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Abstract

Cellular triglycerides (TG) are stored in cytosolic lipid droplets (LDs). Perilipins (PLIN) are a 

group of LD-proteins that play important roles in the assembly and transport of LDs and in TG 

metabolism. Two members of the PLIN family are found in insects (PLIN1 & 2 or Lsd1 & 2). We 

have cloned and expressed Manduca sexta PLIN2 (MsPLIN2), and studied developmental and 

nutritional changes in the expression of PLIN2. Nutritional changes induced fast alterations in 

PLIN2 mRNA and protein levels in fat body and midgut of the feeding larvae. The relationship 

observed between PLIN2 expression and TG synthesis in both larval fat body and midgut suggests 

that PLIN2 is needed when tissues are accumulating TG. However, when the fat body was storing 

TG at maximal capacity, MsPLIN2 levels declined. This unexpected finding suggests the 

occurrence of alternative mechanism/s to shield TG from the action of lipases in M. sexta LDs. In 

addition, it implies that the cellular level of lipid storage could be modulating MsPLIN2 

expression and/or degradation. The study also confirmed that MsPLIN2 was most abundant in the 

adult fat body, which is characterized by a high rate TG hydrolysis and lipid mobilization. 

Whether MsPLIN2 is directly involved in lipolysis and/or the secretion of lipids in the fat body of 

adult of M. sexta is unknown at this time. Nonetheless, the coexistence of high PLIN2 level and 

lipolysis suggests a complex role for MsPLIN2. Altogether, we found that MsPLIN2 is needed 

when the synthesis of glycerides, DG and TG, is active even if the insect is accumulating or 

consuming TG.
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1. INTRODUCTION

The fat body is the main tissue for storage of fatty acids (FA) in insects. As in other 

organisms, large FA reserves are needed to ensure energy production. However, in insects, 
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FA also play an essential role in reproduction and as precursors of cuticular lipids, waxes, 

and pheromones (Downer and Matthews, 1976). Fat body adipocytes are characterized by 

the presence of large spherical lipid droplets (LDs), which store FA in the form of 

triglycerides (TG). The structure of LDs is commonly described as formed by a core of 

neutral lipids, predominantly TG and sterol esters, surrounded by a monolayer of 

phospholipids and a variety of proteins (Penno et al., 2013; Storey et al., 2011). The 

phospholipid monolayer and the protein coat constitute the boundary that separates the 

hydrophobic core of LDs from the aqueous environment. Proteomic studies of isolated LDs 

have shown that the protein coat is composed by a large number of proteins (Beilstein et al., 

2013; Beller et al., 2006; Brasaemle et al., 2004; Cermelli et al., 2006; Hodges and Wu, 

2010; Soulages et al., 2012). Perilipins, or PAT proteins, are a small group of LD-proteins 

that share a common domain, the PAT domain (Pfam03036) and the fact that they are 

normally associated with LDs. This group is composed by perilipin (PLIN1), ADRP 

(PLIN2), TIP47 (PLIN3), S3-12 (PLIN4) and OXPAT (PLIN5) (Brasaemle, 2007; Kimmel 

et al., 2010). Two PLIN genes are found in insects. The products of these genes were 

originally named Lsd1 and Lsd2 (Miura et al., 2002), but from now on we will refer to them 

as PLIN1 and PLIN2, respectively, to accommodate the recently proposed change in 

nomenclature (Kimmel et al., 2010). PLIN proteins have in common a conserved region of 

~100 amino acids towards the N-terminal called the PAT domain (Lu et al., 2001). The 

function of this region remains unknown but it is not required for binding to LDs 

(McManaman et al., 2003). PLIN proteins play important roles in the processes of lipid 

storage and mobilization (Arrese et al., 2014), however their mechanisms of function are not 

completely known in any system, yet.

PLIN1 is the best characterized lipid droplet protein in vertebrates and in insects. PLIN1 is a 

major regulator of lipolysis. Studies in vertebrate systems have suggested that 

unphosphorylated PLIN1 behaves as a barrier that prevents lipases from gaining access to 

neutral lipids in the droplet core (Brasaemle et al., 2000; Souza et al., 2002; Tansey et al., 

2004). In contrast, phosphorylated PLIN1 actively facilitates lipase action, in part by 

recruiting lipases to the droplet surface (Brasaemle, 2007; Ducharme and Bickel, 2008). 

Studies in insects have also shown that PLIN1 plays major roles in the storage and 

degradation of TG (Beller et al., 2010; Bickel et al., 2009). Hormonal stimulation of the 

lipolytic response in Manduca sexta involves the acute phosphorylation of PLIN1 (Patel et 

al., 2005) presumably by PKA (Arrese et al., 2008a). Phosphorylation of PLIN1 by Ca2+/

Calmodulin-dependent protein kinase-II was linked to activation of lipolysis and pheromone 

synthesis in pheromone glands of Bombyx mori (Ohnishi et al., 2011).

The function of insect PLIN2 has been investigated mostly through genetic studies in 

Drosophila. Overexpression of PLIN2 promoted lipid storage in flies, whereas loss-of-

function mutants were leaner than wild type flies (Gronke et al., 2003). PLIN2 mutant 

females were shown to have altered lipid accumulation and lower lipid levels in eggs 

(Teixeira et al., 2003). Moreover, the lack of PLIN2 has been associated with defects in the 

transport of LDs during embryonic development (Welte et al., 2005). More recently, it was 

shown that Drosophila PLIN2 associates with small LDs in close proximity to plasma 

membrane or the nuclear envelope of fat body adipocytes (Bi et al., 2012; Diaconeasa et al., 

2013). Drosophila PLIN2 is mostly expressed in tissues directly engaged in lipid 
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metabolism, such as larval fat body and ovary, but it was also found to play a role in lipid 

accumulation in wing imaginal discs (Fauny et al., 2005). Drosophila PLIN2 protein was 

found to be highly helical protein, soluble in aqueous medium but also able to tightly bind 

and form stable complexes with phospholipid (Arrese et al., 2008b). Two putative 

amphipathic helices could mediate lipid binding. The role of PLIN2 seems to be complex. It 

is important for lipid storage (Gronke et al., 2003) and it also plays a role in the mobilization 

of fat from the fat body (Diaconeasa et al., 2013). Although mutants affecting PLIN2 

expression have global effects on the accumulation of lipid in Drosophila, the precise role of 

PLIN2 in the metabolism of TG is not known. It has been speculated that PLIN2 prevents 

the hydrolysis of TG located in LDs. M. sexta is not suitable for genetic studies but it is an 

important model insect to the study of lipid metabolism from a physiological and 

biochemical perspective. Numerous studies have focused in the metabolism, mobilization 

and transport of fat in M. sexta (Arrese and Soulages, 2010). Although fat is always a 

prominent energy reserve in Manduca, there are major physiological differences between 

larva and adult that can be exploited to benefit the study of lipid storage and mobilization in 

insects. For example, larvae have gluttonous appetite feeding almost constantly while adults 

feed infrequently (Ziegler, 1991). By the end of the larval stage, substantial energy reserves 

–glycogen, protein and lipids- are accumulated in the fat body. These reserves will be 

utilized to support life and development in the subsequent non-feeding periods that in the lab 

includes adult life (Ziegler, 1991). Glycogen reserves are used first and the adult of M. sexta 
emerges with a very low content of glycogen in the fat body. Adult insects rely on lipid 

reserves to support life and fat body lipid, which is the exclusive source of hemolymph lipids 

in adults, is mobilized to the hemolymph (Ziegler, 1991). Given these striking differences, 

the fat body of these insects is a good model system to study fat storage in the 5th instar 

larvae, and fat mobilization in the adults. To gain information on the function of PLIN2 in 

M. sexta, we have studied transcript and protein expression levels under different 

developmental and metabolic conditions in the fat body -the central organ for energy storage 

(Fernando-Warnakulasuriya et al., 1988)- but also in the midgut, which have a significant 

capability to synthesize triglycerides (Canavoso and Wells, 2000). The results suggest a role 

of PLIN2 in the synthesis of TG disregard the insect was accumulating or mobilizing TG. 

However, the expression of PLIN2 in the larval fat body was complex. PLIN2 followed the 

accumulation of lipids only to a certain lipid level. Maximal lipid storage capacity was 

accompanied by a decrease in PLIN2 level suggesting the occurrence of alternative 

mechanism/s to shield TG from the action of lipases in M. sexta LDs but also that the level 

of cellular lipids could be modulating PLIN2 expression and/or degradation.

2. MATERIALS AND METHODS

2.1. Cloning and sequencing of M. sexta PLIN2 (Lsd2)

Four M. sexta peptides sequences matching the predicted B. mori PLIN2 were obtained by 

the MS/MS analysis of lipid droplet-associated proteins (Soulages et al., 2012). The four 

peptides were: RVPLVTEQPKVIVETT, SPHVNKVYGAR, LKELSWAKAN, 

RVWANLAYK. MsPLIN2 cDNA was cloned by 5′- and 3′-RACE reactions using a primer 

designed on the basis of the peptide sequence LKELSWAKAN. The primer sequences were 

obtained from the coding DBNA sequence of B. mori PLIN2 (accession number: 
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NP_001138804) in which the peptide LKELSWAKAN is conserved. Total RNA was 

isolated from the fat bodies of M. sexta larva using Trizol reagent (Invitrogen). From total 

RNA, poly(A)+ RNA was subsequently isolated using Poly(A) Purist MAG (Ambion). 

mRNA was reverse transcribed using oligod(T)18-perimer. The resulting cDNA was used as 

template in 5′ and 3′-RACE. The SMART RACE cDNA Amplification kit (BD 

Biosciences) was used according to manufacturer’s instructions. 3′-RACE was performed 

using the forward primer PLIN2-F: 5′-

TTGAAGGAGCTCTCGTGGGCCAAAGCGAAC-3′ with reverse primers provided with 

the kit. The product from 3′-RACE reaction was a single band (~800bp) and was cloned into 

pGEM Easy Vector (Promega). For the 5′-RACE the reverse primer PLIN2-R: 5′-

GTTCGCTTTGGCCCACGAGAGCTCCTTCAA-3′ and the forward primer supplied with 

the kit was used. The 5′-RACE reaction produced a major product of ~650bp that was gel 

purified and cloned into pGEM vector. The 800bp and 650bp clones were sequenced in both 

directions. The sequences were used to design two new primers (5′-

CGCAGAGGACCTGGAGTGTTCTGTTA-3′, and 5′-

TTGCTGTATAAGTCCATATAAAATAC-3′) to clone the full-length MsPLIN2. The PCR 

reaction produced a single band (~1.4kb) and was cloned into pGEM vector and sequenced. 

MsPLIN2 cDNA sequence was deposited in Genebank (accession number: JF809664). The 

M. sexta genome has been recently sequenced and assembled (Kanost et al., 2016) (http://

www.ncbi.nlm.nih.gov/assembly/GCA_000262585.1). The PLIN2 gene was found in 

scaffold00010 (Msex2.00759) and this information was used to extract the gene structure of 

M. sexta PLIN2. Protein sequences were aligned using the Alignment Explorer/Muscle 

(Edgar, 2004) implemented in Molecular Evolutionary Genetics Analysis (MEGA version 

5.10) (Tamura et al., 2011). The default presets for gap penalties and iterations were used for 

aligning the sequences.

2.2. Expression and purification of recombinant PLIN2/LSD2 and antibody preparation

The coding region of M. sexta PLIN2 was amplified by PCR using the forward primer 5′-

GACGACGACAAGATGGCAACAGAAGTGAGTCAAGCACCGGCA-3′ and the reverse 

primer 5′-GAGGAGAAGCCCGGTCTAATTTTGCGAATGCTCCGCGGATTTCGCCT-3′. 

The 942bp PCR product was cloned into pET32-Ek/LIC vector (Novagen) and the sequence 

was confirmed by sequencing in both directions.

E. coli strain NovaBlue GigaSingles cells (Novagen) were transformed with the recombinant 

plasmid. Positive clones were confirmed by DNA sequencing. E coli Rosetta 2 cells 

(Novagen) were transformed for protein expression. Expression of the recombinant protein 

was induced with 1mM IPTG. After 2.5h, bacteria were collected and resuspended in lysis 

buffer (50mM Tris pH8, 1mM EDTA, 100mM NaCl, 1mM PMSF) containing 0.3 mg/ml of 

lysozyme. After 30min incubation, the preparation was centrifuged at 160,000xg for 30min. 

The fusion protein was found in the pellet, which was resuspended in 20mM Tris pH8, 6M 

urea, 500mM by sonication. After centrifugation (160,000xg, 15 min), recombinant protein 

was purified by Ni-affinity chromatography. The fusion protein was cleaved by thrombin to 

remove the thioredoxin/His-tag portion. Purified PLIN2 was used to generate polyclonal 

antibodies.
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2.3. 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 it is indicated. The end of 

the 4th-instar was identified by the appearance of head capsule (HC) slippage. Tissues were 

dissected from 5th-instar larvae and sorted by days from the HC slippage (day 0). Wanderer 

insects were identified by initiation of wandering behavior and the exposure of the dorsal 

aorta. Adult insects were maintained at room temperature without food since adults tend not 

to feed under lab conditions. When 5th instar larvae were reared on tomato leaves, each 

animal was maintained in an individual cup and provided with increasing amounts of leaves 

from 0.3 g (day 1) to 2.4 g (day 9). These animals were reared from hatching to the 4th instar 

on the artificial diet.

For starvation and refeeding experiments, 5th instar larvae (day 2) were kept with or without 

artificial diet for 24h (“Fed” and “Starved”, respectively). On day 3, starved insects were re-

fed with artificial diet (ad libitum). Tissues were collected at different periods of time post-

refeeding. Starved adult insects (day 2) were provided with trehalose by injection (Arrese et 

al., 1996) and control animals were injected with water. Fat bodies were collected 24h post-

injection.

2.4. Quantitative RT-PCR

Total RNA was extracted from fat bodies or midguts using Trizol reagent (Invitrogen). 

Tissue from at least two insects was pooled and used for each preparation of total RNA. 

cDNA was synthesized from 1.0μg of total RNA using iScript cDNA synthesis Kit (Bio-

Rad) following manufacturer’s instructions. Quantitative real-time PCR (qRT-PCR) was 

carried out using iTaq Universal SYBR Green Supermix (Bio-Rad) and CFX Connect Real-

Time PCR Detection System (Bio-Rad) in 10μl reactions. The PCR reaction conditions were 

initial denaturation at 95°C for 1 min, followed by 45 cycles alternating denaturation at 

95 °C for 2s and annealing/extension at 60°C for 45s. PLIN2 (5′-

GGGAGTAGTGCTGGCGGCAT-3′ and 5′-CGACGATGACCTTTGGCTGCTC-3′), 

DGAT (5′-CTTGTTGGCCCCTACTCTATGTTACGA-3′ and 5′-

GTCACTGAGGGTATCATCCATTGCTG-3′) and TGL (5′-

ATGAACGATAGTACGGAAAGGAAAAGAGATAGCGA-3′ 5′-

CCCGCCATATTGATTTATCTTCGACATCCA-3′) specific primers were used in 

corresponding reactions. Expression of each transcript was normalized using the ribosomal 

protein S3 (5′-TACAAACTCATTGGAGGTCTGGCCGT-3′ and 5′-

ACGAACTTCATGGACTTGGCTCTC-3′) as an internal control. At least two independent 

sets of total RNA were analyzed in triplicate. Relative values are plotted as the mean ± SD.

2.5. Preparation of Lipid Droplets

Fat body or midgut were dissected and homogenized in homogenization buffer (HB) (20mM 

Tris, pH 7.4, 0.25M sucrose, 1mM EDTA, 1mM benzamidine, 1mM PMSF, 10 mg/L 

leupeptine, 1mM DTT) containing 0.25 M sucrose. Homogenates were centrifuged at 1000g 

for 10 min. The supernatant was overlaid with HB without sucrose and centrifuged at 

160,000g for 1h. The distinctive thin white layer floating at the top (LDs) was collected and 

resuspended in HB buffer. Midguts were dissected in phosphate buffered saline (PBS 50mM 
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Na2HPO4, pH 7.4, 150mM NaCl), washed exhaustively with this buffer and then 

homogenized as mentioned above for fat body tissue. Purified LDs were 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.

Subcellular fractionation—Fat body homogenate was centrifuged at 1000g 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 1.5 ml of buffer 

without sucrose. Density gradients were centrifuged at 160,000 g for 4 h and fractionated 

into seven fractions, which were analyzed by western blot to determine PLIN2.

2.6. Western blot

Anti-PLIN2 polyclonal antibodies were generated in rabbit using purified recombinant 

MsPLIN2 by Cocalico Biologicals Inc. For western blot, proteins were separated by 4–15% 

SDS-PAGE (Bio-Rad) and transferred to nitrocellulose membranes using Bio-Rad Trans-

Blot Turbo system (Bio-Rad). Immunodetection was performed using horseradish 

peroxidase-conjugated secondary antibody (Millipore) and ECL chemiluminescence 

reagents (Amershan Pharmacia). PLIN2 levels were 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).

2.7. Lipid analysis

Total lipid was extracted from M. sexta fat body with chloroform-methanol (Folch et al., 

1957). TG was determined using the Infinity Triglycerides Reagent (Thermo) according to 

manufacturer’s instructions. Triolein was used as standard for the calibration curve. TG 

content of fat body was expressed as μmol TG/ fat body.

2.8. Lipid droplets size distribution

Fat bodies dissected from 5thinstar larvae fed on artificial diet (day 2.5 and day 5), and on 

leaves (day 7) were fixed in 2% glutaraldyhyde (in 0.1M sodium cacodylate plus 1 mg/ml 

CaCl2) for 2 hours. Briefly, samples were embedded in 100% poly/bed resin, semi-thin 

sections (700nm) were obtained and stained with Mallory’s Azure II Methylene Blue 

(Richardson et al., 1960). Sections were imaged using transmitted light detector in a Leica 

SP2 laser scanning confocal microscope. LD sizes were determined using 4 to 6 different 

fields per sample. In total the sizes of 489, 188 and 407 LDs were determined for fat body 

samples of 5th instar day 2.5 and day 5 that were fed on regular diet, and day 7 of 5th instar 

fed on leaves. The average percentage of LDs belonging to four group sizes (<1.5μm, 1.5–

5μm, 5–9μm and >9μm) and their corresponding SD were estimated. The means were 

compared by ANOVA followed by Tukey’s multiple comparisons test.
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3. RESULTS AND DISCUSSION

3.1. Cloning and analysis of M. sexta PLIN2/Lsd2 cDNA sequence

Using mRNA from M. sexta larval fat body, sequence information from B. mori genome and 

peptide sequence information obtained from MS/MS analysis of M. sexta LDs (Soulages et 

al., 2012), we obtained a PLIN2 clone (MsPLIN2). The complete MsPLIN2 cDNA sequence 

(1350bp, GenBank: JF809664.1) comprises a 104 nucleotide 5′non-coding region, an open 

reading frame (ORF) of 915bp (positions 105–1019) and a 3′ non-coding region of 331 

nucleotides followed by a poly(A) tail of 14nt. A predicted poly-adenylation signaling site 

AATAA was found at position 14 upstream of the poly(A)-tail. The ORF encodes a 304 

amino acid protein with a theoretical mass of 32.4kDa and isoelectric point of 8.65 (Fig S1). 

The alignment of MsPLIN2 deduced protein sequence with the sequences of the vertebrate 

proteins of the PAT family, PLIN1-PLIN5, indicated that MsPLIN2 is more similar to the 

vertebrates’ PLIN2 (22–24.6% identity), which is also known as adipose differentiation 

related protein (ADRP) (Fig S2).

Alignment of thirteen PLIN2 protein sequences covering three insect orders showed a low 

overall conservation. The N-terminal region, which contains the PAT domain (pfam03036) 

and it is characteristic of PLIN proteins (Lu et al., 2001; Miura et al., 2002), is the most 

conserved region of insect PLIN2 (Fig S3). The N-terminal region (1–115) also contains 

eleven amino acids that are conserved among the PLIN2 protein sequences of three 

vertebrates (Fig S2). Among insects MsPLIN2 protein sequence is very similar to that of B. 
mori (~80% identity). However, the level of identity decreases when MsPLIN2 is compared 

with the corresponding proteins from insects of different orders, such as Diptera (33–38% 

identity) and Hymenoptera (20–24% identity) (Fig S4). A comparative sequence analysis of 

insect PLIN proteins (thirteen PLIN2 and three PLIN1) using the neighbor joining method 

shows that PLIN1 and PLIN2 proteins cluster in separate clades and also shows a clear 

divergence among PLIN2 proteins from different insect orders (Fig 1).

The structure of MsPLIN2 gene was predicted from the information provided by the 

Manduca genome (Fig 2). MsPLIN2 gene is found in scaffold 10 of the M. sexta genome 

(Kanost et al, 2016). The gene spans ~11 kb and contains 6 exons (5 coding and a 5′UTR 

exon). The five predicted coding exons encode a protein of 331 amino acids nearly identical 

to the protein predicted by the cDNA cloned in this study. The only difference between the 

protein predicted by the genome and our clone is at position 183 (Q in genome vs R in the 

cDNA). The reported gene structures of mouse MmPLIN2/ADRP and Drosophila 
DmPLIN-2 (CG9057) were also included in the Fig 2. The exons of MmPLIN2 were aligned 

with MsPLIN2 and DmPLIN2-A according the alignments of their amino acid sequences. 

Manduca and Drosophila genes share splicing sites. However, overall the gene structures are 

significantly different. The most conserved region in this protein family, the PAT domain, 

comprises two exons in Manduca and Drosophila but three exons in mouse.

3.2. MsPLIN2 characterization: recombinant protein and subcellular localization

Recombinant MsPLIN2 was produced in E. coli as a fusion protein with thioredoxin (Trx), 

Trx-[His]6-Stag-PLIN2 (49.4 kDa) as we previously described for Drosophila PLIN2 
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(DmPLIN2) (Arrese et al., 2008b). The fusion protein contain a cleavage site for removal of 

the Stag-PLIN2 portion. The fusion protein was extracted from the inclusion bodies with 6 

M urea. After purification to homogeneity by Ni-affinity chromatography (Fig 3, lane 1), the 

fusion protein was cleaved to release Stagged PLIN2. Both of these proteins, full length 

fusion protein and Stagged PLIN2 had an electrophoretic mobility in SDS-PAGE that was 

lower than that expected from their sizes. The molecular mass of the fusion protein is 49.4 

kDa but the apparent molecular mass in SDS-PAGE was 56 kDa (Fig 3, lane 1). Likewise, 

Stag-PLIN2 has a molecular mass of 35.5 kDa but the electrophoretic mobility corresponded 

to an apparent mass of ~45 kDa (Fig 3, lane 2). The identity of this band was confirmed by 

mass spectrometry. A similar situation was reported for recombinant DmPLIN2 (41.1 kDa) 

whose observed electrophoretic mobility corresponded to 55 kDa (Arrese et al., 2008b).

Manduca Stag-PLIN2 was used to generate polyclonal antibodies (Fig 3, lane 3). 

Immunoblot analysis of lipid droplet-associated proteins isolated from the fat body of adult 

insects identified a band of ~40 kDa (Fig 3, right panel, lane 2). Consistently with the 

electrophoretic properties of recombinant PLIN2, the band identified in the immunoblot had 

a larger apparent mass than the actual molecular mass (32.4kDa). The apparent size of 

DmPLIN2 in tissue samples analyzed by western blot was 44–46kDa (Gronke et al., 2003). 

However, the molecular mass for DmPLIN2 is 36–38 kDa (Attrill et al., 2016). Altogether, 

MsPLIN2 showed a lower electrophoretic mobility on SDS-PAGE and this fact was 

consistent with all the data available for other PLIN2 proteins. The immunoblot results are 

consistent with the electrophoretic mobility of PLIN2 and we concluded that the antibody 

recognized MsPLIN2 as a band of ~40 kDa in western blot. The lack of MsPLIN2 detection 

in the young 5th instar larva, as seen in Fig 5-B lane D1, coincided with the mass 

spectrometry analysis of LDs (Soulages et al., 2012).

To study the subcellular localization of PLIN2 in the fat body of M. sexta, the tissue was 

homogenized and fractionated in a sucrose density gradient by centrifugation. Each fraction 

was analyzed by western blot using MsPLIN2 antibodies. PLIN2- a band ~40kDa- was only 

associated with the lipid droplet fraction that floated at the top of the gradient (Fig 3, bottom 

panel) implying a role for PLIN2 in M. sexta lipid metabolism.

3.3. Tissue expression of MsPLIN2

Since the occurrence of PLIN2 in Drosophila correlates with the ability of the fly to 

accumulate lipids (Fauny et al., 2005; Gronke et al., 2003; Teixeira et al., 2003), we assessed 

first the expression of PLIN2 in the midgut and fat body of 5th instar larva and in the fat 

body of adult insects. PCR and western blot studies identified both mRNA (Fig 4A) and 

PLIN2 protein (Fig 4B) in all the tissues. Interestingly, PLIN2 seemed to be less abundant in 

the fat body of the feeding larva, which is accumulating lipids, than in the fat body of adults, 

which mobilizes lipids to the hemolymph (Fig 4B). This result that is in agreement with a 

previous proteomic study of LDs (Soulages et al., 2012) is intriguing given that PLIN2 in 

other systems has been involved in TG storage.
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3.4. Expression of PLIN2 in fat body during development

About 90 % of the growth of a Manduca larva takes place during the last (5th) larval stage, 

which is characterized by a very intense feeding behavior resulting in a massive 

accumulation of lipids in the fat body (Nijhout et al., 2006). Fat body triglycerides (TG) 

peak at the end of this period (day 5), just before the beginning of the non-feeding phase 

that, in the lab, extends through the adult life (Fernando-Warnakulasuriya et al., 1988). 

During the wandering period (the days prior to pupation) there is a small decline in the fat 

body lipid content, which will remain practically constant through pupal stage. During adult 

life, which in the lab extends for about ten days, fat body lipids are consumed (Ziegler, 

1991). Unlike larva, adults can mobilize great amount of lipids from the fat body to the 

hemolymph and the fat body is the only tissue supplying those lipids. The hemolymph lipid 

concentration in adults is higher (~50 mg/ml) than in larval insects (~ 1 mg/ml) (Tsuchida 

and Wells, 1988; Ziegler et al., 1995). Consistently, the fat body of adults is under a higher 

lipolytic condition (Arrese et al., 2010). Lipase activity increased rapidly in adults peaking 

around the second day of life. At this point, the fat body lipase activity is ~ 9-fold higher 

than in the larva of M. sexta (Arrese et al., 2010). Thus, larva and adult of M. sexta not only 

have different life styles but also those differences impose a change in the flow of lipid 

metabolism as well. While 5th instar larvae store lipids in the fat body, adults consume those 

lipids to support life. The latter is even more pronounced in starving adults, in which 

glycogen storage is rapidly depleted and these animals have a very low hemolymph 

trehalose concentration and a much higher hemolymph lipid concentration (Ziegler, 1991). 

Notoriously, the adult of M. sexta does not accumulate lipids. Even feeding adults use excess 

of sugar to restore hemolymph trehalose and glycogen storage in the fat body while the lipid 

storage remains unchanged (Ziegler, 1991).

As a first step to examine the connection between PLIN2 expression and lipid storage in the 

fat body of M. sexta, PLIN2 mRNA levels were determined through development including 

each day of the 5th larva (days 1 to 5), two molting (non-feeding) larva (5th-day 0 and 

wandering-day 3), pupa (day 23), and male and female adult (day 1). A moderate increase in 

PLIN2 mRNA was observed at the beginning of 5th instar followed by a decline towards the 

end (day 5). The levels that remained low from the beginning of the non-feeding period 

extending to the pupal stage (W3 and P23) increased in the adult fat body, which showed the 

highest PLIN2 mRNA levels. The low levels of PLIN2 mRNA in W3 and P23 seemed 

consistent with the notion that PLIN2 is required for TG accumulation. Adults, however, 

have 8–14-fold higher PLIN2 levels than larval fat body (Fig 5A). Therefore, the finding that 

MsPLIN2 was more abundant in the highly lipolytic fat body of adult rather than in the 

feeding larva was puzzling. Is PLIN2 needed for lipolysis? Given that PAT proteins are 

evolutionary conserved (Miura et al., 2002) and that DmPLIN2 expression correlates with 

fat accumulation (Gronke et al., 2003), it seems unlikely that MsPLIN2 could be directly 

involved in lipolysis activation. However, MsPLIN2 could be indirectly linked to lipolysis 

and directly linked to lipid storage through its involvement in the storage of glycerides 

produced via re-esterification of the excess of FAs generated during lipolysis. It can be 

hypothesized (Wolins et al., 2006) that newly synthesized TG would be packed in nascent 

droplets whose assembly would require PLIN2. If one considers that Manduca mobilizes fat 

body TG as 1,2-DG, then, under high lipolysis, the fat body is producing significant amount 

Chen et al. Page 9

Insect Biochem Mol Biol. Author manuscript; available in PMC 2018 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of extra FAs (Arrese and Wells, 1997). FAs can be re-esterified back to glycerides by 

monoacylglycerol-acyltransferase (MGAT), which catalyzes the synthesis of DG, and by 

diacylglycerol-acyltransferase (DGAT), which catalyzes the last step of TG synthesis. 

Therefore, high lipolysis would also be accompanied by high rate of FAs re-esterification 

and re-synthesis of glycerides. To test this possibility, we measured MGAT, DGAT mRNA 

levels and PLIN2 mRNA levels in the fat body of adults under high (control) and low 

(trehalose) lipolytic conditions. MGAT and DGAT genes in Manduca were recently 

identified (Soulages et al., 2015). DGAT is highly expressed in the fat body of the feeding 

larva whereas in adults, mRNA MGAT level is slightly higher than DGAT levels (Soulages 

et al., 2015). To obtain a condition of low lipolysis in the fat body of adults, the trehalose 

levels of the hemolymph were increased by administering an intra-hemocoel trehalose 

solution, as previously described (Arrese et al., 1996). In M. sexta adults, the levels of 

hemolymph trehalose decline over time whereas there is a concomitant increase in the lipid 

levels (Ziegler, 1991). This tendency can be reverted by injection of trehalose, which induces 

a decline in hemolymph lipid concentration (Ziegler, 1991) as well as fat body lipase activity 

(Arrese et al., 1996). Thus, we compared mRNA levels in adults injected with trehalose (low 

lipolysis) or water (control, high lipolysis). The trehalose effect on lipolysis was confirmed 

by the decrease in the main fat body lipase mRNA level (TGL), as shown in Fig 6. PLIN2 

mRNA levels also decreased in trehalose treated insects (Fig 6) suggesting that PLIN2 could 

be indeed linked to the re-esterification of FA produced during lipolysis. Consistent with this 

interpretation, the mRNA levels of MGAT and DGAT also decreased under low lipolysis 

condition (Fig 6). The fat body of adults is not accumulating fat but rather losing it through 

FA oxidation and secretion to the hemolymph. Therefore, PLIN2 expression does not 

correlate with fat accumulation. However, the correlation between PLIN2 levels and 

lipolysis suggests that a likely role of MsPLIN2 would be to allow the packing of glycerides 

whose rate of synthesis increases dramatically in starved adult insects due to the increase in 

FA re-esterification.

Finally, it is also worth noting that starving adults injected with trehalose showed a decrease 

in DGAT mRNA level (Fig 6). This result is consistent with a previous report showing that 

when adults of M. sexta are sugar fed, the content of lipid stored in the fat body does not 

increase and the excess of sugar is stored in the fat body as glycogen (Ziegler, 1991). The 

results highlight the contrasting difference in TG metabolism between the larval and adult 

stages of M. sexta.

3.5. PLIN2 levels in the larvae of the tobacco hornworm, M. sexta

3.5.1. Fat body—Fat body TG content and PLIN2 protein levels were determined in each 

day of the feeding period of the 5th instar. Fat body lipids increase nearly 10 fold during the 

feeding period of the 5th instar (Fig 7). TG accumulation is greater during the last two days 

(days 4 and 5) (Fig 7). On the other hand, PLIN2 occurrence accompanies the increase in 

TG in the course of the first three days, when both PLIN2 and TG levels increase 2 folds and 

2.6 folds, respectively. However, during days 4 and 5, when the maximum increase in TG 

mass takes place (4-fold), the content of PLIN2 in the LDs actually decreased by nearly 3-

fold (Fig 7). The decrease in PLIN2 at the end of the feeding larval stage could be part of the 

developmental program. To some extent such decline resembles the situation described for 
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the differentiation of vertebrate adipocyte from fibroblasts where the process start with high 

expression levels of PLIN2/ADRP but declines towards the end when the accumulation of 

large amounts of TG is taking place (Brasaemle et al., 1997; Jiang and Serrero, 1992). Fully 

developed adipocytes have large LDs and no PLIN2. As it will be further supported in 

section 3.6, a similar situation could be happening in Manduca fat body. Thus, once a critical 

level of cellular TG is reached, and the number and size of LDs reaches certain level, the 

expression of PLIN2 may not be required. On the other hand, in the 5th larval instar of 

Manduca the molting process is triggered when the larvae reach the “critical weight”, which 

is achieved at day 3 (Nijhout et al., 2006). At this time, juvenile hormone levels start to 

decrease and a cascade of physiological changes lead to the cessation of feeding by the end 

of day 5. The fact that the maximal abundance of PLIN2 was observed around the time the 

critical weight is achieved led us to question whether the decline of PLIN2 at the end of the 

5th instar was related to the levels of TG or to the developmental program. Development and 

growth, which are under complex hormonal regulation, are affected by nutritional changes 

(Nijhout et al., 2014). To further examine whether the decrease in PLIN2 levels at the end of 

the 5th instar was part of a developmental program or a consequence of the level of lipid 

accumulation, we carried out a similar study but feeding the insects on a natural diet 

consisting of tomato leaves. The rationale was to provide a diet with lower caloric content to 

slow down development and the process of fat accumulation. The caloric content of the leaf 

diet was estimated to be ~3.5-fold lower than that of the standard lab diet (Bell and Joachim, 

1976). As shown in Fig 8, when insects were fed on leaves the accumulation of lipids 

occurred at a lower rate than in the animals raised in the standard diet (Fig 7). Under this 

regime (leaf diet), the 5th instar lasted nine days, four more days than it takes when insects 

are fed the standard diet. Nevertheless, at the end of the stage, the insects fed on leaves were 

leaner (5.8 g / insect) than those fed the standard diet (8.8g/insect). As shown in Fig 8, the 

gradual accumulation of TG observed with the leaf diet was accompanied by a gradual 

increase in PLIN2 protein levels. Unlike larvae feeding the high calorie diet (Fig 7), in this 

case the expression of PLIN2 showed a sustained increase through the nine-day period of the 

5th instar (Fig 8). The fat body TG content was also significantly lower reaching a maximum 

value of ~20mg / fat body at the end of development, as compared to ~80mg / fat body in 

animals fed the standard diet. Animals fed on the leaf diet normally progressed through 

development (wandering, pupal and adult stages). Thus, these results suggest that the 

decrease in PLIN2 levels at the end of the 5th-instar in animals fed the standard diet (Fig 7) 

would be determined to a large extent by the level of fat reserves, rather than by the normal 

developmental program. Under both conditions, low or high calorie diets (Fig 7 and 8), 

PLIN2 levels paralleled the increase of TG up to a certain extent (~20 mg TG / fat body).

3.5.1.1. Effect of Starvation and Re-feeding: We also investigated the effect of the 

nutritional status (starvation and re-feeding) in the expression of PLIN2. To this end, 5th 

instar larvae (day 2) fed on the standard diet were starved for 24h and subsequently fed 

standard diet for different periods of time (re-feeding). The levels of PLIN2 mRNA and 

protein were compared with those observed in larvae of the same age that continued feeding 

(Fed). DGAT mRNA levels were also determined to assess the ability of the fat body to 

synthesize TG. Starvation is expected to prevent TG synthesis and thus its accumulation in 

LDs. As expected, starvation promoted a sharp decrease in DGAT mRNA (Fig 9A) 
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suggesting a decrease in TG synthesis. As shown in the Fig 9A, starvation also promotes a ~ 

10-fold decrease in PLIN2 mRNA levels. Conversely, mRNA levels of PLIN2 and DGAT 

were rapidly restored after re-feeding, as the fat body regained the capacity to synthesize 

TG. Indicating a relatively fast protein turnover, the changes in PLIN2 mRNA levels were 

accompanied by similar changes in protein levels; thus, PLIN2 protein decreased to almost 

undetectable levels after 24h of starvation (Fig 9B) and gradually increased after re-feeding 

reaching values similar to those of the fed state only 6h after re-feeding (Fig 9B). This result 

suggests a tight relationship between the availability of nutrients, PLIN2 expression and the 

TG synthesizing activity of the larval fat body.

It is worth emphasizing the contrasting difference of the changes in PLIN2 expression 

induced by starvation in larva (PLIN2 decrease) and adult (PLIN2 increase). The metabolic 

differences between the larval and adult stages of M. sexta, also translate to the response of 

the fat body to starvation. Adults never feed constantly, as larvae do, and they do not grow or 

accumulate reserves of any kind in the fat body. Larvae accumulate reserves but adults use 

the reserves stored during the larval growth. Larvae of M. sexta under starvation mobilize 

glycogen whereas adults mobilize lipids (Ziegler et al., 1990). Starvation produces a rapid 

activation of glycogen phosphorylase in larva (Siegert and Ziegler, 1983) resulting in 

constant trehalose level in the hemolymph (Gies et al., 1988; Ziegler, 1991). Moreover, there 

is no difference between the cytosolic lipase activities of fat body from fed or starved (24h) 

larvae of M. sexta (unpublished results). On the other hand, adults cannot maintain the 

trehalose levels under starvation and compensate by secreting large amounts of fat body 

lipids to the hemolymph (Ziegler, 1991). As a result, the fat body is highly lipolytic and the 

cytosolic lipase activity of adult fat body is high compared to larva (Arrese et al., 2010). The 

physiological differences between the larval and adult stages of M. sexta parallel the 

contrasting differences between the metabolisms of TG and glycogen in the response to 

starvation. Thus, in regard to PLIN2, as the lipolytic state increases in adults we also see an 

increase in DGAT and PLIN2 expression (Fig 6) even when the fat body is losing TG 

content. Contrarily, in larva, DGAT expression decreases in starvation -indicating no lipid 

synthesis- and PLIN2 reaches the lowest, undetectable, levels of expression (Fig 9B). We 

hypothesized that in the adult fat body under starvation PLIN2 is required for the storage of 

lipids produced by re-esterification of FAs generated from the high lipolysis, as discussed 

above.

3.5.2. Midgut—Dietary glycerides are hydrolyzed in the midgut lumen of Manduca larva 

into FA and glycerol, which are absorbed and rapidly incorporated into DG and TG. TG 

accounts for 76% of the midgut lipids serving as a reservoir from which DG is produced. 

DG, which does not accumulate in the cell, is produced at a rate corresponding with its 

export to hemolymph (Canavoso and Wells, 2000). Studies in Drosophila have also shown a 

large accumulation of LDs in the midgut epithelium when the transport of lipid to the fat 

body is impaired (Palm et al., 2012; Panakova et al., 2005). TG storage in midgut may also 

serve the purpose of minimizing the amount of DG accumulating in midgut to prevent toxic 

effects and yet efficiently absorb FA from the lumen (Canavoso and Wells, 2000; Soulages 

and Wells, 1994). Since PLIN1 is not detected in M. sexta midgut (data not shown), PLIN2 

is the only Perilipin regulating the processes of accumulation and/or mobilization of TG in 
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midgut. To examine the relationship between PLIN2 and lipid storage in the midgut, we 

determined the expression of PLIN2 in 5th instar larvae (day 2–3) in starvation and after re-

feeding on the standard diet. Samples of midgut total RNA and LDs were prepared from fed 

and starved (24h starvation) animals and also after 2h, 6h and 24h from the initiation of re-

feeding. Starvation promoted a large decrease in the expression of PLIN2 mRNA and 

protein (Fig 10). PLIN2 protein was practically undetectable after 24h of starvation (Fig 

10B). This condition was quickly reversed when feeding was resumed. PLIN2 levels 

(protein and mRNA) showed a significant increase 2h after refeeding and reached the fed 

state levels 6h after refeeding began. Following 24h of starvation the levels of DGAT mRNA 

were also significantly reduced (Fig 10A), as expected due to lack of FA for the synthesis of 

TG. Changes in DGAT mRNA followed a similar pattern suggesting that changes in PLIN2 

levels are associated with the storage of newly synthesized TG in the lipid droplet of midgut 

cells. The clear effect of the level of nutrients in the expression of PLIN2 and the correlation 

between PLIN2 and DGAT levels in the midgut was very similar to that observed in fat body 

of the young larva after starvation and refeeding (Fig 9).

3.6. Lipid Droplet Size

To better understand the relationship between MsPLIN2 and lipid accumulation in the fat 

body of the feeding larva, we examined the sizes of the fat body LDs in 5th instar larvae 

feeding regular diet at the middle (day 2.5, Fig 11A) and end of the feeding period (day 5, 

Fig 11B). The average lipid droplet size increases during the development. For example, 

65.5 % of LDs have diameters lower than 5μm at day 2.5 whereas this size group 

represented 35% of the LD population at the end of the instar (Fig 11). Conversely, at the 

end of the period, when maximal lipid accumulation occurs, lipids are packed mainly in 

large LDs. The largest LD population (>9 μm) was significantly (p=0.0104) more abundant 

(26.1 ± 4.7 %) than at the midpoint (day 2.5) of the feeding stage (11.8 ± 1.3%). Thus, the 

decrease in PLIN2 protein that is observed in fat body of 5th-instar larva when comparing 

day 2.5 with day 5 (Fig 7) correlates with the decrease of the abundance of the smaller size 

present at day 5, or conversely, with the higher proportion of large LD found at day 5 (Fig 

11). We also examined the LD distribution in 5th instar larvae feeding leaves at day 7 (Fig 

11C). The lipid content in the fat body of these animals was lower than those of the day 2–3 

of the larvae fed with the artificial diet (Fig 8). In this case 94% of LDs were smaller than 

5μm adding support to the notion that at the beginning of the process of lipid accumulation 

lipids are packed in small droplets. The comparison of the distribution of LDs sizes and the 

occurrence of PLIN2 in M. sexta fat body of feeding larvae showed that PLIN2 abundance 

correlates with a higher proportion of smaller LDs.

LDs are subjected to fast and substantial variations in size and number in response to 

hormones and the availability of nutrients. A thirty-fold increase in LD-volume was 

observed within hours when Drosophila S2 cells were accumulating TG following 

incubation with oleic acid (Guo et al., 2008). Mammalian LDs can grow transferring lipids 

between droplets through specific contact sites (Grahn et al., 2013). On the other hand, TG 

hydrolysis induces LD fragmentation (Marcinkiewicz et al., 2006; Mizushima, 2007) and the 

formation of small and micro LDs (< 1 μm) (Ariotti et al., 2012; Hashimoto et al., 2012; 

Paar et al., 2012). Smaller LDs would form from the fission of large LDs, whereas micro 
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LDs would be formed with TG produced by the re-esterification of FA (Hashimoto et al., 

2012). Moreover, the distribution and/or abundance of PAT proteins among LDs of different 

sizes are not homogenous (Heid et al., 2014). ADRP has been found to be predominately 

associated with small LDs (Wolins et al., 2006). Studies in Drosophila have shown that 

PLIN2 is more abundant in small LDs (Bi et al., 2012; Diaconeasa et al., 2013). The analysis 

of the LD size distribution in the M. sexta fat body suggested an inverse relationship 

between LD size and content of PLIN2. Because the maximal content of PLIN2 occurred 

when smaller droplets were more abundant, it seems that PLIN2 is mainly associated with 

small LDs. This observation is in line with previous findings in Drosophila (Bi et al., 2012; 

Diaconeasa et al., 2013). On the other hand, the decrease of PLIN2 abundance when TG is 

stored in large cytosolic droplets in the fat body of late 5th instar larvae suggests alternative 

mechanism/s protecting TG from the action of lipases beyond the PLIN2 barrier on the lipid 

droplet surface. Moreover, the decrease of PLIN2 when TG content reached the maximum 

also suggests that the lipid level stored in the adipocyte of M. sexta could be a factor 

modulating PLIN2 abundance.

4. CONCLUSIONS

MsPLIN2 was exclusively associated with the LDs (Fig 3) and its abundance in fat body 

correlated with the abundance of smaller LDs (< 5μm) (Fig 11). In feeding larva, MsPLIN2 

was mainly expressed when the fat body is synthesizing TG (Fig 7–9). These three results 

are in line with previous studies in Drosophila showing that DmPLIN2 was required for 

normal TG storage by acting as barrier to lipases (Gronke et al., 2003; Teixeira et al., 2003) 

and it was preferentially found in small droplets (Bi et al., 2012; Diaconeasa et al., 2013). In 

the midgut- a tissue in which PLIN2 is the only occurring PAT protein- the expression of 

PLIN2 also paralleled TG synthesis, suggesting for the first time a role for MsPLIN2 in TG 

storage in the midgut of an insect (Fig 10).

The study on MsPLIN2 highlighted two novel and interesting aspects. First, MsPLIN2 was 

most abundant in the adult fat body (Fig 4–5), which is characterized by a high rate TG 

hydrolysis, lipid mobilization and also a fast glyceride turnover. Whether MsPLIN2 is 

directly involved in lipolysis, the secretion of lipids or the insertion of re-synthesized 

glycerides in LDs is unknown. Nonetheless, since adult M. sexta is losing TG, this 

observation shows that MsPLIN2 expression by itself does not guaranteed an increase in fat 

accumulation. However, in the adult fat body MsPLIN2 could be associated with a pool of 

LDs not used for lipolysis. As discussed above, such pool could derive from re-esterified FA 

produced during lipolysis. The role of MsPLIN2 in fat body of adults would still be in 

connection to lipid storage, yet the fat body is not accumulating but rather losing lipids 

through FA oxidation and secretion to the hemolymph.

The second remarkably aspect of the MsPLIN2 study was the decline of PLIN2 when the 

larval fat body was storing TG at the maximal capacity (the end of the 5th instar of larvae 

feeding the artificial diet) (Fig 7). Some of the possible implications of this finding are: 1- 

The level of lipid storage could modulate PLIN2 expression and /or degradation: PLIN2 

could be required for the storage of TG in small LDs to a certain lipid level, beyond which 

the size of LDs would increase and the abundance of PLIN2 decline. Likewise, the lipid 
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level stored in the adipocyte of M. sexta could be a factor controlling PLIN2 abundance; 2- 

MsPLIN2 is not required to preserve TG in large droplets given the inverse relationship 

between PLIN2 abundance and LD size; 3- Alternative mechanism/s to shield TG from the 

action of lipases apart from PLIN2 must be present in the fat body of the larva of M. sexta. 

In the absence of PLIN2 lipids must still be protected from lipases suggesting alternative 

mechanism/s perhaps involving a different PAT protein. Current work dealing with some of 

these points will be reported in a separate study. Altogether, we found that MsPLIN2 is 

needed when the synthesis of glycerides, DG and TG, is active disregard of whether the 

insect is accumulating or consuming TG. The new findings even if they were specific to this 

model system, which is characterized by a large capacity to store fat in the larval stage and a 

very dynamic lipid mobilization in the adult, contribute to a better understanding on the role 

of PLIN2 in TG metabolism in insects.
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Research Highlights

PLIN2 is known for playing a role in the accumulation of fat presumably by acting 

as a barrier to lipases.

MsPLIN2 protein and mRNA levels change very rapidly when the availability of 

FA is increased or reduced.

MsPLIN2 declined when lipid levels reached a maximum in larval fat body 

implying the occurrence of alternative mechanism/s to shield TG.
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Figure 1. Phylogeny of insect PLIN proteins
Alignments were produced with Clustal Omega and the phylogeny was inferred using the 

Neighbor-Joining method (Saitou and Nei, 1987). The bootstrap consensus tree inferred 

from 500 replicates is taken to represent the evolutionary history of the taxa analyzed 

(Felsenstein, 1985). Branches corresponding to partitions reproduced in less than 50% 

bootstrap replicates are collapsed. The percentage of replicate trees in which the associated 

taxa clustered together in the bootstrap test (500 replicates) are shown next to the branches 

(Felsenstein, 1985). The evolutionary distances were computed using the JTT matrix-based 

method (Jones et al., 1992) and are in the units of the number of amino acid substitutions per 

site. The analysis involved 16 amino acid sequences. All positions containing gaps and 

missing data were eliminated. There were a total of 228 positions in the final dataset. 

Evolutionary analyses were conducted in MEGA5 (Tamura et al., 2011). The PLIN2 

sequences identifiers and abbreviations used are: Hsal: Harpegnathos saltator (EFN86125.1); 

Mr: Megachile rotundata (XP_003703225.1); Bi: Bombus impatiens (XP_003485735.1); Bt: 

Bombus terrestris (XP_003397531.1); Am: Apis mellifera (XP_003249235.1); Af: Apis 
florea (XP_003697663.1); Bm: Bombyx mori (NP_001138804.1); Msex: Manduca sexta 
(AEJ33049.1); Cc: Ceratitis capitata (XP_004524967.1); Dm: Drosophila melanogaster 
(NP_001036276.1); Md: Musca domestica (XP_005188653.1); Aa: Aedes aegypti 
(XP_001658058.1); Ag: Anopheles gambiae (XP_310971.5).

PLIN1 sequence identifiers are: Ms: Manduca sexta Perilipin 1 (AIE17454.1), Bm: Bombyx 
mori Perilipin 1 (NP_001040143.1|) and Dm: Drosophila melanogaster Perilipin 1 

(NP_732904.2).
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Figure 2. Comparison of M. sexta, D. melanogaster, and Mus musculus plin2 gene structures
M. sexta PLIN2 genomic information was obtained from the Manduca genome sequence 

data available at http://www.ncbi.nlm.nih.gov/assembly/GCA_000262585.1, Dm (D. 
melanogaster PLIN2-B, accession number: AAF48419.1), and MmPLIN2 (NP_031434.3). 

The size of these genes is shown below the name of species. Exons, introns, 5′-UTR and 3′-

UTR are shown with light grey boxes, lines, white boxes and dark grey boxes, respectively. 

Exon number is shown beneath the corresponding box. The initiation and termination 

codons are pointed with arrows. The number inside the exon box indicates the exon’s length 

(nt).
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Figure 3. Recombinant MsPLIN2, polyclonal antibodies and subcellular localization of MsPLIN2
Top left panel: recTrx-PLIN2 uncut (lane 1), and after thrombin cleavage (lane 2) were 

separated by SDS-PAGE and stained with Coomassie. Western blot analysis of sample 

shown in lane 2 using anti-MsPLIN2 antibodies; Top right panel: LDs (~10 μg) isolated 

from the fat bodies of adult of M. sexta (lane 1, Ponceau staining) were analyzed by western 

blot (lane 2); Bottom panel: Subcellular localization of MsPLIN2 was carried out using fat 

body homogenate from adult male insects that was subjected to ultracentrifugation in a 

sucrose gradient. The gradient was fractionated into eleven fractions and each fractions was 

analyzed by western blot using MsPLIN2 antibodies (top), the corresponding Ponceau S 

staining is shown in the bottom panel.
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Figure 4. PLIN2 levels in fat body (FB) and midgut (MG) of 5th instar larva (day2) and FB of 
adult insects
A) Determined by RT-PCR using the amplification of the ribosomal S3 transcript (RpS3) as 

control; B) PLIN2 proteins from LDs preparations (~10μg) were determined by western blot 

analysis as described in the Materials and Methods.
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Figure 5. Developmental changes in fat body MsPLIN2 mRNA levels
A) PLIN2 mRNA level was determined by qRT–PCR using mRNA RpS3 as reference. At 

least two independent sets of total RNA were analyzed in triplicate and relative values are 

plotted as the mean ± SD. D0, D1, D2, D3, D4 and D5 refers to days of 5th-instar larva, W3: 

wanderer day 3, P23: pupa day 23; M1 and F1: 1-day-old male and female adults, 

respectively. B) PLIN2 western blot: each gel lane was loaded with 10–20μg of LDs 

proteins. C) Ponceau S staining of membrane used in western blot shown in panel B.
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Figure 6. MsPLIN2 mRNA levels in the fat body of adult of M. sexta
Second day adults in starvation were injected with 20 μl trehalose (0.65 mg/ml) or water 

(control). Fat body tissue was collected 24h post-injection. The relative levels of each 

mRNA (mean ± SD) were determined by quantitative RT-PCR using mRNA RpS3 as 

reference. Two independent sets of RNA were analyzed by triplicate. The relative values, 

normalized to control (24h post-injection of 20 μl water), are plotted as the mean ± SD.
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Figure 7. Protein levels of PLIN2 in 5th-larval fat body
The protein level of lipid droplet-PLIN2 was determined by western blot analysis using ~20 

μg of total protein as described in the Materials and Methods. PLIN2 levels from at least 

three independent sets of LD preparations were obtained. The data in the graph represent the 

PLIN2 levels (means ± SD) normalized to day 5. The age of the larvae is expressed as a 

fraction of the total length of the feeding period (5 days). A representative PLIN2 western 

blot image is shown in the figure. The content of fat body TG (mean ± SD, n=3) is expressed 

in μmol TG per FB.
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Figure 8. Effect of low caloric diet on the lipid accumulation and PLIN2 protein levels in 5th-
larval fat body
5th-instar larvae were fed on leaf diet. The content of fat body TG (mean ± SD, n=3) is 

expressed in μmol TG per FB; the error bars are not noticeable because they are shorter than 

the height of the symbol. The protein level of lipid droplet-PLIN2 was determined by 

western blot analysis using ~20 μg of total protein as described in the Materials and 

Methods. The data in the graph are the PLIN2 levels (mean ± SD, n=3) normalized to day 9. 

A representative western blot image is shown in the figure. The age of the larvae is 

expressed as a fraction of the total length of the feeding period (9 days).
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Figure 9. Effect of starvation and refeeding in the expression of PLIN2 in the fat body of 5th-
instar larvae
Total RNA and LDs were obtained from the fat body of at least three insects. FED: feeding 

5th-instar larvae, day 2; STARVED: 5th-larvae, day 2, subjected to 24h starvation; 

REFEEDING: 5th-larvae, day 2, starved for 24h followed by refeeding for 2h, 3h and 6h. A) 
mRNA Levels: The relative levels of PLIN2 and DGAT mRNA were determined by qPCR 

using mRNA RpS3 as reference. The assay was performed by triplicate and the relative 

values are plotted as the mean ± SD. B) Representative western blot image obtained with 

20μg of LDs proteins for fat bodies of Fed, Starved, and Refed (2h and 6h) insects.
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Figure 10. Effect of starvation and refeeding in the expression of PLIN2 in the midgut of larvae
Total RNA and LDs were obtained from the midgut of at least three insects. FED: feeding 

5th-instar larvae, day 2; STARVED: 5th-larvae, day 2, subjected to 24h starvation; 

REFEEDING: 5th-larvae, day 2, starved for 24h followed by refeeding for 2h, and 6h. A) 
mRNA Levels: The relative levels of PLIN2 and DGAT mRNA were determined by qPCR 

using mRNA RpS3 as reference. The assays were performed by triplicate and the relative 

values are plotted as the mean ± SD. B) PLIN2 western blot: Each gel lane was loaded with 

20μg of LDs proteins.
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Figure 11. Distribution of LDs sizes in the fat bodies of larva of M. sexta
Representative images for each fat body type are shown above: (A)-5th-instar larva Day 2.5, 

(B) Day 5, and (C) 5th-instar larva fed on leaves, Day 7. Grey bars, black bars and white bars 

depict values (mean % ± SD) corresponding to samples shown in A, B, and C, respectively. 

The main proportion of very small LDs (<1.5μm) was found in 5th-instar larva fed on leaves, 

Day 7 (pD2.5 vs D5 < 0.05; pD2.5 vs D7< 0.0001; pD5 vs D7< 0.0001). The main proportion of 

medium size LDs (2 – 5 μm) were more abundant in Day 2.5 and larva fed on leaves-Day 7 

(pD2.5 vs D5 < 0.05; pD2.5 vs D7 =ns; pD5 vs D7< 0.05). The main proportion of large LDs (5.5–

9μm) was found in Day 5 (pD2.5 vs D5 < 0.001; pD2.5 vs D7< 0.005; pD5 vs D7< 0.0001). The 
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main proportion of very large LDs (>9μm) were present in Day 5 (pD2.5 vs D5 < 0.05; 
pD2.5 vs D7< 0.05; pD5 vs D7< 0.0001).
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