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Introduction

Macroautophagy (hereafter autophagy) is a cellular bulk degrada-
tion process conserved in all eukaryotes.1,2 In autophagy, a portion 
of the cytoplasm is sequestered by a double-membrane organelle 
called the autophagosome, which then fuses with the lysosome to 
degrade the materials inside. Endocytosis is the vesicle-mediated 
process to internalize plasma membrane, and/or macromolecules 
from the outside environment. The endosomal system sorts the 
internalized molecules to their proper intracellular destination. 
In yeast, the vacuole is functionally equivalent to the lysosome 
in higher eukaryotes. In the yeast Saccharomyces cerevisiae, muta-
tions in vacuolar protein sorting (VPS) genes result in secretion 
of proteins normally localized to the vacuole. Characterization of 
the VPS genes has provided insight into the mechanism of pro-
tein sorting and vesicle-mediated intracellular transport.

Genetic studies in the yeast S. cerevisiae have identified many 
genes that function in autophagy (ATG).3,4 Many of the ATG 
genes encode proteins that are required for the early formation 
of the autophagosome, and are thus localized to a perivacu-
olar structure called the preautophagosomal structure (PAS).5,6 

Autophagy and endocytosis are dynamic and tightly regulated processes that contribute to many fundamental aspects 
of biology including survival, longevity and development. However, the molecular links between autophagy and 
endocytosis are not well understood. Here, we report that BEC-1, the C. elegans ortholog of Atg6/Vps30/Beclin 1, a key 
regulator of the autophagic machinery, also contributes to endosome function. In particular we identified a defect in 
retrograde transport from endosomes to the Golgi in bec-1 mutants. MIG-14/Wntless is normally recycled from endosomes 
to the Golgi through the action of the retromer complex and its associated factor RME-8. Lack of retromer or RME-8 
activity results in the aberrant transport of MIG-14/Wntless to the lysosome where it is degraded. Similarly, we found 
that lack of bec-1 also results in mislocalization and degradation of MIG-14::GFP, reduced levels of RME-8 on endosomal 
membranes, and the accumulation of morphologically abnormal endosomes. A similar phenotype was observed in 
animals treated with dsRNA against vps-34. We further identified a requirement for BEC-1 in the clearance of apoptotic 
corpses in the hermaphrodite gonad, suggesting a role for BEC-1 in phagosome maturation, a process that appears to 
depend upon retrograde transport. In addition, autophagy genes may also be required for cell corpse clearance, as we 
found that RNAi against atg-18 or unc-51 also results in a lack of cell corpse clearance.
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Additional regulators of autophagy have been identified in 
screens for mutants in the cytoplasm-to-vacuole (Cvt) pathway.7,8 
The Cvt pathway delivers vesicle-bound proteins to the vacuole 
from the cytoplasm. However, unlike autophagy which is degra-
dative and mainly nonselective, the Cvt pathway is biosynthetic 
and selects specific cargo from the cytoplasm to be delivered to 
the vacuole.9

Yeast Atg6/Vps30 and its orthologs in multicellular organ-
isms play a pivotal role in autophagy. The mammalian ortholog 
of Atg6/Vps30 is Beclin 1. In addition to regulating autophagy, 
Beclin 1 has been shown to be a tumor suppressor protein and 
the antiapoptotic protein Bcl-2 negatively regulates autophagy 
through binding with Beclin 1.10-14 C. elegans affords another 
genetic system for studying the role of Beclin 1. The C. elegans 
Beclin 1 ortholog bec-1 mediates autophagy and is essential 
for morphogenesis of the dauer larva and for life-span exten-
sion mediated by insulin signaling15 or dietary restriction.16-18 
We have studied the role of C. elegans BEC-1 in autophagy and 
endocytosis.

In yeast, distinct roles of Atg6/Vps30 protein in autophagy 
and vacuolar protein sorting reflect two related but functionally 
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bec-1 mutant animals display defects in the recycling of MIG-
14/Wntless cargo protein from the endosome to the trans-Golgi 
network. Recycling of the MIG-14/Wntless cargo is mediated 
by the retromer complex, a conserved cytoplasmic coat recycling 
complex that mediates the endosome-to-Golgi retrieval of vacu-
ole/lysosome hydrolase receptors in yeast and mammals.36,37 We 
further showed that RME-8, a subunit of the retromer complex 
and BEC-1 colocalize in endosomes that are found adjacent to 
lysosomes in wild-type animals, and that RME-8 is redistributed 
to the cytoplasm in bec-1 mutants, indicating a role for bec-1 in 
retrograde transport. Finally, we report a lack of cell corpse clear-
ance as observed by electron microscopy and an increased number 
of CED-1::GFP positive cells in bec-1 mutant gonads, similar to 
the phenotype in animals lacking the retromer subunit rme-8.38

Results

bec-1 has maternal and zygotic activity. The C. elegans Gene 
Knockout Consortium generated two deletion mutations in bec-
1, ok691 and ok700. The ok691 allele deletes the first six out of 
seven exons, including the ATG start codon (Fig. 1) and is thus a 
predicted molecular null allele.31 The ok700 allele deletes amino 
acids 168 to 314 of the “evolutionarily conserved domain” (ECD) 
in BEC-1 and also causes a frameshift that removes the remain-
der of the protein (Materials and Methods); this allele appears to 
be a strong hypomorph.

Both ok691 and ok700 mutations were reported to display 
a highly penetrant embryonic lethal phenotype when segregat-
ing from a balanced heterozygote.31 In contrast, using a bal-
ancer marked with unc-5(e53) jcIs[ajm-1:gfp], which enables us 
to unambiguously identify bec-1 mutant animals during both 
embryonic and adult stages (see Materials and Methods), we 
found that ok691 and ok700 homozygous individuals derived 
from a bec-1(mutant)/unc-5(e53) jcIs1 heterozygous parent can 
reach adulthood (Table 1). However, these adults are sterile and 
die after the first day of adulthood. These results confirm that 
bec-1 activity is required for viability (Table 1). Further analysis 
suggests that bec-1 mutants segregating from heterozygous moth-
ers reach adulthood because of maternal rescue.

Both bec-1(ok691) and bec-1(ok700) homozygous mutants 
that segregate from the bec-1(mutant)/unc-5(e53) jcIs1 hetero-
zygous parent appear superficially wild type during early larval 
stages but become increasingly uncoordinated during later larval 
stages and display a low penetrance molting defect. In addition, 
mutants accumulate vacuoles that become first visible during the 
L3 stage [Table 2: 70% of ok691 (n = 37), and 30% of ok700 (n 
= 40) contain at least one vacuole, Fig. 1B, middle panel]. These 
vacuoles are present in the intestine, hypodermis, pharynx and 
coelomocytes. Both the number and size of the vacuoles increases 
with age in larvae (Table 2). By L4 stage, 80% of the ok691 ani-
mals (n = 39), and 52% of ok700 (n = 40) contain at least one 
vacuole, and approximately 42% of ok691 mutants (n = 39), and 
5% of ok700 mutants (n = 40) contain more than 10 vacuoles 
(Table 2). Lastly, both ok691 and ok700 mutant animals display 
growth retardation and reach the adult stage up to 1.5 days later 
than wild-type animals.

different phosphatidylinositol-3-kinase (PI3K) complexes: the 
type I complex functions in autophagy and the type II complex 
functions in vacuolar protein sorting, respectively.19 The differ-
ence between the complexes is that complex I contains Atg14, 
whereas complex II contains Vps38, instead of Atg14. Vps38 is 
present on endosome and vacuolar membranes, and it is required 
for the targeting of Atg6/Vps30 and Vps34 to the endosome.20 
In contrast, Atg14 localizes to the PAS and vacuolar membrane, 
and generates the autophagosome by recruiting Vps34 and Atg6/
Vps30 to the PAS.20

Vps34, which corresponds to the mammalian class III PI3-
kinase, is important for various membrane trafficking pathways 
such as the Golgi to lysosome pathway, internal vesicle forma-
tion in late endosomes and autophagy.21-26 Although it has been 
well established that the mammalian Beclin 1/Vps34 complex 
is required for autophagy, its involvement in other membrane 
trafficking pathways has been controversial in higher eukary-
otes. Expression of C. elegans BEC-1 or human Beclin 1 in 
atg6-depleted yeast restores autophagy but not vacuolar pro-
tein sorting function in yeast.27 Although Beclin 1 and hVps34 
were shown to co-localize in the trans-Golgi network (TGN) in 
HeLa cells, the role of Beclin 1 in vesicular trafficking in mam-
malian cells may be limited. RNA interference (RNAi) medi-
ated suppression of beclin 1 impairs autophagy but does not 
affect fluid-phase endocytosis, endocytic sorting of the epider-
mal growth factor receptor (EGFR) or cathepsin D transport 
from TGN to lysosomes.28 In addition, the overexpression of a 
mutant version of human Beclin 1 that cannot bind to human 
Vps34 does not inhibit the ability to process cathepsin D, but 
significantly reduced autophagy activity and tumor suppres-
sor functions in MCF7 cells.29 In contrast, expression of plant 
Atg6 in yeast atg6 mutants restores both autophagy and vacu-
olar protein sorting function.30 Furthermore, C. elegans BEC-1 
has been shown to bind to VPS-34 and affect PI3P localization 
and general uptake of an endocytic marker.31 Biological func-
tions of atg6/beclin 1 in higher eukaryotes suggest a role outside 
of autophagy. Arabidopsis atg6 mutants exhibit defects in auto-
phagy and pollen germination, but the latter was not observed 
in other autophagy mutants, suggesting that Atg6 confers some 
autophagy-independent function.30 In mice, Beclin 1 knockout 
animals die at approximately embryonic day 7.5,13 whereas Atg5 
and Atg7 knockout mice can survive until birth,32,33 thus Beclin 
1 might have a more complex function in mice. Recently, pos-
sible orthologs of Atg14 and Vps38 have been identified in mam-
mals,34,35 and shown to form distinct PI3-kinase complexes with 
different intracellular localization, suggesting that Vps34-Beclin 
1 complexes may have different functions in metazoans similar 
to that in yeast cells.

Although C. elegans bec-1 had been previously implicated in 
endocytic trafficking,31 the nature of the contribution had not 
been described. Here, we showed that bec-1 mutant animals 
display defects in recycling of cargo molecules from the endo-
some to the late-Golgi. We observed that maternally rescued 
bec-1 mutants accumulate large vacuoles of mixed endosomal 
and lysosomal identity. Furthermore, we showed that bec-1 func-
tions in endosome to Golgi retrograde transport. In particular, 
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3). Only 15.1% of the embryos carrying the Ex[BEC-1::RFP, 
rol-6(d)] transgene and 38.6% of the embryos carrying the Ex 
[bec-1(+), SUR-5::GFP] transgene hatch. Since multicopy trans-
genic arrays are not efficiently expressed in the hermaphrodite 
germline,40,41 this observation suggested that bec-1 is maternally 
contributed.

To directly test this possibility, we analyzed the phenotype 
of bec-1 mutant embryos that originated from fertile homozy-
gous ok691 mutant mothers carrying the rescuing transgene, Ex 

To confirm that the observed phenotypes are due to a muta-
tion in bec-1, we injected a genomic sequence containing wild-
type sequences of bec-1 into ok691 mutant animals (Ex [bec-1(+), 
SUR-5::GFP]) and obtained rescue of both the developmental 
defects and vacuolar phenotypes (Table 2 and Fig. 1B, bot-
tom panel). Both the ok691 and ok700 bec-1 deletion alleles are 
likewise rescued by a functional BEC-1::RFP fusion construct 
(kindly provided by B. Bamber39) (Table 3). Interestingly, a sig-
nificant number of transgenic embryos failed to hatch (Table 

Figure 1. bec-1 gene, protein, mutations and phenotypes. (A) At the top, the genomic structure of the bec-1 gene encompassing 7 exons, and encod-
ing a 375 amino acid protein, shown below. In the middle, two deletions of bec-1 as provided by the C. elegans Gene Knockout Consortium. ok691 
deletes most of the bec-1 open reading frame including the start ATG and exons 1–6, thus it is a molecular null. ok700 deletes exons 4–6 of bec-1 and 
renders the mRNA out of frame for exon 7. A cDNA was sequenced after RNA was extracted from an ok700 lysate, which shows that there is bec-1 
mRNA transcribed in ok700 mutants that lacks the evolutionarily conserved domain of BEC-1 required for binding VPS-34. (B) Both deletions display an 
adult lethal phenotype with a striking accumulation of vacuoles (marked by black arrows in (B), middle, right panel). ok691 mutants (B, middle panel) 
segregating from a heterozygous parent (B, top panel). bec-1 homozygous mutant, either ok691 or ok700, appear superficially wild type during early 
larval stages but become increasingly uncoordinated during later larval stages and display molting problems (white arrow in (B), middle, left panel). 
Rescue of the bec-1 phenotypes including uncoordination, the accumulation of vacuoles and lethality was observed with a transgene containing the 
bec-1 wild-type genomic sequences and a ubiquitously expressed SUR-5::GFP marker (B, bottom, left panel) or a BEC-1::RFP construct (B, bottom, right 
panel). (C) Animals that carry the rescuing bec-1 genomic extrachromosomal array (Ex[bec-1(+), SUR-5::GFP]) (left bottom panel) are rescued for the 
bec-1 phenotype. Animals that have lost the array early in development are completely devoid of the GFP marker expression (C, right bottom panel) 
and lack the maternal and zygotic bec-1 expression. A hatched line delineates the periphery of the embryo (C, right bottom panel). These animals die 
during embryogenesis with an increase in the number of visible apoptotic cells (marked by black arrow heads, (C) top right panel).
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of human Hrs FYVE domain, 2XFYVE::GFP. As shown previ-
ously,31 lack of bec-1 activity disrupts the localization of PI3P. 
In bec-1(ok691) mutants we observed a more diffuse localization 
of the 2XFYVE::GFP reporter (Fig. 2A’) as compared to the 
same marker in control animals (Fig. 2A). The membrane of the 
enlarged vacuoles in mutant intestines was not labeled with the 
PI3P marker. Localization of PI(4,5)P2 was determined with a 
reporter that expresses the PH domain of phospholipase C delta. 
PI(4,5)P2 in the worm intestine is normally enriched apically 
with a less pronounced localization on basolateral membranes 
(Fig. 2B). The PI(3,4,5)P3 reporter consisted of the PH-domain 
of Akt fused to GFP, and was localized apically and basolaterally 
in the intestine (Fig. 2C). In ok691 mutants, the expression of the 
PI(4,5)P2 and PI(3,4,5)P3 reporters was largely unaffected when 
compared to that of wild-type animals (Fig. 2B’ and C’).

bec-1 mutants have defects in endocytosis. The endocytic 
nature of the vacuoles and defects in PI3P localization observed 
in bec-1 mutant animals prompted us to directly test whether 
bec-1 is required for endocytic trafficking in C. elegans. We con-
centrated our analysis on coelomocytes, which are large scaven-
ger cells, situated in the pseudocoelomic space that continuously 
endocytose fluid from the pseudocoelom.44 To define more pre-
cisely the defect in bec-1 endocytosis, we performed fluid uptake 
assays by injection of Texas Red-coupled BSA (TR-BSA) into the 
body cavity of wild-type and bec-1 mutant individuals. We used 

[bec-1(+), SUR-5::GFP]. The lack of the transgene in embryos 
can be visualized by the lack of GFP (Fig. 1C and right bot-
tom panel). These embryos likely lack both maternal and zygotic 
expression of bec-1. We found that maternal and zygotic loss 
of bec-1 results in complete early embryonic lethality. As these 
embryos fail to hatch, we inferred that they were not rescued 
maternally. These embryos display classic morphogenesis defects 
with unattached cells floating outside the embryo (Fig. 1C and 
right top panel) and visible apoptotic cell corpses.31

bec-1 mutation disrupts the localization of PI3P. We ana-
lyzed the phenotype of bec-1(ok691), an unambiguous molecular 
null allele in detail. To understand the relationship of bec-1 and 
vps-34, and to test whether there is any dysregulation of phos-
phoinositides in bec-1 mutants, we monitored the expression 
and localization of PI3P-, PI(4,5)P2- and PI(3,4,5)P3-binding 
reporters42 in wild-type and bec-1(ok691) mutant animals. vps-
34/let-512 encodes the class III phosphoinositide 3-kinase, a 
protein that regulates multiple steps in endocytosis.43 Since 
BEC-1 associates with VPS-34,31 we expected that the localiza-
tion of PI3P might be affected in the bec-1(ok691) null mutant. 
PI3P was detected with a transgene encoding a tandem repeat 

Table 1. Lack of zygotic bec-1 results in adult lethality

Eggs hatched Reach adulthood

bec-1(ok691)/unc-5; 
jcIs1

325 97.8%
20.3% unc-5 homozygous 

53.1% heterozygous 
26.6% bec-1 homozygous

bec-1(ok700)/unc-5;  
jcIs1

270 94%
24.6% unc-5 homozygous 

50% heterozygous 
25.4% bec-1 homozygous

N2 195 97% 100%

Table 2. Lack of maternal and zygotic bec-1 leads to embryonic lethality

Aberrant vacuole phenotype

% of Animals that contain at least one vacuole

L3 L4

ok691 70% (n = 37) 80% (n = 39) n.s.

ok700 30% (n = 40) 52% (n = 40) n.s.

% of Animals that contain more than 10 vacuoles

L3 L4

ok691 13% (n = 37) 42% (n = 39)*

ok700 0 (n = 40) 5% (n = 40) n.s.Table 3. bec-1 mutants accumulate aberrant vacuoles

ok691; Ex array
+GFP 

Hatched
-GFP 

Hatched
Adults

n = eggs 
counted

Ex[BEC-1::RFP, pRF4] 15.1% 0 100% n = 651

Ex[bec-1(+), pTG96] 38.6% 0 92% n = 185

Figure 2 (See next page). bec-1 mutants display defects in endocytosis. The detection of the phosphoinositides PI3P, PIP2 and PIP3 in the intestines 
of wild-type (A–C), bec-1(ok691) mutants (A’–C’), animals is shown. Scale bars indicate 10 μm. In wild-type animals (A), PI3P is enriched in the apical 
membrane with weak basolateral labeling. In bec-1(ok691) (A’) mutants very low and diffused expression of PI3P was observed. PIP2 expression is 
not affected in bec-1(ok691) mutants (B’) when compared to wild-type animals (B). The PIP3 reporter labels apical membrane and strong basolateral 
expression in wild-type animals (C). The localization of PIP3 in bec-1(ok691) animals (C’) was similar to that of wild-type animals (C). Micrographs of 
LMP-1::GFP positive lysosomes in coelomocytes 24 h after the injection of Texas Red BSA (a fluid phase marker for endocytosis) into the body cavity 
(pseudocoelom). A hatched line demarcates the periphery of the coeolomocytes. The red dye accumulates in lysosomes (LMP-1 positive) localized in 
the coelomocytes of the wild-type animals (D), but fails to accumulate in the lysosomes (LMP-1 positive) of bec-1(ok691) mutants (D’). Micrographs of 
LMP-1::GFP positive lysosomes in coelomocytes after 1 h of soaking in Texas Red BSA (a fluid phase marker for endocytosis). The red dye accumulates 
in lysosomes (green) localized in the coelomocytes of the wild-type animals (E), but fails to accumulate in the lysosomes (green) of bec-1 mutants 
(E’). Electron microscopy of an N2 wild-type (F and G) and bec-1(ok691) mutant young adults (H and I). (F) Low power electron micrograph of wild-
type adult intestine in cross-section, fixed by high pressure freezing. Most of the basal membrane shows few signs of endocytosis, although there is 
some membrane infolding (black arrow in F) and a few small vesicles, particularly near the lateral membrane border between two intestinal cells on 
the extreme left edge of the tissue. Higher power view of adult wild-type intestine shows a few examples of membrane infolding (black arrows in 
G) representing a local zone where endocytosis is active. It is notable that the infolded membranes are rather large, and there are almost no vesicles 
nearby in the cytoplasm. In contrast, chains of vesicles (white arrows in I) and extensive infolded membranes are seen along the basal pole in the bec-1 
mutant (H and I). Thus endocytotic events must be cleared relatively quickly in the wild-type intestine. In bec-1 mutant intestines, defective enlarged 
endosomes (marked by white arrow head in H) are seen that correspond to abnormal vacuoles of different sizes and contain either membranes or 
condensed material. (I) is a close up of the region marked in (H) and it shows enlarged vacuoles and a high number of early endosomes that appear to 
be fusing in some cases (black arrowhead in I). This phenotype is never seen in the intestines of wild-type animals (F or G).
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the lysosomes.46,49 After injection of wild-type animals, the fluid-
phase marker is present in early endocytic compartments. After 
15 min, it begins to accumulate in endosomes (LMP-1::GFP 
negative), and by 1 h it accumulates in lysosomes (LMP-1::GFP 
positive in Fig. 2D).46,50,51 In bec-1 mutants, the endocytosis of 
the fluid phase marker was found to be abnormal (Fig. 2D’). 
Texas Red BSA does not localize to LMP-1 positive endosomes 
even after 24 hours. After 1 h of soaking the animals with fluid 
markers (or allowing them to feed on it), the Texas Red BSA 

LMP-1::GFP to visualize lysosomes and late endosomes. LMP-1 
is similar to the vertebrate lysosome-associated membrane pro-
tein LAMP/CD68.45 LMP-1::GFP has been widely used as lyso-
somal marker.46,47 Injection of TR-BSA into the pseudocoelom 
(body cavity) can be monitored for its uptake, which is mediated 
by endocytosis at the basolateral cell membrane bordering the 
pseudocoelom.48 In wild-type animals, the fluorescent marker 
enters the coelomocytes by fluid phase mediated endocytosis and 
is transported through the different endocytic compartments to 

Figure 2. For figure legend, see page 389.
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Figure 3. bec-1 mutants display a defect in retrograde transport. Confocal images in a wild-type background are shown for GFP::RAB-5 (A), GFP::RAB-7 
(B), LMP-1::GFP (C), GFP::hTfR (D), MIG-14::GFP (E), GFP::RME-8 (F), GFP::SNX-1 (G), GFP::VPS-35 (H). Confocal images of bec-1(ok691) mutants are shown 
for GFP::RAB-5 (A’), GFP::RAB-7 (B’), LMP-1::GFP (C’), GFP::hTfR (D’), MIG-14::GFP (E’), RME-8::GFP (F’), GFP::SNX-1 (G’), GFP::VPS-35 (H’). (B) GFP::RAB-7 
positive puncta (marked by yellow arrow) labels maturing endosomes and late endosomes (marked by yellow arrowhead). bec-1(ok691) mutants ac-
cumulate maturing endosomes marked with GFP::RAB-7, and display a decrease in late endosomes marked with GFP::RAB-7 (compare B and B’; See 
Fig. 2I). White arrowheads indicate enlarged intestinal endosomes (abnormal vacuoles) labeled by GFP::RAB-5 and GFP::RAB-7. In bec-1(ok691) animals, 
LMP-1::GFP also accumulates in the membrane of the enlarged endosomes (C’; marked by white arrowheads). In wild-type animals (D), the basolateral 
plasma membrane and basolateral endocytic compartments are labeled by hTfR::GFP (human transferrin receptor). The accumulation of hTfR::GFP is 
not affected in bec-1(ok691) mutants (D’), and the recycling endosome cargo hTfR::GFP does not accumulate in the enlarged endosomes (abnormal 
vacuoles) of bec-1(ok691) mutants. Confocal images of the worm intestine expressing the GFP-tagged endocytic transmembrane cargo marker MIG-
14::GFP in wild-type (E), and bec-1(ok691) (E’) animals. The retromer-dependent cargo protein Wntless MIG-14::GFP normally localizes basolaterally 
in the intestine and colocalizes with the early endosomal marker RAB-5.55 In bec-1 mutants, MIG-14::GFP transmembrane cargo protein accumulates 
in the enlarged endosomes (abnormal vacuoles; E’). We observed a decrease in the number of MIG-14::GFP positive puncta (I). The retromer subunit 
RME-8::GFP (F’), GFP::SNX-1 (G’) and GFP::VPS-35 (H’), do not accumulate in the enlarged intestinal endosomes (abnormal vacuoles). A decrease in the 
number of GFP::RME-8 positive puncta is observed in bec-1(ok691) mutants (F’), and its intensity is markedly decreased. For all images, scale bars repre-
sent 10 μm. Quantification of endosome number as visualized by the positive labeling with endocytic markers is shown in (I). In the quantification of 
endosomal compartments, we saw no significant difference in RAB-5 early endosomes, we observed an increase in RAB-7 maturing endosomes, and 
a dramatic decrease in RAB-7-positive late endosomes. In addition, we observed a decrease in MIG-14 as well as RME-8 labeled compartments, and a 
slight increase in SNX-1 as well as in VPS-35 labeled compartments. Error bars represent standard deviation from the mean (n = 30 each, 10 animals 
of each genotype were sampled in three different regions of the intestine). In (J and K), we analyzed whether lysosomal degradation of GFP::MIG-14 
occurs in bec-1 mutant animals. RNAi mediated depletion of lysosome biogenesis protein CUP-5/mucolipin1 increased the number and the intensity 
of MIG-14::GFP positive puncta (J and Fig. S5). After cup-5 RNAi, we saw a 4X increase in the number of MIG-14 positive puncta in bec-1 mutants, when 
compared to control RNAi, indicating that there is lysosomal processing of the MIG-14 cargo in bec-1 mutants (J, left panel). Similarly, we observed a 
significant increase in the intensity of MIG-14::GFP in bec-1 mutants after cup-5 RNAi (J, right panel). Asterisks indicate a significant difference in the 
one-tailed Student’s t-test (*p < 0.05, **p < 0.005, ***p < 0.0005, n.s.: not significant).
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be functional and traffic normally in mammalian cells or C. ele-
gans.53 We found that the abnormal vacuoles in bec-1 mutants did 
not accumulate hTfR::GFP (Fig. 3D and D’), and its steady state 
localization was unaffected by a mutation of bec-1, indicating 
that hTfR transit through the recycling endosome is unaffected. 
From this and the experiment described using the RAB-10 and 
RAB-11 markers, we concluded that bec-1 is not required for the 
function of recycling endosomes.

Endosome to TGN retrograde transport is defective in bec-1 
mutants. In yeast, the identification of the yeast VPS34 gene 
encoding the PI3-kinase in a screen for vacuolar sorting mutants 
has demonstrated a direct role for PI3P in vesicular trafficking.52 
Specifically, PI3P was shown to be required for the efficient sort-
ing of proteins from the late-Golgi to the vacuole.58 Given the 
disruption in early endosomal trafficking that we saw in bec-1 
mutants, we next asked whether the loss of bec-1 could affect 
endosome to Golgi retrograde trafficking.

In C. elegans, SNX-1 is the only ortholog of mammalian 
Sorting Nexin 1 and Sorting Nexin 2 proteins that function in 
endosome-to-Golgi retrograde transport along with Vps-26, Vps-
29 and Vps-35, as part of the retromer complex.36,37 RME-8, a 
large protein with a DNA-J domain, binds to SNX-1.55 C. elegans 
GFP::SNX-1 and RME-8::GFP fusion proteins colocalize with 
early endosomal markers in living animals.55 In C. elegans, like all 
invertebrates, the Golgi network appears as dispersed ministacks 
throughout the cell rather than in one large juxtanuclear stack.59 
To date, the only retromer dependent cargo protein known in C. 
elegans is MIG-14/Wntless.60,61 In the absence of retromer func-
tion, MIG-14/Wntless is depleted from the Golgi and missorted 
to the late endosome and lysosome.55,60-64 Endosome to Golgi 
transport and sorting of cargo protein MIG-14/Wntless depend 
on RME-8 and SNX-1.55 Thus, we reasoned that if BEC-1 func-
tions in retrograde transport, bec-1 mutants should abnormally 
transport the MIG-14/Wntless cargo and have a similar pheno-
type to snx-1 or rme-8 mutants.

When compared to wild-type control animals, bec-1(ok691) 
mutants displayed an approximately four-fold reduction in the 
number of MIG-14::GFP-positive puncta. A similar reduction 
was observed in animals treated with RNAi against bec-1 and 
vps-34 (Fig. 3S). These results are consistent with the idea that 
BEC-1 functions with VPS-34 in retrograde transport (Fig. 3E 
and E’; Fig. 3S). However, we observed an increase in the total 
intensity of the MIG-14::GFP signal in contrast to what has 
been previously reported for MIG-14::GFP in rme-8 or snx-1 
mutants.55,60,61 In bec-1 and vps-34 mutants, MIG-14::GFP is 
found in ring-like and intralumenal structures (Fig. 3S). The 
reasons for this difference are unclear, but one possibility is that 
MIG-14::GFP localizes to the membrane of the abnormal and 
enlarged vacuoles that accumulate in bec-1 mutants (Fig. 3E 
and E’; Fig. 3S), similar to the localization of GFP::RAB-7, 
and LMP-1::GFP. Another possibility is that the discrepancy 
between bec-1 and rme-8 phenotypes is due to the hypomorphic 
nature of the rme-8 mutation we used. These results suggest that 
there is a defect in the retrograde transport of MIG-14::GFP 
from the endosome to the Golgi in bec-1 mutants and that in 
bec-1 mutants, a substantial amount of MIG-14 is degraded by 

marker is clearly endocytosed into wild-type coelomocyte lyso-
somes (LMP-positive in Fig. 2D), but not into the bec-1(ok691) 
mutant coelomocytes (Fig. 2D’). These results indicate a role for 
BEC-1 in an early step of endocytosis.

The vacuoles in bec-1(ok691) mutants are of endocytic ori-
gin. To characterize the abnormal vacuoles in bec-1 mutant ani-
mals and their origin, we used a combination of fluorescent and 
electron microscopy. In electron micrographs, the vacuoles are 
clearly surrounded by a membrane and, are either empty, filled 
with membrane whorls or electron dense deposits, features typi-
cal of late endosomes and lysosomes (Fig. 2H and I). We also 
often observed aggregation of endocytic structures (Fig. 2I, black 
arrow head).

To better define the origin of the vacuoles, we crossed ok691 
mutants with transgenic animals expressing markers for a vari-
ety of specific endocytic compartments. Wild-type intestines 
contain a large number of small GFP::RAB-5 positive punctate 
structures (Fig. 3A) near the basolateral and apical plasma mem-
brane corresponding to early endosomes.52 Similarly a number 
of GFP::RAB-7 positive punctate structures, presumably corre-
sponding to maturing endosomes, are observed near the plasma 
membrane53 in wild-type intestines (Fig. 3B). A number of larger 
ring-like GFP::RAB-7 positive structures localize deeper in the 
cytoplasm and are presumed to be mature late endosomes.47,53 We 
found that in ok691 mutants, the GFP::RAB-5 early endosomal 
marker labels the membrane of the abnormal vacuoles (Fig. 
3A’). The GFP::RAB-5 is often specifically localized to selected 
regions of the abnormal vacuoles. However, the number and the 
intensity of GFP::RAB-5 punctate dots did not change in ok691 
mutants when compared to wild-type (Fig. 3I). In contrast, the 
late endosomal markers, GFP::RAB-7 and LMP-1::GFP, label 
the membrane of the enlarged abnormal vacuoles in ok691, but 
only rarely the membrane of small abnormal vacuoles (Fig. 3B’). 
These results suggest that the vacuoles are aberrant endosomes 
and can be distinguished as two classes, perhaps representing 
different stages in the endosome maturation process. Unlike 
RAB-5-positive puncta, the small RAB-7-positive puncta over-
accumulated in bec-1 mutant intestines, (Fig. 3B and B’ and 
I). The accumulation of the small RAB-7-labeled structures 
appeared to be at the expense of the larger RAB-7-labeled rings 
that decreased in number (Fig. 3I). Markers for other endosome 
types such as apical recycling endosomes (GFP::RAB-11) and 
basolateral recycling endosomes (GFP::RAB-10) appeared nor-
mal (Fig. S1 and data not shown). Moreover, the abnormal vacu-
oles in bec-1 mutant animals were very faintly labeled or not at all 
labeled by GFP::RAB-10 (Fig. S1). Similarly, we noted that the 
expression of ALX-1::GFP in bec-1 mutants was not significantly 
different to that of wild-type animals (Fig. S1). ALX-1 is an Alix/
Bro1p ortholog in C. elegans, a protein that together with RME-1 
regulates recycling from endosomes to the plasma membrane.54 
Taken together these results suggest a requirement for BEC-1 at a 
specific stage of endosome maturation.

As another control, we assayed the distribution of the human 
transferrin receptor (hTfR::GFP), transmembrane cargo that is 
recycled through the recycling endosome and not the Golgi.55-57 
An equivalent version of this GFP-fusion protein was shown to 
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intensity of clathrin-positive endosomes after RNAi treatment 
against vps-34 (visualized with a functional clathrin reporter, 
GFP::CHC-1;59 Fig. 6S), and no obvious changes upon knock-
down of bec-1 activity. However, consistent with the decrease in 
number and intensity of RME-8::GFP positive punta observed in 
bec-1 mutants, we observed a significant increase in GFP::SNX-1 
and GFP::VPS-35 positive puncta in bec-1 mutants when com-
pared to wild-type animals (Fig. 3G’ and H’; quantitation in Fig. 
3I). Moreover, the size of the GFP::SNX-1 positive puncta was 
significantly increased in bec-1 mutant animals (Fig. 7S). This 
increase in the size and distribution of SNX-1 positive endosomes 
in bec-1 mutants is similar to that observed in rme-8 mutants.55

Colocalization of BEC-1 and RME-8. The retromer com-
plex, including RME-8 and SNX-1, is found primarily on early 
endosomes, and many of the RME-8/SNX-1 positive endosomes 
are closely juxtaposed to the Golgi apparatus.37,55

We found that in C. elegans BEC-1::RFP colocalizes well with 
a subset of RME-8::GFP labeled endosomes in the intestine, 
consistent with a direct role of BEC-1 in retrograde transport 
(Fig. 4C’). Interestingly, we note that BEC-1::RFP and RME-
8::GFP double-positive endosomes are clearly adjacent to auto-
fluorescent lipofuscin-positive lysosome-like organelles (in blue, 
Fig. 4C’ and C”).

bec-1 has a role in germ cell corpse clearance. Loss of bec-1 
leads to an increase in the number of visible apoptotic cell 
corpses.31 This phenotype could result from increased apoptosis 
or clearance defects in the execution of the cell death pathway 
or both. To distinguish between these possibilities, we analyzed 
germ cell corpses and their surroundings using transmission elec-
tron microscopy. Wild-type sheath cells are so efficient in clear-
ing apoptotic germline cells that corpses are virtually never seen 
in a wild-type gonad by electron microscopy, although they have 
been observed in other endocytic mutants.70 In contrast, in bec-
1(ok691) mutants, we found several examples where dying germ 
cells were engulfed by the sheath cell but not digested (Fig. 5A). 
We analyzed serial sections that span the entire diameter of each 
cell corpse to determine whether it is totally inside a sheath cell. 
In bec-1(ok691) mutants, all germ cell corpses were engulfed by 
gonadal sheath cells. These results suggest that the dying germ 
cell is still able to trigger the sheath cell to encircle it, but that 
bec-1 activity is required to promote the delivery of other compo-
nents to the phagosome for the completion of cell degradation. 
To further corroborate these findings we followed individual 
apoptotic nuclei in animals with reduced bec-1 function and in 
wild-type animals and determined the time required for clear-
ance. We found that all apoptotic nuclei in wild-type animals are 
cleared in less than 50 min, most within 30 min, whereas nuclei 
persist in animals with reduced bec-1 function for over 1 h (Fig. 
5B). These observations indicate that the apparent increase in 
apoptotic nuclei reflects a defect in cell corpse clearance rather 
than an increase in the number of cells undergoing apoptosis.

To investigate whether inactivation of other autophagy genes 
has an effect in cell corpse clearance, we counted apoptotic nuclei 
in the gonads of animals that had been treated with dsRNA 
against various autophagy genes. The phagocytic receptor cell 
death abnormal CED-1 is an engulfing cell-specific marker that 

the lysosome, similarly to what has been described in animals 
with defective retromer subunit activity.

To determine if the decrease in MIG-14::GFP in bec-1 mutants 
is the result of missorting and lysosomal-mediated degradation, 
we monitored MIG-14::GFP levels in bec-1 mutants after RNAi 
depletion of cup-5/mucolipin1, a transmembrane protein required 
for normal lysosome biogenesis and normal levels of hydrolytic 
activity.46,55,65 Depletion of CUP-5 by RNAi increased the num-
ber of MIG-14::GFP positive puncta to nearly normal levels in 
the bec-1 mutant background (quantitation shown in Fig. 3J; Fig. 
4S). In addition, a significant increase in the pixel intensity of 
MIG-14::GFP was observed in bec-1 mutants that were depleted 
for CUP-5 by cup-5 RNAi (Fig. 3J; Fig. 4S). These results con-
firm that lysosomal degradation of MIG-14::GFP indeed occurs 
in bec-1 mutants. A similar result was previously reported for ret-
romer mutants, such as rme-8. In rme-8 mutants, CUP-5 deple-
tion by RNAi restores the levels of MIG-14::GFP pixel intensity 
to nearly normal levels. Thus, loss of BEC-1 activity results in a 
similar phenotype to the retromer mutants, where the degrada-
tion of MIG-14 occurs through the missorting into the lysosomal 
pathway (Fig. 3J).

The increased degradation of MIG-14::GFP suggested that 
multivesicular body (MVB)-mediated transport of membrane 
proteins to the lysosome does not require BEC-1. To examine this 
point further, we assayed the degradation of CAV-1::GFP in early 
embryos.54,55,66 CAV-1 is a known transmembrane cargo protein 
that is degraded in the one cell embryo, right after fertilization, 
after the metaphase to anaphase transition.66-68 Degradation of 
CAV-1::GFP requires endocytosis and the endosomal sort-
ing complex required for transport (ESCRT) machinery. CAV-
1::GFP degradation was unaffected in animals treated with bec-1 
RNAi (Fig. 2S), even after animals were grown as the second gen-
eration in RNAi plates, further suggesting that BEC-1, just like 
RME-8 and SNX-1,55 is not required for ESCRT-mediated degra-
dation of integral membrane proteins. Similarly, we did not see a 
defect in CAV-1::GFP degradation after vps-34 RNAi (Fig. 2S).

Localization of RME-8, SNX-1 and VPS-35 in bec-1 mutant 
animals. Since we observed a retrograde trafficking defect in bec-1 
mutants, we considered that C. elegans BEC-1 may act similarly 
to Atg6/Vps34 in the yeast retrograde transport. In yeast, muta-
tions in ATG6/VPS30 lead to a selective sorting and maturation 
phenotype of the soluble vacuolar protease CPY. Redistribution 
of Vps5p and Vps17p, two subunits of the retromer complex, 
was observed in strains deficient for Atg6/Vps30.69 To deter-
mine if the localization of retromer complex proteins is altered, 
we examined the localization of RME-8::GFP (Fig. 3F and F’), 
GFP::SNX-1 (Fig. 3G and G’) and GFP::VPS-35 (Fig. 3H and 
H’). In bec-1 mutants, we found that the intensity and number 
of RME-8::GFP-positive puncta is decreased (Fig. 3 compare F 
to F’; Fig. 5S). Although RNAi against bec-1 did not have as 
dramatic an effect on RME-8::GFP as the bec-1 mutant, knock-
down of vps-34 by RNAi also affected the number of RME-
8::GFP positive puncta significantly (Fig. 5S).

RME-8 and SNX-1 have been shown to physically associate 
in vivo and this association is functionally relevant for the regula-
tion of endosomal clathrin.55 We observed some increase in the 
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GFP::LGG-1 localization in daf-2 insulin-like receptor mutants 
after bec-1 RNAi was observed to form large aggregates, rather 
than small punctate structures which represent “normal” auto-
phagosomes in daf-2 mutants with wild-type bec-1 activity. This 
may be due to the lack of clearance of the GFP::LGG-1 protein 
due to a defect in the autophagolysosomal pathway15,16 but awaits 
further clarification. In addition to confirming a role for bec-1 in 
endocytic trafficking,31 we used a combination of endocytic mark-
ers to show that BEC-1 is involved in various steps of endocytosis. 
In particular, we have identified a role for BEC-1 in retrograde 
trafficking that resembles defects associated with loss of retromer 
activity, including defective recycling of MIG-14, known cargo 
for the endosome to Golgi retromer transport and a high number 
of CED-1::GFP positive cell corpses in bec-1 mutant gonads, as 
also observed in gonads from animals lacking retromer subunits.38

bec-1 has a maternal effect lethal phenotype. Animals that 
completely lack maternal and zygotic BEC-1 activity die during 
embryogenesis. These embryos display a high incidence of apop-
totic nuclei.31 Animals that segregate from a heterozygous parent, 

recognizes cell corpses and clusters to the growing phagocyte.71 
Using CED-1::GFP, we found an accumulation of germ cell 
apoptotic nuclei in the gonads of vps-34 RNAi animals (Fig. 5C), 
consistent with previous reports.71-73 In addition, we found that 
RNAi mediated knockdown of unc-51/ATG1, and atg-18 result in 
an increase of CED-1::GFP positive nuclei (Fig. 5D). Although 
we did observe an increase in CED-1::GFP positive nuclei in ani-
mals treated with RNAi against atg-7, after analysis of variance 
(ANOVA) for multiple comparisons, we found this result not to 
be significant.

Discussion

C. elegans bec-1 has been shown to have a role in organismal size, 
dauer morphogenesis, resistance to pathogens and the longevity of 
daf-2 (the insulin-like receptor) mutants, as well as the longevity 
of dietary restricted animals.15 daf-2 constitutive mutants at the 
restrictive temperature were shown to have an increase in auto-
phagy, as marked by the GFP::LGG-1 autophagosome marker.27 

Figure 4. BEC-1 colocalizes with RME-8. Representative images of intestinally expressed RFP-tagged BEC-1 (red, A, A’) and GFP-tagged RME-8 (green, B, 
B’) in wild-type intact living animals. Autofluorescent lysosome-like organelles are shown in blue (+ DAPI filter, D). White arrowheads indicate colocal-
ization of the BEC-1::RFP and RME-8::GFP signals (C), observed as the yellow fluorescence. The blue autofluorescence is also shown with BEC-1::RFP (A’) 
and with GFP::RME-8 (B’) and in the merger of both in (C’). The colocalized BEC-1::RFP and GFP::RME-8 signals are found adjacent to the autofluorescent 
lysosomes which can be visualized with the DAPI filter (C’). A close-up of (C’) is shown in (C”). Arrowheads in yellow show BEC-1::RFP that is not associ-
ated with RME-8::GFP. Magnification is 630x (A–C’).
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We have analyzed the number and morphology of all major 
endocytic compartments in bec-1 mutant intestinal cells in 
vivo using a set of GFP-tagged markers that label each class of 
compartment. Our goal was to determine if there was a block 
in a particular transport step caused by the lack of bec-1 activ-
ity by measuring specific changes in endosome morphology, and 
intensity or number of GFP markers. We would expect that an 
endocytic compartment that normally receives cargo in a BEC-1 
dependent fashion would be smaller in size or be lacking com-
pletely in intestinal cells lacking BEC-1 activity. We would also 
expect an accumulation or an enlargement of BEC-1 dependent 
endosomes or BEC-1 donor compartments in the bec-1 mutant 
intestines. Trafficking from the cell membrane to the lysosome 
requires the activity of Rab5 and Rab7 GTPases.75 Rab GTPases 
regulate intracellular trafficking by controlling the transport 
of vesicles between membrane compartments along endocytic 
transport. Rabs alternate between an “active” guanosine tri-
phosphate (GTP)-bound state and an “inactive” guanosine 
diphosphate (GDP)-bound state. Active Rab5 localizes to early 

and have the maternally derived wild-type BEC-1 function, live 
to early adulthood. These homozygous bec-1 mutant animals 
display a striking accumulation of vacuoles in different tissues 
including the intestine and hypodermis. They are also uncoordi-
nated in their movement.

Studies in mice have shown that lack of beclin 1 activity is 
also lethal. beclin 1 mutants die at day 7.5 of development,12,13 
whereas atg5 and atg7 mutant mice die after birth in the period of 
starvation before the animals begin to breastfeed.33,74 Therefore, 
it is possible that the difference between the phenotype of beclin 
1 and other autophagy genes is due to beclin 1 having additional 
defects in endocytosis in mammals.

bec-1 mutants display endocytic defects. The lack of accu-
mulation of endocytic tracers in coelomocytes indicates that the 
internalization step of endocytosis is defective in bec-1 mutants. 
This is consistent with previous reports of a pronounced defect 
in bec-1 mutants when assaying for the uptake of vitellogenin 
by oocytes,31 a process that requires endocytosis. Thus, bec-1 is 
required at an early step in endocytic trafficking.

Figure 5. bec-1 mutants display lack of cell corpse clearance. (A) Micrograph of transmission electron microscopy (TEM) where poor degradation of 
apoptotic germ cell corpses is observed in bec-1 mutants. This TEM image was taken in a cross-section through the midbody. A rounded dying germ 
cell is shown with very dark cytoplasm and several large round vacuoles near the nucleus, which contains clumped chromatin. The dying cell is com-
pletely wrapped by the somatic sheath cell (tinted in purple) in an early phase of apoptosis. The sheath cell also wraps the normal germ-line (bottom 
two cells in the panel), separating this mesodermal tissue from the intestine (top cell in the panel). (B) Histogram indicating the distribution of the 
duration of germ cell corpses before they are completely degraded. The y-axis indicates the percentage of germ cell corpses that lasted for the period 
of time indicated in the x-axis before clearance. n is the number of cell corpses analyzed. (C) Representative images of CED-1::GFP positive labeled cell 
corpses in wild-type animals after treatment with control RNAi and RNAi against bec-1 and vps-34. (D) Quantification of germ cell corpses in wild-type 
animals after treatment with control RNAi, and RNAi against unc-51/Atg1, bec-1, vps-34, atg-7 and atg-18. Data derived from observing adults, 36 hours 
post larval L4 stage. Data were compared by unpaired t tests; 30 animals were analyzed for each experiment. Asterisks indicate a significant differ-
ence as a result from an analysis of variance (ANOVA). This analysis indicated that there are significant differences between all treatments and control, 
except for atg-7 RNAi (p < 0.001). Threshold for significance (alpha) in the t-tests was p < 0.01 using a “Bonferroni correction” for multiple corrections.
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in animals with knockdown RNAi mediated against vps-34. 
Conversely, the number of GFP::SNX-1 and GFP::VPS-35 posi-
tive puncta increases in bec-1 mutants when compared to wild-
type animals. For SNX-1, the size of the puncta is larger in bec-1 
mutants. These findings are similar to those made in rme-8 
mutants,55 although bec-1 and vps-34 mutants accumulate aber-
rant MIG-14::GFP positive vacuoles. We conclude that BEC-1 
and vps-34 function in retrograde transport, possibly in con-
cert with RME-8. Since it is not known how RME-8 is recruited 
to the endosome, we hypothesize that BEC-1 and the product 
of VPS-34, PI3P, may facilitate the endosomal recruitment of 
RME-8. Further studies will be required to better understand 
the relationship between BEC-1, VPS-34 and RME-8, and the 
role of BEC-1 and VPS-34 in early endosome maturation and 
transport to the Golgi.

BEC-1 is required for cell corpse clearance. We found that 
bec-1 loss of function mutant animals display a lack of cell corpse 
clearance in the hermaphrodite gonad rather than an increase 
in the incidence of apoptosis.31 Instead, we found that there is a 
significant lack of germ cell corpse degradation in bec-1 mutant 
animals when compared to wild-type. In addition, using trans-
mission electron microscopy we do not see a major effect on 
engulfment, implying that loss of bec-1 activity does not appear 
to affect the signal from the dying cell. We cannot rule out a low-
penetrance effect, but our in vivo results contrast with the previ-
ously reported requirement for autophagy genes such as beclin 1 
and atg5 as an energy source to facilitate signaling from the dying 
cells to the phagocytic cell in embryoid bodies derived from ES 
cells.80

We also found that animals deficient in vps-34, which is 
required for RAB-5 recruitment to the nascent phagosome,71 
show an increase in the number of germ cell nuclei. The degra-
dation of cell corpses has been shown to require the sequential 
enrichment of early endosomes, late endosomes and lysosomes 
to the nascent phagosome (reviewed in ref. 81). RAB-7 and 
PI3P have been proposed to function as downstream effectors 
of the CED-1 pathway to mediate phagolysosome formation.82 
Since we showed that RAB-7::GFP as well as PI3P localization 
is not normal in bec-1 mutants, the cell clearance defect of bec-1 
mutants may also be due to the mislocalization of PI3P at the 
phagosome. Interestingly, we observed that knockdown of other 
autophagy genes by RNAi results in a similar accumulation of 
CED-1-positive engulfed germ cells in the hermaphrodite gonad. 
This result suggests that autophagosomes are also required in the 
process of phagosome maturation. Since a defect in cell clear-
ance has also been reported for retromer subunit mutants, rme-8 
and snx-1,38 at this point we do not know whether the lack of 
cell clearance defect in bec-1 mutants reflects a requirement for 
autophagy or for a bec-1-mediated retrograde transport function 
or both. This point should be addressed in future experiments.

Comparisons with mammals and yeast. In yeast, two differ-
ent Atg6/Vps30 complexes were found to function in autophagy 
and vacuolar protein sorting.19,79 The two complexes differed only 
in two proteins: Atg14 and Vps38. The complex consisting of 
Atg14, Atg6/Vps30, Vps15 and Vps34 has been shown to have 
autophagy function, and the complex consisting of Vps38, Atg6/

endosomes whereas Rab7 localizes to late endosomes. Rab5 and 
Rab7 regulate trafficking of cargo from the plasma membrane to 
the lysosomes.75

In bec-1 homozygous mutants, we found an accumulation 
of RAB-7 positive puncta structures and a decrease in RAB-7 
ring-like structures. As RAB-7 positive puncta are presumed to 
be maturing endosomes, and the ring-like structures to be late 
endosomes, our results suggest a defect prior to full maturation of 
the late endosome. In addition, we found that the membranes of 
the abnormal vacuoles seen in bec-1 mutant animals were positive 
for RAB-5, RAB-7 and LMP-1, consistent with accumulation 
of incompletely matured endosomes. In yeast and mammalian 
cells, Ypt7p and Rab7 can mediate homotypic fusion of vacu-
oles and late endosomes/lysosomes.76,77 Thus, it is possible that 
the accumulation of RAB-7 and LMP-1 positive large vacuoles 
is the result of an enhancement of homotypic fusion consistent 
with an increase in RAB-7 activity. Distorted endosomal com-
partments were also observed by electron microscopy. These data 
demonstrate that the wild-type BEC-1 activity is required for the 
endolysosomal pathway. The fact that we see a lack of PI3P local-
ization, the product of VPS-34, in the bec-1 null mutants indi-
cates that the bec-1 phenotype may be due to the mislocalization 
of PI3P on endosomes.

In this study we show that the enlarged vacuoles in bec-1 
null mutants result from a defect in maturing endocytic com-
partments. This phenotype has been previously documented for 
C. elegans intestines with defects in the recycling of endosomes 
as in rme-1 or rab-10 mutants, or when recycling is blocked by 
pharmacological agents in certain mammalian cell types.52,78 
Similar vacuoles or enlargement of endocytic compartments have 
also been observed in phosphatidylinositol phosphate kinase 3 
mutants, ppk-3, the C. elegans ortholog of the yeast PIKfyve/
Fab1p.49 In these animals, enlargement of RAB-7-positive, and 
LMP-1 positive endocytic compartments occurs.49 Thus, there 
are multiple steps in endocytosis for which disruption may result 
in enlarged endocytic compartments. However the recycling 
marker RAB-10::GFP did not localize to the bec-1 mutant vacu-
oles, and the number of RAB-10::GFP puncta was not affected 
in bec-1 mutants, suggesting that the lack of bec-1 does not affect 
the recycling of endosomes.

BEC-1 functions in the retrograde transport. Yeast Atg6/
Vps30 has been implicated in early endosome to Golgi retro-
grade transport.69,79 We found that C. elegans bec-1 function is 
also required for retromer function. We show that BEC-1 and 
VPS-34 are required to rescue MIG-14 from degradation after its 
endocytosis. Our results show that aberrant sorting of MIG-14 in 
bec-1 and vps-34 mutants is similar, although not as dramatic as 
that in rme-8 or snx-1 mutants.55 It is not known whether MIG-
14 may utilize any other alternative route of retrograte transport 
in C. elegans or in mammals.55 LMP-1 and MIG-14, two differ-
ent transmembrane cargo proteins, labeled the abnormal vacu-
oles that accumulate in bec-1 mutant intestinal cells, whereas 
hTfR::GFP did not, indicating that LMP-1 and MIG-14 require 
BEC-1 for transport, while hTfR does not.

bec-1 mutants have a marked decrease in number of RME-
8::GFP puncta expression. A similar phenotype was observed 
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[P
vha-6

::RME-8::GFP, unc-119(+)], p[snx-1::GFP::SNX-1], izEx 
[P

vha-6
::MIG-14::GFP, unc-119(+)],55 pwIs61 [GFP::cav-1, unc-

119(-)]66 and bcIs39[P(lim-7)ced-1::GFP, lin-15(+)].71

Molecular analyses. To characterize the nature of the bec-1 
transcript present in bec-1(ok700) mutant animals, total RNA 
was isolated and subjected to RT-PCR using oligo dT primers. 
Determination of the DNA sequence for the RT-PCR product 
revealed a short transcript containing exons 1–4 resulting in a 
frameshift that removes the remainder of the open reading frame 
after exon 4.

Transgenes. For rescue experiments of bec-1 mutants, a 14.0 
Kb PCR fragment was amplified using wild-type genomic DNA 
as a template. This fragment contains the entire bec-1(+) gene plus 
10 Kb of flanking 5' DNA and 970 bp of downstream 3' DNA. 
This PCR fragment was directly injected into bec-1(ok691)/nT1 
mutant animals at 40 μg/ml together with the ubiquitously 
expressed cotransformation marker pTG96 (SUR-5::GFP) at 
100 μg/ml. The rescuing BEC-1::RFP, pAR 39.1,39 was injected 
at 20 μg/ml along with the cotransformation marker pRF4 [rol-
6(d)] at 100 μg/ml, and Rol lines were established.

Endocytosis assays. To investigate endocytosis at the baso-
lateral membrane of the intestine, young adult hermaphrodites 
were injected into the pseudocoelomic space with 0.1 mg/ml 
Texas Red-conjugated BSA (TR-BSA from Sigma), as previ-
ously described in reference 50. Briefly, TR-BSA is dissolved in 
egg salts (118 mM NaCl, 48 mM KCl, 2 mM MgCl

2
, 2 mM 

CaCl
2
, 10 mM HEPES, pH 7.4). We injected TR-BSA into the 

pseudocoelomic space in the pharyngeal region of adult worms 
that were immobilized on a dried agarose pad immersed in oil. 
Injected animals were rehydrated with M9 buffer and transferred 
to seeded NGM plates. At different time points, animals were 
mounted on agarose pads with a 1–2 μl drop of M9 containing 
25 mM sodium azide to anesthetize them and view them on the 
confocal microscope. Animals were soaked in the same solutions 
to investigate endocytosis at the apical membrane.

RNA interference. dsRNA-mediated gene interference exper-
iments were performed by feeding bacteria expressing the dsRNA 
to larval L4 stage individuals, and scoring their progeny, unless 
described otherwise. L4 larvae were placed on plates containing 
NGM agar with 5 mM IPTG and HT115 (DE3) bacteria car-
rying double stranded RNA expression constructs and allowed 
to lay eggs for 24 h at 20°C, except in the case of GFP::CAV-1 
expressing animals, which were incubated at 25°C. P0s were 
transferred every day for 3 days. F1 progeny were raised in the 
plates containing dsRNA bacteria and scored as 1-day-old adults. 
To determine if there is a lack of GFP::CAV-1 degradation, the 
second generation of RNAi animals were also assayed. In all 
experiments with bec-1 and vps-34 RNAi, the accumulation of 
vacuoles was monitored as the most obvious phenotype to deter-
mine that RNAi had been successful. RNAi clones were obtained 
from the Ahringer and Vidal genomic RNAi libraries86 (a gift 
from Dr. Malene Hansen).

Epifluorescence microscopic analyses. We used a Leica 
TCS-SP5 laser-scanning confocal microscope to analyze the sub-
cellular localization of fluorescent markers of endocytic and lyso-
somal compartments as well as endocytosis markers in mutant 

Vps30, Vps15 and Vps34 was shown to be specific for vacuolar 
protein sorting, more specifically endosome to Golgi retrograde 
trafficking.69 Thus, all the subunits except for Atg14 and Vps38 
are shared between the two complexes. The counterparts for 
these two complexes had not been found in other organisms, and 
orthologs for either Atg14 or Vps38 in higher eukaryotes were 
seemingly lacking, leading to the assumption that these molecu-
lar complexes only existed in yeast. Recently, using highly sensi-
tive methods of purification, mammalian proteins were identified 
that interact with Beclin 1, the mammalian ortholog of Atg6/
Vps30. In fact, three distinct Beclin 1 complexes have now been 
described and orthologs of yeast Atg14 and Vps38 have been 
found.34,83 The human ortholog of yeast Atg14 is Atg14L, and the 
human ortholog of Vps38 has been proposed to be Uvrag, since 
Uvrag primarily localizes to late endosomes, and shows weak 
homology with yeast Vps38.35 A complex consisting of Beclin 1, 
hVps34, hVps15 and Atg14L, functions in early autophagosome 
formation. Another complex consisting of Uvrag, Beclin 1, hVps34 
and hVps15 appears to act in endosome to Golgi retrograde traf-
ficking as well as in the fusion of lysosomes and autophagosomes. 
This is consistent with our findings. A third complex consists of 
Rubicon, Uvrag, Beclin 1, hVps34 and hVps15, where Rubicon 
negatively regulates the autophagosome maturation process, as 
well as endocytic trafficking.34,83 As Rubicon protein localizes 
to endosomes and lysosomes, it may be directly involved in the 
regulation of membrane fusion processes of endosomes/lysosome 
and autophagosomes. Uvrag has the capacity to bind to the Class 
C VPS complex, which is involved in the fusion process of auto-
phagosomes and in endocytosis.84,85 In tissue culture experiments, 
the knockdown phenotypes of Atg14L and Rubicon are different, 
indicating that Beclin 1 has multiple roles in autophagy through 
the formation of different complexes. Orthologs to Uvrag and 
Rubicon have yet to be found in C. elegans by sequence homology, 
although an ortholog to Uvrag does exist in Drosophila.2 Our 
results support the idea that at least two BEC-1 complexes exist in 
C. elegans which function in autophagy and retrograde transport. 
Significant future work will be required to better understand the 
mechanisms by which BEC-1 activity functions in development, 
longevity and resistance to pathogens, and if these require BEC-1 
autophagy function or its endocytic function or both.

Materials and Methods

C. elegans strains. Standard procedures were used to culture 
C. elegans worms (Brenner, 1974). All strains were grown at 
20°C, unless otherwise stated. The wild-type C. elegans strain 
N2 and the following mutant alleles were used: LGIV, bec-
1(ok691) and bec-1(ok700) provided by the Knockout consor-
tium, unc-5(e53) jcIs1 (Is[jam-1::GFP]) (gift from T. Schedl, 
University of St. Louis). The transgenes used: pwIs50[lmp-
1::gfp unc-119(+)],46 pwIs72 [P

vha-6
::gfp::rab-5, unc-119(+)], 

pwIs87[P
vha-6

:: gfp::rme-1, unc-119(+)],47,53 pwIs170 [P
vha-

6
::gfp::rab-7, unc-119(+)]53 [P

vha-6
::gfp::rab-10, unc-119(+)], 

pwIs69 [P
vha-6

:: gfp::rab-11, unc-119(+)],53 pwIs90[P
vha-

6
::hTfR::gfp], izEx1[lgg-1

promoter
::gfp::LGG-1],27 izEx5[pAy39.1, 

bec-1
promoter

::BEC-1:: RFP],39 izEx6[pBEC-1, pTG96], 
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analyzed for each treatment and control. Analysis of variance 
(ANOVA) indicated that there are significant differences between 
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Apoptotic cell clearance assay. Germ cell corpses in the 
adult hermaphrodite gonads were scored under the Nomarski 
DIC microscope by their highly refractile appearance.89 A Zeiss 
ApoTome microscope equipped with Time Lapse software was 
employed to capture apoptotic nuclei. In addition, serial Z-section 
images of regions of the hermaphrodite gonad were recorded at 
0.5 μm intervals every 5 min. Movement of cells and focus were 
closely monitored to ensure that the region of the gonad being 
recorded did not change. Animals were closely monitored for 
viability during the recording. Adult hermaphrodites 36–48 h 
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and wild-type animals. Images on the confocal were collected 
by a PMT (photomultiplier tube) detector, converted to Tiff for-
mat and cropped using Adobe Photoshop CS3. Quantifications 
were performed by counting punctate-positive structures in 
the wild-type and mutant intestines using Image J Software 
(National Institutes of Health). To quantify intensity of images, 
Metamorph software ver 6.3r2 (Universal Imaging) was used.

Live worms were mounted on 2% agarose pads with 10 mM 
sodium azide.87 For GFP::RAB-5, and RME-8::GFP puncta 
quantification, only structures smaller than 0.3 microns were 
counted in either wild-type or mutant animals. For MIG-
14::GFP-positive puncta quantification, only structures smaller 
than 0.2 microns were counted in either wild-type or mutant 
animals. For quantification of GFP::SNX-1 and GFP::RAB-7, 
GFP-positive puncta are counted manually. Images taken with 
the DAPI filter were used to identify broad-spectrum intestinal 
autofluorescence caused by lipofuscin-positive lysosome-like 
organelles.47,88

Electron microscopy. Animals were prepared for electron 
microscopic analysis as described previously in reference 15 and 
27. Briefly, L4 animals were packed into the metal planchette 
using an excess of bacteria to avoid any empty space surrounding 
the animals. The animals were then frozen using a Bal-Tec HPM 
010 high pressure freeze apparatus and freeze substituted in 1% 
osmium tetroxide in acetone beginning at -90°C. The samples 
were then infiltrated with epoxy resin and heat cured. These plas-
tic blocks were thin sectioned, post-stained with uranyl acetate 
and lead citrate, and then examined by electron microscopy.

Quantitation of cell corpses. The increase in the number of 
cell corpses was measured using the CED-1::GFP marker. Adult 
hermaphrodites at 36 h post-larval L4 stage animals were scored. 
Quantification of germ cell corpses in wild-type animals after 
treatment with control RNAi, unc-51/ATG1, bec-1, vps-34 and 
atg-18 RNAi animals. Data are derived from three experiments 
observing adults, 36 h post-larval L4 stage. Data were compared 
by analysis of variance (ANOVA) and five two-sample t-tests 
between control strain and the five treatments; 30 animals were 
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