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Abstract

This study reports the development and application of a liquid chromatography method coupled to
electrospray tandem mass spectrometry (LC-MS/MS) for the identification and quantification of
the five most common juvenile hormone (JH) homologs and methyl farnesoate (MF). The protocol
allows the simultaneous analysis in a single LC run of JH I, JH 11, JH 111, JH 11l bisepoxide (JHB3)
and JH 111 skipped bisepoxide (JHSB3). The identification of JHs is based on multiple reaction
monitoring (MRM), using two of the most abundant fragmentation transitions for each hormone.
Addition of deuterated JH Il as an internal standard permits the absolute quantification of the
different JHs. The JH homologs common structural features led to similar chromatographic
behavior, as well as related fragmentation patterns, which facilitated the simultaneous detection of
all the homologs in a single LC-MS/MS run. The protocol detects JHs in the low femtomole range,
allowing often the analysis of JH in individual insects. Fragmentation of each of the JH homologs
generates unique diagnostic ions that permitted the identification and quantification of JHs from
samples of different species of Diptera, Lepidoptera, Heteroptera and Hymenoptera. Having a
simple protocol, which can undisputedly determine the identity of the homologs present in a
particular species, provides us with the opportunity to identify and quantify JHs existing in insects
that are pests, vector of diseases or important research models.
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INTRODUCTION

Juvenile hormones (JHs) are synthesized by the corpora allata glands (CA). They play key
roles in many processes in insect development and reproduction, including inhibition of
metamorphosis, caste determination and differentiation, stimulation of flight and migration,
regulation of reproduction, control of diapause, stress resistance, and aging (Goodman and
Cusson, 2012, Zhu and Noriega, 2016). Consequently, JHs have been considered as targets
for the development of novel insecticides (Cusson et al., 2013). Several JH homologs have
been identified in insects. The first two JHs, JH | and 11, were isolated from the moth
Hyalophora cecropia (Roller et al., 1967 and Meyer et al., 1968). JH 111, the homolog found
in most insects, was described from the moth Manduca sexta (Judy et al., 1973). In addition,
two double-epoxidated compounds were later reported, JH I11 bisepoxide (JHB3) in
Drosophila melanogaster (Richard et al., 1989), and JH 111 skipped bisepoxide (JHSB3) in
the heteropteran Plautia stali (Kotaki et al., 2009, 2011). JH titers in insects are often in the
femtomole to picomole range, which makes it challenging to measure them by most typical
analytical techniques, such as radioimmunoassay and mass spectrometry (MS) coupled with
gas or liquid chromatography and capillary electrophoresis (reviewed in Rivera-Perez et al.,
2014). Previously, we described the detection and quantification of JH 111 using a liquid
chromatography method coupled to electrospray tandem mass spectrometry analysis (LC-
ESI-MS/MS) that increased sensitivity and reproducibility, while reducing the analysis time
(Ramirez et al., 2016). In the present study, we optimized a LC-MS/MS method to identify
and quantify simultaneously several different JH homologs. The protocol allows the
concurrent analysis in a single LC run of the five most common JH homologs: JH I, JH II,
JH 11, JH 111 bisepoxide (JHB3) and JH 111 skipped bisepoxide (JHSB3), as well as methyl
farneosate (MF). We utilized multiple reaction monitoring (MRM), selecting two of the most
abundant fragmentation transitions for each hormone. Including a deuterated JH 111 as an
internal standard permitted the absolute quantification of the different JHs. The protocol
detects JHs in the low femtomole range (pg/ml), allowing often the analysis of JH in
individual insects. Fragmentation of each of the JH homologs produced unique diagnostic
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ions that allowed the identification and quantification of JHs from samples of species of
Diptera, Lepidoptera, Heteroptera and Hymenoptera. This simple protocol can
unquestionably determine the identity of the JH homolog present in a particular species, and
provides the opportunity to identify and quantify JHs existing in insects that are pests, vector
of diseases or important research models.

MATERIALS AND METHODS

Materials and reagents:

Certified standard solutions for JH 1, JH 11, JH 111 skipped bisepoxide (JHSB3), JH 111 and its
deuterated analog (JH I11-D3) were obtained from Toronto Research Chemicals (Toronto,
Canada). JH 111 bisepoxide (JHB3) and methyl farnesoate (MF) were from Echelon (Salt
Lake City, Utah). Sodium chloride, potassium chloride, hydrochloric acid, sodium
hydroxide, ammonium acetate, ammonium formate and ammonium hydroxide salts were
analytical grade or better (Fisher Scientific, Pittsburgh, PA). Water, methanol, hexane and
acetonitrile were all Optima grade or better (Fisher Scientific). Chromatographic mobile
phases (0.1% formic acid in water, and 0.1% formic acid in acetonitrile) of Optima LC-MS
grade were obtained from Fisher Scientific. Tissue culture media Gibco M-199, silanized LC
vials and silanized LC vials with fused 250 pL inserts were also from Fisher Scientific.

Insect samples:

Aedes aegypti mosquitoes (Culicidae, Diptera) of the Rockefeller strain were reared at 28 °C
and 80% humidity as previously described (Nouzova et al., 2018). Grey flesh fly,
Sarcophaga bullata (Sarcophagidae, Diptera), milkweed bug, Oncopeltus fasciatus
(Lygaeidae, Hemiptera), tobacco hornworm, Manduca sexta (Sphingidae, Lepidoptera) and
silkworms, Bombyx mori (Bombycidae, Lepidoptera) were purchased from Carolina
Biological (Burlington, NC), and raised following the supplier instructions. Hemolymph
samples from Drosophila melanogaster (cantonized w #118) (Drosophilidae, Diptera) were
provided by Lacy Barton. Hemolymph samples from sweat bee, Megalopta genalis
(Halictidae, Hymenoptera) were provided by Callum Kingwell. Hemolymph samples from
Anopheles albimanus (Culicidae, Diptera) were provided by Salvador Hernandez-Martinez.
Hemolymph samples from Dipetalogaster maxima (Heteroptera, Reduvidae) were provided
by Fabian Orlando Ramos.

Hemolymph collection:

Hemolymph samples were collected directly on a glass silanized tube (Thermo Scientific)
placed on ice, containing 100 ul of phosphate-buffered saline (PBS, pH 7.2) and 10 uL of
6.25 ppb JH 111-D3 in acetonitrile (Nouzova et al., 2018). Hexane (600 pL) was added;
samples were vortexed for 1 minute, and spun for 5 minutes at 4 °C and 2000 g. The organic
phase was transferred to a new silanized vial. Acetonitrile (100 pl) was added, samples were
vortexed 10 sec, spun for 1 min at 4 °C and 2000 g and the hexane phase was dried under
nitrogen flow. The remained acetonitrile fraction was reduced under nitrogen flow to a final
volume of 50 uL and transferred to a new silanized vial with a fused 250 uL insert. Samples
were stored at —20°C until analysis.
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Juvenile hormone biosynthesis assay:

JH biosynthesis assays by corpora allata-corpora cardiaca (CA-CC) complexes connected to
the brain and head capsule (BR-CA-CC) were performed as described in Li et al (2003). The
aorta-CA-CC was left connected to the intact head capsule to facilitate the visualization and
transfer of the glands. BR-CA-CC were dissected in a drop of mosquito saline-buffer
containing 138 mM NacCl, 8.4 mM KCI, 4 mM CaCl,, 12 mM NaH,PO,4 and 42.5 mM
sucrose. After dissection, the BR-CA-CC complexes were incubated in 150 pL of tissue
culture media M-199, containing 2% Ficoll 400 and 50 uM methionine. Incubations of BR-
CA-CC complexes were carried out in a humid chamber in silanized 2 mL vials for 4 h in
the dark at 32 °C, and under continuous gentle agitation. After incubation, 10 pL of 6.25 ppb
JH 111-D3 in acetonitrile were added to each sample, followed by 600 uL of hexane. Samples
were vortexed for 1 minute, and spun for 5 minutes at 4 °C and 2000 g. The organic phase
was transferred to a new silanized vial, dried under nitrogen flow and stored at =20 °C until
analysis.

Mass Spectrometry Analysis:

Fourier-transform ion cyclotron resonance (FT-ICR) was used to confirm the identity of the
JH homologs and collision-induced dissociation (CID) fragments. We infused 10 mg/L
solutions of single JH homologs in 0.1% formic acid in acetonitrile into a Solarix 7T FT-ICR
mass spectrometer (Bruker Daltonics Inc, Billerica, MA, USA) equipped with an
electrospray ionization (ESI) source (summarized in supplemental Fig. 1).

Liquid chromatography (LC) separations were performed by an Advance UHPLC system
(Bruker Daltonics Inc, Billerica, MA, USA), equipped with an Xbridge BEH Phenyl
Column (4.6 mm X 150 mm, 3.5 pm) protected by a VanGuard cartridge 3.9 mm X 5 mm,
3.5 um) (Waters, MA, USA). Column temperature was kept at 30 °C. Gradient separation
was performed between 0.1% formic acid in water (mobile phase A) and 0.1% formic acid
in acetonitrile (mobile phase B). We employed the following program: hold 10% B for 0.25
min, increase to 25% B in 3.75 min, increase to 99% B in 4.00 min and hold for another
4.00 min, return to 10% B in 0.50 min and hold for 2.5 min for a total run time of 15 min.
Flow rate was changed according to the following program: hold 0.8 mL/min for 10.50 min,
increase to 1.25 mL/min in 0.20 min and hold for another 1.8 min, decrease to 1 mL/min in
0.10 min and decrease to 0.80 mL/min in 2.4 min.

Detection was performed by a Bruker EvoQ LC-TQ Elite triple quadrupole mass
spectrometer (Bruker Daltonics Inc., Billerica, MA., USA.) equipped with a heated
electrospray ionization (HESI) interface. The instrument was operated under positive mode
ionization with multiple reaction monitoring (MRM) of two transitions per compound.
Optimization of MRM collision-induced dissociation (CID) energies were performed by
infusing 5 mg/L solutions of single JH homologs in 0.1% formic acid in acetonitrile. Heated
electrospray ionization (HESI) source parameters were optimized with multiple LC-MS/MS
runs using final gradient and flow rate conditions. Source parameters were: Spray voltage
4500V; Cone temperature: 350 °C; cone gas flow: 20 (arbitrary); Heated probe temperature:
350 °C; probe gas flow: 30 (arbitrary); nebulizer flow: 30 (arbitrary).
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RESULTS AND DISCUSSION

The common structural features of the JH homologs facilitated their simultaneous

analysis.

The five JH homologs analyzed are sesquiterpenes (16C) that have a methyl ester (a, p-
unsaturated) at the C1 position and an epoxide ring at the C10-C11 position; with the
different JH homologs displaying changes in the numbers and positions of carbons and
epoxide groups (Fig. 1). These structural similarities, which include the 2E,6E geometry of
the JH skeleton, dictated by two stereogenic double bonds, are critical for any JH to exert its
agonist activity, through binding to the JH receptor (Bittova et al., 2019). A single
intracellular receptor of JH has been described in insects, the methoprene-tolerant (Met)
protein, which in D. melanogasterhas a paralog (Gce) (Jindra et al., 2015). All known JH
homologs are interacting with this unique Met protein. Significant changes in the JH “basic”
structural features (2E,6E geometry, C10-C11 epoxide ring and C1 methyl ester), might
reduce interactions with the receptor; either by preventing the hormone entry to the
hormone-binding cavity, or establishing proper interactions with critical residues in the
pocket (Charles et al., 2011; Bittova et al., 2019). Additional constrains on the evolution of
JH homologs structural features might have been imposed by their transport in the
hemolymph by JH-binding proteins; which show preference toward epoxidated and
enantiospecific JH forms (Suzuki et al, 2011; Kim et al., 2017); as well as by the well-
conserved architecture of the JH biosynthetic pathway (Noriega, 2014).

These similar structural features facilitated the goal of these studies, which was to develop a
protocol that would allow for the simultaneous identification and quantification of multiple
JHs from insect samples. Having similar structures and masses resulted in similar behaviors
for the six compounds in the HPLC system, as well as generated fragments with similar
masses, which facilitates the MS/MS analysis. Nevertheless, the unique structural features of
each JH homolog and MF resulted in slight differences in chromatographic elution times, as
well as unique diagnostic fragmentation patterns that permitted the identification and
quantification of each compound simultaneously. Based on the present results, we could
predict that the protocol could also resolve and detect additional unknown JH homologs,
which should still maintain the “basic” structural features described above.

Mass spectrometry analysis:

The HPLC-MS/MS workflow was developed using standards for the five JH analytes, as
well as MF (Fig. 1). The HPLC program consisted of a short 15 minutes run, with the
different five JH homologs and MF eluting between 8.4 and 10.4 minutes (Fig. 2). JH 11l and
the internal standard JH I11-D3 co-eluted.

All JH homologs and MF were detected in the protonated form ([M+H]*. The [M+H]*
molecular ions underwent fragmentation via collision induced activation, allowing the
construction of the different JHs [M+H]* fragmentation pathways (Supplemental. Fig. 1).
The fragmentation of the protonated JH forms provided a variety of signature fragmentation
ions that were used to selectively identify each of the different JH homologs. From those
fragmentation patterns, we selected two transitions (ions or fragments) to be used for the
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quantification (primary ion) and confirmation (secondary ion) of JHs in biological samples
(Table 1). The selection of the two transitions to perform the quantification of each JH
homolog was primarily based on their relative abundance and diagnostic usefulness. Primary
MS/MS transitions were an average 3-6 fold more abundant than the secondary ions (Table 1
and Supplemental Fig. 1). The most common fragmentation was the loss of a CH3OH, with
a reduction in a mass of 32; therefore the primary ions of JH I, JH Il and JH 111 had masses
of 263, 249 and 235 respectively (Supplemental Fig. 1).

The heavy isotopomer JH 111-D3 was utilized as an internal standard to normalize all sample
preparation, extraction and analysis steps, in order to accurately quantify the amount of
analyte present in biological samples (Ramirez et al., 2016). The concentration of JH I11-D3
was constant in biological samples and calibration solutions (625 pg/mL).

The HPLC-MS/MS method limit of detection (LOD), defined as three times the background
analytical response, was determined experimentally for each JH form and MF (Fig. 3 and
Supplemental Fig. 2). Calibration curves were obtained by plotting the peak area ratio of the
individual JH homologs (expressed as the ratio between the signal intensities of the analyte
and the deuteriated internal standard) as a function of the analyte concentration expressed in
parts per billion (ppb). Average calibration curves for each of the JH homologs were
constructed using between 21 and 54 different standard curve replicates (Fig. 3). Linearity
was observed over a wide concentration range for all the compounds (R% > 0.999). LODs for
the different JHs were in a range of 3.5 to 8.7 pg/mL (0.48 to 1.23 fmols on the column)
(Table 2). In addition, in the same LC run we also detected MF, a JH precursor in insects,
which is present in the hemolymph of immature stages (Wen et al 2015), and it is considered
the JH of crustacean (Cusson et al., 1991; Qu et al., 2015). The LOD for MF was 7.0 pg/mL
(1.12 fmol on the column) (Supplemental Fig. 2).

Analysis of JH homologs from biological samples.

To validate the protocol we analysed biological samples from nine different insect species.
First, we extracted and examined hemolymph from eight insect species, belonging to four
orders: four species of Diptera, D. melanogaster (34 instar larvae), Sarcophaga bullata, (3™
instar larvae), Ae. aegypti (sugar-fed adult females) and Angpheles albimanus (sugar-fed
adult females), two species of Lepidoptera, Manduca sexta (4™ instar larvae) and Bombyx
mori (4™ instar larvae), as well as one species of Hymenoptera, Megalopta genalis
(reproductive queens), and one species of Heteroptera, Dipetalogaster maxima (adult
vitellogenic females). In addition, we evaluated /n vitro JH biosynthesis by BR-CA-CC
complexes of two species, the Diptera Ae. aegypti, (CA from sugar-fed adult females), and
the Heteroptera, Oncopeltus fasciatus (CA from adult males and females). Because these
experiments represented a proof of concept, we studied one developmental stage for each
species, and therefore sometimes we did not detect all the expected JH homologs present in
that particular species (for example, JH 111 was not detected in Sarcophaga). These results
are presented in Table 3. The combined analysis of samples from the nine species allowed
the detection of the five major JH homologs and MF, validating the capability of the protocol
to detect all of them from biological samples (Fig. 4). In addition, for each of the species we
detected only those homologs that were previously described (Rivera Perez et al., 2014). JH
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I11 was present in dipteran (Shapiro et al., 1986; Hernandez-Martinez et al., 2019; Richard et
al. 1989) and hymenopteran samples (Westerlund and Hoffman, 2004). JH | and JH Il only
in the Lepidoptera (Judy et al., 1973, Furuta et al., 2013). Among the Diptera, JHB3 was
found in the Brachycera (Sarcophaga and Drosophila) (Yin et al., 1995; Richards et al.,
1989), but not in the Nematocera (Aedes and Anopheles) (Shapiro et al., 1985; Hernandez-
Martinez et al., 2019). JHSB3 was exclusively present in Heteroptera (Kotaki et al., 2009). In
each individual analysis, the program runs standard curves for each of the six hormones and
quantifies all the transitions (ions) described in Table 1; in other words, our protocol not
only provides accurate quantitative information on the JHs present in the biological sample,
but also rules out the presence of the additional homologs examined.

CONCLUSIONS

We developed an analytical workflow for the fast, ultra-trace quantitation of the five most
common JHSs described in insect samples. The protocol was optimized for accurate
quantitative analysis, with higher sensitivity and a reduced number of sample preparation
steps. The protocol detects the hormones in the low femtomole range, allowing the analysis
of JH in individual insects. The method is highly reproducible, with little variation among
different individual experiments. The common structural features facilitated the
simultaneous identification and quantification of the five most common juvenile hormones,
as well as MF, and most likely will resolve and detect additional unknown JH homologs,
which should still maintain the “basic” structural features described.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. This protocol allows the simultaneous analysis in a single LC-MS/MS run of
JH I, JH 11, JH 111, JHB3 and JHSB3.

. The JH homologs common structural features led to similar chromatographic
behavior, as well as related fragmentation patterns

. Addition of deuterated JH 11l as an internal standard permits the absolute
quantification of the different JHs.

. The protocol detects JHs in the low femtomole range, allowing often the
analysis of JH in individual insects.

. We identified and quantified JHs from samples of different species of Diptera,
Lepidoptera, Heteroptera and Hymenoptera.
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Fig. 1: Chemical structures of JH homologs:
JHB3: juvenile hormone I11 bisepoxide. JHSB3: juvenile hormone 111 skipped bisepoxide. JH

I11: juvenile hormone I11. JH I1: juvenile hormone I1. JH I: juvenile hormone I. MF: methyl
farnesoate. Epoxide groups are in red. Methyl esters groups are in blue. Ethyl groups are in
magenta.
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Fig. 2: LC separation of JH homologues:
Typical LC-MS/MS peaks of JH homologues and MF. It shows the relationships between the

retention times in minutes (X axis) and the signal intensity (cps; counts per second) (Y axis).

Injected mass was 125 pg (325 pg for MF and 32 pg for the internal standard —ISTD-).

Retention times are in minutes. Black lines represent the signal intensity of the primary
transition, and red lines represent the intensity of the secondary transition. The inset shows

the corresponding chromatograms for JH 111-D3 (blue is the primary and green is the

secondary transitions).
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Fig. 3: STD curves:
relationships between the concentration of each of the five JH standards (C), in parts per

billions (ppb) (X-axis), and the signal intensities expressed as the ratio between the JH
standard and the internal standard (IS, JH 111-D3) (Y-axis). JH 111 (black circle). JH Il (red
inverted triangle). JH I (green square), JHSB3 (yellow diamond) and JHB3 (green triangle).
Calibration curves for each of the JH homologs were constructed using between 21 and 54
different standard curves replicates. Linearity were observed over a wide concentration
range. The blue lines represent the 95% confidence bands, depicting the upper and lower
confidence bounds for all points on a fitted line within the range of data.
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Fig. 4: Analysis of JH homologs from biological samples:
Typical ion extracted chromatograms comparing the relationships between retention times in

minutes (X-axis) and signal intensities (cps; counts per second) (Y-axis) for JHs from
biological samples (solid line) and from standard solutions (dashed lines). MRM transitions:
primary (black) and secondary (red). JH I and Il are from B. morilarval hemolymph. JH 11
is from Ae. aegypti adult female hemolymph. JHB3 is from D. melanogaster larval
hemolymph. JHSB3 is from Dipetalogaster maxima adult female hemolymph. MF was
synthesized /n vitroby the CA of Ae. aegypti4th instar larvae. Primary transitions masses
evaluated are in black and secondary transitions are in red.
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Different critical parameters for multiple reaction monitoring (MRM) detection of the JHs and MF.

Table 1.

Ret. time Parention Primary fragment  Secondary fragment
Analyte (min) (m/z) (m/z) CID(V) (m/z) CID(V) %
JHB; 8.60 283 233 10.0 251 7.0 34
JHSB; 8.94 283 233 9.0 145 18.0 19
JHIN® 940 267 235 5.0 147 100 29
JHII 9.64 281 249 5.0 231 6.0 14
JH 1 9.82 295 263 5.0 161 12.0 25
MF 10.16 251 191 9.0 219 6.0 40

Page 15

Retention times are in minutes. Collision-induced dissociation (CID) energies are in volts (V). %: represents the relative abundance of secondary
fragments as % of the signal intensity of the primary fragment. Qualitative analysis tolerances were + 0.2 min from retention times and + 5% of

relative abundances of secondary fragments. LC peak width at base was 0.15 min or lower for all compounds.

*
Detection of JH 111-D3 internal standard was done on parent ion m/z 270 with same retention time, fragment ions and collision energies than JH
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Table 2:

Limits of detection (LOD) for the different JH homologs and MF.

JH Homolog | LOD (pg/ml) | LOD test range (pg/ml) | LOD (fmol on column) | n
JHI 3.5 5-500 0.48 43

JH I 4.0 5-500 0.56 43

JH I 3.6 5-200 0.55 54
JHSB3 7.8 5-500 1.10 51
JHB3 8.7 5-1000 1.23 21
MF 7.0 10-600 1.12 46

Limit of detections (LOD), defined as three times the background analytical response, were determined experimentally for each JH form and MF
(pg/ml). Compounds were tested in the LOD test range (pg/ml). The LOD is also expresses as fmol detected on the column. LOD values were

based in 21-54 replicates (n)
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JH homologs detected in hemolymph samples or synthesized by CA from different insect species.

Table 3:

JH I JHB3 JH 1 JH I JHSB3
Drosophila® 0.11+001 0.79+0.07 - ) i
Sarcophaga2 - 141+15 - - R
Aedes® 18.0+2.4 - . ; .
Anophe/es4 28+02 - - - -
Manduca® - - 309+269 8053 -
Bombyx® - - 463115 240+150 ;
Megalopta’ 36.5+6.2 - - - -
D/peta/ogasterg - - - - 432+33
A: Hemolymph JH titers.
B: JH synthesis.

JH 111 JHB3 JH | JH 11 JHSB3
Aeg’e_gg 335+4.0 - - - -
Oncape/tusw - - - - 16.9+3.9

Hemolymph values are fmol/insect (mean £ SEM). JH biosynthesis values are fmol/CA/h (mean + SEM). “-": not detected

1: . .
Drosophila melanogaster, 3" instar larvae.
2: rd
Sarcophaga bullata, 3" instar larvae.
Aedes aegypti, sugar-fed adult females.
4: .
Anapheles albimanus, sugar-fed adult females.
5 th :
Manduca sexta, 4" instar larvae.
&'Bombyx mori, 4th instar larvae.
7 i .
Megalopta genalis, reproductive queens.
8 . . .
Dipetalogaster maxima, reproductive females
9: .
Aedes aegypti, CA from sugar-fed adult females.

10"0ncape/tus fasciatus, CA from adult males and females.

Insect Biochem Mol Biol. Author manuscript; available in PMC 2021 January 01.

Page 17



	Abstract
	Graphical Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Materials and reagents:
	Insect samples:
	Hemolymph collection:
	Juvenile hormone biosynthesis assay:
	Mass Spectrometry Analysis:

	RESULTS AND DISCUSSION
	The common structural features of the JH homologs facilitated their simultaneous analysis.
	Mass spectrometry analysis:
	Analysis of JH homologs from biological samples.

	CONCLUSIONS
	References
	Fig. 1:
	Fig. 2:
	Fig. 3:
	Fig. 4:
	Table 1.
	Table 2:
	Table 3:

