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Abstract. The autoinduction and glucose repression of luci- 
ferase synthesis in batch cultures and continuous cultures of 
Vibriofischeri were investigated. As previously reported, a lag 
in luciferase synthesis occurred in glycerol-grown batch cul- 
tures and addition of D-glucose to the medium extended 
the lag period. A phosphate-limited chemostat culture with 
D-glucose as energy source (specific growth rate, 
# = 0.45h -1) contained uninduced levels of luciferase. 
Luciferase activity increased to an induced level upon ad- 
dition of c-AMP or autoinducer to such a chemostat culture 
while cell mass remained constant. Furthermore, when/~ of a 
phosphate-limited chemostat culture containing D-glucose as 
energy source was decreased from 0.45 to 0.30 h-  ~, luciferase 
activity increased from an uninduced to induced level. After 
exogenously added c-AMP or autoinducer was diluted out of 
a phosphate-limited continuous culture or after # was in- 
creased to 0.45 h-  1, luciferase activity remained at an induced 
level. Apparently, luciferase in V. fischeri was subject to a 
catabolite repression by D-glucose that could be overridden 
by autoinduction or by an autogenous control element. 

Key words: Luminescence -- Luciferase - Induction - 
Repression - Chemostat - Vibrio f i s c h e r i -  Marine 
bacteria 

Luminous marine bacteria are common throughout the 
world's oceans. Within this extensive range they may exist as 
members of the bacterioplankton (Hastings and Mitchell, 
1971; Ruby et al. 1980; Ruby and Nealson 1978; Yetinson 
and Shilo 1979) as mutualistic symbionts in the light-emitting 
organs of fishes (Herring and Morin 1978) as enteric bacteria 
of a variety of marine organisms (Hastings and Nealson 1977; 
Ruby and Morin 1979), as parasites of crustaceans (Baross et 
al. 1978; Harvey 1952), or as saprophytes on decomposing 
animal matter (Harvey 1952; Hastings and Nealson 1977). 
The luminescence reaction is controlled by a complex set of 
regulatory mechanisms which are thought to be important to 
the ability of these bacteria to exist in a wide variety of 
habitats; some where light-production is clearly useful and 
others where it is not (Hastings and Nealson 1977). 

Bacterial luciferase, which catalyzes light emission, is in 
many cases an inducible enzyme. The inducers, referred to as 
autoinducers, are small molecules produced by the bacteria 
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themselves, and excreted into the growth medium (Eberhard 
1972; Eberhard et al. 1981; Nealson 1977; Rossen and 
Nealson 1981). Autoinduction has been most carefully stu- 
died in Vibrio fischeri and Vibrio harveyi where the autoin- 
ducers are species specific in that they do cross-react 
(Eberhard 1972; Greenberg et al. 1979). Autoinduction can 
actually be considered as an environmental sensing me- 
chanism, a pheromone: under conditions where a species 
specific autoinducer can accumulate the bacteria are signaled 
to synthesize luciferase. Thus when cells are grown in batch 
cultures there is a lag in the synthesis ofluciferase during early 
exponential growth phase followed by a dramatic increase in 
its synthesis later in exponential growth (Nealson t977; 
Nealson et al. 1970). 

Among the mechanisms other than autoinduction which 
regulate luciferase synthesis or activity, it has been de- 
monstrated that D-glucose can repress luciferase synthesis in 
both V.fischeri and V. harveyi (Nealson et al. 1972; Ruby and 
Nealson 1976). Experiments with batch cultures of V. harveyi 
indicate the D-glucose effect on luciferase synthesis is cata- 
bolite repression as observed in other enteric bacteria 
(Nealson et al. 1972). However, in batch cultures of V.fischeri 
the D-glucose effect is temporary; once cells are adapted to a 
medium containing D-glucose, synthesis of luciferase is in- 
sensitive to D-glucose and the temporary D-glucose repression 
is not relieved by c-AMP (Ruby and Nealson 1976). 

In other bacterial species an interplay between catabolite 
repression and inducer concentration has been observed. For 
example, catabolite repression of amidase in Pseudomonas 
aeruginosa can be overcome by addition of sufficient quan- 
tities of the inducer, acetamide, to the growth medium 
(Brammar and Clarke 1964; Clarke and Brammar 1964). 
Furthermore, specific growth rate affects the balance between 
catabolite repression and induction of amidase synthesis in 
P. aeruginosa (Clarke et al. 1968). 

Because of the autoinduction phenomenon, interplay 
between inducer concentration and repression could con- 
found results from batch culture experiments on the re- 
gulation of luciferase synthesis (and thus luminescence) in 
V. fischeri. To understand better the regulation of luciferase 
synthesis in V. fischeri we have employed chemostat cultures 
in order to establish conditions where autoinducer and 
D-glucose could be maintained at steady-state concentrations. 

Materials and Methods 

Bacterial Strain and Growth Media. The organism used was 
Vibrio fischeri M J-l, originally classified as Photobacterium 
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Fig. 1 A and B 
In vivo luminescence in batch cultures of Vibrio fischeri. 
A Inoculum was from a glycerol-grown culture. 
B Inoculum was from a D-glucose-grown culture. Cells 
were inoculated into fresh medium containing either 
12 mM glycerol (�9 or 6 mM D-glucose (E3) as energy 
s o u r c e  

fischeri M J-l, Baumann et al. 1980; Ruby and Nealson 1976). 
The minimal media employed were similar to the medium 
described elsewhere (Nealson 1978; Rosson and Nealson 
1981) except that DL-c~-glycerophosphate (0.2 raM) was used 
in place of potassium phosphate, and ferric ammonium 
citrate (0.3 % w/v) was used in place of ferric sulfate in order 
to avoid formation of a precipitate. Either D-glucose or 
glycerol were used as energy source at concentrations as 
indicated. 

Procedures for Batch Culture Experiments. Fifty-milliliter 
cultures contained in 250-ml Erlenmeyer flasks at 25~ in a 
reciprocating water bath shaker (150strokes/rain) were em- 
ployed for experiments with batch cultures. Cultures were 
inoculated to an initial cell density (0D650) of approximately 
0.005. Inocula were from late-logarithmic phase cultures 
which had been incubated with shaking at 25 ~ C. At various 
times after inoculation, 1-ml samples were removed from 
batch cultures for determinations of culture density, biolu- 
minescence and luciferase content. 

Procedures for Chemostat Experiments. The chemostat vessels 
employed were similar to those described by Jannasch (1967). 
Culture volume was 150ml. Aeration and mixing were 
facilitated by means of a magnetic spin disc and passage of 
sterile air through the culture. Oxygen concentration in 
culture vessels was maintained at over 90 % saturation as 
measured with a presterilized oxygen electrode. Temperature 
in the chemostat vessels was maintained at 25 ~ C. The inocula 
(10m l) for chemostat cultures were from early-logarithmic 
phase batch cultures (cell density of 0.3 at 0D650) grown in 
the presence of the energy source supplied during the 
chemostat experiment (D-glucose or glycerol as indicated). 
Samples (5 ml) for analysis of cell mass, bioluminescence and 
luciferase content were removed from the chemostat vessels 
through sampling ports at the indicated times. 

Measurements of Cell Mass. Immediately after sampling, the 
density of a culture was determined (0D650, Bausch and 
Lomb Spectronic 21). For chemostat experiments cell mass is 
expressed as lag cell dry weight per ml of culture fluid as 
determined by techniques described elsewhere (Herbert et al. 
1971). A culture density of 0.1 at 650 nm corresponds to 79 gg 
cell dry weight per ml. 

Determination of Cellular Luminescence and Luciferase 
Activity. The light,measuring equipment and standard to 
calibrate this equipment have been described previously 
(Hastings and Weber 1963). The techniques for measuring 
luminescence in a culture sample were described previously by 
Rosson and Nealson (1981). Assays for luciferase content 
were similar to those described by Rosson and Nealson 
(1981). Samples (4ml) were passed through 0.22pro mem- 
brane filters (Millipore Corp. Bedford, MA) and the filters 
were stored at - 2 0  ~ C. Cells on the membrane filters were 
lysed by treatment with lysis buffer (Nealson 1977, 1978). 
Luciferase activity was then determined by its reaction with 
reduced flavin mononucleotide and decanal. 

Determination of D-glucose Concentration. The residual con- 
centration of D-glucose in samples from chemostat culture 
vessels was determined by the glucose oxidase method. 
Reagents for these determinations were purchased from the 
Sigma Chemical Co. (St. Louis, MO). 

Autoinducer. Purified V. fischeri autoinducer was provided 
by A. Eberhard (Eberhard et al. 1981), and was added to 
chemostat culture vessels as indicated by the procedures 
described by Rosson and Nealson (1981). 

Results  

Regulation of Luminescence in Batch Cultures of V. fischeri. 
When cultures of Vibrio fischeri were grown in minimal 
medium plus glycerol, induction of luminescence commenced 
at a cell density of 0.02. When cells frdm cultures grown in 
minimal medium plus glycerol were inoculated into minimal 
medium plus D-glucose, induction of luminescence did not 
occur until the cell density was nearly 0.05 (Fig. 1A). 
However, if cells from cultures grown in minimal medium 
plus D-glucose were employed as the inoculum then induction 
of luminescence commenced at a cell density of 0.02 in 
minimal medium plus glycerol or plus D-glucose (Fig. 1 B). 
Induction of luminescence was temporarily suppressed by 
addition of D-glucose to cultures growing in minimal medium 
plus glycerol and c-AMP did not affect this supression 
(Fig. 2). These experiments with batch cultures are in agree- 
ment with those reported previously by Ruby and Nealson 
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Fig. 2. Effect of c-AMP on luminescence of batch cultures in media 
containing D-glucose as carbon and energy source. A medium containing 
glycerol (12raM) was inoculated with cells from a glycerol-grown 
culture: D-glucose (6 mM) added at arrow (B); D-glucose (6 raM) plus 
c-AMP (0.2 mM) added at arrow ([]); and control to which no additions 
were made (O) 

(1976) who concluded that the effect of D-glucose on lumines- 
cence in V. fischeri did not appear to be classical catabolite 
repression (as in V. harveyi), but is a temporary effect that can 
be eliminated by pre-exposure to D-glucose. 

Regulation of  Luciferase Activity in Chemostat Cultures of  
V. fischeri. At # = 0.45 h - 1  a phosphate-limited chemostat 
culture supplied with D-glucose as the carbon and energy 
source exhibited basal or uninduced levels of luminescence 
and in vitro luciferase activity (Fig. 3). Apparently, the 
uninduced levels of luciferase were maintained by the excess 
of D-glucose and were not related to the autoinduction 
phenomenon directly. That is when D-glucose concentration 
in the reservoir was decreased so that it became limiting for 
growth, luminescence and luciferase content increased to fully 
induced levels even though cell mass decreased from 225 to 
165 gg cell dry weight per ml. 

The effects of c-AMP and autoinducer on phosphate- 
limited chemostat cultures were investigated to further under- 
stand the permanent repression of luciferase that was de- 
scribed above, Addit ion of 0 .2mM c-AMP to the culture 
vessel directly had little effect on cell mass but  luminescence 
and luciferase content rose from uninduced to induced 
levels (Table 1). Thus in contrast to the temporary effect of 
D-glucose on luciferase in batch cultures, the effect in 
chemostat cultures was permanent  and reversible by c-AMP. 
Furthermore, addition of autoinducer to the culture resulted 
in an increase in luciferase activity from uninduced to induced 
levels (Table 1). It is interesting that although additions to the 
cultures were made directly (and thus concentrations of 
autoinducer or c-AMP added were decreasing over time), the 
increase in luciferase activity was permanent. Apparently, 
once the D-glucose repression of luciferase activity had been 
overcome, the culture was no longer sensitive to the 
repression. 

In phosphate-limited chemostat cultures where glycerol 
was employed as the energy source in place of D-glucose, 
luciferase activity was at an induced level although cell mass 
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Table 1. Effects of c-AMP and autoinducer on permanent repression of 
luciferase in phosphate-limited chemostats" 

Energy source Addition Cell Glucose Specific 
(gmol/ml) to culture mass c in culture luciferase 

vessel b (gg dry v e s s e P  activity ~ 
wt/ml) (gmol/ml) (quanta/ 

s �9 
dry wt) 

Experiment I 

D-Glucose (2.9) 
D-Glucose (2.9) 

Experiment II 

D-Glucose (5.8) 
D-Glucose (5.8) 

Experiment lII 

Glycerol (12) 

- 245 0.014 7 x 107 
c-AMP 238 0.013 1 x 10 l~ 

- 257 2.9 5 x 108 
Autoinducer 262 2.8 1 x 10 t~ 

i53 - 2x10 l~ 

a In each experiment /~ : 0.45 h 1 In experiments I and II, parallel 
chemostat cultures utilizing medium from a single reservoir were 
maintained 

b After steady-state had been established in each experiment additions 
were made as indicated, c-AMP was added to a final concentration 
of 0.2gmol/ml and purified autoinducer was added to a final 
concentration of 0.13 ng/ml. Since these additions were made to the 
chemostat vessels directly, the concentrations of these compounds 
continually decreased. Concentrations of exogenously added c-AMP 
and autoinducer were calculated to be < 10- t0 ~tM and < 10-16 gM 
at the termination point of these experiments 

~ Steady-state values 

was less than in the presence of D-glucose (Table I). 
Apparently, the observed repression is an effect of D-glucose 
and not an effect of phosphate limitation. 

The effect of # on luciferase activity was investigated by 
inoculating two different chemostats set at two different 
dilution rates with V.fischeri. At # = 0.25 h -  1 with D-glucose 
as energy source and phosphate-limitation, luminescence and 
luciferase activity were at induced levels. When # of such a 
culture was increased to 0.45 h - 1, luminescence and luciferase 
activity remained induced even though a culture inoculated at 
a dilution rate of 0.45h-1 exhibited uninduced levels of 
luciferase activity. Under these experimental conditions, two 
chemostat cultures were maintained at identical # values and 
had identical values of cell mass but one culture possessed 
fully induced cells and the other possessed cells with unin- 
duced levels of luciferase (Fig. 4). This is in fact, consistent 
with experiments described above which indicated that 
cultures which contained induced levels of luciferase were not 
subject to glucose repression of luciferase synthesis. 

Discussion 

These studies on the effects of D-glucose on luciferase 
synthesis in chemostat cultures of Vibrio fischeri have pro- 
vided information important  t o  an understanding of the 
control mechanisms that operate to regulate luminescence 
in this light-organ symbiont. Furthermore, these studies 
provide a hypothesis that helps explain some of the effects of 
D-glucose on luciferase synthesis in batch cultures of V. 
fischeri. 
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Under  appropr ia te  condit ions D-glucose permanently 
repressed luciferase synthesis in phosphate- l imited chemostat  
cultures (Figs. 3 and 4). Luciferase synthesis in such cultures 
was derepressed by exogenously added c -AMP or autoin- 
ducer (Table 1). The derepression was permanent  in the sense 
that  even after the exogenously added c -AMP or autoinducer  
was diluted out of  the culture, luciferase remained at an 
induced level. Furthermore,  at low specific growth rates (e.g. 
0.25 h-1) ,  D-glucose did not  repress luciferase synthesis in 
phosphate  limited chemostat  cultures and increasing the spe- 
cific growth rate did not  result in repression of  luciferase 
synthesis (Fig. 4). This constitutes another demonstrat ion 
that  once a culture had at tained an induced level of luciferase 
it was no longer subject to D-glucose repression of  luciferase. 

There are a number of possible explanations for these 
observations. It is possible that  as is the case for the lac operon 
in Escherichia coli, the permease for the inducer is inducible 
itself (Tyler and Magasanik  1970). If  this were the case, once 
induction had occurred, inducer would be t ransported more 
efficiently and could then overcome glucose repression and 
sustain full induction when it is at relatively low concen- 
trations in the growth medium. Another  possibility is that 
synthesis of  autoinducer  could be under the same transcrip- 
tional control  as luciferase. In this case, once induction had 
commenced the rate of autoinducer synthesis would increase, 
thus effecting an increase in autoinducer concentration. This 
could serve to maintain the culture in a fully induced state. It 
should be pointed out, however, that there is a report  
indicating that  autoinducer  synthesis is constitutive in V. 
fischeri MJ-I  (Nealson 1977). Fur ther  studies are required to 
test these and other possible explanations for the autogenous 
control  of luciferase synthesis in V. fischeri. 

Experiments concerning effects of D-glucose on luciferase 
synthesis in batch cultures have been difficult to interpret 
(Ruby and Nealson 1976 and Figs. i and 2). This may be due 
to the variety of factors which have been shown to effect the 
catabolite repression exhibited by chemostat  cultures. For  
example, the fact that  o-glucose repression is transient rather 
than permanent  in batch cultures may relate to the ability of 
high concentrations of autoinducer  to overcome the repres- 
sion phenomenon (Table I). In batch cultures autoinducer 
concentrat ion increases as growth proceeds (Nealson 1977), 
so eventually cataboli te repression should be relieved. 
Furthermore,  while the autogenous control  element is not 
well unders tood it may relate to the adapta t ion of  batch 
cultures to D-glucose (Fig. 1). 

F rom batch culture experiments, Ruby and Nealson 
(1976) concluded that  V. fischeri MJ-1 does not  exhibit 
cataboli te repression as defined by others (Tyler and 
Magasanik  1970; Ullmann and Monod  1968). It was specu- 
lated that  this was related to the fact that  V. fischeri MJ-1 
occcurs as the specific l ight-organ symbiont of  the Japanese 
pinecone fish, Monocentris japonica. In the light-organ, 
Monocentris could supply the bacterial culture with glucose 
and still achieve a high efficiency of light production.  In such a 
situation V. harveyi would be expected to produce only low 
levels of  luminescence due to catabolite repression (Ruby and 
Nealson 1976). Our studies with chemostat  cultures indicate 
that V. fischeri does exhibit catabolite repression of  lumines- 
cence. However,  this repression is subject to addit ional  layers 
of control  (Figs. 3 and 4, Table 1) which would allow for high 
efficiency of luminescence in the l ight-organ where pre- 
sumably the growth rate of V. fischeri is slow and autoinducer  
concentrations are high. The catabolite repression may serve 
in other host-associated habitats where V. fischeri has been 
found. Both V.fischeri and V. harveyi have been isolated from 
the intestines of various marine animals (Hastings and 
Nealson 1981). Maybe in the intestinal habitat ,  catabolite 
repression of luminescence serves an important  function. 
Since V. ha/veyi has not  been identified as a specific light- 
organ symbiont it may not  require the addit ional  levels of 
control  exhibited by V. fischeri MJ-I .  
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Note Added in Proof 
The notion that autoinducer synthesis is constitutive (Nealson 1977) 
is now under question. A recent genetic analysis indicates that as we 
have suggested, autoinducer synthesis is under the same transcriptional 
control as luciferase (J. Engebrecht, K. H. Nealson, and M. Silverman, 
1983. Cell. In Press). 


