werc scored t o  pinpoint as closely as possible 
the position of duplication loss i n  the cell lineage, on the 



The ncl-I mutant phenotype: Each of two nrl-1 mu- 
tant alleles was identified among  the FL' offspring of 
EMStreated  hermaphrodites.  The  nrl-l(~l942) muta- 
tion was identified by C .  KI.:WON (personal  commmica- 
tion)  and  confers a phenotype very similar t o  that of 
nrl-I(~1865), the allele used in this work. Each mutation 
results in enlarged nucleoli,  as  observed in most cells 
at all stages of development by Nomarski differential 
interference  contrast microscopy  (Figure 4) or by elec- 
tron  microscopy  (Figure 5 ) .  Neuronal  nucleoli are 
small in  wild-type animals and greatly enlarged in ncl-I 
animals; body muscle and  hypodermal nucleoli are 
also enlarged in nrl-1 mutants.  Intestinal and  germline 
nucleoli are exceptional:  they are large in  wild-type ani- 
mals and  not markedlv  larger in nrl-1 animals. The nrl-I 
mutants  exhibit  no  apparent defects in  viability, fertility, 
development, body  morphology or movement. We have 
mapped nrl-I to  a  site o n  linkage group 111 (Table 1; 
Figure 1). Both mutant alleles arc recessive to ncl-I(+), 
and  the  phenotvpe of nrl-I/D~animals  (see SIATI.:KI:ZI.S 

ANI) MI.:TIIOI)S) appears t o  be  the  same as that of nrl-1 
homozvgotes; we suggest that  the nrl-I mutations  are 
either partial or  complete loss-of-function. 

Young  embryos produced by either wild-type or ncl- 
I / +  hermaphrodites do  not have discernahlc  nucleoli 
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Dvc 
hYPl1 \ mubod / 

non-Ncl 
(wild type) 

non-Ncl 
(wild type.) Ncl hypl0 (non-Nci) 

FIGURE 8.-Example  of a simple  mosaic. It is concluded  that the cell ABpr,  which is marked by a dot in the lineage tree, 
failed to transmit  the  duplication, since all of its  indicated  descendants  were Ncl. The  binucleate cell hyplO is formed by the 
fusion of two cells,  one  descended  from ABprpp and the  other from ABplpp; both  hyplO  nuclei were non-Ncl in this  animal. 
Both  hyplO nuclei were Ncl when  duplication loss occurred  at either AB or AB.p. 

in  the Nomarski microscope; this includes homozygous 
ncl-1 embryos. On  the  other  hand, young embryos even 
at  the two- and four-cell stages produced by homozy- 
gous ncl-1 hermaphrodites  exhibit nucleoli. The mater- 
nal effect of a single copy  of ncl-l(+) in  the  hermaphro- 
dite  parent is dissipated by the time of hatching. 
Regardless of the  genotype of the  mother,  the differ- 
ences between nucleolar sizes in mutant  and wild-type 
animals can be distinguished in first stage larvae (Ll) 
and become  more  pronounced  in  later larvae (L3  and 
L4) and adults. 

ncL1 genetic mosaics: To explore  the utility of ncl-1 
as a cell marker  for mosaic  analysis, we first used the 
free  duplication sDp3(IZI;f) (ROSENBLUTH et al. 1985), 
which carries ncl-l(+) and which has been shown to be 
mitotically unstable (KENYON 1986). We constructed  a 
strain of genotype dpy-1 ncl-1; sDp3[ dpy-l(+)  ncl-l(+)], 
picked L2-L4 non-Dpy animals, and inspected by  No- 
marski microscopy the sizes  of the nucleoli of  six neu- 
rons: ASK, ADLL,  ASIL, A S K R ,  ADLR and ASIR these 
cells are easy to identify quickly and  are  not closely 
related (SULSTON et al. 1983; Figure 3). Nine percent 
(66/700) of the animals screened  (reared at 20") 
showed ncl-1 mosaicism for one  or  more of the six neu- 
rons; examples are shown in Figure 6. When one  or 
more of the cells of an animal were Ncl, we scored 
many  lineally related cells (SULSTON et al. 1983) to see 
whether or  not  the  pattern of mosaicism was consistent 
with the mitotic loss  of the  duplication by a single pro- 
genitor cell and  the cell autonomy of ncl-1. Examples 
of  mosaic expression of ncl-1 in hypodermis and in body 
muscle are illustrated in Figure 7. In most cases,  mosaic 
animals were explicable as "simple mosaics," in which 
sDp3 was apparently lost by a single progenitor, as  illus- 
trated by the  example  in Figure 8. These simple mosaics 
also strongly support  the view that ncl-1 acts cell autono- 
mously.  Because many neighboring cells in the  animal, 
even members of the same sensillum, are  often distantly 

related by lineage, cells in ncl-1 clones were  typically 
surrounded by ncl-I(+ )-containing cells. 

In the  example given in Figure 8, all  of the  indicated 
descendants of the cell ABpr  were  Ncl,  with one signfi- 
cant  exception, and all other cells  were non-Ncl. The 
exceptional cell fused early in  development with a cell 
derived from ABpl to become the  binucleate cell hyplO 
(SULSTON et al. 1983). We conclude  that when one of 
the two cells that fuse to form hyplO is ncl-1 and  the 
other carries ncl-l(+), then  both nuclei become non- 
Ncl; the  common cytoplasm must generate  a  product 
encoded by ncl-l(+) that acts on  the  mutant nucleus. 
We have seen many  mosaic animals in which one of the 
two hyplO nuclei must have been ncl-1, and only when 
both hyplO nuclei were ncl-1 did  the two nuclei have 
enlarged nucleoli. In  contrast,  the hyp8 and hyp9  hypo- 
dermal cells are  mononucleate,  and they behaved cell 
autonomously in ncl-1 mosaics. 

At  low frequency  (in  four mosaic animals out of a 
total of 66 mosaic animals), two unrelated  mutant 
clones were found in the same animal; the frequency 
of these events was no higher  than  expected  for  inde- 
pendent events. In addition, however, we found animals 
in which sDp3 was lost at two or  three consecutive cell 
divisions. When two consecutive losses occur,  the  dupli- 
cation is transmitted to only one  daughter  at consecu- 
tive divisions,  with the  consequence  that  an aunt  and 
niece (and their  descendants)  are  rendered homozy- 
gous mutant. We refer to such events as consecutive 
mosaics. The frequency of consecutive mosaics (7 com- 
pared to 93 simple mosaics) appeared to be higher 
than  expected by chance; an example of a consecutive 
mosaic is given in Figure 9.  (Two triple consecutive 
mosaics are described below in the section on mitotic 
nondisjunction of sDp3.) It is possible that  a few  of 
the mosaics we classified  as simple might have suffered 
consecutive losses. To confirm that  a putative simple 
mosaic is not consecutive it is necessary to show that 
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\ 
Ncl (wild type) 

non-Ncl 

descendants of  all four  granddaughters of the cell that 
lost the duplication are Ncl and  that descendants of 
the  aunt  and two nieces of the cell that lost the duplica- 
tion are non-Ncl. It is sometimes impossible to satisfy 
all of these criteria. Duplication loss may occur  too late 
in the lineage for  four  granddaughters to be generated, 
or  one  or  more of the relevant cells may not be 
scoreable (see below). Nonetheless, examples in which 
all criteria for  a simple mosaic  were  satisfied (as in Fig- 
ure 8) were much  more  frequent  than were consecutive 
mosaics. 

0.. [ 

We carefully characterized 93 simple and 7 consecu- 
tive dpy-I ncl-I; sDp3 mosaics. The points in the lineage 
at which the  duplication was lost in these 100 events 
are shown in Figure 10 (only the position of the first 
loss for each of the consecutive mosaics is shown). The 
results show that  the probability of  loss per cell  division 
is approximately constant  throughout  the lineage that 
generates these six neurons.  In some cases,  shown by 
brackets in Figure 10, duplication loss could only  be 
narrowed to a cell or its mother  (or  grandmother, in 
two cases),  either because its sister (or  aunt) had  under- 

ASKL ASK. ASKR ASIR 

FIGURE 10.-Points in the cell lineage at which sDp3 was lost; 100 events are shown. Non-Dpy dpy-1 ncl-1; sDfi3 animals were 
picked, and six neurons (ASKL,, ADLL, ASIL, ASKR, ADLR and ASIR) were scored  for the Ncl phenotype. For each mosaic 
animal found, many additional cells were scored, as illustrated by Figures 8 and  9, so that  the position in the lineage at which 
the duplication was lost could be  pinpointed. Each of the  dots represents an event that  appeared to be simple. The asterisks 
represent  the position of the first duplication loss in  a consecutive mosaic (the second losses for  the consecutive mosaics are 
not  shown). Brackets mark two or  three consecutive cell divisions that  cannot be  distinguished, either because cells in the lineage 
(marked with an  x)  are absent owing to  programmed cell death  or because a cell in the lineage has fused with a  hypodermal 
syncytium and will not exhibit  a Ncl phenotype even if mutant. 
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1 
2 
3 
4 
5 
6 
7 
8 
Y 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 

Genotype 

Frequency of mitotic 
Dp loss per cell 

No. of duplication division 595% 
losses/no. of cell confidence limits 

Temperature divisions  scored ( X  lo?) 

dB-1 ncl-1; sDp3 
dpy-1 ncl-1; sDp3 
dpy-1 ncl-1; sDp3 
dpy-1 ncl-1; sDp3 
ncl-1 unc-36; sDp3 
ncl-1 unc-36; qDp3 
ncl-1 unc-36; mnDp84 
ncl-1 unc-36;  mnDp86 
ncl-1 unc-36; mnDp90 
ncl-1 unc-36;  mnDp89 
dB-1  ncl-1; unc-3 osm-1; mnDp91 
dpy-1 ncl-1; unc-3 osm-1; mnDp92 
d B - l  ncl-1; sDp3; him-4 
ncl-1 unc-36;  mnDp90; him-8 
him-1 0 ncl-1 unc-36; mnDp84 
him-1 0 ncl-1 unc-36; mnDp84 
him-1 0 ncl-1 unc-36; mnDp90 
him-10 ncl-1 unc-36; mnDp89 
dpy-1 him-10 ncl-1; unc-3 osm-1; mnDp91 
dpy-1 him-10 ncl-1; unc-3 osm-1; mnDp92 
him-1 0 ncl-1 unc-36;  mnDp86[ him-I O(+)] 

20" 
20" 
16" 
24" 
20" 
20" 
20" 
20" 
20" 
20" 
20" 
20" 
20" 
20" 
20" 
16" 
20" 
20" 
20" 
20" 
20" 

76/33,234 
50/20,413 
41/20,876 
50/ 16,060 
27/13,757 

3/23,636 
43/8,144 
39/8,892 
40/8,113 
16/18,697 
5/12,998 
6/16,251 

25/10,899 
34/6,395 
67/3,131 
46/4,524 
44/2,360 
41/6,152 
24/10,523 
17/6,883 
27/7,509 

2.3 2 0.5 
2.4 5 0.7 
2.0 5 0.6 
3.1 2 0.9 
2.0 5 0.8 

5.3 t- 1.6 
4.4 2 1.4 
4.9 5 1.6 
0.9 5 0.5 

0.4+1;.2 
0.4?:;,: 

2.3 5 0.9 
5.3 t- 1.9 
21 2 5  
10 5 3 
19 5 6 

6.7 5 2.1 
2.3 5 1.0 
2.5 2 1.2 
3.6 5 1.4 

0.1 ::;& 

gone  programmed cell death  or because its sister gener- 
ated  descendants  that fused with ncl-I(+) cells to form 
hypodermal syncytia; as we have already indicated, all 
nuclei in hypodermal syncytia that  contain  both ncl-1 
and ncl-l(+) nuclei  are non-Ncl. 

Many duplication losses denoted  in Figure 10  oc- 
curred  during  one of the last two (or  three) cell  divi- 
sions that gave  rise to a terminally differentiated neu- 
ron. This  means  that ncl-I(+) must be active late, 
probably within the  neuron itself; it may also be active 
during earlier  periods of embryogenesis, but if so, the 
gene exhibits very little perdurance, i.e., any ncl-I(+) 
gene  product  produced by ancestral cells does not per- 
sist  sufficiently to prevent the appearance of enlarged 
nucleoli. This is perhaps  not  surprising in view of the 
fact that  the  neurons must generate  dendrites and ax- 
ons  after they are  born,  about halfway through em- 
bryogenesis (SULSTON et al. 1983),  and then increase 
in size during larval development. 

Using ncl-1 mosaics  to  measure  frequencies of mitotic 
loss of a  duplication: From the  experiments described 
in the  preceding section, we can estimate the frequency 
of sDp3 loss per cell division, assuming an equal  proba- 
bility for all  divisions. The six amphid  neurons  that were 
scored  are  generated by a total of  44  cell  divisions. Thus, 
in non-mosaic animals, 44  cell  divisions  were negotiated 
by the  duplication successfully. In mosaic animals, how- 
ever, the  number of  divisions sampled is less because 
all  divisions in a lineage following a  point of duplication 

loss must be excluded from consideration (see MATERI- 
ALS AND METHODS). For a series in which we kept a 
careful tally of  all animals scored, we found 76  losses 
in 33,234 cell  divisions, or 2.3 X per cell  division, 
for animals reared  at 20" (Table 2, line 1). 

In order to measure  frequencies of duplication loss 
more efficiently, we have scored the Ncl phenotype of 
21 somatic cells chosen for  their ease of scoring and 
disparate lineage;  the 21 cells are generated by 140  cell 
divisions (Figure 3). In these experiments,  additional 
cells  were generally not scored and we did not  attempt 
to locate the position of duplication loss  precisely in 
the cell lineage (see MATERIALSAND METHODS for details 
on  scoring). Results obtained by this method were in 
excellent  agreement with our first procedure  (Table 2, 
lines 1 and 2). 

Table 2 (lines 2-4) shows that  the frequency of  mi- 
totic loss  of sDp3 increased only  mildly  with increased 
growth temperature:  the frequency of  loss for animals 
reared at 24"  was roughly 50% higher  than  for those 
reared  at 16". 

Frequencies of mitotic loss of different  duplica- 
tions: The duplication qDp3 (AUSTIN and KIMBLE 1987) 
also carries ncl-l(+), although its endpoints  are differ- 
ent from those of sDp3 (Figure 2).  The frequencies of 
loss  of sDp3 and qDp3 were compared; qDp3 does not 
carry dpy-I(+), but  both duplications carry unc-36(+), 
so we put  both  duplications in the same genetic back- 
ground, ncl-1  unc-36, for purposes of comparison. The 
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FIGURE 11.-Correlation between the fre- 
quency of mitotic duplication  loss  and  the 
frequency of self-progeny  that do not inherit 
a duplication. 

0 5 10 15 

Frequency of mitotic loss (x lo3) 

frequency of mitotic loss  of qDp3 was only about 5% 
that of sDp3 (Table 2 ,  lines 5 and  6), despite the fact 
that  the DNA content of qDp3 appears to be less than 
that of sDp3 (see DISCUSSION). 

We have generated ncl-l(+ )bearing derivatives  of 
sDp3 that lack sma-3(+) and lon-I(+), which map to 
the left of ncl-I. The derivatives  were identified among 
exceptional Sma non-Unc progeny of sma-3 ncl-I unc- 
36; sDp3 hermaphrodites following  gamma-ray treat- 
ment (see MATERIALS AND METHODS; Figure 2).  The fre- 
quencies of mitotic loss  of  two  of these duplications, 
mnDp84 and mnDp86, were enhanced, roughly twofold, 
compared with sDp3 (Table 2, lines 7 and 8). The free 
duplication mnDp90 was generated as a  spontaneous 
derivative of mnDp86 that lacks him-IO(+); the fre- 
quency of mitotic loss  of mnDp90 (Table 2, line 9) was 
not much  different from that of  its progenitor, mnDp86. 

Fusing a ncGl(+ )-bearing  free  duplication  to  unlinked 
free  duplications: Because ncl-I(+) is an  excellent cell 
marker  for tracking duplication loss, it could be useful 
to tag unlinked duplications with  it. We have accom- 
plished this by fusing unlinked duplications to a ncl- 
I(+)-bearing  duplication. To illustrate how  this was 
done, consider  a strain of genotype dpy-1  ncl-I III; 
sDp3(III,f); unc-3 osm-l X; mnDpl4(X;f). The two un- 
linked duplications segregate independently  at meiosis, 
yielding all recombinant classes, including Dpy non- 
Unc and Unc non-Dpy animals. After treatment with 
gamma rays,  wild-type animals were picked individually 
to fresh plates, and self-progeny broods were screened 
for  the  presence of  wild-type and Dpy Unc progeny 
only. In this way,  we made fusions of sDp3 and 
mnDpl4(X,f), a fusion of sDp3 and mnDp30(X,f), fusions 
of mnDp84 and mnDpI4, and fusions of mnDp9O and 

20 25 

mnDpl4. The fused  duplications involving sDp3 were 
extremely stable mitotically (data  not  shown), however, 
perhaps as a  consequence of their large size. The dupli- 
cation mnDp89, which was generated by the fusion of 
mnDp84 and mnDpl4, is considerably more stable that 
mnDp84, but  it gives  mosaic animals at  a reasonable 
frequency (Table 2 ,  line 10). Similarly, mnDp91 and 
mnDp92, which  were generated by fusions of mnDp90 
and mnDpl4, are  more stable than mnDp90 (Table 2, 
lines 11 and 12). (For unknown reasons, males carrying 
mnDp84 or   mq89ar-e  infertile, whereas males carrying 
mnDp90,  mnDp91 or mnDp92 are fertile.) 

A him-10 mutation  markedly  enhances  mitotic  dupli- 
cation loss: We were interested in identifying muta- 
tions that  enhance  the frequency of mitotic duplication 
loss. Mutation in him-4 leads to increased meiotic non- 
disjunction of the  X  chromosome and various other 
abnormalities (HODGKIN et al. 1979; E. HEDGECOCK, un- 
published data)  but  had  no discernable effect on  the 
frequency of mitotic loss of sDp3 (Table 2, line 13). A 
him-8 mutation, which  also increases meiotic nondis- 
junction of the  Xchromosome (HODGKIN et al. 1979), 
also had little effect on mitotic duplication loss (line 
14). A him-10 mutation, however,  which  affects mitotic 
chromosome segregation (A. VILLENEUVE, personal 
communication), markedly increased the frequency of 
mitotic loss  of duplications (Table 2).  The frequencies 
of  loss  of mnDp84, mnDp89, mnDp90,  mnDp91 and 
mnDp92 were  all increased about  four- to sixfold for 
animals reared at 20" (Table 2, lines 15,  17-20).  The 
him-10 mutation is temperature sensitive  with respect 
to its effects on  both  the incidence of male self-progeny 
and  on fertility (HODGKIN et al. 1979),  and it was only 
about half  as  effective at 16"  as at 20" in promoting 
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mitotic loss  of mnDp84 (Table 2, lines 15  and  16). Ho- 
mozygous him-10 stocks  were  essentially sterile at 25". 
The duplication mnDp86carries him-lo(+), and this one 
copy was dominant to the two copies of him-lO(el5llts) 
carried by chromosomes 114 both with respect to  the 
frequency of duplication loss (Table 2, line 21) and  the 
incidence of male self-progeny. 

The  frequency  of  mitotic  duplication  loss  correlates 
with  the  frequency of self-progeny  that  fail  to inherit 
the  duplication: Different free  duplications may exhibit 
different  frequencies of transmission to self-progeny. 
The frequency at which self-progeny fail to inherit  a 
duplication may reflect meiotic as  well  as mitotic dupli- 
cation loss. It may also depend  on  the viability  of ani- 
mals carrymg two copies per cell of a  free  duplication, 
since such animals would be expected  to give fewer 
nullo-duplication self-progeny (see below); as  will be 
shown in the  next section, animals carrying two copies 
of sDp3, at least, are sickly and probably systematically 
excluded  from the data of Figure 11. In any case, Figure 
11 shows that  there is an  apparent  correlation between 
the  frequency of mitotic duplication loss and  the pro- 
portion of self-progeny that fail to  inherit  the duplica- 
tion,  at least for this set of overlapping and mostly re- 
lated duplications. 

Mitotic  nondisjunction of sDp3: We have asked 
whether or  not mitotic duplication loss can occur as a 
consequence of duplication  nondisjunction, in which 
case the sister of the cell that lost the duplication would 
receive two copies of the duplication. For these experi- 
ments, we identified AB(- )  (duplication loss at AB) 
mosaics and  then measured  the  duplication copy num- 
ber of the mosaic animals' germlines, which are de- 
scended from P I ,  the sister of AB (Figure 3). We 
measured the duplication copy numbers by  two inde- 
pendent  methods in two separate sets of experiments. 

0.8 1 .o 

FIGURE 12.-Histograms  show- 
ing  the  proportions of nullc-sDp3 
self-progeny  produced by AB(-) 
and ABp( -) mosaics arising from 
dB-l ncl-1 unc-36; sDp3 zygotes. 
Each dot represents  one mosaic 
animal.  Among  the  59  ABp(-) 
mosiacs, the  median  frequency  at 
which their single copy  duplica- 
tion was not transmitted  to  the 
next generation was 0.42. The ex- 
pected  median probability of two 
copies of the duplication  not  be- 
ing transmitted  to  the  next gener- 
ation would be about 0.42 X 0.42 
= 0.18, assuming  that  the two du- 
plications  behave  independently. 
The  smallest and median brood 
sizes  were 70 and  225  for ABp (-) 
mosaics and 55 and 126 for 
A B (  -) mosaics,  respectively. 

In each case, we used animals of genotype dpy-1  ncl-1 
unc-36;  sDp3 and screened  for Unc non-Dpy segregants, 
which  were then  scored  for mitotic duplication loss  us- 
ing  the Ncl phenotype. KENYON (1986) previously 
showed that  the anatomical focus of unc-36 action is 
among  the  descendants of ABp (-); we show  below that 
the focus of dpy-1 action is diffusely distributed,  appar- 
ently among hypodermal cells,  which are derived from 
both AB and P1. Most  of the Unc non-Dpy animals, as 
a  consequence, were either AB( -) or ABp( -) mosaics. 
To classify an animal as an AB( - ) mosaic, we required 
that  at least one descendant of each of the  four  grand- 
daughters of AB be scored (and  be Ncl) and that at 
least some descendants of P1 be non-Ncl. We used the 
ABp(-) mosaics  as controls, since their germlines 
should  be unaffected. 

In  the first set of experiments,  each mosaic animal 
was allowed to generate self-progeny, which generally 
included  both nullo-sDp3 (Dpy Unc)  and sDp3bearing 
(wild-type) animals. The  proportion of nullo-sDp3 prog- 
eny was measured  for each mosaic animal. For the 59 
ABp( -) mosaics that were scored,  the  median  propor- 
tion of nullo-sL)p3 progeny was 0.42, with a  range of 
0.32 to 0.61 (Figure 12). We presume  that  the  progeni- 
tor cell of the germlines of the ABp (-) mosaic animals 
contained  a single copy  of  sDp3.  If the  germline  progen- 
itor of an AB (-) mosaic contained two copies of sDp3, 
we would expect  a lower proportion of nullo-sDp3  self- 
progeny. Indeed,  among  the 39 A B - )  mosaics scored, 
24  gave a  proportion of  nullo-sDp3 progeny of  less than 
0.3 (Figure 12). If we assume that two duplications 
would behave independently  at meiosis-without pair- 
ing,  for example-then the  expected  mean frequency 
of  nullo-sDp3 progeny would be 0.42 X 0.42 = 0.18, 
which was approximately the  mean  proportion of'nullo- 
sDp3 progeny for  the 24 AB(-) mosaics  with  values 
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TABLE 3 

Detection of free duplications by DAPI staining of oocytes 

Proportion o f  oocytes  showing six biv;dcnts plus 
the indicated number of fragments 

0 1 2 >2 

A B p - )  mosaics" 0.31 (34/110) 0.69 (X/ 1 10) 0 . 0 0  (O/ 1 10) 0.00 (0/110) 
AB(-)  mosaics" 0 . 1 6  ( 16,' 1 03)  0..56 (58 /  103) 0.28 (29/103) 0.00 (0/103) 
Expcctcrl lrrqwncics for t w o  duplications' 0.10 0.43 0.48 0.00 

I' The total o f  1 I O  oocytes scored were found in 34 ABp( - )  mosaic  animals; the me;~n number of oocytes scored per animal 
and the samplc standard deviation for oocytes scorecl per animal were 3.2  and  1.4, respectively. 

"Thr t o t a l  o f  103 oocytes scored wcre found in 41 AB(-)  mosaic  animals; the mean number o f  oocytes scored per animal 
; u n d  the sample stand;u-tl deviation for oocytes scored per animal were 2.5 and 1 . I ,  respvctivcly. Sixtrc-n (39%) of the AB( -) 
mosaic anim;ds l ~ l  at  least one occyte showing t w o  fragments. 

' The r x ~ ~ e c t c d  frcourncies for 0, 1 and 2 frat.ments were calculated from the ABp(-) results as follows: 0.31 X 0.31. 2 X 
0.31 X 0 .69  antl 0 . 6 9  X 0.69, rrspcctively. 

under 0.3 (Figure 12). MTe therefore  estimate  that 24/ 
39 or 62% o f  the  AB(-) mosaics were generated by 
nondisjunction, in which hvo copies of .d)p3 were segre- 
gated to P I .  Most  of the  remaining 15 AB(-) mosaics 
appeared to involve simple  duplication loss. In two 
cases, the  germline of ABp(-) mosaics appeared  to 
receive no duplication,  because none of the self-prog- 
eny  carried one (Figure 12). These two parents  could 
have been  consecutive mosaics, in which the duplica- 
tion was lost at AB and Py. Two of the Unc non-Dpy 
animals  identified in this screen were i n  Fact triple  con- 
sectltive mosaics: each was P I  ( - )  ABa(-) ABpr(-). I t  
seems very unlikely that  the losses occurring in consecu- 
tive mosaics involve nondisjunction. 

The  AB(-) mosaics were smaller and less fertile on 
average than  the ABp( -) mosaics. M'e suggest  that two 
copies of sl)j,3 in many cells of an  animal's body may 
be deleterious.  It was shown in earlier  experiments  that 
animals  carrying two copies of another  free  duplication, 
mnl)j,26, are viable but  retarded in their  development 
and give small brood sizes compared to animals  bearing 
a  single copy of the  duplication (HIXMXS P/ nl. 1979). 
M'e do not know if self-progeny of sDp3-bearing her- 
maphrodites carrying hvo copies of the  duplication in 
essentially all somatic cells are viable, i .~ . ,  we have made 
no  attempt  to estimate the  incidence of two-duplication 
zygotes or  progeny  from slIp3bearing animals. An ad- 
vantage of using ABp(-) mosaics as controls is that 
their mosaicism makes it  likely that they carried  a  single 
duplication as zygotes. 

In the  second  set of experiments, AB( -) and ABp( -) 
mosaics were identified as before,  but  the animals were 
then  stained with  DAPI, and  the oocytes were scored 
cytologically for  the  presencc of small chromosome 
fragments in addition to the  normal set of six bivalents. 
The oocytes of ABp( -) mosaics frequently  exhibited  a 
single chromosome  fragment in addition to the  normal 
set of six bivalents, and no cases o f  hvo fragments were 
found  (Table 3) .  A relatively high proportion (SI %) of 
the  ABp(-) oocytes showed no fragment,  a result that 

has been  noted previously (HICKMAN P/ NI. 1976). The 
reason  for  this  could  he either  that many oocytes con- 
tained no duplication, as a  consequence of premeiotic 
duplication loss, or that  the  duplication  contained in 
many oocytes was simply not observed,  perhaps  because 
it was situated  too close to a bivalent. In any case, 28% 
of the  scored oocytes in AB(-) mosaics showed two 
fragments  (Table 3; Figure 13). If we assume that  the 
two duplications  behave  independently, we would ex- 
pect  that  about 0.69 X 0.69 = 48% of the oocytes of 
an animal in which the  germline  progenitor  carried two 
duplications would show two detectable  chromosome 
fragments. From the observed frequency of 28%, we 
conclude  that  about 58% (0.28/0.48) of the  AB(-) 
mosaics were generated by nondisjunction, which is in 
very good  agreement with the  preceding estimate. 

The focus of dpy-1 function is in hypodermis: Loss 
of d@-I (+)  from a l l  AB cells in an otherwise d/t\l-l ncl- 
I unc-36; sDp3 animal  does not result in an overall Dpy 
body shape.  Furthermore,  the two triple mosaic animals 
referred  to  above in which dpy-l(+) was lost by P I ,  AEka 
and ABpr were also essentially non-Dpv. Additional 
PI (-) +!-I mosaics, which were non-Dpy, are described 
below. M'e conclude  that  the focus of +y-I expression 
with respect to overall Dpy body shape must he diffuse; 
expression of d / y l ( + )  among  descendants of PI or  AB 
(or ABpl) must he sufficient to give a non-Dpy body 
shape.  This  conclusion is supported by our inability to 
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FIGURE 14.-Drawings,  based  on  drawings  made  with a Zeiss 45" drawing  prism, of animals  mounted  on  agar  pads to illustrate 
the  effects of dpy-1 mosaicism on tail bending  and  nerve  ring  positioning. All  animals  are  mid-L4  larvae.  Anterior is to  the  left 
and  dorsal is up. (A) Wild-type  tail  of a dpy-1  ncl-1  unc-36;  sDp3 animal. Nuclei of tail hypodermal  cells  are  shown. (B) Dpy tail 
of a dpy-1 ncl-1  unc-36 animal. (C) Ventral  tail  bend of an  ABp(-)  mosaic  arising  from a dpy-l ncl-1  unc-36;  sDp3 zygote. (D) 
Position of nerve  ring in a dpy-1  ncl-1  unc-36; s4p3 non-Dpy  animal. (E) Position of nerve  ring  in dpy-1 ncl-1 unc-36 animals  and 
AB-) mosaics  arising  from dpy-1 ncl-1 unc-36;  sDp3 zygotes. Similar  results  for  tail  bends  and  nerve  ring  positions  were  found 
for mosaics arising  from dpy-1 ncl-1; d lp3  zygotes.  The  magnifications of all drawings,  indicated  in A, are  identical. 

find dpy-1 ncl-1 unc-36;  sDp3 mosaics  with a Dpy non- 
Unc phenotype. The most likely interpretation of these 
results is that  the overall Dpy body shape is a conse- 
quence of the lack  of d@-l(+) expression in the hyp7 
syncytial hypodermis, which  covers much of the body; 
hyp7 nuclei arise from descendants of  ABa,  ABpl,  ABpr 
and PI (SULSTON et al. 1983). 

We have discovered anatomical abnormalities in the 
heads and tails  of particular dpy-1 mosaics,  which we 
also attribute  to hypodermal dpy-1 expression. Animals 
homozygous for dpy-1 have stubby tails (Figure 14).  The 
AB(-) and ABp(-) mosaics described in the previous 
section invariably  displayed a  sharp ventral bend in 
their tails (Figure 14). We confirmed the idea that these 
bends were due to the absence of dpy-l(+) among  de- 
scendants ofABp (and  not  an effect of unc-36) by identi- 
fymg  six dpy-l ncl-1; sDp3 animals with ventral tail bends; 
using the Ncl phenotype, we showed that  three of these 
animals were AB( -) mosaics and that  the  other  three 
were ABp(-) mosaics. The ventral tail bend is thus a 
useful diagnostic for identifylng AB( -) and ABp( -) 
mosaics arising from dpy-1 ncl-1; sDp3 zygotes.  We pro- 
pose that  the ventral tail bend of A B (  -) and ABp( -) 
mosaics  is caused by both  the absence of dpy-l(+) from 
the  mononucleate ventral tail hypodermal cells  hyp8 
and hyp9,  which descend from ABpl and ABpr, and the 
presence of dpy-l(+) in the dorsal tail hypodermal cell 
hypll, which descends from P I .  A shortening of  hyp8 
and hyp9 without concomitant  shortening of hypll 
would be expected to lead to a ventral tail bend. The 
dB-1  genotype in AB (-) and ABp (-) mosaics of the 
most posterior hypodermal cell, the binucleate cell 

hypl0, may also contribute to the ventral tail bend. 
Some PI(  -) dpy-1 mosaics (see next  section), in  which 
hypll is dpy-1 and  other tail hypodermal cells are d B -  
l(+), exhibited a weak dorsal tail bend,  but we have 
not  been able to identify dpy-1 hypll mosaics  reliably 
on the basis  of a dorsal tail bend. 

The abnormality in the  head  that we have correlated 
with dpy-1 mosaicism concerns the position of the nerve 
ring in relation to the pharynx. In wild-type animals, 
the nerve ring nearly surrounds (on all but  the ventral 
side)  the isthmus of the pharynx at  a position, in larvae, 
about halfway  between the metacorpus and terminal 
bulb (Figure 14).  (In older adults, the nerve ring be- 
comes relatively closer to the terminal bulb,  although 
still on the isthmus.) In dpy-1 animals, the nerve ring is 
more anteriorly situated; it is around  the isthmus at a 
position almost adjacent to  the metacorpus (Figure 14). 
We measured the nerve ring positions in 14 A B (  -) and 
1 1 ABp ( - ) mosaics arising from dB-1  ncl-1 unc-36;  sDp3 
zygotes; the mosaic animals were identified in our analy- 
sis  of mitotic nondisjunction of sDp3. The nerve rings 
of all of the AB (-) mosaics  were at the  anterior position 
characteristic of dB-l animals, whereas the nerve rings 
of  all  of the ABp( -) animals were more medially situ- 
ated,  at  about the same position as is found  for  non- 
mosaic dpy-1 ncl-1 unc-36; Sop3 animals. This effect is 
unrelated to the unc-36gene; three AB( -) mosaics  aris- 
ing from dpy-1 ncl-1; sDp3 zygotes, identified on the 
basis  of ventral tail bends, had  their nerve rings at  the 
anterior position. 

We interpret  the effect of dpy-1 mosaicism on the 
position of the nerve ring as an effect on the  anterior 
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hypodermal cells  hyp4,  hyp5 and hyp6. One of the 
three hyp4 nuclei, one of the two hyp5 nuclei and two 
of the six  hyp6 nuclei descend  from ABa; the  others all 
descend from ABp (SULSTON et al. 1983). We suggest 
that when all of the hyp4, hyp5 and hyp6 nuclei are 
dpy-1, the cells are  shortened  and  the nerve ring is situ- 
ated  more anteriorly as a  consequence. We have in fact 
noted  that  the positions of the hyp6 nuclei and neigh- 
boring hyp7 nuclei are  more anteriorly situated in dpy- 
1 and AB(-)  mosaics than in wild-type animals. We 
thus suggest that  the position of the nerve ring is deter- 
mined by the position of surrounding hypodermis. 

The  action of lin-37 on vulva development  is  cell  non- 
autonomous: Mutations in lin-37 111 are synthetic Muv 
class B, and lin-8 I1 mutations are synthetic Muv class 
A. Consider animals of genotype lin-8 ZZ; dpy-1 lin-37 ncl- 
1 unc-36; sDp3[dpy-l(+) lin-37(+) ncl-I(+) unc-36(+)]. 
Among 100  Dpy Unc self-progeny of these animals, 93 
were  clearly Muv, exhibiting at least one pseudovulva 
anterior or posterior to the  normal vulva. It is  possible 
that  the dpy-1 mutation suppresses very  slightly the ap- 
pearance of pseudovulvae: 98 of  100  Unc-36 segregants 
of  lin-8 II; lin-37 ncl-1  unc-36;  sDp3 animals were Muv. 
We scored 2,237 non-Dpy non-Unc self-progeny of the 
lin-8;  dpy-1 lin-37 ncl-1  unc-36; sop3 animals and  found 
that none was  Muv  as a  consequence of duplication loss 
(one Muv animal proved to be the result of duplication 
breakdown, since its progeny were  all Muv). Next, we 
picked rare  Unc non-Dpy animals and scored many  cells 
in each with respect to the Ncl phenotype in order 
to identify AB( -) and ABp( -) mosaics. All  six  vulval 
precursor cells derive from AB.p, so if lin-37 is cell au- 
tonomous  in its action, we would expect  both AB(-) 
and ABp(-) mosaics to be Muv.  We found, however, 
that  among 23 AB(-)  mosaics,  only 3 were  Muv, and 
among 24 ABp(-) mosaics, none was  Muv.  We con- 
clude  that lin-37 is acting cell nonautonomously and 
that its focus of action is not limited to descendants 
of AB. 

To identify lin-37 PI (-) mosaics, we constructed ani- 
mals  of genotype lin-8 I& dpy-1 unc-93(0)  lin-37  ncl-1 
unc-36 I I t  sDp3(IIIf);  sup-1  U(n983) X .  The sup-1 U(n983) 
mutation  confers  a  phenotype of uncoordination re- 
ferred to as rubberband  (GREENWALD and HORVITZ 
1986),  the focus of  which is in body muscle (VILLE- 
N E W  and MEYER 1990). The  rubberband  phenotype 
is recessively suppressed by null mutations in unc-93, 
referred to as  unc-93(0),  which by themselves  have a 
wild-type phenotype. The sDp3-bearing animals are  not 
suppressed because sop3 carries the  dominant unc- 
93(+) allele; they are non-Dpy non-Unc-36 non-Muv 
rubberband.  The nullo-duplication self-progeny are 
Dpy Unc-36 non-rubberband;  and  among 100 such ani- 
mals, 98 were Muv. PI (-) mosaics are suppressed for 
the  rubberband  phenotype because all body wall  mus- 
cles but  one descend from PI and  are also  non-Dpy and 
non-Unc-36 because the  descendants of AB carry dpy- 

l(+) and unc-36(+ ). Rare non-Dpy non-Unc-36 non- 
rubberband segregants from  the sDp3-bearing parents 
were thus sought, and  the  pattern of  ncl-1  mosaicism 
was then investigated to confirm PI(- )  mosaics. As ex- 
pected, all  of the PI (-) mosaics segregated only nullo- 
sDp3 self-progeny. We identified seven P, (-) mosaics 
and all  were  non-Muv. 

DISCUSSION 

Our interest  in ncl-1 in this  work stemmed from its 
virtues as a cell autonomous  marker  for mosaic  analysis, 
and we have done little to explore  the  nature of the 
ncl-1 function  that affects nucleolar size.  Both mutant 
alleles are recessive to  ncl-l(+), and ncl-l/Df exhibits 
the same phenotype as homozygous ncl-I,  which  sug- 
gests that  the ncl-1 mutations  are loss  of function. The 
cell autonomous action of  ncl-1 implies that wild-type 
gene  product is retained within the cell of origin. We 
have  also seen that when a cell contains  a ncl-1 nucleus 
and a ncl-1(+ )-containing nucleus in the same cyto- 
plasm, both nuclei have  wild-type nucleoli. A plausible 
hypothesis is that the ncl-I(+) gene  encodes  a  protein 
that is a negative regulator of ribosomal RNA synthesis. 

Virtues of ncGl for mosaic analysis: The ncl-1 gene 
has five properties  that  recommend it as a cell marker 
for identifying the genotypes of different cells in mosaic 
animals. First, it is cell autonomous.  Second,  the Ncl 
phenotype can be scored in nearly every cell. Third, 
the  phenotype can be scored in living animals of various 
ages. Fourth,  mutation in ncl-1 seems to have no dis- 
cernable effect beyond enlarging nucleoli, which means 
that it does not affect the  scoring of other  mutant  phe- 
notypes. And  finally, ncl-I(+) exhibits very little perdu- 
rance, so that losses  very late in the cell lineage are 
readily detected.  Indeed, ncl-1 has already been ex- 
ploited as a cell marker  in  the mosaic  analysis  of  several 
other genes, including glpl (AUSTIN and KIMBLE 1987), 
lin-12 (SEYDOUX and GREENWALD 1989; SEYDOUX et al. 
1990), tra-1 and her-1 (HUNTER  and WOOD 1990, 1992), 
pal-1 (WARING and KENYON 1991), various lethal muta- 
tions (BUCHER and GREENWALD 1991), unc-5 (LEUNG 
HAGESTEIJN et al. 1992), mpk-1 (LACKNER et al. 1994) 
and let-23 and lin-7 (SIMSKE and KIM 1995). 

Extending  the  applicability of ncl-1 as a  cell  autono- 
mous marker to the  mosaic analysis of unlinked  genes: 
Three approaches have been taken to the  problem of 
extending  the applicability of  ncl-1 as a cell marker to 
the mosaic  analysis  of unlinked genes that  are not nor- 
mally found  on  the same free duplication as  ncl-1.  Two 
of these approaches  require  the cloning of the  gene to 
be analyzed. In  an application of the first approach, 
LEUNCHAGESTEIJN et al. (1992) injected a cosmid clone 
containing unc-5(+), the  gene they wanted to analyze 
in mosaics, into  the  germline of  unc-5 hermaphrodites 
and recovered transformed animals carrying a trans- 
genic extrachromosomal multi-gene array (FIRE 1986; 
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MELLO et al. 1991). Such extrachromosomal arrays are 
transmitted during mitosis and meiosis much like a  free 
duplication, generally as one array per cell (STINCH- 
COMB et al. 1985). Next, gamma rays  were used to stimu- 
late the fusion of the array to sD@[ ncl-I(+  j] . The al- 
tered  free  duplication, carrying both unc-5(+ j and ncl- 
1(+ j, was then used to conduct  a mosaic  analysis  of 
unc-5. In the  second  approach (LACKNER et al. 1994; L. 
MILLER, D. WARING and S. KIM, personal communica- 
tion),  the germline is injected with  DNA containing  the 
gene of interest,  a cosmid carrylng ncl-l(+) and  at least 
one additional  gene  that  complements  a visible marker; 
an extrachromosomal multicopy array carrying all three 
genes is formed (FIRE 1986; MELLO et al. 1991).  The 
array is maintained in a strain that is otherwise homozy- 
gous mutant  for ncl-1, the  gene of interest  and  the visi- 
ble marker and is then treated  in  the mosaic  analysis  as 
if it were a  free  duplication. This approach was used by 
LACKNER et al. (1994) to analyze mpk-1 in mosaics and 
by SIMSKE and KIM (1995) to analyze let-23 and lin-7. 

There  are potential  problems with using extrachro- 
mosomal arrays for mosaic  analysis. The expression of 
transgenes has frequently  been shown to vary from ani- 
mal to animal, and  the variability seems not to be attrib- 
utable solely to somatic duplication loss (KRAUSE et al. 
1994; C. MELLO and A. FIRE, personal communication). 
In addition, transgenes are sometimes expressed in in- 
appropriate tissues, apparently as a  consequence of  be- 
ing driven by inappropriate  promoters  or of lacking 
negative regulatory sequences. Extrachromosomal arrays 
may also introduce  unexpected  dominance effects, 
which apparently can result from a variety of causes (C. 
MELLO and A. FIRE, personal  communication).  These 
potential  problems  are array-specific,  which means that 
they should be assessed for  each  extrachromosomal 
array used in mosaic  analysis. 

The  third  approach to extending  the applicability of 
ncl-1 to  the analysis  of other genes is illustrated in this 
paper  and involves the fusion of two unlinked  free du- 
plications, one carrying ncZ-l(+j and  the  other carrying 
the  gene to be analyzed. This method was used by 
HUNTER  and WOOD (1992) in  their mosaic  analysis  of 
her-1. We found it straightforward to generate fused 
duplications. The main difficulty  is that  the fused dupli- 
cations tend to be considerably more stable mitotically 
than  either of the original duplications alone,  perhaps 
owing to  their  larger size. We have ameliorated this 
problem somewhat by generating  a ncl-l(+)containing 
duplication, mnDp90, which is fairly unstable mitotically 
and which seems to give  less stable fusion products  than 
the  larger ncl-1(+ )containing duplication sDp3.  We 
have  also found  that  the fused duplications can be made 
less stable by using a him-10 genetic  background. 

Factors affecting  the  mitotic stability of free  duplica- 
tions: KENYON (1987) estimated that sDp3 was lost in 
approximately 1 in 400 cell divisions at 20" in him-5 
males; this agrees well  with our measurements,  con- 

ducted  in  different  genetic backgrounds, and suggests 
that  the him-5mutation has little effect on  the frequency 
of duplication loss. BUCHER and GREENWALD (1991) 
found  that qDp3  was lost at  a  frequency less than  about 
lop4 per cell division, which is consistent with our esti- 
mate  for  a  different  genetic  background. The factor of 
20 or more  difference in the frequencies of somatic loss 
of  qDp3 and sOp3 is surprising because qDp3 does not 
appear to be much larger than sDp3. The  extent of 
qDp3 on  the physical map has been  determined by in 
situ hybridization of  YAC clones to qDp3 and corre- 
sponds to about 4.5 Mb (D. ALBERTSON, personal com- 
munication).  The  endpoints of sop? on  the physical 
map are less  well defined,  but its  size has been esti- 
mated  at 5.5-7 Mb (D. ALBERTSON, personal communi- 
cation). In agreement with these estimates, sDp3 seems 
to carry about  one-third  more  genes on  the genetic 
map  than does qDp3. Since the relative stabilities of 
sDp3 and qDp3 do  not seem to be related to their size 
differences, it appears  that some difference in DNA 
sequence or perhaps  in  duplication  structure, such as 
linear us. circular, accounts for  the large difference in 
their mitotic stabilities. 

Duplication size does seem to be an  important factor 
in determining mitotic stability of duplications, how- 
ever. The two pruned derivatives of sDp3 were  signifi- 
cantly less stable than sDp3, and each of more  than  a 
dozen fused derivatives we studied was more stable than 
either of  its two progenitor duplications. 

We found  that duplications which exhibited high- 
frequency mitotic loss tended to be passed on to their 
self-progeny, and  hence gametes, at low frequency (Fig- 
ure 11). Some nullo-Dp gametes are  formed as a conse- 
quence of meiotic segregation, but mitotic germline 
losses and meiotic losses  may  also occur; and it is diffi- 
cult to determine  the relative importance of each of 
these processes. HUNTER  and WOOD (1990)  noted  for 
four  different  duplications  that  higher  frequencies  of 
germline transmission were correlated with increased 
mitotic stability. But one of their duplications, ctDp2, 
would be a severe outlier if placed on  our Figure 11; 
its frequency of germline transmission was much lower 
than would be  expected  for its frequency of mitotic 
loss. We therefore suspect that  the mitotic stability of a 
duplication  cannot always be predicted from its germ- 
line transmission frequency. 

A. VILLENEUVE  (personal  communication) observed 
abnormal  chromosome  numbers in the oocytes of  him- 
10 hermaphrodites and suggested that him-10 causes 
defects in  chromosome segregation in  the mitotic germ- 
line. We were thus  interested to see that him-10 in- 
creases the  frequency of mitotic loss  of duplications 
approximately fivefold. The him-1 0 gene  appears to pro- 
vide an essential function: him-lO(el511 j is temperature 
sensitive and leads to sterility at 25". In yeast, tempera- 
ture-sensitive mutations in several genes  that play roles 
in  the cell  division  cycle  have been shown to promote 
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mitotic chromosome loss (HARTWELL and SMITH 1985); 
furthermore, minichromosomes are  more sensitive to 
mitotic loss in these mutants  than  are  the  normal yeast 
chromosomes (PALMER et al. 1990).  It  might be useful 
to search for new mutations in C. ekgans that  enhance 
mitotic loss  of duplications; such mutations might de- 
fine genes involved in  controlling  the cell  division  cycle. 
Enhanced loss  of the  duplication m d p 9 0  can be de- 
tected after scoring just a few animals for ncl-1  mosa- 
icism. 

Two other him mutations, in him4 and him-8, had no 
detectable effect on  the frequency of mitotic loss. These 
mutations  lead to enhanced  formation of nullo-X  ga- 
metes through X chromosome  nondisjunction  (HODG 
KIN et al. 1979),  but  their effects seem to be meoisis- 
specific. 

Nature of  mitotic loss of free  duplications: The fre- 
quency of mitotic loss  of sDp3 (- per cell division) 
and most other free  duplications  appears  to be much 
higher  than  for  normal chromosomes. Examining the 
transmission behavior of sDp3 during  the first embry- 
onic division, we observed two different  patterns of du- 
plication loss. In about 60% of the losses, one  daughter 
cell received two copies of the duplication while  its sister 
cell  received none.  In  the  remaining  40%,  one  daugh- 
ter received a single copy  while  its sister received none. 
These patterns  correspond to mitotic nondisjunction 
(2:O segregation) and chromosome loss (1:0 segrega- 
tion), respectively, described for  normal chromosomes 
in other species (e.g., GERRING et al. 1990). 

ALBERTSON and THOMSON (1982) stained C. ekgans 
chromosomes during early embryogenesis and ob- 
served that small free  duplications  often lie at  the  outer 
edge of the plate at metaphase and may lag behind  the 
normal chromosomes at anaphase. They suggested that 
a paucity of microtubule  attachment sites on these small 
chromosomes might  reduce  the fidelity of bipolar ori- 
entation and centration on the mitotic spindle. Such 
errors  might  account  for  both classes of events observed 
in sDp3: unipolar  attachment to the  spindle might result 
in  nondisjunction, while improper  centration or de- 
layed chromosome  separation might result in frank loss 
of lagging chromosomes during  reformation of the nu- 
cleus at telophase. While our explanation presumes that 
free duplications replicate and condense on schedule 
with normal  chromosomes, these segregation defects 
could be secondary to a delay or failure of replication. 

An unexpected  feature of mitotic chromosome loss 
in C. ekgans is that many events involve  loss  of a  free 
duplication at two or  more consecutive cell  divisions. 
A simple explanation is that  the duplication becomes 
temporarily sequestered, say in the cytoplasm, at telo- 
phase. While sequestered,  the  duplication  cannot repli- 
cate with the  normal chromosomes. At the  next mitosis, 
or even one later, the sequestered  chromosome may 
recover spontaneously if it is recaptured by either  the 

mitotic spindle itself or within the newly reformed  nu- 
cleus of a  daughter cell. 

The dPy-1 gene  acts in hypodennis: We have con- 
cluded  that  the focus of  dpy-1 function with respect to 
overall body shape is in hyp7, the syncytial hypodermis 
that covers most of the body. The many  cells that fuse to 
form hyp7 are derived from both AB and  PI (SULSTON et 
al. 1983), which explains why neither AB(-) mosaics 
nor PI (-) mosaics are Dpy. Three  other dpy genes have 
been analyzed in mosaics; the foci of all three have been 
suggested to be in hypodermis, but  the  descendants of 
P1 appear to be more  important  for dpy-17 (KENYON 

1986; YUAN and HORVITZ 1990) and dpy-18 (HUNTER 
and WOOD 1990) function, whereas AB descendants 
seem more  important  for dpy-4 (YUAN and HORVITZ 
1990). Although none of the  four dpy genes that have 
now been analyzed in mosaics has been  cloned, other 
dpy genes have been shown  to encode cuticle collagens 
that  are presumably secreted by the hypodermis (for 
reviews, see JOHNSTONE 1994; KRAMER 1994). 

We have uncovered specific defects in mosaics that 
we attribute to dpy-l expression in hypodermal cells  of 
the  head  and tail. The  head hypodermal cells anterior 
to hyp7 contain nuclei derived from both ABa and ABp 
(SULSTON et al. 1983), and we have found  that these 
nuclei are  more anteriorly situated relative  to the phar- 
ynx in AB(-) mosaics,  as if the dpy-1 mutation leads to 
a  shortening of the  anterior hypodermal cells. We have 
found  that  the nerve ring in these animals is also more 
anteriorly situated in relation to the pharynx, which it 
surrounds. We therefore suggest that  the positioning 
of the nerve ring  during  development  depends  upon 
the positioning of the overlying hypodermis. In the tail 
of the  animal, we found  that  both AB(-) and  ABp(-) 
mosaics  display a ventral tail bend. We attribute this  to 
the fact that  the ventral hypodermal cells in the tail, 
hyp8 and hyp9 (as well  as the most posterior hyplo), 
derive from ABpl and ABpr, whereas the dorsal tail 
hypodermal cell hypll derives from P 1 .  We thus pro- 
pose that  the ventral tail bend is due to a  shortening 
of hyp8 and hyp9 on  the ventral side (as well  as hypl0 
more posteriorly) in the absence of concomitant  short- 
ening of hypll  on the dorsal side. 

The  silent Muv gene lin-37 is cell  nonautonomow  and 
probably  acts in hyp7: The lin-37 mutation we have ana- 
lyzed in mosaic animals is a class B synthetic Muv muta- 
tion. It results  in a multivulva phenotype when present 
with a class A synthetic Muv mutation, such as the lin- 
8 mutation used in our experiments (FERGUSON  and 
HORVITZ 1989). The synthetic Muv genes have a mater- 
nal effect; FERGUSON and HORVITZ (1989) found  that  at 
20" only about 44% of the lin-8; lin-37  self-progeny of a 
lin-8/+;  lin-37/+ hermaphrodite were  Muv, but 100% of 
the lin-8; lin-37progeny were Muv when the hermaphrc- 
dite parent was homozygous mutant  at  both loci. The 
strains used in our experiments were  homozygous for 
lin-8 and lin-37 except for a single  copy of lin-37(+) on 
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e?. Over 90% of the lin-8; lin-?7self-progeny  were Muv. 
None of the 24  ABp( -) mosaics was  Muv, and because 
all  of the vulval precursor cells (WCs) are  descended 
from ABp, we conclude that lin-37  acts  cell nonautono- 
mously. In  addition,  none of  seven PI(-) mosaics was 
Muv, and only 3 of 23 AB(-) mosaics was  Muv.  We 
interpret these results by proposing that  the focus of  lin- 
37 action is in hyp7,  which is formed by the fusion of 
cells descended from ABa,  ABp and PI (SULSTON et al. 
1983). We further propose that  the loss  of  lin-37(+) from 
the hyp7 nuclei descended from either ABp or PI does 
not  reduce lin-?7(+) expression sufficiently  to lead to a 
mutant phenotype and that  the loss  of lin-37(+) by  all 
&derived nuclei is only  rarely sufficient, i.e., that  the 
lin-37(+) nuclei in the heterokaryonic hyp7  syncytium 
provide sufficient wild-type function. 

A formal alternative interpretation would be that lin- 
37(+) must be expressed by the zygote nucleus Po and 
that loss of the  duplication by either  daughter of Po 
(AB or   PI)  would occur  too late to prevent wild-type 
function.  This seems very unlikely, particularly because 
very little if any embryonic transcription occurs at this 
stage (EDGAR et al. 1994). We also emphasize that lin- 
37(+) expression in the oocyte cannot explain the  non- 
Muv phenotype of the mosaic animals; many  oocytes 
destined to produce Muv animals lose a  free  duplication 
via meiotic segregation only after fertilization, because 
the first meiotic division does not occur  until  then 
(HIRSH et al. 1976). 

Our proposal for  the focus of action of lin-37is identi- 
cal to  our earlier proposal for  the Muv gene lin-15 (HER- 
MAN and HEDGECOCK 1990). For lin-15 we found  that 
ABpl(-), ABpr( -) and PI (-) mosaics  were sometimes 
partially Muv and suggested that lin-15(+) function  in 
hyp7 had  been  reduced sufficiently in some of these 
mosaics to cause a partially mutant  phenotype.  In light 
of what we now  know about mitotic nondisjunction, we 
would expect  that some of the PI(  -) mosaics  would 
transmit two copies of lin-15(+) to AB, in which  case 
loss  of the  gene in the PI-derived hyp7 nuclei might 
be  compensated by increased copy number  in  the AB- 
derived nuclei; these mosaics might then be more likely 
to  be  the non-Muv ones. It  appears  that lin-37(+) is 
normally provided in  greater excess than is lin-15(+) 
with respect to vulval function since fewer  mosaic ani- 
mals were Muv in the case of  lin-37. 
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