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Three pleiotropic, quorum sensing-defective Vibrio harveyi mutants were observed to precipitate soluble Pb2�

as an insoluble compound. The compound was purified and subjected to X-ray diffraction and elemental analy-
ses. These assays identified the precipitated compound as Pb9(PO4)6, an unusual and complex lead phosphate
salt that is produced synthetically at temperatures of ca. 200°C. Regulation of the precipitation phenotype was
also examined. Introduction of a luxO::kan allele into one of the mutants abolished lead precipitation, indi-
cating that the well-characterized autoinducer 1 (AI1)-AI2 quorum-sensing system can block lead precipitation
in dense cell populations. Interestingly, the V. harveyi D1 mutant, a strain defective for secretion of both AI1
and AI2, was shown to be an effective trans inhibitor of lead precipitation. This suggests that a previously
undescribed V. harveyi autoinducer, referred to as AI3, can also negatively regulate lead precipitation. Exper-
iments with heterologous bacterial populations demonstrated that many different species are capable of trans
regulating the V. harveyi lead precipitation phenotype. Moreover, one of the V. harveyi mutants in this study
exhibited little or no response to intercellular signals from other V. harveyi inocula but was quite responsive
to some of the heterologous bacteria. Based on these observations, we propose that V. harveyi carries at least
one quorum sensor that is specifically dedicated to receiving cross-species communication.

Studies of prokaryotic tolerance and resistance to soluble
lead have revealed two general mechanisms. The first of these
mechanisms is an active efflux mechanism (14, 37, 43), a fre-
quent resistance strategy employed by bacteria against heavy
metals (for a review, see reference 44). The second mechanism
appears to be precipitation of the lead in an insoluble form. A
number of studies have shown that various bacterial strains
sequester lead intracellularly (2, 4, 5, 6, 30, 36, 38, 52), and
some of these studies have demonstrated that the lead is lo-
calized to the cell membrane or the cell surface (4, 5, 30, 38,
52). Both phosphate-replete and phosphate-starved Pseudo-
monas cultures generate an insoluble material containing both
lead and phosphorus, although phosphate-replete cultures are
apparently more efficient at expelling the material (6). One
study in which Staphylococcus aureus was examined demon-
strated that lead precipitation occurred in both lead-sensitive
and lead-resistant strains; however the resistant strains were
more effective at expulsion (30). Formation of the precipitate
does not seem to be associated with a decrease in the growth
rate (2).

Detailed analyses of microbially precipitated lead com-
pounds are rare. The precipitate produced by Pseudomonas
fluorescens is known to contain lead and phosphorus, but the

stoichiometry has not been reported (6). Aickin et al. (4) iden-
tified the precipitate produced by a Citrobacter sp. as PbHPO4,
whereas Levinson et al. (30) suggested that Pb3(PO4)2 is the
precipitate produced by S. aureus. The one instance in which
PbS precipitation has been suggested was a Klebsiella strain
cultured in phosphate-limited medium (5). The picture that
emerges is that a variety of bacteria precipitate lead, most
typically as a lead phosphate in the few cases in which the
compound has been examined. Depending on the strain and
the growth conditions, the precipitate can either accumulate at
the cell membranes or be expelled.

Experiments described in this paper revealed that the
coastal marine bacterium Vibrio harveyi is capable of precipi-
tating lead as an unusual phosphate compound, Pb9(PO4)6,
and that the process is regulated at least in part by quorum
sensing. The quorum-sensing system in V. harveyi has been
studied extensively (for recent reviews see references 7, 32, and
40). V. harveyi is known to secrete two signaling molecules,
autoinducer 1 (AI1) and AI2 (9). AI1 is a homoserine lactone
(HSL) molecule synthesized by the protein LuxM (9, 15). AI2
is a furanone, very unlike AI1, and is the product of LuxS (41,
49). The levels of AI1 and AI2 in the environment are detected
by the LuxN and LuxPQ sensors, respectively (9, 10). In pop-
ulations in which the cell density is low, the LuxN and LuxQ
proteins function as kinases for the LuxU phosphorelay pro-
tein (16, 17). In turn, LuxU transfers its phosphoryl groups to
the LuxO response regulator (16). Phospho-LuxO is responsi-
ble for regulating a number of phenotypes, including colony
morphology, bioluminescence inhibition, and siderophore pro-
duction (11, 31). In populations with high cell densities, the
concentrations of AI1 and AI2 are sufficiently high to induce
the phosphatase activities of the LuxN and LuxQ sensor proteins
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(16, 17). As a result, the levels of the phosphorylated forms of
the LuxU and LuxO proteins decline. The consequences of this
shift include a decrease in siderophore production and activa-
tion of the luxCDABEGH luminescence operon (17, 31).

As will be described elsewhere, a collection of V. harveyi
mutants resistant to extracellular Zn2� (Znr) has been isolated
(J. A. Tourjee, C. E. Mire, W. F. O’Brien, N. Budnik, and G.
B. Hecht, unpublished data). A subset of three of these strains,
designated class I mutants, are pleiotropic. In addition to being
Znr, these strains are also resistant to metal-limited conditions
and exhibit altered luminescence phenotypes, and there is ev-
idence that at least some of these phenotypes arise from alter-
ations in the AI1-AI2 quorum-sensing system (Tourjee et al.,
unpublished). In this paper, we present evidence that all three
of the class I mutants hyperprecipitate lead phosphate. Fur-
thermore, data presented here show that V. harveyi lead pre-
cipitation is under control of LuxO and therefore is subject to
regulation by the AI1-AI2 quorum-sensing system. Additional
observations suggest that cell-to-cell communication indepen-
dent of AI1 and AI2 can also influence lead precipitation by V.
harveyi. We show that these quorum-sensing interactions in-
clude a novel V. harveyi autoinducer, as well as responses to
exclusively heterologous communication molecules.

MATERIALS AND METHODS

Bacterial strains and media. The V. harveyi strains used and their relevant
properties are shown in Table 1. Sources of all other bacterial strains are indi-
cated below (see Table 3).

V. harveyi strains were typically grown at 30°C in Luria marine (LM) medium
containing (per liter) 20 g of NaCl, 10 g of Bacto Tryptone (Difco Laboratories),
and 5 g of yeast extract (BBL). When solid medium (LMA) was employed, 15 g
of agar per liter was added prior to sterilization. Lead nitrate supplements were
added to the medium following sterilization and a substantial period of cooling;
in the case of solid media, these supplements were added immediately prior to
pouring.

Other bacterial strains were propagated in Luria-Bertani (LB) broth (10 g of
NaCl per liter, 10 g of Bacto Tryptone per liter, 5 g of yeast extract per liter), on
LB agar plates (LB broth plus 15 g of agar per liter), in nutrient broth (3 g of beef
extract per liter, 5 g of Bacto Tryptone per liter), or on nutrient agar (nutrient
broth plus 15 g of agar per liter). All plate-based lead precipitation and quorum-
sensing assays were carried out on LMA supplemented with 2.5 mM lead nitrate,
except as noted below (see Table 3).

The luxO::kan allele was constructed by inserting a kanamycin resistance
cassette (33) into the luxO open reading frame by standard in vitro molecular
techniques (39). Strains RVH221 and RVH233 were constructed by introducing
the luxO::kan allele into BB120 and RVH4, respectively, by established protocols
(45). The details of these constructions will be presented elsewhere (Tourjee et
al., unpublished). We assume that the kanamycin resistance cassette has a polar
effect on the luxOU operon, resulting in the loss of not just luxO but also luxU
expression.

Preparation of lead phosphate precipitate. A flask containing 1 liter of LM
broth supplemented with 2.5 mM lead nitrate was inoculated with 1 ml of an
overnight LM broth culture of V. harveyi strain RVH6. To ensure maximum

production of the brown lead precipitate, the flask was incubated with aeration
at room temperature for 2 weeks. Following incubation, cells were harvested by
centrifugation. During centrifugation, the cells were collected in such a way that
500 ml of culture was collected in two plastic centrifuge bottles, each of which
was subjected to the following procedure. The cell pellets were frozen overnight
at �20°C and then lysed at room temperature by using 100 ml of 10% sodium
dodecyl sulfate (SDS). Each lysate was centrifuged at 5,000 rpm in a Sorvall
SLA1500 rotor for 10 min at room temperature. Because the brown precipitate
was insoluble, it was located in the pellet fraction; no significant amount of a
brown solid was present in the supernatant. To ensure that there was adequate
removal of the cellular debris, each pellet was resuspended and centrifuged in
the same way by using 100 ml of 5% SDS, 100 ml of 1% SDS, and 100 ml of 0.5%
SDS. At this point, the precipitate was washed six times with distilled water to
remove the SDS. During these washes, each pellet was vigorously resuspended by
first vortexing it and then horizontally clamping the tightly sealed centrifuge
bottle onto a platform shaker rotating at 300 rpm for �30 min. Between washes,
the precipitate was concentrated by centrifugation at 5,000 rpm in an SLA1500
rotor for 20 min at room temperature; the increased centrifugation time was
necessary because the pellets during these stages were less compact than the
pellets during the early stages of preparation. Finally, the precipitate was washed
two times in distilled and deionized water. During these washes, the pellets were
resuspended by strong vortexing only. Centrifugation between washes was car-
ried out by the same procedure that was used for the distilled water washes. After
the final centrifugation, the supernatants were decanted, and the pellets were
gently washed off the walls of the centrifuge bottles with distilled and deionized
water and decanted into two clean, empty plastic petri dishes. To dry the brown
solid, the dishes were placed with their lids ajar in a 27°C incubator with strong
air circulation for 48 h. The entire procedure yielded a total of 0.3 g of a dark
brown powder with some transparent crystalline material that superficially re-
sembled small curved shards of glass.

Analysis and identification of the lead phosphate precipitate. Samples for
X-ray diffraction analysis were prepared by smearing well-ground powder on a
glass slide precoated with an ultrathin layer of petroleum jelly. Powder X-ray
diffraction data were collected with a Scintag X3 diffractometer by using Cu K�
radiation and an Li-drifted germanium detector. Data were collected at a speed
of 2 degrees/min. Phase identification was carried out with the library supplied by
the Joint Commission on Powder Diffraction Software (JCPDS). Elemental
analysis was carried out by Quantitative Technologies, Inc. (Whitehouse, N.J.).

X-ray diffraction of the glass-like fragments that were found in the Pb9(PO4)6

preparation described above produced a pattern identical to the pattern obtained
for the brown powder.

RESULTS AND DISCUSSION

Class I mutants precipitate Pb9(PO4)6. When the class I
mutants were tested for resistance to various divalent metal
cations (Tourjee et al., unpublished), it was observed that all
three strains produced an insoluble brown compound when
they were grown for �24 h at 30°C on LMA supplemented
with 2.5 mM lead nitrate (Fig. 1 and Table 2). Growth of
wild-type V. harveyi strain BB120 does not appear to be signif-
icantly inhibited by these conditions (W.F.O. and G.B.H., un-
published observations), but this strain does not efficiently
produce the brown compound (Fig. 1). V. harveyi cultures
growing on LMA supplemented with sodium nitrate did not

TABLE 1. V. harveyi strains used in this study

Strain Relevant genotype and/or featuresa Reference and/or source

BB120 Wild type 8
D1 Derivative of V. harveyi strain B392; defective for production of AI1 and AI2 15
RVH3 Spontaneous Znr EDTAr (class I mutant) derivative of BB120 Our laboratory; Tourjee et al., unpublished
RVH4 Spontaneous Znr EDTAr (class I mutant) derivative of BB120 Our laboratory; Tourjee et al., unpublished
RVH6 Spontaneous Znr EDTAr (class I mutant) derivative of BB120 Our laboratory; Tourjee et al., unpublished
RVH221 Rifr luxO::kan derivative of BB120 Our laboratory; Tourjee et al., unpublished
RVH233 Rifr luxO::kan derivative of RVH4 Our laboratory; Tourjee et al., unpublished

a Abbreviations: Znr, resistance to Zn2�; EDTAr, resistance to EDTA; Rifr, resistance to rifampin.
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produce the dark compound, confirming that the presence of
Pb2� in the medium was necessary for appearance of the
brown compound (data not shown). Observation of LM broth
cultures supplemented with lead nitrate showed that the brown
material was neither soluble nor free floating in the liquid
culture and was instead contained inside the cells.

The brown precipitate was purified as described in Materials
and Methods. The X-ray diffraction pattern of the brown pre-
cipitate, shown in Fig. 2, was identified by using the JCPDS
library of compounds. The close match between the pattern
reported for Pb9(PO4)6 (JCPDS card no. 33-0768) and our
compound gave a preliminary indication that the major crys-
talline phase in the precipitate is a complex lead phosphate. In
order to further confirm the identity of this phase, we carried
out elemental analysis for the Pb and phosphorus in the brown

precipitate. Within the experimental errors and in view of the
variations in the Pb/P ratio reported for this phase (23), the
elemental analysis seemed to corroborate the identity of the
compound. Pb9(PO4)6 is a rare form of lead phosphate and
generally is prepared with the aid of hydrothermal synthetic
methods at temperatures in the vicinity of 200°C (12, 13). The
crystal structure of this compound is reported to be apatite-like
and is stable only at temperatures above 170°C (23). The rea-
son for the unusual stability of Pb4(PO4)9 observed in the
present study is not clear at present. However, it is tempting to
attribute the stability to the synthetic route employed here,
which is quite different than traditional high-temperature
methods. Nevertheless, it is quite fascinating that the mutants
provide a facile pathway for the production of complex lead
phosphate at temperatures much lower than those required by
classical laboratory techniques.

We believe that the V. harveyi class I mutants analyzed in this
study are the most efficient prokaryotic lead precipitators iden-
tified to date, and this facilitated a level of chemical analysis
generally not available in previous prokaryotic lead tolerance
studies. We observed different degrees of brown precipitate
formation by plate cultures of several different eubacteria
(G.B.H., unpublished observations), suggesting that Pb9(PO4)6

precipitation is a common, albeit not universal, property of
bacteria. It is worth noting that at least one previously pub-
lished comparison of lead-sensitive and lead-resistant bacteria
indicated that both types of bacteria precipitate lead as a
brown compound (29) and that there does not seem to be a
consistent correlation between enzymatic phosphatase activity
and generation of a lead phosphate precipitate (3, 29). Taken
together, these observations raise the issue of whether lead
precipitation confers lead resistance or is simply a chemical
consequence of high intracellular lead concentrations. The hy-
perprecipitating strains described here should be helpful in
determining whether lead precipitation is in fact a detoxifica-
tion mechanism.

Evidence that the luxOU operon regulates lead phosphate
precipitation. As will be described elsewhere (Tourjee et al.,
unpublished), we observed that at least some phenotypes of

FIG. 1. Lead precipitation phenotypes of V. harveyi strains used in
this study. Bacteria were inoculated onto one-half of a petri plate
containing LMA supplemented with 2.5 mM Pb(NO3)2. The plates
were incubated for 24 h at 30°C and then for 24 h at room temperature.

TABLE 2. Efficiency of lead precipitation by V. harveyi strains in
the presence of previously inoculated V. harveyi strains

Donor strain
(primary inoculum)a

Amt of lead precipitation with indicator strain
(secondary inoculum)b:

BB120 RVH221 D1 RVH3 RVH4 RVH233 RVH6

None �/� �/� � ��� ��� �/� ��
BB120 � � � �� �/� � �
D1 � � � �� � � �/�
RVH3 �/� �/� � �� �� � ��
RVH4 � � � �� �/� � �/�
RVH6 � � � �� �/� � �/�
RVH221 � � � �� �/� � �
RVH233 � � � �� �/� � �/�

a Tests were carried out by inoculating one half of a sectored LMA–2.5 mM
Pb(NO3)2 plate with the primary inoculum strain and incubating the plate for
24 h at 30°C.

b Indicator strains were added to the second half of a preinoculated plate. Data
were collected following 48 h of incubation (30°C for the first 24 h and then room
temperature for 24 h). The amount of lead precipitation was qualitatively scored
by using a scale from ��� (extremely dark brown) to � (no brown color
observed).
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the class I mutants are influenced by the V. harveyi quorum-
sensing system. To determine whether quorum sensing influ-
ences the lead precipitation phenotype of these mutants, LMA
plates supplemented with 2.5 mM Pb(NO3)2 were divided in
half; one half was inoculated with an autoinducer donor and
incubated at 30°C, and 24 h later the second half was inocu-
lated with an autoinducer indicator strain. Following an addi-
tional 24 h of incubation at 30°C, the indicator strains were
assayed qualitatively for lead phosphate production. The re-
sults of these experiments are shown in Table 2 and Fig. 3.

Strain RVH4 was markedly more efficient at lead precipita-
tion when it was grown by itself than when it was grown in the
presence of a BB120 donor inoculum (Fig. 3A and Table 2),
suggesting that autoinducers from BB120 were inhibitory for
this phenotype. RVH6 also exhibited a discernible response to
the BB120 inoculum (Table 2), but it was somewhat less re-
sponsive than the RVH4 strain. As shown in Table 2, RVH4
and RVH6 were also observed to trans inhibit lead precipita-
tion. Importantly, efficient lead precipitation on one half of a
petri dish did not reduce the potential for observable precipi-
tation on the other half of the same plate (see below and also
the results of the RVH33RVH3 experiment shown in Fig. 3B
and in Table 2).

Because AI1 and AI2 act through the LuxU phosphotrans-
ferase and the LuxO response regulator, we also performed a
test to determine whether the luxOU operon is required for
Pb9(PO4)6 precipitation. To do this, the lead precipitation phe-
notypes of a BB120 luxO::kan derivative (RVH221) and an
RVH4 luxO::kan derivative (RVH233) were assayed. When
plated onto LMA supplemented with lead nitrate, both strains
were tan rather than dark brown (Fig. 1).

If the Pb9(PO4)6 precipitation observed in our experiments
was in fact a detoxification activity specifically directed towards
Pb2�, then individual wild-type V. harveyi cells in a dense
population might be predicted to invest fewer resources in
Pb2� detoxification than cells whose population density is low
invest. The experiments reported here clearly demonstrate
that wild-type strain BB120 is capable of trans inhibiting
lead phosphate precipitation by RVH4 and RVH6. Because

the luxO::kan mutant RVH233 exhibited significantly less pre-
cipitation than the parental RVH4 strain, we concluded that
the V. harveyi AI1-AI2 dual-autoinducer system plays a role in
regulating this process and that lead precipitation is normally
an activity that is preferentially performed by cells in low-
density populations.

Plate-based quorum-sensing experiments also showed that
RVH221’s ability to trans inhibit lead precipitation by RVH4
or RVH6 is apparently identical to that of its parent, BB120
(Table 2). Similarly, the abilities of RVH4 and RVH233 to
trans inhibit lead precipitation are identical. These observa-
tions indicate that the luxOU operon is not required for gen-
eration of the intercellular signals observed.

Evidence that AI1 and AI2 are not required to trans inhibit
lead precipitation. To further verify that AI1 and/or AI2 was
responsible for inhibiting lead precipitation by RVH4 and
RVH6, plate-based quorum-sensing experiments were carried
out by using V. harveyi strain D1 as the donor inoculum (Table
2). Although the precise nature of the mutations in D1 are not
known, the strain was specifically isolated as a V. harveyi mu-
tant that was not capable of producing either AI1 or AI2 (15);
subsequent experiments independently verified this property
of D1 (8). Surprisingly, D1 was quite effective at blocking the
lead precipitation phenotype of RVH4 and RVH6 (Fig. 3A
and Table 2). Furthermore, if AI1 and/or AI2 were absolutely
required for blocking Pb9(PO4)6 precipitation, one would ex-
pect that the D1 strain itself would produce a dark color when
it was plated onto medium supplemented with lead nitrate. To
the contrary, D1 appeared to be incapable of precipitating lead
in our assays (Fig. 1 and Table 2).

To explain the trans signal generated by D1, we considered
a model postulating that D1 secretes very low but functionally
significant levels of AI1 or AI2. This model would explain the
ability of D1 to inhibit lead precipitation in RVH4 and RVH6
by virtue of low levels of residual AI1 and/or AI2 secretion.
Indeed, an autoinducer has been detected in spent culture fluid
from D1 batch cultures, albeit at levels that are less than 1% of
the wild-type V. harveyi level (15). However, careful examina-
tion of Fig. 3A shows that D1 is in fact slightly more effective

FIG. 2. Powder X-ray diffraction pattern of the brown precipitate purified from a V. harveyi batch culture superimposed with vertical drop-down
lines corresponding to the expected peak positions of Pb9(PO4)6 (JCPDS pattern 33-0768).
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at inhibiting lead precipitation than BB120 is. If AI1 or AI2 is
the mediator of the D1-generated signal, then it is not obvious
how D1 can be a better trans inhibitor than BB120 and still
exhibit a dark phenotype. Although it is theoretically possible
that qualitative plate-based lead precipitation assays may be a
more sensitive indicator for AI1 and AI2 than quantitative
liquid-based luminescence assays are, this by itself does not
appear to provide an obvious explanation for why the trans
signal generated by D1 is stronger than the signal generated by
BB120.

We propose that the simplest explanation for the set of
observations reported here is that V. harveyi normally secretes
a minimum of three autoinducers which act through two dis-
tinct quorum-sensing systems. Our data are consistent with the
conclusion that the AI1 and AI2 convergent pathways, in ad-
dition to regulating luminescence and other previously de-
scribed phenotypes (9, 31), can also negatively regulate lead
phosphate precipitation. To explain the D1 phenotypes de-
scribed here, we suggest that V. harveyi is capable of secreting
a third autoinducer, AI3, which is capable of inhibiting lead
phosphate precipitation independent of AI1 or AI2. We fur-
ther propose that although D1 is defective for the production
of AI1 and AI2, this strain is still capable of secreting AI3. The
D1 phenotype (nonluminescent yet still capable of trans inhib-
iting lead precipitation) suggests that the AI3 signal regulates
neither luminescence nor the LuxO regulon. If this model is
correct, it seems reasonable to conclude that BB120 is also
capable of secreting AI3, although none of the experiments
described here directly verified this.

As will be reported elsewhere (Tourjee et al., unpublished),
the V. harveyi class I mutants appear to behave constitutively as
if the population density is low. The observations reported
here are also consistent with this observation since lead pre-
cipitation appears to be an activity preferentially performed by
low-density populations (see above). To explain the RVH4
phenotype, we propose that this strain has a lower rate of
autoinducer secretion than either BB120 or D1 has. Because
RVH4 does exhibit some trans inhibition, it is not entirely
unable to secrete an autoinducer(s). However, an RVH4 in-
oculum grown in isolation (as shown in Fig. 1) contains visible
quantities of a lead phosphate precipitate before it is able to
produce enough autoinducer to inhibit the process. In our
RVH43RVH4 experiment (Fig. 3A) the situation was differ-
ent, presumably because the 24 h of incubation used for the
primary inoculum permitted accumulation of enough autoin-
ducer to affect the phenotype of the indicator strain. RVH4 is
also nonluminescent (Tourjee et al., unpublished), a pheno-
type that is predicted by this model. RVH6 displays pheno-
types that are largely similar to those of RVH4 (Table 2), and
we propose a similar mechanism to explain the lead precipita-
tion phenotype of this strain.

Analysis of the lead precipitation phenotype of RVH3. The
ability of RVH3 to participate in cell-cell communication was
also examined (Table 2 and Fig. 3). The use of RVH3 as a
primary inoculum resulted in some inhibition of lead precipi-
tation by the RVH4 and RVH6 indicators (Table 2 and Fig.
3A), although the change was relatively minor. The ability of
RVH3 to inhibit lead precipitation was greatly enhanced by
incubating the RVH3 primary inoculum for an extra day (data
not shown). When RVH3 was used as an indicator strain, it was

FIG. 3. Responses of lead precipitation mutants to the presence of
other V. harveyi inocula. In each plate the strain on the left is the
primary inoculum and the strain on the right is the indicator strain. All
plates contained LMA supplemented with 2.5 mM Pb(NO3)2. The
primary inocula were added and incubated for 24 h at 30°C, after which
the indicator strains were added and incubated as described in the
legend to Fig. 1. (A) Responses of RVH4 to other V. harveyi inocula.
(B) Responses of RVH3 to other V. harveyi inocula.
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observed that lead precipitation by this strain was not signifi-
cantly inhibited by a preinoculum consisting of BB120, D1, or
any other V. harveyi strain (Table 2 and Fig. 3B). Thus, RVH3
behaved as if it was poorly responsive to all three of the V.
harveyi autoinducers that control lead precipitation, suggesting
that RVH3 has defects in both the AI1-AI2 response system
and the putative AI3 response system. RVH3 was able to trans
inhibit lead precipitation to some degree and must therefore
produce low levels of at least one autoinducer.

Some heterologous species can transmit a signal to RVH4
but not to RVH3. Previous studies (8, 22, 48) have shown that
quorum-sensing signals produced by other species have the
potential to regulate light production by V. harveyi. The ability
of heterologous autoinducers to inhibit lead precipitation by
RVH4 and RVH3 was tested by using the plate-based assay
described above. A few representative results are shown in Fig.
4, and all of the results are summarized in Table 3.

Indeed, it was observed that a wide variety of other bacteria
are capable of trans inhibiting Pb9(PO4)6 precipitation by RVH4.
Interestingly, Vibrio fischeri strains ATCC 7744 and ES114
exhibited some ability to trans inhibit precipitation by RVH4.
Some trans inhibition was also observed for V. fischeri EM17,
although the effect was less pronounced than the effect of the
other two V. fischeri strains (Fig. 4A and Table 3). Consistent
with the proposal that RVH3 is a poor responder to intercellu-
lar signals, this strain responded weakly or not at all to a preinoc-
ulum consisting of any of the three V. fischeri strains (Table 3).

Table 3 shows that additional heterologous species were able
to trans inhibit lead precipitation by RVH4 but not lead pre-
cipitation by RVH3. The best examples of this pattern of
heterologous signaling included Escherichia coli ATCC 43895,
Salmonella enterica serovar Typhimurium, Enterobacter aero-
genes, Bacillus subtilis, and Micrococcus luteus.

The quorum-sensing defects of RVH4 have not been char-
acterized at the molecular level. Thus, it is not known which of
the heterologous autoinducers shown in Table 3 mimic AI1,
AI2, or the putative AI3. HSL autoinducers seem to be fairly
common among the eubacteria and are most often synthesized
by members of the V. fischeri LuxI protein family (reviewed in
references 18, 19, and 53). In contrast, V. harveyi’s AI1 HSL is
synthesized by a member of a different protein family, LuxM
(9). Previously described experiments showed that HSL mole-
cules synthesized by LuxI homologs apparently cannot serve as
an alternate to the V. harveyi AI1 HSL in liquid culture-based
luminescence assays (8, 22). This led to the suggestion that AI1
may serve primarily as a species-specific quorum indicator (7,
32). On the other hand, a wide variety of bacteria carry ho-
mologs to LuxS, the enzyme responsible for synthesis of the
AI2 furanone autoinducer (41, 49). It has been demonstrated
that a heterologous autoinducer from a variety of bacteria
carrying luxS can induce luminescence in V. harveyi (8, 48; for
reviews see references 32, 40, and 53). For this reason, it has
been suggested that the AI2 furanone autoinducer system may
serve in part as a non-species-specific quorum indicator (7, 32,
41).

The data presented here are particularly interesting because
cell-free fluid from V. fischeri cultures has not been shown to
induce luminescence in V. harveyi (8, 22). We believe that this
report is the first to suggest that intercellular communication
may be possible between V. harveyi and V. fischeri. Consistent

with this suggestion is the fact that V. fischeri carries ainS, a
homolog of luxM (20). It is important to note that previous V.
fischeri3V. harveyi communication experiments were carried
out in liquid medium and in the absence of a toxic metal

FIG. 4. Responses of lead precipitation mutants to the presence of
heterologous bacteria. Experiments were carried out exactly as de-
scribed in the legend to Fig. 3. (A) Responses of RVH4 to V. fischeri
strains ATCC 7744, EM17, and ES114. (B) Responses of RVH4 to P.
aeruginosa and P. fluorescens. (C) Responses of RVH3 to P. aeruginosa
and P. fluorescens. Abbreviations: Pae, P. aeruginosa; Pfl, P. fluorescens.
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TABLE 3. Efficiency of lead precipitation by V. harveyi strains in the presence of heterologous bacterial species

Primary inoculuma Lead precipitation phenotypes
of indicator strainb

Strain Reported autoinducer systemc RVH4 RVH3

None ��� ���
Noned ��/��� ���
Vibrio harveyi BB120 HSL-M, LuxS �/� ��/���
Vibrio fischeri strains HSL-I, HSL-M

ATCC 7744d �/� and �e �� and ���e

EM17d �� ���
ES114d �/� and �e ��/���

Escherichia coli strains X, LuxS
ATCC 43895 (O157:H7) (� CDC EDL 932) �/� ��
DH5�f ��� ���
CC118 ��/��� ���
HB101 ��� ���
MC1061 ��� ���

Salmonella enterica serovar Typhimurium ATCC 49416 X, LuxS � ���
Bacillus subtilis ATCC 6633 (� NRS 231) LuxS, peptide � ��/���
Bacillus coagulans ATCC 7050 (� NRS 609) �� ���
Micrococcus luteus strains DKP observed for a marine Micrococcus sp. but

no previous reports of intercellular signalingg

ATCC 272d � ���
ATCC 4698d � ���

Proteus vulgaris ATCC 13315 X (LuxS and DKP in Proteus mirabilis)h �/� �/��
Klebsiella pneumoniae ATCC 13883 (� NCTC 9633) X, LuxS �/�� �/��
Enterobacter aerogenes ATCC 13048 HSL-I and DKP in Enterobacter agglomerans � ��
Serratia marcescens ATCC 14756 (� PCI 1107) HSL-I �i and �e � and ��e

Serratia liquefaciens ATCC 27592 HSL-I; also shown to respond to exogenous DKP j � and �e ��
Citrobacter freundii ATCC 8090 HSL? in Citrobacter spp.; DKP �/� �
Pseudomonas aeruginosa ATCC 27853 HSL-I, DKP �i and ���e � and ���e

Pseudomonas fluorescens ATCC 13525 HSL-I, DKP � �/��
Streptomyces griseus ATCC 10137d �BL � �
Bacillus sphaericus ATCC 14577d �/�� ��
Bacillus megaterium ATCC 14581 �� ���
Bacillus thuringiensis ATCC 10792 Peptide ��� ���
Bacillus cereus ATCC 14579 ��/��� ���
Staphylococcus aureus ATCC 27661d LuxS, peptide �� ���
Staphylococcus epidermidis strains Peptide

ATCC 146d ��/��� ���
ATCC 155d,k ��l ���

Sporosarcina ureae ATCC 13881 (� BS 860)d �� ��
Mycobacterium smegmatis ATCC 14468 (� W-113)d LuxS in Mycobacterium tuberculosis ��� ��/���

a Unless otherwise specified, all tests were carried out by inoculating one half of a sectored plate with the primary inoculum strain and incubating it for 24 h [2.50
mM Pb(NO3)2] or for 48 h [2.25 mM Pb (NO3)2] at 30°C. All strains used as primary inocula were obtained from either Ward’s Scientific (Rochester, N.Y.) or Carolina
Biological Supply Company (Burlington, N.C.), except as noted in Table 1 or as follows: V. harveyi BB120, gift from B. Bassler; V. harveyi D1, gift from E. Meighen;
V. fischeri ES114, V. fischeri EM17, and E. coli CC118, gift from K. Visick and E. Ruby; E. coli HB101, gift from F. Eiserling; E. coli MC1061 and E. coli DH5�, gift
from A. Newton; and E. coli ATCC 43895, gift from C. W. Caspar.

b Indicator strains were added to the second half of a preinoculated plate. Data were collected following 48 h of incubation (30°C for the first 24 h and then room
temperature for 24 h). The amount of lead precipitation was qualitatively scored by using a scale from ��� (extremely dark brown) to � (no brown color observed).

c Except where noted otherwise, information was obtained from recent reviews and reports (18, 19, 21, 25, 28, 34, 35, 40, 50, 51) and the University of Nottingham
Quorum Sensing web site (http://www.nottingham.ac.uk/quorum/index.htm). Abbreviations: HSL-I, species has been demonstrated or is believed to carry at least one
homolog of the V. fischeri luxI gene; HSL-M, species has been demonstrated or is believed to carry a homolog of the V. harveyi luxM gene; HSL?, species is believed
to secrete an HSL of some type, but a homolog of luxI or luxM has not been reported (this may actually be an observation of diketopiperazine secretion [see reference
24]); X, species has been reported to be negative for secretion of any HSL molecules; DKP, diketopiperazine secretion observed (24); LuxS, species has been
demonstrated or is believed to carry a homolog of the V. harveyi luxS gene; Peptide, species is known or believed to use a secreted peptide(s) as an autoinducer; �BL,
species has been demonstrated to use a �-butyrolactone molecule(s) as an autoinducer. For some species, the presence of a particular quorum-sensing system is not
universal for all isolates. It is important to note that the strains used in this study are not necessarily the same strains used to generate all of the quorum-sensing
information cited.

d The experiment was carried out on LMA supplemented with 2.25 mM Pb(NO3)2. Whenever possible, the experiments were carried out on LMA supplemented with
2.5 mM Pb(NO3)2. However, in some cases, the primary inoculum strain exhibited a growth deficiency in the presence of 2.50 mM Pb(NO3)2.

e Inhibition of lead precipitation by the indicator inoculum was particularly prominent in the region that was nearest the primary inoculum; other areas of the
indicator inoculum showed significantly greater lead precipitation, and the demarcation between the two regions of the indicator inoculum was particularly pronounced
(see Fig. 4B and C).

f Strain known to carry a nonfunctional luxS gene (49).
g See reference 47.
h See reference 42.
i Induction of luminescence was exhibited also by the V. harveyi indicator inoculum in the region nearest the primary inoculum.
j See reference 24.
k The primary inoculum was incubated for 24 h at 37°C; the indicator strain was incubated at 30°C and at room temperature as described above.
l The strain displayed less lead precipitation when the experiment was carried out with 2.5 mM Pb(NO3)2 even though the primary inoculum grew more poorly (data

not shown).
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stressor. The conditions under which our experiments were
conducted may have induced different levels of autoinducer
secretion by V. fischeri or may have induced the production of
autoinducers not previously observed for V. fischeri.

Similarly, a few cases have been documented in which luxS�

bacteria do not induce luminescence in V. harveyi. For in-
stance, cell-free fluid from cultures of Bacillus subtilis 168 has
been reported to not induce luminescence in V. harveyi (8).
Upon the discovery that B. subtilis 168 carries a luxS homolog,
it was suggested that the inability of this strain to induce V.
harveyi luminescence may be because the growth conditions
used to grow strain 168 were not conducive to production of
the AI2-like autoinducer (49). Table 3 shows that B. subtilis
strain ATCC 6633 was capable of trans inhibiting lead precip-
itation by RVH4. Again, our positive results with B. subtilis
may have been the consequence of different growth conditions.
Alternatively, it may be that the ATCC 6633 strain secretes
higher levels of the autoinducer than strain 168 secretes.

Some heterologous species can transmit a signal to both
RVH3 and RVH4. Significantly, another group of bacteria were
able to trans inhibit lead precipitation in both RVH4 and
RVH3. Although the level of responsiveness by RVH3 was
dependent upon the species employed as the preinoculum, this
strain did exhibit a readily observable response a variety of spe-
cies, including Serratia marcescens, Citrobacter freundii, Pseu-
domonas aeruginosa, P. fluorescens, and Streptomyces griseus
(Table 3 and Fig. 4B and C). This is surprising because RVH3
exhibited little response to autoinducers from other Vibrio
strains (Tables 2 and 3 and Fig. 3B). This observation may be
an indication that V. harveyi employs a sensor(s) dedicated to
the detection of at least one group of signals that it does not
secrete, thereby expanding the range of autoinducer molecules
to which it can respond. If this is correct, then RVH3 is ap-
parently defective only in its response to V. harveyi autoinduc-
ers and can still produce auxiliary sensors devoted exclusively
to the heterologous signals detected here. Examples of other
bacteria that respond to exclusively heterologous signals have
been reported (e.g., E. coli and S. enterica serovar Typhi-

murium) (1, 26, 27, 46). Some of the implications of interspe-
cies cross talk have been discussed elsewhere (32, 40, 53).

Several heterologous species exhibited signaling to neither
RVH4 nor RVH3. Some examples included Bacillus megate-
rium, Bacillus cereus, Bacillus thuringiensis, S. aureus, Staphylo-
coccus epidermidis, Sporosarcina ureae, Mycobacterium smeg-
matis, and several domesticated strains of E. coli (Table 3).
Although most of the nonsignaling strains are gram positive,
it is important to note that several gram-positive species did
transmit an intercellular signal to V. harveyi. Moreover, any
correlation between intercellular signaling and phylogeny in
Table 3 may simply have been due to the selection of strains
used in this study.

Virtually none of the heterologous combinations listed in
Table 3 stimulated light induction in RVH4. The only excep-
tions were P. aeruginosa (Fig. 5) and, on a less consistent basis,
S. marcescens (data not shown). The P. aeruginosa induction of
luminescence correlated very well with the inhibition of lead
precipitation. The plate shown in Fig. 5 is the same as the Pae
plate shown in Fig. 4B; the region of the plate that is strongly
luminescent corresponds precisely to the region of the RVH4
inoculum in Fig. 4B where lead precipitation was inhibited.
None of the heterologous donors listed in Table 3, including
P. aeruginosa and S. marcescens, were able to induce lumines-
cence in RVH3. All of these observations are in agreement
with the models which we have proposed for the RVH4 and
RVH3 phenotypes.

Summary and model for the regulation of lead precipitation
in V. harveyi. We have reported that certain quorum sensing-

FIG. 5. Induction of luminescence in RVH4 by preinoculum of
P. aeruginosa. The plate is the same as the Pae3 RVH4 plate shown
in Fig. 4B.

FIG. 6. Model describing the three different types of intercellular
communication capable of regulating lead precipitation by V. harveyi.
The arrows indicate positive regulation, and the vertical lines with
horizontal lines at the ends indicate negative regulation. The LuxO
response regulator is shown as inhibiting luminescence and positively
regulating lead precipitation in response to LuxU phosphotransferase
activity. At a high cell density, AI1 and AI2 negatively regulate the LuxU-
LuxO system (stippled X). For simplicity, not all components of the
LuxU-LuxO regulatory system are shown. In addition to AI1 and AI2,
another autoinducer, AI3, is shown. This putative autoinducer nega-
tively regulates lead precipitation but does not influence biolumines-
cence. Finally, signaling molecules from heterologous species are also
shown as negative regulators of lead precipitation. The molecules re-
sponsible for receiving the AI3 and heterologous signals are not known
and are indicated by question marks. Although the AI3 and heterol-
ogous signals are depicted as traversing separate signal transduction
pathways, it is possible that the two systems share some components.
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defective mutants of V. harveyi display a hyperactive lead pre-
cipitation phenotype. X-ray diffraction analysis and elemental
analysis indicated that the precipitated compound is Pb9(PO4)6,
a complex form of lead phosphate that has previously been
prepared synthetically only at temperatures well outside the
range suitable for mesophilic biological processes.

We also investigated the regulation of the lead precipitation
phenotype, and a model summarizing our conclusions is shown
in Fig. 6. Figure 6 shows three different autoinducer response
systems that are capable of regulating V. harveyi’s lead precip-
itation phenotype.

The first of these systems is the well-described AI1-AI2
quorum-sensing circuit that includes the LuxO response regu-
lator. At a low cell density, LuxO is phosphorylated and is
responsible for negatively regulating bioluminescence (11, 31).
Because disruption of the luxO gene blocks lead precipitation,
we also believe that phosphorylated LuxO positively regulates
lead precipitation. AI1 and AI2 stimulate the dephosphoryla-
tion of LuxO, thereby permitting the cell to luminesce and also
blocking further lead precipitation. The second response sys-
tem shown in Fig. 6 is activated by a novel third autoinducer
that we designated AI3. AI3 appears to be produced by V. har-
veyi strain D1, but it does not induce luminescence in this
strain. Thus, we depict the AI3 response pathway as being
independent of luminescence regulation. Finally, to account
for the fact that lead precipitation by RVH3 is responsive only
to a distinct set of heterologous bacteria, we included a third
response system in Fig. 6 that is specific for an autoinducer
type(s) that is not produced by V. harveyi. We acknowledge
that other models consistent with our data may be constructed,
but we suggest that Fig. 6 represents the simplest explanation
for all of the observations reported here.

The precise mechanism by which quorum sensing regulates
lead precipitation is not clear at the present time. In principle,
it may be that quorum sensing regulates the availability of
inorganic phosphate or controls the synthesis of a structure
that serves as a complexing agent. Examination of the mech-
anism of lead precipitation and of the molecular nature of the
quorum-sensing defects of RVH3, RVH4, and RVH6 should
be instructive.
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