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Abstract
The byssus of Pinna nobilis, the largest

bivalve mollusc in the Mediterranean Sea,
was investigated by histochemistry,
immunohistochemistry, Transmission Elec -
tron Microscopy (TEM), Scanning Electron
Microscopy (SEM) and Atomic Force
Microscopy (AFM). At low magnification,
the byssus threads appeared distinctively
elliptical in cross-section, with a typical size
approaching 50 x 25 micron and a feature-
less glassy appearance. Histochemical and
immunohistochemical techniques con-
firmed the presence of elastic domains but
the absence of collagen, which is known to
be the main component in other molluscs.
Ultrastructural analysis by TEM revealed
the presence of at least two components
within the thread, and an inner arrangement
of straight, tightly packed longitudinal
streaks. SEM observations while confirm-
ing the inner packing of straight, parallel
subfibrils, suggested in the fracture surfaces
the presence of unidentified substance
which cemented together the same subfib-
rils and which was removed by exposure to
extreme pH values. AFM micrographs
added further evidence for the tight packing
of subfibrils and provided some evidence of
orthogonal, barely visible connecting struc-
tures. Finally, HCl or NaOH treatment left
the subfibrils clean and free from any other
component. 

Introduction
The byssus is a tensile structure present

in the larval stage of all bivalve molluscs.1

In some cases it is retained as a neotenic
character reaching up to few centimetres in
length that consists of slender threads
below millimetre in diameter. Notably, it is
able to extend from the mollusc foot to an

adhesive plaque, therefore making possible
to anchor the same fibrils to the substrate.
In particular, most of the available studies
have focused on the adhesive plaque,
whose ability to form a lifelong, extremely
strong bond underwater would have a
remarkable impact in specific fields such as
chemistry, engineering and surgery.2 By
contrast, research data on the byssus
threads are both relatively sparse and most-
ly dealing with one or two species of mol-
luscs, where for obvious reasons the
mytiloids have pride of place: above all
Mytilus edulis,3-11 M. galloprovincialis,8,12

M. californianus,11,13 and M. viridis,14 but
also more unusual species such as
Geukensia demissa and Modiolus modio-
lus9,11 or Bathymodiolus termophilus.9

Recent studies on non-mytiloids include
Atrina rigida and Ctenoides mitis,15 the
giant clam Tridacna maxima16 and the
freshwater zebra mussel Dreissena poly-
morpha.2,6,17 In addition to mytiloids, an
older study includes also Pinctada alba,
Anomia ephippium, Congeria cochleata,
Venerupis pullastra and Pinna nobilis18

with the last one as favoured species in sev-
eral older papers,19-21 but apparently no sci-
entific report has been published on the
Pinna byssus since 1970. The only recent
works on this topic are a workshop contri-
bution tightly focused on the cultural her-
itage of this material,22 and a web page of
the Natural History Museum in Basel
(http://www.muschelseide.ch/en/biologie/b
yssus/faseranalyse.html).

Such a gap of interest is indeed difficult
to be justified because Pinna nobilis is the
largest clam of the Mediterranean Sea, with
a length often exceeding 1 meter. The
byssus produced by this mollusc has several
distinct properties: it lacks both the special-
ized adhesion discs and the proximal stem
typical of mytiloids, and it is particularly
fine and smooth, growing up to 20 cm.
From ancient times, it has been occasionally
spun and woven as a rare and precious tex-
tile, under the name of sea-silk. However,
the inclusion of Pinna nobilis in the
92/43/CEE Directive and in the subsequent
2006/105/CE Directive as a protected
species has banned it from harvesting and
consequently exploiting as a textile source,
even though few manufactured products of
sea-silk still survive in museums and pri-
vate collections. 

The present research examines for the
first time the ultrastructure of the byssus
coming from Pinna nobilis with an integrat-
ed approach of Light Microscopy (LM),
Transmission Electron Microscopy (TEM),
Scanning Electron Microscopy (SEM) and
Atomic Force Microscopy (AFM).

Materials and Methods
Byssus fibres were kindly donated by

Miss Chiara Vigo, the only person in Italy
legally entitled to harvest it in the Sardinian
sea from living Pinna nobilis molluscs. The
fibres, approximately 10 cm long, were
simply washed in seawater and then air
dried. Both ends of the fibres were discard-
ed and only the central portion was anal-
ysed.

Some fibres were cut into 10 µm-thick
sections with a Leica (Wetzlar, Germany)
CM1950 cryostat and the sections were
subsequently stained with Haematoxylin-
Eosin, Van Gieson trichromic and PAS solu-
tions. A few sections were collected on a
multiwell plate and processed for collagen
and elastin content according to the follow-
ing immunohistochemical protocol. They
were treated with 4% skimmed milk in PBS
in order to saturate unspecific immunogenic
sites, then incubated overnight at 4°C with
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rabbit polyclonal anti-type I collagen anti-
body (ab292, dilution1:50; Abcam,
Cambridge, UK) and mouse monoclonal
anti-elastin antibody (BA-4, dilution 1:500;
Abcam). The sections were then covered for
45 min with secondary anti-rabbit goat anti-
bodies conjugated to alkaline phosphatase,
and immediately after the immunoreaction
was evaluated with naphtol-AS-MX-phos-
phate and Fast Red TR. All specimens were
observed with Nikon (Tokyo, Japan)
Optiphot-2 microscope and imaged with
Nikon D3300 camera as 2800 × 1867 pixel,
24 bpp JPEG images.

Specimens intended for TEM were
incubated overnight at 4°C in 25 mM sodi-
um acetate buffer, pH 5.8, containing 0.05%
Cupromeronic Blue (Seikagaku Corp.,
Tokyo, Japan) plus 2.5% glutaradehyde and
0.1 M MgCl2, dehydrated in graded ethanol
and embedded in Epon 812. Ultra-thin sec-
tions, obtained on an RMC MTX ultrami-
crotome (Boeckeler Instruments Inc.,
Tucson, AZ, USA) fitted with a standard
diamond knife, were counterstained with
uranyl acetate and lead citrate and observed
on a FEI Morgagni TEM (FEI, Eindhoven,
The Netherlands) equipped with an
Olympus (Hamburg, Germany) SIS
MegaView II CCD camera and operated at
80 kV. Images were directly obtained in
digital format as grayscale TIFF files with a
resolution of 1280 × 1024 pixels.

Part of the specimens intended for SEM
and AFM observation was treated overnight
with 1N HCl at room temperature. Another
set of samples was processed overnight
with 1N NaOH while other samples were
left untreated. All specimens were dehydrat-
ed with graded ethanol and hexamethyldisi-
lazane, whereas selected specimens were
carefully fractured to expose their inner
structure. The obtained fragments, mounted
on appropriate stubs with conductive bi-
adhesive tape, were gold-coated in an
Emitech K225 apparatus and observed on a
Philips (Eindhoven, The Netherlands)
XL30-FEG field-emission scanning elec-
tron microscope operating at 7–10 kV.
Images were directly obtained in digital for-
mat as grayscale TIFF files with a resolu-
tion of 1424 × 968 pixels. 

Similar specimens, equally mounted on
stainless steel stubs with bi-adhesive tape,
were observed with a Digital Instruments
(now Bruker Corp., Billerica, MA, USA)
MultiMode atomic force microscope fitted
with a Nanoscope IIIa controller and phase
extender. All observations were carried out
in air in intermittent contact (TM-AFM) at
a resolution of 512 × 512 samples and a
speed of ≈ 2 Hz, using Nanoscope TESP-SS
or Olympus OTESPA probes (k ≈ 42 N m−1
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Figure 1. Micrographs of cryosectioned byssus fibres (A, B) and of resin-embedded semi-
thin sections (C). The fibres are positive to PAS (A) and are stained dark brown by the
Van Gieson trichrome staining (B). Semi-thin, toluidine-stained cross-sections show the
distinctive elliptical shape of the fibres: see also http://www.muschelseide.ch/en/biolo-
gie/byssus/faseranalyse.html. Scale bars: A, B) 25 µm; C) 100 µm.
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and f ≈ 300 kHz, for both). 
When not otherwise specified, all

chemicals and reagents were supplied by
Sigma-Aldrich (St. Louis, MO, USA).

Results
Semithin sections of byssus fibres

observed at the light microscope consistent-
ly showed a featureless, glassy appearance.
Haematoxylin-Eosin staining had no visible
effect (not shown), while the same fibres
reacted positively both to PAS (Figure 1A),
taking a distinct purplish red colour, and to
the Van Gieson trichromic solution, which
stained the fibres in dark brown (Figure
1B). Semithin cross-sections (Figure 1C)
revealed a distinctive elliptical shape, with a
greater axis of 30÷50 µm and a minor axis
of 20÷25 µm. Immunohistochemical reac-
tions also gave different results, with a light
but unmistakable reaction to anti-elastin

antibodies and no evident immunodetection
of collagen (Figure 2). In all experiments
the results were completely consistent
among different fibres. 

The fibres intended for TEM analysis
were embedded and sectioned along a
known orientation. By means of TEM they
still remained featureless at lower magnifi-
cations, and only from 14,000x they began
to display a grainy, faint microfibrillar sub-
structure oriented along the fibre (Figure
3A). Transected fibres revealed a mottled
appearance made of two evident types of
electron-dense sub-fibrils randomly inter-
mixed (Figure 3B).

On the other hand, SEM micrographs
were more informative about the outer fea-
tures. In addition to a smooth and feature-
less surface, the untreated fibres exhibited
occasional signs of extrusion in form of lon-
gitudinal, parallel streaks and ridges (Figure
4A), even though no distinct coating was
detectable in cross-sections even at the

highest magnifications. The inside of the
fibres revealed a tight packing of longitudi-
nal, parallel filaments (Figure 4B), but the
fracture plane seemed to run unpredictably
rather than along the filaments. Upon
overnight treatment with HCl the general
texture of the fibres confirmed the same
arrangement of tightly packed, longitudinal
thin filaments (Figure 5A) with a thickness
of approximately 25 nm coupled to a grainy
appearance. Moreover, fibre exposure to
NaOH affected more dramatically the inner
structure of the fibres, whose filaments
became somewhat unbound, easily splitting
longitudinally under a moderate flexion
(Figure 5B) and flaring at the cut ends so
that single filaments are clearly exposed
(Figure 5C). 

Atomic force micrographs were entirely
consistent with the TEM and SEM pictures
confirming that the fibres are made of a
tight packing of longitudinal filaments
(Figure 6A). The fracture surface ran both

                             Original Paper

Figure 2. Micrographs of cryosectioned fibres after immunohistochemical treatment. Fibres are immunoreactive for elastin antibodies
(A) compared to negative control (B). Fibres treated with anti-collagen antibodies (C) are not different from their negative control (D).
Scale bar: 100 µm.
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along and across the filaments that occa-
sionally appeared interconnected by slender
transversal bridges (Figure 6B). Notably
such orthogonal filaments were detectable
only by AFM since in the SEM protocol all
specimens need to be coated by a thin gold
layer (10-12 nm) that is likely to mask the
thinner structures. In addition, the filaments
became cleaner and more evident after
strong acid or alkali treatment (Figure 6C).

Discussion
From pioneering works on common

mytiloids byssus, experimental approaches
have been mainly focused on the biochemi-
cal characterization and elucidation of

mechanical properties. So far, byssus from
Mytilus edulis and galloprovincialis have
been the most studied with regard to the
presence of collagen that accounts for 3 dif-
ferent proteins covered by matrix proteins
and additional sticky proteins.23 Collagen is
indeed the most represented protein within
the byssal threads with over 50% of the total
content,24 although their collagen sequence
is species specific.4 As a matter of fact, the
homology with other mammalian collagens
is limited to repeating triplets Gly-X-Y,
wherein X is generally proline and Y is
often hydroxyproline or hydroxylysine. The
structural assembly of byssal threads in
mytiloids is complicated by inconsistent
presence of the hydroxylated forms that
make difficult to figure out the correct

three-dimensional folding of byssal ele-
ments.8,25 At variance, morphological and
histochemical studies dealing with common
or distinct features in byssus produced by
several bivalve species have been limited to
sparse data on ultrastructural composition
and often referred to commercially interest-
ing mytiloids but sufficient to rule out the
banding patterns fibrillar collagen.26 As far
as we know, this is the first systematic study
that tries to combine results from ultrastruc-
tural investigations (TEM, SEM and AFM)
and histochemical analysis of the byssus
secreted by the biggest bivalve non mytiloid
mollusc Pinna nobilis. In the present work,
optical microscopy was limited to a rather
basic approach since an old but excellent
paper examined mainly the mucopolysac-
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Figure 3. A) TEM micrograph of two adjoining fibres sectioned
longitudinally; an ill-defined inner substructure, consisting of
parallel microfibrillar material, is visible. B) TEM micrograph of
a transected byssus fibre; the fibre appears to be a random mix-
ing of two components of different electron-density. 14,000×
magnification. 

Figure 4. A) SEM micrograph of a bundle of fibres, covered by an
amorphous coating marked by evident longitudinal extrusion
streaks. B) High magnification detail of the fractured surface of a
byssus fibre; in contrast with the smooth, featureless fibre surface
(lower-left part of the picture), the fracture plane shows a tight
packing of straight, parallel subfibrils; the fracture does not
appear to follow a preferential plane. 
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charidic and glycoproteic content of byssus
related glands27 in Mytilus edulis and Pinna
nobilis with some additional information
about the histochemical nature of the same
byssus threads. Therefore, the three histo-
chemical stainings used in our study namely
PAS, Van Gieson trichrome and toluidine
were essentially confirmatory of the bio-
chemical relationship between those gland
secretions and byssus structure. Moreover,
in order to ascertain the possible non colla-

genic nature of the Pinna byssus we aimed
to elucidate this matter by integrating mor-
phological submicroscopic analysis and
immunochemical detection of collagen I
and elastin since, in contrast to the byssus of
mytiloids, whose main components are
“modified” collagens7,13 with fibrillar orga-
nization, molecular structure of Pinna
byssus seems to be devoid of any classical
collagen molecule. Indeed, its absence has
been previously suggested by X-ray diffrac-

tion19-21 while a recent FT-IR analysis
(http://www.muschelseide.ch/en/biologie/b
yssus/faseranalyse.html) was in favour of a
spectrum common to all animal fibrous pro-
teins. Another recent paper only dealt with
the fibres pigments.22

In addition, within other bivalve organ-
isms such as Tridacna maxima, no evidence
of collagen has been also documented with-
in the produced byssus. The aforementioned
findings, possibly related to a developmen-

                             Original Paper

Figure 5. A) The surface of a fibre after overnight exposure to 1N
HCl. The treatment has unmasked the underlying packing of
straight, parallel filaments. B) Details of the flared, broom-like
end of a NaOH-treated fibril showing a number of longitudinal
gaps; compare with the clear-cut ends of the untreated fibres of
Figure 4A. C) The treatment with NaOH has weakened the mutu-
al adhesion of the subfibrils to the point that these two fibrils
broke and split after a moderate flexion.

Figure 6. Dual-channel AFM pictures of the fracture surface of
byssus fibrils. In each figure the left panel shows the Height chan-
nel and depicts the actual 3D topography of the specimen, where
lighter colours corresponding to higher zones; the right panel
shows the corresponding Amplitude channel, a feedback signal
similar to the derivative of the Height and providing an alterna-
tive view of the same area. All micrographs have been intention-
ally taken so that the subfibrils run obliquely, to rule out possible
artefacts that sometimes appear along the X-Y axes. A) Dual-
channel AFM picture of a fractured untreated fibril; the arrows
indicate the orientation of the subfibrils, better visible in the
right panel. B) Another AFM micrograph of a fractured untreated
fibre; thin, barely visible filaments (arrowheads) run orthogonal
to the subfibrils. C) Same magnification of a byssus fibre after
HCl treatment; the subfibrils, whose course is again marked by
the arrows, are now cleaner and much more visible. In all panels
the field of view spans 5 × 5 µm.

[page 284]                                           [European Journal of Histochemistry 2017; 61:2779]
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tal defect of the collagen-secreting gland or
“white gland”,24 definitely correlates with
our immunohistochemical results that made
possible to verify the presence of elastic
domains by means of specific anti-elastin
antibodies,6 but unexpectedly collagen-like
negative pattern in the elastic flanking
regions. 

The first comparative biochemical anal-
ysis of Pinna byssus thread by means of
amino acid analysis18 revealed hydroxypro-
line lack and glycine percentage about one
third compared to Mytilus thread.16 Finally,
Bouhlel et al.28 have unambiguously solved
the multifaceted scenario from the overlap-
ping of heterogeneous methodologies along
the last decades by a rigorous comparison
of mechanical and molecular properties of
single species producing byssal threads. In
that study, with regard to Pinna nobilis, the
most striking finding from amino acid anal-
ysis, comes from the low content in glycine
(around 14%), and less than 5% of alanine
(glycine plus alanine less than 20%). By
contrast, the amino acid composition that
accounts for 14% of proline,  more than
double compared to the other examined
mytiloids, is quite intriguing whereas intro-
duces a new question in terms of function.
By the way, considering that the overall
content of the mentioned amino acids does
not reach 33%, it becomes apparent that our
negative results in the immune experiments
for collagen I are in agreement with the spe-
cial nature of collagen-like molecule possi-
bly integrated into the byssus thread. Thus,
we can reasonably draw the conclusion that
byssus from several molluscs is variable in
composition and in function across different
species. On the basis of the experimental
evidence from different microscopy tech-
niques, it is well established that each
byssus thread is a very compact fascicle of
parallel, rectilinear filaments, containing at
least two different components with differ-
ent reactivity to heavy metal staining. In
addition, our analysis carried out by SEM
and AFM approach consistently confirmed
that byssus threads have a thickness close to
50 µm as already stated by Bouhlel report,28

but also that the same threads are composed
of thin, straight and parallel filaments
cemented by some other component - possi-
bly a glycoconjugate as suggested by the
PAS positivity - which is removed by
NaOH and, to a lesser extent, by HCl. It
must be noted that, within these acidic or
alkaline experimental conditions and in
spite of their highly anisotropic architecture
of longitudinal filaments, the fibres tend to
snap along a transversal plane (therefore
creating the least possible fracture area)
rather than splitting along the filaments.

This suggests that in intact fibres strong
inter-filament bonds are active, so that over-
lapping fibres functionally behave as an
isotropic-like tissue. Only once these chem-
ical bonds have been removed by strong
alkali treatment, the filaments dictate the
path of least resistance. It can be speculated
that these inter-filament bonds correspond
to the orthogonal filaments revealed only by
AFM. 

On the other hand, in the field of cultur-
al heritage its susceptibility to extreme pH
conditions, and especially strong alkali,
should be of some importance for the
preservation of the few and rare remaining
manufactured products of sea-silk, witness-
es of an age and a material certainly irre-
placeable.
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