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MINI -REVIEW

ABSTRACT

Bioluminescent bacteria are widespread in natural environments. Over the years, many researchers have been
studying the physiology, biochemistry and genetic control of bacterial bioluminescence. These discoveries
have revolutionized the area of Environmental Microbiology through the use of luminescent genes as biosensors
for environmental studies. This paper will review the chronology of scientific discoveries on bacterial
bioluminescence and the current applications of bioluminescence in environmental studies, with special emphasis
on the Microtox toxicity bioassay. Also, the general ecological significance of bioluminescence will be addressed.
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INTRODUCTION been possible to construct bioluminescent bacteria that are
naturally dark by insertion déix genes. This paper illustrates
Bioluminescent organisms, with their inherent beauty arfiow this has impacted new areas of research and
ease of detection, have always attracted the attention of scientiststechnological applications using luminescent systems as
Bioluminescent organisms comprise a diverse set of species ga¢ironmental biosensors.
are widely distributed, inhabiting terrestrial, freshwater and marine
ecosystems (37). A recurring question among researchers infheluminescence research
past has been: What is the biological significance of Bioluminescence is chemiluminescence that requires an
bioluminescence? The answer to this question, in the caseesakyme (luciferase). Early studies in the elucidation of the
insects, often focused on the effects of light emission as bacterial bioluminescence mechanism (21) suggested that a series
attractant in mating. However, when organisms such as bact@fasteps would be involved in bioluminescence. Initially, it was
and fungi were brought into the discussion, bioluminescenpeoposed that one molecule of reduced flavin mononucleotide
was often considered vestigial, without any function. (FMNH,) was utilized to reduce luciferase. These conclusions
In the last 30 years, however, there has been great prognesse modified a year later, when two reduced flavin molecules
on the physiology, biochemistry and genetic control of bacterigistead of one were found to be involved (22). Another research
bioluminescence. Not only have these discoveriegoup (36) suggested that during bioluminescence one molecule
revolutionized the area of Environmental Microbiology but havef FMNH, combined with oxygen to form a highly reactive
also shed light into areas of ecological, industrial and medicaiganic peroxide while the other combined with an aldehyde
significance. The elucidation of luciferase genes regulatianolecule to form an aldehyde-FMNKompound. These
permitted the discovery of intercellular communication amongactions were believed to account for the energetics, but it was
bacteria. This, in turn, has led to a better understanding difficult to reconcile this with its spectral requirements.
bacterial pathogenesis and the associations of microorganismsCurrently, it is known that the blue-green light emission of
in the environment. With the advent of molecular biology, it hasioluminescence, such as that produced by the bacteria
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Photobacterium phosphoreuamdVibrio harvey arises from the amount of E-FOOA and the relative efficiency with which it
the reaction of molecular oxygen with FMb&hd a long-chain is converted to the excited state. The excited state is regarded
aldehyde to give FMN, water and a corresponding fatty acids charge annihilation between two radical-ion centers
The luciferase enzyme catalyzes a mixed function oxidation e€curring within constrains of the enzyme pocket. Because the
the long-chain aldehyde and FMMH he reaction is highly concentrations of aldehyde and long-chain alkyl compounds
specific for FMNH, which is protected against autooxidatiorsuch as fatty alcohols and amides help stabilize this intermediate
once bound to the enzyme. The bioluminescent reaction is(&6), the rate of light emission is thus influenced by the solvent
follows: conditions.
Bioluminescence in bacteria can also be regulated through
FMNH, + G+ R-CHO a FMN + HD + R-COOH + Light (~495nm) a phenomenon known as autoinduction (12,41,46).
Autoinduction or quorum sensing was first discoveredtnio
The energy generated is more than sufficient to provide tfigcheri,it is cell-to-cell communication that ties gene expression
60 Kcal mott necessary for light emission (39). This is, howevetp bacterial cell density. Quorum sensing involves the self-
an energetically costly process. Hastings and Nealson (28pduction of a diffusible pheromone called an autoinducer
estimated that light emission represents an energy expendit{#&8, which serves as an extra cellular signal molecule that
of approximately six ATP molecules for each photon, assumiagcumulates in the medium and evokes a characteristic response
100% efficiency for the reaction. This explains why energy isom cells (42). In bioluminescence, once the concentration of
conserved in bioluminescent organisms and expressed otilg Al reaches a specific threshold (abové dls mL?), it
when physiologically necessary. triggers the energetically costly synthesis of luciferase and other
The luciferase enzyme was first purified by McEIroy anénzymes involved in luminescence. Thus, by sensing the level
Green (36). Later, other researchers concluded that the molecafakl, the cells are able to estimate their density and ensure that
weight of luciferase was within the range of 58 to 76 KDa (16,28he luminescent product will be sufficiently high to cause an
More recent studies have shown that all bacterial luciferasegpact in the environment (64), making the process cost-
are ~ 80 KDa heterodimers containing two subunitand3  effective. The Al forV. fischerj N-acyl homoserine lactone
subunits of approximately 40 and 35 KDa, respectively (39)AHL), was once thought to be species-specific (23), however
Structurally, the luciferase enzyme is simple and has no metakscent studies have established that AHL can serve as a
nor prosthetic groups or non-amino acid residues. The a subwimnaling molecule for more than 16 genera of gram-negative
appears to dictate the primary kinetic properties, such bacteria. This suggests that the Al protein can facilitate
substrate binding (FMNHand aldehyde), light emission andinterspecies communication (18,59), allowing quorum-sensing
turnover rate (10), while tHfgsubunit appears to influence thebacteria to monitor the population of other species as well as
interaction with flavin and to contribute to an active center (1fheir own. Quorum sensing is now known to be a widespread
However, it has now been demonstrated that purified anelgulatory mechanism in bacteria, particularly among a number
immobilized subunits do not exhibit luciferase activity and thaif pathogens (11), influencing their ecology and associations
activity can be regained if renatured (60), thus suggesting théth eukaryotic organisms.
neither thea nor 3 subunits possess an active center. Thea andf3 subunits of luciferase are encoded byltixé\
Enzyme assays have helped in the elucidation of tlaadluxB genes, respectively. Mibrio fischeri these genes
bioluminescence mechanism. However, only a few of trege adjacent in thieix operon, which also contains the genes
simplest reactions are currently understood at the molecuéarcoding for the proteins that make up the fatty acid reductase
level. The first step in the luminescence reaction pathwapmplex for aldehyde syntheslaxC, D, andE) (38). In most
involves binding of a single FMN4tholecule to each luciferase luminescent bacteria, the luciferase gelue#\B are flanked
molecule (3), resulting in the formation of the intermediatapstream byuxCDand downstream HuxE with transcription
(EFH,). This intermediate reacts with oxygen, resulting in thigom left to right (39). However, Mancini and coworkers (34)
formation of an unusually stable luciferase-bound flavifound that inP. phosphoreunthe gendéuxF is located between
hydroperoxide intermediate (EFHOOH) (20,21,58). NexiuxB andluxE. Also, the nucleotide sequencesla%A and
aldehyde reacts with EFHOOH to form a flavin-oxygen-aldehydexB genes irP. phosphoreurare considerably different from
intermediate, also called a peroxyhemiacetal (E-FOOA) (31). Tosher bacterial luciferases (14).
intermediate has not yet been isolated but it is believed that its The regulation of autoinduction in thex system ofV.
lifetime is the rate-limiting step of the reaction. Electrochemicéischerihas been studied in detail (13,18). It is regulated by two
studies suggest that the rate-limiting step involves the transfgmes IuxR andluxl), which are present in two divergent
of an electron from the dihydroflavin moiety to the weak peroxidegperons. Th&ixl gene is in the rightward operon together with
bond within the E-FOOA (32), resulting in the cleavage of thiaeluxCDABEgenes while thuxRis in the leftward operon.
O-0 bond. The intensity of light emission is thus dependent de luxI codes for an autoinducer synthase that is responsible
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for the production of the Al. THexRgene encodes the LuxR possible through the creation of transcriptional fusion between
protein, which serves as both a receptor for the Al andtle alkB promoter ofPseudomonas oleovorarad the
transcriptional activator of tHex operon (12,18). Binding of promoterlestuxABgenes oY/. harveyi Another research group
the Al to the LuxR protein forms a complex that acts as@nstructed atod-lux fusion and introduced it into
transcriptional regulator, activating transcription fromlthe Pseudomonas putid&l. This new strain (TVA8) was used as a
operon promoter (51). Once induction begins, the level of A¥hole-cell reporter for benzene, toluene, ethylbenzene, and
increases rapidly because the gene for Al synthase is parkgiene (BTEX) sensing and bioavailability determination (2).
the lux operon. In this way, the Al controls its own synthesiblovel applications for bacteri#tixAB as reporter genes are
through a positive feedback circuit (16). Advances in moleculatill being developed, including the use of recombirardoli
biology have made possible the cloning and expression of tbells containing the stress promotecA fused tduxCDABE
luxAB genes in bacteria that are normally non-luminesceras a biosensor for ionizing radiation (40). In addition, it is possible
transforming them into bioluminescent bacteria. The resultirtg use a biosensor to assess changes in effluent toxicity (8,45)
transformations provide enormous applications (9,25) irmther than monitoring exact toxin concentrations through
industry (53), medicine (11,35), microbial ecology (6,29), ancheasurement of bioluminescence quenching. Although new

environmental fields (50). applications for bacterial whole-cell biosensors are expanding,
there is growing recognition of their limitations, thereby

Applications of bioluminescence for environmental stimulating the search for new biomarker systems (30).

microbiology Some of the limitations of luciferase markers include their

Knowledge of théux gene organization has stimulated thelependence on available substrate concentration, physiological
use of bioluminescence genes for the development of whotgate of the bacteria, the poor stability of the luciferase enzyme,
cell biosensors that have a broad range of environmengald the presence of stimulating or inhibiting factors in the
applications (9,50,52). These applications include constructisample to be measured. For example, wherutt®B genes
of biosensors for detection of contaminants, measurement(ofld-type or fused forms) are used to mark cells, the application
pollutant toxicity (44), and monitoring of genetically engineeredf an exogenous aldehyde substrate is required for
bacteria released into the environment (15,33,48). Biosensbigluminescence to be observed. This may present a problem
have also been used as indicators of cellular metabolic activéiyce aldehyde can be toxic to cells under prolonged exposure.
(57) and for detection of pathogens (9,53). The use aitds possible to use the entitek CDABEoOperon to avoid this
limitations of bioluminescence as reporter systems for pollutardependence on substrate addition. However, this places an
from environmental samples are discussed below. added energy burden on the cells and also limits

To date, many bioluminescent reporter bacteria have begiosluminescence by the amount of aldehyde produced. One
genetically engineered by placindux gene construct under method to circumvent this problem has been to isolatexiAd®
the control of an inducible promoter (9). The resultingrom luxCDEDby expressing thieixCDE from a plasmid while
biosensors can be extremely useful in bioremediation studidse luxAB construct is either chromosomally integrated or
Biosensors can be utilized to determine the presence gmrésent on a compatible plasmid with a low-copy number (9).
concentrations of specific pollutants as well as to distinguigtherefore, selection of the type lofx gene construct to be
between bioavailable forms of pollutants from those that exigsed for a particular study must consider factors such as the
in the environment in inert, unavailable forms. For exampléngth of observation time for bioluminescence (minutes, days
Heitzer et al. (24) developed a bioassay to assess tlw months), the type of organisms that will be transformed, and
bioavailability of naphthalene and salicylate in contaminatezhvironmental factors. Generally, the wild-typegenes work
soils. They used the genetically engineered bacteriuwell for Gram-negative bacteria while the flisegenes work
Pseudomonas fluoresceld&44 carrying thenah-luxreporter best for Gram-positive bacteria. The latter is essential for
plasmid capable of degrading both salicylate and naphthaldneiferase expression under a single promoter in eukaryotic cells
(5,27). Similarly, Selifonovat al.(47) constructed a biosensor(9). Chromosomal integration of thex genes may be preferred
using fusions of the Tn21 mercury resistance openen (vith  over plasmid-based genes particularly in studies where long-
promoterlestuixCDABEfrom V. fischeri Thismer-luxbiosensor term observations are required. Furthermore, since
demonstrated the semiquantitative detection of inorganic Hgpluminescence is dependent on oxygen and cellular energy
(1) in natural water in the 0.1 to 200 ppb range and was a gomserves, this may present problems for studying bacteria in
system for distinguishing bioavailable from unavailable formtheir natural environment because bacterial cells are often
of mercury. starved in nature and anaerobic conditions may prevail in certain

More recent studies include the useEofcoli whole-cell environments.
biosensors for detection of linear alkanes and their bioavailability The inherent limitation of bacterial luciferase enzymes has
in heating oil-contaminated groundwater samples (54). This waompted attention to other bioluminescence systems such as
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the green fluorescent protein (GFP) of the jellyfgkquorea Salt concentrations below 5 g/L can cause the cell membranes
victoria (55,65). Some advantages of the GFP fluoresceat P. phosphoreunto rupture due to low external osmotic
protein are that it is very stable, does not require the additionmEssure. The pH and temperature can also affect the bioassay
an aldehyde substrate and is more efficient and less energgults and require careful control; the recommended ranges
costly than bacterial luciferases. The stability of the GFP proteine 6.5-7.0 and 10-25°C, respectively. It has been reported that
can be both an advantage and disadvantage for environmefdaltors relating to cell density can have an effect on
studies. It permits the detection of organisms found undkioluminescence (61); we now know this to be the effects of
starved conditions or in a viable-but-nonculturable state batitoinduction. Therefore, it is recommended that fresh bacterial
can also detect tagged cells regardless of their viability (30).4nspensions are used and that cell density is controlled (45).
spite of the limitations associated with bacterial bioluminescent When experimental conditions are appropriate, the Microtox
systems, their usefulness as biosensors in laboratory and figldassay can have equal or greater precision than the traditional
conditions have been proven. This is particularly true ifish andDaphnia bioassays. Microtox is a simple bioassay
bioassays where environmental conditions can be controlldtht has several advantages over other toxicity tests. One of
such as in the Microtox toxicity bioassay. The next section wilhe advantages is its good statistical significance since the

describe how this system functions. observed response is produced by a large number of cells (~
10). Also, this bioassay is amenable to automated toxicity data
The microtox system collection that can be used in mathematical models, such as

Commonly used toxicity assays that employed fish dpuantitative Structure-Activity Relationships (45). Because of
Daphnia,as test organisms are time-consuming and expensiits.rapid response and excellent sensitivity, the Microtox system
Thus, microbial bioassays are increasing in popularity for toxicitg currently being used for toxicity assays in complex
measurement of environmental pollutants on living organismsavironmental media. For example, it has been used for the
Microbial bioassays offer a rapid response, low cost, amdsessment of toxicity in remediated soil from a contaminated
improved reproducibility. In the last 18 years, the Microtox systesite with various pesticides and their major metabolites (19).
has been used by several agencies to assess the impadthef Microtox system has also been used to evaluate the
chemicals in the environment (8,9). This is a commerciallgffectiveness of toxicity reduction during wastewater treatment
available toxicity bioassay that uses the naturally bioluminescé€f8) and for initial screening of cyanobacteria blooms (7). Other
bacteriaPhotobacterium phosphoreuamd more recentlyjbrio  potential uses of this system are within the Offshore Oil and
fischeri (43). Light emission irP. phosphoreundepends on Gas Industry to monitor discharges from offshore installations
functional metabolism. Consequentbic agents that affect the at source (62). As more agencies and researchers explore the
metabolism or compromise bacterial viability cause a reductiase of the Microtox bioassay in their field of work, there will be
in light output that is proportional to the toxicity of the samplean increase in the potential applications of this equipment for
The results are expressed as effective concentratigp) (glies environmental studies.
at which there is a 50% decrease in light emission.

The physiological effects of iron, oxygen and osmolarity ofihe ecological significance of bioluminescence
luminescence are only partially understood but can affect the The function of light emission in higher organisms usually
accuracy of the bioassay (17,53). The effects of endogendaks under 3 categories: To assist in predation (offense), to aid in
aldehyde and internal ions on bioluminescence expressidn oévoiding predators (defense) and for intraspecies communication
phosphoreurhave been well documented (26,56,61). Watanalsech as courtship. While the functions of luminescence are quite
et al. (61) reported that luminescence Rnphosphoreunis  clear for higher organisms, the ecological significance of bacterial
affected by endogenous aldehyde and potassium iand fungal luminescence is less straightforward. Bacterial
concentrations. They believed that an increase in th&luminescence predominates in marine ecosystems, particularly
concentration of intracellular *Kfavored the transcription of among fish (49). Studies of marine bioluminescence have provided
luminescence gendsix operon) due to conformational changegreat understanding on symbiotic relationships particularly from
in bacterial chromosomes thereby increasing the expressiorite#Euprymna scolope¥. fischerimutualism (4). The squid has
genes involved in aldehyde synthesis. Hence, the testisigecialized organs in which the luminous bacteria grow and
medium used in the Microtox assay has been formulated gmovides behaviorally useful light that help attract pray to the
contain potassium, calcium and magnesium ions. Sodiuwsquid. Upon bacterial colonization, these specialized organs
chloride is another external factor that affects the light intensityndergo developmental changes that would not take place in the
in P. phosphoreurand must therefore be carefully regulated imbsence of the bacteria. Once the relationship has been
the bioassay. BecauBgphosphoreurandV. fischeriare marine established, the squid maintains an acceptable population of the
organisms, the addition of NaCl to the test solution to reaslymbiont by expelling 90% of the bacteria population every
saline concentration of approximately 20 g/L is recommendeaiorning. The expelled bacteria are viable and regrow flagella. In
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this manner, bacteria are given room and board and helpecin estudos ambientais, salientando a utilizacdo do teste de
their dissemination so that both organisms benefit from thexicidade Microtox. A significAncia ecol6gica da bioluminescéncia

association.
However, the ecological significance of bioluminescence
for non-symbiotic bacteria such ¥sharveyiis more difficult

sera também examinada.

Palavras-chavebactéria, bioluminescéncia, gefes teste de

to explainV. harveyis a free-living marine enterobacteria. It istoxicidade Microtox

found in the gut of fishes and invertebrates and is shed in fecal
matter. It is believed that by helping to attract organisms to
ingest fecal pellets, these bacteria play an important role jin
water column turnover. Both organisms benefit from this
interaction; the fish consume nutrients that otherwise would
be lost to the ocean floor and the bacteria find themselves?in
the gut, a more nutrient-rich environment, where they can
proliferate, be excreted, and continue the cycle. Hence, it
appears that bioluminescence\in harveyiserves only the
purpose of dispersion and propagation (64). Furthermore, not
all free-living bioluminescent bacteria are limited to the fecaf-
gut cycles. Some luminous bacteria are able to exploit habitats
where there is no apparent positive selection for the ability $0
emit light. The habitat may merely serve as a confined situation
allowing bacterial growth and the accumulation of an A}
necessary for light production. Therefore, autoinduction has
been regarded as a mechanism that allows for physiological
adaptation to alternate environments. 7
Overall, bioluminescence has helped us understand the
intricacies of microbial ecology. It has led to significant
discoveries on how bacteria interact with higher organisms ahd
among themselves. This has permitted the understanding of
symbiotic associations and the discovery of bacteria
communication. The latter offers promise in understanding how
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