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Abstract. The purification and some molecular prop- nents of the rapidly growing population of bacteria in the
erties of six lysozymes from the gills of different myti- foregut. To retrieve the nitrogen and phosphorus, which
lids and vesicomyids are described: they belong to thare essential for animal growth and milk production, the
previously described Invertebrate lysozyme family. Theruminant must digest some of the bacteria. This is no
predominance of the bacterial nutrition in these organ-easy task because the bacteria are protected by an un-
isms seems to necessitate the presence of a lysozyme asual chemical in their cell walls which resists attack by
in the case of the ruminant digestion model. the enzymes in a conventional digestive tract.

Bacteria from the foregut pass into the true stomach
Key words:  Symbiotic molluscs — Ruminent diges- where they encounter lysozyme (EC 3.2.1.17). Several
tion model — Bacteria lysozyme families have been described (Jo#ad Jolle
1984) that, while differing in molecular weight, amino
acid sequence, and molecular and kinetic properties, all
have the same specificity for cleaving the cell walls of
bacteria. Lysozyme is present in high concentration in

) _ruminant stomachs but in low concentration in many
Mammals have adapted to a wide range of both physicgl, 5. minant stomachs. Ruminants are enzymically

environments and of diets; some adapted to herbivorougquipped to digest bacteria, whereas many other mam-
diets containing a high amount of cellulose, which can-als are not. Mammals of the latter type employ lyso-

not be digested by mammals and thus remains |nacce§-yme mainly as a shield against bacterial invasion—for

sible as a food source. Digestive (foregut) fermentationexamme' in tears and white blood cells. But in the true
allows a symbiotic microbial population to ferment with stomach of ruminants, lysozyme has evidently been re-
the help of the plant material cellulases and to releas%ruited as a major digestive enzyme, a change from its
useful compounds, more particularly short-chain fatty,,,ma function as an antibacterial defense enzyme
acids (acetate, proprionate, butyrate), which are absorbe((bobson et al. 1984; Jokkeet al. 1984).

through the stomach wall into the bloodstream (Dobson Both regulatory and structural mutations made this

etal. 1984; Jolle and Jolle 1984; Stewart et al. 1987). o0 itment of lysozyme possible. For example, the num-

However, some of the carbon and most of the nitrogere o ysozyme molecules produced by the stomach lin-

and phosphorus in the ruminant diet end up as cOmMPG; jncreased 70-fold, and mutations in the structure of

the protein fitted it better for function in the stomach
fluid, which is very acidic and contains pepsin. Resis-
Correspondence taP. Jolles tance to cleavage by pepsin is most likely the result of
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fewer pepsin-sensitive bonds and decreased electrostatic the previously described invertebrate lysozyme fam-

interactions with pepsin; when examining the distribu-ily.

tion of charges on cow lysozyme, it is clear that all its

faces bear more negative charges than the corresponding

faces in hen and human lysozymes. Resistance to thilaterials and Methods

acidic medium can be illustrated by the disappearance of

the acid-sensitive Asp-Pro linkage usually encounteredaterials.One species of Vesicomyida€lyptogena magnifigavas

in Iysozymes: Asp is replaced by Glu and Pro is deletedf:O"eCted_ in an _hydroth?rmal vent (3,250_ m in depth) from the Gala-

In the ruminant lysozyme case, where a plausible link>o> Rise during the "Galapagos” Cruise (1985). Two other unde-
. . . ermined VesicomyidaeQalyptogenaKN5 and CalyptogenaKN7)

exists between molecular evolution and organismal €VOgere obtained from Japan Trenches cold seep sites (depth: 1,999 m and

lution, regulatory change seems to have played a primarg,788 m, respectively) during the “Kaiko-Nankai” Cruise (1989). The

role and protein structural Changes an important Second\ﬂytilidae (Mytilus galloprovinciali§ were collected from the bay of

ary role (Stewart et al. 1987; Jodleet al. 1984, 1989, Banyuls-sur-Mer (Golfe du Lion, southyvestern France)_ in I|tt_q_ra| wa-
1990) ters and from the hydrothermal vents: in the West Pacific (Fiji Basin,

. _depth: 1,970 m foBathymodiolus brevigrduring the “Yokosuka”
Bacteria have also been encountered as the chiefruise (1991) and in the Atlanti®athymodiolussp. LS, depth: 1,964
source of food in the world of invertebrates, and in thism) during the “Lucky-Strike” Cruise (1993). N
case again, a |ysozyme has been characterized. T_he littoral mytilid wa; collected l_Jy scuba diving and all qther
That is the case for bivalve molluscs previously dis- species were collected using submersibles. The samples were dissected
- - p y ~~ immediately on board ship after recovery and tissues were frozen in
covered as a main component of luxuriant communiti€Sjquid nitrogen until analyses.
(biomasses up to 100 kgfnof giant organisms associ-
ated with deep hydrothermal vents on the Pacific Rise at petermination of the Lytic ActivityLytic activity was determined
the Galapagos rift (Lonsdale 1977). Further explorationsy observing spectrophotometrically at 540 nm the increase in trans-
demonstrated that the environments exploited by suchittance which occurred during the lysis of a suspensioisfococ-
populations are widespread on the ocean floor, includinq:us luteusaccording to the procedure of Jallet al. (1965). However,
. . . he phosphate buffer (pH 6.2,0.164) was employed after a fourfold
active deep. hydrOIhermal vents on midocean ”dge_s anEﬁlution. Hen egg-white lysozyme was used as a standard.
cold seeps in subduction zones as well as hypersaline or
oil seeps In.paSSIVg margins and rich-sulfide littoral sedi- Purification of the Lysozymeghe gills were ground in 0.& acetic
ments (reviewed in: Grassle 1986; Southward 1987 xcid. The suspension was centrifuged (12,000 rev/imin, 50 min at 4°C).
Laubier 1989; Tunnicliffe 1991). It has been establishedThe clear supernatant was chromatographed on CM-52 cellulose (0.1
that these communities are chemosynthetic based, Iiving‘mmo”'um acetate, pH 5.8, 4°C): the column was washed with the

. . . uffer until disappearance (at 280 nm) of all material not bound to the
on bacterial primary production (Jannasch 1989). resin. The enzyme was eluted during a gradient elution j0alnmo-

The discovery of autotrophic pathways in the gill of nium acetate, pH 5.8, 0.1 0.8w). The active fraction was dialyzed
the main species associated to the observation of endagainst distilled water at 4°C dugre h (Spectrapor 1000). The puri-
cellular bacteria led to the description of new symbiotic fication was completed by SDS-PAGE electrophoresis through a 12.5%
models between bacteria and these bivalves (reviewedf"yamide gel
in: Fiala-Medioni et al. 1990; Fisher 1990; Childress and Neterminal S Determinatiopfier SOS-PAGE. fhe |
Fisher 1992; Cavanaugh 1993). Vesicomyidae living el "\ 200 "G /G i ' 377 by socium acetate (pH
ther as ep|faunal in the cracks of hydmthermal vents 0%.5, 0.1% SDS). The eluate was submitted to the ProSpin method
half-burried in mud trenches are, along with Mytilidae, (sample preparation cartridge; Applied Biosystems, Foster City, CA,
among the major organisms of these sites and represelfA) in order to submit the disk with the enzyme directly to sequence
ecological and biological models comparable to mo|_ana|ysis. It was performed by Edman degr_adatic_)n using an automated
Iusc—algae symbioses in tropical waters. gas'-phase quuenper (m.odel 470 .A, Applied B|osyst_ems)..The.;:_>hen-

. i ; . ylthiohydantoin amino acid derivatives were automatically identified

An active lysosomic resorption of the bacteria wasyith an Applied Biosystems 120 A phenyithiohydantoin analyzer used

observed on transmission electronic microsis (TEM)on-line with the sequencer.

(Fiala-Mdioni 1984; Fiala-Mdioni and Le Pennec

1987; Fiala-Médioni et al. 1990), and lysosomic en-

zymes as well as lysozyme were characterized in the gillResults and Discussion

of both BathymodiolusandCalyptogenaymbiotic mod-

els (Fiala-Melioni et al. 1994). So, as observed in rumi- The lysozyme content of the Vesicomyidae and Mytili-
nants, the digested bacteria appear to represent the maiae gills was slightly variable but generally had mean
source of nutrients in these molluscs. values between 0.1 and 0.3 mg lysozyme/g of gill (ex-

In the present paper we describe the purification angressed as hen lysozyme).
some molecular properties of a series of lysozymes iso- Six different lysozymes were evidenced on six species
lated from the gills of mytilids Mytilus and Bathymo-  and purified by chromatography on CM-52 cellulose. As
diolug) and vesicomyidsGalyptogena These all belong an example, Fig. 1 shows the purification of the lyso-
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Fig. 1. Chromatography at 4°C on CM-52 cellulose (It & 2 cm) ofMytilus galloprovincialisgills (45 g) ground in 0.1 acetic acid (90 ml,
clear supernatantp 0.1 M ammonium acetate, pH 5.8; gradient elution pH 5.8; 0.4 — 0.8 M ammonium acetate; mixing chamber: 200 ml of
solution A. Hen egg-white lysozyme was used as a standard.

zyme from Mytilus galloprovincialis. The enzyme was lular bacteria than thdytilidae Bathymodiolusble to
eluted with the ammonium acetate gradient between 0.48lter feed; yet this ability is reduced when compared
and 0.5m. This value is nearly the same for tmlyp-  with the littoral nonsymbiotic Mytilidae (Page et al.
togenaKN5 and KN7 lysozymes and slightly different 1991; Pranal 1995).
for the Calyptogena magnificenzyme (0.28-0.3W). The bivalve families considered the most ancient from
The purity of the lysozymes was ascertained by N-a phylogenetic point of view comprise the majority if not
terminal sequence analysis and their molecular massdhe totality of the symbiotic species. Reid and Brand
were determined by SDS-PAGE (15,500 + 1,000). (1986) suggested that the acquisition of symbiotic bac-
Figure 2 reports the N-terminal sequences (betweeteria by lucinarean bivalves in the Paleozoic sponsored
16 and 24 amino acids) of the six lysozymes. The thredheir survival and subsequent diversification in the Me-
Vesicomyidae lysozymes on one side and the three Mytisozoic. Furthermore, fossil forms of the genera Bathy-
lidae enzymes on the other side are quite homologousnodiolus, Lucina, Thyasira, Solemya, and Achorax were
with molecular differences more pronounced betweerobserved in the fossil sources of the Pliocene and Mio-
the two families than among the species of a same fameene in different parts of the world (Niitsuma et al. 1989;
ily. Campbell 1992; Taviani 1994; Gaillard et al. 1992).
Using these data it can be asserted that all the lysoMore ancient fauna have ever been described at the end
zymes found are homologous to the previously describeadf the Jurassic (Gaillard and Rolin 1988) and the early
Asterias rubengysozyme (Jolle and Jolle 1975), which  Cretaceous, in which isotopically light carbonates appear
was claimed to be the representative of a new lysozyméo have formed from bacterial oxidation (Beauchamp et
family—the invertebrate lysozymes—as its N-terminalal. 1989).
sequence is not recognizably related to the other known The appearance of these symbiotic forms long before
N-terminal ones from the lysozyme families known thusthe emergence of mammals, in areas where the environ-
far. ment probably was very close to those containing sym-
A characteristic common to all the symbiotic speciesbiotic molluscs, could only materialize via the acquisi-
is the simplification and reduction of the digestive tube.tion of a process of nutrition that allowed the host to
Different degrees can be found, and the vesicomyidecover the organic material elaborated by its bacterial
clams appear more strictly dependent on their endocelsymbionts. Thus, it seems justified to suggest that a ly-
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LYSOZYMES
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Asterias rubens s PVPSGELRCICVVESGCRMPN

Vesicomyidae

Calyptogena magnifica F A I|G|M|V|S Q A[C|L R|C I C|L R|E

Calyptogena KN7 F A Q|G|M|V|S Q A|IC|L R|C I C{L R|E SIKC K P V

Calyptogena KN5 F V Q|G|M|V|S Q A{C|L R|C I C|L R|E S|[KC K P
Mytilidae

Muytilus galloprovincialis G|L|V|S D K|CI[M R|C I C|[M VI|E S

Bathymodiolus Luckystrike G|L|V|s P R|C|M S|{Cc I C|Q V|E s

Bathymodiolus Yokosuka G Lﬂ S P KI_CJ M G|C I C|{Q V|E S

Fig. 2. N-terminal sequence of three Vesicomyidae and three Mytilidae lysozymes: comparison witbtéhias rubensysozyme (Jolle and
Jolles 1975). Identical amino acids in all the lysozymes lam&ed.The one-letter amino acid abbreviatiosystem was used.

sozyme with a digestive role allowed such a process t@hon, ENS Paris), “Yokosuka” (E. Ruellan, CNRS, Sophia Antipolis),
take place. and “Lucky Strike” (C. Langmuir, Lamont-Doherty Earth Observa-

T T tory, Palisades, NY, USA) for their kind invitation on board. Thanks
Insofar as the “digestive” mollusc lysozymes are also to the crew of the shipéadir (France),Y okosukdJapan)Atlantis

structurally different from the ruminant enzymes, it | (ysa) and of the submersiblesautile (France) Shinkai 6500(Ja-
seems to be a question of functional convergence whichan), andAluin (USA) for help in collection of the samples. The skillful
reappeared later in the course of the evolution. technical assistance of Mrs. M. Berger and Mr. Ly Q.L. is gratefully
The animals from very distant sites (Galapagos, Ja@cknowledged.

pan, Fiji, the Atlantic) all possess structurally related This is publication No. 133 on lysozyme from the laboratory of P.J.
lysozymes which might derive from a common ancestor.
In the case of the Mytilidae the lysozymes found in sym-
biotic as well as in nonsymbiotic species are quite simi-

lar.
T . _ Beauchamp B, Harrison C, Nassichuck WW, Eliuk LS (1989) Lower
Although lysozyme activity in the gills of the non cretaceous (Albian) serpulid-bivalve carbonate “mounds” related

symbiotic speciedv. edulisis much lower than in the to hydrocarbon seep. Canadian Artic Archipelago. In: Geldsetzer
symbiotic ones (Fiala-Miioni et al. 1994), a nonnegli- HH et al. (eds) Reefs, Canada and adjacent area. Can Soc Petrol
gible lysozyme activity is present in the digestive gland  Geol Mem 13:706-712

of M. edulis,where the absorption of the filtered bacteria Campbell KA (1992) Recognition of a Mio-Pliocene cold seep setting

associated with particles in the feeding current takes from.the Northeast Pacific convergent margin, Washington USA.
Palaios 7:422-433

place (McHenery et al. 1_986)- Cavanaugh CM (1993) Methanotroph-invertebrate symbioses in the
The lysozymes found in molluscs (present study) and  marine environment: ultrastructural, biochemical and molecular
in Asterias rubengJolles and Jolle 1975) belong to the studies. In: Microbial growth on Ccompounds. Intercept, An-

same lysozyme family, invertebrate lysozymes, different  dover, UK _ _
from the other |ysozyme families characterized so far (C- Childress JJ, Fisher CR (1992) The biology of hydroytermal vent ani-
' mals: physiology, biochemistry and autotrophic symbioses. Ocean-

g-, phage, bacteria, plant types) and not (yet) found in ogr Mar Biol Annu Rev 30:337—444

vertebrates (Joleand Jolle 1984). But all lysozymes, popson DE, Prager EM, Wilson AC (1984) Stomach lysozymes of
whatever their origin, have the same specificity: they ruminants I. J Biol Chem 259:11607-11616

cleave the glycosidic bond between the C-1 Nf Fiala-Madioni A (1984) Mise erieidence par microscopideztronique
acetylmuramic acid and the C-4 Bfacetylglucosamine a transmission de’#bondance de bécies symbiotiques dans la

. . . . branchie de Mollusques bivalves de sources hydrothermales pro-
in the bacterial peptidoglycan, although the experimental fondes C R Acad Sci Paris 298(17):487—492
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