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Abstract

The known silk fibroins and fibrous glues are thought to be encoded by members of the same gene family. All silk
fibroins sequenced to date contain regions of long-range order(crystalline regions) andyor short-range order(non-
crystalline regions). All of the sequenced fibroin silks(Flag or silk from flagelliform gland in spiders;Fhc or heavy
chain fibroin silks produced by Lepidoptera larvae) are made up of hierarchically organized, repetitive arrays of amino
acids.Fhc fibroin genes are characterized by a similar molecular genetic architecture of two exons and one intron, but
the organization and size of these units differs. TheFlag, Ser (sericin gene) and BR (Balbiani ring genes; both fibrous
proteins) genes are made up of multiple exons and introns. Sequences coding for crystalline and non-crystalline protein
domains are integrated in the repetitive regions ofFhc and MA exons, but not in the protein gluesSer1 and BR-1.
Genetic ‘hot-spots’ promote recombination errors inFhc, MA, andFlag. Codon bias, structural constraint, point mutations,
and shortened coding arrays may be alternative means of stabilizing precursor mRNA transcripts. Differential regulation
of gene expression and selective splicing of the mRNA transcript may allow rapid adaptation of silk functional properties
to different physical environments.
� 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

Evolvability is the capacity of the genome to
produce new genotypes(Kirschner and Gerhard,
1998). Whether gene changes and new interactions
result in adaptive change depends on how tightly
the genotype is mapped onto an organismal phe-
notype(Wagner and Altenberg, 1996). One of the

� Contributions to a special issue of CBP on Comparative
Functional Genomics.

*Corresponding author. Museum of Comparative Zoology,
Harvard University, 26 Oxford Street, Cambridge, MA 02138,
USA. Tel.: q1-617-496-8146; fax:q1-617-642-0931.

E-mail address: ccraig@oeb.harvard.edu(C.L. Craig).

most direct genotype–phenotype maps is that
charting the relationship between the molecular
genetic organization of the silk gene and the
molecular organization and function of silk pro-
teins. As in venoms, plant defense compounds,
and proteinaceous flower pigments, the gene prod-
uct is used externally in a way that is easily
measured.

The two most important periods of speciation
in the Araneae—the divergence of the Araneomor-
phae from the Mygalomorphae in the Middle
Triassic (Seldon and Gall, 1992) and the diver-
gence of the derived Araneoidea from their ances-
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tral taxa the Deionopoidea during the early
Cretaceous(Seldon, 1989)—correlate with the
evolution of two types of silk-producing glands:
the major ampullate gland(MA) and the flagelli-
form gland(Flag). Despite the importance of these
events, little is known about the selective and
molecular mechanisms that resulted in the evolu-
tion of the MA and Flag silk proteins. In this
review we will compare the molecular genetic
organization ofMA and Flag genes and proteins
produced by spiders to two types of fibroin silks
produced by Lepidoptera larvae: the heavy chain
fibroin (Fhc) spun by the larval mothBombyx
mori (Bm-Fhc; Bombycidae) and that spun by its
sister taxaAntherea pernyi (Ap-Fhc; Saturniidae).
In addition, the molecular genetic organization of
the fibrous glue sericin(Ser; produced byB. mori)
and the Balbiani Ring(BR) gene proteins produced
by the larval fly Chironomus tentans (Diptera) as
possible models for the fibrous protein glues pro-
duced by spiders will be discussed.

The fibroin genes and proteins differ at the level
of their molecular genetic architecture, in amino
acid sequence, and in structural configuration of
the protein. In addition, all of the silk genes are
inherently prone to recombination errors due to
their highly repetitive nature and codon biases,
and display considerable allelic variation that is
attributed to a high frequency of unequal cross-
over (Gage and Manning, 1980; Mita et al., 1994;
Hayashi and Lewis, 2000; Sezutsu and Yukuhiro,
2000). Despite their architectural differences,
sequence differences, and instability, there are
emergent properties of the organization of silk
genes and proteins that suggest that a dynamic
evolutionary conflict between genetic processes
and natural selection may have played a role in
silk evolution (Hayashi and Lewis, 2000; Gatsey
et al., 2001).

2. The known silk fibroins and fibrous glues are
encoded by members of the same gene family

The early divergence of the Araneomorphae
(150 mya) and the Araneoidea(65 mya) from
their sister taxa correlate with the evolution ofMA
and Flag silks. Despite their ancient roots, the
repetitive nature of spider silk proteins are largely
attributed to the variable proportions of the four
amino acid motifs A , GA, GGX, and GPG(X) .n n

While the sequence GPG(X) is unique to then

MA2 and Flag silks produced by the araneoids,

even the silks and fibrous glues of Lepidoptera
larvae contain A , GA and GGX componentsn

(Table 1). Therefore, despite the fact the silks spun
by insects and spiders evolved independently from
one another, they display some remarkable simi-
larities that could suggest convergence and stabi-
lizing selection have been important factors in
their evolution(Gatsey et al., 2001).

Within the Lepidoptera and Araneidae, all silk
proteins and fibrous proteins are proposed to be
members of a common gene family(Mita et al.,
1994; Guerette et al., 1996; Hayashi and Lewis,
1998). The silk proteins these genes encode vary
in structural organization but in general are made
up of different combinations ofb-pleated sheets
tightly packed into crystalline arrays, loosely asso-
ciated b-sheets,a-helices, b-spirals, and spacer
regions of anomalous amino acid sequence(i.e.
Xu and Lewis, 1990; Beckwitt and Arcidiacono,
1994; Guerette et al., 1996; Simmons et al., 1996;
Hayashi and Lewis, 1998).

The Fhc silk spun byB. mori is the product of
three genes. The first identified silk gene encodes
for a very large, insoluble protein designated as
the heavy-chain fibroin(Fhc, 350 kDa). Two
additional genes, the L-chain(25 kDa designated
as Fl) and the P25 protein, encode two subunits
of the B. mori fiber that are linked to the fibroin
by disulfide bonds. Together, the protein products
of these three genes make up the water insoluble
silk core of the cocoon silk fiber(Grzelak, 1995).

B. mori also produces sericin, a protein glue
that ensures that the fibroin cocoon threads adhere
to one another. Five sericin genes(Ser1, Ser2,
MSGS3, MSGS4, MSGS5) have been cloned and
partially sequenced(Grzelak, 1995). The structure
of the Ser1 gene is best known. It encodes six
mRNA transcripts that result from selective splic-
ing of the primary mRNA transcript(Garel et al.,
1997; Michaille et al., 1986; Couble et al., 1987;
Hayashi and Lewis, 1998). Selective splicing of
mRNA transcripts may be an important mechanism
for producing alternative proteins with alternative
properties in other silk proteins as well. All of the
fibroin proteins andSer1 share homologous 59-
flanking sequences(Grzelak, 1995).

The Diptera fly larvaC. tentans secretes fibrous
proteins that it uses to construct an underwater
tube from which it feeds. Five genes make up the
Balbiani ring (BR) gene proteins,(BR1, BR2.1,
BR2.2, BR3, BR6). Four of these encode an unin-
terrupted block of 100 repeat units that are tandem-
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Table 1
Comparison of repetitive units of fibroins and fibrous proteins produced by insects and spiders

Primary repetitive motifs* Source Ref

Bombyx mori (Bm-Fhc) (GGNGCN) GGTTCAn Genomic DNA, complete (Zhou et al., 2000)
ns0;6, WsA of TsA,G,T,Cns0;6, WsA of TsA,G,T,C
GGNGYN) GGNTAYN

ns0;8, YsT,C

Antheraea pernyi Constant domains Genomic DNA, complete (Sezutsu and Yukuhiro, 2000)
(Ap-Fhc) GGYGSDS(A) GSGAGG13

GGYGSGSS(A) SGAGG13

Variable domains
AGGGYGWGGD
A (GGY)n
RGD
RRAGHDRAAGS

Nephila clavipes(Ma-1) Possible domain organizations cDNA, partial (Xu and Lewis, 1990)
(A) GGA(Repetitive with variation)GAG(Variable)N

Nephila clavipes (Ma-2) Possible domain organizations cDNA, partial (Hinman and Lewis, 1992)
(A) (variable)PGGYGPGQQGGPGGY(Variable)N

Nephila clavipes (Flag) GPGG(X) (GGX) (Variable and nonrepetitive)(GGX) (GPGGX)n n n n cDNA, partial (Hayashi and Lewis, 2000)
genomic, partial

B. mori (SerI) LSEDSSEVDIDLGGNLGWWWNSDNKAQRAAGGATKSEASSSTQ Genomic, (Garel et al. 1997)
(SRTSGGTSTYGYSSSHRGGSVSSTGSSSNTDSSTKNAG)n cDNA

Chirnomous tentans(Br1) AAATCTGGACCAAGATCAAGC cDNA, partial (Paulson et al., 1992)
AAACCTGAAAAGACCAAGCAAATCAGGACCT genomic, partial
AAACCAAGTAAGGGATCTAAACCTAGACCAGAG

Primary repeat motifs are abstracted from full sequences. See reference for complete sequences and polymorphic sites.*
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Fig. 1. X-Ray diffraction patterns ofFhc and MA silks spun by(a) Bombyx mori, (b) Nephila clavipes, (c) Argiope argentata show
crystalline and non-crystalline regions;(d) X-ray diffraction patterns ofFlag silk spun byMicrathena gracilis show no crystalline
regions. The fiber diffraction patterns ofN. clavipes andA. argentata MA silk illustrate a poly-alanine crystal organization, while the
fiber diffraction pattern fromB. mori cocoon silk illustrates a poly(glycine-alanine) crystal organization. (e,f) Illustration of how poly-
A and poly-GA amino acid organization affects crystal packing. The diffraction pattern forM. gracilis Flag silks shows only an
amorphous halo.

ly arrayed and almost identical. The geneBR3,
however, is characterized by a different structural
organization.BR3 encodes a 10.9 kb transcript that
is spliced into 5.5 kb mRNA. Fifty-eight introns
separate coding units that vary in size between 17
and 678 bp. However, the positions of the introns
relative to the repeat structure of the protein are
the same.

Adult female araneoid spiders have seven dif-
ferent types of glands that yield four fibroin silks
and three types of protein glue(Kovoor, 1987;
Craig, 1997). The fibroin silk genes in spiders are
expressed in the major ampullate gland(MA), the
minor ampullate gland,(MiA), the flagelliform
gland (Flag), and the cylindrical gland(Cy).
Protein glues are produced in the piriform gland
(Pyr), the aggregate gland(Ag), and the aciniform
glands(Ac). Aciniform gland silk has some crys-
talline organization; the physical structure of the
pyriform proteins is unknown. Recent X-ray dif-
fraction patterns of aggregate gland proteins sug-
gest that they may contain some crystallineb-sheet
material as well(Craig and Riekel, unpublished).

Both the Lepidoptera and Diptera produce silks
or fibrous proteins in modified salivary glands
when they are larvae. Spiders produce silks in
multiple glands and throughout their lives. The
differences in number of silks, gland morphology,

and life stages in which production occurs suggest
that there have been different selective factors
acting on Lepidoptera and spiders affecting silk
organization and function. For example, in spiders,
the greater number of proteins is the result of
divergence among the silk genes as well as the
evolution of specialized protein processing systems
(Vollrath and Knight, 2001).

3. Most silk fibroins contain crystalline and
non-crystalline regions

X-Ray diffraction and NMR data show that the
MA silks spun byNephila and Fhc silks spun by
B. mori andA. pernyi contain crystalline and non-
crystalline components(Fig. 1). The proposed
molecular organization of theMA genes is similar
to that of theAp-Fhc gene, but both are funda-
mentally different from that ofBm-Fhc. The crys-
talline domains of theBm-fhc fibroins are largely
composed of repeating glycine and alanine that are
arrayed in two related patterns.Ap-fhc, Ma1, and
Ma2, in contrast, contain strings of poly-alanine
that result in their crystal-forming domains(Table
1).

In all of the silks above, crystalline regions are
interspersed by domains of 34–40 amino acids
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that make up the non-crystalline regions of the
protein. Different silks, however, have different
proportions of non-crystalline and crystalline frac-
tions. Approximately 40–50% ofB. mori silk is
made up of protein crystals(Iisuka, 1965). When
hydrated, only approximately 15% of the total
volume of MA silks is crystalline(Gosline et al.,
1999) which can be related to the swelling of the
non-crystalline fraction. X-Ray diffraction data on
Nephila silk suggest a size of-6 nm for the
crystalline b-sheet domains(Grubb and Jelinski,
1997; Riekel et al., 1999a,b). More complex mod-
els were developed based on analytical transmis-
sion electron microscopy. Thus the existence of
large b-sheet crystallites of 70–100 nm size was
proposed forNephila silk (Thiel et al., 1994). In
related experiments, the notion of non-periodic
lattice crystals (NPL) was introduced and the
possibility that theb-sheet structure could change
locally from crystalline to aperiodic(Thiel and
Viney, 1997; Thiel et al., 1997). X-Ray fiber
diffraction data(Thiel et al., 1997) suggesting the
existence of more complex structural features than
the classicalb-sheet structure have, however, not
been confirmed by single fiber X-ray diffraction
(Riekel et al., 1999a,b).

The non-crystalline fraction of silk is currently
the focus of many investigations of silk structure.
For example,MA silk contains at least two differ-
ent types of proteins that differ in their amino acid
content(Fig. 2). The cDNA designated asMa1 is
made up of repeated motifs largely composed of
glycine and alanine. The cDNA designated asMa2
is made up of repeated motifs largely composed
of the amino acids glycine, alanine, and proline.
Thus, althoughMa1 contains almost no proline,
proline makes up approximately 15–17% of the
repeat motif inMa2 (Gosline et al., 1999). Proline
is thought to affect the organization of the non-
crystalline regions of the proteins and hence silk
elasticity (Hayashi and Lewis, 1998; Gosline et
al., 1999).

For example, using NMR analyses, van Beek et
al. (2000) proposed that the glycine-rich, non-
crystalline domains ofMa1, the proline-free silk,
are organized into aggregated, 3 -helix or Type I1

b turn that reinforces the highly oriented, poly-
alanine polymer network. X-Ray diffraction data
suggest the presence of two types of non-crystal-
line material:(i) randomly oriented material; and
(ii) oriented material(Grubb and Jelinski, 1997;
Riekel et al., 1999a,b). The oriented non-crystal-

line fraction has been suggested to form a fibrillar
system with the crystalline fraction(Yang et al.,
1997; Riekel and Vollrath, 2001). The model of
NPL crystallites (see above) is an interesting
hypothesis but has not been verified by other
groups.

The models of the two silks suggest that while
proline enables the large-scale organization in
Ma2, it disrupts the structural organization of the
glycine-rich helices inMa1 (Gosline et al., 1999).
Furthermore, the conserved, poly-alanine sequenc-
es that make up the crystalline regions ofMA1
and MA2 in conjunction with the divergent non-
polyalanine sequences that make up the non-
crystalline regions of the silks may suggest that
any diversification inMA silk structure and func-
tion is the result of reorganization and variation in
the non-crystalline regions ofMA proteins. There-
fore, the non-crystalline regions ofMA silks are
probably the primary site of evolutionary innova-
tion (Craig et al., 2000).

Silk produced in the flagelliform glands of
spiders do not contain polyalanine, nor do they
contain domains ofb-pleated sheets. In the few
samples of flag silk so far examined, X-ray dif-
fraction has not shown a crystalline fraction(Fig.
1d; Craig and Riekel, unpublished), which sug-
gests thatFlag silks are structurally different form
any other silk proteins studied to date.

4. All of the sequenced fibroin silks (Fhc, MA,
and Flag) are made up of hierarchically organ-
ized, repetitive arrays of amino acids

The cocoon silks produced by the Lepidoptera
moth larvae Bombyx mori (Bombycidae) (Bm-
Fhc) and Antheraea pernyi (Ap-Fhc), spiderMA
silk, andFlag silk are made up of repetitive amino
acid sequences that are highly conserved both
within and, in some cases, across taxa(Figs. 2–6;
Table 1). Cocoon silks produced byBombyx mori
are made up of sequences of glycine and alanine
(GA) organized into tandem units of GAGAG(S)n

and GAGAGX (X varies between tyrosine and
valine; Zhou et al., 2000). Even though they are
sister taxa, cocoon silk sequences fromA. anther-
aea (Ap-fhc) (Saturniidae) are fundamentally dif-
ferent from B. mori sequences(Table 1; Fig. 1).
Ap-fhc silks are composed of strings of poly-
alanine(hereafter referred to as PAB, polyalanine
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Fig. 2. Amino acid sequence of cDNA forMa1 (A) andMa2 (B) silks produced byNephila clavipes. The cDNA shows that proline
is virtually absent from theMa1 cDNA sequence although it is abundant in theMa2 cDNA sequence. Furthermore, bothMA sequences
contain DNA ‘hot-spots’(GGA, Ma1; PGG,Ma2). The arrangement of theMA PAB (crystalline) and NPAB(non-crystalline) domains
and may be similar to the structure proposed for the silk fibroinA. pernyi.

block) with one of four, unique, non-polyalanine
blocks (hereafter referred to as NPAB, non-poly-
alanine) (Sezutsu and Yukuhiro, 2000). In addi-
tion, the NPABs encode four repetitive motifs that
show varying amounts of polymorphism. The var-
iable and repetitive of amino acid sequences that
make up the NPAB tails are the result of slippage
and unequal pairing during cross-over(Sezutsu
and Yukuhiro, 2000).

SpiderMA silk is also composed of PABs and
NPABs. The PAB blocks ofMA silks sequenced

to date have fewer alanine residues(4–10) than
the sequence motifs that make up larvalAp-fhc
silk (Table 1). However, like Ap-fhc, a variable
amino acid domain and a constant amino acid
domain follow the polyalanine regions of both
Ma1 and Ma2. Analogous toAp-fhc, the variable
domain in spiderMA silk is proceeded by repetitive
sequence of nucleotides may result in a genetic
hotspot that initiates frequent rearrangements of
the gene(Jeffreys et al., 1985; Sezutsu and Yuku-
hiro, 2000). The number and organization of the
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Fig. 3. The repeating sequence structure of silks spun byB. mori is hierarchically organized. The diagram illustrates the two-exon, one-
intron repetitive makeup of theB. mori silk gene. Exon 2 illustrates the integrated and repetitive crystalline, non-crystalline, and border
domains of the gene. It also shows that repeating arrays are variable in size. Figure modified from Zhou et al., 2000.

potential NPAB motifs in Ma1 and Ma2 silk,
however, cannot be determined due to the limited
sequence data available. Nevertheless, the prelim-
inary data suggest that the NPAB amino acid
motifs of Ma2 and Ma1 differ in both sequence
and length. In addition, although both contain
polymorphic sites,Ma2 silks are significantly more
polymorphic thanMa1 silks. The primary repeat-
ing motifs for Ma2 silk are GPGXXyGPGQQ,
GP(SYG), and A . The primary repeating motifsn

for Ma1 are(GA), A , GGX.n

Flag silks spun byN. clavipes do not contain
PABs but do share the repetitive motifs GGX
(Alanine, Serine) and GPGGX with theMa2
fibroin. Although some of theFlag sites are
polymorphic, the sizes of each of the repetitive
regions or exons ofFlag silks are more similar to
each other than to the size of the repetitive regions
in either MA or Fhc silks. This suggests that that
Flag exons are either subject to homogenization
or that they are evolving under a more stringent
selection than eitherMA or Fhc.

5. Fhc fibroin genes (and perhaps MA genes)
are characterized by a similar molecular genetic
architecture of two exons and one intron, but
the organization and size of these units differs

Three different types of molecular genetic archi-
tecture have been identified for silk fibroins and
their related fibrous proteins. These include the
molecular genetic architecture of theFhc silks
(Figs. 3 and 4), of Flag silk (Fig. 5), and of the
fibrous proteins such asSer1 (Fig. 6).

The Bm-Fhc gene is made up of two exons in
which the hexapeptides are hierarchically organ-
ized (Fig. 3). Each encodes for both crystalline
and non-crystalline protein domains that result in
a 5263 amino acid polypeptide.B. mori exon 1
contains 25bp of untranslated domain and a 42 bp
region that encodes for 14 amino acids(Zhou et
al., 2000). The repetitive domain of exon 2,
separated from exon 1 by an intron of 970 bp, is
organized into 12 subdomains that vary in size
from 111 to 255 bp. The repetitive motif of exon
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Fig. 4. Repeating sequence structure of silks spun byA. pernyi is hierarchically organized. Genomic DNA for cocoon silks spun byA.
pernyi show four motifs. The figure illustrates the constant and variable domains of the gene. The Chi-like triplet, AGG is underlined.
Unlike B. mori poly-alanine makes up the crystalline regions of the protein and the non-crystalline regions are made up of a series of
motifs which contain both constant and variable domains. Figure modified from Sezutsu and Yukuhiro(2000).

2 is similar to that of exon 1 but less well
conserved. In addition to the repetitive domains,
are flanking, non-repetitive amino acid regions that
are highly conserved and that code for the non-
crystalline components of the protein(Mita et al.,
1994). Finally, exon 2 contains two different types
of boundary or spacer units whose sequences are
non-repetitive.

The A. pernyi-Fhc gene is also made up of two
exons and one intron, but the total length of the
coding region is approximately one-half that of
Bm-Fhc (Fig. 4). The full length of theA. pernyi-
Fhc is approximately 8.1 kb, and it codes for a
polypeptide chain of 2639 amino acids. LikeBm-
Fhc, Ap-Fhc is characterized by one short exon
encoding 14 amino acid residues, one intron(120
bp), and a second, larger exon encoding 2625
residues. Unlike theBm-Fhc fibroin, Ap-Fhc con-
tains a unique sequence of 155 residues of amino

acid terminal sequence. The hierarchically organ-
ized units are predominately alanine(43%), gly-
cine (27%), and serine(11%). The Ap-Fhc intron
shows no nucleotide similarity to theBm-Fhc
intron, and exon 2 ofAp-Fhc and Bm-Fhc are
dissimilar as well(Tsujimoto and Y, 1979; Mita
et al., 1994; Sezutsu and Yukuhiro, 2000). The
first exons ofAp-Fhc andBm-Fhc are identical at
11 out of 14 residues(Tamura et al., 1987), which
may indicate a similar function(Sezutsu and Yuku-
hiro, 2000).

Exon 2 encoding of theAp -Fhc protein contains
80 repetitive regions made up of linked polyalanine
(PAB) and non-polyalanine(NPAB) units (Fig.
4). Seventy-eight of the 80 repetitive regions can
be grouped into four types of motifs based on their
NPAB sequences. Type 1 motifs are made up of
four subtypes. Type 2 motifs differ in GGY triplets,
suggesting that replication slippage events may be
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Fig. 5. Repeating motif and structure of theFlag gene ofNephila clavipes. (a) Flag silk is also hierarchically organized. Repeat motifs
GPGG(X) , and GGX are organized into an ensemble repeat. The ensemble repeats, in turn are organized into 11 repeating exons.Flagn

silk does not contain the GAGAX or poly-A sequences that encode theb-pleated sheet domains of theFhc or MA silk. (b) Comparison
of repeat motifs for the 10 repetitive exons of two species,N. clavipes and N. maculata illustrates variation in repeat arrays. Figure
modified from Hayashi and Lewis(1998).

Fig. 6. Repeating motif and schematic structure of theSer-1gene ofB. mori. (a) The schematic of theSer-1 gene show that the irregular
size of the exons and introns as well as the positions of their amorphous and crystalline regions.(b) The primary sequence of(Ser1B)
shows the amino acid sequences of exons 1–5, 7–9. Unlike theFhc genes, the crystalline and non-crystalline regions are not integrated
in the Ser1B cDNA peptide. Figure modified from Garel et al.(1997).

responsible for their generation. Type 3 motifs
contain an Arg-Glycine-Asp(RGD) triplet. Type
4 is highly heterologous to the other motifs(Sezut-
su and Yukuhiro, 2000). Ap-Fhc includes variable
domains that are not found inBm-Fhc fibroin
silks. Furthermore, the PAB sequences are highly
conserved, but NPAB sequences are variable. This
suggests either that the NPAB region of the mol-
ecule is evolving under less stringent selective
factors than the PAB region or that the unique
properties of fibroin result from positive selection

on the NPAB sequences(Sezutsu and Yukuhiro,
2000).

The molecular genetic architecture of theMA
silks spun byNephila clavipes has not been deter-
mined. However, based on 1951 base pairs of
genomic transcript and cDNA identified asMa1,
Ma2, some investigators have proposed that the
Nc-MA1 silk protein is encoded by a single exon
(Xu and Lewis, 1990; Hinman and Lewis, 1992;
Beckwitt and Arcidiacono, 1994; Guerette et al.,
1996; Beckwitt et al., 1998). It may be that both
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MA proteins have an organization similar toAp-
Fhc (Fig. 2a,b).

The identified portions ofMA sequence are
hierarchically organized and contain characteristic,
repetitive motifs that are common across ancestral
and derived species(Gatsey et al., 2001). As in
the Fhc genes, the number of amino acid, tandem
repeats that make upMA is not rigorously con-
served but retains a hierarchical and structural
identity. This contrasts with the nearly exact
repeats that characterize theBm-fhc gene.
Although it is not possible to analyzeMA sequenc-
es in detail due to the relatively small portion of
cDNA and gene that have been sequenced, the
pieces identified so far are strikingly similar in
organization to those observed inAp-fhc gene
(Sezutsu and Yukuhiro, 2000). Like Ap-fhc, both
Ma2 and Ma1 repetitive units are organized into
poly-alanine blocks(6–10 residues) and non-poly-
alanine blocks(16–43 residues). Furthermore, like
Ap-fhc, Ma1 and Ma 2 seem to have ensemble
repeats that are non-randomly distributed across
the cDNA transcripts sequenced to date. Finally,
in a similar position and preceding the variable
domains of the spider NPABs, there is a nucleotide
sequence associated with ‘genetic hotspots’. Com-
pared with genetic hotspots inA. pernyi Fhc
(GGA), the spider sequence AGG is almost iden-
tical in nucleotide composition and relative posi-
tion to the NPABs. These similarities suggest a
possible structural organization forMA silk. This
could also suggest that the NPAB sequences of
MA silk, like those ofAp-fhc, may be subject to
dynamic rearrangement.

6. The Flag, Ser, and BR genes are made up of
multiple exons and introns

Flag, Ser and BR silks, made up of multiple
exons and introns, have a completely different
genetic architecture from theFhc and MA genes
(Figs. 5 and 6). In the cases ofSer andBR, some
of their exons encode for crystalline protein
regions and others for non-crystalline protein
regions. Therefore, primary coding regions of the
protein glues are not homogeneous and selective
splicing of mRNA transcripts results in proteins
with different structural domains. In the case of
the Flag, 11 of the 13 exons are made up of
similar repetitive units. None of the exons encode
b-pleated sheet structures and instead encode pro-
tein domains that have been suggested to be a mix

of b-helical andb-spiral structural domains(Hay-
ashi and Lewis, 1998). Selective splicing ofFlag
mRNAs would result in different sized protein
domains that, in turn, could affect the protein’s
structure and function.

The Flag gene spans a total of 36 kb, of which
15.5 kb is protein coding(Hayashi and Lewis,
2000). Hence, the size of the transcribedFlag and
of Bm-Fhc proteins are similar, and this could
suggest some functional or mechanical limit to
fibroin size. None of the 13 exons that make up
Flag contain poly-alanine and hence crystalline
structural domains. Exons 3–12 encode the amino
acid motifs GPGGX and GGX, which occur in
tandem arrays of 440 amino acids with a non-
repetitive, highly conserved spacer unit(Table 1).
In the primary repeating motif GPGG(X) , alaninen

(32%), serine(26%), valine (11%), and tyrosine
(20%) occupy 89% of the polymorphic sites. In
the second primary repeat motif, alanine(46%),
serine(39%), and tyrosine(11%) occupy 96% of
the polymorphic sites of GGX. Thus, repeating
motifs of theFlag gene contain more polymorphic
sites than do the repeating motifs of theFhc gene.
Flag exons 1 and 2 encode for a non-repetitive
terminal region. Exon 13 codes for the 39 end of
the molecule, which includes both non-repetitive
and repetitive regions like those that characterize
the previous exons(Fig. 5). Furthermore, the sizes
of the Flag exons are much more homogeneous
than the size of the repeating units ofBm-Fhc.
The extreme similarity between some of the introns
suggests homogenization due to recombination
(Hayashi and Lewis, 2000).

Ser1 is the best-known sericin gene, although
partial sequences for at least four others have been
identified (Grzelak, 1995). Ser1 is 23 KB-long
and is made up of nine exons and eight introns
(Fig. 6). These include a large, central, alternative
exon, which encodes for 60 repeats of a character-
istic 114 bp motif (exon 6), in addition to two
other exons that are repetitive(7,8) (Garel et al.,
1997; Michaille et al., 1986). Five differentSer1
isoforms, each playing a different functional role
in the cocoon, have been identified(Fig. 6; Zhou
et al., 2000). As can be seen, the sericins are
diverse.

There are five closely relatedBR genes, and
they have been partially characterized. All of the
BR genes have an exonyintron organization. Like
the Ser1 gene,BR exons code for either repetitive
arrays or non-repetitive arrays but not both. While
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the Ser1 gene encodes three differently sized,
repetitive domains, the repetitive regions ofBR2,
BR2.2, BR6 encode four proteins that contain an
uninterrupted block of approximately 100 tandem-
ly arranged repeats organized into two repeat units
(Paulsson et al., 1990). The architecture of the
repetitive regions of theBR3 gene, however, is
different. The repetitive array of theBR3 is inter-
rupted by 38 introns. The resulting exons are more
variable in size and sequence than the repetitive
arrays of the other genes. The presence of the
introns in BR3, and the small sizes of some of its
exons, may prevent exon homogenization that is
dependent on unequal aligning of homologous
sequences(Paulsson et al., 1990). In the case of
Flag, homogeneous introns separate similar sized
exons. The extreme homogeneity of the size of
Flag exons suggests that they are the product of a
recent duplication event andyor that exon size is
maintained by stringent selection. The evolution
of Br3 may be more complicated or selection for
function may be relaxed.

The importance of the nine exonyintron struc-
ture of Ser1 is that it allows multiple protein
variants to be produced from a differentially
spliced mRNA transcript. Specifically, differential
splicing of Ser1 gives rise to the five different
types of mature mRNA transcripts(Fig. 6). In
contrast, variation inFhc silks is the result of
unequal cross-over during recombination and
largely limited to variation in allele length. Fur-
thermore, newFhc variants are produced during
meiosis and hence the frequency of their appear-
ance is limited by the length of insect generation
time. However, selective splicing of the exons that
encodeSer mRNA can generate multiple protein
variants at different times during the larvae’s
development. Therefore, proteins with different
structural configurations and properties can be
produced from a single gene within the same
individual at each transcription event. In the case
of the Ser gene, the transcribed sericin proteins
range from 65 to 400 kDa: exon 1(93bp, 13
codons), 2 (31 bp, 10 codons), 9 (569 bp and 369
bp with coding sequence followed by 188 bp of
non-coding sequence), 7 (129 bp, repetitive), and
8 (114 bp repeats, repetitive) are constitutive and
therefore found in all of the sericins. Exons 3
(1314bp, 483 codons), 4 (93 bp, 31 codons), 5
(78 bp, 26 codons), and 6(6.6 kb, repetitive) are
alternative(Prudhomme et al., 1985). Exons 6 and
8 code for a 40% serine-rich motif and result in

most of theb-sheet structure(Komatsu, 1985).
The peptides encoded by exons 3, 6 and 8 have
specific physicochemical and structural properties
that are responsible for the sliding and sticking of
the sericins to the fibroin. Peptide 3 lends the
property of high water solubility(Grzelak, 1995).

Ser 2 is 16200 bp and codes for two mRNA
transcripts(5.4 bp and 3.1 kb) (Couble et al.,
1987; Michaille et al., 1989). One is 3100 nucle-
otides, and the second is between 5000 and 6400
nucleotides, depending on which allele is consid-
ered (Garel et al., 1997; Michaille et al., 1986).
The three other sericin genes,MSGS-3, -4 and -5,
code for 3500, 2950 and 450 nucleotide mRNAs,
but their structures are unknown(Grzelak, 1995).
The expression of both known genes(Ser 1 and
Ser 2) is spatially and developmentally regulated.
Differential splicing of the primary transcript of
Ser1 is developmentally regulated as well(Ishi-
waka and Suzuki, 1985; Couble et al., 1987;
Michaille et al., 1989).

In summary, the multiple exon organization of
the sericin gene allows considerable flexibility in
the resulting protein because there is little homo-
geneity among the exons. In contrast, the exons
that make upFlag are so similar that the effects
of selective splicing of the transcript would largely
limit variation to size differences of the transcribed
regions.

7. Sequences coding for crystalline and non-
crystalline protein domains are integrated in
the repetitive regions of Fhc and MA exons, but
not in the protein glues Ser1 and BR-1

A result of the two-exon structure ofFhc and
MA silks described above is that the primary
regions coding for its crystalline and non-crystal-
line protein domains are integrated into one large,
repetitive exon. In contrast, the crystalline and
non-crystalline regions of the protein gluesSer1
andBR-1 are encoded by unique exons. According
to the introns-first theory of gene evolution(genes
with intronyexon structure evolved first; genes
without introns are derived via intron loss), the
exonyintron structure of the proteinsFlag, Ser,
and BR is more ancient than the structure of the
Fhc and MA silk genes (Souza et al., 1998).
However, phylogenetic evidence shows that the
Flag gene is the most recently evolved type of
silk produced by spiders. The amino acid sequenc-
es of the Flag protein are most similar to the
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repetitive units ofMA2. Comparison of the two
proteins suggests thatFlag may have evolved from
Ma2 through the loss of the crystalline, poly-A
regions and subsequent gene duplication.

8. Genetic ‘hot-spots’ promote recombination
errors in Fhc, MA and Flag

Glycine, alanine, and serine make up approxi-
mately 53–97% of the amino acids ofFhc silks
spun by the Bombycoidea. Glycine, alanine, and
serine compose 42–78% ofMA silks spin by
araneoid spiders(Craig, unpublished). In both
cases, a high proportion of their repetitive amino
acid and nucleotide motifs are made up of mini-
satellite sequences. Minisatellite sequences func-
tion as genetic hotspots, or recombination signals
that induce cross-over events. The instability they
introduce can enable gene conversion(Lam et al.,
1974; Jeffreys et al., 1985; Paulson et al., 1992).
However, gene instability may also generate adap-
tive variation. The ability of the minisatellite
sequences to produce variants in the NPAB
sequences ofAp-fhc can be viewed, in and of
itself, as an evolved response to natural selection
(Burch and Chao, 2000).

Genetic hot spots are thought to result in the
dynamic reorganizations of four types of repetitive
arrays in the NAPB sequences inAp-fhc. Even
though there is high sequence conservation in
length of the PABs ofAp-Fhc (PABs sequence
lengths in MA silk are less homogeneous), the
non-crystalline portion of the NAPBs is variable
(Fig. 4; Sezutsu and Yukuhiro, 2000). In the case
of theAp-Fhc gene, gene sequence rearrangements
are attributed to the GCAGGUGGU nucleotides
that result in the amino acid sequence AGG. AGG
initiates all variable regions in theAp-Fhc motifs
in Ap-fhc as well as inAntheraea yamamai fibroin
silk (Sezutsu and Yukuhiro, 2000). The NPAB
rearrangements include multiple duplication events
as well as a triplication event of a 558-bp
sequence. Similarly, although only a limited
amount of data is available, the repetitive nucleo-
tide sequence that encodes GGA inMa1 and PGG
in Ma2 silks spun byN. clavipes may contribute
to the substantial allelic variation observed in these
proteins that results from cross-over during recom-
bination (Beckwitt et al., 1998). Flag silks, also,
contain genetic hotspots. Seventy-five percent of
the protein is made up of proline, glycine, and
alanine. The observed length differences in the

tandem repeats of GPGG(X) and GGX are prob-n

ably due to cross-over events(Hayashi and Lewis,
2000).

9. Codon bias, structural constraint, point
mutations, and shortened coding arrays are
alternative means of stabilizing precursor
mRNA transcripts

Codon bias, structural constraint, point muta-
tions, and shortened repetitive arrays may result in
stabilization of the repetitive regions of silk pro-
teins during transcription. The nucleotide biases in
Bm-fhc codons differentiate the non-crystalline and
crystalline regions in the protein molecule. In the
case ofBm-fhc, the resulting codons determine the
secondary structure of the mRNA(Mita et al.,
1988; Nakamura et al., 1991). The first and second
codon positions show a GC bias that is approxi-
mately 80% due to the presence of glycine(GGN)
and alanine(GCN) residues(Zhou et al., 2000).
Zhou et al. hypothesize that the alternate dicodon,
GGU-GCU for GlyAla repeats, results in an invert-
ed stem-loop structure in the crystalline subdo-
mains of the mRNA transcript. The resulting
structural constraints, in turn, maintain the second-
ary structure of the fibroin mRNA(Mita et al.,
1988). In contrast, no stem-loop structures are
formed in the boundary elements due to high
codon diversity. Stem structures are only weakly
formed in the region of the transcript coding for
amorphous domains(Zhou et al., 2000).

In contrast to GCU codon bias for alanine in
theFhc gene, the most abundant codon for alanine
in Ap-fhc is GCA. Polyalanine inAp-Fhc occurs
in blocks of 13 residues. The GCA codon for
alanine occurs in 662y1137 times, or across 58%
of the coding region(Nakamura et al., 1991;
Sezutsu and Yukuhiro, 2000). The maximum num-
ber of GCA isocodons in each PAB is seven.
Therefore, the tri-nucleotide repeat sequences that
encode poly-A could be subject to frequent repli-
cation slippage events(Sezutsu and Yukuhiro,
2000). Nevertheless, the variation in alanine num-
ber is small and may indicate significant constraint
on PAB size. Stable alleles that retain tri-nucleotide
repeats are often interrupted by point mutations
that, as in the case ofAp-fhc, may stabilize the
repeat tract and limit the size of the polyalanine
region(Sezutsu and Yukuhiro, 2000).

Like Fhc, all of the spider silk genes sequenced
to date show an extreme AyT bias (80–90%) in
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third position nucleotides and a preference for Gy
C in the first two codon positions(Xu and Lewis,
1990; Hayashi and Lewis, 1998). The polyalanine
regions of theMA silks, however, are variable(4–
10 alanine) and smaller than the PAB inAp-fhc.
Data on the possible PAB ofMA silk are limited
and based on cDNA alone. Therefore, one can
only speculate that the poly-alanine sequences of
MA are subject to less stringent functional con-
straint than are the PAB regions ofAp-Fhc. Alter-
natively, data on the entireMA gene and protein
could reveal a larger order of organization that
differs from that ofAp-fhc. We need to know the
complete sequences of theMA fibroin gene as well
as the 59 flanking sequences(Sezutsu and Yuku-
hiro, 2000).

The coding regions of theMa2 gene andFlag
exons contain multiple polymorphic sites, more
than are found in theMa1 transcripts. Point muta-
tions in the repetitive sequences ofFlag, like point
mutations in the polyalanine sequences in NPAB,
may stabilize DNA during recombination; it may
stabilize the mRNA transcript during transcription
as well.

10. Differential regulation of gene expression
and selective splicing may allow rapid adapta-
tion of silk functional properties to different
environments

Evolvability, the generation of variation, is a
property of the genotype and distinct from the
phenomenon of variation among individuals in
populations (Wagner and Altenberg, 1996; Kir-
schner and Gerhard, 1998). Silk proteins are highly
evolvable, as defined above, due to their highly
repetitive amino acid and nucleotide sequences
and the presence of apparent genetic hotspots.
Despite their instability, yet, paradoxically, extreme
conservation and convergence in spider fibroin
sequences suggest that they are evolving under
considerable functional constraint and conflict
(Gatsey et al., 2001).

Orb-spinning spiders forage in all but the most
extreme terrestrial habitats. If all silks were made
up of only one protein new functional variants of
the silk could result only from the slow accumu-
lation of genetic differences across spider genera-
tions. Alternatively, because some spider silks are
made up of more than one protein or characterized
by an intronyexon molecular architecture, differ-
ential expression of protein type or selective splic-

ing of mRNA transcripts could result in the rapid
adaptation of silk proteins to new environments.

Recent field data seem to suggest that adult
araneoid spiders may be able to adapt the compo-
sition of MA silk to the physical environments in
which they forage through differential protein
expression. For example,Ma1 cDNA is largely
composed of(GA) and (A) and a GGX motif.n n

The alanine units, as discussed above, result in the
crystalline, b-sheets. The repeated glycine motif
and variable site is thought to form a 3 -helix10

that links the crystalline regions together. This
suggests that theMa1 mRNA transcript is largely
responsible for silk strength.Ma2 contains the
repeating amino acid motifs GPGXXyGPGQQ,
GP(SYG) (Table 1). A recent model forMa2 silks
proposes that these motifs result inb-turns that,
acting like springs, result in fiber elasticity. Cohe-
sion of the spring-like structures is dependent on
hydrogen bonding networks that form between
spirals at their variable sites(Hinman and Lewis,
1992; Hayashi and Lewis, 1998). Therefore,
because silk elasticity is attributed to the hydration
of theMa2 encoded protein, the differential expres-
sion of Ma1 and Ma2 in different humidity envi-
ronments could result in silks with different
elasticity and strength that correlate with the rela-
tive humidity and the surface properties of the
fiber. Differential expression of theMA peptides
could allow an individual to produce silks with
different functional properties in the same habitats
or silks with the same functional properties in
different physical habitats. In the extreme,MA silk
made up solely ofMa1 transcript would be strong
but inelastic and silks made up solely of theMa2
transcript would be less strong but elastic. The
flexibility afforded by the two-protein composition
of spider MA silk as well as the exonyintron
organization ofFlag silk may be an important
correlate of the burst of speciation that resulted
with the emergence and rapid speciation of the
Araneoidea.

One way to test the prediction of environmental
flexibility in silk gene expression would be to
compare the amino acid composition of theMA
silks collected from spiders foraging in different
sites and in particular to compare the relative
proportions of serine, glycine, and proline residues
in the total amino acid content of a silk. For
example, theMa2 silk transcript forN. clavipes
that has been sequenced to date contains 57 serine
residues to 176 glycine residue(33%). Ma1 silks
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contain 34 serine residues to 307 glycine residues
(11%). Therefore,MA silk will contain three times
more glycine to serine ifMa2 and Ma1 protein
transcripts are produced in equal portions. Further-
more, the amount of proline present in an amino
acid analysis would be linearly proportional to the
presence of theMa2 transcript.

11. Summary

The review above examines the three types of
molecular genetic organization of silk genes that
have been found. The primitive Mesothelae and
the Mygalomorphae produced silks that are
fibrous, protein glues; according to a phylogenetic
hypothesis, these evolved first in spiders. While
the structure of the spider genes that encode their
protein glues is unknown, it seems likely that they
may be similar to that of theSer1 gene inB. mori
and the Balbiani Ring(BR) genes inChironomus
tentans that encode protein glues produced by
insects.Ser1 and BR-1 genes contain exons that
encode only for crystal-forming regions and exons
that encode only for non-crystalline material.

The second type of molecular genetic organiza-
tion characterizes the gene for cocoon or fibroin
silks produced by Lepidoptera larvae and probably
MA or the dragline silk produced by spiders. The
gene is made up of only two exons and one intron.
The first exon is thought to be primarily regulatory
in function, the second exon encodes for both
crystalline and non-crystalline domains of a silk
fibroin. This second exon is made up of repetitive
elements that are hierarchically organized into
crystalline and non-crystalline regions. The com-
position of the repetitive units is similar but their
size is heterogeneous.

The third type of molecular genetic organization
characterizes theFlag silk genes. LikeFhc and
MA silk genes,Flag is hierarchically organized.
Unlike the Fhc and MA, Flag is made up of
multiple exons and introns. The introns are non-
repetitive and highly similar to each other. The
exons are repetitive, similar to each other, but
different from the introns. TheFlag exons do not
contain the polyalanine, crystalline domains that
make up theAp-Fhc and MA silks. Nor do they
contain the GAGAG(S) and GAGAGX regions
that make up the crystalline regions of theBm-
Fhc silks. Furthermore, the exonyintron organiza-
tion of Flag genes should allow greater opportunity

for evolutionary innovation through selective splic-
ing of the mRNA transcript.
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