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Abstract
The aim of this study was first to identify lysozymes paralogs in the deep sea mussel Bathy-
modiolus azoricus then to measure their relative expression or activity in different tissue or

conditions. B. azoricus is a bivalve that lives close to hydrothermal chimney in the Mid-Atlan-

tic Ridge (MAR). They harbour in specialized gill cells two types of endosymbiont (gram—

bacteria): sulphide oxidizing bacteria (SOX) and methanotrophic bacteria (MOX). This

association is thought to be ruled by specific mechanism or actors of regulation to deal with

the presence of symbiont but these mechanisms are still poorly understood. Here, we

focused on the implication of lysozyme, a bactericidal enzyme, in this endosymbiosis. The

relative expression of Ba-lysozymes paralogs and the global anti-microbial activity, were

measured in natural population (Lucky Strike -1700m, Mid-Atlantic Ridge), and in in situ
experimental conditions. B. azoricus individuals were moved away from the hydrothermal

fluid to induce a loss of symbiont. Then after 6 days some mussels were brought back to the

mussel bed to induce a re-acquisition of symbiotic bacteria. Results show the presence of 6

paralogs in B. azoricus. In absence of symbionts, 3 paralogs are up-regulated while others

are not differentially expressed. Moreover the global activity of lysozyme is increasing with

the loss of symbiont. All together these results suggest that lysozyme may play a crucial

role in symbiont regulation.

Introduction
Bathymodiolus azoricus is a bivalve mollusc of the Mytilidae family that lives around hydro-
thermal vents on the Mid-Atlantic Ridge (MAR) [1]. This mussel hosts two types of endosym-
biotic γ-proteobacteria, one sulphide-oxidizing (SOX) and one methanotrophic (MOX), in
specialized gill cells called bacteriocytes [2–5]. They provide the host with carbon and energy
from the oxidation of reduced compound present in the environment (H2S, CH4, H2). This
dual endosymbiosis is characterized by a strong plasticity [6] inducing a change in SOX/MOX

PLOSONE | DOI:10.1371/journal.pone.0148988 February 16, 2016 1 / 19

a11111

OPEN ACCESS

Citation: Detree C, Chabenat A, Lallier FH, Satoh N,
Shoguchi E, Tanguy A, et al. (2016) Multiple I-Type
Lysozymes in the Hydrothermal Vent Mussel
Bathymodiolus azoricus and Their Role in Symbiotic
Plasticity. PLoS ONE 11(2): e0148988. doi:10.1371/
journal.pone.0148988

Editor: Bok-Luel Lee, National Research Laboratory
of Defense Proteins, REPUBLIC OF KOREA

Received: October 20, 2015

Accepted: January 26, 2016

Published: February 16, 2016

Copyright: © 2016 Detree et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Data Availability Statement: All relevant data are
within the paper and its Supporting Information file.

Funding: This study was supported by the Région
Bretagne (C.D.) and the JST/CNRS program. The
funders had no role in study design, data collection
and analysis, decision to publish, or preparation of
the manuscript.

Competing Interests: The authors have declared
that no competing interests exist.

http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0148988&domain=pdf
http://creativecommons.org/licenses/by/4.0/


ratio when the concentration of methane or sulphide changes [7–10] or a loss of symbionts in
the absence of reduced compounds [11]. The metabolism of these symbiotic bacteria is rela-
tively well understood compared with that of the host [12–15]. B. azoricus is indeed a mixo-
trophic organism maintaining its heterotrophic filtration capacity together with its
chemotrophic symbioses [16]-[17]. Fiala-Médioni and co-authors showed in a congeneric spe-
cies (B. thermophilus, Galapagos Rift), that the assimilation of nutrients from symbionts to
host, is largely based on the intracellular digestion of bacteria using the lysosome/lysozyme sys-
tem [18]-[19]. More recently, Broderick [20] made the general hypothesis that, in metazoans,
digestion and immunity could have a common origin. Indeed, many proteins such as proteases,
chitinases, antimicrobial peptides or lysozymes are implicated in both processes. In addition,
immunity is thought to be crucial in symbiotic associations to recognize, maintain or regulate
symbionts populations [21–23].

Lysozymes (EC 3.2.1.17) are described as anti-bacterial proteins that catalyse the hydrolysis
of the β-1,4-glycosidic bonds of heteropolymers of N-acetylmuramic acid and N-acetylglucosa-
mine in bacterial cell walls [24]-[25] and seems to have a role in both immunity and digestion
[26–28]. They are divided in six types called goose type (LysG or g-type), chicken type (LysC
or C-type), invertebrate type (LysI or i-type), phage-type, bacterial-type and plant-type lyso-
zymes according to differences in their structure and biological functions [29]. I-type lyso-
zymes have only been reported in invertebrates phyla including Annelida [30], Nematoda [31],
Arthropoda [32], Echinodermata [33], and Mollusca [34]. Many of the studies recently con-
ducted on lysozymes in mollusk species focused on their role in immunity but none of them
raised the question of their involvement in the management of symbiotic associations. In other
symbiotic models such as aphids/Buchnera, high levels of lysozyme expression have been
reported in bacteriocytes raising the question of the role of lysozymes in the breakdown of the
symbiosis and/or the elimination of other microbial intruders [35]. Within the general frame
of our researches on the biology of B. azoricus, the main goal of this study was to provide a
comprehensive knowledge on the implication of lysozymes in the regulation of the symbiotic
association between B. azoricus and SOX/MOX bacteria. In this study, we conducted an origi-
nal in situ experiment at Lucky Strike vent site (1700 m depth), consisting in the translocation
of mussels away from their native mussel bed to examine the kinetics of symbiont loss, followed
after a short period by a return to their original mussel bed to test the possibility of symbiont
re-acquisition. Following a characterisation of the different paralogs of lysozymes found in B.
azoricus transcriptome, we measured their relative expression in different tissues of mussels
from natural population and in gills of individuals from in situ experiments in relation with
their symbiont content.

Materials and Methods

Animal collection: field sample and in situ experiments
Deep sea mussels Bathymodiolus azoricus were collected from one hydrothermal vent site
(Lucky Strike, population of Montsegur, 37°17,286’N, 32°16,530’W; 1700 m depth) located on
the Mid Atlantic Ridge during the BioBaz and MoMARSAT cruises (July/August 2013). The
sampling was done using the Remote Operating Vehicle (ROV) Victor 6000 on the Research
Vessel “Pourquoi pas?”. Around 30 mussels representing the natural population were collected
and placed in hermetic boxes then brought on board within 2 hours. Gills, mantle and digestive
gland were immediately dissected, frozen in liquid nitrogen, and stored at -80°C until further
analysis.

For in situ experiments, between 15 and 30 mussels were put in several wire cages and 5 of
them were placed a dozen meters away from the hydrothermal venting area. This condition
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was called “basalt”. Cages were brought back on board after 6 days (BT1), 20 days (BT2) and
27 days (BT3) on basalt. In addition, after 6 days on basalt (T1), 2 cages were translocated back
from basalt to their original mussel bed in the venting area, and brought back to the research
vessel after respectively 14 days (TR1.2) and 21 days (TR1.3) on mussel bed. Immediately after
collection, gills were dissected, frozen in liquid nitrogen and stored at -80°C until further
analysis.

Quantification of symbiont content by real-time PCR
Genomic DNA of both mussels and symbiont bacteria was extracted from gill tissue using
CTAB extraction procedure (2% CTAB, 1% PVP, 1.4 M NaCl, 0.2%1 mercaptoethanol, 100
mM Tris HCl pH8, 0.1 mg. mL-1 proteinase K, 1 mg.mL-1 egg-white lysozyme). Tissues were
incubated for 2 h at 60°C for complete digestion. An equal volume of chloroform-isoamyl alco-
hol (24:1) was then added to the solution and tubes were inverted gently to mix for 5 min. The
mix was centrifuged 10 min at 12,000 rpm at 4°C and the supernatant was carefully collected
into a new tube, then DNA was precipitated with 2/3 volume of cold isopropanol (1 h at
-20°C). The DNA pellet was recovered by centrifugation (12,000 rpm/4°C/20 min), washed
with 70% cold ethanol, air-dried and re-suspended in 200 μL RNase free sterile water. Quantity
and quality of DNA were assessed via UV absorbance (OD260/280/230), using a Nanodrop
ND-1000 spectrophotometer (Nanodrop Technologies, Delaware, USA). The relative quantity
of symbionts was estimated by real-time PCR amplification according to the protocol available
in Boutet et al. (2011). All experiments were carried out using the 2× Lightcycler1480 SYBR
Green I Master mix (Roche Diagnostics, Mannheim Germany), 70 nM of each primer, 2.1 μL
of diluted DNA (2.5 ng) in a final volume of 5 μL and PCR were run in Light Cycler 480
machine (Roche Diagnostics, Mannheim Germany). The amplification was carried out in trip-
licate as follows: initial enzyme activation at 94°C for 15 min followed by 45 cycles of 94°C for
15 sec, 60°C for 30 sec and 72°C for 30 sec. A 120 bp-fragment of cytosolic malate dehydroge-
nase gene (MDH) from the host was used as an internal PCR control (Table 1). The relative
quantity of SOX and MOX symbiont was estimated by using the comparative Ct method for-
mula: Relative quantification = 2-ΔCt, (ΔCt = Ct16S-CtMDH).

Lysozymes characterisation: sequences, structure and phylogeny
All B. azoricus lysozymes sequences used in this study have been obtained from previous exist-
ing transcriptome database. Briefly, RNA was extracted from various tissues (gill, mantle, and
digestive gland) of B. azoricus samples collected in Menez Gwen site (37°50’N, 31°31’W, 850
m depth) during a previous cruise (BIOBAZ initiale in 2011). Sequencing was performed at
Marine Genomics Unit of Okinawa Institute of Science and Technology (OIST-Japan) using
the standard Illumina RNA library preparation protocol and a single lane of the HiSeq 36 bases
pair-end approach. Contigs were de novo assembled with Velvet-Oases version 0.2.08 [36]
using the Bioinformatic platform of Roscoff. Optimal kmer length was determined by assem-
bling one genotype at all possible kmer values from 20 to 60 using Velvet version 0.7.55 [37].
The kmer length of 51 was selected for further assemblies. The Velvet assembly generated
62987 contigs and all consensus transcript sequences were searched against protein databases
including NCBI non-redundant (nr) database and Swiss-Prot using BLASTx with a cutoff e-
value of e-03. BLAST2GO was used to assign gene ontology (GO) annotation [38]. Illumina
sequences generated in this study have been deposited in Data Bank of Japan (DDBJ) Sequence
Read Archive (DRA, http://trace.ddbj.nig.ac.jp/dra/) with accession number DRA 004082.

The amino acid sequences of Ba-lysozymes were determined using the Expert Protein Anal-
ysis System (http://www.expasy.org/tanslate/). Multiple alignments were conducted with the
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ClustalW program (http://npsa-prabi.ibcp.fr/). Signal peptides were predicted by SignalP4.1
server (http//www.cbs.dtu.dk/services/SignalP/). The three-dimensional model of Ba-lysozyme
4, 5 and 6 were constructed by comparative modelling with Modeller 9v13 program. The struc-
ture of the i-type lysozyme isolated from the common orient clamMetrix lusaria, crystallized
with 3 N-Acetyl-D-Glucosamine (NAG) as substrates (pdb entry: 3AB6), was used as template.
One hundred models were generated for each Ba-lysozyme paralog and their quality assessed
using the Modeller Objective Function parameter. The reliability of modelled structures was
validated by Ramachandran plot analysis using PROCHECK (http://www.ebi.ac.uk/thornton-
srv/databases/pdbsum/Generate.html). A phylogenetic tree of bivalve lysozymes, based on the
alignment of 68 residues within the lysozyme domain, was constructed with Seaview 4.5.4 soft-
ware using the neighbor-joining (BioNJ) method with 1000 bootstrap resampling of the data
set.

Lyzozymes expressions: RNA extraction and qPCR. The mRNA expression of lysozymes
paralogs was analysed by real-time PCR. Total RNA was extracted from mussel gills, digestive
gland and mantle by using Tri-Reagent (Sigma) according to the manufacturer's instructions.
Both quantity and quality of RNA were assessed via UV absorbance (OD260/280/230) using a
Nanodrop ND-1000 spectrophotometer (Nanodrop Technologies, Delaware, USA). Two μg of
total RNA were reverse transcripted using M-MLV reverse transcriptase (Promega), an
anchor-oligo(dT) primer (50-CGCTCTAGAACTAGTGGATCT-30) and random hexamers (Pro-
mega). A volume of 2 μL of each diluted reverse transcription product (1:200) was subjected to
real-time PCR in a final volume of 5 μL containing 40 nM of each specific primer and 2×Light-
cycler1480 SYBR Green I Master mix (Roche Diagnostics, Mannheim Germany). The amplifi-
cation was carried out as follows: initial enzyme activation at 95°C for 15 min, then 45 cycles of
95°C for 10 sec and 60°C for 30 sec. A dissociation curve was generated and PCR efficiency was
estimated for each primer pair. All primer pairs tested generated a single peak in the

Table 1. Primers used in qPCR.

Genes Primers sequence 5’-3’

Cytosolic malate dehydrogenase (host) (MDH) For: 5’‐ ATGGAGGAAAGAGATATGGCACTGAGCGT‐3’

Rev: 5’‐TAACATTAAACATAGCCTAGGAACCTAATG‐3’

Methanotrophic symbiont 16S (MOX) For 5’‐GTGCCAGCMGCCGCGGTAA‐3’

Rev 5’‐GCTCCGCCACTAAGCCTATAAATAGACC‐3’

Sulphide-oxidizing symbiont 16S (SOX) For 5’‐GAGTAACGCGTAGGAATCTGC‐3’

Rev:5’‐CGAAGGTCCTCCACTTTACTCCATAGAG‐3’

Ribosomal protein L15 (RpL15) For 5’-TATGGTAAACCTAAGACACAAGGAGT-3’

Rev 5’-TGGAATGGATCAATCAAAATGATTTC-3’

Ba-lysozyme 1 For 5’- ATGTCTCCTCGAGTTTATTTGGTGTTACT-3’

Rev 5’- CAACCTGACAGATACAGCTATACAT-3’

Ba-lysozyme 2 For 5’- TGTGCTAAGGACTATGAATGTTCCAA-3’

For 5’- TCCCAATAACCAAGAGTTGTTGGTTT-3’

Ba-lysozyme 3 For 5’- TGTCAGGTTGAATCGCACTGCCACCCCAT-3’

Rev 5’-GGATTTGTACACCCTGCTGGTCCTCCGTT-3’

Ba-lysozyme 4 For 5’- ATGAAAAAGATGATGATTATTGCAGGAAT-3’

Rev 5’- GATTGCACCCATGATGATGACGCGAGTGTG-3’

Ba-lysozyme 5 For 5’- TGTCTTCAGTGTATCTGTGACGCGGAGAC-3’

Rev 5’- TTAGCACACTCCTCAAAACTGTTTCCTGG-3’

Ba-lysozyme 6 Rev 5’- GAGACTGTGACTAGAACAGCCAACATTCCT-3’

For 5’-TACGCTAGAATGCACAACGGTGGACC-3’

doi:10.1371/journal.pone.0148988.t001
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dissociation curve and a PCR efficiency of 95 to 100%. Relative expression of each gene (fold-
change) was calculated according to comparative Ct method using the formula: Ratio = 2-ΔΔCt

(with ΔCtgeneX = CtGeneX-CtRiboL15; ΔΔCt = ΔCtgeneX-meanΔCtgeneX). This formula was chosen
to standardize the levels of gene expression to a mean of zero and consequently give the same
weight to all response variables. A fragment of ribosomal protein L15 gene (RpL15) from the
host was used as the internal PCR control (Table 1). We validated the RpL15 after having
observed very low (less than 5%) variation of its expression in all samples (both experimental
and field individuals) for gill tissue.

Lysozyme activity. Lysozyme activity was determined according to the method of Shugar
[39]. Briefly, frozen gills were crushed in 150 μL of PBS at room temperature (0.1 M, pH7.2)
followed by sonication and centrifugation (5,000 g/15 min/4°C). The supernatant containing
proteins was kept and pellet was discarded. The protein concentration was determined using
the Bio-Rad Protein Assay kit (Bio-Rad, Marnes-la-Coquette, France). A suspension ofMicro-
coccus lysodeikticus (2.5 mg/mL) was prepared in PBS (0.1M, pH7.2). The assay was done in a
96-well microplate where 30 μL of sample was added to 170 μL of bacterial suspension. After
10 minutes, absorbance at 600 nm was recorded at 20°C on the Xenius Safas™ spectrophotome-
ter. Egg-white lysozyme was used for standard curve. All measurements of lysozyme activity
were done in triplicate.

Statistical analysis
Data from quantitative real-time PCR experiments were analysed with a Kruskal-Wallis test
GraphPad Prism,USA (www.graphpad.com) followed by a Dunn’s Multicomparison Test. For
tissue specificity, an One way analysis of variance test was performed followed by a Turkey
post test. Differences were considered statistically significant when P�0.05.

Results and Discussion

Characterisation and phylogenetic position of Ba-lysozymes among
bivalve homologs
The analysis of the EST database of Bathymodiolus azoricus revealed the existence of six para-
logs of lysozymes, referred Ba-lysozymes 1 to 6. With the exception of Ba-lysozyme 5 that is
incomplete in its C-terminal region, all Ba-lysozymes identified are full-length, and contain
111 to 201 residues (Fig 1, Table 2, Figure A in S1 File) with a pI ranging from 5.80 to 8.96.

This large range of pI was also observed in i-types lysozymes from the oyster Crassostrea vir-
ginica by Xue et al. [40] who suggested that the varying pI values could be linked to different
functions. Indeed, in 2007 Xue et al. [28] stipulated that lysozymes that contain less protease-
cutting sites and lower pI values could be associated with a digestive function as shown in other
species [41,42]. In their mature form, the full-length Ba-lysozymes contain 12 to 20 cysteine
residues, allowing the formation of 5 to 6 disulfide bridges, in accordance with the 3D struc-
tural models (Figure B in S1 File). Ba-lysozymes 1, 3 and 6 have a core of identical amino acid
sequence except for one position (145 in Fig 1). However, Ba-lysozymes 1 and 3 have an N-ter-
minal extension of 27 and 52 residues respectively, constituting part of a signal peptide, and
share one motif (MSPR/LVYLVLLLPFMSQV). Moreover Ba-lysozyme 1 contains an addi-
tional internal sequence of 63 residues composed of the repetition of the flanking regions (Fig
2). With the exception of Ba-lysozyme 6, all the paralogs present a signal peptide (16 to 24 resi-
dues). For Ba-lysozyme 1, 2, 3, 4 and 6 the amino acids residues important for the lysosomal
activity (substrate binding and catalysis) are conserved (Fig 1) [43] whereas for Ba-lysozyme 5,
incomplete in its C-terminal part, two residues implicated in substrate binding are missing. Ba-
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Fig 1. Multiple alignment of Ba-lysozyme paralogs with other i-type lysozymes from bivalve molluscs.
The black and grey regions indicate positions where amino acid residues are conserved or highly similar,
respectively. The asterisks indicate the two catalytic residues (141 & 153). Amino acid residues contributing
to substrate binding are indicated by empty circles, those contributing to destabilase activity are indicated by
black diamonds and those contributing to a potential dimerization are indicated by empty squares. Disulphide
bridges and cysteine residues implicated are numbered from 1 to 6.

doi:10.1371/journal.pone.0148988.g001

Involvement of Lysozymes in the Symbiotic Association between B. azoricus and Its Bacterial Symbionts

PLOS ONE | DOI:10.1371/journal.pone.0148988 February 16, 2016 6 / 19



lysozyme 2 presents two residues (Ser82 and His115) which, according to Kuwano et al. [43]
could confer to this paralog a destabilase activity. Moreover, Ba-lysozyme 2 presents two
lysines which may be involved in its dimerization, as was described for Tapes japonica i-type
lysozymes [44]. All the paralogs shared a high similarity with lysozymes from others bivalves
and shared the essential amino acids residues characteristic of i-type lysozymes. Furthermore,
in a molecular phylogenetic analysis of bivalve lysozymes, the six Ba-lysozymes cluster with the
different i-types (Fig 3). According to the tree, the paralogs Ba-lysozymes 1, 3 and 6 (Ba_LYS1,
LYS3 and Ba_LYS6) are nearly identical and could represent allelic forms of the same gene
whereas only one orthologous form has been detected in Bathymodiolus thermophilus. How-
ever, genotyping these three paralogs by quantitative PCR in several individuals indicated that
they are all present within each individual (see below). This suggest that these three paralogs
recently (after speciation) emerged by a duplication event. Moreover, the three paralogs also
diverged by the length of the peptide signal (Fig 1) suggesting different functions.

Interestingly, we only identified i-type lysozymes in the hydrothermal mussel when other
mussel species such asM. galloprovincialis exhibits the three i-, g- and c-type lysozymes [45].

Table 2. Molecular properties of the six lysozymes paralogs ofBathymodiolus azoricus.

Name Length Signal peptide MW (kDa)* Theoretical pI* Cys residues Disulfide bonds **

Ba-Lysozyme 1 201 1–19 22.9/20.7 9.01/8.96 20 6

Ba-Lysozyme 2 144 1–20 15.9/13.8 7.88/7.60 14 6

Ba-Lysozyme 3 163 1–24 18.4/15.7 6.10/5.67 15/14 6

Ba-Lysozyme 4 143 1–22 15.7/13.4 5.8/5.57 13/12 6

Ba-Lysozyme 5 88 1–21 9.5/7.2 4.55/4.24 9 3

Ba-Lysozyme 6 111 No 12.5 8.56 13 5

*Molecular weight and pI were determined with or without the signal peptide

** Number of predicted disulphide bridges from the structural 3D model

Cys residues: Number of cysteine residues

doi:10.1371/journal.pone.0148988.t002

Fig 2. Amino acid alignment of the Ba-lysozyme 1, 3, 6. The sequences indicated by # and * are those which are repeated in the internal core sequence
of Ba-lysozyme1.

doi:10.1371/journal.pone.0148988.g002
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Fig 3. Phylogenetic analysis of lysozymes among bivalve. The distance tree was obtained by neighbor joining with 1000 bootstrap resampling of the data
set (value below the branches, Seaview 4.5.4). Red boxes indicate the Bathymodiolus azoricus paralogus lysozymes. The UniProt accession no. and the
species are as follows: AF334665 (Mytillus galloprovincialis, Mg_LYS1), AB298451 (Mytillus Ai_gLYS (Argopecten irradians, Q2HNY7_ARGIR), Af_gLYS
(Azumapecten farreri, Q075V3_9BIVA), Bt_LYS1 (Bathymodiolus thermophilus, Q8ITU0_BATTH), Ci_LYS (Chlamys islandica, Q9BI29_CHLIS), Cg_LYS
(Crassostrea gigas, LYS_CRAGI), Cg_LYS2 (Crassostrea gigas, A3KDX2_CRAGI), Cg_LYS3 (Crassostrea gigas, A9CPZ8_CRAGI), Cp_LYS1
(I6ZA43_CRIPL, Cristaria plicata), Cp_LYS2 (Cristaria plicata, I6ZIX7_CRIPL), Cr_iLYS (Crassostrea rivularis, F1KBQ5_9BIVA), Cs_LYS1 (Cyclina
sinensis, G9BNP4_CYCSN), Cs_LYS2 (Cyclina sinensis, F6K6C5_CYCSN), Cv_LYS1 (Crassostrea virginica, LYS1_CRAVI), Cv_LYS2 (Crassostrea
virginica, LYS2_CRAVI), Cv_LYS3 (Crassostrea virginica, LYS3_CRAVI), Me_LYS1 (Mytilus edulis, Q8ITU2_MYTED), Mg_iLYS1 (Mytilus galloprovincialis,
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C-type lysozymes remain less described in mollusk species with two inM. galloprovincialis and
in the clam Cyclina sinensis [46], and one in the abalone Haliotis discus hannai [47]. Moreover
c-type lysozymes have not be detected in the Crassostrea gigas genome and they are also absent
from the phylum of Echinodermata and Urochordata [48]. G-type lysozymes have been identi-
fied in urochordate [49] and several mollusc species such as Zhikong scallop [50], Japanese
scallop [51], the abalone [52], and mussel [53].

Tissue specificity of Ba-lysozyme paralogs
The tissue-specific expression pattern of the six B. azoricus lysozyme paralogs has been investi-
gated by qPCR in two non-symbiotic tissues (digestive gland and mantle) and in the symbiotic
tissue (gills) in mussels from the natural population (Lucky Strike). Three Ba-lysozyme para-
logs showed a significant differential expression between tissues (Fig 4). Ba-lysozyme 3 appears
to be up regulated in gills compared to digestive gland, whereas Ba-lysozyme 2 and Ba-lyso-
zyme 6 are down regulated in gills compared to the two other tissues. In addition, Ba-lysozyme
2 exhibits a similar relative expression in both mantle and digestive gland, and Ba-lysozyme 3
expression is also similar in gills and mantle. Moreover, Ba-lysozyme 6 is significantly more
expressed in the mantle than in digestive gland. Even if significant, ratios of expression between
tissues remain relatively weak (no more than 3 fold). Interestingly, we observed a distinct tissue
expression pattern between the Ba-lysozymes 1, 3 and 6 when these three sequences are almost
identical with the exception of their signal peptide and large amino acid insertion in the Ba-
lysozyme 1 (Fig 2). These amino acid differences might confer them different functions, which
could explain their distinct tissue expression. The detection of a differential tissue expression
pattern in the lysozyme family has been described in several other bivalve mollusc species: the
pearl mussel Hyriopsis cumingii [54], the Pacific oyster C. gigas [55] and the eastern oyster C.
virginica [56,57].

In B. azoricus, the gill tissue is both a first barrier between the organism and the environ-
ment, and a symbiotic tissue. Thus, gill cells should be able, at the same time, to fight against
pathogens and to allow symbiotic bacteria to penetrate and remain in the bacteriocytes. To fur-
ther investigate the implication of lysozymes in symbiosis, we analysed the relative expression
of the six paralogs in gills of individuals sampled from the natural population (Fig 5). It appears
that Ba-lysozymes 3 and 6 have a significantly higher expression in gills compared to Ba-lyso-
zymes 1, 4 and 5. In addition Ba-lysozyme 4 has the lowest expression in gills.

In situ experiment: Relative quantification of SOX/MOX content,
expression of Ba-lysozymes paralogs and antimicrobial activity in gills of
B. azoricus
The main goal of the experiment conducted in this study was to provoke a partial loss of symbi-
otic bacteria by translocating mussels in an area devoid of venting (basalt) for 6 days (BT1), 20
days (BT2) and 27 days (BT3). Then, in order to induce a reacquisition or maintenance of sym-
bionts, we re-exposed individuals (that spend 6 days on basalt) to venting on their original
location within the mussel bed for 14 and 21 days (respectively TR1.2 and TR1.3). SOX and

A0A0C5PIW8_MYTGA), Mg_LYS1 (Mytilus galloprovincialis, Q8ITT9_MYTGA), Mg_LYS2 (Mytilus galloprovincialis, A5LHX1_MYTGA), Mg_cLYS1
(Mytilus galloprovincialis, I6QSK6_MYTGA), Mg_cLYS2 (Mytilus galloprovincialis, A0A0C5PIW0_MYTGA), Mg_gLYS1 (Mytilus galloprovincialis,
J7II22_MYTGA), Mg_gLYS2 (Mytilus galloprovincialis, J7IAB9_MYTGA), Mg_cLYS3 (Mytilus galloprovincialis, A0A0C5PW39_MYTGA), Mm_iLYS
(Meretrix meretrix, F6JX82_MERMT), Mq_LYS (Mactra quadrangularis, K9JF24_9BIVA), My_gLYS (Mizuhopecten yessoensis, H2EV82_MIZYE), Oe_LYS
(Ostrea edulis, LYS_OSTED), Rp_cLYS1 (Ruditapes philippinarum, R9WZ60_RUDPH), Rp_cLYS2 (Ruditapes philippinarum, R9WXF4_RUDPH),
Rp_LYS3 (Ruditapes philippinarum, C8CBP0_RUDPH).

doi:10.1371/journal.pone.0148988.g003
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MOX relative quantification was performed on samples from natural population, basalt (BT1,
BT2, and BT3) and translocated (TR1.2, TR1.3) to assess the loss, maintenance or re-acquisi-
tion of symbionts. MOX symbiont content showed relatively very low values (below 10U) in all
mussels from in situ population and almost no MOX was detected in experimental samples.
Therefore, the MOX content has not been examined in further analysis. The variation in SOX
content is presented on Fig 6. The Kruskall-Wallis test does not show significant difference in
SOX content between natural population and basalt T1 individuals but a significant decrease of
SOX content is observed between natural population, and BT2 and BT3. Moreover, samples

Fig 4. Tissue-specificity of different lysozymes paralogs expression. Bars show the relative expression level of mRNA in three tissues for each paralog
according to the comparative Ct method formula: Ratio = 2-ΔΔCt (with ΔCtgeneX = CtGeneX-CtRpL15; ΔΔCt = ΔCtgeneX-meanΔCtgeneX), with RpL15 used as an
internal control. Gill (n = 31) in white, Digestive Gland (n = 30) in grey and Mantle (n = 32) in black. DG: Digestive gland. a: significantly different from Gill; b:
Significantly different from DG (*: p<0.05, ** p<0.001, *** p<0.0001), (One-way analyse of variance followed by Turkey post test).

doi:10.1371/journal.pone.0148988.g004
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from BT2 and BT3 present a significant lower SOX content than those from BT1. In contrast
no significant differences were observed between samples from natural population, BT1, TR1.2
and TR1.3. These results reveal a decrease in symbiont content in a time dependent way in
individuals kept on basalt, and maintenance of SOX population in gills of translocated individ-
uals (either TR1.2 or TR1.3). Level of both SOX and MOX content observed in the Montsegur
population are comparable with those previously observed in other populations from Lucky
Strike [7,58] and are coherent with the general trend observed. Similar transplant experiments
were performed previously in B. thermophilus in which the loss of symbiont was almost com-
plete after only 12 days [59]. In our case, for B. azoricus at Lucky Strike, the loss of symbiont
process seems to be slower and not really detectable after 6 days suggesting resilience in the
symbiont degradation process in the absence of gas.

The relative expression of the 6 Ba-lysozyme paralogs was measured by qPCR in the symbi-
otic organ (gill) in all experimental samples. In order to observe the impact of the loss of symbi-
onts on the expression of lysozymes paralogs, we first compared samples from natural
population (LS, Montsegur) with those with a lower symbiotic content (BT1, BT2 and BT3)
(Fig 7). Secondly, we compared lysozymes relative expression between individuals with a weak
loss of symbionts (BT1) and individuals issued from the re-exposition to venting area (TR1.2
and TR1.3) (Fig 8).

Fig 5. Relative expression level (Ratio) of the six i-type lysozymes in B.azoricus gills in natural
population (n = 31). Bars show the relative expression level of mRNA for each paralog according to the
comparative Ct method formula: Ratio = 2-ΔΔCt (with ΔCtgeneX = CtGeneX-CtRpL15; ΔΔCt = ΔCtgeneX-
meanΔCtgeneX), here RpL15 is used as an internal control. a: significantly different from Ba-lysozyme 1; b:
significantly different from Ba-lysozyme 4 and c: significantly different from Ba-lysozyme 5. (*: p<0.05, **
p<0.001, *** p<0.0001), (Kruskal-Wallis test, Dunns post test).

doi:10.1371/journal.pone.0148988.g005
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The first observation is a general up-regulation trend in BT1 condition only significant for
Ba-lysozyme 3 and 5 (Fig 7). After a longer period on basalt (BT2), Ba-lysozyme 3 and 5 are
significantly down-regulated compared to natural population while the expression of paralogs
4 is not modified. For BT3, Ba-lysozyme 5 seems to return to a level of expression similar to the
one observed in natural population whereas Ba-lysozyme 3 and 4 are up-regulated. Expression
of Ba-lysozyme 2 on basalt (BT3) in comparison with natural population is not significantly
different due to an important variability of this paralog expression in natural population but it
is significantly up-regulated in BT3 compared to BT2. The downward trend of symbiotic
charge observed after 6 days on basalt (BT1) seems to induce an increase of Ba-lysozyme 3 and
5 expression. This up-regulation can be due to either a lysis of useless bacteria or a stress
response to a changing environment. After 20 days (BT2), with the significant decrease of sym-
biotic charge, we observed a significant up-regulation of Ba-lysozyme 3 and a significant
down-regulation of Ba-lysozyme 5 in comparison with natural population. After 27 days on
basalt (BT3), while the symbiotic charge remains low, Ba-lysozyme 3 and 4 are up-regulated in
comparison with natural population. Among these four paralogs, Ba-lysozyme 3 has an inter-
esting pattern as it is up-regulated in the three basalt conditions. Finally, the impact of the loss
of symbiont is different in these six paralogs, two are not impacted (1 and 6), three have their
expression increased after 27 days on basalt (BT3) compared to natural population (paralogs 2,
3 and 4), and one return to an expression similar to the natural population (paralog 5).

In the second analysis, individuals from the translocation experiment (TR1.2 and TR1.3)
were compared with those from BT1 (Fig 8). Two paralogs were differentially expressed, in this
comparison (Fig 8). The translocation induces an up-regulation of Ba-lysozyme 3, 6, only sig-
nificant for 3 (TR1.2). It is followed by a significant down regulation of Ba-lysozyme 3 and 6
compared to TR1.2. Finally in TR1.3, expression level of Ba-lysozyme 3 returns to the level of
BT1. These results suggest that Ba-lysozyme 3 and 6 could be implicated in the loss of symbiont
but not in the maintenance of symbiotic content in gills.

Fig 6. Relative quantification of SOX content in gills of B. azoricus in three conditions: Natural
population (dark grey), Basalt (BT1, BT2, BT3) (black) and Translocated (grey).Relative quantification of
SOX and MOX symbionts was estimated by using the comparative Ct method formula: relative
quantification = 2-ΔCt, (ΔCt = Ct16S-CtcMDH) with cMDH as an internal control. *: significantly different Natural
population and +: significantly different from Basalt T1. (*** or +++ p<0.001), (Kruskal-Wallis test and Dunns
post test).

doi:10.1371/journal.pone.0148988.g006
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Global lysozyme activity was measured in gills from all natural and experimental samples
(natural population, BT1, BT2, BT3 and TR1.2 and 1.3) (Fig 9). On the one hand, lysozyme
anti-microbial activity increased significantly after 20 and 27 days in samples from BT2 and
BT3 with the highest activity in BT2 individuals. The global induction of anti-microbial activity

Fig 7. Relative expression level of lysozymes paralogs in B. azoricus gills in natural population and after symbionts loss on basalt (BT1, BT2 and
BT3). Bars show the relative expression level of mRNA for each condition according to the comparative Ct method: Ratio = 2-ΔΔCt (with ΔCtgeneX = CtGeneX-
CtRpL15; ΔΔCt = ΔCtgeneX-meanΔCtgeneX) with RpL15 as an internal control. Relative expression level of mRNA (Ratio) is indicated in: Natural population
(n = 31), BT1 (n = 15), BT2 (n = 24) and BT3 (n = 23). a: significantly different from natural population; b: significantly different from Basalt T3; c: significantly
different from Basalt T1. (*: p<0.05, ** p<0.001, *** p<0.0001), (Kruskal-Wallis test, Dunns post test).

doi:10.1371/journal.pone.0148988.g007
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appears to be linked with the loss of symbiont and also with the up-regulation of the three Ba-
lysozymes paralogs mentioned earlier, i.e. Ba-Lysozyme 2, 3 and 4. On the other hand, no dif-
ferences of anti-microbial activity were found between BT1 and translocated individuals.

Concluding Remarks
In this study we have demonstrated the presence of six paralogs of i-type lysozymes in the deep
sea hydrothermal vent mussel Bathymodiolus azoricus. Some of these paralogs were found dif-
ferentially regulated in different tissues and under different symbiotic state. Ba-lysozyme 6

Fig 8. Relative expression of lysozymes paralogs in B. azoricus gills in BT1 and after a re-exposition to venting area (TR1.2 and TR1.3). Bars show
the relative expression level of mRNA for each condition according to the comparative Ct method: Ratio = 2-ΔΔCt (with ΔCtgeneX = CtGeneX-CtRpL15; ΔΔCt =
ΔCtgeneX-meanΔCtgeneX) with RpL15 as an internal control. Relative expression level of mRNA (Ratio) is indicated for each condition: BT1 (n = 15), TR1.2
(n = 10) and TR1.3 (n = 11). a: Significantly different from BT1; b: significantly different from TR1.2. (*: p<0.05, ** p<0.001, *** p<0.0001), (Kruskal-Wallis
test, Dunns post test).

doi:10.1371/journal.pone.0148988.g008
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expression seems specific to the mantle compared to other tissue but its expression in gills is
also very high. Ba-lysozyme 3 is an interesting candidate for our study as it is up-regulated in
gills compared to other tissues and it has one of the strongest expressions in this tissue com-
pared to other paralogs. Moreover, the loss of symbiont induces an up-regulation of this para-
log suggesting its implication in a possible digestion of symbionts. The loss of symbionts
induces an up-regulation of two others paralogs (2 and 4) which had a low expression in gills
of natural population. In addition, within this tissue, the global anti-microbial activity
increased with the loss of symbiont.

Lysozymes are thought to play a key role in symbiosis in invertebrates. In the symbiotic
association between the pea aphid Acyrthosiphon pisum and Buchnera, Nakabachi and collabo-
rators observed an expression level of lysozyme 156 times higher in bacteriocytes than in the
whole body [35]. More recently, Nishikori and co-authors observed a drastic decrease in Buch-
nera density during stage 1 associated with an increase of the expression of lysozyme i-1 and an
increase of Buchnera degradation [60]. In addition, expression of c-type lysozyme, measured
during the pre-molt stages of the insect Riptortus increased when symbiont population
decreased. This expression was found identical in aposymbiotic individuals [61] suggesting the
implication of lysozymes in symbiont regulation. Similarly, Anselme as well as Futahashi and
their co-authors observed an increase of lysozyme expression in aposymbiotic individuals
(respectively Weevil and Stinkbug) [62,63].

Although, we cannot completely exclude that part of the lysosomal activity in the gill tissue
could correspond to a contribution of circulating hemocytes (potentially responding to

Fig 9. Global lysozyme activity in B.azoricus gills in different conditions: Natural population (n = 81),
BT1 (n = 12), BT2 (n = 21), BT3 (n = 15), TR1.2 (n = 10), and TR1.3 (n = 11). Lysozyme activity is expressed
by units of μg of proteins. *: significantly different from natural population. (*: p<0.05, ** p<0.001, ***
p<0.0001), (Kruskal-Wallis test, Dunns post test).

doi:10.1371/journal.pone.0148988.g009

Involvement of Lysozymes in the Symbiotic Association between B. azoricus and Its Bacterial Symbionts

PLOS ONE | DOI:10.1371/journal.pone.0148988 February 16, 2016 15 / 19



pathogenic bacteria as described in clams, [64]), our results strongly support the role of lyso-
zymes in intracellular digestion of symbionts. The digestion could be a way for the host to regu-
late and eliminate excess bacteria (either in too large numbers or without access to reduced
chemicals) but also to have access to a source of nutrient after a long-term starvation [20].
Indeed, in another chemoautotrophic endosymbiosis, cytochemical experiment showed a deg-
radation of bacterial cell wall in gills after two weeks of starvation. Authors made the hypothe-
sis that the host uses symbionts as nutrient to survive a hunger crisis [65]. All together our
results suggest an implication of Ba-lysozymes in the digestion of symbionts in Bathymodiolus
azoricus bacteriocytes, and therefore a potential role in symbiosis. To go further, it would be of
particular interest to make a link between the structure and function (immunity, digestion or
involvement in symbiosis) of lysozymes by purifying each Ba-lysozymes paralogs and measur-
ing their antimicrobial activity. Moreover ultrastructural experiments and immunogold-label-
ling on gills of individuals from in situ experiments might provide evidences to confirm or not
the role of lysozymes in B. azoricus symbiosis.
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of the 3D model of Ba-lyzozyme 4 (Figure B).
(DOCX)

Acknowledgments
We would like to thank the crew and pilot of the N/O Pourquoi pas? and the ROV Victor 6000
for their assistance and technical support as well as the chief scientist of the Momarsat 2013
cruise, Jérôme Blandin. We also want to thank Celine Wichlacz and Aurélie Tasiemski from
the Université de Lille for their help on lysozyme activity measurements and Didier Jollivet for
his help on phylogeny. We are very grateful to the Region Bretagne and to JST/CNRS program
for funding.

Author Contributions
Conceived and designed the experiments: CD FL JM AT. Performed the experiments: AC CD.
Analyzed the data: AC CD JM AT. Wrote the paper: CD FL JM AT. Acquisition of RNAseq
data: NS ES.

References
1. Von Cosel R, Comtet T, Krylova E. Bathymodiolus (Bivalvia: Mytilidae) from Hydrothermal Vents on the

Azores Triple Junction and the Logatchev Hydrothermal Field, Mid-Atlantic Ridge. VELIGER, 1999.
1999; 218–248.

2. Fiala-Médioni A, McKiness ZP, Dando P, Boulegue J, Mariotti A, Alayse-Danet AM, et al. Ultrastruc-
tural, biochemical, and immunological characterization of two populations of the mytilid mussel Bathy-
modiolus azoricus from the Mid-Atlantic Ridge: evidence for a dual symbiosis. Mar Biol. 2002; 141:
1035–1043. doi: 10.1007/s00227-002-0903-9

3. Fisher C, Childress J, Oremland R, Bidigare R. The importance of methane and thiosulfate in the
metabolism of the bacterial symbionts of two deep-sea mussels. Mar Biol. 1987; 71: 59–71.

4. Cavanaugh CM, Levering PR, Maki JS, Mitchell R, LidstromME. Symbiosis of methylotrophic bacteria
and deep-sea mussels [Internet]. Nature. 1987. pp. 346–348. doi: 10.1038/325346a0

5. Cavanaugh CM, Wirsen CO, Jannasch HW. Evidence for Methylotrophic Symbionts in a Hydrothermal
Vent Mussel (Bivalvia: Mytilidae) from the Mid-Atlantic Ridge. Appl Environ Microbiol. 1992; 58: 3799–
3803. Available: http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=183184&tool=pmcentrez
&rendertype=abstract PMID: 16348816

Involvement of Lysozymes in the Symbiotic Association between B. azoricus and Its Bacterial Symbionts

PLOS ONE | DOI:10.1371/journal.pone.0148988 February 16, 2016 16 / 19

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0148988.s001
http://dx.doi.org/10.1007/s00227-002-0903-9
http://dx.doi.org/10.1038/325346a0
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=183184&tool�=�pmcentrez&rendertype�=�abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=183184&tool�=�pmcentrez&rendertype�=�abstract
http://www.ncbi.nlm.nih.gov/pubmed/16348816


6. De Busserolles F, Sarrazin J, Gauthier O, Gélinas Y, Fabri M-C, Sarradin P-M, et al. Are spatial varia-
tions in the diets of hydrothermal fauna linked to local environmental conditions? Deep Res Part II Top
Stud Oceanogr. 2009; 56: 1649–1664. doi: 10.1016/j.dsr2.2009.05.011

7. Boutet I, Ripp R, Lecompte O, Dossat C, Corre E, Tanguy A, et al. Conjugating effects of symbionts
and environmental factors on gene expression in deep-sea hydrothermal vent mussels. BMCGeno-
mics. 2011; 12: 530. doi: 10.1186/1471-2164-12-530 PMID: 22034982

8. Petersen JM, Zielinski FU, Pape T, Seifert R, Moraru C, Amann R, et al. Hydrogen is an energy source
for hydrothermal vent symbioses. Nature. Nature Publishing Group; 2011; 476: 176–80. doi: 10.1038/
nature10325

9. Colaço a, Dehairs F, Desbruyères D. Nutritional relations of deep-sea hydrothermal fields at the Mid-
Atlantic Ridge: a stable isotope approach. Deep Sea Res Part I Oceanogr Res Pap. 2002; 49: 395–
412. doi: 10.1016/S0967-0637(01)00060-7

10. Riou V, Halary S, Duperron S, Bouillon S, Elskens M, Bettencourt R, et al. Influence of CH 4 and H 2 S
availability on symbiont distribution, carbon assimilation and transfer in the dual symbiotic vent mussel
Bathymodiolus azoricus. Biogeosciences. 2008; 5: 1681–1691.

11. Kádár E, Bettencourt R, Costa V, Santos RS, Lobo-da-Cunha A, Dando P. Experimentally induced
endosymbiont loss and re-acquirement in the hydrothermal vent bivalve Bathymodiolus azoricus. J Exp
Mar Bio Ecol. 2005; 318: 99–110. doi: 10.1016/j.jembe.2004.12.025

12. Hanson RS, Hanson TE. Methanotrophic Bacteria. Microbiol Rev. 1996; 60: 439–471. PMID: 8801441

13. Wendeberg A, Zielinski FU, Borowski C, Dubilier N. Expression patterns of mRNAs for methanotrophy
and thiotrophy in symbionts of the hydrothermal vent mussel Bathymodiolus puteoserpentis. ISME J.
Nature Publishing Group; 2012; 6: 104–12. doi: 10.1038/ismej.2011.81

14. Kleiner M, Petersen JM, Dubilier N. Convergent and divergent evolution of metabolism in sulfur-oxidiz-
ing symbionts and the role of horizontal gene transfer. Curr Opin Microbiol. Elsevier Ltd; 2012; 15: 621–
31. doi: 10.1016/j.mib.2012.09.003

15. Duperron S, Lorion J, Samadi S, Gros O, Gaill F. Symbioses between deep-sea mussels (Mytilidae:
Bathymodiolinae) and chemosynthetic bacteria: diversity, function and evolution. C R Biol. Elsevier
Masson SAS; 2009; 332: 298–310.

16. Page HM, Fisher CR, Childress JJ. Role of filter-feeding in the nutritional biology of a deep-sea mussel
with methanotrophic symbionts. Mar Biol. 1990; 257: 251–257.

17. Le Pennec M, Beninger PG, Herry A. Feeding and digestive adaptations of bivalve mollusc to sulphide-
rich habitats. Comp Biochem Physiol. 1995; 111A: 183–189.

18. Fiala-Medioni A, Michalski J, Jollès J., Alonso C, Montreuil J. Lysosomic and lysozyme activities in the
gill of bivalves from deep hydrothermal vents. CR Acad Sci Sci la vie/Life Sci. 1994; 317: 239–244.

19. Jolles J, Fiala-medioni A, Jolles P. The Ruminant Digestion Model Using Bacteria Already Employed
Early in Evolution by Symbiotic Molluscs. J Mol Evol. 1996; 523–527. PMID: 8875865

20. Broderick N a. A common origin for immunity and digestion. Front Immunol. 2015; 6: 1–3. doi: 10.3389/
fimmu.2015.00072

21. Nyholm S V, Graf J. Knowing your friends: invertebrate innate immunity fosters beneficial bacterial sym-
bioses. Nat Rev Microbiol. Nature Publishing Group; 2012; 10: 815–27. doi: 10.1038/nrmicro2894

22. Royet J, Gupta D, Dziarski R. Peptidoglycan recognition proteins: modulators of the microbiome and
inflammation. Nat Rev Immunol. Nature Publishing Group; 2011; 11: 837–51. doi: 10.1038/nri3089

23. Chu H, Mazmanian SK. Innate immune recognition of the microbiota promotes host-microbial symbio-
sis. Nat Immunol. 2013; 14: 668–75. doi: 10.1038/ni.2635 PMID: 23778794

24. Salton MRJ. The properties of lysozyme ans its action on microorganisms. Bacteriol Rev. 1957; 21:
82–99. PMID: 13436356

25. Chipman DM, Sharon N, Narten AH, Danford MD, Chapman DM. Mechanism of Lysozyme Action
Lysozyme is the first enzyme for which the relation between structure and function has become clear.
Science (80-). 1969; 165: 454–465.

26. McHenery JG, Birkbeck TH, Allen J a. The occurrence of lysozyme in marine bivalves. Comp Biochem
Physiol Part B Comp Biochem. 1979; 63: 25–28. doi: 10.1016/0305-0491(79)90228-1

27. Cheng TC. The Role of Lysosomes in Molluscan Inflammation. Am Soc Zool. 1983; 23: 129–144.

28. Xue Q-G, Itoh N, Schey KL, Li Y-L, Cooper RK, La Peyre JF. A new lysozyme from the eastern oyster
(Crassostrea virginica) indicates adaptive evolution of i-type lysozymes. Cell Mol Life Sci. 2007; 64:
82–95. doi: 10.1007/s00018-006-6386-y PMID: 17160350

29. Bachali S, Jager M, Hassanin A, Schoentgen F, Jollès P, Fiala-Medioni A, et al. Phylogenetic analysis
of invertebrate lysozymes and the evolution of lysozyme function. J Mol Evol. 2002; 54: 652–64. doi:
10.1007/s00239-001-0061-6 PMID: 11965437

Involvement of Lysozymes in the Symbiotic Association between B. azoricus and Its Bacterial Symbionts

PLOS ONE | DOI:10.1371/journal.pone.0148988 February 16, 2016 17 / 19

http://dx.doi.org/10.1016/j.dsr2.2009.05.011
http://dx.doi.org/10.1186/1471-2164-12-530
http://www.ncbi.nlm.nih.gov/pubmed/22034982
http://dx.doi.org/10.1038/nature10325
http://dx.doi.org/10.1038/nature10325
http://dx.doi.org/10.1016/S0967-0637(01)00060-7
http://dx.doi.org/10.1016/j.jembe.2004.12.025
http://www.ncbi.nlm.nih.gov/pubmed/8801441
http://dx.doi.org/10.1038/ismej.2011.81
http://dx.doi.org/10.1016/j.mib.2012.09.003
http://www.ncbi.nlm.nih.gov/pubmed/8875865
http://dx.doi.org/10.3389/fimmu.2015.00072
http://dx.doi.org/10.3389/fimmu.2015.00072
http://dx.doi.org/10.1038/nrmicro2894
http://dx.doi.org/10.1038/nri3089
http://dx.doi.org/10.1038/ni.2635
http://www.ncbi.nlm.nih.gov/pubmed/23778794
http://www.ncbi.nlm.nih.gov/pubmed/13436356
http://dx.doi.org/10.1016/0305-0491(79)90228-1
http://dx.doi.org/10.1007/s00018-006-6386-y
http://www.ncbi.nlm.nih.gov/pubmed/17160350
http://dx.doi.org/10.1007/s00239-001-0061-6
http://www.ncbi.nlm.nih.gov/pubmed/11965437


30. Zavalova LL, Baskova IP, Barsova E V., Snezhkov E V., Akopov SB, Lopatin S a. Recombinant desta-
bilase-lysozyme: Synthesis de novo in E. coli and action mechanism of the enzyme expressed in Spo-
doptera frugiperda. Biochem. 2004; 69: 776–781. doi: 10.1023/B:BIRY.0000040203.37624.ef

31. Mallo G V., Kurz CL, Couillault C, Pujol N, Granjeaud S, Kohara Y, et al. Inducible Antibacterial Defense
System in C. elegans. Curr Biol. 2002; 12: 1209–1214. doi: 10.1016/S0960-9822(02)00928-4 PMID:
12176330

32. Paskewitz SM, Li B, Kajla MK. Cloning and molecular characterization of two invertebrate-type lyso-
zymes from Anopheles gambiae. Insect Mol Biol. 2008; 17: 217–225. doi: 10.1111/j.1365-2583.2008.
00797.x PMID: 18397277

33. Cong L, Yang X, Wang X, Tada M, Lu M, Liu H, et al. Characterization of an i-type lysozyme gene from
the sea cucumber Stichopus japonicus, and enzymatic and nonenzymatic antimicrobial activities of its
recombinant protein. J Biosci Bioeng. Elsevier B.V.; 2009; 107: 583–588. doi: 10.1016/j.jbiosc.2009.01.
016

34. Matsumoto T, Nakamura AM, Takahashi KG. Cloning of cDNAs and hybridization analysis of lyso-
zymes from two oyster species, Crassostrea gigas and Ostrea edulis. Comp Biochem Physiol Part B
BiochemMol Biol. 2006; 145: 325–330.

35. Nakabachi A, Shigenobu S, Sakazume N, Shiraki T, Hayashizaki Y, Carninci P, et al. Transcriptome
analysis of the aphid bacteriocyte, the symbiotic host cell that harbors an endocellular mutualistic bac-
terium, Buchnera. Proc Natl Acad Sci U S A. 2005; 102: 5477–82. doi: 10.1073/pnas.0409034102
PMID: 15800043

36. Schulz MH, Zerbino DR, Vingron M, Birney E. Oases: robust de novo RNA-seq assembly across the
dynamic range of expression levels. Bioinformatics. 2012; 28: 1086–1092. doi: 10.1093/bioinformatics/
bts094 PMID: 22368243

37. Zerbino DR, Birney E. Velvet: algorithms for de novo short read assembly using de Bruijn graphs.
Genome Res. 2008; 18: 821–9. doi: 10.1101/gr.074492.107 PMID: 18349386

38. Conesa a., Gotz S, Garcia-Gomez JM, Terol J, Talon M, Robles M. Blast2GO: a universal tool for anno-
tation, visualization and analysis in functional genomics research. Bioinformatics. 2005; 21: 3674–
3676. doi: 10.1093/bioinformatics/bti610 PMID: 16081474

39. Shugar D. The measurement of lysozyme activity and the ultra-violet inactivation of lysozyme. Biochim
Biophys Acta. 1952; 8: 302–309.

40. Xue Q-G, Schey KL, Volety AK, Chu F-LE, La Peyre JF. Purification and characterization of lysozyme
from plasma of the eastern oyster (Crassostrea virginica). Comp Biochem Physiol B BiochemMol Biol.
2004; 139: 11–25.

41. Stewart CB, Schilling JW, Wilson a. C. Adaptive evolution in the stomach lysozymes of foregut fermen-
ters. Nature. 1987; 330: 401–404. doi: 10.1038/330401a0 PMID: 3120013

42. Jolles J, Jolles P, Bowman BH, Prager EM, Stewart CB, Wilson a C. Episodic evolution in the stomach
lysozymes of ruminants. J Mol Evol. 1989; 28: 528–535. Available: http://www.ncbi.nlm.nih.gov/entrez/
query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=2504928 PMID: 2504928

43. Kuwano Y, Yoneda K, Kawaguchi Y, Araki N, Araki T. The Complete Amino Acid Sequence and Enzy-
matic Properties of an i-Type Lysozyme Isolated from the Common Orient Clam (Meretrix lusoria).
Biosci Biotechnol Biochem. 2013; 77: 2269–2277. doi: 10.1271/bbb.130534 PMID: 24200802

44. Goto T, Abe Y, Kakuta Y, Takeshita K, Imoto T, Ueda T. Crystal Structure of Tapes japonica Lysozyme
with Substrate Analogue: J Biol Chem. 2007; 282: 27459–27467. doi: 10.1074/jbc.M704555200 PMID:
17631496

45. Wang Q, Wang C, Mu C, Wu H, Zhang L, Zhao J. A novel C-type lysozyme fromMytilus galloprovincia-
lis: insight into innate immunity and molecular evolution of invertebrate C-type lysozymes. PLoS One.
2013; 8: e67469. doi: 10.1371/journal.pone.0067469 PMID: 23818979

46. Pan B, Ren Y, Gao J, Gao H. De novo RNA-Seq Analysis of the Venus Clam, Cyclina sinensis, and the
Identification of Immune-Related Genes. PLoS One. 2015; 10: e0123296. doi: 10.1371/journal.pone.
0123296 PMID: 25853714

47. Ding J, Li J, Bao Y, Li L, Wu F, Zhang G. Molecular characterization of a mollusk chicken-type lysozyme
gene from Haliotis discus hannai Ino, and the antimicrobial activity of its recombinant protein. Fish
Shellfish Immunol. 2011; 30: 163–172. doi: 10.1016/j.fsi.2010.10.008 PMID: 20951809

48. Callewaert L, Michiels CW. Lysozymes in the animal kingdom. J Biosci. 2010; 35: 127–160. doi: 10.
1007/s12038-010-0015-5 PMID: 20413917

49. Nilsen IW, Myrnes B, Edvardsen RB, Chourrout D. Urochordates carry multiple genes for goose-type
lysozyme and no genes for chicken- or invertebrate-type lysozymes. Cell Mol Life Sci. 2003; 60: 2210–
2218. doi: 10.1007/s00018-003-3252-z PMID: 14618267

Involvement of Lysozymes in the Symbiotic Association between B. azoricus and Its Bacterial Symbionts

PLOS ONE | DOI:10.1371/journal.pone.0148988 February 16, 2016 18 / 19

http://dx.doi.org/10.1023/B:BIRY.0000040203.37624.ef
http://dx.doi.org/10.1016/S0960-9822(02)00928-4
http://www.ncbi.nlm.nih.gov/pubmed/12176330
http://dx.doi.org/10.1111/j.1365-2583.2008.00797.x
http://dx.doi.org/10.1111/j.1365-2583.2008.00797.x
http://www.ncbi.nlm.nih.gov/pubmed/18397277
http://dx.doi.org/10.1016/j.jbiosc.2009.01.016
http://dx.doi.org/10.1016/j.jbiosc.2009.01.016
http://dx.doi.org/10.1073/pnas.0409034102
http://www.ncbi.nlm.nih.gov/pubmed/15800043
http://dx.doi.org/10.1093/bioinformatics/bts094
http://dx.doi.org/10.1093/bioinformatics/bts094
http://www.ncbi.nlm.nih.gov/pubmed/22368243
http://dx.doi.org/10.1101/gr.074492.107
http://www.ncbi.nlm.nih.gov/pubmed/18349386
http://dx.doi.org/10.1093/bioinformatics/bti610
http://www.ncbi.nlm.nih.gov/pubmed/16081474
http://dx.doi.org/10.1038/330401a0
http://www.ncbi.nlm.nih.gov/pubmed/3120013
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=2504928
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=2504928
http://www.ncbi.nlm.nih.gov/pubmed/2504928
http://dx.doi.org/10.1271/bbb.130534
http://www.ncbi.nlm.nih.gov/pubmed/24200802
http://dx.doi.org/10.1074/jbc.M704555200
http://www.ncbi.nlm.nih.gov/pubmed/17631496
http://dx.doi.org/10.1371/journal.pone.0067469
http://www.ncbi.nlm.nih.gov/pubmed/23818979
http://dx.doi.org/10.1371/journal.pone.0123296
http://dx.doi.org/10.1371/journal.pone.0123296
http://www.ncbi.nlm.nih.gov/pubmed/25853714
http://dx.doi.org/10.1016/j.fsi.2010.10.008
http://www.ncbi.nlm.nih.gov/pubmed/20951809
http://dx.doi.org/10.1007/s12038-010-0015-5
http://dx.doi.org/10.1007/s12038-010-0015-5
http://www.ncbi.nlm.nih.gov/pubmed/20413917
http://dx.doi.org/10.1007/s00018-003-3252-z
http://www.ncbi.nlm.nih.gov/pubmed/14618267


50. Zhao J, Song L, Li C, Zou H, Ni D, WangW, et al. Molecular cloning of an invertebrate goose-type lyso-
zyme gene from Chlamys farreri, and lytic activity of the recombinant protein. Mol Immunol. 2007; 44:
1198–1208. doi: 10.1016/j.molimm.2006.06.008 PMID: 16911829

51. He C, Yu H, Liu W, Su H, Shan Z, Bao X, et al. A goose-type lysozyme gene in Japanese scallop (Mizu-
hopecten yessoensis): cDNA cloning, mRNA expression and promoter sequence analysis. Comp Bio-
chem Physiol Part B BiochemMol Biol. Elsevier Inc.; 2012; 162: 34–43.

52. Bathige SDNK, Umasuthan N, Whang I, Lim B-S, Jung H-B, Lee J. Evidences for the involvement of an
invertebrate goose-type lysozyme in disk abalone immunity: Cloning, expression analysis and antimi-
crobial activity. Fish Shellfish Immunol. Elsevier Ltd; 2013; 35: 1369–1379. doi: 10.1016/j.fsi.2013.07.
048

53. Wang Q, Zhang L, Zhao J, You L, Wu H. Two goose-type lysozymes in Mytilus galloprovincialis: possi-
ble function diversification and adaptive evolution. PLoS One. 2012; 7: e45148. doi: 10.1371/journal.
pone.0045148 PMID: 23028813

54. Ren Q, Qi Y-L, Hui K-M, Zhang Z, Zhang C-Y, WangW. Four invertebrate-type lysozyme genes from tri-
angle-shell pearl mussel (Hyriopsis cumingii). Fish Shellfish Immunol. Elsevier Ltd; 2012; 33: 909–915.

55. Itoh N, Takahashi KG. cDNA cloning and in situ hybridization of a novel lysozyme in the Pacific oyster,
Crassostrea gigas. Comp Biochem Physiol Part B BiochemMol Biol. 2007; 148: 160–166. doi: 10.
1016/j.cbpb.2007.05.005

56. Itoh N, Xue Q, Li Y, Cooper RK, La Peyre JF. cDNA cloning and tissue expression of plasma lysozyme
in the eastern oyster, Crassostrea virginica. Fish Shellfish Immunol. 2007; 23: 957–68. doi: 10.1016/j.
fsi.2007.03.006 PMID: 17703954

57. Xue Q, Hellberg ME, Schey KL, Itoh N, Eytan RI, Cooper RK, et al. A new lysozyme from the eastern
oyster, Crassostrea virginica, and a possible evolutionary pathway for i-type lysozymes in bivalves
from host defense to digestion. BMC Evol Biol. 2010; 10: 213. doi: 10.1186/1471-2148-10-213 PMID:
20633278

58. Guezi H, Boutet I, Andersen A, Lallier F, Tanguy A. Comparative analysis of symbiont ratios and gene
expression in natural populations of two Bathymodiolus mussel species. Symbiosis. 2014; 63: 19–29.

59. Raulfs E., Macko S., Van Dover CL. Tissue and symbiont condition of mussels (Bathymodiolus thermo-
philus) exposed to varying levels of hydrothermal activity. J Mar Biol Assoc UK. 2004; 84: 229–234.

60. Nishikori K, Morioka K, Kubo T, Morioka M. Age- and morph-dependent activation of the lysosomal sys-
tem and Buchnera degradation in aphid endosymbiosis. J Insect Physiol. 2009; 55: 351–7. doi: 10.
1016/j.jinsphys.2009.01.001 PMID: 19183557

61. Kim JK, Han SH, Kim C-H, Jo YH, Futahashi R, Kikuchi Y, et al. Molting-associated suppression of
symbiont population and up-regulation of antimicrobial activity in the midgut symbiotic organ of the Rip-
tortus-Burkholderia symbiosis. Dev Comp Immunol. Elsevier Ltd; 2014; 43: 10–4.

62. Futahashi R, Tanaka K, Tanahashi M, Nikoh N, Kikuchi Y, Lee BL, et al. Gene expression in gut symbi-
otic organ of stinkbug affected by extracellular bacterial symbiont. PLoS One. 2013; 8: e64557. doi: 10.
1371/journal.pone.0064557 PMID: 23691247

63. Anselme C, Pérez-Brocal V, Vallier A, Vincent-Monegat C, Charif D, Latorre A, et al. Identification of
the weevil immune genes and their expression in the bacteriome tissue. BMC Biol. 2008; 6: 43. doi: 10.
1186/1741-7007-6-43 PMID: 18925938

64. Allam B, Paillard C, Auffret M. Alterations in Hemolymph and Extrapallial Fluid Parameters in the Manila
Clam, Ruditapes philippinarum, Challenged with the Pathogen Vibrio tapetis. J Invertebr Pathol. 2000;
76: 63–69. doi: 10.1006/jipa.2000.4940 PMID: 10963405

65. König S, Le Guyader H, Gros O. Thioautotrophic bacterial endosymbionts are degraded by enzymatic
digestion during starvation: Case study of two lucinids Codakia orbicularis and C. orbiculata. Microsc
Res Tech. 2015; 78: 173–9. doi: 10.1002/jemt.22458 PMID: 25429862

Involvement of Lysozymes in the Symbiotic Association between B. azoricus and Its Bacterial Symbionts

PLOS ONE | DOI:10.1371/journal.pone.0148988 February 16, 2016 19 / 19

http://dx.doi.org/10.1016/j.molimm.2006.06.008
http://www.ncbi.nlm.nih.gov/pubmed/16911829
http://dx.doi.org/10.1016/j.fsi.2013.07.048
http://dx.doi.org/10.1016/j.fsi.2013.07.048
http://dx.doi.org/10.1371/journal.pone.0045148
http://dx.doi.org/10.1371/journal.pone.0045148
http://www.ncbi.nlm.nih.gov/pubmed/23028813
http://dx.doi.org/10.1016/j.cbpb.2007.05.005
http://dx.doi.org/10.1016/j.cbpb.2007.05.005
http://dx.doi.org/10.1016/j.fsi.2007.03.006
http://dx.doi.org/10.1016/j.fsi.2007.03.006
http://www.ncbi.nlm.nih.gov/pubmed/17703954
http://dx.doi.org/10.1186/1471-2148-10-213
http://www.ncbi.nlm.nih.gov/pubmed/20633278
http://dx.doi.org/10.1016/j.jinsphys.2009.01.001
http://dx.doi.org/10.1016/j.jinsphys.2009.01.001
http://www.ncbi.nlm.nih.gov/pubmed/19183557
http://dx.doi.org/10.1371/journal.pone.0064557
http://dx.doi.org/10.1371/journal.pone.0064557
http://www.ncbi.nlm.nih.gov/pubmed/23691247
http://dx.doi.org/10.1186/1741-7007-6-43
http://dx.doi.org/10.1186/1741-7007-6-43
http://www.ncbi.nlm.nih.gov/pubmed/18925938
http://dx.doi.org/10.1006/jipa.2000.4940
http://www.ncbi.nlm.nih.gov/pubmed/10963405
http://dx.doi.org/10.1002/jemt.22458
http://www.ncbi.nlm.nih.gov/pubmed/25429862

