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ARTICLE INFO ABSTRACT

Keywords: Perilipins (PLINs) are proteins that associate with lipid droplets (LDs) and play roles in the control of trigly-
PLIN1 cerides (TG) metabolism. Two types of PLINs - 1 and 2- occur in insects. Following previous work on MsPLIN1A
LsD1 (a 42kDa protein formerly called MsLsd1), here we report a new PLIN1 isoform, MsPLIN1B. MsPLIN1B cDNA
Lipid droplets was cloned and the 1835bp cDNA contains an ORF encoding a 47.9 kDa protein whose expression was confirmed
gggiiﬁ:d by mass spectrometry. Alternative transcripts A and B, which differ in the alternative use of exon 1, were the
Fat body most abundant PLIN1 transcripts in the fat body. These transcripts encode nearly identical proteins except that

the B isoform contains 59 additional residues in its amino terminus. No conserved domain was identified in the
extra region of MsPLIN1B. The novel PLIN1 isoform is found in lepidopteran species. In Manduca, PLIN1B was
expressed only in the 5th instar larva and its levels correlated with fat storage. Furthermore, PLIN1B levels
increased with the fat content of the diet in insects of the same age confirming a direct relationship between
PLIN1B and TG storage irrespective of development. The nutritional status impacted PLIN1B levels, which de-
creased in starvation and increased with subsequent re-feeding. Altogether data support a link between PLIN1B
and TG storage in caterpillars prior to pupation. The combined findings suggest distinct roles for PLIN1A,
PLIN1B and PLIN2. MsPLIN1A abundance correlates with mobilization of TG stores, MsPLIN2 with the synthesis
of new LDs and MsPLIN1B abundance correlates with high levels of TG storage and large LD sizes at the end of

Manduca sexta

the last feeding period.

1. Introduction

Insects store excess nutrients as fat (triglycerides, TG) and glycogen
in the fat body. Fat reserves are essential for insect growth, develop-
ment and oogenesis. During vitellogenesis, fat reserves are mobilized to
the ovaries for egg development (Law and Wells, 1989). Moreover, TG
are crucial to meet the energy demands during diapause and prolonged
periods of flight due to the high caloric content per unit of weight. TG
are the storage form of fatty acids (FA). FA have important physiolo-
gical functions as components of cell membranes, cuticular lipids,
waxes as well as precursors in the synthesis of lipid regulators and
hormones in addition of being a source of energy (Canavoso et al.,
2001). Clearly TG reserves are essential to support the life of insects,
and fat is always a major component of the fat body (Arrese and
Soulages, 2010). During periods of food abundance, TG are deposited in
the fat body cell as cytoplasmic lipid droplets (LDs). LDs are globular
organelles consisting of a lipid core (TG and cholesterol ester) sur-
rounded by a monolayer of phospholipids and a coat of proteins (Bickel
et al., 2009; Brasaemle, 2007). When the organism needs energy, stored
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fatty acids are mobilized from TG by hydrolysis (lipolysis) catalyzed by
lipases. In turn, fatty acids can be used for ATP production through f3-
oxidation or secreted to circulation as diglycerides (DG) to be trans-
ported by lipophorin to other organs (Van der Horst and Rodenburg,
2010).

LDs are dynamic organelles that can growth in size and number
depending on the metabolic condition. The fate of LDs is controlled by
the protein coat, which comprises many different proteins (Hodges and
Wu, 2010). Proteomic studies of LDs isolated from insects, Drosophila
(Cermelli et al., 2006; Beller et al., 2006) and Manduca (Soulages et al.,
2012), have shown that LD proteins vary with the type of tissue and the
developmental stage. However, all LD proteomes from numerous ani-
mals showed one or more members of the Perilipins or PAT proteins
(Hodges and Wu, 2010). This group of proteins originally discovered in
vertebrates is composed by PLIN1 (Perilipin), PLIN2 (ADRP), PLIN3
(TIP47), PLIN4 (S3-12) and PLIN5 (OXPAT) (Bickel et al., 2009). In-
sects display only two types of PLIN proteins: PLIN1 (Lsd1) and PLIN2
(Lsd2) (Lu et al., 2001; Miura et al., 2002). PLIN proteins have been
implicated in TG metabolism and LD formation (Chen and Goodman,
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2017). The overall amino acid sequence conservation among PLIN
proteins is very low, but they share a ~100 amino acids long region
towards the N-terminus —the PAT domain-that is conserved (Lu et al.,
2001). The importance of this domain remains enigmatic but is not
required for binding to LDs (Najt et al., 2014). PLINs lack apparent
transmembrane domains and they are thought to associate to LDs by
regions of amphipatic helices (Brasaemle, 2007). The overall secondary
structure of Drosophila PLIN1 is a helical, and the four helices clustered
in the central part of the polypeptide were identified as the lipid
binding elements to the surface of the LD (Arrese et al., 2008a).

PLIN1 is the best characterized member of the family (Sztalryd and
Brasaemle, 2017). In the adipose tissue of vertebrates, PLIN1 plays a
role in TG homeostasis as a regulator of lipid storage and lipolysis.
PLIN1 dual roles are determined by its phosphorylation state. Under
basal condition, unphosphorylated PLIN1 acts as a hydrolytic barrier
preventing lipases from gaining access to TG (Brasaemle et al., 2000;
Souza et al., 2002; Tansey et al., 2004). Under a high lipolytic condition
typically triggered by hormones, PLIN1 becomes phosphorylated en-
abling directly or indirectly the action of major lipases (Brasaemle,
2007; Ducharme and Bickel, 2008). However, the manipulation of
PLIN1 levels in mice showed the complexity of the physiological role of
this protein. Although depletion of PLIN1 produced a decrease in TG
storage supporting the barrier function of PLIN1 (Martinez-Bota et al.,
2000; Tansey et al., 2001), overexpression of PLIN1 produced a de-
crease in both basal and stimulated lipolysis with reduced TG storage
(Miyoshi et al., 2010).

In insects, PLIN1 has been associated with TG lipolysis in the fat
body (Patel et al., 2005; Beller et al., 2010; Bi et al., 2012; Toprak et al.,
2014), silkmoth sex pheromone biosynthesis (Ohnishi et al., 2011), and
with proper wing development (Tran et al., 2017). In Manduca, AKH
-the lipolytic hormone in the fat body of adults-triggers a two-fold in-
crease in hemolymph lipid levels (Arrese and Wells, 1997). AKH sti-
mulation induces PLIN1 (42kDa) phosphorylation, which correlates
with the activation of lipolysis (Patel et al., 2005). In vitro studies
confirmed the effect of PLIN1 phosphorylation in the activation of
purified triglyceride lipase TGL (Arrese et al., 2008a). Moreover,
MsPLIN1 is more abundant in the fat body of adults, which present the
highest level of lipolysis. Thus, the pattern of expression of MsPLIN1
during development was also consistent with a role of PLIN1 in lipid
mobilization (Arrese et al., 2008b). Unlike vertebrate PLIN1, the de-
pletion of PLIN1 in adult Drosophila induced an increase in TG storage
suggesting also a role for DmPLIN1 in lipolysis (Beller et al., 2010).
DmPLIN1 was also an effector of the AKH-lipolytic pathway (Gronke
et al., 2007) involved in the activation of DmHSL (Bi et al., 2012).
DmATGL or Brummer lipase is shielded by DmPLIN2 and DmPLIN1 in
small lipid droplets (Gronke et al., 2003; Beller et al., 2010; Bi et al.,
2012) while DmPLIN1 facilitates hormone sensitive lipase (HSL)-
mediated lipolysis in large lipid droplets (Bi et al., 2012). The analysis
of double PLIN mutants (plinl and 2) in Drosophila showed that peri-
lipins are dispensable for the formation of the small LDs, but are needed
for subsequent LD growth (Bi et al., 2012). However, previously Beller
et al. (2010) showed that LDs of different sizes including large droplets
exist in fat body cells of mature adult Drosophila flies lacking both,
PLIN1 and PLIN2. In Manduca, we found a relationship between PLIN2
expression and TG synthesis suggesting that PLIN2 is needed when fat
body or midgut were accumulating TG. However, MsPLIN2 declined in
the fat body of the 5th instar at the time of maximal TG storage. This
unexpected finding suggested the occurrence of alternative me-
chanism/s to shield TG from the action of lipases in M. sexta LDs (Chen
et al., 2017).

Here we report a new PLIN1 isoform of M. sexta, PLIN1B, which was
identified as a 47.9 kDa LD-associated protein from the fat body of the
5th instar larva. Fifth instar larva embodies the final feeding period,
during which caterpillars feed intensely and accumulate the greatest
amounts of lipid reserves prior to pupation.
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2. Materials and methods
2.1. Insect rearing and feeding

M. sexta eggs were purchased from Carolina Biological Supplies.
Larvae were reared at 25 °C on artificial diet (Bell and Joachim, 1976)
unless otherwise is indicated. The artificial diet is a mixture of dry
components (20% w/v) in water (80% w/v). The main components of
the dry mix are: wheat germ (72%), casein (14%), Wesson's salt mix
(4.2%) and Vanderzant vitamin mixture (6.4%). Adult insects were
maintained at room temperature. The end of the 4Minstar was identified
by the appearance of head capsule (HC) slippage (day O, 5th instar).
Fifth instar larva were sorted by the number of days of feeding (day 1 to
day 5). Subsequently, wanderers were identified by initiation of wan-
dering behavior and the exposure of the dorsal aorta. Under these
rearing conditions the feeding period of the 5th instar larva last 5 days
and the pre-pupal period also last 5 days. 2.1.1. Starvation and re-
feeding: Second day 5th instar larvae were kept individually without
diet for 24 h. Subsequently, starved insects were re-fed with diet (ad
libitum). Fat bodies were collected at 0h, 2h, 6 h, and 48h after re-
feeding. 2.1.2. Feeding 5th instar larvae with diets of different caloric
content: Larvae were reared from hatching to the completion of the 4th
instar on the artificial diet. From the beginning of the 5th instar, larvae
were subjected to four types of diets: leaves (tomato leaves), leaves with
oil (tomato leaves with the addition of 33l of corn oil per gram
leaves), diet (artificial diet according to Bell and Joachim (1976)), and
diet with oil (standard diet with the addition of 33 pl of corn oil per
gram). Tomato leaves were harvest daily, rinsed with water, wrapped in
paper towels and kept in a plastic bag at 4 °C. The oil was Wesson Corn
0il (100% corn oil) purchased at a local food store. The caloric content
of the leaf diet was 0.13kcal/g and 0.30kcal/g of tomato leaves
without and with oil, respectively, whereas for the artificial diet was
0.52 kcal/g and 0.69 kcal/g with oil. Each day animals were provided
with increasing amounts of corresponding diet from 0.4 g (day 1) to
1.6 g (day 4) per insect. Fat bodies were dissected at various times
during feeding for further analysis by Western blot, gPCR, TG mea-
surements, and microscopy to determine lipid droplets size distribution.

2.2. PLIN1 developmental expression

Fat bodies from larva and adults were dissected along development
for qPCR and Western blot. Fat bodies for qPCR analysis were processed
as indicated below (section 2.5). Fat bodies for Western blot analysis
were homogenized in homogenization buffer (HB) (20 mM Tris, pH 7.4,
0.25M sucrose, 1 mM EDTA, 1 mM benzamidine, 1 mM PMSF, 10 mg/1
leupeptine, 1 mM DTT) containing sucrose. Homogenates from at least
a pool of two fat bodies were centrifuged at 1000 g for 10 min. The
supernatant was overlaid with HB without sucrose and centrifuged at
160,000 g for 1h. The thin white layer floating at the top (LDs) was
collected and resuspended in HB buffer and the protein concentration
was determined by Bradford's method (Sigma). Laemmli buffer (Sigma)
was added to LDs samples used for SDS-PAGE for subsequent Western
blot analysis as described in section 2.3.

2.2.1. Subcellular fractionation

Fat body homogenate was centrifuged at 1000 g for 10min and the
resulting supernatant was adjusted to 1.17M sucrose and transferred to
a SW40 centrifuge tube to be subsequently overlaid with 1 ml each of
1.02 M sucrose, 0.87 M sucrose, 0.58 M sucrose, 0.29 M sucrose, 0.15 M
sucrose in HB buffer and 1.5ml of buffer without sucrose. Density
gradients were centrifuged at 160,000 g for 4h and fractionated into
ten fractions, which were analyzed by Western blot to determine the
PLIN1 isoforms as described below (section 2.4). The concentration of
triglycerides in each fraction was determined with the Infinity Trigly-
cerides Reagent (section 7) and protein concentration was determined
by Bradford's method (Sigma). Lipid droplets localized at the top
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fraction. This fraction comprised 96.9 + 1.1% and 3% of cellular tri-
glycerides and proteins, respectively.

2.3. Cloning and sequencing of PLIN1A and B cDNAs

To clone the full-length ¢cDNA of PLIN1A and PLIN1B, a cDNA li-
brary obtained from larval fat body and the following gene specific
primers were used. PLIN1A-F: 5- CAACGTATTGTGCGAAATGGTCAT
AGC-3’ PLIN1B-F: 5- CAACAGATTACATTATTTTTAACCGAGATAACC
-3’ and common reverse primer PLIN1 R: 5’- GCTATTAAGCACAGGCT
CTACATACGT- 3’ designed based on the sequence information from the
Manduca genome were used in PCR experiments. Each PCR reaction
produced a single band (~1.6 kb and 1.8 kb, respectively), which was
cloned into pGEM vector (Novagen) and sequenced in both directions.

2.4. Preparation of polyclonal MsPLIN1 antibody and Western blot analysis

The coding region of PLIN1A was amplified by PCR and the PCR
product was cloned into pET32-Ek/LIC vector (Novagen) and se-
quenced. E. coli strain NovaBlue GigaSingles cells (Novagen) were
transformed with the recombinant plasmid. Positive clones were con-
firmed by DNA sequencing. E coli Rosetta 2cells (Novagen) were
transformed for protein expression. Expression of the recombinant
protein was induced with 1 mM IPTG. After 4 h, bacteria were collected
and resuspended in lysis buffer (50 mM Tris pH 8, 1 mM EDTA, 100 mM
NaCl, 1 mM PMSF) containing 0.3 mg/ml of lysozyme. After 30min
incubation, the preparation was centrifuged at 160,000 X g for 30min.
The fusion protein was found in the pellet, which was resuspended in
20 mM Tris pH 8, 6M urea, 500 mM NaCl by sonication. After cen-
trifugation (160,000 X g, 15 min), purification of recombinant PLIN1A
was carried out essentially as previously reported (Arrese et al., 2008b).
The fusion protein was cleaved by thrombin to remove the thioredoxin/
His-tag portion. Purified PLIN1 was used to generate polyclonal anti-
bodies in rabbit (Cocalico Biologicals Inc.). For Western blot analysis,
proteins were separated by SDS-PAGE (Bio-Rad) and transferred to ni-
trocellulose membranes (Bio-Rad). The blots were developed with ECL
chemiluminescence reagents (GE Healthcare) and exposure directly
against X-ray films (Fisher). The abundance of PLIN1 was estimated by
measuring the net band density on the X-ray films by AlphaEaseFC
software (Innotech). Ponceau S staining of the membrane followed by
densitometry was used to estimate the total amount of protein in each
lane (Romero-Calvo et al., 2010).

2.5. LC-MS/MS

Lipid droplet proteins were subjected to SDS-PAGE in 4-20% ac-
rylamide gradient gels (Novex, Invitrogen). Each lane of the Coomassie
Blue stained gel was divided in six regions. Sections 3 and 4 covering
70-45kDa and 45-30 kDa, respectively were analyzed for PLIN1 pep-
tides. Each gel slice was finely minced. Proteins from each slice were
reduced with tris(2-carboxyethyl)phosphine, alkylated with iodoace-
tamide, and digested for 6-16h with 8 ug/ml trypsin, using 50 mM
ammonium bicarbonate as buffer. Digestion products were analyzed by
LC-MS/MS.

Samples were analyzed on a hybrid LTQ-Orbitrap XL mass spec-
trometer (Thermo Fisher Scientific) coupled to a New Objectives PV-
550 nanoelectrospray ion source and an Eksigent NanoLC-2D chroma-
tography system. Peptides were analyzed by trapping on a 2.5cm
ProteoPrepll pre-column (New Objective) and separation on a 75 pm ID
fused silica column, packed in house with 10-cm of Magic C18 AQ,
terminated with an integral fused silica emitter pulled in house.
Peptides were eluted using a 5-40% ACN/0.1% formic acid gradient
performed over 40 min at a flow rate of 300 nl/min. During each 1-s
full-range FT-MS scan (nominal resolution of 60,000 FWHM, 300-2000
m/z), the three most intense ions were analyzed via MS/MS in the
linear ion trap. MS/MS settings used a trigger threshold of 8000 counts,
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monoisotopic precursor selection, and rejection of parent ions that had
unassigned charge states, were previously identified as contaminants on
blank gradient runs, or were previously selected for MS/MS (data de-
pendent acquisition using a dynamic exclusion for 150% of the ob-
served chromatographic peak width). Column performance was mon-
itored using trypsin autolysis fragments (m/z 421.76), and via blank
injections between samples to assay for contamination. Data analysis:
Centroided ion masses were extracted using the extract msn.exe utility
from Bioworks 3.3.1 and were used for database searching with Mascot
v2.2.04 (Matrix Science) and X! Tandem v2007.01.01.1 (www.thegpm.
org). A database containing the predicted proteins from all arthropods
from NCBI was utilized for searching including the predicted PLIN1
sequences from the Manduca genome that were manually added into
the data base. MASCOT was set up to search NCBI. Searches used a
fragment ion mass tolerance of 0.80Da and a parent ion tolerance of
10.0 ppm. Searches included the following potential peptide modifica-
tions: pyroglutamate modification of N-terminal glutamines, oxidation
of methionine, acrylamide, and iodoacetamide adducts of cysteine, as
well as potential formylation and acetylation of the N-terminus of the
parent protein. Scaffold (Proteome Software) was used to validate MS/
MS-based peptide and protein identifications. Peptide identifications
were accepted if they could be established at greater than 99.9%
probability as specified by the Peptide Prophet algorithm.

2.6. Real time quantitative PCR (RT-gPCR)

Total RNA was extracted from a pool of at least two fat bodies using
Trizol reagent (Invitrogen). cDNA was synthesized from 1.0pg total
RNA using iScript cDNA synthesis Kit (Bio-Rad) following manufac-
turer's instructions. Quantitative real-time PCR (qPCR) was carried out
using iTaq Universal SYBR Green Supermix (Bio-Rad) and CFX Connect
Real-Time PCR Detection System (Bio-Rad) in 10 pl reactions. The PCR
reaction conditions were initial denaturation at 95 °C for 1 min, fol-
lowed by 45 cycles alternating denaturation at 95°C for 2s and an-
nealing/extension at 60 °C for 45s. PLIN1A (5-GTTCCATCTCAGTACA
CAGCTCCGA-3’ and 5-AGAGTCCGGCATTGGTGTCACAG-3’) and
PLIN1B (5-GAAGAACAAACTCTGCCGCACTC-3” and 5-ACGTCACCAT
TTCCCGCCATC-3") specific primers were used in corresponding reac-
tions. In addition, total PLIN1 expression was assessed using specific
primers for an internal region common to both transcripts (5’- TAGAC
AGGCGCTCGCTGAGG-3’ (exon 5) and 5- TCTGGCTCCGGCTGGCT
AAG-3’ (exon 6)). Expression of each transcript was normalized using
the ribosomal protein S3 (5-TACAAACTCATTGGAGGTCTGGCCGT-3’
and 5- ACGAACTTCATGGACTTGGCTCTC-3") as an internal control
(reference). DGAT expression was assessed using the following specific
primers: 5-CTTGTTGGCCCCTACTCTATGTTACGA-3’ and 5- GTCACT
GAGGGTATCATCCATTGCTG-3’. At least two independent sets of total
RNA were analyzed in triplicate. Relative values are plotted as the
mean * SD. The amplification efficiency of each primer pair for the
target and reference (rpS3) genes were determined in separate RT-PCR
experiments in which amplifications of serial dilutions of cDNA were
performed. Primer pairs having very close amplification efficiency to
the reference were acceptable to use to determine the relative gene
expression by RT-qPCR. The similarity in the amplification efficiency
was judged by the slope of the plot of log cDNA dilution versus ACy, A
slope very close to zero was considered acceptable (Livak and
Schmittgen, 2001).

2.7. Lipid measurement

Total lipids were extracted from tissue with chloroform-methanol
(Folch et al., 1957) and analyzed for TG content using the Infinity
Triglycerides Reagent (Thermo) as previously described (Chen et al.,
2017). Briefly, lipid extracts were dried under air and resuspended in
phosphate buffer saline (pH 7.4) containing 0.05% (v/v) of reduced
Triton X-100. Fifteen microliter aliquots were used for lipid
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determinations, which were performed by duplicate using triolein as
standard.

2.8. Lipid droplets size distribution

Fat bodies were collected from 5th instar larvae fed on artificial diet
or leaves with and without oil supplementation (see section 2.1.3.). The
tissue was fixed, sectioned and analyzed in a Leica SP2 laser scanning
confocal microscope using the transmitted light detector mode as de-
scribed previously (Chen et al., 2017). To determine LD sizes, a total
count of LDs ranging from 139 to 202 for each sample was used. LD
sizes were clustered in two classes (small and large) according to their
diameters (<5yum and > 5.5 um). The LD count for each class size was
estimated as well as the average percentage of LD counts and their
corresponding SD. For each feeding group (A, leaf; B, leaf plus oil; C,
diet; and D, diet plus oil), the mean values for “small (<5 pum)” and
“large (> 5.5pum)” LDs were compared by the Student t-test.

3. Results
3.1. Identification of new PLIN1 isoform in 5th instar larval fat body

The complete development of M. sexta consists of several stages
including embryo, five larval (1st to 5th instar) stages, wandering (pre-
pupal), pupal and adult stages (Fig. 1S). The tobacco hornworm grows
in the lab to a weight of over 10g on an artificial diet. 90% of the
growth in Manduca takes place in the 5th larval instar (Nijhout et al.,
2006).

A previous report identified PLIN1 (formerly called Lsdl) as a
~42kDa protein associated with the lipid droplets of the fat body from
adults of M. sexta (Patel et al., 2005). The protein is more abundant in
the fat body of adults and was originally undetected by Western blot in
the fat body of larvae (Arrese et al., 2008b; Soulages et al., 2012).
Subsequent mass spectrometry analysis of LD-associated proteins
identified PLIN1 in the fat body of the 5th instar larvae (Soulages et al.,
2012). Here, we re-investigated the expression of PLIN1 in the fat body
of M. sexta during larval development by immunoblot using antibodies
raised against the recombinant protein. PLIN1 (42 kDa) was detected in
LDs from all developmental stages, including larva of the 3rd, 4th and
5%instar and adults (Fig. 1, band labeled “A”). PLIN1 was detected in
LD isolated from embryo and whole body homogenates of 1st and 2nd
instar larvae but it was undetected in the ovaries (Fig. 1). A second
band (“B”) of 47-49kDa was also detected in the fat body of the last
(5th) instar larva (Fig. 1).

The subcellular localization of PLIN1 in the 5th instar fat body was
studied by immunoblot of the subcellular fractions obtained by ultra-
centrifugation in sucrose gradient. Immunoblot analysis of the sub-
cellular fractions showed that the 47-49 kDa protein was detected at
the top of the of the sucrose gradient (fraction 1, 0% sucrose) (Fig. 2).
The vast majority (> 95%) of cellular triglycerides (TG) localized in
fraction 1 indicating the presence of the majority of lipid droplets in
this fraction, which also contained ~ 3% of the proteins. These results
indicated that the majority of lipid droplets and PLIN1 were localized at
the top of the sucrose gradient.

Altogether, the data shown in Figs. 1 and 2 suggested the presence
of a new MsPLIN1 isoform in the fat body of the 5th instar.

3.2. Cloning of M. sexta PLIN1 cDNA sequences and PLIN1 gene
organization

We examined the occurrence of PLIN1 isoforms in the newly
available Manduca genome that has been recently sequenced and as-
sembled (Kanost et al., 2016). PLIN1 gene is a single copy gene con-
taining 10 predicted exons and several possible transcripts. The pre-
valence of PLIN1 transcripts in the fat body of larva and adults was
assessed by PCR and RT-PCR (data not shown). Variants A and B were
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Fig. 1. Protein expression of M. sexta PLIN1 during development analyzed
by Western blot using MsPLIN1 antibodies. Panel A): PLIN1 occurrence in
the ovaries of virgin females (days 1-5), eggs (days 1 and 3), whole body
homogenates of 1st (day 1 and 2) and 2nd stage (day 1 and 2) larva; Panel B):
fat bodies of 3rd (day 1-2), 4th (day 1 and 3) and 5th instar (day 1 and 5) larvae
and adult insects (day 1). Lipid droplets proteins (~ 20 pg) were loaded in each
gel lane. PLIN1 is the 42kDa band (“A”). A second band of ~47 kDa (“B”) was
detected in the 5th instar D5 fat body. A schematic representation of the
Manduca life cycle including the duration of each stage in days is shown in
Fig. 18.

kDa
116-
82-
64-
49- N
37- .
25-
19-

123456 78 910123456789 10

Fig. 2. Subcellular distribution of MsPLIN1. Fat body homogenate from 5th
instar larvae (day 5) was subjected to ultracentrifugation in a sucrose gradient.
The gradient was fractionated into ten fractions. Proteins from each fraction
were separated by 4-20% SDS-PAGE and analyzed by Western blot using
MsPLIN1 antibodies. Lanes were loaded with 1% of the total protein for all
fractions, but fraction 10 (0.5%). Left panel: Western blot showing PLIN1 “A”
and “B” bands in lane 1. Right panel: Ponceau S staining of the membrane used
in the Western blot.

the predominant forms detected in larva fat body whereas in the fat
body of adults PLIN1A was the main variant (see 3.3). The cDNA for
PLIN1 A and PLIN1 B was cloned and sequenced as indicated in Ma-
terial and Methods. PLIN1A cDNA (1602bp) and PLIN1B cDNA
(1835bp) sequences were deposited in GenBank (accession KF835603.1
and KF835604.1). The ORF in PLIN1B cDNA localizes between posi-
tions 123-1421 and the molecular mass of translate is 47.9kDa
(Fig. 2S). In PLIN1A, the ORF localizes between positions 51-1184 and
the corresponding translate has a molecular mass of 41.8 kDa. The two
cDNA sequences were 99.2% identical in a 1523 nt overlap extending
from nucleotides 52 to 1574 and 325 to 1835 in A and B isoforms,
respectively. Thus, the main difference between the two sequences was
in the 5 region. The 3’-UTR (415bp) region is in common to both
transcripts (Fig. 4S A-B). Three copies of predicted poly-adenylation
signaling sites, AATAA, were identified in the 3’-UTR region (Figs. 2S
and 4S A-B).

The MsLsdl clone (1704 bp) previously identified (accession
number EU809925.1, Arrese et al., 2008a) is an incomplete sequence of
PLIN1B. The cDNA sequence (1835bp, Fig. 3S A-B) cloned in this work
(KF835604.1) has an additional stretch to the 5’end that was missing in
the EU809925.1 clone previously reported (Arrese et al., 2008b). The
name Lsdl was changed to PLIN1 following the recommendation by
Kimmel et al. (2010).

PLIN1A and B proteins are nearly identical except that the B isoform
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Fig. 3. Gene structure of M. sexta PLIN1 A
and PLIN1 B. M. sexta PLIN1 genomic in-
formation was obtained from the Manduca

®  3UTR

(41.8 kDa) A tJG genome (http://agripestbase.org/manduca/

). Exons, introns, 5-UTR and 3’-UTR are

exon 1A 18 2 3 4 5 6 7 8 9 shown with grey boxes, lines, and white

PLINT B SUT] 1308 3 UTR boxes, respectively. The initiation codons of

141 |77 m m E 163kb  the PLINI are pointed with arrows. Length

(47.9 kDa) y S of the exons and introns is indicated by
AUG G UG number of nucleotides (nt).

contains 59 additional residues at its amino terminus (1-59) (Fig. 5).
The occurrence of PLIN1B was confirmed by mass spectrometry of LD
proteins from larval and adult fat bodies. PLIN1B peptides unique to
this isoform were found in LDs from larval fat body (Figs. 2S and 6S A).
Several peptides matching the N-term region (48% coverage in the
unique 60 amino acids long region) of PLIN1B were detected. On the
other hand, MS/MS analysis of LD protein isolated from adult fat body
did not identify any of the aforementioned peptides (Fig. 6S B).

Fig. 3 shows the structure of MsPLIN1 gene deduced from the in-
formation provided in the Manduca genome and the cDNA sequences
obtained in this study. The gene spans ~20kb and contains 10 exons
(Kanost et al., 2016). Exon 1B is located in the intron downstream of
exon 1A. The usage of two alternative promoters would lead to different
transcription start sites and to the expression of two alternative tran-
scripts (A and B). There is no information on the promoter regions so
far. The two transcripts differ in the 5’ end as a result of the differential
use of exon 1A or 1B. The predicted coding exons shown in Fig. 4 en-
code nearly identical proteins except that exon 1B transcript encodes
additional residues. Exon 1B encodes an N terminal extension of 59
amino acids (Fig. 3). Residue 60 of PLIN1B is Val and the codon (GUG)
originates at the joint of exon 1B and exon 2 (the last nucleotide of exon
1B is G and the first two nucleotides of exon 2 are UG). PLIN1A tran-
script uses exon 1A. In exon 1A transcript, the first nucleotide (A) of the
start codon (AUG) is in exon 1A whereas the second and third nu-
cleotides (UG) are in exon 2 (Fig. 3). The N term of PLIN1A translate is
'MTRSQKPNMPR'! whereas the equivalent sequence of translate B is
S0VTRSQKPNMPR’®. After the methionine at position 1 in PLIN1A or
the valine residue at position 60 in PLIN1B the amino acid sequence of
both translates is identical.

The predicted sequence of PLIN1A deposited in GenBank
(AIE17453.1) contains a short sequence “*®*VIIV'®”, This short se-
quence is missing in the PLIN1B sequence that we deposited in GenBank
(AIE17454.1) (Fig. 5S). However, further work showed some PLIN1B
clones encoded the predicted VIIV sequence (**2VIIV??® in PLIN1B).
The short sequence is not associated with one of the predicted exons
shown in Fig. 3. The sequence could arise in the splicing between exons
4 and 5 (Fig. 3S A). Additional work is required to elucidate this issue.

Multiple sequence alignment of all insect PLIN1 proteins available
revealed that the extra 59 amino acids region at the N term of
MsPLIN1B only aligned with predicted PLIN1 proteins from lepi-
dopteran insects including the silkworm (Bombyx mori), the monarch
butterfly (Danaus plexippus), the diamondback moth (Plutella xylostella),
the cotton leafworm (Spodoptera litura), the corn earworm (Helicoverpa
armigera), the navel orangeworm (Amyelosis transitella), the chinese
yellow swallowtail (Papilio xuthus), among other species. As an ex-
ample, Fig. 5 A shows the sequence alignments of PLIN1 proteins from
Manduca sexta, Ms; Bombyx mori, Bm; Danaus plexippus, Dp; and the
dipteran Drosophila melanogaster, Dm. Drosophila genome predicts three
PLIN1 isoforms (Gramates et al., 2017) but none of them displays the
extra region present in MsPLIN1B. Moreover, no vertebrate PLIN pro-
tein sequence aligned with the additional sequence of PLIN1B.

Given that the PAT domain of PLIN proteins localizes towards the N
term, we wondered if the extra region of 59 amino acids of PLIN1B was
a PAT domain. However, detailed analysis of the sequence including
sequence alignment of 22 insect PLIN proteins and 8 vertebrates PAT
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proteins (Lu et al., 2001) failed to identify a conserved domain in the
extra region at the N term of PLIN1 B. MsPLIN1B showed a single PAT
domain, which extends from amino acids 73 to 160 (Fig. 4 A). There-
fore, both isoforms A and B shared identical PAT domains.

The most conserved sequence of insect PLIN1 proteins is in the
central region of the protein, Fig. 4B. This region, which is comprised
between amino acids 272 to 337 of MsPLIN1B, contains the predicted
lipid binding elements and the highly conserved segment, ***EPENQ-
ARP®'!, previously recognized as a putative lipase interacting motif
(Arrese et al., 2008a; Lin et al., 2014).

3.3. Developmental changes in PLIN1 mRNA levels in the fat body of M.
sexta

Fat body PLIN1A and B mRNA levels in the larva of the last instar
and adults were profiled by qPCR using primers specific to each isoform
(exon 1A and 1B) as described in Materials and Methods. In the feeding
larva, PLIN1B mRNA levels were higher than those of the variant A and
reached a maximum on day 3 when PLIN1B doubled the abundance of
PLIN1A (Fig. 5). Subsequently, PLIN1B mRNA declined during pre-
pupal period (wandering, non-feeding) (Fig. 5). In contrast, PLIN1A
mRNA levels were relatively low in the feeding larva but sharply in-
creased (~18-fold higher than PLIN1B) at the onset of the pre-pupal
period (day 6 or day 1 of wandering). Afterwards, PLIN1A levels de-
clined prior to pupation (day 9) (Fig. 5) and remained very low during
pupal stage (not shown). Subsequently, the onset of adult life was also
marked by a high increase in PLIN1A mRNA levels, which were up to
~40-fold over the levels of PLIN1B mRNA (Fig. 5).

In addition to mRNA levels specific to each isoform, mRNA levels of
total PLIN1 were also determined. A well conserved region of PLIN1
protein was used to design primers to quantify the totality of PLIN1
transcripts. The targeted region for qPCR amplification encoded amino
acids 259 to 306 of PLIN1B protein (Fig. 4B). The corresponding primer
sequences corresponding to exon 5 (forward primer) and exon 6 (re-
verse primer) are provided in Materials and Methods. As it can be seen
in Fig. 5, the mRNA levels of total PLIN1 in the adult fat body were very
similar to the levels of PLIN1A mRNA indicating that PLIN1A was the
predominant isoform present in that period. However, in the 5th
feeding larva, total PLIN1 mRNA levels were similar to the sum of the
corresponding PLIN1A and B levels implying that these two transcripts
comprise the majority of fat body PLIN1 mRNA. As mentioned above,
the predicted proteins encoded by these transcripts have molecular
weights of 41.8kDa (PLIN1A) and 47.9kDa (PLIN1B). The fact that
these two isoforms were the only PLIN1 proteins detected by Western
blot (Fig. 1) is in agreement with the fact that these two transcripts
were also the predominant variants detected by qPCR (Fig. 5).

According to the gene structure depicted in Fig. 3, the alternative
usage of different promoters would explain the occurrence of these two
transcripts. Moreover, the changes in the transcript levels during de-
velopment (e.g. exon 1B transcript was increased in the feeding larvae
whereas exon 1A transcript was increased at the onset of pre-pupal and
adult stages (Fig. 5) suggest the involvement of developmental cues in
the regulation of PLIN1 gene expression.
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3.4. PLIN1 protein abundance in the 5th larval instar fat body

PLIN1B levels throughout 5th instar larval development were de-
termined by immunoblot of LD proteins (Fig. 6A-B). We have pre-
viously reported that in SDS-PAGE analysis of LD proteins from adult fat
body, PLIN1 runs as a doublet (Patel et al., 2005). PLIN1 also runs as a
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doublet in the larval fat body. The reason for the presence of a doublet
is unknown. PLIN1B was almost undetected in very young larvae but
gradually increased along the feeding phase reaching its maximum on
day 5 (Fig. 6 A). PLIN1B gradually declined during the pre-pupal stage
(Fig. 6 B). The changes in the PLIN1B/PLIN1 A ratio during the 5th
instar are shown in Fig. 6 C and D. In the feeding larva, PLIN1B levels
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Fig. 4. Multiple alignment analysis of insect PLIN1 proteins and vertebrate PLIN proteins. A) Alignment of the deduced amino acid sequence of perilipins from
M. sexta (MsPLIN1B, AIE17454.1; MsPLIN1A, AIE17453.1), D. melanogaster (DmPLIN1, AAF56183.2), B. mori (BmPLIN1, NP_001040143.1), D. plexippus (DpPLIN1,
EHJ65253.1), mouse PLIN1 A (MmPLIN1, NP_001106942.1), and mouse PLIN2 (MmPLIN2, NP_031434.3). ClustalW2 (http:www.ebi.ac.uk/Tools/msa/clustalw2/)
was used for the alignments. The putative PAT domain originally described for vertebrate perilipin is framed (Lu et al., 2001). The five amino acids of the PAT
domain (P, Y, E, D, P) that are 100% identical in 22 insect PLIN1 and 8 vertebrate PLIN sequences are highlighted in bold. B) Alignment of PLIN1 sequence regions
containing the putative membrane-binding motif from 22 insect PLIN1 sequences. The highly conserved ***EPENQARP®'! sequence is shaded. Abbreviations and
sequence identifiers: Md, Musca domestica, XP_005189534.1; Dm, Drosophila melanogaster, NP_651183; Cc, Ceratitis capitata, XP_.004523385.1; Cq Culex quinquefasciatus,
XP_001845547.1; Aa, Aedes aegypti, XP_021693334.1; Ag, Anopheles gambiae, XP_312022.5; Cb, Coceraea biroi, EZA55190.1; Cf, Camponotus floridanus, EFN73399.1;
Bi, Bombus impatiens, XP_.003486284.1; Bt, Bombus terrestris, XP.012167204.1; Am, Apis mellifera, XP_026298733.1; Mr, Megachile rotundata, XP.012140334.1; Hs,
Harpegnathos saltator, EFN86122.1; Ae, Acromyrmex echinatior, XP_.011061820.1; Nv, Ceratosolen solmsi marchali, XP 011497754.1; Tc, Tribolium castaneum,
EEZ98760.2; Ap, Acyrthosiphon pisum, XP_003240113.3; Em, Eurygaster Maura, AHA90810.1.
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Fig. 5. PLIN1 mRNA level during development. mRNA was isolated from fat
bodies of 5th instar feeding larvae (day 1-5), non-feeding wandering larvae
(day 6 and 9), and adults (day 1-2). PLIN1 mRNA levels were determined by
qPCR using primers targeting PLIN1A (grey bar) and PLIN1B (black bar) spe-

cific exons as well as the internal (clear bar) common region between both (Chen et al., 2017). The accumulation of lipids in the first phase (day
PLIN1 isoforms. All mRNA levels were normalized to mRNA ribosomal protein 1-3) was followed by both PLIN2 and PLIN1B. However, at the time of
S3. At least two independent sets of total RNA were analyzed in triplicate and maximal TG accumulation (days 3-5), the levels of MsPLIN2 declined
relative values are plotted as the mean + SD. and remained very low in subsequent larval development (Chen et al.,

2017). This unexpected finding suggested the occurrence of alternative
closely followed the changes in TG storage (Fig. 6 C). In fact, PLIN1B mechanism/s to shield TG from the action of lipases in M. sexta LDs.

abundance normalized to PLIN1A directly correlated with TG content ~ Here, we uncovered a novel PLIN1 isoform -PLIN1B-, which could take
suggesting a relationship between the increase in TG storage and PLIN2 role as a barrier to lipases when cellular TG content is high.
PLIN1B in the fat body of the 5th instar (Fig. 7). In addition, Fig. 6 C During the subsequent non feeding phase, PLIN1 B declined (shown

shows PLIN2 levels along development (day 1-5). These levels pre- in Fig. 6 C) and fat body lipids were secreted to the hemolymph (shown
viously reported were included in Fig. 6 C to facilitate the reading in Fig. 6 D). Thus, the decline of PLIN1B/PLIN1A ratio during the pre-
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pupal period coincided with the mobilization of fat body lipids to the
hemolymph. While the abundance of PLIN1B during feeding (days 1-5)
followed the accumulation of TG in the fat body (Fig. 6 C), the PLIN1B
decrease and PLIN1A increase during the non-feeding phase coincided
with the mobilization of lipids to the hemolymph (Fig. 6 B and D).

On the other hand, PLIN1A levels were less abundant than that of
PLIN1B in the feeding larvae except on day 1 coming out of the molt. In
the second day, PLIN1A levels decreased and remained relatively low
during the feeding phase (Fig. 6 A). However, at the onset of the pre-
pupal non-feeding period, PLIN1A increased significantly (Fig. 6 B) and
this increase coincided with mobilization of lipids to the hemolymph
(Fig. 6 D). PLIN1A strong expression in pre-pupal insects was consistent
with its proven role in lipolysis. In contrast, PLIN1B expression that
occurred during the feeding period accompanied lipid accumulation. In
view of these data, PLIN1B does not seem to play a role in lipid mo-
bilization as PLIN1A. Despite the fact that PLIN1B is a larger version of
PLIN1A, these proteins seem to have opposite roles in terms of TG
storage.

The cellular level of lipid storage could be modulating the expres-
sion of exon 1B transcript of PLIN1. However, we did not find total
correspondence between PLIN1A and B mRNA and protein levels
(Figs. 5 and 6). The high level of PLINIA mRNA at the onset of pre-
pupal and adult stages (Fig. 5) corresponded with a higher content of
PLIN1A protein (Figs. 6 B and Fig 1). However, the maximum content of
PLIN1B protein (day 5 of the feeding larva, Fig. 6 A and C) did not
correspond with the highest mRNA level of exon 1B transcript that
happened on day 3 of the feeding larva (Fig. 5). The lack of corre-
spondence suggests that other mechanism beyond transcriptional levels
could be involved in the fine tuning providing the right cellular level of
PLIN1 B protein.

3.5. PLIN1 B levels and TG storage

PLIN1B content in the lipid droplets correlated with TG storage
along the 5th instar development (Fig. 7). To test whether this re-
lationship is determined by the accumulation of lipids or by develop-
mental cues (Nijhout et al., 2014), we analyzed the expression of
PLIN1B in insects of the same age but differing in the fat body TG
content. 5th instar larvae with different levels of fat reserves were
produced by feeding the animals with diets of different caloric content
(leaves, leaves covered with vegetable oil, artificial diet and artificial
diet mixed with oil). Insects were kept and fed in individual cups from
day 1 of the 5th instar. On day 3, fat bodies were collected and analyzed
for lipid content, LD sizes, and PLIN1 levels (Fig. 8). The content of
lipids varied significantly among the groups. Insects on leaf diet had
0.33 + 0.06 mg TG/fat body whereas in animals fed on leaves plus oil
the TG content reached 13.4 + 1.1 mg TG/fat body. On the other hand,
in animals fed the standard diet without and with oil the TG content
was 21.0 = 1.7 and 41.8 + 6.1 mg TG/fat body, respectively. The
average size of the LDs seemed to increase with the caloric content of
the diet (Fig. 8A-D). For example, the fat bodies from animals fed on
leaves displayed LDs of 1.90 = 0.77 um (n = 157) whereas the average
size increased to 4.34 = 2.66 pym (n = 202) when oil was added to the
leaves (Fig. 8 B). Likewise, average LD sizes of 6.29 = 2.59 ym
(n =139) and 7.10 = 2.86um (n = 153) were estimated in the fat
bodies from animals fed on the artificial diet (Fig. 8 C) and diet sup-
plemented with oil (Fig. 8 D), respectively. To better understand the
loading of TG in the fat body cell under the different conditions, the LD
diameters were arranged in two groups -small LD (diameter < 5 pm)
and large LD (diameter > 5.5 um)- and the distribution of LD counts in
each group was estimated. Data are shown in Fig. 8 E. In the fat body of
insects fed on leaves lipids were packed only in small LDs (100%).
However, when leaves were mixed with oil, the total content of fat body
lipids increased from less than 1 mg up to 13 mg TG/fat body and the
amount of larger droplets (> 5.5 um) increased to ~35% whereas the
small LDs decreased to 64.8 + 8%. Insects fed on the artificial diet
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accumulated the largest amount of lipids in their fat bodies and also
displayed greater populations of large LDs than those fed on leaves.
Moreover, insects fed on the artificial (standard) diet with oil showed
the greatest population of large LDs (77 * 10.8 vs. 67.9 = 14.6%
with no oil). Estimation of PLIN1B by Western blot showed that this
isoform was more abundant in the fat body that displayed greater
proportion of large size LDs. Moreover, its abundance gradually in-
creased with the increase of the caloric content of the diet. Although
PLIN1 A protein also increased with the caloric content of the diet, the
most notorious change was between insects fed on leaves and the rest of
the feeding conditions. These data suggest that once PLIN1A reaches a
threshold level (seen here in Leaf plus oil diet) further lipid accumu-
lation affects PLIN1B abundance, which keeps increasing unlike
PLIN1A. These data add support to the notion that the appearance of
PLIN1B in the fat body increases with the accumulation of lipids, and
probably the presence of large LD. Although we consistently observed
that the larval fat body tissue with more content of lipid storage also
has larger droplets, the limitations of microscopy due to the fixation
process cannot be completely excluded in these experiments.

To further explore the relationship between PLIN1 and TG accu-
mulation in the larval fat body, we analyzed PLIN1 expression of
starved insects and insects in which TG storage was restored by re-
feeding. Second day 5th instar larvae (fed day 2) were starved for 24 h
and then re-fed for 2h, 6 h, 24 h, and 48 h. Fat body tissue that was
collected after each period (fed day 2, Oh (24 h starvation), 2h, 6 h,
24 h, and 48 h). Starvation decreased the TG content of the fat body to
8.49 + 0.98mg (~35% decrease). After 48 h re-feeding the fat body
gained ~39.4mg of TG. PLIN1 levels were determined by Western blot
and qPCR. mRNA levels of diacylglycerol-acyltransferase (DAGT), the
enzyme catalyzing the last step in the synthesis of TG, were used to
monitor lipid synthesis after re-feeding (Soulages et al., 2015). Like-
wise, given the role of PLIN2 in lipid accumulation in the larvae of M.
sexta, mRNA levels of PLIN2 were also included. During 24 h starvation,
both mRNA and protein PLIN2 levels markedly decreased (Chen et al.,
2017). As it can be seen in Fig. 9 A, starvation promoted a significant
decrease in the mRNA levels of PLIN1A (~50% decrease), PLIN1B
(~70% decrease), PLIN2 and DGAT. As expected, following re-feeding
the lipid synthesis was gradually restored as judged by the gradual
increase in DGAT mRNA levels (Fig. 9 A). As previously shown, PLIN2
mRNA increases with lipid synthesis (DGAT) to a point, which in these
experiments was around 6h after re-feeding, and afterwards, lipid
synthesis continued on the rise, while PLIN2 mRNA levels reached a
plateau and PLIN1B mRNA increased. Unlike PLIN2, the levels of PLIN1
proteins remained relatively stable during the 24 h starvation period
(Fig. 9 B and 9 S). Fig. 9 B shows that PLIN1B protein increases during
re-feeding and it surpasses the levels of PLIN1 A after 24 h of re-feeding.
The changes in levels of PLIN1 A and B are shown in Fig. 9 C.

4. Discussion

Animals have evolved to regulate the storage and mobilization of
TG by conserved mechanisms involving the Perilipin family of lipid
droplet-associated proteins (Sztalryd and Brasaemle, 2017). PLIN pro-
teins are found in all animals, yet the repertoire in insect is not as
complex as in vertebrates (Kuhnlein, 2011). Both PLIN1 and 2 of insects
have been associated with TG metabolism in the fat body, however the
study of these proteins is in early stages (Arrese et al., 2014). A new
PLIN1 isoform -MsPLIN1B- was uncovered in the fat body of the 5th
instar of the tobacco hornworm (Figs. 1-6 A and B) and the finding was
confirmed by the cDNA cloning and mass spectrometry (Fig. 3S A-B, 6S
A and B) of the lipid droplets-associated proteins. The information was
consistent with the Manduca PLIN1 gene sequence (Kanost et al., 2016).
The gene consists of 10 exons and two transcriptional start sites, which
are most likely controlled by the usage of alternative promoters (Fig. 3).
Alternative transcripts A and B -differing in the alternative use of exon 1
(A and B) - were the most abundant PLIN1 transcripts in the fat body
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Fig. 8. PLIN1B content increases with the size of
lipid droplets in the fat body of 5th instar larvae.
A-D) Microscopy images of fat body from 5th instar
larva fed on different diets: A-Leaves, B-Leaves with
oil, C- Standard Diet, D- Diet with oil. E) Distribution
of LDs sizes in samples A to D: LD sizes were clus-
tered in two classes (<5um and > 5.5um) ac-
cording to their diameters. Dotted bars and black
bars depict values (mean % =+ SD) corresponding to
samples shown in A, B, C and D, respectively. The
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Western blot analysis of PLIN1 expression in lipid
droplets isolated from fat bodies of larvae fed on
different diets (Top panel). The Ponceau staining of
the membrane is shown in the lower panel.
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(Fig. 4). Both transcripts were present at varying levels throughout
development (Fig. 5) but at the protein level, PLIN1B was confined to
the 5th instar (Figs. 1 and 6 A and B).

Since PLIN1 B was absent in adult of M. sexta, we carried out a series
of studies in 5th instar larva to gain information on its role. The 5th
instar larva of M. sexta raised in the lab is characterized by the fast
growth during this 5-day period in which the animals accumulate 90%
of the maximal mass reached during their lifetime (Nijhout et al.,
2006). Likewise, fat reserves increases ~ 10-fold as compared to the 4th
instar larva (Chen et al., 2017). The accumulation of lipids parallels the
increase in LD size especially from the 3rd day when the LD enlarge-
ment is unmistakable and there is a 4-fold increase in the TG content of
fat body (Chen et al., 2017). PLIN2 has been associated to TG storage in
Drosophila (Gronke et al., 2003) and in Manduca (Chen et al., 2017). But
in Manduca PLIN2 accompanied the accumulation of lipids during the
5th instar development only when TG was packed in small droplets, at
the beginning of the instar (days 1-3) while the huge TG accumulation
that takes place on days 4 and 5 was accompanied by a decline in PLIN2
protein levels (Chen et al., 2017). The results showed here suggest that

A
- PLINTA -@ DGAT -8
9= "1 e PLINIB -+ PLIN2
% o PLIN1 B-
p E PLIN1 A-
2 |
% % 1.0 -
N
g ‘1_; 0 mo
S E £
ﬁ g°, 0.5- =3,
1]

2h 6h 48h
Time after re-feeding (hours, h)

PLIN1B, whose abundance normalized to PLIN1A correlated with TG
storage (Fig. 7) and the apparent increase in the size of LD (Fig. 9),
could take the purported role of PLIN2, shielding TG in the growing
droplets. It can be inferred from results shown in this study and the
report on MsPLIN2 (Chen et al., 2017) that both proteins, PLIN2 and
PLIN1B, are involved in the process of lipid accumulation. The interplay
in the expression pattern of these proteins is reminiscent to the process
in adipocyte maturation in vertebrates, in which PLIN1 replaces PLIN2
when droplets achieve a significant size (Brasaemle et al., 1997; Souza
et al., 2002).

The analysis of PLIN1 expression in the pre-pupal period (non-
feeding) - when feeding ceases and the fat body switches from TG
storage (Fig. 6 C) to TG mobilization (Fig. 6 D)- was consistent with a
role of PLIN1A in lipolysis, and a role of PLIN1B in lipid storage (Fig. 6).
The sharp increase of PLIN1IA mRNA levels at the onset of the non-
feeding period (Fig. 6) leads to newly synthesized PLIN1A (Fig. 7B),
which localizes to LDs. In turn, droplets coated with PLIN1A would
engage in lipolysis for lipid secretion as indicated in previous studies
(Patel et al., 2005; Arrese et al., 2008a). The quick appearance of

Fig. 9. Effect of starvation and refeeding

stV Re-Feeding in the expression of PLIN1 in the fat body
Oh 2h 6h 24h 48h of 5th instar larvae Total RNA and LDs
were obtained from the fat body of at least
three insects. Fed 5th larvae, day 2 (FED),

- e pA

was subjected to 24 h starvation (STV). The
end of STV was labeled as 0 h. Refeeding of
starved larvae was allowed for 2h, 6 h and
48 h. A) mRNA Levels: The relative levels of
PLIN1A, PLIN1B, PLIN2 and DGAT mRNA
were determined by qPCR using mRNA
RpS3 as reference. Relative values were
normalized to the fed state, day 2 (Fed, D
2). The assay was performed by triplicate
and the relative values are plotted as the

o D'I | HI |

Time after re-feeding (hours, h)

77

mean += SD. B) Representative Western
blot image obtained with 20 pg of LDs pro-
teins for fat bodies of starved (STV), and re-
fed (2h, 6h and 48h) insects. C)
Densitometry of the immunoblot, PLIN1A
(clear bars), PLIN1B (black bars).

h 48h
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PLIN1A at the onset of pre-pupal stage when the fat body secretes lipids
to the hemolymph further suggests that PLIN1A is required for lipolysis
and lipid secretion, but also that PLIN1B is not involved in lipid mo-
bilization.

The mobilization of lipids to the hemolymph in adult Manduca is
even higher than during the pre-pupal stage. For example, the hemo-
lymph lipid concentration in wandering insects is 7 mg/ml whereas in
the adults is 45 mg/1 (Tsuchida and Wells, 1988; Ziegler, 1991). The fat
body of adults has the highest content of PLIN1A and lacks PLIN1B
(Arrese et al., 2008b; Soulages et al., 2012). In addition, it has the
highest content of TGL, the main cytosolic lipase (Arrese et al., 2010).
The lipolytic rate of adult fat body is 9-fold higher than the rate of the
5th instar larva fat body, which has the lowest fat body lipolytic activity
(Arrese et al., 2010) and the highest proportion of PLIN1B (Fig. 1). The
combination of these factors -PLIN1B abundance and lipolysis rate-ex-
plains the high accumulation of fat body lipids at the end of the last
feeding period prior to pupation as it is shown in Fig. 6 C.

Lastly, while PLIN1A was present in all insect genomes so far, iso-
form B occurred only in lepidopteran species (Figs. 4 and 10 S). The
order Lepidoptera (moths and butterflies) is the second large group of
insects including more than 150,000 species (Powell, 2003). Cater-
pillars are characterized for having a voracious appetite particularly the
older larvae, which can be very destructive. Given that PLIN1B was
expressed only in the older tobacco hornworms when they were accu-
mulating massive amounts of fat reserves, one can speculate that
PLIN1B of caterpillars reinforces the ability of the fat body to store TG
just prior to pupation. Here we uncovered a novel PLIN1 isoform whose
expression, unlike PLIN1A, was associated with TG storage. The study
provides insight into the dual role of PLIN1 gene of lepidoptera in the
fundamental processes of TG storage and mobilization.
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