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ABSTRACT 
 
 
 

The aquatic caddisfly larvae (insect order Trichoptera) use their adhesive silk in diverse 

species-specific ways to construct shelters and procure food. Structural H-fibroin protein 

comprising the bulk of aquatic caddisworm silk is extensively phosphorylated (10-15 

mol%), an attribute atypical of the terrestrial silks from the caddisfly sister order 

Lepidoptera. Mechanochemical characterization of caddisworm silk from a local genus 

(Hesperophylax) shows a definitive and central role for the peptidyl phosphates in the silk 

structure, mechanical properties, and during silk spinning. Phosphates, in the form of 

phosphoserines (pS), are in blocky serial alternating repeats throughout the H-fibroin.  As 

the silk fibers are drawn from the contents of the silk gland, environmental sources of 

multivalent metal ions like Ca2+ diffuse into the nascent silk fiber and together with the pSs 

form periodic structured complexes that stabilize insolubilizing β-secondary structures. 

Complexation with multivalent metal ions decreases the symmetry of the pS –PO3
2- moiety, 

as observed by changes in the number and frequency of IR-absorption bands. Under 

mechanical load, Ca2+-pS domains rupture to reveal hidden length and dissipate 

mechanical energy. The fibers are therefore tough, requiring nearly twice the mechanical 

energy of tendon collagen to fracture: ~17.3 ± 6.2 MJ/m3. Remarkably, silk fibers cycled 

to 20% elongation completely recover mechanically within 120 min because an elastic 

entropic network guides the post-yield refolding of the Ca2+-pS domains. Various 

techniques were used to mechanochemically probe the Ca2+-stabilized β-domains.  Silk 
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fibers in solutions of descending pHs showed a drastic decrease in the force required to 

rupture the Ca2+-pS networks coinciding with the pKa of the silk pSs (pH 4.5).  Exchanging 

the intrinsic Ca2+ ions in the silk with other species of multivalent metal ions modulates the 

initial stiffness and pseudo-yield stress of the silk fibers increasing in the order Na+ <<  

Mg2+ < Ca2+ < La3+ < Zn2+ ≈ Fe2+.  The integrated intensities of the –PO3
2- symmetric 

stretching IR-absorption bands, indicative of the metal ion’s effect on transition dipole 

moment of the P-O bonds and thereby the strength of the phosphate metal complex, 

increase in the same order, establishing a link between P-O transition dipole moments and 

the silk fiber strength. 

  



 

  



 

 
 
 
 
 
 
 
 
 
 
 
 

“To see caddis larvae at eye level, I have crawled around in streams, pored over the 
downsides of rocks, and wadded in marshes and ponds…”  

 
Glenn B. Wiggins, Caddisflies the Underwater Architects  
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CHAPTER 1

 

INTRODUCTION 

 

1.1 Caddisfly Background 

Caddisflies are the seventh largest insect order (Trichoptera). Larvae of their species 

(caddisworms) are the second most abundant aquatic insect, represented by ~14,291 extant 

species worldwide [1]. Caddisflies share a sister group relationship with moths and 

butterflies of the order Lepidoptera, together comprising the insect superorder 

Amphiesmenoptera. Trichoptera and Lepidoptera diverged ~234 million years ago (Fig. 

1.1) [1,2].  Like moth and butterfly larvae, the caddisfly larvae (caddisworms) pull silk 

fibers from fluid precursors stored in a pair of large salivary glands, an attribute that both 

orders inherited from a common silk-spinning ancestor [1]. In tandem with this 

phylogenetic split, the larval caddisworms invaded aquatic ecosystems and nowadays can 

be found worldwide throughout numerous freshwater [3,4] and several marine habitats 

[5,6]. Caddisflies live most of their year-long lives feeding underwater as larvae. After 

pupating, the adult flies emerge, in mass, for a short 1-2 week period of mating and egg 

laying. The successful radiation of the order has been attributed, in part, to the underwater 

spinning of a sticky tape-like silk used by the worms in species-specific ways to exploit 

their diverse aquatic niches [4]. The inventive uses of larval silk to provide shelter and 

procure food are illustrated across the three caddisworm suborders which are loosely 
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differentiated by the types of silken structures they assemble: Integripalpia make mobile 

protective cases, usually incorporating adventitiously gathered materials like stones, plant 

matter, and mollusk shells;  Annulipalpia typically build stationary retreats accompanied 

by suspended capture nets for filtering materials and food from flowing water; Spicipalpia 

are free-living and, except the occasional anchoring tether, spin silk only to construct a 

semipermeable cocoon just before pupation (Fig. 1.1) [1]. 

Despite several studies, the silk of the aquatic caddisworm is comparatively less 

understood, both structurally and mechanochemically, than lepidopteran silks. This 

disparity in knowledge is driven in part because of the commercial value of the textile silk 

harvested from the domesticated silkworm Bombyx mori. As such, the silk of the 

domesticated silkworm is the most extensively researched and understood of all arthropod 

silks.  Comparisons between terrestrial Lepidopteran and aquatic Trichoptera silks are 

useful for understanding silk adaptations in relation to their functional applications and 

respective environments of use. Therefore, this introduction compares and contrasts the 

silks of the aquatic and terrestrial sister orders.  

The caddisfly suborders branched early in their evolutionary history; all three were 

distinct by ~203 million years ago (Fig. 1.1). The different uses of silks across the three 

suborders suggest there may be significant variations in their molecular structure and 

mechanical properties.  As is discussed subsequently in detail, the amino acid composition 

and structural silk sequences differ somewhat across the suborders as might be expected 

from over 200 million years of independent evolution; progress in understanding the 

mechanochemistry of silks in one caddisfly suborder does not necessarily translate to the 

silks in the other orders. This introduction focuses on relevant caddisworm silk studies 



3 
 

including research on all three suborders.  This introduction does not reflect the current 

state of caddisworm research because data from the subsequent chapters of this dissertation 

are intentionally omitted. 

 

1.2 Caddisworm Anatomy and Silk Spinning System 

Caddisworms are bilaterally symmetric organisms with two identical silk glands. Each 

gland is a long, thin tube enclosed at the far posterior end [7,8]. The glands fold several 

times along the length of the ventral side of the alimentary canal. Together, the silk glands 

and the alimentary canal fill most of the larval abdomen.  The unraveled silk glands are 

approximately twice the length of the larva.   Each gland is anatomically divided into 

posterior and anterior regions; the two regions have distinct functions and cell types. A 

bulbous protrusion in the outer cell wall marks the transition from posterior to anterior silk 

gland. The posterior silk gland secretes and stores silk components; it makes up most of 

the gland length (~2-4 cm) and mass. The anterior silk gland is a short, 2-4 mm long, thin 

cuticle-lined conducting tube leading towards the spinneret. The anterior lumens of the 

paired silk glands fuse into a very short common duct at the silk press just before the 

spinneret [9,10]. Accessory silk glands, also known as Filippi’s or Lyonet’s glands, are 

typically connected to the anterior conducting channel in terrestrial Lepidopteran larvae 

[11,12]. Accessory glands have not been found accompanying caddisworm silk glands. 

The interior lumen of the silk press is thick chitin.  Four muscular attachments are radially 

connected to the outside wall of the silk press and to the interior exoskeleton of the head 

[7]. The larva has voluntary control of the silk press muscles; when contracted, the press 

opens and allows the fiber to be freely drawn from the gland [7]; in the relaxed state the 
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press holds the nascent fiber firmly. It is thought that by modulating the contractile strength 

of the press muscles, the larva has variable control on the tension of the silk fiber during 

spinning [7]. The fiber leaves the larvae at a region designated by entomologist as the 

spinneret. It is located ventral to the mouthparts on the underside of the head [13,14].   

The secretory cells of the posterior silk gland are morphologically similar in aquatic 

caddisworms and the terrestrial silkworm. In both orders, the posterior silk gland is covered 

in large hexagonal cells with interdigitated membranes and large extensively branched 

nuclei [7,15,9]. The cells sit atop a ~1 µm basement membrane lining the lumen of the 

gland [9].  Beams and Sekhon reported that the degree of nuclei branching seemed to be 

related to the secretory activity of the cell; more active cells had more extensively branched 

nuclei [8].  The silk gland of the commercial silkworm B. mori has distinct secretory 

regions corresponding to the core silk components in the extreme gland posterior and the 

silk sericin outercoat components more anteriorly.  Engster observed only one type of 

secretory granule in the gland of the case-making caddisworm P. guttifer [9]. She also 

observed a peripheral layer component along the entire length of the silk gland lumen 

gradually increasing in thickness from ~0.25 µm at the extreme posterior to 3.0 µm more 

anteriorly. She suggested that the two components might be co-secreted and phase separate 

once in the lumen [9].  The peripheral component in the gland lumen was confirmed to be 

the same carbohydrate-rich material on the coating of the final silk fibers by the 

colorimetric periodic acid-Schiff  (PAS) reaction for glycoproteins [9]. In TEM images, 

the peripheral layer appeared as a fine grained compact material [9]. Engster found that the 

stored core components in the posterior silk gland comprise many 26-90 nm granules; the 

granules appeared to be the same size and appearance as Golgi vesicles extruded by the 
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silk-producing cells. The uniform granular composition of the pre-fiber components 

therefore likely represents the fundamental secretory unit rather than structures driven by 

protein folding or higher order molecular arrangements. The granular spinning dope stored 

in the posterior silk gland is isotropic, as confirmed by sectioning in multiple directions 

[9]. During silk spinning, the contents of the two glands are drawn into a paired-fiber 

filament. The stimuli that lead to fiber formation and more broadly the silk-fiber spinning 

process are poorly understood for aquatic caddisworms. 

 

1.3 Hierarchical Structure of Caddisworm Silks 

Caddisworm silk is a sticky tape with the paired attributes of a fibrous backing material 

and a pressure-sensitive adhesive coating [9,16–18].  The silk comprises two core subfibers 

fused together and encased by a thin, fuzzy layer of adhesive (Fig. 1.2 A-B) [16]. This 

paired-subfiber arrangement is shared with terrestrial moth and butterfly silks because of 

conserved similarities in silk gland anatomy inherited from their common ancestor.  The 

caddis silk core is an elliptical bundle of many axially aligned proteinaceous nanofibrils 

[16]. The core silk of a species of case-making caddisfly (suborder Integripalpia) has been 

studied in TEM cross-sections [16]. Nanoscale subfibrils of this case-maker’s core-silk are 

evenly distributed. In contrast, a study on a species of web-spinning caddisflies (suborder 

Annulipalpia) show the core subfibrils are inhomogeneously distributed with two poorly 

understood concentric morphological regions [10]. The caddisworm makes an adhesive 

joint by drawing a silk fibers through its spinneret onto a substrate while moving its head 

back and forth. The nascent elliptical core subfibers flatten against the substrate, appearing 

to maximizing the adhesive contact area [19].  An inside view of a larval Hesperophylax 
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occidentalis case clearly shows paired sub-fiber ribbons securing the case components 

(Fig. 1.2 A, C). The adhesive coating of cross-laid fibers seamlessly meld together into 

cohesive bundles thought to strengthen the adhesive joint [19].  Both the sticky coating and 

the fibrous backing material inevitably function concertedly as an adhesive tape to produce 

strong joints underwater; understanding both components is required to thoroughly 

describe the silk adhesive system. 

 

1.4 The Adhesive Coating 

1.4.1 Composition of the Silk Coating 

Engster’s early histochemical characterization of case-maker caddisworm silk revealed 

that the adhesive peripheral layer is comprised of glycoproteins with neutral and acidic 

polysaccharides. She reached this conclusion because the silk coating of the caddis silk 

from Pycnopsyche guttifer and Neophylax concinnus labeled positive with the colorimetric 

PAS reaction that stains for vicinal diols in carbohydrates and with the general protein 

stains bromophenol blue and low pH fast green [9,16]. This work was repeated, in part, for 

sections of silk from case-maker H. occidentals. Labeling with the PAS reaction was 

strongest in the peripheral coating but was also observed in the fiber core to a much lesser 

extent, suggesting carbohydrates as a minor core constituent [17]. The thin carbohydrate-

rich coating on caddisworm silk is functionally analogous to the sticky gum enveloping the 

silk of the domesticated silkworm (B. mori). The coating on B. mori silk is much thicker 

than that observed on caddisworm silk, comprising 19-28% of the silk mass [20]. In 

contrast, the sugar content of P. guttifer case silk was only ~1.2 weight% [9].  The 

peripheral coating is thin in comparison, only 0.3-0.5 µm in H. occidentalis silk sections.  



7 
 

The silk gum on terrestrial moth silk (B. mori) is almost entirely the glycoprotein sericin 

which can easily be removed with warm, slightly alkaline water to reveal the core 

subfibers. A sericin homologue has never been found for caddisworm silk even after 

exhaustive searches in mRNAs from several species in different suborders [17,18,21–23].  

It is extremely difficulty to remove the peripheral coating or solubilize caddis silk fibers 

even with strong detergents, denaturants, reducing agents, elevated temperatures, and 

chelating agents pH [16,18]. In comparison, multiple researchers have been able to 

solubilize the caddisworm silk gland contents [17,21,24]. These observations strongly 

suggest that silk constituent irreversibly crosslink after they are drawn from the otherwise 

soluble silk gland precursors. Silk of the case-making caddisworm H. occidentalis was 

observed to redden over time. A similar observation was made by Rudall who found that 

some caddisworm cases appeared “like insect-tanned material” [16]. The extreme 

insolubility and reddening of the silk were early evidence of an active crosslink-forming 

enzyme co-drawn with caddisworm silk fibers.   

 

1.4.2 Enzyme Catalyzed Cross-linking in the Peripheral Coating 

A heme-peroxidase in the peroxinectin sub-family (Pxt) was identified by searching a 

de novo assembled H. occidentalis silk gland transcriptome with peptide sequences 

identified by LC-MS/MS of trypsin digested silk gland proteins. Heme-peroxidases 

catalyze the oxidation of various substrates by reducing H2O2 to water. Peroxidase activity 

in caddisworm silk was demonstrated with Amplex Red®, a peroxidase substrate that is 

converted to fluorescent resorufin in the presence of H2O2. Resorufin fluorescence in 

caddisworm silk did not require the addition of H2O2, although florescence was greatly 
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enhanced when added, evidence that endogenous H2O2 is produced in the fibers [18]. A 

superoxide dismutase enzyme (SOD3) identified in the silk gland transcriptome may be 

the source of endogenous H2O2.  Super oxide dismutases are a broad category of enzyme, 

ubiquitous in living cells and tissues that convert reactive superoxides into more benign 

H2O2.  Both the caddis silk peroxinectin (csPxt)  and the caddis silk superoxide dismutase 

(csSOD3) were shown to be glycosylated by lectin column chromatography [17,18]. The 

csSOD3 enzyme may be co-drawn into the silk fiber where it uses reactive oxygen species 

(ROS) in natural water to generate H2O2 for the csPxt. There is a sink of ROS in surface 

waters that could feed the csSOD3 enzyme, including singlet dioxygen, superoxide, 

hydroxyl radical, and numerous peroxyl radicals. The concentration of ROS in natural 

waters is sustained primarily by photochemical reactions of sunlight with naturally 

occurring chromophores like humic acid [25].   

To identify potential targets of csPxt, the free amino acids Tyr, Arg, His, Lys, and Gly 

were added to compete with the Amplex Red® assay [17]. Only Tyr competed appreciably, 

decreasing fluorescence by ~75%.  Fluorescent imaging of silk fiber cross-sections 

revealed strong dityrosine fluroescence (415 nm) in the peripheral coating, confirming 

intrinsic tyrosine as a target for csPxt. The caddis silk Pxt itself is perhaps the most likely 

target for dityrosine crosslinking in the peripheral coating. Peroxinectins lack strong 

substrate specificity and instead achieve specificity through localization in proximity to 

their substrate [26]. Of the 24 Tyr residues in csPxt, five occur in the N-terminus outside 

of the active site. In some peroxidases, this region contains recognition binding sequences 

that localize the enzyme near their substrates, such as collagens in the extracellular matrix, 

basement membrane, or to integrins on the surface of cells [26]. Dityrosine crosslinks with 
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core components may covalently couple the peripheral coating to the fiber core. Dityrosine 

crosslinking occurs during or after the fibers are drawn since dityrosine fluorescence was 

not detected in the silk gland proteins before draw [17]. 

 

1.4.3 Mechanisms of Interfacial Adhesion 

Successful attachment of caddisworm (H. occidentalis) silk fibers to foreign materials 

likely involves multiple adhesion mechanisms. The neutral and acidic polysaccharides in 

the fuzzy peripheral adhesive coating are adhesion promotors in their own right, as evident 

from their prevalence in aquatic bioadhesives. Examples include the glycosylated silk 

proteins of the aquatic midge larva [27], sulfated polysaccharides in the sandcastle worm 

adhesive [28], glycosylated anchoring plaques of sessile barnacles [29], and anionic 

exopolysaccharide bacterial biofilms, to name a few [30].    The carboxylate anion in acidic 

polysaccharides can form complexes on metal hydroxide surfaces typical of stony minerals 

[31]. Likewise, cooperative hydrogen bonding can occur with the numerous hydroxyl 

groups in polysaccharides by associating with the typically negatively charged hydroxide 

surfaces at the higher pH of the caddisworm’s habitat: ~pH 8.2 [31].  Pristine surfaces do 

not exist in natural waters. Rather, phenolic macromolecules, like humic and fulvic acid or 

bacterial biofilms, foul natural surfaces.  Caddisworm silks must therefore adhere to these 

fouled surfaces. Soluble humic acid, which fluoresces green (518 nm), became covalently 

bound within the peripheral coating of silk fibers in the presence of H2O2, providing 

evidence that csPxt can catalyze covalent interfacial crosslinking to external polyphenol 

macromolecules [17]. In the peripheral coating, csSOD3 may generate H2O2 from 

environmental ROS that is in-turn used by csPxt to catalyze dityrosine crosslinking within 
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the peripheral coating and with surface adsorbed polyphenolic compounds [17,18]. 

 

1.5 Structural Proteins of the Silk Core 

1.5.1 The Fibroins 

The primary structural component of both aquatic Trichopteran and terrestrial 

Lepidopteran silks is the homologous highly repetitive heavy chain (H) fibroin protein 

(>350 kg/mol) [21].  A smaller non-repetitive ~25 kg/mol light chain (L) protein is also 

widely found in Amphiesmenopteran silks except in the Lepidopteran order Saturniidae, 

the sister order to the commercial silkworm B. mori [32].  Of the known protein 

constituents secreted in the silk glands of the casemaker H. occidentalis, the L and H-

fibroins were, by a wide margin, shown to be the highest expressed by quantitative PCR 

[17]. This is in agreement with studies on the silk gland contents of the web-spinning 

caddisworm Stenopsyche marmorata that showed H-fibroin was the major component ( 

~45 wt%) of the silk gland contents [33]. In terrestrial B. mori silk , the L-fibroin is linked 

by a single disulfide bridge to the H-fibroin C-terminus in a 1:1 ratio [34]. Formation of 

this disulfide crosslink is essential for proper silk secretion; H-fibroins in the commercial 

silkworm B. mori with mutant L-fibroins lacking the disulfide-forming cysteine displayed 

thiol-mediated retention in the ER and did not properly secrete into the silk gland lumen 

[35]. Yonemura and colleagues showed that the position of the crossbridging cysteines 

were conserved in the H and L fibroins of species in all of the caddisfly suborders and 

therefore suggested that the disulfide bond is also conserved widely in the aquatic order 

[21]. The primary role of L-fibroins in both insect orders is likely the promotion of proper 

silk secretion by forming a disulfide bridge with the much larger H-fibroins. In contrast, 
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the repetitive H-fibroins primarily perform a structural role in the final silk fibers as is 

subsequently discussed.  

 

1.5.2 Proteins Uniquely Identified in Only One Trichopteran Suborder 

Other protein silk constituents have been uniquely identified in various caddisworm 

species for which no homologous equivalents have been reported in other suborders or 

terrestrial Lepidopteran silks.  A repetitive 57 kg/mol structural protein was identified in 

the silk of the casemaker H. occidentalis; This protein was named PEVK-like because of 

its amino acid content and primary sequence similarities with the entropic spring-like 

spacer domains of the giant muscle protein titan which also contain abundant Pro, Glu, 

Val, and Lys [18].  Three repetitive cysteine-rich (7-14 mol%) proteins were reported for 

two species of the web-spinning caddisfly suborder (Annulipalpia), including both the 

smap-98 and smsp-72 from S. marmorata, named with their characteristic molar masses 

(kg/mol) [36,37], and the 37 kg/mol NF1 protein from Hydropsyche sp. [38].  These 

cysteine-rich proteins were hypothesized to strengthen the silk by forming insoluble 

macromolecular complexes through disulfide bridges. The cysteine-rich proteins might be 

unique to the suborder Annulipalpia because silk amino acid ratios in the case-making 

caddisworm Pycnopsyche guttifer show less than 1% Cys [39].   

 

1.5.3 H-fibroin Primary Structure and Amino Acid Composition 

Trichopteran and Lepidopteran H-fibroins share generic structural similarities. The 

bulk of their H-fibroins comprise highly repetitive structural motifs except for 5-7% of the 

protein mass that is non-repetitive N and C termini (Fig. 1.3-1.6). The primary sequence 
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repeats and amino acid composition of H-fibroins across the aquatic and terrestrial orders 

are so drastically different that homology can only be shown by the short non-repetitive 

termini (Fig. 1.3-1.6) [21]. The silkworm H-fibroin (B. moir) repetitive region comprises 

abundant poly (GA) repeats typically in GAGAGX motifs where X is usually Ser but 

sometimes Tyr. The GAGAGX motifs are highlighted in a representative sequence from 

the B. mori H-fibroin in Figure 1.3.  The abundance of these GAGAGX repeats in the 

silkworm H-fibroin structural region is reflected by high amino acid rations of Gly, Ala, 

Ser, and Tyr: 47.6  and 31.3, 12.0, and 5.2 mol%, respectively (Table 1.1).  In total, these 

4 amino acids comprise 96.1 mol% of the H-fibroin structural region; charged amino acids 

only comprise 0.7 mol%. Posttranslational modifications are sparse in the silkworm H-

fibroin structural region; 9 of the 598 Ser residues in this region might be phosphorylated 

[40], but attempts at labeling B. mori H-fibroin with anti-phosphoserine antibody were 

unsuccessful [19]. 

Trichopteran H-fibroin repeats contain similar molar ratios of Gly and Ser as the 

silkworm H-fibroin ranging from 21.8-30.7 and 12.8-16.5 mol%, respectively, for species 

in each of the three Trichopteran suborders (Table 1.1).   In contrast, Ala in the caddisworm 

repeats are comparatively sparse (0.4-4.6 mol%) and there is an abundance of the charged 

acidic and basic residues Glu, Asp, Arg, and Lys (20.0-20.7 mol%).  Extensive 

phosphorylation of serines in the the H-fibroin repeats has been reported for the case-

making and web-spinning suborders (Integripalpia and Annulipalpia).  In the case-making 

suborder, nearly all of the ~15.5 mol% Ser in the H-fibroin repeats are thought to be 

phosphorylated; in total, ~35 mol% of H-fibroin residues carry a charge in this suborder 

[19,23]. The Ser motifs identified as phosphorylated in species from Integripalpia and 
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Annulipalpia are conserved in the third suborder Spicipalpia, suggesting that peptidyl 

phosphorylation of H-fibroin repeats is widespread in the order (Fig. 1.6) . 

The amino acid composition and variety of repeat motifs are more diverse in 

caddisworm H-fibroins than that of the silkworm. Except for the short termini, the 

caddisworm H-fibroins, across the order, are ampholytic with imperfectly alternating 

blocks of acidic and basic residues. The cationic blocks primarily contain repeats of Arg 

but sometimes are mixtures with Lys, and His depending on the suborder (Grey Shading 

Fig. 1.4-1.6). The anionic blocks comprise peptidyl phosphate motifs of the form (pSX)n; 

In repeats where n is 4-6, X is usually aliphatic Val, Leu, or Ile, but sometimes Arg, and 

His;  In repeats where n is 2, X is always Gly (Blue Shading Fig. 1.4-1.6).  Yonemura and 

colleagues recognized imperfectly alternating repeating sequences in the H-fibroin of 

species from the web-spinning and case-making suborders which they designated as A-F 

repeats (Fig. 1.4-1.6) [22]. All except the B repeats contain at least one (pSX)n domain.  

The A-C repeats are unique to the web-spinning suborder (Fig.  1.4) and the E-F repeats 

are unique to the case-making and cocoon-making suborders (Fig. 1.5-1.6). In all 

suborders, the D-repeats are conserved imperfectly. In each D-repeat, there are two (pSX)4-

5 domains flanking a central Pro by 5-6 residues on either side (Fig. 1.4-1.6).   

 

1.5.4 H-Fibroin Secondary and Higher Order Structure 

Terrestrial Lepidopteran silks are semi-crystalline elastomers.  The simple sidechains 

in the GAGAGS motifs form physical crosslinks by stacking into β-crystalline domains 

interspersed within an amorphous Gly-rich elastic matrix. These silks have a high degree 

of crystallinity. The alternating Gly and Ala residues in the poly(GA) domains end up on 
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opposite sides of the stacked antiparallel β-sheets. X-ray diffraction studies reveal 

alternating intersheet distances between the glycyl and the slightly more bulky alanyl faces: 

3.70 and 5.27 Å, respectively [41].  Terrestrial spider silks independently converged on a 

similar mechanism for strengthening their silk; numerous poly (A) domains analogously 

stack into antiparallel β-crystallite crosslinks, except in this system, the intersheet spacing 

is 5.27 Å on either side of the sheet. 

X-ray diffraction studies of case-making and cocoon-making caddisworm silks 

(suborders: Integripalpia and Spicipalpia) provide evidence of stacked antiparallel β-sheets 

albeit less crystalline than terrestrial lepidopteran silks [16,41–43]. Serial alternating 

residues like the caddisworm (pSX)n motifs are common in the primary sequence of β-

sheets. Most notably are the poly(GA) repeats in the larval moth silks. Before the H-fibroin 

serines were known to be phosphorylated, multiple authors speculated that the caddisworm 

(SX)n domains would form β-sheets, a conclusion they reached from the alternating 

sequences alone [21,44,45].  With the discovery peptidyl phosphates in caddisworm H-

fibroins, Stewart and Wang suggested that (pSX)n domains might still form rigid β-

crystalline regions if the charge repulsion between the dianionic-pSs were stabilized 

through Ca2+-crossbridging [19].  Indeed, the case-making caddisworm silk (H. consimilis) 

contains equimolar ratios of multivalent metal ions, predominantly Ca2+, with intrinsic silk 

phosphates [19].   

The two D-repeat (pSX)4-5 domains are widely conserved in species from each of the 

three suborders (Fig. 1.4-1.6).  The two D-repeat (pSX)4-5 domains flank a conserved 

central Pro reside and in the case-making and cocoon-making suborders, Pro is paired with 

a Gly residue (Pro-Gly). The Pro-Gly sequence is typical of a tight turn [46]. This suggests 
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in the D-repeats that the peptide backbone doubles back on itself, making an antiparallel 

hairpin (Fig. 1.5 B).  In a hypothetical D-repeat β-sheet, the aliphatic X residues and 

dianionic phosphates of the (pSX)4-5 motifs would end up partitioned on opposite sides of 

the sheet surrounded by chemical similar or identical neighbors: the aliphatic residues on 

one side and the charged pS groups on the other. Hydrophobic effects typically dominate 

protein folding; association of the aliphatic X residues would be a strong driving force in 

the formation of the proposed β-structure [47]. Ca2+-pS crossbridges on the reverse face 

would stabilize the β-structure. There is a 600-fold decrease in the solubility of dibasic 

phosphate salt with Ca2+ vs. Na+ (0.2 vs. 118 g/L), illustrating the strong affinity of 

multivalent metal ions for dianionic phosphate as well as their potential to stabilize the pS-

face of the proposed (pSX)4-5 β-sheets in a hydrated environment [48]. Steered molecular 

dynamic simulations were used to explore the unfolding forces for various hypothetical 

secondary structures of the phosphorylated and non-phosphorylated D-repeat, including 

variants with Na+ or Ca2+ counter ions arranged in an alpha helix or β-sheet secondary 

structure.  A “dramatic increase in maximum unfolding force” was only observed for the 

phosphorylated Ca2+-stabilized β-sheet model [49]. Without knowledge of post-

translational silk phosphorylation, Rudall and Kenchinton reported that a 17 Å intersheet 

X-ray diffraction of the case silk (Olinga feredayi) was greatly reduced by treating with 

the chelating agent EDTA, prompting the prescient conclusion that within some of the 

sheets, “there are acidic groups binding an ion such as calcium [42].” 
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1.6 Motivation for This Study 

Mechanochemical characterization of the caddisworm silk is lacking. Specifically, 

experiments have not been performed to determine the mechanical role of the caddisworm 

H-fibroins and the proposed Ca2+-(pSX)n β-domains in the final silk fibers. In general, 

mechanical characterization of Trichopteran silks is sparse but there are two studies on the 

web-spinning caddisworm silks. First, the web silk of the caddisworm Hydropsyche siltalai 

was mechanically tested to failure underwater with a screw micrometer. In comparison 

with dry terrestrial silks, the authors concluded that the caddisworm silk was “one of the 

weakest natural silks so far reported [50].” In the second study, single molecules were 

picked with an AFM cantilever from the peripheral adhesive coating on the surface of 

caddisworm web-silk (Hydropsyche angustipennis) and mechanically tested by atomic 

force spectroscopy.  The study authors observed saw-like force-displacement curves which 

they attributed to “a sacrificial bond mechanism that can serve as a mechanical buffer [49].” 

Despite these limited mechanical studies, mechanochemical characterization of the silk 

fibers is completely lacking. The motivations for the studies presented herein is to fill this 

knowledge gap.  This includes experiments specifically designed to connect functional 

groups and secondary structures with their respective mechanical contributions in the bulk 

silk fibers.  

The functional groups and repetitive domains within the caddisworm silk proteins must 

not be viewed as purely structural, as in the final silk fibers, but might also be described 

from their role in the silk fiber spinning process. By necessity, the silk constituents must 

also contain design features specifically for storing the pre-silk-fiber components as a 

dense liquid spinning dope. The caddisworm silk proteins are thus sophisticated precursors; 
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the silk starts as a concentrated fluid which is then deployed during the spinning process to 

become tough insoluble fibers; this is all done underwater at ambient temperatures and 

biologically benign conditions.  

 The silk spinning system of the terrestrial silkworm relies on mechanical shear to drive 

a structural silk-I to silk-II transition. In the fluid silk-I form, disorganized chains and type 

II β-turns promote weak intramolecular hydrogen bonds. During spinning, shear forces 

induce crystallization of the silk precursors (Silk-I); tough insoluble intermolecular β-

crystallites crosslinks form from the Ala-dense poly(GA) H-fibroin repeats. As previously 

described, the caddisworm silk does not have the Ala-dense β-forming domains critical to 

fiber formation and insolubilization of terrestrial silks. Caddisworm silk must therefore 

rely on a fundamentally different mechanism to drive fiber formation during spinning. 

Understanding the liquid-solid phase transition during the caddisworm silk spinning 

process is another goal of the research presented herein.  

The long-term motivation for these studies is to discover design principles to guide the 

future development of soft but tough materials intended for use in aqueous environments. 

The caddisworm silk spinning system might also hold important design principles for 

materials intended to be processed and/or deployed underwater in a liquid state but then 

set and insolubilize. Applications of such a material might include underwater paints and 

coatings, minimally invasive injectable embolics, and medical adhesives, to name a few.  
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Table 1.1 Amino acid molar ratios of Amphiesmenopteran H-fibroin repeats. (Columns 2-
4)  Amino acid composition of the partial H-fibroin repeat regions show in Figures 1.4-1.6 
for representative species from each Trichopteran suborder. (Column 5) Amino acid 
composition for the complete H-fibroin repetitive region of the domesticated silkworm. 
Amino Acid ratios were deduced from sequences available in GenBank.  The N and C 
termini were excluded in the amino acid analysis. (ACCN: BAF62092.2, BAH80182.1, 
BAH80184.1, BAH80179.1, P05790) 
 
 
 

Order Trichoptera  Trichoptera  Trichoptera  Lepidoptera 
Suborder Integripalpia Annulipalpia Spicipalpia Glossata 
Species Hesperophylax 

occidentalis 

Hydropsyche 

angustipennis 

Rhyacophila 

obliterata 

Bombyx  

mori  

Ala (A) 0.5% 4.6% 0.4% 31.3% 
Arg (R) 12.5% 10.3% 7.6% 0.0% 
Asn (N) 0.1% 0.1% 0.3% 0.1% 
Asp (D) 3.0% 3.1% 1.5% 0.2% 
Cys (C) 0.0% 0.0% 0.0% 0.0% 
Gln (Q) 0.1% 0.2% 2.4% 0.0% 
Glu (E) 2.6% 2.8% 2.4% 0.4% 
Gly (G) 30.7% 21.8% 28.6% 47.6% 
His (H) 0.3% 2.5% 6.5% 0.1% 
Ile (I) 4.6% 5.7% 9.4% 0.0% 

Leu (L) 8.9% 6.0% 9.8% 0.0% 
Lys (K) 1.7% 1.3% 2.7% 0.0% 
Met (M) 0.0% 0.0% 0.0% 0.0% 
Phe (F) 0.0% 0.0% 0.0% 0.4% 
Pro (P) 3.7% 9.9% 3.1% 0.2% 
Ser (S) 15.5% 12.8% 16.5% 12.0% 
Thr (T) 1.3% 1.8% 1.8% 0.6% 
Trp (W) 2.8% 2.2% 1.7% 0.2% 
Tyr (Y) 4.3% 6.5% 2.0% 5.2% 
Val (V) 7.5% 8.5% 5.5% 1.5% 
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Figure 1.1. Phylogeny of caddisfly suborders.  The relationship of the three caddisworm 
(Trichoptera) suborders to each other and terrestrial moths and butterflies (Lepidoptera), 
Spicipalpia (green), Annulipalpia (Blue), and Integripalpia (Red) are depicted in this 
phylogenetic tree. Approximates dates of divergence are depicted in the grey ovals. Units 
are millions of years ago (Ma). This diagram was created from data published in reference 
1.   
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Figure 1.2. Scanning electron micrographs of the inside of a caddisworm case: (A) Inside 
view of the composite silk case constructed with 0.5 mm glass beads. (B) Close-up view 
of silk threads on the glass substrate. Scale bars are 100 and 20 µm, respectively.  
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Figure 1.3. The silkworm H-fibroin (Bombyx mori). Representative sequences from the 
silkworm H-fibroin N and C-termini. This sequence comprises 1200 of the 5263 amino 
acids in Bombyx mori H-fibroin. The non-repetitive N (nT) and C (cT) termini are 
indicated. The GAGAGX motifs of the repetitive core are highlighted in yellow (X=S or 
Y). The sequence is available in GenBank (ACCN: P05790).  
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Figure 1.4. The web-spinning caddisworm H-fibroin (suborder Annulipalpia). Available 
sequences from Hydropsyche angustipennis H-fibroin.  The Non-repetitive N (nT) and C 
(cT) termini are indicated.  Imperfectly alternating repeats are labeled A-D. Cationic blocks 
in the repetitive region are in grey and Anionic (pSX)n domains are in blue.  Conserved 
prolines are bolded. The sequences comes from GenBank (ACCN: BAF62092.2 and 
BAH80182.1). 
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Figure 1.5. The case-making caddisworm H-fibroin (suborder Integripalpia). Available 
sequences from Hesperophylax occidentalis H-fibroin.  The Non-repetitive N (nT) and C 
(cT) termini are indicated.  Imperfectly alternating repeats are labeled C-D. Cationic blocks 
in the repetitive region are in grey and Anionic (pSX)n domains are in blue.  Conserved 
prolines are bolded. The sequences were previously published [23].  
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Figure 1.6. The cocoon-making caddisworm H-fibroin (suborder Spicipalpia). Available 
sequences from Rhyacophila obliterata H-fibroin.  The Non-repetitive N (nT) and C (cT) 
termini are indicated.  Imperfectly alternating repeats are labeled C-D. Cationic blocks in 
the repetitive region are in grey and Anionic (pSX)n domains are in blue.  Conserved 
prolines are bolded. The sequences come from GenBank (ACCN: BAH80184.1 and 
BAH80179.1,). 
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CHAPTER 6 

 

ENVIRONMENTAL Ca2+ SETS THE NATURALLY-SPUN AQUATIC 

CADDISWORM SILK FIBERS 

 

6.1 Introduction 

Aquatic caddisfly larvae (insect order Trichoptera) use the process of fiber spinning to 

make an underwater adhesive silk tape [1]. Generically, fiber spinning describes both the 

natural and industrial process of drawing fluid precursors (spinning dope) into a solid 

filament by extrusion through a narrow passage called the spinneret [2]. In contrast with 

the relatively short commercial natural fibers such as cotton and wool, which are made by 

the slow process of growth, fiber spinning produces continuous filaments on-demand from 

stored precursors in a liquid reservoir. For hundreds of millions of years the only spun 

fibers were the proteinaceous silk secretions of arthropods such as those from caddisworms 

and their better known terrestrial relative the domesticated silkworm (Bombyx mori) [3].  

In the late 1800s, the first commercial artificial fiber, rayon, was spun from a solution of 

processed wood pulp [4]. Nowadays, industrial fiber spinning is ubiquitous for making 

fibers from nearly all synthetic and natural polymers. Although the materials and processes 

used to make naturally and artificially spun fibers are diverse, shearing of the pre-fiber 

components through the spinneret is always closely accompanied by a liquid-solid or a gel-

solid phase transition [2]. Shear-induced alignment of the polymer chains by the spinneret 
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imparts a superior mechanical advantage to the final fibers over the bulk polymer, typically 

an increase in modulus and toughness [2,5,6]. Industrially, a range of physical and chemical 

processes is used to solidify the nascent filament as it emerges from the spinneret: 

evaporation of organic solvents from suspended polymers (dry spinning), cooling of melted 

thermoplastics (melt spinning), and directly spinning into a chemical coagulation bath (wet 

spinning), to name a few.   

In contrast, arthropod silks are naturally spun at a narrow range of ambient 

temperatures with only plasticizing water to solvate constituent proteins [7–9].  The natural 

silk of the domesticated silkworm B. mori  (insect order Lepidoptera) was the first spun-

fiber of commercial value and is consequently the most extensively studied and understood 

of all arthropod silks.  The silkworm gland contents are liquid crystalline: compact 

proteinaceous constituents comprise many small spherical micron-sized granules [10]. By 

mass, the predominant structure silk protein of both silkworm and caddisworm silk is the 

large >350 kg/mol heavy chain (H) fibroin.  The suspended H-fibroin proteins stored in the 

silkworm glands are in a chain conformation denoted silk I; they contain a repeated type II 

β-turn believed to promote intramolecular over intermolecular hydrogen bonding [11,12]. 

Shearing of the gland contents during spinning drives a silk I-silk II structural transition 

producing intermolecular β-crystallite crosslinks that insolubilize the nascent fiber. As a 

case in point, prior to tough synthetic nylon, fly fishing leaders were drawn manually from 

silkworm glands, mechanically set, by drawing between the angler’s teeth [13]. The β-

crystallites in silkworm silk arise from abundant poly (GA) repeats typically in GAGAGX 

motifs where X is usually S but sometimes Y. The abundance of these domains is reflected 

by a preponderance of the simple sidechain amino acids G, A, S, and Y in moth silk (~89.5 
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mol%).  

Similarly, the unspun contents of the major ampulate silk gland of the golden orb-web 

spider lack analogous pleated β-sheets that are typical of the final silk fibers. The secondary 

structure of the spinning dope is ~30% α-helices, 40% random coil, and 30% β-turns [14]. 

The β-turns are likewise believed to promote a loose partially extended configuration much 

like the type II β-turns of the B. mori silk I spinning dope [8,14].  The phase transition of 

golden orb-web spider silk is also driven mechanically by the spinning process [8], except 

the analogous β-crystallite crosslinks arise from poly (A) domains and not poly (GA) 

motifs [15,16]. The silk spinning systems of the terrestrial silkworm and the golden orb-

web spider are a striking case of evolutionary convergence. Both terrestrial silks are spun 

from concentrated liquid crystalline precursors stored in a specialized secretory gland; 

contain a preponderance of simple sidechain amino acids G, A, and S (over 60 mol%) [17–

19]; and phase transition during spinning by shear-induced molecular rearrangement 

promoting interchain β-crystallite crosslinks. 

The silk spinning process of the aquatic caddisfly larvae is comparatively less 

understood than that of its terrestrial relive the silkworm. Their silk lacks the alanine-dense 

β-sheet forming poly GA and poly A motifs critical to fiber spinning and insolubization of 

terrestrial silks. For comparison, B. mori  H-fibroin contains 30.3 mol% Ala, whereas that 

of the caddisworm H. consimilis contains a sparse ~1.2 mol% [17,20]. Conversely, 

caddisworm H-fibroin (H. occidentalis) contains a preponderance of charged amino acids 

(~35 mol%) which are sparse in the commercial silkworm H-fibroins (1.7 mol%). These 

charged amino acids have a profound effect on silk structure and mechanical properties 

[20,21]. Except the short non-repetitive termini, caddisworm H-fibroins comprise 3 
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imperfectly alternating repeats designated D, E, and F [20,22]. The bulk of the H-fibroin 

is ampholytic with alternating blocks of acidic and basic residues. Each of the 3 repeats 

contains a positively charged block of 3-4 arginines and at least 1 negatively charged block 

of phosphorylated serines (pS) in motifs of the form (pSX)n [20].  In D and F repeats, X is 

usually aliphatic Val, Leu, or Ilu but sometimes Arg and n is 4 or 5, respectively. In E 

repeats, X is always Gly and n is 2. In the spun fibers, the ~15 mol% pSs are complexed 

with equal molar ratios of multivalent metal ions, predominantly Ca2+ but lesser amounts 

of Mg2+, Fe2+, and Zn2+ [21,23]. These Ca2+ complexes affect the symmetry of the pS –

PO3
2- IR-stretching modes in a way typical of compounds with periodic phosphates and 

metal ions [23].   

The (pSX)n domains are believed to form extended β-structures somewhat analogous 

to the β-crystallites of terrestrial silks except that the sheets are stabilized by Ca2+-pS 

complexes on the one side and by hydrophobic interactions between aliphatic Val, Leu, 

and Ilu residues on the opposite side [21]. Stacking of the β-sheets is thought possible by 

alternating intersheet associations of Ca2+-pS and aliphatic groups, respectively [20]. 

Multiple molecular dynamic studies predicted Ca2+-stabilized antiparallel β-sheets from 

the H-fibroin (pSX)n domains [20,24].  Corroborating studies showed the loss of β-

secondary structures in Na+-EDTA exchanged silk by ATR-FTIR, 13C solid state NMR, 

and X-ray diffraction [15,20,25,26]. Na+-exchanged silk fibers swelled to over double their 

native diameter and displayed compromised mechanical properties, including a >98% 

decrease in initial modulus, toughness, and breaking stress [20,23]. The mechanical 

toughness of the caddisworm silk is attributed to the energy-dissipating rupture of the Ca2+-
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pS complexes [23,27]. When depleted of native Ca2+, only a weakly elastic network 

remains intact [20,23].  

It is unknown how and where the critical Ca2+ enters the silk. Is it co-extruded with the 

fibers and stored as part of the gland contents? Or is it added during the spinning process 

either by the gland or directly from the hard water into which the fibers are spun? Ca2+ 

promotes the proper folding of the mechanically important pS-containing β-structures, the 

addition of which might reasonably explain the liquid-solid phase transition of silk 

constituents during the underwater spinning of caddisworm silk.  The goal of this study is 

to determine the role of Ca2+ during the fiber spinning process. Included are comparisons 

between the silk fibers and silk gland contents by elemental analysis, ATR-FTIR analysis 

of the Amide I and phosphate modes. The ultrastructure of the gland and its contents were 

studied by DIC light microscopy and TEM to determine were the gland contents begin to 

form fibers. The gland and its contents were also studied with the Ca2+-indicating dye 

alizarin S red to determine if internal Ca2+ gradients induce fiber formation within the 

gland.  

 

6.2 Experimental Section 

6.2.1 Silk Harvesting 

Fifth instar larvae of the case-maker Hesperophylax occidentalis were collected just 

prior to pupation in the early summer in upper Red Butte Creek (Salt Lake County, UT, 

USA) and maintained in the laboratory in chilled dechlorinated tap water. As previously 

described, isolated silk fibers were harvested from caddisworms which had been removed 

from their stone cases and given ~1 mm3 Teflon blocks as building material [1]. After 
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separating from the Teflon blocks, silk fibers were stored in the dechlorinated tap water 

from the caddisworm aquarium. Bundles of isolated silk fibers were used subsequently for 

analysis by ICP-OES, ATR-FTIR, and histologically with alizarin S red.   

 

6.2.2 Silk Gland Dissection 

Silk glands were dissected from fifth instar H. occdentalis larvae. The caddisworms 

were anesthetized with a 1% solution of diethyl ether in chilled water (~4 °C). The glands 

were removed using similar methods previously outlined [1]. The larvae were pinned 

ventral side up. A long cut was made from the inferior abdomen down the ventral midline 

to the base of the head exposing the posterior silk glands. The epicranial cuticle was radially 

cut and the ventral half was removed to expose the remainder of the silk gland, including 

the anterior portion and the silk press. 

 

6.2.3 Isolating the Silk Gland Contents 

Immediately after dissection, the silk glands were rapidly frozen by placing on a fresh 

glass coverslip glued atop a ~2 cm thick stainless steel plate which had been chilled in 

liquid nitrogen. The frozen glands were then lyophilized. With a pair of fine forceps, the 

stored contents of the posterior silk gland were isolated by carefully cracking away the 

brittle cellular layer. The lyophilized silk gland contents were analyzed by ICP-OES and 

ATR-FTIR as subsequently described. An intact lyophilized gland-pair, which did not have 

the cellular layer removed, was analyzed histologically with the alizarin red S (ARS) stain 

subsequently described. 
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6.2.4 Elemental Analysis by ICP-OES 

An isolated bundle of native silk fibers was rinsed with dH2O then lyophilized. These 

lyophilized silk fibers and the previously described lyophilized silk gland contents were 

dissolved in 40% nitric acid, analyzed in triplicate by ICP-OES, and the metal ions and P 

quantified by comparison to commercial standards (PerkinElmer, Optima 3100XL). Metal 

ion concentrations are reported as molar ratios to P to normalize the mass of fibers in each 

sample. After normalization, the propagated error is given by the fractional total deviation.  

 

6.2.5 ATR-FTIR Spectroscopy 

An isolates bundle of silk fibers stored in the 1 mM CaCl2 stream water analogue 

described above was blotted with a Whatman grade 50 filter paper then lyophilized. A 

bundle of Na+-exchanged silk fibers was prepared by treating excess 10 mM EDTA,  50 

mM NaCl, 1 mM Bis-Tris, pH 7.0  for 1 h, then treating in excess 1 mM EDTA, 1 mM 

EDTA, 1 mM Bis-Tris, pH 7.0 for 1 h. The sample was similarly blotted with a Whatman 

grade 50 filter paper then lyophilized.  The lyophilized bundles of silk fibers and the 

lyophilized posterior gland contents described above were both analyzed by ATR FTIR 

including the amide I spectral region from 1576-1720 cm-1 corresponding to the stretching 

mode of the C=O peptide backbone and from 875-1184 cm-1 containing both the mono and 

dianionic phosphate stretching modes. ATR-FTIR absorption spectra were collected using 

a Nicolet 6700 spectrometer (Thermo Scientific, FL) with a diamond Smart iTR accessory, 

a deuterated triglycine sulfate detector, and a KBr/Ge mid-infrared optimized beamsplitter. 

All spectra were recorded with a resolution of 4 cm-1 and 512 averaged scans.  
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The spectra containing the phosphate stretching modes from 875-1184 cm-1 were 

normalized using the area of the spectral region from 1428-1475 cm-1 containing 

absorption bands of pH insensitive side groups including Trp (CH) bending, Trp (CC) 

stretching, Trp (CN) stretching, and CH3 bending modes of the aliphatic sidechains Leu, 

Ile, Val, Ala, Thr, and Met using previously described methods [20]. A linear baseline 

subtraction was applied to the spectra of the amide I regions from 1576-1720 cm-1  which 

were then normalized so all spectra had the same arbitrary integrated intensity using Matlab 

software (MathWorks).  The amide I spectra were then fitted with Gaussian curves using 

PeakFit software (Systat Software Inc.) Local minima in the 2nd derivative were used to 

place the initial Gaussian constituents. The peak position, height, and width were allowed 

to vary during the iterative least-square method employed in the PeakFit software, thereby 

minimizing the residuals between the fitted and experimental spectra. Spectra were plotted 

using Matlab software (MathWorks).  

 

6.2.6 IR-titration of the Silk Phosphoserines With and Without Ca2+ 

To understand the effects of Ca2+ on the silk phosphoserine titration curve, two separate 

phosphate curves were prepared using the absorption band assigned to the P-O(H) bond of 

the monoanion (888-946 cm-1). One of the titration curves was performed on a bundle of 

native silk in buffers containing 5 mM Ca2+ the other on a Ca2+-depleted sample in buffers 

containing 5 mM of the chelator EDTA. The Ca2+-depleted sample was prepared by 

washing for 1 h in excess 10 mM EDTA, 50 mM NaCl, and 1 mM Tris-HCl pH 8.0. The 

respective buffers were prepared from pH 8.0-2.0 with 1 mM (Tris-HCl) (pH 8.0), 

ammonium bicarbonate (pH 7.0-6.0), acetic acid (pH 5-4.5), forminc acid (pH 4.0-3.5), or 
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glycine (pH 3.0-2.0).  IR spectra were collected sequentially on the same buddle of silk 

fibers at pH 8.0, 7.0, 6.0, 5.0, 4.5, 4, 3.5, 3, and 2 in the spectral region 881-1296 cm-1 

containing the phosphate mon- and di-anionic vibrations. The respective bundle of silk 

fibers was first treated in the appropriate buffer for 20 min then clamped to the diamond 

ATR window. The clamp margins were submerged with ~1 ml of the appropriate buffer to 

assure the fibers did not dry out during each scan. This was repeated for each one of the 

pHs. The spectra containing the phosphate stretching modes from 881-1296 cm-1 were 

normalized using the area of the spectral region from 1428-1475 cm-1 containing 

absorption bands of pH insensitive side groups, including Trp (CH) bending, Trp (CC) 

stretching, Trp (CN) stretching, and CH3 bending modes of the aliphatic sidechains Leu, 

Ile, Val, Ala, Thr, and Met using previously described methods [20]. A linear baseline 

subtraction and trapezoidal integration was applied to the region 888-946 cm-1 containing 

the P-O(H) bond of the monoanion. The integrated intensities were fitted with a base 10 

logistic function using Matlab software. The spectra, integrated intensities, and fitted 

curves were plotted using Matlab software (MathWorks). 

 

6.2.7 The pH of the Silk Gland Contents 

To find the approximate pH of the contents stored in the silk gland lumen, ~10 mg of 

the lyophilized gland contents were rehydrated in 0.5 ml of ASTM type I deionized water 

(Ricca Chemica). The pH of the solution was measured with a perpHect Ross micro-

combination pH electrode standardized with Orion pH 4.0, 7.0, and 10.0 reference 

solutions (Thermo Scientific). 
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6.2.8 Differential Interference Contrast Microscopy (DIC) 

An intact pair of silk glands were submerged for 12 h at 4 °C in a solution of 4 wt% 

paraformaldehyde in insect Ringer’s containing 10.93 g/L NaCl, 1.57 g/L KCl, 3.6 g/L 

glucose, and 25 mM Tris, adjusted to pH 7.5 with HCl.  The glands were then dehydrated 

in a graded ethanol series with insect Ringer’s: 50, 75, and 100% EtOH at 2 h intervals. 

The silk gland were cleared for 12 h and imaged while submerged in wintergreen oil 

(Methyl Salicylate). DIC micrographs were collected with an Axiovert 100 microscope 

(Carl Zeiss AG) equipped with a Plan-Neofluar 100X oil immersion objective and a XLMC 

digital camera (Dage_MTI).  Images were background corrected and contrast adjusted 

using Matlab software (MathWorks). 

 

6.2.9 Transmission Electron Microscopy 

The silk gland tissue was analyzed using previously published TEM preparation 

techniques [28,29]. Briefly, the glands were fixed in a solution of 2% glutaraldehyde and 

1 % paraformadldehyde in 0.1  cacodylate buffer (pH 7.4) for 24 h. Silk samples were then 

treated with excess 2% OsO4 in cacodylate buffer then rinsed in DI-H2O.  The samples 

were stained with 4% uranyl acetate then dehydrated with a graded ethanol series. After 

dehydration ethanol was exchanged with acetone and samples were embedded in epoxy 

Embed-812(Electron Microscopy Sciences). Blocks were sectioned to approximately 70 

nm thickness with a diamond ultra 45o blade (Diatome).  Sections were picked up on 

copper grids and stained with saturated uranyl acetate, rinsed with water, then stained with 

Reynold’s lead citrate.  A Tecnai 12 transmission electron microscope was used to collect 
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electron micrographs (FEI). Micrographs were analyzed with ImageJ software (National 

Institutes of Health).  

 

6.2.10 Alizarin Red S Staining for Ca2+ 

To determine where in the silk spinning process the silk constituents complex with 

Ca2+, an alizarin red S (ARS) stain was applied to the previously described lyophilized 

gland pair. Lyophilized native caddisworm silk fibers were used as a positive control. 

Lyophilized Ca2+-depleted silk was used as a negative control; the silk bundle was treated 

for 1 h in excess 10 mM EDTA, 50 mM NaCl, 1 mM Bis-Tris adjusted to pH 7.0 with 

NaOH. The lyophilized samples were submerged in a solution of 1.5 mM ARS, 60 mM 

Na2SO4 adjusted to pH 4.1 with 10% NH4OH for 15 min. Samples were destained in a 

solution of 60 mM Na2SO4 for 4 h, dehydrated in a graded series of ethanol, and imbedded 

in a glycol methacrylate resin following previously published techniques ( Immuno-Bed, 

Polysciencs, Inc.) [1]. Blocks were sectioned 10 um thick with a glass knife on a Jung RM 

2055 rotary microtome (Leica Microsystems). The silk gland was serial sectioned from the 

spinneret towards the posterior gland.  Samples were imaged by transmitted light 

micrsocopy using an Axiovert 100 microscope (Carl Zeiss AG) equipped with a Plan-

Neofluar 100X oil immersion objective and a XLMC digital camera (Dage_MTI). Images 

were background corrected using Matlab software (MathWorks). 

 

6.2.11 Scanning Electron Microscopy of the Caddisworm Case 

Half of the stone case was removed from several caddisworms with a pair of fine 

forceps. The larvae were then given ~0.5 mm diameter round glass beads to rebuild their 
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cases. After several days, the rebuilt cases were removed, lyophilized, cut in half, and 

mounted inside-up to aluminum specimen stubs with carbon tape. Samples were Au/Pd 

coated then imaged with a Qunta 600 FEG scanning electron microscope (FEI).  

 

6.2.12 Time-lapse Photography of Tanning Silk 

A caddisworm larva, which had been given ~0.5 mm diameter round glass beads as 

case building material, was closely monitored. Immediately after incorporating a new bead 

into its case, the case was removed and cut in half to get a clear inside view of the freshly 

laid silk.  The sample was submerged in the 1 mM CaCl2 stream water analogue in a 10 ml 

culture plate with a transparent lid to eliminate evaporation. Photographs were taken at 5 

min intervals for 40 h with a Nikon SMZ-U dissection microscope equipped with a Sony 

α7S camera body. The exposure was fixed for all images.  The average blue channel 

intensity for all images was calculated inside a rectangular box drawn to encompassing the 

fresh silk. The blue channel intensity was fitted with an exponential decay function. Matlab 

software was used to process the data and make figure plots. 

 

6.3 Results 

6.3.1 Elemental Composition of the Gland Contents and the Silk Fibers 

To understand the stimuli that leads to fiber formation, the elemental composition of 

the silk gland contents and the final fibers were analyzed by ICP-OES (Fig. 6.1).  To 

facilitate comparison, the results were normalized by the concentration of the ~15 mol% 

intrinsic silk pS (Fig 6.1).  The gland contents and the silk fibers also contain intrinsic S 

with molar ratios to P of 0.179:1 and 0.261:1, respectively (Fig. 6.1A, B).   There are large 
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differences in the molar ratios of the metals Ca, Mg, and Fe; these are likely present in the 

silk as multivalent ions. Mg2+ is the most abundant metal in the gland silk at a scant 0.031 

per P (Fig. 6.1A). There are only trace amounts of Ca, Zn, and Fe totaling <0.001 per 

phosphate (Fig. 6.1A). In comparison, the silk fibers have nearly equimolar ratios of metal 

ions to P totaling 1.05:1; Ca2+ predominates at 0.826:1 followed by Mg at 0.121:1 (Fig. 

6.1B).  

 

6.3.2 IR Spectroscopy of Silk Phosphoserine/Metal Ion Complexes 

The IR-spectral region from 875-1184 cm-1 contains the P-O stretching modes of the 

silk phosphoserines (Fig. 6.2) [30]. The number and location of phosphate absorption bands 

gives information about the pH and coordination environments of the silk phosphoserines 

[23,27]. The uncomplexed dianionic –PO3
2- moiety has C3v symmetry and two IR-active 

stretching modes: The weaker symmetric stretching (vs) mode at ~975 cm-1 and a stronger 

asymmetric (va) mode at ~1075 cm-1 [23,30,31].  The native silk gland contents clearly 

displays these two modes, the vs mode at 967.9 cm-1 and the va mode at 1064.6 cm-1 (Fig. 

6.2A).  In contrast, the vs mode of metal ion-complexed native caddisworm silk phosphates 

is split into modes designated vs1 and vs2 at 974.6 and 1010.5 cm-1, respectively (Fig 6.2B). 

The spectrum of the gland contents treated in excess 1 mM CaCl2 is qualitatively similar 

to that of the native silk fibers; a new absorption band emerges as the symmetric stretching 

modes splits into the characteristic vs1  and vs2 modes at 972.5 and 1010.2 cm-1, respectively 

(Fig. 6.2A, B).  Conversely, the spectrum of Na+-EDTA exchanged silk fibers is 

qualitatively similar to that of the native silk gland contents with a solitary vs mode at 974.6 

cm-1 and the larger va mode at ~1071.2 cm-1 (Fig 6.2B).  
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  In the spectra of native gland contents and Na+-EDTA exchanged silk fibers, there 

is a much weaker absorption mode at 923.7 and 920.9 cm-1 respectively associated with 

the P-O(H) stretching mode of the phosphate monoanion (Fig 6.2A, B) [32]. Although the 

dianonic mode predominates in the spectrum of the native gland contents, the 923.7 cm-1 

peak suggests that some of the phosphates are present as monoanions.  This monoainion 

absorption band is not present in the native silk fibers (Fig 6.2B); the complexed 

phosphates have a purely dianionic character despite identical pH for both native and Na+-

EDTA exchanged fibers (pH 7.0).   

 

6.3.3 IR-titration of the Silk Phosphoserines With and Without Ca2+ 

The effect of Ca2+ on the silk pS titration curve was investigated using the monoanionic 

absorption mode associated with P-O(H) stretching from 888-946 cm-1. Other pH sensitive 

pS modes exist in the region 881-1296 cm-1 and they are displayed in Figure 6.3A, B and 

have been discussed previously in great detail [23,27]. Because there is considerable 

overlap in most of the P-O stretching bands, the isolated band from 888-946 cm-1 is 

particularly useful. Titration plots of the integrated intensities of the region 888-946 cm-1 

were prepared for silk samples with native Ca2+ (Fig. 6.3A) and depleted of Ca2+ with Na+-

EDTA (Fig 6.3B). There was very little difference in the pKa of the respective systems as 

determined by the inflection point of the fitted logistic functions: pH 4.53 and 4.58 for the 

native Ca2+-containing sample, and the Ca2+-depleted sample, respectively. The most 

notable difference between the two titration curves are their relative slopes a value 

quantified by the power term of the logistic fit: 1.50 for the native Ca2+-containing sample, 

and 0.49 for the Ca2+-depleted sample. 
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6.3.4 Secondary Structure and the IR-amide I Band 

The IR-spectral region from 1576-1720 cm-1, also known as the amide I band, 

corresponds to the stretching mode of the C=O peptide backbone. The frequency of the 

amide I vibrations in a protein are affected differently by the varied hydrogen bonds of the 

diverse protein secondary structures: β-structures from 1616-1637, random coils from 

1638-1655, α-helices from 1656-1662, and turns from 1663-1669 cm-1 [33,34]. 

Decomposition of the amide I band of the lyophilized native gland contents reveals a 

predominantly random coil composition at 41.5% followed by 22.3% β-sheets and lesser 

amounts of α-helices and turn structures (Fig. 6.4A). The Ca2+-depleted silk fibers have a 

comparably similar structural profile with 42.8% random coils and 24.4% β-sheets (Fig. 

6.4D).   In native silk fibers and Ca2+-treated gland contents, there is a considerable 

decrease in random coil composition by ~12% compared with samples without Ca2+ (native 

gland contents, and EDTA-treated silk fibers); this accompanied by an equivalent increase 

in both β and turn structures in these samples (Fig. 6.4). The difference spectra (Fig. 6.4C, 

D) highlight the relative changes in secondary structure composition from native values; 

two difference spectra are effectively the inverse of one another. Judging from the chain 

conformation alone, the addition of Ca2+ to the gland contents has the opposite effect as 

removing Ca2+ from the spun silk fibers (Fig. 6.4C, F). 

 

6.3.5 The pH of the Silk Gland Contents 

The pH of the gland contents was approximated by rehydrating lyophilized gland 

contents in ASTM type I deionized water and measuring the pH of the solution. The pH of 

the solution is the approximate gland pH making the assumption that the buffering capacity 
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of the ASTM type I deionized water is negligible in comparison with the many functional 

groups within the lyophilized gland contents. The pH of the rehydrated gland contents is 

7.19. 

 

6.3.6 The Silk Gland and Its Contents 

A ventral incision down the caddisworm midline exposes the bilaterally symmetric silk 

glands (Fig. 6.5A). Most of the space within the larval abdomen comprises the alimentary 

canal and the two silk glands. These long thin silk-producing organs fold several times 

within the larval body before passing up through the thorax and into the head (Fig. 6.5A, 

B). A bulbous protrusion in the outer wall of the glands marks the transition from the 

posterior to anterior regions; this feature is situated at the connection between the base of 

the head and the thorax (Arrowhead in Fig. 6.5B, C). The anterior portion of each silk gland 

passes through the head and fuse at a chitinous spinneret ventral to the mouthparts (Arrow 

in Fig. 6.5B, C). A silk gland was imaged by DIC at the locations indicated in Figure 5B: 

the posterior gland (Fig 6.5D), the bulbous transition (Fig 6.5E), and the anterior gland (Fig 

6.5F).  There is a dramatic narrowing in the silk gland contents as they are drawn into a 

fiber from ~50.7 µm in the posterior gland to ~12.6 µm at the gland transition and ~1.9 µm 

in the anterior gland. The inner wall of the gland lumen at the transition from posterior to 

anterior regions is marked by a chitinous annular narrowing (Arrowhead in Fig 6.5E). The 

annulus is the start of the anterior cuticle lining (Arrows Fig. 6.5E,F) with which it is 

continuous.  

To provide greater morphological detail of the important gland anatomy, longitudinal 

physical sections of the silk glands were analyzed by transmission electron microscopy at 



97 
 

 

the bulbous transition and the anterior lumen. The annular narrowing at the bulbous 

transition (Arrowhead in Fig. 6.6A), and the cuticle lining of the anterior channel (Arrows 

in Fig. 6.6A, B) are clearly visible. There is a diffuse acellular material of unknown origin 

filling the void between the cuticle lining and the forming fiber in the anterior lumen (Stars 

in Fig. 6.6A, B). The silk dope in the lumen of the annular narrowing is relatively isotropic 

with large spherical inclusion appearing to elongate once drawn just past the narrowing 

(Triangles in Fig. 6.6A).  Much farther into the anterior lumen, the gland contents develop 

a well-defined fibrous ultrastructure with dark globular inclusions (Fig. 6.5B).  

To investigate, in greater detail, the morphological changes of the nascent silk fiber 

within the gland lumen, higher magnification transmission electron micrographs were 

taken of the silk gland contents at successive distances along a longitudinal gland section 

(the top panel of Fig 6.7).  The stored contents in the anterior gland comprise many 

nanoscale spherical granules with a diameter of 53.9 ± 5.4 nm (n=10, ±S.D.) (Fig.  6.7A). 

There are much larger ~350 nm spherical inclusions with fuzzy diffuse contents within the 

granular silk dope (Fig 6.7A). Approximately at the annular narrowing, the granules appear 

to coalesce into a more disordered phase with faint dark banding perpendicular to the axis 

of the gland (Fig 6.7B).  At progressive distances down the anterior lumen, the dark 

perpendicular banding becomes more pronounced with an apparent composition of ~80 nm 

coalesced uniformly dark globules (Fig 6.7D-F). Extended axially aligned fibrils 

progressively develop between the dark banding as the constituents progress towards the 

spinneret (Fig 6.7F).   

The final silk fibers do not have the dark perpendicular banding nor the dark globules 

of the forming fiber inside the anterior silk gland (Fig 6.8A, B). The spun silk fiber is 
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comprised of axially oriented subfibrils of similar appearance to those that emerge between 

the dark banding in the anterior gland (Fig 6.6B, Fig 6.7F). The final silk fiber comprises 

the contents of the two glands fused by a thin fuzzy peripheral layer coating the two 

subfibers (Fig 6.8A).  

 

6.3.7 Alizarin Red S Staining for Ca2+ 

To determine where in the silk spinning process the Ca2+ ions enter the silk and 

complex with phosphoserines, the Ca2+-indicating dye, alizarin red S (ARS), was applied 

to lyophilized intact silk glands.  The native Ca2+-containing silk fibers serving as the 

positive control develops the deep crimson color associated with the ARS stain as shown 

in the representative silk fiber cross-section in Figure 6.9C.  Conversely ARS-stained silk 

fibers depleted of Ca2+ with Na+-EDTA are transparent and devoid of color (Fig. 6.9D).  

The silk gland and its contents did not stain positive for Ca2+. Representative sections from 

the posterior storage and anterior fiber-forming regions are colorless (Fig. 6.9A, B). 

 

6.3.8 Scanning Electron Microscopy of the Caddisworm Case 

Case-making caddisworms collected locally from the Red Butte Creek (Salt Lake City, 

UT) will repair their cases with the provided glass beads when artificially damaged and 

components are removed (Fig. 6.10A).  Examination of the case interior by SEM shows 

how the caddisworm uses its silk underwater like an adhesive tape to adjoin the glass beads 

(Fig. 6.10B-F). The silk fibers have a flattened ribbon-like architecture with a clearly 

discernable seam between respective contributions of the two silk glands.  These silk 

ribbons lay flat and spread out on the glass substrate appearing to maximize the interfacial 
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contact area. Higher magnification images show that the freshly drawn fibers plastically 

deform to accommodate the substrate topography and other previously spun fibers (Fig. 

6.10E-F). A fibrillar silk substructure oriented along the fiber axis was observed in the 

higher magnification images (Fig. 6.10E-F).  

 

6.3.9 Time-lapse Photography of Tanning Silk 

Freshly spun silk is white and slightly transparent (Fig. 6.11A). The silk gradually turns 

red over the course of many hours as shown by the representative photographs from the 

time-lapse data set (Fig. 6.11A-F). The gradual redesigning of the silk was monitored by 

changes in the blue channel intensity of the photographs. The average blue channel 

intensity within the rectangular box was fitted with an exponential decay function with a 

goodness of fit (R-squared) of 0.986 (Fig. 6.11G). The time constant (T) for the reddening 

of the silk is 4.66 h.  

 

6.4 Discussion 

The results from this study are condensed into a model of caddisworm silk spinning 

presented in Figure 6.12. The silk glands do not contain the multivalent meatal ions typical 

of the final silk fibers (Fig. 6.1A); therefore Ca2+, which is critical to the silk structure and 

mechanical properties, must necessarily be added to the silk fibers somewhere in the silk 

spinning process. The IR-spectra of the native silk phosphates in the posterior silk gland 

from 875-1184 cm-1 is similar in appearance to the spectra of silk fibers exchanged with 

Na+-EDTA confirming un-complexed phosphates in the precursors of the posterior silk 

gland (Fig. 6.2).  The effect of multivalent metal ions on the phosphate IR spectra of 
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caddisworm silk has been discussed in detail in a previous study [23]. Briefly, the splitting 

of the phosphate symmetric stretching mode (vs) into modes designated vs1 and vs2 as 

observed for the native caddisworm silk fibers is atypical of known metal-ion-binding 

phosphoproteins. For example, in the Ca2+ sequestering phosphoproteins milk αs-casein 

and hen egg yolk phosvitin, complexation with Ca2+ causes a 10-20 cm-1  shift in the vs 

mode to higher wavenumbers but a second vs  band does not emerge [35–37]. Splitting of 

the caddisworm silk phosphate vs mode is characteristic of phosphate compounds in 

periodic ordered arrangements such as crystalline phosphate salts, the phosphate minerals 

burshite and monitite, and phospholipid bilayers complexed with Ca2+ [32,38–40]. It was 

thus proposed that the vs1 and vs2 modes of native caddisworm silk fibers are the result of 

factor group splitting of the solitary Na+-975 cm-1 peak due to periodic order of Ca2+-

phosphate complexes in the caddisworm H-fibroin (pSX)n domains [23]. The emergence 

of the second vs2 peak at ~1010 cm-1 is therefore an indicator of periodic ordered phosphates 

in complexes with multivalent metals like Ca2+. Splitting of the gland contents vs mode by 

the addition of relatively low concentration 1 mM CaCl2 indicates that the organized 

complexes are not driven by the process of shearing during spinning but rather the 

availability of free Ca2+. At some point during silk processing, the fibers or pre-fiber 

components must be exposed to elevated concentrations of free multivalent metal ions like 

Ca2+ which then diffuse in and complex with silk pSs.  

It has been previously suggested that the formation of Ca2+-pS complexes might be 

influenced by pH-dependent changes in the pS from the mono to dianionic form [21,41]. 

The IR spectrum of the gland contents reveals that the native gland pS are predominantly 

dianionic; the dianionic symmetric (vs) mode at 968 cm-1 predominates over the P-O(H) 
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stretching mode of the monanioinic species at 924 cm-1 (Fig 6.2A).  The pH of the gland 

contents is therefore above the pKa of the silk pSs. The pKa of the silk phosphates was 

measured at pH 4.53-4.58 (Fig 6.3). In good agreement with the IR spectrum of the gland 

pSs, the pH of the hydrated gland constituents measured well above the silk pS pKa at 7.19. 

Insect hemolymph pHs are reported from pH 6.4-7.5 depending on the species [42]. The 

pH of the silk gland contents likely reflects the worm’s native internal physiology rather 

than indicating a special mechanisms for maintaining a separate H+ gradient in the gland 

lumen.  The pSs stored in the gland contents are already at a pH in which they will readily 

form complexes with multivalent metals like Ca2+. A theoretical increase in pH during fiber 

processing would have a negligible effect on Ca2+-pS complex formation. Although the 

titration curves recorded for the silk pSs with and without calcium showed no difference 

in pKa, the steeper profile of the titration with Ca2+ suggests that the addition of Ca2+ to 

silk pSs above the pKa will promote the dianionic form. For example, in the gland contents 

at pH 7.19, the small monoanionic contribution would greatly diminish upon the binding 

of Ca2+ even if there is no change in environmental pH.  

The changes observed in chain conformation during native silk spinning, from the 

native gland contents to the native silk fibers, can primarily be explained by the addition 

of Ca2+ without consideration of other processing aspects such as shear-induced alignment 

of the peptide chains (Fig 6.4). This does not mean that higher order structures are 

unaffected by shearing of the pre-fiber components during spinning. The amide I band 

(1576-1720 cm-1) corresponding to the C=O stretching mode of the peptide backbone gives 

information about the protein secondary structure.  The difference spectrum created by 

subtracting the amide I bands of native gland contents from the Ca2+-treated gland contents 
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is effectively the inverse of the difference spectrum created by subtracting that of native 

silk from the Ca2+-depleted silk fibers (Fig. 6.4).  In terms of secondary structure and chain 

conformation, the removal of Ca2+ from native silk is the opposite of adding Ca2+ to the 

native gland contents.  

In samples without Ca2+, the random coil conformation predominates (~42%): either 

the native gland contents or EDTA treated silk (Fig. 6.4A, D).  The addition of Ca2+, either 

in native silk fibers or Ca2+-treated gland contents, accompanies an increase in both the β 

(1616-1637 cm-1 ) and turn (1663-1696 cm-1) structures (Fig. 6.4B, E). The increase in β-

structures is consistent with our proposed Ca2+-stabilized (pSX)n β-domains. In the H-

fibroin D-repeat there are two (pSX)4 domains flanking a central Pro-Gly pair by 5 residues 

on either side. Experiments on small peptides containing a Pro-Gly pair have shown 

dihedral angels consistent with a bend in the protein chain [43]. Molecular dynamic 

simulations provide theoretical support for the antiparallel Ca2+-stabilized β-hairpin from 

the D-repeat (pSX)4 domains [20,24]. The formation of these Ca2+-stabilized hairpins might 

explain, in part, the increase in both β and turn structures for Ca2+ containing samples. The 

Ca2+-dependent changes in silk secondary structure provide strong support for the theory 

of Ca2+-induced setting of caddisworm silk during fiber spinning.  

There is a relationship between liquid-phase separation in protein systems and disorder 

in the protein chain. All proteins known to liquid-phase separate are either partially or 

entirely intrinsically disordered [44]. The composition of the caddis silk proteins within 

the posterior silk gland lumen is primarily random coil consistent with the intrinsically 

disordered systems (Fig. 6.4A).  The contents of the posterior gland have a ~54 nm granular 

composition. Similar observations were made previously for the gland contents of the case-
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making caddisworm Pycnopsyche guttifer which was also comprised 26-90 nm granules 

[45]. The study author observed the small granular components to be the same size and 

appearance as Golgi vesicles extruded by the silk-producing cells. The uniform granular 

composition of the pre-fiber components therefore likely represents the fundamental 

secretory unit rather than structures driven by protein folding or higher order molecular 

arrangements.  

In the absence of Ca2+, there must be a counter ion to the predominantly dianionic pSs 

stored in the silk gland. The negatively charged (pSX)n domains in the caddisworm H-

fibroin D, E, and F repeats alternate with positively charged blocks of 3-4 Arg residues 

[20]. The role of the Arg-rich blocks is poorly understood yet highly conserved in the H-

fibroins of representative species in each of the three caddisworm suborders [20,22].  The 

caddisworm H-fibroin has generic similarities with known liquid-phase separating 

intrinsically disorder proteins [44]. For example, the intrinsically disordered N-terminal 

component of the nuage cellular protein Ddx4 is involved in phase-separation into 

membrane-less organelles. The ability of the the N-terminal tail of Ddx4 to liquid-phase 

separate was attributed to its block co-polymer structure of alternating positive and 

negative regions comprising 3-8 residues of like charge such as blocks of arginine [44,46]. 

The Arg-rich block in the caddisworm H-fibroin protein might condense the chain by 

interacting with the neighboring acidic (pSX)n domains. This is analogous, in some regard, 

to the arginine-rich proteins that bind DNA phosphodiesters to facilitating condensation in 

vertebrate sperm and certain viruses [47,48].  

There is little doubt that fiber formation commences at the chitinous annular narrowing 

where the silk dope passes into the anterior gland lumen; here the granular silk precursors 
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lose anisotropy and axially aligned subfibrils begin to emerge (Fig 6.5-7). The annular 

narrowing appears to shear the fiber components much like the spinnerets used in industrial 

fiber spinning [2].  To see if fiber formation in this region is also accompanied by a Ca2+-

gradient, a rapidly dissected, frozen, and lyophilized gland pair was rehydrated in a solution 

of alizarin s red (ASR) at pH 4.1.  Because the silk phosphates have a high affinity for 

multivalent metal ions like Ca2+, this protocol was designed to eliminate extraneous sources 

that otherwise might have been introduced from dissection buffers and fixatives; this was 

done at the expense of preserving tissue morphology.   ASR is typically used as an indicator 

for calcification in bone tissue.  The abundant H+ ions at the low pH of the alizarin s red 

stain (pH 4.1) protonate the phosphate ligands in hydroxyapatite bone mineral, thereby 

releasing the complexed Ca2+ and lesser amounts of Mg2+.  An insoluble dye precipitate, 

known as a lake, is formed as ASR complexes with the multivalent ions [49,50].  This 

technique is sensitive to the relevant levels of Ca2+ in the caddisworm silk because the 

native fibers develop the crimson color associated with ASR albeit somewhat weaker than 

bone tissue as might be expected because one is mineralized and the other only a Ca2+-

binding phosphoprotein (Fig. 6.9C). The samples were therefore intentionally sectioned 

unusually think at 10 µm to maximize the amount of dye within each section. The absence 

of color in ARS stained Ca2+-depleted fibers confirms sensitivity to silk Ca2+ rather than 

nonspecific binding with silk proteins. Sections of ARS strained silk glands collected 

through the anterior region are colorless both in the nascent silk fiber and in the cellular 

layer. Therefore, multivalent metal ions are absent in relevant concentrations in the nascent 

silk fiber and cellular layer of the anterior gland. Throughout the gland, the silk pSs are 

uncomplexed with multivalent metal ions.  
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The multivalent metal ions critical to the caddisworm silk structure and mechanical 

properties must come from an extraneous source once the fibers are drawn out of the larva. 

Dissolved multivalent metal ions like Ca2+ and Mg2+are typical of freshwater biomes; 

slightly acidic rain water and snowmelt leaches multivalent metal ions from surrounding 

bicarbonate minerals like calcite, aragonite, and dolomite. The water of the Red Butte creek 

from which the caddisworms in this study were collected has an average of 4.15 mM of 

Ca2+ and 2.14 mM of Mg2+, more than fourfold the concentration of Ca2+ used in this study 

to artificially drive the formation of complexes with the pSs in the gland silk (Fig. 6.2A)  

[51]. Snapshots of the silk spinning process are captured in the high magnification SEMs 

of the interior of the caddisworm composite glass-bead case (Fig 6.10B-F).  The now 

solidified silk fibers were apparently fluid immediately after drawing from the spinneret. 

For example, the freshly spun fibers contacting the glass beads spread out and flatten 

fluidly across the glass substrate; cross-laid fibers spanning the glass beads seamlessly fuse 

into cohesive bundles (Fig. 6.10E, F).  We propose that caddisworm silk fibers are drawn 

from the gland in a fluid state and that the final phase of silk setting is triggered by the 

environmentally abundant multivalent metal ions as they diffuse into the silk and complex 

with the H-fibroin (pSX)n domains. The temporary fluid phase would provide the silk fiber 

a brief period to flow across the adhesive joint and maximizing interfacial adhesion.  

The gradual reddening of post-drawn caddisworm silk fibers indicates the formation of 

internal covalent bonds by a complex process called tanning (Fig 6.11) [52]. Tanning is 

best characterized for the insect cuticles, a process also known as sclerotization, but has 

also been described for the silk cocoons of terrestrial Satturniid moths, among others 

possible examples [53,54]. Various types of metalloenzymes catalyze the oxidation of 
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diverse phenolic compounds forming covalent bonds within the proteins, carbohydrates, or 

chitin of the respective tanned materials. The covalent crosslinks formed during tanning 

alter the physical and chemical properties of tanned materials, making them highly 

insoluble and resistant to degradation [52,53]. Efforts to solubilize the spun caddis silk 

fibers have failed even with strong detergents, denaturants, reducing agents, elevated 

temperatures, chelating agents, and extremes in pH [55,56]. In comparison, multiple 

researchers were able to solubilize the caddisworm silk gland contents [57–59].  A heme-

peroxidase in the peroxinectin sub-family (Pxt) is co-extruded with the silk fibers of the 

caddisworm H. occidentalis [56]. This enzyme catalyzes intrinsic di-tyrosine crosslinks 

and covalent linkages with exogenous polyphenolic compounds [58]. Pxt likely contributes 

to the tanning of the caddisworm silk fibers.  

 

6.6 Conclusions 

Our current understanding of the caddisworm silk spinning process is summarized as 

follows. The phosphoproteins stored in the posterior silk gland are intrinsically disordered 

and do not contain multivalent metal counter ions.  During spinning, the silk fibers are 

sheared through an annular narrowing at the entrance into the anterior silk gland. In the 

anterior gland, shear induces the formation of a fibrous substructure but multivalent metal 

ions are not added to the silk. The nascent silk fibers are drawn out of the gland in a semi-

fluid state flowing and deforming to accommodate the substrate surface. The silk fibers are 

quickly set when multivalent metal ions from the environment diffuse into the silk fibers 

and complex with silk pSs. Ca2+-stabilized extended β-sheets spontaneously form from the 

silk (pSX)n domains and there is a decrease in random coil chain conformation. Tanning of 
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the silk fibers occurs over the next several hours and the silk fibers final conformation is 

irreversibly stabilized by covalent crosslinks.  
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Figure 6.1. Elemental analysis by ICP-OES. (A) The contents of the posterior silk gland. 
(B) The final silk fibers. For comparison, the concentrations were normalized for the 
phosphorus of the intrinsic silk phosphoserines. The bars represent the average of three 
runs and the error bars are the fractional total deviation.    
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Figure 6.2. Peptidyl phosphate stretching modes (875-1184 cm-1). (A) Lyophilized native 
gland contents (top), and lyophilized gland contents treated in excess 1 mM CaCl2, pH 7 
(bottom).  (B) Lyophilized native silk (bottom), and the lyophilized silk fibers treated in 
excess 1 mM EDTA pH 7.0 (top).   
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Figure 6.3. IR-Titration of silk phosphates with and without Ca2+.  Absorbance spectra of 
the silk phosphate region from 881-1296 cm-1 in solutions of progressively decreaseing pH 
from 8.0-2.0 with either 5 mM CaCl2 (A) or 5 mM Na+-EDTA (B). (C) The integrated 
intensities of the P-O(H) bond of the monoanion from 888-946 cm-1 (symbols) fitted with 
sigmoidal curves (solid lines).  
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Figure 6.4. FTIR amide I decomposition. (A) Native gland contents. (B) Gland contents 
treated with excess 1 mM CaCl2. (C) The difference spectra of panel A from B. (D) Silk 
Fibers treated in excess 1 mM Na+-EDTA. (E) Native silk fibers. (F) Difference spectra of 
panel E from D.   
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Figure 6.5. Caddisworm silk gland anatomy. (A) Ventral view of the silk gland pair. (B) A 
close up from panel A showing the transition from the posterior to anterior gland regions 
(arrowhead) and the spinneret (arrow). (C) An isolated gland pair also showing the 
transition from the posterior to anterior gland regions (arrowhead) and the spinneret 
(arrow). (D-F) DIC micrograph of the posterior gland (D), the transition from the posterior 
to anterior gland regions (E), and the anterior gland (F). There is a chitinous annular 
narrowing (arrowhead) at the transition continuous with the cuticle linin (arrow) of the 
anterior gland. Scale bars are 50 µm.  
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Figure 6.6. Transmission electron micrographs of silk gland longitudinal sections. (A) The 
transition from posterior to anterior gland showing the chitinous annular narrowing 
(arrowhead) and the cuticle lining (arrow). Round inclusions in the gland contents start to 
elongate in this region (triangles). (B) The cuticle-lined (arrow) anterior gland showing the 
formation of fibrous substructure in the nascent silk fiber. There is a diffuse acellular 
material surrounding the fiber in the anterior channel (stars). Scale bars are 10 µm.  
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Figure 6.7. The formation of the silk fiber in the anterior silk gland lumen.  (Top) An intact 
silk gland pair dissected from a fifth instar H. occdentalis caddisfly larva. The inset shows 
a close-up view of the anterior silk gland. The arrows mark the bulbous feature at the 
transition from the posterior to anterior silk glands. The arrowhead marks the silk press and 
spinneret. The approximate locations of the TEM in A-F are indicated. (A) Isotropic silk 
dope stored in the posterior silk gland lumen. (B-F) Gradual formation of the silk fiber as 
the precursors are drawn out of the gland (downward in the micrographs). Scale bars are 1 
µm.  
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Figure 6.8. Transmission electron micrographs of silk sections. (A) Cross-section through 
the two silk sub-fibers. Scale Bar is 1µm. (B) Longitudinal section through a single silk 
sub-fiber. Scale Bar is 0.5µm.  
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Figure 6.9. Alizarin S red staining for Ca2+. Representative of alizarin s red stained cross-
sections of the anterior silk gland (A), the posterior silk gland (B), a native silk fiber serving 
as a positive control (C), and a silk fiber treated in 1 mM Na+-EDTA serving as the negative 
control. Scale bars are 20, 40, 10, and 10 µm, respectively.  
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Figure 6.10. The caddisworm silk-stone composite case. (A) The caddisworm 
Hesperophylax occidentalis in a case partially constructed with glass beads. (B-F) SEMs 
of the inside of the glass bead portion of the case at increasing magnification (scale bars 
are 500, 200, 50, 20, and 10 µm, respectively.   
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Figure 6.11. Time-lapse photography of silk reddening. (A-F) Successive photographs of 
freshly spun silk (boxed region) on the inside of a caddisworm case from 0-40 h. (G) The 
average value of the blue channel inside the boxed region (dotted line) fitted with an 
exponential decay function (solid line).  
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Figure 6.12. A model of caddisworm silk spinning. The results from this study are 
condensed in this model. As the silk precursors are spun into the final fiber, they pass 
through three distinct regions: the posterior gland, the anterior gland, and the creek water.   
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CHAPTER 7 

 

CONCLUSION 

 

7.1 Study Discussion 

The mechanochemical characterization of case-making caddisworm silk, discussed in 

this dissertation, functionally explains many of the unique adaptations conserved broadly 

in caddisworm silks, adaptions not found in their terrestrial relatives Lepidoptera.  

Trichoptera diverged from Lepidoptera ~234 million years ago, around the time of the first 

dinosaurs, and quickly became fully aquatic. By around ~203 million years ago, all three 

suborders were distinct [1].  Cross-suborder comparisons from representative species give 

us some idea of the early H-fibroin adaptations driven by the environmental pressures of 

the caddisworm’s new habitat.  One of the conserved features in the silks of all 

Trichopteran suborders are phosphorylated serines (pS) in blocky serial alternating repeats 

throughout the H-fibroin [2].  There are comparable amino acid ratios of Ser in the silks of 

both Trichoptera and Lepidoptera ~8-15 mol% [3].  One of the earliest adaptations of an 

ancestral dry silk to aquatic habitats might have been a rogue kinase indiscriminately 

phosphorylating silk serines [4].  The (pSX)n domains we now observe in the caddisworm 

silks are sophisticated sequences adapted to complex Ca2+ ions  and thereby spontaneously 

fold into stable β-domains. This level of primary sequence sophistication was likely not 

essential for the early caddisworms to benefit from indiscriminately phosphorylated 
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serines. A caddisworm silk inspired hydrogel was created using a synthetic phosphate-

graft-methacrylate prepolymer as a “simple H-fibroin analogue” which was then 

copolymerized with a covalent elastic network of polyacrylamide [5]. The synthetic 

phosphate-graft-methacrylate prepolymer (H-fibroin analogue) is not sophisticated when 

compared to the caddisworm (pSX)n domains. Regardless, the disorganized 

polyphosphates in hydrogel formed complexes with multivalent metal ions like Ca2+, 

displayed considerable load cycle hysteresis, and nearly complete recovery within 90 min 

when cycled to 50% elongation.  These are all attributes of the caddisworm silk mechanics 

[6]. 

Abundant hydrophilic charged residues is another generic feature of all known 

caddisworm silks (20-35 mol%); their accumulation was probably an adaptation to the 

larvae’s aquatic habitats; charged hydrophilic residues are sparse in terrestrial silks [3]. 

Caddisworm silk is more water than anything else; a preliminary experiment showed that 

the caddisworm silk is ~66 weight% water (unpublished). In contrast, water plasticizes the 

hydrogen-bonded yield domains of submerged terrestrial spider silks, leading to the loss of 

yield point and a considerable reduction in work of fracture [7,8]. Caddisworms evolved 

an analogous toughening mechanism, except the energy-dissipating Ca2+-(pSX)n β-

domains are water-stable and rely on water-resistant interactions to maintain their integrity: 

hydrophobic associations off the aliphatic X residues, and bridging of the pS residues 

through Ca2+ coordination complexes.  There is a growing number of characterized energy-

dissipating self-recovering systems of both synthetic and natural origin, including natural 

materials like the caddisworm silk and the distal mussel byssal threads [9] and synthetic 

multi-network hydrogels like the caddis silk-inspired gel [5,10–12]. The types of 
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interactions that give rise to the pseudo-yield point in these self-recovering viscoelastic 

systems are varied but all of these systems are hydrated.  An abundance of water is likely 

an indispensable mechanical component of the self-recovering caddisworm silk fibers even 

if it is only there to plasticize peptide domains.  

 

7.2 Future Work 

7.2.1  Mechanochemical Characterization of Silks from All Suborders 

 The caddisfly suborders branched early in their evolutionary history. The different uses 

of silks across the three suborders suggest there may be significant variations in their 

molecular structure and mechanical properties. The sequences of H-fibroin, the major silk 

structural protein, differ significantly between suborders.  For example, a repetitive 

phosphorylated molecular sequence that toughens Integripalpia silk is less precise in 

Annulipalpia silk and Spicipalpia H-fibroin contains ~7 mol% histidine not found in the 

other suborders [13]. The independent adaptation of the silks means that progress in 

understanding the mechanochemistry of silks in one caddisfly suborder does not 

necessarily translate to the silks in the other orders.  

The mechanochemical characterization of case-making caddisworm silk, presented in 

this dissertation, serves as a blueprint for studying the silk of representative species in the 

other two suborders. The studies presented herein relied heavily on correlating the results 

from two experimental techniques: mechanical testing of single silk fibers and FTIR 

analysis of the silk phosphoserine vibrational modes. Silk phosphates have strong transition 

dipole moments, the selection criteria for IR-spectroscopy. Moreover, the vibrational 

modes are sensitive to the formation of metal-ion complexes and protonation.  These two 
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techniques are relatively inexpensive, require minimal sample preparation, and are quick. 

They would be ideal for a broad mechanochemical survey of caddisworm silks across the 

three suborders. 

 

7.2.2 A Technique to Forcibly Silk Caddisworms 

Methods to forcibly silk caddisworms need to be developed. Methods to forcibly silk 

spiders and silkworms already exist and are extensively used by experimental researchers 

[14,15]. Forcibly silking a spider is relatively simple; once the spider is anesthetized, silk 

fibers can be manually drawn with a pair of fine forceps. The fiber is then attached to a 

rotating spool with variable speed control.  The silkworm, like the caddisworm, has a silk 

press. The silk press is controlled by four muscles that connect the silk press to the 

exoskeleton of the head [16]. In the relaxed state, the silk press is closed. When the muscles 

are contracted, the press opens and fibers can be drawn from the gland [16]. By modulating 

the contractile strength of the silk press muscles, the larva has control of the silk fiber 

tension during spinning [16]. In the commercial silkworm, a hormone is released upon the 

onset of cocoon spinning, the larvae loses voluntary control of the press muscles which 

permanently contract, and the press is maintained open. Researchers can then forcibly draw 

fibers from the worm. The caddisworms never loose voluntary control of their press 

muscles. When anesthetized, the press remains closed and the muscles are relaxed. One 

approach might be to identify a drug that induces involuntary muscle contractions in insects 

and apply it to the caddisworms.   

The development of such a technique would benefit caddisworm research in numerous 

ways. First, in mechanical tests, there is a high degree of variation between fibers from the 
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same caddisworm. Fiber-fiber variation is even greater when comparing fibers from 

different larvae. Some of this variation comes from intrinsic properties within each fiber, 

likely because of variable spinning speed. Some of the observed differences might be from 

changing cross-sectional profiles that lead to inaccurate cross-sectional area estimates 

which are used to convert force to engineering stress. Only 3 mm of silk fiber are mounted 

to the micromaterials test system in a single test.  A continuous uniform filament of 10 cm 

would be more than enough silk for a typical mechanics study. A representative silk fiber 

snippet cold be characterized in cross-section and used for all subsequent force-stress 

conversions. This would increase the accuracy of the caddisworm silk stress-strain profiles. 

Currently cross-sectional areas are optically measured across the wide diameter of the 

paired-fiber filament of 10 randomly selected fibers. The area is estimated by assuming 

two cylindrical subfibers. The standard deviation across the 10 fibers is typically 10% of 

the total fiber diameter. Cross-sections of fibers presented in this dissertation also show 

that the cylindrical subfiber assumption is only accurate for some of the fibers.   

Currently, the silk adhesion force is uncharacterized. If the caddisworm could be 

forcibly silked, samples could easily be prepared by pressing nascent silk fibers onto a 

uniform substrate like a clean glass slide. With minor modifications to the micromaterials 

test system (see Chapter 3), the adhesion force could then be characterized by attaching the 

silk fiber end to one lead of the materials tester and the properly oriented substrate to the 

other lead.    

Preparing oriented silk fibers for X-ray diffraction experiments with the Hesperophylax 

sp. case silk is very labor intensive. A single sample requires many manually-oriented 

fibers suspended across a ~3 mm gap. In unpublished studies, 20 aligned fibers were 
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insufficient to get a good signal. So far the most successful X-ray diffraction experiments 

on caddisworm silk were published in 1971 for the case of Olinga feredayi [17]. This 

species of caddisworm has the unique habit of making a case of pure silk with radially 

oriented fibers. To obtain many oriented fibers, the case only need to be sliced open and 

unfolded. If caddisworms could be forcibly silked, it would make sample preparations for 

X-ray diffraction experiments relatively simple. FTIR analysis of ion exchanged silk fibers 

showed that the frequency of the symmetric stretching mode (vs2) was dependent on the 

ionic radius of the exchanged multivalent metal ion and not on the relative strength of the 

complex (Chapter 5) [18]. This implies the various metal ions sterically interact with the 

pSs of the (pSX)n domains. If multivalent metal ions stabilize intersheet stacking of the β-

domains, X-ray diffraction might be useful to monitor changes in intersheet spacing 

corresponding to changes in ionic radius of the complexed multivalent metal ion.  

Finally, The results presented in Chapter 6 suggest that silk fibers emerge from the 

gland in an uncomplexed state; environmental Ca2+ then diffuse into the fibers from the 

stream water. The silk fibers of larvae, forcibly silked directly into air, could be used to 

confirm this conclusion. The air spun silk fibers would then be analyzed by elemental 

analysis and ATR-FTIR for the hallmarks of the Ca2+ ion using the techniques outlined in 

Chapter 6.  More broadly, silk from forcibly silked larvae could be used to study the process 

of silk fiber setting. From SEMs of the inside of larval cases, it is obvious that the silk 

fibers are spun in a liquid state [2,4]. The fluid silk fibers inevitably set over some 

undefined period of time. The setting process is likely driven by the binding of Ca2+ to the 

silk pSs.  Silk fibers from forcibly silked caddisworms could be useful in determining the 

amount of time the nascent silk fiber remains fluid. 
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7.3 A Source of Design Principles 

The long-term goal of these studies was to discover design principles to guide the future 

development of materials intended for use in aqueous environments.  The development of 

tough synthetic caddisworm silk-inspired hydrogels is partial fulfillment of this goal and 

also validates our current understanding of the Ca2+-dependent toughening mechanism of 

the case-making caddisworm silk [5]. The silk-inspired hydrogels qualitatively replicated 

the self-recovering mechanical properties of the natural silk, but the initial modulus of the 

natural silk fibers is nearly 10-fold greater and the work of extension is double that of the 

silk-inspired hydrogels. The study authors observed that “it was possible to replicate the 

mechanical properties by copying only relatively simple and synthetically accessible 

structural features of the natural fiber [5].” The self-recovering mechanical properties of 

caddisworm silk are only one of the remarkable attributes worthy of replication. The 

caddisworm silk proteins should also be viewed as sophisticated precursors stored in the 

gland as a concentrated fluid. The H-fibroins have primary sequence similarities with 

liquid-phase separating intrinsically disordered proteins. Similarities include blocks of 

oppositely charged residues throughout the protein [19]. The liquid precursors are deployed 

during the spinning process becoming tough insoluble fibers; this is all done underwater at 

ambient temperatures and biologically benign conditions.  Understanding this mechanism 

in detail might help in the design of materials like underwater surface coatings or paints, 

and injectable embolics that set by complexing with the low ~2-3 mM Ca2+ in blood.  

Binding of Ca2+ by the (pSX)n domains is currently thought to be the predominant driver 

of silk solidification during spinning.  The (pSX)n domains remarkably have a dichotomous 

role to both mechanically toughen the silk fibers and insolubilize the nascent filament 
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during silk spinning. 
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