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Chitin turnoveris essential for recycling carbon
and on the ocean floor. The ecological significance of this phenomproc- enon wasrecognized early in thiscentury (1).The ocean
nitrogen in marine
ecosystems. A key step in this
ess is the adhesion of marine bacteria to chitin-contain-waters would be completely depleted of carbon and nitrogen
ing particulates. Vibrio species were therefore surin a relatively short time if this highly insoluble polysacchaveyed for their ability to bind to immobilized carbo- ride could not be returned to the ecosystem in biologically
hydrates,
and
one, Vibrio
furnissii,
adhered
to
useful form. These investigators also recognized the existence
glycosides of three sugars, N-acetylglucosamine (the of a recycling process since marine sediments contain relapreferred ligand),D-mannose, and D-glucose. A single tively little chitin in spite of the rain. Zobell and Rittenberg
Ca2+-requiring lectinis responsible for binding to the
(2) resolved the apparent anomaly by showing that marine
three sugars.
Cells adhering to the chitin analogue dividedat the chitinivorous bacteria were veryabundant, widely distributed,
same rate as cells in liquid culture. The first progeny and could live under extreme conditions (e.g. 0-4 “ C ) .
of adherent cells continued to bind to the beads,
thebut This paper is the firstreport of our studies on chitin
population gradually shifted toa large fraction of free utilization by Vibrio furnissii, a species of Vibrionaceae, the
swimming cells, a process that may he necessary for most common marine bacteria. The Vibrios are Gram-negative, flagellated, motile, facultative anaerobic rod-shaped orcolonization.
Metabolic energy is required forcell adhesion to the ganisms, closely related to the Enterobacteriaceae, which
glycosides, and transient (orno) adhesion occurred in includes Escherichia coli and Salmonella typhimurium (3, 4).
incomplete growth media. The results were explained For example, the bacterial phosphoeno1pyruvate:glycosephosby studying met and p r o mutants. Both the initiation photransferase system is ubiquitous in the Vibrios, and the
and maintenance of lectin-mediated adhesion requires phosphoeno1pyruvate:glycose phosphotransferase system procontinuous protein synthesis; expression of lectin ac- teins of the Vibrios cross-react both antigenically and functivity is a major priority of these cells and functions tionally with those of E. coli and S. typhirnurium (5).
under conditions adequate
for minimal protein syntheV.furnissi was chosen for reasons that will becomeevident
sis, but insufficient to support cell growth.
in this report. The overall utilization of chitin by V. furnissii
The adhesion/deadhesion apparatus is apparently may be schematically illustrated as the result of a series of
used to continuously monitorthe nutrient status
of the steps shown in Fig. 1. The cells must either be able to sense
environment, i.e. as a nutrient sensorium. In incom- chitin or come into contact with it by random collision. The
plete medium, cells deadhere, presumably to migrate
bacteria must then be able to attach to thepolymer, degrade
to a more favorable environment.
itto soluble oligosaccharides, and these must be further
hydrolyzed either extracellularly or intracellularly (inthe
periplasmic space) to N-acetylglucosamine (GlcNAc). The
latter is taken up via the phosphoeno1pyruvate:glycose phosChitin, a homopolysaccharide composed of p,l,4-linked N - photransferase system as GlcNAc-6-P, converted to glucosaacetyl-D-glucosaminopyranosylresidues, is one of the most mine-6-P, and finally to fructose-6-P. We shall present eviabundant organic compounds in nature. The polysaccharide dence for each of these steps, but, contraryto our suppositions,
is found in the Kingdoms Fungi (molds, mushrooms), Plantae each step, particularly those that takeplace on the cell surface
(green algae), and especially in Animalia (e.g. segmented and in the periplasmic space (6,7),’ is far more complex (and
worms, mollusks, and arthropods).
interesting) than we had anticipated.
Chitin, designated “animal cellulose” in theearly literature,
The present report is concerned with the attachmentprocisa major component of the exoskeletons of insects and ess. For this purpose, we modified a procedure previously
crustacea, and this explains its wide distribution and great employed with tissue-cultured cells, hepatocytes, and Dictyosnatural abundance. For example, copepods, a single subclass teliumdiscoideum (9-13). Intact cells aretested for their
of marine zooplankton, produce billions of tons of the poly- ability to bind to immobilized carbohydrates, such as immosaccharide annually, resulting in a continuous “rain” of chitin bilizedGlcNAc, asynthetic simple analogue of chitin. V.
furnissii cells were found to bind to thesugar via a cell surface
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FIG. 1. The pathway of chitin degradation by V. furnissii.

In this scheme, the organism finds chitin by random collision or a
mechanism that remains to be defined, attaches to it, degrades it to
oligosaccharides which can enter the periplasmic space, further degrades the oligosaccharides to GlcNAc, and the latteris taken up via
the phosphoeno1pyruvate:GlcNAcphosphotransferase system (PTS).
A second, independent system (7) is used for the uptake and catabolism of (G~CNAC)~. Incytoplasm,
the
GlcNAc-6-P is converted in two
steps to fructose-6-P and ammonia. The accompanying papers (6,7)
and subsequent reports' will present evidence for the different steps
in the pathway. PEP, phosphoenolpyruvate.

surfaces, has been proposed to play an important role in the
infection of tissues, in the biofouling of marine surfaces, and
in ecological phenomena such as biodegradation.
As shown below, V. furnissii expresses a unique lectin (with
respect to sugar specificity), and, more interestingly, this
lectin is part of a complex apparatus that permits adhesion
to, and deadhesion from, immobilized carbohydrates. The
attachment apparatus appears to
function as partof a system
for continuous monitoring of the nutrient statusof the extracellular environment. A survey of other Vibrio species for
their lectin-like activities is also presented. Finally, the growth
and adhesive properties of cells bound to immobilized carbohydrates are compared to those grown under the usual conditions in suspension culture. A preliminary report has been
presented (15).

TABLE
I
Adhesion of Vibrio species to immobilized monosaccharides
Cells were grown with aeration at 25 "C. V. furnissii and V. parahaemolyticus were labeled in the lactate, ammonia, phosphate 50%
ASW medium, while all other species were grown and labeled in the
peptone-yeast extract medium described under "Materials and Methods.'' Cells were grown to midexponential phase and used directly in
the assay without washing. Adhesion assays were performed as described in the text except that the cells and beads were incubated in
growthmedia and only
complete, [32P]orthophosphate-containing
single time pointswere taken, after 2 h of incubation. The results are
presented as the ratio of cells adhering to the glycoside beads compared to cells bound to the 6-aminohexanol-derivatizedbeads (AH).
The values in parentheses under AH represent the number of adherent cells to control (AH) beads X
Species"

Relative cell adhesion t o

AH-

Gal- Man- GlcGlcNAc-

Man-specific
1.88
1 (0.04) 1.38 21.3 4.50
V. parahaemolyticus
V. aestuarianus
l(O.19) 1.49 4.38 1.41 1.19
l ( 0 . 1 7 ) 1.14 3.20 0.74 0.57
V. fisheri
V. alginolyticus
l ( 6 . 9 0 ) 1.45 2.16 1.00 0.82
V. diazotrophicus
l ( 1 . 6 0 ) 1.75 2.13 0.69 1.25
l(O.10) 1.15 2.40 2.15 1.15
V. fluvialis
GlcNAc-specific
1 (0.31) 1.14 0.78
0.75
5.20
V. damsela
GlcNAc-, Glc-, Man-specific
1 (0.11) 1.00 3.91 3.55 6.09
V. furnissii
a Other species tested include V. anguillarum, V. mediterranei, V.
carchariae, V. uulnificus, and V. cincinnatiensis; these organisms
showed low to no carbohydrate-specific binding.

Adhesion of Vibrios to Immobilized Monosaccharides- V.
parahaemolyticus was tested to determine the validity of the
assay procedure. This organism has been reported to agglutinate erythrocytes via a mannose-specific lectin (14). As shown
in Fig. 2 (Miniprint), V. parahaemolyticus adhered to the
Man-beads, but not to the other sugars or the control, AHbeads. Similar experiments were therefore conducted with
eleven other Vibrio species, and some of the results are shown
in Table I. In additionto V.furnissii and V.parahuemolyticus,
sugar specificity was observed with the following: V. aestuarianus, V. fischeri, V. diazotrophicus, and possibly V. alginolyticus for mannose; V. damsela for GlcNAc; and a low, possibly
significant activity of V. fluvialis for mannose and glucose.
Two caveats should be made concerning the negative results. Three of the thirteen species tested showed no significant adhesion to any of the derivatives ( V . cincinatiensis, V.
mediterranei, V. vulnificus), and twogave such high backgrounds with the control AH-beads that sugar-specific binding was not considered significant ( V . anguillarum, V. carchariae). However, the negative results should not be inter-

preted to mean that these species do not have sugar-specific
lectins. First, the matrix of the beads, agarose, is composedof
galactose, so that any species expressing a galactose-specific
lectin may give a high background with the control beads.
Second, several bacterial lectins have ligand structural requirements much more complexthan thesimple monosaccharides tested in the present assay^.^ In addition, as we report
here, the bacterial lectin systems may be sensitive to growth
and assay conditions, and therefore a given organism could
yield negative or positive results depending on the experimental conditions. As we have reported (15), V. furnissii cells
adhered best to the GlcNAc-beads, and about half as avidly
(based on rate and extent) to Man- and
Glc-beads. There was
no significant binding of the cells to either Gal- or AH-beads.
The sugar specificity exhibited by V. furnissii appeared to
be unique, and thisorganism was therefore selected for further
study.
Specificity of V. furnissii Lectin(s)-The results shown in
Table I would be obtained if V. furnissii expressed either a
single lectin of broad specificity or as many as three lectins,
each specific for but one sugar. To answer this important
question, soluble carbohydrates were screened as potential
inhibitors of adhesion to the immobilized monosaccharides.
The results with GlcNAc-beads are summarized in Table 11.
The most effective carbohydrate inhibitors (at 1 mM) were
GlcNAc and itsderivatives, but cell binding to GlcNAc-beads
was also inhibited by Glc, Glc-disaccharides, Glc-glycosides,
and by Man and aMan-glycoside. @-Fucose also appeared to
be active.)
Further kinetic studies showed thatthe most effective
inhibitors were oligosaccharides derived from chitin. The
inhibitory effect of (GlcNAc)4in the adhesion assay is shown

* Portions of this paper (including "Materials and Methods" and
Figs. 2 and 5) are presented in miniprint at the end of this paper.
Miniprint is easily read with the aid of a standard magnifying glass.
Full size photocopies are included in the microfilm edition of the
Journal thatis available from Waverly Press.

In earlier work (11, 12), immobilized oligosaccharides, glycopeptides, glycolipids, and glycoproteins were used to study the binding of
hepatocytes and other cell types. These carbohydrate derivatives
could also be employed for experiments of the type reported in
Table I.

MATERIALS AND METHODS*
RESULTS

Physiological
Function
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TABLE
I1
Effects of inhibitors on adhesion of V. furnissii to GlcNAc-beads
V. furnissii adhesion toGlcNAc-beads was measured under standard conditions,except that parallel incubations contained1or 10 mM
concentrations of carbohydrates, or the indicated concentrations of
metabolic inhibitors. The mixtures were assayed after a30-min
incubation of cells and beads in lactate, phosphate, ammonia, 50%
ASW medium. Results are presented as percent inhibition. The data
are given for incubations containing 1 mM sugars, except for those
shown in parentheses, where 10 mM sugar concentrations were employed. All sugarsare of the D-configuration, and glycosides are
pyranosides unless otherwise indicated.
Compound

Inhibition

N-Acetylglucosamine derivatives
GlcNAc
90 (100)
p-Nitrophenyl 0-GlcNAc
95
p-Nitrophenyl a-GlcNAc
75
p-Aminophenyl 0-thio-GlcNAc
95
p-Aminophenyl @-GlcNAc
95
Phenyl @-GlcNAc
85
Phenyl a-GlcNAc
80
Methyl @-GlcNAc
70
Methyl a-GlcNAc
80
(GlcNAc),
95
Glucose derivatives
Glc
65 (85)
Phenyl @-Glc
69
Phenyl a-Glc
50
Methyl (3-Glc
30
Methyl a-Glc
64 (95)
2-Deoxy-Glc
64 (100)
Thiodiglucoside
58
L-Glc
0 (12)
Cellobiose
87 (100)
Laminaribiose
76
Trehalose
52 (83)
Sucrose
39 (100)
17 (88)
Maltose
Other sugars
Mannose
21 (100)
Phenyl a-mannoside
77
Galactose
0 (30)
Phenyl @-galactoside
5
Arabinose
10 (85)
L-Arabinose
0 (10)
Fucose
0 (24)
L-Fucose
40 (95)
Melibiose
19 (80)
Lactose
0 (60)
Metabolic inhibitors"
80
KCN (1 mM)
65
CCCP (50 p M )
(53% stimulated)
Monensin (50 p M )
91
CCCP monensin (50 p~ each)
72
Rifampicin (200 pg/ml)
67
Puromycin (200 pg/ml)
56
Chloramphenicol (200 pg/ml)
69
Formaldehyde (0.5%)
79
Glutaraldehyde (0.5%)
..
a KCN, CCCP, monensin, CCCP + monensin were added at zero
time. Rifampicin,puromycin,chloramphenicol,formaldehyde,
and
glutaraldehyde were preincuhated with the cells for 30 min a t room
temperature prior tomixing with the heads.
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FIG. 3. Effect of ( G ~ C N A C
on) ~the adhesion of V . furnissii
to GlcNAc-, Glc-, and Man-beads. Cells were grown and labeled
with ["P]Pi as described under"Materialsand
Methods." Each
reaction mixture, final
volume 110 gl, contained 0 to lo3p~ (GlcNAc)l
as indicated, 10 mg of sugar-derivatized beads, 0.5% lactate, 0.1%
NH4C1, 0.002% [32P]K,HP0,, buffered 50% ASW, and about 5 X lo6
cells. Cell adhesion was measured as described under "Materials and
Methods."
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FIG. 4. ( G ~ C N A C
reverses
)~
the adhesionof V. furnissii cells
to sugar-derivatized beads. The experiments were conducted as
described in Fig. 3 exceptthat (G1cNAc)l was omitted from the
( p ~
incubation mixtures. After 60 min, the indicated concentrations
of (GlcNAc), were added, the mixtures were incubated for an additional 15 to 60 min, and the headswere assayed for adherent cells.

)

binding to Glc and Man as to
GlcNAc.
We were also interested in determining whether the binding
of cells to immobilized sugarsis reversible. In Fig. 4, V.
furnissii was first allowed to adhere to
GlcNAc-, Glc-,or Manbeads for 60 min; (GlcNAc)r was then added to the mixtures
to final concentrations ranging from 1 p M to 1 mM. In each
case, the cells deadhered and the extent of deadhesion depended on the concentrationof the inhibitor. The important
result was that the concentrationdependence of the inhibitor
was similar for the different beadtypes, essentially the same
as the results obtained by adding the inhibitor at zero time
+
(Fig. 3).
To determine whether the reversibility phenomenon was
dependent upon the length of the incubation, cells were allowed to adhere to GlcNAc-beads for as long as 4 h, and l
mM ( G ~ C N A C
was
) ~ added at different times. As shown in Fig.
5 (see Miniprint), all cells deadhered when the tetraose was
added, even after 4 h of incubation with the beads.
These data therefore show that adhesion of V. furnissii to
the threeimmobilized sugars is sensitive to the same inhibitor
to similar extents, and adhesion is reversed by the inhibitor
in Fig. 3 (left panel).Inhibition was detectable at concentra- after at least4 h of incubation.
The inhibition experiments are consistent with concluthe
tions as low as 1 pM. At a final concentration of 1 mM, the
sion that V.furnissii expresses a unique bacterial lectin,which
binding toGlcNAc-beads was completelyinhibited.
If a singlelectin is responsible forthe bindingof V. furnissii binds toimmobilized N-acetylglucosamine, glucose, and manand, under these experimental conditions,
responsible
is
to the three immobilized monosaccharides, t h e n ( G ~ C N A C ) nose,
~
should also inhibit cell binding to the Glc- and Man-beads. for the attachment of the cells to the carbohydrates for at
least 4 h.
The kinetics of binding toGlc- and Man-beads in the presence
Ca2+ Requirement for V. furnissii Adhesion to GlcNAc-V.
of various concentrations of (GlcNAc)4 are also shown in Fig.
3. The tetrasaccharide is equally potent as an inhibitor of furnissii sugar-specific binding t o GlcNAc was inhibited when
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required for protein synthesis, at least not over a period of
2 h.
Our results thereforelead to theconclusion that bindingof
the cells to sugars is Ca2+-dependent.
Energy Requirements for Adhesion to Immobilized Carbohydrates".
furnissii cells do not adhere toGlcNAc-beads at
0 "C, although cells stored on ice for a t least 2 h express the
adhesive activity withouta lag when assayedat room temperature. However, if the cells are allowed to adhere to the beads
a t 22 "C and the mixture is cooled to 0 "C, the cells remain
attached to the beads (data not
shown). These results suggested the possibility that the initial bindingof intact cells to
the sugars is an energy-requiring
process.
This hypothesis was tested with fixatives and metabolic
-~
inhibitors.
Formaldehydeor
glutaraldehyde-fixed
cells
0
30 60 90 120 150
showed reduced adhesion to GlcNAc-beads, and, when formaldehyde was added to thecell-bead mixture after 60 min of
Time (min.)
FIG. 6. Effect of Ca2+ on the adhesion of V. furnissii to incubation, the cells detached from the beads (although at a
GlcNAc-beads. Cells were grown and labeled with ["'PpIPi as de- relatively slow rate).
The effects of inhibitors on the adhesion
of cells to GlcNAcscribed under "Materials andMethods," except that 0.2 M NaCl was
substituted for 50% ASW. The cells were harvested, washed, and beads were studied. The inhibitors were preincubated with
resuspended in 0.2 M NaCl buffered with 50 mM Hepes t o p H 7.5. the cells for 30 min prior to adding thebeads, were added at
Reactions were initiated by mixing 5.3 X lo6 labeled cells with 10 mg
zero time, or were added after the cells were permitted to
of GlcNAc-beads. The mixtures contained (in final volumes of 110
pl) labeled cells, 10 mg of beads, 0.5% lactate, 0.1% NH,CI, 0.002% adhere to the beads. Some of the results are shown in Table
11.
["P]K,HPO,, andtheindicatedquantities
of Ca2+orEGTAin
buffered 0.2 M NaC1. The arrow indicates the time of addition of 5
A combination of monensin and CCCP (50 p~ each) was
mM Ca2+ to suspensions containing2 mM EGTA.
the most effective of the metabolic inhibitors tested, either
when added at zero time or even after the cells had adhered.
EGTA4 or EDTA was added to the standard assay mixture. Potassium cyanide at 1 mM gave somewhat different results.
These experimentswere extended by washing and resuspend- Cell adhesion was blocked if the KCNwas added at zero time,
but if the cells were first permitted to adhere to the beads and
ingthe cells in ice-cold Hepes buffered 0.2 M NaCland
supplementing the mixture with divalent cations present in cyanide was then added (at 30, 60, or 120 min), most of the
adhered cells remainedattachedtothebeads(datanot
50% ASW. Experiments were then performed to determine
which of the ions inASW was required.
shown). Thus, deadhesion, as well as adhesion, may be an
The relevant results areshown in Fig. 6.5 Normal adhesion energy-requiring process.
Rifampicin, chloramphenicol,and puromycin were also
occurred in the presence of 0.5 mM Ca2+ (the concentration
in 50% ASW is 5 mM), whereas no adhesion was detected tested and gave variable results, depending upon when they
above background in the presence of 2 mM EGTA. When 5 were added to the cells. There was little to no cell adhesion
mM Ca2+was added after 60 min to the EGTA-containing
to the beadswhen rifampicin was preincubated with the cells,
samples, the cells adhered to the beads withouta lag period. or when it was added at the beginning of the incubation.
Other divalent cations were also tested. Mg2+ at concentra- When rifampicin was added after 60 min of incubation, howtions as high as 26 mM had no effect on adhesion per se and ever, only a fraction of the cells immediately deadhered, and
did not inhibit theadhesive effect observed with 5 mM Ca2+. this was followed by a slower detachment of the remaining
Sr2+ partially substituted
for Ca2+;5 mM Sr2+gave about 50% cells over a period of 3 h. Even afterexposure to the inhibitor
of the adhesive rate observed with 0.5 mM Ca2+.It should be for 3 h, about30% of the cells remained attached to the
beads.
~ and 0.15 mM ST2+.
noted that50%ASW contains26 r n M$+
The results with themetabolic inhibitors and theeffects of
As shown below, the binding of cells to the sugars requires temperature therefore suggest that adhesion/deadhesion is a
protein synthesis, and perhaps Ca2+
was requiredfor this complex phenomenon, possibly requiring protein synthesis,
process. This possibility was eliminated, however, by meas- and thisidea was tested in the next series
of experiments.
uring [14C]prolineincorporation as a function of time in V.
Requirement of Protein Synthesis for Adhesion-In a prefurnissii CY21, the Pro- mutant. The mutantwas suspended liminary communication(15),we reported thata nutritionally
in lactate, NH,', phosphate medium in buffered 0.2 M NaCl complete medium was required for V. furnissii to adhere and
in place of 50% ASW, and the medium was supplemented to maintain adhesion GlcNAc-beads.
to
To determine whether
with 2 pg/ml of labeled proline. Approximatelythe same rates this nutrient requirement is unique to V . furnissii, similar
of proline incorporation were found in the control medium experiments were conducted with V . parahaemolyticus (Man(no further additions) and in
medium containing either2 mM beads) and with V . darnsela (GlcNAc-beads). V. damsela reEGTA or 0.5 mM Ca2+. Extracellular Ca2+ is therefore not
quires a complex growth medium, and, when the cells were
tested
inbuffered 50%ASW,theydidnotadheretothe
The
abbreviations
used are:
EGTA,
[ethylenebis(oxyV. parahaemolyticus
ethylenenitri1o)ltetraacetic acid; Hepes, 4-(2-hydroxyethyl)-l-piper- GlcNAc-beads (data not shown). The
azineethanesulfonic acid; AH, 6-aminohexanol; CCCP, carbonyl cy- and V . furnissii experiments were conducted with the lactate,
anide p-chlorophenylhydrazone; ASW, artificial sea water.
shown in Fig.
NH3, Pi synthetic medium, and the results are
' The kinetics of adhesion in 0.2 M NaC1, 0.5 mM Ca2+generally 7 (Fig. 7 A from Ref. 15 is repeated here for the convenience
gave results similar to or identical with those obtained in50% ASW. of the reader.) While V. parahaemolyticus did not exhibit as
In Fig. 6, cell adhesion proceeds for a longer period of time and to a
greater extent than displayed in the other kinetic experiments (e.g. dramatic an effect as did V. furnissii, the same general pheFigs. 3, 4, 5, and 7). The results exemplify the variation observed nomenon was observed. Omission of any of the required
nutrients severely depressed cell adhesion to the Man-beads.
between different cell preparations (see Fig. 9 and "Discussion").
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TABLE
I11
Growth rates of V. furnissii
Inocula were grown overnight in peptone/yeast extract medium,
and 2 ml were transferred to 100 ml of the indicated growth medium
in a 1-liter flask. The suspensions were rotated at 150 rpm at 25 "C,
and growth wasfollowedby measuring turbidity at 540 nm. The
complex growth medium contained 0.5% Bacto-peptone and 0.1%
yeast extract in 50% ASW, 50 mM Hepes buffer, final pH 7.5. The
synthetic media contained 0.5% of the indicated carbon source, 0.1%
NH4C1,0.002% KzHP04,50% ASW, amino acid supplement as indicated, 50 mM Hepes buffer, final pH 7.5.

lB

0

60

120

180

Time (minutes)
FIG. 7. Nutrient requirements for the adhesion of V. parahaemolyticus and V. furnissii to glycosides. Cells were grown

h

Wild type

and labeled with ["PIPi as described under "Materials and Methods,"
harvested, washed, and resuspended
in complete buffered 50% ASW
1.5
medium (containing lactate, ammonia, and ["P]PJ or in medium
lacking the indicated components. A, adhesion of V. furnissii to
GlcNAc-beads(15).B, adhesion of V.parahmolyticus to Man-beads.

CY21Peptone
(Pro-)

CY09Peptone
(Met-)
Time (hours)

FIG. 8. Effect of proline and methionine on the adhesion of
V. furnissii amino acid auxotrophs to GlcNAc-beads. The Pro(CY21) and Met- (CYO9) mutants weregrown and labeled with
[32P]Piunder the standard conditions except that the medium was
supplemented with 20 pg of proline and 2 pg of methionine per ml,
respectively. The labeled cells were collected, washed, resuspended in
growth media with the indicated concentrations of proline or methionine (pg/ml), and incubated with the derivatized beads under standard assay conditions. Adherent cells were measured as described under
"Materials and Methods." A, V. furnissii CYO9. The arrow indicates
where 0.1 pg/ml methionine was added to incubations lacking this
amino acid. B, V. furnissii CY21. The titration datawith proline are
given in Ref. 15. The assay medium contained either no proline (0)
or 1.5 pg of ['4C]proline/ml (A). Extracellular ["Clproline remaining
in the medium (0)was determined after centrifugation and ultrafiltration.

Generation
time

Supplement
source"
Carbon
Strain

Peptone
Lactate
GlcNAc
Glycerol
Glycerol-P
Glucose
Glucosamine
Glc-6-P
Galactose
Ribose
Maltose
Lactate
Lactate
Lactate
Lactate
Lactate
Lactate
Lactate
Lactate
Lactate
Lactate

Yeast extract

Yeast extract

pg 200 proline/ml
20 pg proline/ml
2 pg proline/ml
Yeast extract
200 pg methionine/ml
pg 20
methionine/ml
2 pg methionine/ml
pg 0.5
methionine/ml
0.2 pg methionine/ml

0.6-1.0
1.5
1.5
1.5
1.2
2.2
1.3
1.2
3.5
1.5
1.0
ND
1.5
2-3
ND
1.0
ND
1.5
1.5
1.5
2.0
ND

All sugars are of the D-COnfigUratiOn unless otherwise noted. No
detectable growth was observedin synthetic medium containing 0.5%
of the following compounds: L-fucose, D-fucose,arabinose, raffinose,
sorbitol, L-sorbose, xylose,lactose, cellobiose, or melibiose.
ND, no detectable growth.

also evident that the auxotrophs can adhere to the beads at
amino acid levels far below those required for cell division.
Thus, continuous synthesis of the adhesion/deadhesion apparatus must be a major priority for these cells, more important than thesynthesis of proteins required for cell division.
Growth and Adhesive Properties of Adherent Cells-Once
In our view, the behavior of amino acid auxotrophs provides conditions had been established for maintaining cell adhesion
the most convincing evidence that continuous protein synthe- to immobilized carbohydrates, experiments were conducted
to answer two questions. ( a ) What is the growth rate of
sis is required for the cells to both initiateandmaintain
adhesion to thebeads. We have reported (15) results obtained adherent cells? There are conflicting reports in the literature
with the proline-requiring mutant, strain CY21, and some (22, 23), some of which state that cells immobilized on inert
additional data are presented in Fig. 8 B . Experiments with surfaces have a physiological advantage over cells that can
the methionine-requiring mutant, strain CYO9, are shown in freely migrate in the medium. ( b ) What is the adhesive
Fig. 8A. To properly interpret theseresults, it isimportant to behavior of the progeny of adherent cells? Do they remain
compare them with the growth rates of the mutants inmedia adherent or do daughter cells deadhere and migrate away from
supplemented with different concentrations of the required the immobilized carbohydrate?
An apparatus was devised for answering these questions.
amino acids (Table 111).
The amino acid auxotrophs required proline or methionine, Over a period of 4 h, the total cell growth starting with
respectively, for the cells to adhere to the beads. The extent adherent cells paralleled that obtained with the cells in susand time that adhesion was maintained was proportional to pension culture under the same conditions (generation times):
the quantity of amino acid present in the medium (Fig. 8 and liquid culture, 1.9 f 0.3 h; adherent cells, 2.0 f 0.2 h. Thus,
Ref. 15). For instance, the proline-requiring mutant detached there was nodetectable difference in growth behavior between
from the beads when the concentration of ['*C]proline in the attached and free-swimming cells.
Our experiments were conducted under highly aerobic conmedium fell below0.7 pg/ml (Fig. 8B).However, whentraces
of the required amino acids were added to the suspensions, ditions with all nutrients in vast excess.Conceivably,cell
couldbe a critical survival
the cells once again attached to thebeads (15). By comparing attachment to the substratum
the results in Fig. 8 for the met mutant, and in our previous factor under less optimal ccinditions of growth.
report (15) for the pro mutant, with those in Table 111, it is
The adhesive behavior of the progeny of adherent cells is
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Virtually all bacterial species and genera show lectin-like
activity (14), although few functions have been ascribed to
bacterial lectins (see introduction to the text). Until
recently,
bacterial fimbriae were thought to be composed entirely or
largely of lectins. However, genetic studies (14, 27) have
shown that a large number of genes are involved in expressing
lectin activity, although the lectin itself may be encoded by
one or a few genes. It appears that the cell exerts rigorous
control over lectin expression, that the lectinmay be associatedwiththetips
of the fimbriae (28, 29), andthereis
considerable variation in a given population with respect to
fimbriation (30). Cells shift from fimbriated to nonfimbriated
Time (hours)
forms (phase variation) during growth and in stationaryculFIG.9. Growth and adhesive properties of cells initially ture; only a minor fraction of a growing population normally
bound to GlcNAc-beads. 32P-Labeledcells were incubated with expresses lectin activity(31). The division of a lectin-expressGlcNAc-beads for 60 min, transferred to a modified Swinny filter
with growth medium ing cell may give rise to two daughter cells where only one
holder, washed freeof nonadherent cells, covered
containing [32P]phosphate,and permitted to grow at 22 “C for the expresses the protein (32).
indicated periodsof time. Adherent(0)and free cells weredetermined
The assay system described here is a modification of the
as described under “Materials
and Methods.” The sum of these values methods originally used to study the adhesionof cells (9-13)
represents Total cells (0).The arrow indicates the time when unat- to immobilized carbohydrates. Monosaccharides were emtached cells in the Swinny apparatus were removed by washing and
fresh medium was added. Error bars are given for replicate samples. ployed to provide the simplestmodel system, and the mannose
specificity of V. parahuemolyticus agrees with data obtained
with the standard hemagglutination
assay. The success of the
shown in Fig. 9. Over the first 6 h, during which time the derivatized bead assay system depends on presence
the
of the
total cell number increased about 5-fold, virtually all of the correct ligand and resistance to the
mechanical shear applied
cells remained attached to the
beads?
during the filtration and wash. Thus, the assay may not be
At 9 h (4 cell divisions), about 56% of thepopulation
able to measure
weak binding activities. Nevertheless, various
(uncorrected) were free-swimming, and, a t 12 h (6 cell divi- species of Vibrio showed marked differences in their sugarsions), the free-swimming fraction had increased to about
specific adhesive properties.
82%. It therefore appeared that the population had changed
The V. furnissii lectin exhibits a broader sugar specificity
t o cells that produced only free-swimming progeny. To test thananyreportedbacteriallectin
(14), with the highest
this interpretation unambiguously, the free-swimming popu- affinitytoward P-GlcNAc, followed by P-Glc and a-Man.
lation was removed a t 12 h, and fresh growth medium was Kinetic and inhibition data indicated that a single lectin is
added to the remaining adherent
cells. The totalcell popula- responsible for the bindingof V. furnissii to the threesugars,
tion once again showeda doubling time of 1.8 h, withouta lag and that Ca2+ is requiredfor lectin activity. Thus, the V.
period, butnow all of the progeny were free-swimming.
furnissii lectin resembles concanavalin A (33), although the
of the adherent
Thus, there isa major shift in the behavior
two lectins differ in the order of binding to the three monocells. Initially, virtually all progeny were adherent, but after
V. furnissii lectin does not show absolute
saccharides, and the
about 6 cell divisions, all progeny were nonadherent.
anomeric specificity.
Our results therefore explain the behavior
of the usual
The growth and adhesive properties of cells attached to
population of cells, grown in liquid culture without any atGlcNAc
were studied, and identical growth rates were obtempt at selection, where only 10-20% of the population is
tained
with
cells in suspension or bound to
GlcNAc. Progeny
adhesive. The potential significance of these results is disfrom adherent cells remained attached to the beads
for at
cussed below.
least two generations, but subsequent
cell divisions led to the
appearance of mostly free-swimming cells. After about six
DISCUSSION
divisions, the population resembled that obtained in normal
Chitin utilization by the marine bacterium V. furnissii is a liquid cultures, where only 10-20% of the cells express lectin
is
and highly activity. This behaviormay beimportant physiologically,
multistep process (Fig. I), and each step complex
regulated (6,7).’ This report is concerned with the attachment
since itwould permit attached cells to colonize other areasof
process, Step 2 in Fig. 1. Before considering the phenomenon, the environment withoutovercrowding one containing only a
it is important to emphasize that the marine environment islimited food supply.
variable in its nutrient
composition (24). Certain strataof the
Our most interesting results
were obtained by following the
oceans, such as the sediments, are rich in all required nukinetics of adhesion.We found thatproteinsynthesisis
trients, but most marine waters contain little to no phosphate
required for both the initiation and maintenance of sugar(because of the Ca2+) and are limited in nitrogen (25, 26). specific adhesion, a phenomenon common to several species
Thus, the survival of marine chemoorganotrophic bacteria
of
of Vibrio. Inaddition,theinitiationandmaintenance
may depend on a mechanism for analyzing the environment, adhesion of V. furnissii amino acid auxotrophs occurs under
for attachment where the milieu is life-supporting, and for conditions of limiting amino acid, i.e. well below the level
detachment where it isnot. As showninthisreport,
V. required to supportcell division. Thus, theexpression of lectin
furnissii displays precisely these properties, apparently ex- activity is apparentlya major priority for thesecells.
pressing a lectin for thispurpose.
Several reports suggest that protein synthesis is required
for lectin-mediated adhesion of bacteria (8, 34-38), a concluWhen beads containing bound cells are repetitively washed under
these conditions, 20-30% of the adherent cells are removed with each sion usually derived by employing sublethal concentrationsof
wash. Fig. 9 presents uncorrected data, and the 20-30% of the total antibiotics. To our knowledge, there is no studyshowing that
cell populationthat is designated “free”is interpreted to be an artifact continuous protein synthesis is necessary for the bacteria to
of the washing procedure.
maintain cell-sugar binding, as reportedhere.
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It appears that a complex apparatus must be involved in
the adhesion/deadhesion processes.One possible mechanism
15.
is that the functional lectin is continuously turning over and
is preferentially synthesized by the cells. We have suggested 16.
(15) that the apparatus functions as a “nutrient sensorium,” 17.
meaning that it is utilized by V. furnissii (and probably other
18.
Vibrios) to continuouslymonitor the extracellularmilieu.
Cells remain attached in complete medium, but deadhere and19.
swimawaywhen the medium is depleted of any substance
required for protein synthesis. In the ocean waters, adhesion/ 20.
deadhesion may be requiredas a primary cellular mechanism 21.
for cell growth and survival.
1.
2.
3.
4.

5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
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SOPPLZMKUTAL HATERIAL TO

I-

When samples were incubated for extended periods (over 10 hours), free
cells acCUmUlated in the Swinny apparatus were washed away with two
sliquots of 1.25 ml each Of 508 ASW tollowed by 4 m1 of complete growth
then covered With 4 0 0 !A1 of
medium. Beads with adherent cells &e
complete growth medium. The number Of adherent and Cree cells Yere
monitored as described in the previous paragraph.

9

K parahaemolyticus

6

3

A

X
auxotrophs, a Pro- (CY.?I) and a Kat' (CY09) mutant. were isolated; both
mutant- reverted spontaneously at a rate of le88 then 1 x lo".
beled Ce
---R-(V-"C]-glucoae, L-[u-'k-amino scida
and (
w
d to label%ll@
in ssdia with different carbon
sourCL)S at 2 5 T . EBsientially the same results Were obtained in the
adhesion assays regardless Of the isotopic compound Used for cell labeling.
However ["PI-Pi was routinely used since it gave the highest specific
activiti (dpa per cell), and this value remained constant throughout the
COUISO of the adhesion experiments.
Cells were normally UBed after growth to mid-exponential phase.
Expsrimnts ware also performed with stationary phase calls, and gave the
same IBSUlts. Cells Yere radiolabeled by growth in lactate- 501 ASY
containing 2.5-5 lrci (l'~]-~iper m 1 to a final concentration o f 0.0024
XxHPO.. giving Specific activities of about 0.01
0 . 0 2 cpm percell.
-beled cell cultures were Used directly, or the cells were harvested by
centrifuging at 3000 x g for 5 min, and washed three timeswith buffered
504 ASW.
Only traces of ["P] were removed from the
sells by repeated washing or after suspension in 501 ASW for 6 h, a t 22°C.
-tics
of ----Adhesion
experiments
yere conducted in 5 a1 tubes at room temperature, 22-C. The derivatized
beads were first filtered on a fritted funnel. washed, blotted with filter
TO
paper. and weighed; no corrsction vas made for residual watar.
1x10' labeled cells In 0.1 ml Of the deeired
initiate the raaction, 0.5
medium were mixed with 10 mg of caIbohyd~.ate-derivatiredbeads. After
incubation for the indicated periods. 4.25 nl of 50% ASW were added to each
tube, and tha contents gently poured on a 15 cm Nitex Nylon) filter (Tetko
Elneford N.Y.) wet with 50% ASW. The filters containing the beads
:%'idherent
&llS, were washed twice with 4.25 111 aiiqUOt8 Of 501 ASW and
the radioactivity retained by the filterwas determined in 5 m l of HydroCluor (National Diagnostics. South Sonerville, NJ.). In these ex eriments.
the specificactivities Of the cell8 remained constant because ['%]-Pi was
includsd in incubation mixtures containing Pi. A series of control
experiments showed that centrifugation and waehlng of thecells did not
affect their adhesive properties.
Most kinetic etudiea were conducted with V . furnirsii and ClcNAc-0- or
GICNAC-S-derivatiled beads; the twoderivatives gave essentially the sane
resYltB.
Alkyl thioglycosides are known to be very resistant to hydrolysis by
glycosidases, and for this reason, all eiprilents reprted in this p p r
rere perlo-d
vfth t h e thloylycoslde derlvatlves. Gal- and aminoheranolbeads ( A n - ) were used as Controls. Under the standard assay conditione
described above, the number Of binding sites were not limiting. i.e. the
number Of adherent c e l l s remained Constant when the quantity Of beads vas
increased as much 01s 5-fold. With a constant amount Of beads, the number
of adherent cells increasad linearly with the log,, of the cell density.
The explanation for this result is not obvious. Conceivably, one Or more
nutrients become limiting in suspensions containing high c e l l densities
(see Reeulte).
Under our routine conditions, a maximum of 10-204 of thecell5 in the
suspension adhered to the beads. Thin is the expected result based On
observations with a variety Of bacteria, where it has been shown that Only
a minor fraction of a given population is capable of adhering to
erythrocytes or other Substrata (see,D!scussio?).
X n M M t I o n of CarbohVdratB-sDeClf1C---Soluble sugars were
tested as inhibitors of adhesion by either including the carbohydrates in
the reaction mixturaa at 0 time, or in some experiments, after the cells
had been allowed to adhere to the beads for the indicated times. In large
screenina exneriments. tha.number of adherent cells vas measured after 30
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Fig. 2. Carbohydrat.-ap*~iCia binding OC V. psrahserolytlcus. Cells
were grown, labeled with ["Pl-Pi. and assayed as described in "Materials
and Methods". Each reaction mixture contained (In final volumes Of 110 "1)
5x106 cells of V . parahaemolyticus. 10 nq Of derivatired beads, 0.5:
lactate. 0.11 NH,C1 and 0.002% ["P]-KIHPO. in buffered 50% ASY. The data
points are the averages Of duplicate samples and the bars represent the
range of the duplicates. Derivesized Agarose beads: I , 6-aminohexyl Han;
A , 6-aminohexyl GlCNAC; 0 , 6-aminohexyl GlC; + , 6-aainohexanol;
, 6alninohexyl Gal.

~~

0

those adhering to theG a d s on the Nit& filter.
Growth of the cells was followed at 22'C.
At the indicated timea. t h e
population in each filter apparatws was analyzed for non-adherent (i.e.,
"free") cells by washing the filters with two aliqvota of 4.25 1 1 each O f
50: ASY, and filtering the effluentsthrough 0.2 +a polycarbonate bacterial
membranes (NUclepOre #110606). The number of ['lP]-labelsd cells on ths
membranae were determined by liquid scintillation spectrometry. The number
Of cells remaining adhered to the beads vas determined by transferring the
beads from the Swinny apparatus to liquid scintillation vials and counted.
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