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Extreme Diversity,
Conservation, and Convergence
of Spider Silk Fibroin Sequences

John Gatesy,*{} Cheryl Hayashi,*{} Dagmara Motriuk,
Justin Woods, Randolph Lewis

Spiders (Araneae) spin high-performance silks from liquid fibroin proteins.
Fibroin sequences from basal spider lineages reveal mosaics of amino acid
motifs that differ radically from previously described spider silk sequences. The
silk fibers of Araneae are constructed from many protein designs. Yet, the
repetitive sequences of fibroins from orb-weaving spiders have been main-
tained, presumably by stabilizing selection, over 125 million years of evolu-
tionary history. The retention of these conserved motifs since the Mesozoic and
their convergent evolution in other structural superproteins imply that these
sequences are central to understanding the exceptional mechanical properties

of orb weaver silks.

There are over 34,000 described species of
Araneae (/). Each species uses silk, and some
ecribellate orb weavers (Araneoidea) have a
varied tool kit of task-specific silks with di-
vergent mechanical properties (2). Araneoid
major ampullate silk, the primary dragline, is
extremely tough. Minor ampullate silk, used
in web construction, has high tensile strength.
An orb web’s capture spiral, in part com-
posed of flagelliform silk, is stretchy and can
triple in length before breaking (3). Each of
these fibers is composed of one or more
proteins encoded by the spider silk fibroin
gene family (4). Previously sequenced arane-
oid fibroins are dominated by iterations of
four simple amino acid motifs: polyalanine
(A,) (n, iterations of amino acid or motif),
alternating glycine and alanine (GA), GGX
(where X represents a small subset of amino
acids), and GPG(X),, (P, proline) (5). How-
ever, orb weavers represent only a fraction of
spider diversity (/). The silks of non-araneoid
spiders have not been characterized at the
DNA sequence level (Fig. 1).

Spiders draw fibers from dissolved fi-
broin proteins that are stored in specialized
sets of abdominal glands. Recently, it has
been suggested that this spinning mecha-
nism may impact the generation of high-
performance silk fibers more than the se-
quences of the fibroins themselves (2, 6). If
this was so, amino acid sequences of dif-
ferent silk proteins should not have been
conserved over long evolutionary intervals.
To this point, comparative analyses of spi-
der fibroins have been limited, so the evo-
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lutionary stability of these molecules is
unclear.

DNA sequences have been described for
only two genera of orb weavers (Fig. 1). To
expand this database, we made seven cDNA
libraries of silk glands from five spider gen-
era. cDNA data were supplemented by infor-
mation from two genomic libraries and poly-
merase chain reaction (PCR)-amplified se-
quences (7). We obtained partial cDNA or
gene sequences for 23 fibroins from six fam-
ilies of Araneae. These data greatly extend
the phylogenetic diversity of characterized
fibroins (Fig. 1).

Like previously published fibroin se-
quences from spiders (4, 5, 8, 9) and lepi-
dopterans (10, 11), our sequences encode
repetitive alanine- and glycine-rich pro-
teins. In each molecule, iterated amino acid
motifs are organized into higher order en-
semble repeats. Ensemble repeats within
each fibroin were aligned, and a consensus
ensemble repeat was generated for each
molecule (12).

In part, silk DNA sequences from non-
araneoid spiders (Fig. 2) reiterate the im-
portance of amino acid motifs that compose
orb weaver fibroins. GA, GGX, and A,
form the consensus ensemble repeat units
of silk fibroins from the pisaurid fishing
spider, Dolomedes. The association of
these three motifs in Dolomedes silk pro-
teins mirrors the pattern seen in major and
minor ampullate fibroins of orb weavers
(Fig. 3). GA, GGX, and A, motifs also are
distributed, sometimes sparsely, among en-
semble repeat units from successively more
basal lineages of spiders (Haplogynae and
Mygalomorphae). A is represented in each
of the fibroins from these taxa and from all
lineages of Araneae studied thus far (Figs.
2 and 3). Mygalomorphae, tarantulas and
close relatives, diverged from Araneomor-
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phae, “true” spiders, at least 240 million
years ago in the Middle Triassic (/3) (Fig.
1); thus, A, motifs may have been main-
tained in different spider silks since that
time.

Although the fibroins of Plectreurys
(Haplogynae) and Euagrus (Mygalomor-
phae) are internally repetitive, the ensemble
repeats from these basal taxa (Fig. 2) are
unlike analogous units from previously de-
scribed silks (Fig. 3). Each of the fibroins
from these primitive groups contains runs of
serine. Plectreurys cDNA1 is highly internal-
ly repetitive with iterations of A, S, (GX),,
and (AQ), (S, serine; Q, glutamine). Plec-
treurys cDNA3 has a unique molecular archi-
tecture, with the 5’ end encoding a tandem
array of long repeat units and the 3’ end
encoding 15 repeats of a much shorter ensem-
ble unit. The ~344—amino acid Euagrus re-
peat unit is a complex mixture of serine and
alanine-rich sequence that includes a string
of threonine, an amino acid that is rare in
araneoid fibroins (Fig. 2).

Aside from an overall modular struc-
ture, scattered GA, GGX, and A, motifs,
and amino acid matches in the nonrepeti-
tive COOH-terminus, there is only limited
sequence similarity between araneoid fi-
broins and those from Plectreurys and Eua-
grus (Figs. 2 and 3). Perhaps these differ-
ences are not surprising given the contrast-
ing ecologies of these species (I, 14), but
our data clearly indicate that spiders use a
diversity of proteins to spin silk threads.
The fibroin repeats of basal Araneae sug-
gest that spider silk design may not be
especially dependent on specific sequences,
but comparisons of fibroins among orb
weavers contradict this notion (Fig. 3).

In combination with published data (4,
5, 8, 9), our sequences allow comparisons
between the two basal-most clades of ecri-
bellate orb weavers, Araneidae and ‘de-
rived araneoids” (Fig. 1), for four groups of
fibroins (/5): major ampullate spidroin
1-like (MaSpl), major ampullate spidroin
2-like (MaSp2), minor ampullate spidroins
(MiSp), and flagelliform silk protein
(Flag). Differences among fibroins within
each of these four groups are primarily
variations in the arrangement and frequen-
cy of A, GA, GGX, and GPG(X), motifs
(Fig. 3). A,, GA, and GGX are present in
consensus repeats for both araneid and de-
rived araneoid MiSp orthologs. Major am-
pullate fibroins are similarly conserved
among araneoids. Stable repeats for MaSpl
are A,, GA, and GGX, and stable repeats
for MaSp2 are GPG(X), and A,. These
motifs are retained even in major ampullate
fibroins of the widow Latrodectus, a cob-
web-weaving araneoid that does not spin a
conventional orb web. The long Flag re-
peats are divergent within Araneoidea, but
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both araneid and derived araneoid repeat
units are composed primarily of clustered
GPG(X), and GGX motifs (Fig. 3).

Fossil evidence suggests that the diver-
gence of Araneidae from derived araneoids
occurred no later than the Early Cretaceous
(Fig. 1). Therefore, the motifs conserved
within MaSpl, MaSp2, MiSp, and Flag
have been maintained, presumably by sta-
bilizing selection, for over 125 million
years (/6). Motifs that have been retained
over such long evolutionary periods are
likely to be critical to the divergent me-
chanical properties of the specialized orb
weaver silks.

All of the motifs that are conserved in
araneoid fibroins are found in other struc-
tural proteins that also have exceptional
mechanical properties. There is strong evi-
dence that A, and GA regions create 3
sheets in silk fibers, and these crystalline
structures are hypothesized to be critical for
the high tensile strength of spider silk (/7).
A, and GA are found in several proteins
that also are characterized by high strength:
lepidopteran fibroins from Bombyx, An-
theraea, and Galleria (10, 11); oyster shell
matrix protein (/8); and mussel byssus pro-
teins (/9). Furthermore, GPG(X),, has been
implicated as the elastic module of MaSp2
and Flag (5), and analogous PG motifs
confer stretchiness to wheat gluten and
elastin (20). GPG(X),, is duplicated in pro-
teins of the elastic byssal threads of mus-
sels (19). The structure of GGX motifs in
spider silk currently is not clear (27). Re-
gardless, GGX motifs are maintained in
MaSpl, MiSp, and Flag and are distributed
widely among Antheraea and Galleria fi-
broins, mussel byssus proteins, oyster shell
matrix protein, and abductin (a component
of the hinge ligament that connects mollus-
kan shells) (22). The convergent use of A,
GA, GGX, and GPG(X),, in other structural
superproteins is further evidence for the
importance of these motifs to the mechan-
ical properties of different araneoid silks.

Many arthropods produce silk, but silk
use has a widely scattered phylogenetic dis-
tribution (/4). The profoundly different
modes of silk production in lepidopteran in-
sects (labial glands) versus spiders (abdomi-
nal glands) suggest that silks from these taxa
evolved convergently (23). It also would be
difficult to argue that the structural proteins
used by bivalve mollusks are closely related
to spider fibroins. These “aquatic silks” likely
evolved common motifs in parallel with ter-
restrial arthropod fibroins. Such evolutionary
convergences are documented regularly at the
gross anatomical level, but comparable mo-
lecular examples are rare [e.g., (24)].

Recent attempts at artificially spinning
orb weaver fibroins have not been successful
in replicating the strength and toughness of
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Fig. 1. Hypothesized phylogenetic relationships of Araneae based on morphological evidence (7,
28). Previously published spider fibroin sequences are from the two genera marked by white circles.
Including data presented here, fibroin sequences have been characterized for the taxa in red. Circles
at internal nodes mark fossil calibration points. Extinct taxa that calibrate these nodes, Macry-
phantes (black circle) (76) and Rosamygale (gray circle) (13), are indicated, and higher level taxa are
to the right of the brackets (Ma, millions of years ago). Dolomedes, Plectreurys, and Euagrus are
from the families Pisauridae, Plectreuridae, and Dipluridae, respectively.

native silk fibers (25). Furthermore, the me-
chanical properties of spider silks have been
shown to vary with the spinning rate (26).
However, to suggest that the drawing pro-
cess, rather than the primary sequences of
fibroins, exerts the dominant influence on
fiber formation and properties (2, 6) is an
overstatement. Evidently, both factors are im-
portant. Four simple amino acid motifs ac-
count for most repetitive sequences in char-
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acterized araneoid fibroins. The retention of
these motifs in spider silks since the Meso-
zoic implies that fibroin sequences are critical
to any detailed understanding of the elastici-
ty, toughness, and strength of different ara-
neoid silk fibers. The convergent evolution of
these motifs in other structural superproteins
reiterates the importance of these sequences.
However, clusters of the amino acid motifs
conserved in orb weaver silks make up only a
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Fig. 2. Consensus en-
semble repeat units
for non-araneoid spider
fibroins.  Single-letter
symbols for amino acids
are used (29), and GGX,
GA, and A, motifs are
indicated in green, yel-
low, and red, respective-
ly. Plectreurys cDNA1
and Plectreurys cDNA2
were derived from the
larger ampule-shaped
glands of Plectreurys,
and Plectreurys cDNA3
and Plectreurys cDNA4
were from the smaller
ampullate glands of
this spider.

Fig. 3. Consensus en-
semble repeat units for
four araneoid fibroin or-
tholog groups. Single-
letter symbols for ami-
no acids are used (29),
and GGX, GA, A, and
GPG(X),, motifs are in-
dicated in green, yellow,
red, and blue, respec-
tively. Dashes indicate
gaps inserted into the
alignments of ensemble
repeat units for MaSp1,
MaSp2, and MiSp. The
“[spacer]” region of the
MiSp fibroins is a serine-
rich sequence that is
137 amino acids long in
Nephila clavipes (Gen-
Bank accession number
AF027735).  Abbrevia-
tions are as follows:
Nep.c., Nephila clavi-
pes; Nep.m., N. mada-
gascariensis; Nep.s., N.
senegalensis; Tet.k., Tet-
ragnatha kauaiensis;
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repeat type 2:
Plectreurys cDNA4
GGS
LA \VGGGQ GGQOS GGAQK
GGA APIF ¥
Euvagrus cDNA
MaSp1
Nep.c.* GGYGGL: GGQ
Nep.m.t GOGGYGGL GGY --GGQ
Nep.s.t GQGGYGGLGGQ
Tetk.1 GGQ GOGGO GGYGSGLGGX
Tet.vt GGQGGY GGAGQGGQ
Lat.g.5m GGY GGAGQGGA
Arg.at 3XGGYGGL! GGA A\
Arg.tSm GYGGL: GGY
Ara.d.*(ADF-2) GQGGL: GCY
MaSp2
Nep.c.* GPG- -QQGPGGYGPG- - -QQGPGGYGPGQOGPSGPGSAAAR
Nep.m.1t GPG--QQGPGGYGPG---QQGPGGYGPGQQG
Nep.s.t GPG--QQGPGXY
Laj,gﬁmﬁ SGPGGY--GPGX Q0 GYGF
Arg.a.t G-GYGPGAGQQGPGSQGPGSGGQQGPGGX
Arg.t15m GPGYGPGAGQQGPGSQGPGSGGQQGPGGY
Gas.m.t G-GYGPGSGQQGPGQOGPGSGGQQGPGGY
Ara.b.* G-GYGPGSGQQGPGQQ GPGQQ
Ara.d.1*(ADF-3) G-GYGPGSGQQGPGQQGPG QOGPGGQ- -~
Nep.m.2t RGPGGY - ~-GPGQQ
Arg.t2t GPGGQR--GPGQQ GPGGYC
Ara.d2*(ADF-4) GPGGY - -GPGS GPGGYGPG

Nep.c.1*
Nep.c.2®
Ara.d.*(ADF-1)

Nep.c.
Nep.m.*
Arg.t§f

MiSp

Flag

Tet.v., T. versicolor; Lat.g., Latrodectus geometricus; Arg.a., Argiope aurantia; Arg.t., Argiope
trifasciata; Ara.d., Araneus diadematus; Gas.m., Gasteracantha mammosa; and Ara.b., Araneus
bicentenarius. Symbols indicate the following: *, previously published sequence; ¥, PCR/genomic
clone; §m, cDNA from major ampullate glands; and §f, cDNA from flagelliform glands. The previous
designations for Araneus diadematus fibroins (4) are shown in parentheses (ADF1 through ADF4).

fraction of the repetitive sequences in silk 4.

proteins from Plectreurys and Euagrus.
These molecules from basal Araneae hint at 6

5.

the potential wealth of protein designs yet to 7.
be discovered in spider silks.
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