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The virulence of Legionella pneumophila is dependent upon its capacity to acquire iron. To identify genes
involved in expression of its siderophore, we screened a mutagenized population of L. pneumophila for strains
that were no longer able to rescue the growth of a ferrous transport mutant. However, an unusual mutant was
obtained that displayed a strong inhibitory effect on the feoB mutant. Due to an insertion in 4mgA that encodes
homogentisate 1,2-dioxygenase, the mutant secreted increased levels of pyomelanin, the L. pneumophila pig-
ment that is derived from secreted homogentisic acid (HGA). Thus, we hypothesized that L. pneumophila-
secreted HGA-melanin has intrinsic ferric reductase activity, converting Fe>* to Fe**, but that hyperpigmen-
tation results in excessive reduction of iron that can, in the case of the feoB mutant, be inhibitory to growth.
In support of this hypothesis, we demonstrated, for the first time, that wild-type L. pneumophila secretes ferric
reductase activity. Moreover, whereas the hyperpigmented mutant had increased secreted activity, an lly
mutant specifically impaired for pigment production lacked the activity. Compatible with the nature of
HGA-melanins, the secreted ferric reductase activity was positively influenced by the amount of tyrosine in the
growth medium, resistant to protease, acid precipitable, and heterogeneous in size. Together, these data

represent the first demonstration of pyomelanin-mediated ferric reduction by a pathogenic bacterium.

Legionella pneumophila, an occupant of natural and human-
made aquatic environments, is also the principal agent of Le-
gionnaires’ disease, a serious form of pneumonia that espe-
cially afflicts immunocompromised individuals (18, 37, 41). In
water habitats, this gram-negative bacterium survives free, in
biofilms, and as an intracellular parasite of protozoa (2, 62, 65);
in the lung, it replicates in alveolar macrophages (67, 93, 95).
Among the processes that promote L. pneumophila growth in
both the environment and the mammalian host are Lsp type 11
protein secretion, Dot/Icm type IVB protein secretion, and the
Lvh type IVA protein secretion system (8, 19, 27, 57, 84, 105).
Other notable surface features of L. pneumophila include fla-
gella, type IV pili, the major outer membrane protein porin,
the Hsp60 chaperonin, and the Mip peptidylproline isomerase
(9, 26, 39, 46, 49, 66, 88, 99, 108). In addition to exporting
proteins and enzymes onto its surface or into the extracellular
milieu and/or host cells, L. pneumophila also secretes a sid-
erophore (legiobactin) that promotes iron uptake (3). Iron
acquisition has long been regarded as a key aspect of L. pneu-
mophila growth, intracellular infection, and virulence (12, 17,
82). Besides legiobactin, we have uncovered both FeoB ferrous
iron transport, which is critical for bacterial growth in host cells
and the lung, as well as the ccm, frg4, hbp, iraAB, and tat genes,
which also promote L. pneumophila growth under low-iron
conditions (20, 47, 68, 73, 81, 86, 87, 106, 107). The discovery
of legiobactin has drawn further attention since, for many
years, L. pneumophila was believed not to secrete siderophores
(60, 83). Thus, we recently identified two genes (I/btAB) that
promote the production and secretion of legiobactin and de-
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termined that siderophores are also expressed by other species
of Legionella (3, 96).

Since bacteria generally have elaborate systems for sid-
erophore production, secretion, and utilization (15, 43), we
embarked upon a genetic screen to identify L. pneumophila
genes besides IbtAB that are involved in legiobactin expression.
In the course of this endeavor, we discovered that L. pneumo-
phila secretes a ferric reductase activity. Interestingly, this ac-
tivity was linked to the bacterium’s pigment, a melanin that had
previously been shown to be derived from homogentisic acid
(HGA) and implicated in bacterial resistance to light (97). In
L. pneumophila, the secretion of an iron-reducing pigment may
contribute to an iron acquisition pathway that is complemen-
tary to the siderophore pathway.

MATERIALS AND METHODS

Bacterial strains. L. pneumophila serogroup 1 strain 130b (American Type
Culture Collection [ATCC] strain BAA-74, also known as strain AA100 or
Wadsworth) served as the primary wild-type control, as it has in past iron
acquisition studies (3, 32, 60, 86). Serogroup 1 strain JR32, a restriction-deficient,
streptomycin-resistant derivative of wild-type Philadelphia 1, also served as a key
positive control (113). Other wild-type L. pneumophila strains tested for pigment
and ferric reductase included serogroup 4 strain Los Angeles 1 (ATCC 33156)
and serogroup 5 strain Dallas 1E (ATCC 33216) (60). Mutants of strain 130b
containing a kanamycin resistance cassette inserted into either feoB (NU269) or
iraAB (NU216R) were previously described (86, 106), as was a mutant (JR32-1)
containing a similar DNA insertion in the /Iy gene of strain JR32 (98, 113).
Escherichia coli DH5a was used as the host for recombinant plasmids (Invitro-
gen, Carlsbad, CA).

Bacteriological media and growth experiments. L. pneumophila strains were
routinely cultured at 37°C on buffered charcoal yeast extract (BCYE) agar or in
buffered yeast extract (BYE) broth (30). E. coli strains were routinely grown in
LB medium (91). When appropriate, the following antibiotics were added to
medium at the following final concentrations (in pg/ml): ampicillin, 100; genta-
micin, 2.5 for L. pneumophila and 5 for E. coli; chloramphenicol, 3 for L.
pneumophila and 30 for E. coli; kanamycin, 25 for L. pneumophila and 50 for E.
coli. All chemicals, unless otherwise noted, were from Sigma (St. Louis, MO). In
order to assess secreted activities, legionellae were also grown at 37°C in defer-
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rated and nondeferrated chemically defined medium (CDM) as well as a variant
of deferrated CDM that contained 250 mg/liter L-tyrosine (CDMP) (3). To
monitor the extracellular growth of L. pneumophila strains, bacteria grown on
BCYE agar were inoculated into BYE, CDM, or CDMP broth, and the optical
density (OD) of the resulting cultures was determined at 660 nm using a DU720
spectrophotometer (Beckman, Fullerton, CA) (3). As an additional means to
examine L. pneumophila growth under iron-limiting conditions, legionellae were
tested, as before, for their ability to form colonies on BCYE gradient plates that
contained either the ferric iron chelator deferroxamine mesylate at 20 or 60 pM
or the ferrous iron chelator 2,2’-dipyridal at 300 or 600 pM (3, 81).

Construction and screening of an L. p )phila mutant library. Strain 130b
bacteria were electroporated with mini-Tn/0-containing pEH40, and transpo-
son-containing transformants were selected on BCYE agar containing kanamy-
cin (47, 68). The number and location of mini-Tn/0 insertions within an L.
pneumophila strain were determined by Southern hybridization and PCR analysis
as previously described (68). Mutagenized legionellae were tested for their ability
to stimulate the growth of a ferrous iron transport mutant, NU269, using our
previously reported bioassay (3, 86). Briefly, isolated mutant colonies were
streaked using a toothpick onto non-iron-supplemented BCYE agar onto which
had been previously spread 10° CFU of NU269. Mutants that appeared defective
were retested by spotting aliquots containing equivalent numbers of bacteria (in
BYE) onto the NU269 indicator plate. As controls on each plate, we tested the
stimulatory activity of the wild type and the negative activity associated with
medium alone (3, 86).

DNA isolation, PCR, and DNA sequencing. DNA was obtained from L. pneu-
mophila as described previously (31), and plasmids were routinely isolated from
E. coli using the Plasmid Mini Prep kit (Bio-Rad, Hercules, CA). All other DNA
manipulations were performed using standard protocols (91). Oligonucleotide
primers for sequencing or PCR were synthesized at Integrated DNA Technology
(Coralville, TA). Standard PCR was performed using HIFI polymerase (Invitro-
gen). Inverse PCR was done as previously described (61). DNA samples for
sequencing were labeled using the BigDye terminator cycle sequencing kit (Ap-
plied Biosystems, Foster City, CA), and sequencing was done at our Biotech
Facility using an automated DNA sequencer (model 3100; Applied Biosystems).
Sequences were analyzed with DNASTAR (DNASTAR, Inc., Madison, WI),
and homology searches were done using BLAST programs at the National
Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/BLASTY).

Complementation analysis. In order to complement the /ly and hmgA mutants,
the Lly and HmgA coding sequences were amplified from 130b DNA by PCR
using, respectively, the primer pairs Lly F (5'-TGATCCGAATGATCAGAGT
GGA) and Lly R (5' TGGCAGGTACATCACTGATT) and HmgA-F (5'-TTA
CGGAATTAGATCTTAGCCCAT) and HmgA-R (5'-ACTTTGCTCGAGCG
GGTTG). The 1.4-kb and 1.5-kb fragments generated were ligated into
pGemTEasy (Promega, Madison, WI). The resulting plasmid containing lly (i.e.,
pGEMIly) was then digested with Bcll/Xhol, whereas the plasmid containing
hmgA (i.e., pPGEMhmgA) was digested with BamH1/Xhol enzymes. The two
different fragments containing Legionella DNA were then ligated into the
complementation vector pMMB2002 (88) that had been digested with BamH1/
Sall. The final complementing plasmids were designated plly and phmgA and, in
both cases, directional cloning placed each of the coding sequences under the
control of the tac promoter from pMMB2002. Plasmids were ultimately intro-
duced into L. pneumophila by electroporation, and their presence there was
verified by PCR (21, 91).

Measurement of secreted pyomelanin and ferric reductase. To monitor the
presence of secreted pigment, bacteria were inoculated into 30 ml of BYE,
CDM, or CDMP and then, after various periods of incubation, filter-sterilized
culture supernatants were tested for their absorbance at 400 nm, as originally
described for L. pneumophila (11, 85). Although some Legionella studies have
monitored pigment production using 550 nm (5, 66, 112, 116), we found that the
difference in absorbance between wild-type supernatants and pigment null mu-
tant supernatants is more easily seen at the lower wavelength (see below).
Additionally, studies examining similarly colored pigments in other bacteria
routinely use wavelengths at or just below 400 nm (58, 90, 102, 115).

To assess ferric reductase activity, bacteria were inoculated into 30 ml of BYE,
CDM, or CDMP and then, after various periods of incubation, filter-sterilized
culture supernatants were tested in the ferrozine assay, as has been done for the
study of proteins and pigments from a variety of bacteria and fungi (28, 50, 52,
53, 69, 72, 102). The assay solution typically consisted of 180 wl of supernatant,
25 mM Tris-HCI (pH 7.5), 160 pM ferrozine (Acros Organics, Geel, Belgium),
and 120 uM ferric nitrate, all within a final volume of 250 pl, placed into the
wells of a 96-well plate. The reaction proceeded for 1 h at room temperature and
then the color change associated with ferrozine binding to ferrous iron was
measured at 562 nm. In order to quantify the amount of ferric reductase activity
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in our samples, a standard curve was generated using known concentrations of
ferrozine complexed with ferrous sulfate. In some experiments, ferric nitrate was
replaced by an equimolar amount of ferric chloride, ferric ammonium citrate, or
ferric pyrophosphate. In others, the influence of cofactors was determined by
adding NADH or NADPH to the reaction mixture at a final concentration of 1
M (52). To judge the effect of protein degradation on activity, the samples were
preincubated with 1.5 mg/ml proteinase K or 0.01% sodium dodecyl sulfate for
30 min at room temperature. Finally, ferric reduction was also monitored in an
assay using 1 mM bathophenanthroline disulfonate (BPDS) in place of ferrozine
(50,72, 103). BPDS is another colorimetric dye which is detected at 520 nm when
complexed with ferrous iron.

All quantitative data were subjected to statistical analysis using Student’s ¢ test.
P values of <0.05 were considered significant. The results presented are repre-
sentative of at least three replicate experiments in which triplicate cultures for
each strain were examined and found to have comparable levels of variation.

Acid precipitation and size filtration of pyomelanin. In order to further in-
vestigate the relationship between the L. pneumophila pigment and ferric reduc-
tion, we partially purified the pyomelanin by acid precipitation using previously
described methods (102). Following bacterial growth in 700 ml of CDMP to late
stationary phase, culture supernatants were collected by centrifugation and filter
sterilization. Full polymerization of secreted HGA was then achieved by shaking
the supernatant, in baffled flasks, for 24 h at 37°C. The pH of the sample was
lowered to 2 by addition of 6 N HCI. After precipitation at 4°C for 16 h, pigment
was collected by centrifugation at 5,000 X g for 1 h. The resultant pellet was
suspended in 7 ml of 25 mM Tris-HCI (pH 7.5) buffer and neutralized to pH 7
with 5 M KOH. The partially purified material was spectrophotometrically as-
sessed for the presence of pigment, and 10-pl aliquots were tested in the fer-
rozine assay, as described above. In order to estimate the size of secreted
activities, 100 wl of the partially purified material was added to 900 pl of buffer
and then passed through Centricon centrifugal filters (regenerated cellulose)
having molecular mass cutoffs of 3, 10, 30, or 50 kDa as per the manufacturer’s
specifications (Millipore, Billerica, MA). The various filtrates and retentates
were brought to a volume of 1 ml with buffer, and then 180-ul aliquots were
assayed for pigment and ferric reductase activity.

RESULTS

A hyperpigmented mutant of L. pneumophila inhibits the
growth of a ferrous transport mutant. Previously, we observed
that a ferrous transport (feoB) mutant of L. pneumophila strain
130b is defective for growth on BCYE agar that lacks its usual
iron supplement (86). However, exposure to ferric iron, wild-
type bacteria, or supernatants containing legiobactin restores
the growth of the FeoB mutant (Fig. 1A, for growth stimula-
tion by wild type) (3). Therefore, to identify L. pneumophila
genes involved in the expression of legiobactin or other possi-
ble secreted Fe®" chelators, we screened a mini-Tn/0-mu-
tagenized population of strain 130b for mutants that were
unable to stimulate growth of the FeoB mutant on low-iron
BCYE. In the course of examining the first ca. 800 mutants, a
strain (NU326) was identified that produced an unusual zone
of growth inhibition around itself (Fig. 1A). Since feoB mutant
growth was seen beyond this ring of inhibition, we suspected
that NU326 was still producing significant levels of legiobactin
but overexpressing a higher molecular weight substance(s) that
is inhibitory to the ferrous transport mutant. When it was
grown in liquid medium, NU326 consistently displayed in-
creased levels of brownish pigment in its culture supernatant
(Fig. 2). This increase in pigment was most clearly manifested
when strains were cultured in CDM, with a 100-fold increase in
absorbance appearing after 48 h of incubation (Fig. 2B). The
mutant did not, however, show a general alteration in growth
in the liquid medium or on BCYE agar (data not shown).

That L. pneumophila secretes a brown pigment was reported
shortly after the discovery of the bacterium (6, 7, 35, 74, 78, 85,
104, 109). Early reports also showed that the production of the
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FIG. 1. Growth inhibition of a feoB mutant by a hyperpigmented mutant of L. pneumophila. Approximately 5 X 10° CFU of either an feoB
mutant (A) or wild-type 130b (B) were spread onto BCYE agar lacking its standard ferric iron supplement and then aliquots of BYE medium
containing either 5 X 10* CFU of wild-type 130b (top), imgA mutant NU326 (left), or complemented NU326 (phmgA) (bottom) or no added
bacteria (right) were spotted onto the plates. After 5 days of incubation at 37°C, the growth of the feoB mutant or strain 130b around the spots
was recorded. The results are representative of at least three replicate experiments.

pigment is dependent upon L-tyrosine in the growth medium
and is most apparent in bacteria experiencing slowed growth
(6,7, 11). It was later established that the pigment results from
the spontaneous and oxidative polymerization of HGA, which
is secreted into the supernatant (98). HGA, in turn, is made
through the action of Lly, a p-hydroxyphenylpyruvate dioxyge-
nase (40, 98, 113, 114). Thus, the pigment of L. pneumophila is
a pyomelanin or HGA-melanin (71, 79, 90, 102, 110). To help
determine if the altered pigmentation that we saw was due to
changes in HGA-melanin, we identified the mutation in
NU326. From inverse PCR and sequence analysis, the mini-
TnI0 insertion in NU326 was mapped to a monocistronic open
reading frame that is annotated in the L. pneumophila genome
as homogentisate 1,2-dioxygenase (HmgA). In the sequenced
strains Philadelphia, Paris, and Lens, hmgA is designated
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Ipg1285, 1pp1248, and 1pl1248 (14, 16). HmgA, whether pro-
karyotic or eukaryotic, degrades HGA to 4-maleyl-acetoace-
tate and, therefore, in its absence HGA more readily oxidizes
to benzoquinoneacetic acid, which then polymerizes to form
pyomelanin (4, 33, 64, 92, 94). As an indication of its related-
ness to like enzymes, L. pneumophila HmgA showed 65%
similarity to Pseudomonas putida HmgA (4). When an intact
plasmid copy of hmgA (i.e., phmgA) was introduced into
NU326, there was a decrease in the OD,, of culture super-
natants that reflected a level of pigment equal to wild type (Fig.
2). With this demonstration of complementation, we con-
firmed that the increased pigmentation of NU326 was due to
increased levels of HGA-melanin in supernatants because of
an inability to degrade HGA. Since NU326 (phmgA) stimu-
lated the growth of the feoB mutant in a manner equivalent to

0.4 |
0.008
0.3 1
g | ooo4
8
0.2 o]
| 24 48
0.1 -
N
24 48
B. Hours after inoculation

FIG. 2. Levels of pigment in culture supernatants of wild-type and hmgA mutant L. pneumophila. Wild-type 130b (black bars), imgA mutant
NU326 (white bars), and complemented mutant NU326 (gray bars) were inoculated into standard BYE (A) or deferrated CDM (B) and then, after
the indicated periods of incubation at 37°C, filter-sterilized, culture supernatants were assessed for pigment production as measured by their OD,,
over that of medium controls. For ease of visualization, the inset in panel B repeats the data for the wild-type and complemented mutant strains
with a smaller scale on the y axis. The data presented are the means and standard deviations from triplicate cultures for each strain. The results
presented are representative of at least three replicate experiments in which triplicate cultures for each strain were examined and found to have
a level of variation comparable to that presented here. When grown in CDM, the increases in pigment expression by the mgA mutant NU326 were
significant at all time points (P < 0.01). When grown in BYE, pigment expression by the mutant was consistently greater than that of wild type;
however, the difference did not achieve the statistical significance seen with CDM cultures.
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FIG. 3. Levels of ferric reductase activity in culture supernatants of
wild-type and hmgA mutant L. pneumophila. Wild-type 130b (black
bars), hmgA mutant NU326 (white bars), and complemented mutant
NU326 (gray bars) were inoculated into deferrated CDM and then,
after the indicated periods of incubation at 37°C, filter-sterilized, cul-
ture supernatants were assessed for the bulk reduction of ferric nitrate
to Fe?*. The appearance of Fe*":ferrozine was monitored at 562 nm
and quantified by comparison to a standard curve of ferrous sulfate
complexed with ferrozine. The background level of activity exhibited
by the CDM is also depicted (hatched bars). The data presented are
the means and standard deviations from triplicate cultures. The activ-
ities from all strains were significantly above the CDM control, and the
activity exhibited by NU326 was significantly greater than that of the
wild-type and complemented strain (P < 0.01).

wild type (Fig. 1A), we concluded that the growth inhibition by
NU326 was also due to the loss of HmgA and its resultant
increase in pigment production.

In contrast to its effect on the feoB mutant, the hmgA mutant
did not inhibit the growth of wild-type 130b (Fig. 1B), a strain
that can utilize either ferric or ferrous iron (86). Similarly,
NU326 did not negatively influence the growth of /bt4 and
iraAB mutants of 130b (data not shown), strains that are only
defective for ferric iron acquisition (3, 106). These data indi-
cate that the inhibitory effect of NU326 is specific toward
bacteria that lack Fe?" transport and preferentially utilize
Fe™" as their iron source. Thus, it appeared that L. pneuno-
phila hyperpigmentation inhibits ferrous transport mutants by
removing available Fe** from the medium.

L. pneumophila supernatants contain ferric reductase activ-
ity. One hypothesis to explain our results would be that L.
pneumophila HGA-melanin has intrinsic ferric reductase ac-
tivity, converting Fe** to Fe**, and that hyperpigmentation
results in a rapid and/or uncontrolled reduction of iron that
can, in some circumstances, be inhibitory to growth. As the first
step toward addressing this hypothesis, wild-type 130b was
grown in CDM, and then cell-free culture supernatants were
tested for ferric reductase activity. Consistently, the superna-
tants displayed significant levels of ferric reductase activity as
measured by the standard ferrozine assay (Fig. 3) or the stan-
dard BPDS assay (data not shown). Since the hmgA mutant,
but not its complemented derivative, displayed a level of ac-
tivity that was greater than that of parental 130b (Fig. 3), the
newly found activity appeared to be due, at least in part, to
HGA-melanin. In support of this hypothesis, the level of ferric
reductase present in wild-type supernatants increased when
the bacteria were grown in CDMP, a variant of CDM contain-
ing four times the usual amount of tyrosine; for example, in
one of three representative experiments, CDMP cultures gave
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FIG. 4. Effects of substrates, cofactors, and protease treatment on
ferric reductase activity. Following growth in CDMP, supernatants
from wild-type 130b were tested for their ability to reduce ferric nitrate
(FeNit), ferric chloride (FeChl), ferric ammonium citrate (FeCit), or
ferric pyrophosphate (FePyr) (black bars). In parallel, the reduction
reactions were carried out following either treatment of the superna-
tants with proteinase K (ProK) (white bars) or the addition of NADH
(gray bars) or NADPH (hatched bars). The four horizontal lines depict
the level of background activity exhibited by the medium-only negative
control. The data presented are the means and standard deviations
from triplicate cultures. The asterisk indicates a significant change in
activity against ferric citrate following proteinase K treatment (P <
0.001).

an activity of 296.4 = 41.1 uMFeSO,/h/ml (mean * standard
deviation) versus the 174.6 + 14.59 uMFeSO,/h/ml value ob-
tained from parallel CDM cultures (P < 0.03). Previous re-
ports indicated that L. pneumophila has both cytoplasmic and
periplasmic ferric reductase activities (52, 53, 80). However, we
concluded that these cell-associated enzymes contributed little
to the activity that we were observing in culture supernatants,
for three reasons. First, the supernatant readily reduced ferric
nitrate and ferric chloride but had minimal activity against
ferric citrate, a known substrate of the cellular enzymes (Fig.
4). Second, the supernatant activity was not increased by the
inclusion of NADH or NADPH, molecules that are absolute
cofactors for the cellular enzymes (Fig. 4). Third, the reduction
of ferric nitrate and ferric chloride was not diminished when
supernatants were treated with proteinase K, a protease that
degrades the cellular enzymes (Fig. 4). Proteinase K treatment
did lower activity against ferric citrate to the level of the me-
dium control (Fig. 4), suggesting that there is a very small
amount of cellular enzyme in the supernatants, which likely
resulted from some spontaneous cell lysis. Since the reduction
of ferric nitrate was not decreased by treatment of the super-
natants with sodium dodecyl sulfate (data not shown), we fur-
ther suspected that the secreted reductase activity was not due
to any other protein enzyme. Taken together, these data indi-
cate, for the first time, that L. pneumophila can secrete a ferric
reductase activity. Since the activity was also observed in pig-
mented culture supernatants of serogroup 1 strain JR32, sero-
group 4 strain ATCC 33156, and serogroup 5 strain ATCC
33216 (Fig. 5), we further concluded that secreted ferric re-
ductase activity is common, if not conserved, within the L.
pneumophila species.

L. pneumophila HGA-melanin possesses ferric reductase ac-
tivity. Since increases in the levels of ferric reductase activity in
culture supernatants correlated with increased pigmentation,
whether due to growth in tyrosine-supplemented medium or
inactivation of hmgA, we suspected that the newly found ac-
tivity is due to HGA-melanin. Thus, we obtained a mutant that
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FIG. 5. Ferric reductase activity in culture supernatants of different
strains of L. pneumophila. Strains 130b (black bar), JR32 (white bar),
Los Angeles 1 (gray bar), and Dallas 1 (hatched bar) were grown in
CDMP for 24 h and then filter-sterilized culture supernatants were
tested for their ability to reduce ferric nitrate as described above. The
horizontal line depicts the level of background activity exhibited by the
medium control. The data are the means and standard deviations from
triplicate cultures.

is defective for pigment production and tested it in the fer-
rozine assay. JR32-1 is a previously described mutant of JR32
that contains an insertion in /ly, the gene whose product de-
grades 4-hydroxyphenylpyruvate to yield HGA (97, 113). Thus,
supernatants from JR32-1 lack both HGA and pyomelanin
(98). As expected, JR32-1 did not exhibit pigmentation when it
was grown in CDMP, and in support of our hypothesis, the lly
mutant had significantly lowered levels of ferric reductase ac-
tivity in its culture supernatants (Fig. 6). Both mutant pheno-
types were complemented when the /ly gene was expressed in
trans (Fig. 6), confirming that /ly and HGA promote the pro-
duction of secreted ferric reductase activity.
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FIG. 6. Ferric reductase activity of a nonpigmented /[y mutant L.
pneumophila. Lly* JR32 (pMMB2002), its Lly-negative derivative
JR32-1 (pMMB2002), and a complemented JR32-1 (plly) were cul-
tured in deferrated CDMP, and then filter-sterilized supernatants were
assessed for pigmentation (gray bars) and ferric reductase activity
(black bars) as described in the text. The background activities exhib-
ited by the medium have been subtracted from the supernatant activ-
ities. The data are the means and standard deviations from triplicate
cultures. The decreased activities exhibited by the /ly mutant relative to
both its parent and complemented derivative were significant (P <
0.01). Although the data presented for JR32 and JR32-1 derive from
bacteria containing the cloning vector (pMMB2002) that was used to
make plly, the same results were obtained when strains devoid of the
vector were examined (data not shown).
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FIG. 7. Acid precipitation of the ferric reductase activity in culture
supernatants of L. pneumophila. After culturing for 48 h in deferrated
CDMP, a portion of the cell-free supernatants from wild-type strains
130b and JR32 was subjected to the acid precipitation protocol used to
purify melanins. Untreated supernatants (black bars) and precipitated
samples (white bars) were tested in the ferrozine assay using ferric
nitrate as substrate. Also depicted is an uninoculated medium control
that was similarly incubated and acid precipitated. The data presented
are the means and standard deviations from triplicate cultures.

To further investigate the relationship between L. pneumo-
phila HGA-melanin and ferric reductase activity, we partially
purified pigment from strains 130b and JR32 using acid pre-
cipitation, as has been done for other microbial melanins
(102), and then tested the resultant material in the ferrozine
assay. For both strains, the acid-precipitated material retained
most of the starting ferric reductase activity against ferric ni-
trate (Fig. 7). In an additional trial, the acid-precipitated ma-
terial from strain 130b was also able to reduce ferric chloride
to a comparable degree (data not shown). When the acid-
precipitated material from strain 130b was subjected to size
fractionation, we observed that both pigment absorbance and
ferric reductase activity were present over a wide range (Fig.
8). Such a result is compatible with the heterogeneity that
generally exists among microbial melanins (101, 111, 115). It
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FIG. 8. Size fractionation of pigment and ferric reductase activity
of L. pneumophila. Aliquots of acid-precipitated material obtained
from CDMP cultures of wild-type strain 130b were centrifuged
through filter units having a molecular mass cutoff of 3, 10, 30, or 50
kDa, and then the pigmentation and ferric reductase activity in each
filtrate were quantified as described in the text. The results are pre-
sented as the percentage of pigment (black bars) and ferric reductase
activity (white bars) in each of the fractionated filtrates compared to
the starting material. The data presented are the means and standard
deviations from triplicate cultures.
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also suggests that ferric reductase activity is not strictly asso-
ciated with a particular size or form of HGA-melanin. It is also
likely, though, that some of the ferric reductase activity ob-
served in these various fractions is due to medium components
that are also precipitated by the acid (Fig. 7). The strongest
coincidence of pigment and ferric reductase activity occurred
in the relatively low molecular mass range, e.g., the <3-kDa
fraction contained 20% of both activities and the <10-kDa frac-
tion had 40% of both (Fig. 8). In contrast, the <50-kDa fraction
had 90% of the ferric reductase activity but only 55% of the
pigment. Taken together, these data support the relationship be-
tween pigment and ferric reductase but suggest that not all forms
of pigment, such as those fractionating as >50 kDa, retain ferric
reductase activity.

Iron acquisition characteristics of L. pneumophila pigment
mutants. That wild-type L. pneumophila HGA-melanin pro-
vides ferric reductase activity suggests that the pigment might
facilitate iron acquisition/assimilation by providing a ferrous
iron source to growing bacteria and that a pigment mutant
might therefore grow poorly under low-iron conditions. How-
ever, when the /ly mutant was cultured in deferrated CDMP
(above), it grew comparably to wild type. A similar result was
obtained when the nonpigmented mutant was cultured on
BCYE gradient plates containing various concentrations of
iron chelators (data not shown). Conversely, the hyperpig-
mented hmgA mutant never exhibited increased growth in the
low-iron medium compared to its wild type (data not shown).
Although these various data indicate that HGA-melanin and
secreted ferric reductase are not required for L. preumophila
growth under low-iron conditions, they do not prove that these
factors are irrelevant to iron acquisition. For example, it is
quite possible that an alternative iron acquisition system(s)
compensates for the absence of HGA-mediated ferric reduc-
tion.

DISCUSSION

With the characterization of an ~imgA4 mutant, we have con-
firmed that a complete HGA-melanin pathway is present and
operational in L. pneumophila, i.e., tyrosine is converted to
HGA via Lly, secreted HGA spontaneously polymerizes to
HGA-melanin, and HGA is degraded by HmgA. The Legio-
nella genus contains 51 species besides L. pneumophila, and 20
of these species have been shown to cause disease (34, 37, 56,
59, 76). Although not all Legionella species produce brown
pigmentation when grown on tyrosine-containing media (34),
limited testing indicates a correlation between melanin pro-
duction and the presence of /ly (10, 34). Hence, it is likely that
legionellae, in addition to L. pneumophila, secrete HGA-mel-
anin. Legionella is a member of a relatively large group of
environmental bacteria that produce melanins, including spe-
cies of Aeromonas, Azospirillum, Azotobacter, Bacillus, Burk-
holderia, Caulobacter, Hyphomonas, Klebsiella, Marinomonas,
Microbulbifer, Micrococcus, Morganella, Mycobacterium, Pro-
teus, Providencia, Pseudomonas, Ralstonia, Rhizobium, Serratia,
Shewanella, Silicibacter, Sinorhizobium, Stenotrophomonas, Strep-
tomyces, Vibrio, and Xanthomonas (1, 4, 24, 25, 33, 42, 44, 45,
48, 55, 58, 63, 64, 70, 75, 77, 79, 90, 100, 102, 110, 111, 115).
Within this group, a variety of melanins are produced, includ-
ing black and brown eumelanins, yellow-red pheomelanins,
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and brown allomelanins, which have as subsets the brown pyo-
melanins (HGA-melanin) and the black di/tetrahydroxynaph-
thelene melanins (71, 79, 110). Melanins are also broadly dis-
tributed among eukaryotic microorganisms, including fungi
and protozoa (70, 79). Those bacteria that are known to spe-
cifically produce HGA-melanin are Caulobacter crescentus, Hy-
phomonas sp., Pseudomonas aeruginosa, P. putida, Ralstonia
solanacearum, Shewanella algae, Shewanella colwelliana, Si-
licibacter pomeroyi, Sinorhizobium meliloti, Streptomyces aver-
mitilis, Vibrio cholerae, and Xanthomonas campestris (4, 29, 33,
42, 45, 55, 64, 90, 102). Among the eukaryotic microbes, en-
dogenous HGA-melanin production is thus far limited to the
fungi Aspergillus nidulans and Yarrowia lipolytica (13, 36), al-
though it has recently been shown that the fungus Cryptococcus
neoformans can use HGA produced by others to achieve mel-
anization (38). Thus, L. pneumophila, along with P. aeruginosa
and V. cholerae, is one of the few known producers of HGA-
melanin that is also a significant human pathogen.

In this study, we have also demonstrated that L. pneumo-
phila HGA-melanin is responsible for a newly described
secreted ferric reductase activity. Currently, there are two previ-
ous reports of an association between microbial melanins and
ferric reduction. In the first case to be described, pathogenic C.
neoformans elaborates a surface-associated eumelanin that was
shown to reduce ferric hydroxyl-EDTA (51, 70, 72). A recent
study reports that iron levels can modulate the transcriptional
control of melanin biosynthesis in C. neoformans (54). As the
second example of an iron-reducing melanin, the environmen-
tal, gram-negative bacterium S. algae secretes HGA-melanin
that is capable of reducing ferric iron oxide (102). It is believed
that this pyomelanin can also become cell associated and serve
as an electron conduit in the terminal reduction of iron oxides
(101). In addition to melanins, there are other methods of
extracellular ferric reduction that exist in microorganisms. For
example, there is a secreted blue pigment (pyocyanin) for P.
aeruginosa, a cell-bound ferric reductase and secreted 3-hy-
droxyanthranilic acid for C. neoformans, extracellular and sur-
face protein reductases for Mycobacterium paratuberculosis and
Listeria monocytogenes, and secreted quinones for Geothrix fer-
mentans and Shewanella oneidensis (22, 23, 28, 50, 69, 8§9).
Since the /ly mutant did not possess any residual secreted
activity that was above the medium control, we suspect that all
of the secreted ferric reductase activity observed for L. pneu-
mophila is due to HGA-melanin. Supporting this viewpoint, in
silico analysis of the L. pneumophila genome does not reveal
any secreted proteins that are predicted to have ferric reduc-
tase activity (27). In sum, L. pneumophila is one of only a small
number of microorganisms in which melanin secretion has
been linked to ferric reduction and the only pathogen, thus far,
in which HGA-melanin has been specifically implicated.

In the past, we and others defined a number of factors that
promote L. pneumophila iron acquisition and/or growth under
low-iron conditions (17). Arguably, the two factors that are
most clearly involved in iron uptake are the legiobactin sid-
erophore and the FeoB ferrous transport system (3, 86). In-
deed, we recently hypothesized that these two represent the
main pathways of iron uptake in L. pneumophila, i.e., one
dedicated to ferric iron uptake and the other to ferrous iron
assimilation (3). Given its capacity to promote extracellular
ferric reduction, HGA-melanin is now proposed as yet another
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aspect of L. pneumophila iron acquisition/assimilation. We fur-
ther propose that HGA-melanin operates within the FeoB
pathway, for two reasons. First, the generation of ferrous iron
by HGA-melanin would obviously have the potential to pro-
vide additional ferrous iron substrate for internalization across
the cell envelope. Second, in preliminary experiments, the /ly
mutant exhibited increased CAS reactivity, suggesting that it
might express elevated levels of legiobactin in order to com-
pensate for the absent pigment (C. Chatfield and N. P. Cian-
ciotto, unpublished results). Based upon the capacity of the lly
mutant to still grow in iron-depleted media, iron assimilation
via HGA-melanin would appear to not be required for L.
pneumophila growth, at least under standard in vitro laboratory
conditions. Given the similar behavior of feoB and IbtA mu-
tants, the same has been concluded for iron assimilation via
FeoB and legiobactin. Such results are entirely compatible with
the widespread belief that bacteria have multiple pathways for
iron acquisition. Since pigment mutants have not been de-
scribed for S. algae, it is not possible to comment on the
essentiality of the only other HGA-melanin implicated in iron
reduction.

Our observations now bring to four the processes linked to
the L. pneumophila HGA and HGA-melanin, i.e., the reduc-
tion of ferric iron and resistance to light by Lly* L. pneumo-
phila and the generation of turbomycin antibiotics and hemo-
lytic activity by lly-containing E. coli clones (40, 97, 113). Given
that as well as the many other processes linked to microbial
melanins, including a variety of virulence traits (70, 71, 79),
further work on the HGA-melanin of L. pneumophila is war-
ranted. Finally, these findings in L. pneumophila have implica-
tions for the potential roles of melanins in other bacteria,
especially other pathogens that are already known to produce
HGA or other melanins, such as species of Burkholderia, Kleb-
siella, Proteus, Pseudomonas, Serratia, Stenotrophomonas, and
Vibrio.
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