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Abstract

Silk is a protein of interest to both biological and industrial sciences. The silkworm, Bombyx mori, 

forms this protein into strong threads starting from soluble silk proteins using a number of 

biochemical and physical cues to allow the transition from liquid to fibrous silk. A pH gradient has 

been measured along the gland, but the methodology employed was not able to precisely 

determine the pH at specific regions of interest in the silk gland. Furthermore, the physiological 

mechanisms responsible for the generation of this pH gradient are unknown.

In this study, concentric ion selective microelectrodes were used to determine the luminal pH of 

Bombyx mori silk glands. A gradient from pH 8.2 to 7.2 was measured in the posterior silk gland, 

with a pH 7 throughout the middle silk gland, and a gradient from pH 6.8 to 6.2 in the beginning 

of the anterior silk gland where silk processing into fibers occurs. The small diameter of the most 

anterior region of the anterior silk gland prevented microelectrode access in this region. Using a 

histochemical method, the presence of active carbonic anhydrase was identified in the funnel and 

anterior silk gland of fifth instar larvae. The observed pH gradient collapsed upon addition of the 

carbonic anhydrase inhibitor methazolamide, confirming an essential role for this enzyme in pH 

regulation in the Bombyx mori silk gland. Plastic embedding of whole silk glands allowed clear 

visualization of the morphology, including the identification of four distinct epithelial cell types in 
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the gland and allowed correlations between silk gland morphology and silk stages of assembly 

related to the pH gradient.

Bombyx mori silk glands have four different epithelial cell types, one of which produces carbonic 

anhydrase. Carbonic anhydrase is necessary for the mechanism that generates an intraluminal pH 

gradient, which likely regulates the assembly of silk proteins and then the formation of fibers from 

soluble silk proteins. These new insights into native silk formation may lead to a more efficient 

production of artificial or regenerated silkworm silk fibers.
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Background

The silkworm, Bombyx mori, produces proteins that are spun into insoluble fibers with 

exceptional properties. B. mori is a highly studied organism in life sciences due to its 

remarkably high level of protein synthesis during specific stages of its lifecycle. The unique 

properties of silk - strength and biocompatibility, mean it has attracted great interest as a 

biomaterial for tissue engineering, drug delivery and high technology interfaces (Altman et 

al., 2003; Omenetto and Kaplan, 2010). Aside from the biological interest, there remains a 

goal to mimic the natural process of silk spinning to generate fibers in a laboratory setting 

(Holland et al., 2012), leading to the ongoing investigation into the mechanisms involved in 

vivo.

B. mori produces silk proteins through unique biomolecular machinery contained in two silk 

glands. These glands are completely formed during embryonic development (Perdrix-Gillot, 

1979). Silkworm larvae go through five larval molts and during this process the silk gland 

grows in size (to an organ over 15 cm long), although no further cell division takes place 

(Matsunami et al., 1999). Silk proteins (fibroin heavy (H) and light (L) chain, p25, and 

sericins) are produced in the silk gland during the larval life stage and spun into fibers for 

cocoon formation at the end of the 5th larval instar.

Macroscopically, the silk glands of B. mori exist as two tubular structures which come 

together to form a spinneret, from which silk fibers are pulled via larval head movement 

(Magoshi et al., 1993). The silk gland is divided into three regions: the posterior silk gland 

(PSG), the middle silk gland (MSG), and the anterior silk gland (ASG) (Figure 1). The PSG 

is the site of fibroin synthesis, the MSG is responsible for the storage of fibroin as well as 
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the production of sericin proteins (Gamo et al., 1977; Kludkiewicz et al., 2009; Okamoto et 

al., 1982; Takasu et al., 2007), and the ASG is where the sol-gel transition of the silk takes 

place, with a viscous silk solution flowing to the spinneret (Akai, 1983). The spinneret 

consists of a silk press and a duct where the fiber exits through a pore on the worms lower 

lip (Asakura et al., 2007; Magoshi et al., 1993). The silk fiber consists of two fibroin protein 

filaments that consist mainly of heavy- and light-chain fibroins, in a one-to-one 

stoichiometry, linked by a disulfide bond. This filament is enveloped in a sericin coat that 

consists of several sericin proteins, produced by at least three genes (Gamo et al., 1977; 

Kludkiewicz et al., 2009; Okamoto et al., 1982; Takasu et al., 2007).

A number of factors are known to affect silk fiber formation in the silk glands of B. mori. 

These include changes in pH, ion concentrations (Ca2+, K+, Cu2+), protein concentration, 

water content, and shear (Foo et al., 2006; Magoshi et al., 1993). It has previously been 

stated that the pH of the B. mori gland lumen ranges from approximately 6.9 in the PSG to 

4.9 in the ASG (Magoshi et al., 1993; Miyake and Azuma, 2008a). However, the techniques 

used to measure pH in the gland utilized pH sensitive dyes. These dyes can approximate pH, 

yet they are unable to provide detailed pH values at specific points of interest in the gland. A 

detailed knowledge of the pH gradient is important since subtle changes in pH can 

dramatically influence the structure of the silk proteins (Foo et al., 2006; He et al., 2012; 

Terry et al., 2004), thus refined insight into the role of pH in situ would be critical to 

improving both the understanding of the silk transitions in the gland, as well as toward 

biomimetic systems designed to recapitulate the silk spinning process (Holland et al., 2007, 

2012).

The presence of a pH gradient in the B. mori silk gland suggests an active acidification 

mechanism, which also correlates well with the pI of the silk fibroin (ExPASy pI/MW tool; 

Gattiker et al., 2003). Full details of this mechanism are unknown, although the presence of 

a vacuolar-type ATPase (V-ATPase) in the gland epithelium has been proposed to play a 

role in the generation of the pH gradient (Azuma and Ohta, 1998). A recent study found that 

the enzyme carbonic anhydrase (CA) is involved in establishing the pH gradient in silk 

glands of several spider species, including Euprosthenops australis and Nephila clavipes 

(Andersson et al., 2014). Remarkable similarities have been noticed in the mechanism of 

spinning and the structure of the silk gland from spiders and silkworms (Foo et al., 2006), 

despite the fact that the ability to spin silk in silkworms and spiders has arisen independently 

(Craig, 1997). These similarities warrant investigation into a role for carbonic anhydrase in 

pH regulation in B. mori silk glands.

In this study, the goal was to clarify the role and origin of pH gradients during silk 

processing. To address this goal, the use of plastic embedding enabled visualization of fifth 

instar silk gland morphology in greater detail than has previously been reported, revealing 

the presence of four different epithelial cell types in the B. mori silk gland. By using 

concentric ion selective microelectrodes (ISMs), precise determination of the pH in the 

different parts of the silk gland lumen was also achieved. Using a histochemical method that 

detects active CA (Ridderstråle, 1991), as well as inhibition experiments, we conclude that 

CA is necessary for the generation and maintenance of the pH gradient.

Domigan et al. Page 3

Insect Biochem Mol Biol. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Results

Silk gland morphology

The silkworm (Figure 1A) progresses through five larval instars, accumulating large 

quantities of silk protein ready for cocoon spinning at the end of the fifth instar. The gland 

increases in size through the larval instars and in the fifth instar larvae, the S-shaped MSG (5 

cm × 3 mm) occupies much of the abdomen of the worm, with the narrow and convoluted 

PSG (15 cm × 1.5 mm) in the proximal part of the worm and the tapering ASG (2 cm × 0.2 

mm) leading up to the worm mouth (Figure 1B–C) where silk fibers are generated upon 

cocoon spinning.

Four epithelial cell types in Bombyx mori silk gland

Using plastic embedded preparations of silk gland stained with hematoxylin and eosin (HE), 

and Azure blue, detailed cellular structures could be identified (Figure 2). Of particular 

interest was the identification of four different epithelial cell types that can be discerned 

through distinct staining with both HE and Azure blue. In the PSG the gland is lined with a 

single layer of tall (80 μm) columnar epithelial cells with elongated nuclei (Figure 2, A–B; 

cell type I). Here, the lumen of the gland contains a single homogenous material that stains 

light pink with HE and light blue with Azure blue (Figure 2, A–B). Moving into the middle 

region of the gland there is a change in cell morphology and two distinctly staining cell 

types (Figure 2, C–D; cell type II and III, image is at boundary of the two cell types). The 

gland becomes larger at this point and the columnar epithelial cells are wider, with distinct 

staining of granules between the two cell types (Figure 2, C–D). In the MSG a darker blue 

staining material in the lumen appears on Azure blue stained sections (Figure 2D). In the 

end of the MSG, a third layer in the lumen staining purple with HE and dark blue with 

Azure blue appears (Figure 2G and 4A). Towards the end of the MSG, where the gland 

narrows to form a funnel-like structure (Figure 2, E–F), there is a change in cell type (cell 

type IV) and the epithelial cells in this region exhibit a more compact, cuboidal morphology. 

At the funnel, there is also appearance of a cuticular intima (Figure 2, E–G). Cell type IV 

and the cuticular intima continue through the anterior gland (Figure 2G). All four cell types 

identified feature giant ramified nuclei. The locations of the four cell types are shown on the 

schematic of the gland in Figure 3.

A broad gradient from pH 8 to 6 exists along the gland

Using concentric ISMs, the luminal pH of spinning fifth instar B. mori silk glands was 

measured at eleven different locations along the gland. A pH gradient from 8.2 – 6.2 was 

found from the PSG to the beginning of the ASG (Figure 3) with a surprisingly small 

difference between individuals.

Carbonic anhydrase generates and maintains the pH gradient in the gland

Carbonic anhydrase activity was studied on historesin embedded sections from the posterior, 

middle, and anterior silk gland. The presence of a black precipitate is indicative of active CA 

in cell type IV, in the funnel and in the ASG (Figure 4; S1 (Supplementary Material)). The 

carbonic anhydrase activity seems to be localized to the apical cell membrane and to 
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intracellular granules (Figure 4, A–C). Treatment of glands with the CA inhibitor 

methazolamide resulted in inhibition of carbonic anhydrase activity (Figure S1 

(Supplementary Material)), and caused the pH gradient to level out to approximately pH 7 

(Figure 3).

Discussion

Four different cell types were identified in the silk gland of B. mori. It is likely that cell type 

I in the PSG produces fibroin (Figure 2 A–B) while the two cell types (II and III) in the 

MSG may correspond to cells producing different sericin proteins (Figure 2 C–D). It is 

believed that the sericins secreted in the MSG does not mix with the fibroin and exist as a 

lubricating layer around the fibroin as the gland content is transported to the ASG (Magoshi 

et al., 1993). The presence of three differentially stained layers in the gland lumen (Figures 

2G and 4A) support this notion. Cell type IV is responsible for producing carbonic 

anhydrase (Figure 4), discussed below. At the funnel, where cell type IV begins, a cuticular 

intima appears at the apical cell membrane (Figures 2E–G and 4A–B) and is present all 

along the ASG, similar to the cuticular intima that has been observed along the s-shaped 

duct in spider silk glands (Andersson et al., 2013). It has been proposed that the cuticle acts 

to resist unwanted deformation of the duct epithelium (Davies et al., 2013). The giant 

ramified nuclei present in all four cell types are characteristic of polyploidation, and have 

previously been identified in a number of lepidopteran species, including B. mori 

(Henderson and Locke, 1992; Ichimura et al., 1985). Through polyploidation, the genomic 

DNA content of the silk gland increases 200–400 thousand times during the larval lifespan 

via the process of endomitosis (Dhawan and Gopinathan, 2003; Perdrix-Gillot, 1979; Zhang 

et al., 2012a).

It has been stated that the pH of the gland lumen ranges from approximately 6.9 in the PSG 

to 4.9 in the ASG but it is unclear how this was measured (Magoshi et al., 1993). In another 

study, Miyake and Azuma focused on feeding (days 1–7) and spinning (days 8–11) fifth 

instar larvae. They approximated the pH of the gland lumen using the pH-sensitive dye 

phenol red (Miyake and Azuma, 2008b). Using this technique they observed a gradient from 

pH 7–8 in the PSG to pH 5–6 in the MSG in feeding larvae, and a neutral pH in the MSG of 

spinning larvae (the dye did not permeate the ASG in either case or the PSG in spinning 

larvae). Our detailed pH measurements using ISMs correlated well with the pH values in the 

MSG of spinning larvae (Miyake and Azuma, 2008b) but we find the pH of the proximal 

gland lumen to be higher than previously reported by Magoshi et al., with a pH gradient 

between 8.1 and 7.2 in the PSG, neutral pH throughout the MSG, a drop to pH 6.8 in the 

funnel, and a gradient from 6.5–6.2 in the beginning of the ASG (Figure 3). The presence of 

active carbonic anhydrase indicates that pH may continue to drop along the ASG but the 

small inner diameter (approximately 50 μm) in combination with the toughness of the 

cuticular intima of the anterior part of the ASG prevented measurements with the ISMs.

Of particular interest is the pH gradient in the ASG. The silk proteins undergo the silk I 

(random coil, helix and hydrated β-strand) to silk II (predominately β-sheet) transition in the 

ASG (Asakura et al., 1983, 1984). We have previously proposed a model for silk fiber 

assembly in which there is (i) self-assembly of micelle-like particles, that (ii) aggregate into 
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larger globules or gel in response to decreasing pH, and (iii) finally elongate and align under 

physical shear (Jin and Kaplan, 2003). Rheological data on dope extracted from the gland 

has shown that lowering and raising the pH with acetic acid (approximately pH 2) and 

ammonia (approximately pH 11) induced partially reversible gel formation at acidic pH 

(Terry et al., 2004). This has been attributed to the drop in pH promoting protonation of 

acidic side chains and allowing the formation hydrogen bonds that stabilize β-sheet and the 

gel state. This assumption is based upon the predicted pI of 4.2 for H-chain fibroin. The pH 

values measured in this study are all above 6 but could still allow protonation of carboxylate 

side-chains, as predicted pI values do not account for local perturbation of side-chain pKa 

values, which can for example be caused by clustering of charged residues, such as what 

was observed for the spider silk N-terminal domain (Askarieh et al., 2010; Kronqvist et al., 

2014). The pH values measured in this study would allow for the silk dope to exist as a weak 

gel in the funnel and ASG that can still flow to the spinneret.

On the molecular level, structural data have shown that the fibroin N-terminal domain, 

thought to be essential in mediating silk fiber assembly, undergoes a pH-induced 

conformational transition from random coil to β-sheet between pH 7.0 and 6.0 thereby likely 

triggering silk assembly (He et al., 2012). Dynamic light scattering on fibroin N-terminal 

domain showed that oligomerization also takes place in a pH responsive manner between pH 

7.0 and 6.0 (He et al., 2012). From the funnel to the beginning of the ASG we show a pH 

gradient from approximately pH 7 to pH 6, which again supports the funnel/ASG as the 

primary region where the structural transformation of fibroin N-terminal domain takes place.

Cell type IV, which is present all along the ASG, produces carbonic anhydrase (Figure 4). 

Thus, the region in which there is CA activity starts where there is no longer production of 

fibroins. CA activity observed in the major ampullate gland of the spider, E. australis was 

also seen to commence at the site where the silk proteins, spidroins, cease to be produced 

(Andersson et al., 2014). Histochemical methods have proved useful in localizing enzymes 

that may be important to the silk spinning process (Azuma and Ohta, 1998; Azuma et al., 

2012; Miyake and Azuma, 2008a). As mentioned previously, a H+-translocating vacuolar-

type ATPase (V-ATPase) is located at the apical plasma membrane of the ASG, as well as in 

the posterior part of the MSG (Azuma et al., 2001), with a role in pumping H+ into the 

lumen of the gland (Azuma and Ohta, 1998). CA activity in the funnel and ASG of spinning 

larvae may complement these proton pumps, in lowering the pH of the gland.

As mentioned previously, the abilities to spin silk in silkworms and spiders have arisen 

independently (Craig, 1997). Despite this difference in origin, there are remarkable 

similarities in the spinning mechanisms in silkworm and spider silk glands. The spider silk 

gland also consists of a single tall epithelial cell layer (Andersson et al., 2013; Kovoor, 

1987). The tail in spider silk glands, which corresponds to the PSG of silkworms, has 

luminal pH above 7.5 (Andersson et al., 2014; Dicko et al., 2004), and its main function is 

protein production (Andersson et al., 2013). The posterior part of the sac, corresponding to 

the MSG in silkworm, produces protein and holds a neutral pH, while the duct, 

corresponding to the ASG, produces carbonic anhydrase and has a steep pH gradient which 

likely reaches below pH 5.7 (Andersson et al., 2014). Furthermore, it has been shown that in 

this pH interval, the fibroin N-terminal domain undergoes a conformational change (He et 
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al., 2012), which likewise has been shown for the spider silk protein N- (Askarieh et al., 

2010; Gaines et al., 2010; Kronqvist et al., 2014, Otikovs et al., 2015) and C-terminal 

domain (Andersson et al., 2014, Gauthier et al., 2014). These similarities between the two 

species indicate that the mechanism of spinning may be more universal than previously 

anticipated.

The efficient and elegant way that B. mori produces strong silk fibers, all under 

physiological conditions at ambient temperature and without the need for toxic solvents and 

high pressure, has led to an interest in biomimetic processing of silk in a laboratory setting 

(Holland et al., 2012). Production of non-native silk fibers involves attention to both the 

production of the regenerated silk solution and the mode of spinning (Holland et al., 2007). 

Wet spinning, electrospinning, and dry spinning have all attempted to mimic silkworm 

spinning of regenerated silk solutions, however, most of these approaches oversimplify this 

complex process and as a result the silk fibers produced often lack desirable properties (Fu 

et al., 2009; Kinahan et al., 2011; Wei et al., 2011; Zhang et al., 2012b). A recent study by 

Zhang et al. produced silk fibers via wet spinning with mechanical properties that matched 

those of the native silk fiber. This can be attributed to their approach, with regenerated 

fibroin produced under milder conditions - maintaining some of the hierarchical structure of 

native silk fibers, and the use of water as a coagulant (Zhang et al., 2015). The elucidation of 

the underlying mechanisms behind the hierarchical assembly and structural transitions 

observed in silk fiber formation is important information to guide biomimetic silk 

processing.

Conclusions

Four different epithelial cell types exist in the silk gland of fifth instar spinning B. mori 

larvae, one of which produces active carbonic anhydrase. The carbonic anhydrase generates 

and maintains a pH gradient ranging from pH 8.2 to 7.2 in the PSG, 7.2-7 in the MSG and 

6.8 to 6.2 in the ASG. The data presented will likely be of importance for the development 

of biomimetic artificial silk fibers.

Materials and Methods

Animals

A B. mori colony was established with animals obtained from Coastal Silkworms (Florida, 

USA). Silkworms were raised at room temperature (25° ± 1°C) on fresh mulberry leaves. 

For this study the life-stage of interest was 5th instar larvae at full maturation that have 

commenced spinning. At this stage the larvae stop eating and bodies become yellowish. The 

larvae then soon start spinning to make a cocoon.

Tissue processing and Histology

Silkworms were anesthetized on ice and the silk gland removed via an incision along the 

ventral side of the larvae. Dissections were carried out in physiological saline (pH 7.4). The 

gland was removed and sectioned according to Figure 1, in order to obtain the posterior, 

middle, and anterior regions of the gland. Tissues were fixed in 2.5 % (v/v) glutaraldehyde 

in phosphate buffered saline (PBS) (pH 7.2) for 24 hours at 4°C and subsequently rinsed 

Domigan et al. Page 7

Insect Biochem Mol Biol. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with PBS (pH 7.2). After fixation, tissues were dehydrated using increasing concentrations 

of ethanol, infiltrated and embedded in water-soluble glycol methacrylate (Leica Historesin 

embedding kit). Historesin embedded silk glands were sectioned at 2 μm using a microtome 

(Leica RM 2165) and stained with HE or Azure blue. Imaging was performed on a Nikon 

Microphot-FXA microscope and photos were taken with a Nikon Digitalsight DS-SM 

camera. Cryoembedding and sectioning was also carried out with glutaraldehyde fixed 

glands rinsed three times in PBS and then sucrose infused (30% sucrose solution, incubated 

at 4°C for 24 hours). The tissue was embedded in O.C.T. Compound (Tissue-Tek®) and 

sectioned at 10 μm using a cryomicrotome (Leica CM 1950).

Histochemical localization of carbonic anhydrase activity

Historesin embedded silk glands from spinning fifth instar larvae were sectioned at 2 μm 

using a microtome (Leica RM 2165) and stained for CA activity using a histochemical 

method (Ridderstråle, 1991). This method involves the incubation of sections in a solution 

(NaHCO3/CoSO4/H2SO4/KH2PO4) that results in the formation of a cobalt-phosphate-

carbonate complex, which is then converted into a black cobalt-sulphide precipitate at sites 

of CA activity. Some sections were counterstained with Azure blue. For control of 

unspecific staining, the CA inhibitor acetazolamide was included in the incubation solution.

pH measurements in Bombyx mori silk glands

Concentric ISMs were used to measure the concentration of hydrogen ions in various 

regions of the silk glands from spinning fifth instar larvae. These were prepared as per 

(Fedirko et al., 2006), and calibrated using pH 6.87 and pH 7.42 buffers. Whole silk glands 

were dissected as previously described, differing only in that the dissection was carried out 

in a modified Spider Ringer (Shartau et al 1983) solution (2 mM MgCl2, 2 mM CaCl2, 3 

mM KCl, and 10 mM glucose) buffered with 26 mM bicarbonate and 5% CO2, giving a pH 

of 7.4. Silk glands were mounted in a Sylgard® submersion style incubation chamber and 

superfused with Ringer solution at room temperature. Ion-selective microelectrode 

measurements were performed in eleven regions of the gland, as indicated in Figure 3 and a 

triplicate measurement was performed at each location, in every gland. The difference in 

potential between the Ringer and inside of the silkworm gland was recorded on a chart 

recorder (Zipp and Konnen) and translated into change in concentration of hydrogen ions 

using the Nernst equation.

To study the influence of CA activity on the pH gradient, some glands were treated with a 

membrane-permeable carbonic anhydrase inhibitor, methazolamide (M4156 Fluka) for 30 

minutes in 0.1 mM methazolamide (M4156, Fluka) before pH measurements. This was done 

by incubation of the excised silk glands in Ringer solution containing methazolamide. The 

effect of incubation time on the pH gradient was accounted for by incubation of silk glands 

for 30 min in Ringers solution only – with no effect on the pH gradient seen.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Concentric ion selective microelectrodes were used to accurately determine the 

intraluminal pH of the Bombyx mori silk gland.

• A gradient from pH 8.2 (posterior) down to pH 6.2 (anterior) was recorded.

• Four distinct epithelial cell types were identified, one of which produces 

carbonic anhydrase.

• The pH gradient was found to collapse on inhibition of carbonic anhydrase, 

confirming an essential role for this enzyme in silk fiber production.
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Figure 1. Macroscopic structure of gland
(A) Bombyx mori 5th instar larvae in the spinning stage. (B) Silk gland dissected from 5th 

instar larvae indicating the posterior silk gland (PSG), middle silk gland (MSG), and anterior 

silk gland (ASG). (C) Longitudinal cryosections of a whole 5th instar larvae stained with 

Toluene blue, with insets showing the (i) ASG, (ii) MSG and (iii) PSG. Scale bars 0.5 cm 

(C) and 200 μm (i, ii, iii).
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Figure 2. Histology of the silk gland
HE and Azure blue staining of the silk gland of 5th instar B. mori showing the presence of at 

least four (labelled I – IV) epithelial cell types. Scale bars are 20 μm (A–D, G) and 50 μm 

(E–F). PSG: posterior silk gland, MSG: middle silk gland, ASG: anterior silk gland, Lu: 

lumen, N: nucleus, Mv: microvilli, CI: cuticular intima, * indicates layer I, ** indicates layer 

II, *** indicates layer III.
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Figure 3. pH of Bombyx mori silk gland
Intraluminal pH (± SD) of the silk gland recorded at 11 locations (see schematic below 

table) in n number of glands. pH measurements were performed on dissected glands in an 

insect Ringer solution using ion-selective microelectrodes. pH measurements were also 

carried out following incubation of dissected glands in methazolamide (+MTZ). I – IV: refer 

to regions where different epithelial cell types were identified. Carbonic anhydrase activity 

was found in cell type IV and is identified on the gland schematic.
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Figure 4. Carbonic anhydrase activity in the anterior silk gland
Cross-section (A) and longitundinal section (B and C) of the ASG stained for carbonic 

anhydrase activity (black precipitate, arrow heads) counterstained with Azure blue. Three 

distinct layers (*, **, and *** respectively) of the forming fiber in the lumen are visible. 

Scale bars are 20 μm (A and C) and 10 μm (B). CI: cuticular intima, N: nucleus, Lu: lumen.
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