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Abstract:

M. sexta has been used as a biochemistry model to study insect immunity. While it is
unclear how immune genes are specifically regulated by Toll or Imd pathway. We
produced the recombinant Spétzle-1 and -2 precursors, activated them using
prophenoloxidase activating protease-3 (PAP3), and separately injected them into
hemocoel to trigger specific up-regulation of genes controlled by the Toll pathway. M.
sexta cell line was treated with E. coli DAP-PG to specifically induce the Imd pathway.
RNA-seq analysis of fat body tissues and cell samples indicated that diapausins and
lebocins are predominantly regulated via Toll signaling, gallerimycin, X-tox and its
splicing variants are synthesized in response to DAP-PG through Imd pathway, whereas
attacins, cecropins, moricins, defensins, gloverin, lysozymes, transferrins, and WAPs are
induced via both. Furthermore, we separately injected Enterococcus faecalis or
Enterobacter cloacae into hemocoel, it showed that most antimicrobial peptides could be
induced by both bacteria, such as lebocinD, which is a Toll-specific gene. However,
diapausinl, gloverin and cecropin6 were more sensitive to Enterococcus faecalis, X-toxs
was more sensitive to Enterobacter cloacae. Our results showed the injection of bacteria
cannot separate Toll or Imd pathways properly in M. sexta, which is very different from D.
melanogaster. Thus, it confirms the complexity of host-pathogen interactions and innate
immune response pathways in other non-dipteran insects.

Food digestion is vital for the survival and prosperity of insects. While digestive enzymes
from pest species lacks a systematic analysis. In the genome of Manduca sexta, we
identified 122 digestive enzymes including 85 proteases, 20 esterases, 16 carbohydrases,
and 1 nuclease. We also further categorized 144 M. sexta serine esterases (SEs) and their
homologs, 26 phospholipases and 13 thioesterases. Expression profiling of these genes in
specific tissues and stages has provided insights into their functions including digestion,
detoxification, hormone processing, neurotransmission, reproduction, and developmental
regulation. In summary, these studies provide for the first time a holistic view of the
digestion and SE-related proteins in a model lepidopteran insect and clues for comparative
research in lepidopteran pests and beyond.
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CHAPTER I

IDENTIFICATION OF IMMUNITY-RELATED GENES PREFERENTIALLY REGULATED

BY MANDUCA SEXTA SPATZLE-1, -2, OR E. COLI PEPTIDOGLYCAN

Zelong Miao!, Yang Wang'!, Chao Xiong!, Tisheng Shan!, Michael R. Kanost?, Haobo Jiang'
! Department of Entomology and Plant Pathology, Oklahoma State University,
Stillwater, OK 74078, USA
2 Department of Biochemistry and Molecular Biophysics, Kansas State University,

Manhattan, KS 66506, USA

Key words: insect immunity, RNA-Seq, fat body, hemocytes, [llumina sequencing

Abbreviations: CF, IF, CH and IH, control (C) and induced (I) fat body (F) and hemocytes (H);
AMP, antimicrobial peptide/protein; DAP-PG: diaminopimelic acid peptidoglycan; PGRP,
peptidoglycan recognition protein, MBP, microbe binding protein; BGRP, B-1,3-glucan
recognition protein, HP, hemolymph (serine) protease; PO and proPO, phenoloxidase and its
precursor; SP and SPH, serine protease and its homolog; PAP, proPO activating protease; Imd,

immune deficiency; qPCR, quantitative real-time polymerase chain reaction.



Abstract

The immune system of Manduca sexta has been extensively studied to understand
molecular mechanisms of insect antimicrobial responses. While evidence supports the
existence of major immune signaling pathways in this species, it is unclear how induced
synthesis of defense proteins may be specifically regulated by Toll and Imd pathways. Our
recent studies indicated that diaminopimelic acid-type peptidoglycans (DAP-PGs) from
Gram-negative and certain Gram-positive bacteria, rather than Lys-PGs from most other
Gram-positive bacteria, likely trigger the two pathways through membrane-bound receptors
homologous to Drosophila Toll and PGRP-LC. In this study, we produced the recombinant
Spétzle-1 and -2 precursors, activated them using prophenoloxidase activating protease-3
(PAP3), and separately injected Spatzle-1 and -2 into hemocoel to trigger specific
transcriptional up-regulation of genes controlled by the Toll pathway. M. sexta cell line was
treated with E. coli DAP-PG to specifically induce the Imd pathway and its target genes,
under the assumption that Imd and Toll pathways are conserved at the functional level. RNA-
seq analysis of fat body tissues and cell samples taken at 0, 6, and 24 h after treatment
indicated that diapausins and lebocins are predominantly regulated via Toll signaling,
gallerimycins, X-tox and its splicing variants are synthesized in response to DAP-PG through
Imd pathway, whereas attacins, cecropins, moricins, defensins, gloverin, lysozymes,
transferrins, and WAPs are induced via both. Surprisingly, transcripts of the Toll-regulated
genes like lebocins peaked at about six hours and this contrasts the Drosophila model
showing a gradual increase that peaks at 24—48 h. Different time course and specificity of the

pathways call for additional investigations in other insects to test validity of these models.



1. Introduction

Insect immunity has been actively studied for over 40 years since the discovery of
cecropin, an antimicrobial peptide (AMP) isolated from pupae of Hyalophora cecropia
(Steiner et al., 1981). Toll, Imd, and other immune signaling pathways are elucidated in
Drosophila genetic studies (Lemaitre and Hoffmann, 2007; Ramet, 2012; Kingsolver et al.,
2013). The Toll pathway mainly responds to fungal and Gram-positive bacterial infection in
the fruit fly, which triggers an extracellular serine protease cascade to generate active
Spétzle, a ligand of the Toll receptor. On the other hand, Drosophila PGRP-LC, Imd, Relish,
and other proteins constitute the Imd pathway to fight off Gram-negative bacteria through
detection of DAP-PGs. Genome analyses demonstrated the existence of homologous genes
encoding the pathway members in other insects (Christophides et al., 2002; Zou et al., 2007;
Kanost et al., 2016). However, rigorously scrutinized experimental data are scarce from them
regarding specificity of the putative pathways towards different groups of microbes. While
overlaps of cross-talks between Toll and Imd signaling are obvious in the fly and other
insects (Lindsay and Wasserman, 2014), many researchers take the oversimplified
Drosophila model as dogma and extrapolate it to other species without validation, not
realizing the risk of doing so. Less influenced by that, we characterized the major soluble
PGRPs in M. sexta hemolymph, all of which preferentially bind to DAP-PGs on the surface
of Gram-negative and some Gram-positive bacteria. Along with microbe binding protein
(MBP), these PGRPs trigger the protease cascade for melanization and Toll activation
(Kariyawasam et al., 2022; Wang et al., 2020). Moreover, a phylogenetic analysis of 360
Drosophila PGRP-SA’s close homologs in twelve orders of insects suggests that the

preference for DAP-PGs is far more common than for Lys-PGs in insects, in terms of



triggering the protease system and Toll signaling.

Even if pathway overlaps or cross-talks are ignored, it is still difficult to distinguish the
Toll and Imd responsive genes in M. sexta and other species. First of all, DAP-PGs may
activate both pathways with overlapping time courses. Secondly, less favored binding of Lys-
PGs from most Gram-positive bacteria can still trigger innate immune responses. Thirdly,
unique features of Lys-PGs from certain bacteria (e.g., Micrococcus luteus) allow some
levels of specific binding by PGRPs that prefer DAP-PGs. Structural variations may also
exist in DAP-PGs rendering differential recognition by a mixture of PGRPs in insect
hemolymph. These complications blurred the line between Gram-positive and -negative
bacteria or, more precisely, between Lys- and DAP-type peptidoglycans. It is perhaps a time
to consider testing validity of the dogma in other insects, which states “Drosophila recruits
most of the components of the Toll pathway for antifungal and anti-Gram-positive bacterial
defenses” whereas “the Imd pathway govern defense reactions against Gram-negative
bacteria” (Hoffmann and Reichhart, 2002).

To distinguish the Toll and Imd responsive genes in M. sexta, we took advantage of its
genome, transcriptome and proteome data, fat body responsive to in vitro activated Spitzle-1
and -2, and a cell line that is directly activated by DAP-PG of E. coli. RNA-Seq analysis of
the tissue and cell samples taken at different times revealed striking differences between M.
sexta and D. melanogaster and raised serious concerns about applicability of the simple fly
model. Our results also established a closer connection between melanization and Toll
pathway activation.

2. Methods and materials

2.1 Cloning and express of proSpdtzle cDNAs



Primers J196 and J197, J190 and 191, J194 and J195 were designed to amplify
proSpétzle-1A, 2 and 7 fragments based on the sequences from Cao et al. (2015). The fat
bodies of fifth instar M. sexta larvae collected 24 h after injection with a mixture of E. coli,
M. luteus, and curdlan (Wang et al., 2017) were used as cDNA template. The PCR products
were cloned into pGEM-T vector (Promega) and confirmed by DNA sequencing. Then the
EcoRI-Xhol fragments were inserted into the same sites in pMFH6 in frame with an amino-
terminal secretion peptide sequence and carboxyl-terminal with 6x His tag encoded in this
vector. The plasmids were used to produce bacmids to infect Sf9 cells, purified from the
conditioned media, concentrated, and stored at —80 °C (Sumathipala and Jiang, 2010).

2.2 Activation of recombinant proSpdtzles by PAP3

To test the ability of prophenoloxidase activating protease-3 (PAP3) to cleave
proSpétzles, 40 ng PAP3 isolated from pharate pupal hemolymph (Jiang et al., 2003b) was
incubated with 200 ng proSpitzle-1A, 2 or 7 in the reaction buffer (20 mM Tris, pH7.5, 5
mM CaCly, 0.001% Tween-20) at room temperature for 1 h, respectively. In the controls, 40
ng PAP3 or 200 ng proSpétzles alone were in the reaction buffer. To test whether proSpétzle-
7 can be cleaved or not, 1 pL cell free hemolymph from naive (NH), immune challenged (IH)
or bar (BH) stage larva and 1 pL elicitor (a mixture of Escherichia coli, Micrococcus luteus,
and curdlan) (Wang and Jiang, 2017) are incubated with 200 ng proSpétzle-7 at 37 °C for 4 h
with the control of 200 ng proSpétzle-7 only. The reaction mixtures were separated by 12 %
SDS/PAGE, followed by electrotransfer and immunoblotting with antibody against 6x His.
The cleavage site of proSpétzle-1A and -2 were determined by Edman sequencing at
Molecular Structure Facility at the University of California, Davis.

2.3 Deglycosylation of Spdtzle2 and 7



To explain the reason of multiple bands in the western blot, deglycosylation experiments
were performed using the Peptide: N-Glycosidase F (PNGase F) and O-Glycosidase (also
known as Endo-a-N-Acetylgalactosaminidase) from New England Biolabs to catalyze the
removal of N or O-linked disaccharides from glycoproteins. The protocol is followed as
combine 0.2 pg proSpiétzles, 1 uL Glycoprotein Denature Buffer (10X) and H>O into 10 puL
reaction mixture, heat at 100 °C for 10 mins, add 2 uL. Glycobuffer 2 (10X), 2 pL10 % NP-
40, 0.5 uL PNGase F or 1 pL O-Glycosidase and 1pLNeuraminidase or both for de-N-
glycosylation, de-O-glycosylation, or de-N,O-glycosylation and H>O into 20 pL total
reaction at 37 °C for 2 h, with the control of proSpitzles or active Spétzles only. Immunoblot
analysis was performed using 10 pL from the reaction samples and rabbit polyclonal
antiserum against M. sexta Spitzle-2 or 7 as the primary antibody (diluted 1:1000) and goat
anti-rabbit IgG-alkaline phosphatase conjugate (Bio-Rad, diluted 1:2500) as the secondary
antibody, and a BCIP-NBT substrate kit (Bio-Rad) for color development.

2.4 Purification of active Spdtzle-14 or 2 from reaction mixtures

To obtain purified active Spétzle-1A or 2 for injection, first use 0.8 pg active PAP3 to
activate 4 pug recombinant proPAP3 (Wang et al., 2014), then incubated with 50 pg purified
proSpétzle-1A or 2 at 37 °C for 2 h. After the reaction, the Spitzle-1A and PAP3 mixture
was loaded onto 300 uL Ni**-nitrilotriacetic acid agarose column, following a washing step
with 5 mL Ni** buffer A (50 mM Tris/HCI, pH 7.5, 300 mM NaCl, 0.005% Tween-20, 5 %
glycerol, I mM BZ, 10 mM imidazole), bound proteins were eluted from the column with a
concentration of 50, 75, 100, and 250 mM imidazole in 6, 3, 1.5 and 6 mL Ni** buffer A,
respectively. While the Spétzle-2 and PAP3 mixture was applied to Q-Sepharose FF column

(200 pL), following a washing step with 2 mL Q buffer A (20 mM Tris/HCI, pH 8.0), bound



proteins were eluted from the column with a concentration of 0.05, 0.1, 0.2, 0.3,0.4 and 1 M
NaCl in 2 mL Q buffer A for each. Fractions containing active Spétzle-1A or 2 were
combined and concentrated on Amicon Ultra-30 centrifugal filter devices (Millipore) using
protein change buffer (20 mM Tris/HCI, pH 7.5, 50 mM NacCl). The purified and
concentrated Spitzle-1A or 2 were analyzed by SDS/PAGE followed by silver staining in the
presence or absence of DTT, respectively. The protein aliquots were rapidly frozen in liquid
nitrogen prior to storage at -80 °C.
2.5 Injection of purified active Spdtzle-1A4 and 2 into larva and E. coli PG into M. sexta cell
line

To test a possible role of Spétzle-1A and 2 in M. setxa immune response, filtered (0.2
um) Bovine Serum Albumin (BSA, 100 ng/uL x 10 uL=1 pg/larva), purified active Spétzle-
1A (25 ng/pL x 40 uL=1 pg/larva) and 2 (100 ng/pL. x 10 pL=1 pg/larva) were injected into
each of day 1-2, fifth instar larvae. The non-injected naive larva were as negative controls.
All groups had three biological replicates and each replicate contained 3 larvae. The M. sexta
cell line (FPMI-Ms-12, the neonate larval tissues of the tobacco hornworm, M. sexta (Ms), at
the Forest Pest Management Institute (FPMI)) was incubated in 90 % Grace’s medium with
10% heat-inactivated FBS (insect tissue culture grade) at 28 °C. The cells were distributed
into 12-wells plate equally until they were full after around 3-5 days. Before adding E. coli
PG (10 ng/pL x 10 uL=100 ng/well) into the wells, the media were removed and replaced by
the fresh media. The cell wells without any treatments were as negative controls. All groups
had three biological replicates and each replicate contained 3 wells. Total RNA samples were
prepared from fat body tissues or M. sexta cells 6 and 24 h later using TRIZOL Reagent

(Thermo Fisher Scientific). The cell-free hemolymph samples from larva after 6, 24, and 48



h treatment were collected and heated at 95 °C for 5 min. The samples were stored at —20 °C.
2.6 Effects of Spdtzles on larva immune response

Immunoblot analysis was performed using 1 pL cell-free hemolymph samples and rabbit
polyclonal antiserum against M. sexta lysoszymel or HAIP (loading control) as the primary
antibody (diluted 1:2000) and goat anti-rabbit [gG-alkaline phosphatase conjugate (Bio-Rad,
diluted 1:2500) as the secondary antibody, and a BCIP-NBT substrate kit (Bio-Rad) for color
development. The lysozyme activity was detected using 10 puL cell free hemolymph incubate
with 50 uL. DQ™ lysozyme substrate (Component A, 50 ng/uL) in 1X Reaction buffer
(Component B) from the EnzChek® Lysozyme Assay Kit (E-22013), with the negative and
positive control of 10 uL H>O and 1 pL lysozyme from chicken egg white (Component C,
1000 U). The fluorescence was measured in a fluorescence microplate reader using
excitation/emission of ~485/530 nm for 60 minutes at 37°C. Western blot and lysozyme
activity experiments both did three biological replicates.
2.7 Library construction and Illumina sequencing

The total 30 libraries with 3 biological replicates of 10 groups including the non-injected
naive as 0 h control, BSA injected control, Spitzle-1A and 2 at 6 hour and 24 hours, M. sexta
cell line non-treated control, and E. coli PG treatment at 6 hour and 24 hours were
constructed by Henry Bellmon Research Center at Oklahoma State University using the
KAPA mRNA HyperPrep Kit for [llumina Platforms. The challenged and control libraries
were sequenced on [llumina NextSeq 500 platform (Illumina, USA) using High-Output Kit
v2.5 (1 x 75 bp). FASTQ files of raw-reads were produced and sorted out by barcodes for
further analysis.

2.8 Assembly of transcriptomes and identification of differentially expressed transcripts



(DETs)

RSEM (Li and Dewey, 2011) package was applied for calculation of normalized gene
expression value TPM. Subsequently, DETs between the control and treatment libraries were
calculated based on the significance level (p value <0.05) using DESeq2 package in R
environment (Love, Huber and Anders, 2014). These transcripts with expression base mean
more than 10, log: fold change of control vs treatment less than -1 and p adjust value lower
than 0.05 were considered as up-regulated induced genes.

2.9 The selection of Toll or Imd preferential candidate genes

Among the induced genes, the minimum log; fold change of BSA control vs Spétzle-1A
or 2 at 6 or 24 h treatment was selected as the maximum induced level of this gene in Toll
pathway, while the minimum log, fold change of control vs E. coli PG in M. sexta cell line at
6 or 24 h was selected as the maximum induced level of this gene in Imd pathway. The value
(a) of the minimum log, fold change in Imd subtract the minimum log> fold change of Toll
was the ratio of the maximum induced level of Toll to Imd, the percentage (b) of Toll to Imd
pathways was calculated using 2%/(2%+1), which means the percentage of this gene is
regulated by Toll or Imd. The name of genes listed from high to low based on a and b valued
stands for the preference of these genes are involved in from Toll to Imd pathways. In order
to further show the gene isoform preference of Toll and Imd in the figure, the maximum log>
fold change of Spétzle vs BSA (Toll) is set as X value, the maximum log> fold change of E.
coli PG vs control (Imd) is set as Y value, 119 isoforms with X, Y values are labeled as blue
dots, names of 34 AMPs are listed close to the dots. The closer to the Y or X axis, the more
preferential to Toll or Imd pathway, respectively. The red dash line whose slope is 1 stands

for the boundary between Toll and Imd (50 % of both pathways).



3. Results
3.1 Sequence analysis of M. sexta proSpdtzles cDNAs

We identified a 1251 bp proSpétzle-2 cDNA with an 83 bp 5'-noncoding sequence, a 621
bp ORF encoded a 184 amino acid residues protein with a 22-signal peptide, and a 547 bp 3'-
noncoding sequence, including an AATAAA sequence (Fig. 1). The predicted cleaved site is
between R74 and Q75. It also has 7 predicted glycosylated sites, which are O-linked
glycosylation. The sequence analysis of proSpitzle-1A was reported previously (An et al.,
2010). The cDNA of proSpitzle-7 is 823 bp including a 143 bp 5'-noncoding sequence, a 555
bp ORF encoded a 162 amino acid residues protein with a 22 amino acid residues signal
peptide, and a 125 bp 3'-noncoding sequence. The predicted cleaved site is between R53 and
E54. Tt just has 1 predicted N-linked glycosylated sites (Fig. S1). These three Spéitzles are all
overall highly expressed in M. sexta in different tissues during various developmental stages
(Cao et al., 2015).
3.2 Recombinant Spdtzles is a disulfide-linked dimer

The Spitzle-C108 from Spatzle-1A is a disulfide bond-linked dimer with 7 cysctein at the
C terminates (An et al., 2010). The Spétzle-2 protein contains 9 cysteine, forming 4
intermolecular disulfide bonds and 1 intramolecular disulfide bond. After cleavage, it comes
to 3 intermolecular and 1 intramolecular disfide bonds. The Spitzle-7 protein also contains 9
cysteine, forming 4 intermolecular disulfide bonds and 1 intramolecular disulfide bond. After
cleavage, it comes to 3 intermolecular and 1 intramolecular disulfide bonds. After we
expressed and purified proSpitzles with six His residues at its C-terminus, SDS/PAGE
analysis in the presence of DTT indicated that the purified proSpétzle-1A, 2 and 7 had an

apparent molecular mass of 37, 27 and 23 kDa. In the absence of DTT, proSpétzle-1A, 2 and
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some of 7 migrated to a position around 60, 40 and 37 kDa (Fig. 2A, B, C; Fig. S2A),
suggesting that the recombinant protein is a disulfide-linked dimer.
3.3 ProSpdtzle-14 and 2 are activated by protease PAP3

M. sexta clip-domain protease HP8 can cleave proSpétzle-1A to produce the active form
(C108) (An et al., 2010). However, HP14, HP21, HP5, HP6 or HP8 cannot cleave
proSpitzle-2 or 7 (data not shown). Another serine protease called prophenoloxidase
activating protease 3 (PAP3) can cleave both prospatzle-1A and 2 but not 7 into the around
17-19 kDa active form after incubating for 1 hour at room temperature (Fig. 2B, C; Fig.
S2A). This band was shown by N-terminal sequencing by Edman degradation to be identical
to the Spitzle-1A and 2 sequence beginning at Leul70 (LGPQE) and GIn75(QGDPDA),
indicating that it is a truncated form of proSpitzle-1A and 2, cleaved after Argl69 and
Arg74. After cleavage running in non-DTT gel, it shows the cleaved Spétzle-1A and 2 are
migrated to a position around 23 and 27 kDa, which means they are still in the homo-dimer
form (Fig. 2B, C). However, PAP3 cannot cleave proSpétzle-7, the processing enzymes of
which can be found in cell free hemolymph of the 5 or bar stage larva (Fig. S2A, B).
3.3 Spdtzles are glycosylated proteins

ProSpitzle-2 has 7 O-linked but no N-linked glycosylated sites based on the sequence
analysis (https://services.healthtech.dtu.dk/service.php?NetNGlyc-1.0 and
https://services.healthtech.dtu.dk/service.php?NetOGlyc-4.0). After de-N, O-glycosylation
experiments, the 3 bands of proSpitzle-2 are all shifted to the lower size band around 25
kDa, indicating that proSpétzle-2 has both N and O-linked glycosylation (Fig. 2D). After
cleavage using PAP3, multiple bands of active Spétzle-2 are shifted into one position at

around 17 kD, which means active Spétzle-2 are also got glycosylated (Fig. 2D). While
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proSpitzle-7 only have N-linked glycosylation based on the prediction. Only after de-N-
glycosylation experiments, the two bands of proSpétzle-7 are both shifted to the lower size
band around 20 kD (Fig. S2C), indicating that proSpitzle-7 only has N-linked glycosylation,
which is consistent with the prediction. The results indicate that the glycosylation mainly
account for the multiple bands from Spitzles in the western blot.

3.4 M. sexta Spdtzles injection stimulates immune response

After activation of proSpitzle-1A and 2, we purified the active Spétzle-1A (PI: 7.76) and
2 (PI: 6.03) from the total reaction by nickel affinity or Q-Sepharose chromatography, since
the dimer form of Spétzles have two 6X His tags, which shows stronger binding affinity to
nickel than PAP3 (PI: 6.82, only has one 6X His tag). The silver staining gel shows it only
has active Spitzle-1A or 2, which are also in the dimer form (Fig.2 E) and can be used to
inject dayl-2 5™ M. sexta larva.

To test whether the injection indeed trigger the immune pathways, the lysozyme protein
levels from cell free hemolymph are detected using lysozyme specific antibody. The band
intensity of lysozymel from cell free hemolymph after injection of purified Spéatzle-1A or 2,
are much higher than that of non-injected naive or BSA-injected controls, especially at 24
hours or 48 hours (Fig. 3A). The upper band is HAIP protein that is used as a loading control,
which are all similar among different treatments. The lysozyme activity is higher after active
Spétzles injection at 24 or 48 h compared to 6 h and other control groups (Fig. 3B), which is
consistent with the western blot results. These results from two methods means Spétzles have
already activated the immune response pathways in the larva of M. sexta.

3.5 Transcriptome analysis upon Spdtzle-14, 2 and E. coli PG treatment

The injection of BSA can only trigger wounding response. Injection of Spétzle-1A or 2
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can only trigger the Toll pathway, while E. coli PG treatment to M. sexta cell line only
trigger Imd pathway. After DEseq?2 analysis, we found 44 gene isoforms are involved in
wounding response (Table S1). Totally, 119 gene isoforms are induced whether in Toll or
Imd pathways (Table 1). Among them, 97 gene isoforms are up-regulated upon Spétzles
injection (Table S2), 86 isoforms are induced upon Spitzle-1A injection (Table S4), and 87
isoforms are for Spétzle-2 (Table S5), while 48 isoforms are up-regulated upon E. coli PG
treatment (Table S3). However, 71 isoforms are only induced by Spétzle injection, 22
isoforms are specifically responded to E. coli PG treatment. Ten isoforms are specifically
induced by Spétzle-1A, eleven isoforms are only for Spétzle-2. Fifty-nine isoforms are
expressed higher at 6 than 24 h, 27 isoforms are similar expressed at 6 and 24 h, no isoforms
are higher at 24 than 6 h upon Spitzle-1A injection. 54 isoforms are expressed higher at 6
than 24 h, 30 isoforms are similar expressed at 6 and 24 h, 3 isoforms are higher at 24 than 6
h upon Spétzle-2 injection. Overall, most of gene isoforms are express highly at 6 compared
to 24 h upon Spétzles injection. Ten isoforms are expressed higher at 6 than 24 h, 32
isoforms are similar expressed at 6 and 24 h, 6 isoforms are higher at 24 than 6 h upon E. coli
PG treatment (Table S1-5).

Comparison of different effectors based on the expression heat map shows it has total 5
groups (Fig. 4A). Lysozymel, gloverin, cecropinl and 15 are in the first group of highly
expressed even in all control groups, higher expressed after Spétzles or E. coli PG treatment,
which can be called wounding response group. The second group has X-toxs, gallerimycin2,
attacin6, etc., which have higher expression in the cell line and can be induced upon E. coli
PG treatment but no too big differences upon Spétzles injection, which can be called Imd-

specific response group. The group 3 including the most of cecropins and diapausins are
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specifically responded to Spétzles but not E. coli PG treatment, which can be called Toll-
specific response group A. The group 4 including lysozyme-like-4 protein and defensin-1, 3
are highly expressed in all groups, which can be called non-induction group. The group 5
including lebocins and most of attacins are highly responded to BSA and Spétzles but not E.
coli PG treatment too much, which can be called Toll-specifc response group B. The 4
proteins in group 1, gallerimycin2 in group 2, attacin in group 3, attacin2 and gallerimycinl
in group 4, attacinl, 4, 7, 10 and cecropin6 in group 5 are all highly induced upon BSA,
Spétzles and E. coli PG treatments (Fig. 4A). However, the intracellular signaling molecules
are not induced too much compared to control groups, except Cactus and Tube in Toll, and
IKKgamma Kenny in Imd pathway (Fig. 4B).

3.6 The preferential index of Toll and Imd pathways among gene isoforms

In order to further analyze the preference of different gene isoforms to Toll or Imd, the
ratio of the maximum of Toll induced level to that of Imd level are calculated and listed in
the order of high to low, standing for their favor from Toll to Imd.

Based on the Toll to Imd list (Table 1), diapausin4 (98 %), 10, 12, 13 (100 %), cecropin2
(99 %), 4, 5 (98%), attacin5 (97 %), 8 (82 %), 11 (95 %), lebocinA (79 %), B (75 %), C (61
%), D (97 %) etc. are preferentially reacted to the Toll pathway. Among them, only
diapausin4, 10, 12 have the similar pattern with drosomycin of D. melanogaster, whose
expression level are higher at 24 than 6 h. However, most of the other AMPs are expressed
higher at 6 than 24 h. X-toxs (5-tox1, 22 % and 4-tox2, 12 %) are preferentially triggered by
Imd pathway with the pattern of rapidly increase at 6 hours and then reduce at 24 hours,
similar with diptericin of D. melanogaster. While most of other AMPs including moricins,

attacins, cercropins, gloverin etc., they can be triggered by both pathways. When the

14



maximum log> fold change of Spétzle vs BSA (Toll) is set as X value, the maximum log>
fold change of E. coli PG vs control (Imd) is set as Y value, the closer to the Y or X axis, the
more preferential to Toll or Imd pathway, respectively. Diapausin4, 10, 12, 13 are all on the
Y axis, lebocinD is also close to the Y axis, indicating they are more Toll-pathway specific.
However, 4-tox2 and galllerimycin2 are closer to the X axis, standing for it is in the Imd-
specific pathway (Fig. 5). Based on this result with a clear and specific signal induction, we
select diapausins and lebocins are Toll pathway specific genes, and gallerimycin and X-toxs
are Imd pathway specific genes.
4. Discussions
4.1 The connection between Toll pathways and melanization

In the genome level, seven genes encoding Spitzle-like proteins in M. sexta were
identified (Cao, et al., 2015). Spitzle-3—6 contain 10, 10, 8 and 6 Cys residues after cleavage,
which might have unclear different mechanism to dimerize. Additionally, the mRNA levels
of Spétzle-3—6 are very low even upon immune challenge, compared to Spétzle-1, 2 and 7,
which have the highest expression level with FPKM values of 224, 760 and 564, respectively
(Cao et al, 2015). Thus, Spitzle-1, 2 and 7 can stand for the overall Spitzles level in the
immune system of M. sexta. HP6 can cleave proHP8, which can activate proSpitzle-1A to
trigger the Toll pathway. However, activated HP8 cannot cleave either proSpitzle-2 or 7.
Another enzyme involved in prophenoloxidase activation called PAP3 can cleave both
proSpétzle-1A and 2 efficiently and correctly (Fig. 2 B and C), which means the activation of
proSpétzle and prophenoloxidase can be performed by the same clip-domain protease to
activate both Toll and melanization pathways. The result is similar as the SPE in Te. molitor

(Kim et al., 2008 and Kan et al., 2008). However, the SPE to activate proSpatzle-7 is still
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unknown, the future identification work can focus on the proteases with high expression in
the hemolymph of 5™ or bar stage of larva.
4.2 False positive result in Imd pathway-preferential genes

The gene induced level to Toll pathway is set as the maximum fold change of active
Spétzle-1A or 2 at 6 or 24 h vs BSA at 6 or 24 h. Some genes like lysozymel, golverin,
attacin2 and cecropinl, 6, 15 have already highly induced upon BSA injection (wounding
response can also trigger the Toll pathway in some level) (Fig. 4A), even though the
expression level is higher upon Spitzle injection, the ratio is still low since the denominator
is too high and the numerator has already reached the expression peak. However, for the Imd
pathway induction, no wounding response control can be used, the induced fold change can
be larger. Therefore, the genes including lysozymel, golverin, attacin2 and cecropinl, 6, 15
etc. are not Imd-specific genes. To exclude the false positive genes that favor in Imd
pathway, the expression heat map also needs to be used, because of wounding response on
the larva injection. Another false positive example is IML5 at the end of Toll-Imd list (Table
1), the logz Fold change value (16.612) of E. coli PG at 6 h vs control is very high, since the
control value is 0, but the overall value in the heat map of Ms-12 cell line are almost 0.
Therefore, IMLS is not an Imd pathway-preferential gene. Based on the Toll-Imd index
(Table 1) and expression map (Fig. 4) together, we are confident that gallerimycin and X-tox
are Imd pathway preferential candidate genes.
4.3 The comparison of M. sexta larva and cell line

There are four types of cells colonies (Ms-4, epithelial-like cells; Ms-5, dendrite-like
cells; Ms-7, round cells; Ms-12, long fibro blast-like cells) observed in the neonate tissue

cultures of M. sexta (Sohi, 1995). FPMI-Ms-12 is confirmed by using the method of cloning
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and sequencing Spétzle-1A gene through the primer J196 and J197 in M. sexta. One amino
acid (R to G) of Ms-12 and 5 amino acids of Ms-7 are mismatched with the total 276 amino
acids of Spétzle-1A in the current M. sexta genome (data not shown). Thus, Ms-12 is selected
as the cell line to trigger Imd pathway with the higher similarity with current M. sexta
genome. The fat body is selected as the major immune organ in M. sexta larva, since the
induction levels of genes in fat body are higher than hemocytes or midgut (data not shown).
However, the variance may exist between the larva and cell lines, including the stages,
tissues, and conditions of in vivo and in vitro. The comparison index between M. sexta larva
and cell line indeed has the limitations, since the in vitro Imd induced level in Ms-12 cannot
represent that in the real condition in vivo. Nonetheless, due to the complexity of Toll and
Imd extracellular induction in vivo in M. sexta, the cell line with fresh media is the only way
we can use to get rid of extracellular serine protease cascades and cytokines to trigger Imd
pathway specifically but not Toll pathway.
4.4 Concluding remarks

In conclusion, the results show that PAP3 is an activating enzyme of proSpétzle-1A and -
2, building the connection between Toll pathway and melanization. This paper also first
identified 2 groups of genes (diapausins and lebocins) as Toll pathway specific gene
candidate, while gallerimycin and X-tox genes as Imd pathway specific genes candidate in
Lepidoptera with the clear and single signal molecules using biochemistry methods in M.
sexta. Most of other AMPs are involved in both pathways. Further biochemical work like
activation of proSpétzle-7 need to be done and genetic research is required to confirm the

specificity of these candidates.
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Tables

Table 1. The ratio of Toll or Imd induced level of 119 immune-related gene isoforms.

Spzvs EcPG log:FC Spz vs EcPG log:FC Spzvs |EcPG vs log:FC

Transcript id BSA vs Ctrl |(Toll/Imd) | Toll (%) Transcript id BSA vs Ctrl _|(Toll/Imd) | Toll (%) | Transcriptid BSA Ctrl (Toll/Imd) | Toll (%)
Diapausinl2 8.173 0.000 8.173 99.7 Domeless 2.052 0.498 1.554 74.6 IML1 1.815 2.104 -0.289 45.0
Diapausin10 8.153 0.000 8.153 99.6 LebocinB 3.221 1.672 1.549 74.5 Attacin4 3.530 3.883 -0.353 43.9
Diapausinl3 7.947 0.000 7.947 99.6 Moricinl 3.801 2277 1.523 74.2 Transferrin2 1.186 1.723 -0.536 40.8
PGRP7 9.343 2.891 6.452 98.9 Attacinl 4.777 3.258 1.519 74.1 PGRP3 2273 2.868 -0.595 39.8
Cecropin2 6.331 0.000 6.331 98.8 KALI anosmin 2.168 0.731 1.437 73.0 Attacinl0 4.599 5.287 -0.688 383
Diapausin4 5.747 0.000 5.747 98.2 Serpin3 2.230 0.841 1.389 72.4 AtglO01 0.458 1.202 -0.744 37.4
Cecropin5 5.638 0.000 5.638 98.0 Pvr 1.444 0.124 1.319 71.4 Attacin7 4.480 5.243 -0.763 37.1
Cecropin4 5.405 0.000 5.405 97.7 PGRP2 5214 3.902 1.311 71.3 SPH1b 0.237 1.030 -0.792 36.6
IML4 5.474 0.182 5293 97.5 Tolll0 2 1.730 0.435 1.295 71.0 SPH101 0.428 1.277 -0.849 35.7
BGRP2 5.508 0.280 5228 97.4 Toll5 1.301 0.040 1.261 70.6 PGRP4 3.726 4.624 -0.897 349
PAP3 6.230 1.110 5.120 97.2 LLP4 1.463 0.203 1.259 70.5 Hemolin 3.143 4.106 -0.963 339
Attacin5 5.793 0.784 5.008 97.0 HPS 2.981 1.734 1.247 70.4 Atgl4 0.880 1.977 -1.096 31.9
LebocinD 6.240 1.426 4.814 96.6 PAP2 3.261 2.038 1.223 70.0 Serpin5 1.009 2.184 -1.174 30.7
Attacinl1 4.987 0.784 4.203 94.8 Cecropinl2 3.466 2.265 1.200 69.7 Atgl 0.173 1.400 -1.227 299
GP33 4.783 0.900 3.883 93.7 Leureptin8 1.134 -0.010 1.144 68.9 Reelerl 2.586 3.897 -1.311 28.7
SP34 4.230 0.376 3.855 93.5 SPH3 2.817 1.686 1.130 68.6 LRR-TMP2 -0.201 1.134 -1.336 284
Cathepsinlike3 3.473 0.239 3.234 90.4 Pelle 2.014 0.980 1.034 67.2 HP21 0.096 1.461 -1.364 28.0
Scolexin A 4507 1.638 2.869 88.0 Aop 1.074 0.044 1.030 67.1 PVF2 0.091 1.519 -1.429 27.1
Serpin2 2.831 0.081 2.750 87.1 HP19 1.994 1.014 0.980 66.4 Tab2 0.257 1.693 1436 27.0
Serpinl 1 2.944 0.224 2.720 86.8 Attacin3 6.531 5.566 0.965 66.1 HP20 1115 2.566 -1.450 26.8
Cactus 3.226 0.508 2.718 86.8 SP58 1.972 1.069 0.904 65.2 IML2 1.061 2.621 -1.560 253
IML15 3214 0.497 2.717 86.8 Serpinl0 1.770 0.945 0.825 63.9 Stox1 1.857 3.681 -1.823 22.0
WAP1 3.243 0.694 2.549 85.4 ScolexinB 1.308 0.575 0.733 62.4 Cecropinl5 2.521 4377 -1.857 21.6
SPH4 3.737 1.215 2.523 85.2 Lysozymelikel 1.693 1.000 0.693 61.8 Gallerimycinl 3.408 5.351 -1.943 20.6
HP7 2.553 0.037 2.516 85.1 LebocinC 3.638 2975 0.663 61.3 BGRP3 0.099 2.092 -1.993 20.1
CTL-X5 3.808 1.443 2.365 83.7 Caspar 1.097 0.450 0.647 61.0 SRP1 2.665 4.699 2.034 19.6
Serpin6 3.127 0.853 2274 82.9 Kurtz 1.515 0.927 0.589 60.1 Spitzle2 1.323 3.703 -2.380 16.1
Serpin14 2.580 0.333 2248 82.6 CathepsinFlike 1.381 0.804 0.577 59.9 Attacin2 3.037 5.636 -2.599 142
Attacin8 4614 2383 2231 82.4 Attacin6 3.653 3.089 0.564 59.7 4tox2 0.837 3.709 2871 12.0
HP17a 5.805 3.604 2202 82.1 LRR-TMP18 1.667 1.156 0.511 58.8 MBP 0.528 3.420 -2.891 11.9
NEMO 2.042 0.013 2.029 80.3 HP22 1.766 1.302 0.464 58.0 HP9 2417 5.311 -2.894 11.9
PAP1 2.845 0.848 1.996 80.0 Serpinl2 1.392 0.981 0.412 57.1 Cecropinl 1.993 5.037 -3.044 10.8
Tube 1.874 -0.105 1.979 79.8 Relish 1.463 1339 0.124 52.1 PGRP5 2.201 5.449 -3.248 9.5
Defensin3 2.356 0.406 1.950 79.4 PGRP10 1.288 1.250 0.038 50.7 Cecropiné 3.494 6.940 -3.447 8.4
LebocinA 2.552 0.604 1.949 79.4 Atg9 1.179 1.147 0.032 50.5 Gloverin 2.056 5.658 -3.602 7.6
Serpind 1.655 0.173 1.828 78.0 IKKy Kenny 1.231 1297 | -0.067 48.8 Lysozymel 1315 5.103 -3.788 6.8
SPH33 2.796 1.058 1.738 76.9 IML12 1.906 2.103 -0.197 46.6 Gallerimycin2 1.852 5.883 4031 5.8
SRP3 2.871 1201 1.670 76.1 FOS 1171 1377 -0.206 46.4 SerpinID 0.502 5.190 -4.688 3.7
CathBlike5 1.504 -0.114 1.618 75.4 HP14a 0.968 1.186 -0.218 46.2 PGRP1 0.983 6.062 -5.079 29
Leureptin3 3.967 2413 1.554 74.6 IML1 1.815 2.104 -0.289 45.0 IML5 0.858 16.612 -15.754 0.0

Table S1. The induced levels of 44 BSA wounding response genes

Transcript_id FB_control__vs_ FB_BSA_ |FB_control__vs_ FB_BSA_|FB_control__vs_ FB_BSA_|FB_control__vs_FB_BSA_
6h|log2FoldChange 6h|padj 24h|log2FoldChange 24h|padj
Dredd -1.267 0.018 -0.187 0.972
FADD -1.677 0.031 -0.660 0.769
HP17a -1.382 0.042 -0.209 0.982
HP9 -5.055 0.013 -3.125 0.448
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IML-12 -1.580 0.000 -0.685 0.329
IML-15 -1.964 0.002 -1.624 0.049
IML-2 -2.028 0.000 -0.360 0.726
PAP1 -1.720 0.000 -0.639 0.495
PAP2 -1.508 0.039 -1.020 0.393
PGRP1 -2.734 0.000 -0.787 0.332
PGRP2 -5.806 0.000 -0.701 0.971
PGRP4 -9.215 0.000 -2.135 0.757
PGRPS -4.113 0.000 -0.572 0.675
Ref2P-C -7.539 0.014 -5.845 0.159
Relish -2.685 0.000 0.245 0.878
SP75 -2.960 0.000 -0.653 0.793
5-tox1 -4.301 0.020 -2.130 0.643
attacinl -7.535 0.000 -2.802 0.108
attacin10 -6.463 0.000 -2.261 0.341
attacinl1 -9.278 0.000 -3.573 0.280
attacin2 -4.514 0.000 -1.716 0.280
attacin3 -7.757 0.000 -0.599 0.999
attacin4 -6.554 0.000 -2.019 0.014
attacin5 -6.665 0.000 -2.311 0.280
attacin7 -7.076 0.000 -1.881 0.058
attacin8 -10.284 0.000 -5.045 0.002
cecropinl -5.525 0.000 -0.790 0.492
cecropinl2 -5.989 0.000 0.291 1.000
cecropinl5 -5.693 0.000 -1.315 0.095
cecropin$ -5.952 0.000 -3.060 0.291
cecropin6 -7.454 0.000 -2.259 0.115
gallerimycinl -8.888 0.000 -4.360 0.061
gallerimycin2 -4.749 0.014 -0.667 0.997
gloverin -6.780 0.000 -3.263 0.000
hemolin -4.403 0.000 -3.596 0.000
lebocin-A -6.372 0.000 -4.249 0.000
lebocin-B -7.489 0.000 -6.457 0.000
lebocin-C -6.934 0.000 -5.170 0.000
lebocin-D -7.286 0.000 -6.519 0.000
leurepting -1.283 0.006 -0.906 0.195
lysozymel -2.334 0.000 -0.140 1.000
moricinl -6.472 0.000 -1.551 0.880
reelerl -5.559 0.000 -2.045 0.005
serpin-5 -1.088 0.022 -0.132 0.991

*: Numbers shaded pink were logoFoldChange<-1, numbers shaded /ime were padj<0.05.
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Table S2. The induced levels of 97 Spéitzle induced genes

Transcript_id

FB_BSA_6h__vs_
_FB_1A_6h|log2F

FB_BSA_6h__vs_
_FB_1A_6h|padj

FB_BSA_24h__vs
__FB_1A_24h|log

FB_BSA_24h__vs
__FB_1A_24h[pad

FB_BSA_6h__vs_
_FB_S2_6h|log2F

FB_BSA_6h__vs_
_FB_S2_6h|padj

FB_BSA_24h__vs
__FB_S2_24h|log2

FB_BSA_24h__vs
__FB_S2 24h|pad

oldChange 2FoldChange j oldChange FoldChange j
diapausin10 -5.093 0.000 -8.153 0.000 -4.850 0.001 -7.512 0.000
diapausinl2 -5.444 0.004 -8.173 0.000 -5.687 0.003 -7.380 0.001
diapausinl3 -7.898 0.000 -5.362 0.000 -7.947 0.000 -5.190 0.000
diapausin4 -3.548 0.008 -5.747 0.000 -4.671 0.000 -4.497 0.002
Aop -1.074 0.005 -0.462 0.702 -0.828 0.057 -0.145 0.993
Atg9 -1.179 0.013 -0.305 0.959 -0.780 0.177 -0.306 0.934
CTL-X5 -3.808 0.001 0.143 1.000 -2.525 0.053 -2.013 0.399
Cactus -3.226 0.000 -0.268 0.736 -2.912 0.000 -0.424 0.363
Caspar -1.097 0.000 -0.112 1.000 -0.306 0.534 0.062 1.000
Cathepsin26_29kDal
ike3 -1.018 0.564 2.207 0.313 -2.454 0.051 -3.473 0.008
CathepsinBlike5 -1.304 0.007 0.521 0.770 -1.504 0.002 0.126 1.000
Domeless -1.709 0.000 -0.856 0.182 -2.052 0.000 -0.786 0.308
GP33 -4.749 0.000 -1.795 0.689 -4.783 0.000 -2.975 0.224
HP17a -5.805 0.000 -2.172 0.000 -5.389 0.000 -1.061 0.178
HP19 -1.471 0.000 0.193 0.983 -1.994 0.000 -0.304 0.853
HP20 -0.620 0.286 -0.690 0.502 -1.087 0.026 -1.115 0.080
HP22 -1.545 0.000 -1.261 0.000 -1.766 0.000 -0.827 0.062
HPS -2.981 0.000 -1.049 0.647 -2.920 0.000 -0.403 0.977
HP7 -1.909 0.009 1.472 0.481 -2.553 0.000 -0.588 0.900
HP9 -2.417 0.003 1.546 0.789 -1.984 0.029 -0.689 0.947
IKKgamma_Kenny -1.231 0.008 -0.086 1.000 -1.140 0.021 -0.061 1.000
IML-1 -1.394 0.027 -0.987 0.416 -1.575 0.012 -1.815 0.010
IML-12 0.025 1.000 -1.479 0.000 0.156 0.858 -1.906 0.000
IML-15 -3.214 0.000 -2.353 0.000 -2.239 0.000 -1.262 0.017
IML-2 -0.430 0.277 -1.061 0.001 -0.434 0.293 -0.909 0.016
IML-4 -3.913 0.000 -4.370 0.000 -4.830 0.000 -5.474 0.000
KAL-1_anosmin -2.168 0.000 -1.114 0.312 -1.588 0.014 0.427 0.913
Kurtz -1.357 0.004 0.022 1.000 -1.515 0.001 0.567 0.717
LRR-TMP18 -0.696 0.528 0.736 0.772 -1.667 0.033 1.140 0.468
Multicystatin_procat
hepsinF-like -1.381 0.000 -0.738 0.079 -1.372 0.000 -0.861 0.026
NEMO -2.042 0.001 0.222 1.000 -1.570 0.026 -0.329 0.978
PAP1 -2.845 0.000 -1.268 0.003 -2.318 0.000 -1.026 0.042
PAP2 -3.261 0.000 -2.687 0.000 -2.981 0.000 -2.883 0.000
PAP3 -6.230 0.000 -3.685 0.000 -5.723 0.000 -3.066 0.000
PGRP2 -4.373 0.000 -5.214 0.000 -4.267 0.000 -3.697 0.001
PGRP3 -0.953 0.130 -2.273 0.000 -0.813 0.246 -1.251 0.156
PGRP4 -1.973 0.005 -2.048 0.502 -1.861 0.012 -3.726 0.020
PGRP5 -2.201 0.000 -1.311 0.006 -2.184 0.000 -2.126 0.000
PGRP7 -9.199 0.000 -1.305 0.963 -9.343 0.000 -1.644 0.879
Pelle -1.887 0.000 -0.371 0.902 -2.014 0.000 -0.391 0.860
Pvr -0.698 0.040 0.069 1.000 -1.444 0.000 -0.166 0.967
Relish -1.463 0.000 -0.246 0.916 -1.118 0.000 -0.835 0.062
SP34 -4.230 0.000 -2.205 0.000 -4.091 0.000 -2.215 0.000
SP58 -1.282 0.008 -0.463 0.828 -1.972 0.000 -1.013 0.207
SPH3 -2.674 0.000 -2.817 0.000 -1.650 0.007 -2.442 0.000
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SPH33 -2.796 0.000 -2.518 0.000 -1.821 0.004 -2.416 0.000
SPH4 -3.515 0.000 -3.737 0.000 -2.542 0.000 -3.158 0.000
SRP1 -2.460 0.014 1.468 0.948 -2.665 0.008 0.210 1.000
SRP3 -2.077 0.028 0.795 0.915 -2.871 0.001 -1.235 0.666
Spz2 -0.360 0.745 -0.634 0.762 -1.323 0.038 0.016 1.000
Tolll0_2 -0.725 0.471 0.531 0.915 -1.730 0.018 -0.415 0.943
Toll5 -1.106 0.006 -0.945 0.090 -1.251 0.002 -1.301 0.004
Tube -1.874 0.000 -0.499 0.309 -1.672 0.000 -0.912 0.003
WAPI -1.791 0.154 -0.718 0.925 -3.243 0.002 -2.299 0.109
attacinl -4.777 0.000 -2.096 0.133 -4.240 0.000 -3.680 0.000
attacinl0 -4.599 0.000 -1.395 0.603 -4.036 0.000 -2.551 0.070
attacinl 1 -4.987 0.000 -2.941 0.006 -4.487 0.000 -3.507 0.000
attacin2 -3.037 0.000 -0.759 0.840 -1.955 0.023 -1.943 0.099
attacin3 -3.939 0.000 -4.339 0.016 -3.758 0.000 -6.531 0.000
attacin4 -3.530 0.000 -2.339 0.000 -2.967 0.000 -3.197 0.000
attacin5 -5.462 0.000 -5.793 0.000 -4.901 0.000 -4.864 0.000
attacin7 -4.480 0.000 -2.691 0.000 -3.984 0.000 -3.641 0.000
attacin8 -4.614 0.000 -2.151 0.014 -4.042 0.000 -3.066 0.000
bGRP2 -5.508 0.000 -3.786 0.000 -4.080 0.000 -2.318 0.019
cecropinl -1.297 0.004 -1.525 0.003 -0.825 0.126 -1.993 0.000
cecropinl2 -1.004 0.091 0.112 1.000 -2.398 0.000 -3.466 0.020
cecropinl$ -1.042 0.064 -1.836 0.001 -1.060 0.069 -2.521 0.000
cecropin2 -5.310 0.000 -5.823 0.000 -5.051 0.000 -6.331 0.000
cecropin4 -5.405 0.000 -3.265 0.001 -5.382 0.000 -3.920 0.000
cecropin5 -2.821 0.000 -5.606 0.000 -3.017 0.000 -5.638 0.000
cecropinb -3.195 0.000 -2.733 0.000 -2.667 0.000 -3.494 0.000
defensin3 -1.257 0.051 -1.041 0.331 -2.298 0.000 -2.356 0.000
gallerimycinl -2.795 0.000 -3.101 0.000 -2.890 0.000 -3.408 0.000
gallerimycin2 -1.852 0.004 0.507 1.000 -1.341 0.079 0.211 1.000
gloverin -2.056 0.001 -2.018 0.004 -1.305 0.067 -1.631 0.054
hemolin -0.739 0.535 -1.337 0.378 -1.459 0.116 -3.143 0.000
lebocin-A -1.404 0.004 -2.552 0.000 -1.114 0.041 -2.442 0.000
lebocin-B -3.221 0.000 -2.392 0.048 -2.757 0.004 -2.597 0.029
lebocin-C -2.913 0.000 -3.638 0.000 -2.553 0.000 -2.449 0.000
lebocin-D -5.724 0.000 -6.240 0.000 -5.091 0.000 -5.543 0.000
leureptin3 -3.864 0.000 -1.517 0.218 -3.967 0.000 -1.423 0.342
leurepting -1.038 0.005 -1.134 0.009 -0.343 0.578 -0.394 0.780
lysozyme-like-
protein-1 -1.526 0.000 -0.689 0.240 -1.693 0.000 -1.049 0.013
lysozyme-like-
protein-4 -1.463 0.004 -0.490 0.824 -1.236 0.026 -0.714 0.599
moricin] -3.615 0.000 -2.663 0.378 -3.481 0.000 -3.801 0.076
reeler] -1.160 0.047 -2.586 0.000 -0.554 0.514 -2.264 0.000
scolexinA -3.831 0.000 -2.407 0.100 -4.507 0.000 -3.937 0.000
scolexinB -1.288 0.000 0.281 0.917 -1.308 0.000 -0.456 0.696
serpin-10 -1.770 0.000 0.180 1.000 -1.307 0.010 -0.118 1.000
serpin-11 -2.793 0.000 -0.940 0.016 -2.944 0.000 -1.217 0.000
serpin-12 -1.392 0.000 -0.659 0.032 -1.380 0.000 -0.776 0.006
serpin-14 -2.158 0.000 -0.159 1.000 -2.580 0.000 0.123 1.000
serpin-2 -1.901 0.005 -0.058 1.000 -2.244 0.001 -2.831 0.000
serpin-3 -2.230 0.000 -0.591 0.445 -2.031 0.000 -0.558 0.524
serpin-4 -1.646 0.000 -0.657 0.001 -1.655 0.000 -0.682 0.001
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serpin-5 -0.700 0.110 -0.634 0.413 -0.595 0.221 -1.009 0.047

serpin-6 -2.766 0.000 -0.930 0.398 -3.127 0.000 -0.981 0.375

*: Seventy-one genes shaded yellow were only specifically induced by Spétzles.

Table S3. The induced levels of 48 E. coli PG induced genes

Transcript_id Ms12_control__vs__ | Ms12_control__vs__ | Ms12_control__vs__ | Ms12_control__vs__
Ms12_EcPG_6h|log2F| Ms12_EcPG_6h|padj |[Ms12_EcPG_24h|log2 | Ms12_EcPG_24h|pad
oldChange FoldChange j
B 0.034 1.000 -1.400 0.001
B 0.004 1.000 -1.202 0.018
B -0.106 1.000 -1.977 0.001
C -0.200 1.000 -1.147 0.021
C -0.146 1.000 -1.377 0.038
C -1.186 0.004 -0.217 0.842
C -3.604 0.001 -2.292 0.087
A -1.461 0.000 -0.201 0.784
C HP9 -5.311 0.000 -4.226 0.000
¢ IKKgamma_Kenny -0.680 1.000 -1.297 0.003
A -16.612 0.000 0.000 1.000
B 0.320 1.000 -1.134 0.011
A -3.420 0.000 -2.045 0.000
A -6.062 0.000 -5.052 0.000
C -0.479 1.000 -1.250 0.041
A PGRP2 -3.902 0.004 -1.952 0.286
C PGRP3 -2.868 0.000 -2.194 0.000
C PGRP4 -4.624 0.000 -3.370 0.000
C PGRP5 -5.449 0.000 -5.354 0.000
C | -0.761 1.000 -1.519 0.003
A -1.339 0.000 -0.223 0.775
fe | -1.214 0.013 -1.277 0.003
C | -1.030 0.001 -0.877 0.004
C SRP1 -4.699 0.000 -3.371 0.000
B Spz2 -0.496 1.000 -3.703 0.000
B -0.210 1.000 -1.693 0.000
C -3.709 0.001 -3.402 0.002
C -3.681 0.000 -3.095 0.000
C attacinl0 -5.287 0.020 -3.487 0.148
C attacin2 -5.636 0.000 -5.629 0.000
C attacin3 -5.566 0.000 -3.969 0.005
A attacind -3.883 0.002 -1.726 0.344
C | -2.111 0.001 -3.089 0.000
A -5.243 0.000 -2.945 0.023
C | -1.645 0.001 -2.092 0.000
A cecropinl -5.037 0.000 -2.561 0.000
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c cecropinl5 4377 0.000 -3.587 0.000
C cecropin6 -6.940 0.000 -6.260 0.000
¢ gallerimycinl -5.092 0.000 -5.351 0.000
¢ gallerimycin2 -5.091 0.000 -5.883 0.000
c gloverin -5.658 0.000 -5.309 0.000
c hemolin -4.106 0.000 -3.840 0.000
c lebocin-C 2.532 0.000 2.975 0.000
c | -5.103 0.000 -3.872 0.000
c -3.298 0.000 -3.897 0.000
A | -5.190 0.005 0.000 1.000
C 2.184 0.000 -1.294 0.006
¢ ‘ -1.723 0.049 -0.472 0.755

*: Twenty-two genes shaded blue were only specifically induced by E. coli PG. 10 genes labeled with A were expressed
higher at 6 than 24 h, 6 genes labeled with # were expressed higher at 24 than 6 h, 32 genes labeled with C were
expressed similar at 6 and 24 h.

Table S4. The summary of the names of 86 Spétzle-1A induced genes

Transcript_id

FB BSA 6h_vs FB_

FB BSA 6h_vs FB_

FB BSA 24h_vs FB_

FB_BSA 24h_vs F

1A_6h|log2FoldChange [1A_6h|padj 1A_24h|log2FoldChange |B_1A_24h|padj
C diapausinl0 -5.093 0.000 -8.153 0.000
C diapausinl2 -5.444 0.004 -8.173 0.000
C diapausinl3 -7.898 0.000 -5.362 0.000
C diapausin4 -3.548 0.008 -5.747 0.000
C | -1.074 0.005 -0.462 0.702
A | -1.179 0.013 -0.305 0.959
A | -3.808 0.001 0.143 1.000
A -3.226 0.000 -0.268 0.736
A | -1.097 0.000 -0.112 1.000
A CathepsinBlike5 -1.304 0.007 0.521 0.770
A Domeless -1.709 0.000 -0.856 0.182
A GP33 -4.749 0.000 -1.795 0.689
A HP17a -5.805 0.000 -2.172 0.000
A HP19 -1.471 0.000 0.193 0.983
C HP22 -1.545 0.000 -1.261 0.000
A HP5 -2.981 0.000 -1.049 0.647
A HP7 -1.909 0.009 1.472 0.481
A HP9 -2.417 0.003 1.546 0.789
A IKKgamma Kenny -1.231 0.008 -0.086 1.000
C IML-1 -1.394 0.027 -0.987 0.416
C IML-12 0.025 1.000 -1.479 0.000
A IML-15 -3.214 0.000 -2.353 0.000
A -0.430 0.277 -1.061 0.001
C IML-4 -3.913 0.000 -4.370 0.000

23




C KAL-1_anosmin -2.168 0.000 -1.114 0.312
A Kurtz -1.357 0.004 0.022 1.000
A Multicys‘tatin ‘_procathep

sinF-like -1.381 0.000 -0.738 0.079
A _ 2.042 0.001 0.222 1.000
A PAP1 -2.845 0.000 -1.268 0.003
C PAP2 -3.261 0.000 -2.687 0.000
A PAP3 -6.230 0.000 -3.685 0.000
A PGRP2 -4.373 0.000 -5.214 0.000
C -0.953 0.130 -2.273 0.000
A PGRP4 -1.973 0.005 -2.048 0.502
A PGRP5 -2.201 0.000 -1.311 0.006
A PGRP7 -9.199 0.000 -1.305 0.963
A Pelle -1.887 0.000 -0.371 0.902
A Relish -1.463 0.000 -0.246 0.916
A SP34 -4.230 0.000 -2.205 0.000
A SP58 -1.282 0.008 -0.463 0.828
C SPH3 -2.674 0.000 -2.817 0.000
C SPH33 -2.796 0.000 -2.518 0.000
C SPH4 -3.515 0.000 -3.737 0.000
A SRP1 -2.460 0.014 1.468 0.948
A SRP3 -2.077 0.028 0.795 0.915
C Toll5 -1.106 0.006 -0.945 0.090
A Tube -1.874 0.000 -0.499 0.309
A attacinl -4.777 0.000 -2.096 0.133
A attacin10 -4.599 0.000 -1.395 0.603
A attacinl1 -4.987 0.000 -2.941 0.006
A attacin2 -3.037 0.000 -0.759 0.840
A attacin3 -3.939 0.000 -4.339 0.016
A attacin4 -3.530 0.000 -2.339 0.000
A attacin5 -5.462 0.000 -5.793 0.000
A attacin7 -4.480 0.000 -2.691 0.000
A attacing -4.614 0.000 -2.151 0.014
C bGRP2 -5.508 0.000 -3.786 0.000
A cecropinl -1.297 0.004 -1.525 0.003
A cecropinl5 -1.042 0.064 -1.836 0.001
C cecropin2 -5.310 0.000 -5.823 0.000
C cecropind -5.405 0.000 -3.265 0.001
C cecropin3 -2.821 0.000 -5.606 0.000
A cecropin6 -3.195 0.000 -2.733 0.000
A gallerimycinl -2.795 0.000 -3.101 0.000
A -1.852 0.004 0.507 1.000
A -2.056 0.001 -2.018 0.004
C lebocin-A -1.404 0.004 -2.552 0.000
C lebocin-B -3.221 0.000 -2.392 0.048
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A lebocin-C -2.913 0.000 -3.638 0.000
C lebocin-D -5.724 0.000 -6.240 0.000
A leureptin3 -3.864 0.000 -1.517 0.218
C _ -1.038 0.005 -1.134 0.009
A lysozyme-like-protein-1 -1.526 0.000 -0.689 0.240
C lysozyme-like-protein-4 -1.463 0.004 -0.490 0.824
A moricinl -3.615 0.000 -2.663 0.378
A reelerl -1.160 0.047 -2.586 0.000
C scolexinA -3.831 0.000 -2.407 0.100
A scolexinB -1.288 0.000 0.281 0.917
A serpin-10 -1.770 0.000 0.180 1.000
A serpin-11 -2.793 0.000 -0.940 0.016
C serpin-12 -1.392 0.000 -0.659 0.032
A serpin-14 -2.158 0.000 -0.159 1.000
A serpin-2 -1.901 0.005 -0.058 1.000
A serpin-3 -2.230 0.000 -0.591 0.445
A serpin-4 -1.646 0.000 -0.657 0.001
A serpin-6 -2.766 0.000 -0.930 0.398

*: Ten genes shaded red were only specifically induced by Spétzles-1A. 59 genes labeled with A were
expressed higher at 6 than 24 h, no gene were expressed higher at 24 than 6 h, 27 genes labeled with C were

expressed similar at 6 and 24 h.

Table SS. The summary of the names of 87 Spétzle-2 induced genes
Transcript_id FB_BSA_6h_vs_FB_ | FB_BSA_6h_vs_ | FB_BSA_24h_vs_FB | FB_BSA_24h_vs
S2_6h|log2FoldChange | _FB_S2_6hlpadj | _S2_24h|log2FoldChan | _ FB_S2_24h|pad
ge i
C diapausinl0 -4.850 0.001 -7.512 0.000
c diapausin12 -5.687 0.003 -7.380 0.001
A diapausin13 -7.947 0.000 -5.190 0.000
c diapausin4 4.671 0.000 4.497 0.002
A Cactus 2912 0.000 -0.424 0.363
¢ -2.454 0.051 3473 0.008
A CathepsinBlikes -1.504 0.002 0.126 1.000
A Domeless -2.052 0.000 -0.786 0.308
A GP33 4783 0.000 2.975 0224
A HP17a -5.389 0.000 -1.061 0.178
A HP19 -1.994 0.000 -0.304 0.853
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-1.087 0.026 -1.115 0.080

HP22 -1.766 0.000 -0.827 0.062

HP5 2.920 0.000 -0.403 0.977

HP7 2553 0.000 0.588 0.900

HP9 -1.984 0.029 -0.689 0.947

IKKgamma_Kenny -1.140 0.021 -0.061 1.000

IML-1 -1.575 0.012 -1.815 0.010

IML-12 0.156 0.858 -1.906 0.000

IML-15 2239 0.000 -1.262 0.017

IML-4 -4.830 0.000 -5.474 0.000

KAL-1_anosmin -1.588 0.014 0.427 0913

Kurtz 1515 0.001 0.567 0.717

_ -1.667 0.033 1.140 0.468
Multicystatin_procath

epsinF-like -1.372 0.000 -0.861 0.026

PAP1 2318 0.000 -1.026 0.042

PAP2 2.981 0.000 2.883 0.000

PAP3 5723 0.000 -3.066 0.000

PGRP2 -4.267 0.000 -3.697 0.001

PGRP4 -1.861 0.012 3.726 0.020

PGRP5 2.184 0.000 2.126 0.000

PGRP7 9.343 0.000 -1.644 0.879

Pelle 2.014 0.000 0391 0.860

_ -1.444 0.000 0.166 0.967

Relish 1118 0.000 -0.835 0.062

SP34 -4.091 0.000 2215 0.000

SP58 -1.972 0.000 -1.013 0.207

SPH3 -1.650 0.007 2.442 0.000

SPH33 -1.821 0.004 2.416 0.000

SPH4 2.542 0.000 -3.158 0.000

SRP1 2.665 0.008 0210 1.000

26




SRP3 -2.871 0.001 -1.235 0.666
-1.323 0.038 0.016 1.000

-1.730 0.018 -0.415 0.943

-1.251 0.002 -1.301 0.004

Tube -1.672 0.000 -0.912 0.003
_ -3.243 0.002 2299 0.109
attacinl -4.240 0.000 -3.680 0.000
attacinl0 -4.036 0.000 -2.551 0.070
attacinl 1 -4.487 0.000 -3.507 0.000
attacin2 -1.955 0.023 -1.943 0.099
attacin3 -3.758 0.000 -6.531 0.000
attacin4 -2.967 0.000 -3.197 0.000
attacin5 -4.901 0.000 -4.864 0.000
attacin7 -3.984 0.000 -3.641 0.000
attacin8 -4.042 0.000 -3.066 0.000
bGRP2 -4.080 0.000 -2.318 0.019
cecropinl -0.825 0.126 -1.993 0.000
-2.398 0.000 -3.466 0.020

cecropinl5 -1.060 0.069 -2.521 0.000
cecropin2 -5.051 0.000 -6.331 0.000
cecropind -5.382 0.000 -3.920 0.000
cecropin5 -3.017 0.000 -5.638 0.000
cecropin6 -2.667 0.000 -3.494 0.000
-2.298 0.000 -2.356 0.000

gallerimycinl -2.890 0.000 -3.408 0.000
-1.459 0.116 -3.143 0.000

lebocin-A -1.114 0.041 -2.442 0.000
lebocin-B -2.757 0.004 -2.597 0.029
lebocin-C -2.553 0.000 -2.449 0.000
lebocin-D -5.091 0.000 -5.543 0.000
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A leureptin3 -3.967 0.000 -1.423 0.342
c lysozyme-like-

protein-1 -1.693 0.000 -1.049 0.013
c lysozyme-like-

protein-4 -1.236 0.026 -0.714 0.599
A moricinl -3.481 0.000 -3.801 0.076
A reelerl -0.554 0.514 -2.264 0.000
C scolexinA -4.507 0.000 -3.937 0.000
C scolexinB -1.308 0.000 -0.456 0.696
A serpin-10 -1.307 0.010 -0.118 1.000
C serpin-11 -2.944 0.000 -1.217 0.000
C serpin-12 -1.380 0.000 -0.776 0.006
A serpin-14 -2.580 0.000 0.123 1.000
C serpin-2 -2.244 0.001 -2.831 0.000
A serpin-3 -2.031 0.000 -0.558 0.524
A serpin-4 -1.655 0.000 -0.682 0.001
C _ -0.595 0.221 -1.009 0.047
A serpin-6 -3.127 0.000 -0.981 0.375

*: Eleven genes shaded green were only specifically induced by Spitzle-2. 54 genes labeled with A were
expressed higher at 6 than 24 h, 3 gene were expressed higher at 24 than 6 h, 30 genes labeled with C were
expressed similar at 6 and 24 h.

Table S6. The primers used for proS

pitzle-1A, 2 and 7 cloning

Gene

forward primer

reverse primer

proSpitzle-1A

J196: CCATGGGAATTCACAAATGCAAAGACTGCT

J197: CTGCAGTTACTCGAGTATGATTGTCAATTTGGC

proSpiétzle-2

J190: CCATGGGAATTCAAACTACAGAATACGTGCCT

J191: CTGCAGTTACTCGAGCTTGTTATCGTTCAT

proSpitzle-7

J194: CCATGGGAATTCGTAAATTGGACATTCC

J195: CTGCAGTTACTCGAGATCAAATTCTGAAGTG

Figures
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1 CGCGTGCCCAAACCGCTCCGCATCTCAGTTGCGAATCGAAGCCCAACGTGGACATACGTG
61 CGATCAGCTCATAGCAAAACAAGATGTATCGCGGACTTTTTGTTATTTTAGCCATCGGCG
=22 M Y R G L F V I L A I G
121 GCTCGCAAGCAGCTAACGCCGCATCTGCAAAGAAAACTACAGAATACGTGCCTATAAAGT
-10 G S Q A A NAASAIKI KT TTUEYV P I K
181 ATCCAGGCCCGATCCAGCAAATAGAAACCAAATATGGAACGGATGAAGACCATGTGCCCG

11 Y PGP I Q QI ETZ XK YGTTDETDHV P
241 ARCAATGCAAGAACAAAAACTTCTGTACAATAAAACCAGCTGATTACCCTCAAGAGCAGT
31 E Q C K NKNTFOCTTIZ KT PATDTYPOQEQ
301 TCAACGCGATGTTTAAAGGAACGAAAACCCTACCGCCGCCCACTCTCTTCATAGAAGCTT
51 F NAMTFIZ KGTI KTTLU®P®PPTILTFTIE A
361 ATGGTGATAGACAAGGGGACCCAGACGCGTTCGACAATTGCGACACCGAGGTCACGTACG
71 Y G DR|]g 6D PDATFTUDNTCTDTEVTY
421 AGCCGTTGTACAAAGTACGCAGCGCAAGAGGCCAGTGGCACACAGTAATCCAAGCGCCTG
91 E P L Y KV RSAZAZzRTGTU OQTWUHTVIOQATFP

481 AGGAGAATTACATCCAGAAGGTCCGGTTAGAGACTTGCAAGGAGGTGGAGAGCTCTTGCT
111 E EN Y I Q KV RULETTCI KEVE S S C
541 TCACAGCTGTGTCATCCCTCGTGCCAACAATTACTACGTTCTGCAAACAGAAATACAGCG
131 F T AV S S L VP TITTT FU CI KOQI K Y S
601 TATGGCAAGTCCTTGTATCGGACGGCAACAACGGTACAGAGCCAATCAAGGTGGAACTTC
151 vV WwWQ VLV S DGNNGTE P I KV E L
661 CTATATGCTGTTCTTGTCATTATAAAATGAACGATAACAAGTAAACGCGGACTTTATTAA
171 P I €C C S CH Y KMNDN K *

721 CCGGAGGAACGTCAGAGCGCTTTTGTTCTTCATTCAAATGAACGCGCCATTAGTTTGACG
781 TCAAACTGACGGATCGTTTCATGTCAATGTGACAACTGGCTAATGTCATATTGACTGTAA
841 ATTAGGCCCGCGCGAGAGTGGCGGCTTTTTGGAAACGCTTTGTTTATAGAATGTCATTCA
901 AATGTTAAAAGATTTTTCTTTAGTGTTTATTTGTACAAAGTATTTTAATGAATGTATATT
961 GTTTTGTATACCTATATTTGATGAAGCGGGAAAAAAATCAAAAATAAGTTTATTTTAAAC
1021 ATCACGAAATAGTGGATACTATCAATATTGGTATTATTATTTTGAGAATTTTATTATAAT
1081 AATATGTTCTTGATTATTCAAGCATTATGCATTGTATTAAATTATATTGCTATTAATTGT
1141 ATAACTGGTACACGAAATCAATTAGGTACTTAATAAGACTTTGTAAATATTTTTTTTCCC
1201 AR

Fig. 1. cDNA and deduced amino acid sequences of M. sexta proSpitzle-2. The one-letter
code for each amino acid is aligned with the second nucleotide of the corresponding codon.
The stop codon is marked with “*’. The predicted secretion signal peptide is underlined. The
proteolytic activation site is indicated with * || ’. The N-terminal sequence, determined by
Edman degradation, of the activated form of Spitzle-2 after cleavage by PAP3 is shown in
red. Putative N and O-linked glycosylation sites are shaded in yellow. The cysteine amino
acids for linking disulfide bond are shown in green. AATAAA sequences (shown in blue)

near the end of the 3-UTR are potential polydenylation signals.

29



iDa a 2 3 1 2 3 wa 1 2 3 1 2 3 wal 2 3 4 o 1 2 1 2
) . E i
50~ e 150 ™ 75
50- 4 = 100- 3 50- 50 -
37- 37-( pen o - L i 37
; . { s0- i 37 a1l
3 | .. =<
— a7-
e = 25
N - o= o — 5'.. e 2 <
25- ¥ -
- ] 20~ i . < =
20 20- —— 20- - 15 - X
< 15 ~ < <
15- 15
. [ 15- i
+DTT -DTT +DTT -DTT -DTT +DTT +DTT -DTT  +DTT -DTT
CBB 6-His Ab 6-His Ab Spitzle-2 Ab silver

Fig. 2. SDS-PAGE and immunoblot analysis of M. sexta Spitzle-1A and -2.

(A) The 12% SDS/PAGE analysis of the purified proSpétzle-1A (left) and -2 (right) from S{9
cells. Aliquots of the protein (1.0 pug for staining) were treated by SDS sample buffer and
detected by Coomassie brilliant blue (CBB). Positions and sizes of the Mr makers are
indicated. Immunoblot analysis of the PAP3 proteolytic products of M. sexta Spétzles
precursors following 12% SDS (B) Spitzle-1A (C) Spétzle-2. The purified proSpétzle-1A or
2 (200 ng/uL, 1 uL) were separately incubated with PAP3 (40 ng/uL, 1 puL) in 22 puL reaction
buffer (0.001% Tween-20, pH 7.5, 20 mM Tris-HCI, 5 mM CaCl2) at 37 °C for 1 h. The
reaction mixtures and controls (40 ng PAP3 or 200 ng proSpétzle only) were distributed into
2 tubes (12 pL/tube) and treated with 1 x SDS sample buffer with (left) or without (right)
DTT at 95 °C for 5 min. After electrotransfer, immunoblot analysis was performed using
1:1000 diluted antibody against the hexahistidine tag. (Lane 1, 100 ng proSpatzle-1A or -2;
lane 2, 20 ng PAP3; lane 3, both Spétzle-1A or -2 and PAP3). (D) Deglycosylation of
Spitzle-2. 0.5 uL PNGase F (500,000 U/mL), 1 pL O-Glycosidase (40,000,000 U/mL) and 1
puL Neuraminidase (20,000 U/mL) were added to 200 ng proSpétzle-2 (lane 3) and 200 ng
proSpiétzle-2 already processed by 40 ng PAP3 (lane 4) for de-N and O-glycosylation at 37
°C for 2 h, with the control of proSpétzle-2 (lane 1) or active Spitzle-2 (lane 2) only without

the enzymes involved in deglycosylation. After electrotransfer, immunoblot analysis was
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performed using 1:2000 diluted antibody against the Spétzle-2. The Spéitzle before and after
glycosylation are marked in blue and red, respectively. (E) Silver stain gel of active Spétzle-
1A (left) or 2 (right) after purification. 500 ng/lane treated with 1 x SDS sample buffer with
(lane 1) or without (lane 2) DTT running in 15 % (Spétzle-1A) or 12 % (Spétzle-2) SDS gel.

The Spitzle precursor and active form are marked with circles and triangles, respectively.

A BSA Spitzle-1A Spétzle-2 B
naive %% !
6 24 48 6 24 48 6 24 48 (h) 8 I | l
HAIP “~ — A - — - — -y e g _L l —L
Q3
batch-1 3 6 -
[T
lysozyme Qf,
' 2
3
HAIP - — — - 8 4
s -— S e ]
— P
| batch-2 %
lysozyme 8
> 5]
HAIP |/ e B - e e
batch-3 0 S — = =
Weszying . ] “naive 6 24 48 6 24 48 6 24 48 (h)
- BSA Spitzle-1A  Sptzle-2

Fig. 3. Effects of injected Spitzle on lysozyme levels. Fifth instar, day 1-2 larvae were
injected with BSA, or activated Spétzle-1A or 2. Six, twenty-four and forty-eight hours later,
injection and non-injection naive hemolymph was collected. (A) Immunoblot analysis of M.
sexta lysoszymel or HAIP (loading control) protein level in 1 pL cell-free hemolymph
samples. (B) Lysozyme activity of cell-free hemolymph between non-injection naive and
injection groups. H>O is the negative control. Western blot and lysozyme activity
experiments both did three biological replicates (**, P<0.01, compared to the naive control

group).
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Fig. 4. Expression heat map of 53 induced effectors (A), 23 Toll (B), 12 Imd (C) and 17 JNK
and JAK/STAT (D) intracellular signaling molecules. On top of the heat map, fat body of the
10 RNA-seq datasets are indicated as naive larvae, BSA, Spitzle-1A and 2 injections at 6 or
24 h larva, Ms-12 cell line non-treated control, E. coli PG treatment at 6 or 24 h cell line.
Log> (TPM+1) values for these immune-related transcripts are shown in the gradient heat
map from dark blue (0) to maroon (>10). The values of 0—0.49, 10.50—1.49, 1.50-2.49 ...
8.50-9.49, 9.50—10.49, 10.50—11.49, 11.50—12.49 are labeled as 0, 1,2 ... 9, A, B, C,
respectively. Relatedness in expression patterns revealed by hierarchical cluster analysis is

shown on the left, with abbreviated protein names marked in different colors.
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Fig. 5. Toll or Imd preference of 119 differential expression gene isoforms. The maximum
log> fold change of Spétzle vs BSA (Toll) is set as X value, the maximum log fold change of
E. coli PG vs control (Imd) is set as Y value, 119 isoforms with X, Y values are labeled as
blue dots, names of 34 AMPs are shown close to the dots. The closer to the Y (Toll induction
level) or X axis (Imd induction level), the more preferential to Toll or Imd pathway,
respectively. The red dash line whose slope is 1 stands for the boundary between Toll and

Imd (50 % of both pathways).
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1 AAAATAAGCAATTTAGTTATTATTTAAGGCGCTGCTCTAAGTCCTGACAGCAGTAGTCCT

61 CAAGCCTCGGCCAGTGTTGATGCTCGTGCCACATCAAAAAGTAGAGTTATTGTGAATATT
121 GCAACGTAGAACATAAAAATAAAATGGCGTCTGTAACTTTAATGTTTACGGTGGTGTTGG
-22 M A S V T L M F T V V L
181 TAGCCTTGAGTCGATCTGCAGTTACAGCAAGTAAATTGGACATTCCCCCAGAATGTARAG
-10 VA L S RS AV TASZ KTULTDTIZPZPE C K
241 ACAAAATGTTTTGCGACGTCGAGCCCGCGTTCTACAACGAATACAGAGAAGACATCGAAC
11 D KMFOCDVETP-ATFTYNETYRTETDTIE
301 TCAAGTTTAAACCCATTAAAAGTATGTGGAATTTGGCCGATAATTATAACTATGATTATC
31 L KF KP I KSMW®WNTULA ATDNYNYDY
361 ARGCGAGGGAATATACTTTTGAGAATAACTGCAACTATGTTAAAGAGATGAGTACGCCGT
51 Q AR|E Y TFENNG CNYV VI KTEMSTP
421 ACCTCGTGCACTCGAACGGGACAGCAAAGATCATCGTGCAGACCTCTTTTTACAAGCAAC
71 Y L VH S NGT 2a2ZZ KTITIVQTSTF Y K Q
481 GTTTCATGACAACGAGATGCGTGGACTCGTTCTCCAATGCGGCCGATGGTGAGCAATGCT
91 R FMTTU RTG CVDSTF SN AR ZDTGTEQ C

541 TCAAAGGCATTTTAAGTGGGAACTCAAGAGGCAGCTGCAAGACCAAATATACAAACATTA
111 F K G I L S G NS R G S CKTI K Y TNI

601 TTTTGTATGCGTACGACGAAGCGAACAAGAGAATCCAACGACTTCCTATTGAGGTGCCCG
131 I LY A Y DU EA ANI KU RTIOQIRTULUPTIE V P

661 TGTGCTGCTACTGCGGCATCACTTCAGAATTTGATTAGTTCCGACGGAGAATACGTTTTT
151 v cC Y C G I T S E F D *

721 AAATTTAAGTCTTAATGAAACTAAATAGTGAATTAGACATTAATTGGTATTTGTGTATAA
781 ATTGAAACCAAAGAATCTGTTATGATAATAAATATTAAGCATC

Fig. S1. cDNA and deduced amino acid sequences of M. sexta proSpétzle-7. The one-letter
code for each amino acid is aligned with the second nucleotide of the corresponding codon.
The stop codon is marked with “*’. The predicted secretion signal peptide is underlined. The
proteolytic activation site is indicated with * || >, Putative N-linked glycosylation sites are

shaded in yellow. The cysteines for linking disulfide bond are shown in green.
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Fig. S2. SDS-PAGE and immunoblot analysis of M. sexta Spétzle-7. (A) Immunoblot
analysis of the PAP3 proteolytic products of M. sexta Spétzle-7 precursors following 12%

SDS. The reaction method is the same as Spitzle-1A and 2 (Fig.2). (B) The purified
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proSpétzle-7 (200 ng/pL, 1 uL) were separately incubated with 1uLcell free hemolymph
from naive (CH), immune challenged (IH) or bar (BH) stage larva, and 1 pL elicitor (a
mixture of Escherichia coli, Micrococcus luteus, and curdlan) are incubated together at 37 °C
for 4 h with the control of 100 ng proSpétzle7 only. After electrotransfer, immunoblot
analysis was performed using 1:1000 diluted antibody against the hexahistidine tag. (C)
Deglycosylation of proSpétzle-7. 0.2 pg proSpitzle-7, with 0.5 pL PNGase F, or 1 puL O-
Glycosidase and 1 pL Neuraminidase, or both for de-N-glycosylation, de-O-glycosylation or

de-N, O-glycosylation at 37 “C for 2 h, with the control of proSpétzle-7 only without the

enzymes involved in deglycosylation. After electrotransfer, immunoblot analysis was
performed using 1:2000 diluted antibody against the Spétzle-7. The Spatzle before and after

glycosylation are marked in blue and red, respectively.
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Abstract

Sequencing and annotation of the genome of Manduca sexta have greatly enhanced
its role as a model for lepidopteran insects and beyond. While pattern recognition
receptors, nondigestive serine proteases, serpins, cytokines, intracellular signal
transducers, and antimicrobial effectors are identified based on homology, it is unclear
how induction of defense proteins is regulated by specific immune pathways. Beginning
to address these questions, we performed a transcriptome analysis of fat body, hemocytes
and midgut at 6 and 24 h after larvae had been injected with phosphate buffered saline or
a mixture of Escherichia coli, Micrococcus luteus and curdlan, an insoluble B-1,3-glucan
from Alcaligenes faecalis. Under this condition, the immunity-related genes whose
mRNA levels peaked at 6 h were far more than those at 24 h in these three tissues.
According to the expression time courses found in Drosophila, the former (pattern-1)
may be preferentially controlled by the Imd-Relish pathway whereas the latter (pattern-2)
by the Toll-Dorsal pathway. A total of 215 differentially expressed genes were identified
and few of them showed consistent expression pattern-1 or -2 in all three tissues.
Injection of Enterococcus faecalis or Enterobacter cloacae induced the attacinl, 2, 10,
moricinl, lebocinD and gallerimycinl transcription to similar levels in the same patterns.
However, diapausinl, gloverin and cecropin6 are more sensitive to Enterococcus
faecalis, X-toxs is more sensitive to Enterobacter cloacae. Injection of Beauveria
bassiana induced much lower levels of the nine genes. Our results show the injection of
bacteria cannot separate Toll or Imd pathways properly in M. sexta, which is very
different from D. melanogaster. Thus, it confirms the complexity of host-pathogen

interactions and innate immune response pathways in other non-dipteran insects.
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1. Introduction

Insect immunity has been an active subject of entomological research for over four
decades, especially in in Drosophila. With the identification of Toll, Imd, and other
signaling pathways, significance of the genetic research goes far beyond insects
(Lemaitre and Hoffmann, 2007; Capo et al., 2016; Ramet, 2012; Valanne et al., 2011,
Ramet et al., 2002; Baeg et al., 2005; Ragab et al., 2011; Kingsolver et al., 2013), as
similar pathways are active in innate immune responses of human (Hoffmann and
Reichhart, 2002). In the fruit fly, Toll pathway primarily respond to fungal and Gram-
positive bacterial infection whereas Imd, Relish and other intracellular proteins form
another major pathway for fighting off Gram-negative bacteria. Aseptic wounding causes
small and temporary increases in antimicrobial peptide (AMP) expression; DAP-PGs
induce through the Imd pathway larger increases in AMP production that peaks at 6—10
h, followed by a sharp decrease; Through a serine protease cascade and the Toll pathway,
Lys-PGs of Gram-positive bacteria and -1, 3-glucans of fungi lead to steady increases in
AMP synthesis over a period of 24 h or longer (Lemaitre and Hoffmann, 2007). Some
AMP genes (e.g., DIM1) are Toll-specific, others (e.g., Diptericin) are Imd-specific, and
Drosomycin is up-regulated through Toll mainly and Imd modestly. More AMP genes
are controlled by both pathways, due to overlaps of or cross-talks between them (Lindsay
and Wasserman, 2014).

The simple Drosophila model has greatly impacted immunological research in other
insects. It provides a framework for placing orthologous proteins in corresponding
pathways in genome annotation (Christophides et al., 2002; Zou et al., 2007; Cao et al.,

2015). On the negative side, most researchers treat the model as dogma without proper
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validation. Solid data are scarce regarding the specificity of signaling pathways toward
different microbial groups. Neither is it rigorously tested whether the temporal activation
of Toll and Imd pathways is true in other insect systems. Researchers generally believe
that genes regulated by the Imd pathway show an acute phase profile of rapid rise and fall
of mRNA, whereas target genes of the Toll pathway exhibit a late and sustained
expression pattern. Considering pathway specificity and time course as open questions
for other insects, we designed experiments to address the concerns in Manduca sexta.

M. sexta has long been used as a model to study the biochemistry of insect immunity.
The genome analysis (Kanost et al., 2016) greatly enhanced its role in biochemical and
molecular investigations, especially those require substantial quantities of tissues, cells,
and body fluids. Predicted genes related to immunity are among the best annotated ones
in this species, encoding proteins involved in pathogen recognition (CTLs and other
PRRs) (Rao et al., 2015; Zhang et al., 2015), signal transduction and modulation (SPs,
SPHs, serpins, cytokines, intracellular signal transducers) (Cao et al., 2015a and b; Li et
al., 2018), and effectors that kill or sequester microbes (e.g., AMPs) (He et al., 2015).
Expression profiles for the 583 genes in 52 tissue samples collected at various life stages
provide an overview of their transcriptional regulation in relation to development and
tissue specificity. Prior to that, two EST projects yielded useful information on innate
immunity in fat body, hemocytes, midgut, trachea, and integument before and after an
immune challenge (Zou et al., 2008; Zhang et al., 2011). The later genome-independent,
quantitative RNA-seq analyses revealed process- and tissue-specific expression of
immunity-related genes and -unrelated, such as metabolic enzymes. Due to historical

reasons (e.g., technical limitations), those genome-independent studies lack the
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throughput needed for accurate calculation of induction ratios, biological replicates for
assessing statistical significance and data from midgut, a tissue actively involved in the
balance of commensal and pathogenic microbial populations. In this study, we first did
RNA-Seq analysis of the three tissues at two different times after injection of a mixture
of killed bacteria and its component (curdlan) to identify Imd or Toll-specific genes
based on their predicted time courses. Then, we used quantitative real-time PCRs to
quantify mRNA levels of the candidate genes in a new set of tissue samples from larvae
separately challenged with killed E. faecalis, E. cloacae, and B. bassiana, representing
Gram-positive and -negative bacteria and fungi, to larvae and studied tissue-specific
expression of selected genes during immune induction. Lessons learned during this
difficult project truthfully reflect the huge differences between the fruit fly and the
tobacco hornworm. Implications of the findings in other insects are discussed along with
our recent findings on pattern recognition receptors at the level of molecular mechanisms.
2. Methods and materials
2.1. Insect rearing, bacterial injection, RNA isolation, library construction, and Illumina
sequencing

M. sexta eggs, purchased from Carolina Biological Supply, were hatched and reared
on an artificial diet (Dunn and Drake, 1983). Forty-eight day 2, 5" instar larvae were
injected with 20 uL phosphate-buffered saline (PBS) as wounding controls and a mixture
of Escherichia coli (2 x 107 cells), Micrococcus luteus (20 pg) (Sigma-Aldrich), and
curdlan (20 pg, insoluble B-1,3-glucan from Alcaligenes faecalis) (Sigma-Aldrich) in 20
uL H>O per larva (Wang and Jiang, 2017). Total RNA samples were extracted from PBS

injected fat body (CF), hemocyte (CH), and midgut (CG) and induced fat body (IF),
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hemocytes (IH), and midgut (IG) 6 and 24 h later using TRIZOL Reagent (Thermo Fisher
Scientific). PolyA+ RNA was separately purified from the total RNA samples (1.0 mg
each) by binding to oligo(dT) cellulose twice in the Poly(A) Purist™ Kit (Ambion). First
strand cDNA was synthesized using mRNA (5.0 pg), random dodecanucleotides (100
pmol), and SuperScriptTM III reverse transcriptase (1000 U, Life Technologies Inc.).
RNase H treatment, second strand synthesis, and gap joining were performed according
to the published protocol (Zou et al., 2008). After shearing via nebulization, the samples
were end-repaired (Roe, 2004) and ligated to double-stranded adaptor A and biotinylated
adaptor B (Margulies et al., 2005). Another control group including naive fat body (NF),
hemocyte (NH), and midgut (NG) RNA were prepared from day 2, 5™ instar naive larvae
(12). The 9 naive libraries were constructed by Henry Bellmon Research Center at
Oklahoma State University using the KAPA mRNA HyperPrep Kit for Illumina
Platforms. The challenged and control libraries were sequenced on Illumina NextSeq 500
platform (Illumina, USA) using Mid-Output Kit (2 x 75 bp). FASTQ files of raw-reads
were produced and sorted out by barcodes for further analysis.

2.2. Assembly of transcriptomes and identification of differentially expressed transcripts
(DETs)

RSEM (Li and Dewey, 2011) package was applied for calculation of normalized gene
expression value TPM. Subsequently, DETs between the control and treatment libraries
were calculated based on the significance level (p value <0.05) using DESeq2 package in
R environment (Love, Huber and Anders, 2014). These transcripts with expression base
mean more than 10, fold change more than 2 or less than 0.5 folds were considered as up-

and down-regulated genes, respectively. For principal component analysis (PCA), PCs,
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PC variances, and PC scores were calculated using eigen function in R language (Chen et
al., 2015).
2.3. Quantitative real-time PCR analysis

Day 2, fifth instar larvae of M. sexta were injected with 20 pL dead E. cloacae (Asoo =
1), E. faecalis (Asoo = 1) or B. bassiana (2x107 conidia/mL) suspension, separately. E.

cloacae and E. faecalis were at stationary phase in LB broth (A600 =~ 1.0), B. bassiana

was cultured on potato dextrose agar (PDA) plates then suspended it into YEPD (yeast
extract peptone dextrose) medium at 25 °C 200 rpm 48h until it had 2 x 107 conidia/mL,
all the three pathogens were autoclaved at 121 °C 20 mins separately, which were used
for killed pathogen suspension injection (20 pL/larva). Fat body (FB), hemocytes (HC),
and midgut (MG) were dissected for RNA isolation. cDNA synthesis and qRT-PCR
analysis of antimicrobial peptide mRNA levels were performed using specific primers
(Table S1) for them and rpS3. Amplification efficiencies of the cDNA fragments were
determined as described before (Schrag et al., 2019). Relative antimicrobial peptide
mRNA levels were calculated as (1 + Erps3) <45/ (1 + Ex) €%
3. Results
3.1. Overview of lllumina transcriptome data

In the genome level of 15542 structural genes, we totally identify 2841 genes up-
regulated after injection of PBS buffer in at least one tissue, indicating that they may be
involved in the wounding reaction. In addition, 2749 genes get induced and 3380 genes
are down-regulated after injection of the dead mixture of pathogens in at least one tissue
at 6 or 24 hours compared to both naive and PBS wounding group. In fat body, 1231

genes get up-regulated at 6 h, 558 genes at 24 h, 1290 genes are down-regulated at 6 h,
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619 genes at 24 h. 287 genes are up-regulated and 199 gens are down-regulated at both 6
and 24 h. 1417, 326, 1392, 341, 714, 373, 1016, 372 gens are up-regulated at 6 and 24 h,
down-regulated at 6 and 24 h in hemocytes, midgut, respectively (p<0.05) (Table 1).
3.2 Tissue-specific immune genes

In annotated IMRGISs, 215 (31 %) isoforms are up-regulated whose expression levels
are shown in Fig. 3, and 94 (14 %) isoforms are down-regulated in either FB, HC or MG
(baseMean>10, LogoFC<-1 or >1, padj<0.05). Among them, 163 (24 %) isoforms are
induced in FB at 6 or 24 h. Among them, 19 isoforms are in the Toll signaling pathway, 6
are in the Imd pathway. AMPs such as 7 diapausins, 4 X-toxs, 4 WAPs, all 11 attacins
except attacin9, all 15 cecropins except cecroping, 11, 13, 14, 2 defensins, all 3
gallerimycins, 1 gloverin, all 4 lebocins, lysozymel, all 6 moricins are all induced either
6 or 24 h in FB. Ninety isoforms are up-regulated in FB at both 6 and 24 h, for example,
diapausinl, 5, 9, 10, 12, 13, Cactus, HP5, Pelle, Relish,4 X-toxs, attacinl-4, 6-8, 10,
cecropinl-7, 9, 10, 15, defensin3, 4, all 4 lebocins and 6 moricins, etc. While only 36 (5
%) isoforms are down-regulated at either 6 or 24 h in FB, including serpinl A, 19-21. Six
isoforms (Atg3, Cathepsin26_29kDalike2, HP3, IML-13, Tollip-1, serpin-20) are down-
regulated in FB at both 6 and 24 h. In HC, 147 (21 %) isoforms are up-regulated at 6 or
24 h. Among them, 18 molecules are involved in Toll signaling, while 7 are in Imd
signaling pathway. The AMPs induced in HC includes diapausinl, 13, 4 X-toxs, WAP7,
11, 12, attacinl-8, 10, 11, cecropinl-7, 9, 10, 12 15, defensin4, gallerimycinl, 2,
gloverin, 4 lebocins, lysozymel and 6 moricins. Fifty-eight isoforms are induced in HC at
both 6 and 24 h, including MBP, PGRP1, PIRK, 4 X-toxs, WAP11, 12, attacin1-8, 10,

cecropinl, 5-7, 9, 10, 15, defensin4, gallerimycinl, 2, glovein, lebocinB-D, lysozymel
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and moricinl, 3-6. While only 55 (8 %) isoforms are down-regulated in HC at 6 or 24 h.
Three genes (Spz6, Toll7 2, and WAP13) are down-regulated in HC at both 6 and 24 h
significantly. In MG, 115 (14 %) isoforms are induced at 6 or 24 h, including 14 Toll and
7 Imd signaling components. AMPs such as diapausin9, 12, 13, 4 X-toxs, WAP3, 11, 12,
attacinl-8, 10, 11, cecropinl, 4-6, 9, 12, 15, defensin3, all 3 gallerimycins, gloverin, all 4
lebocins, lysozymel and moricinl, 3, 6. Fifty-nine isoforms are up-regulated in MG at
both 6 and 24h, including diapausinl3, Cactus, MBP, PGRP1, all 4 X-toxs, WAP11, 12,
attacinl-4, 6-8, 10, cecropinl, 4-6, 12, 15, defensin3, gallerimycinl-3, gloverin,
lebocinA-D, lysozymel, moricinl, 3. While only 30 (4 %) isoforms are down-regulated
at 6 or 24 h in MG, including serpin-17 and 20. Five isoforms (Cathepsin26 29kDalikel,
GP69, HP1a, IML-7, and Multicystatin) are down-regulated at both 6 and 24 h (Table 2).
Seventy-two isoforms have no tissue-specificity, which are up-regulated in all three
tissues, including diapausinl3, 8 Toll and 6 Imd signaling pathway components, all 4 X-
toxs, WAPI11, 12, attacinl-8, 10, 11, cecropinl, 4-6, 9, 12, 15, gallerimycinl, 2, gloverin,
all 4 lebocins, lysozymel, moricinl, 3, 6. However, 30 isoforms are specifically induced
in FB, such as diapausin4, 5, and 10, HPS, Spz6, Toll5, and WAP1. Another 30 isoforms
like HP8, IMD, SPH101, SPH1a, SPH1b, WAP7, 10 isoforms of serpinl are only
specifically induced in HC. Seventeen isoforms are MG specifically induced including
Dif, Dorsal and caspase genes (Fig. 1A). PCA of OGS2 shows the genes in FB and HC
are more similar, which have much more variance with MG (Fig. 2A). The lower
percentage of “defense” genes are up-regulated in MG (only 6 and 14 % genes are up-
regulated in OGS2 and IMRGIs). An alternative explanation is that the mixture of dead

pathogens is injected into hemocoel, the gut cells indirectly receive the signal of invasion.
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In summary, most of diapausins can found in FB, HP8 and SPH1 variants can be induced
only in HC, and caspase genes are MG-specifically induced.
3.3 Early and late immune response genes

Among the 163 induced isoforms in FB, 85 (52 %) isoforms are induced higher at 6
than 24 h (early response). Only 7 isoforms are induced higher at 24 than 6 h (late
response), which are diapausinl, 4, 9, 12, WAP3, cecropin9, and 10. Among 147 induced
isoforms in HC, 96 (65 %) isoforms are early response to the pathogens. Only 4 isoforms
(SPH1a, WAP7, 11, serpin-2) are late response patterns. Fifty-one (44 %) of 115 induced
isoforms in MG are higher expressed at 6 than 24 h. While only 6 isoforms (diapausin9,
12, Cathepsin26_29kDalike3, LRR-TMP9, cecropin9, scolexinA) are higher expressed at
24 than 6 h. Twenty-eight isoforms are expressed higher at 6 than 24 h in all 3 tissues,
such as Cactus, HP14a, PAP1, PGRP1, PIRK, Relish, SRP1, SRP3, 3-tox4, attacin2, 10,
11, cecropinl, 15, gallerimycin2, gloverin and moricinl. However, no genes are higher
expressed at 24 than 6 h in all 3 tissues, indicating that a lot more genes are up-regulated
at 6 than 24 h (Fig. 1B). PCA of IMRGIs shows that the difference between induced at 6
h and control groups is much more significant than that between induced at 24 h and
control groups in all 3 tissues (Fig. 2B, C, D). Overall, most of diapausins are late-
response (expression level at 24 higher than 6 h) genes, but most of other AMPs can be
induced at a very early time at 6 h after immune challenge, and then reduced at 24 h.
3.4 Dead pathogens induction

In order to find pathogen preference, we inject three dead pathogens separately.
Diapausinl and lebocinD are selected as Toll pathway preferential genes, while

gallerimycinl and X-toxs are selected as Imd pathway specific candidate genes.
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Diapausinl are more sensitive to the Gram-positive bacteria with the expression pattern
of 24 h higher than 6 h, but lebocinD are equally reacted to both kinds of bacteria, the
expression pattern of which is also 24 h higher than 6 h (Fig. 4). The expression pattern
of these two Toll pathway specific candidate genes are similar with drosomycin in D.
melanogaster (Hoffmann and Reichhart, 2002). X-toxs are more sensitive to the Gram-
negative bacteria with the pattern of 24 higher than 6 h (Fig. 4), which is similar with
diptericin in D. melanogaster (Hoffmann and Reichhart, 2002) but with a different time
pattern. Some other AMPs like gloverin and cercropin6 are more sensitive to Gram-
positive bacteria with the patter of 24 h higher than 6 h, but other AMPs like moricinl,
gallerimycinl and attacinl, 2, and 10 are equally responded to both bacteria (Fig. 4). The
expression levels of moricinl are similar at 6 and 24 h, while that of gallerimycinl,
attacinl, 2, and 10 are higher at 6 than 24 h. For the killed B. bassiana fungi injection, the
induced level are almost 10 folds lower than the bacteria injections. All the other eight
genes are expressed higher at 6 h then reduced at 24 and 48 h, except diapausinl, which
expressed higher at 24 than 6 h. All the genes got highly induced, but all go back to
normal level at 48 h after 3 killed pathogen injections except diapausinl, which is a very
slow response to the pathogens and whose peak is at 24 or 48 h (Fig. 4). Therefore,
Gram-negative and positive bacteria can induce both Toll and Imd pathways non-
specifically in M. sexta. Using bacteria injection cannot separate Toll or Imd pathways
properly in M. sexta, which is very different from D. melanogaster.
4. Conclusion

The 215 immunity-related transcripts discovered are involved in recognition, signal

transduction and modulation, and execution mechanisms. Moreover, we find that most
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genes displayed mRNA profiles of early response to the pathogens, which are expressed
highly at 6 h and reduced at 24 h. We also found the order of the tissue induced level is
fat body, hemocytes, and midgut. Diapausins are more preferential to be induced in fat
body, some of extracellular serine proteases are specific in hemocytes expression, and
caspase are midgut-special genes that get induced upon the immune challenge.
Additionally, our results also indicate Gram negative and positive bacteria can induce
both Toll and Imd pathways in M. sexta. The Toll pathway-specific candidate genes,
diapausinl are more sensitive to the gram-positive bacteria, but lebocinD are equally
reacted to two kinds of bacteria. The Imd pathway-specific candidate gene, X-toxs are
more sensitive to the gram-negative bacteria, whereas gallerimycinl are equally reacted
to two kinds of bacteria. Some other antimicrobial peptides like gloverin and cercropin6
are more sensitive to gram positive bacteria, most of other antimicrobial peptides are
equally responded to both bacteria. Therefore, using bacteria injections cannot separate
Toll or Imd pathways properly in M. sexta, which is very different from D. melanogaster.
Taken together, this study provided a view of immune-related gene expression
profiles in response to distinct bacterial and fungal challenges in a lepidopteran insect.
Compared to the D. melanogaster work, some results are similar, but most of our work
challenged their dogma, which cannot be applied to all the other species in the same way,
thereby helping improve the understanding of host-pathogen interactions and innate

immune response pathways in insects.

Tables

Table 1. The numbers of up and down regulated genes upon immune challenge against
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OGS2 (15542 genes)

Tissues 6h up 24h up 6 or 24h up 6 and 24h up 6h down 24h down 6 or 24h down 6 and 24h down
FB 1231 558 1502 (10%) 287 (2%) 1290 619 1710 (11%) 199 (1%)
HC 1417 326 1528 (10%) 215 (1%) 1392 341 1606 (10%) 127 (0.8%)
MG 714 373 924 (6%) 163 (1%) 1016 372 1225 (8%) 163 (1%)

Table 2. The numbers of up and down regulated isoforms upon immune challenge

against annotated IMRGIs (684 isoforms)

Tissues 6h up 24h up 6 or 24h up 6 and 24h up 6h down 24h down 6 or 24h down 6 and 24h down
FB 157 96 163 (24%) 90 (13%) 27 15 36 (5%) 6 (0.9%)
HC 142 63 147 (21%) 58 (8%) 46 12 55 (8%) 3 (0.4%)
MG 104 70 115 (14%) 59 (9%) 26 9 30 (4%) 5(0.7%)

Table S1. The oligonucleotides primer used in real-time qPCR

Gene Forward primer Reverse primer
attacinl,10 GCAGGCGACGACAAGAAC ATGCGTGTTGGTAAGAGTAGC
attacin2 TCTTGGTCTGCCTTCTCGTT ACTCCAGCAGTCGCAGAACT
moricinl TGCTTTCTTTAACCTTTGTCCTC TATTCTAACACAGCCTATAATGCG
cercropin6 CCGTGTTTTATTCTTCGTCTTC AATCCTTTGACCTGCACCC
gloverin GCAAGTCGGCAACAATGG ACCCTGTCCTGTCAGTTTG
diapausinl AGTTCGCTAACATCGCCTTGA GGCAGCACTCGTCCTTCTCA
lebocinD CCTGTACTGCCCTCGATCAT TTGTATCCCGGGTGAGTAGC
X-toxs GAAAGACTGCAACTTCCAAGCC GATCCTATGATGGTCAGGGATACTG

gallerimycinl

AGTGCTCCTAATTTCGGTAGCCT

CTCGTAGAAGACGCATCTTGGTAA

pS3

CTCAGGCCGAGTCTTTGAGATACA

ACTTCATGGACTTGGCTCTCTGAC

Figures
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(30+17)
fat body

(18+4+34)
fat body

FB (85(52%)+7(4%)+71(44%))
HC (96(65%)+4(3%)+47(32%))

MG (51(44%)+6(5%)+58(51%))

Fig. 1. A. Tissue distribution of up and down-regulated IMRGIs (215 and 94 up- and
down-regulated isoforms). B. Numbers of induced IMRGIs involved in different time
patterns.
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Fig. 3. Expression heat map of all 215 induced IMRGIs in FB, HC or MG. On top of the
heat map, the 15 RNA-seq datasets are indicated as naive larvae (NO), PBS at 6 and 24 h
(W6 and 24), immune challenge at 6 and 24 h (16 and 24) in fat body (F), hemocytes (H)
and midgut (G). Log> (TPM+1) values for these immune-related transcripts are shown in
the gradient heat map from dark blue (0) to maroon (>10). The values of 0—0.49,
10.50-1.49, 1.50-2.49 ... 8.50-9.49, 9.50—10.49, 10.50—11.49, 11.50—12.49 are labeled
as0,1,2...9, A, B, C, respectively. Relatedness in expression patterns revealed by
hierarchical cluster analysis is shown on the left, with abbreviated protein names shown

on the right.
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Fig. 4. Nine selected AMP gene expression patterns after dead pathogens injection using

qRT-PCR. A. Two Toll-pathway candidate genes after different pathogens treatment. B.
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Two Imd-pathway candidate genes after different pathogens treatment. Injection of 20 pL
dead B. bassiana (2x10” conidia/mL), E. cloacae (Asoo = 1), or E. faecalis (Asoo = 1)

suspension.
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Abstract

Food digestion is vital for the survival and prosperity of insects. Research on insect digestive
enzymes yields knowledge of their structure and function, and potential targets of antifeedants to
control agricultural pests. While such enzymes from pest species are more relevant for inhibitor
screening, a systematic analysis of their counterparts in a model insect has broader impacts. In this
context, we identified a set of 122 digestive enzyme genes from the genome of Manduca sexta, a
lepidopteran model related to some major agricultural pests. These genes encode hydrolases of
proteins (85), lipids (20), carbohydrates (16), and nucleic acids (1). Gut serine proteases (62) and
their noncatalytic homologs (11) in S1A subfamily are encoded by abundant transcripts whose
levels correlate well with larval feeding stages. Aminopeptidases (10), carboxypeptidases (10), and
other proteases (3) also participate in dietary protein digestion. A large group of 11 lipases as well
as 9 esterases are probably responsible for digesting lipids in diets. The repertoire of carbohydrate
hydrolases (16) is relatively small, including two amylases, three maltases, two sucreases, two o-
glucosidases, and others. Lysozymes, peptidoglycan amidases, and -1,3-glucanase may hydrolyze
peptidoglycans and glucans to harvest energy and defend the host from microbes on plant leaves.
One alkaline nuclease is associated with larval feeding, which is likely responsible for hydrolyzing
denatured DNA and RNA undergoing autolysis at a high pH of midgut. Proteomic analysis of the
ectoperitrophic fluid from feeding larvae validated at least 131 or 89% of the digestive enzymes
and their homologs. In summary, this study provides for the first time a holistic view of the
digestion-related proteins in a model lepidopteran insect and clues for comparative research in

lepidopteran pests and beyond.

1. Introduction

The evolutionary success of diverse insects depends on their abilities to acquire nutrients from
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various food sources, detoxify xenobiotics, and kill pathogens. Understanding the biochemistry and
molecular biology of insect digestion, detoxification, and defense is, therefore, crucial for the
development of novel strategies that control agricultural pests and disease vectors (Terra and
Ferreira, 2012; Zhu-Salzman and Zeng, 2015; Saraiva et al., 2016). Genome and gut transcriptome
data are available from pests including Plutella xylostella (You et al., 2013; Lin et al. 2018),
Spodoptera frugiperda (Brioschi et al., 2007; Kakumani et al., 2014), Helicoverpa armigera
(Kuwar et al., 2015; Pearce et al., 2017), Tenebrio molitor (Oppert et al., 2018), Leptinotarsa
decemlineata (Schoville et al., 2018), Mayetiola destructor (Zhang et al., 2010) and Locusta
migratoria (Spit et al., 2016), and from vectors such as Anopheles gambiae (Dennison et al., 2016)
and Aedes aegypti (Canton et al., 2015). Similar data are also available from model insects like
Drosophila melanogaster (Dutta et al., 2015), Tribolium castaneum (Morris et al., 2009) and
Manduca sexta (Pauchet et al., 2010). In comparison with medically important insects, agricultural
pests feed on crops and, hence, food digestion is better studied in many of these species. Digestive
proteases and pest responses to protease inhibitors or proteolytically activated bacterial toxins have
received special attentions due to close associations with practical problems and biotechnological

applications (Khajuria et al., 2010; Srp et al., 2016; Oppert et al., 2012).

The tobacco hornworm M. sexta represents a large group of agricultural pests in the order of
Lepidoptera and should contribute to the research on insect digestive enzymes on the basis of its
well-studied genome and transcriptomes (Kanost et al., 2016; Cao and Jiang, 2017). Thirteen of the
67 RNA-seq datasets are from midgut tissues of M. sexta ranging from 2™ instar larvae to late
adults. While nondigestive serine proteases (SPs, 107) and their homologs (SPHs, 18) in the S1A
subfamily were well annotated (Cao et al., 2015), gut (serine) proteases (GPs) and their noncatalytic
homologs (GPHs) in the same group have not yet been reported so far. Prior to the genome analysis,
a study of the midgut transcriptome (Pauchet et al., 2010) provided three key functional

perspectives of this tissue during larval feeding stages, digestion, detoxification and defense. That
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research reported cDNA sequences but not mRNA levels. Lacking gene transcription details, it is
unclear which gene products are responsible for digesting major food ingredients or how their roles
may vary in distinct life stages. In comparison to SP-like proteins in S1A, less is known about other
digestive enzymes that hydrolyze proteins, lipids, carbohydrates, and nucleic acids. Although
overview of these enzymes is available for a few agricultural pests (Pearce et al., 2017; Spit et al.,
2016; Oppert et al., 2018), in-depth analysis of a complete set of digestion-related proteins is not
yet available for any insect to the best of our knowledge. In fact, there is no exquisite separation
between digestive enzymes and midgut-specific proteins, between enzymes and their noncatalytic
homologs, between extracellular and intracellular proteins, and between feeding and nonfeeding
stages. To address these problems, we examined GP(H) sequences, found new SP(H) genes in the
genome, and identified other groups of digestive enzymes. We then explored their gene expression
patterns, proposed tentative names and functions for these proteins, and identified proteins in
digestive juice from feeding larvae to validate our predictions. The systematic analysis in a
biochemical model should facilitate research on similar proteins in agricultural pests and

development of inhibitors that cause indigestion.

2. Materials and methods

2.1. Identification of M. sexta digestive enzymes and new SI1A SP(H)s

Genes of putative digestive enzymes were first selected from expression group-9, -10 and -11,
representing genes preferentially expressed in midgut tissues (Cao and Jiang, 2017). Genes with
FPKM values lower than 100 in all the 67 libraries were excluded from that study. A BLASTP
search was performed against NR database of NCBI in a local supercomputer with “hit-table” used
as the output format. Subject sequences with at least one hit (identity >25%, length >50, E-value
<10, and bit score >100) were considered as homologs of the queries. Using Python scripts, query

genes were first named after the best matched homologs based on hit-linked information. Highly
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expressed genes were manually examined to ensure accuracy. Queries without names or with but
unrelated to digestion were eliminated prior to further analysis. Gut (serine) proteases (GPs) and
their noncatalytic homologs (GPHs) in the S1A subfamily were set aside from other digestion-
related proteins for more extensive examination along with the S1A SP(H)s. Domain structures of
protein sequences in MCOT 1.0 (Cao and Jiang, 2015) and Manduca Official Gene Set 2.0 (Kanost
et al., 2016) were predicted using InterProScan 5 (v5.17). Proteins containing a chymotrypsin-like
domain were extracted for comparison with the 193 SP(H)s (Cao et al., 2015) to find new ones.
Their gene models were manually improved by crosschecking Oases 3.0, Trinity 3.0, Cufflinks 1.0,

and Manduca genome contigs (Cao and Jiang, 2015; Kanost et al., 2016).

2.2. Expression profiling

Fifty-two cDNA libraries were sequenced by Illumina technology, each representing a
sample of whole larvae, organs, or tissues at various life stages (Kanost et al., 2016). The
number of reads mapped onto each transcript in the list of digestive enzymes and their
noncatalytic homologs was used to calculate transcripts per kilobase million (TPM) in the
libraries by RSEM (Li and Dewey, 2011). Hierarchical clustering of the logo(TPM +1)
values was performed using Seaborn, a Python package with the Euclidean-based metric

and average linkage clustering method.

2.3. Sequence properties of M. sexta digestion-related proteins

For S1A SPs and SPHs, sequences were categorized by examining the presence of a His-Asp-
Ser catalytic triad. If all three residues existed in the conserved TAAHC, DIAL and GDSGGP
motifs, the proteins were considered as SPs or GPs. Sequences lacking one or more of the residues
were designated SPHs or GPHs. GP(H)s were first identified in midgut (Pauchet et al., 2010) but

GP6, GP33, GPH35 and GPH46 were expressed at similar levels in other tissues (Cao et al., 2015).
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For other digestion-related proteins, structural features were revealed by multiple sequence
alignment of homologous enzymes whose catalytic mechanisms are known. Protease families are

named based on a BLAST search of MEROP peptidase database (https://www.ebi.ac.uk/merops/).

Signal peptide was predicted by SignalP 4.1 (Petersen et al., 2011). Domain structure and catalytic

residues of each enzyme was predicted using InterProScan (Jones et al., 2014). Residues 190, 216

and 226 (chymotrypsin numbering) (Perona and Craik, 1995), which determine the primary
substrate-binding pocket, were identified from the aligned protease domain sequences for
predicting substrate specificities of the GPs. Residue annotation of Zn proteases, amino- or
carboxy-peptidases, lipases, esterases, and other hydrolases were performed using InterProScan

(v5.35).

2.4. Multiple sequence alignment and phylogenetic analysis

A multiple sequence alignment of the 80 entire S1A SP(H)s specifically expressed in midgut

were performed using MUSCLE, one module of MEGA 7.0 (http:/www.megasoftware.net) under

the default settings with maximum iterations changed to 1000. The aligned sequences were
converted to NEXUS format by MEGA (Kumar et al., 2016). Phylogenetic analysis was conducted
using MrBayes v3.2.6 (Ronquist et al., 2012) under the default model with the setting
“nchains=12*“. MCMC (Markov chain Monte Carlo) analyses were terminated after the standard
deviations of two independent analyses was <0.01 or after 10 million generations (SD < 0.01).

FigTree 1.4.3 (http://tree.bio.ed.ac.uk/software/figtree/) was used to display the phylogenetic tree.

2.5. Insect rearing and collection of digestive fluid

M. sexta eggs were ordered from Carolina Biological Supply and larvae were reared on an
artificial diet (Dunn and Drake, 1983). Whole guts, dissected from 3-5 day 1 or 2, 5" instar larvae,
were rinsed three times with sterile phosphate-buffered saline (4.3 mM Na,HPO4, 1.4 mM

KH,PO4, 137 mM NacCl, 2.7 mM KCI, pH 7.4) and once with sterile 50 mM Tris-HCI, pH 7.0 to
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remove hemolymph. After blotting with a dry filter paper, a scission was made through the midgut
epithelial layer to expose peritrophic membrane. Upon removal of the membrane and its content,
central 3/5 of the whole midgut was excised and transferred to a microfuge tube containing 100 puL
of sterile 50 mM Tris-HCI, pH 7.0 and, after gentle mixing, centrifuged at 15,000xg for 2—3 min.
About 150 puL of the supernatant was collected as a sample of ectoperitrophic fluid or digestive
juice and aliquoted for protein concentration measurement, for storage at -80 °C, and for treatment

with 1/5 volume of 6xSDS sample buffer at 95 °C for 5 min.

2.6. SDS-PAGE separation, peptide sample preparation, and LC-MS/MS analysis

Proteins in the digestive juice (6 pg) were separated by electrophoresis on a 4—15% Mini-
PROTEAN TGX precast protein gel (Bio-Rad). After Coomassie staining, the protein lane was cut
into four gel slices and processed as described before (He et al., 2016). Extracted trypsinolytic
peptides were dissolved in 45 pL of mobile phase A (0.1% HCOOH in H»0), and 10 pL were
injected onto a heated 75 umx50 cm Acclaim PepMap RSLC C18 column (Thermo Fisher) using
a vented trap-column. Peptides were separated via an HPLC gradient of 4—35% mobile phase B
(0.1% HCOOH in 20% H>0O and 80% ACN) developed over a 120-min period. Peptides were
ionized in a Nanospray Flex ion source using a charged stainless-steel needle and analyzed by MS
and MS/MS in an Orbitrap Fusion quadrupole mass spectrometer (Thermo Fisher) in DNA/Protein
Resource Facility at Oklahoma State University. Intact ion m/z’s were measured in the FT sector
at nominal 120,000 resolution, while MS/MS fragments were fragmented by HCD at 34% energy
and their fragments analyzed in the ion trap sector. Ions were selected for MS/MS using the
quadrupole (1.6 m/z width), monoisotopic precursor selection, charge state screening of ions +2 to
+6, and minimum ion intensities of 5x10*. Dynamic exclusion (45 sec) was used to minimize

repetitive MS/MS sampling, and the scan cycle was repeated every 3 sec.

2.7. Database construction and protein identification
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For peptide identification, a database named “Manduca 121119 v3” was assembled from OGS

2.0 (Kanost et al., 2016), MCOT 1.0 (Cao and Jiang, 2015), NCBI (ftp:/ftp.ncbi.nlm.nih.gov/

genomes/all/GCF/000/262/585/GCF_000262585.1_Msex_1.0/GCF_000262585.1 Msex_1.0_pro

tein.faa.gz), and a list of 545 immunity- and digestion-related genes. Peptides were identified by
searching this database with MaxQuant (v1.6.10.43) (Cox and Mann, 2008) using the default
settings, but with the variable modifications of Cys by acrylamide or iodoacetamide, oxidized Met,
cyclization of GIn to pyroglutamate, and acetylation of protein N-termini. Protein groups were

assembled by MaxQuant using principles of parsimony.

3. Results

3.1. Identification of digestive enzymes and related proteins in M. sexta, an overview

Digestive enzymes are synthesized by midgut epithelial cells and secreted into ectoperitrophic
space and gut lumen to hydrolyze food ingredients during feeding stages of insects. Based on this
definition, we examined a list of 1,323 genes preferentially expressed in the midgut (Cao and Jiang,
2017). Of these, group-9 genes are favorably transcribed from the 2" instar to pre-wandering stage
of the 5™ instar larvae (i.e., larval feeding stages); group-10 genes are specially expressed from pre-
wandering to the end of wandering stage; group-11 represents genes that are transcribed at higher
levels in the pupal and adult stages. Among the genes that produce transcripts at considerable levels
(i.e., FPKM >100), only a small portion encode digestive enzymes to hydrolyze the bulk of food
during larval feeding stages (Fig. 1). Some genes in group-10 and -11 could be related to digestion
as well, since their products may participate in midgut tissue recycling in pupae or nectar
consumption in adults. Others are also expressed in midgut at lower but substantial levels in feeding
larvae. For simplicity, we focus on digestion-related proteins in larval feeding stages. From the
BLAST search results, we have identified 174 candidate genes in these groups and classified their

protein products into hydrolases of proteins, lipids, carbohydrates, and nucleic acids.
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3.2. GPs, GPHs, and other SP-related proteins in M. sexta

The tobacco hornworm has 53 more SP(H) genes in the S1A group than reported before (Cao
et al., 2015). In the previous work, we uncovered 193 SP(H)s and divided them into 68 digestive
and 125 nondigestive based on the preliminary data of expression profiling. The former greatly
overlapped with the SP(H)s uncovered in the transcriptome study of 15,451 OGS2.0 genes (Cao
and Jiang, 2017; Table S1). Transcripts of eleven genes (GP16, 23, 29, 31, 54, 64, 67, GPH25,
SP67, 95 and 137) in a group named “<9” had similar patterns to those in group-9 but were less
abundant (FPKM <100 in all the 67 libraries). We further searched MCOT1.0 (Cao and Jiang,
2015) and Manduca OGS2.0 (Kanost et al., 2016) to identify additional S1A SP-like proteins based
on the domain features and found 53 new SP(H)s (SPH201-SP253, Table S1, Supplemental text).
0GS2.0 models of these genes were improved using MCOT 1.0 models based on Msex 1.0 genome
assembly. Ten of the 53 genes lack OGS2.0 models. SPH226, 233, 235 and SP252 belong to group-
9 or -<9, whereas SP251 is a group-11 member. Totally, 246 S1A SP(H) genes exist in the M. sexta
genome, close to 257 in D. melanogaster (Cao and Jiang, 2018). Eighty of them (66 SPs and 14
SPHs) are in group-9 (48 and 9), -<9 (11 and 2), -10 (1 and 0), and -11 (6 and 3), respectively. In
other words, nearly one third of the family members function in the midgut of M. sexta at various

developmental stages.

3.2.1. Features of the 80 SP(H)s preferentially expressed in the midgut

Except for GP28, 52, GPH50, 70 and SPH235, entire sequences of the 80 SP(H)s are 244-309
residues long (average: 276 residues) (Table S1). Almost all of them are predicted to contain a
signal peptide that suggests extracellular functions. Over half of the 66 SPs have trypsin-like
specificity, more than chymotrypsins (18) and elastases (13). Predicted proteolytic activation sites
of the 66 SPs are almost all located between Arg and Ile and, thus, a minute amount of trypsin is

anticipated to rapidly generate a mixture of trypsins, chymotrypsins, and elastases.
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While 59 of these gut SPs are expressed during larval feeding stages, transcripts of 14 SPHs
are detected in group-9 (GPH7, 41, 50, 60, 70, SPH128, 135, 226, 233), -<9 (GPH25, SPH235), -
11 (SPH79, 96, 139). Except for GPH50, 70, SPH135 and 233, all the gut SPHs have a cleavage
site between Arg and Ile/Val-Val/Ala/lle-Gly-Gly (Table S1), indicative of functional importance
because, otherwise, these sites would have deteriorated beyond recognition before long. Cleavage-
induced conformational change occurs during zymogen activation of SIA SPs (Shibata et al.,
2018). The liberated N-terminal hydrophobic residues move from the surface to an internal site
where its cationic amino group forms an ion pair with the invariant Asp before the active site Ser,
leading to proper formation of the enzyme specificity pocket and oxyanion hole. We suspect that
similar conformational change in the SPHs, induced by cleavage at the conserved site and insertion

of the new N-terminus, likely associates with their functions (unrelated to catalysis).

3.2.2. Phylogenetic relationships of the 80 GP(H)s and other related findings

Multiple sequence alignment and phylogenetic tree construction led to division of the 80 SP(H)
genes into six clades (Fig. 2): GP1 through GPH25 in clade A (20), GP12 through SPH135 in B
(11), GP27, SP252, SPH235 and SP251 in C (4), GPH7 through GP32 in D (12), GP8 through
GP16 in E (26), and GP28 through SPH233 in F (7). In each clade, most members possess similar
features including exon number, enzyme specificity, codon of active site Ser, and genome location.
For instance, 19 and 22 genes in the clades A and E contain 4 and 5 exons, respectively. While 15
clade A genes encode trypsin-like SPs, 22 clade E genes code for elastases or chymotrypsins (none
for trypsin). Specificities of elastases and chymotrypsins overlap but not with trypsins. Apart from
GP55, 21 SPs in clades B, C and D all have trypsin-like specificity and they are more similar to the
trypsins in clade A than to members of clades E and F. In clade F, SP95 gene has 7 exons, the other
six SP(H)s have 8, and they encode four chymotrypsins, one elastase and two SPHs. Of the 80
SP(H)s, seven use AGY (Y: C/T) codon for the active site Ser residue (5 in clade F; 2 in clade B)

and the other 73 use TCN (N: A/T/C/G) codon (or its derivatives in SPHs). We identified nine gene
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clusters including GP12-13, GP44-63-SP136-137, and GP1-17-18-22-21 (Fig. 2). Residing in the
genome contigs 9016-9021 (data not shown), the largest cluster consists of 18 genes coding for
GP2-5, 37, 39, 40, 43, 47, 54, 61, 64, 69, SP65, 66, 63, 62, and 47. The last four had low FPKM
(<10) in all the midgut libraries and were thus classified as nondigestive SPs in expression groups
A and D (Cao et al., 2015). Probability values of 84—100% provided strong support for the
phylogenetic relationships among members of the gene clusters (Fig. 2). While GPH50-70 and
SPH79-96 pairs arose from recent gene duplications, their ancestors and the other ten SPH genes
are located close to the root. In other words, they derived from SPs so long ago that mutation should
have already ruined the R*IVGG region unless it has a cleavage-induced change needed for

noncatalytic functions.

3.2.3. Expression profiles of the 80 GP(H)s

GPs and GPHs fall into two expression groups with similar characteristics (Fig. 3A). The group
of high expression (GP36 to GP45) consists of 34 genes whose TPM values were in the range of
2% and 2'3 in the midgut tissues from 2" instar feeding larvae to 5™ instar wandering larvae. Their
mRNA levels were so high that similar TPM values were observed in whole larvae from the 1% to
3 instar. The transcripts of GP34, 36, 57, 52, SPH226, and 233 were detected in late embryo. In
another midgut sample from wandering larvae, a major drop of mRNA levels to 22 and 2° was
observed in 32 of the 34 genes. While sequencing methods differ, sample difference is more likely
responsible for the drop. Around the time larvae cease to feed, a small difference in sampling time
appears to have greatly impacted the results. Expression of these genes is generally low in the pupal
and adult stages. This expression pattern strongly correlates with the feeding behavior of M. sexta.
In the group of low expression (GP2 to SP252, 38 genes), TPM values are mostly in the range of

2% and 28. Their preferential expression in midgut is still obvious in the feeding stages.

3.3. Proteases and their homologs from other families
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We identified 36 other protease-related genes in the expression groups 9—11 (Table S2), 23
encoding proteases. Serine proteases include a CP (standing for carboxypeptidase rather than Cys
protease) in S10 family and a dipeptidyl peptidase in S9B subfamily; Cysteine proteases are three
Cl14A caspases and one C85 ubiquitin thioesterase; Metalloproteases include eight M1
aminopeptidases (APs) and two homologs, two M24B Xaa-Pro APs, four MI2A zinc
endopeptidases, nine M14 zinc CPs and two homologs, one M20 dipeptidase, one M28 CP, and
one M49 dipeptidyl peptidase. No aspartic protease is found in the midgut groups. The C14A, C8S5,
M20, and M49 peptidases lack a signal peptide and, hence, are not directly related to food digestion.
Midgut expression of caspase-4-1 and -4-2 in the feeding through adult stages (Fig. 3B) is likely

involved in apoptosis of damaged epithelial cells (Napoledo et al., 2019).

Structural features and expression patterns provided functional insights into these proteins. The
finding of M1 and M 14 homologs indicates that loss of catalytic residue(s) is not limited to S1A
SPs. Noncatalytic homologs may participate in digestion by means other than peptide hydrolysis
(Section 4.2). ZnCP9, one of the eight M14s, contains all the key residues for catalytic activity
(Table S2) but, unlike the other seven, is not produced in the larval feeding stages. It is highly
expressed in late pupae and adults perhaps for tissue remodeling and/or digestion of proteins in
nectar. In addition to these CPs, Zn proteases 1—4 in subfamily M12A and AP1, 4-10 in family M1

may hydrolyze dietary proteins.

3.4. Lipases, serine esterases, and their noncatalytic homologs

Thirty-five genes in expression groups 9—11 encode proteins for lipid hydrolysis. These include
nine neutral lipases (NLs) and three homologs (NLHs), four acidic lipases (ALs) and two homologs
(ALHs), twelve serine esterases (SEs) and five homologs (SEHs) (Table S2). As a special group of
SEs, ALs may only hydrolyze triacylglycerols whereas NLs account for most of the lipase activity

for phospholipid and galactolipid digestion in lepidopteran midgut (Christeller et al., 2011). Other
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SEs include esterases of ferulates, acetylcholine, juvenile hormones, and other carboxylic acid
esters. Neutral and acidic lipases hydrolyze water-insoluble long-chain triacylglycerols; esterases
act on water-soluble short acyl chain esters; their homologs lack the catalytic residue(s) for
cleavage of carboxyl ester bonds but may somehow affect lipid binding or digestion. All these
proteins adopt an o/p hydrolase fold comprising 8 -strands and 6 a-helices surrounding the -sheet
(Casas-Godoy et al., 2018). While thirty-one genes belong to group-9 that well associates with
digestion, AL2, NL9, a-esterase-3, and feruloyl esterase FE4-7 in group-11 displayed no or low
preferential expression in midgut of the feeding larvae (Fig. 3B). Lacking a signal peptide, o-
esterase-1 and -2 may not digest dietary esters but may detoxify allelochemicals or insecticides
inside epithelial cells (Wang et al, 2015; Guillemaud et al, 1997). The preferential transcription of
a-esterase-1 in feeding larvae is more pronounced than a-esterase-2 or -3. In general, lipase mRNAs
are several folds higher than other esterases’. This seems consistent with a higher content of neutral
lipids and phospholipids than short-chain flavor esters in plant leaves (Lin and Oliver, 2008;

Roughan and Batt, 1969).

M. sexta neutral lipases 1—4, 7-9, 11, 12, H. armigera NL, and B. mori NL2 (Fig. S2A) contain
a G(F/H/Y)SLG region conserved in pancreatic lipases (e.g. Equus caballus NL) of mammals. Ser
residue in the motif forms a catalytic triad with Asp and His at the conserved sites. Substitution of
the Ser with Gly in NLHs 5, 6 and 10 likely abolishes the lipase activity. M. sexta acidic lipases
1-4 and H. armigera AL (Fig. S2B) contain a G(H/F)SQG motif found in gastric lipases (e.g.
human AL1) of mammals. While the active site Ser exists, M. sexta ALHS and 6 lack the Asp and

His residues for catalysis to occur, due to a truncation at the carboxyl-terminus.

In a phylogenetic tree of the lipases (Fig. 4A), NLs and ALs along with respective homologs
belong to two distinct groups, suggesting their divergence occurred long before the separation of
vertebrates and invertebrates, since insect NLs and ALs are closer to mammalian pancreatic and

gastric lipases, respectively. Yet, both groups of lipases have the same oxyanion hole (Casas-Godoy
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et al., 2018) and are in the same class (http://www.led.uni-stuttgart.de). The other SE-related

proteins in M. sexta display complex phylogenetic relationships (Fig. 4D) and some levels of
sequence conservation around their active sites (Fig. S3). The thirty-five lipase- and SE-like

proteins account for a small portion of the SE homologs encoded by the genome (data not shown).

3.5. Carbohydrate hydrolases and their noncatalytic homologs

We identified a total of 32 carbohydratase-related proteins in group-9—11 (Table S2), including
two a-amylases, two a-glucosidases, three maltases, two sucrases, one trehalase, two lysozymes,
three peptidoglycan recognition proteins (PGRPs), and one -1,3-glucanase. Based on expression

profiles of these genes (Fig. 3B), sixteen encode digestive enzymes (Fig. 1).

As members of glycoside hydrolase family 77 (GH77), a-amylases hydrolyze a-1,4-glycosidic
bonds of glycogen, starch, and related polysaccharides. Over-production of amylases may protect
insects from plant amylase inhibitors (Franco et al., 2002). M. sexta a-amylase-1 mRNA levels are
about ten-fold higher than a-amylase-2’s during feeding stages (Fig. 3B). Both proteins contain a
(B/a)s-barrel domain A with a catalytic triad of Asp, Glu and Asp (Fig. S4), an N-terminal Ca*'-

binding domain B, and a C-terminal domain C with a Greek key motif.

M. sexta o-glucosidase-2 mRNA levels are twice as high as a-glucosidase-1’s. Both a-
glucosidase homolog-1 and -2 lack signal peptide and at least one catalytic residue. The former is
widely distributed in other tissues, the latter is mainly limited to midgut, and both are favorably
produced in midgut cells perhaps for carbohydrate transport, a process that may concur with food
digestion in gut lumen and ectoperitrophic space. Maltases, named after their preferred substrate
maltose, are the most abundant form of insect a-glucosidases. M. sexta maltase-1 mRNA levels are
four-fold higher than maltase-2’s (Fig. 3B). As maltase-3 TPM value in the midgut of feeding
larvae is so low but reaches 2°® in late pupae and young adults, we suspect it is an adult-specific

enzyme that digests sucrose in nectar. Sucrase-1 and -2 hydrolyze sucrose to glucose and fructose.
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Their transcript levels are comparable in larval feeding stages, but sucrase-2 mRNA levels are
maintained in the pre-wandering and wandering stages. As a result of midgut alkalinity, sucrases

are not inhibited by alkaloid sugars (Daimon et al, 2008).

Trehalase hydrolyzes trehalose, a nonreducing sugar of two glucose units linked by an a-1,1-
glycosidic bond. Apical trehalase might have a role in food digestion while basal trehalase utilizes
trehalose in hemolymph (Terra and Ferreira, 2012). M. sexta trehalase expression profile cannot
distinguish these roles (Fig. 3B) but the enzyme is not detected in the midgut digestive juice (Table
S2). While the trehalase transcripts in midgut are considerably more abundant than in fat body and
muscles during the larval feeding stages, the mRNA peak was reached in midgut of wandering
larvae and new pupae. The detection of its mRNA in head and several other tissues in various life
stages suggests that trahalase is required by all these tissues (including midgut) to utilize trehalose

in the hemolymph.

Lysozymes cleave B-1,4-glycosidic bonds in the glycan strands of bacterial peptidoglycans
(PGs); certain PGRPs hydrolyze the lactylamide bond between N-acetylmuramic acid and Z-Ala in
the stem peptide (Mellroth et al., 2003). B-1,3-glucanase hydrolyzes plant callose as well as fungal
cell wall. M. sexta lysozymes and PGRP2—4 may digest cell wall of bacteria (He et al., 2015; Zhang
et al., 2005). We think PGRP2, PGRP3, and B-1,3-glucanase are digestive enzymes, based on their
elevated mRNA levels in midgut of feeding larvae (Fig. 3B). It is possible that killing pathogens

via digestion is a natural defense mechanism of insects.

Myrosinases are B-thioglucosidases that hydrolyze glucosinolates, compounds plants make to
fight herbivores and diseases (Winde and Wittstock, 2011). M. sexta myrosinase-1 and -2 are made
in all larval feeding stages; myrosinase-3 mRNA exists in midgut of 154" instar; myrosinase-4 is
produced in adult midgut and Malpighian tubules (Fig. 3B). While some hydrolytic products of

glucosinolates are toxic, M. sexta, as a specialist, must have developed ways to detoxify or at least
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tolerate isothiocyanates as it harvests glucose from their precursors. While catalytic residues of the
plant myrosinases are Gln and Glu (Fig. S5), the equivalent residues in the cabbage aphid and

tobacco hornworm are both Glu (Barrett et al., 1995; Jones et al., 2002; Bhat et al., 2019).

3.6. Nucleases and alkaline midgut

Four putative nucleases are identified in the three gut-specific groups (Table S2). Two lack
signal peptide, RNase Oy does not display any expression association with larval feeding, but the
last one is expressed in midgut of larvae in the feeding stages (Fig. 3B). Its ortholog in the silkworm
hydrolyzes single- and double-stranded DNA and RNA (Arimatsu et al., 2007a). Since DNA
strands separate and RNA molecules undergo autolysis at a high pH, its natural substrate is likely
single stranded DNA. The putative nuclease and its orthologs in the lepidopterans form a tight

monophyletic group distinct from the homologs in other orders of insects (Fig. 4B).

3.7. Identification of digestion-related proteins in midgut juice of M. sexta feeding larvae

To test if the 122 hydrolases and 25 noncatalytic homologs are digestion-related, we collected
fluid in the ectoperitrophic space of 5% instar feeding larvae. SDS-PAGE analysis showed most of
the proteins are smaller than 50 kDa (Fig. S6A) and no distinct band was detected at the positions
of storage proteins or lipophorins, major hemolymph proteins in this stage. Thus, contamination of
hemolymph was minimal. We identified 131 of the 147 proteins in the protein sample by LC-
MS/MS analysis (Tables S1 and S2). For the ones with transcriptome and proteome data, a low
correlation was observed between logx(TPM+1) and log,(LFQ+1) values (Fig. S6B). A similar
discordance was observed and examined in detail between plasma protein levels and their mRNA
levels in hemocytes and in fat body (He et al., 2016). Of the sixteen proteins not identified in the
gut juice (GP5, 13, 15, 16, 23, 29, 53, SP95, 252, SPH235, ZnP1, AL1, AL3, AL4, PGRP3, and
myrosinase-3), TPM values of GP5, AL1, AL3, and AL4 gene transcripts were >2° in the midgut

sample at the corresponding stage of feeding larvae (Fig. 3). Low expression of the other genes
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may account for their protein levels below the detection limit. The acidic lipases may digest lipids
taken up by gut epithelial cells (Section 4.3). In summary, preferential genes expression in midgut
of larval feeding stages and examination of structural features (e.g., signal peptide) yielded a rate

of >95% success in predicting digestion-related proteins.

4. Discussion

4.1. Elucidation of a midgut digestive enzyme system in feeding larvae of M. sexta

Digestive enzymes account for a small number of proteins made by midgut epithelial cells. In
addition to the gene products that maintain basic cellular functions, proteins are produced for gut-
specific processes, such as digestion, defense, and detoxification (Pauchet et al., 2010). While the
epithelial cells secret soluble proteins or enzymes into gut lumen to build up peritrophic membrane
and hydrolyze food ingredients, these cells may also contribute to the pool of hemolymph proteins
via basal lamina (Palli and Locke, 1987). As such, when genome sequence and gut transcriptome

data are available, cautions need to be practiced to correctly identify digestive enzymes.

We adopted a combined approach to define a complete set of digestive enzymes from M. sexta.
Our transcriptome analysis yielded three groups of gut-specific genes expressed in various life
stages (Cao and Jiang, 2017). With the first group closely linked to the larval feeding stages, the
other two are much less correlated with food digestion. A BLAST search allowed us to select 174
digestion-related genes for further characterization (Fig. 1). By examining SP(H)s from different
sources, we identified gut SPs as candidates of major endopeptidases of dietary proteins. We also
examined expression patterns, signal peptides, and catalytic residues of other peptidases, lipases,
nucleases and carbohydrate hydrolases. The LC-MS/MS analysis finally validated the existence of
107 digestive enzymes and 24 noncatalytic homologs in the gut secretion from the feeding larvae.
Together, the results revealed major components of the entire system of digestive enzymes in M.

sexta. This framework of information from a model species constitutes a foundation for studying
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their counterparts in lepidopteran pests and for future development of inhibitors for crop protection.

High-sensitivity mass spectrometry provided insights into other aspects of the ectoperitrophic
fluid proteome. Of the 3,428 hits, 1,971 had LFQ values higher than 1.02x10°, the lowest intensity
in the group of 131 digestive enzymes and homologs. Judged from their names, the 1,840 other
proteins came from cytosol (>90), mitochondria (>121), lysosomes (>3), and peroxisomes (>5).
This indicates the sample contained intracellular proteins and subcellular organelles, released from
lysed epithelial cells undergoing apoptosis and/or damaged tissues during dissection. Additionally,
54 abundant hemolymph proteins were observed in the digestive juice at levels much lower than
those in plasma (data not shown). In contrast, we did not detect AL1, AL3 and AL4 (TPM >2°) in

the digestive juice. In summary, a part of the proteome complexity may come from contamination.

4.2. A possible role for noncatalytic homologs of digestive enzymes

One surprising result from this study is the detection of proteins that resemble S1A gut serine
proteases, M1 aminopeptidases, M 14 carboxypeptidases, lipases, JHEs, and other serine esterases,
but lack one or more of their catalytic residues. Do these proteins have functions unrelated to
substrate hydrolysis? Expression profiles of the 6 GPH, 5 SPH, 2 APH, 2 CPH, 3 NLH, 2 ALH, 2
JHEH and 3 SEH genes displayed close association with feeding, their mRNA levels comparable
to the homologous enzymes (Fig. 3), and their proteins detected in the digestive juice (Fig. S6).
Early divergence of the enzymes and respective homologs, as exhibited in the phylogenetic trees
(Fig. 4), suggests that the homologs are functional because, otherwise, their genes would deteriorate
and become inactive pseudogenes. In the case of SPHs, conservation of the proteolytic activation
sites (R*IVGG) in most GPHs and fewer SPHs indicates that cleavage at these locations is likely
needed for their functions. Based on the conformational change of SP zymogen activation (Shibata
et al., 2018), we indicate that a similar change may occur in cleaved GPHs to enable binding of

normal substrates or poorly hydrolyzed molecules (e.g., protease inhibitors). While preferential
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association with inhibitors by GPHs is not yet confirmed, a certain level of inhibitor sequestration

likely protects GPs from inactivation and host from indigestion.

4.3. Possible adaptation to alkaline pH of midgut

In holometabolous insects, neutral and acidic lipases are mainly responsible for hydrolyzing
tri-, di-, and mono-acylglycerols, phospholipids, and galactolipids (Horne et al, 2009). But it is not
clear how both groups of lipases may efficiently hydrolyze lipids at a particular pH. In lepidopteran
insects, NLs may adapt to a high pH but how may ALs change their optimal pH? We first examined
whether there is a global down-regulation of AL transcription and found, except for AL2, the
average mRNA levels of ALs or ALHs are comparable to those of NL(H)s (Fig. 3B). Remarkably,
none of the four ALs was detected in the gut juice but LFQs of ALH5 and ALH6 were 2.31x107
(Table S2). In contrast, LFQs of eight NLs and three NLHs encompass 1.02x10° and 2.38x10°.
Only NL9, a group-11 member like AL2, was not found in the larval digestive fluid. We suggest
that AL1, AL3 and AL4 function as digestive enzymes but, instead of working at an unfavorable
pH, they may be transported into acidic lysosomes to digest lipids taken up by midgut epithelial
cells through endocytosis. It would be interesting to test this hypothesis and compare the results

with insects that have a neutral or acidic midgut.

Another example of adaptation to alkaline midgut could be the nuclease whose expression well
correlates with larval feeding. While natural substrates are unclear for this enzyme, we predict it is
a single-stranded deoxyribonuclease (ssDNase) based on behaviors of DNA and RNA at a high pH
of 10.5 and nutritional value of nucleic acids to insects. Our premise is to some extent supported
by two studies, one in Bombyx mori (Arimatsu et al., 2007a) and the other in Choristoneura
fumiferana (Schernthaner et al., 2002). The 41 kDa silkworm enzyme hydrolyzes dsSRNA, ssRNA,
but not dSDNA at a pH of 7-10. However, knowing the enzyme has an optimal pH >11, the authors

did not report ssDNA as a potential substrate. cDNA cloning indicates that it is a pre-pro-enzyme
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activated by cleavage between Arg® and Ser®, homologous to a dsRNase of Serratia marcescens
(Arimatsu et al., 2007b), and has close orthologs in other lepidopterans (Fig. 4B). A digestive
DNase with a pH optimum of 10-10.5 was isolated from digestive tract of the spruce budworm
(Schernthaner et al., 2002), which cleaves single- and double-stranded DNA. The purified enzyme
has a molecular mass of 23 kDa and an N-terminal sequence highly similar to C. fumiferana trypsin-
1. Recombinant expression of the M. sexta nuclease in insect cells is needed to characterize the

putative ssDNase in terms of optimal pH and substrates.
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Table S1. Sequences and other features of the 128 M. sexta SPs and SPHs in S1A subfamily*

Name OGS2 1D GenBank ID Exp Pat | Exp Grp | DER index | TPM LFQ Cleavage Specificity Ser [Exon#| Domain
GP1 Msex2.11834-RA XP_030035912.1 G 9 At++++5 34.8 | 1.10E+08 | PEARIVGG T(GGD) TCC >5 SP
GP2 Msex2.09655-RB XP_030032027.1 G 9 8++++5 60.97 | 7.06E+07 | NPQRIVGG [ T(DGG) TCC 4 Sp
GP3 Msex2.09651-RA XP_030032014.1 G 9 D++++5 0 1.29E+06 | NPQRIVGG | T(DGG) TCC 4 Sp
GP4 Msex2.09652-RA XP_030032016.1 G 9 B++++5  [208.06 NaN NPQRIVGG | T(DGG) TCC 4 Sp
GP5 Msex2.09653-RA XP_030032027.1 G 9 A++++5 [394.47 ND NPQRIVGG | T(DGG) TCC 4 Sp

GPH7 Msex2.04837-RA XP_030024046.1 G 9 At++-4 12381-5 1.38E+09 | PESRIVGG - - 5 SPH
GP8 Msex2.02892-RA XP_030020947.1 G 9 8++++5 123.25] 1.04E+08 | DGSRIFNG E(NGV) TCT 5 SP
GP9 Msex2.02891-RA XP_030020943.1 G 9 8++++5 150.6 | 1.02E+07 | DGSRIFNG E(NGA) TCT 5 SP

GP10 Msex2.15510-RC XP_030020942.1 G 9 TS5 133.69 | 1.74E+07 | DGSRIFNG E(NGV) TCT 5 SP

GP11 Msex2.02894-RA XP_030020952.1 G 9 9++++5 712.5 | 3.70E+08 | DGSRIFNG E(NGS) TCT 5 SP

GP12 Msex2.04839-RA XP_030024073.1 G 9 8++++5 43.53 | 0.00E+00 | TDSRIVGG [ T(DGG) AGT 8 SPLC

GP13 Msex2.04840-RA XP_030024073.1 G 9 8++++5 452 ND TDSRIIGG T(DGG) AGT 8 SPLC

GP15 Msex2.00542-RA XP_030027026.1 G 11 THH++5 129.08 ND NVSRIVGG | T(GGD) TCT 6 SP

GP16 Msex2.13966-RA XP_030038318.1 G ~9 8++++5 13.47 ND TASRIVGG E(GVS) TCA 1 SP

GP17 Msex2.11838-RA XP_030035909.1 G 9 B++++5 19(;8‘9 4.27E+08 | PNARIVGG | T(GGD) TCC 6 Sp

GP18 Msex2.11835-RA XP_030035910.1 G 9 B++++5  389.27 | 1.58E+09 | QNARIVGG | T(GGD) TCT 5 SP
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1748.9

GP21 Msex2.14353-RB XP_030035914.1 G 9 s |91 1 30kr08 | VNARIVGG [ GGy | Tee |6 SP
GP22 | Msex2.15537-RC XP_030035916.1 G 9 A++++5 | 5114 | 5.356+08 | QNARIVGG | T(GGD) | TCC | 6 SP
GP23 | Msex2.02889-RA XP_030020945.1 G -9 S++++5 | 3095 | ND | DGARITGG | C(GGA) | TCC | 5 SP
GP24 | Mscx2.05199-RA XP_030024878.1 G 9 Drrits |4547.8| 7.50E+09 | AQSRIVGG | C(SGA) | TCT | 5 SP

GPH25 | Msex2.14473-RA na, G 9 7+++4 | 413 | 530E107 | GTERISGG - N SPH
GP26 | Mscx2.03758-RA XP_030022107.1 G 9 9++++5 |161.84] 8.17E+08 | NPQRIVGG | T(DGG) | TCC | 4 SP
GP27 | Msex2.02231-RA XP_030041329.1 G 10 645 | 335 | NaN | TSARIVNG | T(DGG) | TCT | 4 SP
GP28 | Mscx2.01606-RA XP_030040163.1 G 9 Biii+5 |3284.6| 1.64E+08 | SQSRIVSG | C(SVA) | AGC | 8 SP
GP29 | Mscx2.02888-RA XP_030020944.1 G ) Str++5 | 1548 | ND | DGARITGG | C(GVA) | TCT | 5 SP
GP30 | Msex2.01182-RA XP_030037447.1 G 9 9++++5 |366.92| 7.04E+06 | QADRIIGG | C(GAS) | TCT | 5 SP
GP31 Msex2.01183-RB XP_030037456.1 G -9 S++++5 | 16.13 | 7.04E+06 | LADRIVGG | C(GAS) | TCT | 5 sp
GP32 | Msex2.14895-RA CAMS4318.1 G 9 pis |24 6eer09 [RNARIVGG | TGGD) | TCC | s SP
GP34 | Msex2.09542-RA XP_030032144.1 G 9 cres | P08 16iEn0 | svsrivae | ToGe) | Tec |4 SP
GP36 | Mscx2. 14787-RA XP_030039303.1 9 Biii+5 |977.31| 2.64E+07 | SSARIVGG | T(GGD) | TcC | 5 SP
GP37 | Mscx2.09649-RA XP_030032011.1 9 C+i++5 |118.84 | 4.57E+09 | NPQRIVGG | T(DGG) | TCC | 4 SP
GP38 Msex2.05193-RA XP_030024875.1 G 9 p— “’599‘7 7.98E+08 | LGSRIGG | EGRS) | TCT | 5 SP
GP39 | Mscx2.09640-RA XP_030032023.1 9 grr+5 | 58.96 | L.I2E+08 | PQARISGG | C(GGS) | TCT | 4 SP
GP40 | Mscx2.09639-RA XP_030032017.1 9 Biii+5 |653.42| L.12E+08 | NNARIGG | T(DGG) | TCC | 4 SP

GPH41 |  Msex2.02890-RB XP_030020946.1 G 9 criea |77 391E109 | 1GARVVGG ; ; 5 SPH
GP42 | Mscx2.01184-RA XP_030037464.1 9 Biii+5 |854.59 | 4.73E+08 | ALGRIVGG | C(GAS) | TCT | =5 SP
GP43 | Mscx2.09656-RA XP_030032028.1 9 Grrr+5 | 37.52 | 3.62E+07 | NPQRIVGG | T(DGG) | TCC | 4 SP
GP44 | Msex2.03224-RA XP_030021313.1 9 B++++5 |609.78| 1.76E+10 | APGRIVGG | T(DGG) | TCC | 4 sp
GP45 | Msex2.05187-RA XP_030024857.1 G 9 s | 221N 299409 | SGORIVGG | ENGA) | Tec | s SP
GP47 | Msox2.15528-RC XP_030032027.1 G 9 grrr+5 | 4098 | NaN | NPQRIAGG | C(GGG) | TCC | 4 SP

GPH50 | Msex2.03221-RA XP_030021371.1 G 9 B4 |01 480E409 | RDOPGVISH ; ; 5 | Lcssen
GPs1 Mscx2.09024-RA XP_030030990.1 G 10 9++++5 |210.16| 2.73E+07 | PISRIVGG | C(GGS) | TCC | 6 SP
GP52 | Msex2.01582-RA XP_030040254.1 G 9 Brrs |1 128'7 1.83E+09 | ADSRIVSG | ESvA) | AGT | 8 | spLc
GPs3 Msex2.01583-RB XP_030040258.1 9 7rre5 | 418 ND | SGSRIVSG | EGSVA) | AGT | 8 | spLcC
GP54 | Mscx2.09638-RB XP_030032015.1 ) 7++++5 | 1533 | 1.12E+08 | QLERIVGG | T(DGG) | TCC | 4 SP
GPS5 | Msex2.09541-RA XP_030032142.1 G 9 B++5 18255'8 9.05E+09 |TETRVVGG| c(GTG) | TCT | 4 SP
GPS6 | Mscx2.05198-RA XP_030024879.1 9 Biii+5 |974.43 | 9.40E+07 | GGSRIVGG | C(SGA) | TCT | 5 SP
GPS7 | Mscx2.05197-RA XP_030024873.1 9 Biii+5 |607.62| 2.81E+08 | VQSRIVGG | C(GGS) | TCT | 5 SP
GPS8 | Msex2.05188-RA XP_030024857.1 G 9 B++5 2136'4 2.99E+09 | SNSRIVGG | c@GGa) | T | 5 SP
GPS9 | Msex2.05196-RA XP_030024880.1 G 9 CH45 46‘;0'5 1.05E+06 | KVSRIGG | c@Gas) | ter | 5 SP

GPH60 | Msex2.05186-RA XP_030024847.1 G 9 9+++4 [155.47| 1.85E+08 |TGQRVVGG - - 5 SPH
GP61 Mscx2.09644-RA XP_030032018.1 G 9 C+i++5 [997.02| 8.45E+09 | VPQRIVGG | T(DGG) | TCC | 4 SP
GP63 | Mscx2.03225-RA XP_030021319.1 G 9 9++++5 |279.79| 6.10E+08 | TASRIVGG | T(DGG) | TCT | 5 SP
GP64 | Msox2.09645-RB XP_030032019.1 G ) 645 | 29.11 | 341E+09 | VPQRIVGG | T(DGG) | TCC | 4 SP
GP66 | Msex2. 10710-RA XP_030033636.1 G 9 A+it5 | 145.62| 1.25E+10 | NPQRIVGG | T(DGG) | TCC | 4 SP
GP67 | Msox2.15531-RC XP_030033636.1 G ) St+++5 | 354 | 1256410 | NPQRIVGG | T(DGG) | TCC | 4 SP
GP68 | Msex2.05194-RA XP_030024872.1 G 9 s | 137N 3308409 | AQSRIVGG | csGa) | TeT | s SP
GP69 | Mscx2.09641-RA XP_030032022.1 G 9 grrr+5 |147.69| 4.87E+08 | PQGRIVGG | EGTS) | TCC | 4 SP

GPH70 | Msex2.03222-RA XP_030021372.1 9 Biir-4 |628.94| 3.66E+10 | RDPGVISH } } 5 | LCssPH
SP46 | Msex2.05195-RA na. F 11 D3 | 587 ND | ATSRIVGG | C(GGS) | TCT | 6 SP
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SP59 Msex2.08320-RA XP_030030001.1 11 E--++3 18.37 ND ATDRIVGG | T(DGG) TCT 4 SP
SP65 Msex2.09646-RA XP_030032013.1 9 TH+5 55.38 | 7.01E+07 | VPQRIVGG | T(DGG) TCC 4 SP
SP67 Msex2.05198-RD XP_030024881.1 ~9 TH+++5  |974.43 | 1.56E+07 | GGSRIAGG E(SNA) TCT 5 SP
SPH79 Msex2.11243-RA XP_030034521.1 F 11 0--+-1 0 ND VMGéRVAG - - 5 SPH
SP84 Msex2.11797-RB XP_030035544.1 9 A-—++3 4.87 ND GSSRIVGG T(GGD) TCC 5 SP
SP93 Msex2.13453-RA XP_030037568.1 9 B++++5  |447.69 | 2.65E+08 | TAQRIYAA | E(GHS) TCT 5 SP
SP95 Msex2.01181-RA XP_030037591.1 ~9 6++++5 10.94 ND SIGRIIGG E(GVS) TCG 7 SP
SPH96 Msex2.11243-RA XP_030038331.1 F 11 D--+-2 0 ND VMGéRVAG - - 5 SPH
SP100 Msex2.14030-RA XP_030039702.1 F 11 D--++3 0 ND PGPRIVGG T(GGD) TCC 6 SP
SP127 Msex2.01578-RA XP_030040182.1 G 9 B++++5 |816.69 | 3.53E+08 | GPSRIVAG C(SGS) AGC 8 SP
SPH128 Msex2.01584-RA XP_030040206.1 G 9 8+++-4 202.51 ] 6.18E+07 | GQSRIVSG - AGT 8 SPH
SPH135 Msex2.03223-RA n.a. G 9 8+++-4 135.41 | 2.20E+09 | QDLGTPVT - - 5 SPH
SP136 Msex2.03227-RA XP_030021320.1 G 9 8++++5 90.73 | 5.34E+08 | TASRIVGG T(DGG) TCT 5 SP
SP137 Msex2.03226-RC XP_030021314.1 G ~9 6++++5 11.02 | 4.34E+06 | TASRIVGG T(DGG) TCT 5 SP
SPH139 Msex2.03764-RB n.a. F 11 542 0.43 ND VSPRIVGG - - 5 SPH
SPH201 Msex2.05941-RA XP_030026125.1 tmf’ 0 0--+-1 0 ND SARRLIAG - - >7 LCs SPH
SPH202 Msex2.04726-RC XP_030024397.1 t 0 1--+-1 0 ND RRKRLTTE - - 13 SPH
SPH203 Msex2.04725-RA XP_030024394.1 t 0 2--+-1 0 ND ISEESNED - - >5 SPH
SPH204 Msex2.10688-RA XP_030033719.1 t 0 0--+-1 0.59 ND TMVTDSEIL - - 4 SPH
SPH205 MCOT';Y;(%‘\);S'O'O'W XP_030037817.1 tmf’ 0 0--+-1 ND PNLRIRGG - - >7 LC SPH
SPH206 Msex2.06955-RA XP30532072379337§;1€’ 1§P70 tmf’ 0 0--+-1 0 ND TNRRIYKG - - 7 LCs S:H L
SPH207 Msex2.06954-RA XP_030027391.1 tmf’ 0 0--+-1 0 ND NGRRIYRG - - 7 LG, EIS)H L
SPH208 Msex2.06957-RA XP_030027379.1 tmf’ 0 0--+-1 0 ND RYRRIYNP - - =10 LC SPH
SPH209 Msex2.06951-RA XP*033%(2)2277348090'_11’ XP_0 tmf’ 0 0--+-1 0 ND DGRRLYKG - - >8 LCs ESH L
SP210 Msex2.13476-RA XP_030037999.1 t 0 0--+-1 0 ND GTRRVFGG | C(GGA) - 3 LC SPH
SPH211 Msex2.01361-RB XP_030039899.1 t 0 0--+-1 0 ND LNRKVFKG - - 8 SPH LC
SP212 MCOT‘COIZS\?O'O'O'CPP XP_030021322.1 t 0 0--++2 ND VQPTIVNG | T(DGT) TCT 1 SP
SPH213 Msex2.11214-RA XP_030034878.1 tmf’ 0 0--+-1 0 ND ENYQVNAV - - 4 SPH
frizzle, 2L
SP214 Msex2.00987-RA XP_030031293.1 1 0 0--+-1 0 ATKRIVGG | T(DGG) - 7 DLa, LCs
ND SP
SP215 Msex2.07676-RA XP_030028859.1 1 0 1--++2 0 ND RNGRIVGG | T(DGG) - 7 LC SPH
SPH216 Msex2.14792-RA XP_030039310.1 t 0 0--+-1 1.77 ND ADQTVPEG - - 13 SPH LCs
SPH217 Msex2.05665-RA XP_030025441.1 t 0 0--+-1 0 ND SEKVLAGG - - 6 SPH LCs
SP218 Msex2.05438-RA XP_030025104.1 mf 0 0--++2 0 ND MEGFIVGG | E(GVS) TCC 3 SP
SP219 Msex2.02731-RA XP_030020549.1 e 0 0--+-1 0 IDSRIAGG T(DAS) - 7 clip, LCs S
- ND P-CLIPB
SP220 Msex2.04042-RB XP_030022754.1 t 0 0--++2 0.25 ND IVPRVVNG | T(DGG) TCG 6 SP
LCs 2 clips
SPH221 Msex2.08793-RB XP_030031090.1 h 0 4-—+-1 4.83 | 7.58E+06 |KPYGNRNE - - 15 |, LCs SPH-
CLIPA LC
SPH222 Msex2.12043-RA XP_030036157.1 h 0 4--+-1 6.82 ND FKPDESDG - - >4 LCs SPH
LCs clipA
SPH223 Msex2.00204-RA XP_030040280 1 0 1--+-1 0 AVVPTTGQ - - 7 SPH-
ND CLIPA
SPH224 Msex2.11880-RC XP_030036365.1 t 0 1--+-1 0.33 ND DKNSITSG - - 7 LCs SPH
SPH225 Msex2.01640-RB XP_030040456.1 mf 0 1--+-1 0 ND TKAEVTEG - - >7 SPH LCs
SPH226 Msex2.02219-RB XP_030041352.1 G 9 At+++-4 166978 | 7.18E+07 |MQGRIANG - - 8 SPH LC
SPH227 Msex2.04936-RA XP_030024599.1 mf 0 0--+-1 0 ND NTRRIIIG - - 10 SPH LCs
SPH228 MCOT'ngf;z‘O‘O‘TO XP_030024614.1 mf 0 2--+-1 ND DTRRILYS - - 12 SPH LCs
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SPH229 Msex2.04942-RB XP_030024595.1 mf 0 1--+-1 0.16 ND CQRKIING - - 9 SPHLC
SPH230 Msex2.04945-RD XP_030024600.1 mf 0 0--+-1 0.15 ND CSRRIVGG - - 9 SPH LCs
SPH231 Msex2.06355-RB XP_030026414.1 t 0 1--+-1 0 ND LLYDFVNR - - 5 LCs SPH
SPH232 Msex2.04266-RB XP_030023149.1 1 0 3--+-1 0.16 ND GQLRIIKG - - 6 SPH (LCs)
SPH233 Msex2.09028-RA XP_030030987.1 G 9 B+++-4 14567'8 1.06E+10 | VQGRSAGV - - 8 SPH
SPH234 Msex2.12379-RA na tmf 0 0--+-1 0 ND ALRKYISS - - =7 SPH
SPH235 Msex2.06277-RA XP_030026347.1 G ~9 T+++-4 8.34 ND ENLAIVVS - - >8 LCs SPH
SPH236 Msex2.05437-RA XP_030025103.1 m 0 0--+-1 0 ND IQHLIYKG - - 3 SPH
SPH237 Msex2.09948-RD XP_030032389.1 mf 0 1--+-1 3.96 ND FKPRDGSL - - 8 SPH LCs
SPH238 MCOT.€04545.1.0.00 XP_030024610.1 mf 0 0--+-1 QTRRILGG - - 10 SPH LC
O5W ND
SPH239 Msex2.04946-RB XP_030024603.1 m 0 0--+-1 0 ND CQRRIVNG - - 8 SPH LC
SPH240 Msex2.05948-RA XP_030026188.1 t 0 0--+-1 0 ND ALNENVSL - - 1 SPH
MCOT.C12683.0.0.TO
SPH241 02w n.a. t 0 0--+-1 ND SSEHIGAG - - 7 SPH LCs
SPH242 Msex2.01504-RA XP_030040534.1 t 0 2--+-1 0.16 ND EIDVSTGN - - 11 SPH LCs
MCOT.C13147.0.0.TN LCSPHL
SPH243 NIW XP_030039767.1 t 0 2--+-1 ND SQLHEIRT - - 1 c
SPH244 Msex2.04935-RA XP_030024594.1 mf 0 1--+-1 0 ND NTRRIING - - 10 SPHLC
SPH245 MCOT.C10628.1.1.CO XP_030035792.1 1 0 3-+-1 0 LGNIIFGD - - 10 SPH LCs
o10 - ND
SPH246 MCOT.C01082.2.3.TO XP_030037375.1 1 0 4--+-1 0 KDAQIGGA - - 8 LCs SPH
o10 ND
SPH247 Msex2.00416-RA XP_030022159.1 t 0 1--+-1 0 ND DDGDSAPF - - 7 SPH
SPH248 Msex2.11068-RA n.a. 1 0 1----0 0 ND AWARIRCE - - 6 SPH
SP249 Msex2.03212-RA XP_030021323.1 t 0 0--++2 0.18 ND VKPTILNG T(DGT) TCC 1 SP
SP250 Msex2.04455-RA XP_030023657.1 h 0 6---+2 19.83 ND YELRVIQG T(DGS) TCC 5 CC-Sp
SP251 MCOT.C(I)ZS‘)OI 0.0.0.T0 XP_030039503.1 G 11 3+-+43 0 ND EDVRIVGG | T(DGG) AGC 5 SP
MCOT.M13955.0.0.M
SP252 WOXO XP_030040859.1 G ~9 6++-+4 7.78 ND RVKRVIKG | T(DGG) TCA 13 SP
SP253 Msex2.14365-RA XP_030038892.1 t 0 0---+1 0 ND EDYKIRAG | T(DGG) AGT 4 SP

*: The enlisted SP(H)s include 73 digestion-related GP(H)s, 53 newly identified SP(H)s (SPH201 to SP253), and 7 SP(H)s with
expression pattern B or F (Cao et al., 2015). GP(H)s are SP(H)s first identified in the midgut EST project (Pauchet et al., 2010). GP6,
33, GPH35, 46 are not gut-specific but some SP(H)s are, including SP84 (pattern B or group-9), 46, 59, 100, SPH79, 96, 139 (pattern F
or group-11), SP251 (group-11), SP252, SPH226, 233 and 235 (group-9 or <9). Exp Pat: expression patterns B, F, and G (Cao et al.,
2015); tissues “e” for embryo, “f” for fat body, “m” for Malpighian tubules, “t” for testis, and “I” for low and “h” for high in most
libraries; Exp Grp: newly defined expression groups 0 (not detected in midgut), 9, <9 (similar to group 9 but FPKM <100), 10, and 11
(Section 3.1); LFQ: ND for undetected, NaN for “not a number”, or a value for normalized protein level; TPM: transcripts per kilobase
million in the RNA-Seq dataset of day 1, 5" instar midgut; Digestive enzyme-relatedness index (DERI): expression level (5—-E: "+";
0—4: "-" 1* position), expression pattern (G: "+"; others: "-", 2" position), expression group (9 or <9: "+"; others: "-", 3™ position),
signal peptide ("+" or "-", 4" position), and catalytic activity (SP: "+"; SPH: "-", 5" position), and the total number of "+"’s in positions
1-5 (5: digestive enzyme; 4: digestion-related; 3—0: digestion-unrelated). Cleavage: predicted activation cleavage site with the
preceding residue marked in red font; Specificity: predicted enzyme specificity and its key determinants (in parentheses), T for trypsin,
C for chymotrypsin, E for elastase, “-” for inapplicable; Ser: TCN or AGY codon of the active site serine residue; Domain: CC for
coiled coil, LC for low complexity, SP and SPH for S1A protease domain and its noncatalytic homologous domain.

Table S2. Features of selected non-SP(H) proteins produced in M. sexta midgut cells*

Substrate group | Enzyme group | Enzyme names | GenBank ID Msex ID Catalytic residues | Structural features |Group | DER index | LFQ | TPM (L5d1)

Proteins serine protease S1A in Table 1
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serine CP, S10 | XP_030030694.1 | Msex2.08351-RB 18-436 S10 Ser CP 9 NaN 1.08E+02
dipeptidyl peptidase 102-
PEPUAY’ PEPICASC | ¥ p 030022993.1 | Msex2.04209-RA 563dipeptidylpeptidas | 11 3.63E+07|  1.54E+02
-4 (DPP4) S9B Y
I 8-69 ubiquitin-
cyeteine protease |UPIAUtN thOSSteras | v 430020036.1 | Msex2.02808-RA | 7K 42E: #4V-45C. T4 yieq b 106- 10 NaN 1.73E+01
e85 T, 761
230 OTU D
202-458 caspase-
. like; 218-
caspase-4-1 C14A | XP_030031593 | Msex2.09469-RB 335 C14 20 CD; 357- 9 5.10E+06 1.24E+02
454 C14p10 NCD
40-293 caspase-
like; 56-
caspase-1 C14A | XP_030024758.1 | Msex2.05494-RA 182G, 203P 179 C14 30 0D 198 10 NaN 6.90E+00
293 C14 pl10 NCD
195-448 caspase-
like; 211-
caspase-4-2a C14A | XP_030031595.1 | Msex2.09470-RA mgclapocD;3si| ! NaN 1.36E+01
447 C14p10 NCD
metalloprotease | - 2 PrOC Iyp 130038102.1 | Msex2.13842-RA 289 M12A metallopep | 9 ND 0.00E+00
1 (ZnP1), MI12A :
tidase
Zn protease- o1-
2 (Znb2) Miza | XP_030037219.1 | Msex2.12971-RA 290 M12A metallopep | 9 1.30E+08|  3.34E+02
tidase
Zn protease- -
3 Znb3 Miza | XP_030022633.1 | Msex2.03344-RA 262 M12A metallopep | 11 ND 0.00E+00
tidase
Zn protease- 80-
4 (Zbay Miza | XPO30022631L1 | Msex2.03345-RA 278 MI2A metallopep | 11 ND 0.00E+00
tidase
inopetidase. 36-428 M1 Ala N-
““}“2;'\‘;51") ‘M“l“ XP_030032717.1 | Msex2.10148-RA peptidase; 573- 9 LI3E+08| 5.10E+02
884 ERAPI C-term D
aminopeptidase ho 93-443 M1 Ala N-
molog- XP_030032718.1 | Msex2.10149-RA peptidase; 611- 9 NaN 5.06E+01
2 (APH2) M1 928 ERAP1 C-term D
aminopeptidase ho 88-529 M1 Ala N-
molog- XP_030032720.1 | Msex2.10150-RA peptidase; 602- 9 1.46E+06 5.86E+01
3 (APH3) M1 916 ERAP1 C-term D
aminopeptidase- 49-447 M1 Ala N-
i A‘;f) ML [XP_030032733.1 | Msex2.10152-RA peptidase; 594- 1 8.08E+07|  1.08E+02
894 ERAPI1 C-term D
aminopeptidase: 41-447 M1 Ala N-
5¢ A‘;:.f’) ML [XP_030032731.1 ] Msex2.10153-RA peptidase; 589- 9 146E+07|  2.03E+02
890 ERAP1 C-term D
aminopeptidase- 47451 M1 Ala N-
6 A‘;,é’) M1 |XP_030032728.1 | Msex2.10154-RB peptidase; 595- 9 NaN 9.90E+01
897 ERAPI1 C-term D
aminopeptidase- 41-440 M1 Ala N-
7¢ A‘;;’) M1 XP_030032730 | Msex2.10155-RB peptidase; 583- 9 2.88E+07|  3.06E+02
885 ERAPI C-term D
aminopeptidase- 44-452 M1 Ala N-
B¢ A‘;,SF’) M| XP_030032722 | Msex2.10156-RA peptidase; 597- 9 1.OSE+08|  1.08E+02
897 ERAP1 C-term D
inopetidase. 64-465 M1 Ala N-
““})“EZ‘Q’) ‘M“l“ XP_030032721.1 | Msex2.10157-RA peptidase; 611- 9 246E+07] 9.16E+01
913 ERAPI C-term D
aminopeptidase- 64-405 M1 Ala N-
10 A‘;f’o) M1 1XP_030032725.1 | Msex2.10158-RA peptidase; 611- 9 246E+07|  1.62E+02
915 ERAP1 C-term D
36-186 164-348 N-
Xaa- tidase P N-
Pro aminopeptidase | XP_030030742.1 | Msex2.08599-RA pepticas 9 4.22E+08|  6.17E+01
2 (XPAP)M24B| term D; 364-
h 635 M24 C-term D
46-144 N-
Xaa- peptidase P N-
Pro aminopeptidase | XP_030038221.1 | Msex2.13728-RA term D; 164- 9 5.05E+07 4.45E+01
-3 (XP AP3) M24B 251 M24 str. D; 276-
338 M24 C-term D
zinc carboxypeptida 19-109 PI D; 128-
sl (ZnCPI) 14 | XP030023343.1  Msex2.04135-RA 27 M14Ch 9 1.59E+06|  1.68E+03
zinc carboxypeptida 17-105 PI D; 122-
w2 (ZnCP3) 14 | XP030023345.1 | Msex2.04136-RA H14MI4Ch 9 2.86E+08|  2.31E+02
zinc carboxypeptida 19-106 PI D; 128-
o3 (ZnCPA) M14 | XP030023344.1 | Msex2.04137-RA 418 M14 Cp 9 18IE+07|  1.41E+03
zine carboxypeptida f y b 30023346 1 | Msex2.04138-RA 17-105PID; 122 420E+09|  4.79E+02

se-4 (ZnCP4) M 14

414 M14 CP
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zinc carboxypeptida

19-105 PI D; 120-

se homolog- XP_030023347.1 | Msex2.04140-RA 9 1.63E+06 8.27E+01
5 (ZnCPH5) M14 397 M14 CP
zinc carboxypeptida 18-103 PI D; 123-
se-6 (ZnCP6) M14 XP_030023348.1 | Msex2.04141-RA 412 M14 CP 9 6.98E+08 |  7.20E+02
zinc carboxypeptida 17-107 PI D; 123-
se-7 (ZnCPT) M14 XP_030023351.1 | Msex2.04142-RA 421 M14 CP 9 2.31E+06|  3.60E+02
zinc carboxypeptida | XP_030023303.1 . 22-104 PID; 121-
se-8 (ZnCP8) M14 and 305.1 Msex2.04366-RB 409 M14 CP 9 2.36E+07| 2.14E+02
zinc carboxypeptida 24-105PID; 116-
5e-9 (ZnCPO) M14 XP_030024203.1 | Msex2.05027-RA 306 M14 CP 11 ND 0.00E+00
zinc carboxypeptida 20-101 PI D: 119-
se- XP_030028978.1 | Msex2.07772-RB 417 M14 ’CP 9 2.87E+07| 2.77E+02
10 (ZnCP10) M14
zinc carboxypeptida |
sehomolog- | XP_030028973.1 | Msex2.07776-RA 192(?8;&11?&1},19' 9 5.07E+06|  2.43E+02
11 (ZnCPH11) M14
. protease or protease- |
“’b(‘z’;lf}’é')"ﬁ;;e QlxP 030022999.1 | Msex2.04211-RA | Tike domain interface 196’2238‘)’(4\2% -1y 170E+07|  1.82E+02
215H, 216T, 217G
dipeptidyl peptidase Sl
Pepuiay’ pep XP_030026731.1 | Msex2.06104-RC 74 dipeptidylpeptidase | 10 4.74E+08|  5.73E+01
-3 (DPP3) M49 i
dipeptidase (DP), ¢ X
ytosolic nonspecific { XP_030028043.1 | Msex2.06873-RA 97-468 MZO’ 211- 9 3.05SE+09 2.04E+02
M20 385 dimer D
L. . neutral lipase- 52-334 AB-
Lipids lipase 1 (NL1) XP_030029556.1 | Msex2.00709-RA | 184S, 208D, 272H hydrolase TAG lipasc 9 4.56E+07| 2.45E+02
neutral lipase- 53-331 AB-
2 (NL2) XP_030029542.1 | Msex2.00710-RA |  183S, 207D, 269H hydrolase TAG lipasc 9 1.02E+06] 1.15E+03
neutral lipase- 50-332 AB-
3 (NL3) XP_030029362.1 | Msex2.00711-RB | 184S, 208D, 270H hydrolase TAG lipasc 9 3.53E+08| 4.07E+02
neutral lipase- 51-332 AB-
4(NL4) XP_030022432.1 | Msex2.03896-RA |  185S, 209D, 270H hydrolase TAG lipase 9 4.38E+07|  9.96E+01
neutral lipase homo 6-250 AB-
1 P! XP_030022470.1 | Msex2.03905-RA | 186G, 210D, 270H  [hydrolase TAG lipase 9 1.09E+06]  2.90E+02
og-5 (NLHS)
homolog
neutral lipase homo 23297 AB-
u pas XP_030022462.1 | Msex2.03906-RA | 142G, 166D, 227H  [hydrolase TAG lipase 9 2.56E+09|  1.26E+03
log-6 (NLH6)
homolog
neutral lipase- 56-346 AB-
7 (NL7) XP_030022474.1 | Msex2.03908-RA |  185S, 209D, 270H hydrolase TAG lipasc 9 6.43E+07|  7.20E+02
neutral lipase- 60-332 AB-
8 (NL8) XP_030022480.1 | Msex2.03909-RA |  185S, 209D, 270H hydrolase TAG lipasc 9 7.70E+06|  3.55E+02
neutral lipase- 27-329 AB-
9 (NL9) XP_030032052.1 | Msex2.09694-RA | 170S, 198D, 272H hydrolase TAG lipasc 11 ND 1.81E+01
neutral lipase homo 27-298 AB-
P! XP_030032286.1 | Msex2.09846-RA | 145G, 173D, 236H  [hydrolase TAG lipase 9 1.71E+08]  7.85E+02
log-10 (NLH10)
homolog
neutral lipase- 49-333 AB-
11 (NL11) XP_030033676.1 | Msex2.10726-RA | 185S, 209D, 269H hydrolase TAG lipase 9 2.58E+08 |  4.44E+02
neutral lipase- 45-327 AB-
12 (NL12) XP_030035750.1 | Msex2.12025-RA | 1818, 205D, 263H hydrolase TAG lipase 9 2.38E+09|  2.29E+03
acidic lipase- | xp 300331751 | Msex2.10332-RA | 1935, 368D, 399H 43-421 AB- 9 ND | 6.05E+02
1 (ALI) - hydrolase lipase
acidic lipase- 112-411 AB-
2 (AL2) XP_030041138.1 | Msex2.02034-RA | 184S, 358D, 389H hydrolase lipase 11 ND 2.40E-01
acidic lipase- | xp 30022206.1 | Msex2.03554-RA | 1895, 361D, 392H 42-414 AB- 9 ND 3.82E+02
3 (AL3) - hydrolase lipase
acidic lipase- 42-418 AB-
4 (AL4) XP_030029283.1 | Msex2.07865-RA | 1918, 365D, 396H hydrolase lipase 9 ND 1.39E+03
acidic lipase homol 22-260 AB-
pas XP_030038008.1 | Msex2.13484-RA 1658, na, na hydrolase lipase homo 9 2.31E+07 1.07E+02
og-5 (ALH5) - log
acidic lipase homol 22-260 AB-
P XP_030037848.1 | Msex2.13487-RA 1658, na, na hydrolase lipase homo 9 2.31E+07 1.82E+00
0g-6 (ALH6) log
serine esterase | o-esterase-1 (aEl) [|XP_030021129.1 | Msex2.00350-RA 1838, 317E, 440H 3-532 B-type CE 9 4.89E+08 ] 9.98E+02
19-534 B-
a-esterase-2 (aE2) | XP_030028867.1 | Msex2.07667-RB |  204S, 333E, 441H 9 3.07E+08] 1.16E+02
type carboxylesterase
a-esterase-3 (aE3) | XP_030029533.1 | Msex2.07963-RB 1998, 331E, 446H 8-531 B-type CE 11 NaN 3.35E+01
a-esterase-4 (aE4) | XP_030022822.1 | Msex2.03978-RB 2068, 328E, 442H 5-531 B-type CE 9 NaN 2.15E+02
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o-

esterase homolog- | XP_030023018.1 | Msex2.04204-RA | 202D, 325E, 425H 1-515 B-type CE 9 B NaN 2.13E+02
5 (aEHS)
a-
esterase homolog- | XP_030030744.1 | Msex2.08585-RA 197D, 311E, 418H 8-506 B-type CE 9 B NaN 9.92E+02
6 (aEH6)
a-esterase-7 (aE7) | XP_030027603.1 | Msex2.06988-RB 2048, 326E, 440H 8-532 B-type CE 9 A 4.85E+06 6.32E+01
SEH4-1 XP_030026304.1 | Msex2.06294-RA 208K, 337E, 463S 16-564 B-type CE 9 B 2.41E+06 1.45E+02
SEH4-2 XP_030026301.1 | Msex2.06295-RA 211E, 342E, 469T 5-566 B-type CE 9 B 3.71E+07 4.66E+02
SEH4-3 XP_030026302.1 | Msex2.06296-RA 210R, 341E, 467T 7-575 B-type CE 9 B 1.47E+07 2.03E+02
esterase FE4-1 XP_030034366.1 | Msex2.11175-RB 2018, 349E, 445H 2-535 B-type CE 9 A 1.61E+07 1.64E+02
esterase FE4-2 XP_030040069.1 | Msex2.01458-RA 2028, 322E, 426H 7-513 B-type CE 9 A 1.77E+06 3.55E+02
esterase FE4-3 XP_030040068.1 | Msex2.01457-RA 2028, 322E, 428H 8-515 B-type CE 9 A 4.91E+07 5.83E+02
esterase FE4-4 XP_030025623.1 | Msex2.05782-RA 2018, 331E, 445H 2-534 B-type CE 9 A 1.61E+07 7.10E+01
esterase FE4-5 XP_030027701.1 | Msex2.07029-RB 2028, 330E, 443H 2-534 B-type CE 9 C ND 5.18E+00
esterase FE4-6 XP_030035718.1 || Msex2.12089-RB 2018, 331E, 445H 22-551 B-type CE 9 A 1.61E+07 8.03E+01
esterase FE4-7 XP_030037025.1 | Msex2.13096-RA 2018, 331E, 445H 2-533 B-type CE 11 A 1.61E+07 9.44E+01
20-
405 GH13CD; 409-
Carbohydrates a-amylase a-amylase-1 XP_030040954.1 | Msex2.00124-RA | 211D, 248E, 313D 499 a-amylase, C- 9 A 8.40E+09) 2.06E+03
term. D, all B, IPRO06
046
1-117 RTD; 125-
530 GH13CD; 514-
a-amylase-2 XP_030024430.1 | Msex2.05241-RC 210D, 247E, 312D 604 o-amylase, C- 9 A 1.06E+09 1.78E+02
term. D, all B, IPRO06
046
B-glucanase B-1,3-glucanase | XP_030023420.1 | Msex2.04401-RE 188E, 190D, 193E 28-375 GH16 9 A L.72E+08| 2.92E+02
B-N- 63-208p-
chitinase acetylglucosaminid | XP_030029670.1 | Msex2.08131-RA hexosaminidase D2; 2 9 D 3.98E+07 1.22E+01
ase (BNAGasel) 08-594 GH20 CD
15-103 p-
hexosaminidase D2; 1
B-N- 02-
acetylglucosaminid | XP_030030429.1 | Msex2.08667-RA 405 GH20 CD: 225- 11 D 6.08E+06 1.20E-01
ase (BNAGase2) 285 PI-
specific PLC, XD
11-
chitinase-8 (CHT8) | XP_030034142.1 | Msex2.10627-RA 120D, 122E 374 GH18 CD; 1118- 11 D ND 0.00E+00
1179 CBD
19- ~
lysozyme lysozyme-1 XP_030024172.1 | Msex2.04822-RA 50E, 68D 134 GH22 lysozyme 11 C NaN 1.45E+02
21- ~
lysozyme-2 XP_030024171.1 | Msex2.04820-RA 51E, 69D 134 GH22 lysozyme 10 C NaN 1.24E+01
lysozyme-  Ixp 030024170.1 | Msex2.04821-RA S1E, 69N 134 GHZ?I- 3 D ND 0.00E+00
like protein (LLP2) | " — - Visexe g likeys"zy“‘e -
catalytic PGRP PGRP2 XP_030021983.1 | Msex2.03607-RC 60H, 96Yi 7187C0‘H’ 176T, 31-195 PGRP CD 9 A 1.42E+07 1.03E+03
PGRP3 XP_030021968.1 | Msex2.03605-RA 65H, lql_ni’g;g}l’ 181 34-201 PGRP CD 9 A ND 1.44E+01
PGRP4 n.a. Msex2.03606-RB 60H, 95Y, 169‘H’ 175T, 29-194 PGRP CD 10 C ND 3.58E+00
o-glucosidase a-glucosidase-1 | XP_030026573.1 | Msex2.06470-RB 400D, 458D 236-536 GH31 9 A 1.54E+07 1.18E+02
a-glucosidase-2 | XP_030026572.1 | Msex2.06471-RA 374D, 432D 221-625 GH31 9 A 7.63E+07 2.73E+02
gl““"sgﬁs(eu}_“’m"l" XP_030028824.1 | Msex2.07554-RE 687D, 744P 547-885 GH31 1 D ND 2.15E+01
glucosidase H1)
glucosida;e homolo 76-125 P-
>g-2> (- XP_030027477.1 | Msex2.06949-RA type trefoil domain; 30 9 D ND 2.69E+02
glucosidase H2) 3-770 GH31
B-thioglucosidase myrosinase-1 XP_030037280.1 | Msex2.13243-RA 186E,398E 22-486 GH1 CD 9 A 2.92E+08 3.00E+02
myrosinase-2 XP_030026263.1 | Msex2.06063-RA 185E,396E 35-497 GH1 CD 9 A 8.61E+07 2.84E+02
myrosinase-3 XP_030026260.1 | Msex2.06067-RA 186E,398E 39-503 GH1 CD 9 A ND 4.30E+00
myrosinase-4 XP—030(0:26264'1 Msex2.06061-RA 185E,397E 21-486 GH1 CD 9 C 1.43E+07 6.72E+01
trehalase trehalase XP_030022193.1 | Msex2.03542-RA 22-554 GH37 CD 10 C 1.53E+07 3.59E+01
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acetylhexoaminid
ase

a-N-
acetyl galactosamin
idase-
1 (aNAGalase-1)

XP_030032307.1

Msex2.09968-RA

154D, 215D

15-308 GH27; 311-
405 GH13, all B

4.47E+06

1.63E+00

a-N-
acetyl galactosamin
idase-
2 (oNAGalase-2)

XP_030028468.1

Msex2.07265-RB

163D, 224D

25-317 GH27/36; 318-
419 GH13

ND

3.00E-01

fructofuranosidas
e

sucrase-1

XP_030033238.1

Msex2.10409-RB

41D, 164D, 219E

22-337 GH32 N-
term. D; 309-
452 GH32 C-term. D

2.11E+06

5.03E+00

sucrase-2

XP_030029844.1
N

Msex2.08181-RA

62D, 180D, 234E

52-349 GH32 N-
term. D; 321-
478 GH32 C-term. D

4.09E+07

1.33E+02

a-L-fucosidase

a-L-fucosidase-1

XP_030040079.1

Msex2.00174-RA

34-368 GH29; 410-
479 GH13 C-
term. all B. GH95

1.73E+07

1.28E+00

maltase

maltase-1

XP_030031300.1

Msex2.09215-RA

224D, 298E, 364D

31-

515 GH13 CD; 493-
596 GH13 C-
term. all B, GH31, IPR
006047

1.61E+08

6.62E+02

maltase-2

XP_030035812.1

Msex2.12170-RA

226D, 299E, 365D

48-
585 GH13 CD; 565-
658 GH13 C-
term. all B GH31, IPR
006047

NaN

9.14E+01

maltase 3

XP_030034371.1

Msex2.10850-RA

220D. 296E, 361D

21-

326 GHI13 CD; 304-
426 GH13 C-
term D, GH31, IPR0O0O
6047

ND

0.00E+00

glucosylceramida
se

glucosylceramidase

XP_030029249.1

Msex2.07973-RA

1-90 GH30; 123-
488 GH13 CD; 482-
535 GH13 C-
term. allp

1.30E+08

1.72E+02

a-mannosidase

a-mannosidase

XP_030037312.1

Msex2.12639-RA

170D, 292D

1-69 GH38/57 N-
term. D; 72-
161 GH38/57 central
D

4.61E+07

1.46E+00

B-glucuronidase

B-glucuronidase

XP_030027258.1

Msex2.06626-RA

336 - 631

47-239 galactose-
binding D; 240-
340 IgD; 341-
639 GH2 CD

2.72E+06

4.13E+00

Nucleic acids

nucleases

nuclease-1

XP_030023583.1

Msex2.04563-RA

185-
429 DNA/RNA non-
specific endonuclease

1.25E+08

3.06E+02

exonuclease 3'-
5' domain protein

XP_030023602.1

Msex2.04535-RA

101-226 3'-
5" exonuclease domain
,50-
274 Rnase H superfam
ily

ND

1.65E+02

ribonuclease Oy

XP_030024160.1

Msex2.04812-RA

45-
235 Rnase Rh domain,
T2 superfamily, 74W,
751, 76V,77H, 78G, 7
9V,80W, 81P,126F, 1
27W, 1281,129H,130E
, 131W, 132S,133K,1
34H, 135G, 136T, 137

C

2.62E+06

2.16E+01

ribonuclease H2B

XP_030027675.1

Msex2.07022-RA

heterotrimeric interface

29L, 30V, 31R, 44T, 6

8V, 76R, 778, 78W, 79
F, 801

39-
97 Rnh202 triple barre
1 domain, 97-
224 Rnase H2 subunit
B, wHTH domain

ND

2.16E+01

*: Substrate group: proteins, lipids, carbohydrates, or nucleic acids. Enzyme group: Ser, Cys and metallo proteases, lipases, serine
esterases, nucleases, amylases, and others. Exp. group: G for preferential expression in midgut and “?” for unclear; Group: 9, 10 or
11; Digestive enzyme-relatedness index (DERI): A for digestive enzyme, B for digestion-related protein, C not specific for digestion,
and D for unrelated to digestion in larvae. Evaluation was based on similar criteria described in Table S1 footnotes; LFQ: ND for
undetected, NaN for “not a number”, or a value for normalized protein level; TPM: transcripts per kilobase million in the RNA-Seq
dataset of day 1, 5" instar midgut. Abbreviations: AL and ALH, acidic lipase and homolog; AP and APH, aminopeptidase and
homolog; BNAGase, -N-acetylglucosaminidase; CP and CPH, carboxypeptidase and homolog; DPP, dipeptidyl peptidase; FE,
feruloyl esterase; GH, glycoside hydrolase; GP and GPH, gut serine protease and homolog; JHE and JHEH, juvenile hormone esterase
and homolog; LLP, lysozyme-like protein; NL and NLH, neutral lipase and homolog; PGRP, peptidoglycan recognition protein; SE
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and SEH, serine esterase and homolog; SP and SPH, serine protease and homolog; ZnCP and ZnCPH, zinc carboxypeptidase and
homolog; ZnP, zinc protease.

Table S3. Features of the newly identified homologous proteins

Substrate group Enzyme group NCBI_ID Msex/MCOT_ID DER index LFQ [TPM (L5d1)| Catalytic residues Homolog in Table S2
Proteins cycteine protease XP_030031595.1 Msex2.15524-RE D NAN 45.57 caspase-4-1 C14A
Zn protease-
metalloprotease XP_030029518.1 Msex2.07488-RA D ND 0.00 1 (ZnP1), M12A
zinc carboxypeptidase-
XP_030023350.1 MCOT.C03871.5.0.0005B A 5.03E+08 | 4295.31 6 (ZnCP6) M14
Lipids lipase XP_030022443.1 Msex2.03907-RA A 6.43E+07 65.23 184S,208D,269H neutral lipase-4 (NL4)
neutral lipase homolog-
XP_030022463.1 MCOT.C03303.4.0.CO04B B 2.29E+07 | 3327.12 142G,166D,227H 6 (NLH6)
serine esterase XP_030021117.1 Msex2.00349-RA D 3.22E+06 89.48 183S,317E,441N oEl
XP_030029535.1 Msex2.07962-RB D ND 8.22 196S,328E,443H oE3
XP_030034367.1A Msex2.11171-RA A 1.61E+07 62.66 2168,346E,460H esterase FE4-6
XP_030034367.1B Msex2.11174-RA A 1.61E+07 43.52 2018,331E,445H esterase FE4-4
XP_030025623.1A Msex2.05781-RA D ND 1.65 2018,331E,445H esterase FE4-4
XP_030025623.1B Msex2.12087-RB A 1.61E+07 3.07 2218,351E,465H esterase FE4-4
XP_030025623.1C Msex2.12088-RB A 1.61E+07 1.11 2018,331E,445H esterase FE4-4
XP_030027742.1 Msex2.07025-RA A 9.46E+05 13.57 2018,329E,442H esterase FE4-5
XP_030027740.1 Msex2.07026-RA C NAN 56.94 2188,346E,459H esterase FE4-5
XP_030027699.1 Msex2.07027-RA C 4.83E+07 62.00 2028,330E,443H esterase FE4-5
XP_030027704.1 Msex2.07028-RC C 9.46E+05 8.30 204S,332E,445H esterase FE4-5
Carbohydrates o-amylase XP_030040921.1 Msex2.00123-RA C 1.14E+06 0.74 210D,247E,312D a-amylase-2
B-thioglucosidase | XP_030026258.1 Msex2.06062-RA A 1.43E+07 60.83 185E,397E myrosinase-4
XP_030026255.1 Msex2.06064-RA A NAN 4.27 185E,397E myrosinase-4
XP_030026264.1N | MCOT.C05365.10.0.COB4B A 1.43E+07 187.31 185E,397E myrosinase-4
B-fructofuranosidase | XP_030029844.1C Msex2.08182-RA C ND 1.22 62D, 180D, 234E sucrase-2
o-L-fucosidase XP_030031341.1 Msex2.00175-RB C 4.61E+06 0.17 o-L-fucosidase-2
Nucleic acids nuclease XP_030023618.1 Msex2.04564-RA C ND 63.51 nuclease-2
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Figures

67 RNA-seq datasets from
tissues at different life stages
¥
1,323 genes in groups 9-11
expressed preferentially in midgut
MCOT 1.0
OGS 2.0 174 digestion-related genes

53 new SP(H)s ¥ N

193 reported 67 SP(H)s 107 hydrolase-like
SP(H)s ¥

69 SPs and 52 SPHs |16, 0, 9, 7 for carbohydrates
¥ 23, 4, 0, 9 for proteins

62 GPs and 11 GPHs | |20, 10, 1, 4 for lipids

7 SPs and 41 SPHs | |1, 0, 1, 2 for nucleic acids

Fig. 1. Scheme for identification of the 122 digestive enzymes in M. sexta. As described in Section
2.1, the transcriptome analysis revealed three groups of genes favorably expressed in midgut at
different developmental stages (Cao and Jiang, 2017). BLAST search indicated that 174 genes
encode SPs, SPHs, and other hydrolase-related proteins. A comparison with SPs and SPHs in the
MCOT and OGS 2.0 assemblies (Cao and Jiang, 2015) and the 125 nondigestive and 68 digestive
SPs and SPHs (Cao et al., 2015) led to the identification of 69 SPs and 52 SPHs beyond the 125
nondigestive SP(H)s. The 121 SP(H)s were divided into GP(H)s and nonGP(H)s based on their
expression profiles. The other 107 hydrolase-like proteins are classified into: 1) digestive enzymes,
2) digestion-related noncatalytic proteins, 3) not digestion-specific, and 4) digestion-unrelated.
Their numbers are listed in columns 1—4, respectively, with those in bold font standing for the

digestive enzymes in larvae.
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clade:
cluster:
specificity:
exon #:

Fig. 2. Phylogenetic tree from MrBayes analysis of the 80 M. sexta SP(H) preferentially expressed
in midgut. As described in Section 2.4, entire protein sequences of the SP(H)s were aligned for
constructing the tree. Percentages of Bayesian posterior probabilities are shown at the nodes, with
“*” representing 100. Branch lengths represent expected substitution rates per site. AGY (Y: C/T)
codons for the active site Ser are indicated whereas TCN (N: A/C/G/T) codons for this residue are
not shown. Numbers of exons for each gene are labeled in red font. Predicted enzyme specificity
of SPs is indicated in blue font: “T” for trypsin, “C” for chymotrypsin, “E” for elastase, and “-” for

SPHs that lack an amidase activity. Members of a gene cluster are marked with ¢, ~, o, X, 0O, #, e,

+, or 9. Six clades (A—F) are indicated in green font.
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Fig. 3. Gene expression profiles of the 61 GPs and 11 GPHs (A) and 107 other hydrolases and
homologs (B) in various tissues and stages of M. sexta. The first part of the library names indicates
major stages of the insect, embryo (E), 1% to 5" instar larvae (L1-L5), pupae (P), and adults (A).
In the second part, “D” stands for day, “h” for hour, “preW” for pre-wandering, and “W” for
wandering. As shown on the /eft, order of the proteins represents their relatedness in expression
pattern, as revealed by the cluster analysis. Log,(TPM+1) values for the transcripts are shown in
the gradient heat map from dark blue (0) to red (=10). The values of 0~0.49, 0.50~1.49, 1.50~2.49,
... 8.50~9.49,9.50~10.49, ..., 14.50~15.49 are labeled as 0, 1, 2, ... 9, A, ..., F, respectively. The
other hydrolase-related genes are listed as abbreviations on the right of panel B (see Table S2 for

full names).
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Fig. 4. Phylogenetic trees of lipase-related proteins (A), nucleases (B), carbohydratases (C), serine
esterase-related proteins (D), and myrosinases (E) from M. sexta and other organisms. Based on
the sequence alignments (Figs. S2—S5), phylogenetic trees were constructed using MrBayes v3.2.6.
Probability values are indicated on top of branches; major taxonomic or protein groups are shown

in different colors. Abbreviations are indicated in the corresponding supplemental figures.
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Fig. S1. Expression profiles of the 49 newly identified SP(H) genes unrelated to food digestion.

Tissues, stages, and library IDs (1—52) are color coded as described in Fig. 3 legend.
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Fig. S2. Aligned sequences of the neutral (A) and acidic (B) lipase-related proteins from M. sexta
Equus caballus neutral or pancreatic lipase (EcNL, NP_001157421.1), H.
armigera NL (XP_021186848.1), B. mori NL2 (XP_004929630.1), M. sexta NL(H)s, Homo
acidic or gastric lipase-1 (HsAL1, NP _001185758.1), H. armigera ALl

and other animals.

sapiens
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(WRYRVDVTLSGKKVTGHVLVSL! EIFQGTLKPDNTYSNEF KVKFIWYNNVINLTLPKVGASKITVERNDGSVFNFCSEETVREDVLLTLTAC* )
GALGIGSNVANADFYPNGGIS~QPGCLTNL: o FAATVTYN====~HLVGRLCTSQTQLTWNTC~~~~RGAQLRMGNDDLRKTG= ==~~~ SGMYRLDTGRRYPY*
TGLG. F QPGCTLSL: 'NEHNRAWELFASTVTRN HLVGNQCSNMLQVSSNSC: LNMGNDDLRK: LFRVNTGRRYPF*
GGLGIGSAVANADFFPNGG!S-OPGCLTNI ------------------- CNHNRAWELFAATVTYN: HLIGNQCSNNLQITLNNC: LHMGNDDLRK! YRLDTGRRHPF*
GGLG. Q! ALSL- NHNRAWELFASTLTRN: HLVGNQCSNTLQITTNSC-~=-~RGSRLNMGNNILNKRG=~=~~ SGLFRLDTGRRYPF*
DGLGIGFAIAUVU!: QPGCLLNI LFAATITYN: HLIGTRCNNVLQIQLNTC HMGN DNLKKT RLDTRWRYPF*
RIAGIMNPVGDADFYPNGGMNPQPGCAVST====mmmmmmmcmcnaan— CSHGRATELFAATVQRN HLVGRRCNNIWEAELTRC~~~~TGANLEMGNGI IGKRG=~~~~AGLYGLLTGRSFPF*
GINGYLGDLAQVDFYPNGGIS-MPGC DHARSFFYFAESLVSG~~ GFTGRQCINYYAAVLGMCD-~VLPGRLOMGGLRPKFGS =~~~ ~~AGVYLLETNAAPPFSKG*
GNLGYDYPLGDLDFY SHTYAYAFYAESLTSEINNGNAFVGTACESYEQAIVLAC 1 LF IYVFLTNF
GLLGIFDRIADADFY Q! AIST: SHSRAYELFASSVRTN: HFNGRLCSNINQAQNNQC RMGNGILNK: IYGLRTTNRWPF*
GILGIFDQIADADFY WIST SHSRAYELFASSVHTN HFVARKCNDINEARNNKC ==~ ~SGESLEMGNHNLNKRG=~~~~IGIYGLTTGRYWPF*
GGLGTTAVLADTDFFFNKKGKKQPPCHEGLIPG-~ KGESDAAKCSHKACVRY YMMSVHEPN- WYLAWACDNYDEFSGGQC~ ARNQVTMAGYHNPGNA. ~TGVYYVSTETYGIE*
NANGIGIRVGHVDFFANGGGN~-QPGCSNNA: GLIGRECETTKQLTSNLC=~=~~RGFNLELGNNKMNKFG=~~~~DGMFRVNTGKSYPF*
GVLGFLATLGHADFYPNGGLG-MPGCDSQE: GFNGRRCASYLTAMTGNC~~~FLWGNLRMGGLVPKTGS ==~~~ SGIFYLETNASPPFSRN*
GNMGILEPHAHVDFY Q! NTAL: DHYRSYYFMAETLRT! FTGHRCNTLTDAQRGTC NSTL TGS=~: RGLFFLATNPFSPFSRG*

VLGTTHG- LFGKLHPGSPEVTMNISQMITYWGYPNEEYEVVTEDGY ILEVNRIPYGKKNSGNTGQ-RPVVFLQHGLLAS
AARGSLEGDRILETLN~SIDSRYSTDVFEDARLDVPDLIRKYRYPVEVHNVTTQDGY ILOMHRI PHGRDAHNVPNRKKPVVFIMHGLLSS
s [EGGSSPNSEYVKLLFGDSGARYSNNIIEDANLDVPGLVKKYGYPIEMHNVTTPDGY ILGMHRIRHGRDANNVPDENKPVIFLMHGIVSS
YGN===-ELFENDLFSRTHSSVLEDARLDTFSLIRKYGYPCEIHRVYTEDGY I LEMHRVPHG~~AHDDRNEPRPVVFLQHGLLSS
ARRSPNAD-~-YIDELESTRQGRYSSDILEDARLDVPGLLAKYGYPYEVHNVITEDGY ILEMHRI PHGRDRNNRPNPNKPIVFLMHGLLSS
RRSPHADFVEELFMTGPPGSRISNNITEDALLDIVGLISKYRYPVEVHKVVTEDGY ILEMORI PHGRDRNNHPDPRKPVVLVMHGLCAS
LFDTENLIKSEGYHTETHYVTTSDGYILQVNRIPYRRHERS SHKHNRPVVFLMHGLLAA
~LFDTENLIKSEGYHTETHYVTTSDGYVLQVNRIPYRRHERSSHKHNRPVVFLMHGLLAA

ATNWISNLPNNSLAFILADAGYDVWLGNSRGNTHARRNLYYSPD-~~~SVEFWAFSFDEMAKYDLPATIDFIVKKTGOKQLEYVGHSQGTTIGFIAFSTNPSLAKRIKTFYA
SADFVIMGPGSALAYILAEEGFDVWMGNARGNYYSRRHTSLNPDAL~LSTRYWRFSWDEIGNIDLPTMIDYALDVSGEERLHYVGHSQGTTAFFVMGSMOPAYNQKVISMHA
SADWVIMGPGAGFAYILAEAGFDVWMGNARGNFYSRTHVRLNPDAI -LNTNYWKFSWDEIGNIDLPTMIDYVLVKTNRQRLHYVGHSQGT TAFFVMNSLRPVYNDKIISMHA
SAEWILMKPGKGLAYVLADHGY DVWMGNARGNTY SRRHISMKPT~~~~SSSFWKFSWHEIGYYDLPAMIDYVLRETGVAKVQYIGFSQGTTAFWVMTSSRPEYNDKISAMHA
SADFLVLGPGNALGYLLAEAGYDVWLGNARGNFYSRRHRRLNPDSI~INQNFWKFSWDEIGYYDIAAFVDY ILQRTKOSKLHYVGHSQGGTTFLVLNSLRPEYNKKFKSFQG
AADWVLMGPGTALAYELAEQGFDVWLGNARGTYYSRFHTTLDPD~~~RSREFWNFSWEEIGTRDLPAMIDYALRITGKRRLEYIGHSQGTTVFWTMGSLRPAYNDKIISMOA
SNSYVLLGHENSLAFNLADAGFDVWMGNARGNRNSRAHVSLNPDHARQKFDFFDFSWEEIGMIDVPEMIDYALKHTGREKLEY IGHSQGGTAFLYMSSMRPEYNEKLESVHL
SNSYVLLGHENSLAFNLADAGFDVWMGNARGNRNSRAHVSLNPDHARQKFDFFDFSWEEIGMIDVPEMIDFALKHTGREKLHY IGHSQGGTAFLVMSSMRPEYNEKLESVHL

LAPVATVKYTKS --~=~-LINKLRFVPQSLFKFIFGDKIFYPHNFFDQFLATEVCSREMLNLLCSNALFIICGFDSKNFNTSRLDOVYLSHNPAGTSVONMFHWTQAVKSGKFQA
LAPVAYMANNRNLLLRVLASYSNNIESIASLIGIGEFMPNSVVFTWAGQALCRDEVIFQPICSNILFLIGGWNEDQHNSTMMPAIFGHTPAGASVROLAHYGOGISDRGFRR
LAPVAYMAHNRNTLLLFMAPMANDVEKISSLMGIGELLPNNAIMSWAGONLCMDESTFQPVCSNILFLIGGWNVEQLNKTMMPVIFGHSPAGSSVRQFVHYGOGIADKGFRR
LAPVAYIPNIKSPLIKAIGPFTNSLEVIFKLIGADEFLPNGKMNELAGOKMCIEEALTQVLCTNLLFLICGYNIDQLNKTMLPVVMGHT PAGASTROMIHFGQSYNSGEFRH
LAPAAIFTNNDHLVFSALAPFENIIETTAFSMGIGEIFGNREFITWFATNFCHEGS IFHPLCGYAMTIVT-~ASENFNQTMLPLFLGHAPAGAS IRQVAHYGOCIRFNAFRR
FAPVAYLTNNQNPAFIALAQHANSIEAVSSVLGVTEIFGRSDSFTNIGKKFCSDDSPTQALCSNMIFLIAGRSEDMHNATMF PVKLGHTPAGISVKQLVHYGOHIRKDFFRR
LAGVGYMKHFPNSQMSGLAALSDVIYNFALTIGMVELFPPSSDSRSVGR======ccmccccccccccccccccmccccnccncccaan SADSCTGNLGYN=====cccccx
LAGVGYMKHFPNSQMSGLAALSNVIYNFALTIGMVELFPPSSDSRSVGR= == === mmcc e e e e c e e cm e e e e c e e e e e SADSCTGNLGYN=====menee=

YDWGSPVONRMHYDQSQPPYYNVTAMNVPIAVWNGGKDLLADPQDVGLLLPKLPN=~LIYHKEI PFYNHLDFIWAMDAPQEVYNDIVSMISEDKK*
YDQGSRLSNYRTYGSFRPPSYDLSKVTTPVFLHYSDSDPLAHVNDVDRLFRELGRPIGKFRIPLRSFSHLDFIYAINAKELLYDRVINLIKAMDANAFDEAY
FDHGSRMANRKAYGSRRPPNYDLSKVTAPVFLHYSFNDPLAEVQDVERLFRELGRPVGKFLVPLPAFNHIDY INAINAKELTYDRVINLVRAVERSGIDNLVL*
FDHG-WLKNKLIYGSFKPPAYNLNAIRTPIFLHYADNDWLSTPKDVDRLSKDIKSVVGKFRVAMPEFNHLDFVFAINATE IVYHRLLNIMQVEDQ*
YNFN-LLTNLAVYGRRTPPEYDLSKITVPAYIHYGLRDREVNYKDLHILAKKLGNTVGIFRIPRETFNRYDFIVSSKAKTEFYDFLIRKIREADRMH*
YDYG-ALTNWRIYRSLTPPSYNLRRITAPVFLHYVDDDVFAHVRDVTRLFRELGRPVGMFRVPHATFSHLDFMAGTQAKRLLYSRTINLMRSLG~~~~DE*
=YMCDLTGVDQIVVCFYCVFLATSFVYFYDRKNGRFKLTFNVM*

=====YMCDLTGVDQIVVCFYCVFLATSFVYFYDRKNGRLV*
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(XP_021181637.1), and M. sexta AL(H)s. Green font denotes residues of signal peptide; red font

denotes conserved catalytic residues.

oEl MTQVKVT~-~-EGVLEGELVENLYGGSYYSFKGIPFAEPPVGRLRFKAPQPPKAWEGVRSAKEFGPFSYQVDW-WSPTPIGSE~-~DCLYLNVYTPDIKPK~KLL
aE2 MITAVNEFLDDL ITEAPVVNVEQGRLQGRVYNS PSGRAFYSFQGIPYAKPPLGSLRFKAPQPPEPWEGIRDATSEGNVSAQIDYTFTKEYTGDE-~-NCLFLNIYTPNLDG--EFL
aE3 /DQPAPEVEIEQGVLSGKISPD-~~GSFYEYLGIPYATTNS~-STRFKAPLPPPSWKGVFKAIDEVDLCPONSV~~~FGIIGTE-~-DCLKINVYVP-VYGK-RPL

oE4 SARIDPLVETKV-GLIRGLRSGN~-~~GQYSMFMGIPFGQVNA-SNPFGIATEY PHFEKPYDAYDDTSLCPQTNK-TNQFAIGSL~-~DCLRLNIYVPAVATSTFKL
«EHS QVRVDPLVLISSQGLIRGHAATD~-~~GDYSIFLGIPYAQVDE-TNPFGPALDPPPFHEI IHDAVDSVKCPQAY~-SSSIGETML-~DCLRLNIYVPSQAHSRNPL
«EHE ALTRIDPLVEIQN-GLIRGLRSND-~-~-GQYSMFLGIPYGVVDA-ENPFGPSVPHPGFEDTFDAFVDSSICPQY FGGTVRGSL~~DCLNLNIYVPNTATSRNRL
aE7 I SARIDPLVDTKV-GLIRGLRAAN-~-~-GEYSMFMGIPYATVNI-VNPFGPSIPHPGFNDTFEAFDDSAICPQIEE-FHKTITGNL--DCLHELNIYVPNSATSKNRL
FE4-1 ATATAQTAESRVVTTHHGPIRGYKDPD-~~GSMYSFYDVPYATVPTGMDKFKAPLPPPTWTQPFEAVFRGVICPQ-~LVMLISEPYIMQEDCLVANIFVPDTNDT-~NL
FE4-2 )SQGIQETRIVNIDQGPVRGFKKPG-~~AGYYSFYNMPYATIR~-~~ERFKAASPPPTWTTPFDAVDRGI ICPQAFVPYVNSANRTMQEDCLVINVFVPETNET-~NL
FE4-3 VOSQGIQETRIVNIDQGPVRGYKNPG-~~EGFYSFYNIPFATVR-~-~ERFKAPSPPPTWTTPFDAVDRGI ICPQGPVSYVDLTNKTMQEDCLVINVYVPETNKT-~NL
FE4-4 AQSAGSRVVNTHHGPIRGYKDPD-~~GSMYSFYDVPYATVPTGRDKFKAPLPPPTWTQPFEAVYRGVICPQ-~LDILITIPHIMOEDCLVANIFVPDTNDT-~NL
FE4-5 D-~-EGSRVVRLAQGPVRGYRDPQ-~~GDLFAFYSVPYATAPTGPHKFKPPVPPPNHQDPLEAIDKGI ICPQASSEF I EMANKTMKEDCLIANIFVPDTQED-~NL
FE4-6 T QTAESRVVTTHHGP IRGYKDPD~-~~GSMYSFYDVPYATAPTGRDKFKAPLPPPTHWTQPFEAVPRGIICPQ-~-LNILVIVPHIMOEDCLVANIFVPDTNDT~~-NL
FE4-7 M TATAQTAESRVITTHHGP IRGFKLPD~~~GSMYGFYDVPYATVPAGRDKFKAPLPPPTHWTQPFDAVPRGVICPQ-~LNILINVPHIMQEDCLVANIFVPDTNDT~-~NL
aEl PVMFWVHGGGFVSGS--SNEYGPQLLVKKDVIVVTTNYRLEILGFLCLDTEDI PGNAGMKDQVAALRWVNKNIKNFGGDPDNITIFGESAGGASIGWLIVSPMTKGLYKKAITQSGTSTCSWSQS
aE2 PVLFWVHGGGYRVGSGNSNLYGPDYLVEKDVVVVTINYRCGPLGFLCLNTPEVSGNAGFKDQIQALRWVKENI HNFGGNSGNITVFGESFGAISTSILTASPLSKNLMSKAIMOSGCGLCQCFQE
aE3 PYMVYVHGGAFILGSGGKLLYAPDYLIKHDVIVITFNYRLGALGFLCLGTKDAPGNAGLKDQIAALRWVRKNVAAFGGDPDNITIFGQSAGGTSVSLLLASEATTGLYKRAIVOSGSSLSSWALN
«E4 PVYMINIYGGAFLRGSSSRASAGPDYLVRHDVILVTINYRVGPYGFMCLDIPEVPGNQGLKDQY LAIKWVKENIAAFGGDVNKITLFGESAGGHSIDLHLRSSNEK~LFNNAILOSGSAVAATVFQ
oEHS PVLVWIHGGDFATGSAG-~DYGVRNLVREGVVVVTMNYRLGPYGFMCLNI PSMPGNQGLKDQF DALRWIRKNIASFGGNPYNVTIAGQDAGATSALLHLY SDWDK~-LFHKVIIESGTPQSEGMFV
aEH6 PYMVWIHGGGFIQGGGNRELYSPEFLIKHDVIIVSINYRLGPYGFLCVESENVAGNQGLKDQLLALRWIRENIQAFGGDVNKITVFGIDSGAESINLHLASPHEK-LFDQAILQSASEVK-~-~1G
«E? PYLVWIYGGGFSIGFSGRYLYGPRYLIRHDIILVTINYRLGPYGFMCLDTPEVPGNQGLKDQOLALKWIKNNIESFGGDVNEITIFGESAGSASVDFHLHCSNEK-LFDKIILOSGSVIGPWVIT
FE4-1 PVVVNVHGGGFVFGSGSSIHLTN-FVKNNNMILITFNYRLGAYGFLCLGTENVPGNAGMKDQAALLRWVNONIAQFGGNPNDVTVMGCSAGGISTDLLT ISNMTRSLFHRAIPESGCSYGAIAIQ
FE4-2 PVLVDVHGGAFHAGLGDAFTYNK-FATLKNVIVVTYNYRVGILGF ICMGTENI PGNA( VTGLRWVQRNIAS DVTLTGCSAGGTAIDLLILSNSTKGLFKRVITDSGSNLAAYAIQ
FE4-3 PYLVDVHGGAFHAGFGATYSYNS-FATSNNVIIVTYNYRIGILGFICMGTENI PGNAGMKDVVAGLRWVORNIASFGGNPNDVTLTGCSAGGSAIDLLPLSNITRGLFNQVIIDSGSNLATYGVQ
FE4-4 PYVVNVHGGGFVFGSGS IMHLTN-FVKNNSMILITFNYRLAAFGF LCLGTENVPGNAGMKDQAALLRWVNONIAQFGGNPNDVTVMGCSAGGI STDLLT ISNMTRNLFHRAIPESGCSYGAFAIQ
FE4-5 PVFVYTHGGGFQIGYGHWFQLKN~-LARTKNI IVVTFNYRLGVHGFLCLGTKDI PGNAGMKDQVALLRWVKDNIQAFGGNPNDVTLGGGSAGAASADLVMLSKASKSLFNKVIPESGSSLAAFAVQ
FE4-6 PVVVNVHGGGFVSGSGSSIHLTN-FVKNNSMILITFNYRLAAHGFLCLGTENVPGNAGMKDQAALLRWVNONIAQFGGNPNDYTVMGCSAGGI STDLLT ISNMTRNLFERAIPESGCSYGAFAIQ

MsFE4-7 PYVVVLHGGGFVLGSGSSLQYTN-FVRNNNMILITFNYRLGAYGFLCLGTENI PGNAGMKDQAALLRWVNQNIAQFGGNPNDVTVMGCSAGGI SADLLTMSNMTRNLFHKAIPESGCSYGALGIQ

aEl FEPRERALALARKLGCYSEDDKELHEFFISLPFESLVSTQTRLTMAEETKNVFEPVFIVVDEKKFGDNERFFYGDVFSSVANGLEEGVTLMTGYTEDEGILNMALGI PVQDKIDLINRFHDYLVP
aE2 =DPIKNAKTLASHLGCDADDVDEILEFLNSTPTRDLVEANEKINPLDSSP~-~~~-MLFTLVIEKEFPGIEAAISEAFIDILTSGRVANVPVMIGGTTLE-~~~~~~~ LCIEKKSDDLQDF--~--1P
aE3 ROPKWVASLIVKELGHDTNDPEEIYEILSKTSFKDLVRTKPARPLDKYLDT~~QLLHLPCVEKYIPGVEPAITDLPINLLTNKPKTNVSVMYGTTSKEG =LFVISKDDDKTVKERDEKYIFA

aE4 EPDKEAPIKLAEHLGLNTTCIHEALEFLAGTEPEQIIEATVALDMS~ =FKPCVEKDIDGVDNFITTTHVDTAVP-KVANMPVLLGFNNHE =FLTIYANNGVDHYKESNIFQNS

oEHS NADIDAALKLAEYLGFNTSDTEDALQFLGKSSPDLVTGAAVDLGLO~ LRPCTERFFSGISNLVQODNPYSMSNKGKVANTAILIGNTNKE: =LNSLSGD====~' YFNSDPFYVK

oEH6 APDNSVPIAAAERLGYETEDLEDALNFLSSQDNHLVIAAFADLRLN- VGPCAEPDFD-~-DKFIDS~--~EASST-KIRNIPIIIGYTNDE: =ALFKYAKASPDVFVNFS-FEDK

aE? EPDRAAPLKLAAYLGFATEDTAEALSFLSSVDTNLIIAATSDLSLS- ~FGACVEQEYENVDRFITENPININVP~RAKNTPILIGYNNDE-~~~~WLANNVNKEPEYFDGLNIFRDN

FE4-1 YDPIQNAKDHARLMNFSNVDDIAALEQFYMTVSATTLAMHSISTLSLPDSS-~~FTFAACLERDVG-VEMFLODDPADILKNGDF PAMPLLYGLAKDEG-~~-MFRIPNILGGWLSKMNEHFSDFL

FE4-2 PDPIEMAKQDAMLYNFTDVDNLDALEQFFLTEP======= YETFTRTSSN====== CGPCVEKDLG-QEMFLHEAPYTILNRGDFIKYPTMYGLTDMEG-~~LFYFNRFEE-LSQQOMDSNFSNFL

FE4-3 SNPIEVAKQHAELYNFTDFHNFDAVERFFLTEP======~ FDTFIKINSN====== CGPCVERDVG-EEMFLTEAPYTILNRGDYIKYPTLYGLSDMEG-~~-LFPHEAIEV-ISQILESNFANFL

FE4-4 YDPIQNARDYARLLNDTNIDSFEDLEEFYLTVSAETLATRLVTTSNHKDSR~-~~LTFTACLERDVG-VEMFLODDPADILKKGDF PAMPFLYGLAKEEG-~~MPRTANVLTGWLSKMNEHFSDFL

FE4-5 PDPLENAKNFAKQLNFTNTNDIYALEKFYKSATLE~--QITIDAFVDKKDST~~-~FVFSPCVERNIG-EEVFLDEDPLTILONGNYEKLPLLIGFANMEG-~~LVRIEFFET-WKSAMNEKFSDFL

FE4-6 YDPIQNARDYARLLNDTNIDNIEDLEEFYLTVPAETLAMRIMSIITHPDSS~-~~LTFTACLERDVG-VEMFLODDPADI LKNGDF PAMPLLYGLAKEEG--~MFRLPYVQDGWLSKMNEHFSDYL

FE4-7 YDPIQNARDYARLLNYSNIDSIEALEEFYLTVPAATLATRLISTVTHLDSS-~~LTFTACLERDVG-VEMFLODDPADILKNGDF PAMPLLYGLAKEEG=-~~IFRIPNILIGWLSKMNEQFSDFL

aEl KPIAINNLISDQIQAGKMIKEYYFKGK-VNIEDWEQLVKYYSLEVFVYATIQFAKLCANAKKNKVYLYKFTCKSERNVFGPVM~~GMGELIKDKQVVCHADDLYYLFDLGP~LENVKPEVGSKSH

aE2 ADLKLERNSEESLAIAEKIKEIYFKGKPKNAETMLEQFQLFSDQAFNIDMHRY IKYLVQATNKPIYFYKFDYVGELNVSLPLF~~NQ~-~~~IGMKCATHMAELGY LFKNDF -QKDVEPTP~~-QDV

aE3 SDLEFPSEKQAEIED-NKVRQFYFGDERMSMKNILNISDMFTHLYFEVPSILESEILMENSNMPVYNYYFNYAGGRNFLKYIT~~GF~ KHESGACHADELLY IFRGNL-WPFPIRNK-~-~DQ

aEd LOSQFKFSEDELVEMSNLFRHFYMGDRPITEELEWPIVDFGSDYTYIHPIRRT INKFMESGAGDLYYYMFSYSGGRNYAKIAA--NITEG- MAALQDAPNAADQ

«EH5 IRNNFDLEEHQFVQAATNVRHFYIGDQPISPEVSSELEDFETDFVYNHPSQRVITRLLEDNAGAIYEYLFSYIS VGG-NLQRTKEDQ

aEHE IGrm=mm- LEVNSEVVDHVRHFYIGDEDLNEDMRHQI INFESDFKYYHPTERLIKKYTDEGAKAIFYYVFSYVGERNLMKVTA-~NITEG- SNVLGIPS-EDDQ

«E7 LANYFSFDNEELQEMEQIVRHFYNGDE PLDVNAKRNF INFESDFYFNHPTERTISRYLDSGATNVFYYVFSYVGGRNFVKDRH=-NITVG-~

FE4-1 PNELRFESVEEKERVANTVRTFYFGDRPVNVSTILEYVDFHTDVLFGYRMMKGLTLRLGAKAQPIYLYQYSFVDENTSPILFTNV

FE4-2 PNDLQFSSEGERQRVAESVKYFYFGNGSVSG-NLKAFVDYQSDVVEFVYSILRTVQLNVHVGHRELYLYEYSYYDDGS

FE4-3 PSDLQFSSEEERQRVAESVKYFYFGNESIAS-NFLKLVDFQSDITFVTSILRTVKLNVNAGHREFYLYEYSFYEEDAV

FE4-4 PHELEFESVQEKDRVANTVRTFYFGNRPIGLSTIPEYVDYYTDVMFGYRMMKGLTLRLEAKDQPIYLHQYSFLDENTQPMWFTNV

FE4-5 PADLTFKNEKQKQEIANIVKQFYFGNKPVNNDNILSYVDFFSDVIFNVPALRSVELHLKNGHDKVYLYEYSFTDEAGPPVPHTEV

FE4-6 PNDLEFKSVEEKERVINTVRTFYFGYKPVDTSTILEYVDYYTDVMLGYRMMKGLTLRLDAKDQPIYLYRYSFVDENTSPILFTNV:

FE4-7 PNELEFESAEEKERVANTVRTFYFGNRSIGISTIPEYVDFHTDVLFGYRMMKGLTLRLEAKDQPIYLYKYSFVDENTQPIWFTNV:

aEl EMIENVTKIWNTDFAKYGNPT-PDD-~-SFGVEWKPYTLENQDYLEIGNEIVAGVEPDKEEVEFWEKLYKKY-~=====meemun APALVYSTYISK®

aB2 KTRERVVRLWTNFAKSGNPT~-PDENHYLTTTWLPVTKDTQYYLNIGSELSLGTNPDKEKMDFWDEVY TKYFKIWDHPKTNTLEAPRKTEPEIISVIETVVTSQVIEESSVPKTPEPSPEIVDSPP
{(EIPEPIPAVPEPEPVIPEPVAEIPEPAAEIPAPAAEI PAPAAKIPEPAVISEHKQDTHVNGIHSKPRTSNE IKMVONSNGMPKDVIRANDPPEDDLPKNIGVNKFVNFFESLGGKKY)

oE3 QMINWMTKLWTNFAKNGDPTPPHDSQELPVRWS PSKKEDVKFLHIEDELTMGRTPNPSAYRLWKDLYNKYR~ -KKYVDIY*

«E4 LYLDRMTTMWTNFAKYSDPT-PEVTDLLPLKWTPVTVDTLYCMEINSTLTLTGRPLHERMAFWELFLKMNKA~ LLKKFDD*

«EH5 LIVDRMTTLWTNFIKFGNPT~PRTSELVPVAWKPVTASTRPTMIIDTNLRLDSRVDQORMAYWDLFYTMYGR=~ ==¥YNNIARSVCTIV*

«EHE VVVDRLTSLWTNFAKFGEPT~-PEENDLLPIKWSPVTSTKQWYLQIDSDLWLDSRPFHDRMAFWDLFYKLQEK~-~ ==SRK*

aE? LIIDRMTTLWTNFVKYGNPT-VETSDIIPVIWPPYTEDKRHYLDIDTDMKVKQRPFSNRMAFWDLFYKLNYK-~ ===YVNGYRENLIRQOPMCENCIK*

FE4-1 NMOHMMRSLWTNFILTGKPV=-~~PDGSSLPTWPATNITRSPYMDLGPVVRLENSMFGARFELWDGIYEKHYR~~ ~KPMRPNPNMPGSAAGVASNVYVLSLAVCSLASRYFY*

FE4-2 RIKTLMREFWYNFMIAGNPV=~~INASPVPSWPIVGQNRSPHLSVGRSIELRGTLMOERAQFWDALYERHYR-~ ==LPVPPSRDSASLLAPRNSVSVTILLIIFNLL*

FE4-3 RVKTFIREFWFNFMTAGNPV~~~INATPVASWPTVGONRSPHLSVGRSIELRGPLMOERAEFWDAIYERHYR~~ ==VPVPPTRDSASSLAPRNVAITAILLTIYTLL*

FE4-4 NMONMMRSLWTNFILTGKPV-~~-PDGSSLPTWPATNITRSPYMDLGPVVRLENSMFGARFELWDGIYEKHYR. -=-KPMRPNP AAGVASNVYVLSLVVCSLASRFFY*

FE4-5 KMKSVIRELWSNFITTGLPV~-~~PEGSPLPSWSAVRANLTPYMSLGRTLELKGALLOQORVRFWNDIYDKYYH -=-TPVPPP--TPGRLSTEL*

FE4-6 NMONMIRSLWTNFILTGKPV=-~~PDGSSLPTWPATNITRTPYMDLGPVVRLENSMFGARFELWDGIYKKHYR. ==KPMRPNPT AAGVASNVYVLSLVVCSLASRYFY*

FE4-7 NMONMTRSLWTNFILTGAPV~-~~PDGSSLPTWPATNITRSPYMDLGPVVRLENSMFGARFELWDGIYENHYR~~ --KPMRPNPNMPGSAAGVASNVYVLGLVVCSLASRYYYWTN*

Fig. S3. Sequence alignment of the serine esterase-related proteins expressed in M. sexta midgut.
Sequences of a-esterases (0Es), juvenile hormone esterases (JHEs), feruloyl esterases (FEs), and
their homologs are aligned. Green font denotes signal peptides; red font denotes conserved

catalytic residues.
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SsAmylase AFGECW-AQYAPQTQ----~SGRTSIVHLFEWRWVDIALECERYLG-~PKGFGGVQVSPPNEN~-~ ==IVVTNPSRPW
TcAmylase CLATLAL-GQKDPHFA~ ~ADRNSIVHLFEWKWSDIADECERFLA~-PKGFGGVQISPPNEN~ =LVVTSSNRPW
DmMaltase "LLLAIVGFVGAT- ~EWWESGNYYQIYPRSFRDSDGDGIGDLNGVTEKLQYLKDIGFTGT- -WLSPIFKSPM
AmGluco2 VGLGAGQNNK=-~-~-GHWKNAIFYQVYPRSFMDSNSDGIGDLKGIKDKLSHFIESGITAI~ ~WLSPINRSPM
MsAmylasel MRMIRSILF AFKNPHYA--~--=TGRTTMVELFENKWDDIAAECERFLG-~PRGFGGIQISPPNEN~ =LVIWSRNRPW
MsAmylase2 1GRIILCL AYKNPHYA-=-~-~-~-PGRSVNVHLFENKWNDIADECERFLG-~PRGFGGIQISPPNEN~-~ ==VVLWTYNRPW
MsMaltasel VAATAERQLDWVWETTIFYQIYPRSFKDSDGDGIGDLNGITENLEHLKELGIGAT-~ --WLSPIFKSPM
MsMaltase2 "IAKNNDRELDWWETTIFYQIYPRSFADSDGDGIGDLNGITSKLEY IKDLGVGAI~-~ -=WLSPMFQSPM
MsMaltase3 = = MRA-ILISVLAATFAGLVCAD-=----VWWESATIYQIYPRSFKDSDGDGIGDLNGITEKLPYLKDTGVDAI=======cecccmmcecanx WLSPIYSSPM
MsGlucol SAIVSVPSVTSARADDVTLTLEPQLIGGYQLVLH-EDDERTVFGHIGRTITSSSAFTVEDVTGGIEVRVGTANLTISTLYDATK
MsGluco2 RGNQRDIVIAEDDEKGFLFSAFGVSGEAELVGHIGRRITSDD- EEVT FELNHWMDEDA
MsSucrasel e annmn e nnnneee e RYYPRYHLSPPHGW~ =MNDPNGFCYF
MsSucrase2 ~KYLSEDEDAKRELAEYIQETKKSIN-~PRWRLHYHVIPPVGW-~ -=MNDPNGFSYY
SsAmylase WERYQPVS~-~-YKLCTRSGNENEFRDMVTRCNNVGVRIYVDAVINHMCGSG-AAAGTGT ===~~~ TCGSYCNPGNREFPAVPYSAWDFNDG= =~~~ KCKTASGGI
TcAmylase WERYQPVS~--YILNTRSGDEAALADMISRCNAVGVRIYVDTVINHMTGMG-~GTGTA~~ ===GSQADRDGKNYPAVPYGSGDFHDS~~~~~ CTVNN--YQ

DmMaltase VDFGYDISDFYQIHPEYGTMEDFERMIAKAKEVGIKIILDFVPNHSSTENEWFTKSVD~ ~SDPVYKDFY INHDGKIN-NETGEREP~-PSNWNSEFRYSAW
AmGluco2 VDFGYDISDFKDVDPIFGTIKDLEDLTAEAKKQNLKVILDLVPNHTSDQHKWFOMSINNTNNN-NTNKYKDYY INVDPVKDDKGNPIKDKY PNNHWLSVENGTGH
MsAmylasel WERYQPMS~~YRLVTRSGNEQQOFANMVRRCNNVGVRIYVDAIINHMTGTWNENVGTG= === ===== HCVIQ-~-GH
MsAmylase2 WERYQPMS~~YQLVTRSGDERQFADMVRRCNNAGVRIYVDAVINHMTGEPPENVGTA~~ HCVID--GS
MsMaltasel YDFGYDIADFYAIQDEYGTMEDFDRLIAKANELDIKIVLDFVPNHTSNESVWFEEALR- GHEKYYDYF INEDGTVD~-~ENGVMHP~PNNWVSVFRKSAN
MsMaltase2 YDFGYDISDFYAVHDEYGTMEDFDALIARADELGIKVVLDLVPNHTSNESVWFQEALN- GNEKYYNYFVWEDGIID-~-EDGNRRP-PNNVWLSHFRGSAW
MsMaltase3 YDFGYDITNYKEISSEYGTMEDFDNLMKEAKNLGIRVVLDYVPNHTSNESDWFVKSAN- ~RESGYEDYYINADGKLSPNDSNQLLP-PNNWVSIFRKSAW

MsGlucol KARGIKIRWDAGPOMRLEDCIDFGTKHWYAGPMQVDQVY PVETAQQORYAASFSKETDNGATAERYWLNSAGEYVYVHSEVPLFIDYENLAAN-~HLCFGAQITM
MsGluco2 GAYRVSVHWDGPSDRVFEDCFDFGTROWYGGPEQKEQYWPIQONGNLEKY SAISKEADNSAVFERYWLNSVGQY IYVHPEVPLFVDYHNVVGN~-~HICFIAEVAD
MsSucrasel KGEYHMFYQYNPMSSLEAGIAHNGHAKSKDLCHWKHLDLAIYPDOWYDQTGVFSGSAL= == ===~ VENDVMYLYYTGNVNLTDEMPFEG==~==~=~ QFQALGI
MsSucrase2 KGEYHLFFQYYPYDSVWG-PMHNGHSYVSPNLVDWRELPTALAP-~~~DEEMCFSGSAL-======~ VDGDKLVLMYTGRLN-TDTDPFYN======~ ETQYLAF

SsAmylase ESYNDPYQVRDCQLV-GLLDLALEKDYVRSMIADYLNKLIDIGVAGFRIDASKHMWPGDIK-~ ~AVLDKLHNLNTNW-FPAGSRPF
TcAmylase D==-=~ASNVRNCELV~GLADLNQGSDYVRSKIIEYMNHLVDLGVAGFRVDAAKHMAWPADLE -~ ~AIYASLKNLNTDHGFLDGQKPF
DmMaltase EWNEVRQQYYLHQFAIQQOADLNYRNPAVVNEMKNVIRFVLGKGVSGFRIDAVPYLFEVDLDRYN-QYPDEPLTNDSVNCPDPDDHCYTQHIYTQDMPET IDMVY
AmGluco2 TFHEGRKQFYFHQFYKQQPDLNYRNSDVREEMKNIMKFYLDKGIDGFRIDAVPHLFESAN-~~-~~ISLDEPPLGKNL-~~NLSLHASLNHTLTKDQPETYELVK
MsAmylasel DYACCADRVRNCELS~-GLKDLNQRSEHVRTMIVNYMNRLIDMGVAGFRIDAAKHMWPSDLR: ~VIYDRLRNLNTAHGFPSGARPY
MsAmylase2 DY INNAWRVRNCELV~-GLKDLNQANEHTRNMIVDFMNKLIDLGVAGFRIDAAKHMWPHDLO -~ ~VIYNRLRNLNTAHGFPANARPY
MsMaltasel EYREEVGKYYLHQFVIGQPDLNFRNPDVVEEMKNVIRFVLGKGVAGFRVDAISHLFEVDKELYGGRFPDEPLSGGLN~~GDPDNYDYLNHIYTKDQDETFDMVY
MsMaltase2 EYREEIGKYYLHQFVVGQPDLNYRNPEVVEEMNNI IRFVLGKGVAGFRVDAVNCLFEVDKELFGGVYPDEPPSGRID--VDPGSHDSLSHIYTKDONETYYMVY
MsMaltase3 QYHPIRQQFYLHQFVIGQPDLNYRNTRVQEEMKDVLHFWLDKGVSGFRVDAVN IMYEVDPSKHDGKY PDEPPSGTPG~~TTPDDYEYLDHIYTKNMEETYDVVY
MsGlucol PYSSKRTENLLAYDIWFLPNVKEAHKHAVDNYLGKPSGLPDYRMVQHPIWSTWAQYSRDINESKLLDFAQQIRNNGFENSQFEIDDLWEVCYGSFTVDERKFPN
MsGluco2 PYSSRRTHNILKYDIWFFSNPKAAHLHAVNTYLGKPSGLPDYRMIQYPVFSSWARYARGIDONSLWAFASEIKDSGFPNSQFEIDDLWEICYGSLTVDERKLPN
MsSucrasel STDGVHVEKYKDNPIMY~-TPNHQPHIRDPKVWEHDGSYYMVLGNAYDDYTKGQIVMYESSD =KINWQEVTILYKSNGSFGYMW
MsSucrase2 SDDGVNFYKYEGNPVLARTPDGAYDFRDPKIWKYGDYWYVVIGSSTHD~ARGRVLLYRSON-~ ==LYDHEFLTVLGESNGELGYMW

SsAmylase IFQEVIDLGGEAIQ-~ ~SSEYFGNGRVTEFKYGAKLGTVVI KMSYLK DRALVFVDNHDNQRGHGAGGAS -~~ILTFWDARLYKV
TcAmylase IFQEVIDLGGEAIS-~ ~KHEYTGFGTVIEFQYGLSLGNAFQ~~GGNQLANLANWGPEWNLLDGLDAVAF IDNHDNQR~~TGGSQ~~~~ILTYKNPKPYKM
DmMaltase QWRELVDEFHVENGGDKRLLMTEAYTSFENIMTYYGNGVRNGSHIPFNFDFLTSINNASKAGEYVEH IKKWMDAMPEGVYANNVLGNHDNKRVASRFGVQRTDL
AmGluco2 EWRDFVDNYAEENKRDEIVLLTEAYSSLENTLKYYEVG=-~~~SNVPFNFKFITDANSSSTPEQFKVIIDNWIKGTPONNVPNWVMGNEDRVRVGTRY - PGRADH
MsAmylasel IYQEVIDLGGEAIS-~ ~RNEYTPLAAVTEFRFGMELSRAFT~~RGNQLRWLVNWGPQWGLLGSGDALTF IDNHDNQRGHGAGGN -~~~ ILTHKRPKEYKG
MsAmylase2 IYQEVIDYGGEAIS ~RDEYTPIGAVTEFKAGMELSNAFR~~GNNQLRWLSSWGPQWGLLAHSDSLTF IDNHDNERGHGGGGG-~~~VLTYKQPRPYKG
MsMaltasel QWRDVFDEFAAEDG-LTRVMMTEAYSSPOLTMRYFGEGDREGAQMPFNFVLISDVGGSSTAYEIKYALDKFLTFKPVDKLANNVAGNHDNNRVASREFSPELVDG
MsMaltase2 QWRDVFDEFKS-DG~-FTRVMMTEVYAS IQDVVRYFGEGHIEGAQMPFNFDLITDVDASSSAADIKRAVDKFLTYKPVDKDANNVVGNHDNSRMATRYGSALVDG
MsMaltase3 NWRDLLDEY IARHN-ESKVMMTECYADLSDMIRYYGNGVRNGS -VPFNFLY LEGLKKESNAEDFKTV IDNVWMKNMPAGKTANWYNGNEDQSRVGTRHGVKRIDA
MsGlucol FTQTVQDIKAMGYR: ==VTINAHPFINKNCEPWYSEALNNGYFVLDEAGSPDTSWWNNNGSVPGF IDFTNPAAAEWWYQRLRTFLDTYDIDSLKFDAGESSF
MsGluco2 LROLVQDIKGLGFR-~~~~-VSIWMHPFINQDCEPWYSHALDNGYFVVNEEGSPDTTWWNNNGSIPGY IDFTNPEAVEWYSSRVRDLLDTYDIDSVKFDAGESSY
MsSucrasel ECPDLFEIDGKFVL~-~- ~LFSPQGVKSVGDMYONLYQAGY IVGEFDYDTHSFTILTEFRELDHGHDFYATQTMKDPSGRRIVVAWAS - ~TWEYAYPERADG
MsSucrase2 ECPDFFELDGKYIL~-~ ~LMSPQGLEPQGDRYKNTHQTGY I IGSFNYETFEFVPEVDFQELDFGHDFYATQTL-DADGKRIVAGHF S~ -MWELPHPEDVDG

SsAmylase AVGFMLARP-YGFTRVMSSYRWARNEFVNGQDV ==NDWIGPP~-NNNGVIKEVTINADTTCGNDWVCE-~~~HRWRQIRN~-~
TcAmylase AIAFMLAHP-YGTTRLMSSFAFD-~ ==NNDQGPPQDGAGNLISPSINDDGTCGNGYVCE~~~~HRWRQIFN~-~
DmMaltase INILLOTLPGHAVTYNGEELGMTDVWISWEDTVDPNACNSD~PDNYYARSRDPARSPYQWDASSKAGFT-SAD~-~~-~-HTHLPVADDYKT-NNALQQLRAPRSHL

AmGluco2 MIMLEMILPGVAVTYYGEEIGMVDN- -TTIYKYDVRDGCRTPFQWDNSINAGFSKIAENLLEKNVLPYVHTSYKSGLNLEQEKKDSISHY
MsAmylasel AIAFMLABP-YGKPQLMSSFSFH~- ~DTEAGPPMDGSGNIISPSINSDNTCGNGHWVCE-~~~HRWRQIFQ-~ =MVAFRNTVGNT
MsAmylase2 AIAFLLABP-YGEPQIMSSFAFH-~ ~=DSEIGPPMDHSGNIISPAINSDGTCGNGWVCQ=-~~~HRWRQIFA~~ ~MVAFRNVAGNT

MsMaltasel INMIVLLMPGIAVTYMGEEIGMVDGYVSWEDTVDPSGCNTDDPINYWTVSRDPERTPFQWNADKNAGFS~SGH~~~~KTHLPVAAGYET ~LNVEVQKAVERSHL
MsMaltase2 INMLVLLLPGVAVTYMGEEIGLVDGYVSWEDTVDPAGCNTNDPINYVQSSRDPERTPFQWNAEKNAGFS~TAD~~~~KTVLPVADGYET~-LNVEVQMAVERSHL
MsMaltase3 LNMLALMLPGISLTYQGEEIGMTDGSINWTDTKDPQACNTDDPTNYWKKSRDPARTPYQWDGSKHAGFSNSSG-~~~DTHLPVADNYET-VNLAAQINVVKSHY
MsGlucol TPQIAVQTGDIDLOPHHIVDTYARVCAKFGDMIEIRAGFRTQDLPIFVRMVDRDS IWGLNNGLPTIITTTIQMNLNGY TLVLPDMIGGNGFN~LDHDQADLPTK
MsGluco2 SPQIPVLNGDIDLHPGHIVSSYVRAVAEFGPMIEIRAGLRTQDLPVF IRMVDKDTFWGFNNGLATLITTLLOMNINGYTLVLPDMIGGNGYVDEDLYYRRLPSK

MsSucrasel WAGMLTLPRTLTLTKDLRLIQTP~-~ =-=-IREIDQVFRRRLYSGKASAGKTVALP-~-~--DKAGKVELKHWDTPRNIKVVIESQONECQ
MsSucrase2 WAGAITIMRELKLSGN-RLLQQP-~ ==LDEMLSLRNGSVHNGSFNKDESLVF~~---EKTGELI INGDLEQKIELEIAGTNGGN
SsAmylase PFANWWDNGSNQVAFGRGNRGFIVENNDDWQLSSTLOTGLPGGTYCDVISGDK ==~~~ VGNSCTGIKVYVSSDGTAQFSISNSAEDPFIAIHAE~-~-SKLY
TcAmylase GIENWWSDGNQQIAFGRGNKGFVAFTIG-YDLNQHLOTGLPAGSYCDVISGNA=~~~~ ENGSCSGKTITVGGDGYADLSLGANEDDGVIAIHVN=-~AKL®
DmMaltase QIFKKLVRVRKEPSFRQGELNIQAIDDDVIIYSROKTGSDLYVIVLNLGSTSKTLOLTKYYELGTQAEVITTSLSSQYIDGDVIKSTEFVANPYVGTVLVAV*
AmGluco2 HLYTNLTALRKRDVLKKGNFTIEILNKTVLAVVR-QSEEEAVSLLINFSKNNTIVDISKLVNKRNNAKIYTSSVNSNLTVNQTVNPVAINIPGDTSIIVDSSTS

(GATIVNYSIMIFLSAVFISFFQR®)
MsAmylasel AVTNWWDONGGNQIAFCRGTMGFVAFNNENWDLNQRLOTCLPAGTYCDVISGEK -~~~ ~SGNRCTGKSVVVGNDGRAQIVIGSHEY DMVLATI HMGHQSRLY
MsAmylase2 AVNNWWDONGGNQIAFCRGNNAFIAFNNDYWDLNQTLOTCLPAGRYCDVISGEK -~~~ ~VGNTCRGKTVTVGNDGRAHINVGANDY DMMLATHVGPESRLY
MsMaltasel KVYQQLAALRNQSAFRHGRYESVAFNSDVFAFRR-WHKEANYIVVVNFRNQPYTIDLSYFENVEGHLEVVVSS IQSPKKAGDVLEANRAEILGSEALVLKV*
MsMaltase2 KVYQFLAKLRQEKAFRYGRYESVAMNQDVFVFRR-WYNNDTYIVVLNMRDNEHVVDLTY FENVSGEAAVLVRS IQSLKNDGDVFDVSALPVAGFEGLVLKLV*
MsMaltase3 TFYKDVVAIKKSPAVRRGNMDIRAPSKDILVVTROLLGNPGFASIINLSDOQORVNLS-AVGLSDRLRVAASGVDCTLEKGAQVTKDNIAVSPHCAIVLTTTAQ
(NANNGCLTPKFFMKHLFVYFSVFLYRYFYIRY*)

MsGlucol ELFIRWVQANTFLPVMQYSFAPYNFDDETVLISKKYTELRAEYAEEIYAAMGASVEEGKPVNAPLWWIAPDDEEALVIVDEYLLGENILVAPVLEEGATSRDIY
(LPTGVWLEEGDPERAHEGPLWIRDYPAPLDILPYFVRQSPAIPDSSRTVVMSTIIVLLGLIFNFIM*)
MsGluco2 ELFIRWLQANVFMPSLQYSFVPYDHDEEAIEICRRYTQLEADFADE IVAAMEASVKQGTPVNPPIWWADPSDEVAHGVWDEFMLGEGLLAAPVVEEGAVSRDIY

(LPSGSWRDGNSGDVYEGPRWLRDYPAPLDVLPYFIREE")
MsSucrasel NVVISYDHEDGTITLDRGGDDAIRRTHWDPRGHLKWTIFIDASSIELSCGDGEVHWFTSRFFPEGVVSVRLGEDTCVDKFTVHS IRRTTPDPEAHCRCESEE*
MsSucrase2 NINIRWEPEVKKVVVDRGGD-~-VRQVEWSPIGSRSWRLFLDASSLELFCGEGEVVFSTRFYPDGDLRVNSFSDQSLN-VEAYKLGRSVPV*

Fig. S4. Aligned sequences of a-amylases, a-glucosidases, maltases, sucrases, and a- L-fucosidase

from M. sexta and other animals. Sus scrofa pancreatic a-amylase (XP_003125929.2), T.
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castaneum a-amylase (NP_001107848.1), D, melanogaster maltase Al (NP_476627.3), Apis
mellifera o-glucosidase-2 (NP_001035326.1) are aligned with their M. sexta homologs. Green font

denotes signal peptides; red font denotes conserved catalytic residues.

SalMYR DEEITCQENNPFTCGNTDGLNSSSFEADFI

ASSAYQIEGTI-~-~GRGLNINDGFTHRYPDKSGPDHGNGDTTCDSFSYRQKDIDVLDELNATGYRFS
BnMyrosinase KADEEITCEENNPFTCSNTDILSSKNFGKDFI A YQIEGGR~~~GRGVNVKDGFSHRYPEKA( GDTTCESYTRWQKDVDVMGELNATGYRFS
AtMyrosinase ALATCK-GDEFVCEENEPFTONQTKLFNSGNFEKGFIFGVA. YQVEGGR~---GRGLN' GDTTCDSYTLWQKDIDVMDELNSTGYRFS
TriCeG FKPLPISFDDFSDLNRSCFAPGFVFGTASSAFQYEGAAFEDGKGPSINDTFTHK! GDVAIDEYHRYKEDIGIMKDMNLDAYRFS
BbMyrosinase MDYKFPKDFMFGTSTASYQIEGGHNEDGKGENINDRLVHTSPEVIK~-DGTNGDIACDSYHKYKEDVAIIKDLNLKFYRFS
MsMyrosinasel MASWAIIGLLAVCHA ITAYTKFPEGFTFGVATAAHQIEGAWNVSGKSENVNDRLSHTRPEMIA-DGTNG CDSYNRYREDVEELAHLGVDFYRFS
MsMyrosinase2 MALAF LF SAVACFQDLDFPPGFQFGAASSSYQTEGAWNTSDKSESINDRFVHEKPHLIG-DGSTGDIACDSYHLNRRDIEMVSELGLHFYRFS
MsMyrosinase3 MLF LLVLSATASASSCPIDPTFPSCFKLGASTAAYQIEGANWN PRVTV-DNSTGDIACDSYNLNQRDVEMAAEMGLDYYRFS
MsMyrosinase4 MISSN 1 AVTVICENLDFPPGFQFGAASAAYQVEGAWNVSDKSENINDRLVHEKPHLIS~DRSTGDVACDSYHLWNRRDIEMAADLGLHFYRMS

SalMYR IAWSRIIPRGKRSRGVNQKGIDYYHGLIDGLIKKGITEF HWDLPQTLQDEYEGFLDPQIIDDFKDYADLCFEEFGDSVKYWLTINQLYSVPTRGYGSALDAPGR

BnMyrosinase FANSRIIPKGKVSRGVNQGGLDYYHKLIDALLEKNITPF HWDLPQTLODEYEGFLDRQIIQDFKDYADLCFKEFGGKVKHWITINQLYTVPTRGYAIGTDAPGRCSPMV
AtMyrosinase IANSRLLPKGKRSRGVNPGAIKYYNGLIDGLVAKNMT PFVT LFEWDLPQTLODEYNGF LNKTIVDDFKDYADLCFELFGDRVKNNITINQLYTVPTRGYALGTDAPG!
TriCeG ISWPRVLPKGKLSGGVNREGINYYNNLINEVLANGMQPYVT LFHWDVPQALEDEYRGFLGRNIVDDFRDYAELCFKEFGDRVKHNI TLNEPHGVSMNAYAYGTFAPG!
BbMyrosinase ISHARIAPSG-VMNSLEPKGIAYYNNLINELIKNDIIPLVTMYHWDLPQYLQDLG-GNVNPIMSDYFH LFTYFGDRVKWWITFNEPIAVCKG-YSIKAYAPN==========e==
MsMyrosinasel LSWSRILPTG-FIDELNPDGVRYYNDLLDALAEHNIEPLVTLFHWDLPQSLQDLG-GWANPKMID!
MsMyrosinase? ISWTRLVPNG-FATHISEDGRTYYDNLIM
MsMyrosinase3 ISWPRLLPKG-YDYYVSKDGAEYYNNLI) DLPDILQQLG-
MsMyrosinase4 IAWTRLLPNG-FANKISEDGLNYYNNLIDGLLEKGIQPMVTLYHWDLPQSLQDLG-

SalMYR AGNSSTEPYIVAHHQLLAHAKVVDLYRKNY T-HQGGKIGPTMITRNFLPYNDTDRHS IAATERMKQFFLGHFMGPLTN=~GTYPQIMIDTIVG = ======== ARLPTFSPEETNLVKGSY
BnMyrosinase GGNSSTEPY HNQLLAHATY LYRT. ~FQKGKIGPVMITRNFLPFDESDPASIEARERMNQFFHGHYMEPLTK~-~GRYPDIMR! ===SRLPNFTEEEAELVAGSY
S

AtMyrosinase GGNSSTEPYIVAHNQLLAHAAAV RTKYKDDQKGMIGPVMITRAFLPFDHSQ-ESKDATERAKIFFHGWFMGPLTE- ===DRLPEFSETEAALVKGSY
TriCeG GGDSGREPYLAAHYQLLAH, LYKTKYQASQNGIIGITLVSHNFEPASKEK-ADVDAAKRGLDFMLGWFMHPLTK~- RLPKFSTEESKELTGSF
BbMyrosinase LNLKTTGHY LAGHTQLIAHGKAYRLYEEMFKPTONGKISISISGVFFMPKNAESDDDIETAERANQFERGNFGHPVYK~~GDYPPIMKKNVDQKSKEEGLPNSKLPKFTKDEIKLLKGTA
MsMyrosinasel V| GVGNYLCSDTLLKAHAEAYHLYNETYRPVONGKIMISINSINYEPSDPENAEQVALAEVANQFKFGHNFAHPIFTEEGGY PAVMVENIARQSASEGLNKPRLEQFDDYWIERIKGTS
MsMyrosinase2Z IVD-VVATYMCNKNVLLAHAKAWRIYDEEFRPKYHGEVSITNQLLWFEAATPEDE-~--ELAEHAREWMAGRYSHAIFSAEGGWPPVVEKAMAEDSKKKGYPRSTLPAFTKEEIEFVRGTF
MsMyrosinase3 IKEPYSGVFVCTKNVLLGHAKAWRIYDKEFRHLYEGKVSISNHMIWFEPKTKADE-=--ALNELAMQYINGRYAHAIYSEEGGWPSSLEKYMAEYSAKQGYPRSRLEVFTEYEKTLVRGTF
MsMyrosinase4 ILDPDVGAHLCAKNIIMAHAKAWRIYDKEFRTKYHGELSLANHLIWYEPFTPEDE---EITNAAREYMVGRYSHPIYSKEGGNPPVIEKMMAENSKAKGYRKSNLPAFTKEEIEFVRGTF

D

NG===ISTPGSENRKESMLDYTRIDYLCSHLCF
FSTPSSENREQATADYKRIDYLCSHLCF
FSTPGDEDFEKATADYKRIDYLCSHLCF
NEFNDP SLQESLLDTPRIDYYYRHLYY
=¥GDDGO-LDDFEKISYLKNYLNA
~FSDRGT-LQDYGRIQYFNEYLSV
VATPAG-RNDMDRIEYYTEYLKQ
~FSSSGSELNDQERIDFIRNHLEQ
-------- YARLKG-VDDTDRIEYYTEYLKQ

SalMYR DFLGLNYYFTQYAQPSPNPVNATNHTAMMDAGAKLTY INASGHY IGPLFESDGGDGSSNIYYYPKGIYSVMDYFKNKYYNPLIY
BnMyrosinase DFLGLNYYVTQYAQPKPNPYPSETHTAMMDA LTYDNSRGEFLGPLFVEDKVI YYYPKGIYYVMDYFKTKYGDPLIY'
AtMyrosinase DFLGLNYYVTQYAQNNQTIVPSDVHTALMDSRTTLTSK! APGPPFN YYPKGIYYVMDYFKTTYGDPLIY'
TriCeG DFLGLNYYSSYYAAKAPR-IPNARPAIQTDSLINATFEHN-GKPLGPMAAS. WLCIYPQGIRKLLLYVKNHYNNPVIY
BbMyrosinase DFYALNHYSSRLVT-FGSDP~~~-NPNFNPDASYVTSVDEAW~-~-LKPNETPYI~ ==IPVPEGLRKLLIWLKNEYGNPQLLITENG
MsMyrosinasel DFLGINHYTTHLITGAGVDPIAKSPSWLKDIGAVTTMNVG-=---GDSASENWL~- RVVPTGFANLLRWCKSSYNDPPIYITENG
MsMyrosinaseZ DFYAVNHYSSRLVRKAKEGE-ELHPYPLGDIPELAAKLEPHPHWRPTATAIF- WLYPEGLHHQLVWLKKRYGDIRFVITENG
MsMyrosinase3 DFIAVNYYTTKLIRPAREGE-V DLFVSGIPDLN. JESPPTATYGYSTLM~ =SIYPKGLRRILGWLKDTYGDHEMM
MsMyrosinase4d DFYAVNHYTSRLIRRAKEGE-EFGAYPLGDVPDVGAKYEINPDWKSTTSSHF======== FVYPEGLRNQILWLRKQYGDMKFI

SalMYR LNKVIKEKDV)
BnMyrosinase LRKVIKEKGVNV
AtMyrosinase
TriceG

BbMyrosinase

GYLAWALGDNYEFNNGFTVRFGLSY INWNNVT-DRDLKKSGQWYQKFISP*

GYFAWALGDNYEFCKGF TVRFGLSYVNWEDLD~DRNLKESGKWYQRF INGTVKNAVKQDFLRSSLSSQSQ-KKRFADA®
KGYFANSLGDNYEFCNGFTVREFGLSYVDFANITGDRDLKASGKWFQKF INVTDEDSTNQDLLRSSVSSKNRDRKSLADA®
KGYFANSLFDNMENDSGY TVRFGLVFVDFKNNL-KRHPKLSAHWFKSFLKK®
LLDNFERFYGYSIHFGLVKIDFNDPQRTRTKRESYTYFKNVVSTGKP®

MsMyrosinasel HPDRPRTPKLSVDYYRQLIANRELPQDERFKDPAVRHKTCFKP®
MsMyrosinase2 VLLAIK-EGVNVTGYTANCLMDNFEWSDGYKTKMGLYEVDFSSPERTRTQKASARFYKNLIQKHSLNFKVYADEL®

MsMyrosinase3 LLLAMKVDHVNVSGYTHWSLMDNFEWLDGYTSKFGLYEVNFTDPMRERTPRASANYYSKIIKQRKLDIC
MsMyrosinase4 LLRAIKEDGVNITGYTAWTLMDNFEWMDGYISRFGLYEVDFSSPERTRTPKASAEFYKNLIRHNSLS--~-I1YDEL®

Fig. S5. Multiple sequence alignment of myrosinases from M. sexta and other species. Myrosinases
of Sinapis alba (P29092.2), Arabidopsis thaliana (P37702), Trifolium repens (P26205), Brassica
napus (Q00326), and Brevicoryne brassicae (AAL25999.1) are aligned with their homologs in M.

sexta. Green font denotes signal peptides; red font denotes conserved catalytic residues.
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Fig. S6. SDS-PAGE and LC-MS/MS analysis of digestive fluid from feeding larvae of M. sexta.
(A) Coomassie staining. Proteins (3 pug) in midgut juice from day 1, 5™ instar larvae were treated
with SDS-sample buffer, separated on a 10% polyacrylamide gel, and stained with Coomassie blue.
Positions and sizes of the M; makers are indicated on the /eft. (B) Correlation of mRNA and protein
levels. Values of logo(TPM+1) and log>(LFQ+1), representing relative mRNA and protein levels,
respectively, are plotted and subjected to a linear regression analysis. The equation and correlation

coefficient (7%) are shown.

Supplemental text

Information on the other 48 nondigestive SP(H)s

Among the 53 newly identified SP(H)s, five (SPH226, 233, 235, SP251and SP252) belong to
group-<9, -9 and 11; SP212, 214, 215, 219, 220, 249, 250 and 253 have a trypsin-like specificity
and do not belong to the midgut groups (Table S1). Neither do chymotrypsin-like SP210, elastase-
like SP218, or the 38 SPHs. Fourteen of the 48 proteins (201—308 residues) are in a size range
similar to the 75 GP(H)s (244—309 residues). Average size of the remaining 34 SP(H)s is 506
(316—1632 residues) and therefore most of them include other domain structures or low complexity
regions absent in GP(H)s. SPH92 (Cao et al., 2015), SP219 and SPH223 each has one clip domain;
SPH221 has two; SP214 has one fizzle domain, two LDLa repeats, and one trypsin-like SP domain.
If a scavenger receptor domain were present next to the LDLa repeats, SP214 would have a domain
organization identical to D. melanogaster Corin, A. gambiae SP214, A. mellifera SP30, and T.
castaneum mSP15 (Cao and Jiang, 2018). Unlike gut-specific SPHs (Section 3.2.1), 25 of the 38
SPHs have two or more residues in the R*IVGG region mutated to residues with drastically
different physiochemical properties, suggesting that functioning of these non-digestive SPHs does

not require this motif in most cases.

The non-digestive SP-related genes display unique patterns of expression in tissues and stages
(Fig. S1). Greatly differing from the GP(H)s, they are not favorably expressed in midgut during
larval feeding stages. While SPH221, 222 and SP250 are expressed in all the samples, differential
expression of the other genes in tissue(s) or life stage(s) is remarkable. SPH219 is highly expressed
in embryos only; SPH201-211, 213, 217, 224, 231, 234, 240, 241, 243, 247, SP212, 220, 249, and
253 in pupal and adult testis; SPH201, 205-209, 213, 225, 227230, 234, 236—239, 244, and SP218
in adult fat body and Malpighian tubules.
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CHAPTER 1V

GENOME-WIDE IDENTIFICATION, CLASSIFICATION, AND EXPRESSION PROFILING
OF SERINE ESTERASES AND OTHER ESTERASE-RELATED PROTEINS IN THE

TOBACCO HORNWORM, MANDUCA SEXTA
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Key words: phylogenetic analysis; esterase; carboxylesterase; lipase; phospholipase;
thioesterase; RNA-Seq

Abbreviations: SE and SEH, serine esterase and homolog; AL and ALH, acidic lipase and
homolog; NL and NLH, neutral lipase and homolog; HSL, hormone sensitive
lipase; COE, carboxylesterase; AChE, acetylcholinesterase; AE and AEH, a-
esterase and homolog; BE, B-esterase; FE and FEH, feruloyl esterase and
homolog; IE and IEH, integument esterase and homolog; JHE, juvenile
hormone esterase; GLI, gliotactin; GLT, glutactin; NLG, neuroligin; NRT,
neurotactin; UCEH, uncharacteristic esterase homolog; PLA, PLB, PLC and
PLD, phospholipase A—D; PLP, phospholipase-related protein; ATGL, adipose
triglyceride lipase; TE, thioesterase; AKH, adipokinetic hormone; TAG or TG,
triacylglycerol or triglyceride; TGL, triglyceride lipase; TPM, transcripts per
kilobase million.
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Abstract

Serine esterases (SEs) are hydrolases that catalyze the conversion of carboxylic esters into
acids and alcohols. Lipases and carboxylesterases constitute two major groups of SEs. Although
over a hundred of insect genomes are known, systematic identification and classification of SEs
are rarely performed, likely due to large size and complex composition of the gene family in each
species. Considering their key roles in lipid metabolism and other physiological processes, we
have categorized 144 M. sexta SEs and SE homologs (SEHs), 114 of which contain a motif of
GXSXG. Multiple sequence alignment and phylogenetic tree analysis have revealed 39 neutral
lipases (NLs), 3 neutral lipase homologs (NLHs), 11 acidic lipases (ALSs), 3 acidic lipase
homologs (ALHs), a lipase-3, a triglyceride lipase, a monoglyceride lipase, a hormone-sensitive
lipase, and a GDSL lipase. Eighty-three carboxylesterase genes encode 29 a-esterases (AEs), 12
AEHs (e.g., SEH4-1-3), 20 feruloyl esterases (FEs), 2 FEHs, 2 B-esterases (BEs), 2 integument
esterases (IEs), 1 IEH, 4 juvenile hormone esterases, 2 acetylcholinesterases, gliotactin, 6
neuroligins, neurotactin, and an uncharacteristic esterase homolog. In addition to these GXSXG
proteins, we have identified 26 phospholipases and 13 thioesterases. Expression profiling of these
genes in specific tissues and stages has provided insights into their functions including digestion,
detoxification, hormone processing, neurotransmission, reproduction, and developmental
regulation. In summary, we have established a framework of information on SEs and related
proteins in M. sexta to stimulate their research in the model species and comparative

investigations in agricultural pests or disease vectors.

1. Introduction

Carboxylic esterases (EC 3.1.1.x) are the enzymes that hydrolyze carboxylic ester

bonds and produce organic acids and alcohols in the presence of water. They are also
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called serine esterases (SEs), since a Ser residue at the active site plays an essential role
in catalysis (Punta et al., 2012). Widely distributed in animals, plants, fungi and bacteria
(Bornscheuer, 2002), SEs are composed of two major subgroups: carboxylesterases
(COEs, EC 3.1.1.1) and triacylglycerol lipases (EC 3.1.1.3). Their sequences contain a
catalytic triad (Ser-Asp/Glu-His) and a conserved sequence of GXSXG, where X
represents any residue and S is the active site Ser (Wei et al., 1995). These hydrolases
adopt a characteristic o/p fold, with eight  strands connected by a-helices and the
catalytic residues located on loops (Ollis et al., 1992). Their mechanism of hydrolysis
involves a nucleophilic attack of the ester’s carbonyl carbon by the Ser residue to produce
an alcohol and an acyl-enzyme complex. Then, a water molecule comes in, substitutes the
acyl group with H' to release the acid, and regenerate the Ser for another round of
catalysis.

Serine esterases mediate key physiological processes in insects and other living
organisms (Oakeshott et al., 2010; Montella et al., 2012). Some COEs are named after
their substrates to denote functions. For instance, juvenile hormone esterase (JHE)
catalyzes JH hydrolysis to control metamorphosis. Acetylcholinesterase (AChE) breaks
down acetylcholine, an excitatory neurotransmitter, to terminate cholinergic
neurotransmission. Organophosphates and carbamates are common pesticides that inhibit
AChEs (Casida and Durkin, 2013). Other COEs are involved in the general processes of
digestion, reproduction, and pheromone degradation. Their noncatalytic homologs,
including neuroligin, gliotactin, glutactin, and neurotactin, do not hydrolyze ester
substrates but actively participate in recognition and neurodevelopment. In contrast to

COE:s that prefer "simple" esters with short-chain fatty acids, lipases favor water-
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insoluble triglycerides composed of long-chain fatty acids (Casas-Godoy et al., 2018). In
fact, lipases undergo interfacial activation, which requires a minimum concentration of
substrates to form an apolar-aqueous phase, to shift to a fully active conformation
(Rahman et al., 2012), whereas COEs follow Michaelis-Menden kinetics (Bornscheuer,
2002). The conformation change of a lipase involves the opening of a hydrophobic region
or lid that covers the active site. Digestive lipases are a major research focus. Based on
optimal reaction pH and site of expression, lipases in mammals are divided into gastric
and pancreatic groups whereas insect lipases are separated into acidic and neutral lipases
(ALs and NLs). In Drosophila, three genes (lip1-3) encode lipases with a GHSQG motif
(Pistillo et al., 1998). Lipase-1 is digestive; lipase-2’s role is unclear; lipase-3 is similar to
lysosomal AL and may hydrolyze cholesteryl esters and triglycerides in lipoprotein
particles via receptor-mediated endocytosis. D. melanogaster CG3635 encodes a protein
similar to mammalian gastric lipases, whose mRNA level is higher in DDT resistant
strains than the susceptible one (Qiu et al., 2013). This suggests that the resistance is also
related to lipase-mediated lipid metabolism and mobilization. When demand for energy
increases in human, a hormone-sensitive lipase (HSL) is regulated through reversible
phosphorylation of Ser*®* by catecholamines and insulin (Holm et al., 1988). The
modified HSL mobilizes triglycerides via lipolysis in adipose and steroidogenic tissues
and in heart and skeletal muscles. In Bombyx mori, there are 38 lipases containing a
GXSLG motif, twelve of which are likely digestive (Shen et al., 2022). Some other
lipases contain a consensus sequence of GDSL, and structural analysis of a bacterial
GDSL lipase has revealed a catalytic diad (Ser-His) in the o/B-tertiary fold, rather than

the common catalytic triad (Ser-Asp-His) in the o/p-hydrolase fold (Wei et al., 1995).
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Sequence alignment and phylogenetic analysis has been utilized in the classification
of insect serine esterases especially COEs, which lack a function-based naming system.
COE:s are better known to be associated with insecticide resistance and, therefore, have
been studied more extensively than lipases. In B. mori, 76 COEs are divided into nine
groups: a-esterases (AEs, 55), B-esterases (BEs, 2), JHEs (4), AChEs (2), integument
esterases (IEs, 2), gliotactin (GLI), neuroligin (NLGs, 6), neurotactins (NRTs, 2), and
uncharacteristic (2) (Yu et al., 2009). Their expression patterns are separated into
midgut-, head and integument-, and silk gland-specific groups. D. melanogaster, Apis
mellifera and Anopheles gambiae have 35, 24 and 51 COEs, including 13, 8 and 16 a-
esterases, 3, 3 and 5 B-esterases, 2, 1 and 9 JHEs, 1, 2 and 2 AChEs, 3, 1 and 0 IEs, 4, 0
and 9 glutactins, 1, 1 and 1 gliotactin, 4, 5 and 5 neuroligins, 2, 1 and 2 neurotactin, as
well as 2, 2 and 2 uncharacteristic, respectively (Oakeshott et al., 2010; Yu et al., 2009;
Claudianos et al., 2006).

Manduca sexta is a biochemical model representing pest insects in the order of Lepidoptera
and beyond. Although its genome sequence is known, a systematic analysis of the SEs and SEHs
has not yet been performed to stimulate functional studies (Kanost et al., 2016). Some of the
family members were transcriptionally regulated after an immune challenge (Zhang et al., 2011).
In a study of digestion-related proteins, we identified 11 lipases, 9 COEs, and 15 non-catalytic
homologs in M. sexta (Miao et al., 2020). A neuropeptide adipokinetic hormone (AKH) induces a
fat body lipase activity through Ca* and cAMP to mobilize fatty acids from triglycerides in
adults (Arrese et al., 1996 and 1999). A triglyceride lipase (TGL) was purified and cloned from
M. sexta fat body, which is involved in mobilization of lipids (Arrese et al., 2010). The lipase
contains a WWE domain, which may be responsible for hormone sensitivity. To acquire an

overview of esterase-related proteins in M. sexta, we searched their genes in the genome, found
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additional COEs, lipases and their non-catalytic homologs, and examined their expression
profiles. In addition, we explored phospholipase-like proteins (PLPs) and thioesterases (TEs),
which do not belong to SEs. The phylogenetic relationships and expression patterns revealed in
this work have provided insights into their evolution and functions, which may assist pest control

and insecticide resistance management in the future.

2. Methods

2.1. Identification of M. sexta esterase-related proteins

Domain structures of the protein sequences in MCOT 1.0 (Cao and Jiang, 2015) and
Manduca OGS2.0 (Kanost et al., 2016) were predicted using InterProScan 5 (Jones et al., 2014).
Proteins containing a lipase/vitellogenin, WWE, GDSL lipase, o/p hydrolase lipase,
carboxylesterase, pectin acetylesterase, A2, B, C, D, or patatin-like phospholipase domain were
identified and retrieved for manual improvement by crosschecking Oases 3.0, Trinity 3.0,
Cufflinks 1.0, Manduca genome contigs, and JHU Msex v1.0 (Cao and Jiang, 2015; Kanost et
al., 2016; Gershman et al., 2021). Signal peptide was predicted using SignalP 4.1 (Petersen et al.,
2011). Catalytic residues in the NL and COE sequences were identified by BLASTP search of

NCBI conserved domain database (http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml). For

other esterase-like proteins, sequence features were revealed by multiple sequence alignments
with homologous enzymes whose catalytic mechanisms are known. All the sequences we got
were submitted to NCBI, the GenBank accession numbers of which from ON929093 to

ON929276 were included in Table S1—4.

2.2. Phylogenetic analysis of M. sexta esterases and their non-catalytic homologs

A multiple sequence alignment of the entire 144 SE(H)s was performed using MUSCLE, one

module of MEGA 11 (http://www.megasoftware.net) under the default settings with maximum

iterations changed to 1000. A phylogenetic tree was constructed using the neighbor-joining (NJ)
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method in which distance was estimated by Poisson model implemented in MEGA 11. The
pairwise deletion option was used during tree reconstruction and accuracy of the tree topology

was assessed by bootstrap analysis with 500 resampling replicates.

2.3. Analysis of the esterase mRNA levels in various tissues and life stages

Seventy-one ¢cDNA libraries were sequenced using Illumina technology, each representing a
sample of whole larvae, organs, or tissues at various life stages (Kanost et al., 2016; Cao and
Jiang, 2017; Zhang et al., 2011). Number of reads mapped onto each transcript in the list of
esterases and their non-catalytic homologs was used to calculate transcripts per kilobase million
(TPM) in the RNA-seq datasets using RSEM (Li and Dewey, 2011). Hierarchical clustering of
the logo(TPM +1) values was performed using Seaborn, a Python package with the Euclidean-

based metric and average linkage clustering method.

3. Results and discussion

3.1. M. sexta lipases and their non-catalytic homologs

Lipases (E.C. 3.1.1.3) are responsible for cleavage of ester bonds in long-chain acylglycerols
(=10 carbon atoms). The preferred substrates of lipases are dietary or storage tri-, di-, and mono-
glycerides. In M. sexta, we have identified a total of 61 lipases, greater than in D. melanogaster
(56), A. gambiae (51), A. mellifera (26), B. mori (29), and T. castaneum (54) (Horne et al., 2009).
Lipases can be divided into six subfamilies, namely neutral lipases (NLs), acidic lipases (ALs),
lipase-2, lipase-3, GDSL lipase, and hormone-sensitive lipase (HSL). According to the previous
studies, D. melanogaster has 31, 21,0, 1, 2, 1, A. gambiae has 28, 14,0, 1, 7, 1, A. mellifera has
14,4,0,1,6,1, B. morihas 11, 14,0, 1, 2, 1, and T. castaneum has 25, 25,0, 1, 2, and 1, which
belong to the subfamilies of NL, AL, lipase-2, lipase-3, GDSL lipase, and HSL, respectively. In
comparison, there are 39 NLs, 3 neutral lipase homologs (NLHs), 11 ALs, 3 acidic lipase

homologs (ALHs), 2 lipase-2s, 1 lipase-3, 1 GDSL lipase, and 1 HSL in M. sexta (Fig. 1, Table
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S1). As substitution of the catalytic Ser residue by Gly is anticipated to abolish the esterase
activity, we further separate NLHs and ALHs out. Note that this phenomenon is not limited to M.
sexta — some so-called NLs and ALs in other insects are catalytically inactive but may play roles

not related to the catalytic activity (Miao et al., 2020).

Sequence alignment showed that the M. sexta NLs usually contain GHSLG or GFSLG, while
most ALs contain GHSQG motif as the nucleophilic elbow (Fig. 2, Fig. S1). In mammals, lipases
that clearly hydrolyze triacylglycerol/triglyceride (TAG/TG) must possess a long 9 loop (>15
residues) and a lid (>18 residues). However, these features may not be necessary for insect TAG
lipases since, among the 109 NLs from the five holometabolous insects, only eight meet the two
requirements (Horne et al., 2009): 3 in D. melanogaster and T. castaneum, 1 in A. gambiae and A.
mellifera, and 0 in B. mori. M. sexta NL17, NL18, and NL26 have an 18, 24 and 18-residue 39
loop, and a 20, 26, and 25-residue lid, respectively (Fig. 2). Apparently, some of the eleven B.
mori NLs must hydrolyze TAGs (a major storage form of lipids), but it is unclear how they
achieve this. Further research is desirable to explore distinct requirements for TAG hydrolysis by

msect NLs.

Based on the phylogenetic evidence, we named the M. sexta NLs and NLHs, which reside in
a clade with well characterized neutral lipases from the fruit fly, dog, and other animals (Fig. 1).
These include D. melanogaster CG4979 and CG6271, canine and squirrel pancreatic lipases, and
mouse endothelial and hepatic lipases. Similarly, all the ALs and ALHs form another tight group
with Drosophila CG17097, CG18284, CG3653, and a canine gastric lipase. M. sexta and D.
melanogaster HSLs, lipase-3s, TGLs, MGL, GDSL lipases appear to have diverged from a
common ancestor early in the evolution to perform conserved functions. Interestingly, the

expression profiles of M. sexta HSL, lipase-3, TGL, and MGL are similar (Fig. 3).

M. sexta NL(H)1-8, 10-12, 19, 40 and AL(H)1, 3—6, 11 mRNA levels in midgut were high in
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larval feeding stage (Fig. 3), indicating they are related to digestion (Miao et al., 2020). NL9 and
AL2 transcripts were also detected in the gut, but they are not related to digestion, since NL9 and
AL2 were mainly detected in pupae and adults. Moderate expression of M. sexta NL15, NL18,
AL11, ALH13, AL14 and TGL genes were temporarily regulated in fat body, a center of lipid
storage and mobilization (Arrese and Soulages, 2010). Different levels of NL 14, 23, 24, 29, 33,
35, 39,41, 42, AL12, TGL, and lipase-3 transcripts were detected in head and/or antenna and the
preferential expression suggest these enzymes may perform sensory or neurodevelopmental
functions in various life stages. Higher expression of NL20, NL22, NL31, AL11, and AL12
occurs in Malpighian tubules, so does NL23, NL34, and ALH13 expression in ovaries, NL27,
NL40, AL7, ALH9, and AL10 expression in testes. Preferential production of NL26, 32, 37, and
GDSL lipase in late embryo coincided with their expression in midgut of 2™ and 3™ instar larvae.
The ovary- and testis-specific proteins may play roles in reproduction, whereas the four lipases in
late embryo may prepare newly emerged 1% instar to readily utilize dietary lipids. M. sexta HSL
may be expressed in response to AKH (Arrese et al., 1996 and 1999) and stimulate lipid
hydrolysis in various tissues and cells, as their transcripts are detected in head, fat body, midgut,
Malpighian tubules, testes, ovaries, and antenna. Such a wide distribution is also true for MGL,
NL9, 17, 18, and 34. Additionally, NL9, 13, 17, 18, 33, 35-37, and HSL are induced in fat body
and/or hemocytes after immune challenge (Fig. 3). Consistent with that, NL9 was also detected in
the proteome of larval hemolymph after an immune challenge (He et al., 2016), suggesting that
these non-digestive lipases play a role in producing energy and metabolites for making defense

molecules to fight invading pathogens.

3.2. Carboxylesterases (COEs) and related proteins in M. sexta

The tobacco hornworm possesses 83 COE-like proteins, which can be divided into three
classes based on the phylogenetic or genomic criteria (Oakeshott et al., 2010; Montella et al.,

2012), viz., dietary/detoxification (I), hormone/semiochemical processing (II), and
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(neuro)development (III) (Fig. 4). Class I consists of a-esterases (AEs) and feruloyl esterases
(FEs) for food digestion and (de)toxification. In total, 29 AEs and 12 a-esterase homologs
(AEHs, including SEH4-1-3) were separated into clades A and B. Twenty FEs and two
noncatalytic homologs (FEHs) were found in M. sexta, which may be involved in resistance
against organophosphate insecticides (Cui et al., 2015). Class II contains 2 B-esterases (BEs), 2
integument esterases (IEs), 1 homolog (IEH), and 4 juvenile hormone esterases (JHESs) for
processing hormones and semiochemicals. Class Il is composed of two acetylcholinesterases
(AChESs) and nine catalytically inactive COEs, including 1 gliotactin (GLI), 6 neuroligins (NLGs)
and 1 neurotactin (NRT) for neurotransmission and development. The remaining uncharacteristic

esterase homolog-1 (UCEH1) gene may have arisen early in the evolution (Fig. 4).

Similar to the nucleophilic elbow in lipases, most M. sexta FEs share a GCSAG motif
whereas AEs, BEs, AChEs and JHEs often contain a G(E/Q)SAG consensus (Fig. S2). One JHE
was purified from hemolymph of M. sexta, which displayed a high JHE activity (Hinton and
Hammock, 2001). Its full-length cDNA encodes a 573-residue protein identical in sequence to
JHE1 identified here and in the hemolymph proteome (He et al., 2016). Catalytically inactive
COEs (NLG, GLI and NRT) in the neuro/developmental class contain GHG(T/S)G, GPGAG and
GHRAG, respectively. AE(H)3-7, SEH4-1-3 and FE4-1-7, 13, 21 were identified as digestion-
related proteins (Miao et al., 2020). AE1 and AE2 (no signal peptide) are unrelated to digestion
but AE1 was abundantly expressed in midgut during larval feeding stages (Fig. 5). AE17, 19 and
27 are moderately transcribed in fat body of pre-wandering and wandering larvae. AE30 and
AEH14 are quite specifically expressed in testes and adult ovaries, respectively. AEH28, FE4-17
and FEH4-8 are preferentially produced in the midgut of feeding larvae and may assist digestion
in some way. Higher expression of AE23, AEH18, FE4-9, 14, 20, and 22 occurs in antennae.
Besides, AE31, IE1. IE2, JHE4, and UEH]1 are synthesized in almost all the tissues during

various life stages, with IE1, JHE4, and UEH1 mRNA at very high levels in head and antenna.
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ACHhE activity was characterized in adult deutocerebrum (Homberg, et al., 1995), larval brain
(Lester and Gilbert, 1987), and pupal antennae (Stengl et al., 1990) of M. sexta. We found both
AChE1 and AChE2 are strongly expressed in brain of young adults and, while AChE1 transcripts
are present at lower levels in other tissues and stages, there is no detectable AChE2 mRNA in the
same datasets. Therefore, AChE1 may regulate cholinergic neurotransmission in some tissues
during metamorphosis whereas the function of AChE2 appears to be limited to the adult stage.
Investigations indicate that paralogous AChE1 terminates acetylcholine neurotransmission in
most insects while Tribolium castaneum AChE2 plays an important role in female reproduction,
embryo development, and growth of offspring (Lu et al., 2012; Zhao et al., 2013). NLG2, 3, 5, 6
and AE25 are expressed at low levels in adult head, whereas NLG1, 4 and NRT transcripts hardly
exist in almost all tissues or stages. GLI mRNA levels are relatively high in gut tissue when
compared with others. AE4, AE17 and IE1 proteins are present constitutively in hemolymph of
larvae, pupae and adults (Cao et al., 2020). In contrast, M. sexta FE4-9, 12, 16, AE(H) 17-19, 36,
and IE1, 2 mRNA levels are up-regulated in fat body and/or hemocytes after immune challenge
(Fig. 5). Among them, AE17, AEH18 and IE2 proteins were detected in the hemolymph of larvae
24 h after a bacterial injection (He et al., 2016). Like HSL and the eight NLs, these enzymes may

generate energy and defense molecules for fighting infection rather than growth.

3.3. Phospholipases and thioesterases in M. sexta

Phospholipases are enzymes that hydrolyze phospholipids at different ester bonds. One type
consists of acylhydrolases and the other phosphodiesterases. Phospholipases A; (PLA1, EC
3.1.1.32) and A, (PLA2, EC 3.1.1.4) cleave the acyl ester bonds at sn-1 and sn-2 positions,
respectively, and phospholipase B (PLB, EC 3.1.1.5, also known as lysophospholipase)
hydrolyzes the acyl ester bonds at both positions. Unlike PLAs and PLB, phospholipases C (PLC,
EC 3.1.4.3) and D (PLD, EC 3.1.4.4) are phosphodiesterases. PLCs hydrolyze the

glycerophosphate bond and, according to their substrate preference, they can be further divided
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into PC- and PI-PLCs. PC-PLCs have broader substrate specificity by working on
phosphatidylcholine (PC), phosphatedyl-ethanolamine (PE), and phosphatidylserine (PS). PI-
PLCs are more specific by working on phosphatidylinositol (PI), producing diacylglycerol (DAG)
and inositol triphosphate (IPs). Both DAG and IP3 are second messengers that regulate
intracellular Ca®* flows. PLDs hydrolyze the other phosphodiester bond between phosphatidic
acid and alcohol groups (e.g. choline, serine, ethanolamine, and inositol). Phosphatidic acid and
PIs are second messengers for PLD-mediated signal transduction. Most PLDs are in the HKD
family which contains a HXKXXXXD motif whereas non-HKD PLDs are less conserved (Filkin
et al., 2020; Casas-Godoy 2012). PLAZ2s are involved in eicosanoid-mediated immune responses

of insects (Kim et al., 2019; Kim and Stanley, 2021)

Based on the domain search (Table S3) and phylogenetic tree (Fig. 6A), M. sexta has 26
phospholipase-like proteins (PLPs). PLP1-10 and adipose triglyceride lipase (ATGL) contain a
PLA2 domain (Soulages et al., 2012). The first seven are predicted to be secretory PLA2s
(sPLA2); PLP8—10 and ATGL may be Ca*"-independent (iPLA2) and contain a patatin-like
domain. PLP11 and PLP12 belong to the PLB group. PLP13—17, 19-21, and 24 are putative
PLCs, whereas PLP18, 22, 23, and 25 belong to the PLD clade (Fig. 6B). Classification of these

proteins is the first step toward elucidation of their potential roles in cell signaling.

Thioesterases (TEs, E.C.3.1.2) are enzymes that hydrolyze thioester bonds and are known to
terminate fatty acid synthesis. Their specific substrates include acetyl-CoA, palmitoyl-CoA, other
acyl-CoAs, and acyl-linked ACPs (i.e., acyl carrier proteins). TEs are classified into 25 families

by ThYme (Thioester-Active Enzyme Database, https://thyme.engr.unr.edu/v2.0/): 8 with the o/

hydrolase fold, 14 with double Hotdog fold, 1 each with NagB, flavodoxin, lactamase fold (Cantu
etal., 2011; Cantu et al., 2010; Lenfant et al., 2013). In M. sexta, we found thirteen thioesterases.
TE7 and TE11 are closely related to Drosophila palmitoyl thioesterase-1, which contains a

cl21494 domain. TEI, 6, 8, 9, and 12 have a c109938 domain whereas TE2—4, 10, and 13 contain
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a cl00509 domain. Expression profiles of the thioesterases and phospholipases in M. sexta are

shown in Fig. S3.

3.4. Concluding remarks

Serine esterases and other hydrolases of lipids constitute diverse families of proteins in each
insect species. These enzymes have been investigated biochemically and genetically to elucidate
functions in various physiological processes, such as food digestion, lipid transport, insecticide
resistance, neural transmission, and hormonal control of development. While a framework of
knowledge is available through studies on individual members of the protein families in different
insects, a genome-wide identification, classification, and profiling of their genes would stimulate
systematic research of the enzymes in biochemical model insects and kindle related studies in
other species including agricultural pests and disease vectors. The selection of lipases,
carboxylesterases, and thioesterases stemmed from our general interests in lipid metabolism in M.
sexta. We also explored phospholipase-like proteins, because some of them (e.g., PLA3s, PLCs
and PLDs) may play roles in cell signaling during immune responses. It is pleasing that 183
important genes from four different groups have been carefully annotated, along with their
spatiotemporal expression patterns that suggest functions. However, it is also a daunting task to
characterize them at the protein level in an organized manner, to inspire comparative studies in
other insects, and to discover functions not known to exist in this taxonomic group. In the post-
genomic era, this is a challenge insect biochemists must face and here we provide an improved

framework of information.
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Tables
Table S1. Sequences and features of the 61 M. sexta lipases™®
Msex ID Enzyme names MCOT ID GenBank ID G k number | Catalytic residues Domain Proteome support
Msex2.00709-RA NLI1 MCO&;SS;’%%%&?SOSP XP_030029556.1 ON929093 184S, 208D, 272H| Lipase/vitellogenin
Msex2.00710-RA NL2 Mco&igg_é()sgﬁgfgosp XP_030029542.1 ON929094 1838, 207D, 269H| Lipase/vitellogenin
Msex2.00711-RB NL3 Mco&gego;gg%ol.?_.ggom XP_030029362.1 ON929095 184S, 208D, 270H| Lipase/vitellogenin
Msex2.03896-RA NL4 Mcoﬁ'sggfo?égg_ﬁmp XP_030022432.1 ON929096 1858, 209D, 270H| Lipase/vitellogenin
Msex2.03905-RA NLHS MCOI\TI'SSQ;E%‘S?SP“P XP_030022470.1 ON929097 186G, 210D, 270H | Lipase/vitellogenin
Msex2.03906-RA NLH6 MCO&;&?&SQ&”“P XP_030022462.1 ON929098 142G, 166D, 227H | Lipase/vitellogenin
Msex2.03908-RB NL7 MCO&;ES;?&%&QQEP P 1Xp 030022474.1 ON929099 1858, 209D, 270H| Lipase/vitellogenin
Msex2.03909-RA NLS8 Mcohlggfoo}sgg;?gow XP_030022480.1 ON929100 1858, 209D, 270H| Lipase/vitellogenin
MCO&'COMSO'O'O'COBSP XP_030032052.1 ON929101 1698, 197D, 271H | Lipase/vitellogenin BI{{(?;;;:;L?EZ?!
5ex2.09694-RA ALLTiko)
Msex2.09846-RA Mco&gg;sgégg.ggp 30 1XP_030032286.1 ON929102 145G, 173D, 236H | Lipase/vitellogenin || ("lif‘;aileg_lzy)ce“’l
Msex2.10726-RA NL11 Mcoﬁgigg?fo%gﬁ&)ow XP_030033676.1 ON929103 1858, 209D, 269H| Lipase/vitellogenin
Msex2.12025-RA NLI12 Mcoﬁégigigz‘gzlggfl) P 1XP 030035750.1 ON929104 1818, 205D, 263H | Lipase/vitellogenin
Msex2.00708-RA NLI13 M%%T%;jf_%%gbg'mw XP_030028994.1 ON929105 1318, 155D, 215H | Lipase/vitellogenin
Msex2.02928-RB NL14 Mco&i?‘i_sgzséigggozp XP_030020885.1 ON929106 151S, 178D, 286H | Lipase/vitellogenin
Msex2.02929-RB NLI5 Mco&sce?(zzéggég.;);;gNON XP_030020871.1 ON929107 147S, 174D, 247H | Lipase/vitellogenin
Msex2.02948-RA NL16 Mcgﬁxsfleléz'g;&g:gox XP_030020829.1 ON929108 1788, 202D, 267H | Lipase/vitellogenin
Msex2.03090-RA NL17 MCO&;S}?;%%%&%&”" XP_030021522.1 ON929109 1948, 222D, 305H| Lipase/vitellogenin
Msex2.03106-RA NLI8 Mcoﬁ'sggﬁg‘l‘éggl) S0 1XP 03002159.1 ON929110 2068, 229D, 324H| Lipase/vitellogenin
Msex2.03907-RA NL19 Mco&geo;;g;%;ghlm XP_030022443.1 ON929111 184S, 208D, 269H| Lipase/vitellogenin
Msex2.03910-RA NL20 Mco&i?‘;_sé);é(l)gfgpm XP_030022456.1 ON929112 1968, 220D, 281H| Lipase/vitellogenin
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MCOT.C03661.0.0.CPO3P

Msex2.04202-RA NL21 Maox 04200 RA XP_030023019.1 ON929113 1668, 194D, 263H | Lipase/vitellogenin
Msex2.05582-RA NL22 Mco;gxz{;g;gﬁgoso XP_030025375.1 ON929114 167S, 191D, 259H | Lipase/vitellogenin
Msex2.05903-RA NL23 Mco&s(igg_lg;ééﬁ&)ow XP_030025949.1 ON929115 235S,262D, 333H | Lipase/vitellogenin
Msex2.06056-RB NL24 MCO&;SS%%%%?SP 3P 1xp 030026014.1 ON929116 1598, 186D, 261H| Lipase/vitellogenin
Msex2.06084-RA NL25 Mcoﬁégf;_f)%g‘fgp P 1xP 030026266.1 ON929117 1678, 195E, 262H | Lipase/vitellogenin
Msex2.06108-RA NL26 MCO&;?{?S&%&EENSO XP_030026714.1 ON929118 2308, 253D, 341H| Lipase/vitellogenin
Msex2.06717-RE NL27 MCOI'{'ASCe(:g(')ég;)l.;)_ﬁgOSN XP_030027522.1 ON929119 180S, 204D, 274H| Lipase/vitellogenin
Msex2.06726-RA NL28 Mcoﬁscei‘;ﬂfjig;f_f,fm" XP_030027861.1 ON929120 184S, 212D, 275H| Lipase/vitellogenin
Msex2.06777-RA NL29 MCO&;SQ;’%‘;%%?SPZO XP_030027643.1 ON929121 1748, 202D, 266H | Lipase/vitellogenin
Msex2.07012-RA NL30 Mco&;gggf)g%(l)ﬁglqsp XP_030027614.1 ON929122 1728, 197D, 262H| Lipase/vitellogenin
Msex2.07856-RA NL31 Mco&iggég;é(;g;gmo XP_030029271.1 ON929123 151S, 176D, 244H| Lipase/vitellogenin
Msex2.07857-RA NL32 MCO&;S}?%%?QQEP SP I xP 030029295.1 ON929124 178S, 203D, 271H| Lipase/vitellogenin
Msex2.08211-RA NL33 MCO&'SSQZ L@iﬁ‘fﬁ" 3P 1xp 0300297571 ON929125 2208, 243D, 329H| Lipase/vitellogenin
Msex2.08887-RA NL34 Mco;sce())(;?olgzégﬁggozo XP_030031114.1 ON929126 1788, 206D, 273H | Lipase/vitellogenin
Msex2.09693-RA NL35 Mcog/l,sce?zz_tggé%;):ggmo XP_030032045.1 ON929127 1668, 194D, 267H | Lipase/vitellogenin
Msex2.09695-RA NL36 Mco&:jg;tgg&ggmo XP_030032053.1 ON929128 1778, 205D, 280H | Lipase/vitellogenin
Msex2.10218-RA NL37 Mcoﬁégfﬁ%;'&?gp 1P I xp 030032988.1 ON929129 2008, 227D, 302H | Lipase/vitellogenin
Msex2.11343-RA NL38 Mco;{.sce())(?)lslsz.g.}()gio4o XP_030034656.1 ON929130 1338, 157D, 227H| Lipase/vitellogenin
Msex2.12486-RA NL39 Mco;/isce;g??;‘igﬁggoso XP_030036126.1 ON929131 958, 123D, 196H | Lipase/vitellogenin
Msex2.13120-RA NL40 Mco;;;l;{t;;iggﬁgmo XP_030037203.1 ON929132 1838, 207D, 267H | Lipase/vitellogenin
Msex2.13991-RA NL41 Mcoﬁfeﬁ(_’lg}lé%?_'gml\] XP_030038249.1 ON929133 2538, 281D, 343H| Lipase/vitellogenin
Msex2.14926-RA NL42 Mco;{.sceﬁs_zlcsjégg;goso XP_030039446.1 ON929134 1708, 198D, 265H | Lipase/vitellogenin
Msed 1078 | g |MCOTCIZISSLOTO0S0 |y gippsgags 1| ackernon 5675 NANA [ e o
Msex2.12997-RA MGL Mcoﬁgzljgsg&ff:l) P 1xp 030037098.1 ON929135 217S,NA,NA | AB-hydrolase lipase
Msex2.01293-RA | Lipase3 Mco&gg;_lgllz,gﬁgosp XP_030038532.1 ON929136 4518, 503D Fungal lipase-like
Msex2.01196-RB HSL Mco&igé?g?iéggosp XP_037293343.1 ON929137 HSL-N pfam06350 seiﬁ?&oﬁgése

Msex2.09290-RA GDSL Mco&.ﬁigg?&zéiﬁgmp XP_030031313.1 ON929138 53S, 302D, 305H | GDSL lipase/esterase
Msex2.10332-RA AL1 Mcoh;.sggz(gsz.;);)kcipsp XP_030033175.1 ON929139 1035, 368D, 3991 | AB-hydrolasc lipase
Msex2.02034-RA AL2 Mco&ﬁ;;ﬁ)ng)égﬁgoxp XP_030041138.1 ON929140 1845, 358D, 38011 | AB-hydrolase lipase
Msex2.03554-RA AL3 Mco;;(})(z;g;s,(;ﬁggom XP_030022206.1 ON929141 1895, 361D, 30211 | AB-hydrolase lipase
Msex2.07865-RA AL4 Mco&igg%xégﬁ&)ow XP_030029283.1 ON929142 1015, 365D, 306H | AB-hydrolase lipase
Msex2.13484-RA ALS Not found in Mcot XP_030038008.1 ON929143 1658, 337D, 367H | AB-hydrolase lipase
Msex2.13487-RA ALH6 MCOT.C11865.0.0.TOOSO | v, 0300378481 ON929144 1658, NA, NA | AB-hydrolase lipase

Msex2.13487-RA
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MCOT.C04209.2.0.COO5P

Msex2.04752-RA AL7 Msox2 04950, RA XP_030024011.1 ON929145 166S, 340D, 371H | AB-hydrolase lipase
Msex2.07261-RA -ﬂ MCO&;S}?%%Z&?SNP XP_030028491.1 ON929146 2625, 436D, 467H | AB-hydrolase lipase | 11y i foace)
Msex2.09125-RA ALH9 MCO&;S}?;%‘;‘}%‘_)SP P 1xp 0300318451 ON929147 237A, 405D, 436H | AB-hydrolase lipase
Msex2.09126-RA ALI10 MCO&;S}?;%‘;S&?SP“P XP_030031837.1 ON929148 2428, 403D, 434H | AB-hydrolase lipase
Msex2.10877-RA ALI1 Mcohlgg;slsozé%l_gp 30 I xp_030034035.1 ON929149 2348, 408D, 439H | AB-hydrolase lipase
Msex2.10878-RA ALI2 Mcoﬁ'sgfzﬁi%ﬁp P 1xP 030034036.1 ON929150 1968, 3718, 402H | AB-hydrolase lipase
Msex2.12181-RA | ALHI3 Mcog/fsiig?;igﬁﬁgosp XP_030036032.1 ON929151 328A, 502D, 533H | AB-hydrolase lipase
Msex2.08174-RA -ﬂ MCOI\ZQSSZ%)?{;)ZSSPA‘P XP_030029854.1 ON929152 2378, 409D, 440H | AB-hydrolase lipase IH (trff;aiig-lfy)cer()l

Table S2. Sequences and features of the 83 M. sexta COEs*

Msex ID Enzyme names MCOT ID GenBank ID GenBank number | Catalytic residues Domain Proteome support

MCOT.C09773.2.0.COO

Msex2.11175-RB FE4-1 50 Msex2.11175-RB XP_030034366.1 ON929153 2018, 331E, 445H | Carboxylesterase, type B
MCOT.C01284.3.0.COO 2028, 322E, 426H

Msex2.01458-RA FE4-2 5N Msex2.01458-RA | XP_030040069.1 ON929154 Carboxylesterase
MCOT.C01284.2.0.CON 2028, 322E, 428H

Msex2.01457-RA FE4-3 SN Msex2.01457-RA XP_030040068.1 ON929155 Carboxylesterase
MCOT.C05018.2.0.COO

Msex2.05782-RA FE4-4 50 Msex2.05782-RA XP_030025623.1 ON929156 2018, 331E, 445H | Carboxylesterase, type B
MCOT.C06108.15.0.COP

Msex2.07029-RB FE4-5 5P Msex2.07029-RB XP_030027701.1 ON929157 2168, 344E, 457H | Carboxylesterase, type B
MCOT.C10576.0.0.CBB5

Msex2.12089-RC FE4-6 0 Msex2.12089-RC XP_030035718.1 ON929158 2218, 351E, 465H | Carboxylesterase, type B
MCOT.C11358.0.0.TOOS

Msex2.13096-RA FE4-7 O Msex2.13096-RA XP_030034367.1 ON929159 2018, 331E, 445H | Carboxylesterase, type B
MCOT.C06110.0.0.CPP5 206N, 335D, 448H

Msex2.07032-RA FEH4-8 N Msex2.07032-RA XP_030027744.1 ON929160 Carboxylesterase, type B
MCOT.C06108.13.0.CO 2028, 330E, 443H

Msex2.07027-RA FE4-9 O5N Msex2.07027-RA XP_030027699.1 ON929161 Carboxylesterase, type B

Msex2.12086-RB FE4-10 Not found XP_030034366.1 ON929162 48, 134E, 248H | Carboxylesterase, type B
MCOT.C06111.0.0.TOOS 2008, 328E, 441H

Msex2.07033-RA FE4-11 O Msex2.07033-RA. XP_030027731.1 ON929163 Carboxylesterase, type B

Msex2.12087-RA FE4-12 Not found XP_030034367.1 ON929164 2218, 351E, 465H | Carboxylesterase, type B

Msex2.11171-RA FE4-13 Not found XP_030034367.1 ON929165 2168, 346E, 460H | Carboxylesterase, type B
MCOT.C06109.0.0.COO IH (antennal esteras

Msex2.07031-RA SN Msex2.07031-RA XP_030027741.1 ON929166 2058, 334E, 447H | Carboxylesterase, type B ¢ CarE6)

Msex2.13095-RA FEH4-15 Not found XP_037295228.1 ON929167 116S, NA, NA [Carboxylesterase, type B

Msex2.05781-RA FE4-16 Not found XP_030025623.1 ON929168 2018, 331E, 445H | Carboxylesterase, type B

Msex2.11173-RA FE4-17 Not found XP_030034366.1 ON929169 73S, 203E, 317H | Carboxylesterase, type B

Msex2.12088-RA FE4-18 Not found XP_030025623.1 ON929170 2018, 331E, 445H Abhydrolase
MCOT.C06108.3.0.COO

Msex2.07025-RA FE4-19 5N Msex2.07025-RA | XP_030027742.1 ON929171 2018, 3298, 442H | () poxylesterase
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MCOT.C06108.2.0.000

Msex2.07028-RC FE4-20 50 Msex2.07028-RC XP_030027704.1 ON929172 2048, 332E, 445H Carboxylesterase
Msex2.11174-RA FE4-21 M)CigTMl\:elle‘Hioigllxgo XP_030034367.1 ON929173 2018, 331E, 445H | o poxylesterase
Msex2.07026-RA FE4-22 %?8?&533.%5’5&93 XP_030027740.1 ON929174 2188, 346E, 439H | o poxylesterase
Msex2.00350-RA AEL MSCOOE/hCe(zgzggfsg_ggo XP_030021129.1 ON929175 1838, 31{1713’ 440 Carboxylesterase, type B
Msex2.07667-RB AE2 M%Ohl;[sggg%l;égﬁggps XP_030028867.1 ON929176 2048, 3;[312’ 4l Carboxylesterase, type B
Msex2.07963-RB AE3 Miol\l/'[.scegzs%gﬁgps XP_030029533.1 ON929177 1998, 331E, 446H | Carboxylesterase, type B
MSC(;) 134:2?(3253;’9273_;20 ON929178 206S, 328E, 442 |Carboxylesterase, type B acl;ga(tzgelissfs-e-
AE4 SEX& XP_030022822.1 H like)
Msex2.04204-RA AEHS MCPOI\]/;SS)?;%ZZZ&OIS : P3 XP_030023018.1 ON929179 220 35[5}3’ 2 Carboxylesterase, type B
Msex2.08585-RC AEH6 M;g&ﬁf;g;s%g;{go XP_030030744.1 ON929180 D) 3I_IIIE’ 2l Carboxylesterase, type B
Msex2.06988-RB AE7 M?&i&go&ggéé)_g;NS XP_030027603.1 ON929181 2048, 3§6E, 440 Carboxylesterase, type B
Msex2.12974-RB AES M?Sﬁiﬁ;‘f;ﬁﬁﬁ? XP_030037225.1 ON929182 2148, 337E, 452H | Carboxylesterase, type B
Msex2.00366-RB -ﬂ Mgg;;i%gﬁg_ﬁgo XP_030020800.1 ON929183 2095, 344E, 462H | Carboxylesterase, type B[ 1y (o cierace 45)
Msex2.09113-RA AEHI0 M)Eg{ﬁigggﬁﬁggo XP_030026304.1 ON929184 210G, 331E, 450N | Carboxylesterase, type B
Msex2.07668-RA AELL Mioﬁsgfgz%igs?l{cgps XP_030028871.1 ON929185 1878, 31%1113’ 434 Carboxylesterase, type B
Msex2.00351-RA AED Mfﬁ&gf?gg%&gg}] XP_030022055.1 ON929186 184S, 321E, 442H | Carboxylesterase, type B
Msex2.12348-RA AEI3 Mgf&ii;?f;gﬁggo XP_030037225.1 ON929187 2048, 327E, 442H | Carboxylesterase, type B
Msex2.10730-RA AEHI4 MCPOI\I/}SEE;’?ISO%%TISISPS XP_030033686.1 ON929188 225G, 352E, 469H | Carboxylesterase, type B
Msex2.06145-RA AELS Mgg&;ﬁfggﬁﬁ&m XP_030026026.1 ON929189 1908, 325E, 438H | Carboxylesterase, type B
Msex2.00912-RC AEHIG Mgf;igg?g&zlﬁfgl\] XP_030033544.1 ON929190 189E, 311D, 410H [ Carboxylesterase, type B
Msex2.11032-RA Mgg&“:;;’;j?&gﬁgo XP_030034200.2 ON929191 1908, 278E, 382H | Carboxylesterase, type B | (a“‘e:_ngl esteras
MCOT'M“;’(ISO'O'O'MOO XP_030034201 1 ON929192 1908, 281E, 383H | Carboxylesterase, type B H:(Z";'/‘;fl“ga(lsegfgs
Msex2.11565-RA MCOT M16262.0.0.TNO XP_030034911.1 ON929193 198G, 328E, 443H | Carboxylesterase, type B IeI:te(::sr:OCXCyggl(;;{ai,n
XN Msex2.11565-RA venom CE6)
Msex2.00367-RB AELS M)fg{&ﬁi%&%?_‘;go XP_030020849.1 ON929194 2068, 346E, 461H | Carboxylesterase, type B
Msex2.12347-RA AE20 M)CigTMl\sAelf;?g;ilg}l(lgo XP_030036528.1 ON929195 1008, 283, 4000 Carboxylesterase
Msex2.00349-RA AE21 Msc(;) g&i&?&éﬁi‘gﬁgﬁo XP_030021117.1 ON929196 1838, U7, 44N Carboxylesterase, type B
Msex2.00369-RA AE22 Msc(;) ﬁi‘i‘f&gﬁ;’;ﬁﬁo XP_030020839.1 ON929197 2045, 3405, 458t Carboxylesterase
Msex2.10707-RA AE23 M%Oﬁégfgﬁigfkcg . XP_030034315.1 ON929198 1965, 3278, it Carboxylesterase
Msex2.00370-RB AE24 MCI\IOIT/ISCe?g}(i(())Z»;(?-I{I;NS XP_030022077.1 ON929199 20145, 3405 4380 Carboxylesterase
Msex2.05291-RB AE25 MCPOI\]/ISS)(E%QSSBZI(-)RC];)PS XP_030024687.1 ON929200 2818, 414E, 533H Carboxylesterase
Msex2.15130-RA AE26 Mc(g) ;Iscegolz 56 igb()ﬁlzgos XP_030039646.1 ON929201 2015, 3335, 4508 Carboxylesterase
Msex2.06147-RB AE27 Mcoogisi())é.zosg 1'3'71-'1%13\1 . XP_030026072.1 ON929202 335 168,270 Carboxylesterase
Msex2.03710-RA AEH28 M%Ohiigg%%?é?if:m XP_030021864.1 ON929203 2696, 3945 310H Carboxylesterase
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MCOT.C11484.0.0.TOW

2048, 330E, 444H

Msex2.12973-RA AE29 50 Msex2.12973-RA XP_030037217.1 ON929204 Carboxylesterase

Msex2.00843-RA AE30 Mioﬁéggg?o%gﬁgos XP_030034080.1 ON929205 1978, 329E, 444H | Carboxylesterase

Msex2.00691-RA AE31 M4CI\? g&fe?g.’ggé%?lggo XP_030027948.1 ON929206 1875, 3228, 4350 Carboxylesterase

Msex2.06705-RD AE32 Mioﬁégf;.%i%gé?g P4| xp 0300274801 ON929207 1858, 319E, 435H Carboxylesterase

Msex2.00911-RA AEH33 M%thégf%%%lzif: " XP_030033317.1 ON929208 346, A, 303K Carboxylesterase

Msex2.06293-RA AEH34 Mc;l)ﬁsce?(sfggég&gm XP_030026299.1 ON929209 188G, 3255, ddon Carboxylesterase

Msex2.07962-RB AE3S MCI\(I)IF{/[sce?;O(?;)QZ;)-IngS XP_030029535.1 ON929210 1968, 328E, 443H Carboxylesterase, type B

Msex2.10708-RA AE36 M§8{4ﬁ;gofg7%2?—lzgo XP_030034317.1 ON929211 2048, 336E, 451H Carboxylesterase

Msex2.10706-RA AE37 Miohzégfzgﬁ)?&?if: " XP_030034314.1 ON929212 1968, 3228, 440H |y rpoxylesterase

Msex2.06146-RA AE38 Mioﬁégf;.%%ﬁé?lg " XP_030026028.1 ON929213 190, 3235, 4381 Carboxylesterase

Msex2.06294-RA SEH4-1 Mscr? f&iﬁfggzgﬁg © XP_030026304.1 ON929214 2088 3§7E’ - Carboxylesterase

Msex2.06295-RA SEH4-2 M%thsg)?;%)iig 5(_)RC : P5 XP_030026301.1 ON929215 211E, 342E, 469T | Carboxylesterase, type B

Msex2.06296-RA SEH4-3 MSClgjl\l;lsCe(p)(?(f(?Zg(?—lggN XP_030026302.1 ON929216 20k S;IE’ o8 Carboxylesterase

Msex2.03410-RB BE1 MCPOI\];Iscegg904394(1)0(2151;)04 XP_030021680.1 ON929217 2225 398, 406l Carboxylesterase

Msex2.06675-RB -ﬂ MC1? I\T/{ggﬁ){ggﬁgos XP_030027324.1 ON929218 2025, 3325, 44 Carboxylesterase IH (Ceiﬂlé?;y!?f ot

Msex2.09673-RA AChE1 M%Oﬁ;gggso}f)ségﬁigm XP_030032226.1 ON929219 S 41%17& >t Carboxylesterase

Msex2.05726-RB AChE2 Mﬁ?ﬁ;ﬁfﬁ%ﬁ%ﬁﬁg . XP_030025552.1 ON929220 2005, 395, 3090 Carboxylesterase

Msex2.00907-RA -ﬂ MSCI\(IJITAsCe())(gS(ZSQ(());)-ISEN XP_030033511.1 ON929221 2268, 355E, 471H Carboxylesterase, type B TH (JH esterase)

Msex2.00907-RE JHEle Mi?m“ﬁiff?,ﬂé’d‘;;“ﬁgo XP_030033498.1 ON929222 5418, 672E, 786H | Carboxylesterase, type B

Msex2.00908-RA JHE2 Mcgg/l'scei%&%&zgos XP_030033523.1 ON929223 87S, 218E, 332H | Carboxylesterase, type B

Msex2.00909-RC JHE3 Mscl\?&fei‘fggé%g_ﬁgo XP_030033487.1 ON929224 2268, 357E, 471H | Carboxylesterase, type B

Msex2.00910-RB JHE4 Mcs&igggggéiggos XP_030033317.1 ON929225 2268, 357E, 471H | Carboxylesterase, type B
- IE1d (SE4b) Not found XP_030028710.1 ON929226 2198, 349E, 468H esterase Ed-like AH (SE4b)

Msex2.07504-RE IEle Mcrf)h&scegg%%gﬁg 051 xp 030028705.1 ON929227 2098, 339E, 458H | Carboxylesterase, type B

Msex2.08531-RA -WM%)I&;?;“‘S;;'&EXOS XP_030030295.1 ON929228 2088, 327E,431H | Carboxylesterase |1 (imfa*”s“e“;;m este

Msex2.10976-RA IEH3 Mfﬁﬁii?%ﬁfﬁgo XP_030034116.1 ON929229 208G, 340E, 461H | Carboxylesterase

Msex2.07931-RA NLGI M)Eg&ti;;fgf‘g%?_‘ng XP_030029367.1 ON929230 131A, 246E, 358T | Carboxylesterase, type B

Msex2.01474-RB NLG2 Mc(g)gig))(l;g 11 ﬁf_‘f{gos XP_030040094.1 ON929231 250G, NA, NA |Carboxylesterase, type B

Msex2.03169-RB NLG3 MCI\IOIT/Iqu())(Z;ig;il%g_EgOS XP_030021468.1 ON929232 236G, 378E, 490H | Carboxylesterase, type B

Msex2.01472-RB NLG4 Mg?&ii?g&;zl.ggl\] XP_030040104.1 ON929233 352G, S11E, 636H || Carboxylesterase, type B

Msex2.01473-RA NLGS M%Ohiéigzli)olzzigé?igg " XP_030040093.1 ON929234 36, S67E A Carboxylesterase

Msex2.01468-RA NLG6 MC19 I\T/I'sceg;(?lozigéo-ggos XP_030040106.1 ON929235 2820, 4425, 560K Carboxylesterase

Msex2.06813-RA NRT M%Ogisceggéggﬁﬁﬁo“ XP_030028152.1 ON929236 443R, NA, NA |Carboxylesterase, type B
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Msex2.00941-RA

GLI

MCOT.C00817.2.0.CPOS
P Msex2.00941-RA

XP_030031978.1

ON929237

341G, 485E, 600H

Carboxylesterase, type B

Msex2.00808-RA

UCEH1

MCOT.C00720.2.0.CNO
4N Msex2.00808-RA

XP_030030362.1

ON929238

222G, 363E, 509H

Carboxylesterase, type B

Table S3. Sequences and features of the 26 M. sexta PLPs*

Msex ID Enzyme names MCOT ID GenBank ID GenBank accession number | Catalytic residues Domain Superfamily
MCOT.C00744.0.0.TOOSP 160G, 178H, 179D, 1
Msex2.00774-RA PLP1 Msex2.00774-RA XP_030030378.2 ON929239 82Y, 197V, 231D PLA2C clos417
MCOT.C01601.0.0.CPO2N )
Msex2.01838-RB PLP2 Msex2 01838.RB XP_030040762.1 ON929240 496H, 526D, 548Y | Phospholip_A2_2 clos417
Msex2.05071-RB PLP3 MCOT.C04483.0.0.T0050 | 0 4350545241 ON929241 87H, 117D, 139y | HA2-bee_venom_| 05417
Msex2.05071-RB ike
Msex2.05073-RA PLP4 MCOT.C04484.0.0.00050 | ;1300244751 ON929242 66H, 96D, 118y | PA2-Pee_venom | cl05417
Msex2.05073-RA ike
MCOT.C07199.0.1.C0030 :
Msex2.08239-RA PLPS Msex2. 08239-RA XP_030029837.1 ON929243 229H, 259D, 281Y | Phospholip_A2_2 clos417
MCOT.C11454.1.0.TOO4P :
Msex2.13074-RA PLP6 Msex2. 13074-RA XP_030037175.1 ON929244 284H, 315D, 337F | Phospholip_A2_2 clos417
MCOT.M13907.0.0.MPPX Phospholip_A2_3's
Msex2.01676-RA PLP7 0 Msex2 01676 RA XP_030040460.1 ON929245 uperfamily cl29745
MCOT.C11609.2.0.CPP4P
Msex2.12864- Msex2.12864- .
RB/13342-RE ATGL RB/MCOT.C11609.1.0.cp0 |  XP-037297526.1 AEJ33048.1 Pat_iPLA2 cl11396
4N Msex2.13342-RB
MCOT.C02975.3.0.TOOSP 474G, 475G, 477R, 5 |Patatin_and_cPLA2
Msex2.03481-RC PLP8 Msox2 03481.RC XP_030021739.1 ON929246 075, 633D superfamily PHA03095
MCOT.C04519.6.0.CPOSP 901G, 902G, 904R, 9 | Pat_PNPLA6_PNPL
Msex2.04865-RD PLP9 Msex2. 04265 RD XP_030024560.2 ON929247 595, 1049D A7/ CAP.ED ¢l11396/cl00047
MCOT.C01510.0.0.CPP5P 233G, 234G, 236R, 2 |Patatin_and_cPLA2
Msex2.01488-RA PLP10 Misex2. 01488 RA XP_030040609.2 ON929248 565, 410D superfamily cl11396
Msex2.00157-RA PLP11 MCOT.C00183.0.0.CPP2P |y (33070376, ON929249 cl20281 Phospholip_B super cl20281
Msex2.00157-RA family
MCOT.C00874.0.0.CPO4P )
Msex2.00896-RA PLP12 Misex2 00896.RA XP_030034155.1 ON929250 pfam04916 Phospholip_B cl20281
MCOT.C02582.2.0.COP50 PI-
Msex2.02940-RA PLP13 ‘ e XP_037298096.1 ON929251 332H,377H PLCc_beta/PH_PLC | cl14615/cl17171
Msex2.02940-RA
_beta
MCOT.C04959.3.0.CPP5P Pl
Msex2.05617-RB PLP14 ‘ iy XP_030025529.2 ON929252 170H, 229H PLCc_GDPD_SF sup cl14615
Msex2.05617-RB -
erfamily
MCOT.C01413.0.0.CPPSN PI-
Msex2.01388-RA PLP15 : oy XP_030040309.1 ON929253 324H, 369H PLCc_gamma/PH_P | cl14615/cl17171
Msex2.01388-RA
LC_gamma
Msex2.07720-RD PLP16 MCOT.C06943.0.0.CPP5P |y 033029320.1 ON929254 50H, 121H PI-PLCXD1c cl14615
Msex2.07720-RD -
MCOT.C09301.1.0.TON50 Pl
Msex2.10438-RA PLP17 . ey XP_037298980.1 ON929255 765H, 810H PLCc_GDPD_SF sup cl14615
Msex2.10438-RA -
erfamily
MCOT.C09727.5.0.CPP3P Pl
Msex2.10780-RA PLP18 ‘ ey XP_037299399.1 ON929256 84H, 126H PLCc_GDPD_SF sup cl14615
Msex2.10780-RA -
erfamily
MCOT.C10484.0.0.TOOSP PI-
Msex2.11795-RB PLP19 : ooy XP_030035541.1 ON929257 328H, 375H PLCc_beta/PH_PLC | cl14615/cl17171
Msex2.11795-RB beta
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385N, 409R, 438D, 4

PI-

Msex2.14179-RA PLP20 Not found in Mcot XP_037303078.1 ON929258 PLCc_GDPD_SF sup cl14615
40D, 4451 -
erfamily
PI-
Msex2.14177-RA PLP21 Not found in Mcot XP_037298980.1 ON929259 PLCc_GDPD_SF sup cl14615
erfamily
PHA02820 superfa
MCOT.C06586.0.0.CPPSP 443H, 445K, 457T, 45| " ’
Msex2.07384-RB PLP22 Msex2.07384-RB XP_030028608.2 ON929260 9N, 467N mlIy/p_hosphoIlEJase cl33698
-D-like protein
372H, 374K, 3935, 39
Msex2.07588-RA PLP23 Mcohjl.sc:;sg%%gﬁzosp XP_030028781.1 ON929261 5N, 406E/153H, 155K PLDC—PGS;—E“"—U cl15239
: , 167G, 169N, 180D
Msex2.08427-RA PLP24 Not found XP_030029995.2 ON929262 PLDC_SF superfamil 15239
y/zf-CCHH
PLN02866 superfa
MCOT.C11797.0.0.TO010 1083H, 1085K, 10985 | ' - X
Msex2.14404-RA PLP25 Msex2.14404-RA XP_037297426.1 0ON929263 100N, 1113€ mily/ pheosthollpas cl33584
Table S4. Sequences and features of the 13 M. sexta thioesterases™®
Msex ID Enzyme names MCOT ID GenBank ID GenBank accession number | Catalytic residues Domain Superfamily
C183, H315, H353/K1 ] ., .
MCOT.C03064.0.1.CPOS R Thioesterase, PKS,
Msex2.03583-RB TEL b Maox2 03553 RB XP_030021952.1 ON929264 887, S19 1133 8{'1926, N| " NADB. hot dog 109938
) MCOT.C11302.0.0.TOO5 D88, V111, Q113, D1 | Thioesterase, hot_do
Msex2.12759-RA TE2 B Meox2. 12759 RA XP_030036951.1 ON929265 40, D141, K142, T143 . 100509
MCOT.M14225.0.0.MOW L60, T88, Y95, L96, | Thioesterase, Paal t
Msex2.02857-RA TE3 XP Meexs 02857 RA KAG6446062.1 ON929266 K97, A% hiocsterase, hot dog|  €100509
Msex2.09017-RB TE4 Not found XP_030031121.1 ON929267 136, 885, Y92, 1.93, § | Thioesterase, Paal_t | 50509
- 94, A95 hioesterase, hot_dog
G9, T11, G12, Al3, L
14, V33, G34,K38, 850, .
Msex2.11282-RB TES M%Og,fsceiglffz'gﬁggp 51 xp_037292860.1 ON929268 7, R58, S81, V106, L1 Th“’f:;erl"\’i:beg"ylf cl16912
: 28, D129, F130, L178, g
A179, S181, HI83
MCOT.C10459.2.1.CPOS Thioesterase, PKS,
Msex2.11718-RB TE6 O Msox2 11718 RB XP_030035513.2 ON929269 €175, 1307, 0345 | “ X o 109938
MCOT.C09154.0.0.CPP5P ]
Msex2.10287-RA TE7 Mok 10987 RA XP_030033351.1 ON929270 N/A Palm_thioest 21494
MCOT.C05173.3.0.CPP5P Thioesterase,PKS, N
Msex2.05790-RB TES Maox2 05790.RB XP_030025895.1 ON929271 €170, H303,N339 e e e 109938
MCOT.C05172.4.0.CO05 ]
Msex2.05789-RA TE9 0 Mser2. 05750 RA XP_037293598.1 ON929272 T131,N264, H300 | Thioesterase, PKS 109938
Msex2.03120-RA TE10 MCOT.M14279.0.0.MWP | xp 030021606.1 ON929273 D72, 196, Q97, E124, [Thioesterase, hot dof 15509
XO Msex2.03120-RA D125, K126, T127 g
MCOT.M14072.0.0.MPP )
Msex2.02348-RA TEI1 XP Meex? 02348.RA XP_030020038.1 ON929274 N/A Palm_thioest cl21494
MCOT.C05169.7.0.0PO5
Msex2.05791-RB TEI2 0 Msex2.05791RB XP_030025892.2 ON929275 NI30,N263, H299 | oo e PKS 109938
Thioesterase, hot_do
Msex2.03119-RA TEI3 Not found XP_030021604.1 ON929276 N/A - 100509

g

*: Proteome verification is based on the previous data (He et al., 2016; Cao et al., 2020). Proteins shaded red were identified in the cell-
free hemolymph from larvae 24 h after an immune challenge (He et al., 2016). Similarly, those shaded cyan were found in the proteomes
of hemolymph at different developmental stages (Cao et al., 2020). Yellow means non-catalytic homolog; green represents lack of the

GXSXG motif.
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Fig. 1. A phylogenetic tree of lipase-related proteins in M. sexta, D. melanogaster and others.

--DmGDSL

HSL
¥ : -DmHSL

described in Section 2.2, entire amino acid sequences of the neutral and acidic lipases were

aligned with their homologs in M. sexta (Ms) and other organisms to construct the neighbor-

joining tree. D. melanogaster (Dm) CG4979, CG6271, CG6847, CG17097, CG18284, CG3653,
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CG33174 (lipase-3), CG11055 (HSL), CG11029 (GDSL lipase), Anopheles gambiae (Ag) lipase
N14b (XP_310922.4), Caenorhabditis elegans (Ce) lipase-2 (NP_496693), Ictidomys
tridecemlineatus (It) pancreatic lipase (AAK72259), Canis lupus (Cl) pancreatic
(NP_001003319) and gastric (NP_001003209) lipases, and Mus musculus (Mm) endothelial
lipase (AAD30435), lipase H (NP_001077363), and phospholipase A1 (AAL55475) are shown as
abbreviations (black font for Manduca, red font for Drosophila, and green font for all other
species). Bootstrap values greater than 25 are indicated at the nodes. Branch length represents the

number of substitutions per site.

NL1 -SDYVIAVRGV] GQFLAFVNQITGA--PFNSMELVGE SLGAHLVGNAGRELGG— RVARVIGLDPAGPLWSYN-

NL2 ATAARGV QFLIFLNRVIGA--PFNTMELVGESLGAHLVGNAGREIGG- RAARVTGLDPAGPLWNMN-

NL3 DYSTAALGV GQFLIFINDVIEA--PFDSMELIGESLGAELVGNAGREIEG- KIARITALDPAGPLWNVN-

NL4 ~VNYNTAAAGVPSVGQHLGNFLVWVENNMGG--NWNQLELVGEF SLGAEIVGVAGRTAGR-~-~RPGRVIGLD! =] L H

NLHS -LSYRLVIANTIASGRAVADFISWINQ--QTQASLVQYHT JAGIIGRNL GQUVAYITGLDPALLGWVN----NINRFQPQDGRYTEVIHINYG-
NLHé ~--YTEGLANAPQCGRRIAEFVNIIIR--QFGYDADRIRIVGVGLGGEIAGIAARKEIE----GEVPHIIALDPSLEGWSH~ HEPDKLNPDDASVVEVLETTAG----
NL7 --SNYITASNGVPGVGQFLGNFLIWLENNGGG--NWNQLELUGESLGAHIVGNAGRT! RPIRVIGLD QALNRNAGRYVEAIHTDGG----
NL8 NVIVVEWRRLA-N-- --SNYISASNGVPGIGQFLGDFLIWLENT! -NWNQLELIGESLGA RPARVIGLD NQALNSNSGQYVEAT]

NLS YLIIIDHSLYTSAR GGKIKSYERSVSYAYYIGRAIGNVLAKLRNSGYP---SKNIHCIGESLGSQMLGYAGGIYTELTKEKIWRITGLDPAGPCFSNS--LIEDQIRSGVAEYVEVY]

NLH10 NVIVVDWSVYA-S— —--LSYANAVVAVPSVGIAIARVLSLLEAASPQQINFNRVHLUGFGLGAHAAGFAGRELQQTYNKRVARITGLDPSGNQWVNN- ~PQRLRSSDARYVEAIH

NL11 --INYFTALANTVPAGLSVARFIAWLNR--ATSAVPSMYHLUGESLGGEMVGIIGRNLG----GEVAYITALDPAGPGWIN----NNDRFRPNDGAYTEVI]

NL12 NVIIL ALAREAAARFVNWLNS--QSGGSPARYHIVGYSVGGHGAAILAREUN ~GNVAYVIGLD N-NVERPNDAAYTEII]

NL13 NMIIVDWNQEA-S-—-------] -KDYISAVSSVPSVGRNLARFLAYINAATGA--SYTKMHLIGE SLGAHVVGNAGRYLNG----RVARITGLDPAGPLWTLN----SHRLKSTDATYVEAI]

NL14 NVLLMDWEEEAKSGILGIALGYAFSVVPK--SKKIGKEMGERLIDIVDAGYN---MTEVELUGESLGAHVMGFAGRRSRESG-HVVPRITGLDPARALFEGT-FAVLRGLDRTCAKFVDII]

NL1S NLLLLDWSKENYSSNMTIVDDAFFYSLARGNSVVIGREMGNSLIILFNNGLN---LLNAVLIGWSLGCPLLGEAGRYVMSQG-IQIFQIKCLD PAKPGYGKP-VPVMKPLDKKSAKIVFII]

NL1é ~-PCYVAAVENLRPVARCAREALATLRR---AGLRPDTLTCVGESLGAHLCGIIANYLTF---RLN-RIIGLDPARPLIRS---APALRLDPGDARAVHVL]

NL17 ~PPYGQAVANIRLVGAMIAKLIENIYDILAL-PHIDNFHFUGESLGAKLGGYCGHEIQKRYNLKLGRITGLD PAAPYFSK-~TVILVRLDRSDAKFVDVIHSNA-

NL18 -PLYTQATANTRLVGLEVAHFINTIQKDEEL-NPQD-VEIIGESLGARTAGYAGERIEG-----LGRITGLDPAEPYFQG-—MPTHVRLDPSDAQLVDVIRTDGKSIFL
NL1S ~SNYITAANSVPSVGQHLGQFLVWVE -NWNQLELVGESLGA T PGRVTGLD! NALNKNDGAYVEAIETDGR----
NL20 ~SSYVIAVKGAPIVGYFLGHEFLNWFIRVGGG--NWDN ""“'—"l“"""’“‘m’mk---—RPRRITGLDPAGPLHSDE-—--A.KGDTKKSGQYVEVI‘TDGD— =
NL21 ~-SYPVAARLTKPLGDLLGVFLTALTKYGLA---SNKLEIVGASLGAEISSFAAVKYHQLTGRKPLRLTGLDPAGPCYRDLP - - PAARINAQVAEKVDVLETSID---~
NL22 ~PCYLSALSNTKLAAQCTAQLYSYITQ---AGALARKITCUGESLGARVCGMMSNELTE ---KQY-KIVGLDPARPLISAY-GSRQFRLTRDDAEVVQVLETNAG~
NL23 -NYLL-VALDVGATGKTIGKAIIQLLKGG---LLLDGLEFVGESLGCHVMSARARALLEEEYR-LPRLTGLDPAFPGFAYP-LLLGQPMI SSDAAFVDVIRTDGG-
NL24 NFISVDWSRLIVE- ~PWYISAVRNTRYMGKRLADFVQFLEAAGIP-—-ASSLEVIGESLGAEAAGFAGKELKIRG-LRIGRITGLD PAYPGYSLT--NSDAKLARGDAIFVDVVETNPG-

NL2s NIIIVDNQRFATV HYHLASRL EVLVQLTQAGLD---PSKLELIGESLGGQTVSYVAKNYQOMTGKNVSNIVALEPSGPCFRTLG--KEDRLDASNADFWQVLE

NL2é ~PNYLRAAANTRLVGKQLAMLLQGLAKYIDM-RFED-VELIGESLGAHVAGFAGSELRN-----ISRITGLDPAGPLFEFQ--DPRARLDRSDAKFVDVIR

NL27 ~PIYPWSACSTRYVGKRTAKLLDKFSQAN-Q-IN--YVHLIGESLGAEVMGYTGMFINVI----VDRITGLDPARPLFEIPRIGPNFRLDKSDAKFVDIIR

NL28 RYMTCVENTRLMGKRLANLLANLENFGAN---AEDFHLIGIS LGAHVAGWAGKY FRQYKGHSLGRITGLD PAGPCFSHA--YSDQRLDKTDAKYVDVVE

NL2% --GYVSSASRVKSLAQALYSFLKKLNQONGYP---LPSAHLIGESLGA I LDTRIGRITALDPAKPCFSKT----KYRIDVNDAVFTQVVI

NL30 VNYILAS' ILTDFLNFLIGEG LIGESLGAHVVGIAGAYVRKG PIDTITGLDPALPLFTLG~--NKDARLDKHDARKEVEVI]

NL31 --PCYLESARNTEIVGKCTAQFIDDIVK--TENENLDKFHLIGESLGAQIAGFVGNYLTS---GLLGRISGLDPAMPLFVT—-TDITKKLDISDAQFVDILI

NL32 --PCLGQIEWAPRFAGLCIAQLVEYIQNEPTKSWQPEQIHTIGYSVGAHILGLVANYLKV-~--GKLGRITGLDPTILFY )HTDALFVDVL

NL33 YWRAVANT TAFLNQIMAATGA--KVKDFHFVGHSLGAHISSYVSFHIGR-——-~ VARITGLDPAQPCYGLAN--STERLDATDADEFVDII]

NL34 -----IYPKSVRLTRAIGKKLGEFLVSLVDQGLT---SDSLELVGASLGARIVAYARKYFYEKTGQKISRVIGLD PAGPCFRNMD -~ PQFKLAPTDGLEVDVIHINID-
NL3s5 SLIIIDYSYYTREP- INK-KNYLEAVKNSYSIGKAIGEFLSKIQKYGYP---SSNIHCEGES FGGQLLSFISEVYTENTREKLARVIGIDPSGTCFEGS--SIDNQIRSGIGDYVEVYHCSK——
NL3é YLIMIDHSQYTHNR----QGSRKSYARSVKYVEYIGKAVAQMLAGLAKGGVS---P! LGGQILGQMGEEFTKLTGKKIARISALDPAGPCFANS--FINIX VEVYHCNAG----
NL37 NVVLENAQEMASMIYPSFVN--SYMNWARPNAIRLGNEFANTLLKLSAAGLD---LDKTHLIGES LGAEMFGVIGNKIQEFG-VKLPWITGLD PASAGFDVK--PPELRIQPNSALFVSVIHSDPS-
NL38 NVITVDASSTADS——======= IFYNWVANQTITIGAQIAIFLEELKKLY-N-VSGDQIHLIGESLGAHVMGIAAHQSNLT--~--IGRITGLDPARPLFEYPSRDNTEKLDSTDAKEVDI IHTCG——
NL3S -—SYLVNAARN’TKKVGMMDSLNKLIEHG—-'WIEKLHVIGHSLGSHVAGYTARELKNRYNKTVKRLTLLDPAFPAFYFD—GVMHQHVIETDAEWDVI}QTDAG——-—
NL4O --NYLPALINCIRSGESVAKYLQWLVE--ESGGDLSRFELVGES LGGHQVGIIGRNLG----GVVPYITSLDPALPGWIT----NPNRFKADDGLY TEVMETNAG-
NL41 --FYLRATTYVRYIGEKLGEILARMVQRGLN-—PNKIELIGESLGAHISGFTGKEFTRLTGHQVGRISGLDPAGPCFFNAG--QDLKINATDATFVDVIRTTHG-—--
NL42 EYPVA JHVAEMLVNLTKEGLD---PKKVELIGLSLGGQTVS FIAKNFKRMTGVTLGRITGLDPSGPCFRNLG-~PDDRLDQADADEFVDVI!
DmCG4979 ~ISYPRVSKQLPSIAANVAKMLRFLEDNTGVP--YEQIYMIGESAGSEISGLTGKLIRP--~HRLGAIFALDPAGLTQLSLG--PEERLDVNDALYVESI]
DmCGE271 ~VDYATSVMAVAATGKKVAKMINFLKDNEGL--NLNDVYVIGESLGAHVAGYAGKNTDG----QVETIIGLDPALPLFSYN-K-PNKRINSDDAWYVES T
ClLipaseP ~TSYTQAANNVRVVGAQUVAQMLSMLSANYSY-SPSQ-VQLIGESLGARVAGEAGSRTIPG-----LGRITGLDPVEASFQG--TPEEVRLDPTDADFVDVI]
MmLipaseE —QLYTDAVNNTRVVGQRVAGMLDWIQEKE-E-FSLGNVELIGYSLGAEVAGYAGNEFVKGT: VGRITGLDPAGPMFEG--VDINRRLSPDDADEVDVLE
MmLipaseH ~VIYPHASSKTRQVASILKEFIDQMLVKGAS-~-LDNIYMIGVSLGAHIAGFVGESYEG---~KLGRVIGLDPAGPLFNGR-~PPEERLDPSDALFVDVIE:
ItLipaseP IGE:! AGRRTINGA----IGRITGLDPAEPCFEG--TPELVRLDPSDAQFVDAI]

MmPLAl IEIIGVSLGA YKG— QLGQITGLDPAGPEYTRAS--LEERLDAGDALFVEAT]
DmCGE847 ~PNYVRAAANTRLVGKQLAMLLRNIQQHKGL-DLMR-THVIGE SLGAHVSGFAGAELPG-----LSRITGLDPAGPLFEAQ--HPKVRLDS SDAEFVDVIH:
AglLipaseN14b SCVVIDWRKASN-----====-] PPYTQTCANIRLIGAITARVIYLLYEELNM-KNLDKVHLIGESLGSHLCGYAGYEIQKDFGLKIGRITGLDPAEPLFSD--TDPLVRLDRSDAKFVDVIE:
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NL1 GI TP NGGIS-QPGELTNI LERATVTY LIGNQCSNNLQITLRNCRG---—-=-=
NL2 VGGLGI FP- NGGNS-QPGEALSL LFASTLTR LVGNQCSNTLQITTNSCRG--

NL3 IDGLGIGFAIADVDFEP QPGELLNI

NL4

NLES NGGI EA-GDHARSFFYFAESLVS

NLE€ Q IMSESETYAYAFYAESLTSEINNGRAFVGTACESYEQAIVIACS-GD

NL7 NGGRNPQPGEAIST ELFASSVRT FNGRLCSNINQAQNNQCSG--

NL8 )PGEWIST ELFASSVHET NHFVARKCNDINEARNNKCSG-~

NLS D NKKGKKQPEEHEGLIPGK ESD-AAKESHKACVRY YMMSVEE P~ - - -NWYLAWACDNYDEFSGGQCARNQ
NLH10 VNANGIGIRVGHVDEF NGGGN-Q ELFSSSLT LIGRECETTKQLTSNLCR

NL11  ———- ~-VLGFLATLGHADFYP- NGGL!

NL12 NMGILE YP NGGSG-QRGENT AL -GGFTGERCNTLTDAQRGTCN-PN:

NL13  —---- --TLGINLNVGDVDEYP NKGFF-QPGE: -NHLIGRRCGSAIELDFNNCHG--

NL14 ~GYGTSVSTGTVDIWPNYSPGGTQPGESTGSHSMFT PEDTDFERRTENI TDI LKVINVKY LKE ILREVLRKENL

NL1S ~YFGLNESHGTCDVYINQRP FIDGNNLQPGEPDRSINR RSIFCYLNAMOQ

NL16 RYGEAARLGHADFCL: QPYEED-TP: N-EALESHIWSICYQRESLFRAR--ARAPCGRRCSVRVPPARA----AA-
NL17 MPLYFSG-FGISEPIGEVDFYP N TQR D LYEGASYQQVVRYVG -SCPFMAIHCESYEAFLAGKCTNCDT:

NL18 LDFVEMAGYGMSQEVGELDEYDP-~—-=-=-==~] NNG-KEQPGEDLTEGRPLVPL---=====-=~ TLVKQGLEEASRVLVAGNEVRAIKLFTESING----KCPYIGHQCPSYQHFLAGKCFHCG

NL1S  ----- --ILGIMNAVGDADFYP Q TELFASTVLE LLGRRCGNVWEAELSRCTG-—

NL20 -RLGIFNPIGNADFYP-- —uccmopisssr ELFASSVLN NELVGRACKNINKAEDSSCLG-~

NL21 GFGIAEPLGHIDFYZN- ---GGEYQPSMVGNF- IMEBFLU@SHIRAAKYWVLANI F - - - - PDKF TAVQCDSVARARHGDCYDKN

NL22 --FLGEAGQIGEVDFCV orcl I YFAASVRRSLKLMGVPCNSAC ISYDR-
NL23 TFGT EADFWP JGQARQPGEQ--ATVPL LWTESVL! GEFLARRCQONYDNFIRGLCKDSP-—
NL24  ----- --IFGFPLPIGDVDFYP--~-======-] NAGKWIQP LLK--—== === === mmmm e NREFRFIYGESHVRAWRLYAESLSN----PLGFPATLCRDWKSATARCRFQIN

NL25 YGMAT PMG YIN YQPSDLN: LYSBTTTESHFRVLALWVVALRE PGKFLGIKCKSIQQARDGKCFENCP
NL26 -ETLIFGGLGAAQPLGHVDFYP-—-—======= NGG-RVQHC'SNLE‘VGAVSD ----------- LVLPWARAS-PEGRSLENERRAYKFFTDSVSP KCHFPAFPCSDYDSFLEGRCFRCD:

NL27 PRQPGE EGVQQVIEAGSHGRSTKYYAESINS KASFIAYPCDSWPKENRGECR---

NL28 HLRAREVYTESVMTP----KSFVGIRCQSWKHFQUNACEKDT

NL29 cmpom:‘nrw VTL YTKSVLN: KTALVGRECSDWGPLVDDKCDGRE

NL30 NGG-TRQPGE! FDYRGLI

NL31 QP SAE ) TKSGEDEARAPVYFAESILTDIGFYATKCASHITY I IGWCELN---TD

NL32 QP T FQTLSEDETKVIPYFIESINSREGFWAGPCSSLESYLIGWCERQ--~DT

NL33 --LMTRIGLGLPDPLGDADEYP: )PGEF R FLPISPSKLQQAT

NL34 -GFGIAERLGHVDIY EFQPSDI YIEBLVT PKKFIGMKCDSVQDARFAKCENNS

NL3S YGTSNEVGDIDVME »cmqp:lscaa.rssv -------------------- GEVDATY, -NCYKAFDS--YKGYLKG---GDGQ:
NL36  ———mmee ALGSSSVIADIDFFT: )PREGTPLIPGVE: DSSKAAS

NL37 YGTKRELGTVDEWEN Ymcqw.orq;pcsxon FSKE

NL3g --GVLGIE! AVGTADFYP NSGIPPQPGE DSIQKIFEH

NL39 YGAPVRTGTADEWP- - (s PIPL! 3

NL40 ~VSGFLTALGHVDFYPD e GRFLGSQCDNLASALIGDC--DG

NL41 ~SLGITE! Y mopr.vm'r LYKESILN----PTAFVAVPCDGWSEFRAHNCKQEQ

NL42 -GFGMARPVGEVNEY EFQPGDIL HENVLESEIRSYTIWLAALQN -
DmCG4979 LLGNPSTKLSHASFFAN EFDFVEDEFARMFYFAESVRQP----KSFAALRCSSAKSVLSATCNCNVGGSEKY
DmCGE271 --TLGFLKPIGKGAFYP-- TTYYAEAVSE FGTMKCGDYEEAVAKECGSTY------
ClLipaseP APLIPFLGFGT BLDFFP-----------NGG-EEMPGEKKN- - ~ALSQ---~--=---~= IVDLDGIWEGTRDEVAGNHLRSYKYYSESILN----PDGFASYPCASYRAFESNKCFPCPD
MnLipaseE LSFGLSIGIRMPVGEIDIYD IGSFAYGTISEMVK DKPSFAFQCTDSSRFKRGICLSCRK-
MnLipaseH IKYFK ~CSITAYPCDSYRDYRNGKCVSCGAG-
ItLipaseP : KN---ILSQ------==-== IVDIDGIWEGTRDEFAH - PTGFAAFSCASYSVFSANKCFPCPS-—--~
MmPIA1  -------NLGIRIPVGHVDYEVN-------===== YNYLI ~TCPLMAFPCASYKAFLAGDCLDCEN-----
DmCGE847 -ENLILGGL DYY ---FIWSAQAREDEEGRSL RCLFPAFPCGNYDDFLKGRCFPCRAQDDEDL
AgLipaseN14b SEW YQPIGEVDEYP —--RKHDDSFFWGFQEFFGENELRCHQFLTDSILE-~--RCPFVGIGCESYAQFLRGECFECDR-—--~

Fig. 2. A region of the aligned amino acid sequences in 42 M. sexta NL(H)s and 9 homologs from
other organisms. D. melanogaster CG4979, CG6271, CG6847, A. gambiae lipase N14b
(XP_310922), C. lupus pancreatic lipase (NP_001003319), I. tridecemlineatus pancreatic lipase
(AAK72259), M. musculus endothelial lipase (AAD30435), lipase H (NP_001077363) and
phospholipase Al (AAL55475), and M. sexta NL(H)s are aligned. The catalytic residues (S, D/E
and H) are in red bold font and the GXSXG consensus sequence around the active site serine are

highlighted yellow. Predicted enzyme 9 loop and lid are shaded in cyan and green, respectively.
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Fig. 3. Expression profiles of the 61 lipase-related genes in various tissues and stages of M. sexta.
On top of the heat map, tissue sources of the 71 RNA-seq datasets are indicated as head, fat body,
whole body, midgut, Malpighian tubules, muscle, testes, ovaries, antennae, control fat body (CF)
and hemocytes (CH) from naive larvae, induced fat body (IF) and hemocytes (IH) from immune
challenged larvae. The first part of library names indicates major stages of the insect, i.e. embryo
(E), 1t to 5™ instar larvae (L1-L5), pupae (P), and adults (A). In the second part, “D” stands for
day, “h” for hour, “preW” for pre-wandering, “W” for wandering, “M” for male, and “F” for
female. In the last part, “S” indicates single-end sequencing and no “S” indicates paired-end
sequencing. Log>(TPM+1) values for these lipase-related transcripts are shown in the gradient
heat map from dark blue (0) to maroon (>10). The values of 0—0.49, 0.50—1.49, 1.50—-2.49, ...
8.50-9.49, 9.50-10.49, 10.50—11.49, 11.50—12.49 are labeled as 0, 1, 2, ... 9, A, B, C,

respectively. Relatedness in expression patterns revealed by hierarchical cluster analysis is shown
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on the left, with abbreviated protein names marked in different colors.
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Fig. 4. Phylogenetic trees of 111 carboxylesterase-related proteins in M. sexta and other insects.
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Entire amino acid sequences of the COEs were aligned with their homologs in M. sexta and other
insects to construct the neighbor-joining tree. B. mori (Bm) a-esterase-3 (AE3, NP_001121786),
13 (NP_001040174), 19 (NP_001116501), 25 (NP_001121784), 40 (NP_001116814), 41
(NP_001124352), 45 (NP_001104822), 47 (ABK27874), 48 (NP_001040466), 49
(NP_001121785), juvenile hormone esterase-1 (JHE1, NP_001037027), integument esterase-1
(IE1, NP_001108339.1), 2 (NP_001121191), nonclassic esterase homolog-1 (UCEHI1,
NP_001040411), acetylcholinesterase-1 (AChE1, BAF33338), 2 (BAF33337), B-esterase-2 (BE2,
NP_001124351), D. melanogaster (Dm) esterase-6 (Est-6, CG6917), gliotactin (GLI, CG3903),
neuroligin-2 (NLG2, CG13772), neurotactin (NRT, CG9704), Sesamia nonagrioides (Sn) JHE
(ABW24129), Choristoneura fumiferana (Cf) JHE (AAD34172), and Antheraea polyphemus
(Ap) integument esterase-1 (IE1, AAM14416) are shown as abbreviations (black font for
Manduca, red font for Drosophila, blue font for Bombyx, and green font for all other species).

Bootstrap values greater than 25 are indicated at the nodes.
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Fig. 5. Expression profiles of the 83 carboxylesterase-related genes in various tissues and stages

of M. sexta. Tissues and stages of the RNA-seq datasets are described in the legend to Fig. 3.
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Fig. 6. Phylogenetic trees of the predicted phospholipase As and Bs (A), Cs and Ds (B), and

thioesterases (C) in Manduca and Drosophila. Entire amino acid sequences of the
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phospholipases A—D, thioesterases, and their noncatalytic homologs were separately aligned to
construct the neighbor-joining trees. D. melanogaster (Dm) secretory PLA2s (CG11124 and
CG3009), calcium-independent PLA2 (CG6718), lamina ancestor PLB (CG10645), PLC at 21C
(CG4574), small wing phosphoinositide PLC (CG4200), no receptor potential A PLC (CG3620),
PLD3 (CG9248), PLD (CG12110), and palmitoyl-protein thioesterase-1 (CG12108) are shown as
abbreviations (black font for Manduca, red font for Drosophila). Bootstrap values greater than 25

are indicated at the nodes.

ALl IRHGRD-ANNVPDENKPVIFLMHGIVSSSADWVI! YILAEAGFDV FYSRTHVRLNPDAILNT-NYWKFSWDEIGNIDLPTMIDYVLVKTNR-QRLEYVGESQGTT
AL2 VPHG---AHDDRNE PRFVVFLQHGLLSSSAEWILMKPGKGLAYVLADHGYDV TYSRRHISMKPT FWKEFSWHEIGYYDLPAMIDYVLRETGV-AKVQYIGESQGTT
AL3 IPHGRD-RNNRPNPNKPIVFLMEGLLSSSADFLVLGPGNALGYLLAEAGYDVWLGNARGNFY SRRERRLNPDSIINQ-NFWKFSWDEIGYYDIARFVDYILQRTKQ-SKLEYUGESQGGT
AL4 IPHGRD-RNNEPDPRKPVVLVMEGLCASAADWVLMGPGTALAYELAEQGFDVWLGNARGTYYSRFHTTLDPDRSR-~-EFWNFSWEEIGTRDLPAMIDYALRITGK-RRLEYIGESQGTT
ALS IPYRRHERSSHKHN-RPVVFLMHGLLAASNSYVLLGHENSLAFNLADAGFDVWMGNARGNRN SRAHVS LNPDHARQKFDFFDFSWEEIGMIDVPEMIDYALKHTGR-EKLHYIGESQGGT
ALHE IPYRREHERSSEKEN-RPVVFLMHGLLAASNSYVLLGHENSLAFNLADAGFDVWMGNARGNRNSRAHVS LNPDEARQKFDFFDFSWEE IGMIDVPEMIDFALKHTGR-EKLHYIGESQGGT
AL? IPG-----——---] NRSVPVLLTEGILDSADTFLLRGHTSLVVY-LRKFGYDVWVASVRGARY SRREVILDPDKDS-~--EFWNFSVHEIGYYDLPALIDFVLSWNAV-DKLSARGESQGNT

ALe IPYSKN--SHDKVSPRKTVLLEHEGLLGSSADWIIAGPQKGLGYILSDVGYDVWFANVRGNTYSRAHVSRNVDTFA: ~FWNFTFHDVSQEDLPAVIDEIMQIKGWDVKINYIGESMGTT
ALHS VMAGDI----EARSRNKIALLHEGLFGSSDDWLILGKGRALPYLLSAAGYDVWLANARGNKYSRAHINRTVDEVG: ~FANFSWHEIGLYDLSAVIDYVVGVSSKNTEIEFIGHALGAT
AL10 ~SRDDVNKIVFLEHGLLGSSADWILLGSENSLPYMLSNTGYDVWMGNARGNSYSKAHTSYKVDSEE----YWNFTWEEIGEEDVPASIEYIRSIKNTTEPINFIGESMGAT
AL1l EFWDFSWDEIGQIDLPTTIDYILEETGA-SQVIY2GHSQGTT
aL12 LEWDFSWDEIGRIDLTGIIDYILTKT@M-SQLVYIGHESQGTT
ALH13 IPPKVQ-AHDV--VKKPVVMLMEGLLGSADDFLLQGPGKSIAYLLADEGYDVWLGNARGNKY SREHVSKYPALN~ DFWKFSNDDIALEDLPAMIDHALQTSGQ-EKLHYIGHAQGTT
AL14 RGGVVPTKIVLLQHGLFASSVDWILNGPGKGLAYVLADAGYDVWMSNVRGNRY SREHTSLNSNSKA: ~YWNFSWHDVAKHDIPAVIDYILDFKGINTKITYIGESMGTT

DmCG17097 IPR- ~YWDFSFHEIGKFDVPAAIDHILIHTEK-PKIQYIGESQGST
DmCG18284 IPR-- -SGATPVLLVEGIMASSATWVQFGPSQGLAYILSQSGYDVWMLNTRGNVY SEERLAGRESDKI -FWDFSFHEIGQYDLPAAIDLILLQTKM-PSIQYIGESQGST
ClLipaseG IPYGRK--NSENIGRRPVAFLQHGLLASATNWISNLPNNSIAFILADAGYDVWLGNSRGNTWARRNLYYSPDSVE: ~FWAFSFDEMAKYDLPATIDFILKKTGQ-DKLEYVGESQGTT

DmCG3€53 IPSSPNRSHLNRAGRRAVVFLQEGILSASDDWIINGPEASIAYMLADAGYDVWLGNARGNTY SRQHKHIEPDTS-~~--DFWRFSWHEIGVYDLARMLDYALAKSQS-SSLHFVAESQGTT

ALl AFFVMNSLRPVYNDKIISMEALAPVAYMAENRNTLLLFMAPMANDVEKISSLMGIGELLPNNAIMSWAGQNLCOMDESTFQPVCSNILFLIGGWNVEQLNKTMMPVIFGESPAGSSVRQEV
AL2 AFWVMTSSRPEYNDKISAMEALAPVAYIPNIKSPLIKAIGPFINSLEVIFKLIGADEFLPNGKMNE LAGQKMCIEEALTQVLCTNLLFLICGYNIDQLNKTMLPVVMGHT PAGASTRQMI
AL3 TELVLNSLRPEYNKKFKSFQGLAPAAIFTNNDHLVESALAPFENIIETTAFSMGIGEIFGNREFITWFATNFCHEGS IFHPLCGYAMT IVTAS-~ENFNQTMLPLFLGHAPAGASIRQVA
AL4 VEWTMGSLRPAYNDKIISMQAFAPVAYLTNNQNPAFIALAQHANSIEAVSSVLGVTEIFGRSDSFTNIGKKFCSDDSPTQALCSNMIFLIAGRSEDMENATMEPVKLGETPAGISVKQLY
ALS AFLVMSSMRPEYNEKLESVELLAGVGYMKHFPNSQMSGLAALSDVIYNFALTIGMVELFPPSSDSRSVGRSADSCTGNLGYNY--MCDLTGVDQIVRGSGDSEGMFGNYEPAGAATKQIA
ALHé AFLVMSSMRPEYNEKLESVELLAGVGYMKHF PNSQMSGLAALSNVIYNFALTIGMVELFPPSSDSRSVGRSADSCTGNLGYNY--MCDLIGVDQIV:

AL? IYYVLGATRPEYNDKVNIMIALGPISYLNEYKPPIE-TIIKLGPLIDEVLTTFNQEELFGDNSIYRTEINKFCT PYEVGYALCGEAFFSLAGYDVEEFEPAMFYVVIGHFPTSTSKKVAK
aLe VLFALLSTKPQYNKILRAGFALAPVAYMTDIK-SPIKLLAKFSNNIEYIMKLLGANEFLPQNAVLRWLSKHACEINEYEEVLCENSMFVLCGEDPKQFNKTLLPLILGHVPAGASTRTLV
ALHS SLLVLLSVAPKYNDILKSATFLAPLVYMYHVEGPLKILADSYEYRS---TDNIYRPTLLRSEIFSPKVIERFCR-GEVRLCLNPFLLLANGGQDFA--NSYITEAVLSEVPAGSSKKMLI
AL10 ALLVLLSSLPRYNEYFRIGILLAPLAFMSNVDGPIKKLGSVAFSPSDQLVELLGKDDFFPERIVPEWLAVKYCR-GPIIYCSNPLFFLSGSIPKYEGANASFVARLLYEIPAGTSTKLIM
AL11 AYFVMCSEKSEYNEKVALMISLSAVAYVSHMKSPLARLLAPISTEVELLSQLFGVNEVLPSNTFINTFITVLCSEPNLAYLVCSNIIYMLCGFDCEQTDLSALPVLYGEIPSGAATKQOML
aL12 AYFVMCSERPEYNDKVALMISLSTVGYMSRLKSPVIRAMIPFSEDFELFSESIGYFEVLPSDLFINMFITVFCSDPLLASLVCANIMSIFSGFNCAQIDFNNVAVIYGELPSGSSTKQLL
ALH13 TFFALASEKPEYNDKIITMHALAPMAYMINTRSPLVRMIAPTSSFYERLHEQFGNGAFT PSKELVHTTGGAMCKNTVGCDNICSNLNYVMSGVDMEDADPEMIHVIMAHLPAGT STRVIK
AL14 ILFAMLTLRPEYNDKLTAGFALAPVVYLSDIQ-SPIKTLAPVASSAASMDMLSNTHEFVPKNSALGKITS-TCSLDAADLSVCKNIAFYICGYNEKQFNSSLLPVFLSHLGSGTSWKIVV

DmCG17097 VFFVMCSERPNYAHKVNLMQALSPTIVYLQENRSPVLKFLGMFKGKYSMLLNLLGGYEISAKTKLIQQFRQHICSGSELGSSICAIFDFVLCGFDWKSFNTTLTPIVAAHASQGASAKQIY
DmCG18284 AFFVMCSERPEYAGKISLMQSLSPSVYMEGTRSPALKFMKLFSGGFTMLLNLLGGHKISLKNKIVDMFRNEHICT-KLIPSRICAIFEFVVCGFNFNSFNMTLSPILEGHASQGSSAKQIY
CllipaseG IGFIAFSTNPKLAKRIKIFYALAPVATVKYTETLLNKLMLVPS----FLFKLIFGNKIFYPHHFFDQFLATEVCSRETVDLLCSNALFIICGFDTMNLNMSRLDVYLSENPAGTSVONVL
DmCG3€53 AFFVLMSSLPLYNEKLRSVHELLAPIAYMRDHSFILSKLGGIFLGTPSFLSWVLGSMELLPITNLQKLICEHICSSSSMFNFLCSGLLDFIGGWGTRELNQTLLPIVCATEPAGASSSQVI

ALl HYGQGIAD-KGFRRFDEGSRMANRKAYGSRRPPNYDLSKVIAPVFLHYSFNDPLAEVQODVERLFRELGRPVGKFLVPLPAFNHIDY IWAINAKELIYDRVINLVRAVERSGIDNLVL*
AL2 HFGQSYNS-GEFREFDEG-WLKNKLIYGSFKPPAYNLNAIRTPIFLEYADNDWLST PKDVDRLSKDIKSVVGKERVAMPEFNELDFVFAINATEIVYERLLNIMQUFDQ*

AL3 HYGQCIRF-NAFRRYNEN-LLTNLAVYGRRTPPEYDLSKITVPAYIHYGLRDREVNYKDLEILAKKLGNTVGIFRIPRETFNEYDFIWSSKAKTEFYDFLIRKIREADRME*

AL4 HYGQEIRK-DFFRRYDYG-ALTNWRIYRSLTPPSYNLRRITAPVFLEYVDDDVFAEVRDVTRLFRELGRPVGMFRVPEATFSHLDFMWGTQAKRLLYSRTINLMRSLGDE *

ALS HYGQONIKD-KTFRRWNFG-LLKNLRKYGSSSPPKYNLGLITADVIMHYTVSDTLLDPRDVLAMAADMP-NCKVRKVAREDFQEEDFIARKDSKELVNEYVIEQINAVSGFGR*

ALHE VCFYCV FLATSFVYFYDRK---NGRLV*

AL7 EYLQIANN-GDFVYYDYG-QEKNLKLYNSETPPPYNLSAVIMNVALFVGKNDRVNPIENVRRLNKALPNVAQFKIMDREKFNEMDY IWGREMYEYLFPYILEMLERFNS *

AL8 HYAQEIRNDGKFQQFDYG-

TEGNLQQYGEPIPPEYPLEKITLPIALFSSDNDWLASEIDVSNLYVQLVNPIEEYIVPLKT FNEIDFLWAVDAPSLVYKKLLQLLEEGVSEPYYSITNVNSINSL*

ALHS HYLQLIKS-GEFQMFDYG-YIKNMEKYGESTPSSYDLNQVIVPVIIFSSSSDWLSTVPDIVNLLIKIENVIVEEVVKKSDFSETDFLWSNNAPELVYYLILDILQQRLEQKKGKESDTGE*
AL10 HYAQVSNS-GKFHRYGN-------——----
KDSEFSLGNVIVPIAIISSSEDRLATVGDVLKLYFNIASPIDNYVIRNKNMDHESDMVWGSEAEDQVENKVMEYLEDGSSFKSTKINEVISGDLL

ALl11 HYLQEIDS-GKFRKYDYG-ILKNLEVYGTNAPPNYNLSKVISPIAIFYGDNDWFSNFTDVKILINELPNVVDVYEVPFAKFNEMDFLYAKDLKTLVYSRMAKLIKTYSSNAKR*
AL12 HYLQEVKS-GKFQKYDYG-PTKNLKVYGTKIPPDYEVKKITSPVAIFYSDNDWLSNYTDVKILIDQLPKVVDVYNVPLPKFTEMDYLYAKDLKTLVYSRLVELVKKY SPNLKW*
ALH13 EYGQGVAS-HEFRKYDYG-TEMNKQVYGTPEPPKYDLQKVQT PVSLYFSEEDWLAHPKDVERLAKAL PNVKTVHKVPEKHFTEMDFQF SKKAPETVYKKVME SMEGPTQ*

AL14 HFAQEINAGGKFQQFDYG-SK-

NFEIYGSVYPPEYDLSKITLPISLFWSKNDLLSSEEDVKKLYHALESKKEMYLIPDPEFNHLDYLWAINAPRLLNNKVLEYLERAFNAEERHKSEN (20aa) *

DmCG17097 EYAQLQGD-LNFQRFDHEG-AVLNRVRYESSEPPAYNLSQTTSKVVLEHGEGDWLGSTSDVIRLQERLPNLVESRKVNFEGFSHFDFTLSKDVRPLLYSHVLRELSTSLSG*
DmCG18284 HFAQLQGN-SAFQKYDYG-LILNKIRYQSIFPPLYNLSLALGKVALHRGDGDWLGSESDVLRLERDLPNCIENRNIRFEGFSHFDFTISKDVRSLVYDRVISLCGSNR*
ClLipaseG HWSQAVKS-GKFQAFDWGSPVQNMMHYHQSMPPYYNLTDMHEVPIAVWNGGNDLLADPEDVDLLLSKLPNLIYERKIP--PYNELDFIWAMDAPQAVYNEIVSMMGTDNK*
DmCG3653 HYLQLYRS-GDFRQYDEG-PELNEIIYQQPTPPSYNVQYIKSCVDMYYSENDYMSAVGDVKYLASLLP-CAQLYRIPFRDWNEYDFLWSNNVKEVINNKIIQKIRKYDEDGVGE

Fig. S1. A region of the aligned amino acid sequences in 14 M. sexta AL(H)s and 4 homologs
from D. melanogaster and C. lupus. D. melanogaster CG3653, CG17097, CG18284, C. lupus
gastric lipase (NP_001003209), and M. sexta AL(H)s are aligned. The catalytic residues (S, D
and H) are in red bold font and the GXSXG consensus sequence around the active site serine are

highlighted yellow.
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MsFE4-1 TVMGCSAGGISTDLLTISNM--TRS--LFHRAIPESGCSYGAIAIQYDPI.

MsFE4-2 TLIGCSAGGTAIDLLILSNS--TKG--LFKRVITDSGSNLAAYAIQPDPI.
MsFE4-3 TLIGCSAGGSAIDLLPLSNI--TRG--LFNQVIIDSGSNLATYGVQSNPI.
MsFE4-4 TVMGCSAGGISTDLLTISNM--TRN--LFERAIPESGCSYGAFAIQYDPI.
MsFE4-S TLCGGSAGAASADLVMLSKA--SKS--LENKVIPESGSSLAAFAVQPDPL.
MsFE4-6 TVMGCSAGGISTDLLTISNM--TRS--LFHRAIPESGCTYGAIAIQYDPI.
MsFE4-7 TVMGCSAGGISADLLTMSNM--TRN--LFEKAIPESGCSYGALGIQYDPI.
MsFEH4-8 TIZGCNAGAISAELLILSKS--TKN--LFHKMIIAYGPNNGLIZMQTDPL.
MsFE4-9 TLGGGSAGAASADLLMLSKA--SKG--LYKKVIPESGSSLAAFAMQPDPL.
MsFE4-10 --NGCSAGGISTDLLTISNM--TRS--LFERAIPESGCSYGAIAIQYDPI.
MsFE4-11 TINGCSAGSASVDILTLSNT--TRG--LFKRAISDSGAELGVFAVQINPI.
MsFE4-12 TVMGCSAGGISTDLLTISNM--TRN--LFERAIPESGCSYGPIAIQYDPI.
MsFE4-13 TVNGCSAGGISADLLTMSNM--TRN--LFEKAIPESGCSYGALGIQYDPI. .
MsFE4-14 TIIGCSAGSASVDLLMLSKS--ARG--LENKVISGSGSSISAFSVQIDPV. .
MsFEH4-15 TVMGCSTGGISADLLTMSNM--TNS--LFEKAIPESGCTYGAIAIQYA-
MsFE4-16€ TVMGCSAGGISTDLLTISNM--TRN--LFERAIPESGCSYGAFGIQYDPI.
MsFE4-17 TVMGCSAGWISTDLLTISNM--TNS--LFEKAIPESGCSYGAIAIQYDPI.
MsFE4-18 TVMGCSAGGISTDLLTISNM--TRN--LFERAIPESGCSYGAFAIQYDPI.
MsFE4-19 TVGGYSSGGASTDLLVLSKS--SRG--LFHKAIPESGYGIGAFSVQPNPL.
MsFE4-20 TLCGGSAGAASADLVMLSKA--SKS--LENKVIPESGSSLAAFAVQPDPL.
MsFE4-21 TVNMGCSAGGISSDLLTISNM--TRN--LFERAIPESGCSYGALGIQYDPI.
MsFE4-22 TLGGGSAGAASADLLMLSKA--SKG--LENKVIPESGSSLAAFAMQPDPL.
MsRE1 TIEGESAGGASIGWLIVSPM--TKG--LYKKAITQSGTSTCSWSQSFEPR.
MsAE2 TVEGESFGAISTSILTASPL--SKN--IMSKAIMQSGCGLCQC-FQEDPI.
MsAE3 TIEGQSAGGTSVSLLLASEA--TTG--LYKRAIVQSGSSLSSWALNRQPK.
MsAE4 TLEGESAGGHSI-DLELRSS--NEK--LFNNAILQSGSAVAATVFQEPDK.
MsAEHS TIRGQDAGATSA-LLELYSD--WDK--LFHKVIIESGTPQSEGMFVNADI.
MsAEHE TVEGIDSGAESI-NLELASP--HEK--LFDQAILQSASEVKIGA---PDN.
MsAE7 TIEGESAGSASV-DFELECS--NEK--LFDKIILQSGSVIGPWVITEPDR.
MsAES TLRGASVGGLHA-TLHFMRT--KYP--LFQQIILQSGTRAYPLIMINSNV.
MsAES TIEGESAGGASTTYHIISPM--SKG--LFKRAISMSGVPFCDWSLENQPR.
MsAEH10 TVMGSGSAATLLS-LLLTTKSNKLF--AKMILQSGSIYSPSLFLGDN--
MsAE1l TVEGESAGAAVVSSYLTSKM--AEG--LFAKVIAQSGNLLSDLYMREEDP.
MsAE12 TIEGNSAGAACVCLEVISPM--TKN--LFKRAIAISGCATNWWIYTYDPI.
MsAE13 TLRAGASAGGLHA-SLEFMRT--KYP--LFQQIILQGGLMAYPLIMGNSDV.
MsAEH14 TIEGHGTGGTAAILMTMSES--TKG--LFKRVISESGSLFTPQSFDPNPI.
MsAEL1S TIEGIS. YLLLSPT- HKSII( /QWAQKDRNK .
MsSAEH1€ TVYGTEAGAASIQILLVSDI--TEG--LFQKVIMESGSVLSPSTLTYNPI. .
MsAEl7a AIRGESYGGGAV-DFHLYSK--YEQ--LFDKAIIQSASVFTPYIFGKGDY. .
MsAE17d TIRGESYGGGSV-DFELYSM--YEK--LFDKTIVQSGSIFTPYVFGKGDP.
MsAEH18 MLIGHGSGAALVDLITMSPQ--AEN--LVEKAITLSGSALAHTAVAYDPV. ..
MsAE1S TIMGQSAGGVSVGLHLMSPM--SQG--LYQRATVMSGVPMCDFGAPYQPR. .
MsAE20 TLLGHSFGAISV-DLLLESLDENER--LFDKVILQSGPIFTPEPVNHEMPH. .
MsAE21 TIEGUSAGGASVGWHLVSPM--TKG--LFKRAIMQSGAPTCPWALTVEPR.
MsAE22 I TSVALEMI. FQRAICLSGAPTSEFTIPYKQS.
MsAE23 TLEGESAGAVSTSFMILSPA--ARG--LFHKAILQSGSSLAPWGLQHDPL. .
MsRE24 TIMNGESAGAAAVGLHLISPM--SKG--LFQRAVSMSGVPTNDYNINYKPQ. -
MsAE2S TIEGESAGAASVHLHMLSPE--SKG--LFERATAQSGVALSPWALAQHPS .
MsAE2€ TIEGESAGAASVSYLNISPM--TKG--LFHKVIVQSGSATAPWAFQYRPV.
MsAE27 TIMGLSAGSASVEYHILSPV--SKG--LFSKAIMQSGSALNHEWAINENIK. .
MsAEH28 TLEGHGSGAARVDLVTLSPT--SEG--LVHKAIAQSGSALAPWAVIRDNL. ..
MsRE2S5 TLLGHSFGAISV-DLLLHSMNENEK--LFDKVILQSEGSLSPYAKLQRLE.
MsAE30 TIYGMSAGGARVEYQVLSKM--GYG--LFKQAIVESGARTSVWSFDANPI .
MsAE31 TIEGNSSGGARVHYLMLSPM--AAG--LFHKAIIQSASALNNWAIEKNPT.
MsRE32 TIEGCSAGSGSVSGHLVSDM--SNG--LFDKAICQSGVCLNEWFYNIYAR.
MsAEH33 VVSGDGTSGALAGYLALSTESNVYF--SKVISESGSVLSPWALDRNALAT .
MsAEH34 TVIGSGRAASSVASFLLSPAREDLY--TRLIVQSDASLSPALYKNYN--
MsAE3S TIEGHSAGGASVALLLASEA--TNG--LFKKVIVQSGSSLANWAINPKPV.
MsAE36€ TIEGESAGAARVVYHLVSPM--SKG--LFNKAIMQSGSAMSPWSLQFEPL.
MsRAE37 TIL SARAMHLLSK: KG--LFEKAILMSGTPITPWAFNPEHK.
MsAE38 TI YLLLSLT--AR HKSIIQSGSSLNQWAQKDRNE .
MsSEH4-1 TLMGSKGGAAAVD-LLMHSTAKGLF--SAAILQGGSSWSTAYLQEGSRER .
MsSEH4-2 TLMGNEGGGVLVDILLQSPKAKGLF--SAVIMQSGTTWQSMYFNGKPRDK .
MsSEH4-3 TIMNGNRGGATIAEIMLYSEKAKGLF--SAVIMQSGSAFESLYFYKNPQEK.
BmAE3 TLEGHGSGAARVDLVTLSPL--ANG--LVEKATAQSGNAFAPWAVIRDNL.
BmAE13 TIEGISAGSASVEYLQLSPS--SRG--LFQQAILQSGSSLNHWAIEYDIK.
BmAE19 TIEGESAGGHSV-ELHLLSQ--AEI--LYNRVILQSGSAEARTVLIEPDK.
BmAE2S TLAGIGTGGENV-LMHVLYG--NKD--LFSKVIIDSGLTLPTLVMAETDS.
BmAE40 TLEGQSAGGTSVSLLLASEA--TSG--LFKKAIVMSGSAISSWAINRQPI.
BmAE41 TLEGHSAGATSVSFLLASKA--AEG--LFHKAIMQSGSSIANWGLQLDPI.
BmAE4S TVEGESAGGASTSFHVISPM--SKG--LFKRVISMSGVLFCDWSIAFEPR.
BmAE47 TVEGQSAGGAIVIILTASPL--SKN--MINKAIVQSGTGISKWAVONEPL.
BmAE48 TIEGESAGARAVSLLTASPL--TKN--LISKAIIQSGNALSSRAFQRDPL.
BmAE4S TVSGESAGAIAV-DFHLMYN--KEK--LFHKAIIQSGTTLSPVEY-EPSR.
DmEst-6 LLVGHSAGGASVHLQMLRED--FGQ--LARAAFSFSGNALDPWVIQKGAR. .
MsBE1 TIEGESAGGASVHFEMLSKT--SAG--LFEKAISESGTALVPWAEAPPGE.
MsBE2 TLIGCS. YHYLSPL- TENRGIAFSGAAFASWIHAVKPA .
BmBE2 TIEGESAGGSSVHFEMLSDT--SAG--LFEKAISESGTALVPWAEAPPGE.
MsAChEl TLE LHLLSPL--SRN--LFSQAIMQSGAATAPWAIISREE. ..
MsAChE2 TLEGESAGGGSVSLEMLSPE--MKG--LFKRGILQSGTLNAPWSAMIGER. .
BmAChE2 TLEGESAGGGSVSLEMLSPE--MKG--LFKRGILQSGTLNAPWSWMTGER .
BmAChE1l TLEGE! LHLLSPL--SRN--LFSQAIMQSGAATAPWAIISREE.
MsJHEla TLMGQSAGAAATHILSLSKA--ADG--LFRRAILMSGTSSSAFFITNPVE.
MsJHEle TLSGHSAGSTSAHLLSLSPA--TKG--LFRRVILMSGTAFPSYYSPSPIY.
MsJHEZ TLMGQSAGAASVELLSISKA--AKG--LFKQVIQLSGTAVPSFFIGSRAY.
MsJHE3 TLIGHSMAAMTVHLLSLSKA--AEG--LFQRLIMLSGTAIPMFYSASPVY.
MsJHE4 TLIGQSVGSASVELMTLTKA--TEG--LFQRGIMMSGTAIPMFFSASKTIF .
BmJEE1 TEG--LVSRAILMSGAGTSTFFITSPIF.
SnJHE SVR--LLKRVILMSGVGNGGFYTASPAY.
C£JHE -ARG--LFKRAILMSGTSTRSFFSTSPAY.
MsIEld TITGCSAGSISVMLEMISPM--SKG--LFHRGISMSASPVSKAPTPKHQF .
MsIEle TITGYSAGSFSVFLEMVSPM--SKG--LFERAISMSGSPVSQIVIPEHQR.
MsIE2 TIZGCSAGSLSVLLEMISPM--SKG--LFERGISLSGSPLAKVPSPPDRM.
MsIEH3 TITGSGAGAASVMLEMISPM--SKG--LFHQAISMSGSPIDKKRSLSHPK.
BmIEl TI2ZGCSAGSISVMLEMISPM--SKG--LFERGISMSGSPFAREPLPTEQK.
BmIE2 TIZGYSAGSFSVMLHTVSPM--SKG--LFHRAISMSGSPISQUVIPHDQR.
ApIEl TLRGYSAGSISVMLEMISPM--SKG--LFERGISMSASPINKEPLPNNFQ.
MsUCEE1 VVMGQGSGGSAASLFAMSPEGRSATGVAALSGAPLSPGAVRPQPEKHADT .
BmUCEH1 v ASLL TATGVARLSGAPLSPGAVRPEPAKHADT .
MsNIG1 TL2GHAAGAALVNAMLMAPE--SKGLVSRV--LLLSGSALSPTAMAPDAA .
MsN1IG2 TLMGHGTGAACVHFLLTSLA--VPEGLLFHRAILMSGSGLSPWSLVADPN .
MsNIG3 TLMGHGTGAALANFLAVSPV--ARELLKRV--ILLSGSGLSSWALQREPL.
MsNLIG4 TL ACINFLMISPT: -FERAILLSGSALSSWAIVDDPV.
MsNIGS TL ACVNFLMLSPI--SNG--LFHRAILMSGNALSDWAMTNDPT.
MsNIGé TMIGHGSGAACINFLMISPT--VMPGL-FERAILLSGSALSSWALVEDPV.
DmNIG2 TLIGYGTGAVLANILVVSPV--ASDLIQRT--VLVSGSALSPWAIQKNPL.
MsGli TLEGPGAGAASAGLLALAPQ--TRH--MVARVIAQSGSALADWAMIEDKE .
DmGli TLEGPGAGGASAGLLMVAPQ--TRN--IVRRVIAQSGSALADWALIQDKY .
MsNRT TLIGHRAGATLTAALTTSNQAQKLYSRIWLSSPSVIFPGDPLDQSQKDNE .
DmNRT TLLGHRAGATLVILLVNSQKVKGLYTRAWASSGSAILPGKPLSESGKQNE .
DmGlt TLVGQAGGATLAHALSLSGR--AGN--LFQQLILQSGTALNPYLIDNQPL. .

Fig. S2. A region of the aligned amino acid sequences in 111 carboxylesterase-related proteins
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from M. sexta and other insects. As described in the legend to Fig. 4, COEs and their noncatalytic
homologs in M. sexta, B. mori, D. melanogaster, and other species are aligned. The catalytic
residues (S, D and H) are in red bold font and the GXSXG consensus sequence around the active

site serine are highlighted yellow.
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Fig. S3. Expression profiles of the 26 phospholipase- (A) and 13 thioesterase-related (B) genes in
various tissues and life stages of M. sexta. Tissues and stages of the RNA-seq datasets are

described in the legend to Fig. 3.
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