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Expression of the Vibrio fischeri luminescence genes (/luxR and luxICDABEG) in Escherichia coli requires
autoinducer (N-3-oxohexanoyl homoserine lactone) and LuxR protein, which activate transcription of
luxICDABEG (genes for autoinducer synthase and the luminescence enzymes), and cyclic AMP (cAMP) and
cAMP receptor protein (CRP), which activate transcription of the divergently expressed luxR gene. In E. coli
and in V. fischeri, the autoinducer-LuxR protein-dependent induction of /uxICDABEG transcription (called
autoinduction) is delayed by glucose, whereas it is promoted by iron restriction, but the mechanisms for these
effects are not clear. To examine in V. fischeri control of lux gene expression by autoinducer, cAMP, glucose,
and iron, lux::Mu dl(lacZ) and lux deletion mutants of V. fischeri were constructed by conjugation and gene
replacement procedures. B-Galactosidase synthesis in a luxC::lacZ mutant exhibited autoinduction. In a
luxR::lacZ mutant, complementation by the luxR gene was necessary for luminescence, and addition of cAMP
increased B-galactosidase activity four- to sixfold. Furthermore, a luxI::lacZ mutant produced no detectable
autoinducer but responded to its addition with induced synthesis of B-galactosidase. These results confirm in
V. fischeri key features of lux gene regulation derived from studies with E. coli. However, B-galactosidase
specific activity in the luxI::lacZ mutant, without added autoinducer, exhibited an eight- to tenfold decrease
and rise back during growth, as did B-galactosidase and luciferase specific activities in the luxR::lacZ mutant
and luciferase specific activity in a A(fuxR luxICD) mutant. The presence of glucose delayed the rise back in
B-galactosidase and luciferase specific activities in these strains, whereas iron restriction promoted it. Thus, in
addition to transcriptional control by autoinducer and LuxR protein, the V. fischeri lux system exhibits a cell
density-dependent modulation of expression that does not require autoinducer, LuxR protein, or known lux
regulatory sites. The response of autoinducer-LuxR protein-independent modulation to glucose and iron may

account for how these environmental factors control lux gene expression.

Induction of luminescence in Vibrio fischeri is controlled
by the cell density-dependent accumulation of a species-
specific, diffusible autoinducer (N-3-oxohexanoyl homo-
serine lactone) produced by V. fischeri. During growth of V.
fischeri cells in batch culture, autoinducer gradually accu-
mulates in the medium and in cells. When it reaches a
threshold concentration, autoinducer triggers the transcrip-
tion of genes encoding the luminescence enzymes (11, 18-20,
30, 35, 37). Studies of the cloned V. fischeri luminescence
genes (the lux genes, luxR and luxICDABEG) in Escherichia
coli have shown that this induction (termed autoinduction)
also requires the LuxR protein, which, together with autoin-
ducer, activates transcription of luxICDABEG (genes for
autoinducer synthase and the luminescence enzymes) and
represses the divergently transcribed uxR gene. Con-
versely, cyclic AMP (cAMP) and cAMP receptor protein
(CRP), which are required for luminescence in V. fischeri,
activate transcription of /uxR, thereby apparently stimu-
lating synthesis of the LuxR protein to a level sufficient
for interaction with autoinducer, and repress expression
of luxICDABEG in E. coli (4, 6, 8, 10, 12, 14-17, 21-23, 35,
43, 50).

Besides autoinducer and cAMP, some environmental fac-
tors control autoinduction of luminescence in V. fischeri.
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These include glucose, the presence of which delays induc-
tion of luminescence (43), and iron and oxygen, low levels of
which lead to induction of luminescence at a lower cell
density (27, 40). These factors could play a role in the
bioluminescent (light organ) symbiosis of V. fischeri with
monocentrid fish; limitation of glucose, iron, or oxygen in
the symbiosis might promote bacterial light production while
limiting the growth of V. fischeri cells (16, 27, 39). Control of
lux gene expression by iron, analogous to that in V. fischeri,
was recently shown for E. coli containing the cloned lux
genes, and results of that study indicated that iron operates
indirectly in the lux system through a mechanism distinct
from direct transcriptional control of uxICDABEG by au-
toinducer and LuxR protein (12). Consequently, the autoin-
duction phenomenon appears to be more complex than
previously thought.

In the present study, gene replacement procedures were
used to construct transcriptional Jux::lacZ fusion mutants of
V. fischeri with which to examine lux gene regulation. The
effects of glucose and iron on expression from the luxR and
luxICDABEG promoters were assessed. The results confirm
information on control by autoinducer, LuxR protein, and
CcAMP derived from studies of the cloned lux genes in E. coli,
and they indicate the presence of a cell density-dependent
form of regulation that underlies transcriptional control of
luxICDABEG but that is independent of autoinducer and
LuxR protein. Glucose and iron apparently operate through
this autoinducer-LuxR protein-independent modulation.
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TABLE 1. Bacterial strains and plasmids

S‘:l‘;t;:; Relevant characteristics® ?;)f'; :_:1:;
E. coli K12
PD1734 POI1734 [Mu cts, Mu dI1734 (Km"® 15
lacZYA)) recA56
PD100 A(argF-lac)U169 14
S$17-1 RP4 tra* 48
V. fischeri
MI-1 lux* (parent strain) 43
MJ-100 MIJ-1, spontaneous Nx' strain This study
MIJ-112 MIJ-100 luxR::lacZ Mu dI1734 Nm"* This study
MJ-141 MJ-100 luxI::lacZ A(luxICD) Nm® This study
MJ-181 MJ-100 luxC::lacZ Mu dI1734 Nm* This study
MJ-184 MIJ-100 luxD::lacZ Mu dI1734 Nm* This study
MIJ-201 MJ-100 A(luxR luxICD) Nm*® 33
Plasmids
pJE202 pBR322 with 9-kb Sall fragment of V. 21
fischeri DNA (luxR luxICDABEG) Ap*
pSUP102  pACYC184, RP4 mob*, Cm" Tc" 48
pNL121 pSUP102 with 9-kb Sall lux fragment of  This study
pJE202
pWHI112 pNL121 with luxR::Mu dl(lacZYA) Nm"  This study
pWH181 pNL121 with luxC::Mu dI(lacZYA) Nm"  This study
pWHI184 pNL121 with luxD::Mu dI(lacZYA) Nm*  This study
pJE411 pJE202 with luxI::Mu dI1681 (lacZYA 22
Nm")
pWHI141 pNL121 with 9-kb BglII-Pst1 This study
luxI::lacZYA fragment of pJE411
replacing 4-kb BgllII-PstI lux fragment
(AluxICD), Nm* Cm"
pWH201 pWH112 with A(Mu dI) A(uxR luxICD) 33
Cm" Nm®
pPD749 ptac-luxR Ap* 15
pSUP202  pBR325, RP4 mob*, Ap* Cm" Tc* 48
pLR001 pSUP202 with 1.5 kb-Sall ptac-luxR This study
fragment of pPD749, Ap" Cm"
pWH202  pNLI121 with A(luxDA) Cm" luxR* This study
pHKS555 pACYC184 with luxICDABEG 31
luxR::Mu A(c nerAB) dI 1681
(Km® lacZYA) Cm*

2 Ap", ampicillin resistant; Cm’, chloramphenicol resistant; Nx*, nalidixic
acid resistant; Nm', neomycin resistant; Nm®, neomycin sensitive; Tc",
tetracycline resistant.

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. The
strains used in this study are derivatives of E. coli K-12 and
V. fischeri MJ-1 and are listed in Table 1. The E. coli strains
were grown on LB agar (47) with the appropriate antibiotics
to assure plasmid maintenance, except that for conjugative
matings both E. coli and V. fischeri strains were grown
without antibiotics on LBS (10), which contained 10 g of
tryptone, 5 g of yeast extract, 3 ml of glycerol, 340 mM
NaCl, and 50 mM Tris-HCIl, pH 7.5. For growth studies of
recombinant V. fischeri strains, cells were grown without
antibiotics in 3- or 30-ml volumes with aeration at 28°C (10,
14) in a filter-sterilized artificial seawater-based (38) medium
(artificial seawater HEPES [ASH]), which contained 300
mM NaCl, 10 mM KCl, 50 mM MgSO,, 10 mM CaCl,, 5 g of
tryptone, 3 g of yeast extract, 3 ml of glycerol, and 50 mM
HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic
acid), pH 7.5. ASH broth was supplemented with glucose,
N-3-oxohexanoyl homoserine lactone (V. fischeri autoin-
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FIG. 1. Organization of the V. fischeri lux genes and map loca-
tions of the Mu dI(/acZ) insertions and the lux gene deletion used to
construct lux::lacZ fusion mutants and a lux deletion mutant of V.
fischeri. A map of lux DNA in pNL121 showing the two divergent
transcriptional units, luxR and luxICDABEG, is shown. Markers
and numbers indicate the positions of Mu dI(lacZ) insertions in luxR
(pWH112), luxI (pWH141), luxC (pWH181), and luxD (pWH184),
with lacZ transcribed in the direction of the arrows. In the construc-
tion of pWH141 (see Materials and Methods), DNA from the 3’ end
of luxI to the 5’ end of luxD was removed. The bracket, labelled
A201, denotes the extent of the lux gene deletion in pWH201.

ducer), cAMP, and ethylenediamine dihydroxy acetic acid
(EDDHA) as indicated.

Construction of lux::lacZ fusion plasmids. To construct
lux::lacZ fusions for mobilization into V. fischeri, the lux
gene-containing 9-kb Sall fragment of pJE202 (21) was
transferred to the Sall site of pSUP102 (mob™) (48). The
resulting vector, pNL121, conferred on E. coli strains the
ability to make light. Both pSUP102 and pNL121 could be
mobilized by conjugation from E. coli S17-1 (tra™) (48) to V.
fischeri MJ-100 (a spontaneous nalidixic acid-resistant
strain, isolated by the procedure of Miller [36]) at frequen-
cies of 1072 to 10™* per donor cell, with selection for
resistance to chloramphenicol (30 pg - ml™?) and nalidixic
acid (20 pg - ml~?). However, pNL121 (but not pSUP102)
was unstable in V. fischeri MJ-100; serial transfer of the
transconjugant strains in the absence of antibiotic selection
resulted in loss of the super-bright phenotype (conferred
presumably by the supernumerary lux genes), resistance to
chloramphenicol, and the plasmid, as determined with plas-
mid ““miniprep’” and gel electrophoresis procedures (this and
other standard procedures, except as indicated, were those
of Sambrook et al. [44]). This suggested that double homol-
ogous recombination occurred readily between the vector-
borne lux genes and the chromosomal lux genes.

Mu dI1734 (lacZ) insertions in the lux genes of pNL121
were constructed according to the procedure of Castilho et
al. (5), using E. coli PD1734, as described previously (15).
The positions and orientations of Mu dI insertions in specific
lux genes were identified by phenotypic screening and re-
striction endonuclease mapping procedures, as described
previously (15). Positions of insertions are accurate to ap-
proximately +100 bp. Fusions representative of those in
luxR (pWH112), luxC (pWH181), and luxD (pWH184) were
chosen for further study (Fig. 1). Of the 120 clones exam-
ined, however, apparently none contained a Mu dI insertion
in luxI. Therefore, a different procedure was used to con-
struct a mobilizable luxI::lacZ fusion vector. A plasmid
containing a Mu dI1681 insertion in luxI, pJE411 (22), was
digested with Bg/II (one site in uxD, two sites in Mu dI) and
Pst1 (one site in luxR, one site in the vector [pBR322], and
four sites in Mu dI), and the resulting 9-kb luxI::lacZ fusion



2442 DUNLAP AND KUO

fragment was isolated away from other Bgl/II- and Pstl-
generated fragments on low-melting-point agarose. Simi-
larly, pNL121 was digested with Bg/II and Pstl, and the
11-kb fragment containing the vector with the 3’ end of luxR
and the 3’ end of luxD (including luxABE) was isolated on
low-melting-point agarose. The fragments were ligated to-
gether in the gel overnight at 15°C, and the ligation mixture
was used to transform (25) E. coli PD100, with selection for
resistance to chloramphenicol. A luxI::lacZ fusion vector,
pWHI141, was recovered by this procedure; its construction
was confirmed by screening and mapping procedures, as
indicated above. The cloning procedure eliminated most of
luxI, all of luxC, and part of luxD plus essentially all of the
Mu dI DNA (including the neomycin resistance determinant
[Nm®]) except for lacZYA.

A lux deletion vector, pWH201, was constructed by
digestion of pWH112 with Bgl/II (two sites in Mu dI1734 and
one site in luxD) followed by ligation of the vector (33). This
procedure removed most of the luxR-inserted Mu dI1734
(including the Nm* determinant) and a 3-kb portion of the lux
genes from the 5’ end of xR through the lux regulatory
region, luxI, luxC, and the 5' end of JuxD (33) (Fig. 1), as
confirmed by restriction mapping.

Construction of V. fischeri lux::lacZ fusion mutants and a
lux deletion mutant. E. coli S17-1 was transformed with the
lux::lacZ fusion vectors (pWH112, pWH141, pWH181, and
pWH184) and the lux deletion vector (pWH201) and was
then mated with V. fischeri MJ-100. For matings, mid-
exponential-phase cultures of S17-1 containing each vector
and MJ-100 were spotted together (15 wl each) on LBS
plates, which were incubated overnight at 28°C. Growth
from each mating spot was then resuspended in 1 to 2 ml of
LBS broth, and 100-pl portions were spread on plates of
LBS containing nalidixic acid, chloramphenicol, and neomy-
cin (200 pg - ml™") (except for cultures containing pWH141
and pWH201, which are sensitive to neomycin [Nm?®]). V.
fischeri transconjugants arose in 2 to 4 days. Purified trans-
conjugants were luminous and, except for pWH201, pro-
duced B-galactosidase. To recover strains in which the
fusion or deletion replaced the chromosomal /ux genes,
purified transconjugants were transferred one to several
times on LBS plates containing nalidixic acid and neomycin
(except that neomycin was not used for strains receiving
pWHI141 or pWH201) but lacking chloramphenicol. Strains
arose readily that produced no visibly detectable lumines-
cence (after 15 min of dark adaptation), that were sensitive
to chloramphenicol, and that lacked the vector (as deter-
mined with ethidium bromide-stained agarose gels of plas-
mid minipreps [44]). Replacement of the native lux genes
with the lux::lacZ fusions or with the lux deletion in the
V. fischeri chromosome (MJ-112 [luxR::lacZ], MJ-141 [luxI::
lacZ], MJ-181 [luxC::lacZ), MJ-184 [luxD::lacZ], and MI-
201 [AluxR luxICD] [33]) was confirmed by Southern hybrid-
ization analysis using the Genius nonradioactive labelling kit
(Boehringer Mannheim Biochemicals, Indianapolis, Ind.)
according to the manufacturer’s recommendations. For the
lux::lacZ strains, the 8.1-kb Bg/II-HindIII lacZYA fragment
of MudlI 1681 (5) was used as the probe (Fig. 2). For MJ-141,
consistent with the lacZ insertion in luxI, no autoinducer
was detected in ASH medium conditioned (18) by MJ-141
grown to an optical density at 660 nm (ODgg,) of 1.0, with
MIJ-1 as the assay organism. '

Construction of luxR-complementation plasmids. To con-
struct pLR001, a derivative of pSUP202 that contains a
functional luxR gene, the 1.5-kb Sall ptac-luxR fragment of
pPD749 (15) was subcloned into the Sall site of pSUP202
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FIG. 2. Southern blot analysis of chromosomal DNA of V.
fischeri lux::lacZ fusion strains. The DNA was digested with EcoRI
(which cuts once in lacZ) and Sall and electrophoresed on a 0.8%
agarose gel. The blot was hybridized with the 8.1-kb Bg/II-HindIII
lacZYA fragment of Mu dI1681, as described in Materials and
Methods. Lane a, MJ-100 (ux*); lane b, MJ-112 (luxR::lacZ); lane
¢, MJ-141 (luxI::lacZ); lane d, MJ-181 (luxC::lacZ); lane e, MJ-184
(luxD::lacZ). Fragment length standards (HindIII-digested phage
lambda DNA) in kilobases are indicated at the left.

(48). To generate pWH202, a luxR-containing plasmid based
on pSUP102, pNL121 was digested with Bg/II, which cuts in
luxD, and Xhol, which cuts in lux4 (21), the overhanging
ends were blunt ended with Klenow fragment, and the
plasmid was religated. Plasmid constructions were con-
firmed by restriction mapping. Complementation of the
defect in luxR in E. coli S17-1 containing pWHI112
(luxR::lacZ luxICDABE) by transformation with pLLR001
restored the ability of this strain to produce luminescence.

Determination of cellular luminescence, luclferase activity,
and B-galactosidase activity. The light-measuring equipment
and standard to calibrate the equipment have been described
previpusly (14, 24, 26), as have the procedures for measuring
luminescence of broth cultures (14). The procedure for
measuring luciferase activity in cell extraets involved a
reaction with excess reduced flavin mononucleotide, deca-
nal, and oxygen (42). Cell extracts for luciferase assays were
prepared as described previously (10). Luciferase activity is
based on cell extracts from 1 ml of culture (14), and
luciferase specific activity is activity per milliliter per unit of
cell density (ODgq). B-Galactosidase activity was measured
by the CHCI,-sodium dodecyl sulfate method of Miller (36),
as described previously (14), and B-galactosidase specific
activity is activity per milliliter per unit of cell density
(ODggo)- Assay mixtures were centrifuged (11,000 X g, 1
min, room temperature) before the A,,, was measured.
Phase-contrast microscopy of V. fischeri cultures (MJ-1,
MJ-112, and MJ-201) revealed no significant changes in cell
size or shape over the range of cell densities considered in
this study.

Chemicals. Antibiotics, CAMP, n-decylaldehyde, EDDHA,
flavin mononucleotide, HEPES, Tris, and 5-bromo-4-chloro-
3-indolyl-B-galactoside (X-Gal) were purchased from Sigma
Chemical Co. (St. Louis, Mo.). Deferrated EDDHA was
prepared by the method of Rogers (41). Synthetic, pure V.
fischeri autoinducer was generously provided by A. Eber-
hard.
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FIG. 3. Cell density-dependent autoinduction of B-galactosidase synthesis in V. fischeri MJ-181 (luxC::lacZ). (A) B-Galactosidase activity
per milliliter (open symbols) during growth (ODs, closed symbols); (B) B-galactosidase specific activity (defined in Materials and Methods).

Symbols: O and @, no addition; A and A, autoinducer (0.2 pM) added.

RESULTS

Construction and characterization of lux::lacZ transcrip-
tional fusion mutants of V. fischeri MJ-100. Gene replacement
mutants of V. ﬁschen ‘MJ-100 (Table 1) with Mu dI(lacZ)
fusions (Fig. 1) in luxR (MJ-112), huxI (MJ-141), huxC (MJ-
181), and luxD (MJ-184) were constructed as described in
Materials and Methods. These strains produced no visibly
detectable luminescence but produced B-galactosidase; they
were resistant to neomycin (except MJ-141, see Materials
and Methods) and were sensitive to chloramphenicol, and
they exhibited no plasmid bands on agarose gels. These
traits are consistent with replacement of the parental lux
genes with the lux::lacZ fusions and with subsequent loss of
the vectors used to deliver the fusions. When transferred
repeatedly on nonselective medium (LBS agar without anti-
biotics), these strains exhibited no changes in these traits,
which indicated that the fusions were stable. The presence of
the lacZ gene at a single location in the chromosome of each
fusion strain and its hybridization to chromosomal fragments
of the appropriate sizes were confirmed by Southern blot
analysis (Fig. 2). No hybridization of the lacZ gene occurred
with DNA from MJ-100 (Fig. 2).

Cell density-dependent autoinduction of luxICDABEG tran-
scription. With the construction and characterization of V.
fischeri lux::lacZ fusion mutants, we were able to examine in
V. fischeri the control of lux gene expression by autoinducer,
LuxR protein, and cAMP, using B-galactosidase and lu-
ciferase as transcriptional reporters. First, to confirm autoin-
duction of transcription from the uxICDABEG promoter,
B-galactosidase synthesis in V. fischeri MJ-181 (luxC::lacZ)
was examined. In this strain, the regulatory genes lux/
(putative autoinducer synthase gene) and uxR (putative
autoinducer receptor protein gene) are intact. Consequently,
MJ-181 cells were expected to induce B-galactosidase syn-
thesis in an autoinducer-dependent fashion similar to the
induction of luciferase synthesis in V. fischeri MJ-1. This
was found to be the case. When cells of MJ-181 were

inoculated into fresh medium, levels of B-galactosidase
remained constant for 4 to 5 h during growth and were then
induced to a level approximately 100- to 300-fold higher than
preinduction levels (Fig. 3A). Addition of a high concentra-
tion of V. fischeri autoinducer (0.2 pM) eliminated the lag in
B-galactosidase synthesis (Fig. 3A). On a specific activity
basis, B-galactosidase decreased 8- to 10-fold and then rose
back during culture growth, and addition of autoinducer
eliminated the decrease (Fig. 3B). These results are consis-
tent with a dependence on autoinducer for luxICDABEG
transcription, and the pattern and magnitude of expression
are very similar to results obtained for luciferase synthesis in
V. fischeri and in E. coli containing plasmids with the intact
lux genes, as well as to those for B-galactosidase synthesis in
E. coli containing a plasmid with a Mu dI(/acZ) insertion in
luxC (14, 18, 37). Thus, levels of B-galactosidase produced
by V. fischeri reliably reported luxICDABEG transcription.
Similar results for autoinduction of B-galactosidase synthesis
were obtained with MJ-184 (luxD::lacZ).

Complementation of luminescence in a luxR::lacZ fusion
mutant with the luxR gene. Studies with E. coli containing the
cloned V. fischeri lux genes have demonstrated that the
LuxR protein, along with autoinducer, through its activation
of luxICDABEG transcription, is required for the expression
of luminescence (6, 12, 15, 17, 21, 22, 31, 45, 46, 49). To
examine this requirement in V. fischeri, we constructed a
luxR-complementing plasmid, pLR001 (a derivative of
pSUP202), that contains the luxR gene under control of the
tac promoter (see Materials and Methods and Table 1).
Conjugative delivery of pLR001 into V. fischeri MJ-112 from
E. coli S17-1 restored the ability of MJ-112 to produce
luminescence; the transconjugant V. fischeri colonies arising
on selection plates (LBS agar containing chloramphenicol
and nalidixic acid) produced a high level of luminescence.
However, a more detailed analysis of the function of LuxR
protein was precluded by poor viability of MJ-112 containing
pLR001, due apparently to instability of the luxR vector in
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FIG. 4. Cell density-dependent modulation of B-galactosidase synthesis in V. fischeri MJ-141 (luxI::lacZ). (A) B-Galactosidase activity per
milliliter (open symbols) during growth (ODgg,, closed symbols); (B) B-galactosidase specific activity. Symbols: O and @, no addition; A and

A, autoinducer (0.2 pM) added.

MIJ-112. Similar complementation of luminescence in MJ-112
by the uxR gene and similarly poor viability of MJ-112
containing a luxR-complementing vector were observed
when the luxR gene was present on another vector, pWH202
(a derivative of pSUP102; see Materials and Methods and
Table 1). Nonetheless, these results confirm in V. fischeri the
requirement for LuxR protein in luminescence.

cAMP control of transcription from the luxR and luxICD
ABEG promoters. Studies with V. fischeri and with E. coli
containing the cloned V. fischeri lux genes have shown that
cAMP and CRP are required for autoinduction of lumines-
cence (10, 14, 15, 17). cAMP and CRP activate transcription
from the luxR promoter and repress transcription from the
luxICDABEG promoter. These responses occur both in the
absence and in the presence of the LuxR protein (14, 15, 17).
To determine if cAMP exerts a similar control in V. fischeri,
we examined the effect of added cAMP on V. fischeri MJ-112
(luxR::lacZ). In this strain, transcription from the luxR
promoter can be monitored by assaying for B-galactosidase
while transcription from the luxICDABEG promoter can be
monitored simultaneously by assaying for luciferase (14, 15,
17). In MJ-112, addition of cAMP (5 mM) stimulated B-ga-
lactosidase synthesis four- to sixfold (e.g., B-galactosidase
specific activity at an ODggy of 0.5: no addition, 25; with
cAMP, 140) and decreased luciferase synthesis by three- to
fourfold (e.g., luciferase specific activity [10°] at an ODyg4, of
0.5: no addition, 8.1; with cAMP, 1.9). The addition of
cAMP had no appreciable effect on growth rate. These
results are very similar to the effects of cAMP on transcrip-
tion from the luxR and luxICDABEG promoters in E. coli
containing recombinant lux plasmids (14, 15, 17). They
confirm in V. fischeri cAMP control of lux gene expression.

Cell density-dependent modulation of luxICDABEG expres-
sion in the absence of autoinducer. Results consistent with a
dependence on autoinducer and LuxR protein for luxICD-
ABEG transcription are described above. However, normal
cellular levels of autoinducer and LuxR protein can mask

regulation underlying and contributing to the autoinduction
pattern of lux gene expression (12, 14, 15, 17). We therefore
examined in greater detail V. fischeri strains with lacZ
transcriptional fusions in /uxI and luxR. Initially, MJ-141
(luxI::lacZ) was used to critically assess the requirement for
autoinducer in the autoinduction pattern of luxICDABEG
expression. This strain lacks most of luxI, and consistent
with this defect, it produced no detectable autoinducer (see
Materials and Methods). However, the luxR gene of MJ-141
is intact; this permitted MJ-141 to respond to added autoin-
ducer and permitted its response to be monitored by assay of
B-galactosidase. It was anticipated that addition of autoin-
ducer would activate (via LuxR protein) transcription from
the luxICDABEG promoter and thereby lead to an increase
in the levels of B-galactosidase. In the absence of added
autoinducer, it was anticipated that B-galactosidase specific
activity in this strain would remain at a low constant level.

B-Galactosidase activity in MJ-141 was substantially lower
than in MJ-181 (in which the luxI and luxR genes are intact),
and the addition of a high concentration of autoinducer (0.2
nM) stimulated B-galactosidase activity in this strain to
levels approaching those in MJ-181 (Fig. 4A). These results,
along with those shown above for MJ-181 (Fig. 3A), confirm
the requirement for autoinducer in the LuxR protein-depen-
dent activation of luxICDABEG transcription.

However, MJ-141 exhibited an unexpected modulation of
B-galactosidase synthesis. In the absence of added autoin-
ducer, the level of B-galactosidase remained constant for a
period of approximately 3 h, as the cell density increased
over 10-fold, and it then increased rapidly at a rate faster
than the increase in cell density (Fig. 4A). On a specific
activity basis, the level of B-galactosidase in MJ-141 initially
decreased 8- to 10-fold and then rose back (Fig. 4B), in a
fashion similar to that shown for MJ-181 (Fig. 3B); in the
presence of high levels of autoinducer the decrease did not
occur. This pattern of enzyme expression, presented as
activity per milliliter or as OD¢-specific activity, is strik-
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FIG. 5. Cell density-dependent modulation of B-galactosidase
and luciferase synthesis in V. fischeri MJ-112 (luxR::lacZ) during
growth in batch culture. Symbols: O, B-galactosidase specific activ-
ity; A, luciferase specific activity.

ingly similar to that described for autoinducer-dependent
induction of luciferase synthesis in V. fischeri MJ-1 (18, 37)
and B-galactosidase synthesis in MJ-181 (Fig. 3). These
results indicate that luxICDABEG exhibits a cell density-
dependent modulation of expression even in the absence of
autoinducer.

Cell density-dependent modulation of /uxR and luxICD
ABEG expression in the absence of LuxR protein. A possible
explanation for the autoinducer-independent modulation of
luxICDABEG expression is that the LuxR protein activated
transcription from the luxICDABEG promoter even in the
absence of autoinducer (45). To examine this possibility,
expression from the luxICDABEG promoter in V. fischeri
MJ-112 (luxR::lacZ) was examined in detail by monitoring
luciferase synthesis. The luxR gene is inactivated in this
strain, so the autoinducer-independent modulation was ex-
pected not to occur if it was attributable to the LuxR protein.

However, instead of remaining constant as anticipated for
an absence of modulation, luciferase specific activity de-
creased 8- to 10-fold and then rose back to its initial level
during culture growth (Fig. 5). Therefore the autoinducer-
independent modulation observed with MJ-141 (Fig. 4) is not
attributable to the LuxR protein. Furthermore, B-galactosi-
dase specific activity (expression from the /uxR promoter)
for cells from the same experiment also exhibited an 8- to
10-fold decrease and rise back (Fig. 5). These results indicate
that both luxICDABEG and luxR are subject to a cell
density-dependent modulation that does not require autoin-
ducer or the LuxR protein.

Cell density-dependent modulation of the lux region in a
A(luxR luxICD) mutant of V. fischeri. The results described
above did not exclude the possibility that the lux regulatory
region is involved in the autoinducer-LuxR protein-indepen-
dent modulation. Proteins other than LuxR, such as LexA
and o2 (2, 51, 52), could interact with lux regulatory
sequences and account for the observed modulation of
expression. To consider this possibility, we next examined
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FIG. 6. Cell density-dependent modulation of luciferase synthe-
sis in V. fischeri MJ-201 [A(luxR luxICD)] during growth in batch
culture. Symbol: O, luciferase specific activity.

V. fischeri MJ-201. This strain lacks the entire /ux regulatory
region as well as the genes encoding the putative autoinducer
synthase and LuxR protein [A(luxR luxICD)] (33). The
deletion eliminates all sites known or proposed to be in-
volved in lux gene regulation. The luxAB genes in this strain
are intact, however, so luciferase activity levels provided a
way of monitoring expression of the lux region.

Luciferase activity was very low in MJ-201, which is
consistent with the lack of the luxICDABEG promoter and
the absence of the genes encoding the putative autoinducer
synthase and LuxR protein. Nonetheless, luciferase activity
could be quantified. Remarkably, luciferase activity exhib-
ited modulation; specific activity decreased 8- to 10-fold
during culture growth and then gradually rose back to its
initial level (Fig. 6). These results indicate that the autoin-
ducer-LuxR protein-independent modulation of the Jux sys-
tem is unrelated to the presence of the lux regulatory region
or the lux regulatory genes. Therefore, it is not likely that
interaction with lux regulatory sites by proteins such as
LexA or o*? accounts for this modulation.

Control of autoinducer-LuxR protein-independent modula-
tion of the Jux region by glucose and iron. Some environmen-
tal factors can influence autoinduction of luminescence in V.
fischeri. For example, addition of glucose to complete me-
dium leads to faster growth and a delay in autoinduction of
luminescence until a higher cell density is attained (43), and
restriction of iron leads to slower growth and earlier autoin-
duction (i.e., at a lower cell density) (27, 28). The effects of
glucose and iron have been documented for E. coli contain-
ing the cloned V. fischeri lux genes, but no direct connection
between lux gene transcriptional control and glucose or iron
has been established (12, 14). Consequently, as an alterna-
tive to the possibility that these factors operate through
direct transcriptional control of uxICDABEG by autoin-
ducer and LuxR protein, we tested whether glucose or iron
could influence the autoinducer-LuxR protein-independent
modulation of the lux system.

The effects of added glucose on B-galactosidase and lu-
ciferase syntheses were examined with V. fischeri MJ-112
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(luxR::lacZ). With or without added glucose, cell density-
dependent modulation was observed; both B-galactosidase
specific activity (luxR expression) and luciferase specific
activity (luxICDABEG expression) decreased 8- to 10-fold
and then rose back gradually during culture growth. How-
ever, in the presence of added glucose (10 mM), cells of
MJ-112 grew more rapidly, and the rise back in B-galactosi-
dase activity was delayed compared with that in the absence
of added glucose (e.g., B-galactosidase specific activity at an
ODy, of 0.7: no addition, 155; with glucose, 45), as was the
rise back in luciferase activity (e.g., luciferase specific
activity [10°] at an ODgg, of 0.7: no addition, 20.0; with
glucose, 6.0).

To examine the response of MJ-112 to iron, the iron
chelator EDDHA was used. Addition of EDDHA to com-
plete medium provides an effective way of restricting the
availability of iron (12, 27, 41). Regardless of the presence or
absence of EDDHA, cells of MJ-112 exhibited cell density-
dependent modulation of the lux system. However, in the
presence of EDDHA (10 pM), cells of MJ-112 grew more
slowly and the rise back of B-galactosidase was stimulated
(i.e., occurred earlier in culture growth) (e.g., B-galactosi-
dase specific activity at an ODgg, of 0.3: no addition, 110;
with EDDHA, 290), as was the rise back in luciferase
synthesis (e.g., luciferase specific activity [10°] at an ODg¢,
of 0.3: no addition, 3.2; with EDDHA, 5.8).

To determine if the effects of glucose and iron on the lux
system observed with MJ-112 were related to the presence of
the lux regulatory genes (luxR and luxI) or the lux regulatory
region, V. fischeri MJ-141 (luxI::lacZ) and MJ-201 [A(luxR
luxICD)] were also examined. For MJ-141, results similar to
those described above for MJ-112 for the effects of EDDHA
on growth and B-galactosidase synthesis were obtained (e.g.,
B-galactosidase specific activity at an ODg4 of 0.3: no
addition, 4.0; with EDDHA, 23.0). Furthermore, for MJ-201,
results comparable to those for MJ-112 for the effects of
glucose and EDDHA on luciferase synthesis were obtained
(e.g., luciferase specific activity [10°] at an ODjgg, of 0.3: no
addition, 0.5; with EDDHA, 1.7; with glucose, 0.3). These
results indicate that the effects of glucose and iron are not
attributable to the presence of the lux regulatory genes or the
lux regulatory region. Glucose and iron apparently exert
their control over expression of the lux system by influencing
the autoinducer-LuxR protein-independent modulation.

DISCUSSION

Chromosomal lux::lacZ transcriptional fusion mutants of
the bioluminescent symbiotic bacterium V. fischeri MJ-1
were constructed in this study by conjugation and gene
replacement procedures. Construction of these mutants per-
mitted analysis of Jux gene control by regulatory factors
(autoinducer, LuxR protein, and cAMP) involved in autoin-
duction and by environmental factors (glucose and iron) for
which the mechanisms of action on the /ux system are not
known. Key features of models for lux gene regulation
derived from studies with E. coli containing the lux genes
were confirmed, and a previously hidden aspect of lux gene
regulation, a cell density-dependent modulation in the ab-
sence of autoinducer and LuxR protein, was revealed. The
autoinducer-LuxR protein-independent modulation appar-
ently underlies and contributes to the autoinduction pattern,
and its response to glucose and iron helps explain how these
environmental factors control /ux gene expression.

Previously, there were no reported studies involving the
genetic manipulation of V. fischeri. In this study, conjugative
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transfer of mobilizable plasmids (48) from E. coli to V.
fischeri was found to be effective for the delivery of cloned
and mutated Jux genes back into V. fischeri. Rapid loss from
V. fischeri cells of vectors carrying lux genes facilitated
construction of chromosomal lux::lacZ fusion mutants and a
lux deletion mutant of V. fischeri; homologous recombina-
tion apparently operates effectively in this species. How-
ever, detailed complementation studies probably will require
construction of a recA-like derivative of V. fischeri, since lux
sequence-containing vectors are unstable in V. fischeri.
Expression of the E. coli lacZ gene served as an effective
reporter of lux gene expression in V. fischeri. Active B-ga-
lactosidase was synthesized by V. fischeri containing the
lacZ gene, and its synthesis was regulated in a fashion
consistent with known Jux gene transcriptional control (see
below). We noticed, however, that V. fischeri expressing
lacZ at a high level, but not V. fischeri lacking lacZ, grew
poorly on plates containing X-Gal; apparently X-Gal cleav-
age products are toxic to this species. This sensitivity could
serve as the basis of a selection procedure for loss of
lacZ-containing transposons and plasmids and for down
mutations in V. fischeri promoters fused to lacZ. The gene
transfer and gene replacement methods used here should be
applicable to the analysis of other genes in V. fischeri.

The construction of V. fischeri lux::lacZ transcriptional
fusion mutants permitted key components of current models
for lux gene regulation, derived from studies of E. coli
containing the cloned /ux genes, to be analyzed and con-
firmed for V. fischeri. In V. fischeri, B-galactosidase synthe-
sis in a luxC::lacZ mutant exhibited autoinducer-mediated
cell density-dependent induction (Fig. 3) similar to that
described for luciferase synthesis in V. fischeri and in E. coli
containing the intact lux genes and to that for B-galactosidase
synthesis in E. coli containing a lux plasmid with a lacZ
insertion in luxC (14, 18, 37). As shown previously with E.
coli (6, 12, 15, 17, 21, 22, 31, 45, 46, 49), the LuxR protein
was required for luminescence in a luxR::lacZ mutant of V.
fischeri. Furthermore, cAMP controls lux gene expression
similarly in E. coli (14, 15, 17) and V. fischeri, activating
transcription from the luxR promoter while repressing tran-
scription from the divergent luxICDABEG promoter. Fi-
nally, the requirement for autoinducer in LuxR protein-
dependent activation of luxICDABEG transcription was
confirmed with a mutant unable to synthesize autoinducer
(MJ-141, luxI::lacZ) (Fig. 4).

Experiments with the luxl::lacZ mutant, moreover, re-
vealed a previously hidden aspect of /ux gene regulation,
autoinducer-LuxR protein-independent modulation. B-Ga-
lactosidase activity levels in the luxl::lacZ strain exhibited
an 8- to 10-fold decrease and rise back during growth of the
culture (Fig. 4B), a pattern that is strikingly similar to that of
autoinduction of luciferase synthesis in V. fischeri (18, 37).
In contrast to autoinduction, however, this cell density-
dependent modulation does not require autoinducer, LuxR
protein, or regulatory sites involved in controlling lux gene
expression; both B-galactosidase and luciferase levels in a
luxR::lacZ fusion strain and luciferase levels in a A(luxR
luxICD) mutant also exhibited the 8- to 10-fold decrease and
rise back (Fig. 5 and 6). Therefore, the pattern of V. fischeri
lux gene expression observed in batch culture and called
autoinduction apparently is composed of two cell density-
dependent phenomena, transcriptional control of luxICD
ABEG by autoinducer and LuxR protein and autoinducer-
LuxR protein-independent modulation. This implies that
regulation at the gene transcription level per se cannot be
inferred simply from the autoinduction pattern of the bacte-
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rial luminescence system. The contribution of autoinducer-
LuxR protein-independent modulation to autoinduction ap-
pears to be substantial, providing a baseline pattern of
luxICDABEG expression that is enhanced transcriptionally
10- to 100-fold by autoinducer and LuxR protein (Fig. 3 and
4). Consequently, the autoinducer-LuxR protein-indepen-
dent modulation may have complicated the screening for
luxI::lacZ (Mu dI) insertions in this study (see Materials and
Methods), and it might account for the cell density-depen-
dent response to autoinducer of E. coli containing the cloned
V. fischeri lux genes with a luxI mutation (1).

Although autoinducer-LuxR protein-independent modula-
tion does not require autoinducer, LuxR protein, or lux
regulatory sequences, it is influenced by glucose and iron,
environmental factors known to control luminescence (12,
14, 27, 28, 43) but for which the mechanisms of control are
unclear. Glucose has been thought to retard synthesis of
LuxR protein by decreasing cellular levels of cAMP (14, 43).
Iron has been proposed to block luxICDABEG transcription
by associating with an iron-binding repressor protein,
thereby delaying the accumulation of autoinducer (28). How-
ever, the relationships between glucose, cellular cAMP
levels, and uxR transcription have not been defined, and
evidence inconsistent with an iron-binding repressor protein
functioning in the V. fischeri lux system has been obtained
(12). Consequently, no direct link between luminescence and
glucose or iron has been established. Instead, the influence
of glucose and iron on the V. fischeri luminescence system
appears to be indirect (12), operating through autoinducer-
LuxR protein-independent modulation rather than through
direct transcriptional control by autoinducer and LuxR
protein. This implies that the glucose effect (43) is not related
to an interaction of cAMP and CRP with lux regulatory
sequences. The effect of oxygen on the V. fischeri lumines-
cence system (40), which was not addressed in this study,
will provide an interesting comparison with the effects seen
here with glucose and iron.

The lack of a requirement for autoinducer, LuxR protein,
or the /ux regulatory region suggests that autoinducer-LuxR
protein-independent modulation results from effects outside
of the lux region. It is known in this regard that cell
density-dependent changes in DNA replication initiation
occur during batch culture growth (7) and that products of
genes proximal to the origin of replication can exhibit as
much as eightfold modulation simply due to changes in the
dosage of those genes (3, 34). The location of the lux genes
on the V. fischeri chromosome has not been reported, but
studies with V. fischeri (13) show a decrease and rise back in
specific DNA content that reflect the pattern of autoinducer-
LuxR protein-independent modulation of the lux system
described here. Possibly, then, the link between this modu-
lation and control by autoinducer and LuxR protein relates
to the dosage of the lux regulatory genes, modulation of
which has been proposed to influence the cell density at
which induction of the luminescence system occurs (12).
However, the relationships between cell density-dependent
changes in DNA replication initiation and factors that alter
the growth rate of V. fischeri cells (e.g., presence of glucose
and restriction of iron) remain to be determined, as does
whether such control might be mediated by an inducer or by
an inhibitor (18). As an alternative mechanism, DNA super-
coiling in V. fischeri might exhibit cell density-dependent
effects or growth rate effects and thereby modulate expres-
sion of the lux system, as shown for the expression of a
virulence gene in Shigella flexneri (9). The mechanism for
autoinducer-LuxR protein-independent modulation of the
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lux system and the basis for its response to environmental
factors may have relevance for other bacterial systems
controlled by autoregulatory factors, such as A-factor con-
trol of antibiotic synthesis in Streptomyces griseus (29, 32).
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