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Abstract

The glucosinolates (GLs) and myrosinase defensive systems in cruciferous plants were circumvented by
Plutella xylostella using glucosinolate sulfatases (PxGSSs) during pest-plant interaction. Despite identifying
three duplicated GSS-encoding genes in P xylostella, limited information regarding their spatiotemporal and
induced expression is available. Here, we investigated the tissue- and stage-specific expression and induc-
tion in response to GLs of PxGSS1 and PxGSS2 (PxGSS1/2) at the protein level, which shares a high de-
gree of similarity in protein sequences. Western blotting (WB) analysis showed that PxGSS1/2 exhibited a
higher protein level in mature larvae, their guts, and gut content. A significantly high protein and transcript
levels of PxGSS1/2 were also detected in the salivary glands using WB and qRT-PCR. The immunofluorescence
(IF) and immunohistochemistry (IHC) results confirmed that PxGSS1/2 is widely expressed in the larval body.
The IHC was more appropriate than IF when autofluorescence interference was present in collected samples.
Furthermore, the content of PxGSS1/2 did not change significantly under treatments of GL mixture from
Arabidopsis thaliana ecotype Col-0, or commercial ally (sinigrin), 4-(methylsulfinyl)butyl, 3-(methylsulfinyl)
propyl, and indol-3-ylmethyl GLs indicating that the major GLs from leaves of A. thaliana Col-0 failed to induce
the expression of proteins for both PxGSS1 and PxGSS2. Our study systemically characterized the expression
properties of PxGSS1/2 at the protein level, which improves our understanding of PxGSS1/2-center adaptation
in P xylostella during long-term insect-plant interaction.
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Plants update various constitutive and inducible defense mechanisms
in response to biotic and abiotic factors (van Loon et al. 2006, Kessler
2015, Erb and Reymond 2019). In inducible defense, numerous
secondary metabolites, such as alkaloid glucosides, benzoxazinoid
glucosides, cyanogenic glucosides, iridoid glucosides, and salicinoids,
enable host plants to rapidly defend themselves against insect attack
(Zagrobelny et al. 2004, Pentzold et al. 2014). These insect-plant
interactions lead to the development of several arms races in which
herbivores develop ingenious strategies to circumvent host plant
defenses (Pentzold et al. 2014).

The interaction between a cruciferous specialist insect pest,
Plutella xylostella, and its cruciferous hosts is classical and com-
plex (Jander and Howe 2008, Winde and Wittstock 2011). Host

plants respond to pest attacks by activating a two-component de-
fense system consisting of glucosinolates and myrosinases (Barth
and Jander 2006, Bones and Rossiter 2010). Glucosinolates (GLs)
are nitrogen- and sulfur-containing plant secondary metabolites. To
date, 132 natural types of GLs have been identified. The biosynthesis
of GLs and their metabolic pathway have been well documented.
According to its basic structures, each unit consists of a B-thioglucose
moiety, a sulfonated oxime moiety, and a variable side chain (also
called R chain) (Halkier and Gershenzon 2006). Different types
of GLs can be activated by corresponding myrosinases (or called
B-thioglucosidases) that lead to a variety of toxic GLs-derived
products, such as isothiocyanates (ITCs) and thiocyanates in crucif-
erous plants (Kliebenstein et al. 2005). Intriguingly, they function as
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defensive factors exhibiting the antifeedant properties for herbivore
larvae (Meldrup et al. 2012, Furlong et al. 2013) and oviposition
stimuli for adult insects (Renwick et al. 2006, Liu et al. 2020).

Some insect herbivores can separately store GLs to tackle the
challenge caused by the GLs-myrosinase system of plant. In addition,
some evolve modified systems consisting of plants’ GLs and insects’
myrosinase (Winde and Wittstock 2011). Nevertheless, P. xylostella
used an enzyme-based detoxification mechanism that did not result
in the accumulation of toxic GLs-derived products in its larval body.
For instance, P. xylostella use glucosinolate sulfatases (PxGSSs) to
hydrolyze the sulfate group of glucosinolates to form the nontoxic
GLs-derived products. The newly formed desulfo-GLs cannot be
reacted further by plant myrosinase to generate poisonous ITCs
(Ratzka et al. 2002). To date, three PxGSS genes that experienced
twice duplication events have been identified, leading to an early dif-
ferentiation of PxGSS3 and PxGSS1/2 (PxGSS1 or PxGSS2, hereafter
named PxGSS1/2) and later differentiation of PxGSS1 and PxGSS2
(You et al. 2013, Heidel-Fischer et al. 2019). Based on a comparison
of the coding sequences of PxGSS1, PxGSS2, and PxGSS3, PxGSS1
and PxGSS2 have a higher degree of similarity (Ma et al. 2018); how-
ever, all showed distinct substrate spectra based on in vitro enzyme
activity tests (Heidel-Fischer et al. 2019). Moreover, in vivo func-
tional study on PxGSSs, including RNAi-mediated knockdown and
CRISPR/Cas9-based knockout experiments, revealed that PxGSS1
and PxGSS2 are the central counter-adaptation of P. xylostella
against the plant GLs-myrosinase complex (Sun et al. 2019, Chen
et al. 2020). The lack of knowledge about the refined protein ex-
pression pattern of PxGSS1/2 impacts our understanding of the role
played by PxGSS1/2 in counter-adaptation to host plants. Besides, it
remains unclear whether expressions of PxGSS1/2 are controlled or
induced by the substrate of GLs. For instance, wild-type Arabidopsis
thaliana (Col-0 ecotype) significantly upregulated the PxGSS1/2
transcript level compared with GLs-deficiency mutants, while no
induced result of PxGSS1/2 was found at the protein level (Heidel-
Fischer et al. 2019). Hence, it is imperative that further antibody-
related studies are needed to fill the pending gaps comprehensively.

Several antibodies-based technologies were developed to explore
the content and distribution of protein of interest, including Western
blotting (WB), immunofluorescence (IF), and immunohistochemistry
(IHC) (Renart et al. 1979, Towbin et al. 1979, Bekkouche et al.
2020). The success and repeatability of WB-based tests for protein
content rely on several steps, including extracting proteins and de-
termining signal normalization from different samples. Likewise, the
IF and THC techniques are the appropriate methods based on an
image information-extracting system (Coons et al. 1941, Ramos-
Vara 2005). The primary/secondary antibody is labeled with fluo-
rescent dyes or a chromogenic reporter to visually examine specific
protein characteristics under an electron microscope. Through the
increasing use of WB, IF, and THC, some important scientific issues
in insects, such as insect development and metamorphosis, insect-
microbe interactions, and insect chemoreception (Guo et al. 2018,
Mancini et al. 2020, Tang et al. 2020, Zhang et al. 2022), have been
well studied. However, no systematic comparison exists among dif-
ferent antibody-based detection systems for P. xylostella, resulting
in no in-depth understanding of PxGSS1/2 protein distribution
and expression, limiting our understanding of the P. xylostella-host
interactions.

In this study, we investigated the protein expression properties
of PxGSS1/2 in an economically important chewing-guild insect,
P. xylostella. We developed PxGSS1/2 antibody-based detection
systems for WB, IF, and ITHC to investigate the expression pattern
of PxGSS1/2 from different developmental stages and tissues in P.

xylostella. Moreover, to determine whether GLs induced PxGSS1/2,
an artificial diet containing total GLs extract mixture or commer-
cial (sinigrin), 4-(methylsulfinyl)butyl, 3-(methylsulfinyl)propyl,
and indol-3-ylmethyl GLs were used respectively to feed larvae
of P. xylostella, and the corresponding PxGSS1/2 content was de-
termined. Our results provide significant insight into PxGSS1/2-
centered interactions between specialist insects and host plants.

Materials and Methods

Insects and Plants Rearing

The P. xylostella strain was reared on an artificial diet without
adding GL- or myrosinase-related ingredients (AD strain) (Huang
et al. 2016). Insects were reared in an environment-controlled incu-
bator. The uniform condition parameters were set as temperature at
25 = 1°C, light: dark cycle L:D = 16:8 hr, and relative humidity (RH)
= 65 = 5%. P. xylostella adults were fed with 10 % honey water
for oviposition. A. thaliana ecotype Columbia (Col-0) was grown
in pots with mixed soil (perlite: vermiculite: humus = 1: 1: 1) in an
environment-controlled chamber (ZRQ-250, Tuze, Shanghai, China)
at a light: dark ratio of 16: 8, relative humidity of 60%, and a tem-
perature of 22°C. Six-week-old A. thaliana leaves were used to ex-
tract total GLs.

Antibodies Preparations

To obtain the polyclonal antibody of PxGSS1/2, the homolo-
gous fragment 370-547 aa region in GSS1 (~20 kDa) was selected
and combined with Glutathione S-transferase tag (GST) based on
prokaryotic-based expression to generate the antigen (predicted
molecular protein weight = 46 kDa). The PCR product was sub-
cloned in pGEX-4T vector (preserved in our laboratory), and the
recombinant plasmid of pGEX-4T-GSS1 was transferred into com-
petent Escherichia coli Rosetta cells. When the OD value reaches
0.5-0.6 (wavelength = 600 nm), the component cells were induced
by adding 0.8 mM isopropyl f-D-thiogalactoside (IPTG) at 37°C for
four hours. The antigen affinity purification method was used for
antibody purification, and the corresponding process was conducted
in ABclonal Biotechnology Company (Wuhan, China). The house-
keeping protein of monoclonal a-tubulin (1:5000, Sigma, T6074,
USA) and the corresponding secondary antibodies of PxGSS1/2
(1:5000, Affinity, SO001, USA) or a-tubulin (1:10000, Sigma, A9044,
USA) were purchased from corresponding companies.

Protein Extraction and WB

The four main methods of protein extraction, including phosphate
buffer saline-disruption extraction (PBS-disruption extraction), radio
immunoprecipitation assay solution-based extraction (RIPA extrac-
tion), phenol/sodium dodecyl sulfate-based extraction (phenol/SDS
extraction), and Trizol-based protein extraction, were compared in
this study. Besides, a commercial kit, named MinuteTM protein ex-
traction kit (SD-001, Invent biotechnologies, Plymouth, MN), was
used as a control. Finely ground larvae or different tissues were pre-
pared under liquid nitrogen for PBS-disruption extraction and RIPA
extraction (R0020, Solarbio, Beijing, China). The sample tubes were
added with 100 ul 1 x PBS buffer (or RIPA lysis buffer for RIPA ex-
traction). Following centrifuging at 12,000 x g for 5 min, the super-
natant was collected and ready for subsequent WB experiments. One
milliliter Trizol reagent (Invitrogen, Carlsbad, CA) was added to the
sample powder for Trizol-based protein extraction. Instead of RNA
extraction, we washed the protein precipitate with 1 ml of 95% eth-
anol containing 0.3 mol/liter guanidine hydrochloride. Protein was
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dissolved in 1% SDS solution, and the insoluble matter was removed
by centrifugation at 10,000 x g for 10 min at 4°C. For phenol/SDS
extraction, 0.8 ml phenol and 0.8 ml dense SDS buffer (30% su-
crose, 2% SDS, 0.1 M Tris-HCI, pH 8.0, 5% 2-mercaptoethanol)
were added into sample powder. The supernatant was transferred
to a new centrifuge tube following centrifugation at 10,000 x g for
3 min. A five-time volume of methanol was added into the tube and
thoroughly mixed upside down. After freezing at -20°C for one
hour, the precipitate was obtained by centrifuging at 10,000 x g
for five minutes, followed by two washes with 80% cold acetone.
After air-drying for 5-10 min, the precipitate was diluted with 1%
SDS, and the soluble part was used for WB. The 10 pg of total pro-
tein from samples collected from different developmental stages or
tissues in 3rd- instar larvae (7 = 3) were loaded onto the gel, and WB
was performed as described previously (Chen et al. 2020).

Spatiotemporal Sample Collections

We measured the distribution patterns of PxGSS1/2 in different de-
velopmental stages and tissues. We collected ~150 eggs, 10 1st-instar
larvae, three 2nd-, 3rd-, and 4th-instar larvae, three pupae, and three
female and male adults. For tissue collections, the dissection se-
quence is as follows: 15 4th-instar larvae sterilized with 75% alcohol
were individually transferred onto a new Petri dish containing 1 x
PBS buffer. The heads of larvae were dissected to obtain the paired
salivary glands (Sag) and silk glands (Sg); subsequently, the whole
gut and Malpighian tubules (Mt) were sampled from the dissected
body. In addition, the whole gut was dissected to collect the contents
in the gut (gut contents, Gc), and the gut was separated into three
parts, including foreguts (Fg), midguts (Mg), and hindguts (Hg). The
rest parts were washed with 1 x PBS buffer three times to pool into
a new 1.5 ml centrifuge tube to obtain samples of the residual body
(Rb). Three biological repeats were conducted.

Total RNA Extraction and qRT-PCR of PxGSS17 and
PxGSS2

The dissected tissue samples were collected in three biological
replicates for the quantitative real-time PCR (qQRT-PCR) experiments.
Trizol reagent (5301100, Simgen, Hangzhou, China) and first strand
¢DNA synthesis kit (7306100, Simgen, Hangzhou, China) were used
for RNA extraction and cDNA preparation, respectively. qRT-PCR
was conducted using Hieff UNICON qPCR SYBR Green Master
Mix (YEASEN, 11199ES03, China) in LightCycle96 PCR Detection
System (Roche, Basel, Switzerland) and corresponding primer in-
formation was referred to Chen et al. (2020) listed in Supp Table
1 (online only). All operations were performed according to the
manufacturer’s instructions.

Immunofluorescence and Immunohistochemistry

The dehydrator and embedding machines (JT-12] and JB-L35, Junjie
Electronics Co., Ltd., Huizhou, Guangdong, China) were used
for paraffin embedding of 4th-instar larval samples, and the slicer
(RM2016, Leica, Wetzlar, Germany) was used for paraffin slides
prepared for the staining of hematoxylin/eosin (HE). As part of the
dewaxing operation, paraffin sections were placed in xylene twice
for 15 min, anhydrous ethanol for 5 min, and subsequently treated
with 85 and 75% alcohol for five minutes before being washed
with distilled water. For IF experiments, sections were transferred to
the EDTA buffer and placed in a microwave oven box (pH = 8.0).
After the sections were treated with fluorescence quenching inhib-
itor (52110, Solarbio, Beijing, China) and blocked with 1% BSA for
30 min, they were incubated for two hours with primary antibody of

PxGSS1/2 (1:200, diluted in TBST) and TRITC-labelled secondary
antibody (T-2769, Thermo). The sections (7 = 3) were washed three
times with 1 x TBST between two antibody incubations, and finally,
a drop of blocking solution with nuclear acid dye (DAPI) was ap-
plied before the sections were sealed by epoxy. The IF experiments of
salivary glands without cross section were repeated according to the
process described earlier in this paper (7 = 3). The sample without
primary antibody of PxGSS1/2 was used for the control.

For the THC experiment, the dewaxing sections (7 = 3) were
placed into citrate buffer antigen retrieval (pH = 6.0, C1032,
Solarbio, Beijing, China). A solution of 3% H,0, was used to
block endogenous peroxidase activity. The corresponding sections
were blocked with rabbit serum (SL034, Solarbio, Beijing, China)
for 30 min before incubation with the PxGSS1/2 (1:200, diluted in
PBS) and HRP-labelled secondary antibody (1: 500, diluted in PBS,
SE134, Solarbio, Beijing, China). The final images were observed
using a slide scanning system (Pannoramic MIDI, 3D Histech Ltd.,
Budapest, Hungary) under a DAB kit (DA1010, Solarbio, Beijing,
China) and counterstaining with hematoxylin.

Extraction and Content Determination ofTotal GLs

Total intact GLs were extracted from the leaves powder (0.3 g) of
A. thaliana Col-0 using an extraction solution, including 1 ml boiled
70% methanol (enzymes inactivation) and 10 pl of the internal
standard of 10 mM sinigrin (85440, Sigma-Aldrich, St. Louis, MO).
The homogeneous mixture was incubated for 15 min. in water at
75°C. After centrifuging at 12,000 rpm (13,523 rcf) for 5 min, the
supernatant was dried on a rotatory evaporator to remove the sol-
vent. It was re-suspended in 1 ml distilled water followed by filtra-
tion with a 0.22-pm filter membrane.

To quantify the GLs content in sampled leaves of A. thaliana
Col-0, the supernatant was transferred to a purification column
containing a syringe where the bottom was covered with cotton,
and the body was filled with DEAE Sephadex A25 (A25120, Sigma-
Aldrich) pre-treated by 2 mol/liter acetic acid solution and 6 mol/
liter imidazole formate. Subsequently, the purification column was
incubated with sulfatase solution (10 uM, S9626, Sigma-Aldrich)
overnight at room temperature and was eluted with 200 pl distilled
water. The 10 pl of corresponding elution was loaded onto a high-
performance liquid chromatography column (column: SB-C18,
HPLC: Agilent 1260, Santa Clara, CA). The parameters of HPLC
(UV =229 nm) and response factors relative to the internal standard
sinigrin were described in the previous article (Grosser and van Dam
2017).

GLs-Containing Feeding Assays

We applied a 200 pl mixture of total GLs (850 uM) and ally GL
(sinigrin), 4-(methylsulfinyl)butyl, 3-(methylsulfinyl)propyl, and
indol-3-ylmethyl (20 uM) solutions to the surface of artificial diet
slices (25 x 23 x 2 mm). The sinigrin was purchased from Sigma-
Aldrich company (85440, 299%, USA) and 4-(methylsulfinyl)butyl,
3-(methylsulfinyl)propyl, and indol-3-ylmethyl were from Huaster
biology company (HB-07722, HB-00019, and HB-07717, > 98%,
Huhang, China). The 3rd-instar larvae were transferred onto the arti-
ficial diet for 12- and 24-hr feeding. The AD strain larvae feeding the
original artificial diet for 0, 12, and 24 hr were used for control and
named CK-Ohr, CK-12hr, and CK-24hr, respectively. Furthermore,
for the treatment group, the larvae feeding on total GLs (or other
four different GL solutions) at the 12- or 24-hr postingestion were
collected and labeled as T-12hr and T-24hr, where T denoted for other
four different GL treatments and detailed information was marked
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in the figure legend. Each group contained three bioreplicates, and
each one contained three larvae. Total proteins were extracted from
collected samples using phenol/SDS method and subjected to WB
experiments.

Statistical Analysis

The gray values of protein bands in WB figure were transformed
using Image ] (version 1.51). The relative protein expression was
calculated by comparing the gray value of PxGSS1/2 with a-tubulin.
The Shapiro-Wilk test for normality and Levene’s test for homoge-
neity of variances were used for statistical analysis (GraphPad Prism;
version 8.4.3). One-way ANOVA method (or Brown-Forsythe
ANOVA if heterogeneity in variances) followed by a Tukey’s HSD
post hoc test (or Games-Howell’s multiple comparisons) was used
for the significant difference analysis of data (P < 0.05). Figures were
drawn by GraphPad Prism (version 8.4.3).

Results

Phenol/SDS-Based Protein Extraction Method is
Compatible With WB Assays

The total protein abundance was first compared using four different
protein extraction methods, including PBS-disruption extraction, RIPA
extraction, phenol/SDS extraction, and Trizol-based protein extraction.
Besides, a commercial kit equipped with the grinding pestle was also
used for control (Supp Fig. 1 [online only]). Based on electrophoresis
results of equal amounts of protein samples (20 pg) from the 3rd- or
4th-instar larvae, the phenol/SDS extraction method resulted in high
protein abundance from high to low molecular weight, which is nearly
consistent with the Trizol-based protein method and commercial kit
(Supp Fig. 1 [online only]). To determine the compatibility of different
methods for further WB, samples of 3rd- or 4th- instar larvae were
collected, and the monoclonal antibody of o-tubulin was used for
turther testing. In the phenol/SDS and Trizol-based protein methods,
the protein was detected with a clear band of the expected molecular
weight of a-tubulin. However, no signals of a-tubulin were detected in
PBS-disruption and RIPA extraction of two larval-stage samples (Supp
Fig. 2A and B [online only]). Subsequently, the phenol/SDS method
was used to extract the protein from different tissues of the 4th-instar
larvae. There was no significant difference found in the signal of
o-tubulin among residual body, salivary glands, Malpighian tubules,
and midguts (F; ; = 1.91, P = 0.2071) (Supp Fig. 2C [online only]).

Antibody Preparation and Specificity Test of

PxGSS1/2

PxGSS1 and PxGSS2 have identical lengths and a high level of simi-
larity (~95%). Therefore, the predicted molecular weight of the pro-
tein is the same as ~61 kDa. By comparing the amino acid differences
in conserved domains between PxGSS1 and PxGSS2, we found that
the signal peptide domain (SP), N-acetylgalactosamine 4-sulfatase
(NA4S), and unknown domain (UD) of two proteins contained 2,
10 and 11 different amino acids. To obtain the antibody of these
two proteins, the homologous fragment of PxGSS1 and PxGSS2
(~20 kDa; 93%) was selected for antibody preparation (AP) of
PxGSS1/2 (Fig. 1A). The antigen was expressed in a prokaryotic
expression system with GST tag (~26 kDa) and induced by different
concentrations of IPTG in the form of an inclusion body (Supp Fig.
3A [online only]). The result of protein purification showed that
PxGSS1/2 protein was successfully recovered (Supp Fig. 3B [online
only]). Based on the WB, less than 500 pg of antigen was detected
by the polyclonal antibody of PxGSS1/2 and the molecular weight is

46 kDa (Fig. 1B). To further analyze the specificity of the polyclonal
antibody of PxGSS1/2 in endogenous conditions, the total protein
of 3rd- instar larvae or corresponding midguts was extracted by the
phenol/SDS method. Based on the WB, the single band (>60 kDa)
found in both samples indicated that the polyclonal antibody of
PxGSS1/2 is compatible with the exploration of the fine expression
pattern of PxGSS1/2 protein (Fig. 1C).

Developmental- and Tissue-Specific Distribution
Patterns of GSS1/2

To measure the relative protein level of PxGSS1/2, the gray value of
PxGSS1/2 was divided by the value of a-tubulin in different samples.
PxGSS1/2 exhibited a high expression pattern among all develop-
mental stages except for two, adults and eggs. The expression of
PxGSS1/2 was relatively high in 3rd- and 4th-instar larvae; however,
there was no significant difference between these two stages (F, , =
10.58, P = 0.0152) (Fig. 2A and B). To further explore the detailed
distribution pattern of PxGSS1/2 in larvae, 4th-instar larvae were
used to dissect related tissues. The total content of PxGSS1/2 in the
salivary glands and guts expressed high compared to the silk glands
and Malpighian tubules (F, ; = 12.63, P = 0.0054) (Fig. 2C and D).
Although no a-tubulin was detected in the gut content, the gut con-
tent showed a relatively high content of PxGSS1/2 when the gray
value of PxGSS1/2 was divided by the highest value of a-tubulin in
the silk gland (Fig. 2C and D). Likewise, at the transcript level, the
PxGSS1 gene was highly expressed in the salivary glands and foregut
(F, ,, = 19.42, P < 0.0001), meanwhile PxGSS2 gene was highly
expressed in foregut (F, ,,=16.54,P <0.0001). However, both genes
exhibited relatively low expression in Malpighian tubules and were
rarely expressed in silk glands (Fig. 3).

Immunochemical Distribution Analyses of PxGSS1/2
The paraffin section from the 4th-instar larvae was stained with hema-
toxylin and eosin to identify the nucleus and cytoplasm, respectively
(Fig. 4A). The clear distinction between gut content and peritrophic
membrane was found in the longitudinal section (Fig. 4B and C).
Paraffin sections were further incubated with the antibody of PxGSS1/2
to perform IE The sections incubated with secondary antibodies and
without secondary antibodies were used as experimental and control
groups, respectively. The autofluorescence was found in control (Fig.
4D); however, the experimental group detected the stronger red fluo-
rescent signals in the cuticle and peritrophic membrane of the midgut
(Fig. 4E). To determine whether salivary glands contained PxGSS1/2,
salivary glands were dissected for direct IF experiments. The signifi-
cantly stronger fluorescence signal of PxGSS1/2 was found in PxGSS1/2
antibody-incubated group as compared to the control (Fig. 5).

To overcome autofluorescence, the IHC method was used to
test the distribution of PxGSS1/2. PxGSS1/2 was not detected in the
control group of paraffin sections incubated only with secondary
antibodies (Fig. 6A). Nevertheless, there was a detection of a clear
and comprehensive distribution in cuticle, and gut content in the
section treated with the polyclonal antibody of Px(GSS1/2 and a sec-
ondary antibody (Fig. 6B). PxGSS1/2 was detected in the gut (fore,
mid, and hindgut), gut content, and outer regions, including muscles
and hemocytes (Fig. 6C).

GL-Response Characteristic of PxGSS1/2 at Protein
Level

To reveal whether substrate GL induced PxGSS1/2, the total GLs
extracted from the leaves of A. thaliana Col-0 were applied to
the surface of the artificial diet slice (25 x 23 x 2 mm). The level
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Fig. 1. Protein structural analysis and antibody specificity for PxGSS1/2. (A) Protein sequence comparison between PxGSS1 and PxGSS2 based on deduced
amino acid sequences. SP: signal peptide; NA4S: N-acetylgalactosamine 4-sulfatase domain; UD: unknown domain; AP: antigen protein. The same amino acids
were indicated in the short dash, and the differences were presented in the standard single-letter abbreviation. (B) The in vitro test of PxGSS1/2 antibody-based

on WB result. Lane 1-4: 10 ng, 5 ng, 1 ng, and 500 pg of antigen protein wer:

e used in WB. (C): The in vivo test of PxGSS1/2 antibody-based on WB result. Each

three biological protein samples were extracted from the 3rd-instar larvae (Lane 1-3) and the corresponding midguts (Lane 4-6). The phenol/SDS extraction

method was used in protein extraction.

of PxGSS1/2 protein did not significantly differ between samples
collected 12- and 24-hr post-treatment (F, ,,=2.938,P=0.0760)
(Fig. 7A). Moreover, the commercial substances of sinigrin (the
substrate of PxGSS1, not PxGSS2), 4-(methylsulfinyl)butyl,
3-(methylsulfinyl)propyl, and indol-3-ylmethyl GLs were used to
test the inducibility of PxGSS1 and PxGSS2. Likewise, no signif-
icant difference was found in the content of PxGSS1/2 protein
among the samples from 12- and 24- hours after each treatment,
including sinigrin (F, ,, = 1.088, P = 0.4132), 4-(methylsulfinyl)
butyl GL (F, ,, = 1.211, P = 0.3650), 3-(methylsulfinyl)propyl GL
(F, ,, = 0.9162, P = 0.4913), and indol-3-ylmethyl GL (F
0.4129, P = 0.7957) (Fig. 7B-E).

4, 10

Discussion

In this study, we firstly compared the applications of four different
protein extraction methods using WB and found that phenol/SDS
was compatible with WB-based quantification. We used the detection
system of WB for a comprehensive investigation of the distribution

of PxGSS1/2 protein in vivo. The larvae, their gut, and gut contents
contain a high expression of PxGSS1/2, which is consistent with the
previous report (Ratzka et al. 2002). Intriguingly, a significantly high
level of PxGSS1/2 was also detected in salivary glands at both tran-
script and translation levels. Furthermore, our IF and THC results
also confirmed that PxGSS1/2 is widely expressed. Notably, the
protein levels of PxGSS1/2 did not change significantly upon expo-
sure to total GLs or commercial sinigrin, 4-(methylsulfinyl)butyl,
3-(methylsulfinyl)propyl, and indol-3-ylmethyl GLs, suggesting that
the expressions of PxGSS1 and PxGSS2 are independent of major
GLs in A. thaliana Col-0.

To date, three known PxGSSs have undergone two rounds of dif-
ferentiation. PxGSS1 and PxGSS2 are young paired duplicated genes
distributed in tandem with PxGSS3 in the genome of P. xylostella
(You et al. 2013, Heidel-Fischer et al. 2019). The sulfatase C is the
common ancestor gene of these three genes, and PxGSS1/2 is the
close ancestor gene of both PxGSS1 and PxGSS2 (Heidel-Fischer et
al. 2019). It has been demonstrated that a single undifferentiated
gene, PxGSS1/2, is still present in the Plutella australiana, which
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Fig. 3. Tissue-specific relative transcript levels of PxGSS1 and PxGSS2 gene
using qRT-PCR.The gene relative transcript level of PxGSS1 (A) and PxGSS2
(B) in the different tissues dissected from 4th-instar larvae. The abbreviations
of different tissues are the same as in Fig. 2. Results are shown as means
+ S.E. (n = 3). Lowercase letters denote significant differences among the
samples (P < 0.05).

is a relative species of P. xylostella (Landry and Paul 2013, Perry
et al. 2018). Consequently, it is impossible to generate individual
antibodies due to the high similarity and the same length of each
protein. Despite being a polyclonal antibody, a clear single band
of ~72 kDa was detected in different samples, suggesting that
PxGSS1 and PxGSS2 are superimposed. This result is consistent
with the previous antibody results obtained with different PxGSS1/2
mutants (Chen et al. 2020), indicating that this epitope is suitable
for developing specific antibodies. Based on WB results of PxGSS1/2
among two PxGSS1 and one PxGSSI1 mutant lines, the content
of PxGSS1 was about twice that of PxGSS2 (Chen et al. 2020).
Currently, the known protein modifications on PxGSS include
glycosylation and formylation (Ratzka et al. 2002, Heidel-Fischer
et al. 2019). The glycosylation of proteins contributes to internal
folding, proteostasis, functional stability, and transportation of
proteins. This process occurs primarily in the endoplasmic reticulum
(ER) (Varki 2016, Schjoldager et al. 2020). In the adult mosquito,
Aedes aegypti, an approximately 7-kDa molecular weight difference

was found between glycosylated and de-glycosylated leucine-rich
repeat-containing G protein-coupled receptor 1 (Rocco et al. 2017).
Glycosylated and deglycosylated PxGSS1/2 showed similar weight
changes (Heidel-Fischer et al. 2019). The formylation, produced by
sulfatases modification factor SUMF1a and 1b, is present in all the
sulfatases to enable PxGSSs biological activity (Ratzka et al. 2002).
However, the single amino acid change (transformation from cys-
teine to formylated-glycine) has little effect on the molecular weight
of protein. The band specificity of our results suggests that the pol-
yclonal antibody of PxGSS1/2 is suitable and robust for subsequent
immunofluorescence and immunohistochemical studies.

Immunofluorescence has been widely used in the study of P.
xylostella in many aspects, including reproductive regulation, em-
bryonic development, interactions between host and pathogen,
and resistance to Bacillus thuringiensis toxins (Kwon and Kim
2008, Guo et al. 2020, Peng et al. 2020, Zou et al. 2020, Li et al.
2021). Nevertheless, autofluorescence is a common problem in IE,
and minimizing it becomes important in ensuring the accuracy of
results (Beutner et al. 1965, Tang et al. 2020). The observation of
P. xylostella slices showed that IHC is more effective than IF in
avoiding the interference of endogenous signals. In this study, we
found that the control group for IHC was free of interference from
spurious signals. Indeed, the IHC technology has been successfully
applied to P. xylostella (Escriche et al. 1995, Zhang et al. 2020).
Hence, considering immunochemical data are qualitative and the
existence of autofluorescence in P. xylostella, therefore, multiple
methods should be combined to investigate the distribution pattern
of protein of interest thoroughly.

Our results demonstrated that the protein expression pattern
of PxGSS1/2 exhibited relatively high in mature larvae and low
at other developmental stages. These results are consistent with
the gene expressions of PxGSS1 and PxGSS2 (Ratzka et al. 2002,
Ma et al. 2018). However, little is known about the mechanism of
transcription and translation of PxGSS1 and PxGSS2. Larvae are
exposed to long-term stimulation of glucosinolates and other sec-
ondary metabolites. Therefore, we speculated that these substances



Journal of Insect Science, 2022, Vol. 22, No. 6

Fig. 4. Immunofluorescence of PxGSS1/2 based on larval paraffin section. The hematoxylin and eosin (HE) staining of the paraffin section was dissected from
4th-instar larvae in (A) 40x%, (B) 100x, and (C) 200x magnification. The blue color represents the nucleus, and the red is the cytoplasm. Immunofluorescence
results of paraffin section dissected from 4th-instar larvae. (D) and (E): Middle-layer paraffin sections, pre-incubated with the polyclonal antibody of PxGSS1/2,
were untreated or treated with fluorescent-labeled secondary antibody, respectively. (Scale bar: 1,000 um). Abbreviations used in the figure: Mg: midgut, Hg:
hindgut; Ct: cuticle; Ec: enterocytes; Mv: microvilli; Pm: peritrophic membrane; Hd: Head; Sg: silk gland. Blue fluorescent signals: DAPI; red fluorescent signals:

PxGSS1/2 protein.

Bright field PxGSS1/2

Bright field PxGSS1/2

DAPI Merge

DAPI Merge

Fig. 5. Imnmunofluorescence of PxGSS1/2 based on salivary glands. The salivary glands incubated without (A) or with (B) primary antibody of PxGSS1/2. Blue
fluorescent signals: DAPI; green fluorescent signals: PxGSS1/2 protein. Scale bar: 100 um.

could potentially regulate the expression of mRNA and protein of
PxGSS1 and PxGSS2. In adults, P. xylostella depends on GLs-derived
products, such as the volatile gas of isothiocyanate (ITC), for host
finding. Among 12 female-biased expressed olfactory receptors
(Or), proteins Or35 and Or49 responded specifically to three ITC
compounds of iberverin, 4-pentenyl ITC, and phenylethyl ITC, re-
vealing the molecular mechanism underlying female adult preference
for oviposition (Liu et al. 2020).

Furthermore, GLs and GLs-derived products play a significant
role in the insect-plant relationship and tritrophic interactions. Sun
et al. (2019) reported that A. thaliana-mediated RNAI significantly
reduced PxGSS1 gene expression and enzyme activity, leading to
suppression of larval growth and survival due to an accumulation

of ITCs (Sun et al. 2019). Therefore, it remains unclear which sub-
stance, such as GL, GL-derived products, or others, regulates the
expression of PxGSS1 and PxGSS2 at the mRNA level, which should
be further investigated.

A higher level of PxGSS1/2 was detected in the whole gut (fore,
mid, and hindgut). Our findings are similar to the previous study
where PxGSS1/2 found higher levels in the intact gut and gut
contents (Ratzka et al. 2002). In addition, we also detected a signif-
icantly higher concentration of PxGSS1/2 in salivary glands using
WB and qRT-PCR. The numerous effectors and elicitors in saliva
from various insects have been extensively documented (Mutti et al.
2008, Erb and Reymond 2019, Xu et al. 2019). Recent reports have
suggested that PxGSS1 can be released onto attacked plant leaves
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Fig. 6. Immunohistochemistry of PxGSS1/2 based on larval paraffin section. (A) Paraffin sections were directly incubated with HRP-labelled secondary antibody.
(B) and (C) Paraffin sections were incubated with the polyclonal antibody of PxGSS1/2, followed by the HRP-labelled secondary antibody. Brown signal: PxGSS1/2
protein stained by DAB method; blue signal: nuclei stained by hematoxylin. Abbreviations used in the figure; Hd: head; HI: hemolymph; Gc: gut content; Ec:
enterocytes; Pm/Mv: peritrophic membrane/microvilli; Ct: cuticle; Sg: silk gland; Ms: muscle. (Scale bar: 1,000 um).
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Fig. 7. The detection of relative PxGSS1/2 expression feeding on a GL-containing diet. The WB results and PxGSS1/2 expression from 3rd-instar larvae were fed
on a total GLs-adding diet (A) or sinigrin (B), 4-(methylsulfinyl)butyl (C), 3-(methylsulfinyl)propyl (D), and indol-3-ylmethyl GLs (E) -adding diet at different times.
Acronyms used on X-axis: CK: larvae feeding on Gl-free diet; T: larvae feeding on the diet slices treated by total GL mixture (850 uM, 200 pl), or commercial
substances of sinigrin, 4-(methylsulfinyl)butyl, 3-(methylsulfinyl)propyl, and indol-3-ylmethyl GLs (20 uM, 200 pl). The three-time points are 0, 12, and 24 hr.
The relative protein expression of PxGSS1/2 was calculated by comparing the gray value of PxGSS1/2 to that of a-tubulin. Each treatment contained three bio-

replicates, and each covered three intact larvae.

to pre-detoxify defensive GLs of the host plant (Chen et al. 2022).
Therefore, salivary glands may be the source of the released PxGSS1.
In order to detect whether PxGSS1 and PxGSS2 are constitutive
or inducible proteins, total GLs were extracted from A. thaliana
and applied to an artificial diet to feed 3rd-instar larvae after star-
vation of four hours. Our study found that the protein content of
PxGSS1 and PxGSS2 did not differ significantly between the treat-
ment and control groups in two time points. Further, we repeated
the above experiments using a single GL, sinigrin (a substrate for
PxGSS1 but not for PxGSS2), and three other high-content GLs in A.
thaliana Col-0, including 4-(methylsulfinyl)butyl, 3-(methylsulfinyl)
propyl, and indol-3-ylmethyl GLs. These three GLs accounted for
53.6, 6.9, and 9.1% of the total GLs content in the Col-0 ecotype
(Hanschen et al. 2018), respectively. We found that PxGSS1/2 sig-
nals were not upregulated after GLs treatment compared with the

control group. In a nutshell, we speculated that the major sub-
strate GLs from A. thaliana Col-0 could induce neither PxGSS1 nor
PxGSS2. Previously, it was found that translation and transcription
of PxGSS1/2 are asynchronous in P. xylostella larvae fed wild-type
and GL-deficient mutant A. thaliana Col-0 plants (Heidel-Fischer et
al. 2019). Accordingly, there is a possible explanation for this non-
conformity. Some specific GLs may induce the mRNA level, but a
series of regulation mechanisms at the post-transcriptional level will
restrict the over-translation of the protein PxGSS1 and PxGSS2. The
over-expression of PxGSS1/2 becomes a burden for P. xylostella,
which needs to balance energy distribution for defense and growth.
However, this assumption needs to be investigated.

In A. thaliana, the content of total GLs varied with the genotype,
developmental stage, tissues, and growing conditions. However, the
average range is approximately 70 pumol/g (4-(methylsulfinyl)butyl,
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4-(methylsulfanyl)butyl, and indol-3-ylmethyl GL) in fresh weight
in Col-0 type, which accounting for >70 % of total GLs content
(Hanschen et al. 2018). Indeed, ten mM GLs or 3.5 mM indol-3-
ylmethyl GL were added to the diet for feeding experiments with
Bemisia tabaci (Malka et al. 2016). Due to the higher concentra-
tion of GLs extracted in our study than that in A. thaliana and other
GL-containing feeding experiments, we conclude that the protein
expressions of PxGSS1 and PxGSS2 are not influenced by GL concen-
tration, and both are GL-independently expressed. Similarly, the GSS
was highly expressed in the B. tabaci whether rearing on GL-rich or
GL-free diets (Manivannan et al. 2021). Interestingly, another member
of PxGSS3 was induced by Trp-GL at both mRNA and protein levels
in P. xylostella (Heidel-Fischer et al. 2019). Likewise, the enzymatic
activity of GSS showed a 10-fold change when the polyphagous locust
Schistocerca gregaria consumed GL-rich or GS-low host plants (Falk
and Gershenzon 2007). A constitutive (PxGSS1/2)-inducible (PxGSS3)
enzymatic model at the protein level may exist in P. xylostella, ena-
bling it to metabolize various glucosinolates for rapid detoxification.
However, the enzyme activities of three PxGSSs were conferred by
SUMF1a and 1b through post-translational modification (Chen et al.
2022). Therefore, the inducible effect of GLs on GSSs should require
full consideration of SUMF1a and 1b during insect-plant interaction.
Given this complexity, the inducibilities of three GSSs at the enzyme
activity level need to be further investigated in the future.

In summary, PxGSS1/2 is widely expressed in different larval
tissues, including the digestive and salivary secretion systems. Further,
the major GLs from leaves of A. thaliana Col-0 failed to induce the
expression of proteins for both constitutive PxGSS1 and PxGSS2
enzymes, which play an important role in counter-adaptation to the
host plant by disarming the GL-myrosinase defense. The full-armed
characteristics of P. xylostella allow it to specialize in cruciferous
plants broadening our understanding of insect-plant interactions.
Therefore, we conclude that PxGSS1/2 is the control target, and the
PxGSS-related inhibitors need urgently be developed for application
in pest control of P. xylostella.
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