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Abstract
Spider dragline silk possesses extraordinary mechanical
properties. It consists of large fibrous proteins called
spidroins that display modular structures. It is known
to consist of two proteins: the major ampullate spidroin
(MaSp) 1 and MaSp2. This study analyses MaSp
sequences from the nursery-web spider Euprosthenops
australis. We have identified a previously uncharacterized
MaSp2 sequence and a new MaSp-like spidroin, which
display distinct homogenous submotifs within their
respective Gly-rich repeats. Furthermore, a group of
MaSp1 cDNA clones show unexpected heterogeneity.
Genomic PCR identified several MaSp1 gene variants
within individual spiders, which suggests the presence
of a gene cluster in E. australis. Finally, the evolution of
spidroin genes is discussed in relation to phylogenetic
analysis of nonrepetitive C-terminal domains from
diverse species.
Keywords: major ampullate spidroin, MaSp, spider,
silk, evolution.
Introduction
Spider silk proteins, known as spidroins, are among the
most diverse and interesting animal structural proteins
(reviewed by Hu et al., 2006b). Some spiders produce as
many as seven distinct varieties of silk from a battery of
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specialized glands. The use of silks ranges from web
construction and prey capture to egg protection and nest
building. At present, most mechanical and molecular data
on spider silk originate from studies on dragline silk. The
spider uses this silk as a safety line and also to build the
frame of the web.
Dragline silk mainly consists of two proteins: the major
ampullate spidroin (MaSp) 1 and MaSp2. These proteins
contain three characteristic parts: (1) an N-terminal nonrepetitive domain; (2) a nonrepetitive C-terminal domain;
and (3) a middle part of alternating repetitive motifs. The
N-terminal region contains a signal peptide for secretion,
but the function of the remaining part is largely unknown
(Hayashi & Lewis, 2000; Motriuk-Smith et al., 2005; Zhao
et al., 2005, 2006; Hu et al., 2006a; Rising et al., 2006).
The similarity in the nonrepetitive N-terminal domain
among dragline, flagelliform and cylindriform spidroins
suggests conserved functional and/or structural properties
(Rising et al., 2006). Likewise, the C-terminal domain of
the spidroins is also well preserved (Challis et al., 2006).
In major ampullate spidroins, this domain contributes to
dimerization via a Cys residue that is situated within a
highly conserved hydrophobic region. Sponner et al. (2005)
suggested that the C-terminal domain is important in
spidroin polymerization and recent data by Stark et al.
(2007) demonstrated a crucial role of the C-terminal
domain in fibre formation.
The mechanical properties of dragline silk are dependent
on the highly repetitive sequence segments that are situated
between the N- and C-terminal domains. These repeat
sequences are found in high numbers and each spidroin
usually contains two different repeat units that are thought
to alternate throughout the sequence. One repeat unit
contributes to the tensile strength and the other provides
the fibre with its elasticity. The tensile strength is given by
the An and/or (GA)n repeats which form crystalline β-sheet
structures in the fibre (Simmons et al., 1996). The poly Ala
segments are in most cases between six and nine residues
long. The elasticity of the fibres is dependent on the intervening
glycine-rich repeats. In these repeats, two different motifs
have been identified, the GGX and the GPGXX motifs,
where the latter is generally present only in MaSp2 (Gatesy
et al., 2001). The glycine-rich segments are postulated to

551

552

A. Rising et al.

form different structures, such as 31-helices, β-spirals and
coil structures (Hayashi et al., 1999; van Beek et al., 2002).
Two-dimensional solid-state NMR studies have suggested
that some of the GGX motifs are part of the crystalline
β-sheets (van Beek et al., 2002).
Of the two major protein components of spider dragline
silk, most molecular data have been accumulated on
MaSp1. We have previously reported data on the N- and
C-terminal nonrepetitive domains and the repetitive
domains of MaSp1 from Euprosthenops australis (Rising
et al., 2006; Stark et al., 2007). To further elucidate the
relationship between the amino acid sequence and the
mechanical properties of dragline silk from Euprosthenops
species, we sought to increase the sequence information
pool from the major ampullate spidroins. Herein, we analyse
previously uncharacterized partial cDNA sequences of
E. australis MaSp2, as well as of an additional MaSp-like
(MaSpL) gene. Furthermore, observations on a group of
heterogeneous MaSp1 cDNA clones are presented, as is
the existence of a second MaSp1 gene. This second gene
will be referred to as MaSp1b, while sequences originating
from the first gene, such as the MaSp1 sequence (clone 2)
from Stark et al. (2007), will be referred to as MaSp1a.
Results
MaSp2
We have previously reported the construction of oligo-dT
and random primed cDNA libraries from major ampullate
glands of E. australis (Rising et al., 2006; Stark et al.,
2007). We have now identified and characterized additional
MaSp cDNA sequences from these libraries. Three clones
(16, 80 and 26) contained spidroin sequences clearly
different from the E. australis MaSp1a clone previously
described by Stark et al. (2007).
The translated sequence of clone 16 from E. australis
displayed a repetitive region with Ala repeats of 6 – 15
residues and the glycine-rich repeats contained GPGXX
and QQ motifs, typical for MaSp2 (Fig. 1; Hinman & Lewis,
1992; Guerette et al., 1996; Beckwitt et al., 1998; Gatesy
et al., 2001). Thus we conclude that clone 16 is derived
from a MaSp2 gene. Clone 16 also contained a 3′-UTR, a
polyadenylation signal and a poly-A tail. Clone 80 (3.7 kb)
was also found to encode a MaSp2 protein. The partially
sequenced clone 80 did not contain a C-terminal nonrepetitive domain. Alignment of clone 16 and clone 80 suggested
that they might originate from different parts of the MaSp2
mRNA (data not shown). There were two main subtypes of
Gly-rich repeats, 17 and 23 residues long. In comparison,
MaSp1a contains Gly-rich repeats of 14, 18 and 23 residues (Stark et al., 2007), as exemplified in Fig. 1 by clone
14 (see below under ‘Heterogeneous MaSp1a cDNA
clones’ for further description of this clone). In MaSp1a and
MaSp2, the shorter Gly-rich repeats ended with GAGGN,

whereas the longer repeats ended with GAGSS. However,
the beginning of these repeats displayed greater differences.
In MaSp2 they began with QQGGQG (long) or GQGGQG
(short). The corresponding repeats in MaSp1a begin with
(S)GQGGQG (long), GGQGGQ (intermediate) or GRGQGG
(short; Stark et al., 2007). Each Gly-rich repeat of MaSp1a
and MaSp2 contained between two and four GGX repeats.
Arg residues were found frequently in both spidroins.
In general, MaSp1 and MaSp2 proteins contain Tyr in
their Gly-rich repeats (Gatesy et al., 2001), as is indeed the
case for MaSp1a from E. australis (Stark et al., 2007).
Surprisingly, the repetitive region of E. australis MaSp2 did
not contain any Tyr, but instead each individual Gly-rich
repeat contained at least one Phe (Fig. 1). In most of the
longer MaSp2 repeats there were two Phe, but one Gly-rich
repeat contained four Phe. The positions of Tyr and Phe
were largely conserved in the two proteins (Fig. 1).
MaSpL
Clone 26 contained a spidroin sequence which differed
from MaSp1a and MaSp2. Only the 5′- and 3′- ends of this
5 kb clone were sequenced. The 5′- end of clone 26
included repetitive Ala and Gly motifs that conformed to the
MaSp1a repeats (Fig. 1; the first eight tandem repeats).
The sequence from position 224 and onwards, however,
showed clear differences to both MaSp1a and MaSp2. This
part of clone 26 is referred to as MaSp-like (MaSpL; Fig. 1).
It is possible that a breakpoint exists in the Ala repeat which
starts at residue 217 (Fig. 1), where genetic information
from MaSp1 and MaSpL could have merged. The Ala
repeats of MaSpL were 7–14 residues long, while the Gly
repeats were clearly different from those of MaSp1a and
MaSp2. The MaSpL Gly repeats lacked the QQ and
GPGXX motifs normally found in MaSp2 (Fig. 1). There
were also substantial differences compared with MaSp1a.
The long repeats of 21 residues began with GGSGQG and
ended with GAG. Within the Gly repeats Gln, Gly and Leu/
Gln were substituted for Gly, Ser and Arg, respectively.
Three of the four shorter repeats began with GQGGF and
they all ended with GAGS. Phe was present in every other
Gly repeat but there were also substitutions of Tyr for Asn.
Of the eight MaSpL Gly repeats three contained a Glu
which was not observed in either MaSp1a or MaSp2. One
Glu was present, although, in MaSp1b (see below under ‘A
MaSp1 gene cluster’ for details of this sequence).
Heterogeneous MaSp1a cDNA clones
The screen of the oligo-dT primed cDNA library resulted in
the identification of 14 clones encoding MaSp1a, including
clone 2 from Stark et al. (2007). These clones contained
the nonrepetitive C-terminal domain and extended into the
repetitive parts towards the 5′- end of the gene. Surprisingly,
a majority of these clones differed in the 5′- region of the
C-terminal domain. The best alignment of clones 7, 14, 17,
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Figure 1. Alignments of Euprosthenops australis
Ala- and Gly-rich repeats from MaSp1a, MaSp1b,
MaSp2 and MaSpL. The number in each lane refers to
the amino acid residue position in the translated
cDNA. Clone 14 (MaSp1a) has been completely
sequenced. MaSp1b, of genomic origin, is a
consensus sequence of MaSp1b A 7, MaSp1b A 8
and MaSp1b B 8. Position 22 in MaSp1b is a
polymorphic site and is either a Gly or a Glu. A major
part of clone 80 is not sequenced, whereas clone 16
has been fully sequenced. Residues 1 – 260 of clone
80 are derived using vector-specific primers on the 5′side of the cDNA insert, whereas residues 274 – 456
are derived using primers 3′ of the insert. Clone 26
has not been fully sequenced. Residues 1–196 of
clone 26 are derived using vector-specific primers on
the 5′-side of the cDNA insert, whereas residues
200 – 433 are derived using primers 3′ of the insert,
including primers within the C-terminal domain.
Sequences between the last Gly-rich repeat and the
nonrepetitive C-terminal domain are not included.

21, 22, 27 and 29, towards clone 2, suggested that a
variable but significant part was missing (Fig. 2A). On the
one hand, the 5′- segments of these clones contained
0–0.53% polymorphism relative to clone 2 and did not
display any deletion/insertions. The 5′- segments of clones
10, 15, 18, 19 and 20, on the other hand, contained a higher
amount of polymorphism, > 3.4% (deletions/insertions not
accounted for), in their best alignments to clone 2. The

5′- end of each gap occurred at different locations, whereas
the 3′- end was always found in the last Ala-encoded repeat
when compared to clone 2 (Fig. 2B). This Ala repeat is
unique in that it displays a high GCU codon usage (cf.
below). The exception was clone 24, where the apparent
gap was found further upstream (Fig. 2A). The translated
sequences from these 14 clones showed a continuous
reading frame, as described in Fig. 2C.
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Figure 2. Comparison of MaSp1a clones. (A) A
schematic representation of how different cDNA
clones align to clone 2 (Stark et al., 2007). Clones 7,
14, 17, 21, 22, 24, 27 and 29 appear to lack middle
segments of various sizes (thin lines). The 5′segments of these clones contain a few polymorphic
sites in relation to clone 2: no. 7, 0.12% in 845
nucleotides (nt); no. 14, 0.25% in 1178 nt; no. 17,
0.53% in 761 nt; no. 22, 0.16% in 1274 nt; no. 24, 0%;
no. 27, 0.19% in 1571 nt; and no. 29, 0.36% in 840 nt.
Clones 10, 15, 18, 19 and 20 contain 5′- segments,
marked with filled boxes, with a higher level of
polymorphisms when directly aligned to clone 2
(deletion/insertions not accounted for): no. 10, 3.4% in
505 nt; no. 15, 4.9% in 731 nt; no. 18, 3.6% in 788 nt;
no. 9, 9.6% in 708 nt; and no. 20, 8.8% in 1108 nt.
Clones 15, 18 and 20 contain parts in their 5′segments that are identical. The 3′- end of all clones
is identical to clone 2. (B) The potential recombination
sites at cDNA level. Nt positions refer to clone 2. For
clones 10, 15, 18, 19 and 20, the nt number refers to
the first position in the right border column. For
borders in clones 7, 14, 17, 21 and 29, the sequences
surrounding each of these break points are shown
and nucleotides in lower case indicate the few first and
last nucleotides in the missing segment, as present in
clone 2. The exact site for a possible recombination is
not known for these clones and may have occurred at
any of the underlined bases. For instance, in clone 29
the recombination site is either before or after the
indicated T. The schematic representation of clone 24
represents one possibility, as the potential breakpoint
lies between nucleotide positions 2752 and 2785 in
clone 2. The 5′- segment in clone 24 reaches the
position where the first nucleotide change is found,
position 143 in clone 24, relative to clone 2. The break
points for clones 10, 15, 18, 19 and 20, have for
simplicity been put at the first base within each clone,
which differ relative to clone 2 (when scanning from
the 3′- to the 5′- end). As a reference point, the only
GCC codon found in the last Ala repeat of clone 2 is
in bold. (C) Schematic representation of the encoded
protein sequences of the different clones. Only part of
clone 2 is shown. The SASA repeat is described in
Fig. 3.

A MaSp1 gene cluster
The heterogeneous MaSp1a cDNA clones prompted further
investigation. We therefore designed oligonucleotides that
were complementary to each side of the GCU-rich Ala
repeat in clone 2 and performed PCR on genomic DNA
from two E. australis spiders (individuals 7 and 8). In total,
25 cloned PCR fragments were sequenced. A number of
these clones were identical to clone 2, save for a few single
site differences probably introduced by PCR. In addition,
some clones revealed the existence of another gene
(MaSp1b) highly related to the MaSp1a gene (Supplementary
Material Fig. S1). The most noticeable difference in the
obtained genomic MaSp1b sequences was manifested by

the absence of a highly GCU-encoded Ala repeat, as
present in the MaSp1a genomic and cDNA clones. Clones
from individual 7 showed the presence of two variants of
the MaSp1a gene and one variant from the MaSp1b gene,
whereas clones derived from individual 8 showed one variant from the MaSp1a gene and two variants from the
MaSp1b gene (Supplementary Material Fig. S1).
Nonrepetitive C-terminal MaSp domains
The genomic sequences from individuals 7 and 8, as
described above, only partially covered the C-terminal
domain. We therefore attempted to amplify the entire
MaSp1b C-terminal domain. As a result of sample loss
from individuals 7 and 8, we instead used genomic DNA
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extracted from individuals 5 and 6 as the template. Direct
sequencing of MaSp1b 5 and MaSp1b 6 PCR products
showed the presence of polymorphic sites, consistent with
heterozygous individuals (not shown). Alignment of the
encoded C-terminal domain of these genomic sequences
revealed high identity to MaSp1a, as exemplified by 99% for
MaSp1b 6 (not shown).
The MaSp1a, MaSp1b, MaSp2 and MaSpL from
E. australis are well conserved in their C-terminal domains
(Fig. 3A). Phylogenetic analysis of C-terminal domains
from diverse Orbiculariae and retrolateral tibial apophysis
clade spidroins revealed that the topologies of trees drawn
using protein and DNA alignments were generally similar,
although differences were identified (Fig. 3B–C). Despite
those differences, high posterior support for the monophyly
of the four novel E. australis sequences reported in this
study was evident on both trees, as was the close evolutionary relationship among the E. australis sequences and
the Dolomedes tenebrosus fibroin 1 and 2 sequences, to
the exclusion of all others.
Codon usage
Analysis of the sequences encoding the C-terminal
domain of MaSp1a, MaSp2 and MaSpL revealed a
guanine and cytosine content of 40, 46 and 42%, respectively
(not shown).
In contrast, the codons in the repetitive segments of the
spidroin sequences contained more G/C than A/U, but
the overall G/C content differs only slightly from that in the
Drosophila melanogaster genome (Fig. 4A). However, the
codon usage of the repetitive segments was extreme in
the sense that there was a high G/C content in the first and
second position of the codons and a high A/U content in the
third position (Fig. 4A). This reflected the abundance of
codons for Ala and Gly in the repetitive segments of
E. australis, averaging 41 and 33%, respectively.
The codon usage for Ala was found to be virtually
restricted to GCU, GCC and GCA, whereas Gly used
almost exclusively GGA and GGU (Fig. 4B). The Ala repeat
of MaSp1a and MaSp2 usually contained one to three GCU
codons and one of these GCU codons was nearly always
encoding the last Ala in the repeats (data not shown). This
is in line with previous observations for MaSp1 from
Nephila clavipes and MaSp2 from Araneus bicentenarius
(Xu & Lewis, 1990; Beckwitt et al., 1998). In some of the
MaSp1a Ala repeats, the last codon could possibly have
changed from GCU to either GGU or TCU, coding for Gly
and Ser, respectively (Fig. 1). In disagreement with the
observed pattern of low GCU codon abundance in MaSp1a
from E. australis, the last Ala repeat before the C-terminal
domain was found to contain 12 GCU and one each of GCC
and GCA. Furthermore, MaSpL used between five and
eight GCU codons in each of its Ala repeats and displayed
a GCU usage more similar to fibroin 1 from Do. tenebrosus
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and minor ampullate spidroin (MiSp) 1 from N. clavipes
(Colgin & Lewis, 1998; Gatesy et al., 2001).
Discussion
The African nursery-web spider E. australis, of the Pisauridae family, builds sheet webs to capture prey. These webs
start with a funnel-shaped retreat at or near ground level,
and extend up into a bush or to low-hanging tree branches.
The spider sits in the funnel until an insect collides with and
vibrates the web, whereupon the spider runs to sequester
the prey. Analogous to orb-weaving spiders, the dragline
silk of E. australis is presumably used to build a web frame.
Herein we present a comparative analysis of cDNA clones
originating from the major ampullate glands of E. australis,
as well as of a second MaSp1 gene.
The deduced partial protein sequences of MaSp1a,
MaSp1b, MaSp2 and MaSpL generally contain Ala repeats
significantly longer than most previously published spidroin
sequences. However, they do conform to the Ala repeat length
of 8–15 residues of a MaSp1 clone from Euprosthenops sp.
(Pouchkina-Stantcheva & McQueen-Mason, 2004). There
appears to be a correlation between the strength of the silk
and the number of residues in the Ala repeats. Indeed, the
dragline of Euprosthenops sp. possesses higher tensile
strength than fibre samples from most other spider species
(Madsen et al., 1999; Shao & Vollrath, 1999).
The Gly-rich repeats in E. australis MaSp2 do not
completely meet the sequence criteria set for this spidroin.
GPGXX motifs are present, but are not iterated within each
Gly-rich repeat as is the case for the MaSp2 of orb-weaving
spiders (Gatesy et al., 2001). The GGX motifs, a general
feature of MaSp1 (Gatesy et al., 2001), are abundant in
both MaSp1 and MaSp2 of E. australis. However, QQ
motifs that to our knowledge are found only in MaSp2
sequences, are present. Taken together, the presence of
(A)n, GPGXX and QQ motifs lead us to suggest that this
spidroin may be classified as a MaSp2. The most striking
difference between E. australis MaSp1 and MaSp2 is that
all Tyr residues have been replaced by Phe in the MaSp2
sequence (Fig. 1). This difference between the major
ampullate spidroins has not been described for other spider
species. The functional significance of the exchange of
these amino acid residues is not known, but the hydrogen
bonding capability of the tyrosyl side chain is a feature not
shared by the phenylalanyl side chain. Consequently,
forces among the Gly repeats in E. australis MaSp1 and
MaSp2 are likely to be different. Dragline silk from Euprosthenops sp. supercontracts less upon exposure to polar
solvents than other dragline silks investigated (Shao &
Vollrath, 1999). This is probably as a result of a larger
crystalline proportion compared with other draglines, but
perhaps the Phe residues of Euprosthenops MaSp2 form
nonpolar surfaces that resist polar solvents.
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Figure 4. (A) Nucleotide composition of codons and overall GC-content in
spidroin repetitive regions and the fruit fly genome. (B) Codon usage for Ala
and Gly, the two most abundant amino acid residues of the repetitive
domains. n, number of codons analysed. Species names are E.a.,
Euprosthenops australis; D.t., Dolomedes tenebrosus, AF350269;
N.c., Nephila clavipes, NEPDSF and AF027737; U.d., Uloborus diversus,
DQ399332; and D.m., Drosophila melanogaster. Codons for D.m. are based
on Flat File Release 156.0 (http://www.kazusa.or.jp/codon/).

The classification of MaSpL is not straightforward. The
cDNA clone containing the MaSpL sequence was obtained
from the major ampullate glands of E. australis. It shares
the features of MaSp proteins having alternating Ala and
Gly repeats and a highly conserved C-terminal domain that
conforms to previously published MaSp sequence domains
(Figs 1 and 3). However, it is possible that MaSpL is
expressed in comparatively small amounts in the major
ampullate gland and more abundantly in another gland, as
has been described for some spidroins (Guerette et al.,
1996; Garb & Hayashi, 2005). From the Pisauridae family,
two spidroin sequences from unspecified ampullate glands
(fibroins 1 and 2 from Do. tenebrosus) have been reported
(Gatesy et al., 2001). Although the repetitive segments
of Do. tenebrosus fibroins 1 and 2 contain significant
differences to MaSp1a and MaSp2 from E. australis,
they do show resemblance to the MaSpL repeats (see
Supplementary Material Fig. S2). In addition, the Ala
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residues of MaSpL and fibroins 1 and 2 have similar GCU
codon usage to MiSp1 of N. clavipes, but significantly
higher than MaSp1a, MaSp2 and MiSp of Uloborus diversus
(Fig. 4B). This evokes the question as to whether MaSpL
could in fact be a MiSp. A number of reasons contradict this:
1 MaSpL is very similar to the other MaSp proteins of
E. australis (Fig. 1) and also shares the conserved Cys
residue in the C-terminal domain (see below). In contrast,
most MiSp proteins lack this residue.
2 In each Ala motif there is only one Gly residue, while the
MiSp sequences usually have several (Supplementary
Material Fig. S2).
3 The MaSpL sequence now analysed does not have the
nonrepetitive ‘spacer motif’ that is a characteristic of MiSp
spidroins (Colgin & Lewis, 1998).
4 The Gly-rich repeats of MaSpL compared to N. clavipes
MiSp1 and U. diversus MiSp differ in their content/
appearance of submotifs. In the first the repeats are longer
(14–18 residues) than in the other two (3–12 residues).
MaSpL cannot be assigned to the MaSp2 proteins
because it lacks the GPGXX and QQ motifs. However,
according to present definitions it could be a MaSp1, were
it not for the substantial differences observed when
compared to this protein (Fig. 1). MaSpL shows a mixture
of Tyr and Phe at the position of the first conserved aromatic
residue of the Gly repeats. The second position where
aromatic residues are conserved contains either Tyr or Asn,
which are both capable of forming hydrogen bonds. In
these two positions MaSp1 and MaSp2 exclusively contain
Tyr and Phe residues, respectively (Fig. 1). Another surprising
finding is the introduction of acidic Glu residues in MaSpL,
as MaSp1a and MaSp2 lack both Glu and Asp within their
Gly repeats. Taken together, the differences among MaSpL
and MaSp1/MaSp2 suggest that MaSpL may be a third
member of the MaSp family. However, unambiguous classification has to await the determination of the main gland
of expression for MaSpL. Furthermore, the data now presented indicate that the current system for classifying the
major ampullate spidroins, which is based on observations
from a few sequences, is insufficient to discriminate among
existing spidroins.
A majority of the MaSp1a cDNA clones show large
sequence differences in comparison with each other
(Fig. 2). This phenomenon could be explained by one of
several mechanisms, namely: (1) alternative splicing;
(2) the plasmid-harbouring bacteria having deleted parts of

Figure 3. Analysis of spidroin C-terminal domains. Sequences from Euprosthenops australis (E.a.) originate from MaSp1a (clone 14), MaSpL (clone 26),
MaSp2 (clone 16) and MaSp1b 6, as reported herein. All other sequences are from Garb et al. (2006). (A) Alignment of MaSp C-terminal domains from
E.a. and Nephila clavipes (N.c.). Numbers indicate amino acid residue position in each clone. The SASA-repeat refers to the short Ser/Ala-rich segment between
the last Gly repeat and the C-terminal domain. (B) Midpoint rooted phylograms derived using a Bayesian approach of DNA (left) and protein (right) sequences.
Posterior probabilities are listed at the nodes of each tree. Species families and abbreviations: Araneidae: A.d., Araneus diadematus; A.t., Argiope trifasciata
and N.c.; Deinopidae: D.s., Deinopis spinosa; Uloboridae: U.d., Uloborus diversus; Theridiidae: L.h., Latrodectus hesperus; Pisauridae: D.t., Dolomedes
tenebrosus; and E.a.; and under other amaurobioids Agelenidae: A.ap., Agelenopsis aperta. (C) Hypothesized phylogenetic relationships based on
morphological evidence, adapted from Coddington & Levi (1991). Families included in the analysis are in bold. *million years ago, from Selden (1989).
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the inserts; or (3) the sequences reflecting different gene
sequences. Looking at potential splice sites (Fig. 2B) it is
evident that they do not conform to the canonical and
noncanonical splice sites, GT-AG, GC-AG and AT-AC
(Burset et al., 2000). Thus, it is unlikely that erroneous exon
splicing has caused the sequence interruptions. Moreover,
our results from PCR experiments on genomic DNA rule
out the presence of an intron and thus a possible alternative
splicing event. Similarly, the MaSp1 gene from N. clavipes
lacks an intron at this position (Beckwitt et al., 1998). The
possibility that the bacteria have caused the observed
pattern in the cDNA clones also appears unlikely. The
recA1 genotype should minimize recombination within
the bacteria used for the cDNA library construction.
Furthermore, all 14 MaSp1a clones maintain a continuous
reading frame and the translated proteins also display a
fully conserved pattern of alternating complete Ala and Gly
blocks, although the exact pattern of individual blocks
differs among the clones (Fig. 2C). For these reasons,
either substantial differences in the repetitive part of the
MaSp1a gene of different individuals, or the presence of
several distinct but related MaSp1 genes in E. australis
seem to best explain our data. However, in the absence of
conclusive gene sequence data, alternative scenarios
cannot be completely ruled out.
Tai et al. (2004) presented data that could reflect the
presence of several alleles possibly originating from different
MaSp1 genes in Nephila pilipes. We present genomic PCR
sequences that show the presence of a MaSp1a and a
very similar MaSp1b gene in E. australis, suggesting the
existence of a gene cluster in E. australis. Because of the
almost identical C-terminal domains and very similar
repetitive parts of MaSp1a and MaSp1b, we conclude that
a duplication event that gave rise to these two genes
probably occurred after the divergence of MaSp1, MaSp2
and MaSpL. None of the clones obtained from the major
ampullate cDNA library contained a sequence from the
MaSp1b gene. It is possible that additional screening of
the cDNA libraries will detect a MaSp1b clone or that the
MaSp1b gene is transcribed in other glands. However, the
possibility that MaSp1b is a pseudogene cannot be ruled
out. We also cannot rule out the possibility that the three
MaSp1 sequences found in both individuals 7 and 8 might
originate from three separate but related genes.
The physicochemical properties of the repetitive segments
and the C-terminal regions of MaSp1, MaSp2 and MaSpL
are shown in Supplementary Material Fig. S3. The C-terminal
domain of MaSp2 from E. australis contains, in addition to
the Cys implicated in dimerization (Sponner et al., 2004), a
second Cys as in some other MaSp2 spidroins (Challis
et al., 2006), but whether this Cys is involved in disulphide
formation remains unknown. The C-terminal domain
contains three Ser-rich clusters, and Ser constitutes ~20%
of the total number of residues (Fig. 3A). The neutral nature

of Ser allows facile dimerization and its polarity probably
contributes to high solubility of the C-terminal domain.
Phylogenetic analysis of both the DNA and protein
sequences associated with the C-terminal domain revealed
generally similar tree topologies. However, the significant
differences between the two topologies prevent any
unequivocal conclusions regarding spidroin evolution from
being drawn. As trees resulting from protein and DNA
alignments should be virtually identical, the fact that
numerous differences are present in our two trees may
suggest that either the DNA sequences are approaching
saturation, or that the adequacy of the substitution model
used for the protein alignment is questionable. Curiously,
however, although the MaSp1 and MaSp2 genes within
Argiope trifasciata and Araneus diadematus cluster by
gene type, the majority of well supported nodes on both
trees argue in favour of clusters that consist of spidroin
types within a single species, rather than monophyletic
groupings of the gene types themselves. A Shimodaira–
Hasegawa test (Shimodaira & Hasegawa, 1999) contrasting
the consensus topology with trees in which silks were
forced to cluster first by type, and then by species revealed
that both constrained topologies possessed likelihood
scores that were significantly worse (P < 0.001) than the
consensus tree. This outcome indicates that neither
extreme scenario fits the data, and that, as is demonstrated
in Fig. 3C, some silks cluster by type and others by species.
This result contradicts both the conclusions of Challis et al.
(2006) who reported that spidroin genes are clustered by
type for the C-terminal domain, and the general expectation
that paralogous copies of genes form monophyletic clades.
The most common explanation for the existence of species
clusters is concerted evolution, whereby recombination
homogenizes gene sequences within a single species, and
thus reduces the differences among the different spidroin
sequences to the point where they begin to cluster as a
monophyletic group according to species identification.
This phenomenon has been demonstrated in a cluster of
trypsin genes of Dr. melanogaster and Drosophila erecta,
for which sequence exchange among paralogous genes
has led to a high degree of homology among members of
the same gene family within the two species (Wang et al.,
1999). Alternatively, if the spidroin copies possessed similar
functions, and if strong purifying selection acted immediately
after duplication, the copies would be restricted from
diverging from one another. The new genes’ sequences
would therefore closely resemble each other and thus their
relationships might appear to mirror an orthologous pattern
whereby trees of gene sequences reflected the higher-level
phylogenetic relationships among species. These two
explanations are neither mutually exclusive nor collectively
exhaustive, and it is possible that a combination of these
factors have affected the individual domains of the spidroin
genes in different fashions. In addition, different lineages
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are likely to have experienced different levels of selection
and concerted evolution and as a result, a consistent signal
may be unlikely to emerge from an analysis of spidroin
genes across distinct families of spiders.
The Ala- and Gly-rich repeats of specific MaSp proteins
differ among species in length and constitution. However,
within the respective MaSp sequences of one species, the
repeats are remarkably homogenous. Two possible mechanisms to homogenize modules in repetitive genes, e.g.
spidroin genes, are unequal crossing-over and gene
conversion (see Beckwitt et al., 1998; Strachan & Read,
1999; Hayashi & Lewis, 2000; Garb & Hayashi, 2005).
These mechanisms can possibly act to produce unique
spidroin genes among individuals (Beckwitt et al., 1998).
The events generating the MaSp1a clones presented
herein are not determined, but are compatible with the
mechanisms discussed above.
Certain cells within an organism can multiply the entire
genome without a subsequent mitosis (endopolyploidy;
reviewed in Gregory & Hebert, 1999). This could increase
the number of available genes within a cell in order to meet
the demands of high levels of protein synthesis. An extreme
example is cells in the silk glands of the domesticated
silkworm Bombyx mori, that can exceed one million-ploidy
(Perdrix-Gillot, 1979). Endopolyploidy has also been
observed in silk and poison glands of the cellar spider
Pholcus phalangioides (Gregory & Shorthouse, 2003).
Rasch & Connelly (2005) confirmed the presence of
amplified genomes in somatic cells of spiders and also
observed the occurrence of multistranded chromosomes
(polyteny). Recombination is generally described as a
meiotic event, but also occurs during mitosis (Louis &
Haber, 1990; Shao et al., 1999). Furthermore, Storchová
et al. (2006) have described increased recombination
rates in polyploid Saccharomyces cerevisiae. The recombination activity in spidroin-producing cells is unknown,
but these mechanisms could, in theory, produce distinctive
multiple genes within each cell. On the one hand, there
is no obvious advantage to such a mechanism. On the other
hand, the spider may have to accept a certain level of
recombination to ensure that sufficient numbers of gene
copies are present to meet the demands of a high rate
protein synthesis.
In summary, it is likely that the repetitive segments and
the nonrepetitive N- and C-terminal domains evolve at
different rates and by different, or a mixture of evolutionary
mechanisms. It is also plausible to assume that each
speciation event adds more complexity, as the exact nature
of further spidroin gene recombination is unique within
each new species. Another unresolved issue is how many
spidroin genes actually exist in different species. Although
the different variants of MaSp1a and MaSp1b in
E. australis may represent alleles of two genes, they might
originate from an even greater number of genes.
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The contribution of MaSp2 and MaSpL to the properties
of E. australis dragline silk will require functional analysis.
Given the new types of repeats and submotifs presented
herein, such studies would be of great interest for improving
our understanding of structure–function relationships. An
attractive model system would be the use of recombinant
miniaturized spidroins, as described elsewhere for MaSp1a
(Stark et al., 2007).
Experimental procedures
cDNA library screening
An oligo-dT primed cDNA library from the major ampullate gland
of E. australis was constructed (Stark et al., 2007). Briefly, mRNA
was enriched from ~100 adult female E. australis probably belonging
to the same population, although their exact relationships are
unknown. In parallel to this, a custom-made random primed CloneMiner cDNA library (Invitrogen, Paisley, UK) was constructed in
pDONR222 using mRNA purified from the same glands as the
starting material. A 1.4 kb fragment encoding an Ala- and Gly-rich
region originating from a MaSp1 cDNA clone isolated from the
oligo-dT cDNA library, was used as a probe for screening the random
primed library. Colony blotting, detection and DNA sequencing
were performed as described elsewhere (Stark et al., 2007).
Genomic DNA polymerase chain reaction and cloning
Genomic DNA was isolated from the cephalothoraxes of individual
E. australis using a Nucleon HT kit (GE Life Sciences, Uppsala,
Sweden) according to the manufacturer’s instructions. Sequences
spanning over the last GCT-encoded Ala repeat and part of the
C-terminal domain of MaSp1 were amplified by PCR in two steps.
The following primer pairs, based on the E. australis clone 2 (Stark
et al., 2007), were used in the first round: MS7s 5′-TTATATCTGATAGCACACAAGGTA and MS8as 5′-CCATTACTTGAGCCATGGCATTA, MS8s 5′-CAGCAGCATCTGGACAAGGAA and MS8as,
MS9s 5′-GGACAAGGTGCAGGAAGTTCT and MS8as, and MS7s
and MS7as 5′-TTATATCTGATAGCACACAAGGTA. As a positive
control, a primer pair which would only amplify part of the nonrepetitive C-terminal domain was used, namely MS4s 5′-TTCGGTGAGTCGCCTCTCAT and MS8as. Genomic DNA extracted
from mouse skeletal muscle was used as a negative control.
Reactions were carried out in 40 μl of liquid using an Advantage-GC
Genomic Polymerase Mix (Clontech, Mountain View, CA, USA) in
a GeneAmp PCR System 2700 (Applied Biosystems, Foster City,
CA, USA). Samples, initially denatured at 95 °C for 1 min, were
exposed to 40 cycles of 94 °C for 30 s, 50 °C for 15 s and 72 °C
for 8 min, followed by a final extension at 72 °C for 10 min, and
were thereafter separated by agarose gel electrophoresis. The
positive control contained a fragment of the expected 300 bp and
the negative control was empty. The other lanes showed no distinct
bands, but instead contained a smear of DNA. The smear,
between 1 and 2 kb, was extracted from the gel with the help of a
QIAquick Gel Extraction kit (Qiagen, Hilden, Germany) and was
used as a template in the second round of PCR. In this PCR, new
internally positioned primers were used that contained a Bsp1407I
restriction site in their 5′- ends, to facilitate subsequent cloning
steps into pDONR222. The following primer pairs were used:
MS12s 5′-GATGTACACAGCAGCATCTGGACAAGGAA and MS11as
5′-GATGTACACCATTGCATTAGCAACAACATTAG, and MS10s
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5′-GATGTACAGGTCAAGGTGCTGGAGGTAATG and MS11as.
PCR reactions were performed using 35 cycles of 94 °C for 30 s,
50 °C for 15 s and 72 °C for 3.5 min. After gel separation, distinct
PCR products with sizes from 0.5 to 1.0 kb were purified and
ligated into the Bsp1407I site of pDONR222. For bacterial transformation, electrocompetent DH10b cells (Invitrogen) were used
and DNA inserts from individual clones were sequenced. The
complete genomic sequence for the C-terminal domain of the
MaSp1b gene was amplified using primers SP1s 5′-GGATATGGACAAGGTTCTTCC, specific for MaSp1b, and SP12as 5′CAAAACATTGAGGAATATCACA, specific for the 3′-UTR of the
MaSp1 gene. A touch-down PCR with the Advantage 2 polymerase
(Clontech) and the following conditions were applied: denaturation
at 95 °C for 90 s; five cycles of 94 °C for 15 s, 58 °C for 20 s and
72 °C for 60 s; five cycles of 94 °C for 15 s, 55 °C for 20 s and
72 °C for 60 s; 35 cycles of 94 °C for 15 s, 52 °C for 10 s and 72 °C
for 30 s; one hold at 72 °C for 3 min. PCR products were gel-purified
and sequenced with the SP1s and SP12as primers using a
MegaBase 1000 instrument (GE Life Sciences).

Sequence analysis
The sequences reported herein have been deposited in the EMBLBank under accession nos. AM490169–AM490192. DNA sequence
assembly and part of the sequence analysis were carried out with
the MacVector 7 software package (Accelrys, Cambridge, UK).
Additional protein sequence analysis was performed using Pepinfo
of the EMBOSS package (Rice et al., 2000). Default values were
used (the value for the aliphatic amino acid Ala was changed to 1,
to correct an error in the original amino acid properties file:
Eaa_properties.dat) and the Kyte & Doolittle (1982) parameters
were used in the hydropathy plot. For the phylogenetic analysis,
sequences were aligned by eye and translated using Se-Al (Rambaut, 1996), and although several regions of the proteins were
easily alignable, the overall divergent nature of the proteins
allowed for numerous, equally sensible, although equivocal alignments. Model parameters for the DNA alignment were identified by
ModelTest (Posada & Crandall, 1998) and for the protein alignment
using ProtTest (Abascal et al., 2005). Phylogenetic analyses on both
the protein and DNA sequences were performed using MrBayes 3
(Ronquist & Huelsenbeck, 2003) under the GTR+G+I (DNA) and
JTT models (proteins), respectively. Parameter estimates (including
posterior probabilities) and consensus trees, resulting from separate
MrBayes runs of one million generations, were recorded and
contrasted after discarding a suitable burn-in identified using
Tracer (Rambaut & Drummond, 2003). A Shimodaira-Hasegawa
test (Shimodaira & Hasegawa, 1999) was carried out within PAUP*
to compare the consensus Bayesian topology with two alternative
topologies which forced silks to cluster by species and by silk type.
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Supplementary material
The following supplementary material is available for this
article online:
Figure S1. Alignment of genomic DNA sequences from spiders 7, 8 and
the cDNA sequence of clone 2.
Figure S2. Alignment of Ala- and Gly-rich repeats from Euprosthenops
australis (E.a.) MaSpL (AM490170), Dolomedes tenebrosus (D.t.) fibroin 1
(AF350269), Nephila clavipes (N.c.) MiSp1 (AF027737) and Uloborus
diversus (U.d.) MiSp (DQ399332).
Figure S3. Primary structure analysis of partial Euprosthenops australis
MaSp1a (clone 2), MaSp2 (clone 16) and MaSpL (clone 26, C-terminal part).

This material is available as part of the online article from
http://www.blackwell-synergy.com.
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