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C13C4.5/Spinster, an evolutionarily conserved 
protein that regulates fertility in C. elegans 
through a lysosome-mediated lipid metabolism 
process
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ABSTRACT

Lipid droplets, which are conserved across almost all 
species, are cytoplasmic organelles used to store   neutral 
lipids. Identifi cation of lipid droplet regulators will be con-
ducive to resolving obesity and other fat-associated dis-
eases. In this paper, we selected 11 candidates that might 
be associated with lipid metabolism in Caenorhabditis 
elegans. Using a BODIPY 493/503-based fl ow cytometry 
screen, 6 negative and 3 positive regulators of fat content 
were identifi ed. We selected one negative regulator of lipid 
content, C13C4.5, for future study. C13C4.5 was mainly 
expressed in the worm intestine. We found that this gene 
was important for maintaining the metabolism of lipid 
droplets. Biochemical results revealed that 50% of tria-
cylglycerol (TAG) was lost in C13C4.5 knockout worms. 
Stimulated Raman scattering (SRS) signals in C13C4.5 
mutants showed only 49.6% of the fat content in the proxi-
mal intestinal region and 86.3% in the distal intestinal 
region compared with wild type animals. The mean values 
of lipid droplet size and intensity in   C13C4.5 knockout ani-
mals were found to be signifi cantly decreased compared 
with those in wild type worms. The LMP-1-labeled mem-
brane structures in worm intestines were also enlarged 
in C13C4.5 mutant animals. Finally, fertility defects were 
found in C13C4.5(ok2087) mutants.   Taken together, these 
results indicate that C13C4.5 may regulate the fertility of 

C. elegans by changing the size and fat content of lipid 
droplets by interfering with lysosomal morphology and 
function.

KEYWORDS     C13C4.5,  Spinster,  lipid  droplet,  SRS  mi-
croscopy, lysosomal enlargement, fertility

INTRODUCTION

Lipid droplets are found in nearly all types of cells and have 
been described as intracellular storage organelles for neutral 
lipids, including triacylglycerols and cholesteryl esters (Murphy, 
2001; Beckman, 2006; Martin and Parton, 2006). Lipid drop-
lets were fi rst observed and described by van Leeuwenhoek in 
the year 1674 using his self-made microscope (Kernohan and 
Lepherd, 1969). In the 19th century, lipid droplets were visual-
ized in cells by light microscopy (Walther and Farese, 2012). In 
recent years, lipid droplets were found to be linked to other in-
ternal membrane systems such as the endoplasmic reticulum, 
endosomes, and peroxisomes (Goodman, 2008; Murphy et 
al., 2009; Zehmer et al., 2009; Walther and Farese, 2012).   The 
pathogenesis of various viruses and bacteria, such the hepati-
tis C virus, dengue virus and   Chlamydia, all involve lipid drop-
lets (Cocchiaro et al., 2008; Samsa et al., 2009; Herker and 
Ott, 2011). In metazoans, lipid droplets are present in various 
sizes and numbers in different tissues during different develop-
mental periods. Lipid droplets refl ect metabolic status and diet 
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ogy and function.  

RESULTS
Screen of 11 candidates associated with fat content in 
C. elegans

We selected 11 candidate genes in C. elegans for further study 
using protein sequence alignments with    Rhodococcus sp. RHA1, 
which was previously reported to hoard large amounts of tria-
cylglycerols (Table 1) (McLeod et al., 2006). All 11 candidates 
were highly conserved but poorly analyzed in worms, and none 
had been reported to have a relationship with fat mass, mainly 
due to the absence of knockout strains. A novel BODIPY 
493/503-based fat staining and   flow cytometry protocol has 
been developed to measure neutral lipid content and body 
proportion simultaneously (Klapper et al., 2011). C. elegans 
genes are effi ciently inactivated by feeding with RNAi bacteria 
(Fire et al., 1998; Kamath et al., 2003). Synchronized young 
adults with inactivated genes were fi xed, stained with BODIPY 
493/503 and then analyzed using complex object parametric 
analysis and sorter (COPAS). We selected daf-7  (e1372) mu-
tants as the positive control. C. elegans fed with L4440 empty 
vector-containing bacteria were used to normalize COPAS 
readout values.   The daf-7(e1372) mutants exhibited a 14% 
increase,  which  matched  the  tendency  previously  reported 
(Table 1). RNAi of 6   candidate genes (C13C4.5,      F42H10.6, 
F13C5.6, Y71H2AM.9, F13D12.9 and   F36A2.2) decreased 
fat content by more than 10%. Interestingly, the homolog of 
F42H10.6, Acot13 (Blast e-value: 6.4 × 10-24), decreased free 
fatty acid concentration by 23% when depleted from mouse 
liver (Kang et al., 2012). In addition, deletion of another three 
candidates,     F47H4.4,   F53C11.3 and ZK550.6, increased neu-
tral lipids by more than 10% compared with wild type. Among 

conditions. Metabolic diseases such as obesity, diabetes and 
atherosclerosis are linked to changes in lipid droplet morphol-
ogy. Thus, research into the mechanisms of lipid droplet regu-
lators will be conducive to disease diagnosis and treatment.

To identify modulators of fat storage, RNAi-based whole 
genomic screens have been performed in many organisms in-
cluding Caenorhabditis elegans, Drosophila melanogaster and 
S2 cells (Ashrafi  et al., 2003; Szymanski et al., 2007; Fei et 
al., 2008; Guo et al., 2008; Pospisilik et al., 2010). C. elegans 
is an excellent genetic model system with many advantages 
for studying lipid droplets. First, the whole genomic RNAi 
feeding library is established and is easily used for specific 
gene knocking down (Kamath et al., 2003). Second, staining 
methods containing oil Red O and BODIPY 493/503 dyes 
have been used and confi rmed to quantify fat content in fi xed 
worms (Brooks et al., 2009; O’Rourke et al., 2009; Klapper et 
al., 2011). Third, the newly developed label-free coherent anti-
Stokes Raman scattering (CARS) microscopy and stimulated 
Raman scattering (SRS) microscopy were used to directly im-
age lipid droplets in C. elegans (Watts, 2009; Yen et al., 2010; 
Wang et al., 2011). However, because the RNAi library cannot 
cover the whole genome and RNAi efficiency varies greatly 
among different genes, novel genes still need to be further 
identified, and a detailed analysis of how those candidates 
regulate lipid droplets is still required.

In this study, we selected 11 candidate genes in C. elegans 
that we thought might participate in lipid metabolism and ex-
amined their regulation of lipid droplets. Using RNAi feeding 
and a BODIPY 493/503-based fl ow cytometry screen, 6 nega-
tive regulators (C13C4.5, F42H10.6, F13C5.6, Y71H2AM.9, 
F13D12.9 and F36A2.2) and 3 positive regulators (F47H4.4, 
F53C11.3 and ZK550.6) of fat content were identifi ed. One of 
these regulators,   C13C4.5, had a signifi cant infl uence on lipid 
droplets when depleted.   C13C4.5 is a homolog of mammalian 
Spinster that encodes a late endosomal/lysosomal sugar carri-
er of the major facilitator superfamily (Nakano et al., 2001; Der-
maut et al., 2005). In Drosophila spinster mutants, lysosomes 
were larger than those in wild type fl ies (Dermaut et al., 2005). 
In mammalian cells, defects in Spinster lead to an accumula-
tion of enlarged LAMP1-positive structures (Rong et al., 2011). 
Spinster was also found to take part in autophagic lysosome 
reformation (Rong et al., 2011). The localization and function 
of C13C4.5 have not yet been described in C. elegans. In the 
current study, we found that C13C4.5 was mainly expressed 
in the intestine and hypodermis of C. elegans (Fig. S1). The 
deletion of the C13C4.5 gene signifi cantly decreased offspring. 
We found that the C13C4.5(ok2087) mutant strain contained 
only 50% of the TAG level of wild type.   Both oil Red O stain-
ing and SRS imaging showed that loss of C13C4.5 decreased 
the size of lipid droplets as well as their fat content. Confocal 
microscopy showed that the C13C4.5 mutants also exhibited 
enlarged LMP-1-positive structures in the intestine. Based on 
these results, we propose that C13C4.5 regulates the number 
of offspring in C. elegans by changing the size and fat content 
of lipid droplets through interference with lysosome morphol-

Table 1. Screen of 11 candidate genes by BODIPY 493/503

 Gene Locus

  BODIPY 
493/503 
fl uores-
cence 
intensity

Number of 
animals 
analyzed with 
BODIPY 
493/503 staining

B0412.2 daf-7 1.1381 320

   F47H4.4 fbxa-185 1.4655 813

  ZK593.8 fi c-1 0.9665 930

  C13C4.5 0.8396 694

  ZK550.6 1.1028 856

  F53C11.3 1.0869 928

Y51A2B.2 1.0164 1306

  F42H10.6 0.8733 896

F13C5.6 0.8703 973

Y71H2AM.9 0.8324 373

F13D12.9 0.7815 869

  F36A2.2 0.8513 950
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ing, whereas eat-2(ad465) showed a 34% decrease, which 
is consistent with previously published results (Klapper et al., 
2011). In the C13C4.5-defective strain C13C4.5(ok2087), we 
found that the oil Red O staining signal was only 78% of that 
of wild type (Fig. 1). The intestine, which stores major neutral 
lipids, showed substantially less oil Red O signal in the mutant 
strain (Fig. 1A, 1B and 1D). This result supports the idea that 
loss of C13C4.5 downregulated the fat mass in C. elegans. 

To further substantiate this conclusion, we extracted total 
lipids from both    the wild type and the   C13C4.5(ok2087) strains 
using chloroform and acetone and then separated different 
lipid species by thin layer chromatography (TLC). The TLC re-
sults showed that the TAG level in wild type was 2-fold   higher 
than that of C13C4.5 mutants (Fig. 1C). 

Disruption of    C13C4.5 function alters lipid droplet size and 
content

SRS microscopy, which enables 3-dimensional lipid droplet 

these candidates, only C13C4.5 is available as a knockout 
strain from the Caenorhabditis Genetics Center (CGC). Thus 
we selected this gene to study lipid storage and its functional 
relationship with lipid metabolism.

Disruption of    C13C4.5 function alters   TAG content

Compared with BODIPY 493/503 staining of lipid droplets, 
staining with the widely used oil Red O is a more facile and 
accurate method to evaluate fat content (Brooks et al., 2009; 
O’Rourke et al., 2009). In C. elegans, the major fat storage 
organ is the intestine, and other lipid droplet-containing struc-
tures include the hypodermis, gonad, and eggs (O’Rourke 
et al., 2009; Wang et al., 2011). We calculated the oil Red O 
signal in the intestine as a proxy for fat mass in worms. Two 
metabolic mutants, daf-7(e1372) and e  at-2(ad465), were used 
as the positive and negative controls, respectively, to evaluate 
the stability of the oil Red O signal. Compared with N2, daf-
7(e1372) worms exhibited a 24% increase in oil Red O stain-

Figure 1. The analysis of a novel fat-mass regulatory gene, C13C4.5, based on oil Red O staining and thin layer chromatog-
raphy methods. (A and B) Oil Red O staining images of wild type and   C13C4.5(ok2089) (arrow marked   proximal intestine region). 
(C) Quantifi cation of triacylglycerol stores by TLC analysis. Total lipids were extracted from the worms with chloroform:acetone (1:1, v/v) 
and separated by thin layer chromatography (TLC) in a hexane:diethyl ether:acetic acid (80:20:1, v/v/v) solvent system. Lane 1, stand-
ards. Lane 2, lipids from wild type. Lane 3, lipids from C13C4.5(ok2089). (D) Mean signal distributions of oil Red O-stained wild type and 
  C13C4.5(ok2089). 
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visualization with high sensitivity and specifi city, was used to 
analyze single lipid droplets of wild type and C13C4.5(ok2087) 
worms. Unlike CARS and other indirect dye-staining methods, 
the SRS signal is linear for lipids without unrelated background, 
which allows exact determination of the concentration, size, 
distribution and number of lipid droplets in single worms (Freu-
diger et al., 2008; Wang et al., 2011). We evaluated the mean 
intensity of the SRS signal for young adult worm in the proxi-
mal intestine and the distal intestine (Fig. 2A). Compared with 
wild type, the C13C4.5(ok2087) strain   exhibited only 49.6% 
of the fat content in   the proximal intestinal region and 86.3% 
in the distal intestinal region (Fig. 2B). Lipid storage in both 
the intestine and the hypodermis was decreased in C13C4.5 
loss-of-function worms (Fig. 2C). We imaged lipid droplets at 
a higher magnifi cation and found that the size and SRS signal 
for single lipid droplet decreased signifi cantly in both regions 
when C13C4.5 was depleted (Fig. 2D).

We next examined the detailed changes in lipid droplets 
using SRS microscopy (Fig. 3). The average diameter and 
volume of the lipid droplets in   C13C4.5 mutants were ap-
proximately 84% and 70%, respectively, of those in N2 ani-
mals (Fig. 3A and 3B). The SRS signal of single lipid droplets 
was calculated, and the mean value of signal intensity in 
C13C4.5 mutants was approximately 37% of that in wild type 

(Fig. 3C). Although th  e SRS signal intensity of single lipid 
droplets was positively correlated with their size in both wild 
type and C13C4.5 mutants, the slopes showed distinct values 
(Fig. 3D). Lipid droplets from 20,000 to 70,000 (SRS signal 
of lipid droplets by Gaussian fitting) were especially rare in 
mutants. Even for droplets with similar diameters larger than 1 
μm, much more fat was detected in wild type lipid droplets than 
in those of the mutants (Figs. 2D and 3D). This result suggests 
that the C13C4.5 gene is an important positive regulator for 
lipid biosynthesis and storage. However, the total number of 
lipid droplets in the intestine did not statistically differ between 
wild type and C13C4.5 mutants (P value = 0.263), which im-
plies that the C13C4.5 gene had no infl uence on the density of 
the lipid droplets. Interesting, although most lipid droplets from 
the mutant worms are much smaller than those of wild type, 
one or more abnormal large lipid droplets with a size of approx-
imately 4 μm were occasionally found in the tail hypodermis 
(Fig. S2). We hypothesize that those large lipid droplets might 
be a compensatory mechanism of lipid decrease in C13C4.5 
mutants.

To confirm SRS results, oil Red O stained wild type and 
C13C4.5 mutants were re-examined using a upside dissection 
microscopy with a higher amplifi cation objective. In Figure S3, 
compared with wild type, C13C4.5-defective strain exhibits 

Figure 2. Distribution of fat mass in wild type and   C13C4.5 mutants using SRS microscopy. (A) The SRS imaging region in 
C. elegans. (B) Quantifi cation of lipid content in  proximal and distal intestinal regions for   wild type and C13C4.5 mutants (  *** P < 0.001, 
* P < 0.05). (C) Representative SRS microscopy images of wild type and C13C4.5 mutants. (D) Amplifi ed photographs of boxes I–IV in 
C. Scale bars: 50   μm in C and 10 μm in D. 
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RAB-7-marked late endosomes exhibited a slightly abnormal 
morphology in some mutant worms (Fig. S4). Significantly, 
compared with wild type worms, many enlarged lysosomal 
structures labeled by LMP-1 were observed in the C13C4.5 
mutants (Fig. 4A and 4B). After 6 h of starvation, the lysoso-
mal size was slightly decreased, but the abnormal lysosomal 
morphology was still seen in C13C4.5 mutants compared with 
wild type worms (Fig. 4C and 4D). Under normal conditions, 
the size of enlarged lysosomes after C13C4.5 deletion was 
approximately 3- to 5-fold larger than that of normal worms 
(Fig. 4E and 4F). We propose that the abnormal size and mor-
phology of the lysosomes induced by C13C4.5 deletion may 
be the main reason for the defect in intestinal cell fat storage.

Fertility defects in C13C4.5(ok2087) mutants

We next examined the biological effects of defective fat stor-
age in intestinal cells by analyzing the phenotypes of C13C4.5 
mutants. We compared worm length, width and length/width 
ratio and found no significant differences between wild type 
and C13C4.5(ok2087) animals (Fig. S5). There was also no 
difference in behaviors such as pumping and defecation in the 
mutant worms compared with wild type (Fig. 5A–C). These 
results suggest that the C13C4.5 gene may not infl uence the 
growth and development of C. elegans. However, when we 
counted and compared the average live progeny produced per 
worm, there was a signifi cant difference between wild type and 
C13C4.5(ok2087) mutants, suggesting that C13C4.5 plays an 
important role in fertility (Fig. 5D).

smaller lipid droplets in the proximal intestine, which matches 
the result of SRS microscopy very well. For further demonstra-
tion, we injected the construct PC13C4.5::C13C4.5::GFP and 
obtained the stable strain. In this C13C4.5-rescue strain, the 
phenotype of lipid droplets is successfully rescued which re-
fl ects that C13C4.5 is one of key elements to mediate the lipid 
droplet size and content (Fig. S3).

The C13C4.5 mutant exhibited abnormal lysosomal/late 
endosomal structures but normal early endosomes

To evaluate the effects of C13C4.5 on the components of 
the endomembrane system such as early endosomes, late 
endosomes and lysosomes, the C13C4.5 mutant gene was 
crossed into each of the mCherry::RAB-5, mCherry::RAB-7 
and LMP-1::GFP integrated strains. We then examined these 
strains by confocal microscopy. The localization and distribu-
tion of RAB-5-labeled early endosomes were normal in the 
C13C4.5 mutant strain compared with wild type, although 

Figure 3. Lipid droplet size and SRS signal intensity in C13C4.5 
mutants. (A–C) Mean diameter, volume and signal intensity of SRS 
signal-positive  lipid  droplets  in  wild  type  and  C13C4.5  mutants. 
(D) The size of each lipid droplet was positively correlated with SRS 
signal intensity in the plotted distribution.
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Figure 4. The LMP-1-positive membrane system in C13C4.5 
mutants. (A and B) Representative photographs of LMP-1-posi-
tive structures in C13C4.5 mutants and wild type intestines with-
out starvation (n = 25). (C and D) Representative photographs 
of LMP-1-positive structures in C13C4.5 mutants and wild type 
intestines after 6 h of starvation (n = 25). (E) Representative z-axis 
slices of abnormal lysosomes in C13C4.5 mutants (  arrowhead in A). 
(F) Representative z-axis slices of normal lysosomes in wild type 
worms. Scale bars: 50 μm in A, B, C and D; 5 μm in E and F.
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DISCUSSION
    The C13C4.5 gene in C. elegans is one of three homologs 
of Spinster, which encodes a sugar transporter in the major 
facilitator superfamily. It has been reported that, in mamma-
lian cells, Spinster is localized to the membrane of late en-
dosomes/lysosomes, and Spinster has been shown to gener-
ate lysosomal abnormalities (Rong et al., 2011). In Drosophila 
Spinster mutants, phenotypes such as defects in endosomal-
to-lysosomal traffi cking, lysosomal enlargement and carbohy-
drate accumulation have been observed (Nakano et al., 2001; 
Dermaut et al., 2005). The localization and function of C13C4.5 
have not been described in C. elegans. In the current study, 
we found that C13C4.5 was mainly expressed in the intestine 
and the hypodermis of C. elegans (Fig. S1). The C13C4.5 
mutant exhibited enlarged lysosomal structures, which were 
similar to those observed in Drosophila and mammalian cells. 
Most importantly, we found that C13C4.5 regulates the size 
of lipid droplets and that deletion of this gene signifi cantly de-
creased their fat content and triacylglycerol levels compared 
with lipid droplets in wild type animals. It was reported that 
the mammalian homolog, Spinster, regulates autophagy and 
lysosome reformation in NRK cells. Most recently, several au-
tophagy genes were found to be required for lipid remodeling 
in C. elegans (Lapierre et al., 2013). It is likely that C13C4.5 

may also regulate autophagy by interfering with the morphol-
ogy and function of lysosomes and subsequent fat storage and 
lipid metabolism. However, other possibilities, including direct 
association of lysosomes with lipid droplets, may also exist, as 
lysosomes function during many biological processes, and any 
process such as autophagy that interferes with lysosomes may 
regulate fat storage and lipid droplets.

The gene C13C4.5 is highly conserved from bacteria to 
humans. The phenotype of a Spinster mutant in animals 
was described in Drosophila, where it was shown to regulate 
age-dependent synaptic dysfunction and neuronal degenera-
tion.  Here, we report a second physiological role of this gene 
C13C4.5 in C. elegans. We found this gene functions in the 
fertility of worms. In previous report, some fat associated genes 
such as fat-6 and fat-7 are crucial for maintenance of optimal 
fertility, might by keeping oleic (18:1D9) and linoleic acids (18:2) 
(Brock et al., 2007). So we guess that the fertility defect in 
C13C4.5 mutant worms may be related to the decrease in fat 
storage and lipid droplets in the intestine (Figs. 1–3). Taken to-
gether, these results suggest that C13C4.5 may function in the 
fertility of C. elegans by regulating fat content and lipid droplets 
in the intestine, most likely by changing the morphology and 
function of lysosomes and related autophagy processes.

MATERIALS AND METHODS

  C. elegans strains

Strain maintenance and genetic manipulation were performed as 
described previously (Brenner, 1974). Animals were grown at 20 °C 
on agar nematode growth media seeded with RNAi feeding bacteria 
or Escherichia coli strain OP50. The wild type strain was N2 Bristol. 
RB1678: C13C4.5(ok2087) V was outcrossed four times against N2. 
C13C4.5(ok2087) V is a C13C4.5-defective strain with a 951 bp dele-
tion in the genome. In this strain, 4–7 exons have been deleted and the 
last 8th exon has been disrupted by frame-shift mutation. The C13C4.5 
rescue  strain  is  obtained  by  injecting  the  construct  PC13C4.5:: 
C13C4.5::GFP in C13C4.5(ok2087) mutants.

Other  strains  used  include:  KP3948  eri-1(mg366)  IV;  lin-
15B(n744) X, CB1372   daf-7(e1372) III, DA465 eat-2(ad465) II, 
Is[Pges-1::mCherry::RAB-5], Is[Pges-1::mCherry::RAB-7], Is[Plmp-
1::LMP-1::GFP], C13C4.5(ok2087); Is[Pges-1::mCherry::RAB-5], 
C13C4.5(ok2087);  Is[Pges-1::mCherry::RAB-7],  and  C13C4.5
(ok2087); Is[Plmp-1::LMP-1::GFP]. 

Reagents

BODIPY 493/503 was purchased from Invitrogen and diluted in DMSO 
at a concentration of 1 mg/mL as the stock buffer. 2× MRWB buffer 
contained 160 mmol/L KCl, 40 mmol/L NaCl, 14 mmol/L Na2EGTA, 
1 mmol/L spermidine-HCl, 0.4 mmol/L spermine, 30 mmol/L Na-PIPES, 
0.2% β-mercaptoethanol (pH = 7.4). Oil Red O working buffer was 
prepared as follows: oil Red O was fi rst diluted into isopropanol at a 
concretion of 0.5 g/mL and rocked for several days, then diluted to 
60% with water and fi ltered with a 0.22 μm fi lter.

BODIPY 493/503 staining

Worms at the stage of day one were harvested in M9 buffer, incubated 

Figure 5. Phenotypic characterization of pumping, defecation 
and fertility in C13C4.5 mutants. (A–C) Normalized pumping 
rate, successful defecation ratio and defecation cycle time were 
determined under the same conditions and showed no statisti-
cally signifi cance differences for wild type and C13C4.5 mutants. 
(D) Average live progeny produced per adult worm of wild type 
and C13C4.5 mutants over 4 days (*** P < 0.001).
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in 3% paraformaldehyde solution for 15 min and treated with 3 freeze/
thaw cycles in liquid nitrogen. The buffer was exchanged to M9 three 
times. Worms were then settled and resuspended in 1 μg/mL BODIPY 
493/503 (Invitrogen) in M9 buffer for 1 h at room temperature. Animals 
were then washed three times using M9 buffer.

  RNAi screen of candidate genes using COPAS

The RNAi feeding bacteria used were from either Ahringer Library 
(Kamath et al., 2003) or   Vidal Unique Library (Rual et al., 2004; Kim 
et al., 2005). Feeding bacteria of the 11 candidate genes   were picked 
and cultured at 37°C overnight. RNAi feeding bacteria were then seed-
ed on NGM plates containing 5 mmol/L IPTG. After 24 h, synchronized 
animals were plated on these induced NGM plates. Progeny were har-
vested with M9 buffer after 6 days and used immediately for BODIPY 
493/503 staining. The stained population was detected and analyzed 
using a complex object parametric analysis and sorter (COPAS, Union 
Biometrica) instrument. The COPAS instrument analyzes objects using 
the physical parameters of object length, optical density, and the in-
tensity of fl uorescent markers. Stained animals were placed in 96-well 
plates and analyzed by COPAS. Quantifi cation data of mixed-stage 
animals were separated by variant COPAS parameters setting. Adult 
stage animals were chosen for fl uorescent signal quantitative analysis.

Oil Red O staining of fi xed nematodes

Approximately 200–300 day one adult worms were washed with M9 
buffer. Worms were then settled and washed three times with M9 buffer. 
To permeabilize the cuticle, worms were soaked in 2% paraformal-
dehyde (PFA) containing MRWB buffer and gently rocked for 60 min. 
After washing with PBS to remove the PFA, animals were placed into 
60% isopropanol for 15 min for dehydration. Worms were then settled, 
resuspended in   oil Red O working buffer and incubated overnight with 
rocking. The dye was removed the following day and PBS with 0.01% 
Triton X-100 was added. 

Lipid extraction and thin layer chromatography (TLC)

Lipids were extracted from 4000 L4 worms for TLC analysis using 
chloroform:acetone (1:1, v/v). The solvent was removed using N2 gas, 
and the lipids were dissolved in chloroform and separated on TLC 
plates in hexane:diethyl ether:acetic acid (80:20:1, v/v) for 40 min. 
Lipids were visualized by iodine vapor and semiquantifi ed by densito-
metric scanning (NIH ImageJ software).

SRS microscopy assembly

A pump laser integrated Optical Parametric Oscillator (OPO), also 
known as a one box OPO (APE, Berlin, Germany) served as the light 
source. It provided a synchronized and spatially overlapped pump and 
Stokes pulse trains at a repetition rate of 76 MHz. The pump beam was 
continuously tunable from 720–990 nm; however, the Stokes beam 
was fi xed at 1064 nm. The Stokes beam was modulated by an electro-
optic modulator (EO-AM-NR-C2, Thorlabs, USA) at a frequency of 
9.81 MHz. The collinearly overlapped beams were directed into an 
inverted multi-photon microscope (IX81/FV1000, Olympus, Japan). La-
sers were focused on the sample by a 60X water immersion objective 
(UPLSAPO 60XW, Olympus, Japan) and scanned to acquire images. 
The transmission light was collected by a water immersion condenser 

(N.A. 0.9, Olympus, Japan) and then filtered by a bandpass filter 
(890/220 m, Chroma, USA) to remove the Stokes beam. The pump 
beam was detected by a large area photodiode (FDS1010, Thorlabs, 
USA). The voltage signal generated by the photodiode was sent into a 
home-built lock-in amplifi er (designed by Dr. Brian Saar). The demodu-
lated signal was fed back into the microscope software (FV10-ASW, 
Olympus, Japan) for image reconstruction.

Image acquisition

Prepared C. elegans samples were scanned by the SRS system 
described above. The frequency difference of the pump and Stokes 
beams were set at 2845 cm-1, which is the frequency of symmetric vi-
bration mode of a CH2 bond, indicating the lipid content in the sample. 
To obtain complete information about the lipid distribution in the worm 
intestines, z-stacks with a resolution of 1.5 μm were acquired for all 
samples. All parameters were maintained through image acquisition 
for both samples.

Confocal microscopy imaging

As described previously, we used an FV500 laser scanning confocal 
microscope (Olympus) to obtain images of worms (Chang et al., 2012; 
Zhang et al., 2012). All the fi gures were produced using a 60 × 1.4 NA 
objective. The maximum power near the rear pupil of the objective was 
0.24 mW for the 488 nm laser and 0.08 mW for the 561 nm laser. Im-
ages were quantifi ed and analyzed using an Olympus FluoView viewer 
(Japan) and Image J.

Behavioral assays

All assays were performed on young adult worms. Worms were cul-
tured on NEM plates seeded with E. coli OP50 at 20°C. Young adult 
progeny were transferred to new NGM plates with freshly seeded 
E. coli OP50 before assays. 5–15 young adult worms were tested for 
each trial; at least three independent experiments were performed. For 
the feeding assay, pumping rate was calculated by recording the time 
required to complete 20 pumps. For the defecation assay, we tested 
the percentage of successful defecations and the defecation cycle 
time. Failed defecation was determined to consist of a contraction of 
the posterior body muscles and a contraction of the anterior body mus-
cles without expulsion. Defecation cycle time was measured by record-
ing the time from one contraction of the posterior body muscles to the 
next. For the fertility assay, single L4 hermaphrodites of each genotype 
were picked to a NGM plate seeded with E. coli OP50. Worms were 
transferred to a fresh plate every 24 h for 4 days. F1 progeny were 
counted 2 days after adult worms were removed. Eight worms were 
measured for each assay per individual genotype; three independent 
experiments were performed.
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