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Insect silks are secreted from diverse gland types; this chapter 
deals with the silks produced by labial glands of Holometabola 
(insects with pupa in their life cycle). Labial silk glands are 
composed of a few tens or hundreds of large polyploid cells that 
secrete polymerizing proteins which are stored in the gland lumen 
as a semi-liquid gel. Polymerization is based on weak molecular 
interactions between repetitive amino acid motifs present in one 
or more silk proteins; cross-linking by disulfide bonds may be 
important in the silks spun under water. The mechanism of long-
term storage of the silk dope inside the glands and its conversion 
into the silk fiber during spinning is not fully understood. The 
conversion occurs within seconds at ambient temperature and pres-
sure, under minimal drawing force and in some cases under water. 
The silk filament is largely built of proteins called fibroins and in 
Lepidoptera and Trichoptera coated by glue-type proteins known 
as sericins. Silks often contain small amounts of additional proteins 
of poorly known function. The silk components controlling dope 
storage and filament formation seem to be conserved at the level 
of orders, while the nature of polymerizing motifs in the fibroins, 
which determine the physical properties of silk, differ at the level 
of family and even genus. Most silks are based on fibroin β-sheets 
interrupted with other structures such as α-helices but the silk 
proteins of certain sawflies have predominantly a collagen-like or 
polyglycine II arrangement and the silks of social Hymenoptera are 
formed from proteins in a coiled coil arrangement.

Introduction

Silks are (1) ectodermal secretions that (2) are stored as a 
hydrated jelly within cells or, more often, in multicellular cavities; 
(3) the gels polymerise into water-insoluble filaments during passage 
to the external environment. Materials that meet this definition 
occur in all terrestrial arthropod subphyla: Chelicerata (in three 
orders of Arachnida, i.e., spidermites, pseudoscorpions and spiders), 
Myriapoda (in Symphyla, Pauropoda and primitive millipedes, 
absent in the centipedes) and Hexapoda (Fig. 1). Silk is always 
secreted by specialised ectodermal cells that make up a silk gland.1 
Rudall and Kenchington distinguished eight structural silk categories 

based on X-ray diffraction data and suggested that all silk proteins 
are phylogenetically homologous.2 This view is no longer tenable. 
The diversity of silk-producing taxa, their silk glands and the silk 
composition suggest that silk has evolved independently a number 
of times as a product of the cuticle-secreting cells. The cuticle is 
composed of chitin and a blend of proteins, many of which contain 
repeats of short amino acid motifs;3 several of such proteins could be 
the precursors of silks.

Insect silks are produced by a variety of dermal glands, Malpighian 
tubuli, colleterial sex glands, the gut and the labial glands (Table 1). 
The latter typically produce saliva but half of each gland in the 
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Figure 1. Approximate evolutionary relationships and the distribution of silk 
production in the orders of Hexapoda. Silk production is common in orders 
underlined with a solid line and exceptional (limited to a small number of 
species) in those underlined with a dashed line.
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secretion, silk composition and the silk structure has been examined 
most systematically in Lepidoptera, being stimulated by the interests 
of commercial sericulture. Since lepidopteran silk is often used as a 
prototype of the other silks, it is appropriate to begin this chapter 
with a description of the silk production in caterpillars.

The Silks of Caterpillars (Larvae of Lepidoptera)

Spinning from the labial glands of larvae probably evolved in 
the ancestor of the Lepidoptera and the Trichoptera, more than 
250 million years ago. Caterpillars of some species spin virtually 

Psocoptera and the entire glands in the larvae of many Holometabola, 
are specialized for the production of silk. Labial silk glands develop 
during embryogenesis as ectodermal tubular invaginations composed 
of several tens to a few hundred cells. They grow by polyploidization, 
extend into the abdomen and often reach a large size, second only to 
the gut and the fat body. Most information on insect silks concerns 
the secretions of labial glands that are the subject of this review; little 
is known on the other silk types.1,4 Holometabola are monophyletic 
(Fig. 1) but the over-all composition of the silky secretions from their 
labial glands has greatly diversified (Table 2). The mechanism of silk 

Table 1  Silk production in different hexapod orders (developmental stage, type of glands and silk function)

Protura	 ??	 Adults (Larvae?)	 Abdominal glands	 ??
Archaeognatha	 All species?	 Adults	 Dermal glands (cerci)	 Sperm support
Thysanura	 All species?	 Adults	 Dermal glands (cerci)	 Sperm support
Ephemeroptera	 One family	 Larvae	 Malpighian tubuli	 ??
Odonata	 One species	 Adults	 unknown	 Egg coverings
Orthoptera69	 One family	 Adults and larvae	 maxillary glands	 Nests and burrows
Embioptera	 All species	 Larvae and adults	 Dermal glands (tarsi)	 Tunnels and egg coverings
Mantodea	 All species	 Adult females	 Colleterial glands	 Ootheca
Psocoptera	 Some species	 Adults	 Labial glands	 Egg covering and retreats
Thysanoptera70	 Some species	 Adults and Larvae	 Anal glands in adults	 Domiciles or cocoons
Hemiptera71	 One species	 Unknown	 unknown	 Shelter
Hymenoptera	 Many species	 Grown larvae	 Labial glands	 Cocoon
Neuroptera	 Some species	 Grown larvae	 Malpighian tubuli	 Cocoon
	 All species	 Adult females	 Colleterial glands	 Egg stalk or cover
Coleoptera	 Some families	 Grown larvae	 Malpighian tubuli or Peritrophic membrane	 Cocoon, underwater tunnels
	 Few hydrophilidae	 Adult females	 Colleterial glands	 Floating rafts for eggs
Trichoptera	 All species	 Larvae	 Labial glands	 Diverse
Lepidoptera	 Most species	 Larvae	 Labial glands	 Diverse
Siphonaptera	 All species?	 Grown larvae	 Labial glands	 Nests? and cocoon
Diptera	 One family	 Larvae	 Labial glands	 Prey capture
	 Few families	 Larvae	 Labial glands	 Tunnels
	 One family	 Tarsal glands	 Dermal glands (tarsi)	 Prey package

Data were drawn from Sehnal and Akai1, Craig4 and other publications cited either in the table or in the text (for orders printed in bold). Additional information was obtained from our expert colleagues J. Rusek (Protura, 
Archaeognatha, Thysanura), J. Trueman (Odonata) and P. Švácha (Coleoptera).

Table 2  Dominant amino acids in the major silk proteins produced from the labial glands of holometabolous insects

		  Hymenoptera		           Diptera‑Nematocera	          Trichoptera			             Lepidoptera 
	 Cg	 Vs	 Am	 Cte BR1	 Cth 220	 Ha	 Ld	 Ye	 Gm	 Bm	 Ap
Gly						      21.7%	 24.6%	 27.7%	 31.6%	 45.9%	 27.3%
Ala		  34.6%	 32.7%					     26.3%	 23.8%	 30.2%	 43.1%
Ser	 32.6%	 22.7%		  21.4%		  17.8%	 17.3%	 17.8%	 18.1%
Lle, Leu, Val			   15.1%			   20.5%	 21.5%		  16.0%
Arg, His, Lys				    39.0%			   16.7%
Asn	 38.4%
Cys					     17.5%

Analysis is based on 254 residues from Cotesia glomerata (Cg),61 1652 (four full length proteins) from Vespa simillima (Vs)67 and 1243 (four full length proteins) from Apis mellifera (Ap)66 silk proteins. Silk proteins 
BR1 (210 residues)72 and sp220 (full sequence, 1704 residues)73 were analysed in Chironomus tentans (Cte) and Ch. thummi (Cth), respectively. The composition of H‑fibroins is presented in the caddisflies Hydropsyche 
angustipennis (Ha, 1042 residues) and Limnephilus decipiens (Ld, 516 residues),44 and in the moths Yponomeuta evonymella (Ye, 955 residues),26 Galleria mellonella (Gm, 1277 residues),38 Bombyx mori (full sequence 
of 5263 residues),35 and Antheraea pernyi (Ap, full sequence of 2639 residues).28
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unpublished analysis of ser2, which is spliced into two mRNAs,18,19 
disclosed 11 exons, two of which encode multiple copies of the 
repeat ALTEKAKPNDRSPSHKDT. The secondary structure and 
the manner of presumed Ser2 polymerisation are unknown. It is 
not excluded that the Ser2 proteins actually hinder polymerisation 
and hold the cocoon fibers together by electrostatic forces that are 
destroyed by cooking in the alkaline environment. The ser3 gene 
of three exons incodes repeats composed of an 86- and an 8-amino 
acids motif, respectively.75 Genes similar to ser1 and ser2 in the 
overall structure and the splicing patterns, but different in repeti-
tive sequences, were found in the wax moth Galleria mellonella of 
Pyraloidea.20 Sericins have not been sufficiently examined in any 
other species.

The investigations on B. mori showed that H-fibroin, L-fibroin 
and P25 assemble in the endoplasmic reticulum in a ratio of 6:6:1 
into elementary secretory units.21 H-fibroin interacts with the two 
other proteins by its nonrepetitive N- and C-termini. These terminal 
sequences are conserved across Lepidoptera and Trichoptera (Fig. 
2). The N-terminus harbours an amphiphilic proline-flanked region 
of 35 residues and the C-terminal 26–27 residues include three 
Cys (only one in the Saturniidae family) in conserved positions. 
The redox state of the endoplasmic reticulum22 favours formation 
of disulfide bonds: four internal in P25, one within L-fibroin, one 
within H-fibroin and one linking Cys170 of the L-fibroin to Cys-22 
in the H-fibroin C-terminus.23 Disulfide linkage between L-fibroin 
and H-fibroin is indispensable for the secretion of both proteins.24 
Non-covalent interaction of P25 with the H-fibroin N-terminus 
facilitates transport and secretion of the highly insoluble H-fibroin/L-
fibroin heterodimers.25 At the same time, L-fibroin plays a protective 
role in P25 glycosylation—full deglycosylation causes disintegration 
of the elementary secretory unit.21 Only a portion of the 30 kDa 
P25 and none of the less glycosylated 27 kDa form of P25 is present 
in the elementary secretory units,6 but both forms occur in the 
spun-out silk. It is therefore not excluded that filament formation is 
associated with a partial deglycosylation or other changes in P25.

The conservation of L-fibroin, P25 and the nonrepetitive H-fibroin 
ends (Fig. 2) in the basal superfamily Yponomeutoidea,26 suggests 
strongly that their interaction represents a plesiomorphic mechanism 
of the silk secretion and gel/filament conversion in Ditrysia. It was 
proposed that silk filament construction from the three protein types 
had been conserved because the hydrophobic nature of H-fibroin 
requires association with the L-fibroin and P25.27 However, the 
H-fibroin of Yponomeuta evonymella is amphiphilic.26 A different 
mechanism of the gel/filament conversion evolved in the family 
Saturniidae (Bombycoidea) that possesses relatively small H-fibroins 
(200–250 kDa) with alternating hydrophilic and hydrophobic 
motifs in their repeats.28,29 This amphiphilicity probably allows gel 
formation and the gel/filament transition without the L-fibroin and 
the P25 that have been lost in this family.30,31

Filament polymerisation rests on weak molecular interactions 
between repetitive motifs that occupy about 95% of the H-fibroin 
length (Fig. 3). X-ray diffraction studies of lepidopteran silks revealed 
the presence of β-sheets whereby the carbonyl oxygen and amide 
nitrogen of adjacent peptide chains are linked by hydrogen bridges. 
Pleated β-sheets are stacked into crystallites held by interactions 
between amino acid side chains. From the crystallite dimensions it 
was predicted that they are largely based on Gly and Ala in B. mori32 

continuously and live in silky tubes or domiciles; other species 
produce just a small pad or a girdle that provides support during 
moulting. Many species spin durable cocoons in which the larvae 
pupate. Silk composition has been analysed in some detail in the 
suprafamilies Yponomeutoidea, Pyraloidea and Bombycoidea. The 
conclusions are probably valid for the entire clade Ditrysia that 
harbours 98% of about 160,000 described lepidopteran species.5

The silk fiber of Ditrysia is a highly organised structure composed 
of several proteins that are derived from the posterior and middle 
silk gland sections (PSG and MSG, respectively). The fiber consists 
of two filaments (one from each gland) that are polymers of a large 
protein called heavy chain fibroin (H-fibroin, 350–500 kDa in 
different species). It is produced in the PSG along with two other 
proteins, light chain fibroin (L-fibroin, cca 25 kDa) and P25 glyco-
protein (also called fibrohexamerin) that occurs in two forms due 
to various levels of glycosylation (27–31 kDa). These three proteins 
are assembled into elementary units in the endoplasmic reticulum,6 
form microfibers in the Golgi vacuoles and are released as secretory 
granules into the gland lumen,7 where they accumulate as a highly 
concentrated gel. The gel moves into the MSG and becomes envel-
oped by several layers of sericins. Major sericins of the domestic 
silkworm, Bombyx mori, include a 150 kDa protein produced in the 
most distal part of MSG, a 400 kDa protein from the central and 
a 250 kDa protein from the proximal MSG region.8 Silk proteins 
polymerise into a fiber during spinning when they pass through the 
anterior silk gland section and the spinneret. Filament polymerisa-
tion is based on cross-linking of aligned and closely packed H-fibroin 
molecules. This process apparently requires the withdrawal of water 
and application of a shearing force. Sericins polymerise with a delay: 
inner sericins (from the distal MSG) seal the filament doublet into a 
single fiber and outer sericins glue the fibers to substrates or to one 
another during cocoon construction.

Commercial silks are products of the domestic silkworm Bombyx 
mori, several silkmoth species (most of them from the genus 
Antheraea) and a few other moths whose larvae spin large and 
closed cocoons. To release the fiber, cocoons are soaked in hot and 
slightly alkaline water that dissolves the outer sericin layer. Several 
fibers with a sticky surface are reeled together into a raw silk thread. 
Measurements of the physical properties and structural silk analyses 
by X-ray diffraction and other techniques are typically done on fibers 
liberated from the cocoons in hot water bath; it is assumed that 
the established values characterise the filaments, i.e., primarily the 
H-chain fibroin. Sericins and additional,9,10 minor silk components 
are not considered.

At least six and as many as 15 sericin-type proteins were extracted 
from the silk of B. mori.11,12 Some of them may be based on iden-
tical peptides but differ in the degree of glycosylation. B. mori may 
harbour up to five sericin genes13 of which ser1 and ser2 have been 
identified. The ser1 gene of nine exons is expressed in the distal  
and central MSG and yields 4–5 mRNAs by differential splicing.14,15 
A large central exon encodes 60 copies of a 38 amino acid repeat.16 
Recombinant proteins based on a common version of this repeat 
(SRT SGG TST YGY SSS HRG GSV SST GSS SNT DSS TKN 
AG) were showed to self-assemble into β-sheets and crystallites.17 
Based on this observation, filament sealing into a fiber may be 
attributed to hydrogen bonding between serine residues of the 
H-fibroin and serine residues of the inner-layer sericins. Recent 
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endurance and strength are the major functional demands put on 
the cocoon silk, the use of simple crystalline motifs GAGAGS or 
poly(Ala) in the fibroin sequence is ideal. It is likely that these motifs 
are the products of selection for a high rate of silk synthesis at limited 
nutrient supply. Different selection forces operated in Pyraloidea and 
Yponomeutoidea that spin elastic hides during most of their larval 
life and eventually also construct cocoons for pupation. Their silk 
must be multifunctional and this is probably why their H-fibroins 
contain a variety of motifs. This variety presumably provides required 
combination of physical silk properties. Some motifs contain meta-
bolically expensive amino acids. They are obtained from the food 
(most spinning is done during the feeding period) and from the old 
silk that is partly consumed and thereby being recycled.

Crystallites formed by stacked β-sheets were detected in the silks 
of all examined caterpillars37 but differences in periodicity indicated 
that they are made by different amino acids. Analysis of H-fibroins 
in the representatives of Pyraloidea38,39 and Yponomeutoidea26 
revealed that their repeats are formed by arrays of diverse motifs; 
motif concatenations are short and rare (Fig. 3). The Ala-rich motifs, 
which often consist of the strings of Ala or Ser, are likely to form crys-
tallites; the replacement of Ala by Ser does not disturb crystallinity.40 
The formation of β-sheets and crystallites is also likely for the motifs 
in which Gly alternates with Ser or another residue, i.e., GXGX 
or GXXG. On the other hand, the GGX motif probably yields a 

and on Ala in Antheraea pernyi.33 This was later confirmed when the 
protein sequences became available. Most of the B. mori H-fibroin 
is built from the motif GAGAGS.34 Strings of GAGAGS hexamers  
(S is occasionally replaced with Y or V) followed by GAAS or a 
similar tetrapeptide form a second tier repeat and two to six such 
repeats followed by a highly conserved sequence of 43 residues 
consisting of a chain of GA dipeptides followed by charged residues 
(Fig. 3) make up a third order iteration.35 The 43 residue sequence 
functions as spacers breaking the repetitive region into 12 large 
modules. The repetitive H-fibroin region in A. pernyi also contains 
12 modules, each consisting of 5–8 repeats. The repeats fall into four 
categories (Fig. 3) that are all composed of a relatively hydrophilic 
part (11–22 residues) and a hydrophobic string of 12–14 (exception-
ally 5 and 15) alanines.28 We wish to emphasize that the number or 
repeats per module varies; the same is true for the number of motifs 
concatenated in the repeats of B. mori. Such heterogeneity, occasional 
residue replacements and the intercalation of spacers separating the 
repeats probably prevent excessive crystallization that would occur 
with long strings of the precisely registered motifs.36

Bombyx and Antheraea represent families Bombycidae and 
Saturniidae that are characterised by low silk production in early larval 
instars and high production for the construction of extensive cocoons 
after the termination of feeding. During cocoon construction, up 
to 20% of the body biomass is converted to silk. Since sufficient 

Figure 2. H-fibroin nonrepetitive C-terminus (A) numbered from the translation-initiating Met (the signal sequence is shown in italics in Ap and N-terminus 
(B) numbered in reverse from the last amino acid residue in the caddisflies) Rhyacophila obliterata (Ro, unpublished), Hydropsyche angustipennis (Ha)44 
and Limnephilus decipiens (Ld)44 and in the moths Yponomeuta evonymella (Ye),26 Galleria mellonella (Gm),38 Bombyx mori (Bm)35 and Antheraea pernyi 
(Ap).28 Small parts of the repetitive region are included (dash-underlined). Residues conserved at least in three species are highlighted grey, Cys residues in 
the secreted protein are printed boldface. A region conserved in the N-terminus of lepidopteran H-fibroins and in a very degenerate form in the trichopteran 
H-fibroins, is dot-underlined.
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precise alignment of specific motifs that occupy precise but widely 
distributed regions of the repeats. The homogeneity is extreme in 
silks of high functional demands, such as in G. mellonella. Larvae of 
this species live in beehives and their survival depends on continuous 
spinning of tight tubes in which they hide. The tubes are elastic to 
allow the larva to turn around. On the other hand, stiffness and 
close fiber packing into a protective wall are needed in the cocoons 
that are spun at the end of larval development. The silk of G. mello-
nella probably meets all these requirements due to a proper blend of 
motifs and their precise alignment in the highly conserved repeats. 
Related species that are less dependent on the silk performance 
produce H-fibroins with less conserved repeats. In the Mediterranean 
flour moths, Ephestia kuehniella, the regular repeat arrangement is 
disturbed primarily in the central part of the repetitive region and in 
the Indian meal moth, Plodia interpunctella, the repeats seem to be 
erratic throughout the region.39

spiral conformation.41 Little is known about the conformation of 
the motifs that occur in the H-fibroin repeats of Pyraloidea and 
Yponomeutoidea (Fig. 3). These “amphiphilic” motifs consist of 
three hydrophobic amino acid residues flanked on each side by 2–4 
polar residues. Motifs of this kind also occur in the nonrepetitive 
H-fibroin N-terminus in all Lepidoptera and in a more degenerate 
form in Trichoptera (Fig. 2). When present in the repeats, the motif 
is imbedded in a highly crystalline region and probably restrains the 
formation and size of the crystallites, thereby affecting fiber stiffness. 
Frequent association of this motif with Pro contributes to the idea 
that they function to disturb β-sheet formation.

The H-fibroins of Yponomeutoidea and Pyraloidea contain 
several repeat types (Fig. 3). Repeat composition from simple motifs 
as well as repeat arrangement in higher order modules is species 
specific. For example, G. mellonella H-fibroin includes highly 
conserved repeats of 63 amino acid residues (A), 43 residues (B1) and 
18 residues (B2).38 The repeat assembly AB1AB1AB1AB2AB2(AB2) 
makes up a module and 12 such modules constitute the major part 
of the H-fibroin. High repeat homogeneity is probably essential for 

Figure 3. H-fibroin repeats in the moths Y. evonymella,26 G. mellonella,38 B. mori35 and A. pernyi28 and the caddisflies H. angustipennis and L. decipiens.44 
Several motifs are recognised: Ser and/or Ala rich, may alternate with Gly (dash-underlined), bulky hydrophobic central residues flanked with charged 
residues (highlighted grey), GlyGlyXxx triplets (dot-underlined) and motifs containing Pro (for example GPGLV) or Trp surrounded by charged residues (solid-
underlined).
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water remains to be discovered. It is not excluded that covalent 
cross-linking by disulfide bridges plays a role. The L-fibroins of 
caddisflies contain 2–5 additional Cys in comparison with the lepi-
dopteran L-fibroins (Fig. 2). More importantly, several cDNAs from 
the silk gland-specific libraries of the caddisflies we studied encoded 
Cys-rich repeats (unpublished). A 37 kDa silk protein composed of 
five repeats, each 63–65 amino acids long and including 4–5 Cys 
residues, was discovered in another Hydropsyche species.47

Fleas (Siphonaptera)

Larvae of Siphonaptera (fleas) produce silk from the labial glands 
to construct nests, pupation cases and individual and group cocoons. 
There is no data on the silk composition, except for an over-all 
analysis of the representation of individual amino acid residues. The 
silk proteins have predominantly an α-helical conformation and the 
silk composition is characterised by low levels of glycine and a high 
proportion of glutamic acid residues.2,37,48

Midges, Glow Worms and Flies (Diptera)

Silk has evolved in the larvae of some nematoceran Diptera, 
which produce silk from the labial glands and independently in 
adult male hilarine flies (Diptera-Brachycera: Empididae). The male 
hilarine flies secrete class III silk from the dermal glands located 
in the fore leg basitarsi and use it to wrap gifts that are offered to 
females during courtship.49 The silk contains a 220 kDa protein 
with unique repeats.50 The silks of Nematocera have been described 
in the glow worm (Mycetophilidae; Arachnocampa luminosa) and 
analysed in detail in the water midges (Chironomidae). Glow worm 
larvae spin silken nests on the roof of caves or overhangs and suspend 
silken snares from this nest to trap prey. The silk proteins have not 
yet been described but X-ray diffraction data indicates that they 
are in a cross-beta structure.51 Chironomid larvae spin protective 
tunnels throughout their development. Silk composition changes in 
the last larval instar when a pupation tube is made. The glands of 
Chironomus tentans include 38–40 cells producing about 15 secretory 
proteins that fall into three size groups: about 1,000 kDa, 100–200 
kDa and less than 100 kDa.52 The largest ones (spIa, spIb, spIc and 
spId), are encoded by four closely related genes BR1, BR2.1, BR2.2 
and BR6, respectively; they are called BR to emphasize their locali-
sation in the puffs (Balbiani rings) that are visible on the polytene 
chromosomes. These genes have unique 5' and 3' termini and a 
large central region consisting of uninterrupted blocks of 125–150 
nearly identical repeats, each with a constant (C) and a slightly vari-
able subrepeat (SR) region. The C region encodes about 30 amino 
acid residues with four Cys, one Met and one Phe in conserved 
spacing. The SR region codes for 30–60 residues that are arranged in 
shorter (3–11 residue) tandem repeats, rich in Pro, often flanked by 
basic and acidic amino acids (Fig. 4). Repeats encoded by BR6 are 
extremely charged.

Seven silk proteins under 200 kDa are built from sequences 
related to the C and/or SR regions. For example, silk protein 115/140 
includes 65–68 copies of an SR region, sp17 contains a single C/SR 
repeat and sp12 is a 7.6 kDa protein that may represent a diverged 
SR region.53 The data suggest that 11 silk genes have evolved after 
sequence duplication and recombination of a single ancestral gene. 
The conservation of the C and SR sequences indicates the func-

Caddisflies (Trichoptera)

The silk gland morphology and the silk composition in Tricho-
ptera are similar to those of Lepidoptera. Histological evidence42,43 
and our unpublished cDNA sequences demonstrated the presence 
of sericin-like materials but none have yet been characterized. 
PSG proteins of the silk filament have been analysed in all three 
trichopteran suborders and found to be similar, in spite of differences 
in the silk use. The larvae of Hydropsyche angustipennis (suborder 
Annulipalpia, family Hydropsychidae) spin catching nets and 
hiding tubes and, at the end of larval development, construct small 
domes from the sand grains. The larvae of Limnephilus decipiens 
(Integripalpia, Limnephilidae) use silk to stick together pieces of 
plants and other materials (depending on the species) into protec-
tive cases; at the end of larval development they close the cases 
and pad them with silk lining. The larvae of Rhyacophila obliterata 
(Spicipalpia, Rhyacophilidae) use silk only before pupation to spin 
parchment-like cocoons. The silk of all three species contains homo-
logues of lepidopteran H-fibroin and L-fibroin but not of P25.44 
Terminal regions of the H-fibroins and the entire L-fibroin sequences 
contain conserved spacing of residues with specific properties (hydro-
phobicity, charge), including the cysteines that link H-fibroin and 
L-fibroin in the silkworm silk. The structures of both the H-fibroin 
and L-fibroin genes are also similar to those of Lepidoptera, suggesting 
that the H-fibroin/L-fibroin interaction evolved in the ancestor of 
Trichoptera and Lepidoptera. P25 does not occur in Trichoptera but 
it is uncertain whether it has been secondarily lost in this order or if 
it represents an innovation specific to Lepidoptera-Ditrysia.

H-fibroin repeats in all analysed trichopteran H-fibroins are 
blends of several motifs that are rarely reiterated in string-like fashion 
(Fig. 3). Motif diversification is less pronounced than in Lepidoptera; 
the patterns of motif arrangement in the repeats, rather than differ-
ences in the motifs characterize caddisfly suborders. Existence of 
higher-order modules remains to be proven. The Ser-rich and 
Gly-rich motifs and an “amphiphilic” motif (2–3 hydrophobic resi-
dues flanked by two hydrophilic ones or a proline) resemble certain 
lepidopteran H-fibroins. The strings of SX dipeptides apparently 
form β-sheets and crystallites based on hydrogen bonding via polar 
zipper interactions,45 whereas some of the Gly-rich strings, such as 
GGLGGLGH are more likely to have a spiral conformation. The 
GPGXX motif, which probably makes a β-spiral and confers fila-
ment elasticity,46 occurs in the H-fibroin of H. angustipennis whereas 
species from other suborders contain Pro in other arrangements. 
Caddisfly H-fibroins do not contain the typical lepidopteran motifs 
GAGA and poly(Ala) and their Ala content is strikingly low with 
Ala virtually absent in the repeats of L. decipiens. Unique to caddis-
flies is a highly symmetrical motif with a central Trp (R. obliterata: 
GPGGRRGWGRRGPG). Its occurrence in all caddisfly suborders 
suggests functional importance. All examined caddisflies further 
contain repeats with an amphiphilic region that begins and ends with 
a (Ser-X)4-6 string and includes 30–35 amino acid residues.

Since the silks of caddisflies are produced and persist in water, 
one would expect H-fibroins with hydrophobic repeats but those 
identified so far are amphiphilic.43 The high content of hydrophilic 
residues, both neutral and charged, probably facilitates the secre-
tion and storage of the covalently linked L-fibroin/H-fibroin dimer 
in the absence of P25. Mechanism stabilising the spun-out silk in 
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β-sheet structured silks are plesiomorphic, while coiled coil struc-
tured silks, polyglycine silks and collagen-like silks represent derived 
conditions.

Among Symphyta, production of silky cocoons is common. 
Silks of the superfamily Megalodontoidea (two species analysed) is 
β-sheet structured, similar to that of families Argidae (3 species), 
Cimbicidae (two species), Diprionidae (three species) and Pergidae 
(two species) from the Tenthredionoidea.2,37,57 Species from the 
family Tenthredinidae produce silk based on either β-sheet struc-
tured proteins, collagen-like proteins or polyglycine II structured 
proteins (4, 6 and 7 species, respectively);2,58 with more than one 
of these protein structures detected in some of the species. Collagen 
is a structure where three left-handed polypeptide helices twist 
together to form a right-handed triple helix that is stabilized by 
numerous hydrogen bonds.59 The interior of the triple helix cannot 
accommodate any side chains larger than hydrogen and this places 
a restriction on the primary sequence so that every third residue is 
required to be glycine. The collagen triple helix is typically stabilised 
by high levels of proline or 4-hydroxyproline (produced by post 
translational enzymatic hydroxylation of proline) in the nonglycine 
positions. As expected, the collagen from the Tenthredinidae cocoons 
contains around one third glycine but no hydroxyproline; instead it 
contains substantial amounts of hydroxylysine.57 Polyglycine II is a 
structure of parallel poly-glycine chains, each with a three-fold screw 
axis and each hydrogen-bonded to six neighbors.60 Consistent with 
the structural analysis, the polyglycine II silks of the sawflies contain 
high levels of glycine (66%).2

In the Apocrita, species from the parasitic wasp superfamilies 
Ichneumonoidea (five species)2,37,57 and Chrysoidea (2 species)61 
produce silk that is primarily based on β-sheet structured proteins. 
A partial gene sequence (785 bp) encoding a fragment of a very 
large silk protein (>500 kDa) has been described from the parasitic 
wasp Cotesia glomerata (Ichneumonoidea, Braconidae).62 The partial 

tional importance of their combination. Extreme deviation was 
found in the gene BR3 that encodes one of the major silk proteins 
(designated sp185) in 38 exons (Fig. 4). The protein contains 72 
copies of comparatively variable repeats with a C region. It has been 
proposed that splitting of the repetitive region into variable sized 
exons prevents the homogenization of the repeats observed in other 
BR silk genes. Structural studies on synthetic peptides representing 
the C or SR region indicated that the C region is primarily α-helical 
and the SR-region forms an extended poly(Gly)II-type helix.54 It is 
assumed that the extended helical spI proteins assemble into a silk 
backbone by electrostatic interaction between the SR regions and 
covalent disulfide bridges between the C regions (there are >400 Cys 
per molecule). The propensity of spI silk proteins to form disulfide 
bridges was confirmed after a recombinant 83-mer protein containing 
typical C and SR regions was expressed in Escherichia coli.55

The silk glands of Chironomus thummi and related species have a 
lobe composed of four cells distinguishable from the others. These 
cells express a 2.5 kb transcript that encodes a putative 77 kDa 
protein with a comparatively nonrepetitive sequence unrelated to 
other chironomid silk proteins.56 The sequence of 756 amino acid 
residues contains 24 Cys, 22 Met and strings of Ser and Thr. A 
secreted protein of 160 kDa is associated with both N- and O-linked 
glycan moieties. Some of these characteristics resemble lepidopteran 
sericins.

Sawflies, Ants and Bees (Hymenoptera)

Cocoon silks produced from the labial glands of Hymenoptera are 
based on a surprising array of protein structures. Below is a descrip-
tion of the phylogenetic distribution of the molecular structure of 
cocoon silk in six of the 21 hymenopteran superfamilies with the 
number of species from which the data was obtained indicated in 
brackets. The distribution of silk types between and among the 
two hymenopteran suborders Symphyta and Apocrita suggests that 

Figure 4. Some of the repeats identified in the silk proteins in the chironomid larvae and in the larvae of Hymenoptera. Repeats encoded by the BR genes of 
Chironomus contain a constant region C and the SR region composed of 4 subrepeats.74 Smaller silk proteins, such as sp185/220 are composed of degen-
erate repeats.75 The Cotesia silk protein contains the dipeptide repeat Asn (sometimes Gly, Glu or Tyr): Ser/Ala in a conserved 28 amino acid repeat.62 
Residues conserved in all repeats of the respective protein are highlighted grey. The primary sequence of the coiled coil silk proteins (examples from Apis 
melifera are shown) have heptad repeats characteristic of coiled coil proteins in the seqeunce HPPHPPP where H = generally hydrophobic residues and  
P = generally polar or charged residues.66 The initial residue of the heptad repeats is shown in boldface.
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The co-incidence in the phylogenetic distribution of beta-sheet, 
polyglycine II, and collagen-like structured silks in the Hymenoptera 
coupled with their common usage and method of synthesis, suggests 
an evolutionary link. However, it is difficult to envisage a gradual 
evolution of one protein structure to the other without intermediates 
with compromised mechanical integrity. Although the mechanical 
properties of most of the hymenopteran silks have not been 
described, it is known that in many cases the mechanical strength of 
silks appears to exceed that required for the silk function.68 Therefore 
it is possible that the extraordinary mechanical properties of insect 
silks are incidental consequence of the silks tightly packed molecular 
structure. If the final structure offered other selective advantages then 
less mechanically efficient silk fiber intermediates may not be selected 
against. The lack of experimental comparison of the silks from each 
of these structures does not allow us to ascertain the selective advan-
tage of either collagen-like or polyglycine II structured silk.

Although it is similarly difficult to trace an evolutionary path from 
the large, highly repetitive beta-sheet silk depicted by the Cotesia silk 
gene to the small nonrepetitive silks genes of the ants and bees, there 
is more information on the characteristics of the different silks that 
suggests why the coiled coil silks became so established. The coiled 
coil silks evolved in a common ancestor predating the emergence of 
sociality.61 The coiled coil silks are more resistant to denaturation 
than the β-sheet silks and evolution of silks with enhanced stability 
would allow the construction of longer lasting domiciles.61,66 
Sociality is intrinsically linked to the ability to build durable nests 
and therefore evolution of sociality in the Apoidea and Vespoidea 
might be linked to the acquisition of this more stable silk.
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