Journal Of Biological Chemistry

September 2014, Volume 289 Issue 36 Pages 24821-24831
http://dx.doi.org/10.1074/jbc.M114.576546
http://archimer.ifremer.fr/doc/00217/32866/

© 2014 by The American Society for Biochemistry and Molecular
Biology, Inc.

Antimicrobial histones and DNA traps in invertebrate
immunity: evidences in Crassostrea gigas.

Poirier Aurore C. »?, Schmitt Paulina **°, Rosa Rafael D. *'?, Vanhove Audrey S. L2 Kieffer-

Jaquinod Sylvie *, Rubio Tristan P. %, Charriere Guillaume M. > ?
, Destoumieux-Garzon Delphine *'?

! Univ Montpellier I, Univ Montpellier 2, IFREMER, Lab Ecol Coastal Marine Syst,CNRS UMR 5119, F-
34095 Montpellier, France.

% IRD, F-34095 Montpellier, France

® pontificia Univ Catolica Valparaiso, Inst Biol, Lab Genet & Inmunol Mol, Valparaiso 2373223, Chile.

* Univ Grenoble 1, CEA, INSERM, U1038,Etud Dynam Proteomes,Lab Biol Grande Echell, F-38054
Grenoble 9, France.

® IFREMER, France

* Corresponding author : Tel.: 33-467-14-46-25 ; Fax: 33-467-14-46-22 ;
email address : quillaume.charriere@univ-montp?2.fr

Background: How antimicrobial histones participate in invertebrate defense was still unclear.

Results: Upon injury or infection, oyster immune cells release antimicrobial histones and extracellular
DNA traps in a ROS-dependent manner.

Conclusion: DNA traps are involved in the defense of Lophotrochozoa. Their mechanistic bases are
shared with vertebrates.

Significance: This is a novel mechanism in the evolutionary conserved invertebrate immune arsenal.

Abstract :

Although antimicrobial histones have been isolated from multiple metazoan species, their role in host
defense has long remained unanswered. We found here that the hemocytes of the oyster Crassostrea
gigas release antimicrobial H1-like and H5-like histones in response to tissue damage and infection.
These antimicrobial histones were shown to be associated with extracellular DNA networks released by
hemocytes, the circulating immune cells of invertebrates, in response to immune challenge. The
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hemocyte-released DNA was found to surround and entangle vibrios. This defense mechanism is
reminiscent of the neutrophil extracellular traps (ETs) recently described in vertebrates. Importantly,
oyster ETs were evidenced in vivo in hemocyte-infiltrated interstitial tissues surrounding wounds,
whereas they were absent from tissues of unchallenged oysters. Consistently, antimicrobial histones
were found to accumulate in oyster tissues following injury or infection with vibrios. Finally, oyster ET
formation was highly dependent on the production of reactive oxygen species by hemocytes. This
shows that ET formation relies on common cellular and molecular mechanisms from vertebrates to
invertebrates. Altogether, our data reveal that ET formation is a defense mechanism triggered by
infection and tissue damage, which is shared by relatively distant species suggesting either evolutionary
conservation or convergent evolution within Bilateria.

Keywords : Antimicrobial Peptide (AMP), DNA, Innate Immunity, Invertebrate, Reactive Oxygen
Species (ROS), NET, Mollusk



Histones play an essential role in the organization and
architecture of the chromatin and their post-
translational modifications are essential to gene
regulation (1). Since 1942 (2), histones have been
shown to display antimicrobial activities against
bacteria, fungi, virus and protozoa (3). In Protostomia,
antimicrobial histones have been isolated from the
shrimp Litopenaeus vannamei (4), the scallop Chlamys
farreri (5), the abalone Haliotis discus discus (6) and
recently the oyster Crassostrea virginica (7,8).
However, the mechanisms facilitating histone release,
which is a prerequisite for their antimicrobial activities
on potential pathogens, has long remained
unidentified.

In 2004, a new antimicrobial mechanism relying on
the release, by mammalian neutrophils, of extracellular
DNA carrying histones and granular antimicrobial
proteins bound to the decondensed nucleic acids was
uncovered (9). More recently, those extracellular traps
(ETs) have been observed to form massively in
infected  tissues by  intravital = microscopy
demonstrating further their role in host defense (10).
ETs can be released in response to bacteria, fungi,
parasites and viruses (9,11,12), to microbe-associated
molecular patterns like lipopolysaccharide (LPS) and
to host inflammatory signals associated with tissue
damage like interleukin-8 (9) and tumor necrosis
factor (13). ETs were reported to entrap bacteria, fungi
and parasites (9,11,12) and to kill them by their
content in antimicrobial peptides/proteins including
histones, bactericidal permeability increasing proteins
and hydrolases (9,12,14-16). However some bacteria
such as Streptococcus pneumoniae, Mycobacterium
tuberculosis and group A Streptococci are found
entrapped into ETs without being killed (17,18). ETs
can then play two important roles in the control of
infections, first by entrapping microbes and preventing
their dissemination, and second by concentrating
antimicrobials and potentially kill microbes
(10,16,19).

While ETs have been well studied in vertebrates
(Deuterostomia) over the past decade, studies on
invertebrates have remained sparse and limited to
insects (Ecdysozoa, Protostomia). In 2008, a first
report suggested that extracellular nucleic acids
enhance immunity and induce hemolymph coagulation
in Galleria mellonella (20). More recently, an in vitro
study showed that hemocytes from the Shrimp
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Litopenaeus vannamei release ETs able to entrap
bacteria upon challenge with LPS, PMA or bacteria
(21). To the best of our knowledge, clear evidences of
ETs formation in vivo and characterization of the
underlying mechanisms has not been reported yet in
any invertebrate.

Here we performed a comprehensive study on DNA
extracellular traps in the defense of a
Lophotrochozoan, the oyster Crassostrea gigas. Our
work reveals that C. gigas hemocytes form ETs
associated with antimicrobial histones both in vitro
and in vivo, in response to infections and tissue
damage, and that these ETs can entrap bacteria. By
using a quantitative approach, we also show that
similar to vertebrate neutrophils, oyster hemocytes
require the production of reactive oxygen species to
release ETs. Altogether, our data reveal that
Crassostrea gigas, a Lophotrochozoan, use ET
formation as defense mechanism that can be triggered
by infection and tissue damage. From this study, this
defense mechanism is shared by distant species among
the main branches of the Bilateria.

EXPERIMENTAL PROCEDURES

Cationic proteins extraction from C. gigas tissues.
C. gigas adult oysters were carved in the dorsal side of
the shell with a small notch and acclimated for 5 days
in seawater tanks. Then, 16 oysters were challenged by
injection in the adductor muscle of 100 pL of V.
tasmaniensis LGP32 (1 x 10’ CFU/oyster), an oyster
pathogen (22) recently assigned to V. tasmaniensis
within the Splendidus clade (23). After 24 h, gills
were dissected, frozen at -80°C and ground to fine
powder. Gill powder was resuspended in 5% acetic
acid and a cocktail of protease inhibitors (Sigma).
After sonication, proteins were acid-extracted for 3 h
at 4°C and centrifuged twice at 13,000 x g, 4 °C, 30
min. pH was adjusted to 6.8 before addition of CM
Macroprep resin (Biorad). After overnight incubation
at 4 °C, the resin was washed with 25 mM ammonium
acetate pH 6.8 and proteins were eluted twice with 1%
TFA in ultrapure water.

Purification of antimicrobial proteins. CM extracts
were fractionated on a C18 reversed-phase high
performance liquid chromatography (RP-HPLC)
column (UP50DB 25QS, 5 pm, 250 x 2.0 mm,
Interchim) using a linear gradient of 0 % to 80 %



acetonitrile (ACN) in 0.05% trifluoroacetic acid (TFA)
over 90 min at a flow rate of 0.7 mL/min. Fractions
were dried under vacuum, dissolved in ultrapure water
and tested for antibacterial activity against
Staphylococcus aureus SG511. Antimicrobial fractions
were purified by a second step of RP-HPLC (X-bridge
BEH130, 4.6 mm x 150 mm, Waters) using a biphasic
gradient of 0-26% and 26-46% ACN in 0.05% TFA
over 5 and 80 min at a flow rate of 0.25 mL/min.
Fractions were dried under vacuum, dissolved in
ultrapure water and tested for antimicrobial activity.

Protein identification. Purity of active fractions was
assessed by MALDI-TOF-MS while sequences were
obtained by nano-LC/MS/MS after digestion with
trypsin or V8 endopeptidase. LC-MS/MS spectra were
analyzed using the automated Mascot algorithm
(http://www.matrix science.com; Matrix Science Ltd,
London, UK) and homology search of the purified
protein sequences were performed using a Basic Local
Alignment Search Tool (BLAST) search on the
National Center for Biotechnology Information
(NCBI) server (http://www.ncbi.nlm.nih.gov/BLAST).
Results were validated by the software IRMa (Mascot
Results Interpretation). Sequence alignment was
performed with the ClustalW2 tool of European
Bioinformatics Institute server (EBI)
(http://www.ebi.ac.uk/Tools/msa/clustalw2/).

Antimicrobial Assays. Antibacterial activity of HPLC
fractions was assayed against the Gram-positive
Micrococcus  lysodeikticus CIP 5345, Bacillus
megaterium CIP 66.20, Staphylococcus aureus SG
511, as well as the Gram-negative Escherichia coli
SBS363 and Vibrio tasmaniensis LGP32. Minimum
inhibitory concentrations (MICs) were determined in
poor broth (PB: 1% bactotryptone, 0.5% NaCl w/v, pH
7.5) medium by the liquid growth inhibition assay as
previously described (24). PB was supplemented with
2.9% NaCl for the marine V. tasmaniensis. Incubation
was performed for 18 h under shaking (150 rpm) at
30°C for M. lysodeikticus and B. megaterium, at 37°C
for S. aureus and E. coli and at 20°C for V.
tasmaniensis. Growth was monitored by optical
density at 620 nm on a microplate reader infinite
M200 (Tecan).

Induction of extracellular traps. Hemolymph
withdrawn from the oyster pericardial cavity was kept
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on ice before plating hemocytes on 13 mm-glass
coverslips in 24 well-culture plates at 2.5 x10° cells
per cm’. One h after plating, ET formation was
induced by adding V. tasmaniensis LGP32, V.
tasmaniensis LMG20012T, B. stationis CIP 101282 or
Zymosan particles to hemocytes at a MOI of 50:1.
Plates were centrifuged for 5 min at 500 x g to
synchronize binding and further incubated at 20°C for
30 min, 1 h or 2 h. To assess the involvement of ROS
in ET formation, hemocytes were pretreated with
10 uM diphenylene iodonium chloride (DPI, Sigma)
for 1 h before microbial challenge. For microscopy
analyses of living cells, 0.5 pM Sytox Green Nucleic
Acid Stain (Molecular Probes) was added to
hemocytes. Live imaging was performed on an
Axiovert 200M Zeiss inverted microscope. For other
experiments, cells were fixed with 4%
paraformaldehyde, then permeabilized with 0.01%
Triton X-100 for 10 min, and stained with 1.25 pg/mL
DAPI (Sigma) and either 16.5 nM phalloidin-Alexa
488 (Molecular Probes) or 2 pg/mL Wheat Germ
Agglutinin (WGA)-TRITC (Sigma). Immunostaining
was perfomed with a rabbit anti-H5-like histone

antibody generated against the NH,-
TPKPAKAKKAAKPKKPASHC-COOH peptide
conjugated to KLH (Proteogenix). Fixed and

permeabilized hemocytes were first incubated with 45
min in 50 mM NH,CIl and 20 min in PBS containing
5% BSA. Then, 20 ug/mL antibody dissolved in PBS
containing 5% BSA was added to coverslips and
incubated for 1 h. After 3 washes in PBS, 10 pg/mL
anti-rabbit secondary antibody coupled to Alexa 488
was added and incubated of 1h. Coverslips were then
washed, stained with DAPI and mounted with
fluorescent mounting media (DAKO).

Monitoring of reactive oxygen species production.
Hemocytes freshly withdrawn from oysters were
plated on a 96 well plate at a density of 6 x10° cells
per cm’. After 1 h of incubation at 17°C to let the cells
settle down, the wells were washed with SSW and
incubated for 1 h in SSW supplemented with 1 uM
Luminol (Sigma). Then zymosan particles (at a MOI
of 50:1) or PMA (at a final concentration of 1uM,
Sigma) were quickly added and the plate was
immediately placed into a microplate reader infinite
M200 (Tecan) to quantify the luminescence emission
every 2 min for 2 h. To inhibit ROS production, 10
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uM DPI were added to hemocytes 1 h before addition
of ROS inducers (PMA or zymosan).

Histology. Whole oysters were fixed with Davidson
for 42 h. After dissection, muscles and gills were
embedded in paraffin. Histological sections and
hematoxylin-eosin staining were performed at the
technical platform of RHEM (Réseau d’Histologie
Expérimentale de Montpellier UMS3426 CNRS, US9
INSERM, University Montpellier 1 and 2). After
rehydratation, histological sections were permeabilized
with 0.01% Triton X-100 for 10 min, washed 3 times
in PBS and stained with 0.25pg/mL DAPI for 1h.
After 3 washes in PBS, coverslips were mounted over
histological sections with fluorescent mounting media
(DAKO).

Image acquisition and extra-nuclear histone
guantification. Histological sections stained with
DAPI and coverslips labeled with DAPI, WGA-
TRITC, and phalloidin were observed with 40x or 63x
objectives and images were captured using a Leica
TCS SPE confocal scanning laser microscope.
Extranuclear histones were quantified on hemocytes
immunostained with anti-H5-like histone antibody and
counterstained with DAPI using a method adapted
from Brinkmann et al. (25). Briefly, for every
conditions, 80 images were taken randomly over the
entire surface of the coverslip (covering more than a
thousand of hemocytes) using a 40x objective on a
Zeiss Axioimager upright fluorescence microscope
equipped with an AxioCam MRm 2 digital microscope
camera. The image files were then analyzed with FIJI
software (26). For every image, the DAPI-stained
nuclei of hemocytes were counted. The total area
revealed by anti-H5-like histone staining and the total
area revealed by DNA staining DAPI-staining were
measured in pm’. The area occupied by extranuclear
histones only was obtained by subtracting the DAPI-
stained area to the anti-H5-like histone stained area.
The area of extranuclear histones was finally divided
by the number of counted hemocytes (nuclei) to
normalize on hemocyte density (um?*/cell).

RESULTS

Antimicrobials accumulate in oyster gills 24h after
infection or injury. Antimicrobial peptides/proteins
were isolated from gills of oysters 24 h after an
intramuscular injection of Vibrio tasmaniensis LGP32
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(LGP32) or sterile seawater (SSW). For that, the
dissected gills were subjected to acid extraction, cation
exchange chromatography and reversed-phase HPLC.
Gills of non-injected oysters were used as a negative
control. Two absorbance peaks strongly increased
upon injection (Fig. 1). The corresponding HPLC
fractions were the only fractions showing
antimicrobial activity against Staphylococcus aureus
SG511 (Fig. 1, Tables 1 and 2): two were isolated
from LGP32-injected oysters (LGP32-36 and LGP32-
37) and one from SSW-injected oysters (SSW36). No
antimicrobial activity could be recorded in any
fractions isolated from non-injected oysters.

After a second reversed-phase HPLC step, the active
fractions were analyzed by MALDI-TOF mass
spectrometry (Fig. 2). The SSW36 fraction contained
one single molecule with a measured molecular mass
of 20,748.7 Da. The LGP32-36 fraction contained two
molecules: a major one of 19,602.8 Da and a minor
one of 20,749.7 Da, similar to that found in the
SSW36 fraction. Finally, the LGP32-37 fraction
contained one single molecule of 20,625.8 Da (Fig. 2).

H1- and H5-like histones are the major
antimicrobials of challenged oyster gills. The
SSW36, LGP32-36, and LGP32-37 antimicrobial
fractions were analyzed further by LC-MS/MS after
trypsin and endopeptidase V8 digestion. Histones were
found in all three fractions (Fig. 1). An H5-like histone
(GenBank EK(C36743) present in the three fractions
was identified with a coverage of 81.6 % (Fig. 3A).
From the molecular mass measured by MALDI-TOF
on the LGP32-36 fraction (19,602.8 Da) (Fig. 2) and
from the modifications observed by MS-MS
sequencing (Fig. 3), it could be deduced that it lacks
its N-terminal methionine (- 131 Da) and carries one
lysine acetylation (+ 42 Da) (calculated mass =
19,601.8 Da). An Hl-like histone (GenBank
EKC17653) only found in LGP32-36 and SSW-36 was
identified with a coverage of 57.1 % (Fig. 3B). This
lower coverage prevented its post-translational status
to be established accurately. Finally, traces of a
putative histone H1 (Genbank EKC28013) and an
High Mobility Group 1-domain protein (HMGBI,
GenBank AGH28093) were found in the LGP32-37
fraction (Figs 1 and 3C-D). Interestingly, this
accumulation of antimicrobial histones in oyster
tissues in response to damage/infection (Fig. 1)



correlated with hemocyte infiltration in gill tissue (Fig.
4). This suggests that Hl-like and HS5-like
antimicrobial histones could be brought by hemocytes.

Oyster histones present potent antibacterial
activity. Due to minute amounts of native proteins
purified to homogeneity from oyster tissues, only the
H1-like histone (isolated from SSW36) was tested for
antimicrobial activity in a low range of concentrations
(0-0.7 uM). Potent activities were observed against
Micrococcus lysodeikticus CIP 53.45, Staphylococcus
aureus SG511, Escherichia coli SBS363 and
Brevibacterium megaterium CIP 66.20 with Minimum
Inhibitory Concentrations (MICs) < 0.7 uM but not
against V. tasmaniensis LGP32 (Table 1). The MICs
estimated for LGP32-36, which contains the H5-like
histone together with low amounts of H1-like histone,
were also in the low micromolar range against most of
the tested strains (Table 2).

Oyster hemocytes release DNA extracellular traps
in response to bacterial challenge. To identify the
defense mechanism by which histones are released in
oyster tissues, oyster hemocytes were challenged with
LGP32 in vitro. The cell-impermeant nucleic acid dye,
Sytox green, added to the primary cultures revealed
clusters of permeabilized cells and extracellular DNA
only 45 min after LGP32-challenge while most of the
hemocytes remained unstained (Fig. 5C and 5D). In
control hemocytes, permeabilized cells were rarely
detectable without any visible extracellular DNA (Fig.
5A and 5B). In order to get higher imaging resolution
of the extracellular DNA structures, confocal
microscopy was performed. Extracellular networks of
DNA filaments were observed 1 h after LGP32-
challenge. They were found to extend 5-10 um above
the hemocyte monolayer whose actin cytoskeleton was
stained with fluorescent phalloidin (Fig. 6A and 6B).
To determine whether vibrios could be entrapped into
the extracellular DNA, confocal 3D imaging was
performed at a higher magnification after staining the
bacterial cell wall with the WGA-TRITC lectin.
Numerous vibrios were found entrapped in these
extracellular DNA networks as shown on a
representative confocal section (0.2 um thickness)
(Fig. 6C and 6D) and in the reconstituted z-stack
containing all the focal planes (Online supplement 1).
Altogether, these data show that (i) C. gigas
hemocytes can form large DNA extracellular traps
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(ETs) upon challenge with V. tasmaniensis LPG32,
and (ii) vibrios are entrapped into these ETs.

Release of H5-like histones is associated to ET
formation and dependent on the production of
reactive oxygen species (ROS). To determine
whether the antimicrobial histones isolated from gills
of infected/wounded oysters could be released during
ET formation, a polyclonal antibody was raised
against an N-terminal peptide designed on the
sequence of the H5-like histone. Immunostaining was
performed on both control and LGP32-challenged
hemocytes. As expected, in control hemocytes, H5-
like histones were found only within hemocyte nuclei
(Fig. 7A, 7B, 7C and 7I). Conversely, in LGP32-
challenged hemocytes, a significant amount of H5-like
histones was found extranuclear both in the cytosol
and in the extracellular space surrounding ETs
showing that H5-like histones are released along with
DNA during ET formation (Fig. 7D, 7E, 7F and 71).
Thanks to the H5-like histone immunostaining we
were able to develop a method by automated image
analyses to quantify the release H5-like histone by
oyster hemocytes, which is indicative of ET formation
(see methods). In control hemocytes, the amounts of
extranuclear histones remained stable over time (Fig.
7G). In accordance with our previous observations
(Figs 5 and 6), a significant nuclear release of H5-like
histones was measured in LGP32-challenged
hemocytes as soon as 1 h after challenge with a 2-fold
increase in the average size of extranuclear histone
areas (P <0.001, Fig. 7G). There was no significant
difference in the amount of extranuclear histones
between 1 h and 2 h indicating that the release of H5-
like histone and ET formation was rapid and
synchronized for most hemocytes capable of forming
ETs in our experimental conditions.

To investigate the diversity of microbial challenges
that could trigger ET formation, different bacterial
strains and microbe-associated molecular patterns
were tested including the Gram-negative Vibrio
tasmaniensis LMG20012" and LGP32, the Gram-
positive B. stationis CIP 101282 and zymosan
particles used as a yeast surrogate. All of them induced
a massive release of H5-like histones indicative of ET
formation without significant difference between
microbial challenges (Fig. 7H and 7I). As neutrophil
ET formation in mammals has been shown to depend



on the production of ROS (27), a ROS production
inhibitor (diphenylene iodonium chloride, DPI) was
used in our assays. Remarkably, DPI-treatment was
sufficient to completely inhibit the release of
extranuclear H5-like histones, whose quantities
remained as low as in unchallenged hemocytes for any
kind of microbial challenge (Fig. 7H and 71).

To determine whether ROS production is sufficient to
induce ET formation by oyster hemocytes, we used
phorbol myristate acetate (PMA), a well described
inducer of oxidative burst and ET formation in
mammalian neutrophils (27). Surprisingly, in contrast
to zymosan, PMA did not induce ET formation nor the
release of extranuclear H5-like histones by hemocytes
(Fig. 8A). This correlated with a lack of ROS
production in PMA-stimulated hemocytes, as
determined by chemiluminescence (Fig. 8B). On the
contrary, zymosan induced a strong oxidative burst in
hemocytes, which correlated with the induction of ET
formation and the release of extranuclear HS5-like
histones (Fig 8A and B). Supporting the hypothesis of
a ROS-dependent process, DPI was sufficient to
inhibit zymosan effects, i.e. ROS production (Fig. 8B)
and ET formation (Fig 7). Taken together, these results
show that ET formation in C. gigas hemocytes can be
triggered by a broad diversity of microbial agents and
depends strongly on ROS production.

ETs are observed in vivo in infected or wounded
tissues. Finally, we assessed whether ETs could form
in vivo. Oysters were either challenged with a
sublethal injection of V. tasmaniensis LGP32 or
injured by a sterile puncture in the adductor muscle.
Massive hemocyte infiltrations were observed in gills
(Fig. 4) and in the adductor muscles (Fig. 9A). In gills,
the high hemocyte density precluded the imaging
resolution needed to observe extracellular DNA
filaments. In adductor muscles, cell infiltrates were
found within interstitial tissue between fascicles of
muscle fibers at the wound periphery in both LGP32-
challenged and injured oysters one day after the
challenge (Fig. 9A and 9B). More importantly, DNA
filaments were observed in these hemocyte-infiltrated
regions while only intact cell nuclei were observed in
control animals after DAPI staining (Fig. 9C).
Confocal microscopy was performed on thick tissue
section to get a better 3D reconstruction of the areas
containing extracellular DNA. Images confirmed the
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presence of ETs between fascicles of muscle fibers,
and in the z-projected image intact cell nuclei were
observed above and below the ET areas indicating that
the DNA was not released as a result of any nuclei
damaging during the preparation of histological
sections (Fig. 9C). Taken together, these data showed
that infiltrating hemocytes can release ETs in vivo in
response to infection or tissue damage.

DISCUSSION

Results showed that antimicrobial histones accumulate
together with extracellular DNA in oyster tissues in
response to infection and injury. Tissues of non-
injected oysters were devoid of such antimicrobial
histones (Fig. 1), indicating that histone accumulation
in tissues was induced by the challenges. The major
antimicrobial histones isolated here were H5-like and
H1-like histones. Antimicrobial H2B and H4 histones
have also been isolated from another oyster species,
Crassostrea virginica (7) (8). Similar to our
observations, protein levels of H4 histone strongly
increased in hemocyte lysates and extracellular
hemolymph of C. virginica oysters infected with
Perkinsus marinus (8). Therefore, accumulation of
histones in oyster tissues could be a common response
to infection and injury.

The antimicrobial histones isolated from oyster gills
showed a broad spectrum of antimicrobial activities
with MICs as low as 0.18 uM against Bacillus
megaterium CIP 66.20 for native HIl-like histone
(Table 1). Together with oyster defensins (24), the H1-
like histone is therefore one of the most potent
antimicrobials of C. gigas described so far. No activity
could be recorded against the oyster pathogen V.
tasmaniensis LGP32 while the H2B and H4 histones
from C. virginica were reported to be active against
vibrios (7,8). This may be due to the intrinsic
resistance of V. tasmaniensis LGP32 to antimicrobials
(28) or to the low range of concentrations tested (0-0.7
uM). Because tissues of C. gigas oysters are poor in
antimicrobial peptides/proteins (29), the isolation of
histones as the only antimicrobials found in gills of
challenged oysters strongly argues in favor of their
role in the oyster antimicrobial defense.

In vitro, antimicrobial histones were rapidly released
(in less than 1h) by oyster hemocytes together with
extracellular DNA when exposed to diverse microbial



agents (Figs 5-8 and Online supplement 1).
Importantly, this phenomenon was also observed in
vivo (Fig. 9). Indeed, both LGP32-infected and injured
oysters showed a massive hemocyte infiltration and
release of extracellular DNA in tissues surrounding the
site. of injury (Fig. 9). These DNA structures are
reminiscent of the neutrophil Extracellular Traps (ETs)
well studied in vertebrates such as mammals, birds and
fish over the past decade (15,16,30). In the present
work, bacteria were found entrapped into such
extracellular DNA networks (Fig. 6 and Online
supplement 1). This strongly suggests that, as in
vertebrates, oyster ETs participate in host defense by
capturing large numbers of microbes and preventing
their dissemination (16). Surrounding and entangling
of bacteria in DNA or peptide networks is indeed
increasingly recognized as a conserved mechanism of
antimicrobial defense (31). Moreover, as shown in
some vertebrates, the antimicrobial properties of the
ET-associated antimicrobials including histones (Table
1) and their concentration on ETs could also contribute
to kill the entrapped microorganisms (10,16,19).

The formation of oyster ETs was shown here to be
dependent on ROS production by hemocytes (Fig.
7H), which results from NADPH-oxidase activity
and/or mitochondrial respiration (32). Indeed, we
observed a strong positive correlation between ROS
production and ET formation (Figs 7 and 8). This
result is particularly important since ROS play a
central role in initiating ET formation in vertebrates
(27). However, unlike in vertebrates, PMA failed to
trigger the oxidative burst and the formation of ETs by
oyster hemocytes under our experimental conditions.
Along with ROS, Damage Associated Molecular
Patterns (DAMPs) released by injured tissues (33)
likely regulate ET formation in oysters. Indeed, we
first showed that an aseptic injury is sufficient to
induce accumulation of histones and extracellular
DNA release in vivo. Second, an HMG (high mobility
group)-domain protein Group 1 (HMGBI) was
identified in the LGP32-37 HPLC fraction, issued
from LGP32-infected oysters (Fig. 1). HMGBI is a
DAMP of intracellular origin well-known in
vertebrates (34) but also in C. gigas in which it
enhances the Rel-dependent NF-xB activation (35).
Importantly, HMGB1 was recently shown to promote
neutrophil ET formation through TLR-4 activation
(36). Therefore, the ROS-dependent production of ETs

DNA extracellular traps in oyster defense

by oyster hemocytes can be triggered by microbial
agents and potentially by DAMPs released in the
extracellular milieu in response to injury or cell lysis.

One limitation of the present study is that the
hemocyte subset producing ETs has not been
identified. We believe that ETs are produced by
certain hemocyte subsets only since numerous intact
cells are observed in ET-containing regions in both in
vivo and in vitro microscopy observations (Figs 5 and
8). In vertebrates, ETs are formed mostly by
neutrophils  (9,15,16). However, the accurate
determination of ET-forming hemocytes remains
challenging in oysters, hemocytes subsets being still
mainly classified based on morphological features
rather than molecular markers (37).

In conclusion, the present study shows that oysters use
the release of DNA extracellular traps and
antimicrobial histones as part of their immune defense.
Therefore, this defense mechanism is shared by
relatively distant species belonging to the different
branches of the Bilateria, not only the Deuterostamia
(mammals, birds, fishes) and the Ecdysozoa (shrimp)
but also the Lophotrochozoa (oyster). The
identification of ROS as a secondary messenger
required for ET formation in oysters, supports the
evolutionary conservation within Bilateria of an
important immune strategy without ruling out the
hypothesis of a convergent evolution between
phylogenetically distant species.
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FIGURE LEGENDS

Fig. 1 Antimicrobials accumulate in oyster gills 24h
after infection or injury. Reversed-phase HPLC was
performed on gill extracts from non-injected oysters
(black line), sterile seawater (SSW)-injected oysters
(green line) and V. tasmaniensis LGP32 (LGP32)-
injected oysters (purple line) using a 0-80%
acetonitrile gradient (dotted line) developed over 90
min, on a UPSODB-25QS column. Absorbance at 225
nm (continuous lines) showed an increase in intensity
for the fractions eluted at 36% of acetonitrile in
LGP32-injected (LGP32-36) and SSW-injected
oysters (SSW36) and for the fraction eluted at 37% of
acetonitrile in LGP32-injected oysters (LGP32-37).
Purple and green oblongs show antimicrobial fractions
in LGP32-injected and SSW-injected oysters,
respectively. LGP32-36, LGP32-37 and SSW36 were
the only fractions showing antimicrobial activity
against Staphylococcus aureus SG511. The molecules
found by LC/MS-MS in active fractions are displayed
with arrows

Fig. 2 Mass spectrometry analysis of antimicrobial
HPLC fractions. MALDI-TOF spectra were acquired
on the antimicrobial fractions issued from two rounds
of RP-HPLC. The SSW36 fraction (green) is pure,
showing single-, double- and triple-charged ions of
one single molecule (molecular mass M2) at
MH+=20749.7 Da. The LGP32-36 fraction (blue)
contains two molecular species, showing ions of one
major molecule (molecular mass Ml) at
MH+=19603.8 Da and ions of a minor molecule at
MH+=20750.7 Da also found in SSW36. The LGP32-
37 fraction (red) is pure, showing ions of one single
molecule (molecular mass M3) at MH+=20626.8 Da

Fig. 3 Alignment of LC-MS/MS sequenced peptides
with the full-length sequences of H1- and H5-like
histones and HMGB1. Hl-like histone (A) HS5- like
histone (B) putative H1-like histone (C) and HMGB1
(D) full sequences were aligned with LC-MS/MS
peptides. Black arrows stand for peptides obtained
after endopeptidase V8 digestion and gray arrows
stand for peptides obtained after trypsin digestion.
Sites of acetylation observed by LC-MS/MS are
displayed above the sequences
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Fig. 4 Hemocyte infiltration in gills of LGP32-infected
oysters. Histological sections of gills of unchallenged
oyster (A) and of oysters infected for 24 h with V.
tasmaniensis LGP32 (B). Hematoxylin-eosin staining
shows a major hemocyte infiltration in gills of oyster
infected with V. tasmaniensis LGP32

Fig. 5 Living oyster hemocytes release extracellular
DNA upon bacterial challenge. Cultures of
unchallenged hemocytes (A, B) and hemocytes
challenged for 45 min with V. tasmaniensis LGP32 (C,
D) were stained with Sytox green and observed by
epifluorescence microscopy to reveal extracellular
DNA and dead cell nuclei. Bright field images
acquired to visualize total cells were merged to
epifluorescence images (B,D). Extracellular DNA
networks (yellow arrowheads) were observed in areas
where cells are dead (orange arrowheads C, D) after V.
tasmaniensis LGP32 challenge only

Fig. 6 Oyster hemocytes release DNA extracellular
traps in which bacteria are entrapped. (A-B) DNA ETs
released by oyster hemocytes challenged for 1 h with
V. tasmaniensis LGP32. Confocal microscopy images
were acquired after staining of DNA with DAPI (blue)
and filamentous actin with phalloidin-Alexa448
(green). (A) Projections of a Z stack and a Y stack
made from 20 confocal sections. An extracellular
DNA ET can be observed extending from 5 to 10 um
above the layer of adherent hemocytes (yellow
arrowhead). (B) An upper confocal section depicting
the longest ET observed in the preparation. (C-D)
Bacteria entrapped in ETs of hemocytes challenged for
1 h with V. tasmaniensis LGP32. Confocal microscopy
images were acquired after staining of DNA with
DAPI (blue) and cellular membranes with WGA-
TRITC (red). (C) Projections of a Z stack and a Y
stack made from 125 confocal sections. ETs stained
with DAPI (yellow arrowheads) were observed in
areas with a high bacterial density and extending up to
10 um above adherent hemocytes. (D) Bacteria were
found entrapped in ETs (white arrowheads), as
revealed by their blue nucleic acid staining (DAPI)
and red membrane staining (WGA-TRITC) on one
representative confocal section of 0.2 um thickness.
See Online supplement 1 for full Z-stack

Fig. 7 ET release is triggered by different microbes
and depends on ROS production. (A-F) HS5-like



histone immunostaining of ETs. Epifluorescence
microscopy images were acquired after staining of
DNA with DAPI (blue A, D) and immunostaining of
C. gigas H5-like histones (green B, E). In
unchallenged hemocytes (A, B, C), H5-like histones
co-localized with nuclear DNA (merge C). In
hemocytes challenged for 1 h with V. tasmaniensis
LGP32 (D, E, F), H5-like histones formed large
extranuclear areas around ETs (merge F). (G) Time-
course of ET formation in response to challenge with
V. tasmaniensis LGP32. Extranuclear histone areas
(um?/cells) were similar to unchallenged hemocytes
(controls, black) at 30 min. A 2-fold increase was
observed 1h and 2h after V. tasmaniensis LGP32
challenge (V. tasmaniensis, light grey). Averages and
standard deviations were calculated from two
independent experiments. *** P < 0.001 (Student t-
test). (H) Inhibition of ET formation upon blocking of
ROS production. V. tasmaniensis LGP32 (LGP32), V.
tasmaniensis LMG20012" (VT), B. stationis
CIP101282 (BS) or zymosan (Z) triggered similar ET
formation (black) after a 1 h challenge as indicated by
extranuclear histone quantification. In all challenge
conditions, DPI-treatment (light grey) was sufficient to
inhibit release of extranuclear histone down to levels
of unchallenged hemocytes. Averages and standard
deviations were calculated from three independent
experiments. *** P < 0.001 (Student t-test). (I) Most
representative photographs of the hemocyte response
to microbial challenge in the presence/absence of DPI.
Epifluorescence microscopy images were acquired
after staining of DNA with DAPI (blue) and
immunostaining of C. gigas H5-like histones (green).
The extracellular histones observed in non-treated
samples (SSW) are absent in DPI-treated samples. Sets
of eighty similar images were used for extra-nuclear
histone quantification

Fig. 8 Zymosan but not PMA induces ROS production
and ET formation by oyster hemocytes. (A)
Representative photographs of the hemocyte response
to stimulation with PMA or zymosan. Epifluorescence
microscopy images were acquired after staining of
DNA with DAPI (blue) and immunostaining of C.
gigas H5-like histones (green). The extranuclear
histones and ETs observed in zymosan-stimulated
samples are absent in PMA- stimulated samples. (B)
ROS production was monitored in control hemocytes
(black line), after hemocyte stimulation with PMA
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(blue line) or zymosan (green line). The inhibition of
ROS production by DPI treatment was monitored in
control hemocytes (red line), PMA-stimulated
hemocytes (pink line) and zymosan-stimulated
hemocytes (orange line). Results are expressed in
Relative Luminescence Units indicative of Luminol
oxidation (RLUs).

Fig. 9 ETs are observed in vivo in muscles of infected
or injured oysters. (A) Hematoxylin-eosin stained
adductor muscles of unchallenged (control), V.
tasmaniensis LGP32-infected and injured oysters.
Infiltrating hemocytes are found between muscle
fascicles after injury (black arrows, A middle panel) or
after infection (black arrows, A right panel). (B)
Epifluorescence microscopy observation of DAPI-
stained ETs within histological sections of muscle
infiltrated with hemocytes. Contrast phase images are
shown below epifluorescence images. ETs are
observed in cell-infiltrated interstitial tissues between
fascicles of muscle fibers after injury (yellow arrows,
middle panel) or after V. tasmaniensis LGP32
infection (yellow arrows, right panel). No ETs are
observed in muscle of control animals (left panel). (C)
Confocal microscopy observation of DAPI-stained
ETs within a thick histological section of muscle
infiltrated with hemocytes. Projections of a Z stack
and a Y stack display several ETs (yellow arrowheads,
left panel C). Intact cell nuclei are observed above and
below ETs (z projection, left panel C). Superposition
of the phase confocal section and y projection (right
panel C) shows that ETs located in cell-infiltrated
interstitial tissues between fascicles of muscle fibers.

Table 1. Minimum Inhibitory Concentrations (MICs)
of native H1-like histone (GenBank EKC17653).

MIC (pM)
Micrococcus lysodeikticus CIP 53.45 0.7
Bacillus megaterium CIP 66.20 0.18
Staphylococcus aureus SG511 0.7
Escherichia coli SBS363 0.7
Vibrio tasmaniensis LGP32 >0.7




Table 2. Estimated minimum inhibitory concentration
(MIC) of the LGP32-36 HPLC fraction.

MIC (uM)*
Micrococcus lysodeikticus CIP 53.45 0.35
Bacillus megaterium CIP 66.20 0.35
Staphylococcus aureus SG511 0.7
Escherichia. coli SBS363 0.7
Vibrio tasmaniensis LGP32 >0.7

* MICs were determined in ug/ml and converted into
UM considering an average molecular mass of 20176
Da (see Fig. 2)
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Fig. 3
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