JOURNAL OF BACTERIOLOGY, Sept. 1997, p. 5862-5868
0021-9193/97/$04.00+0
Copyright © 1997, American Society for Microbiology

Vol. 179, No. 18

A crtB Homolog Essential for Photochromogenicity in
Mycobacterium marinum: Isolation, Characterization, and
Gene Disruption via Homologous Recombination

LALITA RAMAKRISHNAN,'* HIEN T. TRAN,! NANCY A. FEDERSPIEL,? anp STANLEY FALKOW!

Department of Microbiology and Immunology, Stanford University School of Medicine,
Stanford, California 94305-5402," and Department of Biochemistry, Stanford Center for DNA
Sequence & Technology, Palo Alto, California 94304>

Received 14 April 1997/Accepted 8 July 1997

A gene essential for light-induced pigment production was isolated from the photochromogen Mycobacterium
marinum by heterologous complementation of an M. marinum cosmid library in the nonchromogen Mycobac-
terium smegmatis. This gene is part of an operon and homologous to the Streptomyces griseus and Myxococcus
xanthus crtB genes encoding phytoene synthase. Gene replacement at this locus was achieved via homologous
recombination, demonstrating that its expression is essential for photochromogenicity. The ease of targeted
gene disruption in this pathogenic Mycobacterium allows for the dissection of the molecular basis of mycobac-

terial pathogenesis.

Mpycobacterium marinum is a relatively rapidly growing ani-
mal- and human-pathogenic organism that is photochromoge-
nic (4, 6, 10, 22, 30, 42a, 44, 46). When grown in the dark, M.
marinum colonies are white, but upon exposure to visible light,
they turn bright yellow (42a). The principal pigment responsi-
ble for this coloration is a beta-carotene, and the photorecep-
tor for the photoinduction process is likely a porphyrin (6, 36).
Carotenoids are thought to protect cells against lethal pho-
tooxidative damage by quenching singlet oxygen and harmful
radicals formed upon illumination (14, 54). Indeed, this has
been shown to be the case for M. marinum, which is protected
from lethal photooxidation by the presence of its pigment (36).

There is evidence that the color is the result of a photoin-
duced synthesis of pigments in living cells rather than the
photooxidation of a preformed compound (4). Unpigmented
M. marinum killed by heat or UV light is incapable of devel-
oping pigment upon light exposure. Similarly, alcohol extracts
from M. marinum grown in the dark do not turn yellow upon
exposure to light. Also, the addition of chloramphenicol (an
inhibitor of protein synthesis) to live cells inhibits light-induced
pigment synthesis, suggesting that these pigments are not pre-
formed (46, 47). Taken together, these data suggest that inter-
action of the photoreceptor with light causes either the acti-
vation or the derepression of the gene(s) encoding the
enzymatic machinery involved in carotenoid synthesis.

The studies described above, coupled with those demon-
strating that the light-induced carotenoid pigments of Myxo-
coccus xanthus are controlled by a light-induced promoter (20,
39, 49), led us to examine the genetic basis of pigment forma-
tion in M. marinum. The isolation of the locus responsible for
photochromogenicity in M. marinum was facilitated by the
ability to transfer this phenotype to Mycobacterium smegmatis,
a nonchromogenic mycobacterial species. A gene encoding a
phytoene synthase homolog was found to be necessary for
pigment formation. The easily discernible phenotype resulting
from the expression of this gene made it an ideal locus to
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develop and test the feasibility of gene replacement via homol-
ogous recombination in this pathogenic Mycobacterium spe-
cies.

MATERIALS AND METHODS

Bacterial strains and growth conditions. M. marinum M (43) and M. smeg-
matis mc*155 (52) were used. M. marinum obtained from frozen stocks was
grown at 33°C in 7H9 broth (Difco, Detroit, Mich.) supplemented with 0.5%
glycerol, 10% oleic acid-albumin-dextrose complex (OADC), 0.01% cyclohexi-
mide, and 0.25% Tween 80 (OADC-Tw broth) for 7 to 9 days. Cultures of M.
smegmatis mc?155 were grown in the same medium from a frozen aliquot at 37°C
for 1 to 2 days. Both M. marinum and M. smegmatis mc?155 were plated on 7H9
agar supplemented with 0.5% glycerol, 10% OADC, and 0.01% cycloheximide
(OADC agar). Escherichia coli DH12S and HB101 were used for manipulations
of the various plasmids.

Mycobacterial transformation. One hundred-milliliter cultures of M. marinum
were grown to mid-log phase without shaking to approximately 0.6 optical den-
sity unit (4409), washed three times in ice-cold 10% glycerol, and resuspended in
1 ml of ice-cold glycerol. Approximately 1 g of plasmid DNA mixed with 100 pl
of washed bacteria was placed in a 0.2-cm-gap electroporation cuvette on ice for
5 min and subjected to a pulse of 2.5 kV, 25 mF, and 800 W (Bio-Rad electro-
porator); 1 ml of OADC-Tw broth was added to the cells in the cuvette, which
was incubated at 33°C for 3 to 5 h before plating the bacteria on OADC agar
supplemented with 25 pg of kanamycin per ml. Transformants were observed 5
to 7 days after incubation at 33°C. M. smegmatis mc*155 was transformed in the
same way, with the following modifications: the culture was grown with shaking
and incubated on ice for 2 h prior to the glycerol washes. The cultures were
resuspended in 5 ml of glycerol, and 400 wl was used for transformation. After
electroporation, the cells were moved to tubes with 5 ml of OADC-Tw broth and
incubated at 37°C with rotation for 2 h prior to plating. Transformants were
observed 2 to 3 days after incubation at 37°C.

Molecular and genetic manipulations. All manipulations involving E. coli were
performed as described previously (32). E. coli DH12S carrying the the cosmid
of interest was mutagenized with Tn5-B21 (51). For the Tn3 mutagenesis, the
protocol using a mini-Tn3-Km vector was performed as described elsewhere
(29).

Construction of pYUB213Akm. pYUB213 is a Mycobacterium-E. coli shuttle
plasmid that contains both kanamycin and bleomycin resistance genes. It was
constructed as follows (9a). The bleomycin resistance gene of plasmid pLTV3 (9)
was obtained by PCR using primers with BamHI flanking sites and inserted into
the BamHI site of pMV262, so that it could be expressed from the 5’ mycobac-
terial HSP60 promoter. pMV262 differs from pMV261 (53) by the addition of a
single nucleotide (G) just 5" of the BamHI site. pYUB213Akm was constructed
by removing the kanamycin resistance gene contained within the Nhel and Spel
sites of pYUB213. To accomplish this, pYUB213 was digested with Nhel and
Spel, ligated, transformed into E. coli DH12S, and plated on Luria-Bartani (LB)
plates containing 2 pg of bleomycin per ml. The resultant colonies were screened
for kanamycin sensitivity. Plasmids from the kanamycin-sensitive colonies were
confirmed to have lost the 1.2-kb Nhel-Spel fragment by restriction analysis with
various enzymes.
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FIG. 1. Expression of the M. marinum crtB gene in M. smegmatis. M. smeg-
matis transformed with the original M. marinum cosmid containing the crtB gene
was grown in the dark (A) and exposed to light for several days (B).

Construction of plasmids expressing sacB. The sacB gene was obtained by
PCR (32) from plasmid pCVD442 (15), using the primers 5" GCTCTAGAGG
CATTTTCTTTTGCG 3’ and 5" GCTCTAGACCTGCCGTTCACTATTATTT
3" (Xbal recognition sequences are underlined), and the resulting 1.8-kb PCR
product was inserted into the Xbal site of pBluescript SK+. Individual plasmids
were transformed into E. coli DH12, which was tested for sucrose sensitivity on
LB agar plates containing 5% sucrose. The sacB gene from the plasmid of a
sucrose-sensitive E. coli clone was then inserted into pYUB213, and the resultant
plasmid was transformed into M. marinum. Individual M. marinum transformants
expressing sacB were confirmed to be sucrose sensitive by plating on OADC agar
supplemented with 10% sucrose before the sacB fragment from the correspond-
ing plasmid was inserted into the Xbal site of the p127.10 plasmid for use in the
homologous recombination experiments.

Southern blot analysis. Genomic DNA was prepared from 5-ml cultures of M.
marinum grown to approximately 0.6 optical density unit (A440) by the cetyltri-
methylammonium bromide method (37). The DNA obtained was used for one or
two Southern blots after digestion with various restriction enzymes, electro-
phoresis on 0.7% agarose, and transfer to nylon membranes (Nytran or Hybond)
(32). Hybridization was performed with plasmid p127.10S labeled with [o-
32P]dCTP as a probe, and washes were performed as described previously (32).

DNA seq ing and seq e analysis. DNA sequencing was performed on
ABI 373 and 377 DNA Sequencers, using fluorescent dye primer cycle sequenc-
ing chemistry with TaqFS (PE/Applied Biosystems, Foster City, Calif.) and with
ThermoSequenase (Amersham Life Science, Cleveland, Ohio), and using fluo-
rescent dye terminator chemistry with TaqFS, all with conditions as recom-
mended by the supplier. The sequences were assembled by using the new phred-
Phrap software (copyright 1992-1996 by Phil Green and Brent Ewing, University
of Washington) and edited by using Consed (developed by David Gordon,
University of Washington).

Protein and DNA homologies with sequences in the available databases were
determined by the program BLAST (National Center for Biotechnology Infor-
mation at the National Library of Medicine) (2). Alignments were done with the
programs in the Genetics Computer Group (Madison, Wis.) package (version
9.0).

Nucleotide sequence accession number. Nucleotide sequences described in
this report have been deposited in GenBank (accession no. U92075).

RESULTS

Isolation of the DNA fragment encoding the M. marinum
photochromogenicity gene(s). An M. marinum cosmid library
was made by ligating 30- to 35-kb fragments of M. marinum
genomic DNA partially digested with Sau3Al into the BamHI
site of the mycobacterial expression vector pYUBI18 (24). The
cosmid library DNA, derived from a pool of 5,000 E. coli
HB101 transformants, was used to transform the rapidly grow-
ing, nonphotochromogenic species M. smegmatis mc*155 (52),
and colonies were screened for the light-inducible yellow phe-
notype. Seven of the 1,200 M. smegmatis transformants turned
yellow when exposed to light (Fig. 1). Cosmid DNA was iso-
lated from all seven yellow M. smegmatis colonies, and one of
these cosmids was subsequently used to transform Mycobacte-
rium bovis BCG, where its presence conferred a light-inducible
yellow color, although the intensity was much lower than in M.
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FIG. 2. Functional analysis of the photochromogenicity locus. A restriction
map of the M. marinum crtB locus is shown (not to scale). The 2.5-kb Kpnl
fragment was sequenced, and the 9.2-kb EcoRI fragment was used for the
homologous recombination experiments. The arrows represent ORFs; the dotted
lines at the two ends of the Kpnl fragment represent truncated ORFs. I, trun-
cated crtl (nucleotides 1 to 101); B, crtB (nucleotides 115 to 1074). The remaining
ORFs denoted by arrows extend from nucleotides 1071 to 1394, 1109 to 1765,
and 1759 to 2521 (truncated). The relative positions of the arrows denote their
translational reading frames with respect to crtB, which is arbitrarily designated
+1. Thus, the position of the frame of c¢rfl is +3, and those of the remaining
OREFs are, from 5’ to 3', +3, +2, and +1. The dark lines beneath the restriction
map denote the fragments used for expression in M. smegmatis, and the site of
the 1.8-kb mini-Tn3-Km (mTn3-Km) insertion is indicated.

smegmatis (data not shown). None of the seven cosmids pro-
duced any pigment in E. coli DH12S. Restriction analysis re-
vealed a 9.2-kb EcoRI fragment common to all seven cosmids
(Fig. 2). Tn5 transposon mutagenesis was performed on one of
the cosmids after transformation into E. coli DH12, and DNA
from a pool of approximately 10,000 transposon mutants was
used to transform M. smegmatis mc*155. Two of the 140 trans-
formants obtained were no longer photochromogenic, and re-
striction analysis of the cosmid DNA from both nonchromo-
genic colonies revealed the same shift in the size of the 9.2-kb
EcoRI fragment, suggesting that the transposon insertion into
this fragment was responsible for the inactivation of photo-
chromogenicity. The native 9.2-kb EcoRI fragment from one
of the cosmids was inserted into the E. coli-Mycobacterium
shuttle vector pYUB213 (see Materials and Methods) to cre-
ate pLAP9.2. Transformation of M. smegmatis mc*155 with the
resultant plasmid resulted in brilliant yellow colonies, confirm-
ing that the gene(s) essential for chromogenicity was present
on this fragment. Further subcloning analysis revealed that a
2.5-kb Kpnl fragment was sufficient to confer light-induced
yellow color on M. smegmatis (Fig. 2); the plasmid containing
this fragment will be referred to as pLAP2.5.

To further narrow the location of the gene, the internal
Kpnl-Clal fragments and Kpnl-NotI fragments were inserted
into pYUB213 (Fig. 2). M. smegmatis mc*155 was transformed
with these plasmids, pLAP1.5, pLAP1.0, pLAP1.9, and
pLAPO.6, and colonies were screened for the yellow pheno-
type. pLAP1.5 conferred a yellow phenotype, whereas
pLAP1.0, pLAP1.9, and pLAP 0.6 did not (Fig. 2).

Sequence analysis of the 2.5-kb Kpnl fragment reveals genes
homologous to the crtB and crtl genes involved in carotenoid
biosynthesis. The complete nucleotide sequence of the
2,527-bp Kpnl fragment was determined, and computer anal-
ysis identified three complete open reading frames (ORFs)
flanked by two truncated ORFs, all in the same transcriptional
orientation (Fig. 2). Comparison of both DNA and amino acid
sequences with those in the database revealed strong similarity
to genes involved in carotenoid biosynthesis from other organ-
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Domain I

M. marinum 127 LTITDYPDRDALNTYMRGSAEAIGLQLLPILG 158
LT+ Y + L YM GSA IGLQ+LP+LG

S. griseus 128 LTVGGYASYEELGRYMHGSAAVIGLOMLPVLG 159.
LT Y + Lt Y A +GL L P+LG

M. xanthus 144 LTKHRYATWEELDLYCYRVAGVVGLMLTPVLG 175..
+ T DDPDL YR A IG LIG

M. tuber. 110 IDWTGCRDFDELIVYCRRGAGTIGKLCLSIFG 141..
L +Y+DVL Y A +GL +P++G

N. pseudon. 233 LKKSRYKNFDELYLYCYYVAGTVGLMSVPVMG 264
L Y + L TY A +GL P++G

Scoccus sp. 125 LLONRYSTFEDLYTYCYRVAGTVGLMSQPVMG 155..
L +Y + L+ Y A +GL +1G

Scystis sp. 153 LYRSRYQTFEELDLYCYRVAGTVGLMSSAVLG 184...

Consensus L +Y + L Y A +GL +P+LG

..165

.. 167

.181

.147

..276

.173
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Domain II

AMPYAAALGRAFQLTNFIRDVDEDLARNRIYLPADELAAYGVDRDVL 211
A P+AAALG AFQLTNF+RDV EDL R R+YLP + LAA+G DRD

AAPHAAALGVAFQLTNFLRDVGEDLDRGRLYLPTELLAAHGADRDREF 213

A+ AA LGRA QLTN +RDV EDL R R+YLPA+ELAA+G+ D L
AVEPAADLGRAMQLTNILRDVREDLERGRVYLPAEELAAFGLSEDDL 227
YA LG A Q TN +RDV ED RIYLP DEL GVR L

TSRYAEQLGIALQQTNILRDVREDFLNGRIYLPRDELDRLGV.RLRL 192

A ALG A QLTN +RDV ED R RIYLP DELA G+ ++
VYNAALALGIANQLTNILRDVGEDARRGRIYLPQDELAEAGLSDEDD 321

A ALG A QLTN +RDV ED R RIYLP +ELA + L
PTQEALALGIANQLTNILRDVGEDARRGRIYLPQEELAQFNYSEQDL 219

A ALG A QLTN +RDV ED+ R RIYLP ++L + L
PQEEAIALGVANQLTNILRDVGEDVERGRIYLPLEDLERFNYSEQDL 248

A ALG A QLTN +RDV ED+ R R+YLP ++LA +G+ ++ L

FIG. 3. M. marinum has two conserved domains in the enzyme phytoene synthase. The amino acid sequences of the two conserved domains of the enzyme phytoene
synthase are found in several different organisms. The consensus includes conserved residues in at least three of the sequences. Plus signs represent similarity in amino
acid residues based on polarity as well as presence of similar functional groups. M. tuber., M. tuberculosis; N. pseudon., Narcissus pseudonarcissus; Scoccus sp.,

Synechococcus sp., Scystis sp., Synechocystis sp.

isms, particularly those from Streptomyces griseus and M. xan-
thus (7, 50).

The ORF designated B (Fig. 2) was deduced to encode a
319-residue peptide that has a high DNA and peptide se-
quence similarity to the phytoene synthases of several organ-
isms, particularly those of S. griseus and M. xanthus (7, 50).
Phytoene synthase is an enzyme in the carotenoid biosynthetic
pathway catalyzing the conversion of geranylgeranyl-pyrophos-
phate to phytoene, the first C,, carotene (7, 8). This is the first
committed step in the biosynthesis of carotenoids. The overall
identities of ORF1 at the DNA level were 56% to S. griseus and
48% to M. xanthus. At the peptide level, there were 51%
identity and 58% similarity, and 35% identity and 43% simi-
larity, respectively, to the phytoene synthases of S. griseus and
M. xanthus. For both organisms, the homology was separated
into two distinct regions which correspond to two particularly
well conserved domains suggested to be involved in the cata-
Iytic reaction of phytoene synthase (7, 25, 35, 48) (Fig. 3).
Homology was also found to a phytoene synthase homolog of
Mycobacterium tuberculosis, with 45% identity at the DNA
level and 30% identity and 39% similarity at the peptide level
(42).

The truncated ORF ending 13 bp upstream of crB likely
encodes the M. marinum crtl gene, since it displays homology
to the carboxy-terminal region of the phytoene dehydroge-
nases (Crtl) of S. griseus and Streptomyces setonii. Despite the
short length of the sequence, there were 85% identity and 95%
similarity over 21 residues with S. sefonii. Phytoene dehydro-
genase is responsible for the second committed step in carot-
enoid biosynthesis, catalyzing the conversion of phytoene to
lycopene.

The remaining three ORFs 3’ of the crtB region did not
display significant homology to known peptides in the data-
base. The close spacing (and, in some cases, overlap) of the
OREFs and the apparent lack of regulatory elements within the
fragment suggested that these comprise an operon with a pro-
moter region that lies upstream of the crtl gene. Ongoing
sequence analysis indicates that the M. marinum crtl coding
region extends beyond the 5’ end of the 9.2-kb EcoRI frag-
ment. Our finding that the 2.5-kb Kpnl fragment when inserted

into pYUB213 and expressed in M. smegmatis mc*155 con-
ferred a yellow color indicates that the crtB gene in pLAP2.5
and pLAP9.2 is probably expressed by readthrough transcrip-
tion from a constitutive promoter in pYUB213.

Insertional inactivation of the photochromogenicity pheno-
type maps to the crtB locus. The easily discernible phenotype
conferred by the crtB gene made it ideal for testing homolo-
gous recombination in M. marinum. To this end, the entire
9.2-kb EcoRI fragment was inserted into the suicide plasmid
pILL570 (29). An E. coli strain bearing the resultant plasmid
was mutagenized with a mini-Tn3-Km cassette (29), and the
resulting transposition events were initially screened for the
presence of insertions in the internal 2.5-kb Kpnl fragment.
Five such plasmids were found, and their Kpnl fragments were
inserted into pYUB213Akm for transformation of M. smegma-
tis mc*155. Only one of the five plasmids with Tn3 insertions
had abrogated the yellow phenotype (Fig. 2). The insertion in
the corresponding parent plasmid, p127.10, mapped to the 5’
Kpnl-Notl fragment which contains part of crtB (ORF1) (Fig.
2). Sequencing analysis of p127.10 showed that the Tn3 inser-
tion was 11 bp upstream of the translational start site of crtB in
the region between crtl and crtB. Coupled with the data on the
heterologous expression of cr¢B, the finding that the plasmid
containing the inactivated crzB no longer conferred the yellow
phenotype on M. smegmatis demonstrated that crB is both
necessary and sufficient for yellow pigment formation in M.
smegmatis.

Homologous recombination at the crtB locus of M. marinum.
To enable selection of M. marinum that had undergone gene
replacement events, we used sacB as a negative counterselect-
able marker (40, 41). sacB expression confers sucrose sensitiv-
ity so that gene replacement events with looping out of inter-
vening plasmid sequences result in the loss of sacB and render
the organism resistant to sucrose again. The sacB gene was
inserted into p127.10 (see Materials and Methods) to generate
plasmid p127.10S (Fig. 4A). p127.10S was used to transform M.
marinum, and the kanamycin-resistant colonies obtained were
initially screened by plating on OADC agar with 10% sucrose
to distinguish between integration events and spontaneous
kanamycin resistance arising after electroporation. Southern
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blot analysis of the genomic DNA from the sucrose-sensitive
M. marinum clones revealed that a recombination event at the
homologous locus had occurred in all 35 of the sucrose-sensi-
tive colonies (Table 1; Fig. 4A).

Southern blot analysis using Clal-digested DNA demon-
strated that in all 35 clones, the single-crossover event had
occurred in the region 3’ to the Tn3 insertion site (Fig. 4A and
data not shown). This finding was not surprising, as the 3’
region of homology flanking the insertion is 8.1 kb whereas the

FIG. 4. Homologous recombination at the crtB locus. (A) Schematic repre-
sentation (not to scale) of the single-crossover event of p127.10S into the M.
marinum crtB locus, with the resultant merodiploid shown on the left. The
expected sizes of the resulting fragments are shown below (C, Clal; N, NotI; R,
EcoRI). On the right are Southern blots of plasmid p127.10S (lanes PI), M.
marinum parent (lanes P), and a merodiploid (lanes S) digested with Clal, NotI,
and EcoRI. The entire p127.10S plasmid was used as a probe. Lanes Pl are a
shorter exposure of the same Southern blot to compensate for the varying
intensity of the signal in the different lanes. (B) A schematic representation (not
to scale) of the gene replacement event is shown at the top. Below is a Southern
blot with a merodiploid and disrupted crtB genes digested with Clal. The entire
p127.10S plasmid was used as a probe. Lanes: P, parent; S, single crossover
(merodiploid); D, white colonies with double-crossover (gene replacement)
events. The 2.7-kb Clal fragment in the parent (lane P) has been replaced by a
4.5-kb fragment containing the insertionally inactivated gene in lanes D. Lanes P
and S are a shorter exposure of the same Southern blot as lanes D to compensate
for the varying amounts of DNA loaded on the gel.

5’ flanking region homology is only 1.1 kb. Restriction analysis
with multiple enzymes was then performed on selected clones
to confirm that recombination had occurred at the homologous
locus (Fig. 4A) and that no episomal form of the introduced
plasmid remained (data not shown).

Gene replacement at the crtB locus confers a nonchromoge-
nic phenotype on M. marinum. Several of the transformants
that had undergone single-crossover events were plated on
10% sucrose to assess the frequency of second recombination
events leading to gene replacement. Resolution of the mero-
diploid should lead to the retention of either the wt (wild-type)
allele or the mutated allele. Initially, we selected only for those
events leading to the retention of the mutated allele by includ-
ing kanamycin in the selection. In each of two independently
derived merodiploids, the recombination frequencies were
1.8 X 10~ * and 2.4 X 10™*, very similar to those observed for
the single-crossover events (Table 1). Reversion to sucrose
resistance can also be a result of mutations in sacB rather than
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TABLE 1. Recombination frequency at the crtB
locus of M. marinum

Transformation

Expt frequency” No. of Recombination
v (per péuof DNA) recombinants” frequency®
1 1.0 X 103 15 75 %X 1073
2 4.7 X 10* 14 15% 104
3 6.0 X 104 7 58 X 1075

“ Number of kanamycin-resistant colonies obtained by introducing a replicat-
ing plasmid into electrocompetent M. marinum.

® Total number of recombinants obtained from two transformations of 1 ug
each of plasmid p127.10S.

¢ Ratio between the number of integration events and the number of trans-
formants obtained with the replicating plasmid, each with 1 wg of DNA. The
recombinants were initially identified by their sensitivity to 10% sucrose, and the
occurrence of a single crossover was confirmed by Southern blot analysis in 35 of
the 36 recombinants.

crossover events leading to its deletion (40). The relative ratio
of these two events was easily discerned by determining
whether the sucrose-resistant colonies were yellow or white
after exposure to light. In the two merodiploids analyzed, 3%
(18 of 590) and 24% (52 of 212) of the colonies were found to
be yellow, suggesting wide variations in the frequency of mu-
tation of sacB.

To assess the relative frequency of resolution of the mero-
diploid to the wt and mutated configurations of the gene, one
of the transformants was plated on sucrose plates that did not
contain kanamycin. Only 19.2% (201 of 1,047) of the colonies
were white, indicating that resolution to the wt gene is heavily
favored. However, this may be an overestimation; among the
yellow colonies are merodiploids that have acquired sucrose
resistance by mutating the sacB gene, an event deduced to
occur at some frequency by our previous analysis.

In a representative merodiploid, the 2.7-kb parental Clal
fragment had been replaced by a 4.5-kb fragment containing
the Tn3-Km insertion (Fig. 4B). An example of a merodiploid
and of bacteria with a gene replacement at cr¢B is shown in Fig.
S.

DISCUSSION

We have demonstrated that a crzB homolog in M. marinum
is necessary for the organism’s photochromogenicity. In M.
xanthus and other bacteria, crtB encodes phytoene synthase,
which constitutes the first committed step in carotenoid bio-
synthesis. The M. marinum crtB gene is part of an operon, a
configuration similar to that of the carotenoid genes from
other species (7, 50). Our preliminary sequence analysis shows
that just 13 bp 5’ of the crtB gene is the crtl gene encoding
phytoene dehydrogenase, which catalyzes the desaturation of
phytoene. This juxtaposition of the crtl and crtB genes in an
operon is similar to the organization of these genes in other
species such as S. griseus, Rhodobacter capsulatus, Erwinia her-
bicola, and Erwinia uredovora (3, 50). In M. xanthus, ORF2,
which is homologous to other genes encoding phytoene dehy-
drogenase, is also present just upstream of crzB (7). However,
the functional gene (crtl) encoding phytoene dehydrogenase is
unlinked to the crtB gene (18, 34). Experiments using S1
RNase protection show that the M. marinum crtB RNA ex-
tends upstream of the 5’ EcoRI site (data not shown), suggest-
ing that crtB and crtl share a promoter.

Our finding that the cosmid containing the M. marinum crtB
gene confers light-induced yellow color on both M. smegmatis
and M. bovis BCG suggests that these mycobacteria possess
functional copies of the other genes involved in carotenoid
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FIG. 5. Gene replacement at the crtB locus results in a nonchromogenic
phenotype. An OADC agar plate with a merodiploid on the left and a colony
with a subsequent gene replacement event on the right is shown after exposure
to light for several days.

biosynthesis. M. tuberculosis has been found to have an ORF
homologous to crtB (42) (Fig. 3), suggesting that it may harbor
a mutation in the gene abrogating pigment expression. Phy-
toene itself is colorless and has to be converted to pigmented
carotenoids by other enzymes in the pathway. Our data show
that the addition of a functional crtB to M. smegmatis can
activate the synthesis of yellow color, suggesting that many of
the enzymes involved in the later steps of pigmented carote-
noids are functional in this organism. Thus, our results are at
variance with the inference made by previous studies (21) that
the M. smegmatis crtB gene must be intact. In that study,
various small fragments from a Mycobacterium aurum cosmid
that conferred color on M. smegmatis were found to be asso-
ciated with different carotenoid pigments when expressed in M.
smegmatis. M. smegmatis itself expresses some yellow-orange
pigments upon exposure to light, suggesting that low levels of
crtB may be expressed. It is interesting that M. bovis BCG
expressing the cosmid displays a much lighter yellow color than
M. smegmatis bearing the cosmid or M. marinum. This could
result from lower levels of expression or differences in the
carotenoids encoded by the downstream genes of the pathway
in these organisms. Our finding that the promoterless 2.5-kb
M. marinum crtB fragment also confers light-induced yellow
color on M. smegmatis suggests that a functional light-activated
promoter controlling genes downstream in the carotenoid bio-
synthesis pathway is present in M. smegmatis. Alternatively, the
pigment may be the result of a chemical change induced by
light. We are currently attempting to dissect the mechanism of
light-induced pigment formation by examining transcriptional
fusions of gene fragments containing the putative promoter
region to a promoterless lacZ gene.

We are currently analyzing the region upstream of crtl to
identify the promoter and directly test it for light inducibility.
Mycobacterial promoters are as yet not well characterized (28),
and only a few genes with inducible promoters have been
reported to date (17, 31). Hence, an inducible promoter that is
active in members of the M. tuberculosis complex may well
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provide a useful reporter system. In M. marinum, this gene can
be activated by exposing the bacteria either to light or to
antimycin A, which has been shown to mimic light-induced
carotenogenesis (36). In addition to providing an easy visual
screen for gene expression, there is potential for its use as a
selectable marker. Toluidine blue, which acts as a photosensi-
tizer, has been shown to kill unpigmented M. marinum exposed
to light, whereas pigmented M. marinum survives (4). We are
currently testing whether crtB confers toluidine blue resistance
when expressed in M. smegmatis and conversely whether the
ctrB mutant M. marinum is more susceptible to toluidene blue.

The homology of the M. marinum crtB and crtl genes to the
S. griseus and M. xanthus carotenoid gene cluster begs the
question of how these genes are regulated in M. marinum. The
S. griseus carotenoid gene cluster appears to be regulated by
crtS, which shows homology to genes encoding alternative
sigma factors (27). The M. xanthus crtB and crtl genes are
regulated by CarS and CarQ, respectively (19). The M. xanthus
carQ, carR, and carS genes are transcribed from a single operon
where CarQ, an RpoE (cF) (also an alternative sigma factor)
homolog, upregulates the transcription of its own (carQRS)
operon and that of the crtl gene. CarR is an inner membrane
protein which sequesters CarQ and thus prevents transcrip-
tional activation of carQ and thereby of carS, crtB, and crtl.
Light causes the breakdown of carR, releasing carQ and allow-
ing the activation of pigment gene synthesis. A carQ homolog
has been identified in M. tuberculosis (6a, 55) as well as in M.
marinum (43a). We are currently trying to isolate the M. ma-
rinum carQ gene to determine its role, if any, in regulating
photochromogenicity.

While homologous recombination has been easily achieved
in the rapidly growing nonpathogen M. smegmatis, it has been
a difficult problem in the slowly growing pathogenic species
(38) where it is most needed for the molecular analysis of the
determinants of pathogenesis (16). Initial studies suggested
that when linearized suicide plasmid DNA containing homol-
ogous sequences was transformed into M. bovis BCG and M.
tuberculosis, illegitimate recombination occurred at a high fre-
quency, possibly masking homologous recombination events
(1, 26). Recently, homologous recombination and gene re-
placement were demonstrated at the urease locus of M. bovis
BCG (45). The reason for the differences in the success of
these experiments is not clear. Gene replacement has also been
reported for M. tuberculosis with the use of long (40- to 50-kb)
linear recombination substrates. In all of these cases, the fre-
quency of recombination is much lower than that for M. smeg-
matis. It has been postulated that the fact that the M. tubercu-
losis (but not the M. smegmatis) RecA has to undergo a protein
splicing event for its maturation (11, 12) may alter the RecA
levels in the cell and reduce the frequency of homologous
recombination (38). It is interesting that homologous recom-
bination has been demonstrated in another slowly growing
species, Mycobacterium intracellulare, with a RecA that is not
spliced (13, 33). In this case, however, it was not possible to
assess the frequency of recombination. In M. marinum, the
RecA is also not processed (13). While other studies have
reported that linear recombination substrates lead to higher
levels of recombination in mycobacteria, we obtained virtually
no transformants when p127.10 linearized at the Xbal site was
used.

We have used M. marinum as a model to study pathogenesis
and have developed an in vitro model to assess bacterial per-
sistence and subcellular trafficking (5, 43) and a chronic and
acute disease model in Rana pipiens, a natural host species for
this organism (44). For the pursuit of our studies of molecular
pathogenesis in M. marinum, it was critical to determine the
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feasibility of gene replacement via homologous recombination.
We chose the crtB locus not only because of its easily discern-
ible phenotype but also because inactivation of this gene was
unlikely to be lethal to the organism. We have not had difficulty
achieving gene replacement at a reasonable frequency. Fur-
thermore, we have now obtained gene replacement at a second
locus, the ura locus of M. marinum, by using essentially the
strategy described in this report. The 7-kb fragment containing
the ura locus on a suicide plasmid was inactivated by mini-
Tn3-Km insertion transformed into M. marinum. M. marinum
colonies with gene replacement events were selected from the
resultant merodiploids by resistance to 5-fluoroorotic acid,
which results from the inability to synthesize uracil (23).

The facility of gene replacement in M. marinum will now
make it possible to test the role of candidate virulence genes
both in tissue culture infection models and in disease in frogs.
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