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ABSTRACT: The content of arthrodial membrane glands in
arthropods has seldom been studied. Here, we have analyzed the
proteins of the arthrodial membrane gland of the trochanter—coxa
articulation of the fourth pair of legs in the harvestman Mischonyx
cuspidatus via reverse-phase high-performance liquid chromatography
(RP-HPLC), polyacrylamide gel electrophoresis (PAGE), and
nanoscale liquid chromatography coupled to mass spectrometry
(nLC-MS/MS) analysis. Most of the fractions studied are hydro-
phobic, being proteins with molecular weights of ~28, 62, and ~198
kDa. These proteins seem to be homologous to proteins involved in
product secretion, cytoskeleton, protein binding, cellular metabolism,
and antimicrobial action among others. Lubricant function is also
possible based on the literature. We were able to identify 147
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proteins in the inner region, 91 proteins from the outer dorsal region, and 36 proteins from the outer ventral region. Some proteins
are present only in one of these regions and some are shared by one or more regions. Our work provides, to the best of our
knowledge, the first proteome characterization of the content of an arthrodial membrane gland in arachnids. Dataset Identifier:
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ftp://massive.ucsd.edu/MSV000087195/.

B INTRODUCTION

The body of arthropods is covered by thicker and thinner
cuticles depending on the region." The thicker cuticle typically
covers most of the body except few areas such as the junctions
between the body parts.”” These junctions are known as
arthrodial membranes, which are soft and flexible cuticles with
elastic properties.” Below the arthrodial membrane of some
insects, 6glands thought to have lubricating function have been
found.”® These glands have ducts that open at the arthrodial
membrane and probably work as the outlet for the secretion
for the outer body of the organism.”® It has been shown that
the arthrodial membrane of a lobster is composed of water and
a small amount of chitin—protein fibers. However, there is no
work reporting the chemical composition of arthrodial
membrane glands.” It is suggested that these glands have a
lubricating function that might be related to their location in
articulation regions in the body of animals such as the head—
thorax, trochanter—femur, coxa—thorax, etc.”®

The arthrodial membrane is also known to be a site of worm
colonization and invasion by fungi and bacteria.” Spiracles and
arthrodial membranes of insects are used by parasites to invade
a host body.”'* Therefore, the presence of glands per se is not
enough information to allow conclusions on their function. A
first step toward a functional understanding of the gland is to
study its content by identifying the group of molecules in the
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gland and comparing them with molecules of known function
in the literature. The following step would be to identify,
isolate, and further run bioassays to confirm its function.
Harvestmen belong to the class Arachnida and have ~6700
described species.'" They typically inhabit humid areas where
they shelter in caves, rocks, trees, and fallen logs.12 As in other
arthropods, leg joints are separated by an arthrodial membrane.
Scanning electron microscopy images of these areas have
shown that the external region of the arthrodial membrane in
harvestmen may bear dorsal pores of ~1 ym diameter."” Such
pores suggest that harvestmen release glandular secretions,"’
but to the best of our knowledge, there are no studies on the
chemical composition of these secretions. In this work, we
carried out proteomic characterization of the secretion content
found in the arthrodial membrane of a Neotropical species,
Mischonyx cuspidatus Rower 1913 (Arachnida, Opiliones,
Gonyleptidae), considering both the outer (dorsal and ventral)
and inner contents of the arthrodial membrane gland. We
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Figure 1. Male harvestman M. cuspidatus in (a) dorsal and (b) ventral views. Arrows indicate the arthrodial membrane of the region between the

coxa—trochanter.

expect that such description may help in the understanding of
the function of this gland (Figure 1).

B RESULTS

Protein Profile of Inner Secretion of the Arthrodial
Membrane Gland by SDS-PAGE. The nonreducing sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) (15%) of raw extract of the inner secretion of the
arthrodial membrane gland resulted in several bands (Figures 2
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Figure 2. Nonreducing SDS-PAGE (15%) gel showing the protein
profile from the standard stain (S) (left lane), the inner secretion of
the arthrodial membrane gland (I) (middle lane), and hemolymph
from the patella region (H) (right lane) of the harvestman M.
cuspidatus male (SeeBlue Plus2 Prestained Protein Standard,
Invitrogen). Numbers at the left indicate the mobility of molecular
mass markers.

and S1): one group with molecular weight between ~62 and
~198 kDa and another group with molecular weight at ~28
kDa. The hemolymph fraction shows bands with low
molecular mass at ~62 and ~28 kDa.

Protein Fractionation by Reverse-Phase High-Per-
formance Liquid Chromatography (RP-HPLC). The RP-
HPLC analysis profile of the extracts of the inner and outer
(both dorsal and ventral) secretions revealed some fractions
(three—seven), hydrophilic and several in the hydrophobic

fractions of each region (Figure 3). The profile of dorsal and
ventral chromatograms (Figure 3) showed the same profile as
the inner region.

Mass Spectrometry and Bioinformatics. Mass spec-
trometry analysis of the inner and outer gland secretions
allowed us to identify several peptide and protein fragments
that are homologous to peptides and proteins described in the
literature in other arthropod species (Table S1). We found 147
protein sequences in the inner region, 91 protein sequences on
the dorsal region, and 36 protein sequences on the ventral
region (Tables S1 and S2). Many of the identified sequences
are unique (Supporting Information: Dataset Identifier: ftp://
massive.ucsd.edu/MSV000087195/; Figures S2-S5).

By comparing the peptide and proteins (obtained via
database) present in the inner and outer (in both dorsal and
ventral) regions, we observe that some molecules are present in
more than one region (Figure 4), a pattern that is also clear
looking at the Venn diagram. Nine molecules are present in the
inner and dorsal region, one molecule is present in the inner
and ventral region, and two molecules are present in the dorsal
and ventral region. The diagram shows that several molecules
are exclusive to one of the regions; however, many molecules
appeared more than once in the three regions and in different
fractions obtained from the liquid chromatography fractiona-
tion (Table S3). The inner region of the gland presented 121
unique molecules, the dorsal region presented 57 molecules,
and the ventral region presented 27 molecules (Figure 4).

The analysis of peptide and protein functions of the
identified molecules in the three regions of the gland (i =
inner, d = dorsal, and v = ventral) via UNIPROT (see Table
S2) showed that they may be the product of glandular
secretions, be structural ribosomal, and have a role in
metabolism, defense against pathogens, and signaling.

B DISCUSSION

In this work, we were able to identify a total of 274 molecules
(proteins and/or peptide homologues) that we attribute to be
accumulated in or produced by the arthrodial membrane gland
of the coxa—trochanter region of M. cuspidatus. We found
hydrophilic and hydrophobic molecules putatively homologous
to peptides and/or proteins with functions such as cellular
metabolism, signaling and binding, defense, and microbial
activity. In addition, we observed high similarities between the
inner and outer regions.

SDS-PAGE of the extract of the inner secretion of the
arthrodial membrane gland resulted in two major groups of
molecules with high (>100 kDa) and low (62 and ~28 kDa)
molecular weights. The hemolymph that was used as a control

https://doi.org/10.1021/acsomega.1c02525
ACS Omega 2021, 6, 35250—35255


https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c02525/suppl_file/ao1c02525_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c02525/suppl_file/ao1c02525_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c02525/suppl_file/ao1c02525_si_001.pdf
http://ftp://massive.ucsd.edu/MSV000087195/
http://ftp://massive.ucsd.edu/MSV000087195/
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c02525/suppl_file/ao1c02525_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c02525/suppl_file/ao1c02525_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c02525/suppl_file/ao1c02525_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c02525/suppl_file/ao1c02525_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02525?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02525?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02525?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02525?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02525?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02525?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02525?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02525?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c02525?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

176~

8

3

mV

NOV %

s
¥
%
t

Time (min)

Figure 3. Chromatographic profile of the purification step of secretion of the arthrodial membrane of the region between the coxa—trochanter in
M. cuspidatus: (A) inner secretion, (B) dorsal (outer), and (C) ventral (outer) regions.

of the extraction of glandular content had a low (~28 kDa)
molecular weight, suggesting that the inner secretion and
hemolymph are two different compounds. However, it is likely
that there are similar compounds as glands are nourished by
hemolymph.'®

Through RP-HPLC, we found several hydrophobic
fractions. Many fractions have similar retention times mainly
between the outer regions (both dorsal and ventral). For
example, fractions four and seven (Figure 3b,c) presented
similar molecules with similar sequences (Table S3). These

fractions probably correspond to the same peptides or
proteins, as evidenced by mass spectrometry.

In our search, all molecules identified by the mass
spectrometry analysis matched peptides or proteins from the
Arthropoda database to some extent. Many molecules were
found in a unique region (inner or outer—both dorsal and
ventral), but some were found in more than one region. We
were able to identify a higher number of proteins in the inner
region (147 proteins of which 121 are unique to this region).
In addition, we identified nine shared molecules in the inner
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Figure 4. Venn diagram of the putative proteins of the arthrodial
membrane of the harvestman M. cuspidatus. The numbers indicate the
quantity of proteins found in three regions of the arthrodial
membrane. Inner: proteins found inside the gland; dorsal (outer):
proteins found on the dorsal region of the arthrodial membrane; and
ventral (outer): proteins found on the ventral region of the arthrodial
membrane.

region and one molecule in the dorsal region. The exact
biological role of the arthrodial membrane gland is not yet
known but we have evidence that the dorsal region has several
pores that are likely to serve as outputs for these molecules
(NFESS unpublished data)."* Cytochrome ¢ oxidase subunit 1
protein is the only protein shared by the inner and ventral
regions, but we do not know why this molecule is found
outside the animal.

The existence of two molecules found exclusively on the
ventral and dorsal regions may be the result of proteins cleaved
from the inner region. Since the inner region has some
enzymes (Table S1), it is possible that they act on protein
cleavage, making them active and 8performing their functions in
the outer region of the gland.'”’

We have found proteins that have been related to transport,
lysis, and storage of lipids (Tables S1 and S2) and smooth
endoplasmic reticulum (NSF, unpublished data). These
observations have also been reported previously in studies of
the presence of secretory glands between joints of insect
appendages.'””” Previous authors have suggested a lubricating
function for the secretions.”® If this is true, it would probably
also apply to harvestmen in our study. In addition, we found
similarities to four bioactive molecules (Protein diedel, U-
poneritoxin, Ceratoxin-B, Tachystatin-A2) in the inner region
and only one in the dorsal region (Peptide ctri9293). These
molecules may have antimicrobial activity against Gram-
positive and Gram-negative bacteria, viruses, and fungiZI_24
(Tables S1 and S2). Since the arthrodial membrane region is
possibly a site of colonization and possible invasion by
pathogens,'” the similarity of molecules with others with
antimicrobial activity indicates that the arthrodial membrane
gland may have components necessary for the defense of the
organism against infection. Finally, antimicrobial molecules are
of great medical importance, and since we have evidence that
these molecules can be found in the structures of harvestman,
this work contributes to a possible new source of bioactive
molecules for new drug discovery.”

B CONCLUSIONS

We were able to identify and characterize possible peptides and
proteins from the secretion of the M. cuspidatus arthrodial

membrane gland and this study represents an important new
data for this type of structure. To our knowledge, this is the
first study to describe the composition of an arthrodial
membrane gland in arachnids. This set of molecules may be
used as a basis for future studies of the arthrodial membrane
gland in Opiliones and other arthropods with a similar
structure.

B MATERIALS AND METHODS

Study Species and Laboratory Conditions. Individuals
of M. cuspidatus were collected manually (in August 2018 and
March 2019) under tree trunks at Parque Ecoldgico do Tiete
(—23.494587, —46.521383), Sio Paulo City, Sio Paulo State,
Brazil. The animals were collected under SISBIO/ICMBio
licence number 61431-1-2018. We used only males because
they have a larger arthrodial membrane gland that facilitates
the collection of the secretion (Figure 1a,b). Harvestmen were
fed with dog food and provided water ad libitum.

Extraction of Glandular Secretion. We first aimed to
extract the inner secretion of the arthrodial membrane gland.
After anesthetizing the animals (n = S) in a freezer at —20 °C
(15 min), we made a perforation in the arthrodial membrane
using a microneedle and collected the secretion (~15 uL) with
an ultrafine syringe with 1 mL of ultrapure water (Seringa
Insulina BD Ultra-Fine U-100, needle 6 mm). Water was used
to dilute the secretion and the solution was placed in an
eppendorf tube with another 1 mL of ultrapure water and
stored in a freezer.

To compare the secretions of the inner region with the outer
dorsal and ventral regions (Figure lab), we rubbed clean
cotton swabs on the dorsal and ventral outer regions of the
gland. Cotton swabs from each region were placed in separate
vials containing SO mL of 50% acetonitrile (ACN, Sigma-
Aldrich). We used one cotton swab per individual for the
dorsal and one for the ventral region (n = 136 males).

Sodium Dodecyl Sulfate-Polyacrylamide Gel Electro-
phoresis (SDS-PAGE). To verify the protein profile of
secretions of the inner region of the arthrodial membrane
gland, we ran the samples in sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE'"). The
extracts were stained with Coomassie-R blue. The pure extract
(20 pg) of the inner secretion solubilized in 20 uL of ultrapure
water with a sample buffer was injected in each lane. It was
then subjected to electrophoresis under no reducing conditions
on 15% SDS-polyacrylamide gel, using Invitrogen SeeBlue
(Life Technologies, Sao Paulo, Brazil) as a molecular weight
marker. Since the extraction of the gland secretion involves the
perforation of animal tissue, we used the hemolymph as a
means of extraction control. After the animals (n = 5) were
anesthetized at 4 °C, we cut the patellar region of leg IV and
collected the hemolymph (~15 pL) with a micropipette.
Hemolymph was analyzed on polyacrylamide gel under the
same conditions as described for the inner secretion.

Reverse-Phase High-Performance Liquid Chromatog-
raphy (RP-HPLC). Here, our aim was to compare the
chromatogram profile of three different regions of the gland,
“inner”, outer “dorsal”, and “ventral”. RP-HPLC analysis was
performed in a 60 min gradient at a 1 mL/min flow rate. We
ran RP-HPLC separation with a C18 column (Jupiter, 4.6 mm
X 250 mm) equilibrated with 0.05% trifluoroacetic acid
(TFA). The elution gradient for the sample was 0—80% of
solution B (0.05% (v/v) TFA in ACN) in solution A (0.05%
(v/v) TFA in water). Effluent absorbance was monitored at
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225 nm, and the fractions were hand collected, concentrated
under vacuum, and reconstituted in ultrapure water. For both
the inner and outer regions (dorsal and ventral), we used a 10
ug/uL of secretion for the chromatograms.

Mass Spectrometry (LC/MS). The fractions obtained on
the RP-HPLC analysis were run into a nLC Easy (Thermo
Fisher Scientific, Bremen, Germany) coupled to an LTQ XL
Mass Spectrometer (Thermo Fisher Scientific). The samples
were diluted in 10 pL of 0.1% formic acid (FA) prior to
injection. Liquid chromatography was performed using a
house-prepared analytical and precolumn C18 column as
previously described."” A linear gradient from S to 80% of
acetonitrile in 0.1% FA during 15 min at a 1 yL/min flow was
used. The spectrometer was set to a positive parameter.

Bioinformatics. To identify the molecules, the raw files
generated by the LTQ XL Mass Spectrometer were loaded in
MASCOT Deamon R (Matrix Science, Inc., Boston, MA)
version 5.4.2 software. Since there is no harvestman database
in the Uniprot/Swissprot databank, we ran the search against
the Arthropoda databank downloaded from Swiss-Prot in July
2019. We use the following parameters for the search: enzyme
= none; variable modifications = “oxidation (M)”; fixed
modifications = none; mass values = monoisotopic; protein
mass = unrestricted; protein and peptide mass tolerance = “1
Da”; significance threshold = p < 0.05; and ion score or
expected cutoff = —1. We use only predicted proteins with a
score greater than or equal to 40. This score was chosen as the
cutoff between real hits and possible false positive results.

The peptides and proteins identified in the secretion of the
arthrodial membrane gland of M. cuspidatus were further
searched in the site UNIPROT for their biological function.

B ASSOCIATED CONTENT
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sequences of some proteins identified in M. cuspidatus;
nonreducing SDS-PAGE of crude extract of the inner
content of the arthrodal membrane gland; mass
spectrum of five studied proteins; and deconvolution
plot, mass error, and peptide sequence obtained from
the main proteins (inner, dorsal, and ventral) via
MASCOT software (PDF)

B AUTHOR INFORMATION

Corresponding Author
Pedro Ismael da Silva Junior — Programa de Pés-Graduagao

em Biologia de Sistemas, Instituto de Ciencias Biomédicas
(ICB 1), Universidade de Sao Paulo, CEP 05508900 Sao
Paulo - SP, Brasil; Laboratério de Toxinologia Aplicada
(LETA), Instituto Butantan, CEP 05503-900 Sao Paulo -
SP, Brasil; ® orcid.org/0000-0001-6619-6489;
Email: pisjr@butantan.gov.br

Authors
Norton Felipe dos Santos Silva — Laboratério de
Histofisiologia Evolutiva (LHE), Instituto de Ciencias
Biomédicas (ICB 1), Departamento de Biologia Celular e do
Desenvolvimento, Universidade de Sao Paulo, CEP
05508900 Sao Paulo - SP, Brasil; Programa de Pos-

Graduagdo em Biologia de Sistemas, Instituto de Ciencias
Biomédicas (ICB 1), Universidade de Sao Paulo, CEP
05508900 Sao Paulo - SP, Brasil

Rodrigo Hirata Willemart — Laboratério de Ecologia
Sensorial ¢ Comportamento de Artrépodes (LESCA), Escola
de Artes, Ciencias e Humanidades, Universidade de Sao
Paulo, CEP 03828-000 Sao Paulo - SP, Brasil; Programa de
Pés-Graduagio em Zoologia, Instituto de Biociencias,
Universidade de Sao Paulo, CEP 05508-090 Sao Paulo - SP,
Brasil

José Roberto Machado Cunha da Silva — Laboratério de
Histofisiologia Evolutiva (LHE), Instituto de Ciencias
Biomédicas (ICB 1), Departamento de Biologia Celular e do
Desenvolvimento, Universidade de Sao Paulo, CEP
05508900 Sdo Paulo - SP, Brasil; Programa de Pés-
Graduagao em Biologia de Sistemas, Instituto de Ciencias
Biomédicas (ICB 1), Universidade de Sdo Paulo, CEP
05508900 Sao Paulo - SP, Brasil

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.1c02525

Author Contributions

Conceptualization and methodology: N.F.d.S.S., RH.W,,
PI1.d.S]J., and J.RM.C.d.S.; validation, formal analysis,
investigation, resources, and data curation: N.F.d.S.S,;
writing—original draft preparation, writing—review and
editing, and visualization: N.F.d.S.S. and RH.W.; supervision:
RHW,, P.1d.S]J, and JRM.C.d.S.; project administration and
funding acquisition: N.F.d.S.S,, P..d.SJ., and JRM.C.d.S. All
authors have read and agreed to the published version of the
manuscript.

Funding

This project was funded by FAPESP/CEPID/CeTICS, Grant
No. 2013/07467-1 and CNPq process 472744/2012-7 to
P.I.d.SJ. and 164501/2017-7 to N.F.d.S.S. RH.W. is funded by
FAPESP 2020/05158-5 and CNPq 302879/2016-1. All
applicable international, national, and/or institutional guide-
lines for the care and use of animals were followed.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors thank the Butantan Institute staff, especially
Ismael Feitosa Lima, Fdbio Montoni, Carolina Y. kisaki, and
Wellington da Silva Santos for mass spectrometry-related
technical assistance. The authors also thank Guilherme F.
Pagoti and Gabriel Murayama for helping with field work. The
authors thank the members of LETA (Laboratory for Applied
Toxinology): Paula J. Segura, Andréia D. Roa, Thiago J.
Oliveira, Laura C. L. Diniz, Patricia Y. Hayashida, Sandra R.
Santos, Katie C. T. Riciluca, Soraia M. Nascimento, and
Débora A. L. Figueiredo for helping with proteomics
techniques. Dr. Leo Kei Iwai provided suggestions on the
manuscript.

B REFERENCES

(1) Vincent, F. V. J. Arthropod cuticle: a natural composite shell
system. Composites, Part A 2002, 33, 1311-1315.

(2) Michels, J.; Appel, E.; Gorb, S. N. Functional diversity of resilin
in Arthropoda. Beilstein J. Nanotechnol. 2016, 7, 1241—1259.

https://doi.org/10.1021/acsomega.1c02525
ACS Omega 2021, 6, 35250—35255


https://pubs.acs.org/doi/10.1021/acsomega.1c02525?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c02525/suppl_file/ao1c02525_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pedro+Ismael+da+Silva+Junior"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6619-6489
mailto:pisjr@butantan.gov.br
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Norton+Felipe+dos+Santos+Silva"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rodrigo+Hirata+Willemart"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jose%CC%81+Roberto+Machado+Cunha+da+Silva"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02525?ref=pdf
https://doi.org/10.1016/S1359-835X(02)00167-7
https://doi.org/10.1016/S1359-835X(02)00167-7
https://doi.org/10.3762/bjnano.7.115
https://doi.org/10.3762/bjnano.7.115
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c02525?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

(3) Moussian, B. The Arthropod Cuticle. In Arthropod Biology and
Evolution; Minelli, A., Ed.; Springer-Verlag: Berlin Heidelberg, 2013;
pp 171—196.

(4) Hepburn, H. R; Chandler, H. D. Material properties of
arthropod cuticles: The arthrodial membranes. J. Comp. Physiol. 1976,
109, 177—198.

(5) Billen, J. Occurrence and structural organization of the exocrine
glands in the legs of ants. Arthropod Struct. Dev. 2009, 38, 2—185.

(6) Nijs, C.; Billen, J. Exocrine glands in the legs of the social wasp
Vespula vulgaris. Arthropod Struct. Dev. 20185, 44, 433—443.

(7) Wy, J; Qin, Z;; Qu, Z.; Zhang, H.; Deng, F.; Guo, M. Natural
hydrogel in American lobster: A soft armor with high toughness and
strength. Acta Biomater. 2019, 34, 3511—3522.

(8) Crowe, J.; Crowe, L. M.; Roe, P.; Wickham, D. Uptake of DOM
by Nemertean Worms: association of worms with arthrodial
membranes. Am. Zool. 1982, 22, 671—682.

(9) David, W. A. L. The Physiology of the Insect Integument in
Relation to the Invasion of Pathogens. In Insects and Physiology;
Beament, J. W. L.; Treheme, J. E., Eds.; Oliver & Boyd: London,
1967; pp 17-35.

(10) Chamley, A. K. Mechanisms of Fungal Pathogenesis in Insects.
In The Biotechnology of Fungi for Improving Plant Growth; Whipps, J.
M,; Lumsden, R. D., Eds.; Cambridge University Press: London,
1989; pp 85—125.

(11) Kury, A. B. Classification of Opiliones - Museu Nacional da
Universidade Federal do Rio de Janeiro. http://www.museunacional.
ufrj.br/mndi/Aracnologia/opiliones.html 20185, (accessed June 13,
2020).

(12) Curtis, D. J.; Machado, G. Ecology. In Harvestmen: The Biology
of Opiliones; Pinto-da-Rocha, R.; Machado, G.; Giribet, G., Eds,;
Harvard University Press: Cambridge, Massachusetts, 2007; pp 280—
308.

(13) Willemart, R. H.; Chelini, M. C. Experimental demonstration of
close-range olfaction and contact chemoreception in the Brazilian
harvestman Iporangaia pustulosa. Entomol. Exp. Appl. 2007, 123, 73—
79.

(14) Laemmli, U. K. Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature 1970, 227, 680—
685.

(15) Montoni, F.; Andreotti, D. Z.; Eichler, R. A. S.; Santos, W. S.;
Kisaki, C. Y.; Arcos, S. S. S.; Lima, L. F.; Soares, M. A. M.; Nishiyama-
Jr, M. Y,; Nava-Rodrigues, D.; Ferro, E. S.; Carvalho, V. M,; Iwai, L.
K. The impact of rattlesnake venom on mice cerebellum proteomics
points to synaptic inhibition and tissue damage. J. Proteomics 2020,
221, No. 103779.

(16) Noirot, C.; Quennedey, A. Gland, gland cells, glandular units:
some comments on terminology and classification. Ann. Soc. Entomol.
Fr. 1991, 27, 123—128.

(17) Walsh, C. Posttranslational Modification of Proteins: Expanding
Nature’s Inventory; Roberts and Co. Publishers: Englewood, 2006; pp
7-1020.

(18) Jonckheere, W.; Dermauw, W.; Zhurov, V.; Wybouw, N.;
Bulcke, J. V.; Villarroel, C. A.; Greenhalgh, R,; Grbic, M.; Schuurink,
R. C; Tirry, L.; Baggerman, G.; Clark, R. M.; Kant, M. R.; Vanholme,
B.; Menschaerte, G.; Leeuwen, T. V. The salivary protein repertoire of
the polyphagous spider Mite Tetranychus urticae: A Quest for
Effectors. Mol. Cell. Proteomics 2016, 15, 3594—3613.

(19) Attygalle, A. B.; Jessen, K,; Bestmann, H.; Buschinger, A,;
Maschwitz, U. Oily substances from gastral intersegmental glands of
the ant Pachycondyla tridenta (Ponerinae): Lack of pheromone
function in tandem running and antibiotic effects but further evidence
for lubricative function. Chemoecology 1996, 7, 8—12.

(20) Billen, J.; Ito, F. The basicoxal gland, a new exocrine structure
in poneromorph ants (Hymenoptera, Formicidae). Acta Zool. 2006,
87, 291-296.

(21) Osaki, T.; Omotezako, M.; Nagayama, R.; Hirata, M.; Iwanaga,
S.; Kasahara, J; Hattori, J; Ito, I; Sugiyama, H.; Kawabata, S.
Horseshoe crab hemocyte-derived antimicrobial polypeptides, tachys-

35255

tatins, with sequence similarity to spider neurotoxins. J. Biol. Chem.
1999, 274, 26172—26178.

(22) Hong, W,; Zhang, R; Di, Z.; He, Y.; Zhao, Z.; Hy, J.; Wy, Y.
Wu,; Li, W.,; Cao, Z. Design of histidine-rich peptides with enhanced
bioavailability and inhibitory activity against hepatitis C virus.
Biomaterials 2013, 34, 3511—3522.

(23) Lamiable, O.; Kellenberger, C.; Kemp, C.; Troxler, L.; Pelte,
N.; Boutros, M.; Imler, J. L.; et al. Cytokine diedel and a viral
homologue suppress the IMD pathway in Drosophila. Proc. Natl. Acad.
Sci. U.S.A. 2016, 113, 698—703.

(24) Kazuma, K.; Masuko, K; Konno, K; Inagaki, H. Combined
venom gland transcriptomic and venom peptidomic analysis of the
predatory ant Odontomachus monticola. Toxins 2017, 9, No. 323.

(25) Dennis, R. A. M. Exploring the global animal biodiversity in the
search for new drugs — spiders, scorpions, horseshoe crabs, sea
spiders, centipedes, and millipedes. J. Transl. Sci. 2017, 3, 1-18.

J\\ OPEN ACCESS JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

Editor-in-Chief
Prof. Christopher W. Jones
Georgia Institute of Technology, USA

»

&
Open for Submissions [}

ACS Publications

pubs.acs.o rg/ 'Jacsau Most Trusted. Most Cited. Most Read.

https://doi.org/10.1021/acsomega.1c02525
ACS Omega 2021, 6, 35250—35255


https://doi.org/10.1007/BF00689417
https://doi.org/10.1007/BF00689417
https://doi.org/10.1016/j.asd.2008.08.002
https://doi.org/10.1016/j.asd.2008.08.002
https://doi.org/10.1016/j.asd.2015.08.011
https://doi.org/10.1016/j.asd.2015.08.011
https://doi.org/10.1016/j.actbio.2019.01.067
https://doi.org/10.1016/j.actbio.2019.01.067
https://doi.org/10.1016/j.actbio.2019.01.067
https://doi.org/10.1093/icb/22.3.671
https://doi.org/10.1093/icb/22.3.671
https://doi.org/10.1093/icb/22.3.671
http://www.museunacional.ufrj.br/mndi/Aracnologia/opiliones.html
http://www.museunacional.ufrj.br/mndi/Aracnologia/opiliones.html
https://doi.org/10.1111/j.1570-7458.2007.00527.x
https://doi.org/10.1111/j.1570-7458.2007.00527.x
https://doi.org/10.1111/j.1570-7458.2007.00527.x
https://doi.org/10.1038/227680a0
https://doi.org/10.1038/227680a0
https://doi.org/10.1016/j.jprot.2020.103779
https://doi.org/10.1016/j.jprot.2020.103779
https://doi.org/10.1074/mcp.M116.058081
https://doi.org/10.1074/mcp.M116.058081
https://doi.org/10.1074/mcp.M116.058081
https://doi.org/10.1007/BF01240632
https://doi.org/10.1007/BF01240632
https://doi.org/10.1007/BF01240632
https://doi.org/10.1007/BF01240632
https://doi.org/10.1111/j.1463-6395.2006.00244.x
https://doi.org/10.1111/j.1463-6395.2006.00244.x
https://doi.org/10.1074/jbc.274.37.26172
https://doi.org/10.1074/jbc.274.37.26172
https://doi.org/10.1016/j.biomaterials.2013.01.075
https://doi.org/10.1016/j.biomaterials.2013.01.075
https://doi.org/10.1073/pnas.1516122113
https://doi.org/10.1073/pnas.1516122113
https://doi.org/10.3390/toxins9100323
https://doi.org/10.3390/toxins9100323
https://doi.org/10.3390/toxins9100323
https://doi.org/10.15761/JTS.1000197
https://doi.org/10.15761/JTS.1000197
https://doi.org/10.15761/JTS.1000197
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c02525?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/jacsau

