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Manduca sexta is a lepidopteran model widely used to
study insect physiological processes, including innate im-
munity. In this study, we explored the proteomes of cell-
free hemolymph from larvae injected with a sterile buffer
(C for control) or a mixture of bacteria (I for induced). Of
the 654 proteins identified, 70 showed 1.67 to >200-fold
abundance increases after the immune challenge; 51 de-
creased to 0–60% of the control levels. While there was
no strong parallel between plasma protein levels and their
transcript levels in hemocytes or fat body, the mRNA level
changes (i.e. I/C ratios of normalized read numbers) in the
tissues concurred with their protein level changes (i.e. I/C
ratios of normalized spectral counts) with correlation co-
efficients of 0.44 and 0.57, respectively. Better correla-
tions support that fat body contributes a more significant
portion of the plasma proteins involved in various aspects
of innate immunity. Consistently, ratios of mRNA and pro-
tein levels were better correlated for immunity-related
proteins than unrelated ones. There is a set of proteins
whose apparent molecular masses differ considerably
from the calculated Mr’s, suggestive of posttranslational
modifications. In addition, some low Mr proteins were
detected in the range of 80 to >300 kDa on a reducing
SDS-polyacrylamide gel, indicating the existence of high
Mr covalent complexes. We identified 30 serine pro-
teases and their homologs, 11 of which are known mem-
bers of an extracellular immune signaling network.
Along with our quantitative transcriptome data, the pro-
tein identification, inducibility, and association provide
leads toward a focused exploration of humoral immunity

in M. sexta. Molecular & Cellular Proteomics 15:
10.1074/mcp.M115.054296, 1176–1187, 2016.

Cell-free hemolymph (i.e. plasma) of insects serves as a
medium that bathes tissues and cells, stores and transfers
metabolites, and allows occurrence of physiological pro-
cesses. Plasma protein concentrations in various insects
range from 10 to 100 mg/ml, which fluctuate during develop-
ment (1). Different groups of hemolymph proteins include
hexamerins acting as amino acid sources for metamorphosis,
lipophorins for lipid transport, vitellogenins for embryo devel-
opment, enzymes (e.g. esterases, lipases) for lipid hydrolysis,
cytokines for intercellular communications, peptide hormones
for endocrine regulation, and carriers of lipid hormones. Ad-
ditionally, a substantial body of literature is available on pro-
teins involved in immune responses (2, 3). Hemolymph is also
a battleground wherein plasma proteins and hemocytes at-
tack invading organisms such as viruses, bacteria, fungi, and
parasites (4, 5). Some proteins recognize pathogens and
propagate the signals of wounding and microbe invasion,
others either act as effectors to stop bleeding, kill the patho-
gens, or modulate potency and duration of the defense reac-
tion (6–10). Fat body, analogous to vertebrate adipose tissues
and liver, is the major source of insect plasma proteins. Sev-
eral studies have described compositions of insect hemo-
lymph proteomes of the fruit fly, honeybee, mosquito, and
silkworm (11–15), but little is known about proteome–
transcriptome correlations, posttranslational modifications, or
protein complex formation during immune responses.

We have been studying the innate immune system of a
biochemical model insect Manduca sexta, particularly serine
proteases (SPs), serine protease homologs (SPHs), and ser-
pins in larval hemolymph (2). Analogous to blood coagulation
and complement activation in mammals, rapid responses
around wounded tissues or invading pathogens are mediated
by a plasma SP cascade in insects. Accumulating evidence
indicates that pattern recognition receptors (PRRs), SPHs,
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serpins, phenoloxidases (POs), and antimicrobial peptides
(AMPs) may form macromolecular complexes during an im-
mune reaction (16–19). Gene sequences and expression pro-
files of these proteins are now available as a result of the M.
sexta genome project and RNA-Seq analyses (6–8, 10). Im-
muno-transcriptome analyses (20–22) have elucidated se-
quences and levels of mRNAs that encode defense proteins in
M. sexta fat body and hemocytes that are analogous to cer-
tain human leukocytes. Furusawa et al. (23) identified 58
nonredundant proteins in M. sexta larval plasma using one-
and two-dimensional electrophoresis. We recently pub-
lished an analysis of the plasma peptidome and identified
138 peptides (arbitrarily defined as Mr �25 kDa to include all
AMPs) as well as 130 proteins that remained soluble after
50% acetonitrile precipitation (24). Here, we describe the
identification of larger hemolymph proteins, their differential
expression after a bacteria challenge, and correlations of
induced changes between plasma proteins and the corre-
sponding mRNAs in fat body and hemocytes. We also pres-
ent evidence for immune-response-related posttranslational
modifications and protein–protein interactions based on
discrepancies between theoretical protein Mr’s and mobility
on an SDS-polyacrylamide gel.

EXPERIMENTAL PROCEDURES

Experimental Design and Statistical Rationale—Control (C) and in-
duced (I) plasma samples were collected from M. sexta larvae injected
with buffer or mixture of bacteria, respectively (24). The samples
including biological replicates (n � 3, three larvae per replicate) were
studied using a gel-LC approach (25) (Fig. 1). Proteins in the gel slices
were identified by searching MS/MS data against a sequence data-
base of M. sexta proteins. Their levels were quantified using normal-
ized spectral counts (NSCs) and compared by Student’s t test to
reveal significant differences (p � 0.05) between the I and C. Corre-
lations of plasma protein levels and corresponding mRNA levels in fat
body (F) and hemocytes (H) were analyzed by ordinary least squares
regression using NSCs and normalized RNA-Seq read numbers
(NRNs) (22). Possible correlations between mRNA and protein level
changes (i.e. I/C) were examined using log2(NRNI/NRNC) and corre-
sponding log2(NSCI/NSCC) values. NSC distributions of proteins in
different gel slices and their theoretical Mr values were examined to
identify major posttranslational modifications in certain hemolymph
proteins.

Preparation of Cell-Free Hemolymph from Buffer- and Bacteria-
Injected M. sexta Larvae—The same plasma samples used in our
previous work (24) were analyzed using the gel-LC approach. Briefly,
each of day 1, fifth instar larvae was injected with a mixture of
Escherichia coli, Micrococcus luteus, and insoluble �-1,3-glucan from
Alcaligenes faecalis or with sterile phosphate buffered saline as a
negative control. At 24 h after the injection, prolegs of the insects
were cut and hemolymph was collected using tubes containing a
crystal of 1-phenyl-2-thiourea and 1 mM p-aminobenzamidine. After
centrifugation, equal volumes of the plasma samples from three im-
mune challenged insects were pooled as induced plasma-1 (IP1).
Similarly, control plasma-1 (CP1) was prepared from three larvae
injected with the saline. This experiment was repeated twice on
different days to obtain CP2, CP3, IP2, and IP3.

SDS-PAGE Separation of Plasma Proteins, In-Gel Trypsinolysis,
and Sample Preparation for MS Analysis—The pooled plasma sam-
ples (40 �l each) were separately mixed with 6�SDS sample buffer (8

�l) and heated at 95 °C for 5 min. Sixty �g of protein from each
sample were loaded onto a 4–15% precast gradient polyacrylamide
gel (Bio-Rad, Hercules, CA) and run at constant current of 30 mA for
45 min. After brief staining with Coomassie Brilliant Blue R-250, the
gel was destained in 30% methanol and 10% acetic acid. Each of the
six lanes was cut into nine gel slices (Fig. 1), and the 54 slices were
individually cut into small pieces prior to extensive destaining by 50%
acetonitrile (ACN)/50 mM NH4HCO3, pH 8.0. The gel pieces were then
dehydrated with 100% ACN, dried briefly, and rehydrated with 10 mM

tris (2-carboxyethyl) phosphine in 50 mM NH4HCO3 for 1 h at room
temperature. The reducing solution was replaced with 55 mM iodo-
acetamide in 50 mM NH4HCO3 to alkylate Cys residues for 1 h at
25 °C in the dark. After further rinsing with 50 mM NH4HCO3, the gel
pieces were dehydrated with ACN and then infiltrated with sequenc-
ing-grade trypsin (8 �g/ml) in 50 mM NH4HCO3. After digestion for
16 h at 37 °C, trypsinolytic peptides were extracted from the gel
pieces with 1% trifluoroacetic acid for subsequent LC-MS/MS
analysis.

LC-MS/MS Analysis—The 54 control and induced samples were
individually analyzed on an LTQ-OrbitrapXL mass spectrometer
(Thermo Fisher Scientific, Grand Island, NY) coupled to a New Ob-
jective PV-550 nanoelectrospray ion source and an Eksigent
NanoLC-2D chromatography system (24). Briefly, peptides were sep-
arated using a 5–40% acetonitrile gradient in 0.1% formic acid per-
formed over 40 min at a flow rate of 300 nl/min. During each 1 s
full-range FT-MS scan, the six most intense ions were analyzed via
MS/MS in the linear ion trap mode. MS/MS spectra were collected
using a trigger threshold of 8,000 counts and monoisotopic precursor
selection. Parental ions were rejected for MS/MS if their charge states
were not assignable, if they were previously identified as contami-
nants on blank gradient runs, or if they had already been twice
selected for MS/MS. Three to six technical replicates were performed
for each biological sample in the LC-MS/MS analyses.

Protein Database, Identification, and Validation—The MS/MS spec-
tra were searched against a high-quality, nonredundant database
(denoted here as Msexta_060614.fasta, see supplemental text file) for
protein identification. The database consisted of immunity-related
protein sequences (6–10) and complete protein sequences deduced
from the rectified open reading frames and confirmed by homology
and domain search (26). Centroided ion masses were extracted by
extract_msn.exe utility from Bioworks (v3.3.1) for database searching
with Mascot (v2.2.04, Matrix Science, Boston, MA). The following
parameters were used in the search: no charge state deconvolution or
deisotoping, trypsin digestion, maximum missed cleavage of 1, pa-
rental ion mass tolerance of 5.0 ppm, fragment ion mass tolerance of
0.60 Da, formylation or acetylation of protein N termini, Met oxidiza-
tion, cyclization of glutamate to pyroglutamate, iodoacetamide or
acrylamide derivatization of Cys as variable modifications. Scaffold
(v4.2.0, Proteome Software Inc., Portland, OR) was used to validate
MS/MS-based peptide or protein identifications. Protein probabilities
were assigned by Protein Prophet algorithm (27), and identifications
were accepted if they could be established at greater than 98.0%
probability and contained at least two identified peptides (Table S6).
Proteins that contained similar peptides and could not be differenti-
ated based on MS/MS analysis alone were grouped to satisfy the
principle of parsimony. Reversed protein sequences of the same
database were used as decoys, demonstrating a project-wide false
discovery rate of 0.5%. Average values of the unique spectral counts
(USCs) in three biological replicates for individual proteins were used
to analyze distributions of proteins in different gel slices.

Function Prediction, Statistical Analysis, and Ratio Calculation—
The accepted protein identifications were used as queries to search
the insect RefSeq collection at National Center for Biotechnology
Information NCBI; by BLASTP under default conditions to identify
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their homologs in other species in order to predict function. To study
changes in protein levels, NSCs for individual proteins in the CP1 or IP
samples were calculated by multiplying their observed SCs by the
ratio of the average SC of all matched peptides in all the six samples
to the total SC of all matched peptides in the samples. As an example,
since the total spectral counts for CP1–3 and IP1–3 proteins in gel
were 63,886, 66,646, 64,540, 69,891, 70,899 and 70,538, respectively,
the SC value for a protein identified in the IPgel2 sample was normalized
according to: NSCIP2, gel � SCIP2, gel � (63,886 � 66,646 �
64,540 � 69,891 � 70,899 � 70,538)/(6 � 70,899). Peptidomic data
from our previous study of the ACN-treated samples (24)
were similarly reanalyzed using the improved database (Msexta_
060614.fasta). NSCs were analyzed by Student’s t test to reveal
statistically significant differences (p � 0.05) between induced and
control samples. Changes in protein levels (i.e. I/Cs) were calculated
by dividing the average NSC values from the induced samples by the
corresponding average NSC values from the control samples. In
calculating I/C values, when NSCs in the denominator were all zero,
their average (0) was replaced with 0.5 instead of 1 (24). Proteins were
regarded as up-regulated if I/C � 1.67, whereas proteins with I/C �

0.60 as down-regulated.
Correlation of Protein and mRNA Levels as Well as Their Changes

after the Immune Challenge—Amino acid sequences of the identified
proteins were used to search the CIFH09 database (http://darwin.
biochem.okstate.edu/blast/blast_links.html) by TBLASTN. CIFH09 is
a collection of cDNA contigs assembled form RNA-Seq reads of
control (C) and induced (I) fat body (F) and hemocytes (H) (21). Raw
numbers of CF, CH, IF, and IH reads assembled into the cDNA contig
with the highest sequence identity to a protein query were converted
to normalized read numbers (NRNs) (22). To test if there is a direct
correlation between mRNA and protein levels, the log2NRN and cor-
responding average log2NSC values were analyzed by ordinary least
squares regression in the following pairs: CF-CP, CH-CP, IF-IP, and
IH-IP (P for plasma). To test whether a correlation exists between
mRNA and protein level changes (i.e. I/C), log2(NRNIF/NRNCF) and
log2(NRNIH/NRNCH) and corresponding log2(NSCIP/NSCCP) values
were examined similarly in terms of F-Pgel, F-PACN, H-Pgel, and H-
PACN, respectively.

RESULTS

Proteomics Workflow and Protein Identification—To identify
M. sexta plasma proteins, especially those involved in innate
immunity, we collected hemolymph samples from the larvae
injected with buffer or bacteria and analyzed them by the
gel-LC-MS/MS approach (Fig. 1) (25, 28). A high-quality,
nonredundant protein database (Msexta_060614.fasta) was
searched with the MS/MS data for protein identification and
spectral counting (Table S1). In the dataset, 217,791, or
13.7%, of the 1,594,513 spectra matched those of trypsino-
lytic peptides. The matching spectra corresponded to 654

independent proteins in the database, and 150 were known or
predicted to be defense-related based on homology (Table
S2). This represents a dramatic increase in coverage of the M.
sexta hemolymph proteome, reflecting quality of the protein
database, sensitivity increase due to prefractionation, as well
as our selection of day 1, fifth instar larvae for injection.
Insects at this stage are large enough to provide adequate
hemolymph but not too much storage proteins that over-
whelm the detection of less abundant proteins.

In this study, we identified a total of 401 proteins with a
putative signal peptide, 222 of which were also detected in
the peptidome analysis (Table S2) (24). Among the 401, 138
may be involved in defense, including PRRs, SPs (including
hemolymph proteases or HPs), SPHs, serpins, and AMPs
(6–10); the other 263 may participate in lipid/ion transport and
other extracellular functions, based on sequence homology.
To our surprise, 253 of the 654 proteins do not contain signal
peptide for secretion. Some of them may be related to immu-
nity, including galectin-3; serpin-2; serpin-17B; prophenoloxi-
dase-1 (proPO1); proPO2; plasmatocyte spreading peptide
(PSP) binding proteins 1, 6, 7; Eiger; Smt3; and Uev1A. While
Eiger possesses a transmembrane region, the other cytosolic
proteins (e.g. PSP binding proteins and proPOs) may enter
plasma via nonconventional secretion pathway or cell rupture
(29–31). Consistent with the latter possibility, we detected 44
ribosomal proteins, 7 translation factors, 4 histones, 8 protea-
some subunits, and others. Noting that 90% of these “con-
taminants” had much lower normalized spectral counts
(NSCs) in induced plasma (IP) than control plasma (CP) sam-

1 The abbreviations used are: CP, control plasma from larvae in-
jected with buffer; IP, induced plasma from larvae injected with bac-
teria; CF, IF, CH, and IH, control (C) and induced (I) fat body (F) and
hemocytes (H); NRN, normalized cDNA read number; AMP, antimi-
crobial peptide; CXE, carboxylesterase; Hp, hypothetical protein; HP,
hemolymph protease; PAP, proPO-activating protease; PGRP, pep-
tidoglycan recognition protein; PO and proPO, phenoloxidase and its
precursor; PI, protease inhibitor; PRR, pattern recognition receptors;
PSP, plasmatocyte spreading peptide; SP and SPH, serine protease
and its homolog.

FIG. 1. Schematic overview of sample preparation and data
analysis. The control and induced plasma samples were separated
by SDS-PAGE on a gradient gel that was later cut into nine pieces.
Proteins in the gel slices were treated with trypsin and analyzed by
nanoLC-MS/MS. As reported previously (24), the same plasma sam-
ples were treated with 50% ACN and proteins in the supernatants
were analyzed. Protein identification and quantification were per-
formed as described in the Materials and Methods.
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ples, decreased hemocyte lysis after immune challenge may
be responsible for the bias.

Quantitative Analysis and Data Comparison of Gel-Fraction-
ated and ACN-Treated Samples—The pairwise Pearson co-
efficients of the 654 proteins demonstrated excellent data
consistency within the control (C, 0.97–0.99 for gel; 0.94–
0.96 for ACN) or induced (I, 0.99 for gel; 0.94–0.96 for ACN)
group (Table S3). The C-I coefficients were low (0.55–0.65) for
ACN (24), indicating that levels of most ACN-stable proteins
differ dramatically between the CP and IP samples. In con-
trast, the C-I coefficients were much higher (0.93–0.95) for
gel, suggesting that most proteins identified in the gel did not
change considerably in their abundances after the immune
challenge.

We then examined the total number of proteins identified to
compare the methods of sample preparation. A total of 654
proteins were identified in the gel-fractionated samples, over
twice that (318) in the ACN-treated samples (i.e. supernatants
of the hemolymph pools after solvent precipitation of larger
proteins) (24) (Fig. 2A), confirming that ACN precipitated a
large number of proteins. The smallest peptide was 6 kDa
(cecropin-7) in ACN-treated and 7 kDa (cecropin-6) in gel-
fractionated. The largest protein (Dumpy, 1,935 kDa) identified
in one of the three ACN-treated samples was larger than that
(apolipophorin-like, 475 kDa) in the gel-fractionated samples.
In terms of numbers of proteins in different size ranges, the
two methods detected 17 (gel) and 18 (ACN) below 10 kDa, 13
of which were identical (Fig. 2B). Most proteins fell into the Mr

range of 10 to 80 kDa (239 or 75% in ACN; 553 or 85% in gel).
In the range of �80 kDa, 60 and 84 proteins were identified in
ACN and gel, respectively. The large proteins identified in
ACN but not in gel were: C-type lectins X3, X5, and X6;
Dumpy; papilin; SP56; PI3KC2A; ROS-like Tyr kinase; and
seven others. Their low NSCs suggested that concentration of
the ACN supernatants allowed their meagre detection (22). In
terms of the ratios of NSCACN and NSCgel per protein, there
was a monotonic decrease from 14.4 to 0.1 (Fig. 2C) as Mr

increased from �10 to �200 kDa. This indicates that small
proteins in the ACN-treated samples are better represented
than large ones.

Up- and Down-Regulated Proteins—The levels of 77 pro-
teins (including the gel and ACN data) increased significantly
after the immune challenge (Table I). As anticipated, a majority
(41, or 53%) of them are related to immune responses. These
include eight PRRs: hemolin, immulectin-1, immulectin-12,
peptidoglycan recognition protein-3 (PGRP3), PGRP5, Hdd1,
hemicentin-2, and Reeler, whose mRNA levels were also up-
regulated after the challenge. We detected seven SP-related
proteins (HP5, HP17a, HP20, proPO-activating protease-2
(PAP2), PAP3, scolexin A, SPH4) and six protease inhibitors
(serpin-2, 5, 11, protease inhibitor-6 (PI6), PI-like protein, di-
petalogastin-like Kazal-type PI), which may mediate or mod-
ulate the extracellular immune signal transduction. The most
dramatic increases occurred in the category of AMPs, includ-

ing diapausins, attacins, lebocins, cecropins, gloverin, galleri-
mycin-1, and lysozyme-1. Most of the proteins increased
�10-fold, especially the four attacins, which showed �200-
fold changes in the ACN and gel samples. This is consistent
with the fact that these effectors of the innate immune system
are highly up-regulated at the transcription level after immune
challenge. Other highly induced proteins include heat shock
protein (HSP) 25.4’s, lipases, esterases, peptidases, lipid-
binding proteins, and some hypothetical proteins. While some
of them mediate metabolic changes in response to the stress

FIG. 2. Comparison of proteins identified by different methods (A)
and in various Mr ranges (B, C). (A) Among the 654 proteins identified
in the gel-fractionated samples (shaded pink), 502 are expressed in
hemocytes (blue circle) and 575 in fat body (red circle). For the 319
proteins in the ACN-treated samples (shaded cyan), 203 are ex-
pressed in hemocytes and 243 in fat body. (B, C) Size distribution
of proteins identified in the gel slices (blue bars) and ACN-treated
samples (red bars) with the numbers (B) or average NSCs (C) of
proteins shown as bars. Protein numbers (#gel and #ACN) and ratios of
the NSCs per protein (NSCACN/NSCgel) in various size ranges are
listed on top of the bars in (B) and (C), respectively.
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TABLE I
A list of 77 proteins up-regulated in gel-fractionated and ACN-treated samples after immune challenge

a Protein identification numbers with the intracellular ones shaded green.
b Ratios of average normalized spectral counts (NSCs) of proteins in the induced (I) and control (C) samples separated by SDS-PAGE (I/C

�1.67: red; I/C �0.60: blue).
c Results of the Student’s t-tests conducted using NSCs of proteins in the I and C samples (p � 0.05: green).
d,e Relative abundances (RAs) or adjusted read numbers (ARNs) of mRNAs in fat body (IF/CF) and hemocytes (IH/CH) (RA or ARN �5, red;

RA or ARN �0.2: blue; N.A.: not available) (21).
f Recalculated I/C ratios of average NSCs for proteins identified in the ACN-treated samples (I/C �1.67: red; I/C �0.60: blue). Detailed

information of these proteins can be found in Table S2.
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condition, functions for the others in immunity remain to be
determined. In other words, the quantitative proteomic anal-
ysis provided significant new leads for investigation of insect
immune responses.

In contrast to the up-regulated proteins described above,
the levels of 78 proteins significantly decreased after the
challenge (Table S4). Eight proteins are related to defense
responses, including diapausin-5, immulectin-9, extracellular
leucine-rich repeat protein-8 (ELRRP8), peroxidasin, HP6,
HP8, HP21, and metalloprotease inhibitor. The decreases in
HP6, HP8, and HP21 (range: 0.69–0.94, average: 0.85) were
small based on the gel data, while the other five reduced
substantially (range: 0.00–0.56, average: 0.18). Most (35) of
the 47 gel proteins were undetected in the ACN-treated sam-
ples, whereas 36 of the 37 ACN proteins were identified in the
gel-fractionated samples. This anomaly may be due to their
property differences and operational variances. The gel sam-
ples were obtained after electrophoresis, staining, destaining,
and in-gel trypsin digestion; the simple ACN treatment had
less operational variations but protein size, stability, concen-
tration, and other properties affect their precipitation by ACN,
especially those in the high Mr ranges (Fig. 2C) (24).

Proteins versus mRNAs—We compared the proteome re-
sults from gel and ACN to those obtained by transcriptome
analyses of fat body and hemocytes. For this comparison, I/C
ratios of the ACN data (24) were recalculated using the same
method for the gel data. Based on RNA-Seq data, 491 of the

654 proteins in gel and 198 of the 317 in ACN were expressed
in both fat body and hemocytes (Fig. 2A and Table S2).
Adding those expressed in only one tissue, the 571 proteins in
gel and 244 in ACN and their respective cDNA contigs were
identified for retrieving read numbers from CF, IF, CH, and IH
(24). Using normalized read numbers (NRNs) from the RNA-
Seq analysis (22) and corresponding NSCs, we first compared
the fat body mRNA and plasma protein levels after the im-
mune challenge. As shown in Fig. 3A (upper panel), there was
a correlation between CF and CPgel (0.43) and between IF and
IPgel (0.41). The positive correlation remained when ACN data
were analyzed, but the coefficients reduced to 0.41 (CF-
CPACN) and 0.26 (IF-IPACN) (Fig. S1A, upper panel). The cor-
relations were much lower between hemocyte transcripts and
plasma proteins. The CH-CPgel, IH-IPgel, CH-CPACN, and IH-
IPACN coefficients were 0.05, -0.19, 0.00, and -0.25, respec-
tively (Fig. 3A and Fig. S1A, lower panel). The negative or low
positive correlations between the transcript and protein levels
seemed to result from relatively small contribution of hemo-
cytes to plasma proteomes, as shown in the previous study
(24). In contrast, due to the sheer volume of fat body and its
high levels of protein synthesis, moderately positive correla-
tions exist between fat body transcript and plasma protein
abundances.

We then tested whether there was a stronger correlation
between the challenge-induced changes (i.e. I/C ratios) in
mRNA versus protein levels. The scatter plots (Fig. 3B and

FIG. 3. Correlation of the mRNA and protein abundances (A) and their changes (B) for gel-fractionated samples. (A) Levels. Upper panels:
normalized read numbers (NRNs, y-axis) of specific transcripts in the control (CF, left) and induced (IF, right) fat body (red dot) and their
corresponding normalized spectral counts (NSCs, x-axis) in the control (CP, left) and induced (IP, right) plasma are plotted in log2 scale,
representing the relative mRNA and protein levels, respectively. Lower panels are the same as upper panels, except that the NRNs of mRNA
in the control (CH, left) and induced (IH, right) hemocytes (blue dot) are shown. (B) Ratios. The mRNA and protein level changes are represented
by NRNI/NRNC of fat body (red dot, upper panel) or hemocytes ((blue dot, lower panel) and NSCIP/NSCCP of plasma in log2 scale, respectively.
The correlation coefficients for all the comparisons are indicated in the panels.
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Fig. S1B) clearly demonstrated a positive correlation (0.44–
0.69) in both samples: Most gel and ACN proteins showed the
same tendency of changes as their mRNAs did, fat body
mRNA in particular. Only a small number of proteins showed
mRNA level increases but protein level decreases or vice
versa. Similar to the relationships between protein and mRNA
levels, the protein level changes showed a higher correlation
to immune-induced mRNA level changes in fat body (gel:
0.57; ACN: 0.69) than in hemocytes (gel: 0.44; ACN: 0.52).
These data support the long-standing notion that fat body
makes greater contribution to the pool of plasma proteins
than do hemocytes. Moreover, this is consistent with the
functional disparity between fat body and hemocytes in hu-
moral and cellular immunity (2–4).

Since the above correlations to certain degree reflect gene
transcription and translation in fat body and hemocytes be-
tween the control and induced samples, we postulated that
induced changes in levels of immunity-related mRNA versus
defense proteins would be more tightly correlated than in-
duced changes in levels of immunity-unrelated mRNA versus
nondefense proteins. That is, the correlation of changes in
immune-related mRNAs versus proteins would improve upon
removal of nonimmune proteins and their mRNAs from the
population. Similarly, we postulated that separating extracel-
lular from intracellular proteins and their mRNAs would lead to
similar segregation of correlation coefficients. The correla-

tions for immunity-related genes did increase to 0.75 (versus
0.57 for all genes) for fat body, whereas a slight decrease was
seen for hemocytes (from 0.44 to 0.41; Fig. 4A); those for
immunity-unrelated genes decrease to 0.34 (fat body) and
0.30 (hemocytes). This is consistent with the first prediction.
On the other hand, the correlations for extracellular proteins
slightly increased from 0.57 to 0.63 (fat body) and from 0.44 to
0.46 (hemocytes) (Fig. 4B). Those for intracellular proteins
dramatically decreased to 0.15 (fat body) and 0.21 (hemo-
cytes). The smaller increase (0.63 versus 0.75) is consistent
with the fact that extracellular proteins include not only im-
munity-related (e.g. PRRs, SPs, serpins, AMPs) but also im-
munity-unrelated (e.g. lipophorins, storage proteins). While
some PRRs and AMPs showed large increases in mRNA and
protein levels, their good correlation is partly masked by those
unrelated (i.e. noises). In contrast, a few intracellular, immu-
nity-related proteins were detected in the plasma samples
(Table S2). Our previous studies on M. sexta immune signal
transducers showed their gene expression changed less dra-
matically after the challenge (9, 22). The weak correlation is
largely covered by the noises of other proteins (e.g. ribosomal
proteins).

Predicted versus Observed Protein Sizes—In theory, pro-
teins should migrate to positions corresponding to their cal-
culated Mr’s after SDS-PAGE and major deviations often
suggest posttranslational modifications. By comparing the

FIG. 4. Comparison of the mRNA level changes in fat body (red dot, upper) or hemocytes (blue dot, lower) and their protein level
changes in the gel samples. (A) immunity-related and -unrelated; (B) extra- and intracellular proteins. See Fig. 3 for the definitions of x- and
y-axes.
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calculated Mr’s and size ranges of the gel slices in which the
proteins were detected, we noticed marked discrepancies—
some proteins are detected a few slices away from the ex-
pected locations (Table S5). This can be an artifact since
protein levels have a major impact on their apparent distribu-
tions in gel and hypothetical Mr is not a perfect predictor of
electrophoretic migration (Fig. S2). Ten highly abundant pro-
teins (�USC: 6000–500) were detected in nearly all slices,
suggestive of diffusion among gel fractions during electropho-
resis or staining. Thirty-nine abundant proteins (�USC: 500–
150) were mostly located in 5–7 gel slices. A majority of the
105 (�USC: 150–50), 212 (�USC: 50–15), and 289 (�USC:
15–0) proteins were identified in 3–4, 1–2, and 1 gel slice,
respectively. Therefore, we reexamined the protein distribu-
tion patterns in gel slices and found that abnormal migration
of 130 proteins still cannot be explained by diffusion.

Proteolytic activation of SP, SPH, and other protein precur-
sors and its regulation by serpins account for some of the
discrepancies, which actually represent the immune signaling,
modulation, and execution mechanisms in insect hemolymph
(2, 32). Due to their relatively low abundances, the narrow
spreads in the gel in many cases reflect proteolytic cleavage
or serpin-protease complex formation rather than diffusion.
We identified 22 SPs (HP1a, 1b, 2, 5, 6, 8, 9, 14a, 15, 16a, 17a,
19, 20, 21, 22, 25, GP57, GP59, SP34, PAP1–3), 8 SPHs
(SPH1b, 2–4, 33, 101, Scolexins A&B), and 17 serpins (1A, 1E,
1K, 1N, 1Z, 2–6, 9, 11–13, 15b, 17b, and 30) in the gel slices
(Table S5). Most intact serpins are 45–50 kDa SP inhibitors,
and their N-terminal most part (40–45 kDa) form covalent
complexes with the catalytic domains (30–35 kDa) of their
cognate SPs and then slowly dissociate from the latter (32).
Likewise, each hemolymph protease may be detected as a
precursor, N- and C-terminal fragments of the active SP, and
a 75 kDa complex with the serpin fragment. Among five of the
M. sexta serpin-1 splicing variants, serpin-1E forms SDS-
stable complexes with HP1 and HP8 (33). Serpin-3 through -6
are also known to form complex with HPs, including PAP1,
PAP3, HP1, HP6, HP8, and HP21 (34, 35). These findings are
consistent with the detection of serpin-1E, -3, -4, and -12 in
the range of 25–80 kDa in induced hemolymph (Table II). HP8
and PAP3 identified at 70–80 kDa may represent their cata-
lytic domains in complex with serpin-6 (19). Since most ser-
pin-HP complexes resided in gel slice-4 (70–80 kDa), we
were unable to distinguish them or identify their components
in this analysis. Serpin-9 displayed interesting changes: its
level was higher in naïve plasma and became lower after the
challenge (Table II). It existed as an intact protein, with some
in a cleaved form and some spectral counts in the higher Mr

slices, possibly representing a complex with an unknown HP.
In addition, 18 other proteins may be cleaved by proteases,
including Cys protease inhibitor (36), lebocin-A (37), cathepsin
26–29 kDa like-2 (38), furin, Eiger, and lacunin (Table S5).

There is a special type of Mr discrepancies unrelated to
diffusion, proteolysis, or formation of serpin-protease com-

plexes. Low but considerable spectral counts in gel slices 1–3
(80 to �200 kDa) were detected for HP1a; HP8; HP14a; PAP1;
PAP3; SPH2; SPH101; and serpin-1E, -3, -4, -9, and -12.
Most of them are involved in the generation of active POs that
produce quinone intermediates to crosslink nucleophiles in
proteins and polysaccharides (5, 17). We have observed 54
other proteins migrate to gel slices 1–3 (80 to �400 kDa),
which are a lot greater than their theoretical Mr’s. Among
them, �-1,3-glucan recognition protein-1; ELRRP1; hemocyte
aggregation inhibitor protein; Hdd1; hemolin; immulectin-2,
-4; LRR transmembrane protein-3; apolipophorins III;
HSP25.4d; microbe-binding protein; Nimrod B; PGRP1;
proPO1; proPO2; proPSP; ML2; attacin-4; gloverin; ly-
sozyme-1; vanin-like-1; and PI-like protein (totally 22) are
known or predicted to play roles in the humoral and cellular
immune responses. Although it is unclear whether or not the
other 32 proteins participate in defense, carboxylesterase
(CXE)-7, CXE16, and antennal esterase-1 and -2 were up-
regulated considerably. We interpret these 66 proteins as
components of high Mr immune complexes crosslinked by
covalent bonds, which allow them to sustain the reducing and
denaturing conditions of SDS-PAGE.

DISCUSSION

A Dynamic Proteome of the Larval Hemolymph—Here, we
used orthogonal fractionation by SDS-PAGE and LC-MS/MS
to perform a deep analysis of the plasma proteome in M. sexta
larvae. By combining results from the gel-free approach (i.e.
ACN precipitation) (24), we identified a total of 702 proteins
(Fig. S2), some with known functions and others with func-
tions predicted based on sequence homology. These findings
provide an overview of larval hemolymph proteins in the lep-
idopteran insect. Among them, 171 (24%) are related to im-
munity, 77 up-regulated (I/C �1.67), and 430 (61%) extracel-
lular. Additionally, hemocyte lysis seems to contribute 272
intracellular proteins to the plasma.

Hemolymph SPs and SPHs mediate extracellular signal
transduction and pathogen killing (2). Understanding their
functions and inhibitory regulation in M. sexta is useful for
investigating similar systems in insect vectors of human dis-
eases. However, these systems are formidably large based on
genome information. For instance, there are 193 SP/SPH and
32 serpin genes in the M. sexta genome ((8) and Kanost et al.,
unpublished data). Identification of the 30 SPs (eight in the
ACN supernatants), 8 SPHs, and 13 serpins substantially
narrows the scope of our exploration to those detected in
plasma. A focused research is expected to facilitate the elu-
cidation and reconstitution of the SP-SPH system and its
regulation by serpins in M. sexta.

Another proteome-level finding is that 272 (39%) of the 702
plasma proteins do not contain a signal peptide, and their
abundances decreased considerably after the immune chal-
lenge. Since the CP and IP samples were prepared under the
same conditions, this is unlikely to be a technical artifact.
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Rather, we propose three mechanisms to explain this phe-
nomenon: 1) control and induced hemocytes attach to and
are stabilized by tissues to different extents, 2) induced he-
mocytes as a whole or in a subpopulation are more resilient to
centrifugal force that causes cell rupture, and 3) unconven-
tional secretory mechanisms (29) assist the release of some
cytosolic proteins, which may differ between the control and

induced states. Based on the number of identified proteins
and their abundances, we consider cell lysis to be an impor-
tant source of plasma proteins, such as proPOs.

Differential Protein Expression in Response to the Immune
Challenge—We observed 155 changes in protein expression
associated with immune challenge, and posit that most, if not
all, of these changes represent the Manduca defense re-

TABLE II
Distribution of selected immunity-related proteins in different gel slices

Proteins with unique spectral counts (USCs) in two or more gel slices (Table S5) are tabulated. So are the ones with USCs in one gel slice
but their theoretical Mr values do not match the Mr range of that slice. Each cell, labeled with average USC of the three biological replicates,
is colored with a gradient from blue to green and then to red based on its log2(USC�1). Red rectangles enclose the slices in which theoretical
sizes of the proteins correspond; USCs outside are considered abnormal. SPs/SPHs (including HPs) and protease inhibitors (including serpins)
are colored blue and red, respectively.
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sponse. Of the 77 up-regulated proteins (Table I), over half are
known to be related to immunity. These proteins recognize
microbial surface components, transduce or modulate extra-
cellular signals (HPs, SPHs, serpins), or act as effectors
(AMPs, PIs). We also detected two putative intracellular im-
mune signal transducers (Smt3, Uev1A) (Table S2). Addition-
ally, some of the up-regulated proteins (e.g. HSP25.4’s, hy-
pothetical proteins, lipid-binding proteins) may participate in
defense in unknown ways. HSP25.4 isoforms a–c, f, and g
were up-regulated 49.9, 33.3, 2.1, 4.1, and 4.7-fold, and their
functions are worth exploring. HPs KGM_06199A and
_06199B, each containing a von Willebrand factor type C
domain stabilized by four disulfide bonds, may act as PIs or
AMPs. Uncharacterized inducible proteins A and B, 59- and
62-residue peptides rich in certain residues (e.g. Gly), could
also be novel AMPs. Others (e.g. apyrase-2, CXEs, esterases,
lipases, neuroendocrine convertase-1, lysosomal carboxy-
peptidases) are probably responsible for changes in metabo-
lism and protein processing after immune challenge.

Correlations of mRNA and Protein Abundances—Discrep-
ancies between mRNA and protein levels have been well
documented in mammalian systems (39, 40). Here, we dem-
onstrated the same phenomenon in a systematic way in an
insect for the first time. As shown in Fig. 3A and Fig. S1A, the
correlation coefficients between plasma and fat body or he-
mocytes were 0.43CF-CP, gel, 0.41IF-IP, gel, 0.41CF-CP, ACN,
0.26

IF-IP, ACN
, 0.05CH-CP, gel, -0.19IH-IP, gel, 0.00CH-CP, ACN, and

-0.25
IH-IP, ACN

. These results, supported by a well-established
quantitative method with biological replicates, reinforce con-
cerns regarding the overreliance of transcriptome or PCR data
to interpret biological functions.

Despite the poor correlations in levels, we performed addi-
tional comparisons, such as mRNA and protein level changes
(i.e. I/C), major versus minor contributors of plasma proteins
(F–H), gel versus ACN data, immunity-related versus -unre-
lated proteins, and extra- versus intra-cellular proteins (Figs.
3B and 4 and Fig. S1B). The gel data (I/C) were more exten-
sive than the ACN data, but the latter showed better parallel,
likely due to strong induction of AMP genes (0.69ACN �

0.57gel for fat body; 0.52ACN � 0.44gel for hemocytes). Extra-
cellular protein level changes were better correlated than
intracellular ones (0.63 � 0.15 for fat body and 0.46 � 0.21 for
hemocytes). Immunity-related protein level changes had the
highest correlation coefficient (0.75F) with the corresponding
mRNA level changes in fat body, much higher than those in
hemocytes (0.41H) and immunity-unrelated (0.34F and 0.30H)
(Fig. 4). Therefore, although direct correspondence of mRNA
and protein levels was poor, choosing a set of process-
related genes expressed in a major contributing tissue al-
lowed a relatively good correlation uncovered based on the
level changes.

Posttranslational Modification and Immune Complex For-
mation—While prefractionation of the protein mixtures by
SDS-PAGE was performed primarily to enhance protein

discoveries (41, 42), we also gained important insights into
the changes in hemolymph proteome, one being posttrans-
lational modifications and the other immune complex
formation.

For 162 of the 654 proteins identified, we noted major
discrepancies between their theoretical Mr values and their
mobility of gel electrophoresis (Table II and Table S5). Most
(130) of the inconsistencies remained after the effect of diffu-
sion (Fig. S2) were considered. Glycosylation and proteolytic
processing can be used to explain the Mr differences, which
are neglected in most proteomic studies. Fortunately, proteo-
lytic activation of the precursors of SPs (including HPs, PAPs),
SPHs, POs, PSP, and spätzle-1 has been well documented in
M. sexta (2, 16, 32, 43). It is also known that serpins and other
protease inhibitors are involved in the control of immune SPs
(19, 33–35, 44). While the current analysis lacks the resolution
needed to reveal components of the serpin-protease com-
plexes, it did provide consistent results and new leads (e.g.
serpin-9 and -12) for future studies.

One important result of this study is the detection of high Mr

immune complexes in the plasma proteome, which are stable
in the presence of SDS and �-mercaptoethanol. By identifying
66 proteins (10–80 kDa) in gel slices 1–3 (80 to �200 kDa)
(Table S5), we validated and extended the previous observa-
tions of such complexes (16, 19, 43, 45, 46). Nearly half (32) of
them (e.g. PRRs, SPs, SPHs, proPOs, AMPs) may take part in
immune responses. In contrast, only 171 or 24% of the 702
plasma proteins are related to immunity, indicating that de-
fense proteins are more frequently captured in the high Mr

complexes. Their coexistence with POs led us to propose that
PO-catalyzed covalent crosslinking is responsible for their
stability. Consistent with this working model, we have also
seen similar components in �500 kDa complexes eluted from
a gel filtration column (data not shown). It is possible that the
complexes observed in the gel slices 1–3 were dissociated
from higher Mr ones that are partially crosslinked since com-
plete crosslinking may prevent them from entering the gel.
Consequently, the nature and extent of these covalent mod-
ifications remain to be fully defined.
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