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ABSTRACT

We have shown that the phenotypes resulting from hypomorphic mutations (causing reduction but
not complete loss of function) in two X-linked genes can be used as a genetic assay for X-chromosome
dosage compensation in Caenorhabditis elegans between males (X0) and hermaphrodites (XX). In
addition we show that recessive mutations in two autosomal genes, dpy-21 V and dpy-26 IV, suppress
the phenotypes resulting from the X-linked hypomorphic mutations, but not the phenotypes resulting
from comparable autosomal hypomorphic mutations. This result strongly suggests that the dpy-21
and dpy-26 mutations cause increased X expression, implying that the normal function of these genes
may be to lower the expression of X-linked genes. Recessive mutations in two other dpy genes, dpy-22
X and dpy-23 X, increase the severity of phenotypes resulting from some X-linked hypomorphic
mutations, although dpy-23 may affect the phenotypes resulting from the autosomal hypomorphs as
well. The mutations in all four of the dpy genes show their effects in both X0 and XX animals, although
to different degrees. Mutations in 18 other dpy genes do not show these effects.

IFFERENTIAL gene expression during devel-
opment commonly involves regulating a single
gene or a set of developmentally or physiologically
related genes. An exception in animals with sex chro-
mosomes is the phenomenon of dosage compensation,
in which the expression of most or all of the X chro-
mosome is differentially regulated in the two sexes
such that individuals with one X chromosome and
individuals with two X chromosomes make equivalent
amounts of X-linked gene products (MULLER, 1950).

Dosage compensation has been most extensively
documented in Drosophila and mammals, which com-
pensate by fundamentally different mechanisms. In
Drosophila, both sexes are thought to express X-linked
genes at the 2X level: the single X chromosome in
males appears to be hyperactivated with respect to the
female X chromosomes and the autosomes (reviewed
in BAKER and BELOTE, 1983). In mammals, both sexes
express X-linked genes at the 1X level: one of the two
X chromosomes in females is inactivated (reviewed in
GARTLER and RiGGs, 1983). These two mechanisms
share the feature that compensation occurs in only
one sex.

We are investigating the control of dosage compen-
sation in the nematode Caenorhabditis elegans. There
is clear and varied evidence that many X-linked genes
in C. elegans are compensated. Most directly, MEYER
and Casson (1986) have reported molecular evidence
for dosage compensation of transcript levels for three
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X-linked genes. DONAHUE, QUARANTILLO and WOOD
(1987; cited in WoobD et al. 1985) have obtained
similar results using a somewhat different experimen-
tal approach. This agrees with evidence from both
enzyme assays and genetic studies. Two X-linked en-
zymes have been assayed: ace-1 [J. DUCKETT and R.
RuUssELL (cited by BuLL 1983); R. RUSSELL, personal
communication; P. M. MENEELY and K. NORDSTROM,
unpublished data], which encodes one form of acetyl-
cholinesterase, and nuc-1 X (W. B. Woob, unpublished
data) which encodes a DNA endonuclease (M. DEw
and J. E. SULSTON, personal communication). In each
case, similar levels of enzyme activity were found in
males and hermaphrodites. However, the possibility
of differential regulation in the two sexes due to
physiological differences rather than dosage compen-
sation makes these results difficult to interpret, espe-
cially for ace-1 where a sexual difference is apparent.
Indirect genetic evidence has been presented that the
dosage of genes defined by X-linked lethals is compen-
sated (MENEELY and HERMAN 1979), and arguments
for dosage compensation were made based on initial
descriptions of two of the unusual dpy genes discussed
below (HODGKIN 1983a).

To investigate dosage compensation further in C.
elegans, we have employed a genetic assay for the level
of X-linked gene expression using hypomorphic mu-
tations. MULLER (1950) defined a hypomorph as a
mutant allele that causes partial loss of gene function,
such that its phenotype appears to depend on the level
of mutant gene product. He pointed out that such
mutants could be employed as indicators of allele
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dosage or expression. We show here that X-linked
hypomorphs result in similar phenotypes in IX and
2X animals, indicating that these genes are dosage
compensated. The genetic assay has the advantages
that it can be used in direct screens for new mutations
with abnormal levels of X-linked gene expression, and
that it allows analysis of small numbers of mutant
animals in strains that cannot be grown to large ho-
mogeneous populations.

We also present evidence supporting the involve-
ment of at least two, and possibly four, previously
identified genes in the dosage compensation mecha-
nism. Mutations in these genes lead to a short mor-
phology known as dumpy (Dpy). The phenotypes of
most Dpy mutants are not affected by sex or the ratio
of X chromosomes to sets of autosomes (X/A ratio).
However, the genes dpy-21 V, dpy-22 X, dpy-23 X and
dpy-26 IV, which we shall refer to subsequently as X-
dependent dpy genes, are unusual in this regard. Their
mutant phenotypes are postulated to result from in-
appropriate expression of the X chromosome, for
three reasons (HODGKIN 1983a; MENEELY and WoOD
1984). First, phenotypes of mutations in these genes
resemble X chromosome aneuploidy in being both
Dpy and inviable. Second, unlike other dpy genes,
their phenotypes are altered by changes in X/A ratio
in the normal range between 0.5 and 1.0. Third, they
either enhance (dpy-21, dpy-26) or suppress (dpy-22
and perhaps dpy-23) the effects of increased X dosage
in X chromosome aneuploids and segmental aneu-
ploids (MENEELY and WooD 1984; P. MENEELY and
W. B. Woop, unpublished data).

The phenotypes resulting from mutations in the
two autosomal genes dpy-21 and dpy-26 are similar in
that 24;1X animals are non-Dpy, 24;2X animals are
Dpy, and 24;3X animals are inviable. Therefore, they
resemble dpy+ 2A;2X, 2A;3X and 2A;4X animals, re-
spectively. The dpy-26(n199) mutation also results in
maternal-effect lethality of 2X embryos and a Him
(High incidence of males) phenotype reflecting an
increased frequency of X chromosome nondisjunc-
tion. Heterozygous n199/+ hermaphrodites produce
one-quarter Dpy self-progeny. However, these n199/
n199 animals lay many eggs that do not hatch, and
the majority of their viable offspring are non-Dpy 1X
males (HODGKIN 1983a). A homozygous n199/n199
2X strain cannot be propagated.

The phenotypes resulting from mutations in the
two X-linked genes dpy-22 and dpy-23 are generally
similar to each other but different from dpy-21 and
dpy-26. For dpy-22 and dpy-23 mutants, 2X animals
are sickly and Dpy (distinguishable from dpy-2I and
dpy-26 and usually from each other), with small brood
sizes of fewer than 100. I1X males are inviable for dpy-
23 mutants and variably so for dpy-22 mutants. Mated
dpy-23 hermaphrodites produce no male progeny. For

mated dpy-22 hermaphrodites, less than 50% of the
male progeny (expected from observed numbers of
cross-progeny hermaphrodites) survive to adulthood
as small, Dpy, sterile animals. For dpy-22, HODGKIN
and BRENNER (1977) showed that the phenotype de-
pended on the number of X chromosomes and not on
physiological sex. There has been no similar demon-
stration for dpy-23.

In this paper, we present evidence suggesting that
the normal function of dpy-21 and dpy-26 is to de-
crease expression of X-linked genes. In contrast, the
normal function of dpy-22 and perhaps dpy-23 may be
to increase expression of X-linked genes, although the
evidence is less clear. Effects of mutations in the X-
dependent dpy genes are seen in both IX and 2X
animals, suggesting that X chromosome expression
could be controlled by a balance of positive and neg-
ative regulation in both sexes.

Our experimental approach can be outlined as fol-
lows. First, mutations in X-linked and autosomal genes
were demonstrated to be either hypomorphic or null,
based on variation or lack of variation, respectively,
of the resulting phenotypes with allele dosage in 2X
animals. We also demonstrated dosage compensation
for one of the X-linked genes, lin-15, whose hypo-
morphic mutant phenotype was easily quantitated.
Then, in order to assay for specific effects of the dpy
genes on X chromosome expression, mutations in each
of the four X-dependent dpy genes were tested in both
IX and 2X animals for suppression or enhancement
of phenotypes resulting from the X-linked hypo-
morphs, in particular the quantifiable lin-15 muta-
tions. In general, results with the other X-linked hy-
pomorphs support those obtained with lin-15, but are
less quantitative, and therefore somewhat less reliable.
As controls, similar tests were carried out in 2X ani-
mals on phenotypes resulting from null mutations in
the same X-linked genes and from autosomal hypo-
morphs.

The experiments, although straightforward in prin-
cipal, are complicated by two factors associated with
the use of mutations in genes controlling cell lineages
(lin genes), which provided some of the most useful
hypomorphic alleles. First, some of the Lin pheno-
types used are sex-influenced, making it necessary to
employ sex transformer mutations so that 2X and IX
animals of the same physiological sex can be com-
pared. Second, some of the hypomorphic lirn muta-
tions are synergistic alleles, that is, animals must carry
two mutations, one in each of two different lin genes,
in order to exhibit the mutant phenotype (FERGUSON
and HORvITZ 1987) (see RESULTS for further expla-
nation). Although these complications made strain
construction more tedious and interpretation of some
results more difficult, they did not appreciably dimin-
ish the usefulness of the lin mutations. A preliminary
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FIGURE 1.—Positions on the C. elegans genetic map of genes
and rearrangements used in this study. Each of the six linkage
groups is indicated by a heavy horizontal line, on which are shown
positions of precisely mapped genes. Horizontal bars above these
lines show intervals known to include map locations of other less
precisely mapped genes, as indicated. Double bars and single bars
below linkage groups indicate the extents of duplications and
deficiencies, respectively. Genes indicated in small, bold-faced
type are those for which hypomorphic alleles or putative hypo-
morphic alleles have been identified. Genes indicated in larger,
bold-faced, italic type are the four X-dependent dpy genes.

account of some of these findings has appeared pre-
viously (WooD et al. 1985).

MATERIALS AND METHODS

Genes, alleles, and strains of C. elegans

All strains are derived from N2, the Bristol strain of C.
elegans (BRENNER 1974). The genes, alleles, and chromo-
somal rearrangements used are listed below by linkage
group. Most have been described previously (MENEELY and
HErMAN 1979, 1981; HopGkKIN 1983a,b; MENEELY and
Woob 1984; FERGUSON and HORvITZ 1985); others are
described in the text. Positions of these genes on the C.
elegans genetic map, where known, are shown in Figure 1.
Standard nomenclature for C. elegans genotypes and phe-
notypes is used, according to HORVITZ et al. (1979). Gene
designations, based on mutant phenotypes are dpy, dumpy
morphology; her, hermaphroditization (of 1X animals); him,
high incidence of males; let, lethal; lin, lineage defective;
lon, long; tra, transformer (of 2X animals into males); unc,
uncoordinated. The /in mutations used in this paper result
in Multivalva (Muv), Vulvaless (Vul), and/or Egg-laying
defective (Egl) phenotypes. Phenotypes are described sub-
sequently in more detail where relevant.

LG L: dpy-5(e6 1), dpy-14(e188), dpy-24(s71), lin(n833).

LG II: lin-8(nl1ll), dpy-2Ae8), dpy-10(e128), lin-7(el413,
nl106).

LG III: dpy-1(el), dpy-17(e164), dpy-19(e1259), lin-9-
(n112), tra-1(e1099), dpy-18(e364).

LG IV: dpy-9el2), unc-17(e245), dpy-13(¢184), dpy-20-
(€1282), dpy-26(n199), unc-31(e169), unc-30(e191), dpy-4-

1166).
( LG) V: dpy-11(e224), her-1(e1520), unc-42(e270), him-5
(€1467,61490), dpy-21(e428,6459).

LG X: dpy-3(e27,6182), dpy-23(e840), lon-2(e678), dpy-
8(e130), dpy-7(e88), dpy-6(e14), dpy-22(e652), lin-2-
(€1309,n768), unc-9(el101) unc-3(el51), lin-15(n309,n374,
n765n767), let-2(mn114,mm153). [The dpy-3(¢27) mutation
maps very close to and fails to complement ¢182, indicating

that the latter, previously designated as the only dpy-12
allele (BRENNER 1974), is in fact an allele of dpy-3.] The
deficiencies nDf19 and mnDfI include the dpy-22 locus and
the une3-let-2 interval, respectively. mnDpl is a duplication,
linked to chromosome V, that includes the region of X
deleted by maDf1. mnDpl/+;mmDf] animals are viable. Un-
less otherwise indicated, mutant strains were obtained from
the Caenorhabditis Genetics Center or from the Boulder
collection. dfy-21(e459) was obtained from R. HorviTz; dpy-
26(n199) was obtained from ]J. HODGKIN as a balanced
heterozygote with unc-17(e245).

General techniques

Culturing, handling and genetic manipulation of C. ele-
gans were carried out as described by BRENNER (1974).

Scoring of phenotypes resulting from
hypomorphic alleles

lin mutants: Phenotypes of the lin mutants have been
described by FERGUsON and Horvrrz (1985) and will be
summarized only briefly here. Mutations in lin-2 X and lin-
7 I result in an egg-laying-defective (Egl) phenotype and in
addition, for stronger alleles, a vulvaless (Vul) phenotype,
both of which can be scored with the dissecting microscope.
No attempt was made to distinguish these phenotypes in
our experiments; animals showing either the Vul or Egl
phenotype or both were scored as Lin in determinations of
penetrance. Mutations in /n-15 X and combinations of mu-
tations in lin 8 Il and lin-9 Il result in multiple pseudovulvae
(Muv phenotype), visible in the dissecting microscope as
protrusions on the ventral side of the animal (see Figure 2).
lin-15 animals, even if non-Muv often show a protrusion at
the vulva. Therefore, only animals exhibiting two or more
protrusions (i.e. at least one pseudovulva) were scored as
Muv.

Severities of Lin and Muv phenotypes, which can vary
with mutant allele and temperature, were compared based
on penetrance (percent of mutant animals exhibiting the
phenotype), determined by counting all of a particular class
of progeny (for example all the male progeny) from single
hermaphrodites. Uncertainties (95% confidence intervals)
were determined using the normal deviate (z equivalent to
x%), according to the formula 1.96 (pxg/N)”, where p and ¢
are the fraction of mutant and nonmutant animals, respec-
tively. Expressivity of the Muv phenotype (size and number
of pseudovulvae) also varies with lin-15 allele and tempera-
ture (FERGUSON and HoORvITZ 1985). Penetrance was used
in these experiments to compare apparent levels of expres-
sion, because presence or absence of pseudovulvae was
easier to determine and was less affected by morphological
changes resulting from other mutations in the strains (e.g.,
dpy) than were number and size of pseudovulvae.

let mutants: let-2 mutations cause early lethality or steril-
ity (MENEELY and HERMAN 1981). Stages of arrest were
judged from size and appearance of arrested larvae as ob-
served under the dissecting microscope. Mutants carrying
strong alleles die as embryos; mutants carrying weak alleles
survive to become fourth stage larvae (L4) or sterile adults,
which rarely lay eggs with an egg shell. Severities of Let
phenotypes were compared based on expressivity, deter-
mined by observing the latest stage to which mutant animals
survived and, for surviving adult hermaphrodites, measur-
ing fertility.

Construction of multiply mutant strains

General constructions: Most strains were constructed by
standard crosses and maintained as homozygous stocks. Ster-
ile or inviable homozygotes were generated as segregants
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from appropriate heterozygotes, as indicated in the table
legends. Strains carrying let-2 were maintained as marked
homozygotes balanced by one copy of the duplication
mnDpl (see Figure 1); for example, mnDpl/+unc-3 let-2.
For allele dosage experiments with mutations in /in-15 and
let-2 (see Figure 1), deficiency heterozygotes were con-
structed by mating mnDp1/+;mnDf1/0 males with hermaph-
rodites carrying the mutation and a marker allele not de-
leted by mnDfI; for example, dpy-7 lin-15 hermaphrodites
were mated, and the non-Dpy Lin hermaphrodite progeny,
of genotype dpy-7 lin-15/mnDf1, were examined.

Generation of 3X hermaphrodites and IX males from
him strains carrying X-linked mutations: The recessive
him mutations him-5(e1467) and him-5(¢1490) cause n-
creases in the frequency of X chromosome nondisjunction,
leading to generation in hermaphrodites of both nullo-X
and diplo-X gametes, which result in production of 1X male
and 3X hermaphrodite self progeny, respectively (HODGKIN,
HorviTz and BRENNER 1979). 3X him-5 animals are recog-
nized by their dumpy (Dpy) phenotype and rare male self
progeny. him-5(e1467) hermaphrodites produce about 20%
IX and 3% 3X self progeny; him-5(e1490) hermaphrodites
produce about 30% IX and 7% 3X self progeny. In tests for
allele dosage effects on X-linked mutations, /X and 3X
animals were obtained as male and Dpy hermaphrodite self
progeny, respectively, of hermaphrodites homozygous for
the hypomorphic allele and a zém-5 mutation. /X males were
also obtained from crosses of wild-type males with
hermaphrodites homozygous for an X-linked mutation. 3X
hermaphrodites carrying lei-2 mutations were obtained as
Dpy Unc hermaphrodite progeny of mnDp1 him-5(e1467)/
him-5(e1467);unc-3(e151) let-2 hermaphrodites.

Generation of IX hermaphrodites and 2X males using
sex reversal mutations: IX lin-15 hermaphrodites were
produced using the recessive sex reversal mutation her-
1(e1520), which transforms IX animals into fertile her-
maphrodites (HODGKIN 1980). Males of genotype her-1
him-5(e1490)/+ him-5(e1490);lin-15/0 were mated to her-
maphrodites of genotype her-1 unc-42(e270);lon-2(e678)lin-
I5. [For lin-15(rn767), both strains were also homozygous
for the autosomal mutation n833; see following section.]
Cross progeny were recognized as non-Unc animals. The
lon-2 mutation is an X-linked recessive used to identify 1X
progeny by their long (Lon) phenotype; lon-2 did not atfect
the penetrance of the lin-15 Muv phenotype. From this
cross, half the 1X progeny are expected to be of genotype
her-1 unc-42/him-5;lon-2 lin-15/0, which are Lon males.
The other half of the IX progeny will be her-1 unc-42/her-
1 him-5;lon-2 lin-15/0, which are Lon hermaphrodites
homozygous for her-1. The penetrance of the lin-15 Muyv
phenotype in IX animals was determined as the frequency
of Lon Muv hermaphrodites among total Lon hermaph-
rodites. To determine the effect of dpy-2/ mutations on
the penetrance of the lin-15 Muv phenotype in IX her-
maphrodites, the non-Dpy (IX) self progeny of her-1 him-
5(e1490) dpy-21;lin-15 animals were scored.

2X lin-15 males were produced using the recessive sex
reversal mutation tra-1(e1099), which transforms 2X ani-
mals into fertile pseudomales (HODGKIN and BRENNER
1977). A strain with which to examine the penetrance of
lin(n833);lin-15(n767) in tra-1(e1099) 2X pseudomales was
constructed as follows. tra-1 is closely linked to dpy-18 III
(Figure 1); lin(n833) has been assigned to LGI (FERGUSON
and HorviTz 1987). tra-1 2X pseudomales were mated to
lin(n833);dpy-18;lin-15(n767) hermaphrodites. Cross-prog-
eny hermaphrodites of genotype lin(n&833)/+;dpy-18/tra-1,
lin-15/+ were then allowed to self-fertilize, and Muv non-
Dpy progeny were picked and maintained as a balanced

heterozygous strain of genotype lin(n833);dpy-18/tra-1;lin-
15. The penetrance of the lin-15 Muv phenotype was
measured in the 2X pseudomale self progeny of these
animals.

Construction of strains carrying dpy-26 mutations:
dpy-26(n199) 2X animals have few viable 2X progeny and
cannot be maintained as homozygotes (HODGKIN 1983a),
as mentioned in the introduction. 2X strains carrying this
mutation were kept as balanced heterozygotes, for example
dpy-26 func-17;lin-2, dpy-26/unc-30;lin-15(n765), or lin-
(n833);dpy-26 /unc-31;lin-15(n767). Dpy progeny of these
animals were scored to test the effects of dpy-26 on penetr-
ance of the Lin phenotypes. Therefore, we are testing the
maternally rescued F, Dpy-26 phenotype, which may be
weaker than if we had scored the few viable hermaphrodite
F, progeny of these animals. When we looked among the
viable F; progeny, the effect on the Lin-15(rn765) pheno-
type was no stronger than among the F, animals, but only
about 50 worms were examined. The three unc markers
in trans to dpy-26 were used interchangeably with no ob-
vious differences in the results. To test let-2 alleles, strains
of genotype dpy-26/unc-31;mnDpl/+unc-3(e151) let-2
were constructed, and the viability and fertility of the Dpy
Unc progeny were scored.

Because 2X dpy-26 homozygotes produce non-Dpy I1X
animals among their few progeny (HODGKIN 1983a), it was
possible to test the dpy-26 mutation on lin-15 1X animals
by scoring the male self-progeny of dpy-26;lin-15
hermaphrodites. For some of these tests, dpy-26;lin-15
males were also generated by mating dpy-26 males to dpy-
26;lin-15 hermaphrodites. To test dpy-26 effects in lin-15
I1X hermaphrodites, strains of genotype dpy-26;her-1-
(e1520);lin-15(n309), dpy-26;her-1;lin-15(n765), and lin-
(n833);dpy-26;her-1;lin-15(n767) were constructed. From
each of these strains a single 2X Dpy hermaphrodite was
picked and its 2X Dpy and IX non-Dpy progeny were
scored. For the latter (n767) strain, some experiments were
done using X hermaphrodites as the parents and exam-
ining their 2X Dpy and /X non-Dpy progeny.

Construction of strains carrying dpy-22 and dpy-23
mutations: Because dpy-22 and dpy-23 1X males are gen-
erally inviable and are infertile when they survive, dpy-22
and dpy-23 were used as the hermaphrodites in crosses for
strain construction. For analysis of dpy-22 effects in IX
animals, a mutation in kim-5 was included because him-5;
dpy-22/0 males appear to survive at a somewhat higher
frequency than dpy-22/0 males generated by mating. This
effect was not seen for dpy-23 males. Many strains homo-
zygous for dpy-22 or dpy-23 and another mutation were
sickly and had low viability, especially at 25°. Therefore,
in several of the tests for effects of dpy-22 and dpy-23 on
phenotypes resulting from other hypomorphic alleles, the
desired homozygotes were obtained as segregants from
strains heterozygous for the dpy-22 or dpy-23 mutation, as
indicated in the table legends. The unexpectedly low via-
bility of some double mutant strains may mean that dpy-22
and especially dpy-23 have non-specific effects.

Identification of hypomorphic and null mutations in
X-linked genes

lin-2: Presumed null and hypomorphic alleles have been
described by FERGUSON and HorvITz (1985), and were
further characterized here. The allele resulting in the
highest penetrance of the Vul defect, e1309 (89 * 6%),
was assumed to be a null allele, and the allele with the
lowest penetrance, n768 (38 + 5%) was assumed to be a
hypomorphic allele for these experiments. Consistent with
this assumption, penetrance of the Lin phenotype in het-
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eroallelic n768/¢1309 individuals was similar (92 + 5%) to
that seen in ¢]309 homozygotes (see Tables 4 and 9).
lin-15: Alleles at this locus were used extensively in these
experiments, and further characterization was carried out
to supplement the results of FERGUSON and HORVITZ
(1985). The strongest known allele is n309; however, this
allele is probably not a null for all aspects of the lin-15
phenotype as shown by FERGUSON and HorviTz (1985)
and below. The weaker alleles n765 and n767 are temper-
ature sensitive, resulting in penetrance of the Muv pheno-
type that is complete at 25°, reduced at 20°, and further
reduced at 16°. For the purposes of this study, these alleles
were characterized further as follows. For lin-15(n309) and
lin-15(n765), the character of the allele was determined by
mating mnDp1/+;mnDf1/0 males to dpy-7(e88) unc-3 lin-15
hermaphrodites. mnDfI deletes unc-3 and lin-15 but not
dpy-7 (Figure 1). The penetrance of the Muv phenotype in
the non-Dpy Unc progeny from this cross, of genotype
dpy-7 unc-3 lin-15/mnDf1, was compared to the penetrance
of the Muv phenotype of the corresponding lin-15 homo-
zygotes, grown at the appropriate growth temperature for
at least one generation prior to testing. Many of the lin-
15/mnDfI animals did not mature to adults, supporting the
view that neither allele is truly null for all aspects of the
lin-15 phenotype. For the Muv phenotype among surviving
animals, however, n309 behaves as a null allele, and is
designated as null or “operational null” throughout the
remainder of this paper. In contrast, the Muv phenotype
resulting from the n765 allele behaves as a hypomorphic
characteristic (see RESULTS, Table 2). To be sure that dpy-
7 did not contribute to the phenotype, the cross was also
done using dpy-18(e364);unc-3 lin-15 hermaphrodites. No
differences were seen, and the results were pooled.

An additional complication in using lin-15 mutants is
that many alleles are synergistic mutations; that is, a mu-
tation in another gene is also needed to produce a synthetic
Muv phenotype (FERGUSON and HorvITZ 1987). The syn-
ergistic mutations can be divided into two classes, named
A and B. Only strains homozygous for a mutation in each
class have a Muv phenotype. The prototype mutations
defining classes A and B are lin-8(n111) and lin-9(n112),
respectively (see Table 1). The only synergistic allele tested
with mnDf] was n767, which is a class A allele; strains
carrying this allele were also homozygous for lin(n§33), an
autosomal class B mutation. Throughout this paper, strains
homozygous for lin-15(n767) always are also homozygous
for lin(n833). To test the phenotype of n767/mnDfI ani-
mals, lin(n833);him-5(e1490);lin-15(n767)/0 males were
mated to mnDpl/+;mnDfl hermaphrodites. The cross-
progeny males, of genotype lin(n833)/+mnDpl/him-
5;mnDf1/0 were mated to lin(n833)unc-9(el01) lin-
15(n767) hermaphrodites. The Muv non-Unc herma-
phrodite progeny of this cross were then grown at the
appropriate temperature. These animals have the genotype
lin(n833)unc-9 lin-15(n767)/mnDf]l. They are known to
lack the duplication because mnDp 1 carries lin-15+, so that
duplication-bearing animals would be non-Muv. The prog-
eny of the Muv non-Unc hermaphrodites will include Muv
non-Unc animals hemizygous for lin(n767) (i.e., n767/
mnDfI) like the parent, and Muv Unc animals homozygous
for the unc-9 lin-15(n767) chromosome. Virtually no re-
combinant unc-9+ lin-15(n767) chromosomes are expected
since mnDfI severely reduces or eliminates recombination
in unc-9 unc-3/mnDf1 animals, although mnDfI does not
delete unc-9 (P. MENEELY, unpublished data). The pene-
trance of the lin-15 Muv phenotype was determined by
scoring non-Unc animals. As shown in Table 2, the syner-
gistic allele n833;767 behaves as a hypomorph. The syn-

ergistic allele lin-8(nl111);lin-15(n374) also behaves as a
hypomorph, based on alleviation of the resulting Muv
phenotype by increased X dosage (Table 3).

let-2: MENEELY and HERMAN (1981) described null and
hypomorphic mutations among X-linked lethals and ster-
iles. The let-2 mutations include hypomorphic and null
alleles with conveniently distinguishable phenotypes. The
hypomorphic allele mn 114 results in late larval lethality or
adult sterility, whereas the null allele mn153 results in
embryonic lethality. The hypomorphic character of let-
2(mn114) was determined in dosage experiments using X-
linked deficiencies (MENEELY and HERMAN 1981). To re-
test these alleles, males of genotype mnDpl/+;unc-3(e151)
let-2/0 were mated to mnDpl/+;mnDfI hermaphrodites.
The presence of non-Unc male progeny indicated success
of the cross, and each cross was done three or more times
because mnDfI is not efficiently transmitted via ova (ME-
NEELY and HERMAN 1979). For the let-2(mn 1 14) allele, no
Unc progeny were observed, indicating that mnl14/mnDfI
heterozygotes die as embryos or young larvae. mnl14/
mnl53 animals are similarly inviable (see Table 9).

Identification of hypomorphic and null mutations in
autosomal genes

lin-7 II: FERGUSON and HORvITZ (1985) concluded that
el413 is a null allele (resulting Vul phenotype more than
90% penetrant) whereas n106 is hypomorphic (resulting
Vul phenotype about 50% penetrant).

lin- 8 II and lin-9 III: Synthetic mutants homozygous
for both a lin-8 and a lin-9 mutation show a Muv pheno-
type; either mutation alone results in a non-mutant phe-
notype. FERGUSON and HoORvITZ (1985) have suggested
that lin-8(nl111) is hypomorphic based on dosage experi-
ments using a deficiency that deletes lin-8; animals heter-
ozygous for lin-8(nll1l) and the deficiency and homozy-
gous for lin-9(n112) showed increased sterility and sickness
compared to lin-8(nl111);lin-9(nl112). The lin-9(nl12) was
concluded to be hypomorphic based on comparison with a
stronger lin-9 allele, which results in a sterile phenotype.

RESULTS

Identification of hypomorphic alleles of X-linked
and autosomal genes: By definition, for a hypo-
morphic mutant allele m, a heterozygote carrying m
in trans with either a deficiency of the locus (m/Df)
or a null allele of the same gene (m/null) is more
severely mutant than the homozygote m/m, which in
turn may be more severely mutant than a duplication
or aneuploid strain carrying three copies of the mu-
tant allele (m/m/m). In contrast, null alleles, which
result in complete loss of function, do not show
dependence of phenotype on dose (MULLER 1950).
In general, these criteria were applied in identifying
hypomorphic and null alleles of three X-linked and
three autosomal genes.

The identifications of these alleles, as well as their
resulting phenotypes are summarized in Table 1.
Designations in the table are based on published
results of others as well as our observations, details
of which are described in MATERIALS AND METHODS.
Some of the supporting data, where relevant, are
included in subsequent tables. The lin-15 hypo-
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TABLE 1

Phenotypes resulting from null and hypomorphic alleles in
several X.linked and autosomal genes

Null allele: Hypomorphic allele®:
Gene resulting N }SP][{RO! Phlc ate ea.
pheno[ype“ esu 1ng p eno ypt‘
X-linked genes
let-2V mnl53: embryonic  mnlli4: sterile adult
lethal
lin-2 X el309: 89% Lin n768: 38% Lin
lin-15X n309% Muv n765: Muv, ts

n374: synergistic Muv*
n767: synergistic Muv, ts°
Autosomal genes

lin-7 11 el413: 95% Lin n106: 50% Lin
lin-8 11 None: sterile?/ nlll: synergistic Muv
lin-9 111 None: sterile?/ nl12: synergistic Muv

* For more detailed descriptions, see MATERIALS AND METHODS.

® Criteria by which these alleles were concluded to be hypo-
morphic are described in MATERIALS AND METHODS.

“ This allele is used throughout these experiments as an oper-
ational null allele with regard to the resulting Muv phenotype;
however, it probably does not result in complete loss of all lin-15
functions (see MATERIALS AND METHODS and text).

? A class-B lin-15 allele (see text). “

¢ A class-A lin-15 allele (see text).

f No null ailele identified; FERGUSON and HorviTz (1985) have
obtained evidence that the null phenotype is sterile (see text).

morphic alleles n374 and n767 are synergistic alleles:
as explained in the introduction, their phenotypes
depend upon a second mutation in an autosomal lin
gene, as well as the X-linked lin-15 mutation (see
MATERIALS AND METHODS). Synergistic mutations
causing the Muv phenotype fall into two classes,
termed A and B (FERGUSON and HorviTz 1987). In
order for the Muv phenotype to be expressed, a
strain must be homozygous for both a class A and a
class B mutation. lin-15 is unusual among genes with
synergistic Muv mutations in that some alleles are of
class A (e.g., n767) and others are of class B (e.g.,
n374).

Demonstration of X-chromosome dosage com-
pensation: To test for dosage compensation, the
severities of phenotypes resulting from hypomorphic
alleles of X-linked genes were compared in IX and
2X animals. Assuming that severity of such a pheno-
type reflects the level of expression of the mutant
gene, then 1X animals should show a phenotype
similar to that of 2X animals if there is dosage com-
pensation, and a more severe phenotype if there is
not. In general, phenotypes resulting from the X-
linked hypomorphs tested appeared to be the same
in I1X and 2X animals. For example, homozygous [ez-
2(mnl14)/let-2(mn114) hermaphrodites grow to be
sterile adults, whereas hemizygous let-2(mnll4)/
mnDf1 hermaphrodites, with only one copy of the
hypomorphic allele, die as embryos or L1 larvae
(MENFELY and HERMAN 1981; MATERIALS AND METH-
oDs), showing that the lethal phenotype resulting

from mn114 is dose-dependent in 2X animals. How-
ever, hemizygous let-2(mn 114)/0 males grow to adult-
hood, despite having only one copy of the hypo-
morphic allele, indicating compensation for the dif-
ference in dosage of this gene between IX and 2X
animals.

More detailed experiments were carried out with
lin-15 hypomorphic alleles, which result in tempera-
ture-sensitive phenotypes that provide more quanti-
tative measures of expression (Table 2). Mutations
in lin-15 result in multiple pseudovulvae (Muv phe-
notype; see MATERIALS AND METHODS), visible as a
series of protrusions along the ventral side of the
animal (Figure 2). Penetrance of the Muv phenotype
is often incomplete (<100%) and shows different
reproducible values characteristic of different alleles
and temperatures. Table 2 shows the evidence that
penetrance of the Muv phenotype resulting from
either of the two hypomorphic alleles n765 or n767
is dose-dependent in hermaphrodites (columns 1, 2,
and 3), whereas the Muv phenotype resulting from
n309, used as the control null allele in these experi-
ments, is not dose-dependent (see MATERIALS AND
METHODS).

A complication with comparing penetrance in 1X
male and 2X hermaphrodites is that the Muv phe-
notypes resulting from several lin-15 alleles are sex-
influenced. For example, the phenotype resulting
from the hypomorphic allele n767 is almost com-
pletely sex-limited to hermaphrodites at 16° and
20°; likewise the phenotype resulting from lin-
15(n765) is less penetrant in males than in hermaph-
rodites at 20° (Table 2). Therefore, comparisons
were made between /X and 2X animals of the same
sex, making use of appropriate sex-reversal muta-
tions as described in MATERIALS AND METHODS. /X
hermaphrodites homozygous for her-1(e1520) and 2X
hermaphrodites showed similar penetrance of the
Muv phenotypes resulting from two different hypo-
morphic lin-15 alleles, n765 and n767. Although the
IX hermaphrodites (column 5) have only one copy
of the mutant allele, their phenotypic response
clearly resembles that of 2X hermaphrodites with two
copies (homozygotes; column 2), rather than that of
2X hermaphrodites with one copy (heterozygous for
the hypomorphic allele and a null allele; column 1).
Control experiments showed that the her-I mutation
has no significant effect on penetrance of the Muv
phenotype in 2X animals: her-1;lin-15(n765) and
lin(n833);her-1;lin-15(n767) 2X hermaphrodites gave
penetrance values of 10% (N = 168) and 26% (N =
242), respectively.

1X males were also compared with 2X males homo-
zygous for tra-1(e1099). Among 2X males of geno-
type lin(n833);tra-1;lin-15(n767), 5% (N = 171) were
mutant at 20°. This penetrance is not significantly
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TABLE 2

Gene dosage effects on penetrance of the Muv phenotype resulting from three alleles of lin-15 X*

(1) 2) (3) 4) (3)
Allele Temperature m/null® mim m/m/m m/0 3 m/0Q
n309° 16° 100 (55) 100 (243) 100 (22) 100 (46) 100 (81)
n765° 16° 98 (179) 9 (402) 1(137) 0(81) 14 (108)
20° 100 (83) 100 (364) 65 + 13 (49) 65 £ 10 (96) 99 (79)
25° 100 (90) 100 (164) 98 (47) 100 (93) 100 (130)
n833;n767% 16° 95 (637) 30 (389) 7 (66) 0 (350) 21 (103)
20° 100 (208) 100 (1046) 47 (138) 1 (226) 96 (110)
25° 100 (418) 100 (1089) 96 (132) 24 (248) 99 (67)

* Penetrance values are expressed as percent of animals with multiple pseudovulvae (Muv). Uncertainties (95% confidence limits) are

< * 8% unless indicated otherwise. After each value is shown in parentheses the total number of animals examined.
® m represents the indicated lin-15 allele. The m/null strains were of genotype lin-15 mnDfI.

¢ Homozygous for her-1(e1520).

¢ Operational null allele (see MATERIALS AND METHODS and text). Penetrance of the Muv phenotype at 20° and 25° was 100% for all

n309 genotypes.
* Hypomorphic allele (see MATERIALS AND METHODS).
/ Synergistic allele (see MATERIALS AND METHODS and text).

different from that seen in IX lin(n833);lin-15(n767)
males (Table 2, column 4). IX tra-1 males were not
tested.

In summary, these results demonstrate that lin-15
is dosage compensated, because IX and 2X her-
maphrodites exhibit the same penetrance of the Muv
phenotype resulting from two different hypomorphic
lin-15 alleles. They also suggest that her-1 and tra-1
mutations, which alter sexual phenotype, do not af-
fect dosage compensation.

Compensation of the lin-2 gene, whose mutant
phenotype is also sex-limited to hermaphrodites, was
not tested.

dpy-21 and dpy-26 effects in 2X animals: The
mutant phenotypes of two autosomal X-dependent
dpy genes, dpy-21 and dpy-26 have been postulated
to result from inappropriately high levels of X-chro-
mosome expression, as reviewed in the introduction.
For dpy-21, this has been confirmed by demonstra-
tion of elevated transcript levels for several X-linked
genes in dpy-21 mutants (MEYER and CASSON 1986;
DONAHUE, QUARANTILLO and WooD 1987); consist-
ent with these results, the following experiments
demonstrate that dpy-21 and dpy-26 mutations sup-
press phenotypes resulting from X-linked hypo-
morphic alleles, whereas these dpy mutations do not
suppress similar phenotypes resulting either from
null alleles of the same X-linked genes or from auto-
somal hypomorphic alleles.

Quantitative experiments were carried out using
several alleles of lin-15 and observing effects on
penetrance of the resulting Muv phenotype. The
results are presented in Table 3. Either an increase
in allele dosage in the form of a third X chromosome
or the presence of the dpy-21(e428) or dpy-26(n199)
mutation substantially decreases the severity of phe-
notypes resulting from the hypomorphs lin-15(n765),

lin-15(767) and lin-15(n374) (particularly apparent
at 16° and 20°), but does not affect the phenotype
resulting from the operational null mutation (see
MATERIALS AND METHODS) lin-15(n309). The pres-
ence of a third X chromosome decreases severity of
phenotype less strongly than does either of the two
X-dependent dpy mutations, which show similar levels
of suppression. A second allele of dpy-21, e459, tested
with lin-15(n765) and lin-15(n767), gave levels of
suppression indistinguishable from those observed
with dpy-21(e428) (data not shown).

The synergistic Muv mutations tested included an
allele of each class: n767 is of class A and n374 is of
class B. For both alleles, the penetrance of the re-
sulting phenotype is about equally decreased by in-
creased X dosage or by either of the two X-dependent
dpy mutations. Two other class B lin-15 alleles, n743
and n744, were also suppressed by dpy-21(e428) (data
not shown). Because these lin-15 alleles are synergis-
tic mutants, it could be argued that suppressor effects
in these strains are not on expression of the X-linked
lin-15 allele, but rather on expression of the autoso-
mal mutation or on the combination of X-linked and
autosomal mutations. However, the suppression seen
with the non-synergistic allele lin-15(n765) argue
against this interpretation, as does the observation
presented below that dpy-21 and dpy-26 mutations
appear to suppress only X-linked and not autosomal
hypomorphs.

Less quantitative analysis of dpy-21 and dpy-26
effects on two other X-linked hypomorphs and the
corresponding null mutants is summarized and com-
pared with the effects of increased X dosage in Table
4. In one case, presence of a third X chromosome or
either of the two X-dependent dpy mutations de-
creased the severity of the phenotype resulting from
the hypomorphic allele tested and did not affect the
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FIGURE 2.—Brightfield photomicrographs of hermaphrodites
homozygous for the synergistic hypomorphic allele lin(n833);lin-
15(n767), which causes production of multiple pseudovulvae (Muv
phenotype). (A) A 2X hermaphrodite, with small arrows indicating
the pseudovulvae and a large arrow indicating the vulva. (B) A 3X
hermaphrodite of genotype lin(n833);him-5(e1490);lin-15(n767),
identified by its Dpy phenotype; despite the reduction in both
number and size of the pseudovulvae, this animal would be scored
as mutant. (C) A dpy-21 2X hermaphrodite of genotype lin(n833);
dpy-21(e428);lin-15(n767); this animal lacks pseudovulvae. Ani-
mals were reared at 20°. For construction of these strains, see
MATERIALS AND METHODS. Photographed with a Zeiss Universal
microscope; scale bar indicates 100 um.

phenotype resulting from the null allele tested. Sup-
pression of let-2(mnl114) was seen as alleviation of
sterility, with production of a few viable progeny
embryos. In the other case, no suppression was ap-
parent with the assays employed. Penetrance of the
Lin phenotype resulting from lin-2(n768) was not
decreased either by presence of a third X chromo-
some or by either of the X-dependent dpy mutations.

We do not know if lin-2 is subject to dosage compen-
sation.

In order to determine whether the suppressor ef-
fects observed with dpy-21 and dpy-26 mutations are
specific for X-linked hypomorphs, tests for suppres-
sion were carried out with autosomal hypomorphic
mutations that result in a Muv phenotype similar to
that resulting from lin-15 mutations or a Lin phe-
notype similar to that resulting from /in-2 mutations.
Effects of dpy-21(e428) and dpy-26(n199) on pene-
trance of the Lin phenotype resulting from the hy-
pomorphic allele lin-7(n106) II and on penetrance of
the Muv phenotype resulting from the synergistic
hypomorphic allele lin-8(n111) II;lin-9(n112) III are
shown in Table 5. Neither of the two X-dependent
dpy mutations appeared to affect penetrance of either
phenotype. The results suggest that in general, dpy-
21 and dpy-26 mutations do not suppress autosomal
hypomorphs. Interpretation of these experiments is
subject to the caveat that although the phenotypes
resulting from the lin-7 and lin-8;lin-9 hypomorphic
alleles are known to be enhanced in heterozygotes
with a deficiency or null allele, that is, by removal of
one copy of the mutant gene (MATERIALS AND METH-
oDs), they are not known to be decreased in severity
by addition of an extra copy of the mutant gene.

dpy-21 and dpy-26 effects in 1X animals: Both
dpy-21 and dpy-26 males are non-Dpy, fertile animals
that are essentially wild type in phenotype, although
dpy-26 males (and dpy-26;her-1 1X hermaphrodites)
are sometimes less fertile than the corresponding dpy-
26+ strains (HODGKIN 1983a). These observations
suggest that dpy-21 and dpy-26 might be almost or
completely inactive in 1X animals (HODGKIN 1983a).
This possibility was tested by examining the effects
of dpy-21 and dpy-26 mutations on lin-15 1X males
and her-1;lin-15 1X hermaphrodites, with the results
shown in Table 6. For lin-15(n765) animals at both
20° and 25°, for lin-15(n767) animals at 25°, and
for animals carrying the operational null allele (see
MATERIALS AND METHODS) lin-15(n309) at all growth
temperatures, a substantial fraction of the males show
the Muv phenotype (Table 6A, column 1). For both
n765 and n767, but not for n309, this phenotype is
significantly suppressed by dpy-21(e428) (Table 6A,
column 2). The effect of dpy-26(n199) is less clear
(column 3); it appears to suppress the Muv phenotype
significantly in lin-15(n765) animals, but not in lin-
15(n767) animals.

To examine the effects of these mutations on lin-
15(n767) 1X hermaphrodites, the strains lin(n833);
dpy-26(n199);her-1(e1520);lin-15(n767) and lin(n-
833);her-1  him-5(e1490) dpy-21(e428);lin-15(n767)
were constructed, and their non-Dpy progeny were
scored for the Muv phenotype. For him-5 dpy-21
strains, these non-Dpy animals are IX individuals that
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TABLE 3

Effects of increased X dose and mutations in genes dpy-21 and dpy-26 on penetrance of the Muv phenotypes resulting from four
alleles of lin-15 in hermaphrodites®

n (2) (3) (4)

lin-15 dpy+ dpy-21 dpy-26
allele Temperature dpy+ 3X 2X 2X
n309 16° 100 (243) 100 (22) 100 (54) 100 (143)
n765 16° 9 (402) 1(137) 3(112) 1(120)
20° 100 (364) 65 + 13 (49) 49 (240) 46 (174)
25° 100 (164) 98 (47) 100 (184) 100 (45)
n833;n767° 16° 30 (389) 7 (66) 6(414) 10 (473)
20° 100 (1046) 47 (138) 17 (608) 19 (402)
25° 100 (1089) 96 (132) 96 (611) 97 (271)
nllln374* 16° 5 (226) 0 (26) 2 (44) 9+12(23)
20° 96 (481) 46 = 13 (54) 25 + 9 (97) 17 £ 11 (47)
25° 100 (108) 100 (16) 100 (18) 95 (57)

* X-dependent dpy mutations used were dpy-21(e428) and dpy-26(n199). Penetrance values are expressed as percent of animals with
multiple pseudovulvae (Muv). Uncertainties (95% confidence limits) were < * 8% unless indicated otherwise. After each value is shown
in ?arentheses the total number of animals examined.

Operational null allele (see MATERIALS AND METHODS and text). Penetrance of the Muv phenotype at 20° and 25° was 100% for all
n309 genotypes.

“n767 is a class-A and n374 is a class-B synergistic allele of lin-15 (see MATERIALS AND METHODS and text).

TABLE 4

Effects of increased X dose and mutations in dpy-2] and dpy-26 on phenotypes resulting from null and hypomorphic alleles three X-
linked genes in hermaphrodites®

Gene (allele) 2X 3X dpy-21 2X dpy-26 2X
let-2(mn153)* Embryonic lethal Embryonic lethal Embryonic lethal —
let-2(mnl114)** Sterile adult Slightly fertile Slightly fertile Slightly fertile
lin-2(el309)*/ 89% + 6% Lin® 90% = 6% Lin 91% + 6% Lin 90% + 6% Lin
lin-2(n768)° 36% + 5% Lin 50% + 14% Lin 41% + 5% Lin 40% + 8% Lin

¢ See MATERIALS AND METHODS for more complete descriptions of phenotypes. The X-dependent dpy mutations used were dpy-21(e428)
and dpy-26(n199).

¢ Null allele (see MATERIALS AND METHODS).

¢ Hypomorphic allele (see MATERIALS AND METHODS).

¢ Not determined.

¢ Self-fertility assay with let-2(mn 114) hermaphrodites gave the following results. 2X animals, generated as Unc segregants of mnDf1/+;
une-3(e151) let-2(mn114): 10 hermaphrodites laid an average of 7 embryos each, none of which were viable. 3X animals, generated as Dpy
Unc segregants of mnDp1 him-5(e1467)/him-5(e1467);unc-3(e157)let-2(mn 114) (see MATERIALS AND METHODS): 10 hermaphrodites produced
an average 9 viable progeny each, which survived to adulthood. dpy-21 2X animals: 13 animals produced an average of 19 viable progeny
each, which survived to adulthood. A dpy-21;unc-3(e151) let-2(mnl14) strain was maintained for three generations before drying out,
whereas an unc-3(el51)let-2(mn114) strain could not be maintained. A dpy-26;let-2(mn114) animal was also constructed (see MATERIALS
AND METHODS) and found to produce viable progeny. However, this strain could not be maintained beyond the first generation, as
expected because of the dpy-26 mutation.

/ For determining penetrance in lin-2(¢1309) strains, between 100 and 110 animals of each genotype were examined. For lin-2(n768)
strains, numbers of animals examined were as follows: 2X, 418; 3X, 52; dpy-21 2X, 351; dpy-26 2X, 156.

are produced at a frequency of about 30% as a Also examined in these experiments was the effect
consequence of nondisjunction resulting from the of maternal X-chromosome number on dpy-26 sup-
him-5(e1490) mutation (HODGKIN, HORvVITZ and pression of lin-15(n767) (data not shown). There was

BRENNER 1979); theyaretransformedintohermaphro-
dites by the ker-1 mutation (HODGKIN 1980). For dpy-
26 strains, no Aim mutation is needed to produce 1X
animals, because the n199 mutation itself causes a
high frequency of nondisjunction (HODGKIN 1983a).
The results tabulated in Table 6B (column 2) show
that a dpy-21 mutation substantially suppresses the

no significant difference in the effect of dpy-26 on
the lin-15(n767) 1X hermaphrodite progeny of 1X vs.
2X hermaphrodites.

However, suppression of lin-15 hypomorphs by
both dpy-21 and dpy-26 mutations is less pronounced
in 1X hermaphrodites than in 2X hermaphrodites, as

Muv phenotype resulting from the hypomorphic mu- seen b)f comparis.on of results from Tables 3 al:ld 6B.
tation lin-15(n767) in 1X hermaphrodites. Again the This dl_fference is not due to t_he‘hlﬁj-I mutation, as
dpy-26 mutation suppressed the Muv phenotype only shown in Table 7. Suppression is significantly weaker

slightly in these animals. in lin(n833);her-1;lin-15(n767) 1X hermaphrodites
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TABLE 5

Effects of X-dependent dpy mutations on penetrance of mutant phenotypes resulting from autosomal hypomorphic
alleles in 2X hermaphrodites®

Genes (alleles) dpy+ dpy-21 dpy-26 dpy-22 dpy-23
lin-7(n106)°
49 = 9 (116) 49 + 9 (114) 41 + 16 (37) 56 + 8 (156) 50 + 20 (24)
lin-8(n111)lin-9(nl12)
100 (71) 100 (155) 100“ (108) 92 (164) 100° (132)

* X-dependent dpy mutations used were dpy-21(¢428), dpy-26(n199), dpy-22(¢652), and dpy-23(e840). Penetrance values are expressed as
per cent of animals with the appropriate mutant phenotype. Uncertainties shown are 95% confidence limits. After each value is shown in

parentheses the total number of animals examined.

* Hypomorphic allele resulting in a vulval-defective (Lin) phenotype; see Table 1 and MATERIALS AND METHODS for further descriptions

of phenotypes and strain constrictions.

¢ Synergistic hypomorphic allele resulting in 2 multiple pseudovulvae (Muv) phenotype; see MATERIALS AND METHODS.
¢ The lin-8;lin-9dyp-26 animals were Dpy progeny of lin-8;lin-9;dpy-26 /unc-31.
¢ The lin-8;lin-9;dpy-23 animals were Dpy progeny of lin-8;lin-9;dpy-23/+.

TABLE 6

Effects of dpy-21 and dpy-26 mutations on penetrance
of the Muv phenotype in lin-15 1X males and
her-1;lin-15 1X hermaphrodites®

lin-15 Temper- (1) (2) 3)
allele ature dpy+ dpy-21 dpy-26

A. lin-15 1X males

n309* 16° 100 (46) 100 (64) 100 (33)

n765 16° 081) 0(121) 0(109)
20° 65(96) 25 (148) 25 (120)
25° 100 (93) 100(69) 56 (34)

n833:n767° 16° 0(350) 0(63)  0(65)
20° 1(226) 0(371) 0(198)
25° 24 (248) 11(229) 21 (132)

B. her-Llin-15 IX hermaphrodites
n833n7674  16° 21 (103)  7(236) 27 (45)
20° 96 (110) 31 (235) 81 (124)
25° 99 (67) 83(152) 90 (11)

 X-dependent dpy mutations used were dpy-21(¢428) and dpy-
26(n199). Penetrance values are expressed as percent of animals
with multiple pseudo-vulvae (Muv). Uncertainties (95% confi-
dence limits) were < + 8%. After each value is shown in paren-
theses the total number of animals examined.

* Operational null allele (see MATERIALS AND METHODS and
text). Penetrance of the Muv phenotype at 20° and 25° was 100%
for all n309 genotypes.

¢ Synergistic allele (see MATERIALS AND METHODS and text).

4 Progeny of 2X hermaphrodites.

than in either lin(n833);her-1;lin-15(n767) 2X or
lin(n833);her-1+;lin-15(n767) 2X hermaphrodites.
The difference is striking for the dpy-26 mutation,
which appears to show little suppression of n767 in
IX animals but does suppress lin-15(n765) (Table 6).
It is less striking for the dpy-21 mutation, for which
a significant difference in expression can be seen
only at 20°. The findings that suppression is stronger
in 2X than in IX animals are consistent with the
observation that the Dpy morphology of dpy-21 and
dpy-26 mutants is limited to 2X animals.

In summary, the dpy-21 and dpy-26 mutations sup-
press X-linked hypomorphs strongly and to approxi-
mately equal extents in 2X animals. In IX animals

TABLE 7

Comparison of dpy-21 and dpy-26 effects on penetrance of the
Muv phenotype in lin(n833);her-13lin-15(n767) 1X and 2X
hermaphrodites and lin(n833);lin-15(n767) 2X
hermaphrodites at 20°°

her-1 genotype 1) (2) (3)

and karyotype dpy+ dpy-21 dpy-26
her-1 1X 96 £ 4 (110) 31x6(235) 85+ 4°(260)
her-1 2X 100 (434) 12 4(350) 263 (217)
her-1+ 2X 100 (1046) 17 %3 (608) 19+ 4 (402)

¢ X-dependent dpy mutations used were dpy-21(e428) and dpy-
26(n199). Penetrance values are expressed as percent of animals
with multiple pseudovulvae. Uncertainties are shown as 95%
confidence limits. After each value is shown in parentheses the
total number of animals examined.

¢ Combined results from IX and 2X mothers.

these mutations suppress less strongly and to differ-
ent extents: mutations in dpy-21 show consistent in-
termediate levels of expression, whereas a dpy-26
mutation shows inconsistent effects, suppressing one
of the X-linked hypomorphs tested equally as strongly
as the dpy-21 mutations and the other hypomorphs
much less strongly. Differences in the dpy-21 and dpy-
26 effects could result from a difference in the time
of expression of these genes and from a maternal
effect: n765 shows a strong maternal effect, whereas
n767 does not; the suppression of n765 could result
from a dpy-26 effect in the 2X parent.

dpy-22 and dpy-23 effects in 2X animals: The
phenotypes of dpy-22 and dpy-23 mutants do not
correlate with that of any known X-chromosome
aneuploid. However, the low viability of dpy-22 males
and the inviability of dpy-23 males (HODGKIN 1983a)
suggested that both the dpy-22 and dpy-23 mutations
affect X expression, resulting in inviability of IX
animals and a sickly, Dpy phenotype in 2X animals.
A persistant difficulty in working with dpy-22 and
dpy-23 is that the animals are very sickly, and the
phenotypes quite variable. The effects of dpy-22 and
dpy-23 mutations on X-chromosome expression in 2X
animals were tested as before by building multiply
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TABLE 8

Effects of dpy-22 and dpy-23 mutations on penetrance of the
Muv phenotype resulting from three alleles of lin-15

in 2X hermaphrodites®
lin-15 Temper- (1) (2) 3)
allele ature dpy+ dpy-22 dpy-23
1309 16° 100 (243) 100 (206) 100 (174)
n765 16° 9 (402) 74 (277) 52(132)
20° 100 (364) 100 (559) 100 (163)
n833;n767° 16° 30 (389) 97 (110) 66 (193)

20° 100 (1046) 100 (237) 100 (168)

¢ X-dependent dpy mutations used were dpy-22(¢652) and dpy-
23(e840). Penetrance values are expressed as percent of animals
with multiple pseudovulvae (Muv). Uncertainties (95% confidence
limits) were < + 7%. After each value is shown in parentheses the
number of animals examined. All three alleles show 100% pene-
trance at 25°C. See text for further explanation.

b Operational null allele (see MATERIALS AND METHODS and
text). Penetrance of the Muv phenotype at 20° was 100% for all
n309 genotypes.

¢ Synergistic allele (see MATERIALS AND METHODS and text).

mutant strains carrying one of the two X-dependent
dpy mutations and X-linked hypomorphic mutation.
In general, both dpy-22 and dpy-23 mutations en-
hance the phenotypes resulting from X-linked hypo-
morphs.

Two lin-15 hypomorphs, n765 and n767, show
striking increases in penetrance of the mutant Muv
phenotype at 16° as a result of a dpy-22 or dpy-23
mutation (Table 8). For n765, both of the increased
values are still somewhat lower than the penetrance
of 98% seen in the hemizygous strain lin-15(n765)/
mnDf1 (Table 2). For the synergistic hypomorph
lin(n833);lin-15(n767), the increased penetrance re-
sulting from the dpy-22 mutation is about the same
as the value of 95% seen in the hemizygous strain
lin(n833);lin-15(n767)/mnDf1 (Table 2); the increase
in penetrance resulting from the dpy-23 mutation is
somewhat less.

Enhancement of the operational null allele (see
MATERIALS AND METHODS) lin-15(n309) could not be
tested using the resulting Muv phenotype, because
lin-15(n309) strains already show 100% penetrance.
The dpy-22 lin-15(n309) and dpy-23 lin-15(n309)
strains grew very poorly. Their low viability could be
interpreted as enhancement of lin-15(n309), since
the true null phenotype of lin-15 may be inviability
(FErRGUSON and HORVITZ 1985; see MATERIALS AND
METHODS). However, it could also be due to sickness
of these strains resulting from the presence of two
generally deleterious mutations.

Tests for dpy-22 and dpy-23 effects with two other
hypomorphic alleles are summarized in Table 9,
which compares the effects of the two X-dependent
dpy mutations with the effect of decreased dosage of
the hypomorphic allele when heteroallelic with the
corresponding null allele. Clear effects of dpy-22 and

dpy-23 mutations were seen in tests with a lin-2 hy-
pomorphic allele. As shown in Table 9, both X-
dependent dpy mutations enhance the penetrance of
the Lin phenotype resulting from Ulin-2(n768),
though not as strongly as does the twofold decrease
in dosage of the hypomorphic allele in a heteroallelic
lin-2(n768)/lin-2(¢e1309) strain. Both the doubly mu-
tant strains were quite sick, and the dpy-23 lin-
2(n768) strain could not be maintained for more than
a few generations in culture. For let-2(mn114), en-
hancement was seen as an earlier effective lethal
phase: dpy-22 let-2(mn114) homozygotes die at an
early larval stage, either in the egg or at L1, similarly
to let-2(mn114)/let-2(mn153) animals but unlike let-
2(mn114)/let-2(mn114) homozygotes, which develop
into sterile adults. However, dpy-23 let-2(mnl114)
homozygotes also survive to become sterile adults,
indicating that the dpy-23 mutation does not appre-
ciably enhance let-2(mn114).

It is important to stress that dpy-22 and dpy-23 2X
animals are themselves slow-growing and sluggish,
and have low brood sizes. It is possible that the results
with let-2 could be due to a non-specific effect of
having several deleterious mutations in the same
strain. The effects seen with lin-15 and lin-2 hypo-
morphs, however, may represent specific enhance-
ment of the resulting phenotypes.

In order to determine whether the enhancement
effects observed with dpy-22 and dpy-23 mutations
are restricted to X-linked hypomorphs, tests were
also carried out with autosomal hypomorphs. Effects
of dpy-22(e652) and dpy-23(e840) on penetrance of
the Lin phenotype resulting from the hypomorphic
allele lin-7(n106) II and on penetrance of the Muv
phenotype resulting from the synergistic hypo-
morphic allele [lin-8(rl111) ILiin-9n112) III are
shown in Table 5. Neither of the two X-dependent
dpy mutations appeared to affect penetrance of the
Lin phenotype resulting from lin-7(n106). Because
the penetrance of the Muv phenotype resulting from
the synergistic allele lin-8(nll11);lin-9(nl112) is al-
ready 100%, enhancement of this phenotype would
not have been observable. However, since FERGUSON
and Horvirz (1985) found that the phenotype re-
sulting from reduced dose of lin-8(nll1l) or a
stronger allele of lin-9 is sterility, reduced fertility
should serve as an indication of enhancement of the
hypomorphic synergistic allele. The dpy-22(e652)
mutations did not significantly affect fertility of lin-
8(nll11)lin-9(n112) (data not shown). The results
with dpy-23 were difficult to interpret. A lin-8;lin-9;
dpy-23 strain is virtually inviable. The results in Table
5 are based on the dpy-23 progeny of lin-8;lin-9;dpy-
23/+ animals; all were Muv, but also almost com-
pletely sterile, and the strain could not be propa-
gated. It is possible that dpy-23 specifically enhances
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TABLE 9
Summary of effects of allele dosage and dpy-22 or dpy-23 mutations on phenotypes resulting from two X-linked hypomorphic alleles
in 2X hermaphrodites®
m dpy-22m dpy-23m
Allele m dpy-22 m dpy-23 m
let-2(mn114)° Sterile adult L1 lethal L1 lethal Sterile adult
lin-2(n768) 38% + 5% Lin* 92% * 5% Lin 67% + 7% Lin 65% + 13% Lin

* X-dependent dpy mutations used were dpy-22(e652) and dpy-23(e840). m in headings represents let-2 or lin-2 hypomorphic allele.

* Heteroallelic strains tested were let-2(mn114)/let-2(mn153), and lin-2(n768)/lin-2(¢1309). The let-2 strain was obtained by crossing
mnDp1/+;unc-3 let-2(mn114) males with mnDp 1/+;unc-3 let-2(mn153) hermaphrodites. No Unc progeny larvae were observed, although a
few Unc L1’s might have been missed; we conclude that the resulting phenotype is either embryonic or L1 lethality.

¢ let-2 homozygotes were obtained as Unc segregants of mnDp1/+;unc-3(e151) let-2(mn114). let-2 dpy-22 and let-2 dpy-23 homozygotes
were obtained as Dpy Unc segregants of the corresponding mnDp1/+;dpy unc-3 let-2 strains.

¢ Lin: vulvaless or egg-laying defective (see MATERIALS AND METHODS); percentages given indicate penetrance of the Lin phenotype
with an uncertainty representing the 95% confidence interval. The numbers of animals scored as Lin among total animals examined in
the four columns were 159 of 418, 108 of 117, 109 of 163, 32 of 49, respectively.

FIGURE 3.—Brightfield photomicrograph of a surviving dpy-
22 male carrying a hypomorphic allele of lin-15, showing male tail
morphology and multiple ventral protrusions. The animal, of
genotype lin(n833);him-5(e1490);dpy-22(e652) lin-15(n767)/0 was
reared at 20° and photographed with a Zeiss Universal micro-
scope. Scale bar indicates 100 um.

these autosomal hypomorphs, causing sterility. How-
ever, since many other dpy-23 strains are sickly and
sterile, this effect could also be nonspecific.

dpy-22 and dpy-23 effects in 1X animals: The
effects of dpy-22 and dpy-23 mutations on phenotypes
resulting from X-linked hypomorphic alleles in 1X
animals were difficult to test, because in general dpy-
22 and dpy-23 1X animals are inviable. Nevertheless,
some evidence for enhancement of such a phenotype
by dpy-22 was obtained using lin-15 alleles. The null
allele lin-15(n309) results in males with multiple ven-
tral protrusions that resemble pseudovulvae, whereas
the hypomorphic allele n767 causes this phenotype
in males only rarely at 20° and almost never at 16°
(Table 6A). However, the surviving male progeny of
lin(n833);him-5;dpy-22 lin-15(n767) hermaphrodites
invariably have multiple protrusions (Figure 3) re-
gardless of growth temperature. In one brood,
reared at 16°, 12 of 12 surviving males showed the
Muv phenotype, as did more than 100 males ob-
served in the course of maintaining stocks of this

strain at 16° or 20° over a 2-year period. Similar
results were obtained with a him-5;dpy-22 lin-
15(n765) strain; although him-5;lin-15(n765)/0 males
are not mutant at 16°, almost all him-5;dpy-22 lin-
15(n765)/0 males show the Muv phenotype. In a him-
5;dpy-22 lin-15(n309) strain, no viable males were
observed. Thus, the dpy-22 mutation enhances the
phenotype of a lin-15 hypomorph in IX males, pre-
sumably by decreasing the level of lin-15 expression.
The effect of dpy-23 could not be tested by this
method, since dpy-23 males from a similar strain did
not survive.

The lethality in IX animals caused by these muta-
tions as well as the striking enhancement by a dpy-22
mutation of the Muv phenotype resulting from a lin-
15 hypomorphic allele in 71X males suggests that the
effects of dpy-22 and dpy-23 mutations are stronger
in IX than in 2X animals. The effects of dpy-22
mutation may be explained by decreases in X-chro-
mosome expression, more pronounced in IX than in
2X animals. For dpy-23, the evidence is less clear.
Conclusions regarding both these genes must be
qualified by the fact that each is presently defined by
only a single mutant allele, and that the resulting
mutant phenotypes are somewhat variable.

Effect of other dpy genes: To test for possible
effects of Dpy morphology in general, or for effects
of mutations in other dpy genes on phenotypes re-
sulting from an X-linked hypomorphic allele, appro-
priate mutant strains were constructed and charac-
terized phenotypically. The tests were conducted
with lin-15(n767), a hypomorph showing strong sup-
pression by dpy-21 and dpy-26 mutations (Table 3)
and enhancement by dpy-22 and dpy-23 mutations
(Table 8). Strains of genotype lin(n833);dpy;lin-
15(n767) were constructed for alleles of all dpy genes
available from the Caenorhabditis Genetics Center,
except for dpy-25, which we found to be sterile and
nearly inviable in this combination. These strains
were grown at 20°, where suppression could be seen
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TABLE 10

Effect of dpy gene mutations on penetrance of the Muv
phenotype resulting from a hypomeorphic allele of lin-15
at two temperatures®

Gene (allele) 16° 20°
dpy+ 30 (389) 100 (1046)
dpy-1(el) 34 (179) 100 (191)
dpy-2(e8) 31 (160) 99 (135)
dpy-3(e27) 33 (214) 99 (198)
dpy-3(e182)* 28 (120) 98 (190)
dpy-4(el166) 30 (157) 100 (270)
dpy-5(e61) 29 (154) 100 (247)
dpy-6(e14) 37 (200) 99 (141)
dpy-7(e88) 29 (180) 99 (115)
dpy-8(e130) 31 (283) 100 (108)
dpy-9(el2) 31 (139) 100 (189)
dpy-10(e128) 30 (153) 100 (146)
dpy-11(e224) 26 (168) 100 (136)
dpy-13(e184) 31 (165) 99 (113)
dpy-14(188) 27 (103) 100 (102)
dpy-17(e164) 30 (103) 98 (127)
dpy-18(¢364) 31 (166) 100 (300)
dpy-19(e1259)° 30 (188) 98 (312)
dpy-20(e1281)° 26 (257) 100 (107)
dpy-21(e428) 6(414) 17 (608)
dpy-22(e652) 97 (110) 100 (237)
dpy-23(e840) 66 (193) 100 (168)
dpy-24(s71) 25 (143) 100 (118)
dpy-26(n199)* 10 (473) 19 (402)

¢ All strains were homozygous for the lin(n833) and lin-
15(n767) mutations as well as the indicated dpy allele. Penetrance
values are expressed as percent of animals with multiple pseudo-
vulvae (Muv). Uncertainties (95% confidence limits) were < +
9%. After each value is shown in parentheses the total number of
animals examined.

® ¢182, previously described as the only allele defining the dpy-
12 gene (BRENNER 1974) was shown by mapping and complemen-
tation tests to be an allele of dpy-3 (see MATERIALS AND METHODS).

¢ Animals are non-Dpy at 16°.

¢ Animals examined were the Dpy progeny of lin(n833),dpy-
26(n199)/unc-30(e191);lin-15(n767).

as a decrease in penetrance of the Muv phenotype,
and at 16°, where enhancement could be seen as an
increase in penetrance. The results are presented in
Table 10. For comparison, the penetrance for
lin(n833);lin(n767) in dpy+, dpy-21, dpy-22, dpy-23
and dpy-26 backgrounds is also shown. Only for
strains carrying one of the four X-dependent dpy
mutations is the penetrance significantly different
from that seen in the dpy+ strain. We conclude that
the enhancement and suppression effects seen with
dpy-21, dpy-22, dpy-23 and dpy-26 mutations are not
a general property of mutations resulting in the Dpy
phenotype, but rather are unusual to mutations in
the four X-dependent dpy genes among those tested.

DISCUSSION

For this study we identified hypomorphic mutant
alleles of several X-linked and autosomal genes, by
the criterion that the resulting phenotypes vary with

allele dosage. We could therefore use severity of
these phenotypes as rough assays for levels of mutant
gene expression. We have exploited such assays to
investigate two questions: first, whether C. elegans
globally regulates expression of X-linked genes to
compensate for the difference in X-chromosome dos-
age between 1X and 2X animals; and second, whether
expression of X-linked genes is specifically affected
by mutations in the four unusual X-dependent dpy
genes dpy-21, dpy-22, dpy-23 and dpy-26. We also
hoped to define a genetic assay for X-chromosome
expression that would allow us to find and character-
ize new dosage compensation mutations.

Our results can be summarized briefly as follows.
First, the phenotypes resulting from hypomorphic
alleles of at least two X-linked genes are similar in 1X
and 2X animals. Second, mutations in the X-depend-
ent dpy genes dpy-21 and dpy-26 suppress the phe-
notypes resulting from X-linked hypomorphic alleles,
but do not suppress either those resulting from null
alleles in the same genes or similar phenotypes re-
sulting from autosomal hypomorphic alleles. Sup-
pression of X-linked hypomorphs by dpy-21 and dpy-
26 mutations is seen in both I1X and 2X animals, but
is more pronounced in 2X animals, particularly for
the dpy-26 mutation.

A mutation in another X-dependent dpy gene, dpy-
22, appears to have the opposite effect, enhancing
the phenotypes resulting from three X-linked hypo-
morphic alleles, but not those resulting from three
autosomal hypomorphic alleles. The effect of the dpy-
22 mutation is also seen in both X and 2X animals,
but is probably more pronounced in IX animals. A
mutation in a fourth X-dependent dpy gene, the X-
linked gene dpy-23, enhances hypomorphs in two X-
linked genes and does not affect one autosomal hy-
pomorph; however, its role remains unclear because
one X-linked hypomorph is unaffected, and at least
one autosomal hypomorph may be affected. Muta-
tions in 18 other dpy genes, which do not result in X-
dependent phenotypes, show no significant suppres-
sion or enhancement of the phenotype resulting from
an X-linked hypomorphic allele.

X-chromosome dosage compensation in C. ele-
gans: The similarity of phenotypes resulting from
hypomorphic alleles of the X-linked genes let-2 and
lin-15 in IX and 2X animals is consistent with other
indications that many genes on the X chromosome
are regulated to compensate for the difference in X
dosage. The most direct evidence for this conclusion
has come from observations on levels of transcription
from cloned X-linked sequences (MEYER and CASSON
1986; DONAHUE, QUARANTILLO and WoobD 1987).
Additional support comes from assays of enzymes
coded by X-linked genes in males and hermaphro-
dites, as summarized in the introduction, as well as
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from an earlier observation of MENEELY and HER-
MAN (1981) that let-36(mn 140), another X-linked hy-
pomorph, results in sterile adults for both homozy-
gous males and homozygous hermaphrodites, yet
causes arrest before adulthood in hemizygous let-
36(mn 140)/Df hermaphrodites.

X-chromosome dosage compensation is a sex-re-
lated characteristic, because males are normally 1X
and hermaphrodite 2X. However, our findings with
sex transformer mutants, that phenotypes resulting
from hypomorphic alleles of X-linked genes are sim-
ilar in IX and 2X animals of the same sex, indicate
that dosage compensation in C. elegans can occur
independently of sexual phenotype. When IX ani-
mals are transformed into hermaphrodites, they re-
tain the 1X level of expression normally characteristic
of males. Similar results have been obtained with tra-
1 2X pseudomales in C. elegans by MEYER and CASSON
(1986) and in Drosophila by SMITH and LUCCHESI
(1969).

Effects of dpy-21 and dpy-26 mutations on X
expression: The Dpy phenotypes of dpy-21 and dpy-
26 mutant 2X animals are similar to that of 24;3X
aneuploids, which by our hypomorph assay have
higher than normal X expression. Like the presence
of a third X chromosome in 2A:3X animals, recessive
mutations in dpy-21 and dpy-26 specifically suppress
the phenotypes of X-linked hypomorphs, as if the dpy
mutations lead to an increase in X expression. These
findings suggest that the dpy-21 and dpy-26 gene
products might function normally as negative regu-
lators of X expression in the dosage compensation
process. Before the implications of these suggestions
are examined further, however, several aspects of
the experiments require further comment.

Some X-linked hypomorphs show more suppres-
sion and enhancement effects than others. For ex-
ample, the phenotype resulting from lin-2(n768) is
not noticeably suppressed by mutations in either dpy-
21 or dpy-26. Such results could be due to the nature
of the mutant phenotype and how markedly it
changes over the range of expression affected by a
particular X-dependent dpy mutant. In support of
this explanation, /in-2(n768) is not suppressed in 24;
3X animals either. Our conclusion that dpy-21 and
dpy-26 mutations do not affect autosomal hypo-
morphs must be qualified in view of this realization:
conceivably, some of the autosomal hypomorphic
alleles chosen for our tests were affected by muta-
tions in X-dependent dpy genes, but not enough to
show clear phenotypic changes. Checking the possi-
bility that suppression could have been seen by in-
creasing the dose of the mutant allele is less straight-
forward with the autosomal than with the X-linked
hypomorphs and was not done in these experiments.
The possibility that the hypomorphs we tested are

not good indicators can be evaluated only by testing
additional autosomal hypomorphs. Meanwhile, how-
ever, findings cited in the introduction that dpy-21
mutations cause increases in the levels of several X-
linked-gene products normalized to autosomal con-
trols supports the view that effects of dpy-21 on
autosomal gene expression are small relative to its
effects on X-linked-gene expression (MEYER and Cas-
SON 1986; DONAHUE, QUARANTILLO and WooOD,
1987; P. MENEELY and K. NORDSTROM, unpublished
data).

An alternative explanation for the lack of suppres-
sion effects on some X-linked hypomorphs is that
some X-linked genes may be compensated or regu-
lated either not at all, or not by these particular X-
dependent dpy genes. The tRNA gene sup-7 X is
apparently not dosage compensated (HODGKIN
1985). Transcript levels of the functionally uniden-
tified gene uxt-2 X appear similar to sup-7 in this
respect (MEYER and CassoN 1986). X-linked genes
whose expression is sex-limited, such as vitellogenin
genes (KIMBLE and SHARROCK 1983; W. B. WoobD et
al. 1985) may be uncompensated in C. elegans, as
they are in Drosophila (QTA et al. 1981). Consistent
with this possibility is our finding that expression of
the sex-limited /in-2 mutant phenotype is not affected
by dpy-21 and dpy-26 mutations; we do not know
whether lin-2 is dosage compensated. It seems clear,
however, that dpy-21 and dpy-26 affect expression of
many genes on the X-chromosome. The hypomorphs
shown to be affected represent genes with differing
physiological functions: let-2 mutations may affect
basement membranes (J. KRAMER, J. PRIESS and D.
HIRSH, personal communication), and lin-15 mutants
have a hypodermal defect (E. FERGUSON, unpub-
lished results). A hypomorphic lin-14 X mutation is
apparently suppressed by dpy-21 mutations, but
again, the assay involved scoring ectodermal cells (P.
MENEELY, unpublished results; L. DELONG and B.
MEYER, personal communication). dpy-21 also affects
the expression of X-linked genes for myosin (myo-2)
(MEYER and CASsON 1986; DONAHUE, QUARANTILLO
and Woob 1987) actin (act-4) (DONAHUE, QUARAN-
TILLO and Woob 1987), and an acetylcholinesterase
(ace-1) (P. MENEELY and K. NORDSTROM, unpub-
lished data).

Since these studies were initiated, two additional
genes have been discovered that share properties
with dpy-21 and dpy-26 and are also likely candidates
for involvement in the dosage compensation mecha-
nism. These genes are dpy-27 III (J. HODGKIN and E.
HEDGECOCK, personal communication) and dpy-28 111
(MEYER and CassoN 1986). Mutations in these genes
result in phenotypes similar to those caused by dpy-
26 mutations. Mutations in dpy-27 suppress lin-
15(n765) in 2X animals (P. MENEELY, unpublished
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results), and mutations in both dpy-27 and dpy-28
increase the levels of three X-linked transcripts in 2X
animals (MEYER and CASSON 1986).

The dpy-21(e428) and dpy-21(¢459) mutations are
recessive, and therefore probably result in loss or
reduction of gene product function, but the dpy-21
null phenotype has not been established. The dpy-
26(n199) mutation is recessive, and behaves like a
null allele in dosage tests reported by HODGKIN
(1983a). The increases in X expression seen as a result
of these mutations therefore suggest that the prod-
ucts of these genes normally function to decrease X
expression.

To bring about X-chromosome dosage compensa-
tion, negative regulators of X expression might be
expected to act only in 2X animals. HODGKIN (1983a)
showed that dpy-26 and, in some strains, dpy-21 mu-
tations affect the fertility of IX animals. We have
shown dpy-21 and dpy-26 effects on X-linked hypo-
morphs in both 1X and 2X animals. However, in the
assays using lin-15 hypomorphs, the effects observed
were more pronounced in 2X than in IX animals,
particularly for dpy-26, which suppresses appreciably
only one of the hypomorphs tested in 1X animals.
MEYER and CassoN (1986) have suggested that nei-
ther dpy-27 nor dpy-28 affects 1X animals.

In summary, therefore, our results are consistent
with the possibility that dpy-21 and dpy-26 gene prod-
ucts are negative regulators of X expression in the
dosage compensation process, acting preferentially
in 2X animals to help lower X expression to about
the same level as in IX animals. The differences in
maternal effects seen with these two genes suggests
that the dpy-26 product could be maternally pro-
duced for early embryonic function, while the dpy-
21 product could function during later development.
Additional discussion of dpy-21 and dpy-26 functions
has been presented elsewhere (WooD et al. 1987).

Effects of dpy-22 and dpy-23 mutations on X
expression: In contrast to mutations in the autoso-
mal genes dpy-21 and dpy-26, mutations in the X-
linked genes dpy-22 and dpy-23 may enhance the
phenotypes resulting from X-linked hypomorphs in
2X animals, as if causing a decrease in X expression.
However, the effects of dpy-22 and dpy-23 mutations
are more difficult to interpret, for at least three
reasons.

First, exceptions were noted; for example, the
phenotype resulting from let-2(mn114) is not notice-
ably enhanced by the dpy-23 mutation, although it is
enhanced by the twofold decrease in dose in a let-
2(mnl114)/mnDf1 strain. Such exceptions, as dis-
cussed above, could result from insensitivity of the
hypomorphic mutant phenotype to levels of expres-
sion in the range affected by the dpy-23 mutation, or

from actual differences in the control of different X-
linked genes.

Second, an inherent ambiguity in using phenotypes
resulting from hypomorphic mutations to indicate
effects of other mutations on level of expression of
the hypomorphic allele is that the phenotype of the
double mutant may be non-specifically influenced by
both mutations in ways that are difficult to interpret.
This ambiguity clouds our interpretation of dpy-23
effects in particular, somewhat less so with dpy-22.
Both mutations alone result in sickly animals, and
many doubly and multiply mutant strains carrying
these mutations are nearly inviable. For example, lin-
7;dpy-23 and dpy-23 lin-2 strains were virtually sterile
regardless of the allele of lin-7 or lin-2 used, despite
the fact that neither lin-7 nor lin-2 null phenotypes
are thought to involve sterility or inviability (FER-
GUSON and HorvITZz 1985). On the other hand, the
null phenotypes for both lin-8 and lin-9 are thought
to be inviability and sterility, and lin-8(n111);lin-
9(n112);dpy-23 is sterile and nearly inviable. There-
fore, we cannot rule out the possibility that the dpy-
23 mutation enhances these, and perhaps other au-
tosomal hypomorphs.

Third, in addition to the ambiguity in some of the
observed effects of dpy-22 and dpy-23 mutations, the
nature of these mutations themselves is unclear. Both
genes are defined so far only by the alleles used here,
dpy-22(¢652) and dpy-23(e840). Both mutations have
a variable phenotype, and e840 was induced by X-
rays. Therefore, although both are recessive, the
suggestion that they result in loss or reduction of
gene product function can be made with less confi-
dence. Neither is known to be a null allele; moreover,
dpy-22(e652) may be a hypomorph, based on a pre-
liminary finding that dpy-22(e652)/nDf19 animals die
as embryos (W. B. WooD, unpublished data). With
these reservations, our results are consistent with the
possibility that the dpy-22 and dpy-23 gene products
could normally function to increase X expression.

Again, if these gene products were postulated to
play a role in dosage compensation, they would be
expected to show more activity in IX than in 2X
animals. The evidence presented here and previ-
ously, though not compelling, is consistent with this
expectation. The dpy-22 and dpy-23 mutations are
lethal in IX, but not in 2X animals. The dpy-22
mutation causes strong enhancement of the pheno-
type resulting from lin-15 X hypomorphic alleles in
1X males. However, although our results are consist-
ent with some role for dpy-22 and perhaps dpy-23 in
regulation of X expression, further study of these
genes will be required before conclusions can be
drawn regarding their involvement in the dosage
compensation mechanism.

Relationship of the X-dependent dpy genes to sex
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determination: Sex determination in C. elegans is
controlled by a set of interacting autosomal genes,
the her, fem and tra genes (HODGKIN and BRENNER
1977; HopGkIN 1980; KiMBLE, EDGAR and HIRSH
1984; DoN1acH and HODGKIN 1984). The first gene
in the regulatory pathway, ker-1, appears to be con-
trolled somehow by the X/A ratio. We previously
presented evidence that dpy-21 affects sex determi-
nation as well as X-chromosome expression (ME-
NEELY and Woob 1984), based on three lines of
evidence: (1) dpy-21 mutations enhance the hermaph-
roditizing effects of large X duplications in IX ani-
mals, resulting in intersexual phenotypes; (2) dpy-21
mutations interact with mutations in the sex deter-
mining genes tra-1 and her-1; and (3) ct16, which we
found to be a weak allele of dpy-21, causes what
appeared to be an abnormal tail phenotype in IX
males, but does not make these animals Dpy. The
first two of these effects could result from increased
X expression, which could affect other genes con-
trolling sexual dimorphism or perhaps cause a mis-
takenly high assessment of the X/A ratio. Similar
effects on tra-1 and her-1 mutants result from the
abnormally high X dose in 2A;3X aneuploids (HoDG-
KIN 1983a; C. TRENT, personal communication).

The effect of ¢t16 cannot be explained this way.
An alternative explanation for the abnormal tails of
(ct16) mutant males is that these animals carried a
second mutation affecting male tail morphology.
Backcrosses with linked markers failed to separate
two mutations (MENEELY and WooD 1984); however,
a strain heterozygous for ¢t16 and the presumed null
allele dpy-21(e428) produced fertile males (P. M. ME-
NEELY, unpublished results). Even more confusing,
many “ct16” strains are no longer Dpy, although that
was the phenotype used for mapping and comple-
mentation testing. M. SHEN and J. HODGKIN (per-
sonal communication) have shown that an isolate of
ct16 carries a mutation in the unlinked gene mab-3
I, but no dpy-21 mutation. Other strains carrying
¢t16 have also given variable results. The nature of
the original ¢¢16 remains unclear. Therefore, there
is at present no evidence for a direct effect on sex
determination of dpy-21 or any of the other X-de-
pendent dpy genes apart from effects on the level of
X expression.

However, the observation that dpy-21 mutations,
and in more recent experiments, dpy-26 mutations as
well, enhance the hermaphroditizing effect of X du-
plications on sex determination (MENEELY and WooD
1984 and unpublished results) suggests that the prod-
ucts of X-dependent dpy genes could act as compo-
nents of the denominator of the X/A ratio, perhaps
by negatively regulating the level of expression of
certain early acting X-linked genes that in turn could
control sex determination through her-1, and subse-

quently control dosage compensation in later devel-
opment as well by regulation of the X-dependent dpy
genes (WooD et al. 1987). One such early acting X-
linked gene could be sdc-1 X and shown by VILLE-
NEUVE and MEYER (1987) to be involved in both sex
determination and dosage compensation.

In summary, we have shown that two autosomal
genes appear to exert negative control and that one
and possibly two X-linked genes may exert positive
control of X-chromosome expression in C. elegans.
The evidence for positive control is much weaker.
These genes appear to be active, although with dif-
ferent levels of effect, in both males and herma-
phrodites, suggesting that dosage compensation may
be achieved by an appropriate balance between acti-
vation and repression of X-chromosome expression
in each of the two sexes. Searches for other dosage
compensation mutants are in progress, and more
genes will undoubtedly turn out to be involved (C.
TRENT, J. MANSER and S. BURGESS, personal com-
munications; B. MEYER, personal communication).
The genetic assay we describe here will be useful in
finding and characterizing new mutations. Identifi-
cation of additional genes and additional alleles of
the genes described here should help to clarify the
mechanism by which X-chromosome expression is
regulated, as well as the relationship between X-
chromosome dose, dosage compensation, and sex
determination in C. elegans.
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