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Silk fiber produced by the larvae of Trichoptera (caddisflies) and Lepidoptera (moths and butterflies) is composed
of two filaments embedded in a layer of glue proteins. In an aerial environment Lepidoptera spin silk filaments
assembled from heavy chain fibroin (H-fibroin), light chain fibroin (L-fibroin), and the glycoprotein P25. The
silk filament of caddisflies, which is produced and persists in water, contained homologues of H-fib&@a (

kDa) and L-fibroin (25 kDa) but not of P25. The amphiphilic nature of H-fibroin and its high content of charged
amino acids probably facilitate the secretion and storage of a covalently linked L-fibroin/H-fibroin dimer in the
absence of P25. Several types of short amino acid motifs were arranged in orderly fashion in the regularly reiterated
repeats that made up more than 95% of the length of H-fibroin. The H-fibroi$ydfopsyche angustipennis
andLimnephilus decipiensom different caddisfly suborders contained GPXGX, SXSXSXSX, and GGX motifs
such as the lepidopteran and spider silks but differed from them by a lack of poly(A) and poly(GA) motifs.
H-fibroins of both caddisfly species harbored a conserved repeat of 31 residues but were distinguished by a few
species-specific motifs and their organization in higher order repeats. Structural differences may be related to the
silk function as a catching net if. angustipennisind a stitching fiber irL. decipiens.

Introduction rapid polymerization into hydrophobic filaments during spin-
ning. The construction of the silk filament from the three protein
The silk used in textiles is manufactured from cocoons that components has been conserved for 150 million years of
are spun by caterpillars (larvae of Lepidoptera) as a shelter for |epidopteran evolutiof L-fibroin and P25 have been lost from
pupae. The silk fiber consists of two filaments which are derived the silkmoths of the Saturniidae family, which constructs silk
from a pair of labial glands and sealed into a single fiber by filaments from dimers of amphiphilic H-fibroing:3
coating proteins called sericiAsEach filament is basically a Silk components are stored in the gland lumen for days or
polymer of heavy-chain fibroin (H-fibroin, 226500 kDa) which  \eeks as a highly concentrated gel that is converted to a solid
contains short hydrophilic ends and a long repetitive central fjjament when passing out of the gland. The mechanism of
region. Reiterations of simple motifs such as GAGAGS in olymerization is not well understood, but shearing and loss of
Bombyx mofi or strings of 16-12 Ala in Antheraeaspecie$ water apparently play important roles. The process of silk
are organized in higher order repeats. Motifs containing alterna- 4 ymerization may be different in caddisfly (Trichoptera)
tions or strings of Gly, Ala, and Ser seem to be present in the |aryae, which spin under water. Histological studies distinguish
H-fibroin of all Lepidopterd® and form 3-sheets and three-  gecretions from the posterior and the middle sections of the
dimensional crystallites that reinforce the filaméfihe forma- caddisfly silk gland$#15and by analogy with Lepidoptera the
tion of noncovalent inter- and intramolecular links is essential gocretions are called “fibroin” and “sericin”, respectively.
for H-fibroin polymerization, and the nature of motifs and their  1,\vever, no protein homologies between the silk proteins of

arrangement into higher order repeats determine physicalrichoptera and Lepidoptera have been demonstrated. Amino
propert_les of the silk f"am‘?ﬂt- . . acid composition is established only for the whole silk of one
Studies on the domestic silkworn. mori reveal that  yichopteran speciéwithout any information on the number
H-fibroin is associated with light-chain fibroin (L-fibroin) and ot jndividual silk components. A silk protein contig, which was
P25 (also called fibrohexamerif)Disulfide linkage between jgentified in an EST library based on the silk glands of another
H-f|br<_)|n and L-fibroin (about 25 kDa) is |nd|spensable_for_the caddisfly species, exhibited no homology with known lepi-
secretion of both componerftand weak links between L-fibroin o hteran silk proteind, This observation is intriguing because
and P25 seem to protect the I.atter against deglycosyl&tion. Trichoptera and Lepidoptera evolved from a common ancestor
P25 occurs in two forms that differ by the degree of glycosy- anq similarity in their silk composition might be expected. We
lation and apparently act as chaperones, facilitating transport|5,nched a study to verify whether homologues of H-fibroin,
and secretion of the highly insoluble H-fibroin/L-fibroin het- | inroin and P25 occur in caddisfly silk and, if so, what is
erodimers: The assembly of H-fibroin, L-fibroin, and P25 into  {he structure of repetitive motifs in the H-fibroin. The aim of
elementary secretory unitss probably essential for the long- o work was to find out whether the design of lepidopteran
term storage of hydrated silk dope in the gland lumen and its gj\ js compatible with spinning in an aqueous environment.
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Silk Filament Spun in Water

Figure 1. (A) A catching net with the opening of the retreat tube
spun by the larva of Hydropsyche angustipennis. (B) A portable case
of a Limnephilus decipiens larva stitched by from pieces of grass
leaves with a silk fiber. Bars indicate length of 1 mm.
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gels. Electrophoresis was performed under denaturing conditions. Gels
were either stained with Coomassie brilliant blue R-250 or used for
semidry protein blotting onto Immobilon-P membranes (Millipore).
Selected protein fractions were sent to the Protein and Nucleic Acid
Core Facility of the Medical College of Wisconsin for N-terminal
peptide sequencing.

cDNA Libraries. Total RNA was prepared from 25 pairs of silk
glands from H. angustipennisand 20 pairs fromL. decipiens
respectively. The glands were pulverized in a mortar under liquid
nitrogen, and the powder was extracted with 7&0of ISOGEN-LS
reagent (Nippon Gene Co. Ltd, Tokyo). Genomic DNA was removed
by partitioning with 20Q«L of chloroform, and RNA was precipitated
from the remaining aqueous phase with an equal volume of 2-propanol.
The precipitate was rinsed with 70% ethanol, dried briefly at room
temperature, dissolved in 0.5% SDS with 20 mM sodium acetate (pH
5.3), and stored at80 °C. Silk-gland specific cDNA libraries were
constructed commercially by Takara Bio Inc. (Ohtsu City, Japan) with
a ZAP-cDNA Synthesis Kit (Stratagene). An ABI PRISM 3700 Genetic
Analyzer (Applied Biosystems) was used to sequence 1056 randomly
chosen clones ofl. angustipennisand 1056 clones off. decipiens.
Inserts with open reading frame (ORF) longer than 300 bp were
subjected to BLASTX homology search against protein databases
available at the EXPASyY Proteomics server (http:// www.expasy.org).
Matching sequences (over 95% identity in more than 100 base pairs)
were aligned into contigs with the aid of the Clustal W program. The
number of separate ESTs belonging to a contig was taken as a measure
of the expression level of the respective gene. Most contigs contained
the entire ORF and the 8ntranslated region of the respective cDNA.

PCR. RNA was extracted with the ISOGEN-LS reagent from newly
prepared silk glands and used with the SMART RACE cDNA
Amplification kit (BD Sciences) to prepare the 1st strand cDNA and
to perform standard PCR and RACE PCR. Specific primers (shown in
Results) were applied to confirm and extend sequences identified in
the contigs, and degenerate primers based on lepidopteran P25 were
used in attempts to detect P25 homologues. PCR products were purified

opens toward the water current and is camouflaged andby electrophoresis in agarose gels, extracted with a QIAquick Gel
walls. A fine cobweb spun at the tube entrance and openedC|°”ed into a pCR4-TOPO vector (Invitrogen). Plasmid DNA inserts
against the water current is used to collect food brought in by were sequenced with the aid of gene specific primers or with the T3,

the water. By contrast, the larvaeldmnephilus decipiensse
silk fiber for stitching fragments of grass into portable cases in
which they hide and eventually pupate (Figure 1B).

Materials and Methods

Insects and Sample PreparationLast instar larvae of caddisflies
were collected in the vicinity of &skeBudgovice (Czech Republic)
in April and May. The larvae oH. angustipennigCurtis) (suborder
Annulipalpia, family Hydropsychidae) were found under stones in a
small brook and those of. decipiens(Kolenati) (Integripalpia,

M13 forward, and M13 reverse primers matching the vector. Prism
3100 or Prism 310 Genetic Analyzers were used with the PRISM
Sequencing Analysis and the AutoAssembler software (ABI) for
sequencing, sequence alignments, and conceptual translations.
Northern Analysis. The expression of identified genes H.
angustipennisvas verified with Northern analysis. Total RNA was
extracted separately from the posterior section or the distal portion of
the middle sections of 20 silk glands. In other experiments, total RNA
was prepared from the entire silk gland of individual larvae. RNA was
fractionated by electrophoresis and blotted onto Hybordmembranes
(Amersham Biosciences). The L-fibroin probe was obtained by
amplifying inserts of appropriate cDNA clones with the T7 and M13

Limnephilidae) on submerged vegetation in a large pond. The larvae reverse primers; the products were trimmed vlitoR| andXhd and

of H. angustipennisvere collected without their hides, whereas those
of L. decipienswere taken with their cases. Collected larvae were
brought to the laboratory in shallow containers cooled with ice. Most
larvae were promptly dissected and their silk glands frozen in liquid
nitrogen. To obtain material for the silk protein analysis, freshly
dissected silk glands dfl. angustipenniswvere ruptured in a small
volume of chilled distilled water (50L per pair of glands), and liquid
silk flowing out of the glands was collected for 5 min. The silk-
containing water was mixed with an equal volume of the urea buffer
(8 M urea, 2% SDS, and 5%-mercaptoethanol in 10 mM Tris, pH
7.0), incubated overnight at 4C, and centrifuged, and the supernate

was used for protein analysis. To gather spun silk, about 20 larvae

were kept for a couple of days at 2C in a glass jar containing 200
mL of tap water and silk was collected from the jar wall.
Silk Protein Analysis. Silk extracts n 4 M urea were centrifuged,

heated for 5 min in a boiling water bath, and loaded onto polyacrylamide 135 could be assembled into a single contig with' ae€gjion

isolated with a QIAquick gel extraction kit. H-fibroin probes were
amplified from appropriate cDNA clones with T7 and T3 primers and
purified by filtration through a Montage PCR centrifugal filter
(Millipore) without restriction enzyme treatment. Probes were labeled
with the ECL Direct Nucleic Acid Labeling and Detection System
(Amersham Biosciences), and hybridization was performed as recom-
mended by the manufacturer.

Results

Genes Encoding Proteins of the Silk Filament Core.
Sequences corresponding to genes encoding structural silk
proteins were searched for in silk gland specific cDNA libraries.
Out of 724 ESTs analyzed in the first screeidirangustipennis,

Ccbv
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v v v v v v v v v
2\ Ha atcagttcagcteca-g-cetecgoc----ATBAGGECGECAATTCTCCTGATCTTATTCTGCTCATTGCAG-ATACATTTARCAGEGGC 59
Ye atcagttcggttccaac-tctcaaa----- ATGAGAGTCGCAGCCTTTGTGATCTTCTGCTETECATTGCAGTATCTCCCTGCARRTGGA 60
Gm ateagtceggtteca-c-tetcaatacaat ATGAGAGTCACAMCCTTCEGTCGATCTTCTGCTETEGCTCTECAGTATCTTACTGCAGATCCA 60
Em atcagttecggttcocaac-totcaag----- ATGAGAGTCAARACCTTTGTGATCTTGGTCTGCGCTCTGCAGTATGT CGCTTATACARAT 60

v v v v v v v v v

E3 Ha -71 GCTCCTGCAGGACTTCTCCATACAATCTTTTGATCAAGCGTTGETAATCGCTCGCAAGCTTARCGEAAATTGCtaagecttaattgatattea
Ld -71 CTCCTTGCAAGTTGCCCGATTTCAACTTGTTCGTGAALGTGGEARATCGTTCGCARATCTARCGECAACTCTtaatctgctttgoccgeaac

Ye -68 AGCCATGCTACGTCAGCCGGAGGCAARCTCACCGTCAGEETTGETAGTCGACGTCAA- --TGCEGCCTTCTECtga-agatattatttagace

Gm -71 TCCCTTGTAGTCTCACTCGTAGACAATTCGTTGTTAAGATTGECACCAGACGCCAACCTTGTGETTACTGCtaatttgtttggttttttat

Bm -65 AAAACTGTGGAATTCCTAGAAGACAACTAGTTGTTAAATTC------ AGAGCACTGCCTTGTETGAATTGCtaatttttaatataaaataa
Ha ttttattcatttatatatgtatatatatattgtttatttogattataattgoaatctcactttaatggtatgattatataaaattatteat
Ld atgtttcattecgtttgttagattctoctectggetgtgttttagttcacagtctocatcacgatttttatttaaaaaaagaceccttttotttgt
Ha ttattgacttgtatttgtttttcectattatacaaatgtatgatattcaataataaatttaaatatactgtgtagtatataaataaaaaaaa
Ld cctactttattttattgtattttactggaatcaataaacttatttgtatattaaaaaaaaaa
v v v v v v v v v

(: Ha .. ataggccgctactaccgctagagaaceATGGCGATCCTCETCTTCCTCTCTECTCTTCTCTTCATCCAGGCGECTTOGECTCAC--- 57
L o owow o w e g cagcgttateatcagacATGGCGCTCTCACTICTGATTGGAGCGCTCCTCGCTATTCAGEGGCECARGCTTCGTCGECA 60
Ye accgattggtcgagagaa-gaccagtaaagATGCTECCTCTCETTTTEGTATTACTCGTCGOGCAARGOGCACTCAGCGCCCCCTCCETC 60
BME esneumissiie e aaaagacecagcaca-ATECTGCCCTTCETTTTGGTATTACTCGTCGCGACGAGEGCATTAGCCGCCCCCTCEETT 60

Bm accgattggtcacataacagaccactaaa-ATGAAGCCTATATTTTTGGTATTACTCGTCGCTACAAGOGCCTACGCTGCACCATCGETG 60

v v v v v v v v v
I) Ha TACAACCGCAGCTGATGATETCAAGAGCAGTCTITATTCATCTTGCGTTEtaaataaaaa <—605-> aattaataaaccggtgcactatg 1409
Ha TACARCGCAGCTGATGATGTCAAGACGCAGTCTTTATTCATCTIGCGTTtaaatagaaaa <—427-> aatttaaataaatcagtaaacat 1231
Ld TTCAGGECCAGCGGCAACGCCAAGACTECGACTTAGGTCTCGATGCCACEgagaagect <—408-> ttcataaataaattaaaaatagt 1187
Ye GCAGCCGCCAGTGCCCAGCAGGCACTCECTCAAGCCGLCGCTAGRGCTtaagactatg <—339-> cctttcaataaataagatgtatc 1152
Gm GCAGCCGCTCARGCTGGACARGCCCTCGCCARACGCAGCCGCCARCGTGCAACTGtaaa <—2328-> taatttaataaagatgtatccag 1156
Bm TTAGTTGCTAATGCTCAAAGATATATTGCACAAGCAGCCAGCCAGETTCACGTCtaaa «—209-> ttgtacaataaagatgtatccag 1122

Figure 2. Terminal H-fibroin and L-fibroin sequences in the caddisflies H. angustipennis (Ha) and L. decipiens (Ld) and the moths Yponomeuta
evonymella (Ye), Galleria mellonella (Gm), and Bombyx mori (Bm). Nucleotides are numbered from the translation initiation codon (underlined),
except for the 3' H-fibroin end (B) which is numbered backward from the stop codon. Coding nucleotides are in upper case and the noncoding
ones in lower case. Stop codons are in boldface, and polyadenylation signals are underlined. Highlighted nucleotides indicate homology between
the two caddisfly species and at least one moth species or between at least one caddisfly and two moth species. (A) H-fibroin 5’ region (GenBank
entries: Ha, AB214506; Ye, AB195979; Gm, AF095239; Bm, V00094). (B) H-fibroin 3' region aligned around the stop codon (GenBank entries:
Ha, AB214507; Ld, AB214509; Ye, AB195978; Gm, AF095240; Bm, AF226688). Full-length of the untranslated tail is shown only for the caddisflies.
(C), (D) Portions of the 5" and 3' L-fibroin regions, respectively; two cDNAs with different lengths for the 3' untranslated region were found in the
Ha L-fibroin (GenBank entries: Ha L-fibroin long version, AB214508; Ld, AB214510; Ye, AB195977; Gm, S77817; Bm, x17291).

homologous to the'3nd of the lepidopteran H-fibroin gene.  (“long version”) and 50 others fited a contig of 2492503 nt,
A similar contig was represented in decipiensoy 36 among with the length depending on the number of nt between the
316 analyzed ESTs. Further analysis confirmed our conjecture poly(A) signal and the start of the poly(A) chain (GenBank
that the contigs represented H-fibroin cDNAs. Another abundant Accession No. AB214507 for the long version registered as the
EST type, which was present in 36 copies in the databank of 3' region of H-fibroin cDNA). A reverse primer, HYHFBRO02
H. angustipennisind 17 copies in that df. decipiensencoded (5'- TCC GTC TCC GAT AAT GTC GGA GTC CAA -3,
proteins of 261 and 254 amino acid residues, respectively, which corresponding to nt 184210 from the 5end of the long contig,
proved homologous to lepidopteran L-fibroins (see below).  was used for 5SRACE, and several PCR products of different
On the basis of the situation in Lepidoptera, cDNAs encoding length were amplified and cloned. Clones 303 (1662 nt) and
a homologue of P25 should be represented in the libraries with 318 (2318 nt) were sequenced (GenBank Accession numbers
similar frequencies as the L-fibroin cDNAs. However, none of AB241627 and AB241628, respectively). The sequences were
the 167 and 133 contigs, which were assembled from the similar and, in a region of 231 nt and some shorter areas,
complete set of sequenced ESTsHn angustipennisaand L. identical, but differences in other portions left no doubt that
decipiens respectively, encoded a protein resembling P25. they represented separate internal regions of the H-fibroin gene.
Further search for P25 homologues was carried out with 3 Additional 5 RACE was performed with reverse primer
RACE PCR employing the degenerate primer NYP25F01 (5 HYHFBR31 (8- CTC CGA GGC CGC GTG GTC CGT AGC
ACA ACC TVG CBG CBA ACT CGA AHT GC -3). This AA -3") which matched a DNA stretch that encoded the amino
primer corresponded to nucleotides (nt) 380 of the acid motif GCYGPRGLG in clone 303 instead of the regularly
conserved region oGalleria mellonella P2% and was used  occurring GWYGPRGLG. A smeared product was cloned and
successfully foP25 identification in an evolutionarily distant ~ sequenced. One of the clones consisted of 561 nt and included
moth specie8. Silk gland specific first strand cDNA oH. a B nonrepetitive sequence followed by the repeats: HY-
angustipennisvas used as template for numerous PCR reactions HFBR31 hybridized to a region 375 nt downstream from the
performed under various conditions, but no relevant product beginning of the repetitive blocks. Finally, RACE performed
was obtained. Additional evidence for the absence of a P25 with the reverse primer HYHFBR41'(5GCG CCG CAA CAC
homologue in caddisflies came from N-terminal sequencing CCT TAC CG ATC TTC -3), derived from the end of the
(13—20 residues were identified) of all 2@0 kDa proteins nonrepetitive region, yielded a product (HYHFBR41RACE) that
that were separated by SDS PAGE from the silk extraddof  apparently began with the transcription start site (position 1 in
angustipennisTwo proteins proved to be L-fibroin (see below), Figure 2A). The sequence downstream from the nonrepetitive
and six were structurally different from all known lepidopteran 5 end was extended with the primer pair HYHFBF41 (forward,
silk proteins. Analysis of their role in the silk is pending. 5- TCC TAA ACA TGG CAA GGG TAA AGG CC -3, nt
Characterization of H-Fibroin cDNAs. The length of the 342—-367) and HYHFBR31, and the second (1087 nt) and the
3 untranslated region of the H-fibroin contig ldf angustipennis third (1603 nt) shortest of several amplified products were
varied. Three ESTs could be assembled into a 2574 nt sequenceloned and sequenced. A combination of these sequence%\ﬁi{?
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the HYHFBR41RACE sequence was defined as a 1943 nt 5
region ofH. angustipennigi-fibroin (GenBank Accession No. A PoML 123 B. P M1 2 3
AB214506).

Analysis of all established sequences yielded the following

information about the H-fibroin gene &f. angustipennis. The kl; — . “

leader sequence and about 50 nt of the ORF, which began in7.5 ==

position 25 of the cDNA, were clearly homologous to the

lepidopteran H-fibroin gene (Figure 2A). The ORF continued

with about 350 nt of a unique sequence followed by repetitive 24 —

blocks (not shown here). Similar blocks were found in the

internal gene sequences (clones 033 and 318) and in most oly , . - - -

the 3 contig. The terminal nonrepetitive part of the GRF R} T T

included 216 nt prior to the stop codon. A stretch of about 70

nt immediately preceding the stop codon was similar to the

corresponding part of the lepidopteran H-fibroin gene (Figure R . e RO . Ps

2B). The following untranslated terminus contained two putative

polyadenylation signals in positions 2470 and 2552 from the Figure 3. Identification of H-fibroin (A) and L-fib_roin (B) mRNAs on

start of the 3contig. Use of the first signal was associated with 2 Northem blot of total RNA prepared from the middle (lanes M) and

the common cDNA version that typically included 2503 nt, but posterior P) sections of 20 silk glands and from the whole glgnds pf
. ! ) - individual last instar larvae (lanes 1, 2, and 3) of H. angustipennis.

rare species lacking 4, 8, or 10 nt just before the poly(A) tail positions of DNA size markers are shown on the left.

insertion also occurred. The second polyadenylation signal was

used in the longer cDNA.

The H-fibroin contig ofL. decipiensrevealed the ‘3region
of the gene. It contained a 1548 nt coding sequence, a
presumptive polyadenylation signal in position 1692, and a poly-
(A) tail following nucleotide 1711 (GenBank Accession No.
AB214509) Repetitive blocks occupied the first 1364 nt,
nonrepetitive coding sequence composed the subsequent 18
nt, and the noncoding tail made up the last 163 nt (without the
poly(A) chain). The region spanning about 150 nt prior to the
stop codon was similar to the H-fibroin &f. angustipennis
and the last 70 nt of ORF showed homology to the lepidopteran
H-fibroin genes (Figure 2B). The high degree of sequence
similarity in the nonrepetitive ORF contrasted with the diversity

of the noncoding 3tail. No attempt was made to amplify the The H-fibroin probe was derived from nt 1003-2142 of the 3

> eno! of .the H-fibroin CD_NA int.. dgupler?s. ] contig (GenBank Accession No. AB214507) and corresponded
L-Fibroin cDNAs. Contigs encoding L-fibroin homologues g the repetitive ORF region. The L-fibroin probe matched the
exhibited similarities to the'snd 3 ends of the L-fibroin gene | _fiproin cDNA (GenBank Accession No. AB214508) from
of the moths (Figures 2C, 2D). Two contig versions were position 16 to the end. Both probes detected specific MRNAs
identified inH. angustipennisand both were used fot RACE in the extracts from the posterior silk gland section (Figure 3,
with reverse primer HYLFBRO1 (5 GCG GCT TGA GCG  panels A and B, lane P) and did not react with RNA extracted
AGA ACT TGA GCA TA -3'). The identical 18 nt of the  from the middle section (lane M). The H-fibroin probe hybrid-
extreme 5region were amplified in both cases. Hence, the full- jzed with a single transcript of about 15 kb (Figure 3A),
length cDNAs proved to have identical leader sequences (27 revealing that the identified sequence of 8497 nt represented
nt) and open reading frames (771 nt), but theiBtranslated  more than half of the mRNA. The L-fibroin probe detected two
region of one cDNA version included 204 nt (without the poly-  hands corresponding to about 1.0 and 1.4 kb mRNAs (Figure
(A) tail) and the other contained 638 nt (GeneBank Accession 3B) consistent with the cDNA sizes described above. Identical
No. AB214508). The overlapping parts of the two cDNAs were  hypyridizing bands occurred in the analysis of samples prepared
identical except for positions 324 and 858, where cytosines from the glands of individual larvae (Figure 3A and B, lanes
occurred in the longer, and thymines in the shorter version. The -3). The detection of H-fibroin and L-fibroin mRNAs exclu-
replacement in position 324 was in the coding region but did sjyely in the posterior silk gland section was consistent with
not change the codon sense; the second mutation was in the 3the data on Lepidoptera. Similar td. angustipennissome
noncoding region. The long cDNA version included four distinct | epidoptera produce two L-fibroin mRNAs differing in the
polyadenylation signals, of which the first was used in the short |ength of the noncoding’3ail.132°
(Figure 2D) and the last one in the long cDNA version (not Deduced H-Fibroin Protein. The identified 5 end of the

shown). The presence of two L-fibroin mRNAs was confirmed H-fibroin gene ofH. angustipenniencoded 482 amino acid
by 3 RACE with the HYLFBFO1 primer (5 CTC AAG TTC residues. The alignment of the deduced peptide with the

4.4 —

only one polyadenylation signal, but the site of poly(A)
attachment varied slightly. Both thé &nd 3 ends (Figures 2C
2D) and the internal sequence contained regions of high
homology with the L-fibroin oH. angustipennisFor example,
areas encompassing 54380 and 434479 nt in thelL.
decipienssequence were 94% and 86% identical, respectively,
0 the 558-591 and 439-484 nt regions of thél. angustipennis

DNA. However, the overall homology of the nucleotide
sequences was low.

H-Fibroin and L-Fibroin Expression in Silk Glands.
Expression of the H-fibroin and L-fibroin genes in different silk
gland regions was examinedlh angustipennisNorthern blots
of total RNA were prepared from the posterior and the middle-
distal sections of the glands dissected from last instar larvae.

TCG CTC AAG CCG CTG AA -3). N-terminus of lepidopteran H-fibroins showed clear homology
A single contig encoding the L-fibroin homologue In in the predicted signal regiéh which covered 20 residues
decipiensconsisted of a portion of the leader sequence, 747 nt (Figure 4A). The following nonrepetitive sequence of 115
of the coding region, 441448 nt of the untranslated Bzgion, residues was characterized by frequent grouping of two nonpolar

and a poly(A) tail (GeneBank Accession No. AB214510). The residues (lle, Leu, Val, Phe, Pro) flanked by one or two charged
extreme 5end showed some similarity to the L-fibroin gene residues (Asp, Glu, Lys, Arg). These motifs, the overall negative
of the moths (Figure 2C). Thé 8ntranslated region contained charge, and the similar distribution of charged residuescrlsv
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A v v N4 A \'4 L' v

Ha MRAAILLILFCSLQIHLTGAKIGHNAQKGIDDFLGGAHISKCGKHERILQGED--IIETNAKGELIEKIVSR 70
Ye MRVAAFVILCCALQYV---AANGYNDIQGVNTSNMEETDIEQTTDFEK-DTN-GTLFEKTLTRKKFEGHLNV 67
Gm MRVTTFVILCCALQYV--TADAIDDSLLNFNNENFIE-IGESTTAE--VDVENGTLVERETTRKKYERDGDI- 67
Bm MRVKTFVILCCALOYVAYTNANINDFDEDYFGSDVTV-QSSNTTDEIIRDAS-GAVIEEQITTEEMQORKNKN- 70
Ha KEILTDDDSESFSVSYSSEDDSTETIVKTITIVQEIPKHGKGKGHAKEKIFEEETVIKKIGKGVAAPVVAPAV 143

Ye GSGPKLSGNDKIIRFFVIESDAS---------------------- GQETIYEEDVVIHQVPGASASASASASS 118
Gm --TPNISGEDKEIVREEVIETDAS --------------cccoooooo GHETVYEEDVVIKRKPGQOQGVTERTTIG 116
Bm --HGILGKNEKMIKTEVITTDSD----~-----------~-~~-- GNESIVEEDVLMKTLSDGTVAQSYVAAD 119
B A LA k' W v A2 v

Ha -76 PSPGIVVPGVISSGVVAPGLVGGHGGLVNVGGTH-VLPGTSVYTTHPDPRTVRSSCRTSPYNLLIKVGNARKLNGNC

Ld -76 RFGGFVSSGSSSVESVRPGRVLAGLGRVGALGRSGVVPVPSVYTNHPGN - SWKSPCKLPDFNLFVKVGNVRESNGNC

Ye -76 YGPRGSGSAAASSAAAGSSGPVEVNNYGPYGSGSSAAASASASAGGYGSGGVROPCYVSRROLTVRVGSRRQ-CAFC

Gm -77 VVSAASAPVVGPSVSSVGPVGAQVIEIGSPVVPSVSRTGSVSRVSVSGRPGVRVPCSLTRRQFVVKIGTRROPCGYC
Bm -75 GAGSGAGAGSGAGAGGSVSYGAGRGYGQGAGSAASSVSSASSRSYDYSRRNWRKNCGIFPREQLVVKF--RALPCVNC

Figure 4. Amino acid sequences deduced from the H-fibroin cDNAs of H. angustipennis (Ha), L. decipiens (Ld), Y. evonymella (Ye), G. mellonella
(Ga), and B. mori (Bm) (for full insect names and GenBank Accession Numbers see Figure 1). The sequences are aligned to maximize homologies;
residue positions conserved in two caddisfly species and at least one moth species or between at least one caddisfly and two moth species are
highlighted. Repetitive sequences adjacent to the nonrepetitive termini are dash-underlined. (A) N-Termini numbered from the initial Met. (B)
C-Termini numbered backward from the last Cys residue.

sembled the N-terminus of lepidopteran H-fibroin. Seven that included unique repeats HBHDg, HC,, and HG, and at
residues of theH. angustipennisnotif AKEKIFEEETVIKK the end of the repetitive region that harbored two copies of HC
were identical, and the remaining ones were replaced with However, the major part of H-fibroin seemed to be composed
residues of properties similar to the H-fibroin of Lepidoptera of the repeat blocks [(HPHD;) HD HA HB (HB HB) HC
(Figure 4A). Certain similarity to lepidopteran sequences also HC3] (the repeats in parentheses were not always present).
occurred in the nonrepetitive C-terminus that included 72  The analyzed portion of the H-fibroin repetitive regionLin

residues irH. angustipennisind 62 inL. decipiengFigure 4B). decipiengncluded 454 residues (Figure 6). The representation
The final stretch of 38 residues was homologous to the H-fibroin of individual amino acids differed from the H-fibroin df.

of Lepidoptera, including a conserved position of Gysvhich angustipennidy the absence of Ala, a lower content of Pro,
in B. mori provides covalent linkage to the L-fibrofA.Cys_; and a higher representation of basic residues. Short motifs, which
was also conserved, but its disulfide bridge partneB.imori, resembled those &f. angustipennisi-fibroin, composed higher
Cys_4, was lacking in the H-fibroin of caddisflies. order repeats LD, LE, and LF, which all terminated with a

Major portions of the identified H-fibroin cDNAs encoded GRRRGPWGRG sequence but were different otherwise. The
amino acid repeats composed of several types of short motifs,LD repeat with a stretch of 31 amino acid residues (underlined)
which are shown in different colors in Figures 5 and 6Hn containing a central Pro and two Ser-rich lateral motifs was
angustipennisthe repeats began with residue 136 of the deduced very similar to the major part of the HD repeat, whereas the
H-fibroin amino acid sequence and continued until the end of LE and LF repeats were specifictodecipiensThe LE repeats
the identified N-terminus in position 639 (Figure 5). Similar were characterized by several reiterations of the GGX motif
repeats made up the peptide sequences of clones 303 and 318nd the LF repeats by four copies of the SV dipeptide. Repeats
as well as the sequence of 697 residues that preceded thef the same type did not follow after one another, but the
nonrepetitive C-terminus. Repeat types HA, HB, HC, and HD identified sequence was too short to recognize a possible higher
could be distinguished by the arrangement of short amino acid order arrangement.
motifs. The truncated versions of repeats HC and HD are L-Fibroin Sequence. The L-fibroin contigs were puta-
referred to as Hg HC, HCs, and HDO, and the slightly tively translated into a protein of 257 amino acid residues
extended versions of the HB and HD repeats are labeled HB (deduced mass 26951 Da)kh angustipennisind 249 residues
and HD:, respectively. Most kinds of the short motifs occurred (25980 Da) inL. decipiengFigure 7). Signal peptide cleavage
in several repeat types. The pentapeptide GPRGL (green inwas predicted to occur between residues 18 and 19, and 21 and
Figure 5) and its modifications (e.g., an Arg replacement by 22, respectively The secreted L-fibroin oH. angustipennis
another polar residue) occurred in all repeats exceps. AC began with a sequence HCNTAGLVQATWGLIEDGEI which
similar motif with Pro in the second position but without Gly, was found in two proteins purified from the silk by polyacry-
e.g., APVVY, APIIR, and QPIYY, was typical for the HD lamide electrophoresis. Their mobility corresponded to the 26
repeats. These repeats further included a stretch of 31 residuesand 28 kDa standards and their N-terminal sequences read
(underlined) that was partly conserved in the H-fibroinLof HXNTAGLVQATXGLIEDGEI and HXNTAGLVQATXG-
decipiens(see below). The stretch contained a central Pro LIXD, respectively. We assume that both proteins are encoded
flanked by symmetrical sets of 15 residues; residues at the sameby the identified L-fibroin cDNA. The size discrepancy between
distance from Pro were either identical or similar. Positions the 28 kDa protein and the deduced L-fibroin mass (25089 Da
6—14 on either side from Pro were occupied by a Ser-rich motif after the signal peptide removal) may be due to postranslational
(blue). A similar motif also occurred in the HA and HC repeats. modifications. The deduced L-fibroin sequence contained three
The HA and HB repeats were characterized by a motif consisting N-myristoylation and two prenylation sites that may be involved

of two hydrophobic residues flanked by-8 predominantly in attaching a nonpeptide moiety to the peptide chain.

hydrophilic residues (gray). Finally, the HA and HC repeats = Sequence alignment (Figure 7) showed a clear homology
contained a few GGX triplets (shown in yellow,=X Leu, Tyr, between the L-fibroins of the two caddisfly species and their
or Trp). relationship to the lepidopteran L-fibroins, which were charac-

The conservation of limited repeat types suggests that theyterized by conserved positions of 3 Cys residues. The investiga-
represent motif arrangements essential for H-fibroin function. tions onB. mori revealed that the first two residues form an
This may also apply to the repeat assemblies in higher tiers. intramolecular disulfide bridge, while the most distal Cys
The assembly was irregular at the start of the repetitive region provides a linkage to the H-fibroi#?. The positions of thes&DV
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N-terminus v v v v v

APVVAPAVDI 167
HD APVVYHAPIVARRPK 223
HC, 256
HB 280
HC, 308
HD, 353
HD; 416
HA 470
HB, 503
HC, 531
HD 588
HA 639
Clone 303 P X + 24
HD, APVVYHAPIIRRAPK] 69
HD, QPIYYRPPVVVRAPK 114
HD 171
HA 225
HB 249
HB 273
HC 312
HC, 335
HD, APVVYHAPIIRRAPK 380
HD, QPIYYRPPVVVRAPK] 425
HD 482
HA 536
HB 554
Clone 318 Yy + 5
HD, 50
HD 107
HA 161
HB 185
HB 209
HB 233
HC 272
HC, 295
HD 352
HA 406
HB 430
HC 469
HC, 492
HD, APVVYHAPIIRRAPK 537
HD,; QPIYYRPPVVVRAPK] 582
HD QPIYYRPPVVVRRPK] 639
HA GDSGIVDG 693
HB SDIIGD .... 710
C-terminus v v v v v
HA GDSGIVDG GRRPYGGYEHSGEVOA - EBREH v EPREN -719
HB SDIIGDG -695
HB SDIIGDG -666
HB SDIIGDG -642
HC -603
HC, -580
HD APVVYHAPIIRRAP -523
HA -469
HB -445
HB -421
HB -397
HC -358
HC, -335
HD, . -290
HD, -245
HD -188
HA -134
HC, -104
HC, - 73

Figure 5. Repeats in the amino end (N-terminus), internal regions (clones 303 and 318) and carboxy end (C-terminus) of H. angustipennis
H-fibroin. The N-terminal sequence is numbered from the initial Met (cf. Figure 4A), internal sequences from their first residues, designated x
and vy, respectively, and the C-terminus is numbered backward from the terminal Cys (cf. Figure 4B). Distinct motifs are highlighted with different
colors and aligned in repeats designated HA, HB, etc. A sequence conserved in the H-fibroin of L. decipiens (see Figure 6) is underlined.

cysteines, short stretches of amino acids in their vicinity, and caddisfly L-fibroins. However, the presence ef2 gaps in the
the spacing of certain other residues were conserved in theprotein alignments, C-terminal extensions, and additional 8&/
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v v A4 v
... SESESWSEFRIvTRGyYTXISRESSVENCGRR -474
LE LSGSGDLDGLGGVGGLGGLGGLGGR -442
LF -416
LD -374
LF -347
LE -312
LF -288
LD -246
LF =222
LD -178
LE LGGLSGSGDLDGLGGVGGLGGLGGLGGR -143
LF EGVRR =117
LD ERIVTPGS EGGIR - 76

Comparison:

HD APVVYHAPIIRRRPK ERIVAPTVITR --
LD 4 ERIVTPGIYT EGGRR RG
Figure 6. Repeats (LD, LE, and LF) in the sequenced carboxy end of L. decipiens H-fibroin. The sequence is numbered backward from the

terminal Cys (cf. Figure 4B). Distinct motifs are highlighted in colors. The region conserved in H. angustipennis is underlined. The relatedness
of L. decipiens and H. angustipennis H-fibroins is demonstrated by a comparison of randomly chosen HD and LD repeats.

v v v v v
Ha MAILVFLSALLFIQAASAHCNT ~~ ~ m o o o o o o o e e e AGLVOATWGLIEDGEI 38
Ld MALSLLIGALLAIQGASFVASSH~~~~mmmammm ISASLLEGTWDLVEQGEV 41
Ye MLPLVLVLLVAQSALSAPSVSVNQVAYNQAEGPRDNGNLINSYVTDAVFGLLDGAEQ 57
Gm MLPFVLVLLVATSALAAPSVVISQDNINNIAPRVGNGRPISSALIDRAFEIVDGGDT 57

Bm MEKPIFLVLLVATSAYAAPSVTINQYSDNEI~PRDIDDGKASSVI~SRAWDYVDDTDK 55

Ha EPFSLVLRDSILAIENDN~PTSQLYALGATLTAVSELSWVRPSSACAYANLINANVG 94
Ld EPYVLLLEKDEVV~~~~~~~ STGGVYGLGATLTGVGELAWPRPASGCGHSKLINANVA 91
Ye NIYMLTNQQIVNDMANSGDPTTQALALGQAINLVGEAV~GSTGDACAYANLANAY~~ 111
Gm NIYILTIQQILNDLADQPDGLSQSLAVTQAVAALGELATGVPGNSCEAARAVIDAYAN 114
Bm SIAILNVQEILKDMASQGDYASQASAVAQTAGIIAHLSAGIPGDACAARNVINSYTD 112

Ha LANHNLGRAALSSAIDGYAQVLAQAAENIRILGQCCVLPSPWPVLDNCCGDYGRIYD 151
Ld LNDGTLAWGELEDAVDSYAVVLAQAVDNLRILGLNCIIPAPWPTLENSCGDWGRIYD 148
Ye ~~~ASGNAAAVSQOALSGYVNRLNANINAVARLAVDPTARGSIVGSSGGCAGGGRSYQ 165
Gm SVRTGDN~SALSIAVANYINRLSSNIGLISQLASNPDSLRYSSGPAGNCAGGGRSYQ 170
Bm VRSGNFAGFRQSLGPFFGHVG~~QNLNLINQLVINPGQLRYSVGPALGCAGGGRIYD 168

Ha FENSWSLATGCNSEGPR~~~~~~~ CAARDLYLALNARSNNVGAAATSAATTPALSIF 201
Ld FESSWSLSKVNKGVV~~~n~mm~n~ CAARRLYTSFGARANNVGAAATSAATDAATSII 196
Ye FEQVWDSVLANANAYTIGLLNEQYCMARRLYASYNPONNNVAAARLSASAIPEVROIL 222
Gm FEAAWDAVLNNANPYQIGLINEEYCAARRLYNAFNSRSNNVGAAITAGAVVAQTQAA 227
Bm FEAAWDAIL~~~ASSDSSFLNEEYCIVKRLYNSRNSQSNNIAAYITAHLLPPVAQVF 222

Ha KRIKGEISSLLSLATAPKSSGCATRKKDLRTAAGVLKQAIYNAADDVKSSLYSSCV 257
Ld SEIEDELVSYLE~AVVSKSAG~~PKOKLLRTLAGSLKASIFRASGNAKSGLRSRCH 249

Ye SSVAAPLANLMRVVASGGNPAQAAASAQQALAQAAARA 260
Gm QIILPSLVNVLS~AVAAGGNVAGAAA~QAG~~QALANAAANVQL 267
Bm HQSAGSITDLLRGVGNGNDATGLVANAQRYIAQAASQVHV 262

Figure 7. Deduced L-fibroin amino acid sequences in H. angustipennis (Ha), L. decipiens (Ld), Y. evonymella (Ye), G. mellonella (Ga), and B.
mori (Bm) (for GenBank Accession numbers see Figure 2). Residues in comparable positions in both caddisfly species and at least one moth
species or in a caddisfly and at least two moths are highlighted; Cys residues (shown in boldface) conserved in all compared species are
underlined.

residues distinguished caddisfly L-fibroins from those of the composed of H-fibroin and L-fibroin. The distribution patterns
moths. The similarity of L-fibroins betweeld. angustipennis of specific amino acid residues in the nonrepetitive H-fibroin
andL. decipiensamounted to 46% (119 out of 257 residues) termini and throughout the L-fibroin sequence indicated that
and extended throughout the sequence. The positions of residuegese proteins interact in a similar way to the homologous silk
with functional groups in the side chain were preferentially components in Lepidoptera. General hydrophilicity and con-
conserved. This included two cysteines that do not have sered spacing of certain amino acid residues are probably
counterparts in the lepidopteran L-fibroins. essential for the interaction of H-fibroin ends during the gradual
aggregation of H-fibroin molecules in micelles and globdfes.
Divalent ions, which have been shown to connect large micelle
Assembly of the Silk Filament.Data presented in this paper assemblies ifB. mori4 possibly interact with acidic residues
demonstrate that the silk filament of caddisflies is largely present at the amino end of both lepidopteran and trichopt&B\r}

Discussion
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H. angustipennis
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*7 L. decipiens
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Figure 8. Kyte-Doolittle hydropathy plots of the terminal H-fibroin regions. Regions shown consist of repeats except for the first 135 residues
in the N-terminus of H. angustipennis and the last 72 and 62 residues in the C-terminus of H. angustipennis and L. decipiens, respectively.
Positive values indicate hydrophobicity.

Table 1. Per Cent Representation of Selected Amino Acids in the Deduced Repetitive Sequences of the H-Fibroins in Two Caddisfly and
Four Moth Species?

residue H. angustipennis L. decipiens Y. evonymella G. mellonella B. mori A. pernyi
Gly 217 24.6 27.7 31.6 45.9 27.3
Ala 4.8 0.0 26.3 23.8 30.2 43.1
Ser 17.8 17.3 17.8 18.1 12.1 11.3
lle, Leu, Val 20.5 215 8.4 16.0 22 1.6
Thr, Tyr 6.1 5.0 6.1 2.3 6.2 5.6
Pro 10.1 4.8 24 3.2 0.3 0.2
Asp, Glu 5.9 4.7 2.3 2.7 1.0 5.1
Arg, His, Lys 14.0 16.7 0.6 0.8 0.2 3.0

a Analysis is based on 1042 residues in H. angustipennis, 516 in L. decipiens, 955 in Y. evonymella, 1277 in the waxmoth, G. mellonella, 5263 (full
sequence) in the silkworm, B. mori, and 2639 (full sequence) in the oak silkmoth A. pernyi.

H-fibroin. In B. mori it has been demonstrated that disulfide L-fibroin were conserved iil. angustipennigandL. decipiens
linkage between Cys, of the H-fibroir?® and Cys;o of the accentuating their functional importance.

L-fibroin?2 is indispensable for the secretion of both protéins. We do not know how the silk filament of caddisflies is
We showed that caddisfly H-fibroin and L-fibroin contain Cys  stabilized to endure the long exposure to water. Covalent cross-
residues in conserved positions, indicating that they also form |inkage of the H-fibroin/L-fibroin dimer to additional protein-

a heterodimerSeveral prolines in the H-fibroin C-terminus of (S) is a poss|b|||ty A 37 kDa protein Composed of 5 repeats,
both caddisfly species enforce a particular conformation that each 63-65 amino acids long and including4% Cys residues,

may facilitate H-fibroin interactions with other molecules. has been found in the silk gland lumen of an unidentified
We failed to detect a homologue of P25, which is nonco- Hydropsychespecies’ Abundant expression of the correspond-
valently attached to the H-fibroin N-terminus B mori and ing gene (10.3% of all analyzed ESTs in a silk gland specific

facilitates the transport and secretion of the insoluble H-fibroin/ library) throughout the silk gland but maximally in the posterior
L-fibroin dimer811 An intensive search among 4000 sequences region indicates that it is an essential component of the silk
of an EST library ofRhyacophila obliterataa species from  filament. We confirmed the presence of a homologous protein
the third caddisfly suborder, Spicipalpia, was also not successfulin the silk ofH. angustipennigunpublished). Elucidation of its
(unpublished), suggesting that the absence of P25 is a generapossible linkage to some of the cysteines of H-fibroin or
feature of Trichoptera. The processing of H-fibroin/ L-fibroin  L-fibroin requires further research. Other cross-links are also
from a hydrated gel to a solid fiber in the absence of P25 may possible. For example, the sequence of 31 residues conserved
be facilitated by the amphiphilicity of both molecules. Whereas in the H-fibroin D-type repeats of botH. angustipennisand

the repetitive region of lepidopteran H-fibroins is largely L. decipiensincluded 12 lysines, a residue absent from the
hydrophobic! hydrophilicity prevailed in the caddisfly H-  aerial silks but essential in some structural proteins of the
fibroins (Figure 8). The Grand average of hydropathicity in the €extracellular matrix. In the insoluble network of elastin, Lys is
repetitive H-fibroin region was-0.330 inH. angustpennisand converted to allysine which forms specific cross-lifiRs.

—0.438 inL. decipiens.The L-fibroin was also considerably Unique Structural Features of Caddisfly H-fibroin. The
more hydrophilic in Trichoptera than in Lepidoptera and most striking feature of trichopteran H-fibroin is the paucity of
contained regularly alternating hydrophobic and hydrophilic Ala and the high content of basic amino acid residues (Table
regions. Key residues providing for the hydropathy profile of 1). A similar representation of amino acid residues with a %\/
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content of Gly, Ser, and Arg and only traces of Ala was also of Science and by Grant A5007402 to F. Sehnal from the Grant
found in the whole silk ofPycnopsyche guttifefrom the Agency of the Academy of Sciences of the Czech Republic.
Limnephilidae family® By contrast, Ala dominates or is second EST sequencing was partially supported by the Insect Technol-

in abundance and charged residues are rare in the H-fibroinogy Program of the Ministry of Agriculture, Forestry and
repeats of Lepidoptera. Caddisfly H-fibroins also contained high Fisheries, Japan.

amounts of large hydrophobic residues (lle, Leu, Val) which
are relatively common in the H-fibroins of the pyralid mdtA%
but are scarce in other Lepidoptera. A high representation of
Pro in H. angustipennicontrasts with the negligible content
of this residue in the H-fibroins dB. moriandA. pernyi.

The short amino acid motifs poly(A), poly(GA), GPGXX,

Abbreviations

EST, expressed sequence tag; H-fibroin, heavy chain fibroin;

L-fibroin, light chain fibroin; nt, nucleotides; ORF, open reading

and GGX apparently evolved independently in the major silk frame.

proteins of caterpillars and spideis?® Typical poly(A) and
poly(GA) motifs, which formg-sheets and three-dimensional
crystallite$ reinforcing the silk filaments, were absent from the
H-fibroin of caddisflies. They seem to be functionally replaced
by Ser-rich motifs that occurred in most repeat types in both
caddisfly species. Experiments with short synthetic peptides
containing strings of Ser or alternations of Ser with another
residue proved that these motifs confer crystallifftZaddisfly
H-fibroins were also rich in a pentapeptide with Pro in the
second position, similar to the GPGXX array that occurs in the
strong and elastic silks of spiders. For example, reiterations of
GPGXX are present in spidroin 2 (MaSp2)Néphila claipes?©

and in both components of the dragline silk Araneus
diadematus? It is assumed that GPGXX forms/aspiral that
functions such as a spring, conferring elasticity to the protein
polymer32 The H-fibroin of H. angustipennigontained a few
GPGXX sequences, and both species harbored a GPXGX motif
where one X is a hydrophobic residue and the other one
hydrophilic (usually Arg). A third motif known from spider and
lepidopteran silks and occurring in the caddisfly H-fibroins is
the GGX triplet. Such alternation of Gly doublets with another
residue provides for a stable spiral conformafién.

Several H-fibroin motifs seem to be unique to the caddisflies
and may be related to the use of silk in an agueous environment.
Both species contained a stretch of 31 residues in which amino
acids of similar properties were located at an equal distance
from a centrally located proline. On the other hand, the species
differed by the arrangement of motifs in higher order repeats
and by the presence of a few species-specific motifs. The
sequence DSDIIGD and the Pro-containing motifs APVVY,
APIIR, and QPIYY characterized the H-fibroin &f. angusti-
pennis whereas the highly charged motif EEGRRR was specific
for L. decipiens.The nature of motifs and the mode of their
assembly into higher order repeats probably specify physical
properties of the silk fiber. Tensile strain has been measured in
Hydropsyche siltalaand found to be low by comparison with
the silks of caterpillars and spide¥sThe silk of H. siltalai is

nevertheless at least 2 orders of magnitude stronger than the

maximum force to which it can be exposed in the catching net.
The fiber can extend more than twice in length before it breaks.
These properties are to a great extent determined by the
H-fibroin sequence which is very likely similar to that shown
here for H. angustipennis.No data are available on the
mechanical properties of the silk fiber af decipienswhich
functions as a stitching thread.
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