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SUMMARY

Genetic conservation allows ancient features of fat
storage endocrine pathways to be explored in
C. elegans. Multiple studies have used Nile red or
BODIPY-labeled fatty acids to identify regulators of
fat mass. When mixed with their food, E. coli
bacteria, Nile red, and BODIPY-labeled fatty acids
stain multiple spherical cellular structures in the
C. elegans major fat storage organ, the intestine.
However, here we demonstrate that, in the conditions previously reported, the lysosome-related
organelles stained by Nile red and BODIPY-labeled
fatty acids are not the C. elegans major fat storage
compartment. We show that the major fat stores
are contained in a distinct cellular compartment
that is not stained by Nile red. Using biochemical
assays, we validate oil red O staining as a method
to assess major fat stores in C. elegans, allowing
for efficient and accurate genetic and functional
genomic screens for genes that control fat accumulation at the organismal level.
INTRODUCTION
Many pathways regulating energy homeostasis are conserved
between humans and the nematode C. elegans. Genome-wide
investigation of genes that alter fat storage in whole-living
animals is possible in C. elegans using classical forward genetic
approaches (Jones et al., 2009; Mak et al., 2006; Soukas et al.,
2009) or functional genomic approaches such as RNAi (Ashrafi
et al., 2003; McKay et al., 2007). Thus, unlike in higher metazoans, a comprehensive identification of the signals exchanged
between tissues that mediate energy storage and mobilization
and the centers of appetite control is possible in C. elegans.
Nile red is a phenoxazone, lipophylic dye derived from Nile
blue that is concentrated in hydrophobic environments when
used in vitro or in cell lines (Fowler and Greenspan, 1985; Greenspan et al., 1985). In a hydrophobic environment, Nile red
undergoes an increase in yellow-gold fluorescence, making it
a useful indicator of lipid droplets in cells or TLC fractionated
lipids (Bonilla and Prelle, 1987; Fowler et al., 1987). BODIPYlabeled fatty acids have similar properties when used in cell
culture (Guo et al., 2008). Both stains have been used as vital

dyes on cells, tissues, or, in the case of C. elegans, on living
animals. Nile red and BODIPY-labeled fatty acids stain living
worms when mixed with their food, E. coli bacteria (Ashrafi
et al., 2003; Mak et al., 2006). The C. elegans metabolism field
has extensively used these fluorescent dyes to indicate fat
stores, as they stain vesicular structures in the C. elegans main
fat storage organ, the intestine. More than 45 papers have
used Nile red as a proxy for fat mass in C. elegans, ascribing
a fat regulatory role to more than 400 genes with an altered
Nile red phenotype. However, Nile red poorly stains the germline,
eggs, and hypodermis, tissues known to be high in fat content by
other measures. In addition, for the insulin-receptor-like mutant
daf-2, two recent analyses showed a decreased Nile red or
BODIPY-fatty acid staining phenotype that is opposite to the
increased fat storage revealed by biochemical analysis (Soukas
et al., 2009; Wang et al., 2008). These and other paradoxical findings presented here indicate that Nile red or BODIPY fatty acids
are not accurate proxies for major fat stores in the worm.
The C. elegans intestine has several classes of morphologically and functionally distinct ‘‘granules’’ or vesicles. One class
of large granule is autofluorescent and birefringent; is acidic;
stains with Nile red and acridine orange; expresses PGP-2,
GLO-3, FUS-1, and other markers; and is likely to be lysosome-related organelles (LROs) (Hermann et al., 2005; Nunes
et al., 2005; Schroeder et al., 2007; Treusch et al., 2004). By
virtue of this granule staining with Nile red, LROs were thought
to be a site of major lipid storage in C. elegans (Hermann et al.,
2005; Schroeder et al., 2007; Rabbitts et al., 2008). Other classes
of granules are neutral, not autofluorescent, are suggested to be
Nile red negative, and express endosomal markers such as
RME-1 and RAB-5 or the late-endosomal markers LMP-1 and
RAB-7 (Nunes et al., 2005; Rabbitts et al., 2008; Treusch et al.,
2004). Electron microscopy in some mutants with defective
LRO formation suggests that there are additional, distinct, small
granules that may be classical lysosomes (Ruaud et al., 2009).
Here we show that instead of staining C. elegans major fat
stores, Nile red and BODIPY-labeled fatty acids, under the
conditions previously reported, stain acidified cellular compartments, or LROs. Further, we show that LROs stained with Nile
red, BODIPY-labeled fatty acids, or PGP-2::GFP largely do not
colocalize with neutral lipid droplets stained with the fixativebased dyes LipidTOX and oil red O. In concert with these findings, we report that mutants with altered Nile red or BODIPY
phenotypes often show no lipid phenotype or the opposite
phenotype to that indicated by vital dyes when measured by lipid
biochemistry. In addition, Nile red levels do not drop upon
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Table 1. Nile Red and Triglyceride Levels Do Not Correlate in
Several Metabolic Mutants

Strain

Nile Red
(Percent of
Wild-Type)

Wild-type

100 ± 4.9

100 ± 16.6

79 ± 8.3

231 ± 13.5

daf-2(e1368)

Triglyceride/
Phospholipid (mg/mg,
Percent of Wild-Type)

tph-1(mg280)

49.7 ± 1.1

tub-1(nr2004)

155 ± 5.1

156.7 ± 4.5
103 ± 3.8

kat-1a

194 ± 10.1

127.6 ± 20.6

tub-1(nr2004);kat-1(mg368)

337 ± 13.7

128.7 ± 39.6

glp-1(e2141)

91 ± 7.1

297 ± 44

rict-1(mg451)

240 ± 11.1

129 ± 4.9

daf-16(mgDf47)

142 ± 5.5

110 ± 9.2

Nile red mean intensity measured for least 30 animals from at least two
biological replicates is shown in the first column. Quantitative triglyceride/phospholipid measurements done with at least two independent
biological replicates are shown in the second column. Data are shown
as mean ± SEM.
a
kat-1 analyses were done with two different alleles: kat-1(mg368) for Nile
red staining and kat-1(mg447) for lipid biochemistry.

fasting, whereas oil red O staining does decrease upon fasting.
We conclude that Nile red and BODIPY-labeled fatty acids do
not stain the major fat stores in C. elegans, and that major fat
stores are contained in subcellular compartments independent
of the Nile red-stained compartment. Finally, we put forward oil
red O staining as a new method to study fat mass in C. elegans,
and validate it using quantitative lipid biochemistry.
RESULTS
Mutant Analyses Reveal Inconsistencies between Nile
Red and Triglyceride Levels
We identified multiple instances where the Nile red or C1-C12BODIPY-labeled fatty acid staining of C. elegans did not agree
with biochemical measurement of triglycerides, the major form
of long-term energy stores. daf-2 mutants have been demonstrated to have increased fat mass by fixative-based staining
with Sudan black (Kimura et al., 1997) and biochemically (Ashrafi
et al., 2003; Perez and Van Gilst, 2008). In our original report of

the use of Nile red as a vital dye for fat storage, we reported that,
consistent with these biochemical results, animals containing
loss-of-function mutations in daf-2, the sole C. elegans insulin/
IGF receptor, had increased Nile red staining (Ashrafi et al.,
2003). However, in our recent analyses, we were not able to repeat
the finding that Nile red staining is increased in daf-2 mutants,
finding instead that daf-2 mutants show decreased Nile red staining (Table 1 and Soukas et al., 2009; Wang et al., 2008).
To determine whether Nile red and BODIPY-labeled fatty acids
were generally discrepant from biochemical lipid quantification,
we examined several other mutants with robust Nile red phenotypes. Mutations in daf-16, the C. elegans FOXO transcription
factor ortholog, cause an increase in Nile red; however, lipid
biochemistry reveals no difference in fat stores between daf-16
and wild-type worms (Table 1). A 140% increase in Nile red staining is seen in rict-1 mutants, whereas triglyceride levels are only
increased 30%. Similarly, mutants in the kat-1 ketothiolase gene,
annotated to play a role in fatty acid oxidation, show a 94%
increase in Nile red signal (Table 1) and a comparable increase
in BODIPY-labeled fatty acid staining (Mak et al., 2006). kat-1
mutants reanalyzed with quantitative lipid biochemistry indicated no significant difference in triglyceride mass (Table 1).
Mutants in tub-1, the C. elegans homolog of the mammalian
tubby gene, which, when mutated, causes late-onset obesity in
rodents (Kleyn et al., 1996), show a 50% increase in Nile red
staining (Ashrafi, 2007) but no difference in biochemically
measured triglycerides (Table 1). Moreover, double mutants in
tub-1 and kat-1, which have a synergistic accumulation of Nile
red and BODIPY-labeled fatty acids (Mak et al., 2006), also
show no significant increase in triglyceride mass (Table 1).
Finally, germline-deficient animals, which have been reported
to have reduced fat mass (Wang et al., 2008), show a paradox
similar to daf-2, i.e., lower than normal Nile red but more than
doubled fat mass measured biochemically (Table 1).

Nile Red Does Not Stain the Major C. elegans Fat Stores
Major animal fat stores primarily take the form of triglycerides
and are utilized during periods of food deprivation. However,
Nile red signal increases in animals fasted for 6 or 12 hr in the
presence of Nile red (Figure 1), an unexpected result if Nile red
were indicating triglyceride mass. As expected, biochemically
measured triglycerides fall with fasting (Figure 3). This indicates
Figure 1. Nile Red Signal Increases upon
Fasting
(A) Nile red signal redistributes and becomes more
intense upon fasting. Representative images of
1 day adult worms fasted or fed ad libitum for
6 hr are shown.
(B) Nile red intensity increases upon fasting. Quantitative analysis of Nile red intensity after food
removal is depicted. Nile red mean intensity was
measured for least 30 animals from at least two
biological replicates. Data are shown as mean ±
SEM.
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Figure 2. Lysosome-Related Organelles
and Neutral Lipid Vesicles Are Mostly
Nonoverlapping Compartments
(A) Neutral lipid droplets stained postfixation with
LipidTOX green do not colocalize with Nile redpositive organelles (see also Figure S1).
(B) Nile red colocalizes with the lysosome-specific
fluorescent dye LysoTracker Green.
(C) Oil red O-positive vesicles do not colocalize
with the PGP-2-positive LRO compartment.
(D) Oil red O-positive vesicles do not colocalize
with the LMP-1 LRO compartment. (Note that
the oil red O images were pseudocolored in order
to allow merging with green fluorescent images.)

lysosome-specific dyes indicates that in
the conditions used here and previously
reported, Nile red and C1-C12 BODIPY
stain a lysosome-like compartment (Figure 2B and Figure S1).
Because Nile red and BODIPY-labeled
fatty acids do not reveal major fat stores,
we sought an alternative histological
technique to determine fat distribution
Merge
Oil Red O
D LMP-1::GFP
and levels in C. elegans. We tested four
fixative-based neutral lipid dyes: fluorescent dyes LipidTOX neutral-lipid green
and red, and the nonfluorescent dyes
Sudan black and oil red O. LipidTOX
green and red, even after extensive permeabilization of the cuticle, stain a very
small proportion of animals (less than
first that the increase in Nile red signal is deceptive, and second 10%). Additionally, the signal is very sensitive to photobleaching,
that Nile red does not accurately indicate C. elegans triglyceride an unattractive characteristic for quantification of lipid stores.
stores. Supporting this, Nile red poorly stains the germline, eggs, Sudan black staining was highly variable when used to stain
and hypodermis, tissues known to be high in fat content by other adult animals due to the required final destaining wash with
histochemical methods. Moreover, neutral lipid droplets stained ethanol. Slight variation in the timing of this destaining step
postfixation with the fluorescent neutral lipid dye LipidTOX green greatly affects the final intensity of the Sudan black signal,
or red mostly do not colocalize with Nile red (Figure 2A) or making the technique error prone. In contrast, oil red O staining,
C1-C12-BODIPY fatty acid-stained granules (see Figure S1 as presented here, allows preservation of worm anatomy and
available online), respectively. A 2.2% ± 0.79% overlap was low sample-to-sample variability.
As in the case of vesicles stained with the neutral lipid dye
seen between Nile red and LipidTOX green vesicles in doubly
stained L3 animals imaged by confocal or apotome Z stacks LipidTOX Green (Figure 2A), oil red O-positive vesicles are
(n = 5 animals, three 10003 fields per animal were scored; a total mostly nonoverlapping with the LRO and late endosomal
of 2163 Nile red and 2024 LipidTOX green vesicles were compartments. More than one gut granule compartment has
been described in C. elegans. The PGP-2-positive compartment
counted).
perfectly overlaps with Nile red (Schroeder et al., 2007), but it
mostly does not overlap with oil red O-positive vesicles
Nile Red Stains C. elegans Lysosome-Related
(Figure 2C). The nonacidic LMP-1-positive compartment (Nunes
Organelles, and Oil Red O Stains Major C. elegans Fat
et al., 2005) is also mostly independent of the neutral lipid vesiStores
Given that the Nile red signal distribution and appearance cles (Figure 2D). Accurate quantification of the level of overlap
resembles the compartment known as ‘‘gut granules’’ and that between oil red O and the GFP markers is impaired by the negaNile red staining is absent in mutants with defective lysosomal tive effect of oil red O staining on GFP signal. Nevertheless, as
vesicles (Schroeder et al., 2007), we hypothesized that Nile red shown in Figures 2C and 2D, careful examination of multiple
or BODIPY-labeled fatty acids may be treated as xenobiotics fields of well-preserved GFP-expressing cells shows that the
and partitioned into a degradative compartment. We tested neutral lipid and the PGP-2 or LMP-1 compartments are nearly
this hypothesis by simultaneously staining with the vital dyes completely independent. As in the case of costaining of the
and the lysosome-specific fluorescent dye LysoTracker. The neutral lipid vesicles and the LROs with LipidTOX and vital
perfect overlap between Nile red and C1-C12 BODIPY and the dyes (Figure 2A and Figure S1), rare overlap between oil red

C PGP-2::GFP

Oil Red O

Merge
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A

TG/PL
wild-type ad libitum
daf-2 (e1368)
glp-1 (e2141)
rict-1 (mg451)
daf-16 (mgDf47)

100
231±13.5
297±44
139±8.1
105±9.2

Oil Red O
100
160.5±6.2
146.7±5.3
123.2±4.6
113.8±6.1

B

C

D

wild-type ad libitum
wild-type fasted 6 hr

Nile Red

TG/PL

Oil Red O

100
139±4.4

100
78±3.9

100
83.1±2.4

Figure 3. Oil Red O Stains the Major C. elegans Fat Stores
(A) Oil red O intensity serves as a proxy for C. elegans triglyceride levels. Quantitative triglyceride/phospholipid measurements done with at least two independent biological replicates are shown in the first column. Oil red O signal
measured for least 30 animals from at least two biological replicates is shown
in the second column. Data are shown as mean ± SEM.
(B) Oil red O stains fat droplets in all major C. elegans fat storage organs. Oil red
O signal is observed in C. elegans intestine, hypodermis, gonad, and eggs.
(C) Oil red O signal drops upon fasting.
(D) Oil red O, but not Nile red, stains long-term C. elegans energy stores. Quantitative analysis of Nile red, triglycerides measured by lipid biochemistry, and
oil red O levels upon fasting are presented. Data are shown as mean ± SEM.

O- and GFP-positive organelles is observed; the overlap is
restricted to very few, small vesicles that may represent immature lipid droplets or lipid droplets undergoing degradation
(data not shown).
Furthermore, unlike Nile red or BODIPY-labeled fatty acids, oil
red O shows clear increases in fat mass for daf-2 mutants
(Figure 3A). To further validate oil red O as a proxy for fat mass
in C. elegans, we quantified whole-body oil red O signal in
several metabolic mutants. In all conditions tested, oil red O
quantification correlates with biochemical measurement of
triglycerides by solid-phase chromatography followed by gas
chromatography/mass spectrometry (Figure 3A). In addition,
unlike Nile red or BODIPY labeled fatty acids, oil red O highlights
lipid stores in the gonad and eggs, and unlike Nile red, oil red O
stains the hypodermis (Figure 3B). Finally, similar to biochemically measured triglycerides, oil red O levels drop upon fasting
(Figures 3C and 3D).
DISCUSSION
We here demonstrate that the Nile red-positive LROs do not
contain the major C. elegans fat stores. Moreover, we show

that the major fat stores are contained in independent specialized neutral lipid-containing vesicles. Nile red and BODIPYlabeled fatty acids do not colocalize with postfixative dyes for
neutral lipids in more than 97% of the vesicles but perfectly
colocalize with molecular probes for LROs, supporting the idea
that vital dyes may be treated as xenobiotics and partitioned
into a degradative compartment. Consistent with this hypothesis, mutants deficient in lysosomal biogenesis have reduced
Nile red staining (Ashrafi et al., 2003; Schroeder et al., 2007).
Moreover, the genome-wide RNAi screen for decreased Nile
red staining in C. elegans identified five genes, apt-6, glo-3,
glo-4, pgp-2, and vps-16 (Ashrafi et al., 2003), which were
subsequently shown to have defective LRO biogenesis (Hermann et al., 2005).
The observation that Nile red- and BODIPY-positive LROs are
mostly nonoverlapping with the neutral lipid vesicles in wild-type
animals does not rule out a role for the LRO compartment in
C. elegans metabolism, or even that LROs might contain physiologically relevant fats. Human genetic diseases, including TaySachs and Niemann-Pick, result from defective lipid degradation
in, or lipid trafficking from, lysosomes (Maxfield and Tabas,
2005). The dozens of C. elegans gene inactivations that dramatically decrease Nile red staining may reveal the complex genetic
control of the LRO compartment (Ashrafi et al., 2003). Studies of
altered vital dye staining in C. elegans, which indicate LRO
defects, may therefore contribute to better understanding of
these serious metabolic diseases. It is also possible that under
certain pathological conditions or with different experimental
procedures, Nile red and BODIPY may stain neutral lipids;
however, under standard conditions and in the majority of
genetic backgrounds, Nile red and BODIPY do not indicate
C. elegans major fat stores.
Another interesting aspect is that, as is the case for other
cellular byproducts accumulating in the lysosome-like compartment (Samuelson et al., 2007), increased Nile red or BODIPYlabeled fatty acid staining seems to be a predictor of decreased
resistance to stress and shortened life span. Lipofucsin, or age
pigment, and Nile red and BODIPY-labeled fatty acids levels
are lower in long-lived mutants such as daf-2 and glp-1 and
accumulate to a greater extent in progeric mutants such as
daf-16 and rict-1. It is unclear if a higher ability to recycle cellular
byproducts or to mobilize the right molecules to the LRO
compartment is a cause or a consequence of the increased
longevity phenotype, but it would be interesting to test the
degree of correlation between vital dye staining and longevity.
C. elegans energy reserves are expected to be utilized during
periods of food deprivation. Here we show that Nile red levels do
not drop but increase upon fasting. Previous studies have
demonstrated a decrease in Nile red with fasting (Ashrafi et al.,
2003; Jo et al., 2009) but used different conditions. First, we eliminated bias introduced by selection of a narrow focal plane by
conducting automated, whole-body quantification of the Nile
red signal of more than 30 individual animals per treatment.
Second, at time 0, animals were moved from plates containing
food and Nile red to plates without food but containing Nile
red. In previously reported analyses of Nile red signal upon fasting, animals were transferred to plates without food and without
Nile red. Those studies most likely revealed Nile red turnover
rather than the actual content of the compartment stained with
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Nile red. The lysosomal compartment is required to recycle
nutrients during food deprivation (Finn and Dice, 2006). Consequently, an increase in the contents of the lysosomal compartment during starvation, even an increase in energetically relevant
lipids, is not surprising.
Finally, we put forward oil red O staining as a facile method to
study fat mass in C. elegans. Oil red O staining correlates, in all
cases tested, with biochemically measured triglyceride mass.
However, the magnitude of the changes estimated from oil red
O images is less pronounced that the one measured by lipid
biochemistry. We propose two possible explanations. First, oil
red O stains a subset of the major C. elegans fat species.
Second, our quantification algorithms for oil red O images are
suboptimal. Supporting the latter, Figure S2 shows the striking
difference in oil red O signal between wild-type and glp-1
animals; however, oil red O quantification would suggest a
mild fat phenotype. Nevertheless, the recurring correlation
between lipid biochemistry and oil red O proves oil red O as a reliable proxy for fat mass in C. elegans. Therefore, oil red O staining
represents a validated method to study the regulation of longterm energy stores. Until a vital dye alternative is available,
C. elegans fat mass is best studied using this fixative-based
dye or quantitative lipid biochemistry (Perez and Van Gilst,
2008; Watts and Browse, 2002). The use of accurate fat-assessing methods will enable identification of genes and signals that
regulate energy balance in C. elegans.
EXPERIMENTAL PROCEDURES
Strains Used
N2 Bristol was used as the wild-type strain. The following mutant strains
were used: daf-16(mgDf47) I, tph-1(mg280) II, tub-1(nr2004) II, kat-1(mg368) II,
kat-1(mg447) II, tub-1(nr2004);kat-1(mg368), daf-2(e1368) III, glp-1(e2141) III,
rict-1(mg451) II, pwIs50[lmp-1::gfp] (Treusch et al., 2004), and kxEx74[pgp-2::
gfp;rol-6D] (Schroeder et al., 2007).
Nile Red and BODIPY-Labeled Fatty Acid Staining
Nile red and BODIPY-labeled fatty acid analyses were conducted as previously described (Mak et al., 2006) (see the Supplemental Experimental Procedures). At least 30 animals were imaged on at least two separate occasions,
and results were consistent between experiments.
Fasting Analysis
For fasting measurements, adult animals were transferred from plates containing food to plates without food but containing 25 ng/ml of Nile red (for Nile red
analyses), or to empty plates for the times indicated for oil red O analysis or
lipid biochemistry (see the Supplemental Experimental Procedures).
LysoTracker Staining
LysoTracker staining was performed as above for Nile red and BODIPY. LysoTracker Green (Invitrogen) was included at 1 mM (final concentration) in E. coli
OP50 plates containing Nile red. LysoTracker Red (Invitrogen) was included at
1 mM (final concentration) together with C1-BODIPY 500/510-C12 fatty acids.
Animals were allowed to feed on labeled E. coli for 1–2 days in the dark and
imaged between L1 and young adult stages; similar results were obtained irrespective of developmental stage.
LipidTOX and Oil Red O Staining and Quantification
For LipidTOX staining, animals that had been fed on E. coli bacteria containing
Nile red or BODIPY-labeled fatty acids as above were washed and fixed as for
oil red O staining (see below). However, instead of dehydrating in 60% isopropanol, as in the case for oil red O, animals were washed free of paraformaldehyde with 13 PBS. 1:1000 of LipidTOX Red neutral lipid stain (for BODIPYlabeled animals) or LipidTOX green neutral lipid stain (for Nile red-labeled

animals) was added directly (LipidTOX DMSO 10003 stocks, Invitrogen).
Animals were incubated for 1 hr in the dark with gentle rocking and imaged
directly thereafter using a Zeiss Axioimager/Apotome or spinning-disk
confocal microscopy.
Oil red O staining was conducted by as previously reported (Soukas et al.,
2009) but omitting the freeze-thaw steps (see the Supplemental Experimental
Procedures). Animals were mounted and imaged with a Leica color camera
outfitted with DIC optics. Oil red O was quantified from color images using
the level of excess red intensity in the red channel in comparison to the blue
and green channels (see the Supplemental Experimental Procedures).
Quantitative Lipid Biochemistry
Lipid extracts from 7500 worms at day 1 of adulthood were analyzed by solidphase chromatography followed by GCMS as previously reported (Perez and
Van Gilst, 2008; Soukas et al., 2009) (see the Supplemental Experimental
Procedures). For all measurements, at least two biological replicates were
performed, with data shown as mean ± SEM.

SUPPLEMENTAL DATA
Supplemental Data include two figures and Supplemental Experimental
Procedures and can be found with this article online at http://www.cell.com/
cell-metabolism/supplemental/S1550-4131(09)00301-5.
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