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via the enigmatic ducts of Deshayes:
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Shipworms (Bivalvia, Teredinidae) are the principal consumers of wood in
marine environments. Like most wood-eating organisms, they digest
wood with the aid of cellulolytic enzymes supplied by symbiotic bacteria.
However, in shipworms the symbiotic bacteria are not found in the digestive
system. Instead, they are located intracellularly in the gland of Deshayes, a
specialized tissue found within the gills. It has been independently demon-
strated that symbiont-encoded cellulolytic enzymes are present in the
digestive systems and gills of two shipworm species, Bankia setacea and
Lyrodus pedicellatus, confirming that these enzymes are transported from
the gills to the lumen of the gut. However, the mechanism of enzyme trans-
port from gill to gut remains incompletely understood. Recently, a
mechanism was proposed by which enzymes are transported within
bacterial cells that are expelled from the gill and transported to the mouth
by ciliary action of the branchial or food grooves. Here we use in situ immu-
nohistochemical methods to provide evidence for a different mechanism in
the shipworm B. setacea, in which cellulolytic enzymes are transported via
the ducts of Deshayes, enigmatic structures first described 174 years ago,
but whose function have remained unexplained.
1. Introduction
Shipworms, wood-boring bivalves of the family Teredinidae, are among the
most important wood consumers in marine environments [1]. Although
capable of filter feeding [2], these wormlike mollusks are the only marine ani-
mals known to sustain normal growth and reproduction with wood as their
sole source of solid food [2,3]. As a result of their wood-boring and wood-
eating habits, shipworms cause extensive damage to wooden vessels, piers,
fishing equipment and other man-made wooden structures in the sea, but
also play an important beneficial role in marine carbon cycles by converting
this recalcitrant material into more bioavailable forms [4]. Thus, understand-
ing the shipworm’s unusual dietary habits has important economic and
ecological implications.

The digestive strategy used by shipworms to consume wood is extremely
unusual. Most xylotrophic animals rely on the enzymatic activity of gut micro-
organisms to aid in the digestion of wood [4,5]. For example, wood-eating
termites and cockroaches [6] (and to a lesser extent wood-eating beetles [7], fish
[8] andmammals [9]) harbour lignocellulolytic microbes within specific gut com-
partments. These microbes are typically in direct contact with ingested wood and
may contribute to wood digestion by supplying secreted or membrane-bound
enzymes. Shipworms differ in that they digest wood in the caecum and the diver-
ticula of the digestive glands, gut compartments that are largely devoid of
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microbes [10]. Although the caecum lacks a conspicuousmicro-
biome, the gills of shipworms harbour dense populations of
endosymbiotic gammaproteobacteria capable of producing
cellulolytic enzymes [11–17]. These symbionts are housed in
specialized cells called bacteriocytes in a tissue within the
gills referred to as the gland of Deshayes [18].

The gland of Deshayes was first identified in 1848 by the
geologist and conchologist, Gerard-Paul Deshayes [19] and
was first described in detail in three shipworm species:
Xylotrya gouldi (now Bankia gouldi), Teredo navalis and
Teredo dilata (now Psiloteredo megatara) by Charles Sigerfoos
in 1907 [20]. Although Sigerfoos was ‘not able to even
guess’ a function for ‘this remarkable structure’, discoveries
over the next century have shed considerable light. In 1973
Popham and Dixon [11] used transmission electron
microscopy to demonstrate the presence of densely packed
Gram-negative bacteria within the cells of the gland of
Deshayes. Ten years later, Waterbury et al. [12] showed that
a cellulolytic bacterium, later named Teredinibacter turnerae
[21], could be isolated from the gills of numerous shipworm
species. This bacterium was subsequently shown to be
one of several Teredinibacter species present in the gland
of Deshayes of shipworms [14,15,18,22–24]. Taken together,
these observations suggested that these bacteria produce cel-
lulases that might be transported to the gut to aid in wood
digestion [12,15].

Indeed, symbiotic cellulase production and transport
were later confirmed when it was shown that the most abun-
dant cellulases detected in caecum of the shipworm Bankia
setacea are encoded in the genomes of its gill endosymbionts
[15]. In that study, it was suggested that the ducts of
Deshayes might provide a plausible conduit for enzyme
transport. These ducts were first described by Sigerfoos as
minute vessels that travel anteriorly within the afferent bran-
chial vein from the gland of Deshayes to a point near the
anterior end of the esophagus or mouth (figure 1a). Similar
ducts have been identified in Teredo navalis [25], Nausitora
hedleyi [26], Teredo furcifera [26] and Neoteredo reynei [27].

More recently, the existence of the ducts of Deshayes and
their relevance to enzyme transport in shipworms was ques-
tioned [16]. In that study, both symbiont- and host-encoded
cellulolytic enzymes were detected in the gut of a second
shipworm species, Lyrodus pedicellatus [16], however no evi-
dence for the presence of the ducts of Deshayes was found.
Instead, it was proposed that symbiont-encoded enzymes
are transported from gill to gut within the cells of symbiotic
bacteria that are shed from the gills and transported via cili-
ary action of the branchial groove to the mouth and digestive
system where they augment the activity of host-encoded
cellulases [16].

Here we use microscopy and in situ immunohistochem-
ical methods to further explore possible pathways of
symbiont-encoded enzyme transport in the shipworm B. seta-
cea. To do so, we designed, produced and tested peptide
antibodies against two symbiont-encoded lignocellulolytic
enzymes identified as the major symbiont-encoded proteins
in the caecum of B. setacea [15] and used these to search for
anatomical features that might explain the presence of sym-
biont-encoded enzymes in the gut of this species. Based on
the results of these experiments, we confirm the existence of
the ducts of Deshayes in B. setacea and provide evidence for
their role in transport of symbiont-encoded enzymes from
gill to gut in this species.
2. Methods
(a) Specimens
Bankia setacea specimens were collected under Oregon State Scien-
tific Taking-Fish Permit no. 22153 in pine boards deployed at
the Charleston Marina complex (43°20’48.500N 124°19’22.300W),
Charleston, Oregon.
(b) Antigen and antiserum preparation
Recombinant antigens and the corresponding antibodies were
produced by a commercial laboratory (Genscript USA Inc., Pis-
cataway NJ). Briefly, DNA sequences (electronic supplementary
material, figure S1) of the predicted catalytic modules of two
symbiont-encoded cellulases, GH5_53 (KJ861991) and GH6
(KJ861972), were synthesized with codon optimization, cloned
in pET30a vector with a 6×-His tag added to the C-terminal,
overexpressed in the recombinant host E. coli strain BL21 Star
(DE3), subjected to Ni-NTA affinity purification, and injected
to New Zealand rabbits. IgG antibodies that target the GH mod-
ules were affinity-purified from the immune sera and used for all
the subsequent experiments.
(c) Western blot analyses
To test the reactivity and specificity of the antibodies, SDS PAGE
immunotransfer analyses (Western blots) were performed on
protein extracts from shipworm tissues, cell-free culture super-
natants from the symbionts Teredinibacter waterburyi str. Bs02T

and T. purpureus str. Bs12T, and the synthetic peptide antigens
used to generate the antibodies. To prepare tissue protein extracts,
gills, caecum and siphons were dissected, weighed and homogen-
ized in 1 ml of ice-cold PBS buffer, pH 7.4 containing Protease
Inhibitor Cocktail (Sigma P2714) and PMSF (Sigma P7626) at the
manufacturer’s suggested concentrations. Particulates were
removed by centrifugation (13 000×g, 15 min, 4°C) followed by
centrifugal filtration (Pall Nanosep MF GHP, 0.45 µm). To prepare
protein extracts from culture supernatants, bacterial isolates were
grown in liquid SBM medium with cellulose as the sole carbon
source. Cells were then removed by centrifugation (10 000×g,
30 min, 4°C) and soluble proteins were concentrated using Vivas-
pin 20, 10 kDa MW cut-off centrifugal concentrators. Protein
extracts from tissues and culture supernatants were then treated
with non-reducing denaturing 4× treatment buffer (125 mM
Tris · HCl buffer, pH 6.8, 50% glycerol, 2% SDS, 0.01% Bromophe-
nol Blue), boiled for 3 min and separated on a 9% SDS-PAGE gel
with or without 0.2% carboxymethylcellulose (CMC, Sigma
C-5678). Approximately 26 µg and 14 µg of soluble protein was
loaded per lane for culture supernatants and tissue extracts,
respectively.

For Western blot analysis, proteins separated by SDS-PAGE
were transferred to a PVDF membrane using a Bio-Rad Trans-
Blot SD Semi-Dry Electrophoretic Transfer Cell following the
manufacturer’s recommended protocol. The membrane was
blocked with 5% skimmed milk in TBS-T buffer (20 mM Tris ·
HCl buffer pH 7.6, 150 mM NaCl, 0.1% Tween 20) overnight at
4°C and subsequently incubated for 60 min at room temperature
with either rabbit pre-immune sera (1 : 200) or affinity purified
rabbit polyclonal IgGs generated against the GH5 or GH6 cataly-
tic modules (2 µg ml−1) in 5% skimmed milk in TBS-T buffer.
After incubation with the primary antibody, the membrane was
washed 3 × 15 min each with TBS-T buffer and incubated with
HRP-conjugated goat anti-rabbit IgG (ThermoFisher Scientific
31460) diluted at 1 : 5000 with 5% skimmed milk in TBS-T
buffer, followed by 3 × 15 min washes with TBS-T buffer.
Immunoreactive bands were visualized by incubating the mem-
brane with DAB substrate (Millipore 281751) dissolved in TBS
buffer with 0.3% H2O2.
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Figure 1. Anatomy of Bankia setacea (a) Diagram of the shipworm B. setacea viewed in sagittal section. Dashed lines 2–8 correspond to the locations and planes of
section depicted in figures 2–8. (b) Two specimens of Bankia setacea in wood that has been dissected to expose the burrows. (c,d) Diagrams depicting transverse
sections through the posterior gill (c) and middle gill (d ) of B. setacea and corresponding to dashed lines 4 and 5 in (a), respectively. (e) An individual lamina (left
side) removed from the posterior gill. ( f ) A three-quarter view of a portion of the posterior gill corresponding to the dashed box in (a) showing eight laminae in
relation to the afferent and efferent branchial veins and ducts of Deshayes. (g) Three adjacent laminae in transverse section, corresponding to the black dashed lines
in (e) and ( f ). White dashed lines in (a), (c) and (e) outline the location of the gland of Deshayse. aa, anterior adductor; ab, afferent branchial vein; ac, anal canal;
ag, anterior gill; bg, branchial groove; c, caecum; cbl, calcified burrow lining; dD, duct of Deshayes; dg, digestive glands; eb, efferent branchial vein; es, exhalent
siphon; exc, excavation chamber; eca, epibranchial canal; ech, epibranchial chamber; f, filament; fa, filament ascending limb; fd, filament descending limb; gD, gland
of Deshayes; h, heart; hc, hypobranchial chamber; i, intestine; is, inhalant siphon; m, mouth; ma, mantle; mg, middle gill, mr, medial region of gland of Deshayes, o,
ovary; p, pallets; pg, posterior gill; pr, peripheral region of the gland of Deshayes; s, stomach; sh, shell; ss, style sac. (Online version in colour.)
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(d) Tissue preservation, embedding and sectioning
For microscopy, whole specimens of B. setaceawere fixed in Bouin’s
fixative (Poly Scientific) overnight at 4°C, dehydrated through
an ethanol series (30%, 50%, 70%, 15 min per step), then
washed with 70% ethanol to eliminate residual picric acid. Fixed
specimens were then embedded in paraffin, cut into 5 µm sections
and mounted on glass slides at the Beth Israel Deaconess
Medical Center Histology Core (Boston, MA). Adjacent sections
were collected for histochemical staining (haematoxylin and
eosin), immunohistochemical staining, and fluorescence in situ
hybridization.
(e) Immunohistochemistry
To detect GH5 and GH6 catalytic modules in tissues, slide-
mounted sections were deparaffinized as described in [28] then
incubated in 10 mM sodium citrate buffer, pH 6.0 with 0.05%
Tween 20 for 4 h at 82°C and then 2 h at room temperature to pro-
mote protein refolding. Slides were rinsed briefly with TBS-T
buffer and blocked with 5% skimmed milk in TBS-T buffer over-
night at 4°C then incubated with 4 µg ml−1 primary antibody or
1 : 200 pre-immune serum in 1% BSA in TBS-T buffer for 2 h at
room temperature. To assess non-specific binding of the secondary
antibody, control slides were prepared without primary antibody
and with pre-immune serum respectively. Slides were then
washed 3× with TBS-T for 3 min each, followed by incubation
with 5 µg ml−1 Alexa Fluor 633-conjugated goat anti-rabbit IgG
(ThermoFisher Scientific A-21071) for 1 h in the dark at room
temperature, then washed 3× with TBS-T buffer for 3 min each
and air-dried. Slidesweremounted using ProLongDiamondAnti-
fade Mountant with DAPI (ThermoFisher P36966) and allowed to
cure for 48 h. Sections were imaged on Zeiss LSM 880 confocal
microscope (Beth Israel Deaconess Medical Center or Institute for
Chemical Imaging of Living Systems, Northeastern University).

( f ) Fluorescence in situ hybridization
To detect bacterial symbionts in tissues, Cy5-labelled EUB338
Probe (50-AGC CAT GCA GCA CCT GTC TC-30) was applied
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Figure 2. Immunohistochemical localization of anti-GH6 antibody in sections through the posterior end of a whole specimen of B. setacea. (a) A hematoxylin and
eosin-stained tissue section and (b) a section stained immunohistochemically with an anti-GH6 antibody and Alexa Fluor 633-conjugated goat anti-rabbit IgG
labelled secondary antibody (red). es, exhalent siphon; is, inhalant siphon; ma, mantle; pm, pallet musculature; ps, pallet stalk. Scale bars = 500 µm. Note
that no antibody labelling is detectable in this section. (Online version in colour.)
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to deparaffinized tissue sections in the presence of 30% forma-
mide as described in [29]. An antisense version, EUB338 NON
(50-GAG ACA GGT GCT GCA TGG CT-30) was applied as a
negative control.
3. Results and discussion
(a) Antibody specificity
In this investigation, we generated polyclonal antibodies
targeting the cellulolytic catalytic modules of two glycoside
hydrolases (GH) belonging to GH families 5 and 6 [30]
and encoded in the genomes of the bacterial symbionts
Teredinibacter waterburyi str. Bs02T and T. purpureus str.
Bs12T, respectively [15]. The purified anti-GH5 and anti-
GH6 antibodies selectively bound the purified antigens on
Western immunoblots (electronic supplementary material,
figure S2). No labelling of the purified antigens was observed
in pre-immune serum and no-protein controls. The anti-GH5
and anti-GH6 antibodies also bound to protein bands in
extracts of the caecum contents and gill tissues of B. setacea
(electronic supplementary material, figure S3). On Western
immunoblots, the major antibody-reactive protein bands
observed in gill and caecum extracts migrated just above
and comigrated with the 46 kDa molecular weight standard,
respectively. This is consistent with the previous observation
that the full-length enzymes are proteolytically cleaved in
the caecum of B. setacea to remove two carbohydrate-binding
modules (CBM families 2 and 10) and their associated linkers,
yielding fragments of 52.1 and 46.3 kDa, respectively [15]. No
labelling of tissue extracts was observed in the pre-immune
serum and no-protein controls and only trace labelling was
observed in the symbiont-free siphon tissue extract. This
trace labelling is likely due to residual fecal matter in the
exhalent siphon.

The anti-GH5 and anti-GH6 antibodies also bound to dis-
crete protein bands in cell-free supernatants of spent media in
which T. waterburyi str. Bs02T and T. purpureus str. Bs12T were
grown (electronic supplementary material, figure S4). This is
consistent with the fact that genes encoding both proteins
contain predicted bacterial secretion signals. We note how-
ever that both the anti-GH5 and anti-GH6 antibody-reactive
protein bands in spent media migrate on SDS-PAGE gels
with apparent molecular weights ≥100 kDa, larger than
those predicted by their respective full-length secreted pro-
teins (73.8 and 77.5 kDa, respectively) and the anti-GH5
antibody showed multiple bands. This likely reflects protein
aggregation, incomplete denaturation or post-translational
modification, e.g. glycosylation of the linkers which is com-
monly observed in bacterial cellulases and is known to
decrease mobility in SDS PAGE gels [31–33]. Despite the dis-
crepancy in the apparent molecular weight of the full-length
proteins in spent media, no significant cross-reactivity was
observed with proteins originating in the host genome or tis-
sues. These results indicate that the antibodies described here
may be useful for identifying and localizing symbiont-
encoded GH5 and GH6 catalytic-module-containing proteins
within the tissues of B. setacea.

(b) Anatomy
The anatomy of Bankia setacea, highlighting the structure and
organization of the gills, gland of Deshayes and ducts of
Deshayes observed in this study, is diagrammed in figure 1.
A more detailed description of the anatomy of B. setacea can
be found in the online supplement.

(c) Immunohistochemical enzyme localization
To systematically explore the distribution of symbiont-
encoded cellulases in B. setacea, we used immunohistochem-
ical staining and confocal microscopy to examine the
binding of anti-GH5 and anti-GH6 antibodies to tissue sec-
tions cut at intervals along the length of adult specimens
from posterior to anterior. These sections show the siphons
at the base of the pallets (figure 2), the posterior gill (figures 3
and 4), the posterior end of the middle gill, ovary, caecum
and intestines (figure 5), the anterior end of the middle gill
and posterior end of the stomach (figure 6), the anterior
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Figure 3. Immunohistochemical localization of anti-GH6 antibody binding in the laminae of the posterior gill of B. setacea. Frontal sections stained with (a)
hematoxylin and eosin, (b) EUB338 bacteria-specific 16S rRNA-directed oligonucleotide probe (green), and (c) anti-GH6 antibody plus Alexa Fluor 633-conjugated
goat anti-rabbit IgG labelled secondary antibody (red). (d ) Merger of (c) and EUB338 signal from (b), (e) detail from boxed region in (d), ( f ) three-dimensional
render of Z-stacked images of a tissue region similar to that seen in dashed box in (e), demonstrating the striated appearance of antibody staining within cells of the
medial region of the gland of Deshayes. Nuclei in ( f ) are stained with DAPI (blue). Scale bars: (a)–(d) = 100 µm; (e) = 25 µm; ( f ) = 10 µm. (Online version in
colour.)
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end of the stomach (figure 7), and the digestive glands, crys-
talline style, mouth and foot (figure 8). The orientations and
locations of the sections shown in figures 2–8 are indicated by
the correspondingly numbered dashed lines in figure 1a.

In this investigation, the observed patterns of tissue label-
ling were nearly indistinguishable for the anti-GH5 and
anti-GH6 antibodies. Therefore, only sections labelled with
the anti-GH6 antibody are displayed in figures 2–8. Adjacent
sections showing anti-GH5 antibody labelling and anti-GH6
antibody labelling, as well as pre-immune serum, and no-
secondary-antibody controls, are presented in the electronic
supplementary material, figures S5–S11.

When either the anti-GH5 or anti-GH6 antibodies were
applied to transverse sections cut near the posterior end of
B. setacea (figure 2; electronic supplementary material,
figure S5) no detectable labelling of tissue was observed.
This region includes the mantle, siphons, pallets and pallet
musculature. It contains no visceral organs, is free of bacterial
symbionts, and does not participate in wood digestion.

By contrast, both the anti-GH5 and anti-GH6 antibodies
labelled specific structures within the posterior gill, which
lies within the mantle cavity just anterior to the siphons.
Note that the gills of B. setacea are divided into three distinct
regions, the large posterior gill which houses the gland of
Deshayes, the threadlike middle gill composed largely of the
branchial groove, and the tiny anterior gill. A detailed descrip-
tion of gill anatomy can be found in the online supplement.
Figure 3 and electronic supplementary material, figure S6
show sagittal sections through the posterior gill in which the
cells of the gland ofDeshayes can be seenwithin the interlamel-
lar tissue of multiple gill lamina. Labelling of the sections with
a 16S rRNA-directed bacteria-specific fluorescent oligonucleo-
tide probe (EUB338) showed that the gland of Deshayes is
divided into two distinct regions (diagrammed in figure 1g).
The first contains irregularly shaped bacteriocytes which
appear green in figure 3b,d,e due to labelling of the bacterial
symbionts with the EUB338 probe. The bacteriocytes lie in
the peripheral portion of the laminae, closest to the filament.
Themedial region of each lamina,which lies closest to the affer-
ent branchial vein, is composed of more regularly shaped cells
that are symbiont-free. Figure 3c–f and electronic supplemen-
tary material, figure S6 show that both the anti-GH5 and
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Figure 4. Immunohistochemical localization of anti-GH6 antibody binding in the lumen of the ducts of Deshayes within the posterior gill of Bankia setacea. (a)
Transverse section through the posterior gill of Bankia setacea stained with hematoxylin and eosin, (b) Detail from the boxed region in (a) showing the location of
the ducts of Deshayes (boxed), (c) Transverse section through the posterior gill of Bankia setacea labelled with anti-GH6 antibody plus Alexa Fluor 633-conjugated
goat anti-rabbit IgG labelled secondary antibody (red) and DAPI (nuclei; blue), the green colour is due to tissue autofluorescence, (d ) detail of dashed box in (c). ab,
afferent branchial vein; ar, afferent renal vein; bg, branchial groove; da, dorsal artery; dD, duct of Deshayes; eb, efferent branchial vein; ech, epibranchial chamber; fa,
filament ascending limb; fd, filament descending limb; gD, gland of Deshayes; hc, hypobranchial chamber, ma, mantle. Scale bars: (a) and (b) = 500 µm; (c) and
(d) = 100 µm. (Online version in colour.)
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anti-GH6 antibodies (red) bind specifically to bacteriocytes in
the peripheral region, approximately co-localizing with stain-
ing due to the bacteria-specific EUB338 probe (figure 3d,e).
The approximate co-location of the symbiont cells and the
symbiont-encoded cellulases is consistent with previous obser-
vations that symbionts actively express these proteins within
the bacteriocytes [15–17].

Surprisingly, however, more intense antibody labelling
was observed in symbiont-free cells of the medial region
of the lamina than in the symbiont-containing bacterio-
cytes themselves. This is indicated by the intense red
fluorescence seen on the right side of each lamina in
figure 3c–f. A three-dimensional rendering of Z-stacked
images of antibody labelling within the medial cells
(figure 3f ) reveals a complex pattern of striations spanning
the width of these cells.

While the gland of Deshayes is most easily visualized in
sagittal sections, the ducts of Deshayes are more easily seen
in transverse sections, as these ducts are very narrow in diam-
eter and extend along the anterior–posterior axis (figure 1a,c–f ).
Figure 4a and b show a haematoxylin-eosin-stained transverse
section through the posterior gill of B. setacea inwhich the ducts
of Deshayes can be seen in ventrolateral positions against the
right and left walls of the afferent branchial vein, in the same
location as previously described in Bankia gouldi, Teredo navalis
and Psiloteredo megatara [20]. Immunohistochemical staining
with both the anti-GH6 and anti-GH5 antibodies (figure 4c
and d and electronic supplementary material, figure S7)
show labelling of amorphous material within the lumen and
adhering to the interior walls of the ducts of Deshayes. Up to
three distinct ducts are observed on each side of the afferent
branchial vein in B. setacea.

The ducts of Deshayes were traced anteriorly within the
common afferent branchial vein (figure 5a–c) as this vein exits
the posterior gill and divides into right and left branches that
pass anteriorly within the right and left mantle lobes toward
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the anterior gill (diagrammed in figure 1d). As observed in the
posterior gill, both the anti-GH5 and anti-GH6 antibodies bind
specifically tomaterialwithin the lumen of the duct ofDeshayes
in the middle gill region (figure 5d–f; electronic supplementary
material, figure S8). In addition to the lumen of the ducts, sec-
tions in this region also show antibody labelling of material
adhering to the inner surface of the lumen of the caecum
(figure 5g,h; electronic supplementarymaterial, figure S8), a pri-
mary location of wood digestion in shipworms [15]. Notably,
antibody labelling was not evident on the ciliated surface of
the branchial groove in this region (figure 5e) or on anyother tis-
sues or surfaces, including those of the ovaries, pericardial
chamber, kidneys and mantle.

A similar pattern of antibody labelling is seen in transverse
sections through the body just posterior to the posterior shell
margin (figure 6; electronic supplementary material, figure
S9). These sections transect the anal canal, kidney, posterior
end of the stomach near the cecal opening, branchial grooves
and the ducts of Deshayes near the anterior end of the
middle gill. Here again, antibody labelling is seen within the
lumen of the duct of Deshayes and within the lumen of the
gut adhering to the gut lining and to wood particles within
the gut. Notably, anti-GH5 and anti-GH6 antibody labelling
can also be seen on other body surfaces in this and more
anterior sections. For example, both antibodies label material
on the ciliated tracts within the hypobranchial chamber
(figure 6c; electronic supplementary material, figure S9) and
faint anti-GH5 labelling can be seen on the surface of the bran-
chial groove (electronic supplementary material, figure S9D) in
these sections. However, no bacterial cells could be detected on
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these surfaces using the EUB 338 bacterial probe (electronic
supplementary material, figure S9F).

Still greater labelling of body surfaces is apparent in more
anterior tissue sections. Figure 7 and electronic supplementary
material, figure S10 show transverse sections passing through
the anterior end of the stomach and digestive glands. As
before, both antibodies label material adhering to the stomach
lining and to wood particles within the stomach, as well as to
material within the ducts and diverticula of the digestive
glands, and within the lumen of the ducts of Deshayes. How-
ever, here and in more anterior sections, antibody labelling
can also be seen on all surfaces of the animal that communicate
with the fluid-filled excavation chamber, including the inner
surface of the hypobranchial chamber, the lumen of the epi-
branchial canal, the surfaces of the branchial grooves, the
external surfaces of the mantle and the matrix surrounding
the lobules of the digestive gland.

Finally, figure 8 and electronic supplementary material,
figure S11 show sections grazing the anterior end of the speci-
men where the foot and surrounding mantle tissue face into
the excavation chamber. These sections transect the mantle,
foot, and mouth as well as the anterior edge of the style sac
and anterior lobe of the digestive gland. Here, both the
anti-GH5 and anti-GH6 antibodies label the surface of the
mouth, the interior surface of the style sac, wood particles
within the lumen of the digestive diverticula, all exterior sur-
faces of the foot and mantle, and wood particles adhering to
those surfaces. Interestingly, we also saw labelling of material
apparently within the most anterior tissue of the mantle
(figure 8b,d). Here the tissue appeared irregular and unconso-
lidated, lacking the organized architecture apparent in other
parts of the mantle. Because it is unclear to what extent this
appearance reflects the natural state of the tissue, tissue
damage, or artefacts produced when sections graze an
uneven surface, further investigation will be required to
determine whether this labelling is within solid tissue or on
the surface of a porous or damaged tissue.
(d) Summary and conclusions
Our results confirm the presence of the ducts of Deshayeswithin
the afferent branchial veins ofB. setacea andshowthat theymatch
in location andappearance to thosedescribedbySigerfoosovera
century ago. Both the anti-GH5 and anti-GH6 antibodies
labelled material within the lumen of these ducts throughout
their length, from theposterior gill to the anteriorendof thebran-
chial grooves near the mouth. Within the gland of Deshayes,
both antibodies appeared to label tissues intracellularly.
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However, in other regions of the body, antibody labelling
appeared to be primarily extracellular. This extracellular label-
ling included material within the lumen of the ducts of
Deshayes, as well as in the lumen of the esophagus, stomach,
digestive diverticula, caecum and intestines. No antibody label-
ling was observed on other surfaces of the body posterior to the
posterior shell margin, which corresponds to the parts of the
body that residewithin the lined portion of the burrow. By con-
trast, antibody labelling was observed on most surfaces of the
body anterior to the posterior shell margin, including the sur-
faces of the foot and mantle, hypobranchial chamber and
epibranchial canal. This corresponds to the parts of the body
that reside within the unlined, fluid-filled excavation chamber
where wood boring and feeding occurs (figure 1b).
These observations are consistent with the proposed pro-
duction of cellulolytic enzymes by symbiotic bacteria within
the bacteriocytes of the gland of Deshayes and their sub-
sequent transport via the ducts of Deshayes. Due to the
small size of the ducts of Dehayes and the complex anatomy
near the anterior face of B. setacea,wewere unable to pinpoint
the precise termini of the ducts. Nonetheless, we were able to
trace the ducts from the posterior gills to within tens of
microns of the mouth and to show antibody labelling
throughout the ducts, digestive tract, on all surfaces of the
animal that contact the excavation chamber, and on wood
particles on these surfaces. We also observed labelling on
the surfaces of the hypobranchial chamber and the epibran-
chial canals at their most anterior ends (figure 6c and 7b,c)
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both of which communicate with the excavation chamber.
These results suggest that the ducts of Deshayes release sym-
biont-encoded cellulases at or near the mouth where these
enzymes may enter the excavation chamber and adhere to
wood particles via their carbohydrate-binding modules
(CBMs). Those wood particles are then transported over the
ciliated surface of the foot to the mouth. Once ingested,
these particles are transported either into the diverticula of
the digestive glands where they are phagocytosed and
digested intracellularly or to the caecum where they are
digested extracellularly [34].

Our results do not provide support for the recently pro-
posed mechanism by which symbiotic bacteria are expelled
from the surfaces of the gills and transported via ciliary
action of the branchial grooves to the mouth [16]. Indeed, we
saw little evidence of antibody labelling on the external sur-
faces of the gill or the branchial grooves, except at the most
anterior end of the bodywhere nearly all surfaces showed anti-
body labelling. Nor did we see evidence of abundant bacterial
cells on the external surfaces of the gills or branchial grooves
using a bacteria-specific fluorescent oligonucleotide probe
(figure 3b,d,e and electronic supplementary material, figure
S9E). Additionally, in previously published proteomic [15]
and transcriptomic [16,17] analyses, the symbiont-encoded
proteins detected in the shipworm gut were primarily secreted
cellulases. We would expect that other abundant bacterial pro-
teinswould be detected in the gut as well if intact bacterial cells
rather than secreted cellulases were transported from gill to
gut. Finally, because bacterial cells do not typically store large
quantities of enzymes, the proposed ciliary mechanism
would require expulsion and transport of large numbers
of bacterial cells, which would probably have been detected
in this investigation and in previous investigations of the
symbiont-containing tissues of shipworms.

The most surprising aspect of our investigation is
the observation of intense antibody labelling within the sym-
biont-free medial cells of the gland of Deshayes (figure 3c–f ).
The location of this tissue between the bacteriocytes and
the duct of Deshayes suggests that these cells may function
to concentrate symbiont-made cellulolytic enzymes and
transport them from the bacteriocytes to the ducts
of Deshayes.
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While these results are strongly suggestive, we cannot
rule out the possibility that these polyclonal antibodies may
cross-react with non-target proteins of host origin, including
host-encoded cellulases. However, in addition to the
characterizations performed in this investigation, several
observations suggest that this is not the case. Recent tran-
scriptomic and proteomic studies examined the expression
of carbohydrate active enzymes in the gills, caecum, crystal-
line style and digestive glands of Lyrodus pedicellatus, a
shipworm closely related to B. setacea [16,17]. These studies
showed that the host genome encodes a variety of carbo-
hydrate active enzymes, including several with predicted or
demonstrated activity against cellulose. Significantly, how-
ever, no GH family 6 transcripts were found in the L.
pedicellatus transcriptome, and although host-encoded GH
family 5 transcripts were found, these were very lowly
expressed. Furthermore, all host-encoded lignocellulose-
active enzymes identified in the digestive gland of L. pedicella-
tus had highly similar homologues in the genomes of other
bivalves. None showed compelling similarity to known bac-
terial proteins. Similarly, we could identify no close
eukaryotic homologues of the polypeptides used to generate
the anti-GH5 and anti-GH6 antibodies in this study in the Gen-
Bank database or in the published gill metagenomes of B.
setacea. Furthermore, in this investigation, both the anti-GH5
and anti-GH6 antibodies produce nearly identical labelling
patterns in host tissue sections. These two antibodies target dis-
tinct enzyme families that differ in amino acid sequence and
protein fold. Therefore, it seems unlikely that these two distinct
antibodies would coincidentally cross-react with eukaryotic
host proteins that display the same pattern of distribution in
host tissue.

Finally, we note that the mechanism we propose here does
not answer a key question regarding the shipworm symbioses,
namely, how symbiont-made enzymes are transported from
their intracellular location within the bacteriocytes to an
extracellular location from which they can be transported to
the gut. Although our results suggest a role for the symbiont-
free medial cells of the gland of Deshayes in this process, we
are unaware of any analogous or homologous system that pro-
vides a precedent or explanation for this proposed function of
the medial cells. For these reasons, we do not regard the mech-
anismof symbiont-encoded enzyme transport in shipworms as
fully resolved, but instead demonstrate a role for the enigmatic
and long-unexplained ducts of Deshayes in this process, and
suggest a potentially novel transport mechanism in the
medial cells of the gland of Deshayes that urgently merits
further investigation.
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