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An insect egg is one of the most vulnerable stages of insect life, and the evolutionary success of a species depends
on the eggshell protecting the embryo and the egg glue securing the attachment. The common bed bug (Cimex
lectularius), notorious for its painful and itchy bites, infests human dwellings to feed on blood. They are easier to
find these days as they adapt to develop resistance against commonly used insecticides. In this study, we identify
and characterize the eggshell protein and the probable egg glue protein (i.e. keratin associated protein 5-10 like
protein) of the bed bug by using mass spectrometry and bioinformatics analysis. Furthermore, by using tran-
scription profiling and in vivo RNA interference, we show evidences that the keratin associated protein 5-10 like
protein functions as the glue protein. Finally, structural characterizations on the two proteins are performed
using recombinant proteins. Amino acid sequences of various insect eggshell and egg glue proteins support their
independent evolution among different insect groups. Hence, inhibiting the function of these proteins related to
the earliest stage of life can achieve species-specific population control. In this respect, our results would be a

starting point in developing new ways to control bed bug population.

1. Introduction

A female insect lays its eggs covered with a soft eggshell. The egg is
both the start and the most vulnerable stage during an insect’s life cycle,
and the eggshell acts as the first line of defense in protecting the
developing embryo. Generally, an insect’s egg (oocyte) from the embryo
is layered by the vitelline membrane, the endochorion, and the outer-
most exochorion. Usually, the term eggshell includes all these regions
outside the oocyte, and its main function is to protect the developing
embryo [1-3]. This eggshell must allow gas exchange (respiration) and
the entry of sperm (fertilization) as well as to provide protection against
desiccation and micro-organisms (especially via secreted anti-microbial
proteins) [1-5]. The insect eggshells are usually made of proteinaceous
materials, and several eggshell proteins have been identified from
various insects including the fruit fly (Drosophila melanogaster (M.))
[4,5], the yellow fever mosquito (Aedes aegypti (L.)) [6], the kissing bug
(Rhodnius prolixus (S.)) [7], and the German cockroach (Blattella ger-
manica (L.)) [8].

* Corresponding authors.

The female insects in most cases also secret adhesive materials along
with the egg for its secure attachment to a selected preferred environ-
ment. These so-called egg glues are also made of proteins and are usually
secreted from the female accessory gland during oviposition. So far, the
egg glues from several Australian insect species [9], the human head and
body louse (termed the louse nit sheath protein) [10,11], and the silk
moth (Bombyx mandarina (M.)) [12] have been characterized. The re-
sults of these various insect eggshell and egg glue proteins indicate that
their identities (i.e. protein sequences) are seemingly diverse and unique
suggesting that independent evolution likely resulted in the specialized
sets of eggshell and egg glue proteins in each insect group. From a
human perspective, inhibiting the function of these proteins in a harmful
insect would allow species-specific population control.

The common bed bug (Cimex lectularius (L.)) is an insect that infests
houses and feeds on human blood. While they are not known to directly
transmit diseases, they come out at night from their hidings in small
cracks and crevices (of the bed mattresses, wallpapers, and furniture)
and their bites are of extreme annoyance. Moreover, bed bugs are
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considered as a public health issue in many countries because they can
easily spread and are becoming increasingly resistant to various pesti-
cides (DDT, organophosphates, and pyrethroids) [13-15]. In this study,
we identify and characterize the eggshell protein and the egg glue
protein of the common bed bug. In the future, this information may help
find new ways for species-specific control of bed bug population.

2. Methods and materials
2.1. Bed bug rearing and eggshell collection

The Florida strain of bed bug (C. lectularius) was maintained on in
vitro membrane feeding systems [16] under environmental conditions of
30 °C, 70 % relative humidity, and 16/8 h light/dark in a rearing
chamber (reviewed and approved by the Institutional Review Board of
Seoul National University, IRB No. E2211/001-003). The Korean Red
Cross approved the supply of blood that fell below the human blood
transfusion threshold for our research use. The hatched eggs (eggshells)
attached on filter paper (Whatman, Maidstone, UK) were harvested
under a stereomicroscope (SZ61, Olympus, Tokyo, Japan), washed five
times using ddH»O to remove contaminants such as bed bug feces and
used for the following experiments.

2.2. Dissolving the empty bed bug eggs

Either a single egg or ~50 eggs were treated with 8 M urea, 100 mM
Tris pH 7.5 and 100 mM dithiothreitol (DTT) solution. After overnight
treatment at 25 °C, the supernatant and the residual which remained
undissolved were separated by centrifugation. The undissolved residual
was further washed with ddH,0 three times to remove any leftover urea.

2.3. Mass spectrometry analysis of the dissolved eggshell supernatant

The supernatant of the dissolved eggs was run on SDS-PAGE to
identify its protein content. First, 10 pL of the supernatant was mixed
with 20 pL of commercial SDS-PAGE sample buffer (Invitrogen, USA)
containing 100 mM DTT, and boiled overnight. Next, 5 uL of 1 M DTT
was added to 5 pL of the boiled mixture, incubated for 30 min and gel-
electrophoresed on Nu-PAGE 4-12 % Bis-Tris gel (Invitrogen, Carlsbad,
CA, USA) using a MOPS running buffer (100 V, 60 min). The gel was
stained using Coomassie Blue, and the region of the major protein band
was cut into a plug and their tryptic digestion fragments analyzed using
LC-MS/MS at a mass spectrometry facility of the National Instrumen-
tation Center for Environmental Management (NICEM, College of
Agriculture and Life Sciences, Seoul National University, Seoul, Korea).
The peptide fragments of the mass spectrum were searched against the
whole genomic proteins of C. lectularius in the public database [17].

2.4. Amino acid composition analysis of the residual

The residuals remaining after the urea-treatment of the bed bug eggs
were analyzed for the amino acid composition at the Korea Basic Science
Institute (KBSI, Seoul, Korea). The residual left after dissolving ~50
empty bed bug eggs with urea-based solution was completely air dried,
and then hydrolyzed using 1 mL of 6 N HCl at 110 °C for 24 h. The
hydrolyzed amino acids were modified with phenylisothiocyanate
(PITC) using 20 pL of PITC-solution [methanol:H,O:trimethylamine
(TEA):PITC = 7:1:1:1] at RT for 30 min. After removing the solvents
with vacuum rotary evaporator, the remaining PITC-modified amino
acids were re-dissolved in 200 pL of 140 mM sodium acetate (pH 6.1),
0.15 % TEA, 0.03 % EDTA, and 6 % CH3CN in water, followed by
filtration using a 0.45 pm filter (Millipore, Burlington, MA, USA). After
further centrifugation, the supernatant was removed and loaded onto
the auto-sampler of HPLC (Hewlett Packard 1100) (Agilent, Santa Clara,
CA, USA) for injection into a Nova-Pak C18 (4 pm, 3.9 x 300 mm)
column (Waters, Milford, MA, USA). The elution was performed using a

International Journal of Biological Macromolecules 249 (2023) 126004

linear gradient of 60 % CH3CN and 0.015 % EDTA for 30 min (1.0 mL/
min flow rate). The PITC-derivatized amino acid standards were also run
using the same condition. The individual areas under the peaks of the
sample chromatogram were compared to that of the amino acid stan-
dards to identify and determine the amino acid type and their relative
mole percent (Table 1).

2.5. Bioinformatics search for the candidate egg glue protein of the
undissolved residual

If the residual remaining after the urea solution treatment of the bed
bug egg were to dissolve, the use of mass spectrometry would be the
method of choice for the identification of the composing proteins as
done in the case of the dissolved eggshell. Instead, the amino acid
composition result of the residual was analyzed by using a
bioinformatics-based search. First, the complete protein list obtained
from the whole genome sequencing of C. lectularius was downloaded
from NCBI [17] in order to search for the protein whose amino acid
composition corresponds to the amino acid analysis result of the resid-
ual. Among the 24,194 bed bug whole-genome encoding proteins, 2353
proteins containing a signal peptide which allows the protein to be
secreted were selected using SignalP-5.0 [18]. Furthermore, proteins
predicted by TMHMM [19] to contain an internal transmembrane
spanning o-helix (or helices) within the 2353 proteins were excluded
from the final protein set for they are membrane proteins. As a result,
1428 non-redundant protein sequences were included in the final pro-
tein set.

Next, the amino acid compositions from these 1428 sequences were
extracted and compared with that of the residual. Since Cys and Trp
cannot be detected in the amino acid composition analysis due to the
harsh HCl hydrolysis condition which degrades these residues, we
excluded them when computing the amino acid compositions. Also,
since Asp and Asn, as well as Glu and Gln, are not experimentally
distinguishable, each pair was combined into one class. Therefore,
comparisons of the fractions of 16 amino acids composing the individual
1428 non-redundant protein sequences against those of the experi-
mentally determined residual were performed, as detailed below.

2.5.1. Fit using one protein sequence

In order to compare the experimental amino acid composition of the
residual with that obtained from each of the 1428 non-redundant se-
quences, the number ngy; of the i-th amino acid (i = 1,...16) in the
sequence o (o = 1,...,1428) is first counted and divided by the sequence

Table 1
Experimentally determined amino acid composition
of the residual after the urea treatment of the bed bug

eggs.
Amino acid” % moles
Asx (Asp or Asn) 7.4
GIx (Glu or Gln) 6.0
Ser 3.2
Gly 23.3
His 3.5
Arg 3.9
Thr 10.9
Ala 7.7
Pro 6.6
Tyr 3.5
Val 13.5
Met 0.0
Ile 0.0
Leu 4.9
Phe 3.5
Lys 2.0

# There were no information on the contents of
cysteine and tryptophan residues due to the harsh HCI
hydrolysis condition which degrades those residues.
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length Ny, to obtain the fraction fi; = §. The amino acid composition of
the sequence « is defined by the 16-component vector formed by f,; and
the protein sequence whose composition is closest to the experimental
composition of the residual (f?, similarly defined by the 16-component
vector formed by the amino acid fractions) is selected. The closeness of
the compositions was measured in terms of the usual Euclidean distance

in 16 dimensions,

S~ £) (a=1,--1428).

i=1

The protein sequence with the lowest value of R was selected among
1428 sequences as the one having the composition most similar to that
of the residual.

2.5.2. Fit using two protein sequences (two-protein mix model)

The amino composition in the solution was also fitted using a com-
plete pair set of two sequences within the 1428 selected proteins. For
each pair of 1428 proteins labelled by the indices a and p, we combined
their compositions with weights r, and rg with ry 4+ r3 = 1, and mini-
mized the distance from the experimental composition of the egg re-
sidual,

Ry = \/Zil (£ = rofa — (1 — ro)fy )2
- \/Z,‘Zl (£ — £ —re(fa — £) ),

with respect to r,. The minimization is straightforward since it is just a
quadratic function. We then selected the pair @ and p with minimal value
of R4y already minimized with respect to r,. We inferred that the residual
was mainly composed of the pair of protein sequences o and f selected in
this manner, their relative compositions being r, and r3. We also per-
formed a similar analysis with one protein of the pair fixed as the
eggshell protein (ESP).

2.6. Temporal and spatial transcription profiles of ESP and KAP5-10L

Whole female reproductive organs were dissected from 12-day old
25 virgin females or gravid females in ice-cold, nuclease-free PBS (pH
7.4). Previously, the reproductive organs of female bed bugs were found
to be mainly divided into three parts: ovary, oviduct and spermatheca
[20]. For this study, the tissues were dissected into two parts, ovaries
and oviduct with spermatheca (SFig. 1), and stored in RNA later (Invi-
trogen, Carlsbad, CA, USA) until all bed bugs were dissected. Total RNA
was extracted with TRIzol reagent (MRC, Cincinnati, OH, USA) ac-
cording to the manufacturer’s protocol, and the mRNA was further pu-
rified by Oligo (dT) magnetic beads (Qiagen, Germany). The subsequent
cDNA library construction and adapter ligation were conducted with a
TruSeq™ Stranded mRNA LT Sample Prep Kit (Illumina, San Diego, CA,
USA).

To quantify the temporal transcription levels of ESP and KAP5-10L,
total RNA was extracted from the dissected ovaries and oviducts with
spermatheca at different ages of bed bugs using TRIzol reagent (MRC) as
described above. For the spatial expression pattern of KAP5-10L,
dissected ovaries, oviducts, brains, malpighian tubules, midguts and
cuticles were used to extract total RNA. First-strand cDNA was synthe-
sized from DNasel (Takara, Shiga, Japan)-treated total RNA using Su-
perScript IV reverse transcriptase (Invitrogen) according to the
manufacturer’s protocol. The reaction mixtures contained 1x TB
Green® Premix Ex Taq (Takara) and 0.5 pM primers for ESP or
KAP5-10L (sequences are shown in STable 1). Elongation Factor 1-alpha
(EF1a) and 60S Ribosomal protein L18 (60SRpL18) were used as reference
genes. Quantitative real-time PCR (qRT-PCR) was conducted in the
Roche LightCycler 96 system (Roche, Basel, Swiss) using the following
cycle conditions: 95 °C for 10 min, 40 cycles of 95 °C for 30 s, 57 °C for
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30s, 72 °C for 30 s and serial increase of 0.2 °C per 1 s from 45 to 95 °C
for melting curve analysis. The relative expression level of a gene was
calculated based on the original concept of 2722¢¢ [21]. All qRT-PCR
was repeated 3 times with total RNA extracted independently. One-
way ANOVA with Tukey’s post hoc test was performed to determine
significant differences by interpreting P-values using the GraphPad
Prism 6.01 software (GraphPad Software, San Diego, CA, USA).

2.7. dsRNA synthesis

The transcription template of KAP5-10L from the reared bed bug
c¢DNA was amplified by PCR using gene-specific primers (STable 1)
which targeted the 428-bp region that nearly spanned the whole 450-bp
length of the reported KAP5-10L sequence in NCBI (SFig. 2). The
amplified sequence was cloned into pGEM-T easy vector (Promega,
Madison, WI, USA), and the inserted gene sequence confirmed (Mac-
rogen, Daejeon, Korea). The KAP5-10L fragment-containing plasmid
was employed as a template for the in vitro production of double-
stranded RNA (dsRNA) using a set of gene-specific primers with a T7
promoter sequence attached to their 5’ ends. The dsRNA sequences were
transcribed with the Megascript T7 transcription kit (Invitrogen) ac-
cording to the manufacturer’s protocol. Nuclease-free water was used
for dsRNA elution, and the synthesis was verified by 1.5 % agarose gel
electrophoresis and quantified on a NanoDrop ND-1000 instrument
(Thermo Fisher Scientific, Waltham, MA, USA). As a negative control,
dsRNA for pQE30 was generated from the pQE-30 UA vector (Qiagen
Korea, Osong, Korea) using the exact same method.

2.8. Administration of the dsRNA by direct injection into the female bed
bug

Bed bugs are gonochorists with obligate traumatic insemination, in
which the male injects sperm into the female’s hemocoel by puncturing
her abdomen cuticle during copulation [22]. The male injects his par-
amere to a unique female anatomical organ called a spermalege to pierce
the female abdomen. The evolutionary emergence of spermalege is re-
ported to be the outcome of protection against the inevitable infection
during the mating [23,24]. Since spermalege injections of dsRNA result
in a lower death rate than injections in other abdominal areas, the
synthesized dsRNAs were injected into the female bed bug through the
spermalege.

The KAP5-10L RNA interference was most efficient when the dsRNA
was administered two times (24 and 48 h) after mating. To produce
virgin female adults, bed bugs at the 5th instar were blood-fed and
separated individually in a 96-well plate. After molting, the female
adults were blood-fed and freely mated with male bed bugs. Once
copulation was confirmed by the scar on the spermalege, the mated
female was placed in a petri dish for 24 h. As mentioned above, the
dsRNA injection was repeated two times (24 and 48 h) after the mating.
KAP5-10L dsRNA (2 pg, 200 nL per bed bug) was injected individually
using a nanoinjector (NanoLiter 2000, World Precision Instruments, FL,
USA) and a needle prepared with glass capillary tubes. Same dose of
PQE30 dsRNA was injected into a female as a negative control. A total of
15 bed bugs were injected per treatment, and three replicates were
performed. After injection, five bed bugs were placed into a 5 mL glass
vial with a piece of black smooth paper (1.3 cm x 3.5 cm, 52 mg/cm?).
The paper was changed every 24 h to assess the daily oviposition and
hatching rates.

Proper gene knockdown was verified by qRT-PCR. After 48, 72, and
96 h of the first dsRNA injection, three bed bugs per replicate were
collected, and total RNA was extracted from the dissected abdomens
including the reproductive organs. cDNA synthesis and qRT-PCR were
conducted as described above. Data on gene knockdown, oviposition,
and egg hatchability were analyzed using multiple t-tests with the Holm-
Sidak method (P < 0.05). All analyses were done with GraphPad Prism
6.01.
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2.9. Recombinant ESP and KAP5-10L expression and purification using
Escherichia coli

The DNA encoding ESP (19-365) and KAP5-10L (23-149) both
without the N-terminal signal sequence were synthesized with codon-
optimization for E. coli expression and cloned into the pET28a vector
(Merck, Rahway, NJ, USA). Cloning was performed using the Ndel and
BamHI restriction enzyme sites to allow the expression of ESP with an N-
terminal Hise-tag for Ni-NTA affinity purification. Of note, the codons of
two terminally located cysteine residues (Cys18 and Cys366) in ESP
were not included in the synthesized gene to prevent complication from
possible Cys-Cys disulfide cross-linking. Also, all the cysteine residues of
KAP5-10L (30 % of native KAP5-10L are cysteine residues.) were
mutated to encode serines for the same reason. The generated plasmids
were sequence verified (Enzynomics) surrounding the insert regions.
Plasmids were used to transform E. coli BL21 (DE3) (Merck) competent
cells using heat shock at 42 °C (45 s). The transformed cells were grown
at 37 °Cin 1 L of Luria-Bertani (LB) medium to an ODggg of ~0.8 in the
presence of 25 pg/mL kanamycin. Expression of the recombinant pro-
teins were induced by addition of 0.5 mM isopropyl-D-
thiogalactopyranoside (IPTG) at 22 °C, and cells were allowed to grow
for extra 16 h. Cells were harvested using centrifugation at 4500 xg for
10 min (4 °C).

The expressed ESP and KAP5-10L with the N-terminal Hise-tag were
both soluble. For protein purification, the bacterial cell pellets were re-
suspended in 50 mL ice-cold lysis buffer (20 mM Tris pH 7.5, 500 mM
NaCl, and 5 mM imidazole) and lyzed on ice by sonication. The ho-
mogenates were centrifuged at 70,000 xg for 30 min (4 °C), and su-
pernatants poured over 5 mL Ni-nitrilotriacetic acid agarose (Ni-NTA)
(Qiagen, Hilden, Germany) gravity column. The columns were washed
with five column volumes of wash buffer (20 mM Tris pH 7.5, 20 mM
imidazole, and 500 mM NacCl), and the proteins were eluted with the
elution buffer (20 mM Tris pH 7.5, 200 mM imidazole, and 500 mM
NaCl). For the ESP, the elution fractions containing the protein were
checked using Bradford assay (Bio-Rad, Hercules, CA, USA), combined,
and added with 50 pL of 0.25 U/pL bovine thrombin (Invitrogen, Wal-
tham, MA, USA). After proteolysis of the Hisg-tag for 16 h incubation at
4 °C, the protein samples were further purified using HiLoad® 26/60
Superdex® 200 size-exclusion column (SEC) pre-equilibrated with SEC
buffer (50 mM Tris pH 7.5, 150 mM NaCl, and 2 mM DTT). The ESP:
thrombin proteolysis mixture was loaded into the column connected to
an AKTA FPLC system (GE Healthcare, Chicago, IL, USA). The elution
profile showed one major peak, and the fractions were concentrated by
Amicon® ultracentrifugation filtration system (Merck). The ESP protein
concentration was estimated by using the extinction coefficient [0.6
(rng/mL)_1 cm '] calculated from the ESP sequence in ProtParam tool
[25]. For the KAP5-10L, the Ni-column eluted fractions containing the
protein were pooled and concentrated with the Hisg-tag left intact.
Further purification of KAP5-10L using size-exclusion was not per-
formed because the protein sequence lacks tyrosine and tryptophan
residues necessary for UV-mediated detection. However, concentration
for the circular dichroism (CD) experiment was determined using
Bradford assay with trypsin as the standard.

2.10. CD analysis

The secondary structure contents of the purified ESP and KAP5-10L
were analyzed using CD. Ellipticity was scanned over 190-240 nm
wavelength on a JASCO spectropolarimeter (Model J-810, Tokyo,
Japan) where a concentration of 0.1 mg/mL protein in 0.1 cm path-
length cuvette was used. The ellipticity data were fitted using second-
ary structure estimation program BESTSEL [26] to approximate the
secondary structure content.

International Journal of Biological Macromolecules 249 (2023) 126004

3. Results
3.1. Treating the empty bed bug egg with a urea-based solution

When a single hatched bed bug egg (Fig. 1A) was treated with 8 M
urea, 100 mM Tris pH 7.5 and 100 mM dithiothreitol (DTT) solution and
observed under the microscope, it began to shrink and dissolve imme-
diately. However, some undissolved residuals still remained even after
the overnight treatment (Fig. 1B). We reasoned that the supernatant
contains the dissolved eggshell proteins and that the undissolved re-
sidual contains the egg glue proteins, and pursued to identify the exact
proteinaceous contents. Approximately 50 hatched bed bug eggs were
treated overnight using the same solution, and the supernatant and the
residual separated for further analysis (Fig. 1C).

3.2. Proteomic analysis of the supernatant for identification of the
eggshell protein

In order to analyze the contents consisting the dissolved bedbug egg
(presumed to contain the eggshell protein), the supernatant was gel-
electrophoresed (Fig. 1C). The stained gel indicated that the urea-
dissolved part of the egg was made up of multiple proteins although
one major band between the size markers of 41 kDa and 53 kDa was
significantly more abundant than others. When this major band was
excised and analyzed using LC-MS/MS, the uncharacterized protein
LOC106669538 (NCBI ref. seq. XP_014254554.1) of the bed bug whole
genome was correctly matched to the LC-MS/MS peptide fragment mass
data.

The uncharacterized LOC106669538 protein is a 366-residue protein
with calculated molecular weight of 39.2 kDa (Fig. 2). As expected for an
eggshell protein which is secreted out of the cell, LOC106669538 con-
tains a predicted N-terminal signal peptide sequence (residues 1-17).
The remaining parts of LOC106669538 can be characterized by two
domains of repeating sequences, in which the first repeat domain con-
tains ten 7-residue (mostly FNGVATG) sequences and the second repeat
domain holds eight 16-residue repeat sequences. As with a protein
having repeat sequences, the LOC106669538 as a whole contains un-
usually high contents of Val (18 %), Thr (11 %), Ala (9 %), Gly (8 %),
and Pro (7 %). It is also worthy to note that 2 % of the protein sequence is
Cys. A similar study by Gordon et al. [27,28] have identified
LOC106669538 as the eggshell protein of the bed bug in the past (See
Section 4. Discussion). Since those authors refer the protein as the
eggshell protein (ESP), we will also hereafter use this name for the
LOC106669538.

3.3. Amino acid composition analysis of the residual

Unlike in the case of the supernatant containing the dissolved
eggshell, the residual remaining after the urea solution treatment failed
to dissolve in SDS or any other detergents, and the use of mass spec-
trometry for the identification of the composing proteins couldn’t be
performed. Hence, the residual was instead subjected to amino acid
composition analysis by HCI hydrolysis, phenylisothiocyanate (PITC)-
derivatization of the amino acids, and subsequent HPLC analysis
(SFig. 3). Due to the harsh HCl hydrolysis condition degrading the Cys
and Trp residues as well as hydrolyzing Gln to Glu, the content of 16
amino acid residues were detected. The result indicated that the residual
has characteristically high proportions of Gly (23 %), Val (14 %), and
Thr (11 %) residues (Table 1).

3.4. Bioinformatics search for the candidate egg glue protein using the
whole bed bug genome

Since we believed that the undissolved residual contains the egg glue
protein(s), a bioinformatics-based mapping and searching for the iden-
tification of protein was performed using the sequences of the proteins
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235kDa
170kDa
130kDa

93kDa
70kDa
| 53kDa

Uncharacterized 4
Cimex lectularius protein

LOC106669538 (39.2 kDa)

LC-MS/MS

41kDa

30kDa
Eggshell Protein
(ESP)

22kDa

18kDa
14kDa
9kDa

“Supernatant "{&

“Residual "
Amino acid analysis

~50 eggs
urea overnight

Fig. 1. An empty bed bug egg (A) was treated with urea-based solution (B) and the supernatant content analyzed using mass spectrometry (C). (A) Empty eggshells of
bed bugs are shown with the glue material covering the outside. The arrowheads indicate the glue attaching the egg and the paper. Photographed using a DMC 5400
digital camera with a Leica Z16 APO motorized macroscope (Leica, Wetzlar, Germany). (B) Time-lined image of the bed bug egg is shown after urea treatment, in
which an undissolved “residual” remained after overnight. (C) When ~50 eggs were treated overnight with the identical urea-based solution, a hard substance was
left after washing and drying. The supernatant which is expected to contain the eggshell protein was run on SDS-PAGE and the major band analyzed for its content
using LC-MS/MS. The undissolved “residual” was analyzed using amino acid composition analysis.

encoded from the whole genome of bed bug C. lectularius [17]. A similar
approach has been successfully applied in identifying the human louse
nit sheath proteins in the past from our lab [10]. Of the 24,194 bed bug
whole-genome encoding proteins, 1428 proteins were selected in the
final set used for comparison against the experimental amino acid
content of the residual. The selected final list only contained proteins
with a predicted signal sequence necessary for secretion, and also
without any internal transmembrane o-helix indicative of being a
membrane protein. The amino acid compositions of the 1428 proteins
were deduced from the bed bug louse genome, and when the distances
(R, see Methods and materials Section 2.5) between the amino acid
(excluding Cys and Trp residues) composition deduced versus the
experimental amino acid composition were calculated, the best amino
acid content fit was obtained for the superoxide dismutase [Cu-Zn]-like
isoform X1 (NCBI ref. seq. XP_014255310.1) with R = 0.134. However,
in this case, significant discrepancies were observed even for the highly
abundant residues (23 % Gly; 14 % Val; 11 % Thr) of the residual
(SFig. 4).

Since the fit was not satisfactory, we assumed that the residual ob-
tained from the egg consists of a mixture of two proteins (two-protein
mix model, see Methods and materials Section 2.5.2) and compared the
experimental amino acid composition against that of a complete pair of
two sequences selected from the 1428 proteins. When this was done, the
best matched fits were obtained mostly by a two protein mix containing
the ESP (STable 2). At this point, it was only probable to reason that the
ESP was not completely dissolved (or separated) out from the residual,
complicating our bioinformatics analysis of using a single protein model.

Accordingly, the amino acid content mapping was performed to
specifically include ESP as one component and any other of the
remaining 1427 proteins to be the second component. When such
analysis with ESP fixed as one element was done, the mapping results
showed much less discrepancies between the amino acid contents re-
flected by the low R values. The lowest R-value (R = 0.038) was given
when the mix model was of 36 % ESP and 64 % keratin associated
protein 5-10like (KAP5-10L, XP_014254545.1) (Fig. 3). As expected, a
much better satisfactory match between the amino acid residue contents
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1 MNGMIIFALAALQLAAG (Signal Seq.)
18 CVYQGTDAGYANDATY
34 FNGVANG =

41 LNTVSND

48 FNGVATG

55 FNGVATG

62 FNGVATG

69 FNGVATG

76 FNGVATG

83 FNGVATG

90 FDGVATD

97 LNGVSTG -

104 FVNAA

108 PATDAVDYVAGNNLDGVSGFVDNAAGYYNAPTTCLTHRLEQVVRPVVDEC
158 VRHVPVVRKTVRHQEEQF —
176 TREVPVVEKTVSQQEEKF
194 VREVPVVQKYTRPVVETR
212 THEVPVVKHRTKTVVEPY
230 TDEVPVTEKYTRPVVETV
248 VRTVPVVERRTKPVVHQH
266 VRHVPVTERRSRPVVESH
284 VTTVPVKQRFVKNLVEQR —
302 VRSSSNPCAPCPPGFYSGVEGYAPASYATSSFAAPALGDVYTGSFAGHATETLPATYNTHATC 366

9% ALA, 8% GLY, 11% THR, 18% VAL, 7% PRO, 2% CYS

LbR-like (FNGVATG 7-residue repeat domain)

RHVPV containing 16-residue repeat domain

Fig. 2. The amino acid sequence of the eggshell protein. The uncharacterized
protein LOC106669538 of the bed bug (NCBI reference sequence
XP_014254554.1) with repeating amino acid sequences is the major component
of the eggshell. The first repeat domain is classified as LbR-like domain which
contains the ten 7-residue (FNGVATG) repeat. The second repeat domain is
characterized by having eight mostly RHVPV-containing 16-residue repeat.

0.180
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was observed (SFig. 5) and the second lowest R-valued protein had
significantly higher R-value compared to the KAP5-10L (Fig. 3 inset and
STable 3). Hence, the overall results implied that KAP5-10L along with
the ESP is the component that comprises the urea undissolved residual.

3.5. Temporal and spatial transcription profiles of ESP and KAP5-10L in
various developmental bed bug stages

The temporal transcription levels of ESP and KAP5-10L genes were
investigated in 3rd instar nymphs, males, virgin females and gravid fe-
males using quantitative real-time PCR (qQRT-PCR) (Fig. 4A). ESP tran-
scribed mostly in gravid females and the relative level was 50,400,
302,000, and 386,000-fold higher than those in virgin females, 3rd
instar nymphs, and males, respectively (P < 0.0001). Similarly, the
highest expression level of KAP5-10L was observed in gravid females
and was 33,700, 36,000, and 77,000-fold higher than those in virgin
females, 3rd instar nymphs, and males, respectively (P = 0.0001).

In case of the spatial expression profile, ESP and KAP5-10L were
most predominantly transcribed in the ovaries of gravid females and
then followed by the oviducts of gravid females (Fig. 4B). The relative
transcription levels of ESP and KAP5-10L in ovaries of gravid females
were 263 and 52-fold higher compared to that in oviducts of gravid
females and the fold difference was more than three orders of magnitude
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Fig. 3. Bioinformatics search of candidate egg glue protein. The distances (R, see Methods and materials Section 2.5 for definition) of the 16 amino acid (excluding
cysteine and tryptophan) offsets were calculated between the experimental amino acid composition of the egg residual and the amino acids of 1428 proteins encoded
by the bed bug genome. The mapping was performed using a two protein mix model where the ESP was assigned to be one component of the residual. The lowest R
(shown in arrows) corresponds to a KAP5-10L, hence being the most probable protein constituting the egg glue. The genes on the horizontal axis were sorted

according to the R values. The region with low R values is shown in the inset.
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compared to those in other tissues.

3.6. In vivo knockdown of KAP5-10L in female gravid bed bug by RNA
interference

Encouraged by the fact that the KAP5-10L is associated mostly with
the reproductive organs of gravid females, we sought to knockdown the
gene in the bed bug using RNA interference to gain more direct evidence
that KAP5-10L is the egg glue protein. The KAP5-10L dsRNA was
administered two times (24 and 48 h) after mating (SFig. 6A). To
confirm that the targeted gene was indeed knocked down, the relative
transcription levels of the KAP5-10L gene were assessed at 48, 72, and
96 h after the first dsRNA injection (respectively 72, 96, and 120 h after
mating). Gene expression data analyzed from the bed bugs injected with
KAP5-10L dsRNA showed a significant reduction in the KAP5-10L
mRNA levels, in which were lowered by 5.9 fold (72 h after first injec-
tion; P = 0.025) and 7.0 fold (96 h after first injection; P = 0.0025)
compared to the control pQE30 dsRNA-injected bed bugs (SFig. 6B). No
mortality was observed until day 20 after the first injection.

A

Il dsPQE30
[ dsKAP5-10L
y 8
- a
cd ®
22 5 a
‘h ©
§E 44 a
[
g % 31 b a
—_
>8 2- a Ib I
® £ L
(] 14 b a
z 1 Bf

Days post injection (d)

B

Gravid female

The knockdown of KAP5-10L significantly affected the oviposition
(Fig. 5A) and the egg hatching rates (Fig. 5B). The average daily number
of eggs laid by bed bugs injected with KAP5-10L dsRNA was signifi-
cantly lower than that of the eggs laid by the control (P < 0.02) (Fig. 5A).
The difference between the two groups was the highest at 9 days post
first injection (9.0 fold higher for the control than the KAP5-10L dsRNA
treated-bed bugs; P < 0.02), which was followed by 7 days (7.0 fold; P <
0.02), 8 days (6.4 fold; P < 0.005), and 4 days (3.5 fold; P < 0.002). In
both cases, no eggs were laid after 10 days of the injection. When the
eggs laid by the bed bugs were monitored for their hatchability, the
percentage of nymphs emerging from the eggs laid by bed bugs with the
KAP5-10L knockdown was significantly lower than that of the control
(Fig. 5B). The hatchabilities of the eggs from the KAP5-10L knockdown
bed bugs were below 17 %, while those from the control were higher
than 85 %. The unhatched eggs appeared to be badly developed based
on their overall shape and color, possibly due to water loss (see below).

Most of the eggs laid by the control were tightly bound to the paper
by the egg glue (Fig. 6A) and were laid in a clustered form (Fig. 6C),
whereas the eggs laid by the KAP5-10 knockdown bed bugs were

Il dsPQE30
[ dsKAP5-10L

a
a

100

80

60

Egg hatchablity (%)

®

E)

Days post injection (d)

Fig. 5. The effects of KAP5-10L RNAI in bed bug (A) oviposition and (B) egg hatchability. The female bed bug’s oviposition and the egg hatchability were analyzed
using the multiple t-test with the Holm-Sidak method. The lowercase letters (a and b) above the error bars indicate data sets that are statistically significant (P

< 0.05).
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Fig. 6. RNAi phenotypes of eggs laid by bed bugs injected with pQE30 dsRNA control (A and C) and KAP5-10L dsRNA (B and D). The RNAi phenotypes of eggs for
KAP5-10L knockdown females (B) and control (A) are shown where the arrowheads and the boundaries indicate the glue between the egg and the paper. The eggs of
the KAP5-10L knockdown females were found to be more scattered (D) than the clustered eggs of the control (C). The laid egg(s) is circled for visual clarity.

shrunken with a characteristic orange color (Fig. 6B). There were sig-
nificant losses of glue material attaching the egg to the paper in the eggs
laid by the KAP5-10L knockdown bed bugs (Fig. 6 A and B). All the
unhatched eggs exhibited compound eyes, suggesting the death of em-
bryos at a late developmental stage (Fig. 6B and D). Furthermore, the
eggs were loosely attached to the paper, and were found to be scattered
around (Fig. 6D). Unlike in the control, most of the laid eggs fell off from
the paper with a few slight taps.

3.7. Protein sequence of the putative egg glue protein, KAP5-10L

The KAP5-10L (keratin associated protein 5-10 like) protein is a
149-residue protein containing a predicted N-terminal signal peptide
sequence (residues 1-22) necessary as expected for a secreted glue
protein (Fig. 7). Moreover, as for the ESP, there are also repeating se-
quences in the KAP5-10L where ten of the GNCGCG(CG)L-containing
7-9-residue repeat is characteristic. Also, two KTCCVTVPC sequences

1 MAFKSILVLALVALAAVSYTSA (Signal Seq.)
23 QPCGSCCPVAR.KRTCCVTVPCTTGC

47 GNCGCGCGL T
56 GNCGCG. .
73 GNCGCG. .
80 GNCGCG. .
87 GNCGCG. .
94 GNCGCG. .
101 GNCGCGFGL
110 GNCGCGCGL
119 GNCGCGCGL
128 GNCGCGLGT _
137 CGCGNFGGCCGHKTCCVTVPCCA

HEHPH

GNCGCG(CG)L 7~9-residue repeat domain

30% CYS, 33% GLY

Fig. 7. The amino acid sequence of the KAP5-10L, the putative egg glue pro-
tein. The KAP5-10L is a 149-residue protein which contains a predicted signal
peptide sequence at the N-terminus. Also, a ten repeating sequence of GNCGCG
(CG)L is characteristic along with two KTCCVTVPC sequences (underlined). The
protein is high in Cys (30 %) and Gly (33 %) content.

flank the N- and C-terminal regions of the GNCGCG(CG)L repeat (Fig. 7).
It is important to note that due to such repeating sequences Cys (30 %)
and Gly (33 %) are very abundant in the KAP5-10L protein. BLASTp
search against all known NCBI protein sequences failed to find any
sequence similar to KAP5-10L.

3.8. The secondary structure contents of recombinant bed bug ESP and
KAP5-10L

In order to characterize the secondary structure content of bed bug
ESP, the gene encoding ESP (residue 19-365) without the signal peptide
(residue 1-17) and without the two terminal cysteines (Cysl8 and
Cys366, i.e. to avoid unwanted disulfide cross-linking) was cloned into
an E. coli expression vector, and the ESP purified as a soluble protein
(SFig. 7A). However, SDS-PAGE analysis indicated that the recombinant
protein is quite unstable and gets continuously degraded (SFig. 7A inset).
Nevertheless, CD was further used on this recombinant ESP to estimate
the secondary structure contents (SFig. 7B). When the experimental
ellipticity values between the 190 to 240 nm range were measured and
fitted for secondary structure estimation using BESTSEL [26], the result
indicated that ESP is composed of ~41 % anti-parallel §-sheets and ~ 14
% turns (and the remaining being unstructured).

Similarly, KAP5-10L (23-149) was over-expressed and purified
using the E. coli expression system as well. As with the ESP, the N-ter-
minal signal peptide (residue 1-22) was not included and all the cysteine
residues (—30 % of the protein) of KAP5-10L were switched to encode
serine residues instead to avoid complication via uncontrolled Cys-Cys
disulfide cross-linkings. Moreover, because KAP5-10L does not
contain any Tyr or Trp residues necessary for UV detection, the FPLC
purification step was omitted, and the concentration estimated by using
Bradford assay (SFig. 7C inset). The CD result indicated that KAP5-10L is
estimated to be ~45 % anti-parallel p-sheets and ~16 % turns, which is
very similar to the secondary composition of the ESP (SFig. 7C).
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4. Discussion

We have dissolved the egg shells of empty bed bug egg cases by using
a urea-based solution (8 M urea, 100 mM Tris pH 7.5 and 100 mM DTT),
and analyzed the dissolved protein content by LC-MS/MS. A similar
approach using a slightly different condition - 8 M urea, 2 M thiourea,
25 mM Tris pH 8.0, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA and 1 %
Triton X-100 - was previously attempted by Gordon et al. [27,28], which
resulted in identifying that the same LOC106669538 protein was the
main protein content of the egg shell hence naming it as ESP (Eggshell
protein). As Gordon et al.’s purpose of the study (written as a patent and
an abstract only report) was in finding ways to develop antibodies
against bed bugs at the earliest stage of its development, detailed
analysis on the ESP has not been made before. In general, the ESP can be
divided into two domains with characteristic repeat sequences. The first
domain with ten 7-residue (mostly FNGVATG) repeats has been found in
proteins with a LbR (left-handed p-roll)-like domain exemplified in VgrG
(virulence factor of type VI secretion tip protein) from p-proteobacteria
of the genus Chromobacterium and Burkholderiabacteria, and in the pro-
teins of malaria parasite Plasmodium. The second domain is character-
ized by having eight repeats of mostly RHVPV sequence as part of the
extended 16-residue sequence. These repeat sequences of the second
domain have been also found in the eggshell proteins of stink bug
(Plautia stali (S.)) and the kissing bug (R. prolixus) [7] as expected from
the fact that bed bugs and they are closely related insects of the Hemi-
ptera order.

The undissolved proteins of the residual leftover from the urea
treatment were HCl-hydrolyzed into individual amino acids, and the
contents analyzed. The component of this residual which is expected to
contain the egg glue protein were identified using a bioinformatics
approach of matching the experimental amino acid contents with the
protein sequence information derived from the whole-genome of the bed
bug. A similar approach has been proven successful before in identifying
the human head/body louse glue proteins (termed the louse nit sheath
proteins) [10] in our group. We believe that this bioinformatics
approach using the experimental amino acid content and the whole
genome data is useful and valid in specifically identifying mostly fibrous
proteins containing high percentages of selected amino acids concen-
trated from the repeating sequences. Especially in the case of proteins
that are unable to be solubilized, we do not know of any other method in
identifying the content. The only difference in the case of the bed bug
compared to that of the previous human louse one was that the undis-
solved residual could not be matched to a single protein, and hence a
two-protein mix model was used to identify ESP (36 %) and KAP5-10L
protein (64 %) as its major content. Although several species (including
human and fruit fly) have proteins called the keratin associated protein
5-10 (also known as KRTAP5-10) in their genome, they have no
resemblance to the bed bug KAP5-10L other than being proteins with
repeat sequences high in Cys and Gly contents [29].

As expected, the transcription levels of ESP and KAP5-10L genes
were found to be exceptionally high in the ovaries of the gravid female
bed bug. Unlike most insects having specified female accessory glands
secreting the egg glue, the bed bugs appear to have a unique simplified
reproductive system consisting of three parts (i.e. ovaries, extremely
shorten oviduct and spermatheca; SFig. 1), in which the glue-like sub-
stances may be secreted from the fused tissues of ovaries/accessory
glands/etc. In vivo RNA interference experiments to knockdown
KAP5-10L further indicated that the absence of KAP5-10L affects both
the number of eggs that the bed bug lays and the hatchability of the egg
itself as well. Knocking down KAP5-10L resulted not only in decreasing
the amount of the glue protein around the egg but also had a negative
effect on the healthiness of the egg as judged by their shriveled shape
and orange color. Although the less amount of glue on the egg and the
less clustered eggs laid by the KAP5-10L knockdown female support the
glue-like function of the gene, the overall phenotypic results (number of
eggs laid by the female, hatchability, and appearance of the egg)
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indicate a much more complex role of the gene, perhaps including a
function of lubrication during oviposition and protection against
desiccation. The effect of KAP5-10L on the fertilization rate cannot be
completely excluded because fertilization takes place during oviposi-
tion, which usually occurs around a week after mating. Nonetheless,
since all the unhatched eggs almost developed to the late embryonic
stage, as judged by the presence of red compound eyes in the dead
embryo, we presume that KAP5-10L is unlikely to affect the fertilization
rate.

Both the final hardening of the eggshell and the curing of the egg glue
are known to be completed only after oviposition by further protein
cross-linking events. From the fact that the ESP and the KAP5-10L share
similar folding structures as determined from the CD results, it is
tempting to suppose that the anti-parallel p-sheets of the two proteins
pack against each other to form multiple packing layers (Of note, various
physiological conditions may render the actual native proteins into a
more ordered form). Transglutaminases secreted along with the glue
proteins in human head/body lice [11] and in silkworms [12] have
provided a certain mechanism of glue curing by allowing multiple co-
valent bonds to form between the abundant Gln and Lys residues in the
glue protein. Although this curing mechanism might not apply for the
bed bug KAP5-10L with low existence of Gln and Lys residues, the
extremely high content of Cys points to a possibility that complex Cys-
Cys disulfide bonds may form assisted by the oxygen-mediated oxida-
tion of Cys happening only after the oviposition. Through such mecha-
nism, further cross-linking between KAP5-10L and ESP is also plausible
given the fact that 2 % of ESP sequence is Cys of which their locations are
at the N/C-terminal ends and the linker connecting the two repeat do-
mains of ESP (Fig. 2). In retrospect, this state of the bed bug eggshell and
egg glue aggregating via complex intermolecular and intramolecular
covalent Cys-Cys disulfide bondings could have been the reason why
complete separation of ESP and KAP5-10L using the urea-based solution
was not possible and thus the experimental amino acid composition of
the bed bug egg residual could only be matched by using a two protein
(ESP and KAP5-10L) mix model.

It is also important to note that as observed from the multiple minor
protein bands in SDS-PAGE of the dissolved eggshell, the bed bug
eggshell is clearly not made up of a single protein, but is likely a complex
mixture of various proteins along with the major ESP. In a similar
manner, the egg glue may also contain additional proteins other than the
identified KAP5-10L.

List of abbreviations

CD circular dichroism

Glx glutamic acid or glutamine

ESP Eggshell protein

KAP5-10L keratin associated protein 5-10 like
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