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Abstract The origin of viscid capture silk in orb webs, from
cribellate silk-spinning ancestors, is a key innovation correlat-
ed with significant diversification of web-building spiders.
Ancestral cribellate silk consists of dry nanofibrils surround-
ing a stiff, axial fiber that adheres to prey through van der
Waals interactions, capillary forces, and physical entangle-
ment. In contrast, viscid silk uses chemically adhesive aque-
ous glue coated onto a highly compliant and extensible
flagelliform core silk. The extensibility of the flagelliform
fiber accounts for half of the total work of adhesion for viscid
silk and is enabled by water in the aqueous coating. Recent
cDNA libraries revealed the expression of flagelliform silk
proteins in cribellate orb-weaving spiders. We hypothesized
that the presence of flagelliform proteins in cribellate silk
could have allowed for a gradual shift in mechanical perfor-
mance of cribellate axial silk, whose effect was masked by the
dry nature of its adhesive. We measured supercontraction and
mechanical performance of cribellate axial silk, in wet and dry
states, for two species of cribellate orb web-weaving spiders to
see if water enabled flagelliform silk-like performance. We
found that compliance and extensibility of wet cribellate silk
increased compared to dry state as expected. However, when
compared to other silk types, the response to water was more
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similar to other web silks, like major and minor ampullate silk,
than to viscid silk. These findings support the punctuated evo-
lution of viscid silk mechanical performance.
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Introduction

Spider orb webs intercept flying insects using a combination
of strong supporting threads and adhesive capture silk
(Blackledge et al. 2011; Foelix 2011). Adhesive cribellate silk
arose carly in the evolution of “true spiders”
(Araneomorphae) and many architectures of cribellate webs
appeared by 223330 million years ago (Garrison et al. 2016).
However, subsequent spider evolution is marked by a persis-
tent loss of webs in a variety of clades, including the mega-
diverse RTA clade of mostly cursorial hunting spiders (Bond
et al. 2014; Fernandez et al. 2014; Garrison et al. 2016). The
frequent loss of cribellate silk is hypothesized to be due in part
to the high costs of producing cribellate silk (Eberhard 1990;
Coddington and Levi 1991; Blackledge et al. 2009a, b). For
instance, the puffy nanofibrils must be tediously combed out
of the spider’s cribellum and laid along an axial thread
(Zschokke and Vollrath 1995; Opell 1997; Joel et al. 2015).
The emergence of orb webs utilizing novel viscid capture silk,
likely in the Jurassic, is linked to the largest diversification of
web-building spiders and the origins of many new types of
web architectures (Coddington and Levi 1991; Bond and
Opell 1998; Opell and Bond 2001; Blackledge et al. 2009a,
b). Viscid silk requires less time to produce than cribellate silk
(Zschokke and Vollrath 1995 and more efficiently recruits
adhesion across surfaces than cribellate silk (Opell and
Schwend 2009). Viscid silk-spinning spiders clearly arose
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from a cribellate ancestor (Eberhard 1990; Coddington and
Levi 1991; Blackledge et al. 2009a, b; Garrison et al. 2016).
But, how that transition between two such divergent and
complex phenotypes occurred is unknown. Did viscid
silk arise through a gradual transition from cribellate silk,
or as a punctuated emergence of a functionally integrated set
of traits?

The dramatic differences in spider capture silks once led
researchers to argue that cribellate and ecribellate orb webs
represented a striking case of convergent evolution in web-
building behaviors (Kullmann 1972; Eberhard 1982).
However, similar leg movement patterns during web construc-
tion (Coddington 1982, 1990; Eberhard 1982, 1990), similar
environmental cues guiding orb web construction behaviors,
(Eberhard and Barrantes 2015), and similar morphologies of
the flagelliform and pseudoflagelliform glands (Griswold
et al. 1999; Griswold et al. 2005) argued for a single origin
of orb-weaving behaviors followed by a transition from
cribellate to viscid capture threads. Early molecular phyloge-
netic studies found additional support for the monophyly of
orb web spider lineages (Blackledge et al. 2009a, b; Dimitrov
et al. 2011). Finally, cDNA libraries also found evidence for
the expression of flagelliform silk genes in the silk glands of
cribellate orb-weaving spiders (Garb et al. 2006). Together,
these studies suggest that orb-weaving first evolved in a
cribellate spider with a subsequent transition in capture silk
production to viscid threads occurring in an orb-weaving
taxon.

However, recent phylogenomic studies suggest a more an-
cient origin of orb-weaving behaviors (Bond et al. 2014;
Fernandez et al. 2014), with viscid silk orb-weaving spiders
sister to a group of spiders with much more diverse web-
spinning behaviors, but still ancestrally cribellate (Garrison
et al. 2016). Therefore, to understand the origin of viscid silk,
it is useful to think of web architecture and capture silk type as
separate traits. Regardless of the web-spinning behaviors of
the ancestor from which viscid orb-weaving spiders evolved,
the transition from cribellate capture silk to viscid capture silk
is supported by all of these different investigations
(Coddington 1986; Griswold et al. 1999; Opell and Bond
2000).

The divergent morphology and properties of viscid and
cribellate silk (Kohler and Vollrath 1995; Blackledge and
Hayashi 2006a) present two complex character systems
whose function is derived from a set of interdependent parts
that are not easily combined into an intermediate silk type.
This argues for a rapid transition from cribellate to viscid silk.
However, a gradual transition in adhesive silk performance
has also been hypothesized (Opell and Bond 2000; Opell
et al. 2011b) and is supported by experimentally produced
cribellate-viscid silk hybrid threads that show higher sticki-
ness and adhesive efficiency than either silk type alone
(Opell etal. 2011a, b). They suggest that viscid silk secretions
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might have evolved initially to allow young spiders to produce
adhesive threads before their spinnerets were capable of pro-
ducing cribellate silk. Then selection might have co-opted the
use of the viscid secretions so that they were added to axial
threads before the addition of the cribellate fibrils, providing
hygroscopicity and improving adhesion, before the glands
producing cribellate silk were eventually lost (Opell et al.
2011a, b). Here, we focus on the transition in the mechanical
performance of the underlying axial fibers, which play a key
role in adhesion and differ markedly between the two silk
types.

Dry cribellate silk (Fig. 1) operates as a composite structure
with a strong, but stiff, axial fiber supporting ultra-fine
cribellate fibrils that adhere prey (Opell 1994; Hawthorn and
Opell 2002, 2003; Blackledge and Hayashi 2006a). Cribellate
axial fiber tensile behavior is, qualitatively, similar to that of
major ampullate silk demonstrating an initial elasticity follow-
ed by yielding and moderate compliance, and then finally an
increase in stiffness before failure (Blackledge and Hayashi
2006a). Cribellate fibrils adhere through van der Waals and
hygroscopic forces (Hawthorn and Opell 2003) and capillary
interactions with the waxes on arthropod cuticles (Bott et al.
2017). Cribellate silk must remain dry to generate useful ad-
hesion because wetting clumps the fibrils and makes substrate
attachment less effective (Elettro et al. 2015).

In contrast, viscid capture silk must remain wet because it
becomes less adhesive and mechanically underperforms when
dry (Vollrath and Edmonds 1989; Opell et al. 2011a; Perea
et al. 2013; Amarpuri et al. 2015). Viscid silk (Fig. 1) is also
composed of a highly extensible flagelliform silk axial fiber
coated in aqueous, aggregate glue (Peters 1987; Vollrath and
Edmonds 1989; Blackledge and Hayashi 2006b; Opell and
Hendricks 2007). However, when wetted by the surrounding
glue, flagelliform silk becomes rubber-like, able to extend five
to ten times its original length while recovering even after
stretching ~100% (Gosline et al. 1984; Vollrath and
Edmonds 1989; Swanson et al. 2007). This extensibility is

Fig.1 a Flagelliform silk coated in droplets of sticky, aqueous glue make
up viscid capture threads while b cribellate silk is composed of an axial
core fiber surrounded by thousands of dry-adhesive cribellar nanofibrils.
Panel a reprinted from Opell (1999) with permission from B. Opell and
panel b reprinted from Blackledge et al. (2009a) with permission
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important because the flagelliform silk fiber performs about
half the work of adhesion as force is summed and transferred
from glue droplets attached to the substrate in what is known
as the “suspension bridge” mechanism (Opell and Hendricks
2007; Sahni et al. 2010).

The high extensibility and compliance of the flagelliform
fiber are generated through an interaction between the com-
posing protein molecules and water (Vollrath and Edmonds
1989; Hayashi and Lewis 1998). Highly repeated glycine-
proline-glycine-XX (GPGXX) amino acid motifs in the
flagelliform silk proteins (Flag spidroins) fold the flagelliform
protein backbone into spring-like molecular configurations
(Hayashi and Lewis 1998; Hayashi and Lewis 2000), while
water interacts with these “nanosprings” by disrupting inter-
molecular H-bonding (Eles and Michal 2004; Savage and
Gosline 2008). This allows fibers to reversibly contract to
higher entropy states, a process also known as
supercontraction (Termonia 1994; Yang et al. 2000; Eles and
Michal 2004), which confers macroscopic properties of low
stiffness and high extensibility.

The GPGXX motif occurs in other spidroins, particularly
major ampullate spidroin 2 (MASP2), which is one of two
main protein constituents of dry dragline silk. While
GPGXX is not repeated nearly as often in MASP2 compared
to flagelliform silk, variation in the expression of the protein is
thought to explain differences in proline concentration and
hence determine some of the variation in major ampullate silk
performance both within (Marhabaie et al. 2014) and among
species (Liu et al. 2008; Boutry and Blackledge 2010).
However, major ampullate silk is ~3 orders of magnitude
stiffer and only ~10% as extensible as flagelliform silk
(Blackledge and Hayashi 2006b). Its performance is also sub-
stantially less water-dependent compared to flagelliform silk
(Guinea et al. 2010; Perea et al. 2013). Thus, comparison of
the mechanical performance of silks, especially between wet
and dry states, can give insight into the degree to which
GPGXX motifs are present in the spidroins.

Flagelliform spidroins (silk proteins) were once thought to
be unique to ecribellate orb-weaving spiders based upon
cDNA libraries produced from the silk glands of araneoid
orb spiders compared to non-orb-weaving taxa (Gatesy et al.
2001). However, more recent cDNA libraries generated from
silk gland tissue of cribellate orb web spiders identified the
expression of flagelliform-like proteins in silk glands of
cribellate orb web spiders (Garb et al. 2006). While Garb
et al. did not directly quantify proteins in the silk, the potential
expression of flagelliform silk proteins in cribellate spiders
suggests an intriguing hypothesis that some of the molecular
architecture giving rise to viscid silk’s unique tensile mechan-
ics could have evolved earlier than the viscid silk itself.

If there is expression of flagelliform silk proteins in
cribellate orb-weaving spiders (Garb et al. 2006), the effects
of the -GPGGX- amino acid motif on silk structure would be

masked by the dry nature of the cribellate composite thread.
Thus, the high extensibility of flagelliform silk could be an
exaptation (Gould and Vrba 1982), a beneficial trait resulting
from an existing molecular structure in the pseudoflagelliform
axial threads of cribellate silk but providing a functional ad-
vantage only after the evolution of aqueous glue. In this study,
we test the prediction that cribellate axial threads will perform
mechanically like viscid axial threads when plasticized by
water.

Materials and methods
Spiders and silk

Cribellate silk was collected from webs of two species of orb-
weaving spiders. Uloborus plumipes were collected from
University of Ljubljana, Slovenia and allowed to construct
orb webs in cylindrical wire mesh and screen containers (20-
cm diameter x 10-cm height). Captive spiders were fed fruit
flies and misted with water every 1-3 days. After 7 days of
acclimation, silk was collected from freshly constructed webs.
Whole webs of Hyptiotes cavatus were collected in the field
from Bath Nature Preserve, Bath, Ohio, USA. Hyptiotes spin a
reduced orb web that was collected intact on cardboard frames
lined with double-sided sticky tape to preserve original web
tension. Silk threads were collected from both types of webs
using c-shaped cardboard frames across gaps 10 to 15 mm in
length as described in Blackledge and Hayashi (2006a).
Threads were secured using Elmer’s School Glue.

We considered untreated cribellate silk collected from nat-
urally spun webs in natural and laboratory conditions to be in
a “native,” dry state as silk was neither forcibly drawn (Work
1976; Pérez-Rigueiro et al. 2005) nor coaxed out of the spiders
through behavioral manipulation (Boutry et al. 2011). We did
not remove the cribellate fibrils to prevent damage to the axial
thread; however, we assume minimal mechanical contribution
of'the cribellate fibrils prior to the breaking of the axial fiber as
previously described by Blackledge and Hayashi (2006a). We
did not report mechanical performance of cribellate fibrils
post-axial thread breakage (but See Blackledge and Hayashi
2006a).

Silk diameter measurement and mechanical testing

Polarized light microscopy was used to determine diameters
of individual axial silk threads prior to mechanical testing
(Blackledge et al. 2005). Cross-sectional areas for double-
stranded axial threads were calculated as the sum of cross-
sectional areas for each fiber. Diameters of cribellate fibrils
surrounding the axial thread were not measured because they
contribute minimally to resisting loading compared to the
thicker axial threads.
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A Nano Bionix® tensile tester (MTS) was used to generate
load-extension data of cribellate silk threads pulled to break-
ing with an extension rate of 1.5% strain s~ ' (Blackledge and
Hayashi 2006a, b). Dry treatment samples were tested at am-
bient humidity (~30% RH). Wet treatment samples were
mounted within an environmental chamber at ambient humid-
ity, and relative humidity was brought to >90% over 2 min to
ensure silk samples were saturated directly prior to testing as
described in Boutry and Blackledge (2010). Gage length and
diameter were recalculated for samples after wetting to ac-
count for possible effects of supercontraction. Assuming con-
stant volume of the silk fiber during supercontraction (Guinea
et al. 2006), AL, = A,L,, where A refers to the fiber cross-
sectional area, L refers to the fiber gage length, subscript 1
indicates the original state of the fiber, and subscript 2 indi-
cates the fiber after wetting. However, we find negligible
supercontraction from wetting (See below “Materials and
methods” and “Results”) and therefore minimal change in
diameter and gage length.

True stress was calculated as, oy = F'/ A, where F is the
force applied and A is the instantaneous cross-sectional area
assuming constant volume. True strain was calculated as,
e, = In(L / Ly), where L is the instantaneous gage length and
L, is initial gage length. We determined (i) tensile strength as
true stress at breaking, (ii) extensibility as true strain at break-
ing, (iii) initial resistance to deformation as Young’s modulus,
and (iv) work to break per volume or toughness. Young’s
modulus was calculated as the initial linear slope of the
stress-strain curve before yield in dry samples. For wetted
samples, the linear slope from 0 to 2.5% strain was used as
no definitive yield point was seen. Toughness was calculated
as the area under the stress-strain curves.

Additional samples were tested for supercontraction using
the tensile tester and an environmental chamber as described
by Boutry and Blackledge (2010). Across spider silks, higher
proportions of proline-rich protein motifs are correlated with
higher supercontraction (Liu et al. 2007; Boutry and
Blackledge 2010; Marhabaie et al. 2014). Thus, we reasoned
that high supercontraction would be indirect evidence in sup-
port of the proline-containing -GPGXX- amino acid motifs
characteristic of flagelliform silk proteins (Hayashi and Lewis
1998). Cribellate threads were stretched to 15 uN and re-
strained as humidity was increased ~30 to <90% (RH) to
measure changes in fiber tension, which was then converted
to stress. The restrained fiber was then relaxed back to original
tension when mounted to measure fiber shrinkage.

Statistical analysis
We used a general linear mixed model (test 1) to test between
species averages and between treatments within species of

mechanical properties of cribellate axial silk. The combina-
tions of spider species and silk dry/wet treatments were
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considered as a fixed factor and coded as three dummy vari-
ables based on planned contrasts to estimate the difference
between (1) wet H. cavatus and dry H. cavatus, (2) wet
U. plumipes silk and dry U. plumipes silk, and (3) averages
of H. cavatus and U. plumipes silk. Two random factors were
used in the mixed model: (1) spider individual, to compare
differences between treatments within individual, and (2)
treatment within individual, to adjust for pseudo-replication
within individual and within treatment. Parameters in mixed
models were tested by using ¢ value where the degrees of
freedom were calculated using Welch-Satterthwaite equations.
We also used a less conservative general linear model (test 2),
which excluded all random factors. The standard errors of all
parameters were adjusted by using the HC3 sandwich estima-
tors to cope with heteroscedasticity among groups (Zeileis
2004). Sample size of treatments (N = spider individuals, #-
=silk samples): H. cavatus dry: N="7,n=27, H. cavatus wet:
N=6,n=23, U. plumipes dry: N=3,n =17, and U. plumipes
wet: N=3,n=28.

Results

We found that cribellate axial thread compliance and extensi-
bility were affected by water. When tested in a wetted state
(>90% RH), Young’s modulus decreased ~7x in H. cavatus
silk (Fig. 2c, Tables 1 and 2), and true strain at break increased
by ~30% (Fig. 2b, Tables 1 and 2). We found that Young’s
modulus also decreased in U. plumipes silk by ~50% (Fig. 2c,
Tables 1 and 2) when tested at high RH, though only test 2
provided a statistically significant difference, and true strain at
break increased by ~20% (Fig. 2c, Tables 1 and 2), perhaps as
a consequence of sample size. We did not find a significant
effect of water on either true stress at break or toughness
within species (Fig. 2a and d, Table 2). We found differences
in true stress at break, Young’s modulus, and toughness be-
tween species (Fig. 2, Table 2). Tests for supercontraction of
cribellate axial silks revealed very low shrinkage and
supercontraction stress values (Table 3).

Cribellate axial silk tested under dry conditions displayed
mechanical behavior similar to that previously described by
Blackledge and Hayashi (2006b). Cribellate silk threads tested
in dry conditions displayed an initial elastic region where
H. cavatus silk showed a pronounced yield point where the
slope of the stress-strain decreased post-yield indicating a
change in fiber stiffness (Fig. 3), which agrees with observa-
tions made by Blackledge and Hayashi (2006b). However,
U. plumipes silk showed a less discernable yield point (Fig.
3). The initial elastic modulus of the two species we tested
(Young’s modulus: H. cavatus: 3.40 GPa, U. plumipes:
0.47 GPa) is within the range of the reported ~1-GPa value
for other cribellate web-building spiders (Blackledge and
Hayashi 2006a, Table 2). After yielding, silk threads became
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more compliant for up to ~20-25% strain before exhibiting
strain-hardening that was characterized by a rapid increase in
slope of the stress-strain curve before failure, as typical in
other silk types (Blackledge and Hayashi 2006b, Fig. 3).

The mechanical behavior of cribellate axial silk tested in
high RH displayed marked differences to silks tested in dry
state for both spider species (Fig. 3). Young’s modulus de-
creased significantly (Fig. 2¢) and wetted fibers lacked a dis-
cernable yield point (Fig. 3 inset), in contrast to dry state
fibers. Wetted fibers were compliant for a longer time, ~30—
35% strain, before strain-hardening. This softening of the silk
fiber by water is seen to a high degree (>100% strain) in
flagelliform silk (Blackledge and Hayashi 2006b) but to a
much lesser degree in major ampullate silk (30—60% strain)
and minor ampullate silk (~10% strain, Guinea et al. 2012).

The shift in mechanical performance of cribellate axial silk
between dry and wetted states is not as dramatic as the shift
seen in flagelliform capture silk and is instead within the range
exhibited by minor ampullate silk and major ampullate silk

(Table 2). Young’s modulus decreased by a single order of
magnitude when tested at high humidity (H. cavatus dry:
3.4 £+ 0.48 GPa, wet: 0.2 + 0.02 GPa, Table 2). In contrast,
Young’s modulus of naturally occurring flagelliform silk coat-
ed in aqueous, aggregate glue is extremely low (A. trifasciata:
0.008 GPa, Table 2) and studies that have experimentally
dried these fibers by removing the aggregate glue revealed
an increase in modulus by up to three orders of magnitude
(A. trifasciata: ~5.5 GPa, Table 2). Like cribellate silk, both
MiS and MAS silk show a high modulus in their natural, dry
state of ~10 GPa, which decreases by only ~1 order of mag-
nitude in MiS and 1-3 orders of magnitude in MAS (Table 2).
Breaking strain of cribellate axial silk increased by ~20%
when fibers were wetted which is more than five times smaller
than the >100% increase in breaking strain for natural viscid
fibers compared to a dry state, but similar to the ~15% differ-
ence between wetted and dried MiS (Table 2).
Supercontraction generated very little stress (10.18 =2.95 MPa,
H. cavatus; 2.91 £ 1.52 MPa, U. plumipes) or macroscopic fiber
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Table 1 Results from two
statistical tests of differences in
mechanical properties of
cribellate silk between within-
species treatments and species
averages from two cribellate web-
building spiders

shrinkage (0.015 £+ 0.005%, H. cavatus; 0.07 + 0.03%,
U. plumipes) in cribellate silk of two spiders (Table 3). A previous

@ Springer

Property® Statistical Coefficient Estimate SE df tvalue p
test

True stress ~ Test 1 Intercept 427.26 80.725  9.05 5.29 <0.001

True stress ~ Test 1 H. cavatus silk (wet-dry) 123.81 15295 9.29 0.81 0.438

True stress ~ Test 1 U. plumipes silk (wet-dry) —35.71 227.64  8.55 -0.16 0.879

True stress ~ Test 1 H. cavatus —428 16145  9.05 —2.65 0.026
(ave)-U. plumipes (ave)

True stress  Test 1 Random effect SD:spider individual: 126.5, treatment:individual: 253.6

True stress ~ Test 2 Intercept 405.88 28.83 60 14.08 <0.001

True stress  Test 2 H. cavatus silk (wet-dry) 77.74 106.32 60 0.73 0.467

True stress ~ Test 2 U. plumipes silk (wet-dry) -15.71 44.68 60 -0.35 0.726

True stress ~ Test 2 H. cavatus -393.63  57.66 60 —6.83 <0.001
(ave)-U. plumipes (ave)

True strain ~ Test 1 Intercept 0.36 0.02 16.59  20.04 <0.001

True strain ~ Test 1 H. cavatus silk (wet-dry) 0.06 0.04 12.84 1.72 0.109

True strain ~ Test 1 U. plumipes silk (wet-dry) 0.08 0.06 1836  1.26 0.223

True strain ~ Test 1 H. cavatus 0.06 0.04 16.59  1.66 0.115
(ave)-U. plumipes (ave)

True strain ~ Test 1 Random effect SD:spider individual: <0.001, treatment:individual: 0.05

True strain ~ Test 2 Intercept 0.35 0.01 60 23.69 <0.001

True strain ~ Test 2 H. cavatus silk (wet-dry) 0.06 0.03 60 2.19 0.033

True strain ~ Test 2 U. plumipes silk (wet-dry) 0.09 0.05 60 1.64 0.106

True strain ~ Test 2 H. cavatus 0.06 0.03 60 1.85 0.070
(ave)-U. plumipes (ave)

Modulus Test 1 Intercept 1.05 0.21 8.41 5.04 <0.001

Modulus Test 1 H. cavatus silk (wet-dry) -3.16 0.43 8.20 -7.33 <0.001

Modulus Test 1 U. plumipes silk (wet-dry) -0.39 0.68 8.47 —-0.58 0.578

Modulus Test 1 H. cavatus -1.47 0.42 8.41 -3.51 0.007
(ave)-U. plumipes (ave)

Modulus Test 1 Random effect SD:spider individual: 0.18, treatment:individual: 0.66

Modulus Test 2 Intercept 1.06 0.10 60 11.16 <0.001

Modulus Test 2 H. cavatus silk (wet-dry) -3.10 0.30 60 -10.44  <0.001

Modulus Test 2 U. plumipes silk (wet-dry) -0.48 0.24 60 -2.00 0.049

Modulus Test 2 H. cavatus -1.39 0.19 60 =727 <0.001
(ave)-U. plumipes (ave)

Toughness  Test 1 Intercept 51.01 8.56 17.11  5.96 <0.001

Toughness  Test 1 H. cavatus silk (wet-dry) —2.81 18.47 1473 —-0.15 0.881

Toughness  Test 1 U. plumipes silk (wet-dry) —8.43 28.83 1824  —-0.30 0.773

Toughness  Test 1 H. cavatus —51.62 17.12 17.11  -3.02 0.008
(ave)-U. plumipes (ave)

Toughness  Test 1 Random effect SD:spider individual:<0.001, treatment:individual: 29.38

Toughness  Test 2 Intercept 49.14 3.74 60 13.14 <0.001

Toughness  Test 2 H. cavatus silk (wet-dry) -7.29 13.35 60 —0.55 0.587

Toughness  Test 2 U. plumipes silk (wet-dry) —5.64 6.75 60 —0.84 0.407

Toughness  Test 2 H. cavatus —49.45 7.48 60 —6.61 <0.001

(ave)-U. plumipes (ave)

# Units of measure: Young’s modulus (GPa), toughness (MPa), true strain In(mm/mm), true stress (MPa)
®Tests 1 and 2 refer to GLMM and GLM statistical methods used, respectively (See “Materials and methods™ in

text)

“Bold font indicates a significance level of p < 0.05

study by Liao et al. (2011) found that cribellate silk produced by
U. walckenaerius generated, on average, 21 mN of force during
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Table 3  Supercontraction properties” of various silks used by spiders

Silk type Species Supercontration stress (MPa) Shrinkage (%) Reference

Cribellate Uloborus plumipes 10.18 +£2.95 0.015 £ 0.005 This study

Cribellate Hyptiotes cavatus 291 +1.52 0.07 £ 0.03 This study

Flagelliform Argiope trifasciata - 32 Guinea et al. 2010

Major ampullate Orb web spiders (eight species) 75+ 11 40+6 Boutry and Blackledge 2010
Major ampullate Non—Orb web spiders (20 species) 41 £8 752 Boutry and Blackledge 2010
Major ampullate Nephila clavipes 100 - Blackledge et al. 2009a, b)
Major ampullate Nephila clavipes - 5£2 Jelinski et al. 1999

Minor ampullate Nephila inaurata - 56+0.3 Guinea et al. 2012

Minor ampullate Argiope trifasciata - 2.8+0.7 Guinea et al. 2012

Values reported as mean + SEM. — data not available

supercontraction, which was much higher than what we observed
(Table 3). Methodological differences in exposure times of silk to
humidity during testing (1-2 vs. 15 min) and potential effects of
between species differences may account for the discrepancy be-
tween studies. Moreover, even slight changes in pretensioning of
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Fig. 3 Qualitative comparison of mechanical performance between
cribellate axial silk threads in dry state (~30% RH) and wet state (>90%
RH). Two representative curves per treatment from two cribellate web-
building spider species are shown. Inset highlights initial slopes of curves
up to 5% strain

fibers dramatically influence the amount of force generated during
supercontraction (Boutry and Blackledge 2010).

Discussion

Our study tests the hypothesis that a key protein explaining
viscid capture silk mechanics may be present in ancestral
cribellate axial fibers, but that its effects are masked by the
dry nature of the cribellate adhesive. We compare the effects
of water on the mechanical properties of cribellate silk to
viscid silk and also to the major ampullate silk that forms
the dry structural threads in both cribellate and ecribellate
orb webs. We found that wetted cribellate silk became more
compliant and extensible, but only to a magnitude similar to
web structural silks like minor ampullate silk and major
ampullate of some orb web species rather than viscid capture
silk (Fig. 2, Tables 1 and 2). We also observed very little
supercontraction when cribellate axial fibers were exposed
to increased humidity, again dissimilar to viscid capture silk
(Table 3). These results do not fit the prediction that
flagelliform proteins are expressed at a high-enough level in
cribellate silk to influence its material properties and therefore
do not support the hypothesis that flagelliform silk’s mechan-
ical performance evolved as an exaptation. Instead, our data
supports the hypothesis of a punctuated change in mechanical
properties during the origin of viscid silk.

Supercontraction and proline are strongly correlated in sev-
eral silk types (Liu et al. 2007; Boutry and Blackledge 2010;
Marhabaie et al. 2014) as proline tends to induce [3-turn and
[3-spiral structures and is hypothesized to inhibit crystalline
formation (Jelinski 1998; Creager et al. 2010; Jenkins et al.
2010). High levels of proline from repetitive -GPGXX- mo-
tifs are a hallmark of flagelliform silk proteins (Hayashi and
Lewis 1998) and explain the high extensibility of viscid silk
when it is covered with aqueous glue. The weak
supercontraction we found for cribellate axial silk (Table 3)

@ Springer
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suggests that either flagelliform-like fibroins are expressed at
low levels or some other aspect of molecular structure inhibits
the mobility and modulation of the proline-rich, (3-turn
nanosprings (e.g., such as (3-sheet nanocrystals). This could
explain why we did not observe much similarity of response
to water of cribellate axial silk to proline-rich viscid silk, but
did find similarity to more proline-poor silks, such as minor
ampullate silk and major ampullate silk from certain species.
For example, MiS from multiple taxa including Argiope
argentata, Araneus diadematus, and Neoscona ravilla
(Work and Young 1987; Colgin and Lewis 1998) is composed
of less than 1% proline, whereas, MAS from Nephila spiders,
including Nephila clavipes (Work and Young 1987; Lombardi
and Kaplan 1990), Nephila edulis, and Nephila senegalensis
(Liu et al. 2007) is composed of less than 6% proline.
Furthermore, direct measurement of amino acid composition
of cribellate axial fibers is needed to confirm proline concen-
tration and to make useful comparison to other silk types.

We show that there is little similarity in performance of the
wetted state of cribellate axial silk to the characteristically high
extensibility and compliance of wet viscid silk. This makes a
gradual transition in mechanics of axial threads from stiff
cribellate threads to compliant flagelliform threads unlikely.
Our data suggest the unique extensibility and compliance of
the axial core fiber of viscid capture silk likely evolved rapidly
during the origin of viscid adhesive silk itself (Kohler and
Vollrath 1995; Blackledge and Hayashi 2006a), rather than
in a cribellate ancestor. Thus, how the transition from
cribellate silk to viscid silk occurred still remains an open
question that needs further exploration.
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funded by the National Science Foundation.
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