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Abstract
The germline and embryo of the nematode Caenorhabditis elegans have emerged as powerful
model systems to study membrane dynamics in an intact, developing animal. In large part, this is
due to the architecture of the reproductive system, which necessitates de novo membrane and
organelle biogenesis within the stem cell niche to drive compartmentalization throughout the
gonad syncytium. Additionally, membrane reorganization events during oocyte maturation and
fertilization have been demonstrated to be highly stereotypic, facilitating the development of
quantitative assays to measure the impact of perturbations on protein transport. This review will
focus on regulatory mechanisms that govern protein trafficking, which have been elucidated using
a combination of C. elegans genetics, biochemistry, and high-resolution microscopy. Collectively,
studies using the simple worm highlight an important niche that the organism holds to define new
pathways that regulate vesicle transport, many of which appear to be absent in unicellular systems
but remain highly conserved in mammals.
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INTRODUCTION
While the core components of most trafficking pathways have been well defined, regulatory
factors that augment or attenuate transport networks remain poorly characterized. This
deficiency is most obvious in the context of metazoan development, which cannot be
addressed through the use of mammalian cells grown in culture. Instead, studies must be
conducted in animal models, including mice, zebrafish, Drosophila, and C. elegans.
Although each system possesses specific benefits and drawbacks, the genetic and
biochemical tractability of the simple worm have helped to cement its position at the
forefront of the membrane biology field (1–3). Several features of the C. elegans
reproductive system in particular are highly amenable to the study of membrane trafficking
and enable quantitative analysis of cargo transport and organelle remodeling during
development. First, the organization of the syncytial gonad (Figure 1) permits the use of
RNA interference (RNAi) to generate a tissue that is reproducibly depleted of a specific
target protein, independently of its intrinsic turnover rate (4). Protein present following
dsRNA delivery is systematically removed by continual packaging into oocytes, which are
fertilized every 22–24 minutes and exit the reproductive system (5). Within 48 hours after
dsRNA administration, newly formed oocytes typically contain <5% of a targeted protein,

#Corresponding Author: Anjon Audhya Phone: (608) 262-3761 Fax: (608) 262-5253 audhya@wisc.edu.
*These authors contributed equally to this work.

NIH Public Access
Author Manuscript
Traffic. Author manuscript; available in PMC 2014 May 01.

Published in final edited form as:
Traffic. 2013 May ; 14(5): 471–478. doi:10.1111/tra.12044.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



allowing for analysis of cargo sorting in its absence. Shorter timecourses enable partial
depletion of target proteins, which are critical for germline formation, enabling an analysis
of embryonic development under partial loss-of-function conditions. Second, hundreds of C.
elegans mutant strains that exhibit defects in transport through the endomembrane system
are currently available for examination (6). Importantly, this collection contains animals that
harbor deletion alleles, which are predicted to completely eliminate protein function. In
contrast to siRNA- or morpholino-based studies, the use of null alleles in C. elegans
eliminates the possibility of inefficient knock down confounding functional analysis of
targets. Third, membrane reorganization events during germline development, oocyte
maturation and fertilization are highly stereotypic, which has facilitated the establishment of
quantitative assays to measure the impact of perturbations on protein transport (7,8). Fourth,
C. elegans is highly amenable to genetic manipulation and can be engineered to stably
express fluorescently tagged proteins, including secretory and endocytic cargoes that can be
monitored by live cell microscopy (9,10). Fifth, large quantities of intact animals or embryos
can be generated in liquid culture, enabling the biochemical purification of trafficking
complexes during different stages of development (11). Finally, sequence analysis of C.
elegans trafficking components demonstrates that they are closely related to those present in
mammals, strongly suggesting that findings in worms will be directly applicable to human
biology (12; Tables S1 and S2). Collectively, these attributes have been exploited to define
new regulatory components that function in the secretory, endocytic, and autophagic
pathways. Although this review will focus mostly on studies conducted in the C. elegans
germline and early embryo, work performed in other tissues will also be highlighted to
further emphasize the importance of the worm to the field of membrane trafficking.

The Secretory Pathway
Biosynthetic cargoes leave the endoplasmic reticulum (ER) in COPII coated vesicles, which
are generated at specialized lipid subdomains marked by the peripheral membrane protein
Sec16 (13,14). Based on its purification from embryos, C. elegans SEC-16 forms a complex
with several COPII subunits (SEC-23, SEC-24, NPP-20/SEC-13, and SEC-31) and promotes
their recruitment onto ER membranes (15). Depletion studies indicate that loss of SEC-16 or
any individual COPII subunit results in early embryonic lethality or sterility of the treated
animal (15–18). Embryos that are produced under partial loss-of-function conditions are
strongly osmotically sensitive, likely resulting from a defect in eggshell formation, a
phenotypic hallmark of disrupting secretory transport. The C. elegans eggshell is a
trilaminar structure comprised of an outer vitelline layer, a medial layer enriched in chitin,
and an inner layer that contains chondroitin proteoglycans (19,20). An additional
permeability barrier also forms between the embryo plasma membrane and the eggshell,
which restricts the flow of small molecules (21). Live-cell imaging experiments revealed
that the inner chondroitin layer of the eggshell forms during anaphase of the first meiotic
cell cycle, which is triggered by oocyte fertilization, and is coincident with the exocytosis of
cortical granules that contain caveolin-1 (21–23). Consistent with these findings, two
chondroitin proteoglycans (CPG-1 and CPG-2) appear to be cargoes of these granules (21).
Although the precise requirements for cortical granule formation remain unclear, analysis of
caveolin-1 trafficking suggests that the early secretory pathway plays a significant role (22).
Thus, disruption of ER/Golgi transport inhibits normal eggshell formation, resulting in
embryo osmotic sensitivity.

Since eggshell formation is severely compromised in the absence of ER export, analysis of
COPII function during later stages of embryogenesis has been challenging. However, in a
screen for mutants defective for extracellular matrix formation, an allele of sec-23 (ij13) was
identified, implicating COPII-mediated vesicle transport in cuticular collagen secretion (17).
The ij13 mutation introduces a premature stop codon into the coding sequence, resulting in a
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non-functional, truncated form of SEC-23 lacking its carboxyl-terminal gelsolin domain,
which is critical for association with the COPII components SAR-1 and SEC-31 (24–28).
Homozygous mutant embryos generated by heterozygous hermaphrodites contain sufficient
maternally deposited SEC-23 for early stages of embryogenesis. However, during embryo
elongation, the lack of functional SEC-23 causes rupturing from the hypodermal surface,
due to a disruption in collagen secretion. Additionally, formation of the pharynx fails,
followed rapidly by a general loss of embryo structural integrity, suggestive of a defect in
cell adhesion (17). Consistent with these effects, loss of function mutations in Drosopholia
COPII components also disrupt cuticle formation and organogenesis (29,30). Together, these
data indicate that COPII function remains essential throughout embryogenesis by regulating
key morphogenesis steps during development.

Germline maintenance also requires ongoing COPII-mediated vesicle trafficking. In
particular, organization within the distal portion of the germline requires constitutive
membrane biogenesis to partition nuclei formed within the mitotic stem cell niche (31). In
the absence of normal COPII assembly, compartmentalization fails, resulting in
multinucleation, another hallmark of secretory pathway dysfunction (Figure 2). Moreover,
this defect is propagated throughout the reproductive system, visualized by the apparent
premature expansion of individual compartments at the turn region of the gonad arm. Based
on a high throughput RNAi-based screen, this phenotype is not only shared among many
components of the COPII machinery (SAR-1, SEC-12, and SEC-24.1), but also several
additional factors that function in the early secretory pathway including Arf and Rab-type
GTPases (RAB-1, ARF-1 and ARF-3), subunits of the COPI coat, which mediate cargo
recycling to the ER, components of the TRAPP (Transport Protein Particle) tethering
complexes, factors required for SNARE-mediated membrane fusion (NSF-1, SNAP-1,
SNAP-29, and SYX-18), lipid-modifying enzymes required for the acylation of numerous
trafficking components (NMT-1 and GGTB-1), and the SEC-61 complex that mediates the
translocation of secretory pathway cargoes into the ER (31). Interestingly, depletion of
SEC-24.2, a second isoform of the COPII cargo selection factor, results in a distinct
phenotype, in which oocytes fail to bud away from the syncytium efficiently, but still causes
sterility in adult animals (31). These data strongly suggest that each SEC-24 isoform
regulates a unique set of cargoes required for different stages of germline development.
Importantly, the findings also highlight C. elegans as an attractive, tractable setting to define
mechanisms that underlie the ability of SEC-24 isoforms to distinguish cargo molecules,
which may be conserved in other systems (from yeast to man) that all express multiple
Sec24 homologs.

In addition to the well-characterized factors described above, several additional proteins
were implicated in secretory pathway function as a result of their phenotypes following
depletion. In particular, animals lacking TFG-1 exhibit premature compartment expansion
within the germline and embryos produced are osmotically sensitive (31). Further analysis
indicated that TFG-1 binds directly to SEC-16 and assembles into a matrix that extends
away from sites of COPII vesicle biogenesis toward the ER-Golgi intermediate compartment
(ERGIC; 15). Biochemical and live-cell imaging studies further demonstrated that depletion
of TFG-1 disrupts COPII complex formation, thereby inhibiting protein secretion (15).
Notably, TFG-1 function is conserved in human cells, but is apparently absent in unicellular
organisms including yeast. Therefore, these studies underscore the importance of C. elegans
in identifying new, conserved components of the early secretory pathway. In a similar
manner, the conserved ADAMTS (A Disintegrin and Metalloproteinase with
Thrombospondin Motifs)-like metalloprotease GON-1 has also been implicated in secretory
pathway function. Although its direct contribution to protein trafficking remains unclear,
depletion of GON-1 dramatically alters ER structure, disrupts germline architecture, and
induces an ER stress response, similar to the impact of inhibiting COPII vesicle secretion
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(32). Notably, similar effects on ER organization and protein secretion were observed in
human cells following depletion of the GON-1 homolog ADAMTS9 (32). These findings
further highlight the importance of C. elegans in the identification of conserved trafficking
genes that are important for development in metazoans.

While powerful, it is important to point out that high throughput, reverse genetics-based
screens possess limitations, as some targets are refractory to RNAi. For example, while
depletion of PIGA-1, the catalytic subunit of the phosphatidylinositol N-
acetylglucosaminyltransferase complex that catalyzes the first step of GPI-anchor synthesis,
fails to affect viability, isolation of a deletion mutation within piga-1 demonstrated that GPI
biogenesis is essential for germline maintenance and eggshell formation (33). In the future,
the use piga-1 mutant animals should enable the identification of all proteins in C. elegans,
which are normally subject to GPI-linkage. The effects of individually depleting the
modified proteins will then permit determination of key GPI-anchored factors necessary for
germline morphogenesis and embryogenesis. Importantly, with several new technologies
becoming available to generate targeted deletions in C. elegans (6,34), it should be feasible
to confirm and extend many findings made previously using RNAi-based studies.

Although C. elegans ER morphology bears a strong resemblance to that observed in human
cells (35), the organization and distribution of the Golgi in worms is distinct. As opposed to
a juxtanuclear ribbon-like architecture, individual Golgi ministacks assemble throughout the
C. elegans cytoplasm, invariably found adjacent to sites of COPII vesicle biogenesis,
forming an integrated secretory unit (15). Although few studies have directly examined
requirements for Golgi structure during early development in C. elegans, its role in cargo
modification and sorting is clear. In particular, analysis of animals lacking the normal
function of the conserved oligomeric Golgi (COG) complex revealed a key role for this
tethering factor in the formation of fucose-rich N-glycans and fucosylation of terminal
residues on N-glycan branches (36,37). Furthermore, inhibition of the COG complex causes
a defect in the migration of distal tip cells (DTCs) within the germline, which leads to
aberrant gonad morphogenesis (38,39). In part, this phenotype is due to a defect in the
glycosylation of another ADAMTS-like protease (MIG-17). More importantly however,
these studies helped to define the importance of the COG complex in protein glycosylation
during organ development, which is likely conserved in mammals as a mutation in one of its
subunits was previously implicated in a human congenital disorder of glycosylation (CDG;
40). Patients with a defect in COG function exhibit multisystem developmental
abnormalities, often leading to death due to multiple organ failure. These findings suggest
that C. elegans may serve as an ideal model system to dissect the precise molecular function
of the COG complex in human disease (41).

Similar to other systems, post-Golgi secretion in C. elegans depends on a set of Rab-type
GTPases, SNAREs, lipids, tethering factors and coat proteins. RAB-8 and RAB-10 appear
to function redundantly in germline secretion, together with their effector EHBP-1, a
calponin homology (CH) domain containing protein (42,43). Interestingly, unlike most other
Rab effectors, EHBP-1 also functions to recruit its Rab partner onto membranes, a
relationship that is shared by one of its mammalian counterparts, MICAL-L1, and may
represent a new theme in Rab-effector associations that govern membrane transport steps
(44). In addition to the constitutive secretory pathway, both Rab6 and Rab11 isoforms have
been implicated in regulated cortical granule exocytosis. C. elegans RAB-11.1 contributes to
the targeting of cortical granules to the cell surface, potentially in coordination with the
SNAREs, SYN-4 and SNB-1 (23). In contrast, RAB-6.1 and RAB-6.2 function
independently of RAB-11.1 to target the C. elegans isoform of separase (SEP-1) to cortical
granules, where it appears to play a role in membrane fusion (45,46). Although a
mechanistic understanding of SEP-1 function in membrane trafficking remains elusive,
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studies in other organisms have confirmed a role for separase in protein secretion (47,48).
Defining the substrates of separase on membranes will be critical for understanding its
function in this pathway.

The endocytic pathway and autophagy
The uptake of nutrients and other macromolecules into cells typically requires the active
process of endocytosis, which is initiated at the plasma membrane, often in a receptor-
dependent manner. In oocytes, the internalization of yolk lipoprotein particles and
cholesterol has been studied extensively and is dependent upon RME-2, a member of the
LDL receptor superfamily, which is named for its role in receptor mediated endocytosis
(49). Mutations in RME-2 reduce oocyte viability and cause a defect in ovulation,
suggesting multiple requirements for lipid uptake during early development (16,49). Using
transgenic animals expressing a GFP-tagged yolk protein, genetic screens have identified
numerous regulators of endocytic transport (49,50). Based on these and other studies,
clathrin-mediated endocytosis has proven to be the predominant route by which extracellular
materials are internalized in the germline and embryos. In contrast, simultaneous loss-of-
function mutations in both C. elegans caveolin isoforms (CAV-1 and CAV-2) fail to
significantly impact viability or embryonic development, although the rate of egg laying is
slightly reduced in these animals (23).

Experiments to inhibit clathrin heavy chain function, either through the use of RNAi or a
temperature sensitive mutant, indicate a key role for endocytic transport in the proximal
germline and also during embryogenesis (16,31,51). By contrast, the distal region of the
gonad is not significantly disrupted in the absence of clathrin function, and even oocytes
continue to form. However, the permeability barrier surrounding embryos fails to assemble
normally under these conditions, potentially due to the lack of internalized lipid species that
are critical for this process, resulting in osmotic sensitivity (21). Surprisingly, animals
harboring a null mutation in the only clathrin light chain isoform identified in C. elegans do
not exhibit a strong phenotype, suggesting that the heavy chain is capable of generating
coated pits and endocytic vesicles without the regulatory function of a light chain. In a
similar vein, individual deletion mutations in several clathrin adaptor proteins, which link
clathrin to membranes and cargoes, are also well tolerated, including components of the
AP-2 complex (52), Eps15 (EHS-1; 53,54), intersectin (ITSN-1; 53,54), stonin (UNC-41;
55), AP180 (UNC-11; 56), Disabled (DAB-1; 57), and NUMB (NUM-1; 58). By contrast, a
deletion mutation in the gene encoding epsin (epn-1) is lethal. However, RNAi experiments
indicate that depletion of epsin fails to phenocopy the effect of clathrin heavy chain
inhibition during germline formation and embryonic growth (16). Collectively, these data
argue against models in which a single adaptor protein or adaptor complex is essential for all
forms of clathrin-mediated endocytosis, and instead indicates a high level of redundancy
among these factors, especially during embryogenesis. The further analysis of animals
lacking the function of specific adaptors will be useful in delineating their unique roles
throughout development.

Based on effects in the germline and early embryo, clathrin heavy chain depletion most
strongly resembles inhibition of the Rab-type GTPase RAB-5, suggesting that they function
in a common pathway (16,42,51). Consistent with this finding, the RAB-5 exchange factor
RME-6 is recruited to sites of clathrin-mediated endocytosis, via an interaction with the
AP-2 complex, and activates RAB-5 at nascent pits or vesicles prior to uncoating (59). As
suggested by its name, RME-6 was discovered in a genetic screen for C. elegans mutants
that exhibit a defect in receptor-mediated endocytosis (49). Subsequent studies in human
cells confirmed these findings and further demonstrated that hRME-6 and Rab5 promote
AP-2 disassembly (60). In the same genetic screen, a DENN domain protein, which was
named RME-4, was also identified and shown to interact with AP-2. Moreover, RME-4 is
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responsible for recruiting another Rab-type GTPase (RAB-35) to clathrin-coated pits and/or
vesicles to act in subsequent cargo recycling steps (61). The RME screen further isolated
mutations in RME-1, an EH-domain protein, and RME-8, a DnaJ protein, which both
function in a conserved fashion to regulate endosomal trafficking (62–65). Notably, the
majority of RME proteins discovered using C. elegans lack orthologs in lower eukayotes,
again highlighting the important role played by worms in deciphering mechanisms of
membrane transport in multicellular organisms.

Studies in the C. elegans germline, embryo, and other tissues have also influenced the
current view of cargo movement through the endo-lysosomal system. Work in human cells
initially illustrated a key role for Rab5 to Rab7 conversion in redefining endosome identity
(66). However, regulatory mechanisms underlying this process remained poorly defined.
Analysis of a mutation in C. elegans SAND-1 shed new light on the conversion process.
Originally identified as a regulator of RAB-7 in oocytes and coelomocytes (67), SAND-1
was subsequently shown to interact with the RAB-5 exchange factor RABX-5 to promote its
dissociation from endosomal membranes, thereby driving endosome maturation. In the
absence of SAND-1 function, early endosomes swell due to constitutive Rab5-mediated
homotypic fusion events. Additionally, SAND-1 interacts with components of the HOPS
(homotypic fusion and vacuole protein sorting) complex, which further facilitates Rab
conversion (68). Notably, the role for SAND-1 in endosome maturation is also conserved in
human cells (68). In parallel with these studies, animals harboring a mutation in the RAB-5
GAP TBC-2 were shown to similarly accumulate enlarged endosomes within intestinal cells
(69). However, in this case, the endosomes were RAB-7 positive, suggesting a role for
TBC-2 in terminating RAB-5 function following Rab conversion. Consistent with this idea,
TBC-2 co-localizes with RAB-7 on late endosomes (69).

In addition to studies focused on Rab conversion, the regulation of early endosome
homotypic fusion has also been investigated using C. elegans. Similar to work conducted in
mammalian cells, overexpression of a GTP-locked isoform of RAB-5 (Q78L) causes a
dramatic increase in endosome size in oocytes, embryos, and other tissues (42,70). In
contrast, inhibition of Rab5-mediated fusion, through inactivation of the RAB-5 effector
RABS-5 (Rabenosyn-5), leads to the formation of smaller endosomes in coelomocytes (70).
Analysis of an animal carrying a deletion mutation in the SM protein VPS-45 revealed
phenotypes very similar to that exhibited by worms lacking RABS-5 expression. Moreover,
loss of VPS-45 suppressed the effect of overexpressing GTP-locked RAB-5, consistent with
a role for the SM protein in homotypic early endosome fusion (70). Together, these studies
highlight the multiple routes by which Rab5 and Rab7 activities are regulated, which are
likely conserved in mammals.

Rab conversion is accompanied by the formation of intralumenal vesicles within endosomes,
generating a specialized compartment known as the multivesicular endosome (Figure 3).
The formation of these organelles is necessary for the turnover of integral membrane
proteins within lysosomes and requires a set of 5 protein complexes collectively known as
the ESCRT machinery (71,72). Early acting ESCRT components (ESCRT-0, ESCRT-I, and
ESCRT-II) participate in ubiquitin-dependent cargo recruitment and potentially the initiation
of inward membrane bending. The downstream factors (ESCRT-III and the Vps4 complex)
drive membrane scission to release vesicles into the endosomal lumen (73,74). Consistent
with findings in other systems, inhibition of individual ESCRT subunits in C. elegans results
in a defect in endosomal trafficking to lysosomes and perturbations to endosome
morphology during embryogenesis. In particular, depletion of the ESCRT-III subunit
VPS-32 arrests embryonic development during body elongation, suggesting a defect in
epidermal morphogenesis (75). Electron microscopy-based studies revealed that the lumen
of the pharynx and the intestine fail for form without ESCRT function, likely resulting from
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a failure in epidermal cell alignment during organogenesis (75). In vitro, VPS-32 assembles
into filaments nucleated by a complex of ESCRT-II and the ESCRT-III subunit VPS-20.
Interestingly, analysis of reconstituted filaments using atomic force microscopy showed that
they exhibit potent sensitivity to membrane curvature (76). These findings using
recombinant C. elegans proteins demonstrated that the ESCRT machinery is capable of
recognizing highly curved membranes, similar to those found at nascent vesicle bud necks,
and likely directs ESCRT scission activity specifically to sites of vesicle formation on
endosomes.

In addition to its function on endosomes, analysis of a C. elegans mutant defective in lipid
distribution revealed that the ESCRT machinery can also function at the cell surface in
embryos. Specifically, loss of the P-type ATPase TAT-5 perturbs the asymmetric
accumulation of phospholipids in the plasma membrane and promotes ESCRT recruitment
(77). At this site, the ESCRT machinery can promote membrane bending away from the
cytoplasm and thereby drives the budding of vesicles into the extracellular space. These
studies suggest that lipid asymmetry plays an important role during ESCRT-mediated
vesicle budding, a concept that may have a significant impact on the future study of
multivesicular endosome formation in all organisms.

While the ESCRT machinery plays an essential role to turnover ubiquitin-modified integral
membrane proteins, an alternative pathway known as autophagy is utilized for the
degradation of other materials, such as aging organelles and intracellular pathogens. In C.
elegans, P granule components also undergo autophagy specifically in somatic cells during
embryogenesis, to restrict their localization exclusively to germline precursor cells (78).
Taking advantage of this phenomenon, a genetic screen uncovered four metazoan-specific
autophagy genes (EPG-2, EPG-3, EPG-4, and EPG-5). Of these, three possess homologs in
humans, which were also found to function at various steps of autophagosome formation
(79). Subsequent studies have identified additional EPG proteins, which similarly bear
homology to conserved components of the autophagy system in mammalian cells (80–82).
Thus, these studies provide yet another example in which C. elegans has played an
important role in understanding the molecular basis of an essential trafficking pathway, and
will likely be useful in the future to provide mechanistic insights into this process during
development. Finally, recent work using C. elegans as a model also established a key role
for autophagy in selectively degrading paternal mitochondria following fertilization (83).
These studies provide a potential mechanism by which maternal inheritance of
mitochondrial DNA is ensured during reproduction.

Concluding Remarks
Over the past several decades, tremendous advances have been made in our understanding
of membrane trafficking. Genetic screens conducted in yeast, combined with biochemical
assays to explore pathways in cultured mammalian cells, have generated a map of the core
machinery necessary to transport cargoes throughout cells. However, regulatory systems that
govern membrane trafficking during development have been more difficult to dissect. To
address this issue, several multicellular organisms became popular for the study of
membrane dynamics. In particular, the C. elegans germline and embryo offered convenient,
genetically tractable settings for discovery. Based on recent findings, it has become clear
that the metazoan trafficking network has evolved beyond that found in lower eukaryotes, a
necessity to accommodate changes in cellular function that occur subsequent to
developmental cues, and C. elegans provides an excellent model for further exploration.
While the secretory pathway plays a prominent role to establish germline tissue, endocytosis
becomes more crucial later in development to foster oocyte viability. The oocyte-to-embryo
transition is accompanied by dramatic changes in organelle architecture and function, which
enables the shift from a relatively quiescent maturation stage to a highly active state of
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embryonic division and organogenesis. These aspects of C. elegans development have been
exploited using genetics, biochemistry, and live animal imaging to define new, conserved
regulators of secretion, endocytosis and autophagy. Future work that takes advantage of
these characteristics will undoubtedly yield additional new information regarding the
plasticity of membrane transport, which is necessary during growth and differentiation.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Organization of the C. elegans syncytial gonad. Swept field confocal optics were used to
image a transgenic animal co-expressing GFP fusions to histone H2B (HIS-58), to mark the
DNA, and the PH domain of rat PLC1δ, which localizes to the plasma membrane. The
gonad is a syncytial tube that contains multiple nuclei at various cell cycle stages. In the
distal region (not shown), mitotic nuclei continually proliferate, feeding additional germ
cells into the system. As the nuclei progress and mature, they enter different stages of
meiotic prophase and produce mRNA. Translated messages generate protein that is loaded
into developing oocytes through structures resembling ring canals (example highlighted by
an arrowhead). Only the final 4–5 oocytes are diffusionally restricted from the syncytium.
As oocytes pass through the spermatheca, they are fertilized and resume cell cycle
progression. Ovulation is highly stereotypic, occurring every 22–24 minutes in fertile
animals. Introduction of dsRNA triggers degradation of target mRNA in the gonad.
Remaining protein present at the time of dsRNA delivery is depleted by continual packaging
of gonad cytoplasm into developing oocytes. Within 36–48 hours following dsRNA
treatment, the majority of target protein is depleted (typically >95% following injection of
dsRNA), and the first embryonic cell division can be analyzed. Scale bar, 10 μm.
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Figure 2.
A defect in secretory pathway function results in multinucleation within the distal region of
the germline. Swept field confocal optics were used to image a transgenic animal co-
expressing a GFP fusion to the v-SNARE SNB-1, a cargo of the secretory pathway, and a
mCherry fusion to the PH domain of rat PLC1δ, which localizes to the plasma membrane. In
control animals (top), the majority of the v-SNARE localizes to the cell surface, indicating
normal function of the secretory system. However, in animals depleted of SEC-16, a critical
component of the early secretory pathway, the v-SNARE becomes trapped throughout the
ER and fails to co-localize with the PH domain of PLC1δ at the plasma membrane. In many
cases, multiple nuclei are observed within an individual membrane compartment
(highlighted by arrows), likely resulting from a failure to secrete sufficient membrane to
generate partitions following germline mitosis. Scale bar, 10 μm.
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Figure 3.
Morphology of multivesicular endosomes that form within the C. elegans one-cell stage
embryo. Intact animals were subject to high pressure freezing, followed by freeze
substitution and embedding in plastic. Thin sections (60 nm) were cut using an
ultramicrotome, and processed for imaging using a Philips CM120 electron microscope.
Embryos at the one cell stage contain numerous multivesicular endosomes that range in size
from 400–500 nm in diameter. The majority of intralumenal vesicles observed were 47–50
nm in diameter. The stereotypic ovulation of oocytes in C. elegans, which delivers newly
fertilized embryos into the uterus directly adjacent to the spermatheca every 22–24 minutes
provides the spatial cues necessary to study multivesicular endosome dynamics following
high pressure freezing and EM analysis of intact animals. Artificial stimulation of receptor
downregulation, a commonly used technique in other metazoan systems to analyze
requirements for protein transport to the lysosome, is unnecessary in C. elegans. Oocyte
maturation and fertilization reproducibly trigger the internalization and degradation of
multiple transmembrane cargoes in one-cell stage embryos. Scale bar, 100 nm.
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