
RESEARCH ARTICLE

The impact of UVB radiation on the glycoprotein glue of
orb-weaving spider capture thread
Sarah D. Stellwagen*, Brent D. Opell and Mary E. Clouse

ABSTRACT
Many spider orb-webs are exposed to sunlight and the potentially
damaging effects of ultraviolet B (UVB) radiation. We examined the
effect of UVB on the viscoelastic glycoprotein core of glue droplets
deposited on the prey capture threads of these webs, hypothesizing
that webs built by species that occupy sunny habitats are less
susceptible to UVB damage than are webs built by species that prefer
shaded forest habitats or by nocturnal species. Threads were tested
shortly after being collected in the early morning and after being
exposed to UVB energy equivalent to a day of summer sun and three
times this amount. Droplets kept in a dark chamber allowed us to
evaluate post-production changes. Droplet volumewas unaffected by
treatments, indicating that UVB did not damage the hygroscopic
compounds in the aqueous layer that covers droplets. UVB exposure
did not affect energies of droplet extension for species from exposed
and partially to mostly shaded habitats (Argiope aurantia, Leucauge
venusta and Verrucosa arenata). However, UVB exposure reduced
the energy of droplet extension in Micrathena gracilis from shaded
forests and Neoscona crucifera, which forages at night. Only in
L. venusta did the energy of droplet extension increase after the dark
treatment, suggesting endogenous molecular alignment. This study
adds UVB irradiation to the list of factors (humidity, temperature and
strain rate) known to affect the performance of spider glycoprotein
glue, factors that must be more fully understood if adhesives that
mimic spider glycoprotein glue are to be produced.
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INTRODUCTION
Ultraviolet radiation (UVR) introduces free radical oxidative stress
to organisms and biological materials, resulting in damaged cellular
components including DNA and proteins (Tyrrell, 1995; Osaki and
Osaki, 2011; Kaur et al., 2013; Matsuhira et al., 2013). Marine and
terrestrial organisms have adapted to prevent and cope with such
UVR exposure and damage. These adaptations can be behavioral,
such as moving into the shade (Gleason et al., 2006; Ma et al.,
2013), physiological, such as absorptive pigmentation like melanin
(Singaravelan et al., 2008) and mycosporine-like amino acids
(MAAs) (Kuffner, 2002; Hylander and Hansson, 2013), or
biochemical such as molecular repair (Carlson and Smith, 1981;
Connelly et al., 2009) and antioxidants (Swindells and Rhodes,
2004; Hudelson, 2011).
Some organisms, like the orb-weaving spider Argiope aurantia

Lucas 1833, remain exposed to full sunlight during the day
throughout the late summer and early autumn (Harwood, 1974).

These spiders produce aerial silk webs to catch and retain flying
insects. Their webs consist of radial threads that support a spiral of
capture silk, which incorporates adhesive glue droplets (Apstein,
1889; Sekiguchi, 1952; Sahni et al., 2014). Each transparent droplet
is composed of an inner sticky, viscoelastic glycoprotein core
(Sahni et al., 2010), covered by an aqueous, hygroscopic outer
covering that maintains moisture levels (Fig. 1; Edmonds and
Vollrath, 1992). Most species spin webs in the early morning hours,
monitor them using a sit-and-wait strategy throughout the day, and
recycle their silk when a new web is produced the next day (Reed
et al., 1969).

Viscous capture thread originates from a pair of posterior lateral
spinnerets on a spider’s abdomen. A triad of spigots on each
spinneret includes a central spigot that produces the flagelliform
supporting axial strand while a pair of surrounding aggregate
spigots secretes the glue. The coated strands from each spinneret
then join to form a proto-viscous thread. The glue first forms a
continuous cylinder around the axial fibers, but after rapidly
absorbing atmospheric moisture, swells to create surface tension that
quickly separates the material into droplets (Fig. 1A; Plateau, 1873;
Boys, 1889; Strutt, 1892; Edmonds and Vollrath, 1992). Each
droplet is composed of a glycoprotein core (Opell and Hendricks,
2010), which confers stickiness (Sahni et al., 2010), surrounded by a
hygroscopic aqueous layer that also extends into inter-droplet
regions (Fig. 1). At the center of the glycoprotein core, a denser
region termed a granule can often be seen in transmitted light
images of flattened droplets (Opell and Hendricks, 2010). This
granule is hypothesized to be a region where the glycoprotein is
anchored to the axial lines, causing it to resist forces that would slide
a droplet along these lines. The epi-illumination used in subsequent
studies to more clearly reveal the outline of a droplet’s glycoprotein
core (e.g. Opell et al., 2013; Stellwagen et al., 2014) makes it
difficult to visualize these granules independently of the
surrounding glycoprotein core within flattened droplets (Fig. 1C).

Inorganic and organic compounds in the hygroscopic aqueous
solution are crucial for thread function. They attract atmospheric
water, ensuring that both the axial lines and glycoprotein remain
hydrated (Opell et al., 2011a, 2013). This maintains axial line
supercontraction (Work, 1981; Work andMorosoff, 1982; Shao and
Vollrath, 1999; Shao et al., 1999) and glycoprotein extensibility
(Sahni et al., 2011; Opell et al., 2013). These compounds also
solvate glycoproteins, enhancing their interactions with surfaces
that a thread contacts (Sahni et al., 2014). A number of compounds
within the aqueous material have been characterized (Townley and
Tillinghast, 2013). Small inorganic compounds make up only
10–20% of a viscous thread’s dry mass, with low molecular mass
organic compounds (LMMC) comprising 40–70% (Fischer and
Brander, 1960; Anderson and Tillinghast, 1980; Tillinghast and
Christenson, 1984; Townley et al., 1991).

Spider thread adhesion has been characterized in two ways: the
maximum force registered just before thread pull-off (e.g. Opell andReceived 1 April 2015; Accepted 17 June 2015
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Hendricks, 2009) and the cumulative energy (work) require to pull a
thread from a surface (e.g. Sahni et al., 2011). Each index relies on
the observation that adhesive forces of multiple droplets are
summed as axial lines and droplets elongate under a load, much
like the main cable and vertical suspenders effectively bear the load
of a suspension bridge deck (Opell and Hendricks, 2007, 2009).
Consequently, even a modest degradation in performance at the
level of individual droplets can result in a large loss of adhesion and
energy dissipation as capture threads resist the struggles of an insect.
By examining how droplets respond to UVR, we can understand the
broader consequences of this potentially damaging environmental
factor on the web’s adhesive delivery system.
Two environmental factors are known to affect the capture

spiral’s glycoprotein: relative humidity (RH; Sahni et al., 2011;
Opell et al., 2011a) and temperature (Stellwagen et al., 2014).
Depending on the species, extensibility (how far a droplet stretches)
and adhesion (the energy required to pull a droplet from a surface) of
the glue may continue to increase as RH approaches 100%
[Neoscona crucifera (Lucas 1839); Opell et al., 2013], or may
function optimally at intermediate levels (55% RH in A. aurantia
and Larinioides cornutus; Sahni et al., 2011; Opell et al., 2013) and
decrease at lower and higher humidity. Temperature affects the
adhesive’s viscosity, stiffening the glycoprotein when ambient
conditions are cooler and reducing viscosity as temperature
increases (Stellwagen et al., 2014). For species like A. aurantia
that live in exposed habitats, this helps offset the effects of daily
humidity oscillations, as low humidity, which increases viscosity,
occurs at times of highest temperatures, which have the opposite
effect.
The effect of UVR, a third and potentially important

environmental factor, on the extensibility of viscous droplets has
not been examined. As some webs are exposed to full ambient UVR
throughout the course of a day, it is possible that the most damaging
component, ultraviolet B radiation (UVB, 280–315 nm), also
affects droplet performance. Silkworm silk breaking extensibility
is reduced by 67% and work is reduced by 87% after just 1 h of
exposure to a combination of UVA and UVB (Aksakal et al., 2015);
however, this silk was treated to remove its sericin, a protective,

amorphous, antioxidant glycoprotein. Sericin has been shown to
block UVR damage in human (Dash et al., 2008) and mouse
(Zhaorigetu et al., 2003) keratinocytes and suppress colon
carcinogenesis when fed to mice (Sasaki et al., 2000). Historically
considered a waste byproduct from silk manufacturing, sericin is
now being used in a wide range of applications, including fabrics,
biomedicine and cosmetics (Zhang, 2002). It may be that
compounds in the aqueous coating of the viscous droplets of orb
weavers’ sticky silk spiral also function to protect the glycoprotein
glue from direct or oxidative stress.

Alternatively, droplet performance may improve after exposure to
UVR, as UVR induces cross-linking in proteins (Bhat and Karim,
2009; Hu et al., 2013). Non-adhesive spider silk continues to
improve mechanically after several hours of natural UVA exposure
and at twice the natural UVB exposure; however, longer exposures
eventually result in degradation (Osaki, 2004; Osaki and Osaki,
2011). Low UV doses may enhance silk performance by further
aligning proteins, similar to the ‘improvement phase’, where
molecule alignment is hypothesized to continue after a silk strand
is extruded (Agnarsson et al., 2008). Our study included both dark
aging and UVB exposure treatments, allowing us to separate and
quantify these two effects on the performance of the viscous glue
droplets.

Unlike A. aurantia, many orb web spider species, including
Leucauge venusta (Walckenaer 1841) and Verrucosa arenata
(Walckenaer 1841), build webs in partially shaded areas
(Zschokke et al., 2006; Bradley and Hickman, 2009), and others,
like Micrathena gracilis (Walckenaer 1805), prefer to construct
their webs in shaded woody habitats where only an occasional sun
fleck strikes their web (Biere and Uetz, 1981). Nocturnal species
like N. crucifera construct their webs a few hours after dusk
(Adams, 2000). By investigating the effects of UVB radiation on the
viscous glue droplets of these five araneoid orb-weavers (all of them
members of the family Araneidae, except L. venusta, which is a
member of the family Tetragnathidae), we tested the hypothesis that
species which build their webs in open, sunny habitats produce
droplets that are less susceptible to UVB damage than those which
build their webs in more heavily shaded habitats or at night. We did
this by measuring the duration of droplet extension and the angle of
axial line deflection produced by extending droplets from fresh
threads collected in the early morning (or evening in the case of
N. crucifera) and compared these with measurements from droplets
that were aged in the dark, droplets that were exposed for up to 4 h to
UVB levels typical of midday summer sun, and droplets that
received approximately three times this amount of UVB exposure.

We also photographed each thread droplet prior to extension,
which permitted us to compare the effect of UVB on droplet
volume. This is a critical part of the study, as LMMC in a droplet’s
aqueous layer are responsible for the droplet’s hygroscopicity, and a
droplet’s water content affects glycoprotein extensibility (Opell
et al., 2013). Inorganic compounds within the aqueous material are
probably not susceptible to UVB damage, but the same may not be
true for some of the LMMC. Thus, we also tested the hypothesis that
UVB exposure affects the droplet volume of one or more study
species.

RESULTS
UVB exposure had no clear or systematic effect on droplet volume
(Table 1). The only treatment differences we observed were for
L. venusta (1 h UVB, mean±s.d. 1386.0±748 µm3; 3 h UVB,
1237.1±435.7 µm3; 4 h dark, 1591.2±803.3 µm3) and V. arenata
(1 h UVB, 9472.4±4684.9 µm3; 4 h dark, 9584.5±4244.4 µm3),

A

B
50 μm

C

50 μm25 μm

Fig. 1. Viscous capture thread and droplets. Micrathena gracilis capture
thread and droplets (A), and a single suspended (B) and flattened (C) droplet of
Argiope aurantia as viewed with epi-illumination. The outer aqueous layer and
inner glycoprotein core are distinct when a droplet is flattened on a glass slide.
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where droplet volumes exceeded those of fresh threads. There were
no differences for the other hourly treatments, or the extreme
treatment for these species.
We brought individual suspended droplets in contact with a

probe, then withdrew the probe at a constant rate, and compared
the time a thread was under tension while a droplet extended
(Fig. 2). The extension times reported in Table 2 provide an index
of the extensibility of the glycoprotein within droplets. The hourly
UVB irradiated and dark treatments for diurnal species are each
presented as an average of the four, 1 h time interval means, as
there was no statistical difference between these intervals;
P-values for these combined averages represent the lowest value
of the four comparisons. In the full sun species, A. aurantia, and
partially shaded species, L. venusta and V. arenata, there were few
effects of experimental treatments, and the instances of
significance did not form a pattern that we considered

meaningful. For example, the total loaded time (TLT, the time
during which deflection of the axial line indicated tension on a
droplet prior to and during extension) for A. aurantia after the 2 h
dark treatment was shorter than that of fresh threads (mean
27.1±8.4 s). However, no differences were seen for the 3 or 4 h
dark treatments, or for any of the normal UVB hourly or extreme
treatments. In contrast, for both M. gracilis and N. crucifera,
extreme UVB exposure decreased both TLT and the droplet
extension phase (DE), the portion of TLT during which the droplet
stretched. In M. gracilis there was a 7.1 s (20%) reduction in TLT
and a 7.3 s (68%) reduction in DE. Neoscona crucifera showed an
11.8 s (23%) decrease in TLT and a 9.7 s (37%) decrease in DE,
while the pre-extension phase (PE) that preceded droplet extension
remained relatively stable. Both TLT and DE were significantly
shorter forM. gracilis after exposure to 3 h UVB (Table 3), and DE
was significantly shorter after 3 h dark treatment. However, no
differences were found after 4 h of normal UVB or dark
treatments.

Axial line deflection angles (Fig. 2; supplementary material
Table S1) are an estimation of the force on droplets and were
measured just prior to droplet extension (0% DE) and at 25%, 50%,
75% and 99% of DE. By combining these angles with values for the
diameter and Young’s modulus of each species’ paired axial lines,
we computed the force on an extending droplet (Tables 4, 5).
Moderate (1 h) normal UVB exposure increased the force on
extending A. aurantia droplets, although extreme exposure had a
lesser and insignificant effect. This trend was also observed in
L. venusta, where 3 h normal UVB and 2 h dark treatments increased
the force on extending droplets. In contrast, forM. gracilis, both 3 h
normal and extreme UVB treatments progressively decreased the
force during the 50–99% extension intervals, with extreme exposure
having an average of 2.5 times the effect of the mean hourly
exposure values. During the 50–99% intervals, the dark treatment
reduced the force on N. crucifera droplets, and the extreme

Table 1. Dimensions of suspended droplets for all species and treatment groups

Length (µm) Width (µm) Volume (µm3) Matched pair (volume)

Argiope aurantia
Fresh 69.8±9.7 52.4±7.9 85,409.4±37,734.7
Dark 68.9±13.5 54.2±10.3 92,922.9±46,753.4 P≥0.0974
Normal UVB 68.0±12.6 53.1±10.2 89,481.4±48,948.9 P≥0.3362
Extreme UVB 65.0±11.9 51.4±9.4 79,265.5±40,847.8 P=0.7462

Leucage venusta
Fresh 14.8±2.0 12.6±1.3 1030.0±345.3
Dark 15.4±3.1 13.4±2.8 1342.0±859.2 P≥0.0043 (4)
Normal UVB 15.1±2.5 13.4±2.2 1257.6±608.3 P≥0.0262, 0.0262 (1, 3)
Extreme UVB 14.8±2.7 13.2±2.3 1207.5±664.8 P=0.3121

Verrucosa arenata
Fresh 29.4±4.1 24.6±3.6 8037.3±3787.2
Dark 30.3±5.0 25.6±3.8 9013.2±4410.4 P≥0.0258 (4)
Normal UVB 30.4±4.3 25.7±3.5 9128.0±3800.2 P≥0.0237 (1)
Extreme UVB 30.5±4.6 25.9±4.0 9214.9±4139.6 P=0.1403

Micrathena gracilis
Fresh 29.0±3.3 24.2±2.8 7429.2±2852.6
Dark 28.9±3.9 24.5±3.4 7725.4±3419.5 P≥0.1827
Normal UVB 28.9±3.6 24.5±3.2 7688.4±3048.8 P≥0.1320
Extreme UVB 27.5±2.9 23.0±2.7 6438.3±2169.3 P=0.8763

Neoscona crucifera
Fresh 32.6±9.6 24.0±7.3 10,070.0±8452.2
Dark 31.3±9.8 22.8±7.2 8815.2±6337.2 P=0.3682
Extreme UVB 31.1±9.4 22.3±6.5 7992.8±5650.0 P=0.2828

Significant P-values (<0.05) are in bold. Data for the ‘normal UVB’ and ‘dark’ treatments are means obtained by averaging four, 1 h incremental treatment means
(due to limited resolution). Individual comparisons were performed for these hourly treatments, and P-values presented are the lowest of the four comparisons;
values in parentheses indicate which of the four hourly comparisons was significantly different from the ‘fresh’ thread values, if applicable.

413 μm
θ

A B C

Fig. 2. Droplet extension configurations. Droplet in the unloaded (A), pre-
extension (B) and extension (C) phases. Angular deflection of the support line
corresponds to the force on droplets in pre-extension and extension phases.
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treatment reduced the force during the 50–99% intervals by an
average of 23%, although this difference was not significant.
When the force on an extending droplet is plotted against

extension time (Fig. 3), interspecific differences in droplet
response to aging and UVB exposure appear. Extreme and
combined hourly normal UVB exposures increased the force
registered by extending A. aurantia droplets more than did the
combined hourly dark treatments. Force on L. venusta droplets
increased after both dark and UVB hourly treatments, but was
little affected by the extreme UVB treatment. Neither aging nor
UVB exposure had an effect on the performance of V. arenata
droplets. However, extreme UVB greatly reduced the force

registered by M. gracilis and slightly reduced that registered by
N. crucifera droplets. Extreme UVB lengthened the extension
times of A. aurantia droplets, but reduced the extension times of
the other species.

The area under each of the force–extension time curves represents
relative toughness and is an index of the energy required to extend
a droplet (Fig. 3). The energy absorbed by L. venusta increased
after 1 h dark (111%, P=0.0440) and remained higher after 2 h
dark (114%, P=0.0272). Verrucosa arenata droplets remained
remarkably stable, while energy absorption by M. gracilis
droplets declined following normal UVB exposure, being reduced
by 58% (P=0.0107) after 3 h UVB and 76% (P=0.0205) after

Table 2. Extension phase times for all species and treatments

TLT (s) Matched pair TLT PE (s) Matched pair PE DE (s) Matched pair DE

A. aurantia
Fresh 30.7±8.5 17.6±6.4 13.1±6.9
Dark 29.5±8.9 P≥0.0243 (2) 17.4±7.5 P≥0.5492 11.8±4.5 P≥0.1088
Normal UVB 30.4±10.5 P≥0.4645 17.0±9.0 P≥0.2539 13.4±5.5 P≥0.8561
Extreme
UVB

32.1±7.7 P=0.6780 15.1±7.2 P=0.1856 17.0±6.3 P=0.0781

L. venusta
Fresh 31.0±7.6 24.9±7.8 6.1±3.4
Dark 36.5±8.2 P≥0.0331 (2) 28.6±7.4 P≥0.1828 7.9±5.2 P≥0.1396
Normal UVB 33.6±7.2 P≥0.0463 (3) 26.6±6.2 P≥0.0352 (3) 7.0±5.3 P≥0.2748
Extreme
UVB

30.3±5.8 P=0.7980 25.3±5.1 P=0.8805 5.0±2.6 P=0.3600

V. arenata
Fresh 22.1±7.5 12.0±2.9 10.1±5.1
Dark 21.1±6.7 P≥0.4037 12.3±3.7 P≥0.4037 8.8±4.1 P≥0.1375
Normal UVB 22.2±3.3 P≥0.4743 13.0±1.9 P≥0.1161 9.2±2.2 P≥0.3272
Extreme
UVB

22.9±6.1 P=0.7786 13.3±2.3 P=0.8257 9.6±5.0 P=0.4143

M. gracilis
Fresh 36.3±8.3 25.6±6.7 10.7±6.0
Dark 32.5±8.5 P≥0.0557 25.7±6.9 P≥0.2024 6.7±5.6 P≥0.0413 (3)
Normal UVB 33.9±8.4 P≥0.0209 (3) 26.2±7.7 P≥0.1691 7.7±5.2 P≥0.0397 (3)
Extreme
UVB

29.2±5.1 P=0.0011 25.8±5.3 P=0.9698 3.4±3.2 P=0.0087

N. crucifera
Fresh 51.8±13.4 25.4±7.3 26.3±11.3
Dark 45.7±17.9 P=0.1803 21.4±6.5 P=0.0892 24.3±15.5 P=0.5325
Extreme
UVB

40.5±18.1 P=0.0061 23.9±9.1 P=0.4551 16.6±13.7 P=0.0024

TLT, total loaded time; PE, pre-extension phase; DE, droplet extension phase.
Data are means±s.d. Significant P-values (<0.05) are in bold. Data for the ‘normal UVB’ and ‘dark’ treatments are means obtained by averaging four, 1 h
incremental treatment means (due to limited resolution). Individual comparisons were performed for these hourly treatments, and P-values presented are the
lowest of the four comparisons; values in parentheses indicate which of the four hourly comparisons was significantly different from the ‘fresh’ thread values,
if applicable.

Table 3. Micrathena gracilis extension phase times for all treatments

TLT (s) Matched pair TLT PE (s) Matched pair PE DE (s) Matched pair DE

Fresh 36.3±8.3 25.6±6.7 10.7±6.0
Dark
1 h 30.9±8.1 P=0.0845 22.7±3.7 P=0.2024 8.2±7.3 P=0.3628
2 h 31.7±8.7 P=0.2088 25.7±8.2 P=0.9896 6.0±4.8 P=0.0557
3 h 31.5±7.2 P=0.0557 25.4±5.5 P=0.8962 6.1±3.8 P=0.0431
4 h 35.7±10.0 P=0.8411 29.1±8.2 P=0.3028 6.6±6.2 P=0.1219

Normal UVB
1 h 32.8±7.5 P=0.3411 24.0±5.7 P=0.5666 8.7±4.8 P=0.3879
2 h 35.9±9.2 P=0.9025 27.3±9.4 P=0.6117 8.6±6.0 P=0.3095
3 h 30.0±8.4 P=0.0209 23.5±6.2 P=0.2950 6.5±4.3 P=0.0397
4 h 36.8±7.9 P=0.8883 29.8±8.2 P=0.9698 7.0±5.7 P=0.1659

Extreme UVB 29.2±5.1 P=0.0011 25.8±5.3 P=0.9698 3.4±3.2 P=0.0087

Data are means±s.d. Significant P-values (<0.05) are in bold.
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extreme UVB. Neoscona crucifera droplets exhibited a 45%
reduction (P=0.0251) in energy absorption after the extreme UVB
treatment.

DISCUSSION
The viscous capture spiral threads of orb-weaving spiders have been
selected to retain insects that have intercepted a web (Blackledge
and Eliason, 2007). This allows a spider time to locate prey in the
web, evaluate the risk associated with its capture and, finally,

subdue it. As a viscous thread sums the adhesion of an estimated
20 droplets via the suspension bridge mechanism (Opell and
Hendricks, 2007, 2009), small changes in individual droplet
performance can have a large impact on thread performance.
A decrease of even a few seconds in prey retention time can mean a
lost feeding opportunity for an orb-weaving spider (Blackledge and
Zevenbergen, 2006). Moreover, the ability of the droplets to absorb
the energy of struggling prey is crucial, and can be affected by
environmental conditions such as humidity (Sahni et al., 2011;
Opell et al., 2011a, 2013) and temperature (Stellwagen et al., 2014).
This study demonstrated that, as hypothesized, the droplets of five
spider species that ranged from full sun to nocturnal habitats were
differentially affected by exposure to UVB radiation.

As gauged by droplet volume, UVB does not appear to impact the
LMMC in droplets, supporting another observation that these
compounds resist degradation (Opell et al., 2015). Therefore, as all
observations were made under the same humidity, any differences
in droplet performance can be attributed to the direct effect of UVB
on glycoprotein structure and not to changes in glycoprotein

Table 5. Young’s moduli used in the force calculations for each species

Axial fiber diameter
(µm)

Young’s modulus
(GPa)

Argiope aurantia 4.8±1.50 0.009±0.011
Leucauge venusta 0.9±0.26 0.058±0.046
Verrucosa arenata 1.5±0.64 0.098±0.199
Micrathena gracilis 1.3±0.30 0.052±0.053
Neoscona crucifera 3.0±1.18 0.010±0.005

Data were taken from supplementary table 4 in Sensenig et al., 2010.
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Fig. 3. Force–extension time plots for
viscous droplets and corresponding
histograms of relative toughness for
droplets in each treatment. Points in the
force–extension time plots are mean values
and are connected by smoothed lines.
Relative toughness values, determined from
the area under the force–time curves, are
means±s.d., with each significant difference
from fresh threads, as determined by
matched pair t-tests, being indicated by an
asterisk. Dashed lines indicate the level of
relative toughness for the fresh threads (for
easy visual comparison).
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hydration mediated by LMMC. These LMMC also contribute more
directly to thread adhesion by solvating and softening
glycoproteins, and thus facilitate glycoprotein–surface interactions
(Sahni et al., 2014). Therefore, the stability of droplet volume
suggests that droplet adhesion was also unaffected by UVB
exposure.
The viscous droplets of all five species continued to extend even

after extreme UVB exposure, although only the performance of
V. arenata droplets was wholly unaffected by aging or UVB
irradiation. Droplets of M. gracilis, which are found within forests,
and those of the nocturnal N. crucifera, exhibited significant
reductions in performance after exposure to extreme UVB, with the
relative toughness of the former dropping by three-quarters and of
the latter by almost half (Fig. 3). Interestingly, the droplets of
M. gracilis showed a reduction in both force and extension time,
whereas those of N. crucifera maintained a similar force to fresh
threads, but were reduced exclusively in extension time. Thus, our
observations support the hypothesis that the glycoprotein within
viscous droplets produced by shade-dwelling and nocturnal species
is more susceptible to UVB damage than that produced by species
that live in exposed habitats. In contrast, normal and extreme UVB
exposure increased the relative toughness of A. aurantia, a species
found in exposed habitats, by increasing the force on extending
droplets after normal UVB exposure, and increasing both force and
the duration of droplet extension after extreme exposure. The
relative toughness of L. venusta droplets, a species preferring partial
shade, increased nearly twice as much during the dark treatment as
during normal UVB treatment, while being little affected by
extreme UVB. This suggests that the performance of L. venusta
droplets is enhanced by a post-production improvement phase
(Agnarsson et al., 2008) and that UVB exposure interferes with or
reverses these changes. Additionally, L. venusta is a member of the
family Tetragnathidae, while all other species used in this study are
in the family Araneidae, suggesting phylogenetic differences in glue
properties.
Although N. crucifera is a nocturnal species, extreme UVB

exposure reduced the toughness of its droplets 30% less than it did
those of the diurnal species M. gracilis. Though unexpected, this
may be explained by observations that Neoscona species leave their
webs up during the day, switching from a night-time monitoring
position at the web’s hub to a cryptic daytime position in vegetation
adjacent to the web (Edwards, 1984). Their forest edge habitat
would, thus, leave the webs exposed to UVB, which may explain
their higher resistance to UVB than those of M. gracilis, whose
webs are rarely exposed to even brief specks of sunlight. By
collecting N. crucifera web samples in the evening and measuring
them the following day, our procedures allowed for at least 10 h of
post-production curing of their threads before our treatments began,
making it surprising that further aging during our tests had an
apparent, though not a statistically significant, effect.
UVB irradiation mechanically strengthens the dragline silk of

several diurnal spider species (Osaki, 2004; Osaki and Osaki, 2011),
although the mechanism of change is undocumented. UVB
irradiation also increases the viscosity of proteinaceous fish
gelatin (Otoni et al., 2012), where it is thought that UVB
produces free radicals, which link the aromatic compounds in
these materials (Fujimori, 1965). The capture spiral glycoprotein of
Araneus diadematus includes aromatic amino acids (Andersen,
1970), suggesting that this may contribute to the increased
toughness of droplets observed for A. aurantia following UVB
exposure. However, this information is lacking for the species we
studied, making it difficult to assess whether levels of these

aromatic compounds could be responsible for the observed
differences.

Thread performance data exhibited high variance and although
matched pair statistics reduced the impact of this variance, it made
analysis challenging and probably accounts for such anomalies as
the M. gracilis TLT fresh value differing from 3 h but not from 4 h
UVB exposure values. The source of this inter-individual variance
may lie in size, nutritional or reproductive status differences among
the mature females that produced the threads we studied. All the
webs from which threads were collected appeared normal and did
not show signs of spider senescence that has been reported for some
orb-weavers (Eberhard, 1971). Differences in temperature and
humidity at the time of web construction or thread position in the
web may also affect droplets. However, we attempted to account for
these issues by controlling room conditions and using threads from
the outer 30% of a web.

Our study adds UVB irradiation to the list of factors known to
affect the performance of spider glycoprotein glue, which includes
humidity (Opell et al., 2011a, 2013), temperature (Stellwagen et al.,
2014) and strain rate (Sahni et al., 2011). It is important to more fully
understand these effects as material science moves toward
producing environmentally non-toxic and energy conservative
adhesives inspired by spider thread glycoprotein. Interspecific
differences in the performance of viscous droplets in response
to both humidity and UVB exposure offer a preview of the range
of adhesives that might be modeled after orb spider glycoprotein
glue. This glue is produced at ambient temperatures, is robust yet
biodegradable and, as this research demonstrates, can be very
resistant to damaging UVB. In addition, this glue does not need
the additional glandular processing of structural dragline silk, a
requirement that has been the major obstruction to making
synthetic silks on a commercial scale. Thus, a biomaterial
modeled on spider glue may be both easier to produce and,
through an understanding of the molecular differences that adapt the
glue of different species to their habitats, easier to engineer for a
range of applications.

MATERIALS AND METHODS
Study species and thread collection
Thread samples were collected from webs constructed by individual adult
females of A. aurantia (N=13), L. venusta (N=12), V. arenata (N=12) and
M. gracilis (N=12) on and near the Virginia Tech campus in Blacksburg,
Montgomery County, VA, USA, from 9August to 28 September 2013. Each
sample was collected between 05:30 h and 08:30 h and all images and
videos were captured by 16:00 h the same day. Neoscona crucifera (N=11)
thread samples were collected from 21 August to 31 August 2014 between
21:30 h and 23:00 h and their study was completed by 16:00 h on the
following day. Webs from N. crucifera were exposed to only the extreme
treatment, as hourly data from the diurnal species, collected in the previous
year, did not appear useful in resolving the effects of short-term, low-level
UVB exposure. A sector of each spider’s web was collected on either a
15×52 cm aluminium rectangular frame or a 17 cm diameter aluminium ring
with a bar across its center. The upper surfaces of these frames and rings
were covered with Scotch® double-sided tissue tape (Tape 410M, 3M,
St Paul, MN, USA), which adhered to web sectors, maintaining the threads
at their native tension. Threads extending from the collecting frame were cut
with a scissor to avoid distorting the sample when the frame was withdrawn
from the web. We placed web-sampling frames in closed containers for
transport to the laboratory. The location of each sampled web was marked
with flagging tape to ensure that threads from an individual spider’s web
were included only once in the study.

To stabilize webs before transferring thread strands to microscope
sampler slides, we placed 4 mm wide brass bars that were covered with
double-sided carbon tape (product 77816, Electron Microscopy Sciences,
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Hatfield, PA, USA) across the frame’s rim along web radii. This further
isolated the web sample and ensured that the tension of viscous threads
adjacent to the ones being collected was not altered. We used forceps, which
were blocked open to accommodate the separation of the supports on the
sampler slide, to collect individual viscous threads and transfer them to a
microscope slide sampler. Double-sided carbon tape on both tips of the
forceps held each thread strand securely when the thread was pulled or
burned free using a hot wire probe. Threads were placed on the tops of a
sampler’s U-shaped brass struts, which were epoxied at 4.8 mm intervals to
microscope slides and covered with double-sided carbon tape (fig. 3 in
Opell et al., 2011b).

To ensure that the probe used to extend droplets contacted only a single
droplet, we used a minuten insect pin moistened with distilled water to move
away droplets that were adjacent to the test droplet located at the center of the
thread strand. This process retained the aqueous coating of the strand’s axial
fibers, as demonstrated by the formation of small droplets similar to those
often present between the large primary droplets of many viscous threads.
Observations were made at 24°C and 55% RH and were established by
turning electric humidifiers on and off, and adjusting the room’s thermostat.

UVB irradiance
A single 14.7 W, 306 nm spectral peak UVB fluorescent tube (G15T8E;
440.4 mm length, 25.4 mm diameter; USHIO Inc., Cypress, CA, USA) was
used to irradiate samples. The lamp hung diagonally from the top interior of
a white-surfaced ply board cabinet (52.5×37×48 cm). Airflow through the
chamber was maintained by a small fan in the top of the chamber that drew
air through three 7.5 cm diameter holes in the cabinet’s lower sides and
back.

We placed microscope slide samplers with threads on a black felt-covered
Styrofoam block, which had a central hole to accommodate the sensor of the
UVB meter used to measure thread exposure. Two slides with thread
samples were placed on either side of a UVB meter sensor probe to provide
accurate readings of irradiance and cumulative UVB dosage throughout
each trial. Irradiance was measured using a PMA2200 photometer
radiometer (Solar Light Co., Inc., Glenside, PA, USA) equipped with a
UVB detector (PMA2106-WP, Solar Light Co., Inc.) calibrated traceable to
the National Institute of Standards and Technology (NIST) on 29 July 2013
with a spectral sensitivity from 280 to 320 nm, and peak sensitivity
∼312 nm by the manufacturer.

To create a dark treatment cylinder for thread sampler slides, we epoxied
two 35 mm plastic film development canisters together to create a 21 cm
long, 9 cm diameter cylinder with light baffles at either end that permitted air
flow. We placed this cylinder on the floor of the chamber at the same height
as the platform on which exposed thread samples rested. The dark treatment
cylinder and the UV cabinet maintained ambient room temperature and
humidity within a standard deviation of ±0.13°C and ±1.3% RH, and
0.08°C and ±1.7% RH, respectively, as recorded every 30 s for 2 h by
Hobo® temperature/relative humidity data loggers (model U23-002; Onset
Computer Corp., Bourne, MA, USA).

For each of the following 10 treatments, we tested two droplets from an
individual’s web sample: (1) fresh threads measured immediately after UVB
treatments and their controls had begun; (2–5) threads kept in the dark
canister within the UVB chamber for 1, 2, 3 and 4 h; (6–9) threads irradiated
for 1, 2, 3 and 4 h of light at ∼2.5 W m−2, a level typical of full sunlight
received in this area in late summer from 10:00 h to 14:00 h and established
by placing polyethylene plastic filters above the thread samplers; (10)
threads exposed to an extreme irradiance for 4 h at ∼7.5 W m−2, the
maximum level produced by the UVB lamp.

Droplet extension and volume
We photographed each isolated test droplet immediately prior to extension.
All observations were made within a chamber that held microscope slide
samplers and rested on the mechanical stage of a Mitutoyo FS60 inspection
microscope (fig. 4 in Opell et al., 2011a). A steel probewas inserted through
a port in the side of the test chamber and its 413 µm wide polished tip,
previously cleaned with 95% ethanol on a Kimwipe, was aligned and
brought into contact with the focal droplet and anchored to a stable mount.
To ensure full droplet adhesion, the probe was pressed against the droplet

until the thread was deflected by a distance of 500 μm. We then recorded a
60 frames s−1 video as the probe was withdrawn from the droplet at a
velocity of 69.6 µm s−1 by a computer-controlled stepping motor connected
to the microscope stage’s x-axis by a flexible belt.

We used ImageJ (Rasband 1997–2014) to measure droplet length (DL;
dimension parallel to the support line) and droplet width (DW), and from
these measurements computed droplet volume (DV) using the formula
(Opell and Schwend, 2007; Liao et al., 2015):

DV ¼ 2p� DW2 � DL

15
: ð1Þ

Droplet extension and axial line angle deflection
The TLT of droplet extension begins when the axial line is deflected from its
initial non-loaded, 180 deg configuration and ends when the droplet returns
to a non-loaded condition. We divided TLT into two phases; the pre-
extension (PE) phase, during which a droplet exhibited tensive axial line
deflection, but did not extend, thus holding the axial line in contact with the
probe, and the droplet extension (DE) phase, which began when a droplet
filament started to form and ended when the axial line returned to its 180 deg
configuration at the end of TLT (fig. 4 in Stellwagen et al., 2014). During
DE, we measured five axial line deflection angles using iMovie 11 (Apple
Inc., 2010) and ImageJ programs: the angle at the initiation of this filament
formation, and the angles at 25%, 50%, 75% and 99% of the total duration
time of DE.

Force calculation
We used the diameter and Young’s modulus of each species’ axial fibers
(Table 5) to estimate the force (Ftotal) on a droplet in three computational
steps: (1) determining the extension of the axial lines on either side of an
extending droplet, (2) converting this extension to force and (3) summing
these force vectors to determine force exerted on a droplet filament (Fig. 4).

Each droplet was located near the center of a 4800 μm long support
strand; however, the entire thread was not captured in videos. Therefore, we
used the supporting line’s central deflection angle to calculate the change in
length (ΔL) of each side (L0=2400 μm) of the support thread according to the
following formulas:

L ¼ 2400

sinðu� 0:5Þ ; ð2Þ

DL ¼ L� L0: ð3Þ

Knowing the extensions of either side of the thread that supported a droplet,
and the diameters and Young’s modulus values for each species’ axial
fibers, we calculated the force on each stretching thread on either side of a

L0=2400 μm

4800 μm θ

A B L

Ftotal

F1

F2

Fig. 4. Computing force on an extending droplet from support line
deflection. (A) The probe initially contacts the droplet in the center of a
4800 µm long strand of thread, at which point there is no force on the droplet, as
indicated by the support line’s 180 deg configuration. (B) The droplet has
extended as the thread and probe move apart, and the tension on the
elongating droplet is visible in the deflection of the support line. Force on
the droplet is calculated from the length of one half of a stretching thread (L),
the original length of that half-thread (L0) and the angle of axial deflection (θ).
The force vectors of each side of the stretching thread (F1, F2) are summed to
determine the force on a droplet (Ftotal).
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droplet (F1, F2) using the formula:

F1;F2 ¼ EA0DL

L0
; ð4Þ

where E is Young’s modulus and A0 is two times the instantaneous cross-
sectional area of each of a strand’s two cylindrical axial fibers. The Young’s
moduli used in these calculations are appropriate for extensions less than
∼50%, after which strain-hardening of the silk alters the properties of the
silk (Sensenig et al., 2010). We calculated the average percentage change in
length of the threads during droplet extension for each treatment to be
substantially less than 50% (supplementary material Table S2).
Instantaneous cross-sectional area, which accounts for the narrowing of
axial fibers as they are stretched, was determined by multiplying reported
cross-sectional area (Table 5) by the ratio of the initial thread length to the
final thread length.

To determine the total force exerted on a droplet filament, the angular
deflection of a droplet’s support line was again used to sum the force vectors
of both sides of the support lines of a droplet, using the formula:

Ftotal ¼ 2 cosðu� 0:5ÞF1: ð5Þ

Toughness or work is the area under a stress–strain curve, and because we
generated stress-seconds of extension curves, we term the area under these
curves relative toughness. This index of cumulative force on a droplet as it is
extended was therefore equated to the area under a treatment’s force–
extension time plot (Fig. 3). To approximate this index for each treatment,
we summed the products of force and DE at each DE interval (0%, 25%,
50%, 75% and 99%), as described in the following formula, where F is the
total force on an extending droplet and I is the droplet interval:

ðFI þ FIþ1Þ
2

� ðDEIþ1 � DEI Þ: ð6Þ

Analysis
We used JMP (SAS Institute, Cary, NC, USA) to analyze data and
considered comparisons with P≤0.05 as significant. All observations were
normally distributed (as confirmed by Shapiro–Wilk W-tests having
P≤0.05). Each treatment value was compared with the fresh thread value,
which served as the control. Droplet size and performance were very similar
within an individual web sample but showed some inter-individual
difference. To address this, we followed a repeated measures design,
comparing values with matched pair t-tests. This approach results in any
bias in the measurement of fresh droplets affecting each comparison.
However, our best gauge of similarity of control and treatment droplets is
droplet length and width, which were quite similar (Table 1).
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Table S1. Axial deflection angle measurements at 0%, 25%, 50%, 75% and 99% of the droplet extension time 

for all species and treatment groups (mean±1 s.d.).  

Axial angle 0% Matched pair 0%  Axial angle 25% Matched pair 

25% 

Axial angle 50% Matched pair 

50%  

Axial angle 75% Matched pair 

75%  

Axial angle 99% Matched pair 99%  

A. aurantia 

Fresh 135.7±13.1 148.8±14.8 155.7±16.5 163.8±16.2 168.7±15.6 

Dark 133.9±17.1 P≥0.4927 142.5±20.6 P≥0.0323 (4) 150.9±22.4 P≥0.1107 157.8±23.1 P≥0.0596 165.4±21.2 P≥0.2201 

Normal UVB 135.9±20.5 P≥0.5235 143.2±23.0 P≥0.0654 150.4±26.6 P≥0.0868 156.7±26.4 P≥0.0284 (1) 164.5±21.5 P≥0.0174 (1) 
Extreme UVB 140.4±17.8 P=0.3035 147.5±22.8 P=0.9906 152.6±26.9 P=0.5895 155.9±29.7 P=0.1844 162.9±23.0 P=0.1549 

L. venusta 

Fresh 116.8±15.3 116.5±15.2 114.9±14.7 114.4±14.6 114.6±14.4 

Dark 109.6±14.0 P≥0.0665 107.7±13.9 P≥0.0293 (2) 104.9±14.1 P≥0.0197 (2) 102.4±14.3 P≥0.0052 (2) 100.9±15.0 P≥0.0047 (2) 

Normal UVB 112.5±12.6 P≥0.0380 (3) 110.6±12.1 P≥0.0209 (3) 108.6±11.9 P≥0.0243 (3) 106.5±12.3 P≥0.0239 (3) 105.6±13.5 P≥0.0401/0.0256 (1/3) 

Extreme UVB 115.5±10.5 P=0.8080 115.0±10.7 P=0.7755 113.8±10.9 P=0.8354 113.0±11.7 P=0.7835 112 .1±12.0 P=0.6519 

V. arenata 

Fresh 143.1±9.9 139.1±11.7 134.1±13.9 130.5±15.6 129.3±17.4 

Dark 145.0±10.3 P≥0.2784 140.8±11.6 P≥0.3327 136.8±12.9 P≥0.2785 133.6 ±14.1 P≥0.2381 132.4±15.4 P≥0.2411 

Normal UVB 141.9±5.9 P≥0.3492 137.5±6.2 P≥0.2841 133.4±7.0 P≥0.4400 130.1±7.8 P≥0.4035 129.1±8.3 P≥0.4369 

Extreme UVB 141.5±5.6 P=0.5368 137.0±7.2 P=0.5220 132.0±8.5 P=0.6063 128.4±9.8 P=0.6676 127.2±11.3 P=0.3650 

M. gracilis 

Fresh 114.8±13.9 117.6±14.5 115.7±13.9 114.5±13.9 116.0±16.1 

Dark 114.3±13.6 P≥0.3015 118.7±14.2 P≥0.1883 117.1±16.9 P≥0.1883 119.2±16.8 P≥0.0848 123.7±19.5 P≥0.0376 (2) 

Normal UVB 113.4±15.5 P≥0.1519 119.0±15.3 P≥0.1122 120.2±16.5 P≥0.0303 (3) 120.9±17.3 P≥0.0194 (3) 125.1±18.6 P≥0.0102 (3) 

Extreme UVB 114.6±11.4 P=0.9076 123.4±16.1 P=0.1851 125.0±16.7 P=0.0834 127.2±19.2 P=0.0680 131±19.6 P=0.0646 

N. crucifera 

Fresh 116.1±14.1 111.0±15.6 103.6±16.5 97.9±17.6 94.2±18.5

Dark 124.0±15.1 P=0.0951 122.0±16.3 P=0.0498 113.2±16.3 P=0.0328 110.0±18.9 P=0.0352 107.5±20.3 P=0.0257 

Extreme UVB 118.0±19.2 P=0.6758 117.5±21.5 P=0.2312 115.2±21.5 P=0.1174 109.0±24.5 P=0.0906 106.7±25.3 P=0.2260 

Significant P-values (<0.05) are in bold. Presented for the Normal UVB and Dark treatments are means obtained 

by averaging four, 1 h incremental treatment means (due to limited resolution). Individual comparisons were 

performed for these hourly treatments, and P-values presented are the lowest of the four comparisons; 

parenthesized values indicate which of the four hourly comparisons was significant, if applicable. 

Table S2. Maximum mean percent axial line elongation as droplets extended during each treatment and 

the percent extension at which this value was expressed.  

A. aurantia L. venusta V. arenata M. gracilis N. crucifera 

Extension 0% 99% 99% 0% 99% 

Fresh 10.6 21.1 12.7 21.2 41.8 

Dark 

1 h 10.9 35.8 13.0 17.5 - 

2 h 10.6 34.8 9.6 23.3 - 

3 h 10.4 33.4 10.8 20.9 - 

4 h 12.4 30.7 10.5 26.8 31.0 

Normal UVB 

1 h 10.9 28.0 13.1 19.5 - 

2 h 9.2 26.2 10.2 24.9 - 

3 h 13.4 34.5 12.7 18.4 - 

4 h 11.2 24.9 12.6 28.6 - 

Extreme UVB 8.5 22.8 12.8 20.1 28.6 

For each species, maximum axial line extension occurred at the same percent extension. 
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