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Abstract

The goal of the project detailed herein is to track changes in transcript levels of three insect arylalkylamine-N-
acyltransferases (iIAANATS) during the life cycle of the domesticated silkworm (Bombyx mori). The purpose being
to uncover key differences in the expression of these iIAANATSs at different life stages of the insect. Furthermore,
knowing these enzymes are capable of biosynthesizing specific fatty acid amides in vitro, we wanted to characterize
and quantify a panel of such lipids via liquid chromatography time-of-flight mass spectrometry (LC-QToF-MS)
from purified lipid extracts of each stage of B. mori life. Our results show differences in expression for these
separate iAANATS as well as a panel of fatty acid amides at different time points in the life cycle of the silkworm.
The combination of iIAANAT expression and fatty acid amide data provide insight on how the fatty acid amides are
being synthesized in vivo.
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Abbreviations

Bm-iAANAT — Bombyx mori insect arylalkylamine N-acyltransferase
CoA — coenzyme A thioester

Ct = cycle threshold

PalmGly — N-palmitoylglycine

PalmDop — N-palmitoyldopamine
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PalmSer — N-Palmitoylserotonin
Palmle — Palmitoleamide

Palm — Palmitamide

OleGly — N-oleoylglycine
OleEth — N-oleoylethanolamine
OleDop — N-oleoyldopamine
OleSer — N-oleoylserotonin
OleTrp — N-oleoyltryptamine
Ole — Oleamide

AracSer — N-arachidonoylserotonin
LinGly — N-linoleoylglycine
Lino — Linoleamide

SteSer — N-stearoylserotonin

1. Introduction

Humans and silkworms, Bombyx mori (B. mori), have a relationship that dates back approximately 5,000 years
when humans first realized silk was a component of their cocoon [1]. Silk produced by the B. mori is now the basis
of a multi-billion-dollar industry [2] that employs millions of people [3]. In addition to the economic impact of B.
mori-generated silk, B. mori is a valuable model system for human disease [4-7], a useful host for the heterologous
production of recombinant proteins [7-9], and could serve as a nutritious food source [10,11].

Fatty acid amides are a family of lipids found in both vertebrates and invertebrates [12-15]. Structurally, the fatty
acid amides are relatively simple, R-CO-NH-R’, with the acyl moiety (R-CO-) derived from fatty acids and the
amine moiety (R’-NH-) derived from the biogenic amines. Subclasses of the fatty acid amide family are defined by
the biogenic amine, which include the N-acylethanolamines (NAEs, R-CO-NH-CH,-CH,-OH), N-fatty acylglycines
(NAGs, R-CH-NH-CH,-COOH), and primary fatty acid amides (PFAMs, R-CO-NH,). Greater than 70 different
endogenous fatty acid amides have been identified from living systems with only a few having defined cellular
functions [15]. In mammals, N-arachidonoylethanolamine (anandamide) is the endogenous ligand for cannabinoid
receptors (CB; and CB;) [16,17], N-palmitoylethanolamine is a PPAR-a agonist and may also bind to GPR55 (an
orphan GPCR) [18], and oleamide regulates the sleep/wake cycle [19]. In insects, volicitin and other structurally
related N-fatty acyl amino acid conjugates elicit the release of plant volatiles that attract predators against the
insects feeding on the plant [20,21]. The known functions of anandamide, N-palmitoylethanolamine, oleamide, and
volicitin coupled to the relatively low cellular concentrations of the fatty acid amides [22-24] have led to the
consensus that the fatty acid amides are cell signaling molecules.

Volicitin and the other N-fatty acyl amino acid conjugates are not the only fatty acid amides produced by insects.
Amblyomma americanum [25], Drosophila melanogaster [26,27], and Bombyx mori [28] are known to produce
fatty acid amides, but their function in these insects is unclear. Not only are the functions for most of the fatty acid
amides unclear, but the reactions leading to their production in the cell are similarly unclear. With the exception of
the NAEs, which are produced in vivo from membrane phospholipids [12,18,29], pathway(s) for the biosynthesis of
the other fatty acid amide subclasses are not completely defined.

We proposed an undiscovered N-acyltransferase produced the fatty acid amides in vivo [30]. Such enzymes would
catalyze a reaction between a fatty acyl-CoA thioester and an amine to generate the corresponding fatty acid amide
and coenzyme A (Figure 1) and, most likely, would be members of the GCNb5-related superfamily of N-
acetyltransferases (GNAT) [31,32]. Since our original hypothesis in 1996, we have identified and characterized
two novel insect arylalkylamine N-acyltransferases (iIAANATS), one from Drosophila melanogaster [33] and one
from Bombyx mori [28], that utilize long-chain fatty acyl-CoA thioesters as substrates to yield fatty acid amides in
vitro. Subsequent, expression knockdown experiments provide evidence these enzymes do function in vivo in fatty
acid amide biosynthesis in D. melanogaster [34]. Gaps remain in our knowledge of the fatty acid amides despite
the wealth of data on the existence of these lipids in different living systems and the work to define routes for their
production in vivo. The fatty acid amide knowledge gap is greatest in the insects because insects do not express
cannabinoid receptors [35] and often express multiple iIAANATS with overlapping substrate specificities [36, 37].

To help resolve these knowledge gaps, we now report the presence and relative concentration of specific fatty acid
amides across the life cycle stages of B. mori and couple these data to the transcript levels of the three known
IAANATS expressed by B. mori, Bm-iAANAT, Bm-IAANAT2, and Bm-iIAANAT3 [38-40]. We find the fatty acid
amide and Bm-iIAANAT transcript levels to be different at the different life cycle stages of the silkworm. No single
fatty acid amide is found in all cycle stages and these lipid amides are most abundant in instar 3 and instar 4.

Our data reinforce the suggestion fatty acid amides are cell-signaling lipids. Each of the three Bm-iIAANATS
exhibit differences in the transcriptional expression patterns in the various life cycle stages of B. mori. In sum,
these data suggest Bm-iIAANATS3 does not have a role in fatty acid amide biosynthesis and the function of this
2



International Journal of Applied Science and Technology Vol. 13, No. 1, March 2023  doi:10.30845/ijast.v13n1pl

enzyme is to catalyze amine N-acetylation in instar 1. Unlike Bm-iAANAT3, Bm-iIAANAT and Bm-iAANAT?2
probably do have a role in fatty acid amide biosynthesis in vivo and also catalyze other N-acylation reactions
important to B. mori in each of the life cycle stages. Our work establishes an important set of baseline data for
future experiments to examine the function(s) of specific fatty acid amides and to evaluate the changes in the
amidome after genetic manipulation of a specific Bm-iIAANAT.

2. Materials and Methods
2.1 Materials

Unless otherwise stated, all reagents were of the highest quality available from reputable, commercial suppliers. N-
Palmitoyldopamine and all other internal standards were purchased from Cayman Chemical.

2.2 Rearing of the Silkworms and Sample Collection

Bombyx mori eggs were purchased from Carolina Biological, immediately placed into a petri dish upon arrival, and
fed Silkworm Avrtificial Dry Diet (Carolina Biological) after hatching. The different instars were identified based
on the number of molts, such that the first instar (instar 1) was collected before the first molt and the fifth instar
(instar 5) was collected after the fourth molt. Also, the pupae and moth life stages were collected, respectively.
After collection, each sample type was immediately flash frozen in liquid N, and stored at -80°C before continuing
any extraction of either the nucleic acids or the fatty acid amides. The pre-instar “ant” stage was not assessed
because of the inconsistency in timing of the transition to instar 1.

2.3 Extraction/ Isolation of mMRNA and gDNA Decontamination

Total RNA was extracted from the whole organism at the indicated life stage using TRIzol® reagent and collected
using the PureLink RNA Mini Kit® from Thermo Fisher. The mRNA was obtained from the total RNA using the
PolyATtract® mRNA lIsolation Systems I1l from Promega. After the elution of MRNA in nuclease-free water, a 10
kDa centrifugal filter was used to concentrate the transcripts (15 min at 12,000 x g). A Nanodrop® (Thermo
Fisher) was used to determine the final concentration of the resulting mRNA. DNase | (Thermo Fisher) was
employed for the removal of genomic DNA (gDNA) and modifications made to the manufacturer’s protocol for
full gDNA decontamination (Table 1). The mRNA was incubated with DNase | in DNase | buffer with MgCl,, and
nuclease-free water at 37°C for 45 minutes, at which time 2 pL of EDTA was added while raising the temperature
to 65°C for 10 minutes to inactivate the DNase |. After the completion of gDNA decontamination, the mRNA
solution was diluted with nuclease-free water to a final concentration of 10 ng/uL.

2.4 One-Step RT-gPCR of Tual, Bm-iAANAT, Bm-iIAANAT2, and Bm-iIAANAT3

Separate, triplicate wells of a 96-well plate were initially loaded with 10 pL Power Up™ SYBR® Green Master
Mix from Thermo Fisher, 30 ng of MRNA from a specific B. mori life stage and 2 pL (20 U/uL) MMLV-RT from
Promega. Next, the appropriate primers were added to the wells, an essential step to delineate which amplicon was
replicated. The forward and reverse primers for each amplicon type were designed to create 75-150 bp products
and the primer sequences are listed in Table 2. a-Tubulin (Tual) was chosen as the positive, endogenous control
for all RT-gPCR experiments because this protein is abundantly expressed in every post-embryonic life stage of the
organism [41]. In multiple quantitative studies, Tual was identified as a stable gene in normal tissues [42, 43] and,
since the RT-gPCR was carried using mRNA isolated from whole body extracts, tissue wise variation of the gene
would not be an issue at different life stages of B. mori. Forward and reverse primers for B. mori Tual (both at 200
nM) were added to wells A1-A3; forward and reverse primers for Bm-IAANAT (both at 200 nM) were added to
wells B1-B3, and forward and reverse primers Bm-iAANAT2 (both at 200 mM) were added to wells C1-C3.
Forward and reverse primers for Bm-iIAANAT (both at 50 nM) were added to wells D1-D3. Sufficient nuclease-
free water was added to each well to bring the final volume to 20 uL. A negative control substituting MMLV-RT
for nuclease-free water was used to ensure total decontamination of gDNA. Another negative control substituting
the mMRNA template for nuclease-free water was run to ensure fluorescence was not being detected from primer-
dimer formation. This entire plate-loading process was repeated separately, using mRNA from a different life stage
each time. Each prepared plate was capped and briefly centrifuged before placement into an Applied Biosystems
QuantStudio3 gPCR thermal cycler. The one-step RT-gPCR conditions were as follows: The reverse transcriptase
phase was completed by holding the temperature at 50°C for 45 minutes and then raising the temperature to 95°C
for 10 minutes to inactivate the MMLV-RT. The PCR cycles began immediately after MMLV-RT inactivation with
an initial temperature hold at 95°C for 15 seconds, then lowered to 60°C for 1 minute, before returning to 95°C.
This was repeated for a total of 40 cycles.

Melt curve analysis was employed after the completion of thermal cycling with holds at 95°C for 15 seconds, 60°C
for 1 minute, and a final 95°C for 1 second. The cDNA products of the same amplicon were added together to
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make a final volume of 40 pL and mixed with 10 pL purple loading dye from New England Biolabs (NEB). This
was done for each amplicon separately, the Tual, Bm-iAANAT, Bm-iAANAT2, and Bm-iAANAT3 amplicons.
The resulting 50 pL PCR product mixtures and a 100 bp ladder from NEB were loaded into separate lanes of a
1.8% agarose gel containing ethidium bromide and electrophoretic separation was affected at 50 V for 90 minutes.
All bands denoting significant cDNA products were extracted using the Wizard® SV Gel and PCR Clean-Up
System from Promega and sequenced commercially by Eurofins Genomics.

2.5 Analysis of the RT-gPCR Data

The cycle threshold value (Cr) is the number of cycles of RT-PCR amplification required to generate the desired
PCR product beyond a specific target, call the threshold [44].

The Ct values reflect transcription levels of a single product because the amplicon sequences match the sequence
of the desired products and the negative control wells showed no amplification. The change in abundance for each
IAANAT transcript relative to Tual transcript from each instar, yields the ACt value (CtiaanaT — CT Tuat)-

2.6 Extraction and Purification of Fatty Acid Amides from Different B. mori Life Stages

Samples of 0.5-1.0 g, depending on the life stage of a Bombyx mori larval instar, pupae, or moth was collected in
triplicate (1.5-3.0 g total) using the sample collection method described above. To extract the fatty acid amides, the
insects were first placed into a mortar and pestle with 20.8 mL of methanol per gram of solid tissue used. The
remaining extraction solvents and steps, as well as the silica and Zip Tip purification protocols are described in
Anderson et al. [28].  Blanks using the same proportionate volumes of solvents, but containing no tissue, were
prepared and treated in the exact same manner as each different extraction.

2.7 LC-QTof-MS Analysis of Fatty Acid Amides from Bombyx mori

A 90 pL aliquot of fatty acid amide extract (eluted from the Zip Tip in acetonitrile:water, 95:5) was placed ina LC
vial with glass insert and 10 pL of internal standard solution,containing 1 pmole/pL each of N-arachidonoylglycine
da,

N-arachidonoylethanolamine dg, N-arachidonoyldopamine dg, and N-oleoylserotonin d;;. This was repeated for the
extraction blanks, as well. Each internal standard was quantified using standard curves generated from pure
compound ranging from 0.1 — 10 pmoles and each exhibiting an R? value of at least 0.990. Each of the deuterated
internal standards were checked for, and found to be free of, any of the corresponding unlabeled compound.
Bombyx mori lipid extracts were injected on an Agilent 6540 liquid chromatography/quadrupole time-of-flight
mass spectrometer (LC-QTOF-MS) in the positive ion mode with a Kinetex 2.6 pm Cig 100 A (50 x 2.1 mm)
column. Analytes were separated using a gradient mixture of two solutions: mobile phase A was 0.1% (v/v) formic
acid in water, while mobile phase B was 0.1% (v/v) formic acid in acetonitrile. A linear gradient of 10% mobile
phase B increased to 100% B over 5 minutes, followed by a hold of 3 minutes at 100% B for the analysis of the
product (flow rate of 0.6 mL/min). Post-analysis equilibration of the column was carried out with 10% mobile
phase B for 10 minutes before the next injection. Through washing of the column between injections used the
same solvent gradient, but at a flow rate of 1.0 mL/min. The fatty acid amides in each extraction were identified by
comparison to synthetic standards with regards to retention time and m/z value.

Quantification of the fatty acid amides identified in the B. mori extracts was calculated by integrating the area
under the chromatographic peak and comparing that value against standard curves prepared using the exact fatty
acid amide standard. These values were normalized based on the recovery of the internal standards spiked into
each solution. Finally, the pmoles were divided by the mass of starting tissue to provide the final value as pmole/g.

3. Results and Discussion

3.1 Transcript Levels for Bm-iAANAT, Bm-iIAANAT?2, and Bm-iIAANATS3 at Different Life Cycle Stages of
B. mori

Meng et al. [6] highlight the advantages of B. mori as a model organism: progeny size, short generation times, and
a well-defined life cycle. The B. mori life cycle includes pupae, moth, and five instars, instars 1-4 defined by a
molt as well as a pre-instar, “ant” stage [6]. The average of three replicates for the cycle threshold values (C+) of
three B. mori iIAANAT amplicons, Bm-iIAANAT, Bm-iIAANAT2, and Bm-iIAANAT3, and the same for the Tual
control amplicon at the different life cycle stages are compiled in Table S1 (Supplementary Materials). The ACt
values data convey the change in abundance of each iAANAT transcript relative to the change in abundance of the
a-tubulin (Table 3). The AC+ values reveal that the transcript levels of all three Bm-iAANATS are lower than the
levels of the Tual at every life stage. Also, the AC+ values show that the expression levels of Bm-IAANAT > Bm-
IAANAT2 > Bm-iIAANATS3, the exception being that the transcript levels of Bm-iAANAT =~ Bm-iAANAT2 in
instar 1 and instar 2.
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For each B. mori iAANAT, we calculated the AAC+ values relative to value of the value from instar 1 for each
enzyme, AACt = ACrinstar - ACrjife stage-  1he fold changes for Bm-iIAANAT, Bm-iIAANAT2, and Bm-iAANAT3
during each life cycle stage are, thus, relative to instar 1. The fold changes were calculated using the formula, 2°
AACT “and are shown in Figure 2. The iAANATS serve a multitude of roles in B. mori and other insects [37,45],
including the regulation of melanism [39,46], photoperiodism [47], cuticle sclerotization [39], amine inactivation
[36], and fatty acid amide biosynthesis [34]. Insects often express a set of IAANAT isozymes [36,37], which
seems related to the multitude of cellular functions attributed to these enzymes. One consequence of the metabolic
importance of the IAANATSs might be the constitutive expression of at least one iIAANAT isozyme across the life
stages of an insect as a “general purpose” IAANAT to ensure coverage for all of the IAANAT-related functions.
Consistent with this hypothesis, we found only relatively small changes in the transcript levels of Bm-iAANAT for
each stage in the life cycle of B. mori (Figure 2). In vitro substrate specific studies of Bm-iAANAT reveal this
enzyme will accept a broad range of both acyl-CoA and amine substrates [28,38], again, consistent with the
hypothesis that a “general purpose” IAANAT would be expressed at appreciable levels throughout the silkworm
life cycle. Mutations in Bm-iIAANAT exhibit aberrations in pigmentation, consistent with an in vivo role for the
enzyme in dopamine acetylation [46,48].

In contrast, the Bm-iIAANAT3 transcript is most abundant in instar 1 followed by a consistent decrease in the
transcript level of approximately 2-fold, AACt ~ -1.0, in all the other life stages of B. mori (Figure 2). This result
suggests Bm-iIAANAT3 is most important in the first few days in the life of B. mori. Instar 1 lasts 3-4 days,
covering the period for which the larvae emerge from the eggs as 3-4 mm darkly colored “ants”, which lighten in
color, molt, and approximately double in size [49]. Bm-iAANATS3 prefers short-chain acyl-CoA substrates [40]
and catalyzes the acetyl-CoA-dependent formation of N-acetyldopamine, a reaction that contributes to both
lightening of the B. mori and cuticle sclerotization. In particular, cuticle sclerotization of the mandible is essential
in the first few days of life to enable the B. mori larvae to chew their food [50].

Our data on the transcript levels of Bm-iAANAT2 is similar, but not identical to the data on the transcript levels for
both Bm-IAANAT and Bm-iIAANATS3. Like the data for Bm-IAANAT, the transcript levels for Bm-iAANAT? are
found across all the life cycle stages. However, like the data for Bm-IAANAT3, Bm-IAANAT2 transcript levels are
higher (and approximately the same) at specific life cycle stages, instar 1 and instar 5. The Bm-iAANAT2
transcript levels are approximately 1.7-fold, AACt ~ -0.8, in all the life cycle stages relative to the levels at instar 1
and instar 5 (Figure 2). The substrate specificity of Bm-IAANAT2 has not been defined, other than demonstrating
the enzyme catalyzes the formation of N-acetyltryptamine from acetyl-CoA and tryptamine in vitro [39]. B. mori
deficient in Bm-iIAANAT2 show higher levels of dopamine and are darker in color [39], suggesting that Bm-
IAANAT?2 will catalyze N-acetyldopamine production, as well. The larval growth during instar 5 is significant.
From day 1 to day 7 in instar 5, the larval weight approximately triples and larval length approximately doubles
[51]. Such increases in weight and length require a rapid synthesis and sclerotization of the B. mori cuticle. The
relatively high transcript levels of Bm-iIAANAT?2 in instar 5 suggest this enzyme functions in cuticle sclerotization.
Other enzymes involved in cuticle sclerotization, dopa decarboxylase [52] and dopachrome conversion enzyme
[53], are also expressed at relatively high levels in instar 5.

Often the IAANATS produced in an insect exhibit overlapping substrate specificities, rendering it difficult to
attribute a specific cellular function to a specific IAANAT. In B. mori, the three known iIAANATS catalyze N-
acetyldopamine formation. Mutants deficient in Bm-iIAANAT or Bm-iIAANAT?2 are viable, progress to moths,
exhibit higher than wildtype levels of dopamine, and exhibit darker than wildtype coloration patterns [39,46,48]. In
sum, these data suggest Bm-iAANAT, Bm-iAANAT2, and Bm-iAANAT3 have a role melanism and sclerotization.
It could be that the cellular functions fulfilled by the iIAANATS are important enough in insects that the multiplicity
of isozymes guarantees at least one of the enzymes will provide sufficient function for survival, where one
iAANAT serves a “back-up” to the other iIAANATS. The iIAANAT isozymes could exhibit different patterns of
regulation not only by the binding of allosteric ligands, but also by differences in post-translational modification.
Differences in tissue expression patterns at various instars for Bm-iAANAT and Bm-iAANAT?2 are known [39,46],
providing another potential explanation for the family of IAANATs found in insects.  Lastly, definitive
conclusions about the cellular roles of iIAANATS cannot be based solely on transcript abundance data because
transcript abundance does not perfectly correlate with either protein abundance or extent of in vivo enzyme activity
[54]. More research is necessary to define the roles served by the IAANATS in B. mori and other insects.

3.2 Fatty Acid Amide Levels at Different Life Cycle Stages of B. mori
Total ion chromatograms (TIC) from all B. mori purified extracts were searched for m/z values and retention times
matching those for the pure, fatty acid amide standards.

A match was scored positive for a metabolite when its retention time was within + 0.2 minutes and its m/z value
was within + 0.05 of the standard. For example, the detection of N-palmitoyldopamine in the first instar larvae can
be seen in Figure 3. All the retention times and m/z values for the fatty acid amides detected in each instar and the
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pure, standard compounds are in supplementary materials (Tables S2-S8). Any fatty acid amide
characterized/quantified from the extract from each instar is listed in Table 4.

The scatter in our instar abundance data for fatty acid amides precludes definitive conclusions. The scatter in our
data is not unusual. Tortoriello et al. [26] report that a series of fatty acid amides are found in D. melanogaster
with some of their data exhibiting scatter similar to what we report here. Comparable levels of scatter are found in
the values reported for the human plasma levels of the N-acylethanolamines [55]. Marchioni et al. [24] reviewed
the LC-MS methods and challenges in measuring the “sub-trace” levels of the endocannabinoids in biological
samples. The data included in the review from Marchioni et al. [24] often scatter like that shown in Table 4. The
scatter in our data likely results from the low abundance of the fatty acid amide, averaging the values across the
multiday instars, averaging the values from the complete body of the silkworm, and combining data between male
and female B. mori. Fatty acid amide profiles from a single tissue or regions within a single tissue generally show
less scatter [56,57].

Despite the scatter in our data, some trends do emerge. The set of fatty acid amides identified in a life cycle stage
is unique to that stage; the pattern of fatty acid amides differs from stage-to-stage. None of the fatty acid amides we
detected were found in every life cycle stage of B. mori. The closest was N-palmitoylglycine which was detected in
all life cycle stages except instar 4. These results suggest the fatty acid amides have specialized functions in B.
mori and are produced only when needed. The data for oleamide stands out from this perspective because oleamide
could only be detected in two instars, instar 3 and instar 5, and was the most abundant of all the fatty acid amides
we could detect and quantify, 660 = 140 pmoles/g tissue in instar 3. The amount of oleamide found in instar 3
represents ~60% of the total amount of all the fatty acids we quantified across the life cycle of B. mori, 1100
pmoles/qg tissue. Clearly, oleamide is most important to B. mori in instar 3.

Furthermore, our results show the fatty acid amides, as a class, are most abundant during instar 3 and instar 4.
Including oleamide, the fatty acid amide levels in instar 3 and instar 4 represent 70-80% of the sum total of all the
fatty acid amides found across the five instars, pupae, and moth. Even without including oleamide, the fatty acid
amide levels in instar 3 and instar 4 represent 60-70% of the sum total of all the non-oleamide fatty acid amides
found across the life cycle of B. mori. In vitro substrate specificity studies show only Bm-iAANAT, of the three
known iIAANATS expressed by B. mori, will accept long-chain acyl-CoAs required for the production of the fatty
acid amides. We found appreciable levels of Bm-iIAANAT expression in instar 3 and instar 4 consistent with the
abundance of the fatty acid amides in these life cycle stages. A comparison of expression data for the three Bm-
IAANATS to fatty acid amide data highlights the difficulty in assigning in vivo substrate specificity based on in
vitro substrate specificity. Saghatelian et al. [58] found a relatively poor correlation between in vitro substrate
specificity data for fatty acid amide hydrolase (FAAH) compared to the fatty acid amides that accumulated in
FAAH (-/-) mice. We found comparable levels of Bm-iIAANAT expression across of the life cycle stages of B.
mori, yet the fatty acid amides were most abundant in instar 3 and 4.

4. Conclusion

One goal of this work was to identify a match between the published in vitro substrate specificity data for Bm-
IAANAT and Bm-iAANATS3 and our results on the levels of the fatty acid amides and Bm-iAANAT transcripts at
the different life cycle stages of B. mori. Correlations of these three data sets will provide insight about the
potential involvement of the Bm-iAANATS in the biosynthesis of the fatty acid amides. Transcript levels for Bm-
IAANATS are highest in instar 1, a life cycle stage exhibiting only a few fatty acid amides of low abundance. It
seems unlikely Bm-iAANAT3 has a significant role in fatty acid amide biosynthesis; a hypothesis consistent with
in vitro studies demonstrating that Bm-iAANAT3 prefers short-chain acyl-CoA substrates [40]. Most likely, the
Bm-iIAANAT3-catalyzed acetylation of specific amines is most important to B. mori during instar 1.

Transcript levels for Bm-iIAANAT are found throughout all the life cycle stages with relatively little variation.
Measurable levels for the Bm-iIAANAT2 transcript were found throughout all the life cycle stages of B. mori, but
with higher levels in instar 1 and instar 5. These data suggest that the reactions catalyzed by Bm-iAANAT and Bm-
IAANAT2 have a role in each stage of B. mori life, meaning that Bm-iAANAT and Bm-iAANAT2 both have a
“general purpose” or “house-keeping” role for B. mori. Bm-iAANAT will accept long-chain acyl-CoA thioesters
as substrates [28]; thus, it seems likely that Bm-iIAANAT does contribute to fatty acid amide biosynthesis in vivo.
However, fatty acid amides and transcripts for Bm-iAANAT?2 are found in every life cycle stage, suggesting that
Bm-iIAANAT2, like Bm-AANAT, does contribute to fatty acid amide biosynthesis in B. mori.

While our data do not ascribe function(s) to specific fatty amides or to the three Bm-iAANATS, our data do provide
a “road-map” for future work to identify functions for these biomolecules. We found the fatty acid amides to be
most abundant in instar 3 and instar 4, suggesting research to define fatty acid amide function should be focused on
these life cycle stages. Future work to knock-down expression of individual Bm-iAANATSs should focus on
behavioral changes in instars 1, 3, and 4 and could be coupled to metabolomic studies to identify any changes in the
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fatty acid amidome. We have used this subtraction metabolomic approach to provide evidence that
peptidylglycine a-amidating monooxygenase [59], glycine N-acyltransferase-like 3 [59], and arylalkylamine N-
acetyltransferase-like-2 [34] are involved in the cellular production of specific fatty acid amides.
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Figure Legends
Figure 1. The Reaction Catalyzed by the Bm-iAANATS. Substrate specificities to define R and R1 have been
described for Bm-iAANAT (28), Bm-iIAANAT?2 (28), and Bm-iAANATS3 (40).

Figure 2. Relative Transcript Levels of Bm-iIAANAT, Bm-iIAANAT2, Bm-iIAANAT3 from the Life Cycle
Stages of Bombyx mori. All relative expression values are fold changes calculated using 2"**“". The fold changes
for instar 1 are represented by 1.00 to denote the baseline of AANAT transcript abundance at the earliest life stage
used in these experiments.

Figure 3. ldentification of N-Palmitoyldopamine in Bombyx mori from First Instar Larvae. The retention
time and m/z values of the commercial standard of N-palmitoyldopamine (panels A and B respectively) closely
match the retention time and m/z values for the endogenous N-palmitoyldopamine isolated from B.mori first instar
larvae (panels C and D respectively).

Tablel
Decontamination of gDNA from mRNA isolations
Reagent Recommended Modified
Protocol® Protocol
MRNA 1ug 1ug
DNase | 1puL 2 UL
DNase | Buffer with MgCl, 1uL 2 uL
Nuclease-Free Water to 10 uL to 18 puL
As recommended by the manufacturer.
Table 2
RT-gPCR Forward and Reverse Primers for Tual, Bm-iAANAT, Bm-iAANAT?2, and
Bm-iIAANAT3
Amplicon Forward Primer Reverse Primer
Tual AGATGCCCACAGACAAGACC CAAGATCGACGAAGAGAGCA
Bm-iIAANAT CAAAATGTCCGTTCCAGCTT GATTGACGGCGAGATTCATT
Bm-iIAANAT2 GAACGAGGCAGTAGGGTTATATG | CCTTTCAGTAGCGAATCCCTG
Bm-iIAANAT3 CCTTAGAACGTCTTTGCCTCG TCGGTGGACTGCTTTATCTTC
Table 3
AC+ values for Bm-IAANAT, Bm-IAANAT2 and Bm-iIAANAT3
in each Life Stage of Bombyx mori.
Amplicon Instar 1 Instar 2 Instar 3 Instar 4 Instar 5 Pupae Moth
(ACy) (ACq) (ACq) (ACq) (ACq) (ACq) (ACq)
Bm-iAANAT 2.75+0.08 | 455+0.35 | 254+045 | 3.72+0.11 | 1.70+0.17 | 3.54+0.28 | 205+ 0.24
Bm-iAANAT2 | 2.37+0.07 | 523+0.34 | 450+043 | 518+0.19 | 280+0.22 | 539+0.25 | 498+0.10
Bm-iAANAT3 | 5.25+0.11 1185+ 12.84 + 12.99 + 12.79 + 10.19 + 1353+
0.34 0.60 0.23 0.22 0.23 0.17
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Table 4
Quantification of Fatty Acid Amides Detected in Different Life Stages of Bombyx mori®
pmoles/g
Fatty Acid

Amide Instar 1 Instar 2 Instar 3 Instar 4 Instar 5 Pupae Moth
PalmGly 2.88+0.92 | 11.3+23 | 15.3+0.40 N.D. 568+1.3 | 2.08+0.12 3.69+15
PalmDop 546054 | 27711 N.D. N.D. 1.12+0.13 | 0.606 + 0.29 N.D.
PalmSer N.D. N.D. N.D. 9.85 + 0.62 N.D. 0.927+0.12 | 6.04+4.4
Palmle N.D. N.D. 6.45+12 | 21.6+13 | 1.06 £0.32 N.D. N.D.
Palm N.D. N.D. 21.8+8.7 | 27.5+19 N.D. N.D. N.D.
OleGly N.D. 29.7+11 N.D. N.D. 319+25 N.D. N.D.
OleEth 1.62 £0.45 N.D. 248+0.68 | 199+15 | 452+13 N.D. 0.225+0.13
OleDop 1.74+£10 N.D. 6.96+£5.5 | 596 +0.29 N.D. 29725 N.D.
OleSer N.D. N.D. 3.03+0.81 | 3.51+0.61 N.D. N.D. N.D.
OleTrp 1.90 £ 0.24 N.D. N.D. N.D. N.D. 0.431+0.10 N.D.
Ole N.D. N.D. 661 + 135 N.D. 119 + 93 N.D. N.D.
AracSer N.D. N.D. N.D. 13.8+29 N.D. N.D. 0.924 + 0.66
LinGly N.D. N.D. 28.2+7.2 N.D. N.D. N.D. N.D.
Lino N.D. N.D. 923+16 | 221+14 N.D. N.D. N.D.
SteSer N.D. N.D. N.D. N.D. N.D. 0.503+0.10 | 6.06 2.7

®N.D. = not detected
Figure 1
The Reaction Catalyzed by the Bm-iAANATS.
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Comparison of the Retention Times and m/z Values of Bombyx mori First Instar
Larvae (Bmil) and the Pure Standards used for Detection

Amplicon Instar 1 (CT) Instar 2 (CT) Instar 3 (CT) Instar 4 Instar 5 Pupae Moth
(CT) (€N (CT) (€T

TUA1 16.48 + 0.06 14.25+0.32 17.56 + 0.43 14.80 = 17.86 £ 15.28 £ 14.31
0.07 0.15 0.22 +0.10

Bm-iAANAT 19.23 + 0.06 18.80 £ 0.16 20.10+0.12 18.52 = 19.56 £ 18.82 £ 16.36
0.09 0.08 0.17 £0.22

Bm-iAANAT2 18.85 +0.04 19.48 +0.14 22.06 £0.03 19.98 = 20.66 = 20.67 £ 19.29
0.18 0.16 0.12 +0.04

Bm-iAANAT3 21.73+0.09 26.10£0.12 30.40 £ 0.42 27.79 30.65 = 2547 % 27.84
0.22 0.16 0.06 +0.14

Table 52

Fatty Acid Amide m/z Retention Time (min)

Standard Bmil Standard Bmil
N-Palmitoyldopamine 392.3181 392.3129 6.084 6.079
N-Palmitoylglycine 314.2709 314.2675 5.917 5.912
Palmitamide 256.2593 256.2569 6.184 6.181
N-Oleoyldopamine 418.32547 418.3194 6.200 6.204
N-Oleoylethanolamine 326.3002 326.2992 6.059 6.046
N-Oleoyltryptamine 425.3548 425.3691 6.583 6.577

Table S3

Comparison of the Retention Times and m/z Values of Bombyx mori Second Instar
Larvae (Bmi2) and the Pure Standards used for Detection

Fatty Acid Amide m/z Retention Time (min)
Standard Bmi2 Standard Bmi?2
N-Palmitoyldopamine 392.3177 392.3195 6.068 6.105
N-Palmitoylglycine 314.2701 314.2667 5.902 5.898
N-Oleoylglycine 340.2858 340.2844 5.993 5.839
Table S4

Comparison of the Retention Times and m/z VValues of Bombyx mori Third Instar
Larvae (Bmi3) and the Pure Standards used for Detection

Fatty Acid Amide m/z Retention Time (min)

Standard Bmi3 Standard Bmi3
N-Palmitoyldopamine 392.3095 392.3078 6.125 6.129
N-Palmitoylglycine 314.2639 314.2601 5.972 5.971
Palmitamide 256.2593 256.2569 6.184 6.181
Palmitoleamide 254.2438 254.2411 5.830 5.830
N-Oleoylethanolamine 326.3002 326.2992 6.059 6.046
N-Oleoyldopamine 418.3247 418.3194 6.200 6.204
N-Oleoylserotonin 441.3399 441.3142 6.229 6.295
Oleamide 282.2746 282.2715 6.254 6.254
N-Linoleoylglycine 338.2638 338.3091 5.806 5.797
Linoleamide 280.2590 280.2547 5.963 6.043
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Table S5
Comparison of the Retention Times and m/z Values of Bombyx mori Fourth Instar
Larvae (Bmi4) and the Pure Standards used for Detection

Fatty Acid Amide m/z Retention Time (min)

Standard Bmi4 Standard Bmi4
N-Palmitoylserotonin 415.3322 415.2882 6.187 6.125
Palmitamide 256.2645 256.2631 6.214 6.213
Palmitoleamide 254.2456 254.2463 5.837 5.859
N-Stearoylserotonin 443.3638 443.3505 6.542 6.576
N-Oleoyldopamine 418.3315 418.3306 6.248 6.246
N-Oleoylethanolamine 326.3057 326.3049 6.077 6.074
N-Oleoylglycine 340.2846 340.2847 6.094 5.945
N-Oleoylserotonin 441.3479 441.3483 6.262 6.322
Oleamide 282.2796 282.2786 6.289 6.277
Linoleamide 280.2643 280.2616 5.979 6.027
N-Arachidonoylserotonin 463.3326 463.3337 6.071 6.069

Table S6

Comparison of the Retention Times and m/z Values of Bombyx mori Fifth Instar
Larvae (Bmi5) and the Pure Standards used for Detection

Fatty Acid Amide m/z Retention Time (min)

Standard Bmi5 Standard Bmi5
N-Palmitoyldopamine 392.3163 392.3153 6.065 5.951
N-Palmitoylglycine 314.2689 314.2975 5.899 6.001
Palmitoleamide 254.2482 254.2445 5.757 5.777
N-Oleoyldopamine 418.3316 418.3356 6.140 6.124
N-Oleoylethanolamine 326.3063 326.2927 5.982 5.986
N-Oleoylglycine 340.2848 340.3185 5.990 5.918
Oleamide 282.2794 282.2749 6.173 6.167

Table S7

Comparison of the Retention Times and m/z Values of Bombyx mori Pupae

Larvae (Bmi-Pupae) and the Pure Standards used for Detection

Fatty Acid Amide m/z Retention Time (min)
Standard Bmi-Pupae Standard Bmi-Pupae
N-Palmitoyldopamine 392.3157 392.3156 6.096 6.093
N-Palmitoylglycine 314.2681 314.2970 5.926 5.929
N-Palmitoylserotonin 415.3318 415.3221 6.125 6.074
N-Oleoyldopamine 418.3303 418.3292 6.167 6.161
N-Oleoyltryptamine 425.3523 425.3339 6.587 6.617
N-Stearoylserotonin 443.3626 443.3415 6.471 6.475
Table S8

Comparison of the Retention Times and m/z Values of Bombyx mori Moth

Larvae (Bmi-Moth) and the Pure Standards used for Detection

Fatty Acid Amide m/z Retention Time (min)
Standard Bmi-Moth Standard Bmi-Moth
N-Palmitoyldopamine 392.3168 392.3146 6.082 5.966
N-Palmitoylserotonin 415.3333 415.3558 6.115 6.087
N-Oleoylethanolamine 326.3071 326.3058 6.003 5.982
N-Arachidonoylserotonin 463.3299 463.3395 6.174 6.054
Linoleamide 280.2647 280.2633 5.908 5.896
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