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            JOURNAL OF BACTERIOLOGY, Jan. 1987, p. 247-253 Vol. 169, No. 1 0021-9193/87/010247-07$02.00/0 Copyright © 1987, American Society for Microbiology Expression of Bioluminescence by Escherichia coli Containing Recombinant Vibrio harveyi DNA C. MIYAMOTO, D. BYERS,t A. F. GRAHAM AND E. A. MEIGHEN* Department of Biochemistry, McGill University, Montreal, Quebec H3G I Y6, Canada Received 12 June 1986/Accepted 9 September 1986 When isogenic strains of Escherichia coli, RR1 (rec+) and HB101 (recA), were transformed with mapped recombinant plasmids known to contain Vibrio harveyi luciferase genes and large regions of DNA flanking on both sides, a small percentage (0.005%) of the colonies expressed high levels of luminescence (up to 1012 quanta s-' ml-') in the absence of added aldehyde. The altered ability to express light was found to be due to a mutation in the host and not to an alteration in the recombinant DNA. When these bright colonies were cured of plasmid, they could be retransformed with cloned V. harveyi gene fragments in cis aid in trans to yield luminescent colonies at 100% frequency. The maximum length of V. harveyi DNA required to produce light-emitting E. coli was shorter (6.3 kilobase pairs) than that required for expression of the V. fischeri system in E. coli. Cell extracts from bright clones contained wild-type levels of activity for the heteropolymeric (aOL) luciferase; fatty acid labeling revealed the presence of the three acylated polypeptides of the fatty acid reductase system which is involved in aldehyde biosynthesis for the luminescence reaction. The increased light emission in the mutant bacteria appeared to arise in part from production of higher levels of polycistronic iuRNAs coding for luciferase. The generation of light-emitting Escherichia coli trans- formed with recombinant Vibriofischeri DNA has advanced our understanding of the gene organization and regulation of the bacterial bioluminescence system (8, 9). In transformed E. coli, the two genes coding for the nonidentical subunits of luciferase are expressed at levels comparable to that ob- served in the parental strain. In addition, the three genes coding for the reductase, synthetase, and transferase subunits of the fatty acid reductase complex responsible for long-chain aldehyde biosynthesis are also expressed at high levels (4). Consequently, fatty aldehydes required for the bioluminescence reaction do not need to be supplied exogenously to transformed E. coli, and the cells continu- ously emit light. The five structural genes of V. fischeri, as well as the two regulatory genes, are encoded in an 8.5- kilobase-pair (kbp) DNA fragment containing two transcrip- tional units as defined by transposon mutagenesis (8). Ap- proximately 95% of the coding region is necessary for transcription of the seven polypeptides (9). Previous attempts to express luminescence systems from other mnarine bacteria in E. coli have met with much less success. High levels of light have been obtained for E. coli containing recombinant V. harveyi DNA only when the two luciferase genes are placed under control of a suitable external promoter and exogenous aldehyde is added (1, 2, 10). Although large continuous regions of DNA containing the luciferase genes of V. harveyi (19) or Photobacterium phosphoreum (unpublished data) have been cloned into E. coli, the levels of light emission were less than 0.1% of that observed for the native strain even in the presence of exogenous aldehyde. Only the transferase component of the fatty acid reductase system in V. harveyi (22) has been detected in transformed E. coli, and its expression occurs at a relatively low level (19). Consequently, it was not known whether low luminescence and the need for aldehyde in * Corresponding author. t Present address: Atlantic Research Center for Mental Retarda- tion, Clinical Research Centre, Halifax, NS B3H 4H7, Canada. cloned systems from marine bacteria other than V. fischeri reflected inability to express the luminescence genes in E. coli or whether the genes were not all present in the recombinaht DNA. The present report describes the discovery of E. coli mutants that can be transformed with V. harveyi DNA to generate bright-light-emitting E. coli in the absence of exogenous aldehyde. Expression of the genes for luciferase and the three polypeptides of the fatty acid reductase was directly demonstrated on transformation of E. coli with only 6.3 kbp of V. harveyi DNA. As this length of DNA has insufficient coding capacity, to synthesize regulatory proteins comparable to those found in the V. fischeri system, these results also showed that transcription of regulatory proteins is not required for expression of luminescence in the mnutant E. coli cells. MATERIALS AND METHODS Bacteria and plasmids. E. coli RR1 and its isogenic strain HB101 (recA), as described by Maniatis et al. (16), were used for propogation of recombinant plasmids. These strains have been tested to be UV resistant in the case of RR1 and UV sensitive in the case of HB101 (20). DNA from V. harveyi B392 was subcloned into several plasmids at various sites: pBR322 (3), pACYC184 (6), pOP95-15K (12), P12 (a galactokinase expression vector constructed from pKO-1 [17] in our laboratory; the polylinker of pUC12 [21] was placed in front of the galactokinase gene in pKO-1 to provide more versatility to this vector). For transformation, E. coli cells were grown in LB medium and treated with calcium as previously described (16). Selection for transformants was on LB agar plates containing ampicillin at 100 jg/ml, chlor- amphenicol at 25 p.g/ml, or tetracycline at 10 ,ug/ml (or a combination as in the case of complementation experi- ments). Once a transformant was obtained, growth was performed in either LB or 1% NaCl complex medium (18) under antibiotic selective pressure. V. harveyi was grown in 1% NaCl complex medium. 247 on June 16, 2018 by guest http://jb.asm.org/ Downloaded from 
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JOURNAL OF BACTERIOLOGY, Jan. 1987, p. 247-253 Vol. 169, No. 10021-9193/87/010247-07$02.00/0Copyright © 1987, American Society for Microbiology
 Expression of Bioluminescence by Escherichia coli ContainingRecombinant Vibrio harveyi DNA
 C. MIYAMOTO, D. BYERS,t A. F. GRAHAM AND E. A. MEIGHEN*Department of Biochemistry, McGill University, Montreal, Quebec H3G I Y6, Canada
 Received 12 June 1986/Accepted 9 September 1986
 When isogenic strains of Escherichia coli, RR1 (rec+) and HB101 (recA), were transformed with mappedrecombinant plasmids known to contain Vibrio harveyi luciferase genes and large regions of DNA flanking onboth sides, a small percentage (0.005%) of the colonies expressed high levels of luminescence (up to 1012 quantas-' ml-') in the absence of added aldehyde. The altered ability to express light was found to be due to amutation in the host and not to an alteration in the recombinant DNA. When these bright colonies were curedof plasmid, they could be retransformed with cloned V. harveyi gene fragments in cis aid in trans to yieldluminescent colonies at 100% frequency. The maximum length of V. harveyi DNA required to producelight-emitting E. coli was shorter (6.3 kilobase pairs) than that required for expression of the V. fischeri systemin E. coli. Cell extracts from bright clones contained wild-type levels of activity for the heteropolymeric (aOL)luciferase; fatty acid labeling revealed the presence of the three acylated polypeptides of the fatty acid reductasesystem which is involved in aldehyde biosynthesis for the luminescence reaction. The increased light emissionin the mutant bacteria appeared to arise in part from production of higher levels of polycistronic iuRNAscoding for luciferase.
 The generation of light-emitting Escherichia coli trans-formed with recombinant Vibriofischeri DNA has advancedour understanding of the gene organization and regulation ofthe bacterial bioluminescence system (8, 9). In transformedE. coli, the two genes coding for the nonidentical subunits ofluciferase are expressed at levels comparable to that ob-served in the parental strain. In addition, the three genescoding for the reductase, synthetase, and transferasesubunits of the fatty acid reductase complex responsible forlong-chain aldehyde biosynthesis are also expressed at highlevels (4). Consequently, fatty aldehydes required for thebioluminescence reaction do not need to be suppliedexogenously to transformed E. coli, and the cells continu-ously emit light. The five structural genes of V. fischeri, aswell as the two regulatory genes, are encoded in an 8.5-kilobase-pair (kbp) DNA fragment containing two transcrip-tional units as defined by transposon mutagenesis (8). Ap-proximately 95% of the coding region is necessary fortranscription of the seven polypeptides (9).
 Previous attempts to express luminescence systems fromother mnarine bacteria in E. coli have met with much lesssuccess. High levels of light have been obtained for E. colicontaining recombinant V. harveyi DNA only when the twoluciferase genes are placed under control of a suitableexternal promoter and exogenous aldehyde is added (1, 2,10). Although large continuous regions of DNA containingthe luciferase genes of V. harveyi (19) or Photobacteriumphosphoreum (unpublished data) have been cloned into E.coli, the levels of light emission were less than 0.1% of thatobserved for the native strain even in the presence ofexogenous aldehyde. Only the transferase component of thefatty acid reductase system in V. harveyi (22) has beendetected in transformed E. coli, and its expression occurs ata relatively low level (19). Consequently, it was not knownwhether low luminescence and the need for aldehyde in
 * Corresponding author.t Present address: Atlantic Research Center for Mental Retarda-
 tion, Clinical Research Centre, Halifax, NS B3H 4H7, Canada.
 cloned systems from marine bacteria other than V. fischerireflected inability to express the luminescence genes in E.coli or whether the genes were not all present in therecombinaht DNA.The present report describes the discovery of E. coli
 mutants that can be transformed with V. harveyi DNA togenerate bright-light-emitting E. coli in the absence ofexogenous aldehyde. Expression of the genes for luciferaseand the three polypeptides of the fatty acid reductase wasdirectly demonstrated on transformation of E. coli with only6.3 kbp of V. harveyi DNA. As this length of DNA hasinsufficient coding capacity, to synthesize regulatory proteinscomparable to those found in the V. fischeri system, theseresults also showed that transcription of regulatory proteinsis not required for expression of luminescence in the mnutantE. coli cells.
 MATERIALS AND METHODS
 Bacteria and plasmids. E. coli RR1 and its isogenic strainHB101 (recA), as described by Maniatis et al. (16), wereused for propogation of recombinant plasmids. These strainshave been tested to be UV resistant in the case of RR1 andUV sensitive in the case of HB101 (20). DNA from V.harveyi B392 was subcloned into several plasmids at varioussites: pBR322 (3), pACYC184 (6), pOP95-15K (12), P12 (agalactokinase expression vector constructed from pKO-1[17] in our laboratory; the polylinker of pUC12 [21] wasplaced in front of the galactokinase gene in pKO-1 to providemore versatility to this vector). For transformation, E. colicells were grown in LB medium and treated with calcium aspreviously described (16). Selection for transformants wason LB agar plates containing ampicillin at 100 jg/ml, chlor-amphenicol at 25 p.g/ml, or tetracycline at 10 ,ug/ml (or acombination as in the case of complementation experi-ments). Once a transformant was obtained, growth wasperformed in either LB or 1% NaCl complex medium (18)under antibiotic selective pressure. V. harveyi was grown in1% NaCl complex medium.
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248 MIYAMOTO ET AL.
 E S B B E S 1 U Northern blots of RNA was performed exactly as describedluxA IuxB in a previous paper (19), and Southern blot analysis was as
 0 3 6 9 12 15 18 kbp described by Maniatis et al. (16).
 RESULTSSauVhM1
 VhM2
 VhC1
 VhC2VhBU
 VhM2A
 VhM2B
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 FIG. 1. Restriction map of 18 kbp of V. harveyi DNA containingthe luciferase genes and the locations of the primary clones studied.The restriction sites shown are those which help to describe theclones indicated; a more tomplete restriction map has been depictedelsewhere (19). All sites for each restriction enzyme are shownexcept the numerous sites for Sau3AI. Abbreviations: E, EcoRI; S,SalI; B, BamHI; U, PvuII; Sau, Sau3AI. Plasmid pVhCl wasconstructed by PvuII digestion of pVhMl and pVhM2 DNA andreplacement of the DNA downstream from the PvuII site in theVhM1 DNA to the PvuII site of pBR322 with the 5-kbp PvuIIfragment ofVhM2 DNA. Plasmid pVhC2 was generated similarly byfirst restricting pVhM2 DNA with Sall to yield pVhM2A (which haslost DNA from the luxA gene to the end of VhM2); second, thedownstream Sall fragment from pVhMl was inserted into the SalIsite of pVhM2A. Plasmid pVhM2B was a product of partial EcoRIdigestion of pVhC2 and removal of the upstream DNA from the firstEcoRI site. The other clones have been described previously (19).
 Materials. All of the enzymes used in the recombinantplasmid construction and hybridization studies were pur-chased from Boehringer Mannheim Biochemicals. Antibiot-ics were from Sigma Chemical Co., ahd radiochemicals werefrom New England Nuclear Corp. Methyl mercury waspurchased from Alpha; decanal was from Aldrich ChemicalCo., Inc.Curing E. coli of plasmid. When E. coli carrying a recom-
 binant plasmid was to be cured of the plasmid, the bacteriawere inoculated into LB medium without antibiotic. Theculture was incubated at 43°C overnight without beingshaken and then spread on LB agar plates at 30°C. Singlecolonies were picked onto LB plates with or without theantibiotic to which the plasmid is resistant. About three-fourths of the colonies were sensitive to the drug and werealso shown to be plasmid free by plasmid preparationanalysis. In the case of expressing clones, loss of the plasmidwas associated with a concomitant loss of luminescence.Measurement of luminescence. Luminescence of liquid
 cultures was measured with a photomultiplier tube cali-brated with the light standard of Hastings and Weber (14).One light unit is equal to 5 x 109 quanta/s. To measurealdehyde-dependent luminescence, We added 1 ,ul of decanalto 1.0 ml of culture just before reading.Enzyme assays. Assays for luciferase and fatty acid
 reductase, as well as acylation with [3H]tetradecanoyl-coenzyme A (CoA) in vitro or [3H]tetradecanoic acid in vivoor in vitro were performed as previously described (13, 22).Other methods. DNA was purified by standard means (16).
 Most transformations and restrictions were accomplishedwith "mini preps" of plasmid DNA. RNA was purified as
 described before (11). Gel electrophoresis of restricted DNAon 1% agarose, that of RNA on methyl mercury-containingagarose (1.2%), and sodium dodecyl sulfate-polyacrylamidegel electrophoresis of proteins have also been describedbefore (15, 16, 19). Hybridization of DNA fragments to
 Transformation of E. coli with V. harveyi DNA to producelight-emitting colonies. Transformation of E. coli with plas-mids containing the operons of the V. fischeri luminescencesystem on a 9-kbp segment of DNA results in production ofhighly luminescent E. coli (8). Although large segments of V.harveyi DNA containing the luciferase genes have beencloned into E. coli, very low levels of light (<0.001% of thatfor Vibrio strains or the cloned V. fischeri system in E. coli)were observed in the transformed cells (19). VhM1 andVhM2, the larger segments used, are overlapping Sau3Afragments which had been constructed by partial Sau3Adigestion of V. harveyi DNA followed by insertion into theBamHI site of pBR322 (19) (Fig. 1). They both contain theluxA and luxB genes whose positions and orientation on themap are based on the nucleotide sequence (7). Even onaddition of exogenous long-chain aldehyde, these largeclones emitted very low levels of light either compared withshorter clones that encode only the lux genes and in whichexpression is enhanced by plasmid promoters (1, 2) orcompared with the native strain (<0.1% of that of V.harveyi). Pairwise complementation of compatible recombi-nant plasmids encoding the entire 18-kbp region of DNA,which represents 6 to 8 kbp beyond the lux genes on eitherside, also did not result in highly light-emitting E. coli (19).However, when pBR322 containing VhM2 DNA (pVhM2)was isolated and retransformed into E. coli, approximately 1in 20,000 colonies emitted a high level of light withoutaldehyde and could easily be detected within a few secondsin the darkroom. Furthermore, addition of aldehyde did notenhance luminescence.To determine whether expression of the luminescence
 system arose from an alteration in the recombinant DNA orin the E. coli cells themselves, we isolated the recombinantDNA and cured the transformed luminescent E. coli of theplasmid. On restriction analysis, no difference in sites be-tween the recombinant DNA isolated from the luminescentE. coli and the original recombinant DNA was detected.Furthermore, on retransformation of E. coli with the recom-binant DNA isolated from the luminescent cells, all of the4,000 colonies screened were dark and, on addition ofaldehyde, only emitted the low level of light characteristic ofthe original transformation. In contrast, if the bright E. colicells, after curing of the plasmid, were transformed with theoriginal recombinant DNA, all 2,000 of the transformantswere highly luminescent. These manipulations demonstratedthat the E. coli had mutated to allow expression of the V.harveyi system. By transforming different E. coli strains, weisolated two distinct E. coli mutants: one from transforma-tion of E. coli RR1 (43R) and the other from transformationof E. coli HB101 (43H). The former grew at the same rate asthe parent strain, whereas the latter grew at an extremnelyslow rate.
 Bright, luminous colonies were obtained from transforma-tion of both mutant E. coli strains with plasmids containingeither VhMl or VhM2 DNA. Two other plasmids wereconstructed to contain either the major part of the tworegions (VhC1) or the common regions (VhC2) of VhM1 andVhM2 (Fig. 1). VhC1 DNA has some 13 of a maximum of14.5 kbp of VhM1 and VhM2 clones, whereas VhC2 DNA is8 kbp long. Both of these plasmids resulted in bright colonieson transformation into the two mutant E. coli strains.
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BIOLUMINESCENCE IN E. COLI 249
 In vivo luminescence levels in liquid cultures of mutatedcells transformed with pVhMl, pVhM2, pVhCl, or pVhC2were very similar, with less than a threefold variation in thelevels of light emission, depending on the stage of cellulargrowth. The maximum levels of light emission were between2,000 (in 43R) and 100,000 (in 43H) times higher than normalE. coli RR1 transformed with the same DNA.As mentioned before, E. coli 43R cells grew at normal
 rates, whereas 43H cells grew extremely slowly. Growthrates were independent of whether or not the mutant cellshad been cured or transformed. The growth of 43H recom-binants was complicated by a restricted temperature depen-dence for expression of luminescence. Maximum lumines-cence at 22°C decreased approximately 100-fold at 24°C and5-fold at 20°C. Unlike 43H, 43R cells containing recombinantDNA expressed light at their maximum level over a widerange of temperatures (20 to 30°C). The doubling time at27°C (the temperature used routinely) for 43R cells wasabout 90 min, whereas that of 43H at 22°C was 8 to 12 h.Vigorous aeration of cells in both systems was helpful inmaintaining high levels of luminescence in liquid cultures.
 Figure 2 compares the in vivo light emission (as quanta persecond per unit of growth [Aw]) of V. harveyi with those ofthe two mutant cell lines transformed with pVhM2 DNA.The level of lItijinescence reached by the transformed 43Hcell line was very similar to that of V. harveyi, whereas theluminescencg of the transformed 43R cell line was about 50
 100
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 FIG. 2. Expression of luminescence as a function of cell densityin V. harveyi and mutant E. coli strains containing pVhM2. All threebacteria were grown in 1% NaCl complex. V. harveyi and E. coli43R harboring pVhM2 were shaken in a 27°C water bath while E.coli 43H containing pVhM2 was shaken at 22°C. Saniples were takento measure both light production in a photomultiplier and AW in aspectrophotometer. Luminescence per unit of cell density as afunction of cell density was plotted for V. harveyi (A), pVhM2-containing E. coli 43R (0), and pVhM2-containing 43H (U).
 FIG. 3. Construction of the recombinant plasmid pVhMl' frompVhMl. The blackened portion represents the cloned V. harveyiDNA in pVhMl containing the luxA and luxB genes inserted into theBamHI site of pBR322 in a clockwise fashion after the tet promoter(P2). The direction of transcription of the luxA and luxB genes isindicated. After partial SalI (S) restriction and ligation, the newplasmid (pVhMl') has the tet promoter (P2) reversed relative to thedirection of transcription of the luciferase genes. All other promot-ers with the correct orientation in both constructions are at least 2.8kbp from the cloned insert.
 times lower. In addition, it appeared that the relative changein luminescence with growth of the bacteria was less in themutant E. coli than in V. harveyi.As indicated before, the in vivo luminescence of recom-
 binant E. coli was very similar whether the DNA used totransform the same strain of mutant cells was pVhMl,pVhM2, pVhCl, or pVhC2. Since the four plasmids containvarious lengths of V. harveyi DNA upstream (and down-stream) from the luxA and luxB genes, plasmid promoters donot appear to have a major role in facilitating expression oflight in transformed E. coli. To further establish that plasmidpromoters play a limited role in expression of the lumines-cence system of recombinant V. harveyi DNA, we per-formed the following experiment. The recombinant plasmidpVhMl, which contains an insert in the BamHI site ofpBR322 in a clockwise direction downstream from the tetpromoter, was restricted with SalI, and the fragments werereligated. A luminescent transformant (VhM1') was isolatedin which the vector portion, along with some 10% of theupstream VhM1 DNA, had been reversed in direction (Fig.3). E. coli 43H cells containing either the parent (VhMl) orthe new plasmid (VhM1') produced the same luminescencein vivo (64 and 76 light units/ml, respectively, at A6w = 2.5).Thus, the direction and location of the promoters of pBR322
 pVhMl Ni
 + Sall
 pVh M1
 VO'L. 169, 1987
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250 MIYAMOTO ET AL.
 TABLE 1. Luciferase activity in extracts of luminescent E. coli'
 Strain and plasmid Sp act(LU mg1)
 E. coliRR1 (pVhMl) ................................... 4RR1 (pVhM2) ................................... 543R (pVhCl) ................................... 10043R (pVhC2) ................................... 10043R (pVhM2) ................................... 30043H (pVhMl) ................................... 3,00043H (pVhM2) ................................... 3,000
 V. harveyi ................................... 4,000a Cells were grown in either 1% complex or LB medium under conditions
 described in the text. Cells were harvested at A6w readings between 1.0 and3.0. The luciferase activity in extracts appeared to be partially dependent ont4e stage of cellular growth and could vary up to two- to threefold from oneexperiment to another. The values listed are the maximum light levelsobserved for the different luminescent cells.
 b LU, Light units.
 appeared to have little if any effect on the expression of theluminescence system in E. coli.
 In vitro luciferase. Since in vivo luminescence reflects boththe supply of FMNH2 and 02 in the bacteria, as well as theexpression of the luciferase genes and the genes required forbiosynthesis of the aldehyde substrate, luciferase activitieswere determined in vitro for the recombinant E. coli. Thespecific activity of luciferase in extracts of luminescent 43Hcells was very similar to that detected in extracts of V.harveyi, whereas the luciferase activity in extracts of lumi-nescent 43R cells was between 3 and 10% of that of theparent strain (Table 1). In contrast, the specific activity ofluciferase in extracts of normal E. coli RR1 containing thesanme recombinant DNA (pVhM2) was almost 1,000 timeslower than that of V. harveyi. The differences in the in vitroluciferase activities of extracts froin the various lumines-cence species correlated reasonably well with the differencesin in vivo luminescence except that the relative changeswere somewhat smaller, possibly reflecting differences inexpression of the genes required for aldehyde biosynthesis.
 Expression of the genes required for aidehyde biosynthesis.The enzymes involved in biosynthesis of the aldehydesubstrate for the bioluminescence reaction are believed to bepart of a fatty acid reductase complex. Three polypeptidesinvolved in the fatty acid reductase system in V. harveyihave been specifically identified by acylation in vitro with[3H]tetradecanoic acid (plus ATP) or [3H]tetradecanoyl-CoA, as well as by in vivo acylation with [3H]tetradecanoicacid followed by sodium dodecyl sulfate-gel electrophoresisand fluorography (22). Three acylated polypeptides havealso been detected in E. coli clones containing the V. fischerioperons, indicating that the polypeptides of the fatty acidreductase system are encoded by genes on the V. fischeriluminescence operons (4).
 Figure 4 shows the in vitro and in vivo acylation of peptideproducts of the clqned systems in 43H cells. Acylation with[3H]tetradecanoyl-CoA of extracts from the cell lines con-taining either pVhMl or pVhM2 DNA showed a specificband (t) of 32 kilodaltons (kDa) (lanes 2 and 3, respectively),analogous to the acylation properties of the transferasesubunit of the fatty acid reductase complex from V. harveyi(22). As shown in lane 1, however, a labeled band was notseen in the extract from a 43H cell line containing pVhM2ADNA (cf. Fig. 1). Since previous results showed that the 32kDa was present and acylated with [3H]tetradecanoyl-CoA
 in extracts of E. coli RR1 containing pVhBU (Fig. 1), itappears that the coding region for the transferase polypep-tide in VhM2A is incomplete and must extend downstreampast the Sall restriction site, in agreement with the nucleo-tide sequence which shows an open reading frame extending32 codons past the SalI site (7).Lanes 4, 5, and 6 show the pattern for in vitro acylation
 with fatty acid (plus ATP) of pVhM2A-, pVhMl-, andpVhM2-containing mutant cell extracts, respectively. Reac-tion under these conditions led to the identification of allthree polypeptides in the fatty acid reductase system-thereductase (r), the synthetase (s), and the transferase (t)-inextracts containing pVhMl and pVhM2, whereas none ofthese polypeptides could be identified in extracts of theupstream clone pVhM2A. Lanes 7 and 8 show that in vivoacylation of pVhMl- and pVhM2-containing E. coli 43H wasidentical to that observed for in vivo acylation of V. harveyi(lane 9), whereas no bands were acylated in 43H cellscontaining the downstream clone pVhM2B (lane 10).(VhM2B, as shown in Fig. 1, includes luxA and luxB genesand extends some 2 kbp past luxB.)The same polypeptides could be expressed in 43R cells
 (Fig. 5, lanes 1 and 2) as in 43H cells (lanes 4 and 5) eventhough luminescence was almost 20 times lower. In thesecases, pVhCl and pVhC2 DNAs were used to transform thecells, which were then labeled with 3H-fatty acid in vivo.Lane 3 was a control for in vivo fatty acid acylation of 43R
 1 2 3 4 5 6 7 8 9 10
 .-..qm ;-..r-----
 -- - ....... ... ::
 -- -t--t-F
 -s-t
 FIG. 4. In vivo and in vitro acylation of proteins from E. coli 43Hcontaining recombinant DNA from V. harveyi. Proteins were acyl-ated in vitro with [3H]tetradecanoyl-CoA (lanes 1 to 3) or[3H]tetradecanoic acid (plus ATP) (lanes 4 to 6) or labeled in vivowith [3H]tetradecanoic acid (lanes 7 to 10). Cells had been grown toan Aw of 2.5 to 2.8. E. coli 43H contained pVhM2A (lanes 1 and 4),pVhM1 (lanes 2, 5, and 7), pVhM2 (lanes 3, 6, and 8), or pVhM2B(lane 10). V. harveyi was used as a control in lane 9. Proteins of 54,42, and 32 kDa are designated by r, s, and t, respectively, and referto the reductase, synthetase, and transferase activities of the fattyacid reductase system.
 rqwqwwjpw-?-
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BIOLUMINESCENCE IN E. COLI 251
 cells alone. Thus, all three polypeptides involved inaldehyde biosynthesis for the V. harveyi luminescence sys-tem were detected in clones of both mutant strains when thecommon region of VhC2 was present.Complementation of various subclones of V. harveyi DNA.
 To determine whether the polypeptides encoded in the DNAcommon to VhM1 and VhM2 could be expressed in trans,we constructed several pairs of subclones containing V.harveyi DNA within this region (8 kbp) in compatible plas-mids that conferred differing antibiotic resistances. Each ofthe individual plasmids was tested and found to be incapableof yielding light-emitting E. coli 43R without addition ofaldehyde. After transformation of the pairs of plasmids intomutant E. coli 43R and selection on LB plates containing theappropriate antibiotics, the plasmids were isolated, checkedby restriction analysis, and shown to be present at a molarratio of about 1:1 in all cases. Clone 1 was complementedwith clones 2 to 5, and clone 5 was complemented withclones 6 and 7, as well as clone 1 (Fig. 6). The colonies werethen checked for in vivo luminescence (without aldehyde) inliquid culture as described in the legend to Fig. 2.A number of conclusions can be reached from the com-
 plementation results summarized in Fig. 6. In trans comple-mentation of two overlapping fragments of V. harveyi DNAcan result in expression of luminescence (e.g., clones 1 and2). No light was obtained if the two fragments did not extendfar enough or terminated at the same site, disrupting a genefor one of the products in the luminescence system. Thus, inthe complementation of clones 1 and 3, the transferase genewas disrupted in both recombinant DNA molecules. Theextent of DNA required at the upstream end appears to be
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 FIG. 6. Complementation and expression of several pairs ofrecombinant plasmids of V. harveyi DNA within the 8-kbp region ofDNA encoded in VhC2. At the top, a restriction map of VhC2,including the positions of luxA and luxB, is diagrammed. Abbrevi-ations: B, BamHI; Sc, Sacl; C, ClaI; H, HindIII; S, Sall; Sm, SmaI;E, EcoRI; P, PstI; U, PvuII. Clone 1 was prepared by inserting anSalI fragment from pVhC2 into the SalI site of pACYC184 (Cm9).Clones 2, 3, and 4 were inserted into pBR322. Clone 2 wasconstructed by PvuII restriction of pVhC2, clone 3 is pVhM2A (Fig.1); and clone 4 was constructed by subcloning the small fragmentextending from the first ClaI site to the downstream BamHI site (1.5kbp on the map) into the ClaI and BamHI sites of pBR322 and thenadding the downstream BamHI fragment (1.5 to 6.4 kbp). Clone 5was obtained after Sacl restriction of pVhC2 and insertion of theDNA (0.6 to 6.0 kbp) into the Sacl site of the vector P12, which iscompatible with pACYC184. Clones 2 through 5 are Apr, and thusselection was on LB plates containing ampicillin and chloramphen-icol. Clone 6 was constructed by inserting the SmaI fragment ofpVhC2 into the SmaI site of the plasmid pOP95-15K, which iscompatible with clone 5 and is both Apr and TcT. Selection was onLB plates containing ampicillin and tetracycline. Clone 7 is anHindIII fragment (3.0 to 6.9 kbp on the map) inserted into theHindIII site of pACYC184 still containing the chloramphenicolgene. The pairs of compatible recombinant plasmids were comple-mented in E. coli 43R, and their luminescence was tested. Thedotted line corresponds to the longest region required for lumines-cence expression.
 .~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~.. .....
 43R and 43H containing recombinant DNA from V. harveyi. Pro-
 teins were acylated in vivo with [3H]tetradecanoic acid. The pro-
 teins labeled in E. coli 43R harboring pVhCl (lane 1), pVhC2 (lane
 2), or no added DNA (lane 3) were compared with those from E. coli
 43H containing pVhCl (lane 4) or pVhC2 (lane 5).
 located between the SacI site (0.6 kilobase pairs [kbp]) andthe ClaI site (1.0 kbp), as demonstrated by the absence ofluminescence in the complementation of clones 1 and 4 andthe positive response in the complementation of clones 1 and5. The extent of DNA required downstream is between theSmaI (6.7 kbp) and Hindlll (6.9 kbp) sites, as shown by thepositive response of clones 5 and 7 and the negative responseof clones 5 and 6.
 Distribution of polycistronic mRNAs for lux A in recombi-nant E. coli. A set of four polycistronic mRNAs (2.6, 4, 7,and 8 kb) detected by hybridization of luxA DNA to V.harveyi RNA has previously been observed in RNA from E.coli RR1 containing pVhM2 (19). These larger mRNAs (7and 8 kb), positioned along the DNA map, extended to theright of the downstream termination of the pVhMl clone. Totest levels of transcription, we extracted RNAs from grow-ing cultures of E. coli 43R and 43H cells containing pVhM2.After purification, electrophoresis, and Northern blotting,the RNA was subjected to hybridization with the luxA insert.All four luxA mRNAs were present in RNAs from pVhM2 inRR1, 43R, and 43H (lanes 1 to 3) with the same relative
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 1 2 3 4 essential for understanding the gene organization and regu-lation of bioluminescence in V. harveyi.
 4
 2.6-
 FIG. 7. Hybridization of labeled luxA DNA of V. harveyi toRNAs from various E. coli strains carrying V. harveyi recombinantplasmids. E. coli RR1, 43R, and 43H, all harboring pVhM2 DNA,were grown in 1% NaCi complex containing ampicillin at 280C forRR1 and 43R and at 220C for 43H until A6w = 1.0. A fourth culture,E. coi 43H containing pVhMl, was also grown at 220C until AW0 =
 1.0. RNA was isolated from each culture and electrophoresed on1.2% methyl mercury agarose. A Northern blot was obtained, andhybridization with luxA DNA as a probe was performned (19). Thehybridization pattemns are shown for RNA from RR1 (lane 1), 43R(lane 2), and 43H (lane 3), all carrying pVhM2, and from 43Hcarrying pVhMI (lane 4). On the left, the positions and sizes (inkilobases) of luxA mRNAs are indicated.
 intensities of the different mRNAs (4 .- 3 .- 8 .- 7 kb) (Fig.7). The total amount ofmRNA hybridized to luxA was higherfor 43H cells and was comparable to that extracted from V.harveyi after induction of luminescence (data not shown).However, a substantial level of mRNA was found in allcases. It appears that high expression in mutant cells may bedue only in part to higher levels of transcription.
 Since the pVhMl clone also expressed luminescence, itwas important to analyze the mRNA from E. coli containingthis recombinant plasmid. It would be predicted that thelarger mRNAs would either be missing or altered in somemanner, whereas the major mRNAs (4 and 2.6 kb) would stillbe present. Only the 4- and 2.6-kb mRNAs could be detectedin pVhMl in E. ccli 43H; the 7- and 8-kb mRNAs were nolonger present, although other mRNA species that can behybridized with the luxA probe could be detected, one atabout 8.5 kb and possibly one at about 7.5 kb (Fig. 7, lane 4).These mRNAs could be products of readthrough terminatingpast VhMl and the pBR322 tet gene.The role of the polycistronic mRNAs (7 and 8 kb) extend-
 ing 3 to 4 kb downstream from the luciferase genes (19) is ofimmediate interest since the terminal 2-kb region is appar-ently not essential for expression of luminescence in thesecells. It will be useful to identify any polypeptides translatedfrom these messages and to check whether any thus farunidentified proteins are involved in some aspect ofbioluminescence. One potential candidate is aldehyde dehy-drogenase, whose presence is apparently unique to V.harveyi, but its role in the bioluminescence system is not yetestablished (5). In addition, detection of mRNA transcribedoff DNA upstream from the polycistronic mRNAs andplacement of all of the structural genes along the map will be
 DISCUSSION
 In this study, two mutant E. coli strains, 43R and 43H,derived from E. coli RR1 and HB101, respectively, producedhigh levels of luminescence without aldehyde when trans-formed with plasmid carrying an 8-kbp fragment of V.harveyi DNA encompassing the luxA and luxB genes. Thiselevated expression appeared to be under the control of V.harveyi promoters encoded within the cloned DNA frag-ment. Furthermore, all five structural genes involved in theluminescence of V. harveyi were identified in these recom-binant mutant strains.The high expression of the cloned V. harveyi lumines-
 cence system was apparently due to an alteration in the hostE. coli. Southern blot analysis of the mutant E. coli DNAwith VhM2 DNA as a probe showed no hybridization, whichruled out the remote possibility that some part of theincoming plasmid had been incorporated into the E. colichromosome. We are presently conducting mating experi-ments to map the alteration of the chromosome. It isinteresting that both recA and recA+ strains gave rise tomutant strains capable of expressing the luminescence sys-tem (the mutants were ascertained to have maintained therec properties by UV irradiation). Although retarded growthrate in 43H may be related to the recA mutation, themutation allowing expression of the luminescence system ofV. harveyi is probably not a result of recA.The maximum length of V. harveyi DNA required for
 expression of the luminescence system in mutant E. coli was6.3 kbp, extending at most 2.8 kbp to the left and 1.4 kbp tothe right of the luciferase genes (Fig. 8). This DNA encodesthe three fatty acid reductase polypeptides (32, 42, and 54kDa) required for aldehyde biosynthesis and identified in thissystem by fatty acid acylation. Genes for three polypeptideswith similar molecular weights and required for aldehydebiosynthesis were located in the cloned system from V.fischeri MJ1 (Fig. 8). Two of the polypeptides (33 and 53kDa) are encoded immediately upstream and one polypep-tide (42 kDa) is encoded immediately downstream of theluciferase genes (9).
 a .2.8 1f 2.1i 1.4
 S UV. harveyi
 V. f ischeri
 sc
 Reg Reg Aid Ald a 0 Aid
 p Xba G
 kbp
 FIG. 8. Comparison of the maximum length of V. harveyi DNArequired for luminescence expression in E. coli with the lengths ofthe genes required for luciferase (a and ,B), aldehyde (Ald) biosyn-thesis, and regulation (Reg) in the V. fischeri operon(s). The DNAswere compared by aligning the luxA and luxB genes (a and 1). Thelocations of the genes for the luciferase subunits (a and O) of V.harveyi are based on the nucleotide sequence of Cohn et al. (7), andthe lengths and positions of the genes for luciferase, aldehydebiosynthesis, and regulation of the V. fischeri operon(s) are fromEngebrecht and Silverman (9). The restriction sites are SacI (Sc),Sall (S), PvuII (U), HindIII (H), PstI (P), XbaI (Xba), and BglII (G).Not all restriction sites are shown.
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 We have recently identified the start of a gene 950 nucle-otides upstream from the luciferase genes in V. harveyicloned DNA which has an open reading frame that couldencode for the 32- to 34-kDa polypeptide required foraldehyde biosynthesis (unpublished data). The remaining 1.8kbp of upstream DNA in the V. harveyi system (Fig. 8)would be just sufficient to encode the 53- to 54-kDa polypep-tide and would require 90% of this coding capacity. Conse-quently, there is not sufficient DNA available in the cloned6.3 kbp of V. harveyi DNA to encode regulatory proteinscomparable to that found in the V. fischeri system. Whetheror not the larger fragments of V. harveyi DNA encoderegulatory genes is unknown since their expression of lumi-nescence in the mutant E. coli is the same as that found forthe 6.3-kbp fragment of DNA. Neither longer nor shorterfragments of V. harveyi DNA resulted in light-emitting cellson transformation of wild-type E. coli.
 In contrast, expression of the luminescence system of V.fischeri in wild-type E. coli required that the DNA extend atleast 4 kbp upstream of the luciferase genes and code for tworegulatory proteins (Fig. 8). Deletion of the DNA to the leftof the V. fischeri PstI (P) or XbaI site eliminated expressionof the luminescence system, resulting in dark colonies of E.coli RR1 transformed with this DNA. Recently, we trans-formed mutant 43R cells with the V. fischeri DNA to theright of the XbaI site (Fig. 8). All colonies were luminescent,even in the absence of aldehyde, and were easily detected onfilm after only 30 s of exposure. Although the reason for highexpression of luminescence in the mutant cells is unknown,these results indicate that alteration in the host allowsexpression of the V. fischeri luminescence system withoutthe necessity for transcription of the regulatory genes. Thisexplanation is also consistent with the high levels of lumi-nescence obtained on transformation of the mutant E. coliwith the structural genes of the V. harveyi system andsuggests that regulation of expression of the luminescentsystem can be bypassed or altered in mutant cells.
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