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Cytoplasmic lipid droplets (LDs) of neutral lipids (triacylglycerols [TAGs], sterylesters, etc.) are reserves of high-energy metabolites
and other constituents for future needs. They are present in diverse cells of eukaryotes and prokaryotes. An LD has a core of neutral
lipids enclosed with a monolayer of phospholipids and proteins, which play structural and/or metabolic roles. During the past
3 decades, studies of LDs in diverse organisms have blossomed after they were found to be involved in prevalent human diseases and
industrial uses. LDs in plant seeds were studied before those in mammals and microbes, and the latter studies have since moved
forward. Plant LDs carry a hallmark protein called oleosin, which has a long hydrophobic hairpin penetrating the TAG core and
stabilizing the LD. The oleosin gene first appeared in green algae and has evolved in enhancing promoter strength, tandem repeats,
and/or expression specificity, leading to the appearance of new LD organelles, such as tapetosomes in Brassicaceae. The synthesis of
LDs occurs with TAG-synthesizing enzymes on the endoplasmic reticulum (ER), and nascent TAGs are sequestered in the acyl moiety
region between the bilayers of phospholipids, which results in ER-LD swelling. Oleosin is synthesized on the cytosol side of the ER
and extracts the LD from the ER-LD to cytosol. This extraction of LD to the cytosol is controlled solely by the innate properties of
oleosin, and modified oleosin can redirect the LD to the ER lumen and then vacuoles. The breakdown of LDs requires lipase
associating with core retromer and binding to peroxisomes, which then send the enzyme to LDs via tubular extensions. Two groups of
LD-associated proteins, caleosin/dioxygenase/steroleosin and LD/oil body-associated proteins, participate in cellular stress defenses
via enzymic activities and binding, respectively. The surface of LDs in all plant cells may be an inert refuge for these and other
proteins, which exert functions on diverse cell components. Oleosin-LDs have been explored for commercial applications; successes in
their uses will rely on overcoming conceptual and technical difficulties.

Cytoplasmic lipid droplets (LDs) of neutral lipids are
present in diverse cells of eukaryotes and prokaryotes.
An LD has a core of neutral lipids (usually triacylglyc-
erols [TAGs] and steryl/wax esters) enclosed by a
monolayer of phospholipids (PLs). Inserted into or at-
tached to the surface of LDs are proteins, which, in
general, play structural and/or metabolic roles. LDs
usually represent reserves of high-energy metabolites
and other constituents for future metabolic needs.
Vegetative oils from plant LDs have been used for
cooking, soaps, detergents, paints, and other products
for centuries. During the past three decades, studies of
LDs in diverse organisms have blossomed after they
were found to be involved in prevalent human diseases
and industrial utilizations. LDs are involved directly in
obesity (Onal et al., 2017), genetic defects leading to
disturbed LD homeostasis (Barbosa and Siniossoglou,
2017), storage of proteins for rapid development or
specific metabolic needs (Welte and Gould, 2017), and
as a food and assembly platform for pathogens (Nolan
et al., 2017; Roingeard and Melo, 2017). Plant and
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microbe LDs can become warehouses for the potential
industrial manufacture of pharmaceuticals and other
high-value products (Garay et al., 2014; Matos, 2017) as
well as renewable biodiesels (Taparia et al., 2016).
In recent years, the term LD has been adopted by

most laboratories to replace the traditional names oil
body, oil droplet, spherosome, oleosome, adiposome,
etc. The number of publications on LDs has grown ex-
ponentially; 38, 1,125, and 5,650 in 1986, 1992, and 2016,
respectively (Tirinato et al., 2017). LDs were studied
extensively in plant seeds before mammals and mi-
crobes. Initial characterizations of the genes encoding
LD proteins in plants, mammals, and bacteria were
reported in 1987, 1993, and 1994, respectively (Vance
and Huang, 1987; Greenberg et al., 1993; Pieper-Fürst
et al., 1994).
LDs in diverse organisms have been reviewed, in-

cluding those in nonplant organisms (Koch et al., 2014;
Kory et al., 2016; Barbosa and Siniossoglou, 2017;
Barneda and Christian, 2017; Chen and Goodman,
2017; Thiam and Beller, 2017;Walther et al., 2017; Welte
and Gould, 2017) and plants (Chapman et al., 2012;
Jolivet et al., 2013; Shimada and Hara-Nishimura, 2015;
Pyc et al., 2017; Song et al., 2014). This article first pro-
vides succinct information on LDs in diverse orga-
nisms, with the intention of introducing to the plant
community the latest advances as well as a generali-
zation and comparison of LDs in all organisms. It will
then emphasize plant LDs with oleosins and other
proteins as well as their potential industrial applica-
tions. Relevant topics for future research will be sug-
gested.

COMMON FEATURES OF LDs AND LD PROTEINS IN
ALL ORGANISMS

LDs in all organisms share common features (see refs.
in preceding section). Each LD has a neutral lipid core,
which could be TAGs and/or steryl/wax esters, poly-
isoprene (rubber), or polyesters (in bacteria), etc. (For
convenience, subsequent descriptions will use TAGs as
a general term to represent some or all of these neutral
lipids.) The core is enclosed by a monolayer of PLs (Fig.
1A). Inserted into the core or wrapped around the
surface are proteins that serve to stabilize the LDs
and exert metabolic functions. Only two LD proteins,
oleosin and microalgae surface LD protein, have a hy-
drophobic polypeptide (72 and 40–60 residues, re-
spectively) long enough to insert into the hydrophobic
core (Table I). All other proteins have a short or no
hydrophobic segment and may interact loosely or
transientlywith the surface of an LD or piggyback other
LD proteins. LD proteins can be grouped according to
their single, dual, or multiple functions of (1) structural,
(2) enzymic (neutral lipid synthesis and degradation)
and enzymic activity modulation, (3) membrane-
protein trafficking (for detachment of LDs from the
endoplasm reticulum [ER], fusion with other LDs,
or interaction with the ER or other organelles),

(4) signaling, and (5) using the LD surface as a refuge or
platform for other cellular activities. Some of these
proteins are ubiquitous in cells with and without LDs
and are present on LDs and other subcellular com-
partments of the same cell.

LDs are derived from the ER or the enclosing mem-
brane in bacteria. TAG-synthesizing enzymes are pre-
sent on diverse areas or subdomains of the ER or
bacterial membrane or directly on the LD surface.
Nascent TAGs are sequestered in the hydrophobic re-
gion between the bilayer of PLs or other membrane
components, which results in a bud or swelling. The
bud or swelling detaches from the ER or remains at-
tached to the ER permanently. Diversification, en-
largement, or degradation of LDs could occur via
different mechanisms (Barneda and Christian, 2017;
Thiam and Beller, 2017; Walther et al., 2017). LDs are
degraded as needed under specific metabolic or phys-
iological conditions. Two major mechanisms are rec-
ognized (Barbosa and Siniossoglou, 2017;Walther et al.,
2017). First, preexisting and then activated lipase, or
subsequently added active lipase on the LD surface
catalyzes lipolysis. Second, LDs are engulfed via au-
tophagy or by vacuoles.

LD ISOLATION AND THE BLURRED DEFINITION OF
AN LD PROTEIN

The procedures for isolating LD fractions from dif-
ferent organisms are similar. After gentle cell breakage
in a suitable buffer, the extract is centrifuged with an
overlay to yield a floated LD fraction. The overlay acts
as a wash that could include high salt, detergent,
chaotic agent, organic solvent, etc. The overall objec-
tive is to obtain LDs without contaminants. The LD
fraction is subjected to proteomics, lipidomics, and
other studies.

An LD fraction so prepared would likely contain
contaminating proteins that bind preferentially but
fortuitously during the preparation. This contamina-
tion could be pinpointed and confirmed if the protein in
question is known to be present solely in another sub-
cellular compartment. In some cells of an organ or
within the same cell, some or all LDs could still be as-
sociated with its original ER. When an LD preparation
containing these ER-LD fragments is subjected to pro-
teomics and lipidomics, some of the detected proteins
and PLs could belong to the ER at the ER-LD junction
and not those authentically associated with LDs. The
desire to avoid contaminants in an LD fraction is un-
derstandable. However, some proteins in an LD frac-
tion perceived to be contaminants may not be after all.
For example, massive histones in Drosophila (Dro-
sophila melanogaster) embryos are present authentically
on LDs for temporary storage to be used for active
nuclei production (Li et al., 2012). Or they may be virus
core proteins using the LD surface as a platform for
virus assembly (Roingeard and Melo, 2017). Some LD
proteins are hydrophilic or amphipathic and do not
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Figure 1. Seed LDs and oleosin. A, Model of an oleosin molecule on the surface of an LD (Tzen and Huang, 1992). The shaded
area represents a monolayer of PLs with the head groups facing the cytosol. Symbols of amino acids and their hydropathy indices
are as follows: square for very hydrophobic (4.5–3.8), diamond for hydrophobic (2.8–1.8), circle for amphipathic (20.4 to21.6),
and no enclosure for hydrophilic (23.2 to24.5) residues. The N-terminal segment is shown without any well-defined structure.
The central hydrophobic segment is depicted as a hairpin with a Pro knot at the loop (P and S in pink); its secondary structure is
unknown. The C-terminal segment is an amphipathic a-helical structure interacting with the PL surface and a variable-length
nonconserved peptide at the terminus. The monolayer of PL enclosing an LD is revealed in the inset electron micrograph of a
shoot apex cell of a 1-d-old maize seedling (courtesy of Richard Trelease). LD, peroxisome (P), and plastid (at the top right corner;
not labeled) are enclosed with one, two, and four electron-dense lines, representing one (one half-unit membrane), two (one unit
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bind to LDs tightly and actually are present in higher
proportions in cytosol or other subcellular locations of
the same cell or in cells containing no LDs. Whether
these proteins are authentic LD proteins is debatable. If
researchers opt for the cleanest possible LD fractions,
theymay lose opportunities to make new discoveries. It
is a dilemma. In future studies, relatively clean and not-
so-clean LD preparations could be obtained in parallel
in the same experiment, their proteins and lipids com-
pared, and the proteins in question examined by
immunoconfocal microscopy.

LDs IN MAMMALS AND DROSOPHILA

Mammalian LDs have ;50 LD proteins, although
many are not present in the same cell or at the same
developmental stage (Onal et al., 2017). LDs are syn-
thesized on the ER and then detached, with the par-
ticipation of Fat Storage Inducing Protein and SEIPIN
protein (Walther et al., 2017). For LD degradation, li-
pase on LDs is activated with phosphorylation and in-
teraction with a phosphorylated perilipin, the major LD
protein in all vertebrates (Itabe et al., 2017). The activa-
tion also requires interaction with an additional protein
called Comparative Gene Identification-58 (CGI-58;
Oberer et al., 2011), which by itself may possess very
mild enzyme activities of hydrolases and lysophospha-
tidate acyltransferase. These latter enzyme activities
could produce signalmolecules of phosphatidic acid and
lysophosphatidic acid.
In a healthy person, LDs in cells act as centers to

maintain lipid and energy homeostasis (Barbosa and
Siniossoglou, 2017). When this homeostasis is upset by
stresses or genetic defects, diseases occur (Onal et al.,
2017). The diseases could include obesity (accumulation of
LDs), fatty liver diseases (increase of LDs related or un-
related to excessive alcohol consumption), cholesterol es-
ter storage disease (reduction of LDs and cholesterol ester
degradation), atherosclerosis (increase of LDs possessing
cholesterol esters), and lipodystrophies (reduction of LDs).
In some forms of cancer, the cells increase in lipid syn-
thesis, which results in LD accumulation of unknown

physiological relevance (Tirinato et al., 2017). In neuro-
degeneration, mitochondrial dysfunction occurs due
to the accumulation of reactive oxygen species,
thereby resulting in LD accumulation in the adjacent
glia cells, again of unknown physiological relevance
(Welte, 2015).

LDs could be taken advantage of by intracellular
pathogens (Nolan et al., 2017; Roingeard and Melo,
2017). After entering a cell, bacteria (e.g. Toxoplasma
gondii) could use existing LDs as nutrients for growth
and reproduction. Viruses (e.g. hepatitis C) may place
their core protein on the LD surface for the assembly of
new viruses. An antivirus mechanism in the host also
exists. An innate antivirus protein (viperin) could be
present on the LD surface and bind to the virus core
protein and suppress viral replication.

The surface of LDs in Drosophila and some cultured
mammalian cells can become a refuge for proteins for
future use (Li et al., 2012; Welte and Gould, 2017). For
example, in Drosophila embryos, special groups of
histones accumulate on LDs and are used for the rapid
synthesis of nuclei and cells during future develop-
ment. These proteins can shuttle between the LD sur-
face and the nuclei.

LDs IN MICROBES

When microbes are under environmental stress, such
as nitrogen starvation in experimentation, they produce
massive LDs, up to ;50% of the cell weight, for future
growth. These LDs possess two groups of surface pro-
teins: enzymes for the metabolism of the core neutral
lipids and proteins that play a structural role or act as
enzyme activity modulators. Although some of these
LD proteins are termed major, their abundance on LDs
has not been demonstrated.

Bacteria

Most genera of bacteria produce LDs containing polyes-
ters (poly 3-hydroxybutyrate and polyhydroxyalkanoates;
Wältermann and Steinbüchel, 2005). These LDs contain

Figure 1. (Continued.)
membrane), and four (double membrane) PL layers, respectively. B, Model of LD synthesis during seed maturation and degra-
dation during seed germination. Oleosin is shaped like a mushroom, which includes the mushroom head (N- and C-terminal
amphipathic segments) and a stalk (the central hydrophobic hairpin; courtesy of Ariel Kuan [Tzen and Huang, 1992]). Left,
Budding LD on rough ER during seed maturation. The overall structure includes the ER lumen, two PL layers (red), sequestered
TAGs (blue), a ribosomewith an mRNA synthesizing an oleosin polypeptide (thin yellow ribbon, of unknown configuration), and
ER enzymes (irregular spheres [E]) for the synthesis of TAGs and PLs. All constituents are not drawn to scale. Middle, LD model,
with oleosin (yellow) and PLs (red) enclosing the matrix TAGs (blue). All three types of molecules are drawn approximately to
scale, but the diameter of the LD has been reduced 24 times to reveal clearly the surface structure. Right, LD degradation during
germination. Lipase associatedwith core retromer binds to peroxisome, which transfers the lipase to LD for lipolysis; the enzymic
product fatty acid (FA) is transferred to peroxisome for gluconeogenesis. A TAG-depleted ghost may join with the vacuole
membrane. Alternatively, the whole LD is engulfed by a vacuole. All constituents are not drawn to scale. C, Electron micrographs
of LDs in embryos of two maize lines with diverse TAG-oleosin ratios. LDs in Illinois High Oil line (with a high ratio of TAGs to
oleosin) are larger and spherical. LDs in Illinois Low Oil line (with one-seventh the TAG-oleosin ratio) are smaller and have an
irregularly contoured surface. Double-membraned mitochondria (Mi) are present. LDs isolated from the two lines are stable
without coalescence or aggregation and maintain their respective sizes and shapes (Ting et al., 1996).

Plant Physiol. Vol. 176, 2018 1897

Plant Lipid Droplets and Associated Proteins

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
lp

h
y
s
/a

rtic
le

/1
7
6
/3

/1
8
9
4
/6

1
1
6
8
9
0
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



T
ab

le
I.

LD
p
ro
te
in
s
in

p
la
n
ts
an

d
p
h
o
to
sy
n
th
et
ic

m
ic
ro
b
es

Th
e
m
ai
n
em

p
h
as
is
is
o
n
p
la
n
ts
.
P
h
o
to
sy
n
th
et
ic

m
ic
ro
b
e
p
ro
te
in
s
ar
e
sh
o
w
n
fo
r
b
as
ic

co
m
p
ar
is
o
n
s.
Th

e
in
fo
rm

at
io
n
is
si
m
p
li
fi
ed

fo
r
ge

n
er
al
iz
at
io
n
;
ex

ce
p
ti
o
n
s
o
cc

u
r.
Tr
an

si
en

t
LD

p
ro
te
in
s,

in
cl
u
d
in
g
li
p
as
e,

p
h
o
sp
h
o
li
p
as
e,

an
d
li
p
o
xy

ge
n
as
e,

ar
e
n
o
t
in
cl
u
d
ed

b
u
t
ar
e
d
es
cr
ib
ed

in
th
e
te
xt
.
G
en

es
en

co
d
in
g
al
l
LD

p
ro
te
in
s
o
f
A
ra
b
id
o
p
si
s
ar
e
li
st
ed

in
Ta
b
le

II
I.
In

th
e
h
yd

ro
p
h
o
b
ic

se
q
u
en

ce
s,
X
re
p
re
se
n
ts
a
n
o
n
h
yd

ro
p
h
il
ic

re
si
d
u
e.

P
ro
te
in

M
o
le
cu

la
r
M
as
s
o
f
M
o
st

P
ro
te
in
s;

P
h
yl
o
ge
n
ic

D
is
tr
ib
u
ti
o
n

N
o
.
o
f
A
m
in
o
A
ci
d
s
in

Lo
n
ge

st

H
yd

ro
p
h
o
b
ic

H
ai
rp
in
;

Se
q
u
en

ce
;
C
o
n
se
rv
ed

Lo
ca
te
d
o
n
LD

s

In
C
el
l/
Ti
ss
u
e

w
it
h
o
u
t
LD

A
b
u
n
d
an

ce
o
n
LD

K
n
o
w
n
Fu

n
ct
io
n
,
B
in
d
in
g
M
o
ti
f

P
la
n
ts

O
le
o
si
n
a

1
5
–2

5
kD

;
gr
ee

n
al
ga

e
an

d
p
la
n
ts

7
2
;
X
3
0
P
X
5
SP

X
3
P
X
3
0
;
h
ig
h
ly

co
n
se
rv
ed

Ye
s

N
o

C
o
ve
r
LD

co
m
p
le
te
ly

St
ru
ct
u
ra
l,
et
c.

C
al
eo

si
n
b

2
0
–2

3
kD

;
d
in
o
fl
ag

el
la
te
,

fu
n
gi
,
gr
ee

n
al
ga

e,
an

d
p
la
n
ts

2
1
;
X
8
P
X
3
P
SP

X
2
P
X
3
;
m
il
d
ly

co
n
se
rv
ed

Ye
s;
li
ke

ly
al
so

o
n
ER

,
et
c.

Ye
s;

u
b
iq
u
it
o
u
s

,
5
%

o
f
o
le
o
si
n
in

se
ed

C
a2

+
-b
in
d
in
g
m
o
ti
f,

p
h
o
sp
h
o
ry
la
ti
o
n
si
te
s,

p
er
o
xy

ge
n
as
e
ac

ti
vi
ty

St
er
o
le
o
si
n
c

4
0
–4

1
kD

;
p
la
n
ts
,
u
n
kn

o
w
n

in
o
th
er

o
rg
an

is
m
s

2
4
;
X
3
P
P
X
1
0
P
X
8
;
m
il
d
ly

co
n
se
rv
ed

Ye
s;
li
ke

ly
al
so

o
n
ER

,
et
c.

Ye
s;
m
o
st
ly

in
se
ed

,
5
%

o
f
o
le
o
si
n
in

se
ed

St
er
o
l-
an

d
N
A
D
P
-b
in
d
in
g

m
o
ti
fs
,
st
er
o
l-
N
A
D
P
H

d
eh

yd
ro
ge

n
as
e

D
io
xy
ge

n
as
ed

7
3
kD

;
b
ac
te
ri
a,

fu
n
gi
,

p
la
n
ts
,
an

d
an

im
al
s

N
o
lo
n
g
h
yd

ro
p
h
o
b
ic

se
gm

en
t

Ye
s;
li
ke

ly
m
o
re

in
cy
to
so
l

Ye
s;

u
b
iq
u
it
o
u
s,

h
ig
h
es
t
in

ro
o
t

,
1
%

o
f
o
le
o
si
n
in

se
ed

H
em

e-
b
in
d
in
g
si
te
,

d
io
xy
ge

n
as
e,

in
d
u
ce

d
b
y

st
re
ss
es
,
se
n
es
ce
n
ce

LD
A
ss
o
ci
at
ed

P
ro
te
in

e
;
2
5
kD

;
gr
ee

n
al
ga

e
an

d
p
la
n
ts

N
o
lo
n
g
h
yd

ro
p
h
o
b
ic

se
gm

en
t

Ye
s;
li
ke

ly
m
o
re

in
cy
to
so
l

Ye
s;

u
b
iq
u
it
o
u
s,

h
ig
h
es
t
in

se
ed

U
n
kn

o
w
n

R
el
at
ed

to
st
re
ss
es

O
B
A
ss
o
ci
at
ed

P
ro
te
in

f
;
2
7
kD

;
b
ac

te
ri
a,

fu
n
gi
,

an
d
p
la
n
ts

N
o
lo
n
g
h
yd

ro
p
h
o
b
ic

se
gm

en
t

Ye
s;
LD

,
,

cy
to
so
l

N
o
;
m
o
st
ly

in
se
ed

U
n
kn

o
w
n

R
el
at
ed

to
st
re
ss
es

P
h
o
to
sy
n
th
et
ic

m
ic
ro
b
es

LD
Su

rf
ac

e
P
ro
te
in

g
4
0
–6

0
kD

;
h
et
er
o
ko

n
t
al
ga

e
(d
ia
to
m
s,
N
an

n
o
ch

lo
ro
p
si
s

sp
p
.)

5
6
;
X
7
P
X
9
P
X
1
0
P
X
3
P
X
2
3
;

h
ig
h
ly

co
n
se
rv
ed

Ye
s

M
aj
o
r
LD

P
ro
te
in

h
3
0
kD

;
gr
ee

n
al
ga
e
an

d
so
m
e
o
th
er

al
ga

e
N
o
lo
n
g
h
yd

ro
p
h
o
b
ic

se
gm

en
t

U
n
kn

o
w
n

O
le
o
si
n

1
5
–2

5
kD

;
o
n
ly

gr
ee

n
al
ga

e
Se

e
ab

o
ve

a
M
o
st
ly

fr
o
m

H
u
an

g
an

d
H
u
an

g
(2
0
1
5
).

b
M
o
st
ly

fr
o
m

N
ae
st
ed

et
al
.
(2
0
0
0
)
an

d
So

n
g
et

al
.
(2
0
1
4
).

c M
o
st
ly

fr
o
m

Pa
sa
ri
b
u
et

al
.
(2
0
1
6
).

d
Sh

im
ad

a
et

al
.
(2
0
1
4
);
se
ar
ch

ed
b
y
C
.Y
.

H
u
an

g.
e H

o
rn

et
al
.
(2
0
1
3
)
an

d
G
id
d
a
et

al
.
(2
0
1
6
).

f L
ó
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an LD protein called phasin (Pieper-Fürst et al., 1994;
Mezzina and Pettinari, 2016). Phasin does not have a
long hydrophobic segment and is assumed to be asso-
ciating with the LD surface rather than penetrating the
LD core. Phasin somehow controls the number of LDs
and activates LD-associated enzymes such as poly-
hydroxyalkanoate synthase and depolymerase. Bacte-
ria of some other genera possess TAG-containing LDs
and a surface protein called Major LD Small Protein
(Ding et al., 2012; Zhang et al., 2017). The protein does
not have a long hydrophobic segment and could bind to
a specific regulator protein, which, in turn, binds to and
activates the promoter of an operator of two genes en-
coding Major LD Small Protein and the regulator pro-
tein. This activation occurs in response to stresses and
enhances the survival of the bacteria. Whether this di-
rect gene activation also occurs with LDs in the nuclei of
some mammalian cells (Welte, 2015) should be ex-
plored.

Yeast

Yeast LDs contain ;25 proteins (Koch et al., 2014).
Many of the proteins are enzymes for the synthesis and
degradation of TAGs and sterylesters. They also in-
clude the regulatory protein CGI-58, which is present in
all eukaryotes. Yeast LDs do not have structural pro-
teins, but the LDs perform their functions properly.
Oleosin or perilipin in transformed yeast targets LDs;
the foreign protein replaces a full complement of the LD
proteins and increases the number or size of LDs (Ting
et al., 1997: Jacquier et al., 2013).

Microalgae

Neutral lipids of TAGs in LDs in microalgae have
been actively studied because they are potential bio-
diesels. Three LD structural proteins in different
microalgae have been identified (Table I). The first, LD
Surface Protein, is present in Nannochloropsis spp.
(Vieler et al., 2012), diatoms, and several other heter-
okont algae (Yoneda et al., 2016). This is the only LD
protein other than oleosin in all organisms that has a
long hydrophobic hairpin (;56 residues with con-
served Pro residues at the center; Table I). The second
LD structural protein, termed Major LD Protein, is
present in Chlamydomonas reinhardtii and some other
microalgae (Moellering and Benning, 2010; Davidi
et al., 2012). This protein does not possess a long hy-
drophobic segment and is assumed to be loosely
bound to the LDs or ER subdomains at the ER-LD
junction (Huang et al., 2013b). Whether these two LD
proteins are abundant, covering the whole surface of
an LD, has not been established. The third LD struc-
tural protein is oleosin in green algae. Oleosin is pre-
sent minutely in C. reinhardtii and moderately in the
more advanced Spirogyra grevilleana. Oleosin evolved
in green algae, and its amount apparently is far from

sufficient to cover the whole surface of algal LDs
(Huang et al., 2013b). In addition to these three LD
structural proteins, microalgae LDs (or ER, sub-
domains of ER, or ER-LD junctions) contain enzymes
for the synthesis, degradation, acyl exchange, and
lipid trafficking between LDs and the ER or plastids
(Goold et al., 2015; Zienkiewicz et al., 2016). In appli-
cations, microalgae have been used for health food,
fish feed, cosmetics, and others (Matos, 2017). The
feasibility of using microalgae to produce biodiesels
without government subsidies and public relations
benefit remains unclear (Taparia et al., 2016).

LD PROTEINS IN PLANTS

Plant LD proteins can be divided into three groups
(Table I): (1) oleosins playing structural and perhaps
also docking site roles; (2) caleosin, dioxygenase, and
steroleosin exerting enzyme activities to combat
stresses; and (3) LD Associated Proteins and Oil Body
(OB) Associated Protein with no hydrophobic segment
or enzymic activity involved in responses to stresses. In
addition, they may include TAG-synthesizing enzymes
on LDs or ER-LD junctions and TAG-degrading en-
zymes (lipase) on LDs. The amount of oleosin is suffi-
cient to cover the complete surface of a seed LD for a
structural role, and the amounts of the other proteins
could be relatively minute.

Oleosin Basic Characteristics

Oleosin is a small protein, mostly of 15 to 26 kD
(Table I; Huang and Huang, 2015). On an LD, it has
short amphipathic N- and C-terminal peptides orient-
ing horizontally on or extending from the LD surface
and a conserved central hydrophobic hairpin of ;72
uninterrupted noncharged residues penetrating the LD
core (Fig. 1A; Huang, 1992). The hairpin has two arms
of ;30 residues each linked with a loop of 12 most-
conserved residues (X30PX5SPX3PX30, with X repre-
senting a large nonpolar residue in X5 and X3 and a
nonhydrophilic residue in X30). The secondary struc-
tures of the hairpin have not been definitively deter-
mined or agreed upon (Alexander et al., 2002; Li et al.,
2002; Gohon et al., 2011; Vindigni et al., 2013; Vargo
et al., 2014; Huang and Huang, 2017). Technical and
conceptual difficulties exist in the use of Fourier trans-
form infrared and other physical means to determine
the secondary structures of the hairpin on artificial LDs.
These approaches could miss the native arrangements
of the oleosins on an LD: (1) the N- and C-terminal
peptides on an LD could hold the underlying hairpin to
specific secondary structures; (2) the high density of
oleosins on a native LD could dictate interactions of the
hairpins of two adjacent oleosins with defined sec-
ondary structures; and (3) seed LDs may have two seed
oleosin isoforms (SH oleosin and SL oleosin [see next
paragraph]) existing in a dimer or multidimer ar-
rangement. Regardless of its secondary structure, the
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hairpin is 5 to 6 nm long, penetrating the TAG core and
stabilizing the whole LD (Fig. 1A).

Oleosin Lineages

The hallmark of oleosin is its long hydrophobic
hairpin. Bioinformatics analysis of 1,000 oleosins

of diverse plants and green algae shows no excep-
tion to their hairpin sequence of approximately
X30PX5SPX3PX30 (Huang and Huang, 2015). No pseu-
dogene has been found, with the exception of dozens in
Pinus and Picea spp., which have giant, highly redun-
dant genomes (;22,000 Mb versus 135 Mb in Arabi-
dopsis [Arabidopsis thaliana]). Oleosin evolved in green

Figure 2. Evolution of the six oleosin lineages and LDs housing some of these oleosins. A, Cartoon of the evolution of six oleosin
lineages: P (primitive), U (universal), SL (seed low molecular weight), SH (seed high molecular weight), T (tapetum in Brassi-
caceae), and M (mesocarp in Lauraceae). The origin of M oleosin is unknown and is shown with a broken line. (Modified from
Huang and Huang [2015].) B, Predicted polypeptide organization of an oleosin-like protein on the surface of an LD in the
primitive green algae C. reinhardtii and V. carteri. The polypeptide has one hydrophobic hairpin with a loop identical to that of
oleosin and two adjacent hairpins with less similar loops. Pivotal Pro and Ser residues are shaded, and hydrophilic residues are
darkened. All three hairpins are shorter than the oleosin hairpin (for comparison, see Fig. 1A). The cytosol, the surface PL
monolayer, and the matrix TAGs are labeled. This oleosin-like protein could be the precursor of oleosin or a remnant of
degenerating oleosin (Huang et al., 2013b). C and D, P oleosin-containing LDs in C. reinhardtii zygote and conjugating S.
grevilleana cells viewed by CLSM. The cells were stained for LDs with BODIPY (shown in yellow) in the presence of chloroplasts
(autofluorescence [in red]; Huang et al., 2013b). E, SL and SH oleosin-containing LDs in maize embryo of seed (after 12 h of
soaking) subjected to immunogold labeling with antibodies against the maize oleosin, viewed by electron microscopy. LD and
protein body (PB) are visible (Fernandez et al., 1988). F, U oleosin-containing LDs in Arabidopsis pollen after germination. The
pollen grain produces a tube that carries the two sperm nuclei to the ovary. LDs travel to the tube tip via streaming cytoskeleton.
LDs were stained with Nile Red (shown in red). The boundary of the pollen grain and tube is shown with a dotted white line.
(Courtesy of Ming-Der Huang.)
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algae, the ancestor of modern plants. The two modern,
primitive green algae, C. reinhardtii and Volvox carteri,
have a transcribed gene encoding an oleosin-like pro-
tein, which possesses one characteristic oleosin hairpin
loop (PX5SPX3P) and two smaller loops, plus shorter
hairpin arms (Fig. 2B; Huang et al., 2013b). This protein
could be the precursor of oleosin or a remnant of a
degenerating oleosin. In the two algae, the oleosin-like
protein transcript is more abundant than the authentic
oleosin transcript, even though both transcripts are at
barely detectable levels. From primitive unicellular
green algae, oleosin has evolved into new lineages as-
sociated with specialized LDs in plants of distinct
phylogeny. At least six oleosin lineages (P, U, SL, SH, T,
and M) are recognized (Fig. 2A). P oleosins evolved in
green algae and are present inmodern primitive species
from green algae to ferns. They gave rise to U oleosins,
whose genes are present universally in all species from
mosses to advanced plants. U oleosins branched off to
become specialized oleosins, which include the SL
oleosins in all seed plants and the SH oleosins in an-
giosperms, the T oleosin in Brassicaceae, and the M
oleosin in Lauraceae (Table II). Despite evolutionary
diversifications, oleosins in all lineages maintain the
conserved hairpin sequence, and their differences in the
N- and C-terminal sequences show no appreciable
correlationwith the tissue or functional specifications of
each lineage.

Caleosin (Peroxygenase), Steroleosin (Sterol
Dehydrogenase), and Dioxygenase

Three proteins possess enzymic activities whose en-
zymic products are related to stress responses. Caleosin
and steroleosin (Chen et al., 1999; Naested et al., 2000;
Frandsen et al., 2001; Lin et al., 2002; Song et al., 2014)
are likely partly associated with LDs and also the ER.
Caleosin was first reported in microsomes (Frandsen
et al., 1996), and their transcripts are ubiquitous in di-
verse tissues or organs with or without known LDs
(Table I). Regardless, caleosin and steroleosin tran-
scripts are more abundant in seeds than in any other
organs. In seeds, their transcripts and proteins in iso-
lated LDs represent 2% to 4% of those of oleosin. A seed
LD is covered completely with oleosin (Fig. 1B, center
model), and so the two nonoleosin proteins should
occupy a small, diffused or concentrated, area of the LD
surface. Caleosin and steroleosin each has a hydro-
phobic segment with conserved Pro residues (Table I),
which could form a hairpin penetrating the surface
monolayer of PLs of an LD. These hairpins would be
analogous to the hairpin of oleosin. However, they are
substantially shorter (the longest being 21 residues for
caleosin and 24 residues for steroleosin, both one-third
the length of the oleosin hairpin), and the hairpin resi-
dues are only mildly conserved among isoforms within
the same species and among diverse species (Song et al.,
2014; Pasaribu et al., 2016). Two of the Pro resides in the
caleosin hairpin loop are not essential for LD binding

(Müller et al., 2017). Theoretically, caleosin and ster-
oleosin, with their short hydrophobic hairpins, would
be equally stable on the monolayer of PLs of an LD and
the bilayer of PLs of membranes. This prediction could
explain the two proteins being associated with the ER
or other membranes in cells with or without LDs. Each
of the two proteins could bind competitively to the
surface of LDs and membranes in all cells, and the
maturing or mature seeds have more LD surface and,
thus, more LD-bound caleosin and steroleosin.

Importantly, both caleosin and steroleosin possess
enzyme activities. Caleosin has a Ca2+-binding motif
and several phosphorylation sites and possesses per-
oxygenase activities that convert hydroperoxides of
a-linolenic acid to various oxylipins as phytoalexins
(Hanano et al., 2006; Blée et al., 2014; Charuchinda et al.,
2015). Steroleosin has a sterol-binding site and an
NADPH-binding site and is a member of a large family
of hydroxysteroid dehydrogenases in diverse orga-
nisms (Lin et al., 2002; Lindemann, 2015; Zhang et al.,
2016). Steroleosin can convert sterol substrates to
brassinosteroids, which are plant hormones controlling
various phases of growth and development. The origins
of the substrates in the cell for the two enzymes are
unknown; they could be the LD interior, LD surface
PLs, and/or diverse membranes in the whole cell.
Overall, caleosin and steroleosin may carry out func-
tions important to cellular and physiological events
related or unrelated to their association with LDs.

Another LD protein, dioxygenase, was found re-
cently on LDs (Shimada et al., 2014). The enzyme
should be present in cytosol also, because the protein
does not have a long hydrophobic segment. In Arabi-
dopsis, the dioxygenase transcript level is highest in
roots (Table III). However, its transcript in leaves ele-
vates substantially in response to senescence and biotic
stresses. Earlier, the enzyme was studied extensively as
a pathogen/senescence-induced enzyme for the syn-
thesis of hydroperoxylinolenic acid during hypersen-
sitive responses (Sanz et al., 1998; Marcos et al., 2015).
This dioxygenase could collaborate with caleosin (per-
oxygenase) to produce stable oxylipins from a-linolenic
acid as signaling molecules for defense against biotic
and abiotic stresses (Shimada and Hara-Nishimura,
2015).

LD Associated Protein and OB Associated Protein

LDAssociated Protein (Horn et al., 2013; Gidda et al.,
2016) and OB Associated Protein (López-Ribera et al.,
2014) are two recently discovered LD proteins in plants
(Table I). The two share fairly similar characteristics but
do not have protein sequence similarities indicative of
an evolutionary relationship. They are small proteins of
25 to 27 kD with no major recognized binding/
functional motif. They do not have a long hydrophobic
segment that would allow them to be tightly associated
with LDs. LD Associated Protein is present mostly in
cytosol in cells with minimal numbers of LDs, as
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illustrated by confocal laser scanning microscopy
(CLSM), and when the cells are fed with FA to induce
the formation of more LDs, a portion of the cytosolic
protein is associated with LDs. In these latter cells, the
protein-associated LD in vivo can bewashed awaywith
mild detergent. OB Associated Protein is present
largely in cytosol, as shown with immunoblotting after
gel electrophoresis of subcellular fractions. In seed cells,
LD/OB Associated Protein transcripts are ;1% of the
oleosin transcript (Table III). Apparently, LD/OB As-
sociated Proteins do not play an important structural
role. There are differences between the two proteins. LD
Associated Protein transcript is present ubiquitously in
cells/tissues with and without known LDs and is more
abundant in seed cells containing ample LDs. OB As-
sociated Protein transcript in maize (Zea mays) and
Arabidopsis seeds appears late in maturation after the
oleosin transcript and drops off rapidly during germi-
nation; the transcript is largely absent in nonseed or-
gans. LD Associated Protein was studied earlier as a
protein on the surface of rubber particles and termed
Small Rubber Particle Protein and Rubber Elongation
Factor (Oh et al., 1999; Sando et al., 2009). These two
rubber proteins are paralogs, the latter not having the
C-terminal portion of the former. They do not have
enzymatic activities. Rubber Elongation Factor was so
termed because, in its presence, likely as an anchoring
or stabilization center, the rubber polyisoprene mole-
cule elongates faster. LD Associated Protein and rubber
particle proteins belong to a large family of evolution-
arily related proteins in plants and green algae; they are
stress related and required for proper growth. Overall,
LD/OB Associated Proteins could exert functions of
resisting abiotic stresses and promoting normal growth
related to or independent of their physical association
with LDs.

LD/OB Associated Proteins and dioxygenase, as
well as lipoxygenase, phospholipase, and monoacyl-
glycerol hydrolase (to be described), possess no long
hydrophobic or predicted membrane-insertion seg-
ment (López-Ribera et al., 2014; Shimada et al., 2014;
Gidda et al., 2016). LD/OB Associated Proteins are
present in cytosol and partly associated with LDs. The
mode of association of the cytosolic nonoleosin proteins
to the LDs in normal, stressed, and senescent cells is
intriguing and indispensable to delineating their
physiological functions. Experimentation with CLSM
should be expanded to other techniques. In CLSM, a
protein on the LD surface (concentrated in a small cell
space) could be detected much easier than that in the
cytosol (spread out in a huge volume). The assessment
of the relative amount of the protein in cytosol and on
LDs could be subjective. The promoter for expressing
the gene encoding the studied protein for CLSM should
be the native promoter to avoid overproducing or
underproducing the protein (in more than one subcel-
lular site) for localization studies. Immunoblotting of
the protein in isolated LDs and cytosol should be per-
formed with quantification techniques, taking into ac-
count the usually small volume of the LD fraction and

the huge volume of the cytosolic fraction. The use of
artificial LDs with and without oleosin instead of PL
liposomes (Gidda et al., 2016) should be employed to
assess if oleosin is the docking site.

LDs IN PLANTS

Oleosin evolved from green algae and has undergone
diversification. Their associated LDs have undergone
similar paths (Figs. 2, C–F, and 3). They are specialized
in morphology, contents, functions, and presence
among diverse or restricted species, organs, tissues, and
cells. LDs in plants related to food and other uses, as
well as in Arabidopsis, have been better studied. Plant
LDs of less economic importance have not been ade-
quately studied. This review will describe only the
better-studied LDs (Table II).

LDs in Seeds

General Characteristics

Seeds store TAGs in LDs as metabolite reserves for
germination and seedling growth. LDs are present in
various parts of a seed, including the embryo axis,
cotyledon, endosperm and its aleurone layer, and
megagametophyte, depending on the plant species. The
cells of a mature oil seed are packed with LDs and
storage protein bodies. Each spherical LD is ;0.5 to 1.5
mm in diameter. It has a core of TAGs enclosed by a
monolayer of PLs and oleosin (Figs. 1, A and B, and 2E).
LDs with their surface completely covered with oleo-
sins are highly stable in mature seed during prolonged
storage, desiccation, and temperature stresses as well as
in isolated preparations. The small size of LDs and their
stability provide a large surface area per unit of TAG
and facilitate binding to lipase or other subcellular
structures for rapid TAG mobilization during germi-
nation. Indirect evidence from genetics, protein con-
tents, and transcript levels (Lee et al., 1995; Huang and
Huang, 2015) has suggested that the two seed oleosin
isoforms SL and SH form a dimer or multidimer, which
could provide further stability or functional attributes.
Caleosin, dioxygenase, and steroleosin as well as LD
Associated Protein and OB Associated Protein also are
present on seed LDs, but in substantially lesser
amounts (Table I).Whether oleosin is the docking site of
these nonoleosin proteins with or without a short
hairpin structure (Table I) remains to be explored.

Synthesis

LDs in seeds are synthesized on the ER. TAG-
synthesizing enzymes are associated with extended
regions or subdomains of the ER (Cao and Huang,
1986; Loer and Herman, 1993; Lacey et al., 1999;
Shockey et al., 2006). TAGs synthesized on the ER are
sequestered in the nonpolar acyl region of the bilayer
of PLs, which results in ER-LD swelling (Fig. 1B).
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Figure 3. Specialized LDs in restricted tissues of specific plant phylogenies. A, T oleosin-containing LDs in tapetosomes being
synthesized in rough ER in the tapetum of Brassica spp. In the model, a stack of rough ER produces alkane-containing, Toleosin-
and PL-coated LDs and flavonoid-possessing vesicles at many locations. At each location (marked with a dotted white circle),
numerous LDs and vesicles aggregate to form a tapetosome. The bottom shows a color model of a tapetosome having numerous
alkane-containing (blue) LDs enclosed with a layer of oleosin-PL (yellow) associated with flavonoid-possessing vesicles (red). At
right of the color model are electronmicrographs of isolated tapetosomeswithout (middle) andwith (right) osmotic swelling; after
swelling of the tapetosome, internal LDs and vesicles can be seen. (A portion of the rough ER stack was traced from a drawing in a
Trends in Cell Biology poster, 1998 [Hsieh and Huang, 2004, 2005]). B, Toleosin gene cluster in Brassicaceae and its absence in
Cleomaceae in syntenic chromosome segments. Coding sequences of genes are indicatedwith colored arrows (orange for oleosin
genes and black for nonoleosin genes) in genomic DNA from Arabidopsis, Brassica oleracea, and Cleome violacea. Orthologs
among the genomes are linked with gray lines. The large gray box indicates a transposon (Huang et al., 2013a). C, U oleosin-
containing LD cluster in vanilla leaf epidermis. Right, Differential interference contrast microscopy image shows the cell
containing one LD cluster. Left, Immuno-CLSM image of the same cell reveals the LDs and oleosin. BODIPY-stained (in green)
individual LDs in the cluster are visible. Antibodies against vanilla U oleosin reacted (in magenta) with the LDs. Oleosin appears
more on the periphery of individual LDs, resulting in a magenta coat enclosing a white matrix (Huang and Huang, 2016). D, M
oleosin-containing small LDs and oleosin-depleted large LD in avocado mesocarp. Top, Transmission electron microscopy image
showing a portion of an avocado mesocarp cell containing large (10–50 mm) and small (less than 0.5 mm) LDs adjacent to the cell
wall (CW). Bottom, Immuno-CLSM images show a large LD and numerous adjacent small LDs as well as a magnified junction
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Oleosin is synthesized on the cytosolic side of the ER
cotranslationally (Qu et al., 1986; Loer and Herman,
1993; Thoyts et al., 1995; van Rooijen and Moloney,
1995) via signal-recognition particle-guided mRNAs
(Beaudoin et al., 2000) and extracts ER-budding LDs to
the cytosol. Reducing the proportions of oleosin to
TAGs in vitro via chemical reconstitution (Tzen and
Huang, 1992) or in vivo via breeding (Ting et al., 1996;
Fig. 1C), T-DNA insertion mutation (Siloto et al., 2006;
Shimada et al., 2008), or gene knockdown (Siloto et al.,
2006; Schmidt and Herman, 2008) generates larger
LDs. LDs could detach from the ER to be the final LDs
of defined sizes, or nascent small LDs could undergo
fusion to form large LDs (Schmidt and Herman, 2008;
Huang and Huang, 2016). These two possibilities may
not be mutually exclusive and also could depend on
the species and growth environment. They deserve to
be tested. The mechanisms of proteins on the ER or at
the ER-LD junction controlling the formation and de-
tachment of budding LDs in plants should be ex-
plored. These proteins, including Fat Storage Inducing
Protein and SEIPINS, have been studied extensively,
albeit with their exact roles still undefined, in yeast
and mammals (Chen and Goodman, 2017; Walther
et al., 2017) and explored recently in plants (Cai et al.,
2015b, 2017).

For the oleosin molecule per se, the C- and
N-terminal peptides are not required for oleosin tar-
geting ER-LDs (Abell et al., 2002, 2004; Beaudoin and
Napier, 2002). However, the whole hairpin, including
the N-portion residues, the full length of the hairpin
arms, aswell as the three Pro and one Ser residues at the
hairpin turn, are necessary for proper oleosin targeting
ER-LDs and extraction of budding LDs to the cytosol
(Huang and Huang, 2017). Oleosin molecules modified
with (1) the addition of an N-terminal ER target signal
peptide to the oleosin, (2) retention of the hairpin
N-portion residues, and (3) reduction of the hairpin
length can enter the ER lumen and extract ER-budding
LDs to the ER lumen. Further addition of a 12-residue
vacuole-targeting propeptide to the modified oleosin
allows the LDs in the ER lumen tomove to the vacuoles.
Thus, oleosin is the solemolecule responsible in vivo for
the budding LDs entering the cytosol instead of the ER
lumen (Fig. 1B).

Degradation

In young seedlings, TAGs of LDs are hydrolyzed to
FAs for gluconeogenesis in peroxisomes and other
subcellular compartments. Peroxisomes are newly
synthesized and are adjacent to or in physical contact
with existing LDs. This contact could reflect the

cytoplasm being tightly packed with organelles, in-
cluding the abundant peroxisomes and LDs, or the
need for metabolite or material transport between the
two organelles. Studies with Arabidopsis mutants
have revealed a role for the physical contact. TAG li-
pase (Sugar-Dependent lipase [SDP1]; Eastmond,
2006) in association with core retromer (a protein
complex for subcellular cargo trafficking) binds to
peroxisomes, which then produce tubular extensions
to transport the lipase to LDs (Thazar-Poulot et al.,
2015). Physical contact between LDs and peroxisomes
is negatively correlated with the presence of sucrose,
reflecting a mechanism of end product feedback inhi-
bition of TAG gluconeogenesis (Cui et al., 2016). CGI-
58 protein, a lipase activity modulator on mammalian
LDs, is present on peroxisomes in seed (Pyc et al.,
2017). Thus, the junction between LDs and peroxi-
somes is highly active in lipolysis and the initiation of
b-oxidation. Further study could investigate the
mechanisms of the transport of lipase and possibly
other proteins from peroxisomes to LDs as well as FAs
from LDs to peroxisomes and the activation of FAs to
acyl-CoA for peroxisomal b-oxidation. The study
could follow and expand from the findings with yeast
andmammals. The lipase transcript level peaks during
seed maturation and is 10% to 30% (Eastmond, 2006;
Kelly et al., 2013b) of the peak level in seedlings at the
height of lipolysis. Whether in maturing seed the
transcript is dormant or active in synthesizing inac-
tive/active lipase and where this lipase is inside the
cell that possesses abundant LDs but no peroxisomes
should be explored. Lipase activity in isolated LDs is
absent in mature seed and present in germinated seed.
The activity of the lipase in Arabidopsis seed
throughout maturation and germination has not been
reported, likely due to the minute size of the seed and
the difficulty in assaying authentic TAG lipase activity
in total seed extracts.

The SDP1 lipase can hydrolyze TAGs, diacylglyc-
erols, and monoacylglycerols, even though a different
monoacylglycerol hydrolase also is present on LDs
(and other subcellular sites; Kim et al., 2016). The
transcript level of this latter hydrolase is higher in roots
and leaves than in seeds (https://www.arabidopsis.
org/). Some species contain a lipoxygenase on LD (and
likely other subcellular sites), which could convert
polyunsaturated acyl moieties in TAGs to hydroperoxy
FAs before the FAs are acylated for b-oxidation in
peroxisomes (Feussner et al., 2001; Rudolph et al.,
2011). The monoacylglycerol hydrolase and lipoxyge-
nase, as well as a phospholipase (to be described), do
not have a long hydrophobic segment in their se-
quences and are assumed to be loosely associated with

Figure 3. (Continued.)
between a large LD and numerous small LDs. BODIPY-stained (in green) large and small LDs are visible. Antibodies against
avocadoM oleosin reacted (in magenta) mostly with the small LDs. Oleosin appears more on the periphery of individual small LDs,
resulting in a magenta coat enclosing a yellow matrix (Huang and Huang, 2016).
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LDs and likely present in cytosol and other subcellular
compartments.

In Arabidopsis, some LDs could be engulfed by
vacuoles during germination (Poxleitner et al., 2006).
This engulfment is in apparent discrepancy with the
dogma that LDs work closely with peroxisomes for
efficient LD gluconeogenesis.

Seed LDs are enclosed completely with monolayers
of PLs and oleosin. Whether these layers need to be
removed before lipase can act on the core TAGs is
unknown. Isolated seedling LDs (with acquired lipase
and after washing) of diverse species undergo autol-
ysis, releasing most of the TAGs as free fatty acids
(FFAs), apparently without the need for protease or
phospholipase activities. Regardless, oleosin proteol-
ysis via ubiquitination occurs during seed germination
(Hsiao and Tzen, 2011; Deruyffelaere et al., 2015). This
proteolysis could facilitate the lipolysis of LDs or
represent a general mobilization of all proteins, in-
cluding oleosins, for seedling growth. These uncer-
tainties apply also to a phospholipase that occurs
transiently on LDs (and likely other subcellular sites;
Rudolph et al., 2011).

Among LD-TAG-hydrolyzing lipases in seedlings of
all plant species, only the lipase SDP1 and its related
SDP1-like (SDP1-L) lipase in Arabidopsis have their
genes identified and proven to be the enzymes re-
sponsible for hydrolyzing LD TAGs (Eastmond, 2006).
Early studies show that lipase hydrolysis of seed LDs
varies substantially among species (Lin and Huang,
1983; Huang, 1987). In species of Brassica (a genus
closely related to the Arabidopsis genus in the family
Brassicaceae) and many other distant phylogenic
species, lipase activity is absent in mature seed and
appears after germination, concomitant with the loss
of storage TAGs. The Brassica lipase is present on LDs
and, unlike the maize LD lipase, can be washed away
easily with dilute buffer. It has highest activities to-
ward trierucin, triolein, and trilinolein, whose erucic,
oleic, and linoleic moieties are the major acyl constit-
uents of Brassicaceae seed TAGs; this diverse substrate
specificity also is exhibited by the Arabidopsis SDP1
lipase (Eastmond, 2006). Future research should ex-
pand the findings with Arabidopsis to Brassica (for
biochemical studies) to dissect the mechanism of LD
hydrolysis in relation to the lipase activity throughout
seed maturation and germination. In Arabidopsis,
SDP1 transcript is present in diverse organs (Kelly
et al., 2013b; Table III); its encoded lipase should be
examined for possible involvement in the turnover of
the nonabundant LDs in these organs. Whether the
information acquired with Brassicaceae species could
be extended to diverse plant species should be ex-
plored. A precedent is that the flower LD-tapetosome
system is present only in Brassicaceae and not the
closest family Cleomaceae (to be described). In maize
scutellum during germination, cytosolic translatable
lipase mRNA is absent in mature seed and peaks in
level, along with the activity of de novo-synthesized
lipase, at the highest stage of lipolysis (several days

after imbibition). At this stage, the lipase is tightly
bound to LDs and cannot be washed away with high
salt or ethanol. After the depletion of TAGs, the lipase
still binds to LD ghost-vacuolar membranes and re-
mains in the cell (Wang and Huang, 1987).

LDs in Pollen

Pollen of all plants contains metabolite reserves,
which are usually LDs of TAGs and/or starch grains
(Fig. 2F). A pollen grain germinates on the female
flower stigma and produces an extending tube to pen-
etrate the style to reach the ovary. The two sperm nuclei
move from the pollen grain proper along the tube to the
ovary to fertilize the eggs. During tube extension, nu-
merous cytoskeleton structures stream rapidly from the
pollen proper to the tube tip, carrying with them cyto-
plasmic organelles, vesicles, and LDs (Cai et al., 2015a;
Müller et al., 2017). The tube tip continues to grow to-
ward the ovary. This movement requires the tip plasma
membrane to reshuffle old constituents and likely ac-
quire new constituents. Pollen LD TAGs apparently do
not function in gluconeogenesis, because no or minimal
peroxisomes or transcripts of b-oxidation and glyox-
ylate cycle enzymes are present in pollen before or after
germination. Accordingly, the TAGs in LDs likely
function to supply new FA for the de novo synthesis or
partial reshuffling of the plasma membrane at the tube
tip. Pollen LDs are coated with oleosin, caleosin, and
steroleosin. Whether these LD proteins possess binding
sites for the cytoskeleton and movement molecules for
the rapidmovement of LDs along the cytoskeleton from
the pollen proper to the tube tip should be tested.

LD Clusters Termed Tapetosomes in the Flower Tapetum

Anthers are the male component in a flower. Each
elongated anther consists of four cell layers enclosing a
pollen sac, where haploid cells produced from meiosis
mature to become pollen grains. The innermost cell
layer, termed the tapetum, is most active and possesses
dense cytoplasm. At a peak stage of tapetum develop-
ment in Brassicaceae species, the tapetum cell is packed
with two equally abundant spherical organelles, each
;5 mm in diameter, called tapetosomes and elaioplasts
(Wu et al., 1997; Hsieh and Huang, 2007; Huang et al.,
2013a; Lévesque-Lemay et al., 2016). Each tapetosome
is a cluster of dozens of oleosin-coated LDs (;0.2–0.5mm)
of alkanes instead of TAGs and flavonoid-containing
vesicles (;0.2–0.5 mm; Fig. 3A). Each elaioplast is a
nongreen lipid-storing plastid and includes numerous
spherical lipid globules (plastoglobules) of sterylesters
enclosed with Plastid-lipid Associated Protein. Subse-
quently, the tapetum cell undergoes programmed cell
death, releasing alkanes, oleosins, and sterylesters to
the adjacent maturing pollen grains, forming a pollen
coat. The coat provides waterproofing and UV protec-
tion to the pollen grain. Inside the tapetum cell during
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Table III. Genes encoding LD proteins in Arabidopsis thaliana

Levels of transcripts (reads per kilobase million), on a relative basis, of genes within a lineage are simplified for generalization; they vary according
to the organ, stage of development, etc. Levels of transcripts of genes encoding LD proteins of different lineages are, in general, SH = SL = T . . U
and other nonoleosin proteins. T oleosin transcripts in flower buds are 1 order of magnitude lower than SL or SH oleosin transcripts in maturing seed;
however, T oleosin transcripts are restricted to one tapetum cell layer in a flower bud, whereas SL and SH oleosin transcripts are present in most cells
in a maturing seed. Transcript levels were obtained from the RNA sequencing databasea (http://ncbi.nlm.nih.gov/) and individual reports cited in the
text, and the information was supplemented with TAIR-eFP database (https://www.arabidopsis.org/). Genes encoding oleosins, dioxygenase, LD
Associated Proteins, and OB Associated Proteins are numbered according to those in reports cited in the text. Genes encoding the other LD proteins
are listed and numbered according to their occurrence on chromosomes 1 to 5 and in the 59 to 39 direction.

Protein Names

No. of Genes

within the

Lineage

Organs with Highest

Transcript Level

Transcript Level,

Relative within the

Lineage

Gene Accession

Numbers Comments

Oleosin
U oleosin 3 Seed, pollen U1 = U2 = U3 At1g48990 (U1)

At3g18570 (U2)
At2g25890 (U3)

SL oleosin 2 Seed SL2 . SL1 At3g27660 (SL1)
At5g40420 (SL2)

SH oleosin 3 Seed SH2 . SH1 . SH3 At3g01570 (SH1)
At4g25140 (SH2)
At5g51210 (SH3)

T oleosin 9 Anther tapetum T5 . T3 . T6 At5g07470 (T1) Eight of the nine genes in
tandemAt5g07520 (T2)

At5g07530 (T3)
At5g07540 (T4)
At5g07550 (T5)
At5g07560 (T6)
At5g07571 (T9)
At5g07600 (T7)
At5g61610 (T8)

Caleosin 7 C1 and C2 in anther;
C3, C4, and C6 in

seed; C5 in petal and
sepal

C6 . C5 . C1 At1g23240 (C1) C1 and C2 in tandem; C3
and C4 in tandemAt1g23250 (C2)

At1g70670 (C3)
At1g70680 (C4)
At2g33380 (C5)
At4g26740 (C6)
At5g29560 (C7)

Steroleosin 8 S3, S5, S7, and S8 in
seed; S4 and S6 in
stem and embryo

S7 . S3 . S8 At3g47350 (S1) S1 and S2 in tandem; S4 to
S8 in tandemAt3g47360 (S2)

At4g10020 (S3)
At5g50590 (S4)
At5g50600 (S5)
At5g50690 (S6)
At5g50700 (S7)
At5g50770 (S8)

Dioxygenase 2 D1 in root; D2
ubiquitous;

increased during
senescence and
biotic stresses

D1 . D2 At3g01420 (D1)
At1g73680 (D2)

LD Associated Protein 3 Ubiquitous;
increased during
abiotic stresses

SR3 . . SR1 = SR2 At1g67360 (SR1) Also termed small rubber
particle protein, SRPPAt2g47780 (SR2)

At3g05500 (SR3)

OB Associated Protein 5 Seed (late
maturation)

OB1 . OB5 . OB2 At1g05510 (OB1)
At1g29680 (OB2)
At2g31985 (OB3)
At4g18920 (OB4)
At5g45690 (OB5)

(Table continues on following page.)
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the active stage of tapetosome formation, massive
rough ER produces via budding oleosin-coated LDs
(analogous to the synthesis of seed LDs) and flavonoid-
containing vesicles (Fig. 3A). Dozens of adjacent LDs
and flavonoid vesicles cluster to form a tapetosome. At
the peak stage of tapetosome synthesis in the tapetum,
massive oleosin is required, and;10% of the mRNA in
the tissue encodes oleosin. For this massive oleosin
production, the genome has evolved to have multi-
tandem genes encoding tapetosome-specific oleosin (T
oleosin). The Arabidopsis genome has eight T oleosin
genes in tandem within a 26-kb segment (Fig. 3B).
Tapetosomes evolved only recently in the family Bras-
sicaceae, whose closest family Cleomaceae and other
families of the order Brassicales do not have T oleosin
genes or tapetosomes. The tapetosome system confers
an advantage in that Brassicaceae pollen is more resis-
tant to dehydration and possibly other stresses than
Cleomaceae pollen. Cleome transformed with an Ara-
bidopsis T-oleosin gene possesses T-oleosin and prim-
itive tapetosomes in the tapetum and more alkanes and
flavonoids in the pollen coat, resulting in the trans-
formed Cleome pollen being more resistant to dehy-
dration. A system similar to Brassicaceae tapetosomes
that evolved via convergent evolution in distant phy-
logenic plant groups remains for investigation.

LD Clusters in Epidermis of Green Aerial Organs

The order Asparagales includes food and ornamental
species, such as onion (Allium cepa), aloe (Aloe vera), and
vanilla (Vanilla planifolia). Their green aerial organs of
leaves, flowers, and ovaries are juicy and have a thick
cuticle. Each epidermal cell of these organs contains
LDs in solitary entities (;0.5 mm diameter) and/or
more conspicuously one to several large LD clusters
(each of ;10 mm in diameter with ;10 LDs [Fig. 3C];
Kwiatkowska et al., 2010, 2015; Huang and Huang,
2016). Each LD cluster also appears to be associated
with other subcellular structures such as cytoskeleton,
as observed by electron microscopy. In leaves, the
clusters are present in both the upper and lower

epidermis but absent in the mesophyll. These and other
observations have led to the proposal that the clusters
are the warehouses of epidermal cuticle lipids to be
exported to the epidermal surface. Each of the LDs in
the cluster is coated with oleosin (Fig. 3C), and the
clusters in isolated preparations do not fuse. The oleo-
sin in the clusters belongs to the U oleosin lineage
similar to the U and S oleosins on seed LDs. This lack of
a unique oleosin lineage contrasts with the T oleosin in
tapetosomes (preceding paragraph) and M oleosin in
avocado (Persea americana) small LDs (next paragraph).
More research is needed to advance our knowledge of
the LD clusters in Asparagales.

LDs in Fruit Mesocarp

Some fruits of phylogenically diverse species possess
voluminous, high-lipid, juicy mesocarp, which attracts
animals to consume and disperse seeds. Those of eco-
nomic importance include avocado, olive (Olea euro-
paea), oil palm fruit (Elaeis guineensis), tung tree fruit
(Vernicia fordii), and some sweet tropical fruits. In these
fruits, the mesocarp cells contain several giant LDs (e.g.
10 mm versus 1 mm of seed LDs) of TAGs. Mesocarp
TAGs are usually of higher saturation than seed TAGs.
The giant mesocarp LDs do not have oleosin on the
surface, and in isolated preparations, they fuse to
become much larger, in contrast to the small, oleosin-
coated stable seed LDs. A variation of these generalized
descriptions occurs in the avocado mesocarp (Horn
et al., 2013; Huang and Huang, 2015, 2016; Kilaru et al.,
2015). Within the same mesocarp cell, the large LDs do
not have coated oleosin, whereas the small LDs adja-
cent to them do (Fig. 3D). The small oleosin-coated LDs
may be newly synthesized from ER on their way to fuse
with the enlarging LDs; after fusion, the oleosin would
not be retained on the large LDs. The transcript level is
slightly higher for oleosin than the detected LD Asso-
ciated Protein, whose subcellular locations in avocado
are unknown. In avocado and other species of the
family Lauraceae, the mesocarp oleosin, termed M
oleosin, is distinct from the oleosins in seed and pollen

Table III. (Continued from previous page.)

Protein Names

No. of Genes

within the

Lineage

Organs with Highest

Transcript Level

Transcript Level,

Relative within the

Lineage

Gene Accession

Numbers Comments

Lipase 4 Ubiquitous SDP1 = SDP2 = SGI At5g04040 (SDP1) CGI in peroxisome, not LD
At3g57140 (SDP1L)
At1g33270 (SDP2)
At4g24160 (CGI58L)

PAP 3 Ubiquitous PAP2 . PAP1 .

PAP3
At4g04020 (PAP1) Plastid-lipid-associated

protein; all in plastids, not
LD

At4g22240 (PAP2)
At2g35490 (PAP3)

aThe RNA sequencing database from the National Center for Biotechnology Information included SRX424380 for 7- to 8-d seed,
SRX424383 for 9- to 10-d seed, SRX424386 for 11- to 12-d seed, SRX463620 for leaf, SRX1425915 for root, SRX399566 for stage 6 flower
bud, and SRX257730 for stage 12 flower bud.

1908 Plant Physiol. Vol. 176, 2018

Huang

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
lp

h
y
s
/a

rtic
le

/1
7
6
/3

/1
8
9
4
/6

1
1
6
8
9
0
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



and apparently evolved only in the family Lauraceae.
The occurrence of oleosin on small LDs in the mesocarp
of Lauraceae species apparently cannot be extended to
the less-studied mesocarp of fruits of other plant fami-
lies. No oleosin transcript has been reported in fruit
mesocarp of oil palm (Bourgis et al., 2011) and tung tree
(Zhi et al., 2017), and tung fruit mesocarp possesses LD
Associated Protein transcript. Apparently, the coating
of LDs with oleosin and possibly other proteins as well
as the mechanism of LD biogenesis in mesocarp are
species/family specific.

LDs in Leaves and Other Vegetative Organs

LDs occur minimally in nonstorage vegetative or-
gans such as leaves, stems, and roots. If they are pre-
sent, they could be considered less as storage
warehouses and more as detoxification refuges. LD
TAGs are derived from scavenged toxic FFAs from
damaged membranes during stresses or senescence.
The mode of synthesis of these LDs is unknown and
could be dissimilar to the ER-budding model in seeds.
More studies have involved leaf LDs (Sridhar et al.,
1973; Wahlroos et al., 2003; Lersten et al., 2006; López-
Ribera et al., 2014; Shimada et al., 2014; Gidda et al.,
2016; Pyc et al., 2017). In healthy leaves, the number of
LDs is very low. The number increases substantially
when the leaves or plants are subjected to abiotic or
biotic stresses, fed with FAs or sterols (a form of stress
per se if the toxic FAs or sterols are unaltered and taken
into the cytoplasm), during senescence, or at the end of
the dark period in a diurnal cycle (could be running out
of housekeeping bioenergy obtained during the light
period). Studies of leaf LDs rely largely on confocal
microscopy, because isolating the scarce LDs cleanly for
biochemical studies could be difficult. Suspected LD
proteins have been localized to the LDs in leaves
transformed with a gene encoding the protein linked to
a fluorescence protein. They include oleosin, caleosin,
dioxygenase, LD Associated Protein, and OB Associ-
ated Protein. Localization of the external LD protein
(attached to a fluorescent protein) on LDs does not
necessarily mean that the native LD protein exists on
LDs. Nevertheless, transcripts of these proteins in
leaves can be detected at low levels, and their levels
increase with stress. Thus, the presence of the encoded
LD proteins is expected. Overall, the protein comple-
ment on leaf LDs should differ from that on seed LDs, in
part because of the transient presence of these LDs. The
pathogen- or senescence-induced LD dioxygenase can
collaborate with caleosin (peroxygenase) to catalyze
sequential reactions converting a-linolenic acid to sta-
ble oxylipins such as 2-hydroxyoctadecatrienoic acid.
Oxylipins are signal molecules that could initiate a
hypersensitive response to protect the whole plant
(Marcos et al., 2015; Shimada and Hara-Nishimura,
2015). This is a novel potential function of LDs in
leaves, seeds, and other organs for defense against
abiotic and biotic stresses. The enhancement of

dioxygenase transcript and protein (for phytoalexin
synthesis) in the infected area clearly signifies a defense
response to biotic invasion.Whether the increase in LDs
in the same infected area represents a defense response
also or a pathological consequence should be explored.
LD Associated Protein is present on leaf LDs (OB As-
sociated Protein present mostly in seed) and exert un-
specified functions related to stress resistance. The two
proteins do not have enzyme activities and, presum-
ably, carry out functions via binding. LDs containing
TAGs in senescing leaves also can be viewed as tem-
porary warehouses of toxic FFAs from decaying
membranes, and the TAGs would be subjected to glu-
coneogenesis with lipase and peroxisomes, etc., with
the generated sugar transported to other parts of the
plants. Whether LDs produced from various forms of
stresses are subjected to similar gluconeogenesis awaits
exploration. The only functional lipase (with its gene
identified) for seed TAG mobilization is that from
Arabidopsis (SDP1 and the related SDP1-L). Transcript
of this lipase is ubiquitous in diverse organs, and its
encoded lipase could be for LD breakdown in leaves
and other nonseed organs (Kelly et al., 2013b).

Rubber Particles

More than 20,000 species of diverse plant orders
produce abundant subcellular rubber particles (LDs
containing polyisoprene) in their vegetative organs. In
many species upon organ/tissue damage, the rubber
particles together with other cellular materials are re-
leased as latex for defense against pathogens. The best
known is the rubber tree (Hevea brasiliensis), whose latex
rubber has been the major source of industrial rubber
for a century (Berthelot et al., 2014). Inside the tree trunk
cells, the rubber particles enlarge as the cells mature
(Sando et al., 2009). Each rubber particle contains a core
of polyisoprene enclosed by a monolayer of PLs em-
bedded with two major proteins, Small Rubber Particle
Protein and Rubber Elongation Factor (see preceding
section on LD proteins). The two proteins would make
the particles stable from fusion or aggregation. In the
secreted latex, the rubber particles are fairly stable and
aggregate or coalesce slowly. The two proteins are
members of a large plant protein family involved in
stress responses and proper plant growth, and their
presence on rubber particles also may be related to
these effects.

LDs (Plastoglobules) Inside Plastids

Plastoglobules are elongated or spherical LDs of 0.2
to 5 mmdiameter associated with or detached from the
internal thylakoid of a plastid (Deruère et al., 1994;
Bréhélin and Kessler, 2008; Zeng et al., 2015). They are
present in all plants and green algae. Each plastoglo-
bule has a core of neutral lipids enclosed by a mono-
layer of amphipathic lipids (PLs and/or glycolipids)
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embedded with proteins. The neutral lipids vary
greatly, depending on the plant species, tissues,
growth stages, and environmental conditions. TAGs
serve as a temporary refuge for toxic FFAs from
damaged membranes. Yellowish carotenoids in small
amounts in a healthy leaf, overshadowed by green
chlorophyll until senescence, are for light reception in
photosynthesis and quenching of excess energy in
photoprotection. Carotenoids of diverse colors (yel-
low, gold, red, etc.) in petal, sepal, fruit coat, etc., in the
absence of green chlorophyll, are for attracting ani-
mals. Other neutral lipids could be prenylquinones,
plastoquinones, and FA phythyl esters. The major
surface protein is called Plastid-lipid Associated Pro-
tein, fibrillin, or chromoplast-specific protein. The
protein of ;30 kD does not have a long hydrophobic
segment and is assumed to interact with the surface of
rather than penetrating the plastoglobule and play a
structural role. Minor proteins could include lipid
metabolic enzymes and signal proteins, depending on
whether the plastoglobule is attached to or detached
from the thylakoid.

SURFACE OF LDs BEING A REFUGE FOR
DIFFERENT PROTEINS

Plant nonoleosin LD proteins, including caleosin,
steroleosin, dioxygenase, and lipoxygenase, as well as
LD/OB Associated Proteins, but excluding lipase, may
or may not have a direct functional relationship with
LDs. Knockout, knockdown, or overproduction mu-
tants of these proteins may have the LD numbers or
sizes altered as downstream responses or conse-
quences. Some of these proteins may use the LD surface
as a refuge for future activities at diverse subcellular
locations under specific environmental cues. This hy-
pothesis is based on the following considerations (evi-
dence described and referenced earlier).

(1) The proteins are not associated tightly or uniquely
with LDs. Caleosin and steroleosin have a hydrophobic
hairpin substantially shorter (approximately one-third)
than the oleosin hairpin, and the hairpin sequences are
only mildly conserved (Table I). They would be equally
stable on LDs and other membranous structures in the
cell. Dioxygenase, lipoxygenase, and LD/OB Associ-
ated Proteins do not have a long hydrophobic segment
and are predicted to be in cytosol (lipoxygenase) or
shown to be in cytosol and on LDs (dioxygenase and
LD/OB Associated Proteins). Transcripts of some of
these proteins are present ubiquitously in organs with
and without LDs (Tables I and III).

(2) Some of the proteins are in excessive amounts
for enzyme activities. On seed LDs, caleosin and
steroleosin represent 2% to 4% of oleosin. These two
proteins have enzymic activities. Some of the enzy-
mic products are signaling molecules functioning in
minute quantities, whereas others, such as phyto-
alexin, may be in need of higher amounts for defense.
Having the enzymes in high amounts may be

unnecessary but could be beneficial in storage forms
for quick actions upon stresses. Dioxygenase is pre-
sent in a minute quantity, as judged from its tran-
script level.

(3) The enzyme substrates may be from various
subcellular membranes. The origins of a-linolenic
acid and sterols for the enzymic activities have not
been defined and could come from various mem-
branes upon stress-induced damage (Hong et al.,
2016). They could come from the surface and core of
LDs also, but seed LDs are comparatively stable
in vivo, much more so than the membranous struc-
tures in the whole cell, upon desiccation and tem-
perature stresses.

(4) The surface of LDs is the most inert structure
among all physical or membranous structures inside a
cell and, thus, is suitable for use as a refuge for proteins.
LD surface activities are limited to lipolysis and phys-
ical interaction with peroxisomes at restricted locations
and developmental stages. If the proteins, such as LD/
OB Associated Proteins and dioxygenase, were in cy-
tosol instead of on LDs, they would bemore susceptible
to unintended proteolysis.

(5) Plant LDs as a refuge for proteins unrelated to LDs
directly would be analogous to animal LDs (Welte and
Gould, 2017). For example, Drosophila LDs are a refuge
for histones to be used for rapid nuclei and cell syn-
thesis at a future developmental stage. The LD histones
and other refuge proteins can shuffle between LDs and
other subcellular compartments for different metabo-
lism or activation purposes. The inertness of the LD
surface as a refuge has been taken advantage of by some
viruses, which assemble virus particles on LDs with
minimized disturbance to the host cells (Roingeard and
Melo, 2017).

Plant nonoleosin LD proteins, at least some of them,
could use the LD surface as a refuge. Upon a signal
induction, they could, with or without activation,
shuffle among the LD surface, cytosol, and other
membranous structures. The activation or reshuffling
energy would come from protein phosphorylation
(analogous to the activation of some mammalian LD
proteins), palmitoylation, or other means. Alterna-
tively, they could move with the whole LDs to dif-
ferent membranous structures along the cytoskeleton
or via other mechanisms. These two possibilities are
not mutually exclusive and could depend on the cell
type, plant species, and environmental cue. In addi-
tion, LDs in seeds and vegetative organs such as
leaves play different functional roles and may operate
the LD refuges differently. It is unlikely that the toxic
and amphipathic FFAs and sterols diffuse from the
damaged membranous structures to the LD surface
for enzymic reactions. The overall hypothesis, re-
gardless of its validity, should be tested to delineate
the structure and functions of the nonoleosin LD
proteins and the LDs per se. The subcellular partition,
the mode of the partition, and the possible reshuffling
among subcellular structures of each of the proteins
and their individual isoforms in cells with and
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without LDs upon stresses, pathogenicity, and se-
nescence should be delineated. Examination also
should be made of the possible movement of whole
LDs to membranous structures or the reverse move-
ment of membranous structures to LDs upon stresses
and senescence.

EVOLUTION OF PLANT LDs AND THEIR
ASSOCIATED PROTEINS

Primitive unicellular organisms evolved to possess
neutral lipid-containing LDs, which conferred two
survival advantages. First, the cells would convert toxic
FFAs from damaged or aged membranes to nontoxic
TAGs and/or other neutral lipids in LDs. Second, LDs
would become storage warehouses for future growth
when the organisms encountered stresses. For storage,
neutral lipids instead of polysaccharides would be ad-
vantageous because they contain twice as much
bioenergy. Enzymes for the synthesis and degradation of
neutral lipids would evolve from existing membrane-
associated acyltransferase and non-membrane-associated
lipase, respectively, originally meant for membrane me-
tabolism. Initially, the nascent neutral lipids were present
between the acyl moieties of the di-PL or diglycolipid
layer in membranes. This bulky presence would interfere
with membrane functioning and lead to the release of the
neutral lipids to cytosol as LDs. The released LDs would
be partially stabilized with a monolayer of PLs or glyco-
lipids from the original bilayer membrane, and perhaps
also with some of the original membrane proteins. Fur-
ther stability occurred with the evolutionary appearance
of LD structural proteins. Also, proteins modulating the
whole storage and breakdown process evolved, resulting
in refinement of metabolic regulation. The structural and
modulating roles of some of these proteins would cross
over. The early-evolved LD protein in a very primitive
organism would be retained by all organisms, and its
mode of action would evolve and differentiate in a
phylogeny-specific manner. An example is the different
modes of action of CGI-58 inmodern plants, animals, and
fungi (James et al., 2010; Oberer et al., 2011; Pyc et al.,
2017). The late-evolved proteins would be retained in
specific phylogenies. They include phasin in many bac-
teria, Major LD Protein in some bacteria, LD Surface
Protein in heterokont algae, Major LD Protein in some
green algae and other algae (Table I), perilipin in verte-
brates (Itabe et al., 2017), and oleosin in green algae and
plants.
Oleosin evolved in green algae, the ancestor of

modern plants. Oleosin might have evolved from a
transmembrane or peripheral membrane protein via
consecutive mutations of hydrophilic/polar residues
to nonpolar residues, leading to the formation of the
long hydrophobic hairpin of oleosin. The gene en-
coding the oleosin precursor did not have a strong
promoter, and its duplication throughout evolution
was modest (one gene in C. reinhardtii, three in
S. grevilleana, and five to six in a true diploid

advanced plant; Huang and Huang, 2015). Initially,
the oleosin amount produced was too minute to even
cover a small fraction of the surface of LDs, and its
amount would increase gradually through evolution.
Among modern organisms, the amount of oleosin on
each LD is minimal in C. reinhardtii, detectable in S.
grevilleana, moderate in Physcomitrella patens, and
abundant in plants (Huang et al., 2009, 2013b). In
Arabidopsis, two to three most-active S or T oleosin
genes are expressed strongly in seed and tapetum,
respectively, producing oleosin transcripts repre-
senting 10% of all cell transcripts (Huang et al.,
2013a). Along the way, specific oleosins would evolve
together with LDs, forming particular LD structures,
such as tapetosomes and leaf epidermal LD clusters
in restricted phylogenies. Currently, six oleosin line-
ages are known, some ubiquitous (e.g. U oleosin and
seed SL and SH oleosins in seed plants) and others
highly restricted. In view of this latter restriction of T
oleosin and M oleosin each to only one plant family,
we should expect the existence of more oleosin line-
ages not yet discovered.

Table III lists genes encoding all the LD-associated
proteins in Arabidopsis. Tandem genes encoding T
oleosin, caleosin, and steroleosin exist. For the four
oleosin lineages, each lineage has two to nine gene
members, whose transcript levels vary drastically but
still of identical tissue specificities (Kim et al., 2002).
For genes encoding each type of nonoleosin LD pro-
teins, their transcripts vary significantly not only in
levels but also in organ/tissue specificities. Some
genes have highest transcript levels in organs not
known to possess abundant LDs (e.g. dioxygenase D1,
lipase CGI-58L, and monoacylglycerol hydrolase
transcript levels being highest in roots). These diver-
sifications of nonoleosin LD proteins of the same type
suggest that the proteins carry out different organ/
tissue-specific functions related or unrelated to LDs
and/or that their levels, tissue specificity, and sub-
cellular locations could be enhanced or modified upon
stresses or senescence.

OLEOSIN-LDs FOR POTENTIAL
INDUSTRIAL APPLICATIONS

Among all LD proteins, oleosin has the longest hy-
drophobic hairpin (Table I) and is tightly associated
with LDs. Oleosin has been probed for industrial ap-
plications. Oleosin-LDs can be used as a natural and
safe emulsifying agent in food and cosmetics adjuvants
(Bhatla et al., 2010). Oleosin-LDs in foods could be al-
lergenic (Jappe and Schwager, 2017), and removing or
denaturing oleosin in these foods could be advanta-
geous. The seed oleosin gene promoter is restricted to
maturing seed and related to an array of oil synthesis
genes. It is as strong if not stronger than the seed storage
protein gene promoter. Thus, the seed oleosin promoter
has been used extensively to express oil synthesis and
modification genes in maturing seeds (see below).
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Several transcription regulatory genes also could be
used to boost seed maturation signaling to induce oil
synthesis (Weselake et al., 2009) in seeds and leaves.
Major studies to probe the commercialization of
oleosin-LDs are as follows.

(1) Use Foreign Oleosin (as a Protectant or Metabolic Sink)
and Enzymes (to Overcome Limiting Steps or Synthesize
New Oils) to Produce More or New Oils in Seeds or Leaves

The desire to produce renewable biofuels to avert
global warming has led to the exploration of biodiesel
production in oilseeds, vegetative organs such as leaves
and underground storage organs, and microalgae. The
rationale for this exploration also could embrace the
production of higher valued oil seed crops and health
oils. The engineering approaches have included trans-
forming plants or microalgae with foreign genes. These
genes could be (1) a regulatory gene producing a tran-
scription factor that activates the complete array of
genes encoding oil-synthesizing enzymes, (2) a gene
encoding a rate-limiting enzyme (e.g. diacylglycerol
acyltransferase or a transmembrane protein), (3) a gene
encoding a foreign desaturase or exerting a silencing
effect on an internal desaturase gene for a desired
desaturated acyl composition or new health oils, (4) an
RNA interference (RNAi) construct to suppress lipase
activity and, thus, TAG turnover in desiccating seed,
and/or (5) a gene encoding oleosin to protect or act as a
metabolic sink to house the new oils. Major advances
have included the following (not a complete list). Seeds
of several Brassica spp. have ;40% oils and were engi-
neered to produce more oils (Taylor et al., 2009; Savadi
et al., 2016). Corn kernels have 1% to 4% oils largely
restricted to the embryos and were engineered to en-
hance oil contents (Shen et al., 2010; Alameldin et al.,
2017). Rice seed has 1% to 4% oil and was engineered to
produce more oils (Liu et al., 2013). Leaves of diverse
species (Winichayakul et al., 2013; Kim et al., 2015; El
Tahchy et al., 2017; Yurchenko et al., 2017; and several
others), sugarcane (Saccharum officinarum) organs (Zale
et al., 2016), and underground starch-storing stems/
roots (Liu et al., 2017) were engineered to produce new
ormore oils. A diatomwas engineered to producemore
oils (Zulu et al., 2017). Use of oleosin alone for the en-
gineering could result in higher oil contents and more
LDs in seed (Liu et al., 2013) and yeast cells (Jacquier
et al., 2013).

Further advances in some of these successes of
having more oils and LDs in seeds and leaves of
transformed plants will need to overcome potential
problems. Oils have twice as much bioenergy as
storage starch or proteins, and a plant or organ will
have to obtain extra photosynthetic energy to syn-
thesize more oils or reshuffle bioenergy from other
constituents, such as storage starch. Otherwise, a
growth penalty will set in. Whether TAGs per se or
oleosin (in addition to protecting the accumulated
TAGs in LDs) can act as a metabolic sink to overcome
the energy barrier remains to be seen. Existing crop

plants such as canola (Brassica napus) and maize
engineered to have increases in oils (or use of a low-
oil variety as the starting experimental material) have
been tested positively in the field on a short-term
basis; whether larger increases will cause a growth
penalty remains to be evaluated. High-oil (and di-
verse unsaturation) varieties of these oilseed crops
exist, with oil contents usually negatively correlated
with starch or other seed storage materials; most of
these varieties do not perform as well as the estab-
lished commercial varieties. The high-oil varieties,
which do not carry the genetically modified label,
also could be exploited. An increase in oils in leaves
has been successful. Leaves are not a major metabolic
sink organ, unlike maturing seed or underground
storage organs. They have to be active and efficient in
photosynthesis to support the growth of the whole
plant. The diversion of leaves to storage organs, even
partially, will affect photosynthesis and plant
growth. In addition, LDs accumulated abundantly in
the leaf cells will be bulky and will physically affect
photosynthesis and other cellular activities. The ar-
gument for increasing oils in leftover leaves, stems,
and roots in crops after seed harvest for biodiesel
extraction is puzzling. These vegetative components
were active and were constructed to serve their major
physiological functions before seed harvest, and di-
version of these functions would hurt plant growth.
For centuries, agricultural efforts, intentionally or not,
have increased the harvest index (bioenergy ratio of
seed yield to vegetative components) to approach the
theoretical maximum of 50%. Notwithstanding, the
successes in the transformation studies (described in the
preceding paragraph) have provided new and important
knowledge of lipid metabolism in terms of its regula-
tion and plasticity. Niches with sound conceptual
foundations can be developed and explored for
potential applications. The production of high-valued
new oils could be pursued. The use of RNAi to
suppress lipase transcript in maturing seeds could
substantially reduce the ;10% loss of TAGs during
desiccation (Kelly et al., 2013a). CRISPR/Cas-targeted
genome-editing technology should be used whenever
possible to avoid the label of genetically modified. The
current assessment is based on scientific deliberations and
public perception of genetic modification, and proprie-
tary considerations are beyond the scope of this article.

(2) Produce High-Value Protein via Its Engineered
Attachment to Oleosin on LDs

Yeast and bacteria have been used to produce high-
value proteins for medicinal and other purposes. This
traditional approach could encounter a technical
problem (in addition to the well-known lack of
proper protein glycosylation in microbes). In labo-
ratories, engineered microbes produce the foreign
protein, which is then purified with chemical
methods such as affinity chromatography. In scaling
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up production in factories, this purification process
works less effectively and generates more contami-
nants. Attempts to overcome this purification
problem and to take advantage of the low-cost agri-
cultural production have led to the use of oleosin-LD
technology (Bhatla et al., 2010; Nykiforuk et al., 2011;
Huang et al., 2017). A high-value foreign protein is
linked to oleosin on seed LDs via genetic engineering,
and the foreign protein is released from floated LDs
via a protease with substrate specificity tailored to a
peptide linking the protein to oleosin. However, the
scaled-up production with protein-oleosin-LDs could
encounter the same scale-up problem in purity as the
traditional microbe production. No industrial appli-
cation with this approach has been reported 2 de-
cades after the initiation of the research and
development.
A modified and simpler approach for manufacturing

industrial proteins requiring less purity is to attach the
foreign enzyme to oleosin-LDs in seeds via genetic en-
gineering and use the floated enzyme-oleosin-LDs
without further purification or the crude extract di-
rectly (Yi et al., 2015; Leng et al., 2016; Liu et al., 2016;
Montesinos et al., 2016; and other reports). Some of the
engineered enzyme-oleosin-LDs have been shown to
possess the expected enzymic or biological activities.
This system offers an advantage in that the enzyme
associated with oleosin-LD is less susceptible to prote-
olysis in vivo or in extracts. Its commercial feasibility
remains to be seen.

(3) Enhance or Modify the Effects of Oleosin-LDs in
Soybean Foods in Terms of Processing, Product Texture,
and Nutrients

Thousands of soybean (Glycine max) products have
been used as staple foods by different cultures in East
and Southeast Asia for centuries. During the past 2 de-
cades, their uses have spread globally. Many soybean
products have gained a reputation for being health
foods. The better-known items in the United States are
soybean milk, tofu, soy yogurt, soya sauce, and various
vegetarian foods. For most soybean foods, the bean is
processed to products with different textures and
available nutrients. In various soybean extracts, the
water-soluble and abundant oleosin-LDs (including
oleosin-LD ghosts after oil extractionwith hexane) have
tremendous effects on food stability (e.g. soymilk),
textures (e.g. tofu and many other processed soybean
products), and preservation of nutrients. Recent studies
in Japan and China have probed the molecular struc-
tures and properties of oleosins on LDs, their interac-
tionwith storage proteins and soybean allergens aswell
as added non-soybean ingredients, and their modifi-
cations during and after different processing; the ob-
jective is to enhance soybean food qualities for different
consumer preferences (Toda et al., 2008; Fujii, 2017;
Matsumura et al., 2017; Peng et al., 2017; Zhao et al.,
2017).

(4) Use Oleosin to Produce Micelles for Drug Delivery and
Other Industrial Purposes

Oleosin is an emulsifying agent per se and has unique
properties. It has been used as a platform protein on
micelles, or even the sole component of micelles, for
drug delivery and other purposes. For micelle pro-
duction, oleosin and its modified variants are used to
constitute micelles of different desired properties
(Vargo et al., 2014). The size and surface properties of
the micelles depend on the modified oleosin structures,
the concentrations, and the media, etc. The micelles
could have the oleosin C terminus attached to a cell
receptor-binding peptide, so that the micelles can carry
the drug to target specific human cells. The oleosin
micelles also can be used as contrast-enhancing agents
with ultrasonography and theranostic agents for diag-
nosis and therapy (Vargo et al., 2015). Oleosin has been
used as a scaffold on LDs in yeast to assemble multiple
enzymes for metabolic channeling in lipid synthesis
(Lin et al., 2017).

PERSPECTIVE

LDs in all organisms are now recognized as a dy-
namic metabolic center for lipid homeostasis and other
functions. Studies of LDs were initiated with plant
seeds, and since then, LD studies with mammals and
microbes have moved forward. Exchanges of research
concepts and findings from diverse organisms have
been ongoing and fruitful. LDs in all organisms share
common features, and several LD proteins are evolu-
tionarily related. This indicates the early evolution of
LDs and some LD proteins in primitive organisms.
Research with nonplant organisms has delineated the
mechanism of LDs budding from the ER and the in-
volvement of special proteins, such as Fat Storage In-
ducing Protein and SIEPIN. It also has defined the
mode of LD catabolism whereby regulatory proteins
and lipase bind transiently to or detach from LDs via
phosphorylation and dephosphorylation and peroxi-
somes interact physically with LDs. Plant research on
LDs should follow this progress and make advances
and pinpoint diversifications. Diversifications are ex-
emplified in the lipase modulator CGI-58, which tran-
siently locates on LDs in humans but is present on
peroxisomes in plants.

Stress-related proteins found on plant LDs during the
past several years could function in combating abiotic
and biotic stresses. The surface of LDs in plant cells
could act as an inert refuge for nonoleosin proteins to
perform major functions in other parts of the cells. This
hypothesis should be explored actively. Regardless of
any validation of the hypothesis, the research findings
will delineate the functions of these proteins and the
advantage of their association with LDs. All the non-
oleosin LD proteins are not tightly associated with LDs
(Table I). Caleosin and steroleosin have a short hydro-
phobic hairpin that would allow the protein to bind to
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various membranes in the cell and on the LD surface.
Dioxygenase, lipoxygenase, and LD/OB Associated
Proteins do not have a long hydrophobic segment and
could be present in cytosol and on LDs. LD/OB Asso-
ciated Proteins have been shown to be present in cy-
tosol, and a portion is loosely associated with the LD
surface. The mechanism of the association of these
proteins with the LD surface and the changes of the
association upon a physiological or pathological con-
dition are indispensable information for delineating the
functions of the proteins. LD Associated Protein has
been tested for its in vitro binding to liposomes com-
posed of various PLs, and no binding specificity has
been identified (Gidda et al., 2016). The binding of the
nonoleosin proteins to oleosin and its truncated forms
on LDs or liposomes should be explored. Seed LDs are
covered completely with oleosins, and the nonoleosin
proteins would likely bind to the oleosin, at least partly.
Nonseed LDs, such as those in leaves, may have their
surface covered at least partly with oleosin. Deep se-
quencing of transcripts of various organs has revealed
the presence of very low levels of oleosin transcripts in
the leaves of Coffea, Pinus, Picea, Ginkgo, Linum, and
Vernicia spp. (Simkin et al., 2006; Hyun et al., 2013; Cao
et al., 2014; Huang and Huang, 2015). The low levels

could simply reflect the very minimal numbers of LDs
in these tissues. The oleosin transcript may increase, in
parallel with the enhanced LD number and nonoleosin
protein transcript, upon stresses or senescence. If oleo-
sin is not involved in the specific binding of the non-
oleosin proteins to LDs, other mechanism (e.g.
phosphorylation and palmitoylation) should be ex-
plored.

The emphasis on oil synthesis and modification, as
well as lipid metabolism related to stress responses,
have minimized studies of LD breakdown in seedlings,
which are perceived to be less related to applicability.
The classic argument that good basic research will lead
to applicability may be valid in studying LD break-
down. Studies with Arabidopsis reveal that the lipase
transcript peaks during seed maturation, that it is 10%
to 30% of the peak in seedlings at the height of lipolysis,
and that it is present ubiquitously in diverse organs
(Table III). In Arabidopsis and Brassica spp., lipase ac-
tivity is absent in mature seed and appears in seedlings.
Some activity of this lipase could be present inmaturing
seed and be responsible for the loss of ;10% of TAGs
during seed desiccation; this loss is common among
many oilseed crops, including Brassica spp. RNAi of the
lipase gene applied to Brassica spp. maturing seeds
generates less lipase transcript and reduces the TAG
loss during seed desiccation (Kelly et al., 2013a). Fur-
ther research could investigate whether, in maturing
seed and nonseed organs, the transcript is active in
producing inactive or active lipase or the transcript or
lipase becomes active only in seedlings. Themechanism
of the possible storage of inactive transcript and/or li-
pase and their subsequent activation is intriguing.

Many intriguing scientific questions on LDs should
be addressed. They have been mentioned throughout
the text of this article. Some are also listed in Out-
standing Questions.
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