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ARTICLE INFO ABSTRACT

Keywords: p-Glucosidases play an important role in the chemical defense of many insects by hydrolyzing and thereby
Flea beetle activating glucosylated pro-toxins that are either synthesized de novo or sequestered from the insect’s diet. The
Phy| llot1"eta horseradish flea beetle, Phyllotreta armoraciae, sequesters pro-toxic glucosinolates from its brassicaceous host
S[l;lrc(;)ssi?;fte plants and possesses endogenous g-thioglucosidase enzymes, known as myrosinases, for glucosinolate activation.
Defense Here, we identify three myrosinase genes in P. armoraciae (PaMyr) with distinct expression patterns during beetle
Sequestration ontogeny. By using RNA interference, we demonstrate that PaMyrl is responsible for myrosinase activity in

adults, whereas PaMyr2 is responsible for myrosinase activity in larvae. Compared to PaMyrl and PaMyr2,
PaMyr3 was only weakly expressed in our laboratory population, but may contribute to myrosinase activity in
larvae. Silencing of PaMyr2 resulted in lower larval survival in a predation experiment and also reduced the
breakdown of sequestered glucosinolates in uninjured larvae. This suggests that PaMyr2 is involved in both
activated defense and the endogenous turnover of sequestered glucosinolates in P. armoraciae larvae. In activity
assays with recombinant enzymes, PaMyrl and PaMyr2 preferred different glucosinolates as substrates, which
was consistent with the enzyme activities in crude protein extracts from adults and larvae, respectively. These
differences were unexpected because larvae and adults sequester the same glucosinolates. Possible reasons for

different myrosinase activities in Phyllotreta larvae and adults are discussed.

1. Introduction

Many insects use toxic or deterrent metabolites to protect themselves
from natural enemies (Beran and Petschenka, 2022; Dettner, 2015;
Sugiura, 2020). To avoid autotoxicity, some insects accumulate gluco-
sylated pro-toxins that are produced de novo or sequestered from the
diet, and activate these enzymatically using endogenous f-glucosidases
upon attack (Kazana et al., 2007; Pentzold et al., 2017; de Castro et al.,
2019; Sporer et al., 2020; Zagrobelny et al., 2018). Sequestration of
glycosylated pro-toxins has been reported in a number of herbivorous
insect species that feed on plants that produce, for example, cyanogenic
glucosides, glucosinolates (GSLs), or benzoxazinoid glucosides as part of
their own activated chemical defense (Beran and Petschenka, 2022;
Robert et al., 2017). However, the corresponding activating p-glucosi-
dases have only been identified in a few insect species (Beran et al.,
2014; Jones et al., 2001; Pentzold et al., 2017; Pontoppidan et al., 2001;

Rahfeld et al., 2015).

Flea beetles of the genus Phyllotreta almost exclusively use plants of
the order Brassicales as hosts (Gikonyo et al., 2019; Rheinheimer and
Hassler, 2018; Vig, 2005), which are protected against non-adapted
herbivores and pathogens by GSLs and activating p-thioglucosidase
enzymes (myrosinases) (Blazevi¢ et al., 2020). GSLs are p-thio-
glucoside-N-hydroxysulfates with a variable amino acid-derived side
chain (Agerbirk and Olsen, 2012). GSLs and their activating myrosinase
enzymes are spatially separated in intact plant tissues, but come into
contact upon tissue damage, resulting in GSL hydrolysis (Chhajed et al.,
2019; Wittstock et al., 2016). The initial hydrolysis product is an un-
stable aglucone that can give rise to several degradation products, such
as isothiocyanates and nitriles (Hanschen et al., 2014; Wittstock et al.,
2016). Due to their high reactivity towards biological nucleophiles,
isothiocyanates act as direct defense compounds, whereas the less toxic
nitriles may play a role in indirect plant defense (Hanschen et al., 2014;
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Jeschke et al., 2016a, 2016b; Mumm et al., 2008). Which hydrolysis
products are formed depends on various factors, including the structure
of the parent GSL, the reaction conditions, and the presence of so-called
specifier proteins (Eisenschmidt-Bonn et al., 2019; Wittstock et al.,
2016).

Previous studies with the striped flea beetle, Phyllotreta striolata, and
the horseradish flea beetle, Phyllotreta armoraciae, have shown that both
species sequester ingested GSLs and possess their own myrosinases,
allowing them to activate sequestered GSL for their own purposes (Beran
et al., 2014; Sporer et al., 2020). While the GSL profile of the food plant
strongly influenced the sequestration pattern, it had no detectable
impact on myrosinase activity in P. armoraciae larvae (Sporer et al.,
2020; Yang et al, 2020). Sequestered GSLs were found in all
P. armoraciae life stages from eggs to adults, with significantly higher
GSL concentrations detected in eggs, pupae, and adults compared to
larvae (Sporer et al., 2020). In addition to the variation in GSL levels,
myrosinase activity also varies between life stages, with much higher
myrosinase activity in larvae and adults compared to eggs and pupae.
The different levels of myrosinase activity in larvae and pupae corre-
lated with their ability to deter a generalist predator (Sporer et al.,
2020). However, GSL hydrolysis products were also detectable in bodies
and feces of uninjured larvae and adults that had fed on leaves of the
tggl xtgg2 double knock-out mutant of Arabidopsis thaliana, which has
undetectable myrosinase activity in leaves. This suggests that beetle
myrosinases also mediate endogenous turnover of sequestered GSLs
independent of a predator attack (Sporer et al., 2021). In feeding ex-
periments with larvae and adults, both simple nitriles and iso-
thiocyanates were detected, indicating that different hydrolysis
products are formed in vivo (Sporer et al., 2021).

This study aimed to identify and characterize the genes responsible
for myrosinase activity in P. armoraciae larvae and adults. For this
purpose, we focused on the glycoside hydrolase family 1 (GH1), to
which all known myrosinases from both plants and insects belong (He
et al., 2022). Previous research identified a total of 28 GH1-like genes in
a transcriptome from adult P. striolata, one of which encoded an enzyme
with myrosinase activity (Beran et al., 2014). In a phylogenetic analysis,
the P. striolata myrosinase (PsMyr) clustered together with $-O-gluco-
sidases involved in the chemical defense of leaf beetles of the subtribe
Chrysomelina, suggesting a common origin of defensive $-glucosidases
in leaf beetles (Rahfeld et al., 2015). To obtain a comprehensive GH1
dataset for P. armoraciae, we searched for GHI-like genes in the tran-
scriptomes of larvae, pupae, and adults, and used phylogenetic analyses
to identify candidate myrosinases. With this approach we found three
candidate myrosinases that were characterized in vitro. Finally, we used
RNA interference to verify the function of the identified myrosinase
genes in P. armoraciae larvae and adults.

2. Materials and methods
2.1. Insect rearing

Phyllotreta armoraciae beetles were reared on potted Brassica juncea
cv. Bau-Sin plants (Known-You Seeds, Kaohsiung, Taiwan) or Brassica
rapa cv. Yu-Tsai-Sum plants (Known-You Seeds) as described earlier
(Sporer et al., 2020). Adults of the generalist predator Harmonia axyridis
were collected in Ober-Morlen (Hesse, Germany) in spring 2021. To
obtain H. axyridis larvae for predation experiments, we reared the bee-
tles on pea aphids, Acyrthosiphon pisum, at 23 °C, 60% relative humidity
and a 16:8 h light-dark period. Pea aphids were provided by Dr. Grit
Kunert (Max Planck Institute for Chemical Ecology, Jena, Germany) and
reared on potted Vicia faba cv. “The Sutton” plants.

2.2. Chemicals

4-Hydroxybenzyl GSL was isolated from Sinapis alba seeds following
Thies (1988) and 2-propenyl GSL was purchased from Roth (Karlsruhe,
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Germany). All other GSLs were purchased from Phytoplan (Heidelberg,
Germany). Catalpol, 4-nitrophenyl glucopyranoside (4NPG), and 4-pen-
tenenitrile were purchased from Sigma-Aldrich (St. Louis, USA). The
cyanogenic glucoside linamarin was purchased from Biozol (Eching,
Germany), benzyl isothiocyanate was purchased from Thermo Fisher
Scientific (Waltham, USA), benzonitrile was purchased from Merck
Millipore (Darmstadt, Germany), 4-methylsulfinylbutyl isothiocyanate
was purchased from Alexis Biochemicals (San Diego, USA), and phe-
nylacetonitrile was purchased from Tokyo Chemical Industries (Tokyo,
Japan).

2.3. RNA extraction, RNA sequencing and de novo transcriptome
assembly

To obtain a transcriptome from immature life stages of P. armoraciae,
we collected third instar larvae and pupae from the rearing colony. Five
larvae were dissected to separate the gut including the Malpighian tu-
bules from the residual body. Total RNA was extracted from larval guts
and the residual bodies, as well as from intact larvae and pupae (pool of
three individuals per life stage) using the innuPrep RNA Mini Kit 2.0
(Analytik Jena, Jena, Germany). Genomic DNA was removed using
Turbo DNase (Thermo Fisher Scientific) and a final clean-up was per-
formed using the RNeasy MinElute Cleanup Kit (Qiagen, Hilden, Ger-
many). RNA quality was checked using a Bioanalyzer 2100 with the
RNA 6000 Nano Kit (Agilent Technologies, Santa Clara, USA). Library
preparation including poly-A enrichment and sequencing was per-
formed at the Max Planck Genome Centre (Koln, Germany) using the
Mlumina HiSeq 3000 system in paired-end read mode (2 x 150 bp).
Between 28 and 43 million reads were obtained per sample. Reads were
filtered and trimmed using CLC Genomics Workbench 10.0.1. A random
subset of 20% of the reads from whole larvae, larval guts, and pupae was
used to assemble a transcriptome in CLC Genomics Workbench 10.0.1
with the following parameters: nucleotide mismatch cost = 1, insertion
cost = 2, deletion cost = 2, length fraction = 0.6, similarity = 0.9.
Contigs shorter than 200 bp were removed from the final assembly,
which contained 18,079 contigs with an N50 contig size of 2649 bp.

2.4. cDNA synthesis

First-strand cDNA was synthesized from total RNA extracted from P.
armoraciae larvae and adults (2.5 pg RNA from each life stage) using the
SuperScript IV First-Strand Synthesis System (Thermo Fisher Scientific)
with anchored oligo-dT primers according to the manufacturer’s in-
structions. In addition, 5- and 3'-rapid amplification of cDNA ends
(RACE)-cDNA was synthesized using the SMARTer RACE cDNA
Amplification Kit (Clontech, Mountain View, USA).

2.5. Identification, cloning, and sequencing of GH1-like genes from
P. armoraciae

To obtain a comprehensive GH1 dataset from P. armoraciae for the
identification of candidate myrosinase genes, were performed tBlastn
searches with the P. striolata myrosinase (GenBank accession:
AHZ59651.1) as a query against three different transcriptomes of
P. armoraciae, i.e., the de novo assembled transcriptome from larvae and
pupae (this study) and two available transcriptome assemblies from
adults (Beran et al., 2016; Yang et al., 2021). To obtain the full-length
sequences of partial ORFs, we performed 5'- and 3'-RACE PCR accord-
ing to the manufacturer’s protocols using the Advantage 2 Polymerase
Mix (Clontech). Full-length ORFs were amplified from cDNA using
gene-specific primers by PCR using Phusion Taq polymerase (Thermo
Fisher Scientific), cloned into the pCR4-TOPO vector (Thermo Fisher
Scientific), and Sanger sequenced. Primer sequences are listed in
Table S1. The manually curated nucleotide sequences were submitted to
GenBank under accession numbers OP313699 to OP313730 (Table S2).
The corresponding amino acid sequences were used to predict the



J. Kornig et al.

molecular mass and isoelectric point of the proteins using the Compute
pI/Mw tool (Gasteiger et al., 2005), the number of putative N-glyco-
sylation sites using the NetNGlyc 1.0 tool (Gupta and Brunak, 2002), and
the presence of a signal peptide using SignalP 5.0 (Almagro Armenteros
et al., 2019).

2.6. Identification of myrosinase-like genes in genomes of P. striolata and
P. cruciferae

Recently, chromosome-level genome assemblies of P. striolata
(GenBank assembly accession: GCA_918026865.1) and Phyllotreta cru-
ciferae (GenBank assembly accession: GCA_917563865.1) have been
published (King et al., 2023). To search for myrosinase-like genes in
these genome assemblies, we performed tBlastn searches with the amino
acid sequences of PsMyr (GenBank accession: AHZ59651.1), PaMyrl
(GenBank accession: OP313699) and PaMyr2 (GenBank accession:
OP313700) using the software Geneious Prime. We extracted genomic
regions producing alignments with high sequence similarity and
manually predicted full-length coding sequences of myrosinase-like
genes in Sequencher 5.4.6 using the predicted exon-intron structure of
PsMyr as a guide.

2.7. Phylogenetic analyses of putative GH1 f-glucosidases from
Phyliotreta spp.

The GH1-like protein sequences from P. armoraciae were aligned
with the published GH1 dataset from P. striolata (GenBank accession
numbers: KF377828 to KF377855), four myrosinase-like sequences
identified in the genomes of P. striolata and P. cruciferae, and the Bre-
vicoryne brassicae aphid myrosinase (GenBank accession: Q95X01.1) as
outgroup using MAFFT version 7 with default settings (Katoh et al.,
2019). Poorly aligned regions were eliminated using Gblocks version
0.91b (Talavera and Castresana, 2007) with parameters set as follows:
minimum length of 5 amino acids for a block after cleaning, minimum of
33 sequences for a conserved position, minimum of 33 sequences for a
flank position, maximum of 8 contiguous non-conserved positions, and
half of gap positions allowed. Maximum Likelihood phylogenetic ana-
lyses were inferred using IQ-TREE version 1.6.12 (Nguyen et al., 2015).
The LG + I + G4 model was determined as the best-fit substitution model
using ModelFinder implemented in IQ-TREE (Kalyaanamoorthy et al.,
2017). Branch supports were assessed using an ultrafast bootstrap
approximation with 10,000 replicates (Hoang et al., 2018).

Bayesian phylogenetic analysis of the same dataset was conducted
using MrBayes 3.2.7a using the LG + I 4+ G4 substitution model with two
runs, each with six heated and two cold Markov chains (Huelsenbeck
and Ronquist, 2001; Ronquist et al., 2012). Chains were sampled every
100,000 generations and analyses were continued until the runs
converged, which happened after six million generations. The first 25%
of trees were discarded as burn-in. Analyses was performed on CIPRES
Science Gateway (Miller et al., 2010).

2.8. Cloning and expression of myrosinase candidate genes

Full-length ORFs of PaMyr1, PaMyr2, PaMyr3, and PaGH1-28 were
amplified from P. armoraciae cDNA by PCR (Phusion High-Fidelity DNA
Polymerase, Thermo Fisher Scientific) and cloned into the pIEx-4
expression vector (Merck Millipore), using gene-specific primers
(Table S1). The reverse primer lacked the native stop codon for C-ter-
minal fusion to the vector-encoded Hisg-tag. Expression constructs
confirmed by Sanger-sequencing were used to transiently transfect High
Five insect cells (Thermo Fisher Scientific). High Five cells were culti-
vated in Express Five SFM medium (Gibco, Thermo Fisher Scientific)
supplemented with 20 mM glutamine (Gibco) and 50 pg ml~! genta-
mycin (Gibco). Confluent cells were diluted 1:5 and dispensed in 500 pl
aliquots into a 24-well plate. After incubation at 27 °C for 6-12 h, cells
were transfected using FUuGENE HD Transfection Reagent (Promega,
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Madison, USA) according to the manufacturer’s protocol. Cells treated
only with transfection reagent served as negative controls. Cell culture
medium was harvested after incubation at 27 °C for 72 h and centrifuged
(5 min at 16,000 g and 4 °C) to remove cell debris. Recombinant proteins
were detected by Western blotting using the Anti-His (C-Term)-HRP
antibody (1:20,000, Novex, Thermo Fisher Scientific). The cell culture
medium containing the recombinant enzymes was dialyzed against 2-
(N-morpholino)-ethanesulfonic acid (MES) buffer (20 mM, pH 6.5)
using slide-A-Lyzer Dialysis cassettes with a molecular weight cut-off of
10,000 kDa (Extra strength, Thermo Fisher Scientific).

2.9. Biochemical characterization of candidate myrosinases

Activity of recombinant GH1 enzymes with different GSLs, the iri-
doid glucoside catalpol, the cyanogenic glucoside linamarin, and the
general substrate 4NPG was determined using the Amplite Fluorimetric
Glucose Quantitation Kit (AAT Bioquest, Pleasanton, USA). Enzyme
assays were performed at 24 °C in dark 96-well plates and consisted of
25 pl protein sample, 25 pl substrate (each at 2 mM, dissolved in 20 mM
MES buffer, pH 6.5), and 50 pl assay reagent. To determine the Ky
values for 2-propenyl GSL, assays were performed with substrate con-
centrations ranging from 0.01 to 10 mM. Assays with boiled protein
served as background control. All assays were performed in triplicates.
Fluorescence intensity (Ex/Em = 540 nm/590 nm) was monitored every
minute for 30 min using an Infinite 200 Reader (Tecan, Mannedorf,
Switzerland). Glucose amounts in each assay were calculated using a
glucose standard curve (dissolved in MES buffer, pH 6.5) for each time
point. Ky values were estimated by nonlinear regression analysis in R
using drm() (Ritz et al., 2015) based on the Michaelis-Menten equation
for single-substrate reaction and the Haldane equation for
single-substrate inhibition of enzymatic reaction rate (Haldane, 1930;
Sonnad and Goudar, 2004).

2.10. Biochemical characterization of myrosinase activity in larvae and
adults

To compare the substrate specificity of myrosinase activity in larvae
with that in adults, we prepared crude protein extracts from third instar
larvae and seven-day-old adults that had been fed with B. juncea leaves.
Samples were weighed, frozen in liquid nitrogen, and stored at —80 °C
until extraction (N = 3 per life stage, 10 individuals per replicate). For
protein extraction, samples were homogenized in ice-cold MES buffer
(20 mM, pH 6.5) containing protease inhibitors (cOmplete, EDTA-free,
Roche, Basel, Switzerland) using metal beads (2 mm diameter) for 2
min at 25 Hz in a TissueLyser II (Qiagen) and centrifuged (5 min at
16,000 g at 4 °C). To remove GSLs and other small molecules that
interfere with enzyme activity from the crude extract, we applied the
supernatant first to a 7 mg DEAE-Sephadex A-25 column (GE Health-
care, Chicago, USA) and subsequently to a 0.5 ml Zeba Spin Desalting
Column (molecular weight cut-off: 7 kDa; Thermo Fisher Scientific).
Both columns were equilibrated with MES buffer containing protease
inhibitors before loading the protein extract. The total concentration of
soluble protein was determined using the Bradford protein assay (Bio-
Rad, Hercules, USA). For our enzyme assays, we diluted the crude pro-
tein extracts to 2.5 pg ml~! in MES buffer. Enzyme assays with different
substrates and different concentrations of 2-propenyl GSL were per-
formed as described in the previous section, with two technical repli-
cates. Assays without substrate and without protein served as
background controls.

2.11. Impact of Fe(Il) ion on formation of glucosinolate hydrolysis
products

To determine how GSL structure and the presence of Fe(Il) ion in-
fluence the composition of hydrolysis products, namely isothiocyanates
and simple nitriles, we incubated recombinant PaMyrl, PaMyr2, and
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PaMyr3 and mock-transfected control samples with either 3-butenyl GSL
or benzyl GSL in the presence or absence of Fe(II) ion. We used 3-butenyl
GSL instead of 2-propenyl GSL because the simple nitrile derived from 2-
propenyl GSL could not be detected under our analytical conditions.
However, all three recombinant PaMyr enzymes showed similar activ-
ities with 2-propenyl GSL and 3-butenyl GSL under our assay conditions.
Each recombinant enzyme was assayed with 0.5 mM GSL substrate and
50 mM EDTA or 0.5 mM FeSO4 in 100 pL MES buffer (20 mM, pH 6.5).
Assays were overlaid with 100 pl hexane containing benzonitrile
(1:100,000). After incubation at 27 °C for 30 min, hydrolysis products
were extracted by vigorous mixing for 5 min. To separate the organic
from the aqueous phase, samples were centrifuged (10 min at 6000 g at
room temperature), frozen in liquid nitrogen, set to room temperature,
and the hexane fraction was collected while the aqueous phase was still
frozen. Assays with dialyzed medium of non-transfected cells and assays
without substrate served as background controls.

Hydrolysis products were identified by gas chromatography-mass
spectrometry (GC-MS) using an Agilent 6890 instrument equipped
with an OPTIMA 5 capillary column (30 m x 0.25 mm i.d. x 0.25 pm
film thickness; Macherey-Nagel, Diiren, Germany) coupled to a 5973
quadrupole mass spectrometer (Agilent Technologies). The carrier gas
was helium at a constant flow rate of 1 ml min~!. One microliter per
sample was injected in splitless mode. The front inlet temperature was
set to 200 °C. The oven program started at 45 °C (held for 3 min),
increased at 10 °C min ™! to 220 °C, and then with 70 °C min~! to 300 °C
(held for 3 min). Mass spectrometry conditions were electron impact
mode (70 eV), and scan mode m/z 33-260. Hydrolysis products were
identified in comparison to authentic standards and published MS
spectra (Spencer, 1980).

Hydrolysis products were quantified using gas chromatography
coupled with flame ionization using an Agilent 6890 instrument
equipped with an Optima 5 capillary column (see above). The carrier gas
was helium and the detector temperature was 300 °C. The injection
conditions and oven program were identical to the conditions described
above. FID response factors of hydrolysis products relative to the in-
ternal standard benzonitrile were calculated using the effective carbon
number concept (Scanlon and Willis, 1985). Traces of hydrolysis prod-
ucts found in non-transfected controls were subtracted as background.

2.12. Mpyrosinase activity and PaMyr transcript levels in different life
stages of P. armoraciae

To better understand the role of the different PaMyr genes in
P. armoraciae, we compared myrosinase activity in different life stages
with PaMyr transcript levels. Therefore, we collected eggs, larvae (first,
second, third instar, and prepupal stage), pupae, seven days-old adult
females, and seven days-old adult males from the rearing colony. For
protein extraction, samples were weighed, frozen in liquid nitrogen, and
stored at —80 °C (N = 6-7 per life stage). Crude protein extracts were
prepared as described in section 2.10 and myrosinase activity assays
were performed as described in section 2.9 using 125 ng total protein
and 0.5 mM 2-propenyl GSL as substrate. For RNA extraction, samples
were homogenized in lysis buffer (InnuPREP RNA Mini Kit 2.0, Analytik
Jena) for 2 min at 25 Hz in a TissueLyzerII (Qiagen) using metal beads,
frozen in liquid nitrogen, and stored at —80 °C (N = 6 per life stage).
Total RNA was extracted using the InnuPREP RNA Mini Kit 2.0 (Analytik
Jena), genomic DNA was removed with TURBO DNase (Thermo Fisher
Scientific), and RNA was purified using the RNeasy MinElute Cleanup
Kit (Qiagen). RNA concentration was determined using a N60 spectro-
photometer (Implen, Miinchen, Germany) and cDNA was prepared with
the Verso cDNA Synthesis Kit (Thermo Fisher Scientific) from 800 ng
total RNA using anchored oligo-dT and random hexamer primers in a
ratio of 1:3. Transcript levels of PaMyrl, PaMyr2, and PaMyr3 were
analyzed by quantitative PCR (qPCR) using gene-specific primers
(Table S1) in optical 96-well plates on a CFX Connect Real-Time-System
(Bio-Rad) using the Absolute Blue qPCR SYBR Green Kit (Thermo Fisher
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Scientific). The PCR program was as follows: 95 °C for 15 min, 40 cycles
of 95 °C for 15 s, 57 °C for 30 s and 72 °C for 30 s. Afterwards, the
melting curve was determined from 55 °C to 95 °C in 0.5 °C increments.
Primer efficiencies were calculated using a cDNA template dilution se-
ries. Transcript levels were normalized to the transcript level of the
reference gene that showed the lowest variability across life stages
among several tested reference genes, i.e., ribosomal protein 18a, ri-
bosomal protein L32e, and eukaryotic initiation factor-4A, 40S ribo-
somal protein subunit 4.

Myrosinase activity and transcript levels were compared among life
stages using the generalized least squares method using gls() from the
nlme library (Pinheiro et al., 2021) in R3.3.1 (R Core Team, 2023). We
applied a constant variance function structure (varldent) implemented
in the nlme library in R, which allows each life stage to have a different
variance. P-values and log likelihood values were obtained by removing
the explanatory variable and comparing models with likelihood ratio
tests (Zuur, 2009). Significant differences between life stages were
determined by post hoc multiple comparison of estimated means using
Tukey contrasts (glht from the multcomp library (Hothorn et al., 2020),
Table S3).

2.13. Silencing of PaMyr1 and PaMyr2 by RNA interference

Double stranded RNA (dsRNA) targeting PaMyr1 (158 bp), PaMyr2
(225 bp), or a lepidopteran metalloproteinase inhibitor (IMPI) from
Galleria mellonella (GenBank accession: AY330624.1; 223 bp) was syn-
thesized using the T7 RiboMAX Express RNAi System (Promega). Pu-
tative off-targets were identified by searching all possible 21-mers of
both RNA strands against our P. armoraciae transcriptomes allowing for
two mismatches. Several PaGH1 transcripts were identified as putative
off-targets of dsPaMyrl and dsPaMyr2, of which PaMyr3 is the most
likely to be affected based on mismatch number (Table S4).

One day after eclosion, adults were injected with 100 nl ultrapure
water containing 80 ng dsRNA targeting PaMyr1 or IMPI as a control.
Injected adults were kept in the laboratory under ambient conditions
with detached B. juncea leaves as a food source. Seven days after in-
jection, adults were sampled to determine myrosinase activity (N = 8
per treatment, 2 adults per sample), transcript levels (N = 7 per treat-
ment, 1 adult per sample), and GSL concentration (N = 12 per treatment,
1 adult per sample).

Second instar larvae were injected with 50 nl ultrapure water con-
taining 80 ng dsRNA targeting PaMyr2 or IMPI as a control. Injected
larvae were provided with B. juncea leaf petioles and kept in the labo-
ratory under ambient conditions. Six days after injection, third instar
larvae were sampled to determine myrosinase activity assays (N = 8 per
treatment, 3 larvae per sample), transcript levels (N = 7 per treatment, 3
larvae per sample), and GSL concentration (N = 7 per treatment, 3
larvae per sample). Protein extraction, myrosinase activity assays, RNA
extraction, cDNA synthesis, and qPCR analyses were performed as
described above. GSLs were extracted, converted to desulfo-GSLs, and
analyzed using high performance liquid chromatography coupled to
diode array detection (HPLC-DAD) as described in Beran et al. (2014).
PaMyr transcript levels, myrosinase activities, and GSL concentrations
were compared with t-tests or Mann-Whitney Rank sum tests in R3.3.1
(R Core Team, 2023) or in SigmaPlot 11.0 (Systat Software; Table S3).

2.14. Predation assay

To determine whether myrosinase activity protects P. armoraciae
larvae against a generalist predator, we exposed PaMyr2-silenced
P. armoraciae larvae and dsIMPI injected control larvae to H. axyridis.
dsRNA injections were performed on three consecutive days, with at
least 13 replicates per treatment and day. Six days after injection,
samples were collected to confirm that PaMyr2-silencing was successful
(PaMyr transcript levels and myrosinase activity, N = 7-8 per treatment,
2 larvae per sample). We then monitored larval survival as described
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previously in Sporer et al. (2020). In brief, one P. armoraciae larva and
one H. axyridis third instar larva were placed in a Petri dish (60 mm
diameter). Survival of P. armoraciae larvae was recorded in 30 min in-
tervals for 6 h (N = 68-72 per treatment). Assays in which H. axyridis
larvae had molted or died were excluded from the analysis. Survival data
were analyzed using a parametric survival regression model with a
lognormal hazard distribution in R3.3.1 (Therneau, 2020). The effect of
dsRNA treatment and day of the experiment was evaluated using
log-rank tests (Table S3).

2.15. Feeding assay

To determine whether PaMyr2 is also involved in endogenous
metabolism of sequestered GSL in larvae, we performed a feeding assay
with the A. thaliana tggl xtgg2 mutant, which is devoid of myrosinase
activity in leaves (Barth and Jander, 2006), and contains mainly 4-meth-
ylsulfinylbutyl GSL (4MSOB GSL), which is not present in P. armoraciae
larvae reared on B. juncea. Arabidopsis plants were cultivated at 21 °C,
60% relative humidity under short-day conditions (10:14 h light-dark)
in a controlled environment chamber. PaMyr2-silenced and dsIMPI
injected control larvae were allowed to feed on a detached leaf of an
A. thaliana tggl xtgg2 mutant plant (N = 12 per treatment, 4 larvae per
replicate). We removed the major leaf vein to prevent larvae from
mining. After one day, feces were collected in 50 pul 0.1% (v/v) formic
acid in ultrapure water, mixed with 50 pl pure methanol and homoge-
nized for 2 min at 25 Hz in a TissueLyzerIl (Qiagen) using metal beads.
Larvae were weighed and frozen in liquid nitrogen. All samples were
stored at —20 °C until extraction. Larvae were homogenized in 500 pl
ice-cold 50% (v/v) methanol for 2 min at 25 Hz in a TissueLyzerlI
(Qiagen) using metal beads. Homogenized body and feces samples were
centrifuged (10 min at 16,000 g at 4 °C), and supernatants were trans-
ferred to new glass vials and stored at —20 °C until analysis by liquid
chromatography coupled with tandem mass spectrometry (LC-MS/MS).
To confirm silencing of PaMyr2, samples for qPCR (N = 6-7 per treat-
ment, 3 larvae per sample) and myrosinase activity assays (N = 8 per
treatment, 3 larvae per sample) were collected and analyzed as
described above. We quantified the amounts of 4MSOB GSL, 4MSOB-iso-
thiocyanate (4MSOB-ITC), 4MSOB-cyanide, and 4MSOB-amine in body
and feces extracts, and calculated the proportion of hydrolysis products
relative to the amounts of GSLs and derived hydrolysis products. The
relative proportions of hydrolysis products were compared between
treatments with t-tests or Mann-Whitney Rank sum tests in R3.3.1 (R
Core Team, 2023) or in SigmaPlot 11.0 (Systat Software; Table S3).

2.16. LC-MS/MS analysis

4MSOB GSL and corresponding hydrolysis products were quantified
by LC-MS/MS using an Agilent 1200 HPLC system connected to an
API3200 tandem mass spectrometer (AB Sciex, Framingham, USA) using
external standard curves for 4MSOB GSL and the corresponding iso-
thiocyanate. Other 4MSOB GSL-derived hydrolysis products were
quantified using relative response factors towards 4MSOB-ITC.

Intact GSLs were separated on a Nucleodur Sphinx RP column (250
x 4.6 mm, 5 pm particle size; Macherey-Nagel) using a mobile phase
consisting of 0.2% (v/v) formic acid in ultrapure water as solvent A and
acetonitrile as solvent B, at a flow rate of 1 ml min~'. The gradient was
as follows: 1.5% (v/v) B (1 min), 1.5-5% (v/v) B (5 min), 5-7% (v/v) B
(2 min), 7-13.3% (v/v) B (4.5 min), 13.3-100% (v/v) B (0.1 min), 100%
B (0.9 min), 100-1.5% (v/v) B (0.1 min), 1.5% (v/v) B (3.9 min). The
presence of GSLs was detected with the ionization source set to negative
mode. Ionspray voltage was maintained at —4500 eV. Gas temperature
was set to 700 °C, nebulizing gas to 70 psi, drying gas to 60 psi, curtain
gas to 20 psi, and collision gas to 10 psi.

Hydrolysis products of 4MSOB GSL were separated on a Zorbax
Eclipse XDB-C18 column (50 x 4.6 mm, 1.8 pm particle size; Agilent
Technologies) using a mobile phase consisting of 0.05% (v/v) formic
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Fig. 1. Maximum-likelihood phylogeny of Phyllotreta myrosinases and the most
closely related GH1 enzymes. The complete phylogeny of GH1 enzymes from
Phyliotreta spp. is shown in Fig. S1. Bootstrap values (10,000 replicates) and
posterior probability values of a Bayesian analysis using the same dataset are
shown next to each node. Enzymes from P. armoraciae (Pa) that were charac-
terized in this study are shown bold. Candidate myrosinases from P. striolata
(Ps) and P. cruciferae (Pc) identified in publicly available genome assemblies are
labeled “-genomic”.

acid in ultrapure water as solvent A and acetonitrile as solvent B, at a
flow rate of 1.1 ml min~'. Separation of 4MSOB GSL hydrolysis products
was achieved by using the following gradient: 3-15% (v/v) B (0.5 min),
15-85% (v/v) B (2 min), 85-100% (v/v) B (0.1 min), 100% B (0.9 min)
100-3% (v/v) B (0.1 min), 3% (v/v) B (2.4 min). The ionspray voltage
was maintained at 5500 eV. The gas temperature was set to 650 °C.
Nebulizing gas was set at 60 psi, curtain gas at 35 psi, heating gas at 60
psi, and collision gas at 4 psi. Multiple-reaction monitoring was used to
monitor analyte parent ion-to-product ion formation (Table S5). Data
analysis was performed using Analyst Software 1.6 Build 3773 (AB
Sciex).

2.17. Glucosinolate composition in different life stages of P. armoraciae

To determine whether the GSL sequestration pattern differs between
different life stages of P. armoraciae, we analyzed the GSL composition in
third instar larvae, pupae, and 8-days old adults reared on B. rapa, which
contains more diverse GSL than B. juncea. Fed adults were starved for
one day before sampling. Larvae were sampled immediately because of
high mortality under starvation conditions. Samples were weighed,
frozen in liquid nitrogen, and stored at —20 °C until GSL extraction (N =
20). Feeding damaged B. rapa leaf discs (16 mm diameter, eight leaf
discs per sample, N = 6) were collected, weighed, frozen in liquid ni-
trogen, freeze dried, and stored at —20 °C until GSL extraction (N = 6).
GSLs were extracted, converted to desulfo-GSLs, and analyzed using
HPLC-DAD as described in Beran et al. (2014).

For comparison, we calculated the percentage of each individual GSL
relative to the total GSL concentration in each sample (set to 1). GSL
proportions were normalized by sum, log-transformed, and auto scaled
using MetaboAnalyst 5.0 (Pang et al., 2021) (https://www.metaboan
alyst.ca/). Transformed data were analyzed by permutational multi-
variate ANOVA (PERMANOVA) with 9999 permutations based on
Mountford distances using adonis2() from the Vegan library (Oksanen
et al., 2022). Post hoc pairwise comparisons were performed with
PERMANOVA using pairwise.perm.manova() with Pillai’s trace crite-
rion from the BiodiversityR package (Kindt and Coe, 2005). Obtained
P-values were adjusted using Benjamini and Yekutieli method to control
for false discovery rates (Benjamini and Yekutieli, 2001).

3. Results
3.1. P. armoraciae possesses three myrosinases

To obtain a comprehensive dataset for the identification of candidate


https://www.metaboanalyst.ca/
https://www.metaboanalyst.ca/

J. Kornig et al.

A B

Insect Biochemistry and Molecular Biology 163 (2023) 104040

isothiocyanate [ nitrile

E PaMyr1 H PaMyr1
Rs 25s 12-
]/ Gle
N| 1.0
~0s05 0.8
glucosinolate core sturcture 0.6
R= 8 K, estimates using two kinetic models 0.4
N Model K,, [mM] + SE
N7 AN - 5 Simple MM 0.09 + 0.01 0.2
1) Haldane 0.11 + 0.01
2-propenyl| 3-butenyl! 0] 0 T T T T T 0.0-
z 3
; : :
{72}
S N Cs PaMyr2 F < PaMyr2 I 5 PaMyr2
ONN N & 4.0- Y E 30— y é 12- y
@ o
4MSOB 8 5 254 S 1.0
z 3.01 g O 3
PNl s = 204 2 0.8+
Z 2 S
£ i = i o 4
4MTB 2 2‘0_ g 15 2 0.6
g 104 I - 8 104 K, estimates using two kinetic models (7', 0.4
i @ Model K,, [mM] + SE 0]
. g 4 I—I £ 54 Simple MM 0.57 + 0.05 = 024
\ © 0.0 — e 9 Haldane 0.88 + 0.08 = |
o 0 T T T T T S, T T T T T s 0.0
benzyl > = 5=
= 3
8 [
D¢ G PaMyr3 J & PaMyr3
2 204 § 124
o 3 1.0
2PE g d
s 0.8 1
0.6
HO . ) .
N K, estimates using two kinetic models 0.4
5+ Model K,, [mM] + SE -
Simple MM 0.39 + 0.02 .2
A2HREnz Haldane 0.43 £ 0.04
0 T T T T T 0.0-
H = =
N 2R RRan7 S ez & ©o . 1 52 59
[CRCNORORCNONOROR-2 2-propenyl GSL concentration [mM] a ¢ g @
/ >>om>W NS
§§5o0cag@
ELasS§Nam 3-butenyl benzyl
= e23~v " & GSL  GSL
13M s 3

Fig. 2. Biochemical characterization of recombinant Hisg-PaMyr enzymes. PaMyr1, PaMyr2, and PaMyr3 were heterologously expressed in insect cells with a C-
terminal Hisg-tag and incubated with different substrates. (A) Chemical structures of glucosinolates (GSLs) used in in vitro assays. (B-D) Myrosinase activity towards
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benzyl; 13V, indol-3-ylmethyl.

myrosinases in P. armoraciae, we searched for GHI-like sequences in
transcriptomes of this species. In total, we recovered 32 GH1-like genes
(Table S2; GenBank accession numbers OP313699 to OP313730). We
then analyzed the phylogenetic relationships among the predicted GH1
proteins from P. armoraciae and P. striolata. The result suggests that most
GHI1 genes in both species evolved from common ancestors and are
therefore true orthologues (Fig. S1). An exception was found in the clade
containing the known P. striolata myrosinase (PsMyr), where three
predicted GH1 proteins from P. armoraciae clustered together with
PsMyr, suggesting a lineage-specific expansion of myrosinase-like genes
in P. armoraciae (Fig. 1).

To test whether the proteins are indeed myrosinases, we heterolo-
gously expressed them in insect cells with a C-terminal Hisg-tag. All
three recombinant enzymes hydrolyzed 2-propenyl GSL in enzyme as-
says, confirming that they have myrosinase activity. We thus named
these genes PaMyr1, PaMyr2, and PaMyr3. The closely related PaGHI1-28

was also expressed in insect cells, but the recombinant protein did not
hydrolyze 2-propenyl GSL in our enzyme assays (Fig. S2).

Because it was surprising that no homologues of PaMyr2 and PaMyr3
were found in an earlier study with P. striolata (Beran et al., 2014), we
searched for additional myrosinase-like genes in recently published
genome assemblies of P. striolata and Phyllotreta cruciferae (King et al.,
2023). PsMyr was found in tandem with another gene with high
sequence similarity to PaMyr2/PaMyr3 on chromosome 4 (accession
number OU900097.1 from 7,231,627 to 7,233,624 bp and from 7,233,
977 bp to 7,235,817 bp). In addition, we found two adjacent
myrosinase-like genes in the P. cruciferae genome (chromosome 5,
accession number: OU830610.1 from 1,049,770 to 1,051,735 bp and
from 1,052,048 to 1,053,925 bp).

In our phylogenetic analyses, the myrosinases and myrosinase-like
sequences from Phyllotreta spp. formed two well-supported clades
(both with bootstrap support = 100, posterior probability = 1; Fig. 1).
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Fig. 3. Myrosinase activity and PaMyr transcript levels in different life stages of
P. armoraciae. (A) To measure myrosinase activity, crude protein extracts were
incubated with 0.5 mM 2-propenyl glucosinolate as substrate at 24 °C (N = 6-7
per life stage). (B-D) Transcript levels of PaMyrl, PaMyr2, and PaMyr3 in
different life stages were analyzed by qPCR (N = 6 per life stage). Copy number
estimates are given per 1000 copies of the reference gene ribosomal protein
L18a (RPL18a). Box plots show the median and interquartile range of each
(iataset. Different letters indicate differences between groups (P < 0.05).

One clade contained PsMyr, PaMyr1 and one predicted myrosinase from
P. cruciferae. In the second clade, PaMyr2 and PaMyr3 formed a sister
group to a myrosinase-like protein from P. striolata and P. cruiferae,
suggesting that PaMyr2 and PaMyr3 arose from a gene duplication event
in the P. armoraciae lineage.

3.2. PaMyr enzymes have different biochemical properties

To compare the substrate specificities of the recombinant Hisg-
PaMyr enzymes, we tested their activities with eight different GSLs. Five
of these GSLs (2-propenyl GSL, 3-butenyl GSL, 4-methylsulfinylbutyl
GSL, 2-phenylethyl GSL, and indol-3-ylmethyl GSL) are commonly
found in horseradish (Agneta et al., 2014; Ciska et al., 2017; Li and
Kushad, 2004), while the remaining GSLs are found in several other
brassicaceous plant species. Recombinant PaMyr1 and PaMyr3 showed
similar substrate specificities and had the highest catalytic activities
with 2-propenyl GSL and 3-butenyl GSL (Fig. 2B and D). Compared to
recombinant PaMyrl and PaMyr3, recombinant PaMyr2 showed a
different substrate specificity and had the highest catalytic activities
with benzyl GSL and 4-methylthiobutyl GSL, two GSLs that are not
common in horseradish (Fig. 2C).

The recombinant PaMyr enzymes not only differed in substrate
specificity, but also with respect to their Michaelis-Menten constants
(Kw), for 2-propenyl GSL, the main substrate of the beetle myrosinases in
vivo. Recombinant PaMyrl had a lower Ky for 2-propenyl GSL (Ky
value: 0.09 mM) than PaMyr2 and PaMyr3 (Ky values: 0.57 mM and
0.39 mM, respectively, Fig. 2E, F, and G). All three recombinant en-
zymes also showed substrate inhibition, in case of PaMyrl and PaMyr3
at concentrations above 1.25 mM and in case of PaMyr2 at concentra-
tions above 5 mM. At 10 mM substrate concentration, catalytic activity
of PaMyrl was reduced by 40%, activity of PaMyr2 was reduced by
10%, and activity of PaMyr3 was reduced by 31%, relative to the highest
catalytic activity of the corresponding recombinant enzyme. Given that
sequestered GSLs and myrosinases are co-localized in the hemolymph
(Sporer et al., 2020), it is likely that myrosinase activity is inhibited by
high substrate concentrations in the hemolymph (>20 mM in larvae
(Sporer et al., 2020), and up to 100 mM in the hemolymph of adults
(Yang et al., 2021)).

In addition to assays with GSLs, we tested enzyme activities with the
general f-O-glucosidase substrate 4NPG and two other defensive plant
O-glucosides, the iridoid glucoside catalpol and the cyanogenic gluco-
side linamarin. Only PaMyrl and PaMyr2 hydrolyzed the general sub-
strate 4NPG (Fig. 2B-D), showing that both enzymes have also f-O-
glucosidase activity, but none of the three recombinant enzymes hy-
drolyzed catalpol or linamarin under our assay conditions (data not
shown).

Previous experiments with P. armoraciae larvae and adults suggested
that sequestered GSLs are converted to isothiocyanates or nitriles in vivo
(Sporer et al., 2021). We therefore analyzed whether the presence of Fe
(II) ion influences the hydrolysis of 3-butenyl GSL or benzyl GSL into the
corresponding isothiocyanates and nitriles. Nitriles were only detected
in enzyme assays with Fe(II) ion, with proportions ranging from 9 to
70% of the total detected hydrolysis products. The relative composition
of hydrolysis products in enzyme assays with PaMyr1 differed from that
in assays with PaMyr2 and PaMyr3, which responded similarly to the
different conditions (Fig. 2H-J).
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Fig. 4. Functional characterization of PaMyr1 and PaMyr2 in vivo. PaMyr1 gene
expression was silenced in adults (dsPaMyr1) and PaMyr2 gene expression was
silenced in larvae (dsPaMyr2) by injecting dsRNAs. Injections of adults and
larvae with dsRNA targeting a lepidopteran metalloproteinase inhibitor from
Galleria mellonella served as controls. (A) PaMyr2 transcript levels in larvae (N
= 7). (B) PaMyr1 transcript levels in adults (N = 7). (C) Myrosinase activity in
larvae (N = 8). (D) Myrosinase activity in adults (N = 8). (E) Concentration of
2-propenyl glucosinolate (GSL) in larvae (N = 7). (F) Concentration of 2-pro-
penyl glucosinolate (GSL) in adults (N = 12). Box plots show the median and
interquartile range of each dataset. ***, P < 0.001; *, P < 0.05; n.s.,
not significant.

3.3. PaMyr genes are differentially expressed during the life cycle of
P. armoraciae

To better understand the role of the different PaMyr genes in
P. armoraciae, we compared their transcript levels in different life stages
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with the corresponding levels of myrosinase activity in crude protein
extracts. Consistent with Sporer et al. (2020), larvae and adults showed
much higher myrosinase activity than eggs and pupae (Fig. 3A; for re-
sults of statistical analyses refer to Table S3). PaMyr1 was found to be
expressed mainly in pupae and adults, while PaMyr2 and PaMyr3 were
expressed mainly in eggs and larvae (Fig. 3B-D). However, PaMyr2
transcripts were found to be at least five times more abundant than
PaMyr3 transcripts. Notably, PaMyr transcript levels did not correlate
with myrosinase activity in beetle life stages. For example, we found
similar levels of PaMyr1 transcript in pupae and adults, but high myr-
osinase activity was detected only in adults. Nevertheless, these results
suggest that PaMyr1 is responsible for myrosinase activity in adults,
whereas PaMyr2 and to a lesser extent PaMyr3 are responsible for
myrosinase activity in larvae. This hypothesis is supported by the results
of enzyme assays with crude protein extracts from adults and larvae,
which showed similar substrate specificities and Ky values for 2-pro-
penyl GSL as recombinant PaMyrl and PaMyr2, respectively (Fig. 2,
Fig. S3).

3.4. P. armoraciae larvae and adults use distinct myrosinases

To determine if indeed adults and larvae use distinct myrosinases, we
silenced PaMyr1 expression in adults and PaMyr2 expression in larvae
using RNA interference. Because PaMyr3 is expressed at a very low level
in larvae in our laboratory population, we did not attempt to silence
expression of this gene. Expression of target genes was significantly
reduced compared to the corresponding controls in both life stages
(Fig. 4A and B, Table S3), whereas the expression levels of non-target
myrosinase genes did not differ between treatments (Fig. S4,
Table S3). Silencing of PaMyrl expression in adults and PaMyr2
expression in larvae reduced myrosinase activities by more than 65%
compared to the corresponding controls (Fig. 4C and D, Table S3). In
addition, PaMyr2-silenced larvae contained significantly more seques-
tered GSL than control larvae, whereas GSL levels in adults did not differ
between treatments (Fig. 4E and F, Table S3). Taken together, these
results indicate that in our laboratory population, PaMyr1 is responsible
for myrosinase activity in adults, whereas PaMyr2 is mainly responsible
for myrosinase activity in larvae.

3.5. PaMyr2 protects larvae against a generalist predator

To test the hypothesis that myrosinase activity protects larvae
against predators, we exposed PaMyr2-silenced and control larvae to the
generalist predator H. axyridis. As expected, control larvae survived
significantly longer than PaMyr2-silenced larvae with reduced myr-
osinase activity (N = 68-72, log-rank test; experiment day, y> = 4.5, P =
0.107; dsRNA treatment, y?> = 21.8, P < 0.001, Tables S3 and S6,
Fig. 5A).

3.6. PaMyr2 is involved in endogenous metabolism of sequestered
glucosinolates

The observation that PaMyr2-silenced larvae sequestered more GSL
than control larvae suggested that PaMyr2 metabolizes sequestered
glucosinolates also independently of predation (Fig. 4C). To test this
hypothesis, we fed PaMyr2-silenced and control larvae with myrosinase-
deficient leaves of the A. thaliana tggl xtgg2 mutant, and quantified the
proportion of hydrolysis products in bodies and feces relative to the total
amounts of 4MSOB GSL and its hydrolysis products. Bodies of PaMyr2-
silenced larvae contained significantly less GSL hydrolysis products than
bodies of control larvae (Mann-Whitney Rank sum test, N =12, U = 30,
P =0.017, Table S6, Fig. 5B), whereas the proportion of GSL hydrolysis
products in feces did not differ between treatments (t-test, N = 12, t =
0.248, P = 0.804, Fig. 5B). These results support the hypothesis that
PaMyr2 is not only involved in activated defense but also in endogenous
GSL metabolism in P. armoraciae larvae.
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Fig. 5. PaMyr2 protects P. armoraciae larvae against a generalist predator and metabolizes sequestered glucosinolates in uninjured larvae. (A) PaMyr2-silenced
(dsPaMyr2) and control larvae were exposed to the generalist predator Harmonia axyridis. Larval survival was monitored every 30 min for 6 h (N = 68-72, log-rank
test, shaded area corresponds to 95% confidence interval). (B) PaMyr2-silenced (dsPaMyr2) and control larvae were fed for one day with leaves of the Arabidopsis
thaliana tggl x tgg2 mutant, which is devoid of myrosinase activity in leaves. Afterwards, larval bodies and feces were extracted and the amounts of 4-methylsulfinyl
butyl glucosinolate (4MSOB GSL) and its hydrolysis products were quantified using LC-MS/MS. The proportion of hydrolysis products was expressed relative to the
total amount of detected 4MSOB GSL and hydrolysis products, which was set to 100% (N = 12). Box plots show the median and interquartile range of each dataset.
**% P < 0.001; *, P = 0.017; n.s., not significant.

4. Discussion
Table 1

Glucosinolate composition in B. rapa plants and different life stages of
P. armoraciae. The proportion of each GSL was calculated relative to total GSL
amount (set to 1).

Here, we identified three genes that encode enzymes with myr-
osinase activity in the horseradish flea beetle, P. armoraciae (Fig. 1). The
three myrosinase genes differ in their life stage-specific expression pat-

Glucosinolate (GSL) Mean GSL proportion + 5D terns, with PaMyrl being mainly expressed in pupae and adults, and
B. rapa Larvae Pupa Adults PaMyr2 and PaMyr3 being mainly expressed in eggs and larvae (Fig. 3).
(N=6) (N = 20) (N = 20) (N = 20) However, the much lower transcript levels of PaMyr3 compared to
3-Butenyl GSL 014 £012 00LL008 002Z%006 018005 PaMyr2 suggest that PaMyr3 plays only a minor role in our laboratory
4-Pentenyl GSL 019+ 010 0.03+008 0.05+0.04 0.20+0.06 population of P. armoraciae. In fact, we later discovered that most in-
20H3But GSL 0.22+0.09 0.50+0.14 0.49+0.08 0.32+0.08 dividuals in our laboratory population do not express PaMyr3 at all
20H4Pent GSL 0.04+£0.05 0.04£0.03 0.06+0.03 0.05+0.03 because this gene is not present in their genome. The underlying myr-
SMSOP GSL 0.07+£0.04 0284008 024£007  0.10:+0.02 osinase gene copy number polymorphism was discovered in both natural
Benzyl GSL 0.07£0.02 0.03+0.01 002+0.01 0.04+0.01 . . . .
2 PE GSL 0014001 00l 4002 0024002 003%0.01 and laboratory populations of P. armoraciae and will be presented in a
I3M GSL 0.04+ 002 002-+001 004-+002 0.04+0.01 follow-up study. Knockdown of PaMyr1 in adults and PaMyr2 in larvae
4MOI3M GSL 0.01£0.01 0.01£001 0.01+0.00 0.01 & 0.00 reduced myrosinase activity in these life stages by more than 65%
1MOISM GSL 020£012  0.08£005 0.04+£0.02  0.02+0.01 compared to the corresponding controls, suggesting that these two genes
20H3But, 2-hydroxy-3-butenyl; 20H4Pent, 2-hydroxy-4-pentenyl; SMSOP, 5- are mainly responsible for myrosinase activity in this P. armoraciae
methylsulfinylpentyl; 2 PE, 2-phenylethyl; 13M, indol-3-ylmethyl; 4OHI3M, 4- population (Fig. 4).
hydroxyindol-3-ylmethyl; 4MOI3M, 4methoxyindol-3-ylmethyl; 1MOI3M, 1- Previous research identified a single myrosinase gene in P. striolata
methoxyindol-3-ylmethyl. using proteomic and transcriptomic data derived from adult beetles
(Beran et al., 2014). It was therefore initially surprising to find several
3.7. GSL sequestration patterns differ between P. armoraciae life stages myrosinases in P. armoraciae. However, homology-based searches in
publicly available genome sequences from P. striolata and P. cruciferae
Since the substrate preference of the larval myrosinase (PaMyr2) revealed that both species likely possess two myrosinase genes (Fig. 1).
differs from that of the adult myrosinase (PaMyr1), we asked whether A possible explanation why the second putative myrosinase in P. striolata
these life stages also have different GSL sequestration patterns. To was not found in the previous study could be that this gene is specifically
answer this question, we compared the GSL composition in B. rapa with expressed in the larval stage, which was not previously analyzed.
that in P. armoraciae larvae, pupae, and adults (Table 1; Fig. 6; Table S7). Further research is needed to verify the function of these additional
While all GSLs detected in B. rapa were also detected in P. armoraciae, candidate myrosinases in P. striolata and P. cruciferae, and to determine
their composition differed between all life stages and, in addition, from whether, similar to P. armoraciae, these genes differ in their life
that in their food plant (Table 1; PERMANOVA, F = 40.906, P < 0.001). stage-specific expression patterns.
In general, P. armoraciae contained higher proportions of 2-hydroxy-3- Our phylogenetic analyses of characterized and candidate myr-
butenyl GSL and 5-methylsulfinylpentyl GSL, and less 1-methoxy- osinases from Phyllotreta spp. predicts that the initial gene duplication
indol-3-ylmethyl GSL and benzyl GSL than B. rapa. Focusing on beetle event took place in a common ancestor of P. armoraciae, P. striolata, and
life stages, we found that adults sequestered more 3-butenyl GSL, 4-pen- P. cruciferae. Although the phylogenetic relationships within the genus
tenyl GSL and 2-phenylethyl GSL compared to larvae (Fig. 6). These Phyllotreta are unresolved, this points towards an early diversification of
results show that larvae and adults selectively sequester GSL from their myrosinase genes in Phyllotreta flea beetles. Considering the high
food plant and have different sequestration patterns. sequence similarity of PaMyr2 and PaMyr3 (93% nt sequence identity),

it seems likely that these two genes are the result of a recent duplication
in P. armoraciae. However, more comprehensive analyses of the myr-
osinase gene family in Phyllotreta flea beetles are needed to understand
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Fig. 6. Comparison of the glucosinolate composition in B. rapa plants and different life stages of P. armoraciae. Glucosinolates (GSLs) were extracted from feeding-
damaged B. rapa leaves (N = 6) and different P. armoraciae life stages (N = 20 per life stage) and quantified using HPLC-DAD. The proportion of each GSL was
calculated relative to total GSL amount in each sample (set to 1). (A) Principal component analysis (PCA) of the GSL composition in B. rapa and P. armoraciae life
stages. Each symbol represents the relative GSL composition in one replicate. The ellipsoids correspond to the 95% confidence intervals of each group. (B) PCA
loadings plot showing the contribution of the individual GSL to the separation of the samples in the PCA. 20H3But, 2-Hydroxy-3-butenyl; 20H4Pent, 2-Hydroxy-4-
pentenyl; 5SMSOP, 5-methylsulfinylpentyl; I3M, indol-3-ylmethyl; 4MOI3M, 4-methoxyindol-3-ylmethyl; 1MOI3M, 1-methoxyindol-3-ylmethy; 2 PE, 2-phenylethyl.

its evolutionary origin and dynamics.

As the name horseradish flea beetle suggests, this species is mainly
associated with horseradish, Armoraciae rusticana (Rheinheimer and
Hassler, 2018; Vig and Verdyck, 2001), in which 2-propenyl GSL con-
stitutes more than 90% of the total GSL content in both above- and
belowground plant tissues (Agneta et al., 2014; Ciska et al., 2017; Li and
Kushad, 2004). Accordingly, both larvae and adults sequester predom-
inantly 2-propenyl GSL in nature, which correlates with the substrate
preferences of recombinant PaMyrl and PaMyr3, but not with the sub-
strate preference of PaMyr2 (Fig. 2). Considering that P. armoraciae
larvae and adults sequester the same GSLs, it is unclear why they possess
myrosinases with different biochemical properties (Fig. S3). However,
the larvae of many other Phyllotreta species feed on plant roots and thus
utilize a different plant tissue than adults, which feed on above-ground
plant tissues (Rheinheimer and Hassler, 2018; Vig, 2005; Vig and Ver-
dyck, 2001). Since the GSL composition of roots and above-ground tis-
sues often differs (Ben Ammar et al., 2023; Ciska et al., 2017; Li and
Kushad, 2004; van Dam et al., 2009), it is likely that larvae and adults of
other Phyllotreta species also differ in their GSL composition. These
chemical differences in turn may have selected for different enzyme
activities in these two life stages. This hypothesis needs to be tested in
studies with Phyllotreta species that have root-feeding larvae such as
P. striolata and P. cruciferae and that likely also each possess two myr-
osinases (Fig. 1, Fig. S1). In addition, the different biochemical prop-
erties of myrosinase activity in larvae and adults may allow them to
differentially utilize sequestered GSL for defense and/or endogenous
metabolism.

Previous studies with P. striolata adults and cabbage aphids showed
that both species selectively sequester host plant GSL, which are
preferred substrates of their endogeneous myrosinase (Beran et al.,
2014; Sun et al., 2021). Although the GSL sequestration pattern of
P. armoraciae larvae differed from that of adults (Table 1, Fig. 6), these
patterns only partially matched the substrate specificities of the corre-
sponding myrosinases. For example, larvae did not accumulate more
benzyl GSL than adults, but adults sequestered more 3-butenyl GSL
compared to larvae. These results show that P. armoraciae larvae and
adults differ not only in myrosinase activity but also in the sequestration
of host plant GSLs, but the causes and consequences of these differences
remain unknown.

In plants and insects, myrosinase-catalyzed GSL hydrolysis has
mainly been considered as an activated chemical defense (Jeschke et al.,
2016a; Kazana et al., 2007; Sporer et al., 2020). This view has been
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challenged by a number of studies with the model plant Arabidopsis
thaliana, which have demonstrated different functions of
myrosinase-catalyzed GSL degradation under both biotic and abiotic
stress (Sugiyama and Hirai, 2019; Sugiyama et al., 2021). For example,
under sulfur deficiency, GSLs are hydrolyzed by specific s-glucosidases
to reallocate sulfur for cysteine biosynthesis, showing that GSLs also
represent a sulfur reservoir for primary metabolism (Sugiyama et al.,
2021). Here, we provide evidence that the beetle myrosinase PaMyr2
not only protects P. armoraciae larvae against a generalist predator, but
is also involved in the endogenous turnover of sequestered GSL in un-
injured larvae (Fig. 5). Similar to plants, this endogenous GSL turnover
could also play a role in insect nutrition or pathogen defense.

The products of the endogenous GSL turnover were simple nitriles in
addition to isothiocyanates and isothiocyanate-derived metabolites. In
experiments with recombinant PaMyr enzymes, the formation of simple
nitriles was dependent on the presence of Fe(II) ion, suggesting that Fe
(II) ion and/or other factors influence the outcome of GSL hydrolysis in
P. armoraciae in vivo. Similar to our findings, hydrolysis of sequestered
GSL in cabbage aphids upon simulated predation also yielded both
nitrile and isothiocyanate hydrolysis products, with nitrile formation
being dependent on the presence of Fe(I) ion (Sun et al., 2021). Because
simple nitriles are known to be much less reactive compared to iso-
thiocyanates, the formation of nitriles could be a mechanism to prevent
autotoxicity.

In conclusion, we have shown that different genes are responsible for
myrosinase activity in P. armoraciae larvae and adults, leading to dif-
ferences in the biochemical properties of myrosinase activity in the two
life stages. Although the ecological significance of these biochemical
differences remains unclear, our results highlight the importance of
studying different life stages to understand the molecular basis of
chemical defense strategies in insects. The roles of myrosinase activity in
activated defense and endogenous glucosinolate turnover further indi-
cate that sequestered chemical defense compounds may have multiple
functions in the organism.
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