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ABSTRACT Molecular genetic investigation of the early Caenorhabditis elegans embryo has 
contributed substantially to the discovery and general understanding of the genes, pathways, 
and mechanisms that regulate and execute developmental and cell biological processes. Ini-
tially, worm geneticists relied exclusively on a classical genetics approach, isolating mutants 
with interesting phenotypes after mutagenesis and then determining the identity of the af-
fected genes. Subsequently, the discovery of RNA interference (RNAi) led to a much greater 
reliance on a reverse genetics approach: reducing the function of known genes with RNAi and 
then observing the phenotypic consequences. Now the advent of next-generation DNA se-
quencing technologies and the ensuing ease and affordability of whole-genome sequencing 
are reviving the use of classical genetics to investigate early C. elegans embryogenesis.

Starting ∼40 years ago, the nematode Caenorhabditis elegans rap-
idly grew in prominence as a model organism for inferring gene 
requirements based upon the phenotypes observed after reducing 
or otherwise altering gene function. For the first 20 some years of 
this period, C. elegans geneticists—led by Sydney Brenner, the 
founder of this now large and diverse lineage of researchers 
(Brenner, 1974)—used a forward or classical genetics approach: 
screening for mutant phenotypes after mutagenesis of nematode 
populations and then determining the identity of the altered gene 
by mapping and positional cloning of the affected loci (Jorgensen 
and Mango, 2002). Most genetic analyses initially focused on viable 
mutants, with the early goal being to investigate nervous system 
function. However, developmental studies of organogenesis (espe-
cially vulval development) and apoptosis received perhaps the 
most attention during these early years, and studies of aging also 
became prominent. Nevertheless, neurobiology has always been a 
key focus of C. elegans research and today is perhaps the largest 
single body of work derived from this user-friendly little worm 
(adults are ∼1 mm in length and hermaphrodites have 302 neurons). 

All genetic studies in C. elegans benefit greatly from three promi-
nent virtues it has as a model organism: its remarkably rapid and 
hermaphroditic life cycle of ∼3.5 d from fertilization to self-fertile 
adulthood, its optical transparency, and its nearly invariant and very 
simple cell lineage, which enables one to define phenotypes with 
single-cell, and subcellular, resolution (with 558 cells present in a 
hatched hermaphrodite larva and 959 somatic cell nuclei in a mature 
adult hermaphrodite; Sulston and Horvitz, 1977; Sulston et al., 
1983).

Whereas genetic studies of developmental pathways that act 
during larval development grew rapidly in number and scope during 
the early years of this roundworm’s laboratory life, studies of early C. 
elegans embryogenesis lagged behind. Although John Sulston 
published his monumental embryonic cell lineage of C. elegans in 
1983 (Sulston et al., 1983), genetic studies of embryogenesis re-
mained relatively limited in scope. Three features of the worm em-
bryo contributed to this early lack of effort. First, the essentially in-
variant embryonic cell lineage led to a simplistic assumption that 
developmental mechanisms in the early embryo would be highly 
mosaic and not relevant to the cell signaling perspective that domi-
nated developmental biology research during these early years. 
Second, most C. elegans researchers viewed the embryo as a mass 
of undistinguishable cells and feared that it would be difficult to 
make sense out of mutant phenotypes (in contrast to the handy cu-
ticle patterns that greatly facilitated the identification of embryonic 
cell fate patterning mutants in the fruit fly, Drosophila melanogaster). 
Finally, the genetic screens required to identify embryonic-lethal 
mutants were challenging: convenient genetic tools, such as stable 
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recombination-defective chromosomal balancers that greatly facili-
tated screens for lethal embryonic cell fate patterning mutants in 
Drosophila, were lacking. Nevertheless, Ann Rose and David Baillie 
identified many lethal C. elegans mutations (Johnsen and Baillie, 
1991; Johnsen et al., 2000; Clark and Baillie, 1992; Stewart et al., 
1998). However, most of these are larval lethal, and screening spe-
cifically for maternal-effect, embryonic-lethal mutants required sin-
gling out individual worms over multiple generations to score em-
bryonic viability.

A turning point for study of the embryo came when Jim Priess 
devised a clever approach for finding embryonic lethal mutants 
(Jorgensen and Mango, 2002). He wanted to identify essential ma-
ternally expressed genes that act early in embryogenesis to estab-
lish cell fate patterning programs. To this end, Priess nicely exploited 
the availability of viable egg laying–defective C. elegans mutants. 
By using an egg laying–defective background for mutagenesis 
and screening, he could easily see worms homozygous for a loss-of-
function maternal-effect mutation fill up with dead embryos (instead 
of “bagging out” with hatched larvae) and recover the mutation 
from heterozygous siblings. This approach led to an impressive se-
ries of landmark papers that established the early C. elegans embryo 
as an important model for genetic studies of developmental mecha-
nisms, beginning with the discovery that Notch signaling acts at the 
four-cell stage of embryogenesis to distinguish the fates of two sister 
blastomeres (Priess et al., 1987; Kemphues et al., 1988; Bowerman 
et al., 1992; Mello et al., 1992, 1994; Mango et al., 1994; Draper 
et al., 1996; Rocheleau et al., 1997; Thorpe et al., 1997). Other re-
searchers, most prominently Tony Hyman, then began to use the 
early embryo for genetic studies not only of development, but also 
of cell division and other cell biological processes (Oegema and 
Hyman, 2005).

Subsequent modifications to the egg laying–defective screen 
made it possible to isolate not only nonconditional mutations but 
also temperature-sensitive mutations in essential genes (Encalada 
et al., 2000; Golden et al., 2000; Pang et al., 2004). Indeed, C. 
elegans is unique as an animal model in which one can feasibly iso-
late large numbers of temperature-sensitive mutations in essential 
genes (O’Rourke et al., 2011). Because many essential genes have 
multiple requirements throughout the life of an organism, condi-
tional alleles are particularly valuable for bypassing early require-
ments at a permissive temperature, followed by shifts to the restric-
tive temperate to study later requirements and thus more fully 
dissect gene function. In addition, growth at semipermissive tem-
peratures sensitizes conditional mutants for use in modifier screens 
(Labbe et al., 2006; O’Rourke et al., 2007; Dorfman et al., 2009).

One remarkable and unexpected contribution of early C. elegans 
embryo genetics research was the initial observation that led to the 
discovery of RNA interference (RNAi). In an effort to positionally 
clone the par-1 gene, Ken Kemphues resorted to microinjecting an-
tisense RNAs from gene candidates in the genetic interval to which 
par-1 mapped. This effort identified one gene that reproduced the 
Par-1 mutant phenotype when antisense RNA corresponding to its 
coding sequences was microinjected into the syncytial ovary of adult 
wild-type worms. Surprisingly, Kemphues found that injecting sense 
RNA, intended as a negative control, also resulted in a Par-1 mutant 
phenotype. Kemphues admirably went ahead and published this 
confounding data as part of the procedure used to positionally clone 
the par-1 gene (see Table 1 in Guo and Kemphues, 1995). Andy Fire 
and Craig Mello astutely noted this result and correctly deduced that 
the ability of either strand to cause a Par-1 mutant phenotype upon 
microinjection resulted from small amounts of contaminating double-
stranded RNA (Fire et al., 1998). Thus this puzzling result from the 

Kemphues lab led to the landmark discovery of Fire and Mello that 
short double-stranded RNAs mediate RNAi, with base pair comple-
mentarity ultimately resulting in degradation of the targeted mRNA.

RNAi has revolutionized genetics research, making it possible to 
reduce gene function in many systems previously not amenable to 
such analysis (e.g., cells grown in culture). The impact on C. elegans 
genetics also has been transformative. Soon after the discovery of 
RNAi, several ambitious genome-wide screens for embryonic lethal-
ity were undertaken in which researchers used RNAi to inactivate 
one by one each predicted gene in the fully sequenced worm ge-
nome (Maeda et al., 2001; Kamath and Ahringer, 2003; Sönnichsen 
et al., 2005). The methods used to introduce double-stranded RNAs 
included microinjection into the ovary, the soaking of worms in a 
concentrated solution of RNA, and, most remarkably, the feeding to 
worms of bacterial cultures expressing double-stranded RNAs from 
plasmid-borne coding sequence inserts (Timmons and Fire, 1998). 
RNAi in C. elegans is particularly effective at reducing maternal 
gene expression in the ovary, and these genome-wide screens have 
identified most of the essential genes required for embryonic viabil-
ity. Rather than the laborious and time-consuming approach of mu-
tagenizing worm populations and screening for mutant phenotypes, 
followed by the even more time-consuming positional cloning of 
the affected genes, researchers can now simply reduce the function 
of any gene using RNAi and in short order examine the phenotypic 
consequences. Indeed, an unfortunate consequence of the RNAi 
revolution has been the substantial abandonment of chemical muta-
genesis and phenotypic screening for identifying essential C. ele-
gans gene requirements during embryogenesis. In conducting such 
screens one has to wade through many mutants that represent ad-
ditional alleles of genes in which mutations already are known. 
Moreover, in all too many cases, by the time a gene mutation was 
identified and its requirements analyzed, other groups already had 
published papers describing basic gene requirements using RNAi 
to reduce gene function.

Although RNAi has proven to be an extremely powerful genetic 
tool, it has limitations. The effect of RNAi can vary in reproducibility, 
depending on culture conditions and the carefulness of the investi-
gators. Moreover, many genes that act later in embryogenesis and 
during larval development are less susceptible to RNAi, and in some 
cases RNAi only partially reduces gene function. Even some mater-
nally expressed genes are largely resistant to RNAi, for unknown 
reasons. Furthermore, for genes with multiple essential requirements 
in narrow time windows, RNAi is not well suited for careful dissection 
of gene requirements. In addition, when the function of multiple 
genes needs to be reduced, RNAi often is not as effective as it is 
when single genes are targeted. Finally, domain-specific mutations 
can reveal requirements that might be missed when gene function is 
more generally reduced using RNAi (Canman et al., 2008). Indeed, 
as researchers have begun to exhaust their ability to gain insight 
from analysis of essential genes using RNAi, the need and demand 
have returned for extremely useful mutant alleles of essential genes, 
especially uniquely powerful temperature-sensitive alleles.

Although RNAi has reduced the effort required to screen for new 
alleles of essential C. elegans genes, a newer kid on the block—next-
generation DNA sequencing—is reviving interest in such screens due 
to the powerful high-throughput approaches now available for posi-
tional cloning (Sarin et al., 2008; Doitsidou et al., 2010; Zuryn et al., 
2010). With Illumina (San Diego, CA) DNA sequencing machines, one 
can in a few days sequence entire worm genomes for a few hundred 
dollars per strain (and the costs continue to decline rapidly). With a 
little more effort (outcrossing a mutant into a polymorphic worm strain 
and then isolating F2 descendants in which the mutation of interest is 



3558 | B. Bowerman Molecular Biology of the Cell

REFERENCES
Bowerman B, Eaton BA, Priess JR (1992). skn-1, a maternally expressed 

gene required to specify the fate of ventral blastomeres in the early 
C. elegans embryo. Cell 68, 1061–1075.

Brenner S (1974). The genetics of Caenorhabditis elegans. Genetics 77, 
71–94.

Canman JC, Lewellyn L, Laband K, Smerdon SJ, Desai A, Bowerman B, 
Oegema K (2008). Inhibition of Rac by the GAP activity of centralspin-
dlin is essential for cytokinesis. Science 322, 1543–1546.

Clark DVD, Baillie L (1992). Genetic analysis and complementation by 
germ-line transformation of lethal mutations in the unc-22 IV region of 
Caenorhabditis elegans. Mol Gen Genet 232, 97–105.

Doitsidou M, Poole RJ, Sarin S, Bigelow H, Hobert O (2010). C. elegans 
mutant identification with a one-step whole-genome-sequencing and 
SNP mapping strategy. PLoS ONE 5, e15435.

Dorfman M, Gomes JE, O’Rourke S, Bowerman B (2009). Using RNA 
interference to identify specific modifiers of a temperature-sensitive, 
embryonic-lethal mutation in the Caenorhabditis elegans ubiquitin-like 
Nedd8 protein modification pathway E1-activating gene rfl-1. Genetics 
182, 1035–1049.

Draper BW, Mello CC, Bowerman B, Hardin J, Priess JR (1996). The mater-
nal gene mex-3 encodes a KH domain protein and regulates blastomere 
identity in early C. elegans embryos. Cell 87, 205–216.

Encalada SE, Martin PR, Phillips JB, Lyczak R, Hamill DR, Swan KA, 
Bowerman B (2000). DNA replication defects delay cell division and 
disrupt cell polarity in early Caenorhabditis elegans embryos. Dev Biol 
228, 225–238.

Fire A, Montgomery MK, Kostas SA, Driver SE, Mello CC (1998). Potent and 
specific genetic interference by double-stranded RNA in Caenorhabditis 
elegans. Nature 391, 806–811.

Golden A, Sadler PL, Wallenfang MR, Schumacher JM, Hamill DR, Bates G, 
Bowerman B, Seydoux G, Shakes DC (2000). Metaphase to anaphase 

again homozygous), one can use whole-genome sequencing to rap-
idly map mutations to megabase or smaller genetic intervals (via ge-
nome-wide single-nucleotide polymorphism [SNP] mapping) and at 
the same time identify the mutation responsible for the mutant phe-
notype. For example, Oliver Hobert found that sequencing entire 
mutant genomes in 17 different mutants isolated after chemical mu-
tagenesis revealed ∼500–1000 mutations per mutant genome, with 
roughly 50–100 missense mutations and two to five stop codons in 
coding sequences per mutant (Sarin et al., 2010). It was intriguing that 
backcrossing mutagenized strains to nonmutagenized wild-type 
worms did not substantially reduce the mutational load, presumably 
due to the surprisingly rapid and spontaneous accumulation of muta-
tions that occurs within individual laboratory strains. Furthermore, by 
applying whole-genome sequencing to genome-wide SNP mapping 
of one mutant, using a few slightly different strategies, the Hobert lab 
positioned the mutation responsible for the phenotype to a roughly 
2-megabase region, with only three protein-changing variants in that 
interval (Doitsidou et al., 2010). Similarly, my lab found that for three 
different temperature-sensitive mutations known to be located within 
1- to 3-megabase intervals, only one or two missense mutations in 
protein-coding genes were found within each interval (unpublished 
data). As nearly (but not) all temperature-sensitive mutations in es-
sential genes are missense (O’Rourke et al., 2011), it is somewhat 
easier to pinpoint the causative mutation in conditional mutants. 
More rarely, some conditional mutations prove to be stop codons or 
affect splice junctions. These exciting whole-genome sequencing ap-
proaches are reviving interest in screens for embryonic-lethal mutants 
and likely will also lead to analysis of many embryonic-lethal mutant 
categories that in the past were either discarded or ignored.

The evolution of genetic analysis in C. elegans, particularly for 
the early embryo, has taken some remarkable twists and turns over 
the decades. The ability to combine new technologies as they de-
velop continues to make this elegant little roundworm a more and 
more remarkable model system for the always-exciting adventure of 
gene discovery.

(mat) transition-defective mutants in Caenorhabditis elegans. J Cell Biol 
151, 1469–1482.

Guo SK, Kemphues J (1995). par-1, a gene required for establishing polarity 
in C. elegans embryos, encodes a putative ser/thr kinase that is asym-
metrically distributed. Cell 81, 611–620.

Johnsen R, Baillie CDL (1991). Genetic analysis of a major segment 
[LGV(left)] of the genome of Caenorhabditis elegans. Genetics 129, 
735–752.

Johnsen RC, Jones SJ, Rose AM (2000). Mutational accessibility of essential 
genes on chromosome I(left) in Caenorhabditis elegans. Mol Gen Genet 
263, 239–252.

Jorgensen E, Mango MSE (2002). The art and design of genetic screens: 
Caenorhabditis elegans. Nat Rev Genet 3, 356–369.

Kamath R, Ahringer SJ (2003). Genome-wide RNAi screening in Caenorhab-
ditis elegans. Methods 30, 313–321.

Kemphues KJ, Priess JR, Morton DG, Cheng NS (1988). Identification of 
genes required for cytoplasmic localization in early C. elegans embryos. 
Cell 52, 311–320.

Labbe JC, Pacquelet A, Marty T, Gotta M (2006). A genomewide screen for 
suppressors of par-2 uncovers potential regulators of PAR protein-de-
pendent cell polarity in Caenorhabditis elegans. Genetics 174, 285–295.

Maeda I, Kohara Y, Yamamoto M, Sugimoto A (2001). Large-scale analysis of 
gene function in Caenorhabditis elegans by high-throughput RNAi. Curr 
Biol 11, 171–176.

Mango SE, Thorpe CJ, Martin PR, Chamberlain SH, Bowerman B (1994). 
Two maternal genes, apx-1 and pie-1, are required to distinguish the 
fates of equivalent blastomeres in early C. elegans embryos. Develop-
ment 120, 2305–2315.

Mello CC, Draper BW, Krause M, Weintraub H, Priess JR (1992). The pie-1 
and mex-1 genes and maternal control of blastomere identity in early 
C. elegans embryos. Cell 70, 163–176.

Mello CC, Draper BW, Priess JR (1994). The maternal genes apx-1 and 
glp-1 and establishment of dorsal-ventral polarity in the early C. elegans 
embryo. Cell 77, 95–106.

O’Rourke SM et al. (2011). A survey of new temperature-sensitive, 
embryonic-lethal mutations in C. elegans: 24 alleles of thirteen genes. 
PLoS ONE 6, e16644.

O’Rourke SM, Dorfman MD, Carter JC, Bowerman B (2007). Dynein modifi-
ers in C. elegans: light chains suppress conditional heavy chain mutants. 
PLoS Genet 3, e128.

Oegema KA, Hyman A (2005). Cell division. In: WormBook, ed. The C. 
elegans Research Community, http://www.wormbook.org.

Pang KM, Ishidate T, Nakamura K, Shirayama M, Trzepacz C, Schubert CM, 
Priess JR, Mello CC (2004). The minibrain kinase homolog, mbk-2, is 
required for spindle positioning and asymmetric cell division in early 
C. elegans embryos. Dev Biol 265, 127–139.

Priess JR, Schnabel H, Schnabel R (1987). The glp-1 locus and cellular inter-
actions in early C. elegans embryos. Cell 51, 601–611.

Rocheleau CE, Downs WD, Lin R, Wittmann C, Bei Y, Cha YH, Ali M, 
Priess JR, Mello CC (1997). Wnt signaling and an APC-related gene 
specify endoderm in early C. elegans embryos. Cell 90, 707–716.

Sarin S, Bertrand V, Bigelow H, Boyanov A, Doitsidou M, Poole RJ, Narula 
S, Hobert O (2010). Analysis of multiple ethyl methanesulfonate-muta-
genized Caenorhabditis elegans strains by whole-genome sequencing. 
Genetics 185, 417–430.

Sarin S, Prabhu S, O’Meara MM, Pe’er I, Hobert O (2008). Caenorhabditis 
elegans mutant allele identification by whole-genome sequencing. Nat 
Methods 5, 865–867.

Sönnichsen B et al. (2005). Full-genome RNAi profiling of early embryogen-
esis in Caenorhabditis elegans. Nature 434, 462–469.

Stewart HI et al. (1998). Lethal mutations defining 112 complementation 
groups in a 4.5 Mb sequenced region of Caenorhabditis elegans chro-
mosome III. Mol Gen Genet 260, 280–288.

Sulston JEH, Horvitz R (1977). Post-embryonic cell lineages of the nema-
tode, Caenorhabditis elegans. Dev Biol 56, 110–156.

Sulston JE, Schierenberg E, White JG, Thomson JN (1983). The embryonic 
cell lineage of the nematode Caenorhabditis elegans. Dev Biol 100, 
64–119.

Thorpe CJ, Schlesinger A, Carter JC, Bowerman B (1997). Wnt signaling 
polarizes an early C. elegans blastomere to distinguish endoderm from 
mesoderm. Cell 90, 695–705.

Timmons, Fire LA (1998). Specific interference by ingested dsRNA. Nature 
395, 854.

Zuryn S, Le Gras S, Jamet K, Jarriault S (2010). A strategy for direct mapping 
and identification of mutations by whole-genome sequencing. Genetics 
186, 427–430.


