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Lipid droplets (LDs) are intracellular organelles that
dynamically regulate lipids and energy homeostasis in the cell.
LDs can grow through either local lipid synthesis or LD fusion.
However, how lipids involving in LD fusion for LD growth is
largely unknown. Here, we show that genetic mutation of acox-
3 (acyl-CoA oxidase), maoc-1 (enoyl-CoA hydratase), dhs-28
(3-hydroxylacyl-CoA dehydrogenase), and daf-22 (3-ketoacyl-
CoA thiolase), all involved in the peroxisomal β-oxidation
pathway in Caenorhabditis elegans, led to rapid fusion of
adjacent LDs to form giant LDs (gLDs). Mechanistically, we
show that dysfunction of peroxisomal β-oxidation results in the
accumulation of long-chain fatty acid-CoA and phosphocho-
line, which may activate the sterol-binding protein 1/sterol
regulatory element–binding protein to promote gLD forma-
tion. Furthermore, we found that inactivation of either FAT-2
(delta-12 desaturase) or FAT-3 and FAT-1 (delta-15 desaturase
and delta-6 desaturase, respectively) to block the biosynthesis
of polyunsaturated fatty acids (PUFAs) with three or more
double bonds (n≥3-PUFAs) fully repressed the formation of
gLDs; in contrast, dietary supplementation of n≥3-PUFAs or
phosphocholine bearing these PUFAs led to recovery of the
formation of gLDs in peroxisomal β-oxidation–defective
worms lacking PUFA biosynthesis. Thus, we conclude that
n≥3-PUFAs, distinct from other well-known lipids and
proteins, promote rapid LD fusion leading to LD growth.

Lipid droplets (LDs) are intracellular organelles present in
some prokaryotes and almost all eukaryotic cells from yeast to
humans. Distinguished from other organelles, LDs have a
unique architecture consisting of a neutral lipids core, mainly
enriched in triacylglycerols (TAGs) and sterol esters, which is
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wrapped by a phospholipid (PL) monolayer decorated with LD
proteins (1–3). In cells, the main function of LDs is to
dynamically regulate energy homeostasis through a fascinating
cycle of biogenesis and consumption in response to energy
surplus or requirement (4). Disturbance of this homeostasis
often leads to many human metabolic disorders, including
insulin resistance, type 2 diabetes, fatty liver disease, cardio-
vascular diseases, and so on, which are prevalent diseases
threatening human health worldwide.

The lipid storage capacity of LDs is controlled by its growth
via local lipid synthesis or by LD fusion (5). It is widely
accepted that the LDs are initiated and nascent LDs are
formed from the endoplasmic reticulum (ER) (6–8). The
nascent LDs may grow to mature ones by acquiring neutral
lipids from the ER through a continuous association with the
ER (9–12). Alternatively, after the nascent LDs bud from the
ER, LD-associated enzymes can directly localize to LDs and
synthesize TAG at the surfaces of LDs (13–15), which is then
incorporated to produce LD growth.

Fusion or coalescence of adjacent LDs can also lead to
expanded LDs or giant LDs (gLDs). So far, three main forms of
LD fusions have been reported. The first is a slow fusion (often
takes around 60 min) of LDs regulated by CIDE (cell death–
inducing DNA fragmentation factor alpha–like effector) fam-
ily proteins that enrich at the LD–LD contact site (16),
mediating the directional lipid transfer from a small to a large
LD in various tissues including adipose tissues and liver. Sec-
ond, when the phosphatidylcholine (PC) level is reduced in
Drosophila, and/or the phosphatidic acid (PA) level is
increased in yeast (9, 17, 18), the LDs in close proximity to
each other contact and mix their content within seconds.
Third, in Caenorhabditis elegans, temperature shifting from 20
to 30 �C can induce LD fusion, which happens within 30 s (19).
However, the underlying mechanisms for both the
PL-mediated and the thermosensitive LD fusion are still
unclear. For example, the carbon length or saturation level of
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n≥3-PUFAs promote lipid droplet fusion
the fatty acid chain in PA/PC-mediated LD fusion is
completely unknown. In addition, it is also unknown whether
there are other distinct mechanisms leading to LD fusion/
growth.

In cells, the peroxisomes, similar to LDs, regulate lipid and
energy metabolism. Peroxisomes and LDs share biogenesis
steps (20, 21), and membrane contact sites between LDs and
peroxisomes have also been described (22, 23). Mice lacking
peroxisome biogenesis genes, such as PEX5 (24), single
peroxisomal enzyme deficiencies in ACOX (acyl-CoA oxidase)
(25), or multifunctional enzyme type (multifunctional protein)
(26), display enlarged LDs in the liver, testis, or retina.
Consistently, dysfunction of ACOX homologs (CG4586 and
CG9527) in Drosophila (27), or PRX-10 and peroxisomal
β-oxidation in C. elegans (28–30), also leads to the enlarged
LDs. These conserved observations across evolutionary
organisms demonstrate a connection between peroxisome and
LD growth. However, the role of peroxisomes in LD growth/
expansion and the underlying mechanism remains largely
unknown.

Using the genetically tractable animal model C. elegans, we
showed that the formation of gLDs in animals with a
dysfunction in peroxisomal β-oxidation was actually because
of the fusion of adjacent LDs in less than 30 s. Notably, we
discovered that n≥3-PUFAs might trigger this rapid fusion
process.
Results

Disruption of peroxisomal β-oxidation triggers the rapid
fusion of adjacent LDs to form gLDs

Peroxisomes are subcellular organelles that function in
multiple anabolic and catabolic processes, in particular the
β-oxidation of long-chain fatty acids (LCFAs). In C. elegans,
similar to other organisms, the peroxisomal β-oxidation cycle
involves four steps catalyzed by four distinct enzymes, ACOX,
MAOC-1 (enoyl-CoA hydratase), DHS-28 (3-hydroxylacyl-
CoA dehydrogenase), and DAF-22 (3-ketoacyl-CoA thiolase)
(28, 30, 31) (Fig. 1A). Both Nile Red and LipidTOX have been
widely used to visualize LDs in fixed C. elegans through
staining the neutral lipid TAGs and cholesterol esters (32, 33).
DHS-3 encodes a short-chain dehydrogenase, which is almost
exclusively localized on C. elegans LDs. Therefore, DHS-
3::GFP {N2, ldrIs1[Pdhs3::dhs-3::gfp+unc-76(+)]} is also used
as an LD marker in C. elegans (33). In the intestine of
C. elegans, the major site of lipid synthesis and storage, all the
aforementioned three methods consistently revealed that the
acox-3(tm4033), maoc-1(hj13), dhs-28(tm2581), and daf-
22(ok693) mutants displayed a few gLDs (5–6% of total LDs
larger than 5 μm), which were undetectable in the wildtype N2
worms (Fig. 1, B and C). These results demonstrate that
disruption of any step of the peroxisomal β-oxidation pathway
leads to gLDs.

C. elegans contains seven paralogs of ACOXs including
ACOX-3 (Fig. S1A), which is a close homolog of CG4586 in
Drosophila, and ACOX1 in mice and humans (Fig. S1B)
(34, 35). We therefore tested whether other members of the
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acox family also regulated the LD size. Nile Red staining of
fixed worms showed that none of the other acox mutant
worms displayed an altered LD size, with the exception of the
acox-3(tm4033) mutant worms showing gLDs and the acox-
1.5(ok2619) mutant worms showing a slightly reduced LD size
(Fig. S1, C and D). Next, to test if the gLDs in the acox-
3(tm4033) mutant was specifically because of the dysfunction
of ACOX-3, we generated a transgenic worm strain acox-3::gfp
{N2;unc-119(ed3);kunEx233[Pacox-3::acox-3::gfp]}. Through
GFP fluorescence analysis, ACOX-3::GFP is mainly expressed
in the intestine of worms and had no obvious effect on LD size
(Fig. S1, E–G). We then crossed the acox-3::gfp strain into the
acox-3(tm4033) mutant background. As expected, the gLDs
completely disappeared in the acox-3(tm4033);acox-3::gfp
worms compared with the acox-3(tm4033) mutant worms
(Fig. S1, F and G), confirming that gLD formation is indeed
because of the loss of function of acox-3.

The gLDs may originate from the growth of LD per se or by
the fusion of adjacent LDs (Fig. 1D). The gLDs in the worms
with a peroxisomal β-oxidation defect display an unevenly/
nonasymmetric distribution, which looks comparable to the
LD phenotype of the reported cct-1 mutant in the Drosophila
S2 cell line (17) and the fld-1 mutant in yeast (9), in which the
adjacent LDs fuse to form a gLD. We therefore hypothesized
that the formation of gLDs in worms with a peroxisomal
β-oxidation defect may be a result of adjacent LD fusion. Using
time-lapse video microscopy on living worms with the LD
marker DHS-3::GFP uncovered that two adjacent LDs closed,
contacted, and then fused into a gLD in 10 to 30 s in all acox-
3(tm4033), maoc-1(hj13), dhs-28(tm2581), and daf-22(ok693)
mutant worms but not in the wildtype N2 worms (Fig. 1E)
(Movies S1–S5). In order to avoid the possible unknown role
of DHS-3 overexpression on the LD fusion process, we also
performed the time-lapse video microscopy on living worms
using bright-field mode with differential interference contrast
and found the same effects on LD fusion in the peroxisomal
β-oxidation defect worms (Fig. 1F) (Movies S6–S10). Thus,
dysfunction of peroxisomal β-oxidation can trigger LD fusion
that leads to gLDs. Since this process of LD fusion is distinctly
very fast (less than 30 s), we named this process as the rapid
fusion of LDs.
Dysfunction of peroxisomal β-oxidation causes fatty acid-CoA
accumulation

C. elegans contains a series of unsaturated fatty acids
including n-3 and n-6 polyunsaturated fatty acids (PUFAs),
which can be de novo synthesized from acetyl-CoA through
many steps of elongations and desaturations (31, 36, 37)
(Fig. 2A). These unsaturated fatty acids, also called LCFAs, can
be used as substrates for the biosynthesis of complex lipids or
can be broken down into medium-chain fatty acids/short-
chain fatty acids (SCFAs) through peroxisomal β-oxidation
(Fig. 1A). We wondered if dysfunction of peroxisomal
β-oxidation might affect fatty acid metabolism. We first
examined the fatty acid compositions in these peroxisomal
β-oxidation mutants. However, GC analysis did not show a



Figure 1. Dysfunction of peroxisomal β-oxidation pathway led to the formation of giant LDs (gLDs) in Caenorhabditis elegans. A, diagram of fatty
acid catabolism by the ACOX-3/MAOC-1/DHS-28/DAF-22 peroxisomal β-oxidation pathway in C. elegans. B, lipid droplets (LDs) of L4 worms including the
wildtype strain N2, acox-3(tm4033), maoc-1(hj13), dhs-28(tm2581), and daf-22(ok693) mutants were visualized by postfixed Nile Red staining, postfixed
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Figure 2. Accumulation of PUFAs-CoA in the peroxisomal β-oxidation defect worms. A, diagram of the biosynthesis of PUFAs in Caenorhabditis elegans.
B–N, the levels of acyl-CoA (B), C6:0-CoA (C), C10:0-CoA (D), C12:0-CoA (E), C16:0-CoA (F), C16:1-CoA (G), C18:0-CoA (H), C18:1-CoA (I), C18:2-CoA
(J), C18:3-CoA (K), C20:4-CoA (L), C20:5-CoA (M), and C22:6-CoA (N), in the wildtype N2, acox-3(tm4033), dhs-28(tm2581), and daf-22(ok693) mutants. All
data are presented from three independent biological replicates. Significant difference between a specific mutant and wildtype N2, *p < 0.05, **p < 0.01,
and ***p < 0.001. PUFA, polyunsaturated fatty acid.

n≥3-PUFAs promote lipid droplet fusion
significant change of the fatty acid compositions in these
mutants compared with the wildtype N2 (Table S1).

In fact, fatty acids must first be activated by acyl-CoA syn-
thase to form fatty acid-CoA in order for anabolism or
catabolism to proceed. Therefore, we detected the fatty acids-
CoA using LC–MS in these peroxisomal β-oxidation mutants.
In total, the level of acyl-CoA was consistently significantly
increased in three tested mutant worms, acox-3(tm4033), dhs-
28(tm2581), and daf-22(ok693), compared with the wildtype
N2 worms (Fig. 2B). Of which, the levels of SCFAs-CoAs
C10:0-CoA and C12:0-CoA were decreased (Fig. 2, D and E),
whereas the levels of seven LCFAs-CoA including C18:0-CoA,
C18:1-CoA, C18:2-CoA, C18:3-CoA, C20:4-CoA, C20:5-CoA,
and C22:6-CoA were increased (Fig. 2, H–N), in the afore-
mentioned mutant worms. Taken together, these results sug-
gest that the C. elegans peroxisomal β-oxidation catalyzes the
conversion of LCFAs-CoA to SCFAs-CoA.
LipidTOX staining, and LD marker DHS-3::GFP{N2, ldrIs1[Pdhs-3::dhs-3::gfp+unc
The scale bar represents 10 μm for the first (Nile Red) and second rows (Lip
(enlarged). The dashed circles and arrows indicated the representative giant LD
quantified from (B). Data are presented as mean ± SD. n = 10 for each worm
***p < 0.001. D, diagram of LD growth. E and F, representative fusion events o
3::GFP under fluorescent light (E) and bright field (F) in the wildtype N2, acox
The scale bar represents 2 μm. The arrows indicated two adjacent LDs fusing
DHS-28, 3-hydroxylacyl-CoA dehydrogenase; LCFA-CoA, long-chain fatty acid-C
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Inactivation of PUFA biosynthesis eliminates the gLDs in
peroxisomal β-oxidation mutants

As mentioned previously, dysfunction of peroxisomal
β-oxidation causes not only gLDs but also altered fatty acid
metabolism, raising the question of whether they had a direct
connection. The gLDs might be caused by either the reduction
of SCFAs-CoA or the accumulation of LC/very long–chain
fatty acids-CoA in the peroxisomal β-oxidation mutants.
Since the four peroxisomal β-oxidation mutant worms dis-
played consistent gLDs and altered fatty acids-CoA, we chose
the dhs-28(tm2581) and daf-22(ok693)mutants for most of the
following experiments for convenience.

To distinguish both possibilities, we first fed dietary fatty
acids C10:0 or C12:0 to dhs-28(tm2581) and daf-22(ok693)
mutant worms. However, dietary supplementation of C10:0
or C12:0 could not repress the gLD formation in these
mutant worms (Fig. S2, A and B), suggesting that the gLDs
-76(+)]}. For all representative animals, anterior is left and posterior is right.
idTOX), 5 μm for the third row (DHS-3::GFP), and 2 μm for the fourth row
s (gLDs). C, percentage (%) of Nile Red-stained LDs with diameters ≥5 μm as
strain. Significant difference between a specific mutant and wildtype N2,
f two adjacent LDs (indicated by red arrows) visualized by LD marker DHS-
-3(tm4033), maoc-1(hj13), dhs-28(tm2581), and daf-22(ok693) mutant worms.
to form gLDs. ACOX-3, acyl-CoA oxidase 3; DAF-22, 3-ketoacyl-CoA thiolase;
oA; MAOC-1, enoyl-CoA hydratase.



n≥3-PUFAs promote lipid droplet fusion
might not be caused by the reduction of SCFAs-CoA. In
C. elegans, the desaturases FAT-1, FAT-2, and FAT-3 are
involved in the biosynthesis of PUFAs containing two or
more double bonds (Fig. 3A) (31, 37). Quantitative PCR
(qPCR) analysis revealed that the mRNA levels of fat-1,
Figure 3. Inactivation of n≥3-PUFAs biosynthesis eliminates gLD formatio
and biosynthesis pathway of PUFAs in Caenorhabditis elegans. B, the relative m
daf-22(ok693) mutant worms. C, Nile Red staining of fixed L4 worms. For all
represents 10 μm. The dashed circles and arrows indicated representative gLDs.
for each worm strain. All data are presented from three independent biological
*p < 0.05, **p < 0.01, and ***p < 0.001. gLD, giant LD; PUFA, polyunsaturate
fat-2, and fat-3 were significantly upregulated in both
dhs-28(tm2581) and daf-22(ok693) mutant worms compared
with the wildtype N2 worms (Fig. 3B), implying an upre-
gulated desaturation of PUFAs in peroxisomal β-oxidation
mutants.
n in peroxisomal β-oxidation defect worms. A, diagram of the structure
RNA level of fat-1, fat-2, and fat-3 in the wildtype N2, dhs-28(tm2581), and
representative animals, anterior is left and posterior is right. The scale bar
D, percentage (%) of gLDs with diameters >5 μm quantified from (C). n = 10
replicates. Significant difference between a specific mutant and wildtype N2,
d fatty acid.
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To determine which specific LCFA was required for the
formation of gLDs, we then crossed fat-1(wa9), fat-2(wa17),
and fat-3(ok1126) mutants into the dhs-28(tm2581) and daf-
22(ok693) mutants, respectively. Inactivation of FAT-2 results
in a loss of all PUFAs (Figs. 3A, and S2C). As well, the gLDs
also disappeared in the fat-2(wa17);daf-22(ok693) and fat-
2(wa17);dhs-28(tm2581) double mutants compared with their
corresponding daf-22(ok693) and dhs-28(tm2581) single
mutant, respectively (Fig. 3, C and D). In addition, the fat-
2(wa17) mutation also suppressed the gLDs in the acox-
3(tm4033) and maoc-1(hj13) mutant worms (Fig. S2, D and E).
These results indicate that PUFAs are necessary for the for-
mation of gLDs in the peroxisomal β-oxidation mutants.

Inactivation of both FAT-1 and FAT-3 blocks the biosynthesis
of PUFAs with three or more double bonds (Figs. 3A and S2C).
Similar to the fat-2(wa17);daf-22(ok693) and fat-2(wa17);dhs-
28(tm2581) double mutants, the fat-3(ok1126);fat-1(wa9);daf-
22(ok693) or fat-3(ok1126);fat-1(wa9);dhs-28(tm2581) triple
mutants also had undetectable gLDs (Fig. 3,C andD), suggesting
that PUFAs bearing three or more double bonds (simply named
as n≥3-PUFAs), but not C18:2(n-6), are necessary for the for-
mation of gLDs in the peroxisomal β-oxidation mutants. Inac-
tivation of FAT-3 alone blocks the biosynthesis of C18:3(n-6),
C18:4(n-3), and their downstream products, C20-PUFAs
(Figs. 3A and S2C). However, the fat-3(ok1126);daf-22(ok693)
and fat-3(ok1126);dhs-28(tm2581) doublemutants still had gLDs
(Fig. 3, C and D), which might be due to the presence of
C18:3(n-3). Meanwhile, inactivation of FAT-1 impairs the con-
version of omega-6 (n-6) PUFAs to omega-3 (n-3) PUFAs
(Figs. 3A and S2C), whereas the fat-1(wa9);daf-22(ok693) and
fat-1(wa9);dhs-28(tm2581) double mutants still displayed gLDs
(Fig. 3, C andD), suggesting that the C18:3(n-6), C20:3(n-6), and
C20:4(n-6) in these mutants may still be involved in the for-
mation of gLDs. Altogether, these lines of evidences uncover that
n≥3-PUFAs (LCFAs) are necessary for the formation of gLDs in
the peroxisomal β-oxidation mutants.
Dietary n≥3-PUFAs are sufficient to promote the formation of
gLDs in the peroxisomal β-oxidation mutants

As mentioned previously, the loss of n≥3-PUFAs (LCFAs)
by mutations of desaturases could abolish the formation of
gLDs in the peroxisomal β-oxidation mutants. We next asked
whether supplementation of n≥3-PUFAs could restore the
gLDs in these mutants. Since either the fat-3(ok1126);fat-
1(wa9) double mutations or the fat-2(wa17) single mutation
could completely abolish the gLDs in the daf-22(ok693) and
dhs-28(tm2581) mutant worms, we therefore tested their
response to dietary supplementation of n≥3-PUFAs. We first
confirmed the successful uptake of each dietary PUFA by
worms using GC (Fig. S3).

Inactivation of FAT-2 blocks the biosynthesis of C18:2(n-6)
and its downstream fatty acids (Figs. 3A and S2C). Dietary
C18:2(n-6), C18:3(n-6), C18:3(n-3), C20:4(n-6), and C20:5(n-3)
had no effect to promote the formation of gLDs in the wildtype
N2, fat-2(wa17) single mutant, and fat-3(ok1126);fat-1(wa9)
double mutant worms (Fig. 4, A and B). However, remarkably,
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these dietary fatty acids could fully restore the gLDs in the fat-
2(wa17);daf-22(ok693) (Fig. 4, A and B) and fat-2(wa17);dhs-
28(tm2581) mutant worms (Fig. S4, A and B), suggesting that
PUFAs are essential to promote gLD formation in the
peroxisomal β-oxidation mutants. Inactivation of both FAT-1
and FAT-3 impairs the conversion of C18:2(n-6) to n≥3-
PUFAs (Figs. 3A and S2C). Dietary C18:3(n-3), C18:3(n-6),
C20:4(n-6), andC20:5(n-3), but notC18:2(n-6), also successfully
restored the gLDs in the fat-3(ok1126);fat-1(wa9);daf-22(ok693)
(Fig. 4, A and B) and fat-3(ok1126);fat-1(wa9);dhs-28(tm2581)
(Fig. S4,A andB) triplemutant worms. Thus, the recovery of the
gLDs in the fat-3(ok1126);fat-1(wa9);daf-22(ok693) and fat-
3(ok1126);fat-1(wa9);dhs-28(tm2581) triple mutant worms by
individual dietary C18:3(n-3), C18:3(n-6), C20:4(n-6), or
C20:5(n-3), but not C18:2(n-6), clearly demonstrates that
PUFAs with three or more double bonds are sufficient to trigger
the formation of gLDs in the peroxisomal β-oxidation mutants.
n≥3-PUFAs–PC promotes gLD formation in peroxisomal β-
oxidation mutants

PUFAs can be incorporated into complex lipids such as
TAGs and PLs, including PC, phosphatidylethanolamine (PE),
phosphatidylinositol (PI), and phosphatidylserine (PS), which
composes the lipids core and the enclosed PL monolayer of
LDs, respectively. Since n≥3-PUFAs are required for the for-
mation of gLDs in the peroxisomal β-oxidation mutants, we
thereby asked which complex lipid containing n≥3-PUFAs is
involved in this process.

To do so, the total lipids (nTL), nTAG, and nPL (containing
50 μg fatty acids), which contains n≥3-PUFAs in different
degrees, were isolated from the wildtype N2 worms (“n” stands
for lipids isolated from N2) and then were individually added
to the nematode growth media (NGM) plates and cultured
with different worm strains. The isolated complex lipids with
PUFAs were confirmed using GC (Fig. 5A). Supplementation
of nTL, nTAG, and nPL, similar to dietary PUFAs (Fig. 4, A
and B), did not cause any effect on the LD phenotypes of the
N2, daf-22(ok693), fat-3(ok1126);fat-1(wa9) worms. However,
supplementation of nTL and nPL completely reproduced the
gLDs in the fat-3(ok1126);fat-1(wa9);daf-22(ok693) mutant
worms (Fig. 5, A and B). In addition, nTAG, which also con-
tains a very small amount of C20-PUFAs such as 20:4(n-3) and
20:5(n-3) (31), had the same effect but to a much lesser degree
for the formation of gLDs (Fig. 5, A and B).

The PLs are divided into several distinct molecular classes,
distinguished by the head group attached to the phosphate
moiety, such as PC, PE, PI, and PS. To determine which PL type
is involved in the formation of gLDs, we further extracted and
separated C. elegans nPC, nPE, nPI, and nPS and then indi-
vidually added them to different worm strains. We used the
commercial standard sPC, sPE, sPI, and sPS as their corre-
sponding controls (“s” is standard for commercial lipids). Very
consistently, similar to applying nPL, applying nPC and sPC,
which contains a small amount of C20:4(n-6) (Fig. 5, A and B),
could successfully trigger the formation of the gLDs in the fat-
3(ok1126);fat-1(wa9);daf-22(ok693) mutant worms (Fig. 5, A



Figure 4. Dietary n≥3-PUFAs recover gLD formation in peroxisomal β-oxidation defect worms without PUFA biosynthesis. A, Nile Red staining of
fixed L4 worms. For all representative animals, anterior is left and posterior is right. The scale bar represents 10 μm. The dashed circles and arrows indicated
representative gLDs. “+” indicated the supplementation of a specific fatty acid. B, percentage (%) of LDs with diameters >5 μm as quantified from (A). n = 10
for each worm strain. All data are presented from three independent biological replicates. Significant difference between a specific mutant and wildtype N2
under same treatment, ***p < 0.001. gLD, giant LD; PUFA, polyunsaturated fatty acid.
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and B). In contrast, supplementation of fPC, which was isolated
from fat-3(ok1126);fat-1(wa9) mutant worms that completely
lack n≥3-PUFAs, or commercial 16:0-PC bearing C16:0 at the
sn-1 and sn-2 positions of PC, failed to produce gLDs in the fat-
3(ok1126);fat-1(wa9);daf-22(ok693) mutant worms (Fig. 5, A
and B). Meanwhile, the levels of total PC and PC bearing UFAs
containing one or more double bonds were significantly
increased in the daf-22(ok693) and dhs-28(tm2581) mutant
worms compared with the wildtype N2 worms (Fig. 5, C–F). On
the other hand, surprisingly, although the nPE, nPI, and nPS
contain n≥3-PUFAs, they could not recover the gLDs in the fat-
3(ok1126);fat-1(wa9);daf-22(ok693) mutant worms (Fig. S5, A
and B). Moreover, the dietary sPE, sPI, and sPS, which lack
PUFAs, also had no effect to trigger gLD formation in the fat-
3(ok1126);fat-1(wa9);daf-22(ok693) mutants (Fig. S5, A and B).
Altogether, these lines of evidences suggest that the choline
J. Biol. Chem. (2022) 298(8) 102179 7



Figure 5. n≥3-PUFA-PC determines the gLD formation. A, left panel, Nile Red staining of fixed L4 worms supplemented with different lipid species. “n”
represents lipids isolated from N2 worms. “s” represents standard commercial PL purchased from Sigma. “f” represents lipid isolated from the fat-
3(ok1126);fat-1(wa9) worms. For all representative animals, anterior is left and posterior is right. The scale bar represents 10 μm. The dashed circles and
arrows indicated the representative gLDs. The right panel showed the GC profile of PUFAs in different lipid species supplemented to worms. “1” indicates
C20:3(n-6), “2” indicates C20:4(n-6), “3” indicates C20:4(n-3), and “4” indicates C20:5(n-3). B, percentage (%) of LDs with diameters >5 μm as quantified from
(A). n = 10 for each worm strain. C–F, the levels of total PC (C), n≥3 PC with three or more double bonds on the sn-2 position (D), n = 2 PC with two double
bonds (n = 2) on the sn-2 position (E), C18:1 PC with C18:1 on the sn-1 and/or sn-2 position (F) in worms. All data are presented from three independent
biological replicates. Significant difference between a specific mutant and wildtype N2 under same treatment, *p < 0.05, **p < 0.01, and ***p < 0.001. gLD,
giant lipid droplet; PC, phosphatidylcholine; PL, phospholipid; PUFA, polyunsaturated fatty acid.
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headgroup and n≥3-PUFAs as fatty acid chain are two indis-
pensable factors for PC to promote gLD formation in the
peroxisomal β-oxidation mutants.

Dysfunction of peroxisomal β-oxidation activates sterol
regulatory element–binding protein to promote gLD
formation

The sterol regulatory element–binding proteins (SREBPs)
play important roles regulating lipid homeostasis from
C. elegans to mammals (31, 38). The sterol-binding protein 1
(SBP-1), a homolog of mammalian SREBP-1, has been
reported to regulate fatty acid and PL biosynthesis in
C. elegans (39–42). A previous report showed that blocking
SAMe or PC synthesis in C. elegans, mouse liver, and human
cells activates SREBP-1 to promote LD accumulation (40). We
thereby asked whether dysfunction of peroxisomal β-oxida-
tion, which leads to the accumulation of fatty acids-CoA and
PC, could also regulate SREBP-1 to trigger gLD formation.

qPCR analysis showed that the mRNA expression of sbp-1
was significantly increased in daf-22(ok693) and acox-
3(tm4033) mutant worms compared with the wildtype (N2)
worms (Fig. 6A). In addition, we crossed the gfp::sbp-1
{N2;ftIs7(Psbp-1::gfp::sbp-1)} strain into daf-22(ok693) and
acox-3(tm4033) mutants and found that the fluorescence
intensity of GFP::SBP-1 was consistently upregulated in nu-
clear but downregulated in cytosol in daf-22(ok693) and acox-
3(tm4033) mutant worms (Fig. 6, B and C), suggesting an
activated SBP-1 when the peroxisomal β-oxidation is dis-
rupted. Next, to test whether SBP-1 was necessary for gLD
formation, we crossed sbp-1(ep79) mutant into daf-22(ok693)
and acox-3(tm4033) mutant to generate sbp-1(ep79);daf-
22(ok693) and sbp-1(ep79);acox-3(tm4033) double mutant
worms. Although the mRNA expression of fat-1, fat-2, and fat-
3 was significantly increased in both daf-22(ok693) and
acox-3(tm4033) mutant worms, inactivation of SBP-1 (ep79
mutation) could abolish these effects (Fig. 6A). More impor-
tantly, the gLDs disappeared in sbp-1(ep79);daf-22(ok693) and
sbp-1(ep79);acox-3(tm4033) double mutant worms compared
with the daf-22(ok693) or acox-3(tm4033) single mutant
worms, respectively (Fig. 6, D and E), suggesting that the gLD
formation depends on the activity of SBP-1. Collectively, these
results demonstrate that peroxisomal β-oxidation dysfunction
activates SBP-1 to promote gLD formation.

Discussion

LDs are dynamic organelles whose number and size un-
dergo constant changes in response to internal and external
energy demands (43). Previous studies have reported that the
LD fusion can be mediated by CIDE family proteins, taking
around an hour, as well as reduction of PC (18) in Drosophila
(17), or an increase of PA in yeast within a minute (9). The
C. elegans peroxisomal β-oxidation pathway consists of four
enzymes: ACOX-3, MAOC-1, DHS-28, and DAF-22 to break
down the LCFAs. In this study, we found that inactivation of
this process leads to a few gLDs, which are actually formed by
the fusion of adjacent LDs within 30 s. Furthermore, we
revealed that inactivation of peroxisomal β-oxidation conse-
quently led to the accumulation of n≥3-PUFAs-CoA, which
may be incorporated into PC to mediate this rapid fusion
process. Thus, we discovered a completely distinct type of
rapid LD fusion because of inactivation of peroxisomal
β-oxidation in the model organism C. elegans.

In C. elegans, the peroxisomal β-oxidation pathway was
previously reported to catalyze the β-oxidation of LCFAs (30).
However, the levels of LCFAs were not changed in the
peroxisomal β-oxidation mutants compared with the wildtype
N2, which is consistent to a previous report (30). In fact, fatty
acids must be activated by acyl-CoA synthase to form fatty
acid-CoA in order for anabolism or catabolism to occur. Our
data showed that the levels of LCFAs-CoA but not LCFAs
were indeed significantly increased, while reversely, the levels
of SCFAs-CoA were significantly decreased in the peroxisomal
β-oxidation mutants. Therefore, our work uncovers that
peroxisomal β-oxidation actually breaks down the LCFAs-
CoA, instead of LCFAs, confirming this biological function
of LCFAs-CoA β-oxidation in the peroxisome in C. elegans.

As the structural lipids in eukaryotic membranes, PLs
mainly contain PC, PE, PS, PI, and PA. The PC amount is
greater than 50% of all PLs (44) and is the major PL in
C. elegans (31, 45, 46). PC is cylindrical in shape and provides
excellent coverage of the surface area and lower surface ten-
sion. Therefore, PC is considered crucially important for LD
stability (47). Dysfunction of key synthesis enzyme CCT-1 of
PC in Drosophila S2 cells (17) or artificial droplets generated
in vitro with low PC (18) leads to gLDs or to LD coalescence
via a fusion process. Independent from these findings and on
the other hand, we reveal that excessive accumulation of
specific PC species may also be involved in LD fusion to form
gLDs in the peroxisomal β-oxidation defect mutants in
C. elegans. Thus, these findings, including our current study,
consistently reinforce the idea that the PC regulates LD fusion,
because of either its deficiency or accumulation in distinct
animal or cell models.

PC commonly involves one cis-unsaturated acyl chain, for
instance eicosapentaenoic acid C20:5(n-3), an abundant fatty
acid in C. elegans. Five cis-double bonds create a strong kink
that decreases the packing compactness of the acyl chains and
in turn raises membrane fluidity (48). This may influence
membrane curvature and fusion events. Peroxisomal biogen-
esis disorders and peroxisomal β-oxidation defects (PEX13,
PEX16, and ACOX1) showed elevated levels of PC species with
very long–chain FAs in fibroblasts from patients (49, 50). Very
consistently, our in-depth analysis of lipids revealed that
inactivation of peroxisomal β-oxidation promoted the accu-
mulation of both LCFAs-CoA, total PC, and PC containing
LCFAs in C. elegans. In the peroxisomal β-oxidation defect
mutants, inactivation of n≥3-PUFAs biosynthesis by inactiva-
tion of both FAT-1 and FAT-3 blocked the formation of gLDs,
which could be rescued by supplementation of PC only with
n≥3-PUFAs (n≥3-PUFAs-PC) but not PC without PUFAs,
either isolated from C. elegans or by using commercially
available products. In addition, feeding other PLs such as PE,
PS, PI with or without n≥3-PUFAs had no such an effect. Thus,
J. Biol. Chem. (2022) 298(8) 102179 9



Figure 6. Dysfunction of peroxisomal β-oxidation activates the transcriptional factor SREBP/SBP-1 to promote gLD formation. A, the relative mRNA
level of sbp-1, fat-1, fat-2, and fat-3 in different worm strains. B, the fluorescence intensity of nuclear and cytosolic GFP::SBP-1 {N2;ftIs7(Psbp-1::gfp::sbp-1)} in
different worm strains. The scale bar represents 10 μm. C, quantification of the fluorescence intensity of nucleus and cytosol GFP::SBP-1 in different worm
strains from (B). D, Nile Red staining of fixed L4 worms. For all representative animals, anterior is left and posterior is right. The scale bar represents 10 μm.
The dashed circles and arrows indicated representative gLDs. E, percentage (%) of LDs with diameters >5 μm as quantified from (D). n = 10 for each worm
strain. All data are presented from three independent biological replicates. Significant difference between a specific mutant and wildtype N2, *p < 0.05,
**p < 0.01, and ***p < 0.001. Significant difference between two indicated worm strains, ##p < 0.01, ###p < 0.001. gLD, giant lipid droplet; SBP-1, sterol-
binding protein 1; SREBP, sterol regulatory element–binding protein.
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we uncovered that it is actually some specific PC species
bearing n≥3-PUFAs, but not the general PC, that promotes the
rapid LD fusion process. Whether n≥3-PUFAs and n≥3-
PUFAs-PC functioning as signal or the membrane constitute
of LDs for gLD formation needs future investigation.

The transcription factor SREBP play critical roles to tran-
scriptionally regulate genes involved in fatty acids, tri-
glycerides, and cholesterol metabolism from C. elegans to
mammals. Previously, we revealed a zinc-mediated regulation
of the SREBP-SCD (stearoyl-CoA desaturase) axis in lipid
metabolism in C. elegans (51). Our current work showed that
dysfunction of peroxisomal β-oxidation leads to accumulation
of PUFA-CoA and PC, which may activate the nuclear trans-
location of SREBP to promote gLD formation, distinguishing
from the negative regulation of SREBP by PC in C. elegans
(40). In the peroxisomal β-oxidation defect mutants, whether
increased fatty acids-CoA or PCs (or a specific lipid species)
activate SREBP directly or via another unknown factor and
how activated SREBP thereby regulates gLD formation
through its transcriptional activity or unknown function needs
to be further investigated.

In summary, we propose a model to explain our current
work. Inactivation of peroxisomal β-oxidation leads to the
Figure 7. Proposed model. Inactivation of peroxisomal β-oxidation leads to th
the PC to promote the rapid fusion of LDs, consequently resulting in gLD f
polyunsaturated fatty acid.
accumulation of n≥3-PUFAs-CoA, which in turn, may be
incorporated into the PC to promote the rapid fusion of LDs,
consequently resulting in gLD formation (Fig. 7).

Experimental procedures

Nematode strains

Worm strains used in this study are listed in Table S2. N2
Bristol was used as the wildtype strain. C. elegans worm strains
were grown on NGM plates seeded with Escherichia coliOP50.
All experiments were conducted at 20 �C. All experiments
were conducted on NGM plates containing E. coli OP50
(CGC) as the food source. A single clone of E. coli OP50 was
inoculated into LB broth and cultured at 37 �C overnight to
stationary phase. Then E. coli was seeded directly onto NGM
plates. After 24 h drying, the plates were ready for feeding
worms.

Construction of transgenic strains

The transgenic strains were created by microinjection
following the methods previously described (51). For con-
struction of plasmid Pacox-3::acox-3::gfp, the acox-3 gene of
C. elegans, including its own 2.845 kb promoter sequence, was
e accumulation of n≥3-PUFAs-CoA, which in turn, may be incorporated into
ormation. gLD, giant LD; LD, lipid droplet; PC, phosphatidylcholine; PUFA,
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cloned by PCR. The GFP fragment was amplified from the
pPD95.75 vector. Meanwhile, the vector pCFJ151 was also
fragmented for use. The fragments of Pacox-3::acox-3 and gfp
were recombined into the pCFJ151 vector to generate trans-
genic plasmids. The primers used for construction of trans-
genes are listed in Table S3. Approximately 50 ng/μl
transgenic plasmids, 50 ng/μl pJL43.1, and 3 ng/μl pCFJ90
were injected into the gonad of EG4322 [ttTi5605;unc-
119(ed3)], and progenies expressing GFP were selected (52).
Fatty acid supplementation

Fatty acids were purchased from Nuk Prep, Inc. Individual
fatty acid was mixed with bacteria in LB at a concentration of
1 mM. Then, 400 μl of the mixed bacteria were seeded onto
the NGM plates (6 cm in diameter). Standard PLs, including
sPC, sPE, sPI, and sPS, as well as lipids isolated from C. elegans
N2 worms including nTAG, nPL (PLs), nTL (total lipids), nPC,
nPE, nPI, and nPS, each of these lipids containing equal
amount of fatty acids (50 μg) for normalization, were mixed
with bacteria and seeded on NGM plates. Synchronized L1
worms were transferred to the NGM plate seeded with E. coli
and fatty acid/TAG/PL. The worms were harvested at the L4
stage and used for Nile Red staining and GC analysis.
Staining of LDs

Nile Red and LipidTOX were used as the fluorescent dye for
staining of neutral fat. Staining of fixed L4 worms was per-
formed as previously described (32, 53). Images of Nile Red
staining were used to measure the diameter of the LDs in the
posterior of the intestine with the same area (80 μm × 60 μm)
using cellSens Standard software (Olympus). For each worm
strain with or without treatment, at least three biological re-
peats were performed and more than 60 worms were observed,
10 representative worms were picked for the quantitation of
LD size (diameters).
Lipid extraction, separation, and analysis

Worm lipid extraction, separation, and analysis were per-
formed as previously reported (53). In general, about 200,000
L4 worms were collected, and the protein was quantified with
a Pierce BCA Protein Assay Kit. About 15 mg protein was used
for total lipid extraction. For lipid separation, 40 μl of total
lipid was loaded in triplicate on TLC silica plates (Merck) to
separate TAG, PE, PI, PS, and PC. The TLC plates were
developed in the solvent system chloroform:ethanol:water:-
triethylamine (30:35:7:35) (54) and dried in fume hood. About
0.005% primuline was sprayed evenly on the plate. The spots
corresponding to TAG, PE, PI, PS, and PC were visualized
under UV light and scraped from TLC plates and trans-
esterified (2.5% H2SO4 in methanol). Next, esterified C15:0 was
added as an internal standard, and lipids were extracted for GC
analysis to determine the relative levels of TAG and PL
fractions as previously described (45). Fatty acids were deter-
mined with an Agilent 7890 series gas chromatographer
equipped with a 30 m × 0.25 mm × 0.25 μm DBWAX column
12 J. Biol. Chem. (2022) 298(8) 102179
(Agilent), with nitrogen as the carrier gas at 1.4 ml/min, and a
flame ionization detector (53).

Analysis of acyl-CoAs

Extraction of acyl-CoAs was carried out as previously
described with some modifications (55). Briefly, 300 μl of
extraction buffer containing isopropanol, 50 mM KH2PO4, and
50 mg/ml bovine serum albumin (25:25:1) acidified with glacial
acetic acid was added to the worms. Next, 19:0-CoA was added
as an internal standard, and lipids were extracted. To the
remaining extracted sample, 5 μl of saturated ammonium
sulfate was added followed by 600 μl of chloroform:methanol
(1:2). The sample was then incubated on a thermomixer at
450 rpm for 20 min at 25 �C, followed by centrifugation at
12,000 rpm for 5 min at 4 �C. Clean supernatant was trans-
ferred to a fresh tube and subsequently dried in a SpeedVac
under OH mode (Genevac). Dry extracts were resuspended in
an appropriate volume of methanol:water (9:1) prior to
LC–MS analyses on a Thermo Fisher U3000 DGLC coupled to
Sciex QTRAP 6500 Plus.

Visualization of GFP

L4 worms with GFP markers were washed from NGM plates
and settled down in 1.5 ml tubes. The worms were then
pipetted and plated onto an agarose gel (2%). Worms were
visualized using an Olympus BX53 fluorescence microscope or
ZEISS M2 (Zeiss). Images were captured using the same set-
tings and exposure times for each worm, unless specifically
indicated, and were analyzed by the CellSens or Zen 2
software.

Confocal microscopy

The LD labeled by DHS-3::GFP was acquired on a confocal
microscope LSM880 (Zeiss). For detection of the size of LD,
worms with DHS-3::GFP were anesthetized in 1% sodium
azide on 2% agarose pads sandwiched between glass micro-
scopic slides and coverslips. About 30 worms of each strain
were observed and scored, and the experiment was conducted
in three biological replicates. For detection of the LD fusion
process, worms were anesthetized in 1 mM levamisole on the
lower lid of confocal petri dishes. Then the worms were then
covered with 2% agarose and used for microscopy observation.
The process of LD fusion was acquired in a λ mode using a
63×, numerical aperture 1.43, with 100 intervals. A z-stack of 7
to 9 sections with 0.5 μm in depth was taken for each animal.

mRNA isolation and qPCR

mRNA of L4 worms was isolated as previously described
(56). Complementary DNA was synthesized using the Prime-
Script RT reagent kit. mRNA levels of each sample were
quantified in three biological replicates using SYBR green
fluorescence on a real-time PCR instrument 7900HT (ABI).
The relative abundance of mRNA transcripts was determined
using the ΔΔCt method, and tbb-2 was used as a reference
gene. The primers used for construction of transgene qPCR
are listed in Table S3.
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Quantification and statistical analysis

All experiments were conducted with at least three or four
biological replicates. Data were analyzed using the SPSS soft-
ware (SPSS, Inc), and presented as the means ± SD, unless
specifically indicated. The one-way ANOVA statistical analysis
was performed for the significant difference among the control
group and experimental groups, and statistical analysis by
Student’s t tests was used for comparison between the means
of two groups. All figures were generated using GraphPad
Prism 8 (GraphPad Software, Inc) and Photoshop CS6.
Data availability

All data are contained within the article and supporting
information.
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information.
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