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ABSTRACT: Spider major ampullate (MA) silk is sought
after as a biomimetic because of its high strength and
extensibility. While the secondary structures of MA silk
proteins (spidroins) inﬂuences silk mechanics, structural
variations induced by spinning processes have additional
eﬀects. Silk properties may be induced by spiders feeding on
diets that vary in certain nutrients, thus providing researchers
an opportunity to assess the interplay between spidroin
chemistry and spinning processes on the performance of MA
silk. Here, we determined the relative inﬂuence of spidroin
expression and spinning processes on MA silk mechanics when
Nephila pilipes were fed solutions with or without protein. We
found that spidroin expression diﬀered across treatments but
that its inﬂuence on mechanics was minimal. Mechanical tests of supercontracted ﬁbers and X-ray diﬀraction analyses revealed
that increased alignment in the amorphous region and to a lesser extent in the crystalline region led to increased ﬁber strength
and extensibility in spiders on protein rich diets.

■

spidroin is thought to give the silk strength. However, the βspirals and β-turns promoted by MaSp2 expression are thought
to give the silk extensibility.13,16 The MaSp model, accordingly,
predicts that the mechanical properties of MA silk are a
consequence of the ratio of MaSp1 and MaSp2 expression.
Individual MA silks vary in properties in diﬀerent environments and when spiders feed on diﬀerent food or take up
diﬀerent quantities of speciﬁc nutrients. MA silk mechanical
properties may vary depending on the concentration of protein
consumed by the spider,20 oﬀering researchers a way to
understand the mechanisms by which MaSp1/MaSp2 expression can inﬂuence silk mechanics at multiple levels.10,20−22
The variations in properties may be partly explained by protein
deprivation inducing the down-regulation of MaSp2 expression.20,21,23 Nevertheless, changes in spidroin composition need
not necessarily correlate with changes in mechanics.
Physiological and biochemical processes at diﬀerent sites in
the silk duct during spinning aﬀect silk properties by inducing

INTRODUCTION
Spider major ampullate (MA) silk is a unique material in having
both high strength and extensibility.1−4 Its toughness,
accordingly, exceeds that of any known natural or synthetic
ﬁber. For this reason, understanding and mimicking the way
spiders process MA silk to produce ﬁbers with variable
properties is considered the “holy grail” of bioengineering.4−7
While technological advances in synchrotron X-ray diﬀraction
and nuclear magnetic resonance (NMR) techniques have
enabled insights into silk synthesis across hierarchical
scales,7−10 there is still much to be learned regarding how
silks vary within and between individuals.7,11
MA silk comprises two proteins or spidroins. Spidroin 1, or
MaSp1, contains multiple (GA)n, (GGX)n, and (A)n repeated
amino acid sequences.12,13 NMR and atomistic models predict
that these sequences promote crystalline β-sheets in the
assembled ﬁbers.14−16 Spidroin 2, or MaSp2, however, consists
of multiple (GPGXX)n repeated sequences.13,17 Atomistic
models predict that the proline in MaSp2 inhibits β-sheet
formation and promotes the formation of crystalline β-spirals
and type-II β-turns in the assembled ﬁber.16−19 The formation
of crystalline β-sheets is promoted by MaSp1 expression, so this
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overnight. The samples were placed in glass tubes and hydrolyzed in 6
mol L−1 HCl for 24 h in a furnace at 115 °C before the mole
percentages of glutamine, serine, proline, glycine, and alanine, the
amino acids representing ∼90% of the total amino acids of MA silks in
most spiders,5 were determined using high performance reverse-phase
liquid chromatography (HPLC, Waters Pico-Tag Amino Acid
Column, Milford CA, USA).31
Mechanical Tests. We spooled the silk of ∼20 spiders per
treatment for 10 min. We used these samples to mount ten 25 mm
lengths of taut silk ﬁber (thus creating 400 samples: 10 ﬁbers each
from 20 spiders from each of the two treatments) onto cardboard
frames (open area = 20 × 20 mm2, border = 5 mm), with double-sided
adhesive tape around its border. A second cardboard frame with
double-sided adhesive tape around its border was placed on top of the
original, and the frames were stuck together securing the silk within by
adding a drop of Elmer’s glue at the position where the silk was
secured between frames, and we gently squeezed the borders together
with forceps. The frames containing silk were taped to a microscope
slide and examined and photographed under 1000× magniﬁcation
using a polarized light microscope (BX 50, Olympus, Tokyo, Japan)
connected to a UC-series Nikon digital camera. We determined the
width of each thread from the photographs using ImageJ (NIH,
Bethesda MD, USA) to account for it in the ensuing mechanical tests.
Native silk mechanical tests were performed under controlled
temperature and humidity on 10 frame-mounted silk samples from
each of the 20 spiders per treatment. The tests were conducted within
14 days of their collection. We ﬁrst placed the frames containing single
silk ﬁbers within the grips of a UTM Nano Bionix tensile testing
machine (MTS Systems Corporation, Oakridge TN, USA), ensuring
that the grips held the silk ﬁrmly at the edge of the frame. The silks
were then stretched at a rate of 0.1 mms−1 until the ﬁber ruptured. The
load resolution was to approximately 2 μN.
True stress (σ) and strain (ε) were calculated using the following
equations:32

variations at nanoscales. For instance, the proportion and
orientation of the crystals and the formation of β-sheets, βspirals, β-turns, 31-helices, and other structures are aﬀected by
variations in ion concentration and pH within the duct.24−26
Furthermore, shear stress at the valve prior to drawing further
induces molecular alignment within the crystalline and
amorphous regions.24,27,28 Amorphous region alignment may
be extenuated by the spider eliciting friction on the ﬁber via
contraction of a valve at the spigot during spinning.20,24,29 An
index of amorphous region alignment in MA silk can
henceforth be measured by exposing the silk to water and
measuring its capacity to supercontract, i.e., shrink and become
rubbery.9
We, unfortunately, do not know the relative roles of MaSp
expression and spinning processes on within-individual
variation in MA silk mechanical properties. Here, we aim to
bridge this knowledge gap by feeding the orb-web spider
Nephila pilipes either protein rich or protein deprived
solutions20,21 before subjecting its MA silk to chromatographic
analysis, native and supercontracted mechanical tests, and wideangle X-ray diﬀraction analysis.

■

MATERIALS AND METHODS

Spider Collection and Pretreatment. We collected 80
penultimate instar female N. pilipes (15−20 mm in body length)
near Taichung City, Taiwan, between July and September 2012 and
returned them to Tunghai University, Taichung. We measured their
body length to ±0.1 mm using digital calipers and mass to ±0.001g
using an electronic balance before placing them in 120 mm (wide) ×
90 mm (high) plastic circular containers. The containers had
perforated wire mesh lids with a 20 mm long slit cut into the mesh
screen using a Stanley knife to facilitate feeding with a 20 μL
micropipette. We fed all of the spiders 20 μL of a 30% w/v sugar
solution daily over 5 days (for more details, see Blamires et al.20,30) to
standardize their diet prior to experimentation. We weighed all spiders
before and after the pretreatment to ensure individuals of
approximately equal mass (one spider with a mass that deviated
>50% from the mean was discarded) were used in the ensuing
experiments.
Experiment. Following the pretreatment, we randomly divided the
spiders into two groups of 40 individuals to be fed one of two
solutions: a protein rich (P) or protein deprived (NP) solution, over
10 days. The protein rich solution was a mixture of 10 g of an albumin
solution with 6 g of sucrose in 60 mL of water. The protein deprived
solution was 8 g of sucrose in 30 mL of water. As protein and
carbohydrates contain approximately similar energy densities (∼4 kJ
g−1), the energy concentration across treatments was approximately
similar (0.53 kJml−1). We thus excluded the possibility that diﬀerences
in energy intake inﬂuenced the silk properties across treatments.
We fed the spiders by placing a measured droplet of solution onto
their chelicerae using a 20 μL micropipette (see Blamires et al.30).
After completing the feeding experiment, we reweighed all spiders, and
spiders that lost more than 20% of their mass during feeding (n = 4; 2
from the P treatment and 2 from the NP treatment) were not used any
further.
Silk Extraction and Amino Acid Determination. We
anaesthetized each spider using CO2 and reeled a single MA silk
ﬁber from their spinnerets using tweezers and taped it to a mechanical
spool spun at a constant speed (1m min−1). All silks were extracted
under controlled temperature (∼25 °C) and humidity (∼50% R.H.) in
still air, so reeling speed and the postspin environment had no
inﬂuence on any subsequent variations in the mechanical properties of
the silks.
For ∼10 individuals per treatment, we ran the spool for 1 h. We
weighed the collected silk to the nearest 0.01 mg on an electronic
balance before placing it into 100 μL Eppendorf tubes and submerged
it in 99% hexoﬂuoro-isopropanol solvent (500 μl of per mg of silk)

σ=

F
A

and
ε = log e

L
L0

where F is the force applied to the specimen, and A is the crosssectional area of the thread calculated from the diameter, assuming a
constant thread volume,33 L is the instantaneous length of the ﬁber at
a given extension value, and L0 is the original gauge length of the ﬁber.
Stress−strain curves were plotted for each silk tested using
TestWorks 4.0 (MTS Systems Corporation, Eden Prairie MN,
USA), from which we calculated the following mechanical properties:
(1) ultimate strength or the stress at rupture; (2) extensibility or the
strain at rupture; (3) toughness, the total work of extension, calculated
as the area under the stress strain curve; and (4) Young’s modulus
(stiﬀness), calculated as the slope of the curve during the initial elastic
phase for each specimen.
We performed supercontracted mechanical tests on a further 10 silk
samples from each of the 20 spiders per treatment. The rationale for
the supercontracted tests was, ﬁrst, to ascertain the capacity to
supercontract in water; measured as the shrink percentage9,34 of the
silks in response to variations in MaSp expression between treatments.
Second, the supercontracted state represents a ground state for MA
silk, where the eﬀects of the amorphous region alignment on
mechanical properties are removed.8,34 Thus, by comparing the
mechanics of supercontracted and native silk, we could ascertain the
relative inﬂuence of amorphous region alignment over mechanical
properties.
To ascertain the shrink percentage, we supercontracted the ﬁbers at
100% relative humidity within a stainless steel chamber35 while they
were being held within the grips of a UTM Nano Bionix tensile tester
without tension applied. We ascertained how much stress was
generated when the silks were restrained, then the ﬁbers were relaxed
B

DOI: 10.1021/acs.biomac.5b00006
Biomacromolecules XXXX, XXX, XXX−XXX

Article

Biomacromolecules

where necessary. We used Welch two-sample t tests with posthoc
Bartlett’s tests to ascertain whether the crystalline parameters diﬀered
across treatments.

while wet, and the shrink percentage was calculated as the diﬀerence
between the preshrink (l0) and postshrink (l1) ﬁber lengths.34 We then
dried the ﬁbers at maximum relaxation, upon which they were
subjected to mechanical testing as outlined for native silks.
X-ray Diﬀraction. We spooled the silks of a further 10 spiders per
treatment onto 3 mm × 1 mm steel frames with a 0.5 mm × 0.5 mm
window for ∼2 h, ensuring that approximately 2000 rounds of silk
were wrapped around each frame. We performed wide-angle X-ray
diﬀraction analyses on the silks at the BL01C2 beamline at the
National Synchrotron Radiation Research Center, Hsinchu, Taiwan.
To minimize air scattering, the samples were placed inside a
transparent helium-ﬁlled chamber aligned parallel to a detector at a
distance of 300 mm from the incident beam. The wavelength of the
incident X-ray beam was 1.033 Å. The beam size was conﬁned by a
collimator 0.5 mm in diameter. Two-dimensional diﬀraction patterns
were recorded for each silk sample by a Mar 345 imaging plate with an
exposure period of 10−60 min depending on the premeasured signal
intensity. One-dimensional diﬀraction proﬁles were developed from
the two-dimensional images using Fit2D software and examined for
outlying data; one P treatment datum was subsequently removed prior
to analyses. We calculated the (i) diﬀraction angles (2θ), (ii) azimuthal
angles, (iii) intensity peaks (Ix), and (iv) full width and half width
maximum intensities (fwhm) 2θ and azimuthal angles, to asses
crystalline region alignment for the (0 2 0) and (2 1 0) Bragg
reﬂection vectors (the vectors associated with scattering from the
crystalline β-sheets9) from the one-dimensional diﬀraction proﬁles. We
then calculated the following: (i) crystal size, τ, using Scherrer’s
equation:36

■

RESULTS
Amino acid Analyses. The mean and standard errors
around the mean for % glutamine, serine, proline, glycine, and
Table 1. Comparison of the Compositional Percentage (%)
of the Amino Acids: Glutamine, Serine, Proline, Glycine,
and Alanine in Nephila pilipes Major Ampullate Silks across
Experimental Treatmentsa
treatment
amino acid

pretreatment

P

NP

Fisher’s LSD

glutamine
serine
proline
glycine
alanine

6.0 ± 1.2
3.7 ± 0.2
6.8 ± 0.9
46.1 ± 3.8
24.4 ± 0.8

7.1 ± 1.3
3.9 ± 0.1
7.1 ± 0.6
47.3 ± 0.7
24.8 ± 1.3

5.4 ± 1.0
4.4 ± 0.1
5.2 ± 0.7
43.8 ± 3.9
26.2 ± 0.9

P > NP
P = NP
P > NP
P > NP
NP > P

Shows means ± SE for silks from spiders after pre-treatment feeding
and upon feeding on either the protein rich (P) or protein deprived
(NP) solutions and outcomes of Fisher’s least signiﬁcant diﬀerence
(LSD) post-hoc analyses.
a

τ = Kλ /β cos θ
where K is the shape factor, which we assumed was derived from a
sphere, hence a value of 0.9,37 λ is the incident X-ray wavelength, β is
full line widths at half the maximum intensity after subtracting the
instrumental broadening, and 2θ is the diﬀraction angles of the (0 2 0)
and (2 1 0) reﬂection vectors.
(ii) The relative crystalline intensity ratios I020/Iamorphous and I210/
Iamorphous with I020, I210, and Iamorphous representing the sum of the
intensity peaks at the (0 2 0) and (2 1 0) reﬂection vectors9 and the
amorphous region, respectively. (iii) The crystallinity index, Xc,
according to Grubb and Jelinski.38 (iv) Herman’s orientation function,
fc, using the following equation:39

Figure 1. Three representative stress−strain curves of supercontracted
Nephila pilipes major ampullate silk from protein fed (P) and protein
deprived (NP) spiders (labeled 1, 2, and 3). The curves selected show
the typical range of curves derived from supercontracted mechanical
tests.

fc = (3{cos2 φ⟩} − 1)/2
where φ is the angle between the c axis and the ﬁber axis, {cos2φ} is
the azimuthal width of the two strongest equatorial reﬂections (020)
and (210), determined using the equation40

{cos 2φ} = 1 − A{cos 2φ1} − B{cos 2φ2}
where A = 0.8, and B = 1.2.
Analyses. We calculated the means ± standard errors (SEs) and
used separate single-factor (at two treatment levels: P and NP)
repeated measures (pre- vs post-treatment) multivariate analyses of
variance (rmMANOVAs), and Fisher’s least signiﬁcant diﬀerence
posthoc analyses to determine whether (1) the mean % glutamine,
serine, proline, glycine, and alanine, and (2) the mean mechanical
properties, ultimate strength, extensibility, toughness, stiﬀness, and
shrink percentage, diﬀered across treatments. We checked for
heterogeneity and sphericity in the data using Levene’s tests and
Mauchly’s tests, respectively, and log10 transformed data that failed the
tests before performing the rmMANOVAs. Bonferroni-corrections to
P-values were applied, where appropriate, to account for multiple tests.
To determine the inﬂuence of MaSp expression (which we assumed
to be represented by the compositional percentage of proline and
alanine13) on mechanical properties and shrink percentage, we pooled
the post-treatment data and performed a multiple regression analyses
between (i) ultimate strength, extensibility, toughness, stiﬀness and
shrink percentage, and (ii) % proline and alanine. We tested the data
for normality, linearity, homoscedasticity, and singularity using Q-Q
plots and scatter-plots, log10, or fourth-root transforming the data

Figure 2. Three representative stress−strain curves of native state
Nephila pilipes major ampullate silk from pretreatment (PT), protein
fed (P), and protein deprived (NP) spiders (labeled 1, 2, and 3), and
typical supercontracted (or “ground state”; labeled GS) silks of protein
fed and protein deprived spiders. The curves selected show the typical
range of curves derived from native state mechanical tests and average
curves of the supercontracted silks.
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the MA silk of the spiders on the two treatments diﬀered, with
signiﬁcant post-treatment down-regulation of MaSp2 in the
silks of spiders deprived of protein.
Mechanical Properties. Our native silk mechanical
analysis found that the post-treatment MA silks of spiders fed
the protein rich solutions had greater ultimate strength,
extensibility, and Young’s modulus than those of spiders
deprived of protein (rmMANOVA: Wilk’s λ = 0.889; df =
4,336; p < 0.001; Fisher’s least signiﬁcant diﬀerence tests, all p
< 0.05) (Supporting Information, Table S1).
Supercontraction. We found no signiﬁcant diﬀerences
across treatments in the mechanical properties of supercontracted silks (rmMANOVA: Wilk’s λ = 0.196; df = 4,336;
p = 0.120) (Supporting Information, Table S2), with similar
variability evident in the stress−strain curves of supercontracted
silks from spiders fed the protein rich and protein deprived
solutions (Figure 1). We interpreted this as being a
consequence of the silks conforming to a ground state, where
the eﬀects of amorphous region alignment were removed, and
the variations in amino acid compositions between treatments
were never large enough to induce major diﬀerences in the
mechanical properties. The shrink percentage of the silks of
spiders fed each treatment signiﬁcantly diﬀered (F = 3.430; df =
4,336; p < 0.001) (Supporting Information, Table S1). Thus,
the inﬂuence of amorphous region alignment on the mechanics
of the native silks diﬀered between treatments. Figure 2 shows

Table 2. Results of Multiple Regression Analyses between
Ultimate Strength, Extensibility, Toughness, Stiﬀness and
Shrink Percentage, and % Proline and Alanine
% proline
ultimate strength
(MPa)
extensibility
(mm mm−1)
toughness (MJ m−3)
Young’s modulus
(GPa)
% shrink
a

% alanine

β

t198

p

β

t198

0.10

0.34

0.72

0.10

1.04

0.17

−0.01

−0.35

0.36

0.09

0.90

0.30

0.18
−0.10

0.35
−0.44

0.72
0.66

0.08
−0.10

0.10
−1.48

0.92
0.12

0.31

2.88

0.01*a

0.19

1.80

0.11

p

* represents signiﬁcance at p < 0.05.

alanine that we calculated (Table 1) are comparable with
previous calculations for N. pilipes silks using HPLC, with the
possible exception that % proline (for which values of ∼8−9%
have been recorded) was marginally lower.41−44 Our analyses
found that the post-treatment MA silks of spiders fed the
protein rich solutions (P treatment) had greater % glutamine,
glycine, and proline (rmMANOVA: Wilk’s λ = 0.408; df =
16,64; p = 0.001; Fisher’s least signiﬁcant diﬀerence tests, all p
< 0.05; see Table 1). The post-treatment MA silks of spiders
deprived of protein (NP treatment), however, had greater %
alanine. These results suggest that the MaSp1/MaSp2 ratio in

Figure 3. Scatterplots of silk mechanical properties ultimate strength, extensibility, Young’s modulus, and % shrink vs % proline when all of the data
across treatments were pooled.
D
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Figure 4. Representative X-ray diﬀraction proﬁles of Nephila pilipes major ampullate silks measured perpendicular to the silk axis across experimental
treatments. (a) A representative two-dimensional X-ray diﬀraction pattern for silk from spiders fed the protein rich (P) solution. (b) An example of a
diﬀraction intensity vs diﬀraction angle (2θ) curve from spiders fed the protein rich (P) solution. (c) A representative two-dimensional X-ray
diﬀraction pattern for silk from spiders deprived of protein (NP). (d) An example of a diﬀraction intensity vs diﬀraction angle curve from spiders
deprived of protein (NP). Green lines in b and d represent measurements made horizontally through the (020) and (210) reﬂection vectors, while
red lines represent measurements made vertically through the (002) reﬂection vector.

reﬂection vectors (Figure 5c). We interpreted these results as
indicative that there were diﬀerences in crystalline region
alignment between silks across treatments, with spiders fed the
protein rich treatment producing silks that were slightly more
aligned in the crystalline region than those deprived of protein.
We nevertheless found crystal size, crystallinity number,
crystallinity ratio, crystallinity index, and Herman’s orientation
not to diﬀer across treatments (Bartlett’s tests: p > 0.05).

that the silks from each treatment were more extensible with a
lower ultimate strength when in the ground state than when in
the native state. Furthermore, the ultimate strength of native
silks of spiders deprived of protein was similar to that of the
ground state silks but was considerably lower than that for the
silks from spiders fed the protein rich solutions (Figure 2).
Inﬂuence of MaSp Expression on Mechanical Properties. We found that shrink percentage was associated with %
proline in all of the silks. We did not ﬁnd any of the other silk
properties, including extensilbility, to be associated with %
proline or % alanine (Table 2; Figure 3). This suggests that
while spidroin expression varied between the treatments it did
not inﬂuence any mechanical properties aside from the silk’s
capacity to shrink.
Crystalline Properties. Representative X-ray diﬀraction
proﬁles and diﬀraction intensity vs diﬀraction angle (2θ) curves
for silks of spiders from the P and NP treatments are shown in
Figure 4. The intensity vs 2θ curves revealed narrower and
sharper intensity peaks at a 2θ between 15° and 18° in the silks
from the NP treatment. Moreover, the silks from spiders
deprived of protein had signiﬁcantly larger fhwm azimuthal
angles at the (020) and (210) Bragg reﬂection vectors
(Bartlett’s tests: p < 0.05) (Figure 5a). The fwhm 2θ diﬀraction
angles, however, were insigniﬁcant at the (020) and (210)
vectors. While the amorphous halo was suﬃcient to compare
the fwhm 2θ diﬀraction angles from the amorphous region, we
could not detect a signiﬁcant diﬀerence between treatments
(Bartlett’s tests: all p > 0.05) (Figure 5b). The silks from
spiders fed the protein rich solutions had slightly greater
relative crystal intensities (I020/I210) at the (020) and (210)

■

DISCUSSION
Here, we fed the spider Nephila pilipes protein rich or protein
deprived solutions and found a reduction in the post-treatment
% glutamine, glycine, and proline in the silks of the protein
deprived spiders. This ﬁnding suggests that MaSp2 expression
was down-regulated when the spiders were protein deprived,
conﬁrming previous suggestions that MaSp1 is preferentially
expressed when spiders are under nutritional stress.20,23,45
The spiders fed the protein rich solution also produced silks
with a higher % proline, so there is a high abundance of the
(GPGXX)n sequences, which are found exclusively in MaSp2,
in their silks. An abundance of the (GPGXX)n sequences
explains the greater shrinkage when supercontracted by the
silks of the protein fed spiders because water molecules disrupt
the hydrogen bonds between the β-spiral and β-turn
conformations, thus disrupting the amorphous region alignment.17,34,46,47 The higher shrink percentage evident in the
native silks from the spiders fed the protein rich solution thus
would agree with expectations of the MaSp model that MaSp1/
MaSp2 expression aﬀects mechanics. The (GPGXX)n sequence
promotes β-spiral and β-turn conformations,17 so should also
E
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larger fhwm azimuthal angles and smaller relative crystal
intensities at the (020) and (210) reﬂection vectors. We
interpreted these as spiders fed the protein rich solution
producing silks that were slightly more aligned in the crystalline
region than those deprived of protein.
Our supercontraction analyses nevertheless suggested that
amorphous region alignment had the greatest inﬂuence on the
mechanics of the silks across treatments,8,33,51 contrasting with
our X-ray diﬀraction analyses, which suggested that amorphous
region alignment did not vary substantially across treatments.
The latter ﬁnding, however, may have been a consequence of
the detection of too weak of an amorphous halo. Further
analyses are thus needed using small-angle X-ray diﬀraction and
other amorphous probing techniques to ascertain precisely how
much variation there was in amorphous region alignment.
Previous studies investigating the mechanical property
variations in MA silk under the inﬂuence of diet have
implicated the amorphous region to be of primarily
importance.52 Our ﬁnding of signiﬁcant diﬀerences in the
mechanical properties of the native and supercontracted silks
across treatments coupled with our ﬁndings of only slight
variations in crystalline region alignment across treatments
suggests that changes in the amorphous region were
predominantly important in inducing property variations in
N. pilipes silks when they consumed diﬀerent quantities of
protein.

■

Figure 5. Between treatment comparison of the crystalline properties
determined using X-ray diﬀraction. (a) Half-maximum intensity
(fwhm) azimuthal angle for the (0 2 0) and (2 1 0) reﬂection
vectors. (b) Half-maximum intensity (fwhm) of the diﬀraction angle
(2θ) for the (0 2 0), (2 1 0), and amorphous halo reﬂection vectors.
(c) Relative crystalline intensity ratio for the (0 2 0) and (2 1 0)
reﬂection vectors. Mean values ± SE for silks from spiders fed either a
protein rich (P) or protein deprived (NP) solution are shown.

CONCLUSIONS
This study systematically examined how protein intake
mediates silk property changes at multiple levels. We found
that spiders deprived of protein down-regulated their MaSp2
expression. The diﬀerences in MaSp expression between
treatments explained the variations in shrink percentage but
not strength, extensibility, or stiﬀness. Our X-ray diﬀraction
analyses detected slight diﬀerences in crystalline region
alignment, but we expected variations in the amorphous region
alignment to be most explicable at explaining the mechanical
property variations across treatments.
Despite intense interest in understanding and harnessing the
properties of spider silks, attempts to create analogues have to
date been unsuccessful. This failure may be attributed to a lack
of control over the variation in silks spun from the protein
feedstocks. Our study showed that MaSp expression shifts with
protein intake but that most of the variations in mechanical
properties are inﬂuenced by glandular processes aﬀecting
amorphous and, to a lesser extent, crystalline region alignment.
Further wide- and small-angle X-ray diﬀraction examinations of
single silk ﬁbers from protein fed and protein deprived spiders
will provide more information on the nature and cause of the
variations.

facilitate greater thread extensibility.16,17,48 Previous studies
have found a relationship between the % proline and
extensibility in spider MA silk.46,48 Our regression analyses,
nevertheless, failed to ﬁnd a relationship between % proline and
extensibility. We thus concluded that MaSp expression had a
minimal inﬂuence on silk mechanical performance.
MaSp expression alone could not explain many of the
mechanical property variations that we found between
treatments. For instance, the silks of spiders fed the protein
rich solution were stronger and stiﬀer and more extensible than
those of spiders deprived of protein. As these silks had more
proline but less alanine, they should have had weaker and more
extensible silk owing to the greater abundance of (GPGXX)n
sequences.13,16,17 We expect that the gland’s physiological or
biochemical mechanisms, such as variations in duct ion
concentrations or pH during spinning,24−26 induced variations
in protein secondary structure, thus changing amorphous and
crystalline region alignment independent of MaSp expression.
Our X-ray diﬀraction experiments were conducted to conﬁrm
this prediction.
The proportion and orientation of the β-sheet crystalline
structures and the formation of β-spirals, β-turns, 31-helices,
and other structures in the amorphous region are aﬀected by
physiological and biochemical processes acting in the silk
duct.25,26,49,50 We examined the alignment, intensity, size, and
orientation of the crystalline β-sheets across treatments using
wide-angle X-ray diﬀraction and found some diﬀerences. For
instance, silks from the NP treatment spiders had sharper
intensity peaks at a 2θ between 15 and 18°, and signiﬁcantly
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