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Silkworm silk has outstanding mechanical properties despite being spun at room temperature and from aqueous
solution. Although it has been proposed that fiber formation is mainly induced by shearing and extensional flow
in the spinneret, the detailed structure and function of the spinning apparatus ofBombyx morisilkworms are still
not fully elucidated. In this paper we describe three aspects of the functional microanatomy of the spinning
apparatus: changes in the diameter of the silk gland duct with distance along the duct, how the birefringence of
the fibroin changes as it flows down the duct, and the detailed three-dimensional structure of the silk press and
related structures. The existence of a double escaped nematic liquid crystal texture in the fibroin in a region of
the duct is described. After this region the birefringence suddenly disappeared until the start of an internal draw
down taper which commenced just before the silk press. In the internal draw down taper the birefringence increased
dramatically to an asymptotic value as a thread was drawn from the fibroin gel. The structure of the silk press
suggests that it acts as a restriction die whose diameter can be regulated.

Introduction

Bombyx morisilk fibroin fibers are produced by silkworms
at room temperature and from an aqueous solution, but they
exhibit exceptional strength, toughness, and resistance to
mechanical compression.1,2 Silk fibroin also possesses impres-
sive biological properties, giving it considerable potential as a
biomaterial for tissue engineering.3 Consequently, much atten-
tion has been focused on the natural mechanism of fiber
formation with the aim of understanding how tough fibers are
produced naturally and how the process might be mimicked
industrially.

TheB. moriraw (undegummed) silk filament (bave) emerging
from the silkworm consists of two fibroin protein monofilaments
(brins) enveloped in a proteinaceous sericin coat. The latter
serves as an adhesive to stick the baves together in the cocoon.
The fibroin brins are largely constructed from two proteins,
heavy- and light-chain fibroin, linked together by disulfide
bonds. The sericin coat is constructed from several different
sericins, all of which are thought to be expression products of
the sericin-1 and sericin-2 genes. Both the fibroin and sericin
proteins are produced by two rows of very large flattened cells
that make up the lining of a pair of long tubular silk glands
homologous with the salivary glands of other insect larvae. Each
silk gland has its own elongated duct, the silk gland duct (also
referred to as the anterior division of the silk gland).4-6 The
end of the anterior portion of the secretory part of the silk gland
and the start of the duct are defined by an abrupt reduction in
external diameter and abrupt appearance of a cuticle lining to

the lumen. The cuticle lining of the duct is surrounded by a
type of epithelial cell different from that of the gland proper,
containing a vesicular proton pump thought to be responsible
for acidification of the contents of the lumen of the duct before
spinning.7 The ion pumping of these cells may be responsible
for other changes in water and ion content along the length of
the silk duct.8-10 The silk gland duct opens into a short common
duct which passes through a structure known as the silk press
before running a short distance to open on a single large spigot
from which the silk bave is discharged.4-6 The spigot is mounted
on the base of the labium just posterior to the mouth.11 As shown
in Figure 1, the silk protein synthesizing part of the silk gland
consists of three distinct successive parts: the thin and flexuous
posterior part (1), the wider middle (2), and the anterior part
(3). Only the posterior part of the silk gland synthesizes the
heavy- and light-chain fibroins, the main components of silk
proteins, and an accessory protein, P25, thought to be concerned
with fibroin assembly and intracellular transport.12-14 Fibroin
is then transported down the lumen into the middle part of the
silk gland in which it is stored in a concentrated state as a weak
gel until required for spinning. There is a gradient of expression
of the sericin-1 gene starting at a low level in the middle part
of the gland and reaching its greatest expression in the anterior
part,15 reflecting the progressive accumulation of sericin around
the fibroin core.16 Several sericins with different molecular
weights are produced in these regions by differential splicing
of the eight introns of the sericin-1 gene.17 Recently, the ultra-
structure of the silk glands, silk press, and spinneret of the third,
fourth, and fifth instars of the noctuid mothHelicoVerpa
armigera have been described using several microscopical
techniques.18 This pest, the cotton bollworm, is not closely
related to the silkworms but produces a silk which plays a role
in feeding, dispersal, formation of the pupation chamber, and
attachment of the larva to the substrate. The structure of the
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silk press in this noctuid is clearly closely related to that of the
same structure inB. mori described below.

The mechanism of fiber formation in theB. mori silkworm
is, however, still not fully elucidated. The silk thread is actively
pulled from the spigot by the side-to-side movement of the
silkworm’s head, producing a figure eight pattern.4-6 Ogiwara19

outlined the importance of the role of the silk press in the process
of fiber formation from silk fibroin. Kataoka et al.16,20,21studied
changes in viscosity, birefringence, and wide-angle X-ray
scattering in situ at different points in the secretory pathway.
Critical strain rates for the conversion of the native silk fibroin
to the silk II state were estimated by forcing the silk to flow in
a channel between two parallel plates under pressure.16 The
profiles of the diameter changes along the duct, viscosity of
fibroin, and calculated linear velocity as it flowed through the
duct during spinning were used to calculate the strain rates in
the fibroin at different points along the secretory pathway.16,20

Katoaka et al.21 also reported that the birefringence of the
nascent silk brin increased markedly in the anterior division
when the silk bave was drawn artificially from the spigot at 2
cm s-1. In contrast, at lower spinning speeds (0.5-1 cm s-1)
the increase in birefringence occurred in the lumen between the
stiff plates of the silk press. The position of onset of the marked
increase in birefringence varied with the spinning conditions
and was said to correlate with the point in the secretory pathway
at which these authors claim to have calculated that the fibroin
solution reached the critical shear rate required for conversion
of the silk fibroin to theâ-sheet (silk II) state, although their
papers do not include the primary data or detailed consideration
of the assumptions they used to calculate this.16,21Recently, we
proposed structural models for silk I (the structure ofB. mori
silk fibroin before spinning) and silk II (the structure after
spinning) in the model peptide (Ala-Gly)15 of B. morisilk fibroin
using mainly solid-state NMR methods.22-25 Molecular dynam-
ics (MD) calculation was performed to simulate the structural

change from silk I to silk II in poly(Ala-Gly) and to clarify the
mechanism of the silk fiber formation.26 This showed that the
silk I structure (repeated type IIâ-turns) changes to a hetero-
geneous mainly antiparallelâ-sheet silk II structure as a result
of two factors: the removal of water molecules around the silk
chains and the application of shear and stretching.

In the present study, we describe three new aspects of the
functional anatomy of the mulberry silkworm’s silk spinning
apparatus: (i) geometry of the silk duct, (ii) changes in the
birefringence of the fibroin with distance along the duct, and
(iii) detailed structure of the silk press. Our results lead to an
extension and reinterpretation of the process of natural silk
spinning inB. mori and highlight a remarkable similarity to
the way in which silkworms and orb web spiders spin their silk.

Experimental Section

Three-Dimensional Reconstruction. B. mori larval silkworms were
reared on an artificial diet in our laboratory. For serial sectioning, the
silk press of a fifth (final)B. mori larval instar that had just started to
spin (at a rate of approximately 1 cm s-1 19) was fixed in situ without
prior anaesthesia by irrigation with a solution containing a final
concentration of 5% glutaralaldehyde and 0.1 M sodium cacodylate/
HCl buffer. The silk press was dissected out in this solution and left
for 6 days at 4°C before postfixation in aqueous 1% osmium tetroxide
for 1 day27 after being washed in 0.1 M phosphate buffer. After the
silk press was embedded in Epon, 1µm serial sections were cut on an
ultramicrotome with a diamond knife and stained with aqueous 1%
toluidine blue in borax before examination and photomicrography with
a light microscope (10× objective). The three-dimensional architecture
was reconstructed using the software TRI/3D-VOL (RATOC System
Engineering Co. Ltd., Tokyo). The reconstruction was prepared by
tracing the outlines of the lumen, the stiff plates within the silk press,
and nascent (incompletely formed) fibroin brins on the computer after
the images were brought into registration.19

Observation of Whole Mounts. Naturally spinningB. mori larvae
as above were rapidly opened by a longitudinal dorsal incision and the
abdominal contents, fixed in situ by gentle infusion (30 min at 4°C)
followed by immersion (3 h at 4°C) in a modified Karnovsky fixative.
The fixative contained final concentrations of 2% glutaraldehyde, 2%
freshly depolymerized formaldehyde, 0.1 M sodium cacodylate, 0.01
M calcium chloride, and 0.1 M sodium chloride and was adjusted to
pH 7.4 with hydrochloric acid. The fixative was designed to avoid
artefactual swelling or shrinkage of the silk fibroin in situ, by keeping
the osmotic potential, predicted from data presented by Maser et al.,28

only slightly in excess (475 mOsm) of that of lepidopteran hemeolymph
and Ringer solutions (300-400 mOsm). A glutaraldehyde fixative was
chosen for the following reasons. Dilute solutions of glutaraldehyde
are widely used in immunocytochemistry because they are able to
preserve the structure of the epitope in a wide range of globular and
fibrous proteins, e.g.,29,30suggesting that they are capable of preserving
much of the tertiary structure of proteins. In addition there is evidence
that glutaraldehyde fixation is able to preserve a range of different
lyotropic liquid crystal phases and complex patterns of molecular
orientation in liquid crystalline structural proteins including mantis
oothecal protein, collagens, and spider fibroin.31-33 The silk bave was
carefully cut approximately 5 mm from the spigot to avoid any
stretching of the nascent brin during subsequent processing. Thereafter
the silk glands were dissected out in the fixative buffer and gradually
dehydrated in progressively higher concentrations of Farrant’s gum
before preparation of whole mounts in the fully concentrated gum,
taking care not to strain any part of the preparation. A Vickers polarizing
microscope fitted with a first-order red compensator was used to
investigate the birefringence in whole mounts of the entire length of
the duct. The polarizing microscope was equipped with a rotating
analyzer,λ/4 compensator, monochromatic green filter (λ ) 546 nm),

Figure 1. Structure and function of the silk gland, gland duct, and
spinneret after Kataoka.16,21 The silk gland (upper left) consists of a
narrow diverging convoluted posterior secretory part (1), a wider
S-shaped middle secretory part (2), and a narrow duct (3). The
spinneret (upper right) also consists of three parts, a common tube
(4), a silk press (5), and a spinning tube (6). The graph from Kataoka16

shows how the birefringence changes in the duct and silk press.
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and 40× objective to determine specific retardation of nascent brins at
different distances along the duct using the quarter wave plate method.34

The distance along the duct from the start of the draw down taper and
thickness of the nascent brin at each distance were measured with a
calibrated eyepiece graticule. The specific retardation was expressed
in arbitrary units as no method was available for accurately determining
the retardation of the compensator at the wavelength used. To determine
the diameter of the lumen at different locations along the silk gland
duct, whole mounts were prepared as above but with supported
coverslips to prevent compression. Diameter measurements were made
directly on a montage of digital photomicrographs showing the entire
length of the duct.

Results and Discussion

Profile of the Silk Gland Duct. Figure 2 shows the change
in diameter of the lumen of the silk gland duct with distance
from its start. The diameter of the lumen showed a rapid initial
decline and then fell more slowly. A second-order exponential
decay fitted the data well (R2 ) 0.988). Thus, the convergence
and size of the duct approximate those of the major ampullate
silk gland duct in the orb web spiderNephila edulis.35 The
progressive narrowing of the silkworm’s duct, as in the spider’s,
may, by maintaining a low and fairly constant extensional flow,
help to prevent premature silk II formation as the fibroin flows
through the duct during spinning. In addition, the silkworm’s
duct like the spider’s is thought to create pH and metallic cation
gradients to increase the sensitivity of the fibroin to shear.8,9,36

Thus, the initial, rapidly converging part of the duct would, as
in the spider,10 provide for a slow linear movement of the fibroin
solution along the duct and hence give a long time for treating
the fibroin with ions in this part of the duct.

Birefringence Changes in the Fibroin at Different Dis-
tances along the Silk Gland Duct. At the start of the duct the
fibroin in the lumen showed a pattern of isogyres (dark lines
between crossed polaroids) (not shown) similar to that seen in
the analogous region of the spider’s duct,35 suggesting the
existence of a simple escaped nematic liquid crystal texture.
Further along the duct, where the diameter had reached about
80 µm, the fibroin in many of the silk ducts studied showed
(Figure 3) a more complex pattern closely similar to that seen
in the analogous part of the spider’s duct.35 This was identified
as the cellular optical texture, a bidirectionally escaped nematic
texture first described in a synthetic amphiphile confined to a
small tube.37 The close similarity of this texture in the silkworm
and spider and the observation that both appear where the lumen
has constricted to approximately the same size in both organisms

suggest that the fibroin solution at this location in both organisms
is present as a nematic discotic (ND) phase and that the ratios
between the bend and splay Ericksen coefficients of the two
fibroins are closely similar.37

Further down the duct, where the diameter had fallen to about
60 µm, the cellular optical texture ended abruptly and no
detectable birefringence was noted in the fibroin. In contrast,
in the major ampullate silk duct of theNephilaspider the silk
protein shows birefringence with a positive sign for some
distance after the end of cellular optical texture35 before the
birefringence finally disappears some distance before the start
of the draw down taper.38 This suggests that there may be some
difference in the behavior of the fibroin in the two organisms.
However, the eventual loss of birefringence in both cases may
result from the disruption of wall anchoring of the molecules
as the linear velocity of the fibroin increases as a consequence
of the continued convergence of the duct. The lack of birefrin-
gence persisted in the silkworm duct until the point at which
the fibroin and surrounding thin layer of sericin suddenly pulled
away from the cuticle lining of the duct in an internal draw
down taper (see Figure 4a). This occurred between 4 and 0.6
mm from the start of the silk press in different individuals, the
variation in the position probably depending on variations in
the spinning conditions. Figure 4b shows that the specific
retardance of the nascent fibroin brin increased rapidly, nearly
reaching an asymptote within 500µm. The increase in specific
retardance was approximately inversely proportional to the
declining thickness of the fibroin brin (graph not shown). The
increase in specific retardance is likely to result from an increase
in molecular alignment produced by extensional flow of the
partially gelled fibroin in the draw down taper. The specific
retardance of the brins after they had emerged from the spigot
was appreciably higher than the asymptotic value seen in the
nascent silk at the distal end of the duct, indicating that more
orientation is introduced later in the secretory pathway (see
below). An internal draw down is also seen in an analogous
location in the duct in whole mounts of orb web spider silk
glands39 and shows a similar asymptotic increase in specific
retardation with distance (James Higham, unpublished results).
The sericin formed a continuous thin nonbirefringent layer
surrounding the fibroin up to the start of the internal draw down
taper, but thereafter in the gland duct the sericin layer broke up
into a series of large irregular blobs coating the fibroin,
suggesting that it remained fluid.

Structure of the Silk Press. Figure 5 shows micrographs of
selected cross-sections of the silk press and related structures,
while Figure 6 shows the three-dimensional reconstruction
obtained from serial sections. The distal ends of the two silk
gland ducts join to give a common duct 150µm long with a
wide lumen which in turn opens into the lumen of the silk press.
The nascent silk brins have evidently already drawn down before
reaching the common duct (Figure 4a). This confirms our
observation above and those of Magoshi of internal draw down
processing in the duct.4 The cuticle lining of the silk press is
much thickened and is lip-shaped in the transverse section. Its
lumen is much flattened dorsoventrally and bow-shaped. The
shape of the lumen appears to be partly defined by two stiff
plates in the cuticle lining close to the edge of the lumen: a
large ventral plate (approximately 70µm in length) and a much
narrower but much longer dorsal plate. The start of both dorsal
and ventral plates and the finish of the dorsal plate define the
length (300µm) of the silk press proper. The plates did not cut
well and are therefore probably quite hard. Left and right dorsal
and smaller left and right ventral muscles (arrows in Figure 5d,e)

Figure 2. Graph showing the decrease in diameter of the lumen of
the duct with distance from the point of commencement of the cuticle
lining. A best fit second-order exponential regression line is shown,
regression line Y ) A(1/(1 + exp(BX)) + C(1/(1 + exp(DX)), where
A ) 238, B ) 6.18E-05, C ) 588, D ) 0.003, and R2 ) 0.988.
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have their origins dorsally and laterally, respectively, on the
cuticle surrounding the lumen of the silk press and run more or
less radially with respect to the lumen of the silk press to insert
onto the cuticle of the head capsule. This pattern of origin and
insertion and the radial orientation of the muscles strongly
indicate that their contraction would separate the dorsal and
ventral plates, increasing the diameter and volume of the lumen
of the silk press. Flexible cuticle at the corners of the lip-shaped
cuticle may act as spring-loaded hinges, allowing the press to
return to the substantially closed position when the muscles
relax. The lumen between the stiff plates appears to form the
fibroin filaments (see Figure 5g,h) into a cross-sectional shape
similar to that of the fully formed brins. The fluid sericin is
evidently able to pass through the lumen on either side of the
fibroin filaments where the latter are squeezed between the stiff
plates. This is thought to be facilitated by the bow shape of the
lumen.

After the silk press, the lumen runs for 470µm in the spinning
duct, becoming approximately circular in cross-section before
opening at the tip of the spigot from which the bave emerges

to the outside world. Figure 7 shows changes in the cross-
sectional area of the lumen as it travels through the silk press
and related structures. The cross-sectional area of the lumen
markedly diminished at the start of the silk press, and this
constriction was maintained until the lumen finally dilated in
the last part of the spinning duct before it opened at the spigot.

In our previous paper26 we used molecular dynamics calcula-
tions on poly(Ala-Gly), a model of the crystalline domain of
B. mori silk fibroin, to simulate the conversion from a silk I
state before spinning to the silk II state found in the fully formed
silk fiber. Removal of the water shell surrounding the predomi-
nantly hydrophobic fibroin molecules (hydrophobic dehydration)
in the last stage of the simulation had the effect of reproducing
the transformation from silk I to the heterogeneous silk II
structure as monitored by changes in peptide backbone torsion
angles. This suggests that water removal produced by a
combination of wall shear and extensional flow as the nascent
silk is drawn down into a filament is the predominant factor in
inducing the conformation transition in in vivo spinning. Further,
we suggest that the constriction of the lumen between the stiff

Figure 3. A montage of polarizing micrographs showing the cellular optical texture (see the text) in the fibroin in situ within the duct. The slow
axis of the polarizer was at 45° to the long axis of the duct, and a first-order red compensator was used. In life the fibroin flowed from left to right
along the duct. The scale bar equals 100 µm.

Figure 4. Changes in birefringence in the internal draw down taper within the distal part of the spinning duct. (a) Montage of photomicrographs
of a whole mount of the duct taken with crossed polars and an λ4 compensator showing the increase in birefringence (appears black at the
arrow) in the fibroin in the internal draw down taper. The slow axis of the polarizer was maintained at 45° to the long axis of the duct. (b)
Changes in the specific retardance at different distances along the duct. Note that the x axes of (a) and (b) are aligned at the start of the draw
down taper but have different horizontal scales.
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plates of the silk press can play a part in spinning by acting as
an elongated constriction die to induce shear and/or extensional
flow. This is borne out by the observation that birefringence of
the nascent brin increased markedly within the filter press during
artificial drawing of silk from the spigot at low speeds,16,21

indicating an alignment of the fibroin molecules produced by
wall shear and/or extensional flow. The elongation of the
constriction die may lengthen the time that the nascent silk brin
is exposed to mechanical forces and therefore produce a more

complete conversion to the silk II state than could be achieved
by a short constriction.

Further, the structure of the silk press suggests that the
silkworm can actively regulate the cross-sectional area of the
lumen under muscular control. Contraction of the dorsal and
ventral muscles is thought to dilate the press, while their
relaxation, together with the elastic recoil of the cuticle lining
and pressure in the body cavity, is thought to allow the press to
constrict again to its resting state. Active control of the silk

Figure 5. Optical micrographs of the cross-section of a spinneret. (a) Near the spigot of the silkworm. There is a pair of fibroin filaments
(arrows) in the elliptical lumen. (b) The lumen becomes flatter. (c) The lumen becomes bow-shaped, and the wall of the spinneret becomes
fatter. (d) There is a narrow plate (arrow) above the lumen. The two dorsal muscles are shown (elipses). (e) The two dorsal and two ventral
muscles can be seen from here to 580 µm inward from the spigot. (f) Two muscles below the lumen disappear, and a plate appears below the
lumen. (g, h) At 670 µm inward from the spigot, the shape of the lumen changes dramatically.

Figure 6. Three-dimensional reconstruction of the spinneret showing a pair of silk threads (red and green) and the stiff plates (purple). The
reconstruction was performed from about 1000 optical micrographs of transverse sections of a silk press and related structures using the software
TRI/3D-VOL (RATOC System Engineering Co. Ltd., Tokyo). Pink and light blue arrows indicate the muscles (Figure 5e).
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press is supported by two observations from Katoaka’s work,
although these are not cited as evidence for active control in
the original papers:16,21 (i) fast artificial reeling caused the
marked increase in birefringence of the fibroin to occur in the
gland duct rather than in the silk press probably as a result of
dilation of the silk press; (ii) treatment with ether caused the
marked increase of birefringence to occur within the silk press
rather than the gland duct probably as a result of relaxation of
the dorsal and ventral muscles and consequent constriction of
the silk press. Our results do not rule out the possibility that
the silk press, like the valve, a somewhat similar structure at

the posterior end of the duct in the major ampullate gland of
spiders,39 may additionally act as a micropump for silk fibroin
under certain circumstances. Our observations also support the
hypothesis that the silk press and, as in spiders,32,35,40the internal
draw down in the distal part of the duct both facilitate the
conversion of silk I to silk II. Thus, evidence that postdrawing
dramatically improves the tensile strength in fibers extruded
artificially from solutions of regeneratedB. mori fibroin41

suggests a parallel with our observations on the natural spinning
mechanism. Our observations and hypothesis for the function
of the silk duct and silk press in spinning are summarized in
Figure 8.

In conclusion, our observations contribute to a further
understanding of the natural spinning process in silkworms and
highlight its similarity to that used by spiders to make tough
dragline silk. In addition, they may facilitate the development
of biomimetic industrial spinning methods. Finally, we suggest
that hydrophobic dehydration produced by the strain or shear
of both extracellular and intracellular protein gels may represent
a smart, adaptive mechanism for controlling protein polymer-
ization widespread throughout the animal kingdom and used
for the assembly of the fibrous proteins of silks, related
materials, and connective tissue proteins. Such a mechanism
would be smart and adaptive in that it would produce fibers in
the right place and with the right orientation to oppose applied
stresses. Our observations also suggest that the linear secretory

Figure 7. Changes in the cross-sectional area of the lumen as it
passess through the silk press and related structures.

Figure 8. Diagram showing a lateral view of the silk duct and silk press summarizing our observations and hypothesis for the function of these
structures in silk spinning. Fibroin enters the duct from the anterior part of the silk gland as a highly viscous liquid crystalline sol. The curved
lines indicate the molecular director of the rod-shaped fibroin molecules. Tapering of the silk duct induces the cellular optical texture at a critical
lumen diameter. Further down the duct, this optical texture disappears abruptly at a critical linear velocity at which shear at the fibroin/sericin
interface just overcomes anchoring of the fibroin molecules. Secretion of hydrogen ions into the lumen of the spinning duct by the proton pump
in the cells lining the duct produces a downward pH gradient in the duct. The reduction in pH suppresses the negative charge in the aspartic
and glutamic acid residues in heavy-chain fibroin inducing a weak gelling of the fibroin. Changes in the interactions between heavy-chain fibroin,
light-chain fibroin, and P2542 may also play a role in the dope processing and gelation. This increase in viscosity induces a transition from
Couette flow to rapid extensional flow, inducing an internal draw down taper. The rapid extensional flow produced in this way orientates the
fibroin molecules and draws them together, initiating the removal of the water shell around the hydrophobic fibroin and hence initiating silk II
formation. The nascent fibroin filament then enters the constriction between the stiff plates of the silk press, which acts as a restriction die. This
results in further extensional flow, water removal, and molecular orientation, leading to further formation of silk II.
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pathway of silk-secreting arthropods provides an excellent model
system for studying this phenomenon.
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