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The role of type 1 fimbriae in the interactions between Escherichia coli and Mytilus galloprovincialis Lam.
hemocytes was evaluated. The association of fimbriated strain MG155 with hemocyte monolayers at 18°C was
1.5- and 3- to 4-fold greater than the association of unfimbriated mutant AAEC072 in artificial seawater and
in hemolymph serum, respectively. Such differences were apparently due to different adhesive properties since
MG155 adhered more efficiently than AAEC072 when hemocytes were incubated at 4°C to inhibit the internalization process. Hemolymph serum increased both association and adherence of MG155 two- to threefold
but did not affect association and adherence of AAEC072. MG155 was also 1.5- to 1.7-fold more sensitive to
killing by hemocytes than AAEC072, as evaluated by the number of culturable bacteria after 60 and 120 min
of incubation. The role of type 1 fimbriae in MG155 interactions with hemocytes was confirmed by the
inhibitory effect of D-mannose. In in vivo experiments MG155 cells were cleared from circulating hemolymph
more rapidly than AAEC072 cells were cleared. These results confirm that surface properties are crucial in
influencing bacterial persistence and survival within mussel hemolymph.
factors, such as opsonizing lectins and hydrolytic enzymes (1, 7,
9, 14, 22, 24, 31, 33). The capacities of different bacteria to
survive hemolymph microbicidal activity depend on their sensitivities to combinations of these factors.
At present, why certain bacteria are more sensitive than
others to hemolymph killing is not fully understood. The role
of bacterial cell wall ligands in the mechanisms of recognition
of microorganisms by host cells has been extensively analyzed
in humans (17–19). For instance, it has been shown that type 1
fimbriae expressed by Escherichia coli strains enable these organisms to adhere to several types of epithelial cells, mediate
attachment to human polymorphonuclear leukocytes, and trigger intracellular killing (17, 18, 28).
Although several studies have described the bactericidal activity of marine bivalve hemolymph (2, 12, 16), few authors
have examined in detail the bacterial surface properties that
may influence the interactions with hemocytes (8, 11). Since
type 1 fimbriae can be expressed by several enteropathogenic
bacteria (28) that are introduced into the aquatic environment
through fecal contamination and can be concentrated by bivalve molluscs (5), a study was designed to investigate the role
of these ligands in the fate of bacteria within mussel hemolymph. In this paper we describe interactions of fimbriated and
unfimbriated E. coli strains with hemocytes of Mytilus galloprovincialis Lam. Mussels were chosen as representatives of important and appreciated seafood in the Mediterranean area,
where cultivation of these animals is extensive.
E. coli MG1655 (⫽CGSC6300) (10), a wild-type strain carrying type 1 fimbriae, and an unfimbriated derivative of this
strain, AAEC072 ⌬fim (3), were used in this study. All cultures
were grown in Luria-Bertani (LB) broth (27) at 37°C for 18 h
under static conditions. To radiolabeled bacteria, the strains
were grown overnight in LB broth containing 10 Ci of [meth-

Marine bivalves (such as mussels, clams, and oysters) are
filter feeders and use ciliated gill epithelia and mucous membranes to sieve suspended food particles from the aquatic
environment (2, 5, 23, 29). Bivalves are also able to trap and
accumulate bacteria and viruses present in the harvesting waters and may act as passive carriers of human pathogens. Two
general groups of pathogenic bacteria may be transmitted by
bivalves: bacteria indigenous to the marine environment, predominantly members of the family Vibrionaceae, which may be
pathogenic for humans; and nonindigenous bacterial pathogens that are shed into the water from infected animals and
humans. Consumption of raw or inadequately cooked bivalves
has been implicated in numerous food-poisoning outbreaks;
thus, the microbial flora of these animals is of great concern to
public health.
Shellfish depuration in controlled waters is used extensively
worldwide to decrease the number of unwanted microorganisms to levels acceptable for human consumption. Bacteria
have different sensitivities to this purification procedure (15,
20, 21, 26); for instance, some Vibrio species have been reported to be particularly resistant to the process and are able
to persist and multiply within shellfish tissues (12, 16, 29).
A relationship between bacterial resistance to depuration
and sensitivity to hemolymph killing activity has been suggested (11). In fact, shellfish hemolymph contains both hemocytes, which are responsible for cellular defense mechanisms
(i.e., phagocytosis, production of reactive oxygen intermediates, and release of lysosomal enzymes), and humoral defense
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D-mannose and D-galactose at a final concentration of 2 mg
ml⫺1.
To evaluate bacterial sensitivity to killing by hemocytes, E.
coli suspensions (about 3 ⫻ 107 CFU ml⫺1 each) were added
to hemocyte monolayers at 18°C in the presence of hemolymph
serum as described above. Triplicate preparations were made
for each sampling time. Immediately after inoculation (zero
time) and after 60 and 120 min of incubation, supernatants
were collected from the monolayers and hemocytes were lysed
by adding cold distilled water and agitating the preparations
for 10 min. The supernatants and lysates were pooled, 10-fold
serially diluted, and plated onto LB agar to enumerate the
culturable bacteria. Percentages of killing were determined in
comparison to values obtained at zero time. To evaluate the
presence of endogenous bacteria in hemocytes, we included
controls consisting of hemocyte monolayers without additional
bacteria. The number of CFU in controls never exceeded 0.1%
of the number in experimental samples. To detect and correct
for bacterial growth in hemolymph serum, separate samples
were seeded with bacteria and 1.5 ml of sterile hemolymph
serum. No appreciable bacterial growth was observed at the
same time intervals used in the killing experiments. All the
experiments were also performed in the presence of D-mannose and D-galactose at a final concentration of 2 mg ml⫺1.
Filter-sterilized ASW was used in all experiments.
When bacterial clearance was studied, 50 l of each bacterial suspension (1 ⫻ 109 CFU ml⫺1) was injected into the
anterior adductor muscle of 15 mussels. The mussels were
placed in a plastic tank containing filter-sterilized ASW at 18°C
(0.5 liter/mussel). Before the first hemolymph sample was removed, the injected bacterial suspension was allowed to equilibrate for 30 min in the whole hemolymph volume, as previously described for other bivalves (1). At this time (arbitrarily
considered zero time) and after another 60 and 120 min, 0.1-ml
hemolymph samples were withdrawn from the anterior adductor muscles of five animals; each sample was placed in a tube
containing 9.5 ml of sterile distilled water and mixed to osmotically lyse the hemocytes. Tenfold serial dilutions in PBS of this
lysate were plated onto LB agar. We also included controls in
which hemolymph samples withdrawn from a parallel set of 15
noninjected animals were plated and incubated under the conditions described above. The hemolymph samples from control
mussels were virtually free of bacteria.
Hemolymph serum agglutination assays were performed as
previously described (32) by challenging bacteria with serial
twofold dilutions of filter-sterilized hemolymph serum in
round-bottom microtiter plates. A positive reaction consisted
of an even layer of bacteria spread over the surface of a Ushaped well. Agglutination was also checked by microscopic
examination (magnification, ⫻1,000). The agglutination titer
(AT) was the reciprocal of the highest dilution that showed
agglutination activity. Adsorbed hemolymph serum was obtained by adding 0.1 ml of a bacterial suspension (2 ⫻ 109
bacteria ml⫺1) to 2 ml of hemolymph serum. After 2 h of
incubation at 4°C, the bacteria were removed by centrifugation, the supernatant was treated as described above, and the
procedure was repeated three times.
Data, representing means based on at least three separate
trials, were analyzed for significance by the Mann-Whitney U
test. Differences were considered significant at P ⱕ 0.05.
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yl-3H]thymidine (25 Ci/mmol) ml⫺1. Cells were then harvested
by centrifugation (3,000 ⫻ g for 15 min at 4°C), washed three
times with phosphate-buffered saline (PBS) (0.1 M KH2PO4,
0.1 M Na2HPO4, 0.15 M NaCl; pH 7.2 to 7.4), and resuspended
in PBS at an A650 of 1 (2 ⫻ 109 to 4 ⫻ 109 CFU ml⫺1). The
number of counts per minute per milliliter and the number of
CFU per milliliter were evaluated to calculate the efficiency of
cell labeling (number of CFU per count per minute), which
varied in the different bacterial preparations from 120 to 330
CFU/cpm. Mussels (M. galloprovincialis Lam.) were obtained
from the Casa del Pescatore depuration plant (Cattolica, Italy)
during spring 1999. The average monthly temperature and
average salinity at the collection site were 15°C and 35‰,
respectively. Mussels were transferred to the laboratory, the
epibiota was removed, and the mussels were kept in an aquarium at 16°C in static tanks containing artificial seawater (ASW)
(1 liter/animal) for 1 to 3 days before they were used; the
seawater was changed daily. Hemolymph was extracted from
the posterior adductor muscle of at least 30 mussels for each
experiment by using a sterile 1-ml syringe with an 18-gauge,
0.5-in.-long needle (4). After the needle was removed, the
hemolymph was filtered through sterile gauze and pooled in
50-ml Falcon tubes at 4°C. To obtain hemolymph serum (i.e.,
hemolymph free of cells), whole hemolymph was centrifuged
at 200 ⫻ g for 10 min, and the supernatant was passed through
a filter (pore size, 0.22 m) to sterilize the hemolymph serum.
To study bacterium-hemocyte interactions, the number of
hemocytes per milliliter of hemolymph was determined before
each trial to obtain the desired experimental ratio of hemocytes to bacteria (1:10). A separate aliquot of hemolymph was
stained with 1% (vol/vol) Gram’s crystal violet in ASW, and the
cells were counted by microscopic examination with a Thoma
chamber. An approximately 0.3-ml portion of hemolymph
(corresponding to about 2 ⫻ 106 to 3 ⫻ 106 cells) was seeded
onto glass coverslips (20 by 22 mm) placed in plastic culture
dishes. The coverslips were incubated at 18°C for 30 min. After
nonadherent hemocytes were removed by gently washing the
preparations three times with 3 ml of ASW, 1.5 ml of either
ASW or hemolymph serum containing radiolabeled bacteria at
a final concentration of 2 ⫻ 107 to 3 ⫻ 107 CFU ml⫺1 was
added, and the dishes were incubated with gentle shaking at
either 18°C (to evaluate all associated bacteria [i.e., attached
plus internalized]) or 4°C (to evaluate attached bacteria only).
Triplicate preparations were made for each sample. After 60
and 120 min of incubation the coverslips were rinsed three
times with 3 ml of cold ASW to remove nonadherent bacteria
and transferred to PICO-FLUOR 15 scintillation fluid (Packard Instrument Company Inc., Meriden, Conn.). The number
of counts per minute per coverslip was evaluated with a Beckman L5 1801 scintillation counter. For each sample, the number of bacteria per monolayer was calculated by multiplying
the counts per minute by the efficiency of cell labeling. The
values obtained by this method included both live bacteria and
bacteria killed by the hemolymph. To evaluate background
counts due to bacterial attachment to coverslips, triplicate samples for each treatment were added to coverslips without hemocytes; the radioactivity of these controls (typically 50 to 250
cpm) was subtracted from the sample values. Bacterium-hemocyte interactions were also evaluated in the presence of
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TABLE 1. Association of fimbriated strain MG155 and
unfimbriated strain AAEC072 of E. coli with
M. galloprovincialis hemocytes at 18°C
No. of bacteria/monolayer (105)
Strain and exptl conditions

MG155
AAEC072
MG155 ⫹
MG155 ⫹
AAEC072
AAEC072

No. of bacteria/monolayer (105)
Strain and exptl conditions

Hemolymph serum

60 min

120 min

60 min

120 min

15 ⫾ 0.8a
10 ⫾ 0.5
11 ⫾ 0.7
16 ⫾ 0.9
11 ⫾ 0.9
11 ⫾ 0.8

31 ⫾ 2.5
20 ⫾ 1.2
23 ⫾ 1.1
33 ⫾ 1.9
25 ⫾ 2.2
19 ⫾ 0.8

31 ⫾ 2.1
11 ⫾ 0.9
14 ⫾ 0.6
35 ⫾ 2.5
13 ⫾ 0.6
11 ⫾ 0.8

83 ⫾ 6.5
19 ⫾ 1.1
28 ⫾ 1.9
88 ⫾ 7.9
21 ⫾ 1.9
24 ⫾ 2.1

Mean ⫾ standard deviation.

To study the role of type 1 fimbriae in E. coli interactions
with Mytilus hemocytes, a wild-type strain expressing type 1
fimbriae (MG155) and an unfimbriated mutant (AAEC072)
were used to infect hemocyte monolayers in both ASW and
hemolymph serum at 18°C. Table 1 shows that in both ASW
and hemolymph serum, the association of the fimbriated strain
with hemocytes was greater than the association of the mutant
lacking fimbriae after both 60 and 120 min of incubation (P ⱕ
0.05). Moreover, the presence of hemolymph serum greatly
increased the association of the fimbriated strain (P ⱕ 0.05),
but it did not affect the association of the unfimbriated mutant.
The observed differences between the two strains were more
evident in hemolymph serum than in ASW; under the former
conditions the association of the fimbriated strain was three- to
fourfold greater than the association of AAEC072, whereas
under the latter conditions the number of associated fimbriated bacteria was only about 1.5-fold greater than the number
of unfimbriated cells.
To verify that the observed differences between the two
strains were due to the presence of type 1 fimbriae, we took
advantage of the fact that these ligands bind D-mannose, methyl-␣-D-mannoside, and other D-mannose derivatives (18).
Therefore, the same experiment was performed in the presence of D-mannose. As shown in Table 1, D-mannose reduced
the association of the fimbriated strain (P ⱕ 0.05), whereas it
did not affect the association of the mutant. Interestingly, the
reduction in association due to D-mannose was greater in hemolymph serum (55 to 66%) than in ASW (26 to 27%). DGalactose did not affect the association of either strain.
Adhesion is one of the key factors that affect bacterial and
mammalian cell interactions (19). To clarify to what extent the
observed differences in the association of the two strains with
mussel hemocytes were due to different adherence capabilities,
the same experiment was performed at 4°C. At this temperature the internalization process is almost completely inhibited
both in mussel hemocytes (Canesi, personal observations) and
in clam hemocytes (30). As shown in Table 2, both in the
presence and in the absence of hemolymph serum, more
MG155 cells than AAEC092 cells adhered to hemocytes (P ⱕ
0.05) after both 60 and 120 min of incubation. This difference
was particularly evident in the presence of hemolymph after
120 min of incubation. Moreover, hemolymph serum significantly increased the adherence of the fimbriated strain (P ⱕ
0.05) but did not affect the adherence of the unfimbriated

ASW
60 min

MG155
AAEC072
MG155 ⫹
MG155 ⫹
AAEC072
AAEC072
a

9 ⫾ 0.6a
5 ⫾ 0.4
D-mannose
6 ⫾ 0.5
D-galactose
10 ⫾ 0.8
⫹ D-mannose
5 ⫾ 0.4
⫹ D-galactose 7 ⫾ 0.6

Hemolymph serum

120 min

60 min

120 min

19 ⫾ 1.2
9 ⫾ 0.7
10 ⫾ 0.9
21 ⫾ 1.9
11 ⫾ 1.0
9 ⫾ 0.8

20 ⫾ 1.7
5 ⫾ 0.3
8 ⫾ 0.7
21 ⫾ 1.8
6 ⫾ 0.5
5 ⫾ 0.4

55 ⫾ 4.9
9 ⫾ 0.9
14 ⫾ 1.3
58 ⫾ 4.9
10 ⫾ 0.9
11 ⫾ 0.9

Mean ⫾ standard deviation.

mutant. The adherence of the fimbriated strain in hemolymph
serum was four to six times greater than that of AAEC072,
whereas in ASW the number of adherent fimbriated bacteria
was only about twice the number of adherent unfimbriated
cells. In the presence of D-mannose, adhesion of fimbriated
bacteria was significantly reduced both in ASW and in hemolymph serum (P ⱕ 0.05), whereas adherence of the unfimbriated strain was not affected (Table 2). No effect was observed
with D-galactose.
These data demonstrate that type 1 fimbriae play a role in
the surface interactions between E. coli and mussel hemocytes
and indicate that the difference in association between the two
strains studied could be largely due to differences in adhesion
both in ASW and in hemolymph serum. The results obtained in
ASW indicate that mussel hemocytes express receptors for
type 1 fimbriae; on the other hand, the results obtained in the
presence of hemolymph serum suggest that humoral factors
may specifically opsonize fimbriated bacteria, enabling them to
more efficiently interact with hemocytes. Therefore, the presence in hemolymph serum of agglutinating molecules was
tested by challenging the strains with mussel hemolymph serum and evaluating the AT. Since we observed no difference
between the two strains (AT ⫽ 16), a similar experiment was
performed after hemolymph serum adsorption with the unfimbriated mutant to remove common agglutinins. Although
AAEC072-adsorbed hemolymph serum was no longer able to
agglutinate the unfimbriated bacteria, it still caused agglutination of the fimbriated cells (AT ⫽ 4); this agglutination was
inhibited by D-mannose. These data support the hypothesis
that hemolymph serum contains agglutinins specific for type 1
fimbriae and that the agglutinins may play a role in mediating
interactions with hemocytes.
The possibility that the observed differences between the
two strains could lead to differences in sensitivity to hemocyte
bactericidal activity was investigated. In vitro experiments
showed that fimbriated strain MG155 was more sensitive to
killing by hemocyte monolayers than mutant AAEC072 was. In
fact, after 60 and 120 min of incubation, the percentages of
culturable bacteria compared to the zero-time values were 49
and 30%, respectively, for the fimbriated strain and 67 and
52%, respectively, for the unfimbriated strain. All differences
between the two strains were statistically significant (P ⱕ 0.05).
In the presence of D-mannose (but not D-galactose), MG155
sensitivity to killing did not differ significantly from AAEC072
sensitivity to killing. Neither sugar affected the sensitivity of the
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a

D-mannose
D-galactose
⫹ D-mannose
⫹ D-galactose

ASW

TABLE 2. Adherence of fimbriated strain MG155 and unfimbriated
strain AAEC072 of E. coli to M. galloprovincialis hemocytes at 4°C
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FIG. 1. Survival of fimbriated strain MG1655 and unfimbriated
strain AAEC072 of E. coli in hemocyte monolayers in vitro (A) and in
mussel hemolymph in vivo (B). (A) Number of culturable bacteria per
milliliter in the hemocyte monolayer. Symbols: ■, MG1655; 䊐,
AAEC072; F, MG1655 in the presence of D-galactose; E, MG1655 in
the presence of D-mannose. (B) Number of culturable bacteria per
milliliter of hemolymph. In this experiment, zero time corresponded to
30 postinjection (that is, the time interval required for hemolymph to
reach equilibrium after bacterial injection), as described in the text.
Symbols: ■, MG1655; 䊐, AAEC072. Bars indicate standard deviations.
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Trends in microbial ecology. Spanish Society for Microbiology, Barcelona,
Spain.
3. Blomfield, I. C., M. S. Clain, and B. I. Eisenstein. 1991. Type 1 fimbriae
mutants of Escherichia coli K12: characterization of recognized afimbriated
strains and construction of new mutants. Mol. Microbiol. 5:1439–1445.
4. Chen, J. H., and C. J. Bayne. 1995. Bivalve mollusc hemocyte behaviours:
characterization of hemocyte aggregation and adhesion and their inhibition
in the California mussel (Mytilus californianus). Biol. Bull. (Woods Hole)
188:255–266.
5. De Leon, R., and L. A. Jaykus. 1997. Detection of the presence of bacteria
and viruses in shellfish, p. 203–212. In C. J. Hurst, G. R. Knudsen, M. J.
McInerney, L. D. Stetzenbach, and M. V. Walter (ed.), Manual of environmental microbiology. American Society for Microbiology. Washington, D.C.
6. Firon, N., I. Ofek, and N. Sharon. 1984. Carbohydrate-binding sites of the
mannose-specific fimbrial lectins of enterobacteria. Infect. Immun. 43:1088–
1090.
7. Fryer, S. E., and C. J. Bayne. 1996. Host-parasite interactions in molluscs, p.
131–153. In B. Rinkevich and W. E. G. Muller (ed.), Invertebrate immunology. Springer Verlag, New York, N.Y.
8. Genthner, F. J., A. K. Volety, L. M. Oliver, and W. S. Fisher. 1999. Factors
influencing in vitro killing of bacteria by hemocytes of the eastern oyster
(Crassostrea virginica). Appl. Environ. Microbiol. 65:3015–3020.
9. Glinski, Z., and J. Jarosz. 1997. Molluscan immune defenses. Arch. Immunol. Ther. Exp. 45:149–155.
10. Guyer, M. S., R. R. Reed, J. A. Steitz, and K. B. Low. 1980. Identification of
a sex-factor-affinity site in E. coli gd. Cold Spring Harbor Symp. Quant. Biol.
45:135–140.
11. Harris-Young, L., M. L. Tamplin, W. J. Mason, H. C. Aldrich, and K.

Downloaded from http://aem.asm.org/ on February 28, 2021 by guest

observed higher bactericidal activity of mussel hemolymph towards E. coli strains expressing type 1 fimbriae.
In vivo experiments with bacterium-injected mussels showed
that a fimbriated E. coli strain was more efficiently cleared
from circulating hemolymph than its unfimbriated derivative.
In fact, the number of culturable MG155 cells was significantly
lower than the number of AAEC072 cells (P ⱕ 0.05) at both 60
and 120 min (Fig. 1B). In particular, at 120 min the number of
CFU per milliliter of hemolymph was about 14-fold lower than
the number present at zero time for MG155, whereas only a
2.5-fold decrease was observed with AAEC072. These data
suggest that surface properties of bacteria could also influence
the interactions with mussel host cells in vivo. The faster clearance of the fimbriated strain may have been due to its greater
sensitivity to hemolymph killing; however, the possibility that
some fimbriated bacteria could have adhered to tissues along
the sinus wall cannot be ruled out.
These data, although preliminary, are of interest considering
that type 1 fimbriae are also expressed by human pathogens
(e.g., Salmonella spp.) that are transmitted to humans by shellfish cultured in unsafe waters (5). Since type 1 fimbria oligosaccharide receptors are different in different genera (6, 13),
the role of these structures in the interactions of pathogenic
species other than E. coli with hemocytes and other mussel cell
types is currently under investigation.
Overall, our results show the role of surface properties in the
interactions between bacteria and mussel hemocytes and suggest that these properties may affect the fate of bacteria in
bivalve tissues. Understanding the molecular basis of such interactions may elucidate the mechanisms that influence enteric
bacterial ecology in the marine environment.

468

12.

13.

14.
15.

17.
18.
19.
20.
21.

Jackson. 1995. Viability of Vibrio vulnificus in association with hemocytes of
the American oyster (Crassostrea virginica). Appl. Environ. Microbiol. 61:
52–57.
Jones, S. H., T. L. Howell, and K. O’Neill. 1991. Differential elimination of
indicator bacteria and pathogenic Vibrio sp. from eastern oyster (Crassostrea
virginica Gimelin, 1971) in a commercial controlled purification facility in
Maine. J. Shellfish Res. 10:105–112.
Korhonen, T. K., H. Leffler, and C. Svanborg-Eden. 1981. Binding specificities of piliated strains of Escherichia coli and Salmonella specificity to epithelial cells, Saccharomyces cerevisiae cells, and erythrocytes. Infect. Immun.
32:796–804.
Leclerc, M. 1996. Humoral factors in marine invertebrates, p. 1–9. In B.
Rinkevich and W. E. G. Muller (ed.), Invertebrate immunology. Springer
Verlag, New York, N.Y.
Marino, A., G. Crisafi, T. L. Maugeri, A. Nostro, and V. Alonzo. 1999.
Uptake and retention of Vibrio cholerae non O1, Salmonella typhi, Escherichia coli and Vibrio harveyi by mussels in sea water. Microbiologica (Bologna) 22:129–138.
Murphree, R. L., and M. L. Tamplin. 1992. Retention of Vibrio cholerae O1
in Crassostrea virginica under conditions of controlled purification. J. Shellfish Res. 11:202.
Ofek, I., and N. Sharon. 1988. Lectinophagocytosis: a molecular mechanisms
of recognition between cell surface sugars and lectins in the phagocytosis of
bacteria. Infect. Immun. 56:539–547.
Ofek, I., R. F. Rest, and N. Sharon. 1992. Nonopsonic phagocytosis of
microorganisms. ASM News 58:429–435.
Ohman, L., G. Maluszynska, E. Magusson, and O. Stendahl. 1988. Surface
interaction between bacteria and phagocytic cells. Prog. Drug Res. 32:131–
147.
Olafsen, J. A., H. V. Mikkelsen, H. M. Giaever, and G. H. Hansen. 1993.
Indigenous bacteria in hemolymph and tissues of marine bivalves at low
temperatures. Appl. Environ. Microbiol. 59:1848–1854.
Perkins, F. O., D. S. Haven, R. Morales-Alamo, and M. W. Rhodes. 1980.

APPL. ENVIRON. MICROBIOL.
Uptake and elimination of bacteria in shellfish. J. Food Prot. 43:124–126.
22. Pipe, R. K. 1990. Differential binding of lectins to hemocytes of the mussel
Mytilus edulis. Cell Tissue Res. 261:261–268.
23. Prieur, D., G. Mevel, J. L. Nicolas, A. Plusquellec, and M. Vigneulle. 1990.
Interactions between bivalve molluscs and bacteria in the marine environment. Oceanogr. Mar. Biol. Annu. Rev. 28:277–352.
24. Renwranz, L. 1990. Internal defence system of Mytilus edulis, p. 256–275. In
G. B. Stefano (ed.), Neurobiology of Mytilus edulis. Manchester University
Press, Manchester, United Kingdom.
25. Renwrantz, L., D. Joachim, and P. D. Hansen. 1985. Lectin binding to
hemocytes of Mytilus edulis. Dev. Comp. Immunol. 9:203–210.
26. Richards, G. P. 1988. Microbial purification of shellfish: a review of depuration and relaying. J. Food Prot. 51:218–251.
27. Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular cloning: a
laboratory manual, 2nd ed. Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, N.Y.
28. Sharon, N. 1987. Bacterial lectins, cell-cell recognition and infectious diseases. FEBS Lett. 217:145–157.
29. Shumway, S. E. 1992. Mussels and public health, p. 511–542. In E. Gosling
(ed.), The mussel Mytilus: ecology, physiology, genetics and culture. Elsevier,
Amsterdam, The Netherlands.
30. Tamplin, M. L., and G. M. Capers. 1992. Persistence of Vibrio vulnificus in
tissues of Gulf Coast oyster, Crassostrea virginica, exposed to seawater disinfected with UV light. Appl. Environ. Microbiol. 58:1506–1510.
31. Tripp, M. R. 1992. Phagocytosis by hemocytes of the hard clam, Mercenaria
mercenaria. J. Invertebr. Pathol. 59:222–227.
32. Tripp, M. R. 1992. Agglutinins in the hemolymph of the hard clam, Mercenaria mercenaria. J. Invertebr. Pathol. 59:228–234.
33. Vasta, G. R., M. Quesenberry, H. Ahmed, and N. O’Leary. 1999. C-type
lectins and galectins mediate innate and adaptive immune functions: their
roles in the complement activation pathway. Dev. Comp. Immunol. 23:401–
420.

Downloaded from http://aem.asm.org/ on February 28, 2021 by guest

16.

CANESI ET AL.

