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The silk egg case and orb web of spiders are elaborate structures that are assembled from a number of components.
We analysed the structure, the amino acid and fibre compositions, and the tensile properties of the silk fibres of the
egg case of Nephila clavata. SEM shows that the outer and inner covers of the egg case consist of thick, medium and
thin silk fibres. The silk fibres of the outer cover of the egg case are probably produced by the major and minor
ampullate glands. The silk fibres of the inner cover of the egg case from cylindrical glands appears to be distinct from
the silk fibres of the major ampullate glands based on their micro-morphology, mole percent amino acid composition
and types, and tensile behaviour and properties. Collectively, our investigations show that N. clavata uses silk fibres
from relatively few glands in varying combinations to achieve different physical and chemical properties (e.g., color,
diameter, morphology and amino acid composition) and functional and mechanical properties in the different layers
of the egg case.
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1.

Introduction

Among arthropods, numerous species of insects in different
taxa build cocoons, which are especially characteristic of
prepupal and pupal resting stages (Danks 2004). In contrast,
the cocoons, or egg cases, of spiders serve to protect the
enclosed offspring during the early stages of their development (Austin 1985). All spiders construct silken egg cases
in which to place their eggs (Turnbull 1973). Egg cases are
produced only once or twice in the lifetime of a typical
spider (Austin 1985). Like an orb web, a spider egg case is
an elaborate structure that is assembled from a few
components, which are good model objects on which to
study the relationship between the structure and functional
properties of spider silk. Although the silk fibres of an egg
case are not produced daily, the egg case plays a role that is
just as crucial in a spider’s life as the orb web silk and other
functional silks, such as walking and predatory dragline silk,
Keywords.

wrapping silk, and other trapping silk. Spider silk is a
biomaterial with excellent mechanical properties and an
unusual combination of high stiffness, toughness, strength
and extensibility, which are rarely observed in synthetic
high-performance fibres (Hinman et al. 2000; Vollrath
2000). Our understanding of the microstructure of spider
silks, especially of dragline silk, is progressing rapidly, and
recently other spider silks, and especially egg case silk, have
attracted increasing attention (e.g. Barghout et al. 2001;
Hayashi and Lewis 2001; Hayashi et al. 2004; Garb and
Hayashi 2005; Hu et al. 2006; Tian and Lewis 2005, 2006;
Blackledge and Hayashi 2006; Van Nimmen et al. 2005,
2006; Zhao et al. 2006), because egg case silk protein may
provide a new biomaterial source for medical applications and
for scaffolds for tissue engineering, as it is characterized by its
hydrophobic nature (CySp contains about 3% hydrophilic
residues), as well as its good gas permeability, heat
conservation and moisture retention (Gellynck et al. 2003;
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Zhao et al. 2006). Although Blackledge and Hayashi (2006)
presented a detailed mechanical characterization of five
glandular silk fibres with different functions (i.e. major
ampullate, minor ampullate, cylindrical, aciniform and
capture spiral silk) spun by the orb-weaving silver Argiope
spider (Argiope argentata) and analysed the relationships
between the molecular architecture, mechanical performance
and ecological function of these silk fibres, our study tries to
provide a different explanation for the relationship between
the mechanical performance and ecological function of the
two types of egg case silk.
Spider silk is the result of 400 million years of evolution.
Over that time, the biological function and life history of
spiders have shaped the silk’s structure and mechanical
properties (Song 1997; Vollrath 2000; Hayashi and Lewis
2000, 2001; Eberhard 2001). Therefore, an analysis of the
egg case silk will expand and improve our understanding of
the relationship between the protein structure, mechanical
performance and ecological function of these unique
biomaterials. Earlier studies have shown that the structure
and fibre composition of spider egg cases vary among
species (Gertsch 1979; Lin and Qian 1981; Opell 1984;
Hieber 1985; Stubbs et al. 1992; Moon 2003; Gheysens et
al. 2005). Before the structure and properties of the silk
fibres of the egg case can be explored, the morphology of
the egg case must be understood in order to locate and
extract the particular silk fibres and to analyse the relationships between the structure and properties of spider silk.
Therefore, we examined the structure, amino acid and fibre
compositions, and tensile properties of the egg case silk of
Nephila clavata.

2.
2.1

Materials and methods
Spiders and egg cases

Adult females of the subtropical Yoro spider, N. clavata
(figure 1A), were collected from the Mango Garden in MiYi
County, Sichuan province, located 102.06° east 26.88°
north. The spiders were kept individually in cages
(60 cm×60 cm×50 cm) and fed on a diet of houseflies
under controlled conditions [24.5 ±2.0°C with 50±5%
relative humidity (RH) and a light/dark cycle of 12/12 h].
Egg cases (figure 1A, B and C) were harvested immediately
after completion of the spinning and weaving by a female.
2.2

Egg case layers and silk fibre collection

The outer and inner silk layers of egg cases were separated
carefully based on their colour (figure 1D) under a
stereomicroscope. The yellow scaffolding silk fibres anchoring the egg case were collected from intact egg cases by
using a razor blade. The silk fibres’ origins from particular
glands were inferred from the silk’s functions reported in
the references (Vollrath 2000; Vollrath and Knight 2001)
2.3

Characterization of the morphology and fibre
composition of the silk fibres of the egg case

Silk fibres were sputter-coated with gold and observed under a
scanning electron microscope (JEOL JSM-5900, observation
conditions V=20 kV, I=0.6 nA) to assess their diameter,
structure and fibre composition. The diameter of the silk fibres

Figure 1. The structure of the egg case of the Joro spider, N. clavata. (A–C) Egg cases produced by three different individuals. (D) The
structure of the outer and inner covers of an egg case.
J. Biosci. 36(5), December 2011
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was measured from the photographs using the Smile view
software (JEOL Co., Japan). Samples of 30 mm length
were cut from silk fibres and glued on microscope glass
slides covered with double-sided tape. The samples were
observed directly through an atomic force microscope
(AFM) (SPA400).
2.4

Analysis of amino acid composition

A sample of scaffolding silk fibres was collected and processed
for analysis of mole percent amino acid composition. The
reported data represent the average of multiple samples
collected from a single egg case. For comparison, the forcibly
reeled dragline silk fibres from N. clavata were also examined.
Analyses of the amino acid composition of the two silk types
were accomplished in the Analytical and Testing Center of the
Sichuan Academy of Agricultural Science in Chengdu. The
samples of silk fibres had undergone acid hydrolysis in
preparation for the analyses, which were executed with an
amino acid auto analysis apparatus (L 8000 Hitachi Japan).
The data were analysed with one-way ANOVA procedure
from spss13.0. Means of the same amino acid mole percent
with the same letter in each row (table 1) are not significantly
different. Means with the different letters are significantly
different (P<0.05 by the Duncan method).
2.5

Testing of the tensile strength of the silk fibres

Samples 60 mm long were cut from silk fibres of the egg
case scaffolding and from the silk of the inner cover of the
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egg case. The tensile strength of the silk fibres was
measured with an YG001A electric single-fibre tensile
apparatus with a gauge length of 20 mm. All tests were
conducted at a strain rate of 10 mm per minute under
ambient conditions (nominally 20°C and 60% relative
humidity) (Jiang et al. 2006). The initial (pre-strain)
diameter and cross-sectional area of the samples were
calculated from the value of their experimentally determined diameter using the equation described elsewhere
(Jiang et al. 2006; Pérez-Rigueiro et al. 2001) after the
SEM observation under the assumption that the volume of
the sample was conserved during the tensile strength
testing. The measurements of the cross-sectional areas
were used to re-scale the force–displacement curves as
engineering stress–strain curves. Particular care was taken
during the collection and handling of the silk fibres to
avoid stretching and damaging them before the tensile
measurements were taken.
2.6

Dissection of the silk glands

Spiders were euthanized with ethyl acetate. The abdomen (i.e.
opisthosoma) was separated from the cephalothorax and
submerged and dissected in spider ringer solution (Dicko et al.
2005: 1× Ringer: 13 g NaCl, 0.5 g KCl, 0.89 g CaCl2, 1.04 g
MgCl2·6H2O) buffered with Tris base (100 mM, pH=7.2)
under a stereomicroscope (Leica MZ6). The tissues of
the alimentary canal and blood vascular system were
removed to make the glands visible. All pictures were
taken in dorsal view.

Table 1. Comparison of the features of the egg case of the Joro Spider, N. clavata with those of egg cases of the far eastern black and
yellow garden spider, A. amoena, and the black and yellow garden spider, A. aurantia
Spider features
Shape

N. clavata

Colours

Ellipsoid
a: 4.0–6.0 cm
b: 3.0–5.0 cm
Thin
Simple structure with tridimensional
network
Major ampullate and cylindrical gland
silk at least and probably minor
ampullate and piriform gland silk
White and golden or white

Orientation

isotropy

Ovulation strategies

Ovulate only one time, weave
only one egg case

Size
Robustness
Structure
Composition of cover

A. amoena (unpublished data)

A. aurantia (Hieber 1985;
Stubbs et al. 1992)

Semi-closed triangular
a: 3.0–4.0 cm
b: 2.5–3.0 cm
Thick
Complicated multi-layered

Closed gourd shaped
a: 2.0–2.5 cm
b: 1.5–2.0 cm
Thick
Complicated multi layered

Major ampullate and cylindrical
gland silk at least, and probably
aciniform gland silk
The color of covers is golden,
gray green, pale brown from
the outer to inner.
One long arm downwards two
short arm upwards
Ovulate in batches, weave 2–3
egg cases

Major ampullate and cylindrical
gland silk at least, and probably
aciniform gland silk
Pale brown or brown
Gourd shaped neck upwards
–
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3.
3.1

Results

Characteristics features of the egg case

The egg case of N. clavata has an ellipsoid shape and
consists of layered flocculent covers of differently colored
silk fibres (figure 1). It appears that N. clavata does not
orient its egg case in a consistent manner. The characteristics of the egg case of N. clavata compared to that of two
other spider species, the black and yellow garden spider
(Argiope aurantia) and the Far Eastern black and yellow
garden spider (A. amoena) are listed in table 1. The outer
cover of the egg case varies in color (figure 1).
3.2

and inner covers each consist of a thin weave composed
mainly of large-diameter fibres (L-D; ca. 6–13 μm) and of a
few mid-diameter fibres (M-D; ca. 1.25–3.0 μm) and smalldiameter fibres (S-D; ca.0.7–0.8 μm) (figures 2 and 3). The
scaffolding silk is important for anchoring the egg case to
the substrate. The silk fibres that are produced by the
cylindrical and major ampullate glands differ greatly in their
microstructure. The inner cover silk fibres from the
cylindrical glands differ from the scaffolding silk fibres by
the longitudinal stripes, which are visible as longitudinal
grooves and nodules on their surface in AFM images
(figure 4). In addition, the silk fibres of the outer and inner
covers are characterized by a typical surface sculpturing
(figures 2F and 3D).

Structure of the egg case and its silk fibres
3.3

The egg case of N. clavata comprises two types of
differently coloured flocculent silk from the major ampullate and cylindrical glands, respectively, the golden or white
outer cover and the white inner cover (figure 1D). The outer

Amino acid composition of the silk fibres
of the egg case

The amino acid profiles of the silk fibres of the scaffolding
and outer cover of the egg case were similar to those of the

Figure 2. Scanning electron micrographs of silk fibres of the outer cover of an egg case of a Joro spider, N. clavata. (A, B) Silk fibre
bunch from the flocculated outer cover. (C, D) Silk fibres from the major and minor ampullate glands: (a) dragline consisting double
threads; (b) silk fibre probably from a minor ampullate gland. (E) Bundle silk fibre. (F) Joining thread from Piriform gland.
J. Biosci. 36(5), December 2011
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Figure 3. Scanning electron micrographs of the inner cover of the inner cover of an egg case of a Joro Spider, N. clavata. (A) Silk fibre
bunch from the flocculated inner cover. (B, C) Silk fibres from the cylindrical and minor ampullate glands: (a) double thread from a
cylindrical gland; (b) silk fibre probably from a minor ampullate gland. (D) Joining thread from Piriform gland.

silk fibres of draglines from ampullate glands, in which
glycine (about 20–32%) and alanine (about 24%) are the
most abundant amino acids, with glutamic acid (about
16.5%) and serine (about 3–8.3%) being the next most
abundant amino acids and threonine (about 0.6–2.2%) being
the least abundant amino acid. In comparison to the silk
fibres of the yellow scaffolding and of the outer cover, the

silk fibres of the inner cover of the egg case contain a
significantly higher level of serine (19.1%) and threonine
(6.1%) with a concomitantly lower level of glycine (7.2%),
glutamine acid (13.3%) and proline (1.2%). Alanine is also
a significant component of the silk fibres of the inner cover,
but at about 23%, it is less abundant than in the silk fibres of
the outer cover (25.5%). Cysteine and methionine residues

Figure 4. Surface structures of silk fibres of the egg case of a Joro Spider, N. clavata. (A) SEM picture of a scaffolding silk fibre
produced by a major ampullate gland. (B) SEM picture of an L-D inner cover silk fibre produced by a cylindrical gland. (C) AFM picture
of a silk fibre of an egg case scaffolding produced by a major ampullate gland. (D) AFM picture of an L-D inner cover silk fibre produced
by a cylindrical gland.
J. Biosci. 36(5), December 2011

902

Ping Jiang et al.

were not detected in any of the studied silks fibres (table 3).
The analysis of the various classes of amino acid R-groups
associated with the spider silk proteins is presented in
table 5. The values of large side chains (LC): small side
chains (SC) show that inner silk (1.03)>frame silk (0.85)>
outer silk (0.66)≈dragline (0.64)>silkworm silk (0.36).
3.4

Tensile properties of the silk fibres of the scaffolding
and inner cover of the egg case

The force-displacement curves of the silk fibres of the
scaffolding and inner cover of the egg case represent very
distinct tensile behaviours and properties (figures 5 and 6).
The mean diameter of the silk fibres of the inner cover is
greater than that of the fibres of the scaffolding silk (table 2).
The parameters (Fp, Dp, Du, σp and σu) of the silk fibres of
the inner cover are larger than those of the dragline and
scaffolding silk fibres. But the E, εp and εu of the silk fibres
of the inner cover are lower than those of the silk fibres of
the dragline and scaffolding (tables 6 and 7).
4.
4.1

Discussion

Characteristics features, structure and fibrerous
composition of the egg case

It is known that L-D fibres in the egg case originate from
the cylindrical glands (Schimkewitsch 1884; Sekiguchi
1955), whereas the L-D fibres in the outer and inner covers

of the egg case of N. clavata are spun from the major
ampullate and cylindrical glands, respectively, as inferred
from their amino acid composition and structure. We infer
that the M-D silk fibres in the egg case of N. clavata are
likely to originate from the minor ampullate glands because
of their structure and diameter. Furthermore, the silk fibres
produced by the minor ampullate glands are generally
involved in the orb webs (Kovoor 1977; Coddington
1986; Riekel 2003), the basic layer of the egg case of the
orb-weaving silver-sided sector spider, Zygiella x-notata
(Gheysens et al. 2005), the walking and predatory draglines
(unpublished data), the swathing silks (Mattina et al. 2008),
etc. We believe that the S-D silk fibres are produced from
the aciniform glands also in N. clavata, because of the first
direct molecular evidence for the involvement of the
aciniform glands in the production of a common fibroin
called AcSp1-like that is assembled into the S-D silk fibres
of the egg case and wrapping silk of cob weavers
(Vasanthavada et al. 2007). The shape, colour, thickness,
structure and orientation of the egg case of N. clavata differ
from those of Argiope amoena (unpublished data) and A.
aurantia (Hieber 1985; Stubbs et al. 1992). The variations
in the features and structure of the egg cases at the
interspecific level are probably related to the reproductive
strategies (e.g. ovulation) and the developmental characteristics of the spiderlings of the different species. The
structural complexity and composition of the egg case
vary widely interspecifically, but usually display consistent similarities intraspecifically (Gheysens et al. 2005).

Figure 5. Force displacement curves of scaffolding silk from the egg case of the Joro Spider, N. Clavata.
J. Biosci. 36(5), December 2011
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Figure 6. Force displacement curves of L-D inner cover silk fibre produced by a cylindrical gland of the Joro spider, N. clavata.

4.2

Amino acid composition of the silk fibres of the egg
case

The amino acid profiles of the silk fibres of the outer and
inner covers of the egg case are similar to those of the silk
fibres that are produced by the major ampullate and
cylindrical glands, respectively. This result confirms that
the outer and inner covers of the egg case contain mainly LD silk fibres from the major ampullate and cylindrical
glands, and only few M-D and S-D fibres. There are
similarities between the silk fibres of the scaffolding of the
egg case and those of the dragline, as they are produced by
the major ampullate glands. But the values of the ratio of

LC:SC (table 4) indicate that the scaffolding silk fibres
differ from those of the typical dragline. This suggests that
the scaffolding silk fibres contain more MaSp1 than the silk
fibres of the dragline based on the amino acid composition
(table 3), because MaSp2 is proline-rich, whereas proline
residues are absent in MaSp1 for N. clavata (Hayashi et al.
1999; Gosline et al. 1999; Hinman et al. 2000; Dicko et al.
2004). Compared with typical spider silks, such as dragline
silk and scaffolding silk, the L-D silk fibres from the
cylindrical glands in the inner cover of the egg case of N.
clavata contain a significantly increased serine and threonine content with a concomitant decrease of glycine.
Therefore, they are higher in polar amino acids and

Table 2. Features of the frame, outer cover, and inner cover of the egg case of the Joro Spider, N. clavata
Layer structure
feature
Colour
Wall

Frame
golden
Scaffolding silk

Composition
7.7±0.09
Monofilament
diameter (μm)
(n=6)
Silk gland
Major ampullate gland

Biological
functions

Outer cover

Inner cover

White or golden
Main L-D fibers and few M-D and S-D
fibers
10.3±0.13 1.25±0.02
0.8±0.05
6.1±0.11

White
Main L-D fibers and few M-D and S-D
fibers
12.6±0.2
3.0±0.09
0.7±0.04
5.6±0.17

Major
probably minor probably Cylindrical probably minor probably
ampullate
ampullate
piriform
gland
ampullate
prirform
gland
gland
gland
gland
gland
Providing the frame and anchor Providing protections and supports for
Providing protections and supports for
point for the egg case
inner cover and eggs or spiderlings
eggs or spiderlings

ab. L-D, large-diameter; ab. M-D, middle-diameter; ab. S-D, small-diameter.
J. Biosci. 36(5), December 2011
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Table 3. Amino composition of silk fibres of the egg case and dragline of the Joro spider, N. clavata
Spider silk
Amino acids
Asp
Thr
Ser
Glu
Gly
Ala
Cys
Val
Met
Ile
Leu
Tyr
Phe
Lys
His
Arg
Pro
Silk glands

Frame silk (n=4)

Outer cover silk (n=4)

Inner cover silk (n=4)

Drag line (n=3)

2.73±0.02a
2.12±0.01a
8.30±0.09a
16.60±0.29a
22.94±0.42a
22.73±0.42a
–
2.29±0.26a
–
1.45±0.05a
5.29±0.02a
3.24±0.29a
1.97±0.03a
1.13±0.01a
1.64±0.04
3.10±0.05a
4.46±0.52ab
Major ampullate gland

1.527±0.02b
0.68±0.03b
3.04±0.21b
16.25±0.42a
32.51±0.2b
25.54±1.2a
–
1.20±0.05b
–
0.64±0.03b
4.79±0.33ab
4.10±0.38a
0.73±0.05b
0.55±0.04b
1.55±0.05a
3.09±0.04a
3.82±0.41a
Major ampullate gland

3.60±0.04c
6.11±0.05c
19.07±0.46c
13.28±0.15b
7.15±0.06c
23.00±0.91a
–
3.60±0.09c
–
2.86±0.03c
7.32±0.02c
1.56±0.03b
5.53±0.08c
0.49±0.02b
0.91±0.02b
4.30±0.05b
1.21±0.01c
Cylindrical gland

1.52±0.01b
0.77±0.04b
3.79±0.58b
16.86±0.5a
31.71±0.17b
24.74±0.58a
–
1.35±0.14b
–
–
4.03±0.29b
3.68±0.30a
0.88±0.06b
0.50±0.01b
2.05±0.03c
2.63±0.02c
5.49±0.28b
Major ampulate gland

n is the number of individuals from which the silk fibres were collected; the dragline forcibly reeled.

amino acid residues with large side chains. The diversity
in amino acids of the silk fibres from the cylindrical
glands of N. clavata compared to that of the silk fibres
from the ampullate glands is consistent with that reported
previously for silk fibres from the cylindrical glands of
Latrodectus hesperus, Araneus diadematus, Argiope aurantia and Nephila edulis (Anderson 1970; Casem et al
1999; Foradori et al. 2002).

One approach that has been used to predict the relative
amounts of crystalline to amorphous domains within a silk
fibre has been to examine the ratio between amino acid
residues with large (LC) and small (SC) side chains
(Anderson 1970; Lombardi and Kaplan 1990). Using this
analysis, it was found that the LC: SC ratio for scaffolding
silk and dragline silk were 0.85 and 0.64, respectively
(table 4). These values are larger than those reported for silk

Table 4. Analysis of the various classes of amino acid R-groups associated with the egg case silk proteins of the orb web spider N.
clavata (%)
Silk

N. clavata

B. mori

Amino acid types

Frame silk
(n=4)

Out cover silk
(n=4)

Inner cover silk
(n=4)

White dragline
(n=3)

Silkworm silk
(Wang and Cai 2004)

Polar
Acidic
Basic residue
Residue LC
Residue SC
LC:SC
Ap:An

38.9±0.17a
19.3±0.09a
5.8±0.04a
46±0.52a
54.0±0.39a
0.85±0.02a
0.64±0.03a

31.0±0.46b
17.8±0.18b
5.2±0.03b
389±0.25b
61.1±0.40b
0.64±0.01b
0.45±0.02b

49.3±0.4c
169±0.05c
5.7±0.03c
50.8±0.35c
49.2±0.15c
1.03±0.02c
0.97±0.05c

31.8±0.48b
18.4±0.58c
4.7±0.06b
39.8±1.04b
60.2±0.12b
0.66±0.03b
0.47±0.01b

27.9
2.98
0.66
26.3
73.7
0.36
0.39

Polar residues : asp+thr+ser+glu+tyr+lys+his+arg. Aidic residues: asp+glu. Basic residues: lys+his+arg; Short chain: gly+ala+ser;
LC, large side chains; SC, small side chains. Ap, polar amino acids; An, non-polar amino acids; n is the number of individuals from which
the silk fibres were collected. Means with the same letter are not significantly different. Means with the different letters are
significantly different.
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fibres of draglines of the black widow, Latrodectus
hesperus (Casem et al. 1999), and may have implications
for the diversity of the secondary structures in silk fibres
from ampullate glands. This result also exemplifies the
diversity of silk fibres from major ampullate glands. Despite
the elevated levels of serine, the LC: SC ratio of the silk
fibres of the inner cover of the egg case is approximately
1.03, which is greater than that of scaffolding and dragline
silk fibres. This may be responsible for the large proportion
of amorphous domains present in the silk fibres of the inner
cover of the egg case of N. clavata. Although the greater
LC: SC ratio of the silk fibres of the inner cover compared
to that of the scaffolding and dragline silk fibres reflect their
initial pliant behavior, the silk fibres of the inner cover may
be very strong due to their greater ratio (0.97) of polar
amino acids (Ap): non-polar amino acids (An), because
polar amino acids can increase intermolecular forces.
Glutamine acid and proline play important roles in the
structure of proteins. Glutamine acid, an acidic amino
acid, can enhance the intermolecular interactions via its
side arms amidogen and carboxyl. Proline acts to disrupt
secondary structures, such as α-helix configurations, in
favour of the formation of α-turns, thereby increasing the
elasticity (Liu et al. 2008; Savage and Gosline 2008a, b).
It seems that the silk fibres of the inner cover of the egg
case contain fewer α-turns than the silk fibres from the
major ampullate glands based on their amino acid
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compositions. In view of these results, it would be
interesting to investigate further how the amino acid
variations in the silk fibres of the egg case, especially
the significant increase in serine content with a concomitant loss of glycine, affect secondary conformations
and, thereby, result in distinct tensile properties of L-D
cylindrical glands silk fibres as compared to the silk
fibres from the major ampullate glands (Van Nimmen et
al. 2005, 2006).
Generally, the amino acid composition of the silk fibres
of the inner cover and the fibroins CySp1 or TuSp1, and
CySp2 (Tian and Lewis 2006; Zhao et al. 2006) from the
cylindrical glands of other spider species are similar
(table 5). Several molecular studies have shown that the
fibroin TuSp1 is evolutionarily conserved across a wide
range of different species (Garb and Hayashi 2005).
Therefore, we believe that the core fibroin in the L-D silk
fibres of the inner cover of the egg case of N. clavata is
TuSp1. However, slight differences in some amino acid
levels are observed in the amino acid composition of the silk
fibres of the inner cover of the egg case when compared
with those data from other spider species. Tian and
Lewis (2006) proposed that TuSp1 is the major component
in cylindrical glands, but many other members of the silk
fibroin family have been reported in the silk fibres of egg
cases (Hayashi et al. 1999; Hu et al. 2006, 2007). The
spideroin composition of the silk fibres of the egg case is

Table 5. Amino acid compositions (mol %) of cylindrical silk fibres of the inner cover of the egg case of the Joro Spider, N. clavata in
comparison to the predicted by cylindrical silk protein genes of other species
A. bruennichi
(Zhao et al. 2006)
Species source N. clavata core inner cover N. clavipes TuSp 1
Amino acids
egg case silk (n=4)
(Tian et al. 2005)

CySp1

CySp2

Asx
Thr
Ser
Glx
Gly
Ala
Cys
Val
Leu
Ile
Phe
Lys
His
Arg
Pro

6.51
4.0
25.7
7.4
9.2
25.8
0.1
5.4
6.9
1.3
4.1
0.0
0.0
1.51
1.0

5.15
4.0
28.3
7.5
8.1
25.9
0.2
5.8
6.5
1.0
4.0
0.12
0.12
1.43
0.8

3.60±0.04
6.11±0.05
19.07±0.46
13.28±0.15
7.15±0.06
23.00±0.91
–
3.60±0.09
7.32±0.02
2.86±0.03
5.53±0.08
0.49±0.02
0.91±0.02
4.30±0.05
1.21±0.01

3.9
5.5
21.9
7.3
8.5
29.3
–
2.2
7.9
2.6
4.7
–
–
2.9
–

A. gemmoides TuSp1
A. aurantia TuSp1
(Tian and Lewis 2005) (Tian and Lewis 2005)
4.7
3.7
32.3
10.2
6.7
23.7
–
5.1
5.5
1.1
2.9
–
–
1.8
–

6.1
4.2
27.7
7.2
8.1
28.1
–
4.4
6.2
1.3
4.0
–
–
1.7
–

TuSp1, tubliform gland spideroin 1; CySp, cylindrical gland spideroin.
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Table 6. Magnitude of force (cN) and elongation (mm) at the elastic limit and breaking point of scaffolding and inner cover silk of the
egg case of the Joro Spider, N. clavata
Mechanical parameter spider silk

Fp(cN)

Dp(mm)

Fu(cN)

Du(mm)

Scaffolding silk
Inner cover silk

1.4±0.2
2.4±0.2

0.54±0.13
0.78±0.06

5.3±1.4
4.1±0.5

5.2±1.4
8.3±1.6

Fp, force at the proportional limit; Fu, force at breaking; Dp, elongation at the proportional limit; Du, elongation at breaking.

very complex. Therefore, these slight differences may have
been due to the presence of other spideroins and/or their
variations among species.
4.3

Tensile properties of the silk fibres in the inner cover
and scaffolding of the egg case

Typical dragline silk is used by spiders to build the scaffolding
of an egg case or of an orb web, the radii, and serves as the
safety line to escape predators or to capture prey during a rapid
descent or ascent. The yield region of this type of silk increases
the impulse (Ft) of the stretching force, and the reorientation of
the molecular chains results in the shape of α-sheet conformations, leading to the hardening region and followed by a high
break strength when silk fibres are subjected to a further load
(figure 5). In addition, the draglines have higher stiffness than
the silk fibres of the inner cover of the egg case. This may
indicate that silk fibres must adapt to undergo strong loads (e.
g. the scaffolding silk anchor an egg case or web, including
the weight of the spider itself) and to absorb dissipation
energy. Whereas the large viscous post-yield behaviour

(figure 6) demonstrates that the silk fibres of the inner cover
of the egg case have little improved the α-sheet conformations transferred from some other phases during stretching.
However, this approximately flat hardening region can also
increase the impulse (Ft) and undergo the same stretching
force in addition. Furthermore, the initial linear elastic region
is increased, and the yield region is decreased during
stretching. This improves the extensibility of the silk fibres.
These results validate our earlier hypotheses that the silk
fibres of the inner cover of the egg case would display initial
pliant behaviour and excellent extensibility.
There are two factors that are thought to influence the
tensile properties of silk fibres: (1) The molecular microstructure of silk proteins, including the intermolecular and/
or intramolecular structure; and (2) the material size or
diameter of the silk fibres (Jiang et al. 2006). In other
words, the extensibility, the initial linear elastic region
(figure 6 and table 6) and the material size or diameter of the
silk fibres of the inner cover of the egg case are all increased
with a concomitant loss of stiffness and strength (table 7),
but as the intermolecular forces and Fp are increased

Table 7. Tensile parameters of the scaffolding and inner cover silk of the egg case of the Joro Spider, N. clavata in comparison to silk
fibres of other spiders (Argiope spp. and Araneus sp.) and the domesticated silkmoth (B. mori)
Spider silk
N. clavata cocoon
scaffolding silk
N. clavata cocoon inner silk
Argiope argentata major
ampulate silk
A. argentata tubuliform silk

E (G Pa)

εp

σp (MPa)

εu

11.3±5.1

0.27±0.007 185±30

0.26±0.07

7.02±2
8.0±0.8

0.039±0.003 195±40
–
–

0.42±0.08
0.228±0.007

–

–

A. bruennich dragline silk
–
A. bruennich tubuliform silk
–
A. argentata capture silk
0.001±0.0001

–
–
–

–
–
–

Araneus viscid silk

0.03

–

–

B. mori

9–17

0.010–0.016

110–230

11.6±2.1

σu (MPa)
730±105
330±60
1,217±56

Wf (MJm-3)
107±11

Source
This study

103±11
136±7

This study
Blackledge
and Hayashi 2006
0.337±0.0019
360±70
95±17
Blackledge
and Hayashi 2006
0.22±0.04
1,320±170 134.5±50
Zhao et al., 2006
0.40±0.007
390±30 128.6±26.6 Zhao et al., 2006
4.65±0.26
95±9
75±6
Blackledge
and Hayashi 2006
2.7
500
150
Gosline et al.,
1999
0.10–0.20
300–600
70
Pérez-Rigueiro
et al., 2002;
Gosline et al.,
1999

E, elastic modulus; εp, strain at the proportional limit; σp, stress at the proportional limit; εu, srain at breaking; σu, tensile strength; Wf,
energy to break unit volume of material.
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Figure 7. Light microscopic photographs of silk glands within the abdomen of the Joro Spider, N. clavata. (A) Major and minor
ampullate glands. (B) Major and minor ampullate glands and cylindrical glands. (C) Cylindrical glands. (D) Pyriform and aciniform gland.
Abbreviations: M, major ampullate glands; m, minor ampullate glands; C, cylindrical glands; T, tubliform glands; A, aciniform gland; P,
pyriform gland.

through a change of the microstructures (e.g. through
increasing the content of polar amino acid) and an increased
material size, a large loss of stiffness and strength is
prevented. It seems that the silk fibres of the inner cover
of the egg case display better stiffness and strength under
the same material size than the two silk fibres from the
major ampullate glands. The silk fibres of the inner cover
are rarely subjected to strong loads because they are
protected by the silk fibres of the outer cover and
scaffolding. Thus, higher extensibility, a longer initial linear
elastic region within a relatively small range (figure 6 and
table 6), a larger impulse, greater toughness and a slightly
lower stiffness and strength of the silk fibres of the inner
cover of the for egg case are combined sufficiently to
contend with the biological functions, such as serving as
protective cover. Thus, the architecture of the egg case,
like the well-known orb web assembled by stiff and
strong draglines and compliant viscid thread (Gosline et
al. 1986, 1999), has co-evolved to form a highly efficient
structure assembled from only a few components, such as
the scaffolding silk fibres and silk fibres from the
cylindrical glands, in order to provide protection for the
offspring. It seems that these different tensile behaviours and
properties of spider silk indicate that there are mechanical
strategies, such as trade-offs between force and displacement,
as well as between elasticity, yield and hardening region for
absorbing certain dissipation energies. It is of interest to
investigate further the mechanical strategies and balance of

spider silks as they are matched to their biological or ecological
functions from the angle of the evolution of silk materials.
The silk fibres of the inner cover of the egg case have a
distinct microstructure with longitudinal stripes similar to
that of degumming silk of the domesticated silkmoth,
Bombyx mori (Pérez-Rigueiro et al. 2001, 2002; Jiang et
al. 2006). Similar surface structures were found on the silk
fibres that are produced by the cylindrical glands of the
related orb-weaving Silver-sided Sector Spider, Zygiella
x-notata (Gheysens et al. 2005) and Argiope argentata
(Blackledge and Hayashi 2006), suggesting that it is a
common feature. Moreover, the grooves on the surface of
the silk fibres from cylindrical glands may assist the
spiderlings in attaching themselves.
4.4

Ecology and biology of the silk fibres of the egg case

Although the egg cases of spiders and the cocoons of
silkworms and other insects are an envelope made of silk
protein fibres (Vollrath 1999; Danks 2004; Wang and Cai
2004), their biological functions are very different. Insect
cocoons in general protect prepupal and pupal resting stages
(Danks 2004), whereas spider egg cases protect offspring
during the early stages of their development. The original
role of the egg case of spiders is to resist biotic and abiotic
threats and trauma. The silk fibres of the various parts of the
egg case of N. clavata, which are produced by the major
ampullate, cylindrical and probably aciniform glands, are
J. Biosci. 36(5), December 2011
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characterized by particular colors, such as yellow, or golden
and white. The outer cover of the egg case varies in color
maybe as a result of trade-offs between reflected UV-light
attracting predators or parasites and background colour of
the inhabit. The egg cases silk fibres of other spider species
(e.g. the Far Eastern black and yellow garden spider, A.
amoena, the wasp spider, A. bruennichii, and the dome web
spider, Cyrtophora moluccensis) also vary in their colour
(unpublished data). Putthanarat et al. (2004) found that
factors other than the diet and environment influence the
colour of dragline silk produced in captivity by forcible
silking the golden silk spider, N. clavipes, that spiders store
both pigmented and unpigmented silk fibres, and that some
aspects of forcible silking preclude a spider’s choice of
colour for the silk fibres they release. This suggests that N.
clavata may have access to some mechanisms within the
major ampullate, cylindrical and aciniform glands through
which it can regulate the colour of the silk fibers based
dissection of the silk glands (figure 7). Egg case inner cover
silk present the distinct micro-morphologies with the apparent
longitudinal strands or stripes similar to that of degumming
silkworm silk. Sculpturing and similar longitudinal strands
(figure 4) has been found in the tubuliform silk of the related
orb-weaver N. clavata, Z. x-notata (Gheysens et al. 2005), A.
argentata (Blackledege and Hayashi 2006), A. amoena
(unpublished data), A. bruennichi (unpublished data) suggesting that it is a common feature. Moreover, we believe that the
grooves and nodules of the cylindrical fibers and sculpturing
probably function to improve the attachment of spiderling on
the surface of this type of silk and provide the supports for
the spiderling development. The silk fibres of egg cases
possess particular mechanical properties that allow the
creation of a particular three-dimensional structure. The
flocculent nature of the three covers of the egg case creates
a protective layer against mechanical trauma, as well as
against predators and parasites (Guarisco 2001) and drowning
(Hieber 1992a,b), providing an appropriate microclimate
mediating against temperature and humidity fluctuations for
embryonic development, hatching and subsequent molting,
and a durable shelter for overwintering spiderlings (Austin
1985; Hieber 1985, 1992a, b; Yang 1984, 1993).
In summary, the spider N. clavata appears to use silk
fibres from relatively few glands in varying combinations to
achieve different physical, chemical and functional properties in the various layers of their egg case to protect the eggs
and developing spiderlings.
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