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droplet size until a dominant unilocular lipid droplet re-
mains ( 9, 10 ). The mechanisms that govern lipid droplet 
size and number in white adipose cells and other cell types 
are not fully understood. 

 To study regulators of fat storage and lipid droplet size 
in metazoans, most studies have focused on the use of tis-
sue culture cells and overexpressed lipid droplet-associ-
ated proteins or vital dyes as markers. These studies yielded 
important insights into how conserved proteins and sig-
naling pathways are coupled to control cellular fat storage. 
Nevertheless, extension of observations made in tissue cul-
ture cells into whole-animal models is often time consum-
ing and can lead to surprising results. In the last few years, 
 C. elegans  has emerged as an attractive model for studying 
fat storage in vivo ( 11, 12 ). Although  C. elegans  lacks dedi-
cated adipose tissues, its intestine serves as the main site 
for fat storage. Yolk lipoproteins are synthesized in the in-
testine, exported into the body cavity (pseudocoelomic 
space), and taken up by developing oocytes ( 13–15 ). This 
is remarkably similar to yolk deposition in chicken, where 
yolk is synthesized in the liver and transported to the ovum 
via the bloodstream ( 16 ). Therefore, the  C. elegans  intes-
tine may be viewed as a multifunctional organ that fulfi lls 
the roles of the liver and adipose tissues. 

 Inspection of the sequenced genome of  C. elegans  and 
functional studies through analysis of genetic mutants re-
vealed extensive conservation of genes involved in fatty 
acid synthesis, elongation, desaturation, and degradation 
( 17–23 ). Furthermore, fat storage in  C. elegans  appears to 
be controlled by conserved insulin, TGF- � , serotonin, and 
mammalian target of rapamycin (mTOR) signaling path-
ways ( 24–29 ). A number of reverse genetic techniques will 
accelerate functional dissection of signaling and protein 
interaction networks ( 30–32 ). The development of novel 
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 Lipid droplets are ubiquitous fat storage organelles that 
are conserved in yeast,  C. elegans ,  Drosophila , and mammals 
( 1–3 ). They are also sites of regulated release of stored fat 
by lipases during cell growth and fasting ( 4 ). Therefore, 
lipid droplets are central to energy balance at cellular and 
organismal levels. Key structural and biochemical features 
of lipid droplets have been defi ned, and it is generally 
accepted that neutral lipids such as triglycerides (TAG) 
and cholesterol esters (CE) are stored in the interior of 
the organelle that is delimited by a phospholipid mono-
layer ( 5–7 ). Current models suggest that fatty acid infl ux 
can be accommodated by neutral lipid synthesis and a con-
comitant change in lipid droplet size or number in a tis-
sue-specifi c manner ( 1, 8 ). For example, differentiation of 
mammalian white adipose cells is characterized by a de-
crease in lipid droplet number and an increase in lipid 
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 To positively identify lipid droplets using electron mi-
croscopy in  C. elegans , Zhang et al. took advantage of a mu-
tant that appeared to undergo selective expansion of fat 
storage compartments ( 34 ) (  Fig. 1  ).  The  daf-22 /thiolase 
gene encodes the terminal enzyme in a peroxisomal  � -
oxidation pathway. DAF-22/thiolase was originally identi-
fi ed as a key enzyme for processing the fatty acid moiety of 
the  C. elegans  dauer pheromone ( 43 ). Loss of DAF-22/thi-
olase function in  C. elegans  specifi cally increases the level 
of triglycerides that are accommodated by expanded fat 
storage compartments in the intestinal cells ( 34 ). As most 
other vesicular structures are <2 µm in diameter, electron-
lucent, grossly expanded compartments (>10 µm in diam-
eter) could be readily identifi ed by size. Indeed, it was 
found that such compartments were delimited by a phos-
pholipid monolayer, thus confi rming the existence of lipid 
droplets in  C. elegans  ( 34 ). Additional support came from 
the targeting of the adipose triglyceride lipase (ATGL) or-
tholog ATGL-1 to the surface of expanded lipid droplets 
in  daf-22  mutant animals ( 34 ). Since the initial report, 

transgenic technologies has also enabled expression of na-
tive or heterologous proteins to near-physiological levels 
( 33 ). This is critical for structure-function analysis of spe-
cifi c proteins in vivo and the accurate targeting of fl uores-
cent protein markers to lipid droplets and other subcellular 
organelles. The use of  C. elegans  offers a unique advantage 
of imaging lipid droplets in live animals at single-cell reso-
lution. Their intestinal cells support lipid droplet expan-
sion to >10 µm in diameter, similar to lipid droplets found 
in mammalian adipocytes ( 34 ). In contrast, adherent tis-
sue culture cells have limited depth, which restricts spheri-
cal expansion of lipid droplets. Finally,  C. elegans  offers 
ample opportunities to connect alteration in cellular fat 
storage to whole-animal physiology, behavior, and life 
span ( 18, 35, 36 ). This review will focus on the discovery of 
lipid droplets in  C. elegans , the methods to detect lipid 
droplets, and the proteins that associate with lipid droplets 
in this model organism. Thorough understanding of these 
areas will no doubt provide answers to fundamental ques-
tions regarding how lipid droplets accommodate changes 
in the cellular demand and supply of fat in an evolution-
arily conserved manner. 

 IDENTIFICATION OF LIPID DROPLETS 
IN  C. ELEGANS  

 In the absence of a specialized fat storage tissue,  C. 
elegans  store their fat primarily in the intestine. It is re-
markable that the entire intestine is composed of only 20 
cells, arranged in rings of two or four cells that enclose the 
lumen, which spans almost the entire length of the animal 
( � 1 mm) ( 37, 38 ). Each intestinal cell is derived from a 
single embryonic blastomere; cell division ceases and 
organogenesis is complete before the hatching of a free-
living animal ( 37, 38 ). Nevertheless, the intestinal cells in-
crease in size that matches the growth of the animal as it 
progresses through four larval stages before maturing into 
a reproductive adult. 

 One of the defi ning features of lipid droplets is the 
phospholipid monolayer that encloses their neutral lipid 
core, as demonstrated by transmission and freeze-frac-
ture electron microscopy ( 5–7 ). This sets lipid droplets 
apart from all other intracellular organelles that are 
bound by a phospholipid bilayer. Extensive ultrastruc-
tural studies have been performed in  C. elegans  that re-
vealed numerous vesicular compartments of similar size 
in the intestinal cells ( 37–39 ). These compartments may 
be differentiated by their electron densities. Two puta-
tive fat and lipoprotein storage compartments have been 
proposed: electron-lucent lipid droplets and electron-
opaque gut granules ( 37–40 ). Gut granules have also 
been detected using light microscopy and were subse-
quently defi ned as lysosome-related organelles (LRO) 
( 41, 42 ). The appearance and relative abundance of 
these compartments are dependent on the developmen-
tal stages of the animal. However, membrane structures 
that surrounded these compartments were not studied 
in detail until recently. 

  Fig.   1.  Lipid droplets in  C. elegans  intestinal cells. A: A wild-type 
larval stage L4 animal. The fi rst intestinal segment is boxed in red. 
Scale bar, 100 µm. B, C: Electron micrographs showing cross-sec-
tions of the fi rst intestinal segment in wild-type (B) and  daf-22( � )  
(C) mutant animals. Red asterisks indicate enlarged lipid droplets. 
Scale bar, 5 µm. (D) Electron micrograph showing a phospholipid 
monolayer (red arrowhead) that surrounds an expanded lipid 
droplet (boxed area in inset) in contrast to phospholipid bilayers 
(red arrows) of nearby organelles. The lumen of the intestine is at 
the bottom of the inset. B–D: Reprint from Ref.  34 .   
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lipid environment (i.e., lipid droplets) will emit yellow-
gold fl uorescence instead of red fl uorescence ( 51 ). Note 
that Nile Red, BODIPY, or Oil-Red-O staining on fi xed 
 C. elegans  samples appears to faithfully highlight lipid 
droplets and refl ect biochemical measurements of fat con-
tent ( 40, 54–57 ). 

 The continual demand for identifi cation of fat storage 
compartments in live samples has led to the development 
and implementation of multiple label-free lipid imaging 
techniques ( 58–60 ). The vibrations of C-H bond in lipids 
allow sensitive, label-free detection of lipid droplets using 
coherent anti-Stokes Raman scattering (CARS) micros-
copy in mammalian cells ( 59 ). This method was subse-
quently used to visualize fat storage compartments in live 
 C. elegans  ( 54, 61, 62 ). By exploiting vibrational character-
istics of C = C double bonds, CARS microscopy also al-
lowed the detection of changes in relative abundance of 
unsaturated fatty acids in mutant  C. elegans  that lacked spe-
cifi c fatty acid desaturases ( 62, 63 ). More recently, stimu-
lated Raman scattering (SRS) microscopy has been 
introduced ( 58 ). Compared with CARS microscopy, SRS 
microscopy was reported to be more sensitive and less 
prone to background noise from structures unrelated to 
lipids. It was demonstrated in  C. elegans  that SRS micros-
copy could be used to visualize intracellular fat storage 
compartments and measure organismal fat content quan-
titatively ( 64 ). Using SRS microscopy, 272 gene inactiva-
tions by RNAi have been surveyed, which yielded 9 
potentially new regulators of fat content in  C. elegans  ( 64 ). 
Although vesicular structures detected by CARS or SRS mi-
croscopy in  C. elegans  are likely to be lipid droplets as 
in mammalian cells, simultaneous imaging of fl uores-
cent protein markers would be a logical step to determine 
if these label-free imaging techniques detect all lipid 
droplets. 

 LIPID DROPLET-ASSOCIATED PROTEINS 
IN  C. ELEGANS  

 A large number of lipid droplet-associated proteins have 
been identifi ed from proteomics studies using mamma-
lian and  Drosophila  cell and tissue extracts ( 65–68 ). In con-
trast, similar proteomics studies have not been carried out 
in  C. elegans . This is in part because existing protocols for 
large-scale protein extraction and purifi cation using fro-
zen worm samples is incompatible with lipid droplet pres-
ervation (Dawn Brasaemle; personal communication). 
Intriguingly, the Perilipin and CIDE families of proteins, 
which have been widely used as reference markers for lipid 
droplets in other organisms, are absent in  C. elegans . There-
fore, few  C. elegans  proteins have been reported to be gen-
uinely associated with lipid droplets. A strategy forward 
will involve selecting conserved proteins from mamma-
lian or  Drosophila  lipid droplet proteomes and interro-
gate their localization in  C. elegans . It may be prudent to 
concentrate on proteins that have a clear role in fat me-
tabolism or regulation of lipid droplet size or number. 
One such candidate is ATGL-1. The  C. elegans  ATGL-1 

lipid droplets have also been identifi ed in wild-type ani-
mals by transmission electron microscopy ( 40 ). It was also 
determined that lipid droplets are distinct from LROs 
( 40 ), a compartment that was previously proposed to store 
fat in  C. elegans  ( 44 ). Furthermore, expanded lipid drop-
lets have been reported in mutant animals that lack ACS-3/
acyl-CoA synthetase ( 45 ). 

 VISUALIZATION OF FAT STORAGE IN  C. ELEGANS  

 Attempts to visualize and quantitate fat storage long 
preceded the defi nitive identifi cation of lipid droplets in 
 C. elegans . Sudan Black has been widely adopted as a stain 
for intracellular fat since its fi rst usage on bacteria ( 46 ). In 
 C. elegans , animals that expressed a defective insulin/IGF 
receptor ortholog DAF-2 showed more intense Sudan 
Black staining than wild-type animals ( 29 ). Subsequent 
biochemical measurement confi rmed that loss of insulin 
signaling elevated triglyceride levels in  C. elegans , validat-
ing Sudan Black staining as a method for visualization of 
fat storage ( 47 ). Sudan Black staining was most prominent 
in intestinal cells, thus giving rise to the notion that the 
intestine is the major fat storage organ in  C. elegans . In ad-
dition, Sudan Black staining was observed in the hypoder-
mis and gonad, suggesting that fat is exported from the 
intestine to other tissues. Although Sudan Black staining 
was widely employed in other studies ( 27, 48–50 ), the fi xa-
tion protocol was not readily adaptable for large-scale ge-
netic and functional genomic screens. To overcome this, 
Nile Red and BODIPY-conjugated fatty acid were used as 
alternatives for fat staining in live animals ( 47 ). Nile Red 
was fi rst introduced as a fl uorescent vital stain for intracel-
lular lipid droplets in mammalian cells ( 51 ), whereas BO-
DIPY-conjugated fatty acid had been used to monitor fatty 
acid uptake in mammalian cells ( 52 ). It was assumed that 
worms would ingest Nile Red or BODIPY-conjugated fatty 
acid from  E. coli  that had been grown in the presence of 
these dyes on agar plates. This was followed by absorption 
of the dyes through the intestinal epithelium and their ac-
cumulation in fat storage compartments in intestinal cells. 
The precise mechanisms of absorption and turnover of 
these dyes are currently unknown. 

 Nile Red staining was initially used to conduct a whole-
genome RNAi screen, which resulted in the discovery of 
hundreds of gene inactivations that altered the intensity 
and/or pattern of staining within intestinal cells ( 47 ). 
Many genes with conserved function in fat metabolism 
were uncovered, suggesting that Nile Red staining might 
serve as an indicator of fat storage in  C. elegans . However, 
recent evidence suggests   that vital staining with Nile Red 
and BODIPY-conjugated fatty acid also illuminates LROs, 
and that their accumulation in lipid droplets is highly de-
pendent on genetic backgrounds ( 40, 44, 53–56 ). There-
fore, future use of Nile Red as a vital dye for monitoring fat 
storage in  C. elegans  should always be validated with bio-
chemical measurement of fat content. Further refi nement 
may include analysis of the emission spectrum of Nile Red, 
which differs in lipid droplets versus lysosome related 
organelles ( 40, 45 ). This is because Nile Red in a neutral 
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 In contrast to the Perilipins, the CIDE family proteins 
are found only in vertebrates ( 78 ). All three family mem-
bers, CIDEA, CIDEB, and CIDEC, have been shown to as-
sociate with lipid droplets, and they play important roles 
in regulating whole-body fat storage and energy balance in 
mice and human ( 79–86 ). Ectopic overexpression of CIDE 
proteins modulates lipid droplet size ( 82, 83 ). One may 
speculate that the CIDE proteins have evolved in verte-
brates to add an additional level of regulation for fat stor-
age in lipid droplets. It is also plausible that divergent 
proteins substitute for CIDE protein functions in  C. elegans  
and other invertebrates. 

 PERSPECTIVES 

 With the defi nitive identifi cation of lipid droplets as fat 
storage organelles in  C. elegans , now is the time to harness 
the forward and reverse genetic, biochemical, and imag-
ing tools available to study the cell biology of fat storage 
and mobilization in this well-established model organism. 
Because the diet of  C. elegans  can be easily manipulated by 
feeding with different  E. coli  strains, analysis of lipid spe-
cies and other metabolites will shed light on how dietary 
factors affect fat storage in lipid droplets ( 34, 56, 87, 88 ). 
Cell biological studies can also be coupled with powerful 
analytical methods that allow simultaneous monitoring of 
fatty acid absorption, elongation, and de novo synthesis in 
 C. elegans , which have yet to be employed in other metazo-
ans ( 89 ). Although the intestinal cells are the major site of 
fat storage in  C. elegans , with the advent of label-free imag-
ing techniques and fl uorescent protein markers for lipid 
droplets, it will be of great interest to determine whether 
the regulators of fat storage in intestinal cells function in a 
similar fashion in tissues such as the hypodermis and go-
nad. It is plausible that additional mechanisms may oper-
ate in these tissues to support rapid turnover of fat for 
energy and reproduction. For example, small lipid drop-
lets provide a larger surface area-to-volume ratio that 
favors lipolysis. The size of lipid droplets in the hypo-
dermis and gonad of  C. elegans  may, therefore, be tightly 
regulated. 

 The unique advantage of live animal imaging at single-
cell resolution throughout the life cycle should see the 
use of  C. elegans  in addressing additional fundamental 
questions on lipid droplets. How is the interaction be-
tween lipid droplets and other subcellular organelles, 
such as the endoplasmic reticulum and mitochondria, 
maintained? What is the functional consequence of such 
interactions? Are the distribution and movement of lipid 
droplets regulated in different developmental stages and 
nutrient levels? Careful implementation of genetic, bio-
chemical, and microscopy techniques should yield in-
sights that can be readily extended from  C. elegans  to 
mammals.  

 The author thanks Ronald Cole for providing the image for 
Figure 2 and Karen Reue and Meng Wang for comments and 
suggestions on the manuscript. 

lipase is crucial for the balance of fat utilization and pres-
ervation in the developmentally arrested dauer larval stage 
( 69 ). Long term (>1 month) survival of dauers is depen-
dent on tight regulation of ATGL-1 activity by the AMP 
kinase ( 69 ). In  Drosophila , the ATGL ortholog Brummer, 
when fused to green fl uorescent protein (GFP), has been 
shown to localize to the lipid droplet surface ( 70 ). On the 
basis of these results, it was satisfying to observe that the 
 C. elegans  ATGL-1::GFP fusion protein was also localized to 
the lipid droplet surface, both in wild-type and mutant ani-
mals with enlarged lipid droplets ( 40, 45 ). By coupling 
confocal microscopy with spectral analysis and linear 
unmixing procedures, it was further demonstrated that 
ATGL-1::GFP-marked lipid droplets are distinct from the 
autofl uorescent lysosome related organelles (  Fig. 2  ) ( 34, 40 ). 
 Fat mobilization from lipid droplets is a highly regulated 
process that involves not only adipose triglyceride lipase 
but also its activator CGI58 and hormone-sensitive lipase 
( 4 ). Therefore, the  C. elegans  orthologs of CGI58 and hor-
mone-sensitive lipase are prime candidate markers for 
lipid droplets in future studies. 

 The absence of Perilipin and CIDE families of proteins 
warrants further discussion. The Perilipin family members 
are found in mammals and invertebrates, including  Droso-
phila  and  Dictyostelium  ( 71 ). However, no Perilipin or-
thologs have been identifi ed through sequence homology 
in  C. elegans  or other nematode species. As  Dictyostelium  is 
more primitive than nematodes, it is plausible that the 
Perilipin family was lost during evolution. Perilipin is 
known to play an important role in basal and hormone-
stimulated lipolysis through its association with the lipid 
droplet surface and its stimulatory activity toward ATGL 
and hormone-sensitive lipase (HSL) ( 72–77 ). The absence 
of Perilipin in  C. elegans  gives rise to an intriguing possibil-
ity that additional Perilipin-independent regulatory mech-
anisms may exist for ATGL- and HSL-mediated lipolysis. 
Alternatively, proteins that share structural and functional 
similarity with Perilipin may have greatly diverged in the 
primary sequence that precludes their discovery through 
homology searches. 

  Fig.   2.  ATGL-1::GFP as a marker for lipid droplets in  C. elegans  
intestinal cells. Confocal microscopy and linear unmixing distin-
guishes lipid droplets that are marked by ATGL-1::GFP fusion 
protein (in green) and autofl uorescent LROs (in red). Scale bar, 
10 µm.   
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