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Simple Summary: An optimal internal response to feeding state is critical for survival and develop-

ment in insects. Part of this response originates in the insect midgut, which detects the nutritional 

status of incoming food and sends relevant signals to other organs via hormones. Starvation leads 

to changes in insect behaviors, such as food-seeking, and physiology, such as modifying nutrient 

usage to save energy for survival. Therefore, in this study, proteomics was used on fed and starved 

tobacco hornworm (Manduca sexta) caterpillar digestive tracts to characterize how the midgut re-

sponds to starvation. Several processes were modified by starvation, including digestive enzymes 

and metabolic functions. Additionally, gut-produced neuropeptide hormones were detected, and 

some changed in abundance in starved insects, particularly neuropeptide F1, which suggests that 

the dynamics of neuropeptide F1 are tied to feeding state. Overall, this study provides a foundation 

for understanding the gut response, particularly the dynamics of neuropeptide hormones, to star-

vation and provides multiple targets for future work. 

Abstract: Starvation is a complex physiological state that induces changes in protein expression to 

ensure survival. The insect midgut is sensitive to changes in dietary content as it is at the forefront 

of communicating information about incoming nutrients to the body via hormones. Therefore, a 

DIA proteomics approach was used to examine starvation physiology and, specifically, the role of 

midgut neuropeptide hormones in a representative lepidopteran, Manduca sexta. Proteomes were 

generated from midguts of M. sexta fourth-instar caterpillars, starved for 24 h and 48 h, and com-

pared to fed controls. A total of 3,047 proteins were identified, and 854 of these were significantly 

different in abundance. KEGG analysis revealed that metabolism pathways were less abundant in 

starved caterpillars, but oxidative phosphorylation proteins were more abundant. In addition, six 

neuropeptides or related signaling cascade proteins were detected. Particularly, neuropeptide F1 

(NPF1) was significantly higher in abundance in starved larvae. A change in juvenile hormone-de-

grading enzymes was also detected during starvation. Overall, our results provide an exploration 

of the midgut response to starvation in M. sexta and validate DIA proteomics as a useful tool for 

quantifying insect midgut neuropeptide hormones. 
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1. Introduction 

The insect midgut is a complex organ specialized not only for digestion and nutrient 

absorption but also as a sensory surface to detect nutrients in the gut lumen [1]. The 
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midgut, as an endocrine organ, can communicate this information with local digestive cell 

populations and with other organs via enteroendocrine cells that release hormones into 

the hemolymph [2,3]. Many of these hormones are neuropeptides and may coordinate 

digestion, send feedback to the central nervous system (CNS), and regulate metabolism 

based on gut stimuli [3]. Conversely, a lack of nutrients in the midgut, starvation, elicits a 

signaling response from the midgut, or a halt to ongoing neuropeptide hormone release, 

that may induce responses to conserve energy or urgently seek food sources [4]. 

The expansion of omics techniques has greatly aided in identifying neuropeptides 

from various insect species in recent decades. The number of neuropeptides encoded in 

insect genomes varies greatly, but most have a core set of approximately 50 neuropeptide 

families represented [5,6]. Insect midgut endocrine cells produce at least 10–11 of these 

peptide hormones including allatostatins, bursicon, CCHamides, diuretic hormones, in-

sulin-like peptides, tachykinin, short neuropeptide F, neuropeptide F (NPF), and orco-

kinin, depending on the species [2,3,7,8]. The production and release of neuropeptide hor-

mones is responsive to gut contents, starvation, and levels of circulating macronutrients, 

and these neuropeptide hormones have downstream physiological and behavioral im-

pacts [3,9–12]. For instance, courtship is suppressed, and food-seeking is heightened in 

starved male Drosophila melanogaster via the following progression: Consumption of 

amino acids induces release of diuretic hormone 31 (DH31) from enteroendocrine cells. 

This circulating, midgut-derived DH31 stimulates DH31 receptor-expressing cells of the 

brain, including allatostatin-C-producing cells that inhibit feeding and corazonin-express-

ing cells that restore courtship behavior [11]. 

The tobacco hornworm, Manduca sexta, has long served as a model for lepidopteran 

physiology and has facilitated a fundamental understanding of insect immunity, apopto-

sis, metamorphosis, and serine proteases, among other functions [13,14]. Starvation-in-

duced effects on survival and physiology have also been previously explored in M. sexta. 

In the final (fifth) instar, M. sexta larvae typically take 8 days to develop until pupation 

with optimal nutrition [15], with feeding ceasing on day 5 at the onset of the wandering 

stage [16]. However, prior to the wandering stage, they can survive for up to 5–6 days in 

the fifth instar without food, with sufficient hydration [15]. Initially, M. sexta larvae retain 

glycogen reserves in the fat body until 24 h of starvation and then gradually start using 

these reserves for gluconeogenesis [17]. As starvation progresses through 48 h, the pentose 

phosphate pathway enhances glucose and fructose-6-phosphate [18]. Also, after 48 h of 

starvation, lipid synthesis in M. sexta ceases, and the pyruvate carboxylase arm of the TCA 

cycle is enriched over pyruvate dehydrogenase [18]. This switch in the TCA cycle under 

starvation conditions leads to increased glucose synthesis over lipids to maintain trehalose 

levels in the hemolymph. However, trehalose levels usually drop in starved caterpillars 

after 72 h and are barely detectable [15]. These physiological changes are mediated in part 

by circulating nutrients but also by signaling molecules between organs [19]. However, 

much remains to be explored regarding the coordination of these physiological changes 

and the role of tissues such as the midgut in the starvation response. 

The lepidopteran midgut plays an important and complex role in nutrient metabo-

lism, yet changes to the physiology of this organ during starvation are relatively unex-

plored on a proteomic level. Therefore, a label-free data-independent acquisition (DIA) 

proteomics approach was used on midguts of 24 h and 48 h starved fourth-instar M. sexta 

larvae compared to corresponding fed controls. A total of 3,047 proteins were identified 

and a total of 854 of these were significantly different in abundance in different starvation 

timepoint comparisons. In total, 132 proteins were consistently different in abundance be-

tween fed and starved midguts over all timepoints, and KEGG analysis was used to de-

termine overarching pathways that were more, or less, abundant. In general, starvation 

induced a shift from digestive enzymes, mitochondrial and ribosomal activity, and me-

tabolism to oxidative phosphorylation, mitophagy, and nucleotide-processing proteins. 

In addition, six neuropeptide hormones or related signaling cascade molecules were de-

tected, of which NPF1 was the most abundant, and the abundance of several of these 
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neuropeptides significantly increased under starvation conditions. These results add to 

our understanding of larval midgut physiology and, especially, the effects of feeding state 

at the protein level. The differently abundant proteins, especially the neuropeptides, can 

be further explored for their independent roles in insect physiology in future studies. 

2. Materials and Methods 

2.1. Identification of Neuropeptide Genes 

A list of neuropeptides for M. sexta was assembled using search inputs reported from 

other insects including Chilo suppressalis [20], Bombyx mori [21], Spodoptera exigua [22], and 

the Database for Insect Neuropeptide Research (DINeR) [5] (Table S1). Neuropeptide 

names were used to search annotated orthologs from the M. sexta reference genome, 

JHU_Msex_v1.0, on the NCBI database [23]. For neuropeptides that were not detected by 

the above methods, BLASTn and tBLASTn searches were performed by using the NCBI 

BLAST web interface [24] on the M. sexta reference genome using neuropeptide sequences 

from other lepidopterans. 

2.2. Sample Collection 

Manduca sexta eggs were obtained from Great Lakes Hornworm (Romeo, MI, USA), 

and caterpillars were reared in individual containers on a wheat germ-based artificial diet 

(Table S2) (derived from [25–30]) at 28 °C and 40% relative humidity with a 16:8 h 

light:dark photoperiod. Third-instar caterpillars (head capsule width 3.1 to 3.5 mm [31]) 

were monitored at the head slip transition stage for molting. Newly eclosed 4th-instar 

caterpillars were fed for 24 h and then split into “starved” or “fed” 24 h and 48 h groups. 

Caterpillars were housed in individual rearing cups with a wide screen mesh base to allow 

frass to drop from the cage, preventing starved caterpillars from feeding on the frass. 1% 

agarose blocks were provided to starved caterpillars to prevent dehydration, and fed cat-

erpillars were provided with fresh artificial diet. Midguts from respective fed and starved 

caterpillars were dissected in PBS at 24 h and 48 h. Dissected midguts were ground in 50% 

acetonitrile and lyophilized in a freeze dryer (HarvestRight, Salt Lake City, UT, USA) in 

1.7 mL centrifuge tubes with holes poked in the lids. The lyophilized protein vials were 

sealed with parafilm (Thermo Scientific, San Jose, CA, USA) and stored at −80 °C. 

Freeze-dried midgut samples were resuspended in Thermo Scientific EasyPep Mini 

MS Sample prep kit (Cat #A40006) lysis buffer, and protein content was estimated using 

the fluorescence-based protein assay EZQ (Invitrogen #R33200). Then, 100 µg protein ex-

tracts were reduced, alkylated with iodoacetamide, and digested with a trypsin/Lys-C 

protease mixture using a Thermo Scientific EasyPep Mini MS Sample prep kit (Cat 

#A40006) by following the manufacturer’s protocol. The trypsin/Lys-C was added 1:10 

(enzyme:protein) for digestion. Samples were purified for analysis using the column pro-

vided with the kit. Samples were reconstituted in 100 µL of 0.1% formic acid in water, 

with a final concentration of 1 µg/µL for analysis. 

2.3. Liquid Chromatography 

Samples were analyzed using an UltiMate 3000 RSLCnano system (Thermo Scientific, 

San Jose, CA, USA). The peptides were trapped prior to separation on a 300 um i.d. × 5 

mm C18 PepMap 100 trap (Thermo Scientific, San Jose, CA, USA) for 5 min at 10 ul/min. 

Separation was performed on a 50 cm uPAC C18 nano-LC column (PharmaFluidics, 

Ghent, Belgium) on an EasySpray source (Thermo Scientific, San Jose, CA, USA) fitted 

with a 30 um ID stainless steel emitter (PepSep, Marslev, Denmark). Separation was per-

formed at 350 nl/min using a gradient from 1 to 45% for 60 min (Solvent A: 0.1% formic 

acid; Solvent B: acetonitrile, 0.1% formic acid). 
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2.4. Mass Spectrometry 

Data Independent Analysis (DIA) was performed by using an Eclipse Tribrid Or-

bitrap mass spectrometer (Thermo Scientific, San Jose, CA, USA) [32,33]. Aliquots from 

each of the biological samples were combined to form a biologically pooled sample. This 

pooled sample was then used to generate a hybrid chromatographic library consisting of 

DIA and DDA spectra using the Spectronaut-integrated database search engine Pulsar. 

This hybrid library was generated using a combination of six DIA gas phase fractions 

(GPF) and three full-scan DDA spectra of the biological sample pool. The DIA GPF’s used 

4 m/z precursor isolation windows in a staggered pattern (GPF1 398.4–502.5 m/z, GPF2 

498.5–602.5 m/z, GPF3 598.5–702.6 m/z, GPF4 698.6–802.6 m/z, GPF5 798.6–902.7 m/z, and 

GPF6 898.7–1002.7 m/z) at a resolution of 60,000. The AGC target was set to custom with a 

normalized target of 1000%; a maximum injection time was set to dynamic with a mini-

mum of nine points across the peak; and an NCE of 33 using higher-energy collision dis-

sociation (HCD). The three DDA full scan runs were performed with an MS1 precursor 

selection range from 375 to 1500 m/z at a resolution of 120 K with a normalized automatic 

gain control (AGC) target of 250% and an automatic maximum injection time. Quadrupole 

isolation of 0.7 Th was used for MS2isolation and CID fragmentation in the linear ion trap 

with a collision energy of 35% and a 10 ms activation time. The MS2 AGC was in standard 

mode with a 35 ms maximum injection time. The instrument was operated in a data-de-

pendent mode with a 3 s cycle time and the most intense precursor priority, and the dy-

namic exclusion was set to an exclusion duration of 60 s with a 10 ppm tolerance. Biolog-

ical samples were run on an identical gradient to that of the GPFs using a staggered win-

dow scheme of 8 m/z over a mass range of 385–1015 m/z. Precursor isolation was per-

formed in the Orbitrap at a 60,000 resolution with a dynamic maximum injection allowing 

for a minimum of nine points across the peak, a custom AGC normalized to 1000%, and 

an NCE of 33 using HCD. The species-specific FASTA database for M. sexta (RefSeq), con-

taining 25,012 proteins, and a database of known contaminants (Crap_uniprot_with_hu-

man_MRSonbeadV2) were downloaded from RefSeq and Uniprot, respectively. The var-

iable modifications considered were as follows: Carbamidomethylation C. Identification 

cutoffs for precursor and protein Q-value cutoffs were set to 0.01, and quantity was based 

on the area of MS2 ions. A global imputing strategy was used for missing values. 

2.5. Data Analysis 

An initial data analysis was performed using the Spectronaut™ software (version 

15.7.220308.50606 Rubin, Biognosys AG, Schlieren, Switzerland). Raw data from the Spec-

tronaut software were exported as raw intensities to R and analyzed for differential pro-

tein abundances. Total protein intensities across biological replicates within all treatments 

were similar. Raw intensities were transformed and compared using five normalization 

methods, and cyclic loess log2-normalized data provided the most consistent results and 

were used to calculate protein abundances and differential analysis. Principal component 

analysis (PCA) was plotted for log2-transformed protein abundances to compare the dis-

tribution of different replicates and to gauge treatment group similarity. Fed and starved 

samples segregated into distinct groups. However, separation by time within starved or 

fed groups was less distinct: starved 24 h and 48 h protein samples were tightly clustered, 

while fed 24 h and 48 h samples had a wide, overlapping spread that did not segregate 

into discrete 24 h and 48 h clusters (Figure S1). Reproducibility within biological groups 

was also evaluated by Pearson correlation coefficient analysis, and the samples collected 

at the same timepoint within the fed and starved treatments (r > 0.95, Pearson) were highly 

correlated with a few exceptions (starved 24 h replicate 3, and fed 24 h replicate 3). 

Therefore, a differential analysis to compare fed and starved midgut samples was 

performed at three levels: 24 h, 48 h, and combined 24 h and 48 h, by using Limma [34]. 

These analyses provided an overall fed vs. starved (combined) and individual timepoint 

(24 h and 48 h) quantitative proteomic profile. 
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Protein IDs that were differentially abundant in fed and starved conditions were used 

to identify Gene IDs from the M. sexta reference genome [23]. KEGG pathways for M. sexta, 

along with their associated gene ids, were imported to R by using KEGGREST [35]. A 

KEGG Gene Set Enrichment Analysis (GSEA) was performed using clusterProfiler (v4.2.2) 

[36] with a minimum gene set size of 3 and a p-value cutoff of 1. Gene set enrichment 

figures were plotted using ggplot2 (RStudio 2021.09.2+382 “Ghost Orchid”). Venn dia-

grams were plotted by using Venny2.1 [37]. 

3. Results 

3.1. Differential Proteomics 

To characterize the starvation response in the midgut proteome of fourth-instar M. 

sexta, 24 h and 48 h starved larval midguts were compared with fed 24 h and 48 h controls 

using DIA mass spectrometry. A total of 3047 proteins were identified from the 12 midgut 

protein samples. Based on the PCA analysis, the clustering of samples was discrete by 

feeding status but not discrete by time (Figure S1), and therefore three comparisons were 

made: (1) 24 h fed vs. 24 h starved; (2) 48 h fed vs. 48 h starved; and (3) combined 24 h and 

48 h fed vs. combined 24 h starved and 48 h starved. A total of 854 unique proteins dis-

played a significant change in abundance in one or more of the analyses (Figure 1). How-

ever, only 132 proteins consistently differed in abundance across all three analyses of 

starved midguts compared with the fed controls (Figure 1A). Out of these, 77 proteins 

were more abundant in the fed samples (Figures 1B and 2), while 55 were more abundant 

in starved samples (Figures 1C and 3; Table 1). An additional 722 proteins were identified 

as significantly different in abundance in one or two of the analyses (Figure 1A; Table S3). 

 

Figure 1. Venn diagrams illustrating differentially abundant proteins between combined 24 h and 

48 h fed vs. starved (red), 24 h fed vs. 24 h starved (green), and 48 h fed vs. 48 h starved (blue) 

analyses, significant at FDR< 0.05. (A) In total, 854 proteins had a significant change in abundance 

between the three analyses, (B) subset of proteins (460) with higher abundance in fed samples, (C) 

subset of proteins (398) with higher abundance in starved samples. 

Of the 132 differentially abundant proteins, several annotations suggested an associ-

ation with digestion, metabolism, or mitochondrial function (Table 1; Figures 2 and 3). 

Seven proteins were recognized as being associated with protein degradation (trypsins, 

proteases, and peptidases), three facilitate sugar digestion (two lactases and one maltase), 

and two were associated with lipid digestion (lipase and carboxylesterase). These were 

predominantly more abundant in fed caterpillar midguts (Table 1). Another 10 proteins 

associated with glycerol or assorted dehydrogenases (likely involved in metabolism) were 

all more abundant in fed caterpillars. Nine proteins were identified as mitochondrial pro-

teins and were also predominantly more abundant in fed caterpillars. In addition to the 

above, 42 protein digestion enzymes (15 up and 28 down (trypsin alkaline A both up at 24 

h and down at 48 h)), 6 sugar digestion enzymes (all down), and 10 lipid digestion en-

zymes (two up and eight down) were significantly different between fed and starved mid-

guts in one or two analyses. An additional 30 metabolic enzymes (5 up and 25 down) and 
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74 mitochondrial proteins (26 up and 48 down) were also significantly different between 

fed and starved midguts in one or two analyses. 

 

Figure 2. Heatmap illustrating 77 midgut proteins with significantly lower abundance in samples 

of fourth-instar M. sexta caterpillars starved for 24 h and 48 h versus caterpillars fed for 24 h and 48 
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h. Only common significant proteins (adjusted p-value ≤ 0.05) across all three comparisons are de-

picted here. Protein abundance was scaled to Z-scores for plotting. Blue color indicates a lower 

abundance in starved caterpillars, and tan color indicates a higher abundance. 

 

Figure 3. Heatmap illustrating 55 midgut proteins with significantly higher abundance in samples 

of fourth-instar M. sexta caterpillars starved for 24 h and 48 h versus caterpillars fed for 24 h and 48 

h. Only common significant proteins (adjusted p-value ≤ 0.05) across all three comparisons are de-

picted here. Protein abundance was scaled to Z-scores for plotting. Blue color indicates a lower 

abundance in starved caterpillars, and tan color indicates a higher abundance. 

In addition to the above-mentioned proteins, a significant change in abundance was 

notable in a few other groups of proteins. For instance, three juvenile hormone (JH)-de-

grading enzymes significantly changed in abundance between feeding states in all three 

analyses (Table S3), and an additional five (three up and two down) in one or two analyses. 

Also, three cytochromes (one more abundant and two less) changed in abundance under 

starvation in all analyses. An additional three cytochromes were significantly less abun-

dant in one or two analyses. Finally, alpha, beta, and gamma subunits of laminin, a 
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component of the midgut basement membrane, were all significantly more abundant in 

starved caterpillars in all analyses. Additionally, eight laminin-like proteins, nidogen, col-

lagen, collagenase, and integrin proteins were significantly different in abundance in one 

or two analyses (four up and four down). 

Table 1. Selected significantly different protein abundance (adjusted p-value ≤ 0.05) across 24 h, 48 

h, and combined comparisons, categorized by functional group subsections. Positive log fold 

changes (logFC) represent higher abundance in starved replicates, and negative fold changes repre-

sent lower abundance in starved replicates. Remaining significant proteins are listed in Table S3. 

Protein ID Protein Name 24 h logFC 48 h logFC Combined logFC 

Protein degradation 

XP_030030816.2 Mitochondrial-processing peptidase subunit beta 1.5 2.1 1.8 

XP_030031119.2 Probable aminopeptidase NPEPL1 1.3 1.1 1.2 

XP_030028976.2 Zinc carboxypeptidase −1.4 −2.2 −1.8 

XP_030023348.2 Carboxypeptidase B −1.9 −2.9 −2.4 

XP_030027851.2 CAAX prenyl protease 1 homolog −2.1 −2.1 −2.1 

XP_037300887.1 Antichymotrypsin-2-like −2.4 −4.0 −3.2 

XP_030024172.2 Lysozyme −2.3 −4.8 −3.6 

XP_030021372.2 Trypsin, alkaline C-like −3.7 −6.1 −4.9 

Sugar degradation 

XP_030027415.1 Maltase A1 −2.0 −4.2 −3.1 

XP_037295803.1 Lactase–phlorizin hydrolase −2.7 −5.7 −4.2 

XP_037295801.1 Lactase–phlorizin hydrolase −4.2 −7.2 −5.7 

Lipid degradation 

XP_030034911.2 Venom carboxylesterase 6 1.7 2.2 1.9 

XP_030029542.2 Pancreatic lipase-related protein 2-like −4.3 −4.6 −4.4 

Mitochondrial 

XP_037294842.1 Alanine–glyoxylate aminotransferase 2 2.6 3.1 2.8 

XP_030027392.1 Cytochrome c oxidase subunit 4 isoform 1 1.9 2.3 2.1 

XP_030029341.1 39S ribosomal protein L41 −1.1 −1.2 −1.1 

XP_030024656.1 39S ribosomal protein L37 −1.4 −2.0 −1.7 

XP_030035113.2 3-ketoacyl-COA thiolase −1.5 −2.6 −2.1 

XP_030031455.1 Mitochondrial glutamate carrier 1 −2.1 −3.0 −2.6 

XP_030026609.1 Short-chain specific acyl-COA dehydrogenase −3.0 −2.7 −2.9 

XP_037294570.1 39S ribosomal protein s18a −3.7 −3.4 −3.6 

XP_037295058.1 3-ketoacyl-coa thiolase −4.0 −3.7 −3.8 

Metabolism 

XP_030029916.1 Diacylglycerol O-acyltransferase 1 −1.4 −1.6 −1.5 

XP_037292967.1 Probable 3-hydroxyacyl-coa dehydrogenase B0272.3 −1.3 −1.9 −1.6 

XP_030023792.1 Hydroxysteroid dehydrogenase-like protein 2 −2.1 −1.6 −1.8 

XP_030023969.1 3-hydroxyacyl-coa dehydrogenase type-2 −1.8 −1.9 −1.9 

XP_030032134.1 Epidermal retinol dehydrogenase 2 −2.3 −1.7 −2.0 

XP_030028836.1 D-altritol 5-dehydrogenase −2.5 −2.1 −2.3 

XP_030021537.1 1-acyl-sn-glycerol-3-phosphate acyltransferase gamma −2.6 −2.0 −2.3 

XP_030026278.2 Aldehyde dehydrogenase, dimeric NADP-preferring −2.5 −2.6 −2.6 

XP_030037221.2 Estradiol 17-beta-dehydrogenase 8 −2.9 −3.4 −3.2 

XP_030038272.1 15-hydroxyprostaglandin dehydrogenase [NAD (+)] −2.5 −4.2 −3.4 

Juvenile hormone 

XP_030040069.2 Juvenile hormone esterase 1.9 4.4 3.1 

XP_037295223.1 Juvenile hormone esterase-like 1.9 2.8 2.4 

XP_030032265.2 Juvenile hormone epoxide hydrolase −1.7 −2.5 −2.1 
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Cytochromes 

XP_030034471.1 Cytochrome b5 1.9 2.4 2.1 

XP_030040484.1 Cytochrome c-like −1.1 −1.4 −1.3 

XP_030025415.2 NADH-cytochrome b5 reductase 2 −1.4 −1.3 −1.3 

Basement membrane assembly (laminin) 

XP_030028135.1 Laminin subunit beta-1 2.3 1.7 2.0 

XP_037299829.1 Laminin subunit gamma-1 2.4 1.7 2.0 

XP_037299653.1 Laminin subunit alpha-like 2.1 1.7 1.9 

3.2. KEGG Enrichment Analysis 

KEGG enrichment analysis was performed on the proteome samples to provide in-

sight into larger-scale processes in the midgut impacted by starvation. As with the DIA 

analysis, three comparisons were made: (1) 24 h fed vs. 24 h starved; (2) 48 h fed vs. 48 h 

starved; and (3) combined 24 h and 48 h fed vs. combined 24 h starved and 48 h starved. 

A total of 67 KEGG pathways were significantly different between the fed and starved 

samples across all comparisons, and 14 of these were consistent across all three compari-

sons (Figures 4–6). Of these 14, 10 were suppressed during starvation, while 4 were acti-

vated. The largest impacts were on metabolism: two broad categories, metabolic pathways 

and fatty acid metabolism, were less abundant in starved midguts, along with the more 

specific categories of valine, leucine and isoleucine degradation; lysine degradation; tryp-

tophan metabolism; fatty acid degradation; biosynthesis of unsaturated fatty acids; pro-

panoate metabolism; and proteins of the peroxisome. Conversely, oxidative phosphoryla-

tion pathway proteins were more abundant in starved caterpillars. An additional 33 path-

ways involving metabolism, degradation, or biosynthesis were significantly different in 

one or two of the analyses. The mitophagy pathway was also significantly more abundant 

in starved caterpillars in the combined and 24 h comparisons. 

In addition to impacts on metabolism, starved caterpillars also had significantly more 

proteins for three nucleotide-processing KEGG pathways, including those involved with 

RNA polymerase, the spliceosome, and non-homologous end-joining pathways, across all 

three analyses. Pathways involved with the ribosome, however, were significantly less 

abundant across all three analyses. An additional five KEGG pathways involved with nu-

cleotide processing had significantly more abundance in one or two of the analyses. Also, 

signaling pathways were identified as significantly more abundant in 10 KEGG pathways 

in starved midguts. These were significant for one or two of the analyses but never for all 

three. 
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Figure 4. KEGG pathway Gene Set Enrichment Analysis (GSEA) of M. sexta midgut proteomic data 

between fed and starved fourth-instar caterpillars in the combined 24–48 h analysis. “Activated” 

pathways were significantly higher in abundance in fed samples, and “suppressed” pathways were 

more abundant in starved midguts. 
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Figure 5. KEGG pathway Gene Set Enrichment Analysis (GSEA) of M. sexta midgut proteomic data 

between fed and starved fourth-instar caterpillars in the 24 h analysis. “Activated” pathways were 

significantly higher in abundance in fed samples, and “suppressed” pathways were more abundant 

in starved midguts. 
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Figure 6. KEGG pathway Gene Set Enrichment Analysis (GSEA) of M. sexta midgut proteomic data 

between fed and starved fourth-instar caterpillars in the 48 h analysis. Activated pathways were 

significantly higher in abundance in fed samples, and suppressed pathways were more abundant 

in starved midguts. 

3.3. Neuropeptide Hormones in the Midgut Proteome 

Changes in neuropeptide hormone abundance in response to starvation were specif-

ically scrutinized in this study. To examine this, a list of 69 neuropeptides, as annotated 

in the M. sexta reference genome (JHU_Msex1.0), was assembled (Table S1). Most insect 

neuropeptide families were represented in the M. sexta genome, with the exceptions of 

arginine–vasopressin-like peptide, neuropeptide-like precursor 2 (NPLP2), proctolin, 
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glycoprotein hormones, leucokinin, neuroparsin, pigment dispersing factor (PDF), and 

sulfakinin. Transcriptomes from larval midguts were data mined [14] and neuropeptide 

hormone expression was estimated based on FPKM values (Table 2). Not all gene IDs from 

this annotation have survived the more recent annotation of the M. sexta reference genome 

(JHU_Msex1.0). To confirm whether neuropeptides from the most current M. sexta ge-

nome annotation were truly missing or just unannotated, BLASTn and tBLASTn on the 

NCBI web interface was used to probe the JHU_Msex1.0 genome assembly using queries 

based on previous M. sexta neuropeptide annotations or based on Chilo suppressalis [20], 

Bombyx mori [21], or Spodoptera exigua [22] neuropeptides. 

Of the 69 M. sexta neuropeptides in the assembled list, 20 were detected from prior 

midgut transcriptome data (Table 2). Of these, six were detected in the midgut proteome 

in the current work (Table 2, Figure 7). Neuropeptide F2 (NPF2, annotated as pro-neuro-

peptide Y (NPY)) was significantly more abundant (3.2-fold) in starved caterpillars in the 

24 h only comparison. NPF1 was also more abundant in starved caterpillars in the com-

bined analysis (1.2-fold), as was myosuppressin in the 24 h only (3.1-fold) and combined 

(2.1-fold) analyses compared with the fed samples. Insulin-associated insulin-like growth 

factor (IGF) 2 mRNA-binding protein 1 was more abundant in starved caterpillars (2.0-

fold) in the 48 h only comparison. Further, an IGF1 receptor was significantly more abun-

dant in the starved samples across all three analyses (combined: 2.5-fold; 24 h: 3.1-fold; 48 

h: 2.0-fold). The neuropeptide orcokinin and the insulin-associated IGF-binding protein 

(IGFBP) complex acid labile subunit were also detected but were not significantly different 

between the starved and fed samples in any of the analyses (Figure 7). 

Table 2. Peptide hormones detected in M. sexta larval midguts via proteomics (current study) or 

datamined from previous midgut transcriptomes [14]. 

Peptide 
M. sexta  

Proteome 

M. sexta  

Transcriptomes 

Allatostatin A (helicostatins)  ++ 

Allatostatin C  +++ 

Bombyxin-related peptide A na +++ 

Bombyxin-related peptide A na + 

CCHamide-1  + 

CCHamide-2  ++ 

Corticotropin-releasing factor-like/diuretic hormone 44  + 

Diuretic hormone class 2/diuretic hormone 31/Calci-

tonin-like 
 + 

Ecdysis-triggering hormone  + 

IDLSRF-like peptide  + 

Insulin-like growth-factor-binding protein complex 

acid labile subunit 
+ +++ 

Insulin-like growth factor 2 mRNA-binding protein 1 + +++ 

Myosuppressin + +++ 

Neuropeptide-like 4  ++++ 

NPF1 (a and b) + +++ 

NPF2 + ++ 

Orcokinin + ++++ 

RYamide neuropeptides  + 

sNPF  + 

Tachykinin  +++ 

For the transcriptome, ++++ = >1000; +++ = >100; ++ = >50; + = >10 FPKM in midgut summed across 

all larval stages. “na“ indicates the peptide is not annotated in the JHU_Msex1.0 assembly. See Table 

S1 for a full list of annotated M. sexta neuropeptides. 
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Figure 7. Log fold changes (logFC) in peptide hormones and neuropeptide-interacting proteins de-

tected in M. sexta midgut samples. Positive logFC represents higher abundance in starved samples, 

and negative logFC represents lower abundance in starved replicates. “*” indicates adjusted p-value 

≤ 0.05. 

4. Discussion 

The insect midgut communicates the status of incoming nutrients to other body or-

gans by releasing neuropeptide hormones, which helps maintain homeostasis during 

stressful conditions [3]. Therefore, a DIA proteomics approach was used as a broad 

method to understand the changes in the midgut under starvation stress and the impact 

on neuropeptide hormone signaling in M. sexta. Identifying changes in the midgut during 

nutritional stress can help elucidate mechanisms used in insects to cope with starvation. 

In the current work, 3,047 proteins were identified across fed and starved fourth-instar M. 

sexta caterpillar samples. Generally, a greater number of proteins were detected in the fed 

samples compared to the starved samples. 

4.1. Neuropeptide Hormones 

Six neuropeptides or signaling cascade proteins were detected in the M. sexta midgut 

proteome dataset of the current study (Table 2; Figure 7). This is considerably less than 

the 20 neuropeptide hormone transcripts detected in M. sexta larval midgut transcrip-

tomes [14]. A wide range of developmental conditions were sampled in prior transcrip-

tomes, including non-feeding periods preceding and following larval molt, and expres-

sion may vary with physiological status. However, another larval midgut transcriptome 

examining Spodoptera exigua also detected several of the same and a few additional neu-

ropeptide hormones including allatostatin (multiple forms: A, C1, C2, and CC), allatotro-

pin, CCHamide (1 and 2), corticotropin-releasing-factor-like-diuretic hormone 44 (DH44), 

diuretic hormone 31/calcitonin-like peptide (DH31), diuretic hormone 45 (DH45), myo-

suppressin, NPF1, orcokinin (1 and 2), proctolin, short neuropeptide F (sNPF), and 

tachykinin [21]. While it is unclear whether the midgut actually translates detectable 

amounts of all of these peptides, particularly those detected at low transcript abundance, 

direct extraction, immunostaining, or in situ hybridization of several of these neuropep-

tide hormones in M. sexta or other lepidopterans [38–40] suggest that many are actively 

expressed in enteroendocrine cells or the innervation of the midgut. However, small pep-

tides (such as sNPF) contain limited, if any, trypsin cleavage sites, may not have adhered 

to the column, or were below the mass range scanned in the current study. In addition, 
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some peptides may be too low in abundance to be detected with DIA. DIA is an unbiased, 

reproducible, and sensitive method that, in addition to data-dependent acquisition 

(DDA), can detect low-abundance proteins and cover a higher dynamic range for quanti-

tative proteomics [32,41–43]. The DIA approach used in this study permitted the broadest 

range of global detection for neuropeptides while also enabling quantitation, which pro-

vides a starting point for the examination of multiple midgut neuropeptide hormones 

simultaneously. A more targeted approach for specific peptides not detected in the current 

study may be required for future studies yet may sacrifice the broad-spectrum data col-

lection of other midgut proteins. 

Among the most abundant neuropeptide hormones detected in our proteome, NPF1 

and NPF2 belong to the neuropeptide Y superfamily and are involved in feeding, food 

choice, and food-seeking behaviors, among other functions [44–47]. However, the role of 

midgut-derived NPF has been little studied, but recent work on D. melanogaster suggests 

that it has a role in reproduction [48]. In addition, midgut NPF has an incretin-like func-

tion, involved in the secretion of ILPs by the corpora cardiaca and the suppression of ad-

ipokinetic hormone (AKH) [10]. It also stimulates sugar satiation and a switch to protein-

rich diets in newly mated D. melanogaster females [12]. In Lepidoptera, midgut NPF sig-

naling has been linked to the production of α-amylase and lipase in the midgut [49]. In 

the current work, NPF1 was significantly more abundant in starved larvae in the com-

bined analysis, and NPF2 was significantly more abundant in starved larvae in the fed 24 

h vs. starved 24 h analysis. Previous work has reported a slight increase in NPF transcript 

abundance in the midgut under starvation in some insects [46,50], although this is not 

consistent for all insects [10,12]. However, a buildup of NPF in midgut endocrine cells 

under starvation conditions has been demonstrated by densitometry in D. melanogaster 

and suggests that NPF release, rather than synthesis, is regulated, allowing NPF to accrue 

in the enteroendocrine cells of starved midguts [10,12]. NPF may, therefore, be primed for 

a robust release from the midgut when an appropriate food stimulus becomes available 

to the starved insect. A similar dynamic of NPF1 and NPF2 accrual may have occurred in 

the current study. Further, a drastic drop in midgut NPF1 levels in the corn earworm, 

Helicoverpa zea, was detected at the onset of gut purge, as quantified by radioimmunoassay 

[45]. This also suggests that NPF synthesis and release from the midgut is tied to the nu-

tritional status of midgut contents and development in Lepidoptera. The use of mass spec-

trometry in the current work highlights another potential tool for further studying the 

dynamics of NPF and other neuropeptide hormones in the midgut and other tissues in 

insects. 

Myosuppressin (also known as FLRFamide) expression was previously described in 

M. sexta midgut endocrine cells using in situ hybridization [51], and this peptide inhibits 

feeding in other lepidopterans such as Spodoptera littoralis [52] and Bombyx mori [53]. In 

cockroaches, feeding inhibition by myosuppressin was suggested to be driven by the abil-

ity of myosuppressin to prevent peristaltic transport of food in the gut [54]. Several other 

digestive functions have been suggested for myosuppressin in insects, including enzyme 

secretion from the midgut [55,56] and inhibition of ion transport across the midgut epi-

thelium [57]. Myosuppressin amounts increased in M. sexta midguts during starvation in 

the current study, which suggests thatpeptide is accruing rather than being released, sim-

ilar to NPF1 [10,12]. Suppressing myosuppressin release in starved M. sexta may make 

sense if myosuppressin has the same feeding inhibition and digestive roles in M. sexta that 

are noted in other insects. However, myosuppressin is also expressed in the nervous sys-

tem, and other functions, such as inhibiting the prothoracic gland during diapause, have 

been noted [58]. In contrast, a role for orcokinin in stimulating the prothoracic gland was 

demonstrated in B. mori [59]. Other diverse functions of orcokinin have been explored in 

disparate insects and include roles in ecdysis [60], reproduction [61,62], or predator-avoid-

ing behaviors [63], among other functions. However, this neuropeptide overall remains 

understudied, and a receptor for orcokinin has not yet been identified [62]. Further, no 

work to date has disentangled the roles of midgut-derived orcokinins from those 
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expressed in the nervous system. In the current study, levels of orcokinin in the midgut 

remained unchanged under starvation conditions, providing few clues as to its role be-

sides that its release in M. sexta may not be tied directly to the presence or absence of food 

in the gut. 

4.2. Impact of Starvation on Other Hormones 

Three enzymes catalyze the degradation of JH in Lepidoptera: JH esterase (JHE), JH 

epoxide hydrolase (JHEH), and JH diol kinase (JHDK) [64]. JHEH and JHE play critical 

roles in reducing JH titers and instigating the release of PTTH and the subsequent rise in 

ecdysteroids initiating the molt to a pupa [65]. Although JH has been extensively exam-

ined in M. sexta, the focus has primarily been on its role in the transition from final instar 

larvae to the pupal state [64]. JHE levels in M. sexta are dependent on feeding states and 

reach maximum levels in fifth instars to eliminate JH when caterpillars reach critical 

weight before pupation [66]. Less explored are the roles of JH in younger instars, besides 

maintaining larval characteristics during molting. In this work, fourth-instar larvae were 

specifically chosen to mitigate the confounding influence of developmental changes in-

curred in the transition from larva to pupa. Interestingly, JHE was more abundant in the 

midguts of starved caterpillars in the current study, and JHEH was less abundant. An 

increase in JHDK was also noted in the midguts of starved B. mori caterpillars compared 

to fed ones [67]. Also, high JH titers were associated with decreased feeding in Ostrinia 

furnicalis, the Asian corn borer, and these levels were under the control of brain NPF [68]. 

Whether JH-degrading enzymes are synthesized to a greater or lesser degree or are merely 

stored in the midgut and are not released into the hemolymph was not determined in the 

current study but is an area for further exploration. Further, how exactly these different 

enzymes modulate JH titers is worthy of further study. JHEH, for instance, has different 

enzymatic activities on different forms of JH, which may have other influences beyond 

control of larval–pupal transition [64]. Staying in the same larval instar in nutritionally 

deficient states is a typical response in M. sexta caterpillars to nutrient stress and often 

supernumerary larval instars compensate for limited nutrition [69]. The current data hint 

at mechanisms that may modulate this response. 

4.3. Metabolism and Digestive Enzymes 

A primary function of the insect midgut is to break down and absorb ingested nutri-

ents in the gut lumen, and many digestive enzymes have been identified in M. sexta [70–

72]. Proteomics has been used to identify and localize digestive enzymes in other lepidop-

terans as well [73,74]. In addition, numerous other non-digestive catabolic proteins have 

been identified in M. sexta, likely for cellular homeostasis and other physiological func-

tions [75]. These classes of enzymes were not differentiated in the current study, but as a 

whole, protein-, carbohydrate-, and lipid-degrading proteins were less abundant in 

starved midgut samples (Table 1). Mitochondrial proteins and pathways were also gener-

ally less abundant in starved caterpillars (Table 1; Figures 3–5). This was not unexpected, 

as when an insect experiences starvation stress, digestive enzymes are not immediately 

needed, and energy use and growth are curtailed [76–79]. Instead, stored reserves are ac-

cessed to maintain homeostasis [80] as reflected in the identified KEGG pathways upreg-

ulated for oxidative phosphorylation and amino acid degradation in the starved caterpil-

lars (Figures 4–6). In particular, fructose and mannose metabolism pathways were more 

abundant in the starved samples in the combined and 48 h analyses, suggesting that these 

sugars are used as an energy substrate in starved caterpillars in this stage of starvation 

(Figures 4–6). Although not the primary focus of the current study, this description pro-

vides baseline information on digestive enzymes and energy homeostasis that may lead 

to further explorations of digestion–energy dynamics in starving midgut tissue in M. sexta. 

4.4. Feeding Variation 
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Starved replicates clustered together in the PCA analysis of the current study, irre-

spective of time, and may indicate that the length of starvation does not influence the 

midgut response to starvation or that 48 h was not enough time to induce a more severe 

response change (Figure S1). Previous work suggested differences in mobilization of en-

ergy reserves in the first 1–2 days of starvation versus longer starvation periods [16]. Con-

versely, PCA analysis demonstrated an overlap in feeding samples between 24 h and 48 h 

(Figure S1). There could be several reasons for this. For instance, feeding in M. sexta is not 

continuous and occurs in bouts followed by periods of apparent inactivity [81], although 

the caterpillar is likely engaged in the internal processes of digestion during so-called in-

activity [82,83]. Even small breaks in feeding (15–45 min) can induce the activation of en-

zymes such as glycogen phosphorylase in the fat body [84]. Therefore, proteome compo-

sition may be influenced by whether the insect is actively ingesting fresh food, digesting 

already consumed food, or defecating; its meal size; or whether it is searching for food for 

the next round of eating, among other factors. Carefully controlling the harvesting of cat-

erpillars for proteomics based on the precise timing of feeding is an opportunity for future 

exploration of the complex process of food consumption, digestion, and excretion. 

5. Conclusions 

The quantitative proteome generated in this study provides an overview of the dy-

namics of the midgut in fed and starved M. sexta larvae. An extensive diversity of proteins 

associated with the starvation response was identified, and six neuropeptide hormones or 

associated signaling cascade molecules with a putative connection to starvation stress 

were also recognized. NPF1 was significantly more abundant in starved larvae in the com-

bined fed vs. starved analysis, suggesting a role in starvation physiology in M. sexta. Fu-

ture studies confirming starvation-associated NPF1 level changes in the hemolymph may 

provide clues for the role of midgut-released NPF1 and other neuropeptide hormones in 

M. sexta caterpillars. 

Supplementary Materials: The following supporting information can be downloaded at 

www.mdpi.com/xxx/s1: Figure S1: Principal component analysis of protein intensities representing 

distinct grouping of fed vs. starved samples. Fed 24 h (red) and 48 h (green) grouped separately 

from starved 24 h (blue) and 48 h (purple) samples. Table S1: List of neuropeptides in M. sexta as 

annotated in the genome assembly JHU_Msex_v1.0 [23] (Gershman et al., 2021). Table S2: Diet in-

gredients and preparation for the M. sexta colony rearing in this study. Table S3: Complete list of 

significantly different M. sexta midgut proteins detected by DIA spectroscopy in this study. Proteins 

are sorted by the number of analyses where a significant change in abundance was detected (ad-

justed p-value ≤ 0.05) and then by log fold changes (compared to starved samples; i.e., positive val-

ues indicate proteins more abundant in starved samples versus fed). Significantly different proteins 

are highlighted: blue for 24 h analysis; yellow for 48 h analysis; green for combined analysis. 

Author Contributions: Conceptualization: A.B.N. and D.R.Q.; formal analysis: G.K., J.P., D.R.Q., 

and R.J.W.; data curation: G.K. and A.B.N.; writing—original draft preparation: G.K. and A.B.N.; 

writing—review and editing: G.K. and A.B.N.; project administration: A.B.N.; funding acquisition: 

G.K. and A.B.N. All authors have read and agreed to the published version of the manuscript. 

Funding: This work was supported by the USDA National Institute of Food and Agriculture Hatch 

project 1009754, and by the National Science Foundation under Grant No. 2236698. This publication 

was also made possible by grants from the National Institute of General Medical Sciences (P20 

GM103650 and GM104944) from the National Institutes of Health. The Mick Hitchcock, Ph.D. Ne-

vada Proteomics Center is also supported by a grant from the National Institute of General Medical 

Sciences (GM103440) from the National Institutes of Health. 

Data Availability Statement: The data that supports the findings of this study are available in the 

manuscript and/or are available upon request from the authors. 

Acknowledgments: We would like to thank Biorender.com for the use of their design tools in cre-

ating the graphical abstract for this manuscript. 



Insects 2024, 15, x FOR PEER REVIEW 18 of 21 
 

 

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the 

design of the study; in the collection, analyses, or interpretation of the data; in the writing of the 

manuscript; or in the decision to publish the results. 

References 

1. Miguel-Aliaga, I.; Jasper, H.; Lemaitre, B. Anatomy and Physiology of the Digestive Tract of Drosophila melanogaster. Genetics 

2018, 210, 357–396. https://doi.org/10.1534/genetics.118.300224. 

2. Wu, K.; Li, S.; Wang, J.; Ni, Y.; Huang, W.; Liu, Q.; Ling, E. Peptide hormones in the insect midgut. Front. Physiol. 2020, 11, 191. 

https://doi.org/10.3389/fphys.2020.00191. 

3. Nässel, D.; Zandawala, M. Hormonal axes in Drosophila: Regulation of hormone release and multiplicity of actions. Cell Tissue 

Res. 2020, 382, 233–266. https://doi.org/10.1007/s00441-020-03264-z. 

4. Zhang, D.W.; Xiao, Z.J.; Zeng, B.P.; Li, K.; Tang, Y.L. Insect Behavior and Physiological Adaptation Mechanisms Under Starva-

tion Stress. Front. Physiol. 2019, 10, 163. https://doi.org/10.3389/fphys.2019.00163. 

5. Yeoh, J.G.C.; Pandit, A.A.; Zandawala, M.; Nässel, D.R.; Davies, S.A.; Dow, J.A.T. DINeR: Database for Insect Neuropeptide 

Research. Insect Biochem. Mol. Biol. 2017, 86, 9–19. https://doi.org/10.1016/j.ibmb.2017.05.001. 

6. Yu, K.; Xiong, S.; Xu, G.; Ye, X.; Yao, H.; Wang, F.; Fang, Q.; Song, Q.; Ye, G. Identification of neuropeptides and their receptors 

in the ectoparasitoid, Habrobracon hebetor. Front. Physiol. 2020, 11, 575655. https://doi.org/10.3389/fphys.2020.575655. 

7. Chen, J.; Kim, S.; Kwon, J. A Systematic Analysis of Drosophila Regulatory Peptide Expression in Enteroendocrine Cells. Mol. 

Cells 2016, 39, 358–366. https://doi.org/10.14348/molcells.2016.0014. 

8. Nässel, D.; Zandawala, M. Recent advances in neuropeptide signaling in Drosophila, from genes to physiology and behavior. 

Prog. Neurobiol. 2019, 179, 101607. https://doi.org/10.1016/j.pneurobio.2019.02.003. 

9. Toprak, U. The role of peptide hormones in insect lipid metabolism. Front. Physiol. 2020, 11, 434. 

https://doi.org/10.3389/fphys.2020.00434. 

10. Yoshinari, Y.; Kosakamoto, H.; Kamiyama, T.; Hoshino, R.; Matsuoka, R.; Kondo, S.; Tanimoto, H.; Nakamura, A.; Obata, N.R. 

The sugar-responsive enteroendocrine neuropeptide F regulates lipid metabolism through glucagon-like and insulin-like hor-

mones in Drosophila melanogaster. Nat. Commun. 2021, 12, 4818. https://doi.org/10.1038/s41467-021-25146-w. 

11. Lin, H.-H.; Kuang, M.C.; Hossain, I.; Xuan, Y.; Beebe, L.; Shepherd, A.K.; Rolandi, M.; Wang, J.W. A nutrient-specific gut hor-

mone arbitrates between courtship and feeding. Nature 2022, 602, 632–638. https://doi.org/10.1038/s41586-022-04408-7. 

12. Malita, A.; Kubrak, O.; Koyama, T.; Ahrentlov, N.; Halberg, K.V.; Texada, M.J.; Nagy, S.; Rewitz, K. A gut-derived hormone 

switches dietary preference after mating in Drosophila. Nat. Metab. 2022, 4, 1532–1550. https://doi.org/10.1038/s42255-022-00672-

z. 

13. Kanost, M.R.; Arrese, E.L.; Cao, X.; Chen, Y.R.; Chellapilla, S.; Goldsmith, M.R.; Grosse-Wilde, E.; Heckel, D.G.; Herndon, N.; 

Jiang, H.; et al. Multifaceted biological insights from a draft genome sequence of the tobacco hornworm moth, Manduca sexta. 

Insect Biochem. Mol. Biol. 2016, 76, 118–147. https://doi.org/10.1016/j.ibmb.2016.07.005. 

14. Cao, X.; Jiang, H. An analysis of 67 RNA-seq datasets from various tissues at different stages of a model insect, Manduca sexta. 

BMC Genom. 2017, 18, 796. https://doi.org/10.1186/s12864-017-4147-y. 

15. Dahlman, D.L. Starvation of the tobacco hornworm, Manduca sexta. Survivorship curves, weight loss, and percent dry weight 

of larvae. Ann. Entomol. 1973, 66, 1031–1033. https://doi.org/10.1093/aesa/66.5.1031. 

16. Gondim, K.C.; Pennington, J.E.; Meyer-Fernandes, J.R.; Alves-Bezerra, M.; Wells, M.A. Effect of starvation on lipophorin density 

in fifth instar larval Manduca sexta. Arch. Insect Biochem. Physiol. 2013, 84, 145–156. https://doi.org/10.1002/arch.21133. 

17. Siegert, K.J. Carbohydrate metabolism in Manduca sexta during late larval development. J. Insect Physiol. 1987, 33, 421–427. 

https://doi.org/10.1016/0022-1910(87)90021-7. 

18. Thompson, S.N.; Lee, R.W.K. Metabolic fate of alanine in an insect Manduca sexta: Effects of starvation and parasitism. Biochim. 

Biophys. Acta (BBA) -Gen. Subj. 1993, 1157, 259–269. https://doi.org/10.1016/0304-4165(93)90108-K. 

19. Johnson, E.C.; Braco, J.T.; Whitmill, M.A. Connecting nutrient sensing and the endocrine control of metabolic allocation in in-

sects. Curr. Opin. Insect Sci. 2014, 1, 66–72. https://doi.org/10.1016/j.cois.2014.05.005. 

20. Xu, G.; Gu, G.-X.; Teng, Z.-W.; Wu, S.-F.; Huang, J.; Song, Q.-S.; Ye, G.-Y.; Fang, Q. Identification and expression profiles of 

neuropeptides and their G protein-coupled receptors in the rice stem borer Chilo suppressalis. Sci. Rep. 2016, 6, 28976. 

https://doi.org/10.1038/srep28976. 

21. Yamanaka, N.; Yamamoto, S.; Zitnan, D.; Watanabe, K.; Kawada, T.; Satake, H.; Kaneko, Y.; Hiruma, K.; Tanaka, Y.; Shinoda, T.; 

et al. Neuropeptide receptor transcriptome reveals unidentified neuroendocrine pathways. PLoS ONE 2008, 3, e3048. 

https://doi.org/10.1371/journal.pone.0003048. 

22. Llopis-Gimenez, A.; Han, T.; Kim, Y.; Ros, V.I.D.; Herrero, S. Identification and expression analysis of the Spodoptera exigua 

neuropeptidome under different physiological conditions. Insect Mol. Biol. 2019, 28, 161–175. https://doi.org/10.1111/imb.12535. 

23. Gershman, A.; Romer, T.G.; Fan, Y.; Razaghi, R.; Smith, W.A.; Timp, W. De novo genome assembly of the tobacco hornworm 

moth (Manduca sexta). G3 Genes Genomes Genet. 2021, 11, jkaa047. https://doi.org/10.1093/g3journal/jkaa047. 

24. Johnson, M.; Zaretskaya, I.; Raytselis, Y.; Merezhuk, Y.; McGinnis, S.; Madden, T.L. NCBI BLAST: A better web interface. Nucleic 

Acids Res. 2008, 36, W5–W9. https://doi.org/10.1093/nar/gkn201. 



Insects 2024, 15, x FOR PEER REVIEW 19 of 21 
 

 

25. Davidowitz, G.; D’Amico, L.J.; Nijhout, H.F. Critical weight in the development of insect body size. Evol. Dev. 2003, 5, 188–197. 

https://doi.org/10.1046/j.1525-142X.2003.03026.x. 

26. Hervet, V.A.D.; Laird, R.A.; Floate, K.D. A review of the McMorran diet for rearing Lepidoptera species with addition of a 

further 39 species. J. Insect Sci. 2016, 16, 19. https://doi.org/10.1093/jisesa/iev151. 

27. Yamamoto, R.T. Mass rearing of the tobacco hornworm. II. Larval rearing and pupation. J. Econ. Entomol. 1969, 62, 1427–1431. 

https://doi.org/10.1093/jee/62.6.1427. 

28. Grisdale, D. Large volume preparation and processing of a synthetic diet for insect rearing. Can. Entomol. 1973, 105, 1553–1557. 

https://doi.org/10.4039/Ent1051553-12. 

29. Ahmad, I.M.; Waldbauer, G.P.; Friedman, S. A defined artificial diet for the larvae of Manduca sexta. Entomol. Exp. Appl. 1989, 

53, 189–191. https://doi.org/10.1111/j.1570-7458.1989.tb01303.x. 

30. Ojeda-Avila, T.; Woods, H.A.; Raguso, R.A. Effects of dietary variation on growth, composition, and maturation of Manduca 

sexta (Sphingidae: Lepidoptera). J. Insect Physiol. 2003, 49, 293–306. https://doi.org/10.1016/S0022-1910(03)00003-9. 

31. Casanova, R.I.; Gaud, S.M. Notes on the Life Cycle of the Tobacco Hornworm, Manduca sexta (L.) (Lepidoptera; Sphingidae), in 

Puerto Rico. J. Agr. Univ. Puerto Rico 1975, 59, 51–62. https://doi.org/10.46429/jaupr.v59i1.10629. 

32. Gillet, L.C.; Navarro, P.; Tate, S.; Röst, H.; Selevsek, N.; Reiter, L.; Bonner, R.; Aebersold, R. Targeted data extraction of the 

MS/MS spectra generated by data-independent acquisition: A new concept for consistent and accurate proteome analysis. Mol. 

Cell. Proteom. 2012, 11, O111.016717. https://doi.org/10.1074/mcp.O111.016717. https://doi.org/10.1074/mcp.O111.016717. 

33. Doerr, A. DIA mass spectrometry. Nat. Methods 2015, 12, 35. https://doi.org/10.1038/nmeth.3234. 

34. Ritchie, M.E.; Phipson, B.; Wu, D.; Hu, Y.; Law, C.W.; Shi, W.; Smyth, G.K. limma powers differential expression analyses for 

RNA-sequencing and microarray studies. Nucleic Acids Res. 2015, 43, e47. https://doi.org/10.1093/nar/gkv007. 

35. Tenenbaum, D.; Maintainer, B.P. KEGGREST: Client-Side REST Access to the Kyoto Encyclopedia of Genes and Genomes 

(KEGG) 2021. R Package Version 1.34.0. ed. Available online: https://www.bioconductor.org/packages/release/bioc/html/KEG-

GREST.html. 

36. Yu, G.; Wang, L.-G.; Han, Y.; He, Q.-Y. clusterProfiler: An R Package for Comparing Biological Themes Among Gene Clusters. 

OMICS J. Integr. Biol. 2012, 16, 284–287. https://doi.org/10.1089/omi.2011.0118. 

37. Oliveros, J.C. Venny. An Interactive Tool for Comparing Lists with Venn’s Diagrams. 2007–2015. Available online: https://bio-

infogp.cnb.csic.es/tools/venny/index.html (accessed on 17 April 2022). 

38. Kingan, T.G.; Zitnan, D.; Jaffe, H.; Beckage, N.E. Identification of neuropeptides in the midgut of parasitized insects: FLR-

Famides as candidate paracrines. Mol. Cell. Endocrinol. 1997, 133, 19–32. https://doi.org/10.1016/S0303-7207(97)00140-8. 

39. Skaer, N.G.V.; Nassel, D.R.; Maddrell, S.H.P.; Tublitz, N.J. Neurochemical fine tuning of a peripheral tissue: Peptidergic and 

aminergic regulation of fluid secretion by Malpighian tubules in the tobacco hawkmoth M. sexta. J. Exp. Biol. 2002, 205, 1869–

1880. https://doi.org/10.1242/jeb.205.13.1869. 

40. Roller, L.; Cixmar, D.; Bednar, B.; Zitnan, D. Expression of RYamide in the nervous and endocrine system of Bombyx mori. Pep-

tides 2016, 80, 72–79. https://doi.org/10.1016/j.peptides.2016.02.003. 

41. DeLaney, K.; Li, L. Data Independent Acquisition Mass Spectrometry Method for Improved Neuropeptidomic Coverage in 

Crustacean Neural Tissue Extracts. Anal. Chem. 2019, 91, 5150–5158. https://doi.org/10.1021/acs.analchem.8b05734. 

42. Strasser, L.; Oliviero, G.; Jakes, C.; Zaborowska, I.; Floris, P.; Ribeiro da Silva, M.; Füssl, F.; Carillo, S.; Bones, J. Detection and 

quantitation of host cell proteins in monoclonal antibody drug products using automated sample preparation and data-inde-

pendent acquisition LC-MS/MS. J. Pharm. Anal. 2021, 11, 726–731. https://doi.org/10.1016/j.jpha.2021.05.002. 

43. Li, P.; Dong, X.; Wang, X.Y.; Du, T.; Du, X.J.; Wang, S. Comparative Proteomic Analysis of Adhesion/Invasion Related Proteins 

in Cronobacter sakazakii Based on Data-Independent Acquisition Coupled With LC-MS/MS. Front. Microbiol. 2020, 11, 1239. 

https://doi.org/10.3389/fmicb.2020.01239. 

44. Nässel, D.R.; Wegener, C. A comparative review of short and long neuropeptide F signaling in invertebrates: Any similarities 

to vertebrate neuropeptide Y signaling? Peptides 2011, 32, 1335–1355. https://doi.org/10.1016/j.peptides.2011.03.013. 

45. Huang, Y.; Crim, J.W.; Nuss, A.B.; Brown, M.R. Neuropeptide F and the corn earworm, Helicoverpa zea: A midgut peptide revis-

ited. Peptides 2011, 32, 483–492. https://doi.org/10.1016/j.peptides.2010.09.014. 

46. Wielendaele, P.V.; Dillen, S.; Zels, S.; Badisco, L.; Vanden Broeck, J. Regulation of feeding by neuropeptide F in the desert locust, 

Schistocerca gregaria. Insect Biochem. Mol. Biol. 2013, 43, 102–114. https://doi.org/10.1016/j.ibmb.2012.10.002. 

47. Shao, L.; Saver, M.; Chung, P.; Ren, Q.; Lee, T.; Kent, C.; Heberlein, U. Dissection of the Drosophila neuropeptide F circuit using 

a high-throughput two-choice assay. Proc. Natl. Acad. Sci. USA 2017, 114, E8091–E8099. https://doi.org/10.1073/pnas.1710552114. 

48. Ameku, T.; Yoshinari, Y.; Texada, M.J.; Kondo, S.; Amezawa, K.; Yoshizaki, G.; Shimada-Niwa, Y.; Niwa, R. Midgut-derived 

neuropeptide F controls germline stem cell proliferation in a mating-dependent manner. PLoS Biol. 2018, 16, e2005004. 

https://doi.org/10.1371/journal.pbio.2005004. 

49. Zhao, J.; Song, Y.; Jiang, X.; He, L.; Wei, L.; Zhao, Z. Synergism of feeding and digestion regulated by the neuropeptide F system 

in Ostrinia furnacalis larvae. Cells 2023, 12, 194. https://doi.org/10.3390/cells12010194. 

50. Yue, Z.; Liu, X.; Zhou, Z.; Hou, G.; Hua, J.; Zhao, Z. Development of a novel-type cotton plant for control of cotton bollworm. 

Plant Biotechnol. J. 2016, 14, 1747–1755. https://doi.org/10.1111/pbi.12534. 

51. Lu, D.; Lee, K.-Y.; Horodyski, F.M.; Witten, J.L. Molecular characterization and cell-specific expression of a Manduca sexta FLR-

Famide gene. J. Comp. Neurol. 2002, 446, 377–396. https://doi.org/10.1002/cne.10205. 



Insects 2024, 15, x FOR PEER REVIEW 20 of 21 
 

 

52. Vilaplana, L.; Pascual, N.; Perera, N.; Leira, D.; Belles, X. Antifeeding properties of myosuppressin in a generalist phytophagous 

leafworm, Spodoptera littoralis (Boisduval). Regul. Pept. 2008, 148, 68–75. https://doi.org/10.1016/j.regpep.2008.02.002. 

53. Nagata, S.; Morooka, N.; Matsumoto, S.; Kawai, T.; Nagasawa, H. Effects of neuropeptides on feeding initiation in larvae of the 

silkworm, Bombyx mori. Gen. Comp. Endocrinol. 2011, 172, 90–95. https://doi.org/10.1016/j.ygcen.2011.03.004. 

54. Aguilar, R.; Maestro, J.L.; Vilaplana, L.; Chiva, C.; Andreu, D.; Belles, X. Identification of leucomyosuppressin in the German 

cockroach, Blattella germanica, as an inhibitor of food intake. Regul. Pept. 2004, 119, 105–112. 

https://doi.org/10.1016/j.regpep.2004.01.005. 

55. Fuse, M.; Zhang, J.R.; Partridge, E.; Nachman, R.J.; Orchard, I.; Bendena, W.G.; Tobe, S.S. Effects of an allatostatin and a myo-

suppressin on midgut carbohydrate enzyme activity in the cockroach Diploptera punctata. Peptides 1999, 20, 1285–1293. 

https://doi.org/10.1016/S0196-9781(99)00133-3. 

56. Nachman, R.J.; Giard, W.; Favrel, P.; Suresh, T.; Sreekumar, S.; Holman, G.M. Insect myosuppressins and sulfakinins stimulate 

release of the digestive enzyme α-amylase in two invertebrates: The scallop Pecten maximus and insect Rhynchophorus ferrugineus. 

Ann. N. Y. Acad. Sci. 1997, 814, 335–338. https://doi.org/10.1111/j.1749-6632.1997.tb46178.x. 

57. Lee, K.-Y.; Horodyski, F.M.; Chamberlin, M.E. Inhibition of midgut ion transport by allatotropin (Mas-AT) and Manduca FLR-

Famides in the tobacco hornworm Manduca sexta. J. Exp. Biol. 1998, 201, 3067–3074. https://doi.org/10.1242/jeb.201.22.3067. 

58. Yamada, N.; Kataoka, H.; Mizoguchi, A. Myosuppressin is involved in the regulation of pupal diapause in the cabbage army 

moth Mamestra brassicae. Sci. Rep. 2017, 7, 41651. https://doi.org/10.1038/srep41651. 

59. Yamanaka, N.; Roller, L.; Zitnan, D.; Satake, H.; Mizoguchi, A.; Kataoka, H.; Tanaka, Y. Bombyx orcokinins are brain-gut peptides 

involved in the neuronal regulation of ecdysteroidogenesis. J. Comp. Neurol. 2011, 519, 238–246. 

https://doi.org/10.1002/cne.22517. 

60. Sterkel, M.; Volonte, M.; Albornoz, M.G.; Wulff, J.P.; Sanchez, M.d.H.; Teran, P.M.; Ajmat, M.T.; Ons, S. The role of neuropep-

tides in regulating ecdysis and reproduction in the hemimetabolous insect Rhodnius prolixus. J. Exp. Biol. 2022, 225, jeb244696. 

https://doi.org/10.1242/jeb.244696. https://doi.org/10.1242/jeb.244696. 

61. Ons, S.; Belles, X.; Maestro, J.L. Orcokinins contribute to the regulation of vitellogenin transcription in the cockroach Blatella 

germanica. J. Insect Physiol. 2015, 82, 129–133. https://doi.org/10.1016/j.jinsphys.2015.10.002. 

62. Silva, V.; Palacios-Munoz, A.; Volonte, M.; Frenkel, L.; Ewer, J.; Ons, S. Orcokinin neuropeptides regulate reproduction in the 

fruit fly, Drosophila melanogaster. Insect Biochem. Mol. Biol. 2021, 139, 103676. https://doi.org/10.1016/j.ibmb.2021.103676. 

63. Jiang, H.; Kim, H.G.; Park, Y. Alternatively spliced orcokinin isoforms and their functions in Tribolium castaneum. Insect Biochem. 

Mol. Biol. 2015, 65, 1–9. https://doi.org/10.1016/j.ibmb.2015.07.009. 

64. Zhang, Q.-R.; Xu, W.-H.; Chen, F.-S.; Li, S. Molecular and biochemical characterization of juvenile hormone epoxide hydrolase 

from the silkworm, Bombyx mori. Insect Biochem. Mol. Biol. 2005, 35, 153–164. https://doi.org/10.1016/j.ibmb.2004.10.010. 

65. Tusun, A.; Li, M.; Liang, X.; Yang, T.; Yang, B.; Wang, G. Juvenile Hormone Epoxide Hydrolase: A Promising Target for Hemip-

teran Pest Management. Sci. Rep. 2017, 7, 789. https://doi.org/10.1038/s41598-017-00907-0. 

66. Browder, M.H.; D’Amico, L.H.; Nijhout, H.F. The role of low levels of juvenile hormone esterase in the metamorphosis of Man-

duca sexta. J. Insect Sci. 2001, 1, 11. https://doi.org/10.1093/jis/1.1.11. 

67. Zhang, S.; Xu, Y.; Fu, Q.; Jia, L.; Xiang, Z.; He, N. Proteomic analysis of larval midgut from the silkworm (Bombyx mori). Comp. 

Funct. Genom. 2011, 2011, 876064. https://doi.org/10.1155/2011/876064. 

68. Yu, Z.; Shi, J.; Jiang, X.; Song, Y.; Du, J.; Zhao, Z. Neuropeptide F regulates feeding via the juvenile hormone pathway in Ostrinia 

furnicalis larvae. Pest Manag. Sci. 2022, 79, 1193–1203. https://doi.org/10.1002/ps.7289. 

69. Grunert, L.W.; Clarke, J.W.; Ahuja, C.; Eswaran, H.; Nijhout, H.F. A Quantitative Analysis of Growth and Size Regulation in 

Manduca sexta: The Physiological Basis of Variation in Size and Age at Metamorphosis. PLoS ONE 2015, 10, e0127988. 

https://doi.org/10.1371/journal.pone.0127988. 

70. Pauchet, Y.; Muck, A.; Svatos, A.; Heckel, D.G. Chromatographic and electrophoretic resolution of proteins and protein com-

plexes from the larval midgut microvilli of Manduca sexta. Insect Biochem. Mol. Biol. 2009, 39, 467–474. 

https://doi.org/10.1016/j.ibmb.2009.05.001. 

71. Pauchet, Y.; Wilkinson, P.; Vogel, H.; Nelson, D.R.; Reynolds, S.E.; Heckel, D.G.; Ffrench-Constant, R.H. Pyrosequencing the 

Manduca sexta larval midgut transcriptome: Messages for digestion, detoxification and defence. Insect Mol. Biol. 2010, 19, 61–75. 

https://doi.org/10.1111/j.1365-2583.2009.00936.x. 

72. Miao, Z.; Cao, X.; Jiang, H. Digestion-related proteins in the tobacco hornworm, Manduca sexta. Insect Biochem. Mol. Biol. 2020, 

126, 103457. https://doi.org/10.1016/j.ibmb.2020.103457. 

73. Fuzita, F.J.; Pimenta, D.C.; Palmisano, G.; Terra, W.R.; Ferreira, C. Detergent-resistant domains in Spodoptera frugiperda midgut 

microvillar membranes and their relation to microapocrine secretion. Comp. Biochem. Physiol. B Biochem. Mol. Biol. 2019, 235, 8–

18. https://doi.org/10.1016/j.cbpb.2019.05.008. 

74. Fuzita, F.J.; Palmisano, G.; Pimenta, D.C.; Terra, W.R.; Ferreira, C. A proteomic approach to identify digestive enzymes, their 

exocytic and microapocrine secretory routes and their compartmentalization in the midgut of Spodoptera frugiperda. Comp. Bio-

chem. Physiol. B Biochem. Mol. Biol. 2022, 257, 110670. https://doi.org/10.1016/j.cbpb.2021.110670. 

75. Cao, X.; He, Y.; Hu, Y.; Zhang, X.; Wang, Y.; Zou, Z.; Chen, Y.; Blissard, G.W.; Kanost, M.R.; Jiang, H. Sequence conservation, 

phylogenetic relationships, and expression profiles of nondigestive serine proteases and serine protease homologs in Manduca 

sexta. Insect Biochem. Mol. Biol. 2015, 62, 51–63. https://doi.org/10.1016/j.ibmb.2014.10.006. 



Insects 2024, 15, x FOR PEER REVIEW 21 of 21 
 

 

76. Broehan, G.; Kemper, M.; Driemeier, D.; Vogelpohl, I.; Merzendorfer, H. Cloning and expression analysis of midgut chymo-

trypsin-like proteinases in the tobacco hornworm. J. Insect Physiol. 2008, 54:1243-1252. https://doi.org/10.1016/j.jin-

sphys.2008.06.007. 

77. Li, H.M.; Sun, L.; Mittapalli, O.; Muir, W.M.; Xie, J.; Wu, J.; Schemerhorn, B.J.; Sun, W.; Pittendrigh, B.R.; Murdock, L.L. Tran-

scriptional signatures in response to wheat germ agglutinin and starvation in Drosophila melanogaster larval midgut. Insect Mol. 

Biol. 2009, 18, 21–31. https://doi.org/10.1111/j.1365-2583.2008.00844.x. 

78. Zhan, Q.; Zheng, S.; Feng, Q.; Liu, L. A midgut-specific chymotrypsin cDNA (Slctlp1) from Spodoptera litura: Cloning, charac-

terization, localization and expression analysis. Arch. Insect Biochem. Physiol. 2011, 76, 130–143. 

https://doi.org/10.1002/arch.20353. 

79. Spit, J.; Zels, S.; Dillen, S.; Holtof, M.; Wynant, N.; Broeck, J.V. Effects of different dietary conditions on the expression of trypsin- 

and chymotrypsin-like protease genes in the digestive system of the migratory locust, Locusta migratoria. Insect Biochem. Mol. 

Biol. 2014, 48, 100–109. https://doi.org/10.1016/j.ibmb.2014.03.002. 

80. Santiago, J.C.; Boylan, J.M.; Lemieux, F.A.; Gruppuso, P.A.; Sanders, J.A.; Rand, D.M. Mitochondrial genotype alters the impact 

of rapamycin on the transcriptional response to nutrients in Drosophila. BMC Genomics 2021, 22, 213. 

https://doi.org/10.1186/s12864-021-07516-2. 

81. Reineke, J.P.; Buckner, J.S.; Grugel, S.R. Life cycle of laboratory-reared tobacco hornworms, Manduca sexta, a study of develop-

ment and behavior, using time-lapse cinematography. Biol. Bull. 1980, 158, 129–140. https://doi.org/10.2307/1540764. 

82. Reynolds, S.; Yeomans, M.; Timmins, W. The feeding behaviour of caterpillars (Manduca sexta) on tobacco and on artificial diet. 

Physiol. Entomol. 1986, 11, 39–51. https://doi.org/10.1111/j.1365-3032.1986.tb00389.x. 

83. Miller, D.W. Feeding Microstructure Approaching Cessation in Larval Manduca sexta: Effects of Satiation, Immune Challenge, 

Molting, and Predator Stress. Master’s Thesis, Dalhousie University, Halifax Nova Scotia, NS, Canada, 2018. 

84. Meyer-Fernandes, J.R.; Gondim, K.C.; Wells, M.A. Developmental changes in the response of larval Manduca sexta fat body 

glycogen phosphorylase to starvation, stress and octopamine. Insect Biochem. Mol. Biol. 2000, 30, 415–422. 

https://doi.org/10.1016/S0965-1748(00)00015-1. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 

people or property resulting from any ideas, methods, instructions or products referred to in the content. 

 


