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ABSTRACT 
Independent reversions of mutations affecting three  different Caenorhabditis  elegans genes have 

each yielded representatives of the same set of extragenic suppressors. Mutations at any one of six 
loci act as  allele-specific  recessive suppressors of certain alleles  of unc-54 (a myosin  heavy chain gene), 
lin-29 (a heterochronic gene), and tra-2 (a sex determination gene). The same mutations also suppress 
certain alleles  of another sex determination  gene, tra-I, and of a morphogenetic gene, dpy-5. In 
addition to  their suppression phenotype, the suppressor mutations cause abnormal morphogenesis of 
the male bursa and  the  hermaphrodite vulva.  We name these genes smg-l through smg-6 (suppressor 
with morphogenetic effect on genitalia), in order  to distinguish them from mab (male abnormal) genes 
that can mutate  to  produce abnormal genitalia but which do not act as suppressors (smg-l and smg-2 
are new names for two  previously described genes, mab-I and mab-11). The patterns of suppression, 
and  the interactions between the different smg genes, are described and discussed. In general, 
suppression is recessive and incomplete, and at least  some of the suppressed mutations are hypomorphic 
in nature.  A suppressible allele of unc-54 contains a deletion in the 3‘ noncoding region of the gene; 
the protein coding region of the gene is apparently unaffected. This suggests that  the smg suppressors 
affect a process other than translation, for example mRNA processing, transport, or stability. 

A mutant  gene can sometimes  be restored  to ap- 
proximately  normal  function by modifying the 

general  machinery with which genetic  information is 
transcribed  and  translated  into active  protein (HART- 
MAN and ROTH 1973). The most familiar  example  of 
such  “informational  suppression” is nonsense  suppres- 
sion: mutations in a gene  that result  in premature 
termination  of  translation  can  be  suppressed by al- 
tered  tRNAs  that recognize  a  nonsense  codon and 
insert an amino acid (EGCERTSSON and SOLL 1988). 
Other examples  of  informational  suppression  acting 
at the level of  translation are missense suppression 
(MURGOLA 1985), frameshift  suppression (ROTH 
198  1)  and  “omnipotent” suppression (SURGACHOV 
1988). These  phenomena,  as  studied in bacteria and 
yeast, have  been very useful both in exploring the 
mechanism of  translation, and in  defining  the  nature 
of  particular  mutations. 

The process leading from  gene  to functional  prod- 
uct involves many steps, especially in higher  eukar- 
yotes, and each  of  these  steps  might  be  a target  for 
additional kinds of informational  suppression. For 
example, modification of  a  component  of  the “spliceo- 
some”  can  overcome  defects  resulting  from  a  mutated 
splice site (PARKER, SICILIANO and GUTHRIE 1987). 
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Or ,  an alteration in the mechanisms that  sort  proteins 
to  different cellular  compartments  could  reroute a 
misrouted  mutant  protein  to  the  correct  location. As 
with the study of translational  suppression, analysis of 
such  suppressors would probably  provide  insight  both 
into basic cellular  machinery and  into  the molecular 
consequences of suppressible  mutations. 

Informational  suppressors are expected  to have  cer- 
tain  genetic  characteristics. They  are expected to act 
on specific mutations of a variety of  different  genes 
(that is, to exhibit allele-specific but  gene nonspecific 
suppression). In  addition, it is likely that  the suppres- 
sors themselves will have  some  deleterious  effects, 
because  any significant alteration in the  general  proc- 
esses of gene expression will have  pleiotropic conse- 
quences. For  example, most nonsense  suppressors in 
microbial systems lead to decreased viability and some- 
times to lethality. Strong nonsense  suppressors in the 
yeast Saccharomyces cerevisiae are always associated 
with slow or impaired  growth (SHERMAN 1982).  In 
Caenorhabditis  elegans, the  strong  amber suppressor 
sup-7 (WATERSTON 1981) leads to sterility or lethality 
in homozygous animals  grown at low temperature. 
Such  pleiotropic  effects are likely to restrict severely 
the kinds of  informational  suppression  that can occur, 
and may explain why a greater variety of mechanisms 
of  suppression  have not  been  discovered. 

Research on suppressor  genetics in higher  eukar- 
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yotes  has  been limited, partly  because  of the difficulty 
of handling large numbers of individuals. This prob- 
lem  can  be overcome by working  with  cells  in culture, 
but these  have the disadvantage that usually  only 
dominant suppressors can  be selected, and  further 
genetic analysis  is difficult. The small nematode C .  
eleguns is a favorable  organism for studying suppres- 
sion  in a higher eukaryote. As reviewed  elsewhere 
(HODGKIN, KONDO and WATERSTON 1987), large 
numbers of  individuals  can  be manipulated, powerful 
selections  can  be applied, and sophisticated genetic 
analysis is easy.  For  example, a set of amber nonsense 
suppressors  have been identified in C.  eleguns, and 
shown to be anticodon mutations of tRNATv genes 
(WATERSTON and BRENNER 1978; WATERSTON 198 1 ; 
WILLS et ul. 1983; KONDO, 1988). Amber  suppressors 
of other types  have  also  been identified (HODGKIN 
1985; K. KONDO, unpublished data) but ochre  and 
opal  suppressors  have not yet been obtained. 

Over 30 additional suppressor loci  have been iden- 
tified in C.  eleguns, but in  most  cases these suppressors 
are probably not informational suppressors. They 
often display  gene-specific,  allele  nonspecific suppres- 
sion, and in certain cases  have  been  shown to result 
from phenomena such  as gene duplication (e .g . ,  sup- 
3: RIDDLE and BRENNER 1978; MILLER and MARU- 
YAMA 1986) or protein-protein interaction [e.g. ,  unc- 
22 and unc-54: MOERMAN et al. (1982);  and probably 
unc-93 and sup-10: GREENWALD and HORVITZ (1 986)l. 

Here we describe a new  set  of suppressor loci  which 
have  all the hallmarks  of  informational  suppression, 
but which are unlikely to act at the level  of translation. 
Independent work  on three genes,  affecting  sex deter- 
mination (HODGKIN 1986), developmental  timing  (AM- 
BROS and HORVITZ 1984) and muscle proteins (WATER- 
STON 1988), has  converged  on the same  set  of  six 
suppressors. Two of the suppressors  had  previously 
been  identified  as  causing a characteristic  morphologi- 
cal abnormality  in the adult male  genital structures, 
for which reason  they  were  initially  assigned to  the mub 
(male abnormal) class  of  genes. In this paper we rename 
them smg (for suppressor  with  morphological  effect on 
genitalia),  because  they  constitute a class  of gene with 
distinctive  common features that distinguish  them  from 
other mub or sup (suppressor)  loci. We describe the 
isolation and mapping of suppressor  mutations,  cross- 
suppression  tests,  morphological  effects  of  suppressor 
mutations, and interactions  between the suppressor 
loci.  We  also  discuss the nature of the suppressor 
mutations and possible  mechanisms for their action. 

The existence  of  these  suppressors was first recog- 
nized during reversion  analysis  of the sex determining 
genes tru-3 and tru-2 (HODGKIN 1986). Their identity 
as  general  informational  suppressors was established 
subsequently  with  work  on the heterochronic gene lin- 
29, and most recently with the myosin  heavy  chain 

gene unc-54. We report  the reversion experiments in 
reverse order, because the phenomenology is most 
complicated  with the tru genes and least  complicated 
with unc-54. Moreover, the molecular  basis  of  suppres- 
sion is at present most  easily investigated  using the 
myosin  system. 

MATERIALS AND METHODS 

General methods of culture, handling and crossing were 
used  (SULSTON and HODCKIN 1988). Nomenclature follows 
HORVITZ et al. (1 979). The term “non-amber allele” is  used 
to refer to mutations that show no sign of  suppression by the 
strongest C. elegans amber suppressor, sup-7. 

Strains: The following  genes and alleles  were  used  in  this 
study (smg alleles are listed  separately).  Descriptions  can  be 
found in HODCKIN et al. (1 988). 

LGI b&3(e767), dpy-l4(e188), dpy-5(e61, e565, e907), him- 
l(e879), unc-l3(e51,  e450), him-Z(e1065), unc- 
54(e190, e1300, r259,  r293,  r661) 

LGII egl-26 (n481, e1952),  dpylO(e128), unc-4(e120), tra- 
Z(e1095, e1209, e1403, e1425), mab-6(e1249), mab- 
8(e1250), lin-29(n333, n546,  n836,  n1368, n1440), 
rol-l(e91), mnDfB7 

LGIII unc-45(r450), dpy-l(el), unc-32(e189), sup-5(e1464), 
mab-4(e1252), tra-l(e1732, e2270) 

LGIV unc-5(e53), bli-6(sc16), unc-24(el38), dpy-9(e12), unc- 
17(e245), him-8(e1489), dpy-20(e1282), tra-)(el107, 
e1525, e1767, e1903), mab-lZ(e2186). 

LGV dpy-1 l(e224), unc-42(e270), him-5(e1490), unc-76- 
(e911), mDfl,  eDfl. 

LGX S U P - ~ ( S ~ ~ )  
Alleles of smg genes:  those with prefix r were obtained as 

suppressors of unc-54(r293), and those with prefix ma were 
obtained as suppressors of lin-29(n546). Two others, smg- 
l(e2134) and smg-Z(e2008) were obtained as suppressors of 
tra-3(e1107) (FIRE 1986) and tra-3(,1767) (HODCKIN 1986) 
respectively. The remaining smg mutations were detected on 
the basis  of the male  morphological phenotype (HODCKIN 
1983; J. HODGKIN, S. EMMONS and M. M. SHEN, unpublished 
results). The reference allele for each gene is listed  first. 
Unless  otherwise  specified, the reference allele for each gene 
was the allele  used  in  all experiments reported in the text. 

smg-1 (formerly mab-1): e1228, e1233, e2134, e2263, ma127, 
ma129, mal31,  r861,  r864, r871, r874, r878, r879, 
r880, r883,  r884,  r885,  r887, r888, r889,  r891,  r894, 
r897. 

smg-2 (formerly mab-11): e2008, e1229, e2164, e2261, 
ma114,ma122,ma123,ma128,r863,r865,r866,r868, 
r870, r875,  r881, r882, r890,  r893,  r895, r898. 

smg-3 mal 17, mal 15, r867, r877. 
smg-4:  mal  16. 
smg-5: r860,  r862,  r869, r873. 
smg-6: r896, r886. 

Reversion of unc-54(r293): Worms of genotype unc- 
54(r293) were  mutagenized in 50 mM ethylmethane sulfonate 
(EMS) for 4 hr  at room temperature. Approximately 20 L4 
larvae or young adults were transferred to  lOcm plates 
seeded with Escherichia coli OP50. FI progeny  were screened 
for dominant revertants and FP progeny for recessive rever- 
tants. Only one revertant was kept from any  given plate, to 
ensure independence. Revertants were identified on  the basis 
of their increased  motility or their ability to lay  eggs. The 37 
strongest revertants were further analysed:  each was crossed 



to r293/+ males to determine if the revertants were dominant 
or recessive. 36 proved to be  recessive and  one dominant. 
Each revertant was crossed to N2 (wild type)  males and F2 
progeny screened for Unc  animals, to determine if the rever- 
sion events were  tightly  linked to unc-54. None of the 36 
recessive  suppressors was  closely linked to  the unc-54 locus. 
Complementation tests  between the 36 suppressors  identified 
five complementation groups. 

Mutation frequencies were estimated by  Poisson  analysis 
of the distribution of revertants among total independent 
cultures. The proportion of total cultures not containing a 
revertant (Po class)  was  used to calculate the frequency. For 
example, in the first  of three experiments, 39/45 plates 
yielded no revertants, and each plate contained about 5000 
F2  worms,  giving a value  of 2.9 X for the frequency of 
revertants among total F2. Two subsequent experiments gave 
a higher frequency; the mean for all three was 4.5 X 
This implies a forward mutation frequency for recessive 
suppressors of approximately 1.8 X per mutagenized 
gamete. 

Cross  suppression  tests for unc-54: unc-54(~293)  herma- 
phrodites were  crossed  with  wild-type  males, and r293/+ 
progeny males crossed with smg hermaphrodites. Doubly 
heterozygous progeny, (r293/+;  smg/+) were  selfed and par- 
alysed  progeny  were  picked; if the smg mutation acted as a 
suppressor, then two thirds (or  rather less  in the case of smg- 
I and smg-2, which are linked to unc-54) of these paralysed 
progeny segregated non-Unc progeny. For testing the effects 
of smg mutations on the  other unc-54 alleles e190,  e1300, 
r259,  r661, and on the heterozygote r293/r259,  the alleles 
smg-I(r86I),  smg-Z(r863),  smg-3(~867),  smg-4(mal16), smg- 
5( r860), and smg-6( r896)  were  used. 

Reversion of Zin-29(n546): A population of L4 her- 
maphrodites of genotype lin-29(n546)  rol-l(e91) was muta- 
genized with 0.05 M EMS for four hours and distributed over 
50 large plates, at about 50 PO per plate. The resulting F1 
and F2 populations (approximately 25,000 F1 and 250,000- 
500,000 FP hermaphrodites) were screened for revertants. 
The lin-29 mutation prevents egg-laying and the expression 
of the Rol (rolling) phenotype in adults, so revertants were 
detected by adult rolling and egg-laying  competence. Most 
were  picked  as  F2  rollers, but in some  cases free eggs  were 
picked, and some  of  these  yielded revertant lines. Ten inde- 
pendent lines  were obtained (accepting  only one revertant 
line per plate),  giving a value  of approximately 3 X for 
the frequency of revertants in the F2 population, or 1.2 X 
1 0-4 for the frequency per mutagenized gamete. 

Cross-suppression  tests for Zin-29 Hermaphrodites of 
genotype lin-29(n546)  rol-l/mnCI were  crossed  with  wild- 
type  males, and lin-29 rol-I/++ males from this  cross  were 
mated with smg hermaphrodites. The resulting cross progeny 
of genotype lin-29 rol-I/++; smg/+ were  selfed to yield lin- 
29 rol-I; smg/+ hermaphrodites, and these were  selfed  again 
to test for suppression  of the Lin-29 phenotype. 

Cross  suppression  tests for tra-2: tra-2 alleles  were marked 
using the linked mutation unc-4: hermaphrodites of genotype 
+tra-2  unc-4/dpy-lO+unc-4 were  crossed  with smg males, and 
non-Unc hermaphrodite progeny of genotype smg/+;  tra-2 
unc-4/++ were  selfed. F2 Smg progeny of genotype smg; tra- 
2 unc-4/++ were  selfed, and Unc progeny examined for 
suppression  of the  Tra-2 phenotype. Strains of genotype smg; 
tra-2(e1209) were  also constructed in a similar manner, with- 
out unc-4. A few of the strains listed  in Table 4 were  homo- 
zygous for unc-4, which does not appear to have  any  signifi- 
cant effect on fertility. 

Mapping The locations of significant  genes and re- 
arrangements used  in  this study are shown  in Figure 1. Map 
data for smg-1 and smg-2 have  been reported previously 
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(HODGKIN 1986); the locations  of smg-3 to smg-6, and mab- 
12, are based on  the data in Tables 1 and 2, together with 
the following complementation data: eDfl8 and eDfl9 com- 
plement smg-3; and mDf1 and eDfl fail to complement smg-4. 
All mapping was carried out using the morphological phe- 
notype of adult males. 

The mutation e1952, originally  assigned to egl-48 (HODG- 
KIN 1986) has been found to be an allele  of egl-26 (TRENT, 
TSUNG and HORVITZ 1983). The reference allele egl- 
26(n481)  has a similar map position to egl-48 and fails to 
complement the egg-laying defect of e1952. The egl-48 des- 
ignation is therefore retired. 

Suppression of morphological  phenotype: Several  alleles 
of smg-1 and smg-2 were  tested for suppression  of their 
morphological phenotype (both bursal and vulval) by the 
amber suppressors sup-5 and sup-7. Homozygous smg; sup-5; 
him-5 strains were examined; these were  made by first  con- 
structing smg; unc-32; him-5 strains and crossing these with 
unc-32 +/+ sup-5; him-5 males.  Resulting non-Unc herma- 
phrodite progeny (smg/+;  unc-32/sup-5;  him-5) were  allowed 
to self-fertilize and Smg non-Unc progeny were  picked. In all 
cases tested, it was possible to establish smg; sup-5 strains that 
exhibited the same  morphological abnormalities as the parent 
smg strain, indicating that none of the smg alleles  tested was 
suppressed. In some  cases smg; sup-7 strains were constructed 
in an analogous manner; these also  showed no suppression. 
We tested the following  alleles; smg-I:  e1228,  e1233,  e2134, 
e2263,  ma127,  ma129,  maI3l; smg-2: e1229,  e2008,  e2164, 
e2261, ma114,  ma122,  ma123,  ma128. 

Construction of double smg mutants: All of the possible 
double smg mutants, with the exception of smg-1 smg-5, have 
been constructed. Double mutants of smg-?(malI7) with ref- 
erence alleles  of the five other smg genes  were constructed 
by crossing unc-5 smg-3 hermaphrodites with smg males, and 
picking  several  Smg non-Unc hermaphrodites from the F2 
progeny of this  cross.  Single  Unc progeny from the next 
generation, which should be  of genotype smg; unc-5  smg-3, 
were  used to establish double mutant lines. In a similar 
manner, double mutants of smg-I or smg-5 with other smg 
mutations were constructed using the linked marker dpy- 
5(e6I) ,  and double mutants of smg-4 were constructed using 
the linked marker dpy-11. The marker dpy-1 (linked to smg- 
6 )  was used for  the construction of smg-2; smg-6. Finally, a 
strain carrying smg-l(e1228) and smg-Z(e2008), and no  other 
markers, was obtained by first constructing hermaphrodites 
of genotype bli-3  +smg-l+/+smg-Z+  unc-13, picking  Smg non- 
Unc  non-Bli recombinant progeny, and then removing the 
bli and unc markers by segregation in  succeeding generations. 
The genotype of  this, and all of the  other double smg mutants, 
was confirmed by complementation tests  against the relevant 
parental strains. 

RESULTS 

Suppression of a myosin  mutation: The unc-54 
gene encodes myosin  heavy  chain B (MHC B), the most 
abundant  myosin  heavy  chain expressed in the body 
wall muscle (for review, see WATERSTON 1988). unc- 
54(r293) is a  spontaneous  mutation  that  contains  a 
256-bp deletion in the 3‘ noncoding region of the gene 
[PULAK and ANDERSON  (1 988); nucleotides 82 17-8472 
in the sequence of KARN, BRENNER  and BARNETT 
(1 983)]. The leftward  breakpoint of r293 is located 38 
bases  “downstream”  from the unc-54 translational  ter- 
minator (UAA codon at nucleotides 8 176-8 178), and 
its  rightward  breakpoint is located 123 bases “down- 
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FIGURE 1.-Partial genetic map of C. elegans, showing  relevant  loci in this  paper.  [Scale in  map  units (percent recombination).] 

TABLE 1 

Relevant two-factor data 

Number of male progeny 

Cross (hermaphrodite X male) Nonrecombinant  Recombinant P 

unc-5  smg-3 X unc-5  smg-3/++ W T  (93) Unc Smg (98) Unc (1) Smg (1) 1 .o 
dpy-11  smg-4 X dpy-11  smg-4/++ W T  (58) Dpy Smg (53) DPY (0) Smg (1) 1 .o 
smg-4  unc-76 X smg-4 unc-76/++ W T  (52) Smg Unc (53) Smg (2) Unc (1) 3.0 
smg-5 unc-13 x smg-5  unc-13/++ W T  (1 37) Smg Unc (1 07) Smg (1) Unc (1) 0.8 
dpy-1  smg-6 X dpy-1  smg-6/++ W T  (1 07) Dpy Smg (1 15) DPY ( 5 )  Smg (3) 3.5 
smg-6 unc-32 X smg-6 unc-32/++ W T  (36) Smg Unc (33) Smg (10) Unc (14) 26.0 
dpy-9  mab-12 X dpy-9  mab-l2/++ W T  (142) Dpy  Mab (NS)" Dpy (NS) Mab (1 8) 11.0 

a NS, not scored. 

stream" from the putative  polyadenylation  signal the unc-54 null mutants e190 and e1092 (a  small  dele- 
(AAUAAA at nucleotides 8344-8349). Thus, r293 tion and a nonsense mutant, respectively: DIBB et al. 
does  not  affect the protein coding  region of unc-54, 1985). By comparing the phenotype of r293 to that of 
but it deletes the polyadenylation  signal and the prob- a suppressed amber mutant such  as unc-54(1108); sup- 
able  sites of pre-mRNA  cleavage and polyadenylation 5(e1464) (which  contains 5-10% full length protein: 
(WICKENS and STEPHENSON 1984). Animals  homozy- MACLEOD et al. 1979), we estimate that r293 accumu- 
gous for r293 are paralysed, though slightly  less so than lates at most 5% of the wild-type  level  of MHC B. 
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TABLE 2 

Relevant three-factor data 

Heterozygote 
genotype 

Recombinants 
picked Genotypes 

unc-5  bli-6+/++  smg-3 Unc non-Bli 515 smg/+ 
dpy-11  smg-4  him-5 Unc Him  non-Dpy 517 smg/+ 

dpy-5+ unc-l3/+ smg-5+ Dpy non-Unc 616 smg/+ 
Unc non-Dpy 1 /4 smg/+ 

unc-45  dpy-l+/++ smg-6 Unc non-Dpy 515 smg/+ 
unc-45  dpy-1  smg-6/+++ Unc non-Dpy 515 smg/+ 

dpy-9+  unc-17/+  mab-12+ Mab 8/25  unc/+ 

unc-76/++++ 

Dpy non-Unc 515 smglsmg 

3 / 2 5  dPyl+ 

In a series of reversion experiments (see MATERIALS 
AND METHODS for details),  37 independent revertants 
of r293 were obtained from the F2 progeny  of EMS- 
treated r293 hermaphrodites, at a frequency of 
per mutagenized  gamete. One revertant contained a 
dominant mutation that is tightly  linked to  the unc-54 
locus, and the remaining  36  contained  recessive sup  
pressors that were either unlinked or loosely  linked to 
unc-54. Complementation  tests  showed that these  sup- 
pressors represent five  complementation  groups. 

Animals  homozygous for any  of  these  suppressors 
exhibit  morphological  abnormalities  in their genitalia. 
The abnormalities are more obvious  in the male than 
in the hermaphrodite. This suggested that the suppres- 
sors  might  be  alleles of the mab-1 and mab-11 suppres- 
sors  described by HODCKIN (1 986). Complementation 
tests  between representative suppressor  alleles  (using 
the visible morphological phenotype) demonstrated 
that the two  most frequent classes  of suppressor  (ac- 
counting for 28 of 36 revertants) correspond to mab-1 
and mab-11. The three  rarer classes represent other 
suppressor  genes that have  morphological  defects  sim- 
ilar to those  of mab-1 and mab-11. One of  these  had 
been  identified  as a Zin-29 suppressor (reference allele 
smg-3(mall7)) and  the  other two are new  genes (ref- 
erence alleles smg-5( r860) and smg-6(~896)) .  

The reference alleles for each  of four previously 
defined  genes in  this  class (smg-l(e1228), formerly mab- 
1,  smg-2(e2008), formerly mab-11,  smg-3(mall7), and 
smg-4(ma116)) were  tested for suppression  of unc- 
54(r293)  and found to be  as  effective  as the original 
set of r293 suppressors (Table 3). smg-4(mal l6)  was 
first  identified  as a Zin-29 suppressor,  like smg- 
3(ma117),  but no smg-4 alleles  were  recovered  in the 
unc-54(r293) reversions. 

All  six  loci  have been  mapped on the basis  of the 
male  morphological phenotype (see MATERIALS AND 
METHODS) and given the names smg-1 to smg-6 (smg for 
suppressor,  morphological  effect on genitalia). smg-1 
and smg-2 are new designations for the previously  used 
names mab-1 and mab-11. 

The smg suppression of unc-54 is allele  specific.  We 

TABLE 3 

Cross-suppression tests 

Suppression of: 

unc-54 lin-29 tra-2 dpy-5 
smg gene (r293) (n546) ( ~ 1 2 0 9 )  (e61) 

smg-I(e1228) S S S S 
smg-Z(e2008) S S S S 
smg-3(mall7)  S(M) S S S 
smg-4(ma116) S(M) S S S 
smg-5(r860) S S S S 
smg-6(r896) S(M) S(M) S S 

S = suppressed.  S(M) = suppressed  with  maternal effect. Mater- 
nal effects have not been examined in the suppression of tra- 
Z(e1209) and dpy-5(e61). 

have  tested  suppression of  five additional unc-54 mu- 
tations by each  of the smg suppressors  (see MATERIALS 
AND METHODS). unc-54(e190) and unc-54(~259)  are 
both deletions that accumulate no MHC B (EPSTEIN, 
WATERSTON and BRENNER 1974; MACLEOD, KARN and 
BRENNER 1981; EIDE and ANDERSON 1985). unc- 
54(e1300) is an amber mutation very near the  COOH 
terminus of  MHC B (WILLS et al. 1983). unc-54(r661) 
is a leaky mutation whose  defect is probably due to 
aberrant mRNA  splicing  (EIDE and ANDERSON 1988; 
B. CARR and P. ANDERSON, unpublished  results).  None 
of  these  mutations is suppressible by smg-1 through 
smg-6. In fact,  some  of the unc-54; smg double mutants 
are less motile than the parental unc-54 single mutants. 
It is not  clear if this represents an enhancement of the 
mutant phenotype or merely an additive effect, because 
smg-1 and smg-2 homozygotes are slightly abnormal in 
movement  themselves. 

The phenotypes  of unc-54(r293); smg double mu- 
tants  indicate that the amounts of  MHC B are likely to 
be at least 50% of  wild-type  levels. unc-54 recessive 
heterozygotes, which contain  approximately 50% of 
the normal amount of  wild-type  MHC B, are pheno- 
typically  wild  type  (BEJSOVEC and ANDERSON 1988). 
Hermaphrodites whose  only unc-54(+) gene is a hemi- 
zygous  X-linked  copy (introduced by transformation: 
A. FIRE,  unpublished  results) are visibly  slow; these 
animals are predicted to contain  approximately  25% 
normal  levels  of unc-54 mRNA,  because hermaphro- 
dites  which are homozygous for  the transgene contain 
approximately 50% normal  levels  of unc-54 mRNA, 
and move  normally (D. Hsu and B. MEYER,  personal 
communication). Thus, MHC B protein in the range 
of 50% wild-type  levels  is  sufficient to confer a wild- 
type  behavioral phenotype. All r293; smg double mu- 
tants are very nearly wild type in movement. Further- 
more, unc-54( r293)/unc-54( r259); smg heterozygotes 
are also  wild type. Thus, a single  copy  of a suppressed 
r293 expresses an amount of  MHC B sufficient for 
normal  motility,  which  we  believe  is  in the range of 
50% wild  type  levels. 
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Suppression by some  of the smg suppressors is af- 
fected by maternal  genotype.  For the smg-3, smg-4 and 
smg-6 classes,  animals  of  genotype unc-54(r293); smg 
that are  the offspring of a smg/+ heterozygous mother 
are only partly  suppressed. They  are less  motile than 
offspring  of an unc-54(~293); smg homozygous mother. 
No maternal  effects  have  been  seen with the  other 
three classes, smg-1 , smg-2 and smg-5. 

Suppression by each  of the smg classes  is  recessive, 
but there are weak dominant interactions  between 
members of different classes.  For  example,  animals 
of genotype smg-2(r865)+unc-54(r293)/+smg-5(r862) 
unc-54(r293) exhibit  some  suppression (less than either 
smg homozygote), and so do animals  of  genotype smg- 
2(r865)+unc-54(r293)/+smg-l(r861) unc-54(r293). 
Not  all combinations of heterozygotes have  been  ex- 
amined, however. 

Suppression of a heterochronic  mutation: Muta- 
tions  of the gene lin-29 have a “retarded hetero- 
chronic” developmental  phenotype: in mutant adults, 
hypodermal seam  cells  fail to differentiate or produce 
an adult-specific  cuticle;  instead,  they continue to di- 
vide and produce supernumerary larval  cuticles,  con- 
sistent  with an inability to switch from larval to adult 
hypodermal cell fates  (AMBROS and HORVITZ 1984). A 
screen for revertants and suppressors  of lin-29 utilized 
a double mutant, lin-29(n546)  rol-l(e91). Animals  of 
this  genotype are egg-laying  defective  (as a result  of 
aberrant vulval morphogenesis) and fail to express the 
adult-specific roller phenotype, whereas revertants are 
able  to lay  eggs and exhibit the rolling  movement 
characteristic  of rol-1 (COX et al. 1980). Such  animals 
are therefore readily detected in large  populations. 
Ten independent revertants were obtained from ap- 
proximately 250,000-500,000 F2 progeny of EMS- 
mutagenized n546 e91 animals. All were found to carry 
extragenic  recessive  suppressors  of Zin-29(n546) and 
these  fell  into four complementation  groups. The sup- 
pressors  exhibited a morphological  phenotype in the 
adult genitalia, and complementation  tests on the basis 
of the morphological phenotype led to the assignment 
of these  suppressors to the genes smg-1 through smg-4. 
Cross-suppression  tests  using the reference alleles smg- 
I(e1228), 
smg-2(e2008), smg-5( r860) and smg-6( r896) showed 
that all  of  these  mutations  were  also  able to suppress 
lin-29(n546) (Table 3). 

The suppression  of lin-29 is allele-specific,  because 
four other lin-29 mutations (n333, n836,  n1368, 
n1440), which appear to have an identical mutant 
phenotype to n546, are unaffected by smg suppressors. 
This phenotype appears likely to be the null phenotype 
for lin-29, in that similar  phenotypes are observed in 
n546 homozygotes and in n546/mnDj87 heterozygotes. 
Suppression  of n546 by smg mutations is complete,  as 
smg-2(mal23);  lin-29(n546) animals are indistinguish- 

able  from smg-2(ma123) alone, displaying none of the 
lin-29 mutant characteristics (Figure 2); smg-1 is equally 
effective.  However, smg-I;  lin-29(n546)/mnDf87 ani- 
mals are not  suppressed (although n546/+ and mn- 
Df87/+ are wild type), indicating that smg-1 does not 
restore full  wild  type function to n546. This observa- 
tion  also  suggests that lin-29 has a sharp threshold for 
gene activity,  above  which  animals are wild  type and 
below  which  animals are fully mutant. 

Maternal  effects  have  been  observed in the suppres- 
sion  of lin-29(n546) by smg-6. However, in contrast to 
the case  of unc-54(r293), smg-3 and smg-4 show no 
maternal effect in the suppression  of lin-29. 

A weak dominant interaction between smg-1 and smg- 
2 has  been  observed  in  some  animals  of  genotype smg- 
2+/+smg-l; lin-29(n546) rol-1, which exhibit  partial 
suppression. 

Suppression of sex determination  mutants: Muta- 
tions  in the gene tra-3 lead to masculinization  of X X  
animals  (normally hermaphrodites). As described  else- 
where,  extensive  reversion experiments on both amber 
alleles (HODGKIN 1985) and nonamber alleles (HODG- 
KIN 1986) of tra-3 have  been carried out. Among the 
extragenic suppressors obtained and analysed was the 
reference allele smg-2(e2008). The reference allele smg- 
l(e1228), although originally  identified  because  of  its 
male abnormal genital phenotype, was subsequently 
found to act as a tra-3 suppressor. The spontaneous 
mutation smg-l(e2134) was obtained as a tra-3 suppres- 
sor by FIRE (1 986) during transformation experiments 
using  an amber tra-3 allele. 

Representatives of the other four smg suppressors 
(smg-3 to smg-6) were  tested for their ability to suppress 
tra-3, and all  gave  comparable  suppression. In contrast 
to  the situation with unc-54 and lin-29, smg suppression 
of tra-3 mutations is not allele  specific. Three amber 
alleles  of tra-3 (of  which at least  two  can  be separated 
by recombination) and one non-amber  allele, all  of 
which appear to  be  null for tra-3 activity,  were  tested 
for response to smg-I(e1228) and smg-Z(e2008). All 
were  suppressed. As discussed  below,  however,  it is 
probable that suppression  does  not  act on tra-3 itself, 
but instead on another activity controlled by tra-3, such 
as tra-2. 

Several  lines  of  evidence  indicate that the wild-type 
function  of tra-3 is to act  as a positive regulator of tra- 
2, another sex determination gene with related prop- 
erties.  First,  putative  null tra-2 mutants have a similar 
(but more extreme) masculinized  phenotype than tra- 
3 null mutants, but there is no synergism  between the 
two. That is, the phenotype of tra-2(0) X X  is identical 
to that of tra-2(0); tra-3(0) X X  (HODGKIN  1980).  Sec- 
ond, the epistatic interactions of tra-3 and tra-2 with 
other sex determining genes  suggest that they  act at 
the same step in the sex determination pathway (HODG- 
KIN 1980, 1986). Third, certain gain-of-function tra-2 
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FIGURE 2.-Complete suppression of fin-29(n546) by smg mutations. A and B, wild-type adult hermaphrodite with normal adult cuticle. C 
and D, fin-29(n546) hermaphrodites with abnormal vulva, no adult lateral alae. E and F, smg-2(ma123);  fin-29(n546) with normal egg-laying, 
restored adult cuticle. Lateral views; AL = alae (lateral cuticular ridges). [A, C, E approximately X70 (scale bar in E, 100 am). B, D, F 
approximately X900 (scale  bar  in  F, 10 am).] 

mutations, which appear to be  hypermorphic for tru-2 
function,  act as suppressors of tru-3 (DONIACH 1986; 
HODGKIN 1986). 

For these reasons, four tru-2 mutations  were  tested 
for suppression by smg-1 and smg-2: an  amber allele 
e1425, a nonamber allele e1095 (both  of  these are 
either null or close to null for tru-e), a weak allele 
e1209, and a very weak allele e1403. The allele e1403 
leads to a truncated tail spike in X X  homozygous her- 
maphrodites,  but  does not cause any other obvious 
masculinization. Neither  of  the severe  mutations, nor 
the e1403 allele, showed any suppression, but e1209 
was partly suppressed (Figure 3). The e1209 allele was 
chosen because its phenotype most closely resembles 
that of tru-3(0) X X  animals: the tail  is partly masculin- 
ized but  the  gonad is intersexual,  often with some 
vulval induction.  Stronger tru-2 mutants such as e1425 
have completely male gonads. Occasional e1209 X X  
animals are self-fertile, producing a few  self progeny 
like tru-3(0) X X  animals (HODGKIN 1985) but  the  net 
self fertility is much less than  one.  In contrast, tru- 
2(e1209); smg animals are usually  self fertile  (Table 4 
and Figure 3) and can be grown as homozygous self- 
fertilizing populations. Thus,  the smg mutations  act  as 
allele-specific suppressors of tru-2(e1209). The non- 
specific suppression of all tru-3 alleles is interpreted  as 
an effect on tru-2, rather than on tru-3. According to 
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FIGURE 3.-Effect of smg mutations on tra-2(e1209). A, tra- 
2(e1209) XX note partly masculinized t a i l ,  sterile gonad with abnor- 
mal  vulval induction; B, smg-2(e2008);  tra-2(e1209) XX: note less 
masculinized t a i l ,  eggs in gonad, more normal vulva. Lateral  views. 
(Scale bar 50 pm.) 

this interpretation,  the absence  of tru-3 leads to a 
reduction in tru-2 activity, and a similar reduction is 
caused by the weak tru-2 allele e1209. In both condi- 
tions, smg mutations can act to increase the residual 
tru-2 activity, leading to partial suppression of the Tra 
phenotype. 

Suppression of tru-2(e1209) is a more convenient 
assay than suppression of tru-3, because the e1209 
phenotype is unaffected by temperature, shows no 
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TABLE 4 

Suppression of tra-2: self-progeny broods 

Genotype counted Range  Mean 
Broods 

tra-2(+) 
W T  14 270-373 327 
smg- 1 9 147-211 174 
smg-2 8 175-269 226 

e1209 160 0-9 0.1 
e1209; smg-1 18 0-36 11 
e1209;  smg-2 18 0-24 10 
e1209; smg-3 9  0-15  6 
e 1209; smg-4 9 7-27 11 
e1209; smg-5 9 0-28 14 
e1209; smg-6 9 5-48 18 
e1209; smg-4/mDfl 9 5-23 12 
egl-26(e1952)  e1209 9 0-1 5  5 
egl-26(n481)  e1209 40 0-8 0.7 
e1209; mab-12 25 0 0 

tra-2(e1209) 

maternal effect, and is  less variable and slightly more 
extreme  than  the tra-3 masculinized phenotype. Ge- 
netic constructions and suppression tests are conse- 
quently simpler to carry out.  Table 4 summarizes 
suppression of e1209 by all the smg reference alleles. 
Certain other mutations were also tested: alleles of 
mab-4,  mab-6,  mab-8 and mab-12 (which  have morpho- 
logical effects on phenotype similar to those of smg 
mutations) were tested and  found  not  to suppress. The 
same mab mutations were also tested and  found  not to 
suppress unc-54(~293) .  

In  contrast,  the egl mutation e1952, which was  iso- 
lated as a tra-3 suppressor and originally thought  to be 
related to smg-1 and smg-2 in  its effects (HODGKIN 1986) 
does suppress e1209 (Table 4). e1952 has been shown 
to be  an allele  of egl-26 (see MATERIALS AND METHODS), 

and  the  reference allele, egI-26(n481), also acts as a 
weak suppressor of e1209. However, egl-26(e1952) has 
no suppressive effect on unc-54(r293) or lin-29(n546), 
so egl-26 cannot be considered a  member of the smg 
group. 

Suppression of other  mutations: In the course of 
mapping the smg mutations and using them in various 
constructions, mutant alleles  of a  number of genes were 
inevitably tested for amelioration of mutant phenotype 
by one or another of the smg mutations. Those  that 
showed no response included bli-?(e767),  unc-I3(e51, 
e450),  dpy-I4(e188),  him-l(e879) (LGI); dpy-IO(e128), 
bli-I(e769),  unc-4(e120),  rol-l(e91) (LGII); unc- 
45(r450) ,   dpy- l (e l ) ,   unc-32(e189)  (LGIII); unc-5(e53), 
dpy-20(e1282),  bli-6(sc16),  unc-24(e138),  him-g(e1489) 
LGIV); him-5(e1490),  unc-76(e91 I )  (LGV). Of these, 
many are likely to be hypomorphic with respect to gene 
function (for example unc-45,  dpy-20,  bli-6) because 
more  extreme mutations are known for each locus 
(HODGKIN et al. 1988). This provides evidence that smg 

TABLE 5 

Suppression of dpy-fi: length  measurements 

dpy-5 genotype 

smggenotype + e61 e61/+ e907 e907/+ e565 

+ 1460 760  1430 760 1330 760 
smg-2 1410  950  1090 790 1400 790 
smg-1 1390  980 

Mean  length  measurements,  in  micrometers,  for 20 fully  grown 
adult  worms  of  each  genotype  [measured  as  in HODGKIN (1985)l. 
Coefficients of variation  were all less than 6%. 

suppressors do not  act indiscriminately on all hypo- 
morphic mutations. 

Significant suppression of a  mutant  phenotype was 
observed with the e61 allele of dpy-5, as summarized in 
Table 5.  We are grateful to A. FIRE for pointing out 
the effect of smg-l on e61 .  Mutations at each of the six 
srng loci have a similar effect on e61, but two other dpy- 
5 alleles, e565 and e907, are not affected. The data 
therefore  conform  to  the  general  pattern of smg effects: 
suppression is allele-specific but  not gene-specific. How- 
ever, e61 is no less extreme in  its morphological effects 
than  the  other two dpy-5 alleles examined, so this allele 
is not obviously hypomorphic. A  different dpy muta- 
tion,  the hypomorphic allele dpy- l l (e224) ,  is also 
weakly but significantly suppressed by smg-4 (data  not 
shown). 

An additional, paradoxical interaction of smg muta- 
tions with dpy-5(e6I) has been observed. The e61 allele 
exhibits a very weak dominant  phenotype, so that e611 
+ animals are slightly dumpy,  but  the effect is variable 
and  hard  to score reliably. This dominance is greatly 
increased by smg mutations, so that e61/+; smg animals 
are always distinctly dumpy  (Table 5) .  Thus, smg mu- 
tations suppress two copies of e61 but  enhance one 
copy. The enhancement effect is specific to e61, be- 
cause  it is not seen with a  different allele, e907, nor 
with dpy-1  l(e224). 

Interactions of smg-I and smg-2 with certain alleles 
of tra-1 have  also been observed. The partly suppressed 
tra-2(e1209); smg strains described above (e.g., Table 
4) were used to select stronger tra-2 suppressors (J. 
HODGKIN and A. SPENCE, unpublished results). In ad- 
dition to  the  expected strongly feminizing mutations 
in genes such as fem-I and fem-3 (which act as epistatic 
suppressors of tra-2),  a novel  class of tra-1 mutation 
was identified. In smg(+) backgrounds, these mutations 
[e.g.,  tra-I(e2270)I do not suppress tra- 
2(e1209) but instead behave as weak  recessive tra-1 
alleles, leading to partial masculinization  of X X  homo- 
zygotes,  which therefore exhibit a sterile intersexual 
phenotype similar to that of t ra- l (e l732)  (HODGKIN 
1987). The smg mutations suppress the masculiniza- 
tion, so that tra-I(e2270); smg X X  animals are self-fertile 
hermaphrodites.  In  addition, this genotype leads to 
weak feminization, evinced by the increased suppres- 
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FIGURE 4.-Morphological effect of smg and nab mutations on 
adult male tail anatomy. A, wild type. B-G, smg-1 to smg-6. H, mab- 
4, I ,  mab-12. Reference alleles of each gene were used; all animals 
except A were also homozygous for him-5 or him-8. Tails are viewed 
ventrally. (Scale bar 20 pm.) 

sion  of tra-2(e1209) (as compared to suppression by 
smg alone) and also by low self-fertility as a result of 
reduced spermatogenesis in the hermaphro- 
dite. The feminizing effects imply that e2270 affects 
the regulation of tra-I. These unusual tra-1 alleles will 
not  be  further described here, except to  note  that they 
again conform (at least  in part)  to  the  general  pattern 
of smg effects: interactions are allele-specific and wild- 
type function is not perfectly restored. 

Finally, J. RAND (personal communication) has found 
that at least some mutations of smg-I, smg-2 and smg-4 
act as allele-specific suppressors of unc- l7(p l156)  
(RAND  and RUSSELL 1984). The other  three smg classes 
have not been tested. 

Morphological  effects  and  interactions  between 
smg loci: The most conspicuous phenotype caused by 
smg mutations is the  abnormal morphology of the  adult 
male tail: the post-anal region (often referred to as the 
bursa) is swollen and quite  different in appearance from 
the wild type male tail (Figure 4). Despite this abnor- 
mality, the anatomical components of the copulatory 
organs are all present and partly functional, because 
young mutant males are able to cross-fertilize herma- 
phrodites at low efficiency. Older  mutant males are 
usually unable to mate successfully, probably because 
the deformed bursa leads to irreversible extrusion of 

FIGURE 5.-Morphological effect of a smg mutation on adult her- 
maphrodite genital anatomy (vulva arrowed). A, wild type, B, smg- 
l(e1228). Lateral  views. (Scale bar 20 pm.) 

the copulatory spicules. In contrast, males  with lineage 
defects in the tail  such as mab-3,  mab-5 or mab-9 mu- 
tants, or males  with general sensory defects such as c h -  
I mutants (HODCKIN 1983) are never  able to mate 
successfully. 

Late larval and  adult males of smg-I(e1228) and smg- 
2(e1229) have been examined in detail using Nomarski 
light microscopy, by J. E. SULSTON (personal commu- 
nication). No cell lineage abnormality is apparent in 
these mutants. Therefore,  the defect  appears to arise 
from  abnormal morphogenesis, rather than from an 
alteration in  cell lineage or cell fate. 

A similar conclusion applies to the vulval phenotype 
observed in smg hermaphrodites.  In each of these mu- 
tants  the  adult vulva  is functional (permitting  both egg- 
laying and mating) and contains the  normal  set of  nuclei 
and cells. However, the cells at  the lips of the vulva are 
swollen so that  the vulva protrudes  from  the ventral 
side of the animal (Figure 5).  This phenotype is similar 
in the reference  mutants of all  six smg loci, though 
slightly stronger in smg-I and smg-2. 

Comparable bursal and vulval abnormalities are seen 
in various other mab mutants, but these have no ob- 
vious suppressive effects. Mutants of mab-4,  mab-6, mab- 
8 and mab-12 all exhibit the combination of swollen 
bursa and  protruding vulva. There  are some differ- 
ences between the phenotypes, for  example  the de- 
formity of the bursa is more  extreme in mab-4 males 
than in smg males, and slightly  less extreme in mab-I2 
males (Figure 4), but it would be  hard to reliably 
distinguish mab-12 from smg-3 or smg-4 on the mor- 
phological phenotype alone. The reference alleles  of 
mub-4,  mab-6,  mab-8 and mab-12 have all been tested 
for  the ability to suppress unc-54(r293),  tra-2(e1209) 
and tru-3 mutations, with negative results. 

The morphological effects of smg mutations are re- 
cessive to wild type, but  dominant interactions between 
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TABLE 6 

Summary of smg isolation methods 

Suppression of 

Gene Mab nnc-54 lin-29 tra-3 Total 

smg-l 3 16 3 1 23 
smg-2 3 12 4 1 20 
smg-3 2 2 4 
smg-4 1 1 
smg-5 4 4 
smg-6 2 2 

different smg  loci have  been noted. For  example, smg- 
2+/+smg-l  males  sometimes  exhibit a weak  swollen 
bursa  phenotype [for this  reason, one smg-2 allele, 
e1229, was originally  mis-classified  as a smg-l  allele 
(HODGKIN 1983)l. Dominant  interactions of  this  type 
have  also  been  observed  with  respect  to r293 and n546 
suppression,  as  described  above. The full matrix of 
double  heterozygotes  has  not  been  examined in detail, 
but in  some  cases  (e.g., smg-l/+; smg-3/+) there appear 
to be  no dominant interactions.  Also, no interactions 
have  been  seen  with  nonsuppressing mab mutations 
such  as  mab-12. 

Most  of the possible double homozygote smg-x;  smg- 
y combinations  have  been constructed in order to test 
for synergism  between the smg genes. All of the com- 
binations  tested are viable, though in one case  (smg-l; 
smg-3) the double mutant grows  distinctly more slowly 
than either parental mutant. When examined, the mor- 
phological  phenotype  of the double mutant is no dif- 
ferent from either single mutant. Synergistic  effects on 
the suppression  of  dpy-5(e61) or dpy-l l(e224) have  not 
been  seen. 

Nature of smg mutations: All smg mutations so far 
obtained are recessive  with  respect to both morpholog- 
ical and suppression  phenotypes. The frequency  of 
isolation  of  smg-l and smg-2 in  both  unc-54(r293) and 
lin-29(n546) reversions, and in screens for mutants 
with abnormal  male  morphology,  suggests that these 
mutations are relatively frequent after EMS mutagen- 
esis,  consistent  with the belief that they are simple loss- 
of-function  alleles.  We obtained many  fewer  isolates  of 
the other four classes (Table 6), but in the cases  of  smg- 
3, smg-4 and smg-6, the maternal  effects on suppression 
might  have  caused revertants to be  overlooked  among 
the F2 populations screened. 

Seven  smg-l and eight smg-2 alleles  have  been  tested 
for response to the amber suppressors  sup-5 or sup-7, 
using the male  morphological phenotype as a criterion 
(see MATERIALS AND METHODS). The amber suppressors 
did not alter this  phenotype in  any  of fifteen cases 
tested. This indicates that none of  these  alleles is an 
amber nonsense mutation, or alternatively that 
suppression  of the morphological  phenotype requires 
very  efficient  suppression. 

Unfortunately, five  of the six  smg  loci are located  in 
regions of the genetic  map for which  deficiencies  have 
not yet been obtained. In one case,  smg-4, the single 
known  mutation  fails to complement  both eDfl and 
mDfl, and is located in the region  spanned by these 
deficiencies.  Since mDfl fails to complement  mutations 
flanking eDfl (HODGKIN et al. 1988), it is safe to assume 
that mDfl  is null for the smg-4 gene. The morphological 
phenotype of  smg-4(mal16)/mDfl is the same  as that 
of smg-4(mall6) alone, and the suppressive  effects  of 
these  genotypes are similar (Table 4). Such  comple- 
mentation data would  be expected if ma116 is a loss- 
of-function mutation, and  are consistent  with the pos- 
sibility that it is a null mutation. At  this  point there is 
no indication that any of the  other five smg  classes are 
not also  loss-of-function  mutations. 

DISCUSSION 

We  have  established that smg mutations  act  as  allele- 
specific  suppressors  of  mutations  in a wide  variety  of 
genes:  unc-54,  lin-29, tra-2, dpy-5. These genes are, 
respectively, the structural gene for the major  body 
wall  myosin  heavy  chain  species; a gene controlling 
stage-specific differentiation of the hypodermis; a sex- 
determination gene; and a gene involved  in  overall 
body  shape. The last,  dpy-5,  may  well  be a collagen 
gene, because  several other genes of  similar  phenotypic 
effect  have  proved to be  collagen  genes (KRAMER et al. 
1988; VON MENDE et al. 1988). The four genes  have 
no common feature: they are expressed at different 
times,  affect different tissues, and perform different 
functions. Therefore, we can  assume that the mecha- 
nism  of  suppression  is  informational, rather than by a 
fortuitous involvement  with  each  of the separate proc- 
esses for which the four genes are required. 

It is likely that smg-suppressible  alleles will be found 
for other genes  as  well,  because  they appear to be 
relatively frequent in occurrence. Suppressible  alleles 
of  this  type  have  indeed  been  identified for two addi- 
tional  genes, unc-l7 U. RAND, personal  communica- 
tion) and tra-l. For three of the genes under discussion 
(unc-54, lin-29, tra-2), the discovery  of  suppressible 
alleles  was an  incidental product of detailed  investiga- 
tions into particular genes; in the fourth case,  dpy-5, 
the discovery  of a suppressible  allele was accidental, 
rather than the result  of a deliberate search for more 
suppressible  alleles.  We  have  not carried out an  ex- 
haustive  series  of  tests on all  alleles  of  any  given gene, 
which  might  give a better idea  of the relative  frequency 
of  smg-suppressible  alleles. As in the case  of amber 
nonsense  mutations (HODGKIN 1985), smg-suppressible 
alleles  can  be expected to be frequent in  some  genes 
and rare in others. 

The suppressed  mutations of  each  of the four genes 
do not exhibit  any  obvious  common feature that might 
shed  light  on the nature of the mutant lesions or the 
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mechanism  of  suppression.  Both unc-54(r29?) and tra- 
2(e1209) are clearly  hypomorphic in mutant pheno- 
type, which  implies that in  each case the gene has 
residual function. For unc-54(r29?) the sequence of 
the mutation (PULAK and ANDERSON 1988) demon- 
strates that the MHC B protein is unaffected.  However, 
Zin-29(n546) behaves  as a null  allele, and dpy-5(e61) 
appears to be among the most  severe  alleles  of  this 
locus.  Possibly Zin-29(n546) is  also hypomorphic, and 
the apparently strong phenotype reflects a threshold 
effect. That is, at any  level  of  expression  less than a 
certain critical amount, a fully mutant phenotype is 
expressed. In the case  of dpy-5, however, the enhance- 
ment  effect  observed with e61/+ is hard to explain if 
e61 is a simple hypomorph. Conceivably e61 has a latent 
weak antimorphic effect,  which is only apparent in a 
smg background. 

Suppression is not complete, for tra-2(e1209) and 
dpy-5(e61). In each  case the suppressed phenotype is 
closer to wild type, but still abnormal. In contrast, 
amber suppression  can  be  much more complete.  For 
example, tra-2(e1425am); sup7 XX has an almost nor- 
mal hermaphrodite phenotype (HOLZKIN 1985), 
whereas smg-I(e1228); tra-2(e1209) XX is  still intersex- 
ual.  In the case  of Zin-29(n546), suppression is superfi- 
cially complete, but this appears to reflect a threshold 
effect, because the mutant phenotype appears again 
when the suppressed  allele is in trans to a Zin-29 defi- 
ciency, or to a non-responsive lin-29 allele. In the case 
of unc-54(r29?), suppression is  also  superficially  com- 
plete, but MHC B protein levels  have  not  yet  been 
measured  directly. 

The molecular nature of the unc-54(r293) lesion is 
known: it is a deletion of  material  in the 3’ noncoding 
portion of the gene, spanning the putative poly-A 
addition site but not affecting the protein coding  se- 
quence. It is hard to establish that there is no additional 
alteration in the unc-54(r293) coding  sequence, but 
recent experiments by A. FIRE and S. HARRISON (per- 
sonal  communication)  indicate that the r293 mutant 
phenotype and its  suppression are likely to be  associated 
with the 3’ deletion. FIRE  has found that a cloned unc- 
54 gene with an experimentally induced deletion in the 
3’ non-coding region, similar to the deletion in r29?, 
fails to rescue an unc-54 null mutant when introduced 
by oocyte  injection, but does  rescue  when  injected into 
a smg-I(e1228) unc-54 double mutant. 

The nature of the mutations in the  other genes is 
unknown, but the tra-2 gene has  been  cloned (P. 
OKKEMA  and J. KIMBLE, personal  communication), so 
it  should  be  possible to examine e1209 for obvious 
alterations. The gene tra-1 has  been  cloned (J. Horn- 
KIN, unpublished  results), and one of the smg-sensitive 
alleles, e2??2, has  been  shown to carry a deletion of 
one end of the gene. 

Given the  nature of r293 (a 3’ noncoding deletion), 

it is  likely that suppression  acts at some step prior to 
translation, though it is  of course  conceivable that the 
3’ end of unc-54 mRNA does have  some  essential role 
in translation. The deleted unc-54 gene lacks the pu- 
tative  poly-A addition sequence, so it is probable that 
r29? produces a message  with  an abnormal 3’ termi- 
nus, and one likely consequence  of  this is a decrease in 
message  stability. The smg suppressors  might then act 
by stabilizing the message and thereby increasing  levels 
of translated product. Other possibilities  can  be  envis- 
aged: for example, a correct 3’ sequence  might be 
required for packaging into ribonucleoprotein, export 
from the nucleus, and so on. Alternatively, the smg 
suppressors  might act at  the level  of transcription, by 
leading to more efficient  utilization  of a novel 3’ ter- 
mination  site. 

If the smg suppressors do act by increasing the life- 
time  of an unstable unc-54 message, then one would 
predict that the other sensitive  alleles  would  also be 
associated  with  message  instabilities.  However,  instabil- 
ity need not necessarily  be  associated  with an aberrant 
3’ terminus, so no prediction can be made about the 
molecular nature of the mutations  in  these other cases. 

The smg suppressors are all  recessive,  which  could 
be  explained by proposing that the wild  type functions 
of  these  genes are involved  with  RNA turnover. If 
there are multiple  pathways for RNA degradation, 
then the absence  of  any  lethal phenotype associated 
with smg mutations  could  be  explained by redundancy. 
Eliminating  any one smg function  would slow down, 
but not prevent, RNA turnover. However, we have 
found no lethal  synergism  between different classes  of 
smg mutation, suggesting that all  six affect the same 
process, and that this  process is apparently almost  dis- 
pensable. 

The morphological  effects  of smg mutations on bur- 
sal and vulval development are  at present mysterious, 
and not obviously  associated  with the suppressive  ef- 
fects  of  these  genes. One general scenario that would 
explain the anatomical  effects is that the morphoge- 
netic  events required for maturation of the genitalia 
(which  occur  rapidly compared to many other processes 
in nematode development) are associated  with a critical 
transition from one message  population to  another; if 
this  transition is impeded by  smg mutations, then the 
observed  defects  might  ensue.  Mutations in  several 
genes other than the smg  loci have  similar  morpholog- 
ical effects,  suggesting that these  processes are partic- 
ularly  sensitive to mutation. Precedents for apparently 
specific  morphological  effects  caused by defects in  basic 
cellular  machinery  can  be found in  Drosophila.  For 
example, Minute mutations, which are believed to lie 
in  ribosomal protein genes (KONGSUWAN et aZ. 1985) 
lead to characteristic  eye and bristle  phenotypes. 
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312 J. Hodgkin et al. 

mutations, and for isolating additional smg mutations. We are also 
grateful to ANDREW FIRE,  DAVID HsU and JAMES RAND for the 
communication of unpublished results, and  to SCOTT EMMONS and 
JOHN SULSTON for observations on the morphogenetic alterations in 
smg mutants. This work  was supported by Public Health Service 
research grant GM34028 and March of Dimes Birth Defects Foun- 
dation Basil O’Conner Starter Research Grant 5-445 (to V. AMBROS), 
and by U.S. Public Health Service  individual research grant 
GM41807 from the National Institutes of Health (NIH) (to P. AN- 
DERSON). Some of the strains used  in  this  work were provided by the 
Caenorhabditis Genetics Center, which  is supported by Contract NO1 
RR-4-2111 between the NIH Division of Research Resources and 
Curators of the University  of  Missouri. 

LITERATURE CITED 

AMBROS, V., and H. R. HORVITZ, 1984 Heterochronic mutants of 
the nematode Caenorhabditis elegans. Science 226 409-416. 

BEJSOVEC,  A., and P. ANDERSON, 1988 Myosin  heavy chain muta- 
tions that disrupt Caenorhubditis  elegans thick filament assembly. 
Genes Dev. 2 1307-1317. 

COX, G.  N., J. S. LAUFER, M. K u m  and R. S. EDGAR, 1980 Genetic 
and phenotypic characterization of roller mutants of Caenorhab- 
ditis elegans. Genetics 9 5  3  17-339. 

DIBB,  N. J., D. M. BROWN, J. KARN, D.  G. MOERMAN, S. L. BOLTEN 
and R. H. WATERSTON, 1985 Sequence analysis  of mutations 
that affect the synthesis,  assembly and enzymatic  activity  of the 
unc-54 myosin  heavy chain gene of Caenorhabditis  elegans. J. Mol. 
Biol. 183: 543-55 1 .  

DONIACH, T., 1986 Activity of the sexdetermining  gene tra-2 is 
modulated to allow spermatogenesis in the C. elegans her- 
maphrodite. Genetics 114: 53-76. 

EIDE,  D., and P. ANDERSON, 1985 The gene structure of sponta- 
neous mutations affecting a Caenorhabditis elegans myosin  heavy 
chain gene. Genetics 109 67-79. 

EIDE,  D., and P. ANDERSON, 1988 Insertion and excision of the C. 
elegans transposable element Tcl .  Mol. Cell.  Biol. 8 737-746. 

EGGERTSSON, G., and D. SOU, 1988 Transfer ribonucleic acid- 
mediated suppression of termination codons in Escherichia coli. 
Microbiol.  Rev. 52: 354-374. 

EPSTEIN, H. F., R. H. WATERSTON and S. BRENNER, 1974 A mutant 
affecting the heavy  chain  of  myosin in Caenorhabditis  elegans. J. 
Mol. Biol. 9 0  291-300. 

FIRE, A. 1986 Integrative transformation of Caenorhubditis  elegans. 

GREENWALD, I., and H. R. HORVITZ, 1986 A visible allele of the 
muscle gene sup-10 X of C. elegans. Genetics 113 63-72. 

HARTMAN, P. E., and J. R. ROTH, 1973 Mechanisms of suppression. 
Adv. Genet. 17: 1-105. 

HODGKIN, J., 1980 Mote sex determination mutants of Caeno- 
rhabditis elegans. Genetics 96: 649-664. 

HODGKIN, J., 1983 Male phenotypes and mating effkiency. Ge- 
netics 103: 43-64. 

HODGKIN, J., 1985 Novel nematode amber suppressors. Genetics 
111: 287-310. 

HODGKIN, J., 1986 Sex determination in the nematode Caeno- 
rhabditis  elegans: analysis  of tra-3 suppressors and characteriza- 
tion of fem genes. Genetics 114 15-52. 

HODGKIN, J., 1987 A genetic analysis  of the sex-determining gene, 
tra-I, in the nematode Caenorhabditis  elegans. Genet. Dev. 1: 

HODGKIN, J., K. KONDO and R. H. WATERSTON, 1987 Suppression 
in the nematode Caenorhabditis  elegans. Trends Genet. 3 325- 
329. 

HODGKIN, J., M. EDGLEY, D. RIDDLE and D.  G. ALBERTSON, 
1988 Genetics appendix, pp. 491-584 in The  Nematode  Caenor- 
habditis  elegans, edited by  W.  B.  WOOD. Cold Spring Harbor 
Laboratory, Cold Spring Harbor, N.Y. 

EMBO J. 5 2673-2680. 

731-745. 

HORVITZ, H. R., S. BRENNER, J. HODGKIN and R. HERMAN, 1979 A 
uniform genetic nomenclature for the nematode Caenorhabditis 
elegans. Mol. Gen. Genet. 175 129-133. 

KARN, J. S., S. BRENNER and L. B A R N E ~ ,  1983 Protein structural 
domains in the Caenorhabditis elegans unc-54 myosin  heavy  chain 
gene are not separated by introns. Proc. Natl. Acad. Sci.  USA 

KONDO, K., J. HODGKIN and R. H. WATERSTON, 1988 Differential 
expression  of  five rRNA amber suppressors in Caenorhabditis 
elegans. Mol. Cell. Biol. 8: 3627-3635. 

KONCSUWAN, K., Q. Yu,  A.  VINCENT, M. C.  FRISARDI, M. ROSBASH, 
J. A. LENGYEL and J. MERRIAM, 1985 A Drosophila  Minute 
gene encodes a ribosomal protein. Nature 317: 555-558. 

KRAMER, J. M., J. J. JOHNSON, R. S. EDGAR, C. BASCH and S. ROBERTS, 
1988 The sqt-1 gene of C. elegans encodes a collagen  critical 
for organismal morphogenesis. Cell 55: 555-565. 

MACLEOD,  A.  R., J. KARNand S. BRENNER, 1981 Molecularanalysis 
of the unc-54 myosin  heavy chain gene of Caenorhabditis  elegans. 
Nature 291: 386-390. 

MACLEOD, A. R., J. KARN, R. H. WATERSTON and S. BRENNER, 
1979 The unc-54 myosin  heavy chain gene of Caenorhubditis 
elegans; a model  system for the study of genetic suppression in 
higher eukaryotes, pp. 109-125 in Nonsense Mutations  and tRNA 
Suppressors, edited by J. E.  CELIS and J. D. SMITH, Academic 
Press, New York. 

MILLER, D. M., and I. MARUYAMA, 1986 The sup-3 locus is closely 
linked to a myosin  heavy  chain gene in C. elegans. UCLA  Symp. 
Mol. Cell.  Biol. 2 9  629-638. 

MOERMAN, D.  G., S. PLURAD, R. H. WATERSTON and D. L. BAILLIE, 
1982 Mutations in the unc-54 myosin  heavy chain gene of C.  
elegans that alter contractility but not muscle structure. Cell 29: 
773-78 1 .  

MURGOLA, E. J., 1985 tRNA, suppression, and the code. Annu. 
Rev. Genet. 1 9  57-80. 

PARKER, R., P.  G.  SICILIANO and C. GUTHRIE, 1987 Recognition  of 
the  TACTAAC box during mRNA splicing in  yeast  involves 
base-pairing to  the U2-like snRNA. Cell 4 9  229-239. 

PULAK, R. A., and P. ANDERSON, 1988 Structures of spontaneous 
deletions in Caenorhabditis  elegans. Mol. Cell.  Biol. 8: 3748- 
3752. 

RAND, J. B., and R. L. RUSSELL, 1984 Choline acetyltransferase 
deficient mutants of the nematode Caenorhabditis  elegans. Ge- 
netics 106: 227-248. 

RIDDLE, D., and S. BRENNER, 1978 Indirect suppression  in Caenor- 
habditis  elegans. Genetics 8 9  299-3 14. 

ROTH, J. R., 1981 Frameshift suppression. Cell 24: 601-602. 
SHERMAN, F., 1982 Suppression in the yeast Saccharomyces cerevisiae, 

pp. 463-486 in The  Molecular Biology of the Yeast Saccharomyces, 
edited by J. N.  STRATHEXN,  E.  W. JONES and J. R. BROACH. Cold 
Spring Harbor, Laboratory, Cold Spring Harbor, N.Y. 

SURGACHOV, A. P., 1988 ‘Omnipotent’ nonsense suppression:  new 
clues to an old puzzle. Trends Biol.  Sci. 1 3  120-123. 

SULSTON, J. E., and J. HODGKIN, 1988 Methods appendix, pp. 587- 
606 in The  Nematode  Caenorhabditis  elegans, edited by  W.  B. 
WOOD, Cold Spring Harbor, Laboratory, Cold Spring Harbor, 
N.Y. 

TRENT, C., N. TSIJNC and H. R. HORVITZ, 1983 Egg-laying defec- 
tive mutants of the nematode Caenorhubditis  elegans. Genetics 

VON MENDE, N.,  D. M. BIRD, P. S. ALBERT and D.  RIDDLE, 
1988 dpy-13: a nematode collagen gene  that affects body shape. 
Cell 5 5  567-576. 

WATERSTON, R. H., 1981 A second informational suppressor, sup- 
7 X, in Caenorhabditis  elegans. Genetics 97: 307-325. 

WATERSTON,  R. H., 1988 Muscle, pp. 281-335 in The  Nematode 
Caenorhabditis  elegans, edited by  W.  B.  WOOD, Cold Spring 
Harbor Laboratory, Cold Spring Harbor, N.Y. 

WATERSTON, R. H., and S. BRENNER, 1978 A suppressor mutation 

8 0  4253-4257. 

104: 619-647. 



Nematode Informational  Suppression 313 

in the nematode acting on specific  alleles of many genes. Nature WIUS, N.,  R. F. GESTELAND, J. KARN, L. B A R N E ~ ,  S. B~LTEN and 

WICKENS, M. P., and P. STEPHENSON, 1984 Role of the conserved suppress  amber nonsense mutations via altered transfer RNA. 
AAUAAA sequence: four AAUAAA point  mutations  prevent 
mRNA 3’ end formation. Science 226 1045-1051. Communicating editor: R. K. HERMAN 

275 715-719. R. H. WATERSTON, 1983 The genes sup-7 X and sup-5 111 

Cell 33: 575-583. 


