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Adhesive snares built from silks are fascinating adaptations that have rarely evolved
outside spiders. Glowworms (Arachnocampa spp.) are an iconic part of the fauna of
Australia and New Zealand that combine the construction of a sticky snare with a
bioluminescent lure. Recently, the structure and biomechanical properties of glowworm
silk have been studied in detail, but the chemical composition of its adhesive coating,
and how it varies between species of Arachnocampa remained unclear, limiting an
understanding of the glue function. Here, we studied the chemical composition of the
water-soluble fraction of the adhesive droplets from the snares in cave and epigaeic
populations of three species of Arachnocampa from mainland Australia, Tasmania,
and New Zealand, using a combination of nuclear magnetic resonance and mass
spectrometry. We found that glowworm glues comprise a large variety of small organic
compounds, with organic acids, amino acids, amino acid derivates, alcohols, urea, and
urea derivates being the major fraction, supplemented by small amounts of sugars,
fatty acids, and other organic compounds. While there was a general overlap in
the compounds detected in the adhesives of all tested Arachnocampa species and
populations, the relative amounts differed considerably. We expect that these differences
are a product of diet rather than an adaptive response to different environments, but
experiments are needed for clarification. The high amount of polar substances and
compounds that are hygroscopic at high humidity explains the adhesive properties of
the viscous solution and its stability in damp environments. These results contribute
to our understanding of the unique prey capture strategy of glowworms. Further, the
comparison with convergent spider webs highlights the use of small polar compounds
as plasticizers of macro-molecular bioadhesives as a general principle. This may inspire
the biomimetic design of novel pressure sensitive adhesives with high performance under
high humidity conditions.
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INTRODUCTION

Many invertebrates use viscous fluids or soft solids as reversible
adhesives to capture prey, such as in spider capture silk,
velvetworm slime, and harvestmen glue (Betz and Kolsch, 2004;
Suter and Stratton, 2009; Haritos et al, 2010; Sahni et al,
2010; Wolff et al., 2014; Wolff and Gorb, 2016). Such adhesives
have recently come into focus in ecological and biodiversity
research (Agnarsson and Blackledge, 2009; Zhang and Weirauch,
2013; Blamires et al, 2014; Wolft et al, 2016; Opell et al.,
2018; Diaz et al., 2020). Biological adhesives are often adapted
toward special requirements, such as generating adhesion to
contaminated substrates or at variable humidity, and show a
remarkable performance under conditions that are challenging
for artificial adhesives (Wolff et al., 2014; Opell et al., 2018;
Diaz et al., 2020). Therefore, they have also been proposed as
promising biomimetic models for the design of novel artificial
adhesives (von Byern and Grunwald, 2010; Sahni et al., 2011).

Glowworms (Nematocera: Arachnocampa spp.) are the larvae
of the fungus gnat, small dipterans that live in the temperate
rain forests of Australia and New Zealand. These animals are
remarkable in their ability to spin adhesive capture threads and
lure prey insects with a bioluminescent organ (Broadley and
Stringer, 2001; Meyer-Rochow, 2007). The “web” consists of a
horizontal mucous tube that functions as a retreat, and from
which a curtain of capture threads hangs (Gatenby and Cotton,
1960). These capture threads bear elliptical mucous droplets that
are regularly arranged like beads on a string (Meyer-Rochow,
2007; von Byern et al., 2016). Glowworms spin their snares only
in cool, moist, and dark microhabitats, such as caves, the banks
of creeks, or shaded canyon walls. Their adhesiveness requires
the high humidity to stay hydrated and remain sticky (von
Byern et al., 2016; Piorkowski et al., 2018). Under these humid
conditions the threads perform remarkably well (Piorkowski
et al,, 2018; von Byern et al., 2019), where artificial adhesives fail
due to water disturbing either the adhesive bonding (Tan et al,,
2008) or cohesive strength of the adhesive material itself (Musto
et al., 2002).

In a previous study, it was found that adhesion is produced
by the salivary gland of the glowworm and is predominantly
comprised of water and urea or uric acid, with the addition of
trace elements (von Byern et al., 2016), and amino acids (Walker
et al., 2015). However, both the exact identity of compounds in
the mucous and their variation between species and populations
has remained unclear. These aspects are important for advancing
our comprehension of the adhesive and hygroscopic functions
of this material, to ascertain the relationship between ecological
factors and mucous production. Integrating previous results
on the function of the glowworm adhesive with a better
understanding of the chemical identity and variation of the
material could also reveal the principles by which adhesion is
enhanced under high humidity, which could help to improve the
performance of artificial adhesives and surface coatings.

Here, we comparatively studied the water-soluble fraction of
the capture threads of three species and multiple populations
of Australian and New Zealand Arachnocampa. We expected
the adhesive material to contain salts, which have previously

been shown to play an important role in adhesion generation
by controlling material hydration in the viscid silk of orb web
spiders (Sahni et al., 2014). Further, we expected, the chemical
profiles show a high variability and differ between populations
and species, either due to diet effects, as observed for spider
glues (Blamires et al., 2014, 2017), or as an adaptive response
to different habitats, as shown for bioluminescent regulation in
glowworms (Sharpe et al., 2015).

METHODS

Collection of Wild Glowworm Threads
Arachnocampa tasmaniensis

We collected adhesive capture silk threads from 10
A. tasmaniensis nests from the ceilings of Mystery Creek
and Bradley Chesterman caves, in Southwest National Park,
Tasmania, Australia, in October 2017 (see Piorkowski et al., 2017,
2018 for details about the sites). Collection was permitted by
the Tasmanian Department of Primary Industries, Parks, Water,
and the Environment (permit No. FA15189 and FA17188).
We spooled the capture threads around plastic 500 WL pipette
tips, which were immediately placed into 3mL sterile fluid
collection tubes for transportation to the Mark Wainwright
Analytical centre at the University of New South Wales, Sydney,
Australia,. The 3 mL tubes holding the samples wound around
pipette tips were all sealed air tight and transported under
identical conditions, i.e., taped together and wrapped in foam to
prevent temperature variability. All samples were brought to the
laboratory at the Mark Wainwright Analytical Centre, UNSW,
Sydney, in tact within 2 days of collection, whereupon they were
refrigerated at ~4°C.

Arachnocampa richardsae

Samples of A. richardsae capture threads were collected from
the Glow Worm Tunnel on the Newnes Plateau, NSW, under
the license SL102029 granted by the NSW National Parks and
Wildlife Service. The collection method was the same as for
A. tasmaniensis.

Arachnocampa luminosa

Samples of A. luminosa capture threads were collected with the
same method as above, from populations in Spellbound and
Hollow Hill Caves (North Island). Samples were transported on
dry ice. Five additional samples were collected in biosilicate glass
micro-tubes from a population at the river banks and slopes
along the Tatare Tunnels Walk in Franz Josef, Westland (South
Island). New Zealand samples were collected under the research
permit 39535-RES granted by the Department of Conservation of
New Zealand.

Sampling Quantities

The number of threads collected per sample varied for each of
the species sampled and from sample to sample as the length
of the thread and size of the glue droplets showed immense
variation between and among species. In general, between 10
and 20 A. tasmaniensis threads were wound around one pipette
tip, between 20 and 30 A. richardsi threads were wound around
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one pipette tip, and between 10 and 29 A. luminosa threads
were wound around a single pipette tip. Ten tips per species and
location were collected. However, because the total amount of
material extracted per tip was insufficient of itself for the NMR
procedures (see below) several (~2-5) tips were pooled prior to
processing. The amount of material collected in the field was not
weighed. However, the pooled samples were weighed and diluted
to standardize their concentrations prior to being prepared for
NMR and MS.

Sample Preparation for NMR Spectroscopy
All of the glowworm glue samples were washed off the
sampling tips with a 150mM potassium phosphate buffer,

pH 6.95, containing an internal reference (deuterated
trimethylsilyl ~ propanoate, TMSP), a pH indicator
(difluorotrimethylsilanylphosphonic  acid, DFTMP), and

99.96% D,O (Cambridge Isotope Laboratories). Single samples
were washed with multiple aliquots of buffer adding up to a total
volume of 180 pwL. Combined samples were prepared from a
single aliquot added sequentially to 3 mm NMR tubes (Norell)
from the first to last sample in a volume of 180 pLL.

Nuclear Magnetic Resonance (NMR)

Spectroscopy

Proton (‘H) NMR spectroscopy was performed using a Bruker
Avance III HD 600 MHz spectrometer (600.13 MHz, 'H; 150.9
MHz 13C) fitted with a 5mm cryoprobe. Samples were stored
in a refrigerated Sample Jet autosampler on the magnet. NMR
spectra were acquired using the program TOPSPIN 3.6.0 (Bruker,
Preston, Australia). Proton solvent suppression was performed
using 1D NOESY pre-saturation (noesyldpr) and the HOD
solvent residual chemical shift. 'H-'3C HSQC spectra were
acquired using an optimized pulse program in the Bruker library
(hsqcedetgpsisp2.4) (Palmer et al., 1991; Kay et al., 1992; Willker
et al.,, 1993; Schleucher et al., 1994; Zwahlen et al., 1997). A
sweep width (time domain) of 12 ppm (2k) in the 'H and
240 ppm (512) in the '*C dimension was used over 16 scans.
'H-1*C HMBC spectra were acquired using the Bruker pulse
program hmbcgplpndgf (Cicero etal., 2001). A sweep width (time
domain) of 12 ppm (2k) in the 'H and 195 ppm (512) in the
13C dimension was used over 16 scans. Fourier transformation,
phasing, solvent filtering, chemical shift referencing, baseline
correction, and reference line shape convolution were performed
in TOPSPIN. We compared the relative peak positions of our
deconvoluted spectra with a spectral reference database for
biological metabolites using BAYESIL (Bovey and Mirau, 1996)
to identify the individual organic and inorganic hygroscopic salts,
and any other small and large molecular weight compounds,
within each species’ glues. The relative concentration of each
of the compounds identified was calculated upon baseline
correction and integration of the peaks using TOPSPIN.

Mass Spectrometry
We used mass spectrometry (MS) to verify the presence of
compounds identified in the NMR study as follows.

Individual pipette tips containing glowworm glue were
washed with 300 uL methanol (HPC grade, Merk, USA) into a
1.5mL Eppendorf tube. A 7 uL aliquot of each sample was taken
for analysis on an Orbitrap LTQ XL (Thermo Fisher Scientific,
San Jose Ca, USA) ion trap mass spectrometer using a nanospray
(nano-electrospray) ionization source to generate ions from the
analytes in solution.

The instrument was calibrated with a standard calibration
solution (as outlined in the instrument manual) on each of
the analyses. All analyses were carried out in positive ion
mode using the orbitrap Fourier Transform MS analyser at
a resolution of 100,000. Sample aliquots were injected into
a glass needle and inserted onto the nanospray source. Ions
generated were measured over the molecular mass range 100-
2,000 m/z. Data was acquired in full scan mode over 60s. The
data generated were analyzed using the Qual Browser feature
in Xcaliber 2.1 (Thermo Fisher Scientific, San Jose, Ca, USA)
and with searches against the ChemSpider (Royal Society of
Chemistry) database.

RESULTS

Compounds Found in the Adhesives of

Glowworms

NMR spectra showed peaks that could be assigned to a range
of organic molecules, allowing an estimate of the composition
of the low mass (i.e., molecules <300 Da) fraction of the
glowworm mucous (Table1, Supplementary Material 1 and
2). The majority of this fraction comprised alcohols (mainly
ethanol and methanol), organic acids (e.g., lactic acid, acetic
acid, hydroxyisovaleric acid, hydroxybutyric acid), amino acids
(dominantly tyrosine, but also glutamine, threonine, alanine,
leucine, and others), and amino acid derivates (e.g., betaine
and putative methylhistidines). Urea was consistently found
across samples, albeit with varying concentration: In the adhesive
of A. tasmaniensis urea was the most abundant compound,
whereas in the adhesive of A. richardsae it made only a
small fraction (Figure 1), with a concentration of only 2.6% of
that in A. tasmaniensis (Table 1). Further fractions comprised
monosaccharides (predominantly glucose) and other organic
compounds such as amines and acetates. Trace amounts of
acetate and acetone may be contaminants from glassware that
was used for sample processing. NMR showed signs of lipids,
which, however, could not be further identified with our NMR
approach, as it is limited to smaller weight compounds. However,
the MS spectra showed several high abundance peaks that
indicate the presence of fatty acids, e.g., at 309 and 360 m/z in
South Island A. luminosa, 244 m/z in A. richardsae, and 282, 304,
and 585 m/z in A. tasmaniensis (Figure 2). Further peaks at >500
m/z cannot be unequivocally identified, due to the sheer number
of possible isomers, and the additional information from NMR is
lacking. The MS spectra revealed that, in contrast to the other two
species, the adhesive of A. richardsae contained numerous higher
mass compounds at higher concentrations. MS also confirmed
the presence of urea and urea derivates (see below).
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TABLE 1 | Summary of compounds identified from the water soluble fraction of glowworm glue droplets with solution state "H NMR spectroscopy.

Compound Confidence score A. tasmaniensis A. richardsae A. luminosa (North Isl.) A. luminosa (South Isl.)
Urea 8 260.4 (150.9) 7.2 (47.6) 21.5(77.8) 124.9 (128)
Ethanol 9 83.9 (3.0) 3.1(1.0) 2.0 (1.6) 148.4 (2.6)
1-Methylhistidine 5 71.3(3.0) 0.0 (1.0) 26.1 (1.6) 97.7 (2.6)
Tyrosine 10 45.0 (3.0) 0.1 (1.0 9.9 (1.6) 42.3 (2.6)
Formate 9 31.4 (2.4) 0.6 (0.8) 1.4(1.2) 36.1 (2.0)
Glycerol 9 30.2 (3.0) 0.1 (1.0 3.1(1.6) 69.7 (2.6)
L-Lactic acid 10 24.2 (6.0) 29(1.9 6.7 (3.1) 4.0(5.1)
D-Glucose 10 21.7 (15.1) 3.2(4.8) 9.2(7.8) 25.5(12.8)
L-Glutamine 10 19.7 (3.0) 1.8(1.0) 9.3 (1.6) 6.8 (2.6)
L-Threonine 9 15.2 (3.0) 1.7 (1.0) 6.5 (1.6) 10.7 (2.6)
L-Alanine 10 15.0 (6.0) 0.0(1.9) 0.5(3.1) 1.1(5.1)
L-Leucine 10 14.6 (3.0) 3.1(1.0) 2.0 (1.6) 6.2 (2.6)
Valine 10 14.3 (6.0) 5.8 (1.9) 0.9 (3.1) 4.7 (5.1)
L-Proline 10 11.8 (3.0) 0.0 (1.0) 2.3 (1.6) 7.9 (2.6)
Isoleucine 7 11.6 (3.0 66.3 (1.0) 2.7 (1.6) 4.5 (2.6)
L-Ornithine 6 9.8 (9.1) 1.5(2.9) 3.34.7) 0.0(7.7)
Tryptophan 5 9.4 (9.1) 0.3(2.9 2.3(4.7) 21(7.7)
3-Hydroxybutyric acid 10 9.1 (3.0) 1.0(1.0) 5.5(1.6) 5.6 (2.6)
Xanthine 7 9.0 (3.0) 0.3(1.0 0.6 (1.6) 0.6 (2.6)
Glycine 10 7.5(3.0 0.6 (1.0 1.3(1.6) 0.0 (2.6)
Acetic acid 10 6.1 (2.1) 0.2 (0.7) 0.0(1.1) 39.9 (1.8)
L-Lysine 9 5.3 (3.0) 1.6 (1.0) 2.6 (1.6) 2.9 (2.6)
L-Glutamic acid 10 5.1(3.0) 8.5(1.0) 0.0(1.6) 16.3 (2.6)
L-Phenylalanine 10 4.8 (3.0 0.6 (1.0) 5.0 (1.6) 5.1(2.6)
Citric acid 10 4.7 (3.0) 1.3(1.0) 5.4 (1.6) 1.3(2.6)
Aspartate 9 4.6 (7.5) 2924 5.1 (3.9 3.2(6.4)
Myo-inositol 9 4.3 (3.0) 0.5(1.0 0.0 (1.6) 4.5(2.6)
2-Hydroxybutyric acid 9 4.1 (3.0 0.0 (1.0 3.5(1.6) 7.8(2.6)
Methionine 10 3.4 (3.0) 0.7 (1.0 1.1(1.6) 3.7 (2.6)
Methanol 10 2.9 (6.0) 76.8 (1.9) 7.8(3.1) 12.3(6.1)
Acetone 10 2.2 (3.0 0.1 (1.0 0.8 (1.6) 6.9 (2.6)
Malonate 7 2.0 (6.0) 0.0(1.9) 0.0(3.1) 20.6 (5.1)
Isobutyric acid 10 1.8(2.4) 3.5(0.8) 0.6(1.2) 3.4 (2.0
Succinate 8 1.6 (3.0) 0.5(1.0) 6.7 (1.6) 0.1(2.6)
Creatinine 10 1.3(3.0) 0.2(1.0 0.1(1.6) 0.0 (2.6)
3-Hydroxyisovaleric acid 6 1.1(3.0) 0.1 (1.0 86.0 (1.6) 0.5(2.6)
Creatine 7 1.0(3.0) 0.2 (1.0 1.1(1.6) 0.3(2.6)
Propylene glycol 10 0.9 (3.0) 0.1 (1.0 0.3(1.6) 1.8 (2.6)
2-Hydroxyisovalerate 10 0.7 (3.0) 2.0(1.0 0.3(1.6) 2.7 (2.6)
L-Arginine 6 0.3 (3.0) 2.4(1.0 0.0(1.6) 0.0 (2.6)
Betaine 10 0.3 (3.0) 0.0 (1.0 0.0(1.6) 20.7 (2.6)
Acetoacetate 8 0.0 (3.0 0.0 (1.0 0.3(1.6) 4.5 (2.6)
Isopropy! alcohol 10 0.0(3.0 1.3(1.0) 1.2(1.6) 4.0 (2.6)
Pyroglutamic acid 10 0.0(3.6) 1.5(1.0) 1.4(1.6) 2.3(2.6)
3-Hydroxyisobutyrate 9 0.0(3.0 1.6(1.0) 1.7(1.6) 0.3 (2.6)
Choline 10 0.0 (0.9 1.4 (0.9 0.0(0.5) 0.0(0.8)
L-Histidine 7 0.0 (3.0) 0.0 (1.0 4.1(1.6) 6.5 (2.6)
Dimethy! sulfone 10 - 0.0 (1.0 5.3(1.6) 12.7 (2.6)
Pyruvic acid 8 - 0.1 (1.0 1.0(1.6) 9.7 (2.6)

Numbers give the concentration (WM) and in brackets the detection threshold used by BAYESIL. Only compounds with a confidence score of at least 5 and a concentration >1 uM in at
least one species are given. Please be aware that due to different amounts of sample used in the analysis only the ratios and not the absolute numbers of concentrations are comparable
between species. The full data can be found in the Supplemental Material. “-“means not detected. Concentration values of five most abundant compounds are printed in bold.
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>

FIGURE 1 | Arachnocampa species and composition of their prey capture adhesive. (A,D,E,F) Morphology of snares of sampled glowworm species. (A) A.
richardsae. (D) A. luminosa, North Island. (E) A. tasmaniensis. (F) A. luminosa, South Island. (B) Map with gray shade indicating the known distribution range of the
genus (modified from records in the Atlas of Living Australia, https://www.ala.org.au/), map created using the R package maps (Brownrigg, 2013). (C) Bar plot
showing the relative abundance of compounds identified in the glowworm adhesive wash with NMR. Note that compounds with unspecific identity, such as fatty

acids, or that are not captured by solution state NMR (e.g., peptides) are not shown here.

Differences Between Glowworm Species

and Population

Although there was a high overlap in the compounds detected in
the adhesives of all Arachnocampa species the relative amounts
of these compounds largely differed (Table 1; Figure 1). The
adhesive of A. luminosa contained higher concentrations of
organic acids and amino acid derivates, but lower concentrations
of amino acids than the other two species. In the adhesive of
A. richardsae the organic acid fraction was comparatively small,
and instead it contained relatively more alcohols and amino
acids. Notably, here the alcohol fraction was comprised almost
entirely of methanol, and the most abundant amino acid was
isoleucine, whereas in both other species it was ethanol and
tyrosine, respectively (Table 1).

Furthermore, some compounds tended to appear in different
forms in the different species. For instance, the high peak at
155 m/z in the mass spectrum of A. Iuminosa is indicative
of methylenediurea and 187 m/z a form with additional side
branches. A. richardsae showed low amounts of pure urea, but
instead the peaks in the MS spectrum at 404, 409, 425, and 637
m/z are indicative of molecules comprised of two to four urea
units, possibly with side chains (see Supplementary Material 1
for details). In contrast, these peaks are absent in A. tasmaniensis,
which instead showed high peaks indicative of pure urea in the
NMR spectrum (Figure 3).

Glue droplets from South Island A. luminosa, i.e., an epigaeic
population, generally showed a more balanced composition
and higher concentrations of diverse compounds than those
of the other species and populations that all originated from

cave or cave like habitats. Comparing the composition of the
adhesive wash between the cave and epigaeic populations of A.
luminosa, the most prominent difference is the much higher
abundance of alcohols (ethanol and glycerol) in the adhesive of
the epigaeic (South Island) population. The adhesive of the South
Island population also showed significant amounts of acetic acid,
whereas in the North Island populations, as in the other two
species, this compound was almost absent and instead showed
lactic acid as the most abundant acid.

DISCUSSION

Glowworm Adhesives Are Composed of a

Diverse Mix of Organic Compounds

Our results revealed that the adhesive produced by
Arachnocampa glowworms for prey capture is composed of
a much higher diversity of organic compounds than previously
thought (von Byern et al, 2016). It confirmed the previous
finding that urea is a major compound in Arachnocampa
adhesives (von Byern et al., 2016), but only in A. tasmaniensis
was pure, unbound, urea the most abundant compound.
However, our MS data indicated that urea frequently occurred as
part of macromolecules, that might have evaded detection with
'H NMR. Urea, as well as other compounds that were found
at high concentrations, such as methylhistidines, are excretory
products. It has been assumed that the adhesive secretion
originates from the insect’s excretory system (von Byern et al.,
2016), but confirmatory experiments are needed.

Frontiers in Mechanical Engineering | www.frontiersin.org

April 2021 | Volume 7 | Article 661422


https://www.ala.org.au/
https://www.frontiersin.org/journals/mechanical-engineering
https://www.frontiersin.org
https://www.frontiersin.org/journals/mechanical-engineering#articles

Wolff et al.

Glowworm Glue Chemistry

100+ 155.05

957
90
851
801
751
704
657
607
557
501
454
40
351
30
257
20
154
104

51

Relative Abundance

360.32

384.19475.29

wi

633.51

S

737.54

715,56
N

A. luminosa

1059.59 1605.13 1883.71

100 200 300 400 500

1007
957
90 3
85
80 7
75
704
65
60 7
557
50 7
457
401
35
30 ]
257
203
153
10

Relative Abundance

42514
409,16

TN

600

bohes
700

654.33

637.30]

5
56§.46

697.34

L

800

719.32

ks oy

900

768.40 880.56
/ 838

1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000

m/z

A. richardsae

1290.63

972.98

1040.50
. 160928 1927.93
A 7

E 244.26 387
w002, it |
200 300 400

466.3
g
I
500

1005 304.26

959
90
85
804
754
704
65
607
55
50
45
404
35
30
25
20
155
104

53

0

Relative Abundance

320.23
24

282.28
185.11
L |

)]

557.50

600

585.53

700

Lyrdteibba )
) T

800

900

b 125143
1000 1100
m/z

1200 1300 1400 1500 1600 1700 1800 1900 2000

A. tasmaniensis

100 200 300 400 500

glowworms (A. tasmaniensis).

600

700

800

900

FIGURE 2 | Positive ion nanospray (ESI) high resolution mass spectrometry analysis of glowworm adhesives. (A) Spectrum of isolate from New Zealand glowworms
(A. luminosa, South Island). (B) Spectrum of isolate from Australian glowworms (A. richardsae from Newnes, NSW). (C) Spectrum of isolate from Tasmanian

1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
m/z

Frontiers in Mechanical Engineering | www.frontiersin.org

April 2021 | Volume 7 | Article 661422


https://www.frontiersin.org/journals/mechanical-engineering
https://www.frontiersin.org
https://www.frontiersin.org/journals/mechanical-engineering#articles

Wolff et al.

Glowworm Glue Chemistry

>

A. luminosa

A. richardsae

A. tasmaniensis
% 227

FIGURE 3 | "H NMR spectroscopic analysis of glowworm adhesives. (A)
Spectrum of isolate from New Zealand glowworms (A. luminosa, North Island).
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Island). (C) Spectrum of isolate from Australian glowworms (A. richardsae from
Newnes, NSW). (D) Spectrum of isolate from Tasmanian glowworms (A.
tasmaniensis).

Previous studies suggested that the glowworm adhesive
contains acids, with the proposal of oxalic acid (Fulton, 1941)
or uric acid (von Byern et al.,, 2016) as the predominant acidic
compound. This was not confirmed by our results. Instead, we
found a diversity of acids that may result from excretion processes
or anaerobic metabolism. von Byern et al. (2016) found no
evidence of the presence of carbohydrates and proteins in the glue
droplets of Arachnocampa spp., but found indications of small
peptides. Our results showed an abundance of different amino
acids, which agrees with Walker et al. (2015). These amino acids
could form peptides. Some of the higher range peaks in the MS
spectra, such as at 1,290 m/z in the A. richardsae adhesive, and
any peaks at >700 m/z across all species may be represented
by medium to large peptides (~C30). However, it was difficult
to make definitive identifications at this range because there are
a wide range of candidate organic compounds and 1H NMR
cannot detect many compounds with a molecular weight >300
Da. Additionally - in contrast to von Byern et al. (2016) - we
found signals of monosaccharide sugars in the NMR spectra of
all three species, albeit at low concentrations.

Relationship Between Composition and

Function of Glowworm Adhesives

The capture threads of glowworms can generate high adhesive
strength comparable to that of commercial glues on both artificial
hydrophilic and hydrophobic surfaces, and on insect surfaces
(Piorkowski et al., 2018; von Byern et al., 2019). High adhesion,
however, is only observed at high humidity (ie., close to
atmospheric saturation) and at a relative humidity of 60% the
adhesive is dry and brittle, and the adhesive properties are lost
(Piorkowski et al., 2018; von Byern et al, 2019). This is in
stark contrast to artificial adhesives that typically exhibit a loss
of adhesion at high humidity, and to the capture threads of
some spiders that retain water and stay adhesive across a broad
humidity range (~30-100% R.H.) (Opell et al., 2018).

Capture threads act like pressure sensitive adhesives (PSA):
these are soft materials that generate adhesive forces by building
a high surface area with the substrate, so that short ranging
intermolecular attractive forces are active (Creton, 2003). As no
covalent bonds are formed, the adhesion of the PSA is reversible
and remains efficient over various attachment-detachment cycles.
This function requires a high softness of the material (i.e., Young’s
modulus <100 kPa; Dahlquist, 1969), and a molecular backbone
that enables the cohesion (i.e., inner strength) of the adhesive.
In the adhesive of spider capture threads, so-called viscid
silk, the backbone is formed by large glycoproteins, which are
plasticised by water that is retained and dispersed by hygroscopic
compounds (Amarpuri et al, 2015). As different compounds
differ in their humidity-dependent hygroscopic properties their
specific mix determines an optimal environmental humidity at
which the adhesive is hydrated to provide optimal softness, while
not being too fluid to lose its cohesive strength (Opell et al,
2018). In spiders, this optimum corresponds to the microhabitat
conditions that are preferred by the species (Opell et al., 2018).

In the adhesive coating of glowworm capture threads there
is, thus far, no evidence for the presence of (glyco-)proteins
(von Byern et al,, 2016), however, our mass spectrometry results
indicate that the abundant urea could serve as a cohesive by
forming poly-urea chains and bonds with other compounds, such
as carbohydrates. In addition, von Byern et al. (2016) found that
the adhesive may contain peptides bound to urea. Such poly-urea
based molecules could interact with substrate surfaces via van
der Waals forces, or form hydrogen or even covalent bonds with
substrate surfaces due to their polar and reactive groups. Pure
urea, along with an abundance of other polar compounds, such
as tyrosine and glucose, may aid the hydration of the adhesive.
Under natural conditions, the glue droplets are comprised mainly
of water and other volatile substances (von Byern et al., 2016).
Notably, urea exhibits high hygroscopic properties only at high
humidity (Werner, 1937). This may explain, why the capture
threads of A. tasmaniensis rapidly dry and lose their adhesive
properties when removed from their damp cave environments
(Piorkowski et al., 2018). However, this was also observed for
the capture threads of A. luminosa (von Byern et al., 2019),
which did not show a similarly high fraction of pure urea in our
analysis, so other compounds of the glowworm adhesives may
have similar properties.
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In contrast to the viscid silk of spiders we found that the
glowworm adhesive contained significant amounts of alcohols,
predominantly ethanol (in A. luminosa and A. tasmaniensis) and
methanol (A. richardsae). These compounds may act as solvents
and aid in plasticizing the adhesive. The mechanism with which a
volatile compound such as methanol or ethanol is retained in the
glue droplet remains unclear.

The abundance of acids in the glowworm droplet, especially
those of A. luminosa, could have a function in prey ingestion.
This was previously speculated (Fulton, 1941), but has not yet
been experimentally tested.

Does Plasticity Explain the Differences in

Chemical Profiles?
Our analysis uncovered remarkable differences in the
composition of adhesives both between species, as well
as between cave and epigaeic populations of A. Iuminosa.
A. tasmaniensis and North Island A. luminosa were collected
from true cave environments, A. richardsae were collected
from a cave-like environment (abandoned railway tunnel) in
an otherwise dry area and the South Island A. luminosa were
collected from the creek banks in a temperate rain forest. None of
the three species are troglobiont and epigaeic populations exist in
suitable, damp microhabitats. It could be expected that epigaeic
populations are exposed to a higher variation in humidity,
and accordingly show enhanced hygroscopic properties. This
supposition nevertheless remains to be experimentally tested.
However, the chemical profiles of adhesives of South Island
A. luminosa or A. richardsae did not show a higher abundance
of hygroscopic compounds (in A. richardsae the adhesive even
exhibited a high concentration the non-polar isoleucine).
Different chemical profiles could result from diet influencing
the chemical mix within the adhesive secretion. From spider
capture threads it is known that the relative abundance of small
mass molecular compounds, such as choline and potassium
and phosphate salts, varies with spider diet (Higgins et al,
2001; Blamires et al., 2017). As different compounds may
fulfill the same function within the adhesives (e.g., different
types of hygroscopic substances, different types of solvents, or
different forms of urea forming the adhesive backbone, such
plastic effects might not necessarily reflect an adaptive function).
Furthermore, the threads may also be prone to contamination
with foreign substances (e.g., by aerosols), which may also affect
their composition after secretion.

Capture Threads as Biomimetic Models for

the Design of Tailored Adhesives

More and more materials designers are looking to biological
materials for inspiration for new products. This is because
biological materials often show a high performance, are
synthetized under environmentally benign conditions, and are
biodegradable. Moreover, some materials, such as spider silks
exhibit a high biocompatibility, which renders them excellent
candidates for the design of biomaterials for biomedical
applications (Vepari and Kaplan, 2007; Widhe et al., 2012).

A range of bioadhesives have received high attention due to
their specific properties that remain challenging to achieve for
artificial adhesives, such as the generation of adhesive bonds in
marine environments (Bandara et al., 2013) or the reversibility
of strong adhesive bonds (Cho et al., 2019). Glowworm glues
are different from other bioadhesives in being adapted to work
best under extremely humid conditions. Therefore, they have the
potential to serve as models for specialized moisture activated
adhesives such as tissue adhesives (Mehdizadeh and Yang, 2013).

At the same time, our study has shown some similarities to
spider adhesives. The study of such convergent adhesive systems
can be a powerful way to separate functional principles from
the effects of evolutionary history in biological systems (Wolff
et al., 2017). The function of common artificial adhesives is
severely affected by water. This is especially true for pressure
sensitive adhesives, which lose their stickiness at high humidity.
In contrast, the adhesives produced by glowworms and many
spiders retain their stickiness at high humidity. In both
cases this seems to be based on a on similar principle: the
plasticising of an otherwise dry and stiff material with water
by the ubiquitous distribution of small organic compounds
with hygroscopic properties. An experimental investigation
of the functional chemistry in glowworm capture thread
adhesives will help us to identify compounds that may be
useful for designing specialized adhesives for applications in
humidity environments.

CONCLUSION

In summary, here we showed for the first time that the
adhesive droplets of Arachnocampa glowworms are composed
of a complex mix of organic compounds. Our analyses
were qualitative and revealed the presence of many of
the same compounds or classes of substances between
different species and populations of glowworms, albeit
with different relative abundance. We assume that such
differences rather reflect differences in the diet and remnants
of different preys than adaptations to different habitats
and functions. Similar to the adhesive coatings of spider
capture threads, glowworm glues are characterized by an
abundance of low molecular weight organic compounds
with hygroscopic properties, which could act as plasticizers
and transform the stiff and brittle silk thread into a soft
and tacky contact adhesive. More research is required
to understand the functional significance of the different
compounds, in order to extract design principles for
specialized moisture activated adhesives for biomedical and
other applications.
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