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a  b  s  t  r  a  c  t

The  light-organ  symbiosis  of  Euprymna  scolopes,  the  Hawaiian  bobtail  squid,  is  a useful  model  for  the  study
of animal–microbe  interactions.  Recent  analyses  have  demonstrated  that  chitin  breakdown  products  play
a role  in  communication  between  E. scolopes  and  its  bacterial  symbiont  Vibrio  fischeri.  In this  study,  we
sought  to  determine  the  source  of chitin  in  the  symbiotic  organ.  We  used  a  commercially  available  chitin-
binding  protein  (CBP)  conjugated  to  fluorescein  to  label the  polymeric  chitin  in host  tissues. Confocal
microscopy  revealed  that  the  only  cells in  contact  with  the  symbionts  that  labeled  with  the  probe  were  the
macrophage-like  hemocytes,  which  traffic  into  the  light-organ  crypts  where  the  bacteria  reside.  Labeling
of extracted  hemocytes  by  CBP  was  markedly  decreased  following  treatment  with  purified  chitinase,
providing  further  evidence  that  the  labeled  molecule  is polymeric  chitin.  Further,  CBP-positive  areas  co-
localized  with  both  a halide  peroxidase  antibody  and  Lysotracker,  a lysosomal  marker,  suggesting  that  the
chitin-like  biomolecule  occurs  in the  lysosome  or  acidic  vacuoles.  Reverse  transcriptase  polymerase  chain
reaction  (PCR)  of hemocytes  revealed  mRNA  coding  for a chitin  synthase,  suggesting  that  the  hemocytes

synthesize  chitin  de  novo.  Finally,  upon  surveying  blood  cells  from  other  invertebrate  species,  we observed
CBP-positive  regions  in all granular  blood  cells  examined,  suggesting  that  this  feature  is a shared  character
among  the  invertebrates;  the  vertebrate  blood  cells  that  we  sampled  did  not  label  with  CBP.  Although
the  function  of  the chitin-like  material  remains  undetermined,  its  presence  and  subcellular  location  in
invertebrate  hemocytes  suggests  a conserved  role  for this  polysaccharide  in the  immune  system  of  diverse
animals.
. Introduction

Chitin, a polymer of �-linked n-acetylglucosamine molecules,
s an abundant structural and nutritive polysaccharide. Its synthe-
is and use is a widespread trait among the invertebrates, from
he sponges (Ehrlich et al., 2007) through to the invertebrate chor-
ates (Sannasi and Hermann, 1970). As a structural element, chitin

s a principal component of invertebrate endo- and exoskeletons,
uch as the insect cuticle, and of the pens, beaks, and suckers of
quid (Dilly and Nixon, 1976; Hunt and El Sherief, 1990). Chitin-like
ubstances have also been localized to hemocytes in three ecdyso-
oans (Baikova et al., 1993; Martin et al., 2003), although the precise
iochemical identities and functions in the hemocytes are not yet
nown. In addition, the chitin produced by animals also serves as
n important nutrient source for chitinolytic bacteria (Keyhani and
oseman, 1999). One such bacterium is Vibrio fischeri,  a luminescent

arine organism, specific strains of which form a mutualistic asso-

iation with sepiolid squid species, including the Hawaiian squid
uprymna scolopes.

∗ Corresponding author.
E-mail address: mjmcfallngai@wisc.edu (M.J. McFall-Ngai).
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In the E. scolopes–V. fischeri light organ mutualism, the sym-
bionts reside throughout the host’s life in deep invaginations, or
crypts, that occur within a bi-lobed organ in the center of the body
cavity (for review, see Nyholm and McFall-Ngai, 2004). As extra-
cellular partners, the symbionts communicate with the host across
the apical surfaces of the crypt epithelial cells. The serum and blood
cells, or hemocytes, of the highly vascularized light organ associate
with both the host tissues and the symbiont population. The sym-
bionts interact both directly and indirectly with the hemocytes, i.e.,
these cells not only move through the blood vessels of the organ
but also exhibit ‘diapedesis’, a behavior in which they leave the ves-
sels and move between the epithelial cells into the bacteria-filled
crypts (Nyholm and McFall-Ngai, 1998).

A recent study of the squid–vibrio symbiosis suggested that
the host provides chitin as a nutrient to the symbionts (Wier
et al., 2010). In this study, the transcriptomes of both the host
and the symbiont population were analyzed at four times over the
day–night cycle. These data demonstrated that the host upregu-
lates the expression of one chitinase gene and one chitin synthase

gene just before dawn. Simultaneously, the resident bacterial sym-
bionts increase the transcription of genes that have been reported
to be important for chitin recognition and breakdown in Vibrio
cholerae (Meibom et al., 2004; Li et al., 2007). In addition, V. fis-

dx.doi.org/10.1016/j.zool.2011.02.002
http://www.sciencedirect.com/science/journal/09442006
http://www.elsevier.de/zool
mailto:mjmcfallngai@wisc.edu
dx.doi.org/10.1016/j.zool.2011.02.002
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heri is genetically and physiologically capable of chitin breakdown
nd utilization (Ruby et al., 2005; Sugita and Ito, 2006). The results
f this transcriptional study provide evidence that a daily rhythm
xists in the presentation of nutritive chitin by the squid host to
ymbiotic V. fischeri.

To determine whether chitin is provided to the symbiont by the
ost and to identify host cells responsible for this provision, we
ought to define the site or sites of chitin production in the host
ight-organ tissue. Our analyses provide evidence that all mature
ost hemocytes, both in the light organ and throughout the body,
ynthesize chitin-like material that localizes to acidic compart-
ents of these cells. In addition, we analyzed the blood cells of

arious animal taxa to determine whether the presence of chitin
n hemocytes is specific to E. scolopes or more widespread among
nimals.

. Materials and methods

.1. General methods

Adult E. scolopes were collected from the wild in Oahu,
awaii and then maintained in the lab as previously described

Montgomery and McFall-Ngai, 1993). Juvenile squid used in exper-
ments were collected within 15 min  of hatching and then washed
hree times in filter-sterilized Instant Ocean (FSIO; Aquarium Sys-
ems, Mentor, OH, USA) to remove any external bacteria. The
nimals were then either colonized with V. fischeri by incubation
ith 5000 colony-forming units per ml  of FSIO overnight or left

posymbiotic by incubating with V. fischeri-free FSIO. Colonization
tates were confirmed by measuring luminescence levels of the ani-
als in a TD-20/20 luminometer (Turner Designs, Sunnyvale, CA,
SA) (Ruby and Asato, 1993).

Animal sources for taxonomic study: Asterias forbesi,  Arbacia
p., Crepidula fornicata, Mercenaria mercenaria,  Mytilus edulis,  Nereis
iridans specimens were purchased from Marine Biological Labora-
ories (Woods Hole, MA,  USA), and Sepia pharaonis specimens were
urchased from the National Resource Center for Cephalopods
Galveston, TX, USA). All confocal experiments were performed
n a Zeiss LSM 510 confocal microscope (Carl Zeiss MicroImaging
mbH, Jena, Germany), and all chemicals, except where specifically
oted, were purchased from Sigma–Aldrich (St. Louis, MO,  USA).
ransmission electron microscopy was performed as previously
escribed (Nyholm and McFall-Ngai, 1998).

.2. RT-PCR analysis

To determine the localization of chitin synthase transcript
n E. scolopes, total RNA was isolated from extracted adult E.
colopes tissues (hemocytes, white body, hindgut, and eye).
ingle-stranded cDNA was then synthesized from the purified
NA using reverse transcriptase (Clontech, Mountain View, CA,
SA) and random primers. Using 500 ng of cDNA as a template

or each PCR reaction, single gene products were analyzed with
pecific primers subsequent to cDNA synthesis. All reactions were
erformed with a no-reverse-transcriptase control to confirm
he lack of genomic DNA contamination in the reactions. Two
hitin synthases were identified in a 3′ expressed sequence tag
atabase (Chun et al., 2006), called chitin synthase 1 (similar to
hitin synthase from nematode Brugia malayi by BLAST analysis
ith an E-value of 1e-9) and chitin synthase 2 (similar to chitin

ynthase from oyster Pinctada fucata by BLAST analysis with an

-value of 8e-36). Specific primers to the above transcripts used
n this study were: CS1F: 5′-TTGGCGTGTTTGCACTCTCGGCCCT-3′,
S1R: 5′-GACGTGCGTTCATTGCGTTGTTGA-3′ to amplify chitin
ynthase 1, and CS2F: 5′-TGAATCTGCTGTGGAGTGTGGCTA-
i / Zoology 114 (2011) 191– 198

3′, CS2R: 5′-AATGCGCCTCTTCTGTTCAACGTC-3′ to amplify
chitin synthase 2. As a loading control, we  used the
primers 40SF: 5′-AATCTCGGCGTCCTTGAGAA-3′, 40SR: 5′-
GCATCAATTGCACGACGAGT-3′ to amplify RNA encoding the
40S ribosomal subunit.

2.3. Localization of putative chitin in E. scolopes tissues

To localize chitin-like biomolecules in tissues, whole juvenile E.
scolopes and extracted light organs were prepared for immunocyto-
chemistry as previously described (Davidson et al., 2004; Kimbell
and McFall-Ngai, 2004). Briefly, whole juvenile squid were anes-
thetized with 2% ethanol in filter-sterilized Instant Ocean and then
fixed in 4% paraformaldehyde in marine phosphate-buffered saline
(mPBS–50 mM sodium phosphate buffer with 0.45 M NaCl, pH 7.4)
for 18 h at 4 ◦C. The squid were then washed in mPBS, dissected,
and permeabilized in permeabilization buffer (mPBS containing
1% Triton-X) overnight. Samples were then exposed to binding
proteins at relevant concentrations: 167 nM for the fluorescein
isothiocyanate-conjugated chitin-binding protein (FITC-CBP; New
England Biolabs, Ipswich, MA,  USA), 0.25 �g/ml rhodamine phal-
loidin, 20 �g/ml rhodamine-conjugated succinylated wheat-germ
agglutinin (Vector Labs, Burlingame, CA, USA), all in permeabi-
lization buffer, for 1–3 days. To visualize nuclei, samples were
stained with TOTO-3 (Invitrogen, Carlsbad, CA, USA), a nucleus-
specific dye at a concentration of 1 �M.  Squid tissues were mounted
individually on slides in VectaShield (Vector Labs, Burlingame,
CA, USA), a mounting medium that reduces sample autofluores-
cence and bleaching. The samples were then analyzed by confocal
microscopy to determine the presence or absence of labeling by
FITC-CBP, which only recognizes polymeric chitin (Hardt and Laine,
2004).

To characterize the CBP-labeling of hemocytes, blood cells were
extracted from both adult and juvenile samples. Hemocytes were
extracted from adult E. scolopes through the cephalic artery using a
1-ml syringe fitted with a 28-gauge needle. To release hemocytes
from juvenile host tissues, 10 E. scolopes juveniles were anes-
thetized with 2% ethanol in FSIO and then the entire cohort was
homogenized manually in 1 ml  Squid Ringer’s solution (50 mM
MgCl2, 10 mM  CaCl2, 10 mM KCl, 530 mM NaCl, 10 mM HEPES).
The homogenate was applied to coverslips in 12-well tissue cul-
ture plates and the hemocytes were allowed to adhere for 30 min.
The coverslips were then washed three times for 5 min with
Squid Ringer’s solution to remove other tissues. In experiments
designed to determine whether CBP-labeling localized to acidic
compartments, the hemocytes were exposed to a 1:1000 dilution
of Lysotracker Red (Invitrogen, Carlsbad, CA, USA) in Squid Ringer’s
solution to label the lysosomes, and then allowed to incubate in
the stain for 15 min  and rinsed with Squid Ringer’s solution twice
for 5 min. The cells were then fixed for 30 min  in 4% paraformalde-
hyde in mPBS. Afterwards, samples were washed three times for
10 min in mPBS and exposed to permeabilization buffer for 1 h.
Following permeabilization, samples were washed three times for
10 min with permeabilization buffer and exposed to FITC-CBP for
3 h at room temperature. After another set of three 10-min washes,
rhodamine phalloidin at a concentration of 20 �g/ml was added
to the samples overnight at 4 ◦C. After a final set of three 10-min
washes with buffer, the coverslips were mounted onto glass slides
and processed as for whole tissue mounts.

2.4. Chitinase treatment
To determine whether CBP-labeling of the hemocytes was
affected by chitinase treatment, hemocytes were treated with a
purified chitinase to disrupt the polymeric structure of any chitin
that might have been present. Fixation and permeabilization were
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erformed as described above. Fixed hemocytes were exposed
o three different conditions: (i) phosphate-buffered saline (PBS;
0 mM sodium phosphate, 100 mM sodium chloride, pH 7.4) con-
aining 1 mM sodium ethylenediaminetetraacetic acid, pH 6.0, and
0 units of purified B. malayi chitinase (New England BioLabs,
pswich, MA,  USA); (ii) buffer without chitinase; or, (iii) as a con-
rol for the effects of the treatment conditions, 40 units of chitinase
n the same buffer heated to 75 ◦C for 20 min  (heat-inactivated
hitinase). Extracted hemocytes were exposed to each of the three
reatments for 24 h at 37 ◦C. The treated hemocytes were washed
hree times for 10 min  with the above buffer and then exposed to
BP and rhodamine phalloidin as described above. Ten hemocytes
er condition were then visualized by confocal microscopy and the

evel of fluorescence in each cell was measured by Zeiss analysis
oftware.

.5. Assessment of possible protein association of CBP-positive
iomolecules

Previous reports of the presence of chitin in invertebrate blood
ndicated that chitin can occur as a “chitinoprotein”, i.e., with the
hitin bound to a protein molecule (Kramerov et al., 1986). Thus,
e sought to determine whether the CBP-positive material in the

. scolopes hemocytes was protein-associated. The chitin-like sub-
tance in E. scolopes hemocytes is bound by FITC-CBP (this study),
o we used the New England BioLabs (Ipswich, MA,  USA) SNAP-
apture protein purification system to immobilize purified CBP
ound to a SNAP tag as bait for the chitin-like substance con-
ained in the squid hemocytes. To bind the SNAP magnetic beads
o the purified CBP containing a SNAP-tag, the beads were first
esuspended by gentle vortexing and then equilibrated in immo-
ilization buffer (50 mM Tris–HCl pH 7.5, 100 mM NaCl, 1 mM DTT
nd 0.1% Tween 20). Then, 100 �l of a solution of 1 mg/ml  SNAP
ag-CBP in immobilization buffer was added to the equilibrated
NAP-capture beads in a 1.5 ml  Eppendorf tube and incubated with
ixing overnight at 4 ◦C. The beads were then washed four times by

dding 500 �l immobilization buffer and vortexing for 1 min, then
laced in a magnetic manifold for 10 s and the supernatant was
emoved. Once the SNAP-CBP was bound to the magnetic SNAP-
apture beads, 500 �l of a solution of 1 mg/ml  E. scolopes hemocyte
ysate in immobilization buffer containing an EDTA-free protease
nhibitor cocktail was added to the washed beads and incubated for

 h at room temperature. The beads were then washed an additional
 times with 1 ml  of immobilization buffer as described above. To
emove the bound proteins from the beads, 50 �l of SDS-PAGE load-
ng buffer (Tris–SDS–BME) were added to the beads and heated at
5 ◦C for 5 min. All fractions were analyzed on SDS-PAGE gels.

Because we found no evidence for the binding of CBP-positive
aterial to protein, we sought to determine the fraction of cell

omogenate that contains the putative chitin biomolecules. Two
hole gills from adult E. scolopes were homogenized in 1 ml  of PBS

ontaining protease inhibitors (Sigma-Aldrich protease inhibitor
ocktail III). The homogenate was then centrifuged at 10,000 × g
or 20 min  at 4 ◦C to separate the aqueous soluble (supernatant)
nd insoluble fractions (pellet). The pellet was washed twice with
BS, by resuspension in buffer followed by centrifugation for each
ash, to remove residual soluble protein. To extract a subset of the
embrane proteins, the pellet was resuspended in PBS containing

% SDS and centrifuged at 10,000 × g for 20 min  at room tempera-
ure. The supernatant was removed, and then the resulting pellet
as washed twice, as described above, in PBS containing 2% SDS

o remove residual membrane proteins soluble in 2% SDS. To solu-

ilize the remainder of the integral membrane proteins and other
DS-soluble proteins, the pellet was resuspended in PBS contain-
ng 5% SDS and centrifuged as described above. The supernatant

as removed from the sample, and the resulting pellet was  washed
i / Zoology 114 (2011) 191– 198 193

twice with 5% SDS in PBS to remove any residual membrane-bound
proteins. To bring proteins into solution that were insoluble in
SDS, the remaining pellet was  homogenized in 8 M urea, and then
centrifuged as above. The supernatant was  then removed and the
resulting pellet was retained for subsequent analysis.

To visualize the proteins and determine which fractions con-
tained chitin, 5 �l of each fraction and a positive control of 5 �l of
3.5% colloidal chitin were spotted onto Whatman-1 filter paper in
duplicate and allowed to dry and then incubated in ProtoBlue Safe
coomassie blue stain (National Diagnostics, Atlanta, GA, USA) for
15 min  and destained in deionized water for 30 min  and allowed to
dry. On a separate piece of filter paper, the same fractions were
spotted and allowed to dry, and then the paper was  incubated
in 0.01% calcofluor white in water for 15 min  and then visualized
under UV light. Calcofluor white is a dye that binds with polymeric
chitin and cellulose.

2.6. Hemocyte preparations for taxonomic survey

Hemolymph containing hemocyte populations was drawn from
individuals of other animals using a 1-ml syringe fitted with a 28-
gauge needle as follows: S. pharaonis,  from the cephalic artery; M.
edulis and M.  mercenaria, from the main hemolymph sinus of the
foot; C. fornicata, from the hemocoel of the foot; Eisenia foetida and
N. viridans, from the dorsal blood vessel; Arbacia sp., through the
periosomal membrane; A. forbesi,  from the tip of an arm; and Ciona
intestinalis,  from the heart and associated tissues. After extraction,
the hemolymph was  spotted onto glass coverslips in tissue culture
plate wells containing 500 �l of Squid Ringer’s solution for 10 min
to allow the hemocytes to adhere to the coverslips. The coverslips
were then washed twice for 5 min  in Squid Ringer’s solution at room
temperature, except for E. foetida samples, which were washed in
PBS diluted 1:2 in water. The cells were then fixed on the coverslips
by incubation for 30 min  at room temperature in mPBS containing
4% paraformaldehyde, except for E. foetida hemocytes, which were
fixed in 0.5% PBS containing 4% paraformaldehyde. The fixed cells
were then washed three times for 10 min  in mPBS and incubated in
permeabilization buffer for 1 h at room temperature. The buffer was
then removed and replaced with permeabilization buffer contain-
ing 167 nM FITC-CBP, and then incubated with the samples for 3 h at
room temperature. The samples were then washed with permeabi-
lization buffer three times for 5 min  at room temperature and then
incubated with rhodamine phalloidin in permeabilization buffer
for 1 h at room temperature or overnight at 4 ◦C. The coverslips
were then washed three times for 5 min  in mPBS and mounted
onto glass slides containing VectaShield and visualized by confocal
microscopy.

Additional animals used in the taxonomic survey were sampled
as follows:

Biomphalaria glabrata: Hemolymph was collected as described
previously (Sminia and Barendsen, 1980), then hemocytes were
allowed to adhere to a coverslip and processed as described for E.
foetida.
Atta colombica and Drosophila melanogaster: Whole animals (3 A.
colombica or 10 D. melanogaster) were homogenized as a single
cohort manually in 500 �l 0.5× PBS. The homogenate was then
applied to coverslips and the hemocytes were allowed to adhere
for 30 min. The samples were then processed as described above
for E. foetida.
Danio rerio: 48-h juvenile transgenic animals carrying a GFP-

tagged myeloperoxidase gene (GFP:MPO), which allows for
visualization of neutrophils, were anesthetized in 2% tricaine
methanesulfonate and then fixed in 4% paraformaldehyde in 0.5%
PBS and processed as whole E. scolopes specimens, except that
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Fig. 1. Localization of chitin in the E. scolopes light organ. (A) Ventral surface of a juvenile E. scolopes resting on the substrate. Boxes represent the position of the buccal area
(red)  and light organ (blue). (B) Laser-scanning confocal micrograph of the buccal mass (red box in (A)), containing the beak and adjacent suckers, which show chitin-positive
regions (green). (C) Confocal micrograph of a portion of one lobe of a juvenile light organ. Chitin-positive labeling (green) occurs in regions near the ducts, as well as in
cells  in the blood sinus of the anterior appendage (aa). CBP labeling is undetectable in the appendage epithelium that surrounds the blood sinus. (D) Confocal image of a
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reen: FITC-chitin-binding protein (CBP; chitin-positive areas); red: phalloidin (fila

staining was performed with TRITC-labeled CBP instead of FITC-
labeled CBP.
Mus  musculus: A whole blood smear was fixed to a microscope slide
with methanol and then permeabilized and stained as described
above for E. foetida; in addition, the blood sample was stained with
1 �M TOTO-3 in PBS to identify neutrophils. The slides were then
analyzed by confocal microscopy for CBP staining.

. Results

.1. Localization of chitin to E. scolopes hemocytes

In juvenile E. scolopes (Fig. 1A), the suckers and the surface of the
eak, structures that are known to contain chitin (Dilly and Nixon,
976) labeled strongly with CBP (Fig. 1B). In addition, we observed
trong staining in cells inside the body of the light organ, including
ithin appendages of the juvenile-specific ciliated surface (Fig. 1C).

hese appendages, which comprise a ciliated epithelium overlying
 blood sinus, have a population of hemocytes within the sinus
Koropatnick et al., 2007). The CBP staining appeared to localize to
he hemocytes. To confirm that E. scolopes hemocytes label with
he CBP, we extracted hemocytes, which can be identified by their

-shaped nuclei and adherence to coverslips (Nyholm et al., 2009),
rom both juvenile (Fig. 1D) and adult (Fig. 1E) animals and incu-
ated them with CBP. The probe bound to vesicle-like areas in all
emocytes that we stained and visualized (n > 50 for each con-
intracellular granules surrounding the nucleus (blue). (E) Single confocal image of
ssion electron microscopy image of a hemocyte in the gill of a juvenile E. scolopes.
ous actin); blue: TOTO-3 (nuclei). pm, plasma membrane.

dition) suggesting that circulating hemocytes contain a molecule
recognized by CBP.

3.2. Specificity of the chitin-binding probe

Chitin-binding probes, such as the one used in this study, are
widely known to have a high affinity for chains of more than
six n-acetyl glucosamine (GlcNAc) residues, generally referred to
as polymeric chitin (Hardt and Laine, 2004). To confirm that the
substance being stained by the probe is polymeric chitin and
not shorter GlcNAc residues, which may  theoretically bind the
probe in the absence of larger chitin oligomers, we employed two
approaches: (1) characterization of the specificity of CBP bind-
ing; and (2) determination of the susceptibility of the CBP-positive
material to chitinase degradation.

For approach (1), we  stained whole juvenile animals with both
the CBP and the succinylated wheat germ agglutinin (sWGA), a
lectin that specifically binds GlcNac residues. If CBP stains poly-
meric chitin to the exclusion of shorter GlcNac oligomers, we would
expect that the CBP would only stain a subset of the areas that
sWGA binds. Upon staining of the E. scolopes hemocytes in the gills,
only a subset of the areas stained (Fig. 2A), suggesting that the CBP

only stains particular types of GlcNac residues, most likely those
containing larger numbers of GlcNac groups.

To determine whether the substance being stained by the probe
has properties consistent with polymeric chitin, we applied puri-
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Fig. 2. Specificity of chitin-binding protein (CBP) labeling. (A) Confocal micrograph of a juvenile E. scolopes gill labeled with succinylated wheat germ agglutinin (sWGA, red)
and  FITC-CBP (green). A single hemocyte within the gill tissue is shown in the CBP and merged images (right panels). GE, gill epithelium. (B) The effect of chitinase application
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1998). Taken together, these data suggest that the intracellular
chitin occurs in or is associated with the lysosomes of E. scolopes
hemocytes.

Fig. 3. Production of chitin synthase transcript in E. scolopes hemocytes. cDNA was
n  the level of fluorescence attributed to FITC-CBP. Fixed E. scolopes hemocytes w
HI  Chitinase), and the fluorescence of the FITC-CBP was quantified for 10 cells per
etermined by a Student’s t-test with a Bonferroni correction for multiple comparis

ed chitinase (see Section 2.4) to extracted hemocytes that had
een permeabilized and measured the amount of probe binding

n comparison with buffer or heat-killed chitinase controls. Active
hitinase significantly reduced the fluorescence of CBP-exposed
emocytes (Fig. 2B). In addition, the chitinase treatment did not

ncrease the amount of CBP staining, providing further evidence
hat CBP does not stain breakdown products of chitin that were pro-
uced by the purified chitinase. Taken together, these data suggest
hat chitinase breaks down polymeric chitin within the hemocytes.

.3. Expression of chitin synthase mRNA in E. scolopes hemocytes

The 3′ EST library (Chun et al., 2006) of the E. scolopes light organ
ontains two putative chitin synthases identified by sequence
imilarity to other known chitin synthase transcripts, which we
ave named EsCS1 and EsCS2. To determine whether E. scolopes
emocytes expressed either chitin synthase, we performed semi-
uantitative reverse transcriptase PCR on cDNA prepared from
arious E. scolopes tissues, including hemocytes, the hematopoi-
tic gland (white body), hindgut, and eye using primers specific to
ither chitin synthase or the 40S ribosomal subunit RNA as a control
or equal loading. We  found that the hemocytes produce tran-
cripts for both chitin synthases. However, the white body, where
emocytes are produced, does not appear to express both chitin
ynthases to the same degree as the hemocytes did when we  car-
ied out end-point PCR using the same amount of cDNA template,
uggesting that chitin synthesis only occurs in mature hemocytes
Fig. 3). Upon staining the white body with FITC-CBP, we did not
etect any staining of immature hemocytes with the CBP, further
upporting this hypothesis (data not shown). The hindgut sample
as included as a positive control because it contains high levels

f both transcripts, a finding which is consistent with the reported
bility of the hindgut to secrete a chitinous layer (Budelmann et al.,
997). These data suggest that E. scolopes hemocytes are capable of
roducing enzymes that synthesize chitin.

.4. Biochemical characteristics of chitin-containing
ompartments

The punctate labeling of the CBP in the hemocytes suggested

hat the chitin-like molecule localizes to specific subcellular com-
artments. Extracted hemocytes co-stained with FITC-CBP and
ysotracker Red revealed co-localization of these fluorochromes to
ntracellular acidic compartments (Fig. 4A). The CBP staining also
ated with a PBS only control (PBS), active chitinase, or heat-inactivated chitinase
ition. Asterisk = significant difference from the PBS control at a p-value of <0.01 as

co-localized with an antibody specific to E. scolopes halide peroxi-
dase (Weis et al., 1996; Small and McFall-Ngai, 1999), a protein that
typically localizes to lysosomes (Baggiolini et al., 1969; Nauseef,
prepared from RNA that had been extracted from four adult squid cell types or tissues
(hemocytes, white body, hindgut, and eye). 500 ng of cDNA was used as a template
for end-point PCR. CS1 = E. scolopes chitin synthase 1; CS2 = E. scolopes chitin synthase
2,  40S = 40S subunit ribosomal RNA, used as a loading control. Numbers to the left
of  the gel show the size of each gene product.
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ig. 4. Biochemical characterization of CBP-positive compartments. (A) Confocal mic
ed  (red). DIC = image of the same cell by differential interference contrast. (B) Ima

maged  under UV light (top), or stained with ProtoBlue coomassie blue stain and im

Because earlier reports of chitin-like molecules in D.
elanogaster hemocytes provided evidence that the chitin is

ound to protein (Kramerov et al., 1986), we performed two assays
o investigate the possibility that chitin in E. scolopes hemocytes
lso associates with protein. We  used calcofluor labeling of protein
ractions as well as a pull-down with SNAP-CBP (see Section
.5) to determine the nature of any potential bound protein.
alcofluor-positive labeling was only present in material pelleted
fter extraction of hemocyte-rich tissues with aqueous solvents,
DS and urea (Fig. 4B), in which the majority of proteins should
e soluble, but chitin is not. A coomassie stain was used as the
ounterstain for all fractions due to its binding to proteins and
hitin (Liau and Lin, 2008). These data, coupled with our inability
o capture any material with the CBP fused to a SNAP tag as bait
data not shown), provide evidence that the chitinous material in
. scolopes hemocytes is not a chitinoprotein.

.5. Survey of animal hemocytes for CBP-labeling

To determine whether the presence of chitin in hemocytes
s specific to E. scolopes, we examined circulating blood cells in
ther animal taxa for CBP-positive labeling. Blood cells from 15
pecies in five phyla, either from a hemocyte extraction or tissue
hole-mount, were labeled with FITC-conjugated CBP and ana-

yzed. Between 15 and 40 cells per preparation were viewed by
onfocal microscopy (Fig. 5A). Invertebrate granulocytes we  sur-
eyed labeled with CBP, regardless of phylum. However, neither of
he vertebrates that we sampled (Mus  musculus and Danio rerio)
ad any blood cells that stained positively for chitin, which is con-
istent with the absence of any known chitin synthetic enzymes in
ither species.

Blood cell extractions from five species (M.  edulis, M. merce-
aria, C. fornicata, B. glabrata, and N. viridans) produced the two
nown distinct blood cell types, identified as granulocytes and
yalinocytes by both size and morphology (Kuchel et al., 2010).

n species that produced both of these types of hemocytes, such as
iomphalaria glabrata, we  only found CBP staining in the granulo-
ytes (Fig. 5B), a feature that may  provide insight into the function
f CBP-reactive substances in blood cells.
. Discussion

The results of this study provide evidence that all mature
. scolopes hemocytes contain endogenously produced chitin in
ph of a single E. scolopes hemocyte co-stained with FITC-CBP (green) and Lysotracker
 protein extracts from adult E. scolopes gill tissue probed with calcofluor white and
under visible light (bottom).

lysosomal compartments. In addition, we demonstrate that the
presence of chitin-like molecules in granulocyte-like hemocytes is
a widespread character among the invertebrates.

The chitin in E. scolopes hemocytes may  be important in the E.
scolopes–V. fischeri symbiosis in immune surveillance of the light
organ. Hemocytes are known to infiltrate the light organ early in
the initiation of the symbiosis, eventually potentiating the develop-
ment of the light organ into a mature symbiotic structure (Nyholm
and McFall-Ngai, 1998; Kimbell et al., 2006; Koropatnick et al.,
2007). In addition, studies of the behavior of these cells have
demonstrated that the hemocytes sample the crypt spaces and
communicate the status of these symbiont-containing regions to
the rest of the body of the animal (Nyholm and McFall-Ngai, 1998;
Nyholm et al., 2009). As such, they behave similarly to mammalian
dendrocytes that sample the gut. To determine whether chitin is
important for such immune activity will require further study.

Abundant evidence exists that the symbionts ferment host
chitin, which may  be provided to the bacteria as a nutrient source
(Wier et al., 2010). However, whether this nutrient is provided by
chitin synthesized in the abundant population of hemocytes within
the bacteria-containing tissue of the light organ, in the crypt epithe-
lial cells themselves, or in both cell types remains to be determined.
As the epithelium of the molluscan gut is often lined by chitin
(Berkeley, 1935; Moueza and Frenkiel, 1979; Budelmann et al.,
1997), and the light organ is embryologically derived from the E.
scolopes hindgut/ink-sac complex, it would not be surprising to find
that the crypt epithelium synthesizes chitin. We  did not observe
labeling of the crypt epithelium with CBP, but if this tissue synthe-
sizes chitin, the chitin may  be produced, transported and consumed
immediately by the symbionts, so that any chitin present would be
undetectable. This question could be answered in future studies in
which the major sites of EsCS1 transcription would be identified
using in situ hybridization with probes specific to EsCS1.

The position and size of CBP-positive compartments in E.
scolopes hemocytes were consistent with their co-localization
within acidic and halide-peroxidase-positive lysosomes of these
cells (Nyholm and McFall-Ngai, 1998; Small and McFall-Ngai,
1999). Although their function is unknown, other polysaccharides
have been reported to be present in lysosomes in other systems.
Abundant polysaccharides, produced in the endoplasmic reticu-

lum of certain mammalian cells, can be targeted to the lysosome
(Moore, 1999). In certain lysosomal storage disorders, the polysac-
charides that have been targeted to lysosomes for recycling are not
broken down, a condition that can impede normal lysosomal func-
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Fig. 5. Taxonomic survey of chitin carriage in hemocytes. (A) All organisms sur-
veyed with the presence or absence of chitin as detected by FITC-CBP labeling
(green) noted in each sample. Included are confocal micrographs of representa-
tive samples from four phyla. TOTO-3-positive blood cell shown for M. musculus is
a  neutrophil. (B) Confocal micrographs of a granulocyte (left) and a hyalinocyte
(
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immune systems. Finally, one practical outcome of this research
right) from B. glabrata. Counterstains: red = rhodamine phalloidin (filamentous
ctin), blue = TOTO-3 (nuclei).

ion (Meikle et al., 2003). While lysosomal storage disorders have
een best characterized in muscle tissue, these defects can also
e evident in macrophages (Kieseier et al., 1997). The widespread
resence of a chitin-like molecule in invertebrate blood cells is
nlikely to be due to a defect in metabolism. However, the presence
f polysaccharides in mammalian lysosomes does suggest a possi-

le function for these molecules in the lysosomes of invertebrate
ranulocytes, i.e., for the storage and recycling of polysaccharides.
ince the chitin only localizes to invertebrate granulocytes, it is
i / Zoology 114 (2011) 191– 198 197

likely that the compound plays a role that is specific to this cell
type. For example, as a nonreactive molecule, chitin may  serve as
a scaffolding or matrix for the proteins and other biomolecules in
the lysosome.

Like other cephalopods, E. scolopes has only been shown to pro-
duce one type of hemocyte, which is most similar to invertebrate
granulocytes (Cowden and Curtis, 1981; Nyholm and McFall-Ngai,
1998). However, other molluscs surveyed in this study produce
both of the major molluscan blood cell types, i.e., granulocytes and
hyalinocytes, and only granulocytes stained with the CBP. The pres-
ence of chitin in granulocytes but not hyalinocytes may be due
to the different functions of these cells; granulocytes are primar-
ily phagocytic and involved in respiratory burst, while the role of
hyalinocytes is not yet well defined (Goedken and De Guise, 2004).
As such, if the chitin-like molecule is restricted to the lysosome,
as suggested in E. scolopes hemocytes, the undetectable labeling of
CBP in hyalinocytes may  be due to the presence of fewer lysosomes,
which is characteristic of this cell type (Mateo et al., 2009).

While ours is the first study to be done on this scale, sev-
eral previous studies have shown that circulating immune cells
in invertebrates may  contain chitin-like substances. Drosophila
melanogaster cell lines produce a heavily sulfated chitin-like
molecule, possibly composed of chitin linked to a protein
(Kramerov et al., 1986). An antibody to this molecule labels gran-
ules in cell lines of D. melanogaster and other insect species
and is present in regions of the imaginal discs of developing D.
melanogaster larvae (Kramerov et al., 1990). This same antibody
binds to granules in D. melanogaster hemocytes in whole-animal
analyses (Baikova et al., 1993). These studies suggested that the
chitin-like polysaccharide molecules in Drosophila melanogaster
hemocytes are linked to a protein, although the sequence of
the hypothetical protein was not determined (Kramerov et al.,
1986, 1990; Baikova et al., 1993). In contrast, our analyses sug-
gested that the chitin-like molecules in E. scolopes hemocytes are
not linked to protein; specifically, the chitin-positive compound
was not soluble in water, SDS, or urea (Fig. 4), and could not
be isolated by a CBP-based protein purification protocol. Taken
together, the data on chitin-like substances in invertebrate hemo-
cytes suggest that the chitin may  occur in different forms in these
cells.

Other evidence for possible chitin carriage in invertebrate
hemocytes has been suggested by the presence of specific sugar
residues. Wheat germ agglutinin, a lectin that binds specifically to
n-acetyl-glucosamine and sialic acid residues, recognizes materials
in the large granulocytes of the crustaceans Sicyonia ingentis and
Homarus americanus (Martin et al., 2003). Our study, probing with
fluorescently labeled CBP, suggests that these lectins are labeling
chitin within these cells and that this character is common to many
invertebrate phyla, not just ecdysozoans (Fig. 5).

While this study provides evidence for the presence of chitin
in invertebrate granulocytes, we  have not yet determined its func-
tion in the immune system. One possible approach would be the
study of this chitin-like compound in cell culture of invertebrate
granulocytes, where the cells are more easily manipulated directly
and can be isolated in higher numbers. Although not present in all
blood cells sampled in this study, the conspicuous nature of the
chitin in invertebrate hemocytes may  help to elucidate the role
of polysaccharides in immune cells in general, which is an under-
studied area. The lack of chitin in vertebrate immune cells, though
anticipated due to the lack of chitin synthetic enzymes in most ver-
tebrates, may  point to an invertebrate-specific function, and may
be tied to the differences between the invertebrate and vertebrate
is the development of a tool for the study of invertebrate granulo-
cytes, specifically an easily used, relatively inexpensive, and reliable
marker for these cells, i.e., CBP.
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