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ARTICLE INFO ABSTRACT

Keywords: The brown planthopper, Nilaparvata lugens, is a model species for hemimetabolous development and the most
N-Glycosylation important pest insect in rice, which is the major staple crop for about half of the world population. Despite its
Pest insect

importance, little is known of the N-glycosylation process in this insect. Here we report on the N-glycome for the
post-embryonic stages of N. lugens, revealing unique features that are different from the holometabolous insect
models, as the fruit fly Drosophila melanogaster and the beetle Tribolium castaneum. Analysis of the N-glycan
fingerprint for male and female adults showed sex-specific N-glycosylation in insects. Specifically, the female
adults progress towards a unique glycan profile with a striking increase in high mannose N-glycans. The N-
glycome of N. lugens contributes to study pathways differentiating between sexes, and the results shed light on
the evolution and differences in development between primitive hemimetabolous insects and more advanced
holometabolous insects. The data are discussed in relation to potential function(s) in development and sex

Nilaparvata lugens
Mass spectrometry
gqPCR

specificity.

1. Introduction

Along with DNA, RNA and proteins, carbohydrates represent the
fundamental biomolecules of a cell. Glycosylation refers to the enzy-
matic process that attaches carbohydrates or glycans to proteins or
other organic molecules, and represents an important co-translational
and/or post-translational modification, since glycans serve a range of
structural and functional roles (Dwek, 1996; Ohtsubo and Marth, 2006;
Endo, 2009; Walski et al., 2017). The variety in monosaccharides and
glycosyltransferases available to build N-glycans will result in a wide
range of carbohydrate chains, differing in size and structure, and
modulating biological diversity and complexity (Varki and Kornfield,
2017).

The first steps of the N-glycosylation pathway are highly conserved
in eukaryotic cells and involve the assembly of the dolichol-linked N-
glycan precursor at the membrane of the endoplasmic reticulum (ER),
followed by the transfer of the GIcNAc,MangGlcs oligosaccharide to the
nascent polypeptide (Altmann, 1996). After deglucosylation, the N-

* Corresponding author.
E-mail address: Guy.Smagghe@UGent.be (G. Smagghe).

glycan will be subjected to initial trimming by class I a-mannosidases
(Manla/b) during the transport of the glycoprotein to the Golgi appa-
ratus. During the further processing of the carbohydrate chain in the
Golgi, differences between kingdoms occur (De Pourcq et al., 2010). In
fungi, the N-glycans are elongated leading to complicated hy-
permannosylated glycoforms, whereas in the animal kingdom glycan
structures differ between taxa. In mammalian cells, the N-glycans are
processed to complex type glycan structures (De Pourcq et al., 2010),
while in insect cells, oligomannose and (core fucosylated) pauci-
mannosidic N-glycans are the most common structures (Fabini et al.,
2001; Aoki et al., 2007; Ten Hagen et al., 2009; Kurz et al., 2015).
Though these glycans can be elongated by the addition of galactose
(Gal), N-acetylgalactosamine (GalNAc) and/or sialic acid (Sia) residues,
these complex glycans are typically low abundant in invertebrates
(Wilson, 2002; Schiller et al., 2012).

Although insects are the largest animal taxon on earth, with an
enormous genetic and phenotypic diversity (Sanderson, 2008), glycan
studies have only focused on holometabolous insects such as the fruit
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fly Drosophila melanogaster (Fabini et al., 2001; Aoki et al., 2007; Ten
Hagen et al., 2009; North et al., 2006) and other dipteran insects (Kurz
et al., 2015), beetles (Donitz et al., 2014; Walski et al., 2016), moths
(Stanton et al., 2017), caterpillars (Kajihura et al., 2015; Mabashi-
Asazuma et al., 2015; Soya et al., 2016) and bees (Kubelka et al., 1993,
1995). At present, no information is available on the N-glycosylation
process in hemipteran insects.

The hemipteran insect Nilaparvata lugens or the brown planthopper
(BPH) is commonly investigated as a model for hemimetabolous insects.
In addition, N. lugens is one of the most notorious pest insects in rice,
where outbreaks of BPH in rice fields lead to enormous economic losses
each year (Kshirod and Suk-Man, 2010; Bao et al., 2013). Being a sap-
sucking pest insect, N. lugens causes direct damage to the rice plant by
feeding on the rice phloem, inducing a condition called ‘hopperburn’.
Furthermore, BPH acts as a vector for rice viruses like the rice grassy
stunt virus and the ragged stunt virus, causing indirect plant damage (Li
et al., 2011).

This study focusses on the N-glycome of N. lugens, a model insect for
hemimetabolous post-embryonic development. Analysis of the N-glycan
profile of the nymphal stages revealed important discrepancies with
holometabolous insects. These observations were confirmed by ana-
lyzing the transcription profiles for the N-glycosylation-related genes
(NGRGs). Expanding the analysis to the N-glycome of the adult BPH
showed sex-specific N-glycosylation in insects. The data are discussed in
relation to potential function(s) in development and sex specificity.

2. Materials and methods
2.1. Phylogenetic analysis

The NGRG protein sequences from D. melanogaster and T. castaneum
were used as queries to search the unannotated N. lugens proteome
(BioProject: PRINA177647, Xue et al., 2014) using the BLAST tool from
NCBL. Identified Nilaparvata orthologues were verified through Inter-
ProScan (Jones et al., 2014) and phylogenetic analysis were performed
using RaxML v8.2.4 (Stamatakis, 2006) with known Drosophila and
Tribolium protein sequences (Fig. S1). The protein sequences were
aligned with MUSCLE using default settings in MEGA7 (Kumar et al.,
2016). Maximum likelihood trees were build using the GTRGAMMA
model with automated determination of the best amino acid substitu-
tion model, random number seed, and distinct starting tree. Bootstrap
iterations were decided automatically. The corresponding genes were
identified from the N. lugens genome database (BioProject:
PRINA177647, Xue et al., 2014) via tblastn using the BLAST tool from
NCBI with the annotated Nilaparvata protein sequences. The amplified
sequences of the corresponding genes were cloned (pJET1.2 cloning
vector) and sequenced (LGC Genomics) to validate the predicted se-
quences.

2.2. Insect culture

A continuous colony of N. lugens was kept on 4- to 8-week-old rice
plants (Oryza sativa japonica, Nipponbare, USDA Agricultural Research
Service, Beltsville, MD) in a climate chamber under standard conditions
of 27 = 1°C, 80 = 5% relative humidity and a 16:8 light/dark pho-
toperiod. Insects from 2nd instar (N2), 3rd instar (N3), 4th instar (N4)
and 5th instar (N5) as well as adult insects (males and females) were
collected and stored at —80 °C until further analysis.

2.3. Gene expression analysis

Approximately 15mg of insects at different developmental stages
(N3-N5) as well as adult males and females, were collected for RNA
extraction. RNA was isolated using Qiagen RNeasy mini kit (Venlo, the
Netherlands) according to the manufacturer's protocol. The TURBO
DNA-free Kit (Ambion, Life technologies, Carlsbad, CA) was used to

40

Insect Biochemistry and Molecular Biology 107 (2019) 39-45

remove trace quantities of DNA. cDNA was synthesized with
SuperScript III First-Strand Synthesis System (Invitrogen, Thermo
Fisher Scientific, Carlsbad, CA) using 1 ug of total RNA. The cDNA was
diluted 1:100 for subsequent real-time qPCR, which was performed
using GoTaq qPCR Master Mix (Promega, Madison, WI) and CFX 96
Connect robot (BioRad, Hercules, CA). The program for thermal cycling
included 10s denaturation at 95 °C, 30 s annealing/extension at 58 °C
with melting curve analysis at the end of the run. NIRpsl5 and
NlTubulin were used as reference genes, based on in-house optimiza-
tion. Detailed information on primer sequences and amplification effi-
ciency can be found in Supplementary Table S1. The whole experiment
was performed in three independent biological replications. Relative
mRNA expression of the target genes was quantified by the BioRad CFX
Manager software. Statistical analyses were performed by GraphPad
Prism (La Jolla, CA). Primers for qPCR were designed using Primer blast
tool (https://www.ncbi.nlm.nih.gov/tools/primer-blast/, Ye et al.,
2012).

2.4. N-glycan purification

Protein extracts were made from approximately 100 mg of insect
material. Whole insects were crushed in liquid nitrogen using a chilled
mortar and pestle. Insect powder was dissolved in extraction buffer (4%
SDS, 0.1 M DTT in 0.1 M Tris-HCl, pH 8.5) at a ratio of 10 ml/g of tissue.
The samples were vortexed and sonicated for 3min to lyse the insect
cells. Subsequently, extracts were incubated for 3 min in boiling water
and further sonicated for 5min. After centrifugation at 16000 x g for
15 min, the supernatant was collected. Samples were prepared in at
least three biological replicates. Tryptic peptides were prepared ac-
cording to the filter-aided sample preparation method (Wisniewski
et al.,, 2009) with some small adjustments. In short, protein extracts
were diluted with 8 M urea in 0.1 M Tris-HCI, pH 8.5 (urea buffer) and
applied on an Amicon Ultra-0.5 centrifugal filter device (30 K; Milli-
pore, Burlington, MA). After centrifugation for 15 min at 14000 X g the
proteins on the filters were washed twice with urea buffer. Subse-
quently, 50 mM iodoacetamide was added and samples were incubated
for 15 min at 37 °C in the dark. After alkylation, samples were washed 3
times with urea buffer, followed by three washes with 40 mM ammo-
nium bicarbonate. Filter units were transferred into new collection
tubes and trypsin (Pierce, Thermo Fisher Scientific, Waltham, MA) was
added in a ratio of 1:100. Samples were incubated overnight at 37 °C.
Resulting peptides were collected in 40 mM ammonium bicarbonate
using centrifugation. Approximately 1.5-2 mg of tryptic peptides were
treated with 0.3-0.4 mU peptide-N-glycosidase (PNGase) A from al-
monds (ProGlycAn, Vienna, Austria) in 50 mM citrate-phosphate buffer,
pH 5. In contrast to PNGase F, PNGase A can also release core al,3-
fucosylated N-glycans from glycopeptides. Deglycosylation was per-
formed at 37 °C for 20 h in a warm water bath. Released N-glycans were
separated from the peptides on SepPak-C18 cartridges (Waters, Milford,
MA) using the 1-propanol/5% acetic acid protocol (N-glycans in the
flow-through) as described in Chalabi et al. (2006).

2.5. Mass spectrometry analysis

Samples were desalted using Glycoclean H-cartridges (Prozyme,
Hayward, CA) according to manufacturer instructions and dried com-
pletely. Glycans were resuspended in labelling solution (750 mM
NaBH3CN, 175 mM 2-aminobenzamide (2-AB) in DMSO/acetic acid in a
ratio of 10:3) and incubated for 2hat 65 °C. Following 2-AB labeling,
samples were purified using Glycoclean S-cartridges (Prozyme) ac-
cording to manufacturer instructions and dried completely. Glycans
were resuspended in 50% acetonitrile in water for MALDI-TOF ana-
lyses. MS analyses were performed on an Ultraflex II (Bruker, Bremen)
mass spectrometer (6000 laser shots per spectrum) using the 2,5-DHB
matrix (20mg/ml in 50% acetonitrile, 0.1% trifluoroacetic acid).
Equivolumes of matrix and sample (typically 1 ul) were mixed on plate
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and allowed to dry. For each sample, three spots were analyzed and 3
mass spectra were recorded for each spot. The applied method has not
been refined for charged glycans. Therefore conclusions can only be
made about the presence of neutral N-glycans. Recorded spectra were
analyzed using FlexAnalysis 3.4 (Bruker) and assigned peaks were an-
notated using GlycoWorkbench2 (Ceroni et al., 2008) based on N-gly-
cans previously described in D. melanogaster and T. castaneum. N-glycan
structures were grouped according to five main types: high mannose
(Mangs.gy, MangGlc(.3y), pauci-mannose (Mang.4y), monofucosylated
(Man,_4yFuc,), difucosylated (Man(,.4)Fucs) and complex (containing
GlcNAc residues in the antennae) N-glycans. Differences between N-
glycan groups in the various developmental stages were analyzed using
SPSS Statistics 24 (ANOVA with Tukey's test or Kruskal-Wallis one-way
ANOVA test).

2.6. Relative quantification of N-glycans in adult samples

About 0.5 pmol of the Glyko 2-AB NA3 (G3, Prozyme) standard was
added to the nymphal and adult samples. New spectra were recorded on
an Ultraflex II (Bruker) as described previously. At least 2 biological
replicates were analyzed for the adult samples and three biological
replicates were analyzed for N3 and N5. N-glycan intensity was nor-
malized against the intensity of the added standard and corrected using
the N-glycan (HexFuc) exhibiting the most stable signal in the different
samples. Differences between adult male and female samples and
nymphal samples were analyzed using SPSS Statistics 24 (Independent-
Samples T-test or Mann-Whitney U test).

3. Results

3.1. High mannose and monofucosylated N-glycans are dominating the N-
glycome of N. lugens

N-glycan profiles in N. lugens were determined for adults and dif-
ferent nymphal stages (N2 - N5). N-glycans were released from poly-
peptides by PNGase A and subsequently labeled with 2-AB. MALDI-TOF
analysis yielded a total of 27 distinct glycan moieties (Table S2), which
can be classified into five N-glycan groups: high mannose, pauci-man-
nose, monofucosylated, difucosylatedand complex N-glycans. Within
both nymphal and adult N-glycomes high mannose and mono-
fucosylated N-glycans represent the major glycan structures, accounting
for approximately 70% of all N-glycans (Fig. 1). Pauci-mannose and
complex N-glycans were less abundant and constituted around 15% and
10%, respectively, of the total N-glycan pool. Difucosylated N-glycans
account for a minor fraction, with an appearance of around 1% of the
total N-glycan profile. The complete list of identified N-glycans and
their relative abundance is summarized for all studied life stages (Table
S2).

3.2. The Nilaparvata N-glycome does not change during post-embryonal
development, but reveals sex-specific N-glycosylation in adults

In holometabolous insects, the later stages of post-embryonal de-
velopment are accompanied by changes in the protein N-glycosylation
profile (Walski et al., 2016). To determine if such changes can also be
observed during the post-embryonic development of hemimetabolous
insects, the N-glycome of N. lugens was analyzed throughout the nym-
phal stages (N2-N5) (Fig. 1). Although small differences were observed
in the relative abundance of pauci-mannose N-glycans between N2 and
N4 (14.29 = 0.79% and 19.65 = 1.41%, respectively; p = 0.034)
(Fig. S2), relative quantification, using an N-glycan standard, revealed
no statistical differences (p > 0.05) for any of the detected N-glycans
between N3 and N5 (Table S3).

Expanding this analysis to the adult N-glycan profile of female and
male BPH revealed statistical differences in the relative abundance of
all N-glycan groups between the two sexes (Fig. 1, Fig. S2). Except for

)
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Fig. 1. N-glycan profiles of N. lugens throughout post-embryonic devel-
opment and adult sexes. N-glycan profiles in N. lugens were determined for
different nymphal stages (N2-N5) and adults (males and females) using MALDI-
TOF analysis for at least three biological replicates. Pie charts show the relative
abundance (%) of different N-glycan groups; high mannose, pauci-mannose,
monofucosylated, difucosylated and complex N-glycans.

an increase in the relative abundance of difucosylated N-glycans, the
profile of male adults resembled that of the nymphs (Fig. 1, Fig. S2). In
contrast, the N-glycosylation in female adults progressed towards a
unique N-glycan fingerprint (Fig. 1). To determine whether female
planthoppers contain an increased level of high mannose glycans or
rather show a decreased level of more processed glycans, the N-glycan
profile of adult male and female adults was analyzed and quantified
using an N-glycan standard (Table S4). These results showed a statis-
tically relevant increase of about 10-fold for high mannose N-glycans
(Hex,-Hexo) in females compared to males (Fig. 2A), with Hexg glycans
being the dominant group (17-fold increase). In male adults, mono- and
difucosylated pauci-mannose N-glycans were more prevalent compared
to females (Fig. 2B). Complex GalMan3GlcNAcsFuc N-glycans were
exclusively present in nymphs and adult males (Table S2), while the
levels for difucosylated pauci-mannose N-glycans showed differences
with the nymphal samples (Fig. S2). Relative quantification of the other
N-glycans did not show any statistical differences between the two
sexes (Table S4).
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B Fig. 2. True ratios of N-glycans in N3 and
adult males and females of N. lugens com-
pared to N-glycan standard. The N-glycans

100 20
dedede
*

75
@
g g
S g
< c
2 a2
© 50 ©
T b1
N ]
2 3

25

' Hex5 Hex6 Hexf Hex8 Hexs‘ Hex10

3.3. Transcription levels of genes involved in protein N-glycosylation differ
between sexes

Protein N-glycosylation is enabled via a complex and integrated
sequence of enzymatic reactions. To check whether the transcription
profile for the glycosyltransferases involved in the process of N-glyco-
sylation can support the differences observed at N-glycan level, the
putative NGRGs in the genome of N. lugens were identified through
BLAST searches using the sequences from D. melanogaster and T. cas-
taneum (Table 1). Transcription levels were quantified in both nymphal
and adult stages of BPH (Fig. S3). During nymphal development, the
transcription levels of most NGRGs were constant (Fig. S3), confirming
the stable N-glycan profile observed throughout the different nymphal
stages. The only exception was 34GalNAc transferase A (f4GalNAcTA)
for which the transcription levels decreased during nymphal develop-
ment. However, the N-glycans generated by the enzyme activity of the
B4GalNACTA gene (Hex,HexNAc,Fuc and HexsHexNAcszFuc) were very
low abundant and did not differ significantly between the N3 and N5
stages (Table S3). Throughout all life stages, nymphs and adults, the
genes encoding enzymes involved in N-glycan attachment to the protein
(Ostt3a/b) showed similar transcription levels (Fig. S3), suggesting an
important role of N-glycosylation in the proper functioning of the cell.
In adult males, an increased expression of genes involved in initial
trimming (GCS1, Manla) and further modification (Man2a/2b, Mgat 1/
2/4, FucT6/A, P4GalNAcTB and ST6Gal) was present compared to
adult females (Fig. S3). The lower transcription levels for genes coding
for enzymes involved in initial trimming in females might account for
the presence of glucosylated N-glycans (Hex;(.15) in these samples
(Table S2). No statistical differences were observed in the transcription
levels of GCS2, Manlb, Fdl and B4GalNAcTA. Comparative analysis of
the transcription profiles for all NGRGs revealed a clear clustering for
the male and female samples in two separate branches (Fig. 3).

4. Discussion

In holometabolous insects, N-glycosylation of proteins plays an
important role in different biological processes such as development,
immunity and fertility (Walski et al., 2017). Previous studies in D.

g Hex2Fuc Hex2Fuc2 Hex3Fuc Hex3Fuc2
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present in N3 and adults (males and females)
were analyzed and quantified using an N-glycan
standard. The normalized and corrected N-
glycan abundance (mean + SEM) for N3, male
and female adults from at least two independent
biological replicates is shown for high mannose
N-glycans (A) and fucosylated pauci-mannose N-
glycans (B). Statistical differences (Independent-
Samples T-test or Mann-Whitney U test) are
marked with an asterisk (*p < 0.05,
*%p < 0.001).

melanogaster and T. castaneum have shown that the transition from
immature larvae to adults is accompanied with a change in protein N-
glycosylation (Sarkar et al., 2006; Arakane et al., 2011; Walski et al.,
2016). Adult beetles and flies contain more processed N-glycans than
larvae, while the levels of difucosylated and complex N-glycans do not
differ much (Fabini et al., 2001; Aoki et al., 2007; Walski et al., 2016).
In agreement, most genes coding for the enzymes involved in the N-
glycosylation process show increased transcription levels during later
developmental stages with the highest expression levels appearing
particularly during the pupal stage (Walski et al., 2016). Furthermore,
silencing of these NGRGs resulted in developmental phenotypes such as
larval mortality, and prevention of pupation and adult eclosion. Var-
iations in the total N-glycan profile have also been observed for dif-
ferent developmental stages of the nematode Caenorhabditis elegans,
suggesting that changes in glycosylation profiles during post-embryonic
development may be widespread among invertebrates (Cipollo et al.,
2005). In this study, the N-glycan profile for different post-embryonic
life stages of a hemimetabolous insect was studied in N. lugens, a no-
torious pest insect of rice. In contrast to the changes in the N-glycan
profile observed during the post-embryonic development in holometa-
bolous insects, the N-glycome of N. lugens did not change during
nymphal development. Interestingly, these data are in agreement with
the transcription profiles for NGRGs, showing stable transcription levels
for most genes throughout development. Although no changes in N-
glycosylation were observed during post-embryonal development,
protein N-glycosylation might still be essential for the development of
hemimetabolous insects, and silencing may lead to lethal and sublethal
effects such as developmental arrest or growth defects. Further research
is therefore needed to elucidate the importance of protein N-glycosy-
lation during post-embryonic development of hemimetabolous insects,
and its use as novel insecticidal target to control important pest insects.

Expanding the study of the non-reproductive nymphal stages with
the analysis of the N-glycan profiles for male and female adults of N.
lugens, revealed sex-specific N-glycosylation in insects. In humans, sex
and age specificity of protein N-glycosylation has already been de-
scribed for N-glycomes from plasma (Knezevic et al., 2009) and saliva
(Qin et al., 2013). Sex-related variations in the N-glycome have recently
been reported for the porcine nodule worm Oesophagostomum dentatum
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Table 1
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Overview of putative N-glycosylation-related genes in N. lugens. . or GlcNAc — N-acetylglucosamine, ) or Man — mannose, . or Glc - glucose, A or Fuc —

fucose, or GalNAc - N-acetylgalactosamine,

Walski et al. (2016).

or Gal - galactose, ’ or Sia - sialic acid, Asn - asparagine in a polypeptide chain. Table adjusted from

z
H

Protein name Gene name Drosophila accession Tribolium  Nilaparvata Function
Accession  accession
Oligosaccharyltransferase (OST) Ostt3a Q9VREO TC010433 NLU006107.1 Attachment of N-glycan
complex Ostt3b Q9X7Z53 TC009183 NLU011128.1 precursor from dolichol to ~ *
a polypeptide
a-Glucosidase 1 GCS1 Q9VZ04Q7KMM4 TC011354 NLU018489.1 Trimming of terminal
a-Glucosidase 1T GCS2 TC032148 NLU010177.1 glucose residues from N- A
glycan
Golgi a-1,2-mannosidase Ia Manla P53624 TC011089 NLU026219.1 Initial trimming of terminal
Golgi a-1,2-mannosidase Ib Manlb Q9VAP8 TC002991 NLU014338.1 mannose residues from A
Man9 to Man5
Mannosyl(a-1,3)-glycoprotein - Mgatl Q60GL7 TC009001 NLU007274.1 GlcNAc transferase
1,2-N-acetylglucosaminyl- s
transferase I
Golgi a-mannosidase Ila Man2a AOAOB4KFGO TC009186 NLU004974.2 Trimming of mannose
Asn.
Golgi a-mannosidase IIb Man2b Q9VF33 TC014283 NLU023574.1 residues for the production
of pauci-mannose N-
glycans
N-acetylhexosaminidase Fdl Q8WSF3 TC009779 NLU008747.1 Removing of terminal -
GlcNAc
Core al,6-fucosyltransferase FucT6 Q9VYV5 TC008521 NLU008004.2 Adding fucose at core
Core al,3-fucosyltransferase FucTA Q9VUL9 TC014343 NLU006240.1 structure of N-glycan with
formation of either mono-
or difucosylated N-glycans
A
Mannosyl(a-1,3)-glycoprotein p- Mgat2 Q961U0 TC001867 NLU006734.1 GlcNAc transferases
1,2-N-acetylglucosaminyl- Mgat4 Q9VUH4 TC003870 NLU008250.1 involved in production of - =
transferase II complex N-glycans 12
Mannosyl(a-1,3)-glycoprotein
B-1,2-N-acetylglucosaminyl-
transferase IV e —a
2-3
B4GalNAc transferase A B4GalNACTA Q7KN92 TC006388 NLU022128.1 Addition of Gal or GalNAc
B4GalNAc transferase B B4GalNACTB  Q9VAQS8 TC006987 NLU029089.1 for the production of e B0/ -0
complex N-glycans 12
Sialyltransferase ST6Gal Q9W121 TC014265 NLU028253.1 Sialic acid transferase E

(Jiménez-Castells et al., 2016), but sex specificity of protein N-glyco-
sylation has not yet been described in insects. In N. lugens, male adults
retain a glycan profile similar to that of the nymphal stages, except for a
slight increase in difucosylated pauci-mannose N-glycans. In the fruit
fly, these difucosylated N-glycans are mainly present in neural tissues
and male reproductive organs (Rendic¢ et al., 2006). Based hereon, the
small increase of difucosylated N-glycans in adult males can suggest a
role for glycoproteins carrying difucosylated glycans in the Nilaparvata
male reproductive system. In contrast, the N-glycome of adult females
progresses from the nymphal profile towards a female-unique N-gly-
cosylation pattern. Compared to males, female N-glycomes contain a
striking increase in high mannose N-glycans and a decrease in mono-
and difucosylated pauci-mannose N-glycans. In agreement to this, in-
creased transcription levels for NGRGs involved in the initial trimming
and further processing of the N-glycans were observed in male adults,
resulting in the formation of less unprocessed N-glycan forms. Glyco-
proteins carrying high mannose N-glycans may play a role in the female
reproductive system. For example, vitellogenin and vitellogenin re-
ceptor, two proteins involved in the female reproductive process, are
known to be decorated with high mannose N-glycans (Sappington et al.,
1996; Ciudad et al., 2005; Tufail and Takeda, 2008; Zhang et al., 2016).
While transcription profiles of NGRGs for different nymphal stages as
well as between male and female adults show consistency with the
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obtained N-glycan profiles, a discrepancy is observed between the N-
glycan profile and the transcript profile when comparing nymphal and
adult stages. Although male adults and nymphal stages yield a similar
N-glycan profile, the transcription profiles for the NGRGs in nymphs are
more similar to that of the female adults.

In conclusion, we evaluated the N-glycome of a hemimetabolous
pest insect throughout development and between the two sexes. In
contrast to holometabolous insects where changes in the N-glycosyla-
tion pattern during the later stages of post-embryonic development are
crucial for the transition to adult, the N-glycome does not change
during the post-embryonic life stages of N. lugens. Intriguingly, the in-
fluence of the sexes on N-glycosylation was demonstrated by the ap-
parent shift in the N-glycan profile from male to female adults, showing
sex-related N-glycosylation in insects. While male adults retained an N-
glycan profile resembling the nymphal pattern, females obtained a
unique N-glycan fingerprint characterized by a striking increase in high
mannose N-glycans. This research lays a foundation to further explore
the differences in post-embryonic development between holo- and
hemimetabolous insects and can contribute to the discovery of new,
exciting physiological pathways diverging between male and female
adults.
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Fig. 3. Clustergram of NGRGs of N. lugens. Expression of
NGRGs during development (N3-N5) and through adult
sexes; male adult (MA), female adult (FA). Relative gene
expression was quantified using QRT-PCR with NIRps15 and
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Abbreviations

Asn Asparagine

BPH brown planthopper
ER endoplasmic reticulum
N5 fifth instar

N4 fourth instar
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NITubulin as reference genes. The data are shown in a hier-
archy based on the degree of similarity of expression for
different samples and targets; upregulation (red), down-
regulation (green), no regulation (black) or no value (black
with a white X). Data are derived from three biological re-
plicates (a—c). (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version
of this article.)

Fuc fucose

FucT fucosyl transferase

Fdl fused lobes

Gal galactose

Glc glucose

GCS glucosidase

Man mannose

Man mannosidase

GalNAc N-acetyl galactosamine
GlcNAc  N-acetyl glucosamine

Mgat N-acetyl glucosaminyl transferase
NGRG  N-glycosylation-related genes
Ostt oligosaccharyl transferase

PNGase A peptide-N-glycosidase A
PNGase F peptide-N-glycosidase F

N2 second instar
Sia sialic acid
ST6Gal sialyl transferase
N3 third instar
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