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The lin-14 locus of Caenorhabditis
elegans controls the time of expression of
specitic postembryonic developmental

events

Victor Ambros! and H. Robert Horvitz

Department of Biology, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139 USA

The lin-14 locus of Caenorhabditis elegans plays an important role in specifying the normal timing and
sequence of developmental events in the lateral hypodermal cell lineages. The results of gene dosage,
complementation, and temperature-shift experiments indicate that the fates expressed by cells at successive
stages of these cell lineages are specified by the level of lin-14 activity and that lin-14 acts at multiple times
during development to control stage-specific choices of cell fate. Our observations suggest that during normal
development a reduction in the level of lin-14 gene function causes the sequential expression of stage-specific

cell fates.
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Mutations that alter temporal patterns of cell division
and differentiation have been identified in the nematode
Caenorhabditis elegans {Ambros and Horvitz 1984).
Like homeotic mutations of insects (Ouweneel 1976;
Morata and Lawrence 1977) and nematodes {Greenwald
et al. 1983; Sternberg and Horvitz 1984), these “heter-
ochronic” mutations cause transformations in cell fates.
However, in contrast to homeotic mutations that cause
particular cells to adopt the fates of cells at other posi-
tions, heterochronic mutations cause cells to adopt fates
normally expressed by cells at earlier or later stages of
development. Heterochronic mutations have been iden-
tified in four C. elegans genes—lin-4, lin-14, lin-28, and
Iin-29 (Chalfie et al. 1981; Ambros and Horvitz 1984).
The phenotypic consequences of these mutations sug-
gest that heterochronic genes may play important roles
in normal development by controlling the times during
development that specific cell fates are expressed.

The heterochronic gene lin-14 is of particular interest
because two distinct classes of lin-14 mutations have
been identified that result in discrete and opposite trans-
formations in cell fates (Ambros and Horvitz 1984). Re-
cessive lin-14 mutations cause precocious development,
i.e., certain cells adopt fates normally specific for cells
generated one larval stage later in the same lineage. In
contrast, semidominant lin-14 mutations cause retarded
development, i.e., cells at later stages adopt fates nor-
mally expressed by cells earlier in the same lineage.

Present address: Department of Cellular and Developmental Biology,
Harvard University, Cambridge, Massachusetts 02138 USA.

lin-14 mutations alter the fates of cells in a number of
cell lineages and in various tissues, including the lateral
hypodermis, mesoderm, and intestine of both sexes and
the posterior ectoderm of the male. The effects of lin-14
are easiest to interpret in the lateral hypodermal lin-
eages, in which each larval stage of the wild type is char-
acterized by a distinctive pattern of cell division and dif-
ferentiation. The lateral hypodermal blast cells (“seam
cells”’) divide according to stage-specific patterns, which
we have named S1, S2, $3, and S4 to correspond to the
L1, L2, L3, and L4 larval stages, respectively {Ambros
and Horvitz 1984). At the end of the fourth larval stage,
seam cells do not divide but instead generate cuticular
structures known as lateral alae. Thus, seam cells can
express five possible fates: They can give rise to S1, S2,
S3, or S4 cell division patterns, or they can produce lat-
eral alae. In the wild-type lateral hypodermal lineages,
these fates are expressed in the fixed temporal order S1,
S2, 83, S4, alae. In lin-14 mutants, these fates are ex-
pressed aberrantly, e.g., S2, 83, S4, alae or S1, S1, S1, S1,
suggesting that lin-14 activity controls the timing and
sequence of fates expressed in the lateral hypodermal
cell lineages (Ambros and Horvitz 1984).

To define more clearly the role of lin-14 in wild-type
development, we needed to determine how mutations
perturb the normal activity of the gene and how altering
gene activity at specific times in development affects
the fates of specific cells. In this manuscript, we describe
changes in the wild-type temporal pattern of seam cell
fates caused by different lin-14 alleles and heteroallelic
combinations. In particular, we determine the effects of
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Figure 1. Heterochronic lateral hypodermal cell lineage patterns of different phenotypic classes of lin-14 mutants. Each mutant
represents an example of one of the five phenotypic classes listed in Table 1. Cell lineages were followed as described by Sulston and
Horvitz (1977). The vertical columns of boxes refer to the lineage patterns S1-S4 that compose each lineage in the wild type. Each
lineage pattern is expressed at a particular stage in the wild type and can be expressed at other stages in heterochronic mutants
(Ambros and Horvitz 1984). S1, S3, and S4 patterns appear similar in hermaphrodites, but are distinguishable in males. The time of
adult lateral alae formation, which occurs at the fourth molt in the wild type, is indicated by the triple horizontal bar. Except for the
1355 n679 animal maintained at 15°C (see below), each mutant lineage is from a single animal maintained at 20°C in which every cell
division was observed. Although the cell lineages of these mutants are somewhat variable, the patterns shown here are representative
of each strain. {a) Lineages generated by postembryonic blast cell V6 of the wild-type hermaphrodite and male {from Sulston and
Horvitz 1977). V6 is one of a set of similar lateral hypodermal blast cells positioned along the lateral line or “seam”’ of the animal. In
this paper, we consider the set of normally identical lineages derived from the lateral hypodermal blast cells V1-V4 and V6 in
hermaphrodites as well as from V6 in males. In the wild type, the seam cell progeny of these cells cease cell division after the L4 stage
and at the L4 molt generate the lateral alae (Singh and Sulston 1978). (b) lin-14(n536}, class I phenotype; semidominant, retarded
mutant. S1 lineage patterns are reiterated and S2 lineage patterns are delayed and/or reiterated. Supernumerary molts occur. Cell
division pattemns at supernumerary stages were not followed in detail but appeared similar to the $3 and S4 patterns of the wild type.
The cuticle formed at the L4 and subsequent molts appears unlike normal adult cuticle and more like larval cuticle both in its
ultrastructural layering pattern and the absence of normally adult-specific lateral alae (Ambros and Horvitz 1984). In some animals of
this genotype, a small proportion of seam cells form alae at the normal time (L4 molt). Alae are also formed by some seam cells at
supernumerary stages. More severe retarded defects are caused by lin-14(n355). In lin-14(n355) animals, S1 lineage patterns are reiter-
ated for as many as four stages, and consequently S2 patterns rarely occur (Ambros and Horvitz 1984). (c) lin-14(n536 n540), class II
phenotype; recessive, precocious mutant. S1 lineage patterns are deleted. $2, $3, and S4 cell lineage patterns and adult alae formation
are precocious by one larval stage. Adult alae formation occurs twice; at the L3 molt and again at the normal time (L4 molt). (d)
Iin-14(n360), class III phenotype; recessive, precocious mutant. S3 and S4 cell lineage patterns and adult alae formation are precocious
by one larval stage. S2 lineage patterns are deleted. Like class II animals, these animals form adult alae at successive stages, the L3 and
L4 molts. (e) lin-14(n536 n838), class IV phenotype. This strain is a partial revertant of the semidominant mutant lin-14(n536).
lin-14(n536 n838) animals display precocious S2 lineage patterns and deletion of S1 lineage patterns. In the lineages shown here,
subsequent development paralleled that of the wild type. Occasionally, these animals can also display precocious adult alae formation
(not shown; see Tables 1 and 3). (f) lin-14(n355 n679ts) at 15°C, class V phenotype. At 15°C lin-14(n355 n679) animals display retarded
developmental defects (see Figs. 2, 3, and 6; Tables 1 and 4}, as well as precocious S2 lineage patterns. Lineages were followed by
intermittent observation at 20°C, with animals maintained at 15°C between observations. Lineages were not followed in detail after
the L3 stage, but in this animal, and in other animals of the same genotype, seam cells were observed to divide at the L4 molt and form
adult alae at the fifth molt, as shown here.

GENES & DEVELOPMENT 399


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cship.org on November 20, 2020 - Published by Cold Spring Harbor Laboratory Press

Ambros and Horvitz

altering the dosage of wild-type lin-14 gene activity. We
also define the periods of lin-14 activity from tempera-
ture-shift experiments utilizing temperature-sensitive
alleles. Our studies strongly suggest that the level of
lin-14 activity (e.g., “high’’ vs. “low”’) specifies the fates
expressed by certain cells, and that during development
lin-14 activity decreases, thereby causing different cell
fates to be expressed at successive developmental stages.
Our experiments indicate that the lin-14 locus specifies
at least two distinct functions that control different
stage-specific choices of cell fates within the lateral hy-
podermal cell lineages.

Results
Five classes of lin-14 alleles

We have isolated 19 alleles of the gene lin-14 (Ambros
and Horvitz 1984). These alleles define five classes based
on the developmental defects that they cause {Fig. 1;
Table 1}:

Class I alleles are semidominant. Animals heterozy-
gous or homozygous for lin-14(n536) or lin-14(n355) dis-
play retarded expression of normally stage-specific cell
lineage patterns, retarded larval cuticle formation, and
supernumerary molts (Ambros and Horvitz 1984; Fig.
1b). Heterozygous animals display the same defects as
homozygous animals but with lesser severity (see below,
Tables 1 and 4).

Class II alleles are recessive and cause precocious ex-
pression of S2, S3, and $4 cell lineage patterns and pre-
cocious adult alae formation (Fig. 1c). Certain class II al-
leles appear to be null alleles, causing complete loss of
function {see below).

Class III alleles are recessive and cause a subset of the
defects caused by class II alleles, i.e., they cause preco-
cious §3, S4, and adult alae formation, but they do not
cause precocious S2 lineage patterns (Fig. 1d; Table 1).

Class IV has a single member, n536 n838. This mutant
contains a semidominant class I allele, n536, and a
closely linked recessive mutation, n838. n536 n838 an-
imals display precocious S2 cell lineage patterns and, in
rare cases, precocious adult alae formation (Fig. le;
Table 1).

Class V is defined by two alleles, n536 n538 and n355
n679. n536 n538 animals and n355 n679 animals display
complex phenotypes with both retarded and precocious
defects (e.g., see Fig. 1f]. Presumably, the retarded de-
fects of these mutants are caused by the class I muta-
tions, n536 and n355, respectively, and the precocious
defects are caused by the closely linked mutations, n538
and n679, respectively. The n679 mutation seems to be a
temperature-sensitive suppressor of n355. Specifically,
the retarded defects of n355 n679 animals grown at 15°C
are more severe than those of animals grown at 20°C.
n355 n679 animals also display a corresponding in-
creased strength of precocious defects with increased
temperature. For both class V alleles, certain retarded
defects are expressed in heterozygotes (Table 1).

The defects displayed by the five classes of lin-14 mu-
tants (Fig. 1; Table 1) seem to involve temporal transfor-
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mations in cell fates {Ambros and Horvitz 1984). For ex-
ample, retarded S2 lineage patterns result from the ex-
pression of S2 patterns instead of S3 patterns by seam
cells in the L3 stage (Fig. 1b,f). Conversely, precocious S2
patterns result from the expression of S2 patterns in-
stead of S1 patterns by seam cells in the L1 stage (Fig.
1c,f). The cell fate transformations corresponding to the
other precocious and retarded defects are described in
the legends to Table 1 and Figure 1.

Precocious defects are caused by a loss of lin-14 activity

The genetic properties of class I lin-14 alleles are consis-
tent with their causing a reduction or loss of gene func-
tion. First, class II lin-14 alleles are recessive and are the
most common class of closely linked cis-acting sup-
pressors of lin-14 semidominant mutations. Further-
more, several class II alleles seem to be null alleles (i.e.,
causing a complete loss of gene function) based on two
criteria: (1) they lead to the most extreme precocious
phenotype observed, and (2) they act like a deficiency of
lin-14 in heteroallelic combinations.

The recessive alleles that cause the most extreme phe-
notype were identified by quantifying the severity of the
heterochronic defects of different lin-14 mutants. This
quantitation was done by scoring the transformations in
cell fates caused by lin-14 mutations; these transforma-
tions are discrete and are detectable at the level of indi-
vidual cells (e.g., Fig. 2). By determining the fates of large
numbers of individual seam cells at specific stages of de-
velopment, we have determined the frequency of the ex-
pression of specific heterochronic cell fates in strains
carrying various lin-14 allelic combinations (see Scoring
seam cell fates section of Materials and methods). We
have used this frequency as a measure of the severity of
mutant phenotypes.

Mutations of the same phenotypic class can differ in
the severity of their phenotypes. Based on the frequency
of two precocious defects, precocious S2 lineage patterns
and precocious adult alae formation, five members of
the major class of recessive alleles appear to be the most
strongly affected. For example, the frequency of expres-
sion of both of these defects is 90—-100% for the severe
allele lin-14(n536 n540) but about 30% for the weaker
allele lin-14(n179ts) at 20°C (Table 2). Whereas the other
class II alleles cause a range of relatively milder pheno-
types, these five class II alleles (n536 n540, n536 n837,
n536 n842, n355 n535, n355 n726) result in the most
severe precocious phenotype and hence are the most
likely among the existing alleles to cause a complete
loss of lin-14 function.

Additional evidence that these severe class II alleles
are lin-14 null alleles is that they have genetic properties
identical to those of nDf19, a deficiency that deletes the
lin-14 locus (Ambros and Horvitz 1984). First, like
nDf19 (see Table 2), the severe alleles are completely re-
cessive {data not shown). Second, these severe mutations
and nDf19 similarly enhance the penetrance of the de-
fects of a weaker allele, n179ts at 20°C, in trans hetero-
zygotes (Table 2). Third, these severe lin-14 alleles and
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Defects®
retarded? precocious »

Class? Allelesb S1 S2 $3,54 S2 S3 S4 alae
I semidominant n355@ *rw o e

n355/n355 n726 . i wae

n536@ can ‘xx .k x

1536/ +@ . . . rn
II recessive n536 n540@ . x * . x . x

n536 n837 *xx *wx nd *w

nb36 n842 *x *x nd * %

n355 n535 o *x ok nd * ok ok

n355 n726 * % *xw nd *

n536 n539 . * nd >

n355 n407@ *x *x - **

n355 n531 *x *x nd *»

nl79ts@ 15°C

nl79%ts 20°C bl . . o

nl79ts 25°C ok x *kk *xx - x

n530ts 15°C

n530ts 20°C ** ** * % **

n530ts 25°C *hx * ok *hx ** *
III recessive n360%¢ *ax - %%

n727@ . - rxx

n355 n534 - nd *

n355 n840 - nd .w
IV recessive n536 n838 e nd *
V complex n536 n538 o . nd .

n536 n538/ + *

n355 n679ts 15°C e L >4

n355 n679ts/ + 15°C * **

n355 n679%ts 20°C * bl nd *

n355 n679ts/ + 20°C *

n355 n679ts 25°C b v nd v

Phenotypic classes of lin-14 mutants based on the heterochronic lateral hypodermal cell lineage defects described in Fig. 1. As
described in the text and in Fig. 1, the defects displayed by these five classes of lin-14 mutants seem to involve temporal transforma-
tions in cell fates (Ambros and Horvitz 1984). Retarded S1 lineage patterns result from the expression of S1 patterns instead of S2
patterns by cells in the L2; retarded S2 patterns result from the expression of S2 patterns instead of S3 patterns by cells in the L3;
retarded S3 or 54 cell lineage patterns result from the expression of S3 or S4 lineage patterns instead of adult alae formation by cells at
the L4 molt (retarded defects were characterized in hermaphrodites, where S3 and S4 lineage patterns are not distinguishable); preco-
cious S2 patterns result from the expression of S2 patterns instead of S1 patterns by cells in the L1; precocious S3, $4, and alae result
from the expression of those fates instead of S2, S3, and S4 lineage patterns by cells in the L2, L3, and L3 molt, respectively.

2 Mutants are classified (as class I, II, III, IV, or V) according to the defects that were observed. For each mutant described here as
lacking a particular defect, that defect was not observed after examination of at least 20 animals.

b The defects caused by certain alleles of each class @) were determined by observing every cell division of the lateral hypodermal cell
lineages of blast cells V1~V6 and T in at least one hermaphrodite and further confirmed by screening animals for defects in cellular
anatomy known to reflect cell lineage abnormalities (see Materials and methods). The effects of other alleles of each class were
characterized by similar screens for cell lineage-derived anatomical defects. Precocious S4 lineage patterns were scored by examining
the V5, V6, and T lineages of males. All other determinations were made by examining hermaphrodites. ts identifies alleles that are
temperature-sensitive, as described in the text and legends to Figs. 4, 5, and 6. All experiments were performed at 20°C unless
otherwise noted. Among the lin-14 recessive alleles (classes II, III, and IV} are lin-14 single mutations and presumed lin-14 double
mutations. These double mutations were derived by the reversion of mutants carrying lin-14 semidominant mutations (Ambros and
Horvitz 1984). Such revertants are assumed to contain the original semidominant mutation and a closely linked, cis-acting suppressor
of the semidominant mutation. Most of these double mutations are recessive lin-14 alleles. Since lin-14(n355 n679) and lin-14(n536
n538) (class V) are partial revertants of lin-14 semidominant alleles, the complex phenotype of each of these alleles probably reflects
an elevation of lin-14 activity caused by the n355 or n536 semidominant mutation and a loss of lin-14 activity caused by the n679 or
n538 mutations, respectively.

¢ The defects caused by the indicated alleles are shown by asterisks. All phenotypes are for homozygous animals except where
otherwise indicated. The strength of each defect is indicated as follows: No asterisk indicates no defects were observed; (*) an
occasional animal displayed the indicated defect, and usually only a minority of its lateral hypodermal (i.e., V1-V6} lineages were
affected; (**) most animals displayed the defect, but for the affected animals, not all V1-~V6 lineages were abnormal; (***) essentially
all V1-Vé lineages of all animals displayed the defect; {nd) not determined, i.e., animals were not examined for the indicated defect.
4 All strains displaying retarded S3 or S4 lineage patterns also undergo at least one supernumerary molt with the exception of n355
n679 and n355 n679/ + at 20°C.
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Figure 2. Photomicrograph showing the expression of both
larval and adult seam cell fates at the L4 stage of a lin-14(n355
n679ts) hermaphrodite grown at 15°C. The upper and lower
panels show two planes of focus of the same animal taken a few
seconds apart during L4 lethargus. The upper panel shows an
area of the newly formed adult cuticle. This cuticle contains a
segment of lateral alae (AL) and an adjacent area lacking alae.
The bottom panel is in register with the top panel and shows
the nuclei of seam cells underlying the cuticle. The seam cell
on the left divided shortly before the photomicrograph was
taken (daughter cell nuclei are indicated by the forked line); the
cell on the right (nucleus indicated by the arrow) did not divide.
Nomarski optics. Bar, 20 pm.

nDf19 show similar complementation patterns in com-
bination with alleles of other classes. Specifically, when
in trans to representative alleles of other phenotypic
classes {e.g., n360, class III; n536 n838, class IV), the
class II allele n536 n540 and the deficiency nDf19 are
equivalent in that both fail to complement class III and
class IV mutations for the class III and class IV defects,
respectively {Table 3). For technical reasons, we have
been unable to examine sufficient animals of the geno-
type n536 n540/nDf19 to compare them critically with
n536 n540 homozygotes.

Although these observations are consistent with the
five severe lin-14 recessive alleles being null alleles, it
remains possible that these alleles reduce but do not
eliminate lin-14 gene activity. True null alleles might
cause additional defects, for example, lethality. Since we
know that animals heterozygous for nDf19 and a lin-14
semidominant allele [i.e., nDf19/lin-14(sd)] are viable
and less severely mutant than homozygous lin-14(sd)
animals {see gene dosage experiments below), we have
attempted to generate null alleles by screening among
animals homozygous for a semidominant allele for par-
tial revertants of the genotype lin-14(null)/lin-14(sd).
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This experiment recovered one allele, n355 n726, which
is one of the five severe class II alleles and is homo-
zygous viable. The simplest interpretation of all of the
results described in this section is that the severe class II
alleles are null alleles. We consider them as such in the
rest of this paper.

The lin-14 locus controls two independently mutable
stage-specific functions, lin-14a and lin-14b

Certain heterochronic defects associated with reduction
of lin-14 activity are mutationally separable. Although
class II mutants display all the precocious defects listed
in Table 1, class III mutants display strong precocious
S3, S4 and precocious alae defects but no precocious S2
lineage defects, while the class IV mutants display a
strong precocious S2 defect, a weak precocious alae de-
fect, but no precocious S3 defect. Furthermore, class III
mutations, e.g., lin-14(n360), which cause precocious
alae but not precocious S2 lineage patterns, complement
the class IV mutation lin-14(n536 n838) for the preco-
cious S2 lineage defect (Table 3). These results suggest
that the precocious S2 patterns and precocious alae de-
fects are caused by loss of different lin-14 functions. We
refer to these two independently mutable and comple-
menting functions as lin-14a and lin-14b: Loss of lin-14a
function (a~) leads to precocious S2 lineage patterns,
whereas loss of lin-14b function (b~) leads to precocious
S3 and S4 patterns and precocious alae. Class II lin-14
recessive mutations are a—b~, while class I alleles (e.g.,
n360) are a*b~. Since the class IV allele (n536 n838)
causes a strong precocious S2 lineage defect but only a
very weak precocious alae defect, this allele is desig-
nated a~b{*+) {Table 3). Since the unique transformations
in seam cell fates caused by loss of lin-14a and lin-14b
affect cells at different stages, it appears that these two
gene functions are stage-specific activities of lin-14 that
control stage-specific choices of cell fates.

Retarded defects appear to be caused by an elevation
of lin-14 activity

Since recessive lin-14 loss-of-function mutations reduce
or eliminate lin-14 gene activity, and since lin-14 semi-
dominant mutations cause transformations in seam cell
fates opposite to those caused by recessive mutations
(Ambros and Horvitz 1984; also Fig. 1), one possibility is
that the semidominant mutations elevate lin-14 ac-
tivity. To test this hypothesis, gene dosage experiments
were performed to determine the effect of an increased
level of wild-type lin-14 function on the severity of spe-
cific retarded seam cell fates (Table 4). In these experi-
ments we compared the effects of a lin-14 wild-type al-
lele to the effects of a presumptive null allele (n536
n540) in trans to lin-14 semidominant alleles. (No du-
plication of the lin-14 locus is available, so we have not
tested the effects of two or more wild-type alleles in
trans to semidominant alleles.) The semidominant al-
leles used were n536 and n355 n679. n536 causes re-
tarded S1 lineage patterns (instead of the normal S2 pat-
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Table 2. Frequency of precocious seam cell fates in lin-14 recessive mutants

Percent alae Percent S2
Time Genotype formation lineage patterns n?
L3 molt +/+ 0
nDf19/ + 0 120
n179/n179 28 172
n179/n536 n540 70 96
n179/nDf19 75 80
n536 n540/n536 n540 100 150
L1 stage +/+ 0
nDf19/ + 0 30
nl79/n179 28 43
nl179/n536 n540 67 49
n179/nDf19 61 46
n536 n540/n536 n540 93 43

The expressivity of individual lin-14 heterochronic phenotypes was measured by determining the frequency of specific heterochronic
transformations in seam cell fates at the stages indicated as described in Materials and methods. For the most part, the variability in
the cell lineage patterns of these mutants seems to be discrete and binary; i.e., each seam cell at a particular stage expressed one of two
specific alternative fates—at the L1 stage, seam cells either generated an S1 pattern or an S2 pattern; at the L3 molt, each cell either
formed adult lateral alae or divided. Occasionally, we observed a cell division pattern different from any wild-type pattern. We have
not considered those rare abnormal patterns here. Seam cell fates were determined for cells derived from blast cells V1-V4 and V6,
which normally generate identical lineages (Sulston and Horvitz 1977).

2 Total number of seam cells for which fates were scored. In the experiments shown here and in Table 3, the number of seam cells
scored per animal varied from six to greater than 20, depending upon whether one or both sides of the animal were scored and upon
developmental factors (stage, cell lineage reiterations) affecting number of seam cells. Strains were constructed and fates were scored
at 20°C using anatomical screens as described in Materials and methods. nDf19 is a deficiency of the lin-14 locus (Ambros and Horvitz
1984). lin-14{n179) animals maintained at 20°C display a relatively mild class II phenotype, intermediate between the severe pheno-
type of lin-14({n179) animals at 25°C (approximately 100% alae formation by seam cells at the L3 molt) and the essentially wild-type
development displayed at 15°C.

terns) at the L2 stage and retarded S3 or 54 lineage pat-
terns (instead of the normal adult alae formation) at the
L4 molt (Table 1}; n355 n679 causes retarded S3 or S4
lineage patterns at 15°C (Figs. 1, 2, and 3). [lin-14(n355)
was not used in these experiments because of the diffi-

culty of strain constructions with this highly penetrant
allele.]

sistent with the hypothesis that the lin-14 semido-
minant mutations lead to an elevation of wild-type
lin-14 activity. The principal evidence supporting this
hypothesis is that retarded defects are more severe when
a wild-type allele of lin-14 is in trans to a semidominant
lin-14 allele than when a null allele is in trans to the
same semidominant allele. For example, hermaphro-

The results of these gene dosage experiments are con- dites carrying one n355 n679 allele and one copy of the

Table 3. Complementation between lin-14 recessive alleles for precocious seam cell fates

II 11 v
n536 n540 n360 n536 n838
a~b- a*b- a~bl+
S2 alae S2 alae S2 alae
HDf19 a~b- ***a *xw Wtb *okw ok x **
II n536 n540 a~b- wxw *x o wt axx *aw **
III n360 atb- wt e wt **
v n536 n838 a-bi+) e .

Alleles representing each of the three classes of recessive lin-14 mutants (I, III, IV) were tested in trans to each other and to nDf19, a
deficiency of the lin-14 locus (Ambros and Horvitz 1984). Strains were constructed and phenotypes were scored as described in
Materials and methods. For each heteroallelic combination, two heterochronic defects, precocious S2 patterns (S2) and precocious
adult alae formation (alae), were scored by screening animals of each genotype for specific anatomical abnormalities that reflect those
defects.

af* ** ***) The alleles failed to complement and expressed the defect with a corresponding severity as described in the legend to
Table 1.

b (wt} The defect was not observed (i.e., the alleles complemented).

The observed complementation pattern is postulated to reflect two independently mutable lin-14 functions, lin-14a and lin-14b (see
text, Fig. 9). The interpretation of each allele is shown in brackets; nDf19 and n536 n540 eliminate both activities [a~b~], n360 causes
loss of only lin-14b [a*b~|, and n536 n838 leads primarily to a loss of lin-14a and a slight loss of lin-14b [a~bl*!]. All experiments were
performed at 20°C.
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Table 4. Gene dosage effects on the frequency of stage-specific seam cell fates in lin-14 semidominant mutants

Percent alae Percent S2
Time Genotype formation lineage patterns n?
L4 molt Expt. 1
n355 n679/n355 n679 50 395
n355 n679/ + 93 339
n355 n679/n536 n540 100 653
Expt. 2
n355 n679/n355 n679 16 129
n355 n679/ + 76 88
n355 n679/n536 n540 99 154
Expt. 3
n355 n679/n355 n679 23 113
n355 n679/ + 90 62
n355 n679/n536 n540 100 168
n355 n679/n360 99 388
+/+ 100
L5 molt n536/n536 7 229
n536/ + 85 164
n536/n536 n540 98 191
L2 stage n536/n536 33 69
nb36/ + 26 55
n536/n536 n540 77 64
+/+ 100

The expressivity of lin-14 heterochronic defects was determined by measuring the frequency of specific transformations in seam cell
fates at specific developmental stages. The frequency of seam cells undergoing cell division (presumably expressing S3 or S4 lineage
patterns) was determined by quantifying the number of seam cells expressing the alternative fate—adult alae formation. Adult alae
formation was determined as described in Materials and methods. The frequency of seam cells expressing retarded S1 lineage patterns
was determined by quantifying the number of seam cells expressing the alternative fate—S2 lineage patterns. Lineage patterns were
characterized using anatomical screens or by continual observation, as described previously by Sulston and Horvitz (1977). In the L2
stage of these mutants, most seam cells expressed either S2 lineage patterns or S1 lineage patterns. Occasionally, cell division patterns
at this stage differed from all lineage patterns that occur in the wild type. We have not considered these rare abnormal patterns here.
Experiments with n536 were performed at 20°C; those with lin-14(n355 n679ts) were performed at 15°C. Experiments 1, 2, and 3 were
performed on separate occasions using different protocols (see Materials and methods). We suspect that the absolute frequency of
adult alae formation for animals carrying lin-14(n355 n679ts) is very sensitive to small variations in temperature between experi-

ments. Within each experiment, care was taken to insure that all animals were maintained at the same temperature.

2 {n) Total number of seam cells scored.

wild-type lin-14 locus, (n355 n679/ +}, had a stronger re-
tarded phenotype (absence of alae formation by seam
cells at the L4 molt) than hermaphrodites carrying one
n355 n679 allele and a null allele of lin-14 (n355 n679/
n536 n540) (Fig. 3; Table 4). Animals with two semido-
minant alleles (n355 n679/ n355 n679) had a still
stronger retarded phenotype (Fig. 3; Table 4). Thus, the
retarded phenotype of animals carrying one semido-
minant allele can be increased in severity by the addi-
tion of a wild-type allele and, to a greater degree, by a
second semidominant allele. Similar results were ob-
tained by comparing n536/null animals, n536/+ an-
imals, and n536/n536 animals for the penetrance of a
retarded phenotype (absence of alae formation by seam
cells) at a supernumerary (L5} molt and for another re-
tarded defect (expression of S1 lineage patterns instead
of S2 patterns) at the L2 stage (Table 4).

These observations indicate that the effects of one
wild-type allele in trans to a semidominant allele are
qualitatively similar to (although quantitatively less se-
vere than) the effects of two semidominant alleles. It ap-
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pears that the wild-type allele of lin-14 results in a cer-
tain amount of gene function and the lin-14 semido-
minant alleles result in relatively higher amounts of the
same function. Although other interpretations are pos-
sible, we feel that the above proposal —that lin-14 semi-
dominant alleles elevate lin-14 activity—is the simplest
model consistent with both the results of these gene-
dosage experiments and with the observation that lin-14
semidominant alleles cause defects opposite to those
caused by lin-14 null alleles.

A semidominant mutation might act in cis to cause
elevated lin-14 function, for example, by inactivating a
negative-regulatory region or by activating a promoter. If
our semidominant lin-14 alleles act only in cis, our
finding that the retarded phenotype of animals carrying
one semidominant allele can be increased in severity by
the addition of a wild-type allele in trans suggests that
the wild-type allele results in a “low’’ but non-zero level
of activity for the affected cells and that the semido-
minant mutation results in a “high’’ level of activity. In
this case, the more severe phenotype of lin-14(sd)/ + an-
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Figure 3. The effect of dosage of the wild-type and a semidominant lin-14 allele on the frequency of seam cell fates at the L4 molt.
These photomicrographs show left lateral views of the cuticle of representative animals of four different lin-14 genotypes. The muta-
tion n355 n679 was chosen to illustrate the effects of dosage because of the broad range of severity observed with the different
genotypes carrying this allele. To facilitate examination of these photomicrographs, the end points of lateral alae segments are indi-
cated by arrowheads on the photomicrographs, and each lateral alae segment is shown as a dark line in the drawing below each
photomicrograph. In each animal, seam cells underlying areas of cuticle lacking alae underwent cell division at the L4 molt, while
cells underlying segments of lateral alae did not divide (see Fig. 2). Nomarski optics. Bar, 100 wm. (A) lin-14(n355 n679)/lin-14(n355
n679) animal (genotype designated here as d/d for clarity) in which eight of 23 seam cells on the left side formed lateral alae at this
stage. {B) lin-14(n355 n679)/ + animal (d/+) in which 10 of 14 seam cells on the left side formed alae at this stage. (C) lin-14(n355
n679)/1in-14(n536 n540) animal (d/0; i.e., d/*null”) in which 11 of 11 seam cells on the left side formed lateral alae at the L4 stage. (D)
Wild-type animal {+/+) in which 11 of 11 seam cells on the left side formed lateral alae at this stage. Animals were maintained,
staged, and screened as in Table 4. Animals were grown at 15°C. Some of these animals had greater than the normal number of seam
cells due to reiterations of the S2 lineage pattern (see Fig. 1).
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imals would result from the summation of these two
levels. Alternatively, there could be a simultaneous cis
and trans action of the lin-14 semidominant alleles: The
wild-type lin-14 allele may normally be completely in-
active (“off”) for the affected cells and the semidominant
allele may cause the inappropriate activation both of it-
self (in cis) and of the wild-type allele (in trans). Al-
though the hypothesis of cis action may seem simpler,
there is precedent for such trans activation (e.g., the
Drosophila sex lethal gene, SxI; Cline 1984). Since our
data do not distinguish between these two possibilities,
we will refer to alternative levels of lin-14 function as
“high” and “low” with the understanding that these
terms encompass “on’’ and ‘‘off”.

The complex class V phenotype is caused by the loss of
lin-14 activity for certain cells and the elevation of lin-
14 activity for other cells

As described above, the allele lin-14(n355 n679) is semi-
dominant at 15°C, causing the retarded expression of
certain cell lineage patterns and supernumerary molts.
However, lin-14(n355 n679) animals also express preco-
cious defects. For example, a single lineage containing
both the precocious and the retarded expression of S2
lineage patterns in a lin-14(n355 n679) animal at 15°C is
shown in Figure 1f. Since the expression of precocious
S2 lineages is caused by the loss of lin-14 activity, and
the expression of the retarded S2 lineages is caused by
the elevation of lin-14 activity, this complex phenotype
appears to result from reduced lin-14 for cells in the L1
and elevated Iin-14 for cells in the L3. Furthermore, for
animals carrying either lin-14(n355 n679) or the other
class V allele, lin-14(n536 n538), we have observed pre-
cocious adult alae formation by seam cells at the L3
molt followed by lack of adult formation by seam cells
at the L4 molt in the same animal {although not in the
same lineage). The lack of adult alae seems to be caused
by an elevation in lin-14b, since the mutation n360,
which reduces lin-14b but not lin-14a activity, almost
completely prevents the expression of at least one re-
tarded defect when in trans to n355 n679 (Table 4).
Thus, it appears that in lin-14(n355 n679) or lin-14(n536
n538) animals, reduced lin-14b activity for cells at the
L3 molt results in the precocious formation of adult alae
and elevated lin-14b activity for cells at the L4 molt re-
sults in the retarded expression of S3 or S4 lineage pat-
terns. These observations suggest that lin-14(n355 n679)
and lin-14(n536 n538) are partial revertants of
lin-14(n355) and lin-14(n536), respectively, and that the
mixture of retarded and precocious defects reflects an in-
completely penetrant recessive phenotype conferred by
the mutations n679 or n538. Thus, we propose that in
class V mutants, the n355 and n536 mutations cause
elevated lin-14 levels for certain cells, while other cells
in the same animal variably experience a loss of lin-14
activity caused by the n679 or n538 mutations.

lin-14a and lin-14b act at different times during
development

lin-14 mutations affect the fates of lateral hypodermal
cells at all postembryonic stages (Fig. 1; Table 1). As de-
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scribed above, lin-14a, which normally controls cell
fates expressed during the L1 stage, is mutationally sepa-
rable from lin-14b, which normally controls cell fates
expressed at later stages. When during development do
these lin-14 activities function? For example, lin-14a
and lin-14b might both function at the same time early
during development to specify subsequent cell fates. Al-
ternatively, lin-14a and lin-14b might act at different
times.

The removal or elevation of lin-14 activities selec-
tively at specific stages of development would reveal the
times during development that altered levels of gene ac-
tivity can affect the fates of specific cells. For this
reason, we have performed temperature-shift experi-
ments using lin-14 alleles that are temperature sensitive
(ts) either for the elevation of gene activity or for the loss
of gene activity.

ts period for loss of lin-14a activity As described above,
recessive alleles of classes II and IV cause the loss of
lin-14a activity and lead to the precocious expression of
S2 lineage patterns by cells in the L1 stage. For example,
at 25°C, lateral hypodermal seam cells of lin-14(n179%ts)
animals express S2 lineage patterns during the L1. This
allele is ts, since at 15°C seam cells express their normal
fates. Temperature-shift experiments using lin-14(n179%ts)
animals showed that the ts period for the production of
precocious S2 lineage patterns by seam cells lies in an
interval that begins shortly after hatching and ends just
before the first division of those cells (Fig. 4). Animals
must be maintained at 15°C during the ts period for
seam cells in the L1 to express their normal fates (S1
patterns), suggesting that lin-14a activity is required
during that interval for the expression of S1 lineage pat-
terns. Loss of lin-14a activity during all or part of the ts
period can cause these cells to express normally later
fates (S2 patterns).

ts period for loss of lin-14b activity lin-14(n179ts) is
also temperature sensitive for defects caused by loss of
lin-14b, i.e., the precocious expression of S3 lineage pat-
terns in the L2 and the precocious formation of adult
alae at the L3 molt. Temperature-shift experiments were
performed using animals of genotypes lin-14(n179ts) and
lin-14(n179ts)/lin-14(n360). This latter strain was con-
structed to obtain an a*b~ ts strain so that the ts period
for lin-14b could be determined independently of
lin-14a. The ts period for precocious expression of S3
cell lineage patterns by the seam cells of lin-14(n179ts)/
lin-14(n360) animals is an interval during the mid-late
L1 stage distinct from the lin-14a ts period (Fig. 5a).
These results indicate that lin-14a and lin-14b are re-
quired at separate times during development for seam
cells in the L1 and L2, respectively, to express their
normal fates as opposed to later fates. The ts period for
the precocious expression of adult alae formation at the
L3 molt in lin-14(n179) animals (Fig. 5b) appears to be
approximately coincident with the ts period for preco-
cious S3 lineages (Fig. 5a). This finding is consistent
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with the observation that mutations that alter lin-14b
activity coordinately affect these two events (see above).
However, in mutants carrying certain lin-14 alleles (par-
ticularly n727) we have observed the precocious expres-
sion of adult alae in cell lineages in which S3 lineage
patterns were expressed at the normal time. This result
indicates that although lin-14b activity affects both the
timing of S3 lineage patterns and the timing of adult alae
formation, these two events can be altered indepen-
dently.

ts period for elevation of lin-14b activity Tt is likely
that the retarded defects of lin-14(n355 n679) animals
are caused by elevation of lin-14b. For example, the mu-
tation, lin-14(n360), which reduces lin-14b activity, alle-
viates the retarded phenotype when placed in trans to
n355n679 (Table 4). Thus, temperature-shift experi-
ments between 15°C and 20°C using lin-14(n355 n679ts)
animals revealed the ts periods for defects caused by the
elevation of lin-14b activity. The ts periods for both of
the retarded defects scored, retarded S2 lineage patterns
instead of S3 patterns at the L3 stage and retarded cell
division instead of adult alae formation at the L4 molt,
are approximately coincident intervals during the L2
(Fig. 6). This ts period represents an interval during
which the wild-type level of lin-14b activity allows cells
at the L3 stage (Fig. 6a) and at the L4 molt (Fig. 6b) to
express their normal fates; however, if lin-14b levels are
higher than the wild-type level, these cells can express
fates that normally occur earlier in development.

Discussion
The role of lin-14 in wild-type development

Our developmental and gene-dosage studies indicate
that lin-14 determines the stage-specific expression of

Control of C. elegans development by lin-14

Figure 4. Temperature-sensitive (ts) period for loss of lin-14a
activity. For the experiments described in this figure, as well as
in Figs. 5 and 6, animals were maintained, developmental
stages were determined, and individual animals were shifted
from one temperature to another as described in Materials and
methods. The results of these experiments were used to esti-
mate the ts period for expression of the indicated alternative
seam cell fates at the specified stage of development. Because of
the relatively small numbers of animals used in these experi-
ments, and because we wished to assess possible overlaps be-
tween the ts periods for different defects, in each of these
figures, we have used dotted lines to mark the beginning and
end of an interval that, based on these data, includes the entire
ts period. In this figure, and in Figs. 5 and 6, the interval con-
taining the ts period was derived from the data as follows: The
beginning of the interval (the first dotted line in each figure)
indicates the time of the latest of a set of downshifts (from high
to low temperature) that all resulted in a phenotype like that of
animals maintained at the lower temperature (by both quanti-
tative and qualitative criteria as described below); i.e., this is
the latest time before which our data show no requirement for
wild-type gene activity. The end of the interval (the second
dotted line) indicates the time of the earliest of a set of upshifts
(from low to high temperature) that all resulted in a phenotype
like that of animals maintained at the lower temperature; i.e.,
this is the earliest time after which our data show no require-
ment for wild-type gene activity. Each vertical bar represents a
single shifted animal except in cases in which multiple animals
were shifted at the same stage; the number of such animals is
shown below the vertical bar. The specific shifts that define the
beginning and end of the ts period {see above) are indicated by a
diamond above the bar. Thin segments of each vertical bar
show the portion of development when the animal was at 15°C,
and thick segments indicate the portion of development at
25°C. The time of the shift was determined by examining each
animal for the occurrence of certain stage-specific develop-
mental events, as described in Materials and methods, and is
shown with respect to the time scale at left, calibrated in hours
after hatching at 20°C. Animals were shifted either at the time
of one of these events or between two of these events. In these
mutants, seam cells at a specific stage express one of two alter-
native fates, either the normal fate or a heterochronic fate. The
portion of seam cells that express one or the other of these al-
ternative fates depends upon temperature: As indicated in these
figures, for animals maintained at one temperature, most cells
express one of these fates (and a minority express the alterna-
tive), while most cells express the opposite fate at the other
temperature. In temperature-shifted animals, the portion of
seam cells that expressed either the “high temperature” fate or
the “low temperature” fate depended upon the time of the shift.
The phenotype of each shifted animal was classified according
to the portion of its seam cells that expressed one of these al-
ternative fates as opposed to the other at the stage in question:
If a sufficiently large portion (see below) of seam cells expressed
one fate, the phenotype of that animal was classified as equiva-
lent to animals maintained at the corresponding temperature. If
the portion of seam cells expressing either of the two alterna-
tive fates was within an intermediate range (as specified below
and in the legends to Figs. 5 and 6 for each mutant) the pheno-
type of that animal was classified as “intermediate.” In this
figure, shifted animals were scored as equivalent to 15°C-grown
animals if 80—100% of the seam cells expressed S1 patterns,
like 25°C-grown animals if 0-33% expressed S1 patterns, and
of intermediate {*) phenotype if 34—79% expressed S1 patterns.
(More than 95% of the seam cells of L1 lin-14(n179) animals
express S1 lineage patterns at 15°C, and fewer than 20% express
S1 lineage patterns at 25°C).
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Figure 5. Temperature-sensitive (ts) period for loss of lin-14b activity. Experiments were performed and are depicted as described in
the legend to Fig. 4 and in Materials and methods. The two vertical bars at the left in each panel are broken to denote that cell
divisions may have occurred at earlier stages but are not shown explicitly. Only the fates expressed at the indicated stages were scored
in each experiment. In this figure, and in Fig. 6, certain animals were shifted and then later returned to the original temperature. The
times and durations of these “pulse shifts” are shown. The phenotypes of pulse-shifted animals were generally consistent with the ts
periods derived from singly shifted animals. (a) Shifted animals were scored as equivalent to 15°C-grown animals if 0-30% of the
seam cells expressed S3 patterns, like 25°C-grown animals if 67—100% expressed S3 patterns and of intermediate phenotype if
31-66% expressed S3 patterns. [Less than 10% of the seam cells of L2-stage lin-14(n179/lin-14(n360) animals precociously express S3
patterns at 15°C, while more than 80% express S3 patterns at 25°C.] Presumably because of temperature-sensitive lin-14b activity,
lin-14 (n179) fails to complement the lin-14b mutation n360 at 25°C. In lin-14(n179)/lin-14(n360) animals (as in lin-14(n360) animals;
see Fig. 1), L1-stage lineage patterns are normal at both temperatures, allowing identification of the ts period of lin-14(n179) for L2
fates alone. (b) Shifted animals were scored as equivalent to 15°C-grown animals if 0—20% of their seam cells formed lateral alae, like
25°C-grown animals if 70—100% formed lateral alae, and of intermediate phenotype if 21-69% formed lateral alae. [Less than 10% of
the seam cells at the L3 molt of lin-14(n179) animals from alae at 15°C, and about 95% form alae at 25°C.] In these mutants, all seam
cells that do not form alae at a given stage appear to divide instead (see Fig. 2 and text).

d. 1in-14(n355 n679) L3 stage S2 vsS3 b. 1lin-14(n355 n679) L4 molt divide vs form alae
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Figure 6. Temperature-sensitive (ts) period for elevation of lin-14b activity. Experiments were performed as described in the legends
to Figs. 4 and 5 and in Materials and methods. (a) Shifted animals were scored as equivalent to 15°C-grown animals if more than 50%
of the seam cells expressed S2 patterns, equivalent to 20°C-grown animals if less than 20% expressed S2 patterns, and of intermediate
phenotype if 21-49% expressed S2 patterns. [Approximately 55% of the seam cells of L2-molt (or early L3} lin-14(n355 n679) animals
express retarded S2 lineage patterns at 15°C and less than 10% express retarded S2 patterns at 20°C.] (b) Shifted animals were scored as
equivalent to 15°C-grown animals if 0-35% of seam cells formed lateral alae, as equivalent to 20°C-grown animals if 75-100%
formed lateral alae, and of intermediate phenotype if 36—-74% formed lateral alae. [Approximately 20% of the seam cells of L4-molt
lin-14(n355 n679) animals formed adult lateral alae at 15°C, while greater than 90% formed lateral alae at 20°C.]
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seam cell fates. Mutations that eliminate lin-14 activity
cause cells to express fates normally expressed by other
cells at later stages, and mutations that elevate lin-14
activity cause cells to express fates normally expressed
by other cells at earlier stages. In other words, high
levels of lin-14 activity result in earlier fates and low
levels result in later fates {Fig. 7a). These observations
suggest that during normal development lin-14 activity
may be temporally graded, high at early times and low at
late times (Fig. 7b). According to this model, mutations
that elevate lin-14 activity cause it to be inappropriately
high at late times, resulting in the reiteration of earlier
fates, and mutations that eliminate lin-14 activity cause
it to be inappropriately low at early times, resulting in
the precocious expression of later fates.

Our temperature-shift experiments support this
model. By reducing or elevating lin-14 activity at dif-
ferent times during development, we have shown that
this gene functions at a number of distinct times. For
example, the level of lin-14 activity during the late-L1
stage determines which lineage patterns are expressed
during the L2 stage (Fig. 5), and the level of lin-14 ac-
tivity during the L2 stage determines which lineage pat-
terns are expressed during the L3 stage (Fig. 6). At both
times, a high level of lin-14 activity results in the nor-
mally earlier cell fates (S2 lineage patterns) and a low
level results in the normally later cell fates {S3 patterns).
These results suggest that in the wild type during the
late-L1 stage lin-14 activity is high, causing the expres-
sion of S2 patterns in the L2 stage, and that during the
L2 stage lin-14 activity is low, causing the expression of
S3 patterns in the L3 stage.

Control of C. elegans development by lin-14

We can extend our general model for lin-14 action {Fig.
7) to account for the details of wild-type development,
the defects caused by the five phenotypic classes of
lin-14 alleles, and the ts periods of the temperature-sen-
sitive alleles. Our complementation and temperature-
shift studies have defined two distinct lin-14 activities,
lin-14a and lin-14b, which act at different times during
development. We propose that the loss of lin-14a ac-
tivity leads to precocious S2 lineage patterns, and the
loss of lin-14b activity leads to precocious expression of
the sequence of events consisting of S3 patterns, S4 pat-
terns, and adult alae formation (S3/S4/alae); similarly,
increased lin-14a activity leads to retarded S1 patterns,
and increased lin-14b activity leads to retarded S2 pat-
terns. According to this model, the different classes of
lin-14 alleles appear to affect these two activities in dif-
ferent ways (Fig. 8): Wild-type animals display normal
development and are normal for both activities (a*b*};
class I mutants are retarded for both S1 and S2 patterns
and are a* *b™* *; class Il mutants are precocious for both
S2 patterns and S3/S4/alae and are a~b~; class IIl mu-
tants are precocious for $3/S4/alae only and are a*b-;
the class IV mutant is precocious for S2 patterns only
and is a~b*; and class V mutants are precocious for S2
patterns and retarded for S2 patterns and are a~b*+.
{Since class V mutants were isolated by mutagenizing
class I mutants, their phenotype can be regarded as re-
sulting from a class IV mutation in a class I background.)

We consider two models that can account for the exis-
tence of these two /in-14 activities (Figs. 8 and 9). First,
lin-14 might encode two distinct gene products {or two
functionally distinct domains of a single gene product)

a. lin-14 level selects the fates expressed by cells.
High Early fate
lin-14 level
Low Late fate
b. The temporal pattern of /in-14 level controls sequences of cell fates.
Wild type Semidominant mutants Recessive mutants
lin-14 fates lin-14 fates lin-14 fates
level expressed level expressed level expressed
High —» Early High —» Early Lew —» Late
Time
Low —» Late High —» Eary Low -—» Late

Figure 7. (a)] A model for how lin-14 selects the fates of lateral hypodermal seam cells. Certain seam cells have two developmental
potentials— expression of an “early” fate or expression of a “late” fate. The level of lin-14 function during a critical period selects
which of those fates is expressed by each cell. A high level of activity selects an early fate, and a low level selects a late fate. (b) A
model for how lin-14 controls the stage-specific expression of cell fates in the lateral hypodermal lineages. In the wild-type, lin-14
level changes from high early in development to low at later stages, causing the expression of first early then late fates. In lin-14
semidominant mutants, lin-14 activity remains inappropriately high at later stages, resulting in the reiteration of early fates. In lin-14
recessive mutants, lin-14 activity is low throughout development resulting in the precocious expression of late fates. Abnormal levels
of activity at specified stages and the resulting heterochronic cell fates are shown with open-faced type.
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a. Model 1: two products, two levels of each.
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b. Model 2: one product, three levels.
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Figure 8. Two alternative models for how lin-14 acts stage-specifically to control choices of cell fates. Stage-specific lin-14 activities
are defined as lin-14a and 1in-14b (see text). For each class of mutant, a typical temporal pattern of developmental events is shown and
our interpretation of the genotypes of lin-14a and lin-14b activities are indicated by superscripts: { —) loss of activity; {+ ) wild-type
level of activity; {+ +) elevated level of activity (see text). For simplicity, each mutant class is interpreted as having a genotype that
corresponds to this typical developmental pattern. For example, the genotypes of class IV and class V mutants are shown as a~b* and
a~b*+, respectively, because according to our model, those levels of lin-14 activities result in the specific patterns shown; however,
other lineage patterns can occur in individuals of those particular mutant classes (see Table 1). {a) The first model proposes that
Iin-14a and lin-14b reflect the activities of two functionally distinct lin-14 products that are independently regulated. Shown here are
the levels of lin-14a and Iin-14b at each stage of development and the resulting temporal patterns of lateral hypodermal cell fates
expressed during wild-type development and during development of the five classes of lin-14 mutants described in Fig. 1 and Table 1.
Each lin-14 activity is proposed to change from “High” to “Low’”’ during wild-type development (although a change from “On” to
“Off” is also consistent with our data; see text). Critical periods, during which the fates of cells are affected by the amount of lin-14
activity, are indicated by the positions of the words “High"” and “‘Low” with respect to the time axis at left and refer to the ts periods
for lin-14a and lin-14b as shown in Figs. 4, 5, and 6. Abnormal levels of activity at specified stages and the resulting heterochronic cell
fates are shown with open-faced type. Shown here are the minimal number of gene activities required to specify the fates observed in
the L1, L2, and L3 stages of the wild type and the mutants. For example, in these mutants only two fates have been observed in the L1
stage, S1 {in the wild type) and S2 (in lin-14(a~) mutants). Since loss of lin-14b has no effect on L1 fates, it appears that lin-14b is
irrelevant to L1 cells and alternative levels of lin-14a alone (either high or low) are sufficient to specify which of these fates is
expressed; in the wild type, high lin-14a in the early L1 specifies S1 lineage patterns. Since lin-14b is irrelevant at this stage, no level
for that function is shown. In contrast, for cells in the L2 stage, three fates can occur, S2 (in the wild type), S1 (in lin-14(a* +) mutants),
and S3 (in lin-14(b-) mutants). Thus, for cells in the L2 stage, three different combinations of high and low levels of the two lin-14
functions are relevant. In the wild type, S2 lineage patterns are caused by low lin-14a combined with high lin-14b. For L3 cells, a high
or low level of lin-14b is sufficient to choose between the two fates, $3 (in the wild type) or S2 (in lin-14(b*+) mutants), so only
Iin-14b is shown in the late L2. For simplicity, the sequence (S3, S4, alae) is considered as a unit, since these three events seem to be
coordinately controlled by lin-14b (see text; Fig.1; Table 1). (b} The second model is presented using the same conventions empolyed
in a. This model differs from the first in that lin-14a and lin-14b are proposed to reflect the activities at distinct times of a single
product with a single biochemical function. According to this model, cells at successive stages distinguish between a low level of
lin-14 gene function and two different higher levels of function and express fates appropriately. During wild-type development, a
“high” level of lin-14 in the early-L1 specifies S lineage patterns, a lower {‘medium”’} level in the late-L1 specifies the subsequent
expression of S2 patterns, and a still lower (“low”) level in the L2 stage specifies the expression of S3 patterns in the L3. L1 cells
express Sl lineage patterns (in the wild type and in class I and class IIl mutants) in response to a high level of lin-14 and express $2
patterns (in class III, IV or IV mutants) if lin-14 is at a lower level (“low”’ or “medium’’). Cells at the L2 and L3 stages express one of
three potential fates, depending upon lin-14 level: S1 if lin-14 is at a high level, S2 if lin-14 is at a medium level, and S3 if lin-14 is at a
low level. According to this model, the phenotypes caused by lin-14 mutations result, in certain cases, from changes in the develop-
mental kinetics of lin-14 level (e.g., class I and class IIl mutants), or, in other cases, from a change in the level of lin-14 at all stages
(class I}, or from a combination of these two effects {class IV and V).
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that independently decrease in activity during wild-type
development (Figs. 8a and 9a). According to this model,
the lin-14a product acts during the early-L1 stage to
specify whether cells in the L1 express S1 or S2 lineage
patterns and lin-14b acts during the late-L1 stage to
specify whether cells in the L2 express S2 or S3 lineage
patterns. The normal sequence of these events is pro-
posed to be caused by a change in the lin-14a activity
from high in the early-L1 to low in the late-L1 and a
change in the lin-14b activity from high in the late L1 to
low in the L2. The reiteration of S1 lineage patterns at
the L2 stage {class ] mutants) or the reiteration of S2 pat-
terns at the L3 stage (class I or class V mutants) is caused
by high levels of lin-14a or lin-14b, respectively, at
times when those activities are normally low. The pre-
cocious expression of S2 patterns in the L1 stage or of S3
patterns in the L2 stage are caused by the loss of the
lin-14a or lin-14b activities, respectively. The coordi-
nate loss of both activities (class II mutants) results in
the precocious expression of both of these fates. The in-
dependent loss of either lin-14a (class IV mutants) or
lin-14b (class III mutants) results in the expression of
either precocious S2 only or precocious S3 only.

An alternative model is that lin-14a and lin-14b re-
flect the activities at distinct times during development

a. Model 1: two products, two levels of each.

high s 1

Hin-14b

lin-14 level
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L2 L3

b. Model 2: one product, three levels.
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of a single gene product with a single biochemical func-
tion. According to this model, cells at successive stages
can distinguish among three levels of lin-14 activity
{low, medium, high) and express fates accordingly (Figs.
8b and 9b). During wild-type development, a high level
of lin-14 in the early-L1 specifies S1 lineage patterns, a
medium level in the late-L1 stage specifies S2 patterns
in the L2 stage, and a low level in the L2 stage specifies
the expression of S3 patterns in the L3 stage. Cells in the
L1 stage express one of two potential fates, depending on
lin-14 activity: S1 lineage patterns (in the wild type and
in class I and class III mutants) in response to a high
level of lin-14 activity and S2 patterns (in class II, IV, or
V mutants) if lin-14 activity is at a lower level {either
low or medium). Cells at the L2 and L3 stages express
one of three potential fates: S1 if lin-14 activity is high,
S2 if medium, and S3 if low. According to this model,
the phenotypes caused by lin-14 mutations result, in
certain cases, from changes in the temporal regulation of
lin-14 activity (e.g., class I and class III mutants), or, in
other cases, from a change in the level of lin-14 at all
stages (class II), or from a combination of these two ef-
fects (classes IV and V). Class IV and class V alleles were
generated by reversion of class I alleles, suggesting that
the alterations in temporal regulation proposed for these

Figure 9. A graphic depiction of the two models proposed in
Fig. 8 for the stage-specific action of lin-14 during the first three
larval stages of wild-type development. Parts a and b of this
figure correspond to the first panels of Fig. 7, a and b, respec-
tively. For simplicity, the proposed temporal changes in the
level of lin-14 are shown to follow linear kinetics. The arrows
indicate the approximate times of the critical periods for each
cell fate decision and refer to the ts periods shown in Figs. 4, 5,
and 6. {a) Model 1 proposes that lin-14a and Iin-14b reflect the
activities of functionally distinct lin-14 products that are inde-
pendently regulated. According to this model, levels of gene
function above a threshold (signified by the dotted line), are ef-
fectively high, and levels below the threshold are effectively
low. For cells in the L1 stage, fates are selected based on the
level of lin-14a only: A high level of lin-14a selects S1 lineage
patterns instead of S2 patterns. For cells in the L2 stage, a low
level of lin-14a combined with a high level of lin-14b selects S2
patterns instead of S1 or S3 patterns. For cells in the L3 stage, a
low level of both lin-14a and lin-14b selects S3 patterns instead
of S1 or S2 patterns. (b) Model 2 proposes that a single lin-14
gene product exists and that cells distinguish among three func-
tional levels of this product. Levels of gene function above the
upper threshold are effectively high, levels below the lower
threshold are effectively low, and levels between the two
thresholds are effectively medium. For cells in the L1 stage, a
high level of lin-14 selects S1 lineage patterns instead of S2 pat-
terns. For cells in the L2 stage, a medium level of lin-14 selects
S2 patterns instead of S1 or S3 patterns. For cells in the L3
stage, a low level of lin-14 selects S3 patterns instead of S1 or S2
patterns. The lower threshold is depicted as nonexistent in the
L1 stage to account for the observation that there seem to be
only two effective levels of lin-14 for cells in the L1 stage; i.e.,
in mutants any level of lin-14 less than a high level results in S2
patterns instead of S1 patterns. In contrast, in the L2 and L3
stages, one of three potential fates can occur, S1, S2, or S3 pat-
terns, depending upon lin-14 level.
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classes of alleles could result from a simple alteration in
kinetics caused by a class I mutation combined with a
partial reduction in lin-14 level at all stages caused by a
weak class II mutation.

The complementation observed in inter-allelic hetero-
zygotes containing a class Il and a class IV allele (Table
3) is consistent with both models. According to the first
model, this complementation reflects two different
functional gene products, each supplied by a separate al-
lele. According to the second model, the complementa-
tion results from the combined temporal kinetics of two
different allelic copies of the same product, each copy of
which is specifically reduced in level at a different stage;
the net result is a functionally normal level of lin-14 ac-
tivity throughout development of the heterozygote.

The simplest explanation for the phenotypes of lin-14
mutants and the results of our temperature-shift experi-
ments is that lin-14 levels decrease during wild-type de-
velopment. Alternatively, the level of the Ilin-14
product(s) may be constant and instead the level of some
interacting component may change.

A molecular analysis of lin-14 could both test our pro-
posed model that lin-14 activity is temporally regulated
and also distinguish between our alternative explana-
tions for the stage-specific activities we have defined as
lin-14a and lin-14b. The functional complexity of the
lin-14 locus could reflect separate gene products, sepa-
rate domains of a multifunctional single product, or dif-
ferent processed forms of the same primary RNA or pro-
tein product {consistent with model 1, Figs. 8a and 9a).
Alternatively, the stage-specific lin-14 functions could
reflect the temporal regulation of a single product
(model 2, Figs. 8b and 9b). To address these and other
questions concerning the nature of the lin-14 product(s),
the developmental expression of lin-14, and the molec-
ular relationship between the lin-14a and lin-14b activi-
ties, we are now isolating and analyzing molecular
clones of the Jin-14 locus {G. Ruvkun, V. Ambros, and R.
Horvitz, unpubl.).

Similarities between lin-14 and other genes that
control developmental patterns

We have proposed that the normal temporal pattern of
expression of cell fates in the lateral hypodermal cell
lineages is caused by temporal changes in the level of
lin-14 gene activity. The principal evidence supporting
this hypothesis is the finding that mutations that reduce
lin-14 activity at early stages of development lead to
transformations in cell fates opposite to those caused by
mutations that appear to elevate lin-14 activity at later
stages. This result indicates that lin-14 wild-type gene
activity is necessary for the acquisition of specific devel-
opmental fates for those cells that normally express
those fates and is sufficient for the acquisition of those
same fates by cells at other times in the same cell lin-
eage.

These general properties of lin-14 are analogous to
those of homeotic genes thought to control spatial pat-
terns of cell fates. For example, mutations that elevate
activity of the C. elegans gene lin-12 transform the fates
of certain cells into the fates of cells located elsewhere,
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while mutations that eliminate lin-12 cause the recip-
rocal transformations in cell fates (Greenwald et al.
1983). For the cells affected, Iin-12 wild-type activity ap-
pears to be both necessary and sufficient for the acquisi-
tion of normally spatially specific fates. During wild-
type development, different levels of lin-12 activity ap-
pear to cause different cells to express different fates.
Mutations of the Antennapedia (Antp) locus of Droso-
phila melanogaster display properties similar to muta-
tions of lin-14 and lin-12. Dominant mutations {which
appear to cause inappropriate expression of Antp ac-
tivity) transform antennae into legs, while recessive
mutations {which appear to cause loss of gene activity)
result in the opposite transformation of legs to antennae
(Struhl 1981; Hazelrigg and Kaufman 1983). The differ-
ential expression of Antp activity between the head and
the mesothorax is thought to specify the wild-type seg-
mental location of antennae and legs. A positional con-
trol of homeotic gene function resulting in the spatial
patterning of different cell fates is analogous to a tem-
poral control of lin-14 function leading to the temporal
patterning of cell fates.

The genetic properties and phenotypic effects of mu-
tations in loci such as lin-14, lin-12, and Antp may pro-
vide criteria for the identification of genes that play im-
portant roles in controlling developmental patterns:
Mutations that elevate gene activity cause transforma-
tions in developmental fates opposite to those that re-
duce gene activity. Such genes may specify which devel-
opmental programs are expressed by cells that share
multiple potential fates. These genes could control pat-
terns of development by being expressed differentially,
for example, in space (lin-12 and Antp) or in time
(lin-14).

Materials and methods
General methods and strains

General methods for the culturing and handling of C. elegans
have been described by Brenner (1974). Methods used for No-
marski differential interference contrast microscopy of living
animals and for photography have been described by Sulston
and Horvitz {1977) and Sternberg and Horvitz {1981). Cells are
named based on their descent from postembryonic blast cells as
described by Sulston and Horvitz (1977).

The wild-type parent of all strains used in this work is Caen-
orhabditis elegans var. Bristol strain N2. The genetic markers
listed below are from the Cambridge collection (Brenner 1974)
unless otherwise noted. lin-14 mutations were isolated as de-
scribed by Ambros and Horvitz (1984). This paper conforms to
standard C. elegans genetic nomenclature (Horvitz el al. 1979).
LGIII, dpy-17 (e164), tra-1 (e1099) (Hodgkin and Brenner 1977};
LGV, him-5 (e1467) (Hodgkin et al. 1979); LGX, dpy-7 (e1324),
dpy-6 (eld), unc-9 (e101). The reciprocal translocation szT1
(X;I) is a balancer for LGX that causes recessive lethality in
hermaphrodites and carries a wild-type allele of lin-14 (Fodor
and Deak 1985). The deficiency nDf19 is a deficiency that de-
letes the lin-14 locus (Ambros and Horvitz 1984).

Complementation tests

For the complementation tests reported in Table 3, heteroal-
lelic strains were constructed using tra-1 XX males (hemi-
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zygous, XO, males carrying most lin-14 alleles are defective in
mating). tra-1; lin-14(recessive)/ + males were mated with her-
maphrodites of the following genotypes: dpy-17; szT1(X;I)/
nDf19, dpy-17; szT1(X;I)/lin-14(n536 n540), and dpy-17;
lin-14(n360). Cross progeny {non dumpy) hermaphrodites were
screened using Nomarski differential interference contrast
optics for heterochronic defects (see below). A number of cross
progeny of each phenotypic class were progeny tested to verify
their genotypes.

Animals were examined at defined developmental stages
using Nomarski optics to identify the fates of individual cells as
described below. L1 animals were examined for the precocious
expression of normally L2-specific cell division patterns (S2 lin-
eage segments) in the lateral hypodermis. Animals at L3 leth-
argus were examined for precocious adult alae formation. Gen-
erally, for each heteroallelic combination, 10 or more animals
were examined (usually one side of each).

Gene dosage experiments

For the gene dosage experiments described in Table 2, strains
were constructed as follows: nDf19/ + animals were obtained
from among the self-progeny of nDf19/szT1 hermaphrodites.
n179/nDf19 animals were obtained as hermaphrodite cross-
progeny (non dumpy) of him-5; Iin-14(n179ts) males (grown at
15°C) and dpy-17; szT1/nDf19 hermaphrodites. Hermaphro-
dites that did not display any precocious defects were progeny
tested at 25°C and the results were consistent with the geno-
type dpy-17/+; him-5/ +; szT1/lin-14(n179ts). Similar proce-
dures were used to obtain n179/n536 n540 animals.

The lin-14(n355 n679) homozygous animals screened in ex-
periments 1 and 2 of Table 4 were siblings of the heterozygous
animals screened in the same experiments. In experiment 3,
lin-14(n355 n679) animals were derived from lin-14(n355 n679)
homozygotes. lin-14(n355 n679)/+ animals were obtained by
different methods in experiments 1, 2, and 3. Experiment 1:
Wild-type males were mated at 15°C with lin-14 (n355 n679)
hermaphrodites, and their hermaphrodite progeny were
screened at the L4 molt to determine the frequency of adult
alae formation by seam cells; these animals then were progeny
tested to confirm their genotypes. Experiment 2: Non dumpy
self-progeny from dpy-6/1in-14(n355 n679) hermaphrodites
were similarly screened at the L4 molt and progeny tested. Ex-
periment 3: Non dumpy self-progeny from dpy-6 lin-14(n355
n679)/dpy-7 unc-9 hermaphrodites were screened at the L4
molt and progeny tested. lin-14(n355 n679)/lin-14(n536 n540)
animals and lin-14(n355 n679)/lin-14(n360) animals were iden-
tified by screening (for the frequency of adult alae formation at
the L4 molt) random self-progeny from hermaphrodites of the
same respective genotypes and progeny testing each screened
animal to confirm its genotype. lin-14(n536)/lin-14(n536) an-
imals and lin-14(n536)/ + animals were obtained by screening
(for alae formation at the L4 molt) random self-progeny of
1in-14(n536)/szT1 hermaphrodites. lin-14(n536)/lin-14(n536
n540) animals were obtained by similarly screening random
self-progeny of lin-14(n536)/lin-14(n536 n540) hermaphrodites.
For both strains, the genotype of each screened animal was de-
termined by progeny testing. To ensure that a random sample
of animals of each genotype was screened, parents were trans-
ferred daily and all progeny produced on 1 day were screened.
To maximize temperature uniformity, cultures containing an-
imals to be screened in each experiment were kept in close
proximity in the same incubator and handled in parallel.

Living hermaphrodites were observed using Nomarski optics
(Sulston and Horvitz 1977) at defined stages of development.
All seam cells positioned between the posterior bulb of the
pharynx and the anus were observed, and their developmental
fates were determined as described below.

Control of C. elegans development by lin-14

Temperature-shift experiments

Two temperature-sensitive alleles, lin-14(n179ts) and
1in-14(n355n679%ts), were used in the temperature-shift experi-
ments shown in Figures 4, 5, and 6. lin-14(n179ts)/lin-14(n360)
animals were generated by mating him-5; lin-14 (n179ts) males
with dpy-17; 1in-14(n360) hermaphrodites and selecting non
dumpy cross-progeny. Separate crosses were performed at 15°C
and 25°C. Individual animals were picked from cultures grown
at one temperature, examined by Nomarski optics (20°C) to de-
termine developmental stage according to the criteria described
below, immediately placed in Petri dishes on agar at either the
same temperature or the alternative temperature, and then
were maintained at that temperature for the remainder of their
development. Some animals (“pulse-shifted” animals) were
transferred back to the original temperature and then main-
tained at that temperature for the remainder of their develop-
ment. The total time involved in staging and shifting each an-
imal was less than 10 min.

Animals were examined at 20°C using Nomarski optics ei-
ther before the L1 molt to infer the patterns of cell divisions
and progeny cell types generated during the L1 stage and/or
shortly after the L1 molt to infer the patterns of cell divisions
that occurred at the L1 molt as described below. The presence
of alae on the cuticles of L4 or L5 animals was scored using
Nomarski optics at 1000 x or incident illumination at 50 x in a
dissecting microscope. A quantitative assessment of the
strength of mutant phenotypes for each animal was derived by
determining the proportion of seam cells in that animal that
expressed a heterochronic fate at a specified stage.

Determining developmental stage

We have used a variety of developmental events that are not
affected in lin-14 mutants as markers for determining develop-
mental stage. Animals were examined using Nomarski micros-
copy for the occurrence of specific cell divisions and for the
presence of specific cells and/or morphological structures. The
following developmental events were used to delineate tem-
poral segments of the L1 and L2 stages (times that these events
occur are given in hours after hatching at 20°C, as described by
Sulston and Horvitz 1977): 3 hr, division of Q; 4.5 hr, division
of V5; 6 hr, division of Q.a and Q.p; 6.5 hr, division of M; 7.5 hr,
migration of P1; 8 hr, migration of P6 and divisions of M.d and
M.v; 9 hr, migration of P12; 10.5 hr, division of P6.p and third
round of M lineage divisions; 12 hr, third round of divisions in
the P6 lineage; 13 hr, programmed cell deaths in the P9 and P10
lineages; 14 hr, beginning of L1 lethargus; 15.5 hr, V5.p divi-
sion; 16 hr, L1 ecdysis; 16 hr, V6.p division; 17.5 hr, divisions of
V({1-4).pa and V{1-4).pp; 19 hr, V5.pap division; 22 hr, V5.paapp
programmed cell death; 23 hr, beginning of L2 lethargus; 25 hr,
L2 ecdysis. The developmental stage of L1 and L2 animals was
assumed to be at the time of one of these events (for animals in
which an event was observed to be occurring) or at a time mid-
point between two events. Third- and fourth-stage animals
were distinguished by the extent of gonad development, in-
cluding the number of somatic and germ line nuclei and extent
of morphogenesis {Kimble and Hirsh 1979). The presence of fer-
tilized oocytes in the gonad distinguishes young adult (fifth
stage) hermaphrodites from L4 larvae. These staging criteria
were confirmed as reliable after following continually or inter-
mittently the development of several mutant individuals. The
overall rate of development of most lin-14 mutants is compa-
rable to that of the wild type, although the development of the
five severe class II mutants (e.g., n536 n540) is significantly
slower than that of the wild type (Ambros and Horvitz 1984).
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Scoring seam cell fates

Generally an individual seam cell in a lin-14 mutant expresses
either its normal fate or the fate of a cell earlier or later in the
same lineage. The developmental fate of a blast cell is defined
by the cell lineage pattern that it generates. Characteristics of a
lineage pattern are the lineal relationships among a set of
progeny cells, the polarity of each cell division, and the specific
cell types produced by each division. Cell types are scored by
nuclear morphology as seen using Nomarski optics (Sulston
and Horvitz 1977). The stage-specific cell lineage patterns af-
fected by lin-14 mutations are known as S1, S2, S3, and $4,
referring to the larval stages in which they normally occur (L1,
L2, L3, and L4 stages, respectively) (Ambros and Horvitz 1984).
Occasionally, we observed cell fates in mutants different from
any wild-type fate. In the lateral hypodermis, such abnormal
fates were rare {fewer than 5% of the cells examined) and are
not considered in this manuscript.

Seam cells normally cease cell division and form adult-spe-
cific cuticular structures known as lateral alae toward the end
of the L4 stage (Sulston and Horvitz 1977; Singh and Sulston
1978). Nomarski optics can be used to visualize alae on living
animals; alae lie superficial to the seam cells that form them
and are normally continuous along the length of each side of
the animal (see Fig. 3d]. Most heterochronic mutants are of
variable expressivity in that some seam cells on one side of an
animal may lie beneath lateral alae, while the rest may lie be-
neath gaps in the alae. We have assumed that those seam cells
beneath gaps do not participate in alae formation. Our observa-
tions suggest that seam cells not forming adult alae always un-
dergo cell division in these mutants. The seam cells beneath
segments of alae appear to have ceased cell division (see Fig. 2).
The formation of adult alae by individual seam cell nuclei are
scored by selecting animals during lethargus, when newly
formed alae are distinct, and observing these animals using No-
marski optics. For each animal, the total number of seam cells
between the posterior bulb of the pharynx and the anus on one
side was counted, and the number of those cells lying under
newly formed alae was determined. (Seam cells that were un-
dergoing cell division or that had recently completed cell divi-
sion at the time of observation were counted as one seam cell.)
Several animals of each genotype were examined.

The time of expression of stage-specific cell division patterns
was assayed by the continual observation of cell lineages or by
anatomical screens at defined stages of development. The ease
and reliability of anatomical screening is based on three proper-
ties of C. elegans development: (1) The developmental stage of
an animal can be readily and precisely determined (see above).
(2) Newly formed lateral hypodermal nuclei can be identified
within an hour or two after their births by their characteristic
morphology and smaller size relative to older cells of the same
type. (3) Because newly formed sister cells generated by S2 lin-
eage patterns of the V1-V4 and V6 lineages remain near each
other in a characteristic spatial arrangement, we can distin-
guish the products of an S2 cell division pattern from those of
an S1 pattern, and we can distinguish the products of an S2
pattern from those of an S3 pattern. We have utilized anatom-
ical screens to score the expression of S1 versus S2 patterns in
the L1, L2, and L3 stages, the expression of S2 versus S3 pat-
terns in the L2 and L3 stages, and whether seam cells at the L3,
L4, and L5 molts form adult alae or undergo cell division.
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The lin-14 locus of Caenorhabditis elegans controls the time of
expression of specific postembryonic developmental events.
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