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ABSTRACT

The phototrophic bacterium Rhodobacter capsulatus photoreduces
2,4-dinitrophenol to 2-amino-4-nitrophenol, which is further metab-
olized by an aerobic pathway that is also light-dependent. The catabo-
lism of 2-amino-4-nitrophenol requires O, and the presence of alternative
carbon (C) and nitrogen (N) sources, preferably acetate and ammonium.
Rhodobacter capsulatus B10, a bacterium unable to assimilate nitrate,
releases negligible amounts of nitrite when growing with 2-amino-
4-nitrophenol, thus suggesting that an oxygenase, nitrite-producing
activity is not involved in the metabolization of the compound. The dia-
zotrophic growth of R. capsulatus increases in the presence of 2-amino-
4-nitrophenol, but growth with ammonium is clearly inhibited by the
compound. Mutant strains of R. capsulatus B10, which are affected in
nifHDK, nifR1, or nifR4 genes, unable to fix dinitrogen, do not grow with
2-amino-4-nitrophenol as the sole N source. This indicates that the com-
pound cannot be used as a N source. The nif mutants degrade 2-amino-
4-nitrophenol to the same extent as the wild-type in the presence of
ammonium. The compound is not used as a C source by the bacterium,
either. Aromatic stable intermediates, such as 2,4-diaminophenol or
4-nitrocatechol, are not detectable in microaerobic cultures of R. capsula-
tus growing with 2,4-dinitrophenol or 2-amino-4-nitrophenol.
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Abbreviations: 2,4-DNP, 2,4-dinitrophenol; ANF, 2-amino-4-nitrophe-
nol; CFU, colony-forming units.

INTRODUCTION

Substituted aromatic amines are common, hazardous xenobiotic com-
pounds produced by the chemical industry in manufacture of pesticides,
dyes, and drugs (1,2). Some aminoaromatic sulphonates and chloroani-
lines are also produced by the microbial breakdown of herbicides (3-5). A
frequent natural mechanism yielding aromatic amines is the reduction of
the nitroaromatic groups catalyzed by bacterial nitroreductases (6-10).
These enzymes have been isolated and characterized from several
microorganisms, and are NAD(P)H-dependent flavopro-teins (11-14) or
ironsulfur proteins (8). There are also extracellular nitroreductases pro-
duced by bacteria from the human gastrointestinal tract (9). Nitroreduc-
tase from Rhodobacter capsulatus and Nocardia are unstable FMN-linked
enzymes that transfer six electrons from NAD(P)H to the nitroaromatic
group (11,15); other bacterial nitroreductases produce nitrosamines and
hydroxylamines as partially reduced intermediates (14,16).

Because of the mutagenic properties of the aromatic amines, the bac-
terial reduction of nitroaromatics is important from an ecological point of
view. Besides, the production of aromatic hydroxylamines, nitrosamines,
and amines by the colon microflora is rising as an important problem
in human health. These mutagens are formed from some nitroaromatic
compounds that are very often present in drugs, natural or canned
foods for humans, or feed for livestock (17). Thus, the nitroreductase activ-
ity of enterobacteria considerably increases the toxicity and mutagen-
icity of some nitroaromatic compounds (18). As a matter of fact, genetically
engineered bacteria overproducing nitroreductase activity are specially
sensitive to the mutagenicity of nitroarenes (19,20). By contrast, nitrore-
ductase-deficient bacteria are affected to a lesser extent by nitroaromatic
compounds (21). There is a recent report that the composition of intestinal
flora gives rise to the risk of colorectal cancer (22). Moreover, the hepatic
activation of arylamines yields mutagenic metabolites (23), and there are
also reports on the mutagenicity of nitrofurans (24) and aromatic hydrox-
ylamines (25). The advances in knowledge on the molecular properties of
bacterial nitroreductases have allowed their use in cancer treatments, such
as the antibody-directed enzyme prodrug therapy, (ADEPT) (26,27).

Taking into account the mutagenic potential of aromatic amines,
the study of the biodegradation of these compounds and their lifetime
in natural environments is of great interest. The persistence of amino-
arenes in natural environments depends on O, pressure, since anoxia pre-
vents aromatic amines from polymerization into recalcitrant macromole-
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cules (28). Sometimes, aerobic and anaerobic steps of aromatic metabolism
are combined in the same microorganism. Thus, a novel pathway for the
degradation of 2-aminobenzoate, consisting of the oxidation of the
2-amino-benzoyl coenzyme A to the 5-keto derivative, has been reported
in a denitrifying strain of Pseudomonas (29). Bacterial communities are also
able to degrade amino-naphtalenesulfonates, which are intermediates in
the industrial synthesis of azo dyes (30) and other aromatic pollutants (31).
The microbial metabolism of chloroanilines has been improved by natural
gene exchange within Pseudomonas strains (32). To date, there are no other
reports on the photodegradation of these compounds by photosynthetic
bacteria. This work has studied the light-dependent metabolization of
2-amino-4-nitrophenol (ANP), a compound derived from the anaerobic
reduction of 2,4-dinitrophenol (2,4-ANP) by the phototrophic bacterium
R. capsulatus (10). The coupling between anaerobic and aerobic pathways
for the degradation of nitroaromatic compounds to nonaromatic products
has been studied. The role of a second substrate in the biodegradation of
ANP has also been investigated.

MATERIALS AND METHODS
Organisms and Growth Conditions

Rhodobacter capsulatus wild-type strain B10 and the mutant strains
lacking dinitrogen (N)-fixing capacity were supplied by W. Klipp
(Bielefeld, FRG). The cells were cultured, as previously described, with 10
mM acetate as a carbon (C) source (10). Where indicated, the following
compounds were used as N source: 0.2 mM ANP, dissolved dinitrogen (up
to 16 mg/L at 30°C under air), 10 mM sodium glutamate, or 19 mM ammo-
nium chloride. Anaerobic conditions were achieved by filling up screw-
capped bottles with culture medium. Strict anaerobiosis was done by
bubbling the cultures with high-purity argon. Microaerobic conditions
were produced by filling with culture medium only half of the available
volume of the same bottles under a gas phase of sterile air. Aerobic condi-
tions were achieved by partially filling Erlenmeyer flasks capped with
sterile cotton stoppers and shaking at 140 rpm under air. The cultures were
normally maintained at 30°C under light (40 W/m?) or, where indicated, at
the same temperature in the dark. Cell growth was monitored by measur-
ing the turbidity of the cultures at 680 nm, or by CFU counting on rich-
agar medium.

For reinoculation of cells in fresh medium, the cultures were cen-
trifuged (12,000 g for 10 min) and resuspended in an aliquot of fresh
medium under sterile conditions. These aliquots were then used as the
inoculum.
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Analytical Determinations

2,4-DNP, ANP, and possible catabolic intermediates were measured
by HPLC, as previously described (10). The chromatography was carried
out using a 125 X 4 mm Spherisorb ODS-2 column (Tracer, Barcelona,
Spain). The mobile phase was 60% methanol and 40% of an aqueous phase
(100 mM acetic acid and 0.8 mM triethylamine in Milli Q, Millipore,
Bedford, MA water) at a flow rate of 1 mL/min. The effluent was moni-
tored at 260 nm.

Nitrite was measured at 540 nm by the diazotization procedure (33).
Ammonium was detected by the Conway microdiffusion technique (34).
Protein was determined by the Lowry procedure (35).

RESULTS AND DISCUSSION

The phototrophic bacterium R. capsulatus is a versatile microorganism
able to grow either in the light or in the dark by using a variety of C and
N sources, artificial electron acceptors, and xenobiotic compounds (10,
36-38). Anaerobic photometabolism of 2,4-DNP takes place with the
simultaneous and stoichiometric release of ANP, but the production of
ANP is not stoichiometric under microaerobic conditions (10). Because
aromatic aminoarenes are potent mutagens and hazardous chemicals for
every type of cell, further degradation of ANP by the purple bacterium
R. capsulatus under aerobic conditions has been studied. The authors have
used several R. capsulatus strains affected in their diazotrophic capacity, or
in their ability to assimilate nitrite. Thus, R. capsulatus E1F1 and R. capsu-
latus B10 are diazotrophic bacteria, but only the strain E1F1 is able to
assimilate nitrate and nitrite. On the other hand, mutants of R. capsulatus
B10, affected in the structural nifHDK genes or in the regulatory nifR1 and
nifR4 genes, are unable to fix dinitrogen. R. capsulatus B10 was unable to
grow with ANP as the sole C source, and did not use ANP as a sole N
source, since the mutants affected in nifR1, nifR4, or nif HDK genes did not
grow with ANP as sole N source under microaerobiosis (Table 1). R. cap-
sulatus B10 degraded ANP with acetate as the C source and glutamate as
the N source under light-aerobic conditions (Fig. 1A), but not under light-
anaerobic conditions (Fig. 1B). The process was significantly enhanced
under air, despite cell growth being inhibited in aerobic cells under light
(Fig. 1A). The first phase of the ANP degradation was fast, and depended
on the presence of cells. The second phase of ANP degradation (from 3 to
20 h), which showed a considerably lower rate (Fig. 1A), was probably
caused a photochemical process. It was observed that ANP was slowly
degraded under aerobic conditions in the light and in the absence of liv-
ing cells. A photochemical, Fe-dependent degradation of aminoaromatic
compounds has been previously described that facilitates aminophenol
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Table 1
Diazotrophic Growth and ANP Degradation by Wild-type Strain
and nif Mutants of R. capsulatus B10

Absorbance at 680 nm ANP degraded
(%)
Bacterial strain  -ANP  +ANP +ANP +NH," -NH,” +NH,
R. capsulatus 0.60 0.9 0.63 60 80
B10 wild-type
mutant nifAHDK - - 0.95 30 70
mutant nifRT - - 0.65 25 75
mutant nifR4 - - 0.58 28 77

The cells were cultured microaerobically under light with dissolved N,, in the
absence or in the presence of 0.2 mM ANP. After 48 h growth, the A, .. of the cultures
were measured, the cell suspensions were centrifuged at 15,000 g, and the ANP concen-
tration was determined in the supernatants.

(—) Negligible growth (A, .. < 0.05).

Results of one experiment are given. Standard deviations were less than 10% of the
mean values obtained in four independent experiments.

biodegradation (39). Since auto-oxidation of aromatic amines is pH-depen-
dent, and, taking into account that bacterial growth on acetate increases
the pH of the medium, the possibility of an indidect degradation of ANP
was checked, because of the pH rise in R. capsulatus cultures. The highest
pH value observed after the bacteria grew on acetate was 8.5; ANP was
stable at pH 9.0 for 24 h under the same conditions. This result suggests a
biological degradation of ANP in R. capsulatus cultures.

Photodegradation of ANP does not seem to be an inducible process,
since it took place rapidly after inoculation, independently of the presence
of ANP in the previous culture. Both R. capsulatus E1F1 and B10 strains
photodegraded ANP at a similar rate and extent.

Similar results concerning cell growth and ANP degradation were
obtained when the N source was dissolved N,, instead of glutamate (Table 1).
No ANP catabolism was observed when the cells were cultured under
dark-anaerobic or dark-aerobic conditions.
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Fig. 1. Effect of O, on ANP photodegradation by R. capsulatus B10. The cells were
cultured with glutamate as N source and acetate as C source under aerobiosis (A) or
anaerobiosis (B). The absorbance at 680 nm and the ANP concentration in the medium
were determined at the indicated times. Results of one experiment are given. Stand-
ard deviations were less than 10% of the mean values obtained in four independent
experiments.

From this first set of experiments, one can conclude that the degrada-
tion of ANP by R. capsulatus requires light and O,. Because O, inhibits
nitrogenase activity and ANP cannot be used as a N source by the bac-
terium, the degradation of ANP under diazotrophic conditions became
inhibited at pO, pressures above 0.2 atm.

To assess possible effects of alternative N sources, ANP degradation
was followed in the presence of glutamate or ammonium. Figure 2 shows
the time-courses of ANP disappearance with acetate as the C source and
glutamate (A) or ammonium chloride (B) as the N source, under light and
aerobiosis. The bacterium did not grow well with ammonium and ANP,
but in the presence of glutamate and ANP, the cells showed higher growth
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Fig. 2. Effect of ammonium on ANP photodegradation by R. capsulatus. The cells
were cultured with acetate as C source under light and aerobiosis with glutamate (A)
or ammonium chloride (B) as N source. Absorbance at 680 nm and the ANP concen-
tration in the medium were determined at the indicated times. Results of one experi-
ment are given. Standard deviations were less than 10% of the mean values obtained
in four independent experiments.

levels (Fig. 2A). Nevertheless, ANP degradation was higher and faster in
ammonium-growing cells (Fig. 2B).

The toxicity of ANP and its putative derivatives for R. capsulatus was
tested by increasing the ANP concentration in the presence of glutamate
and acetate as alternative substrates. Figure 3 shows that ANP inhibited
bacterial growth at concentrations above 0.3 mM. The degradation of the
compound was inhibited above 0.2 mM ANP. As previously suggested, the
second phase observed in the time-course of ANP degradation (Fig 1A)
was a photochemical process. To check if the cessation of biological activ-
ity was caused by the accumulation of a toxic derivative from ANP, both
the cell survival and ability to degrade ANP were assayed by reinoculation
experiments. Figure 4 shows the effect of the age of the culture on the abil-
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Fig. 3. Effect of ANP concentration on the growth of R. capsulatus. The cells were cul-
tured under light-aerobiosis with glutamate as N source and acetate as C source. The
absorbance at 680 nm was measured 48 h after inoculation. Results of one experiment
are given. Standard deviations were less than 10% of the mean values obtained in four
independent experiments.

ity of the cells to grow and the capacity for degrading ANP. When the
same cells were successively reinoculated with nontoxic concentrations of
ANP, the increase in CFU/mL completely ceased after two reinoculation
cycles. CFU in the presence of ANP only decreased by one order of mag-
nitude, compared with an untreated control (Fig. 4A). Therefore, it can be
concluded that toxic metabolites from ANP were not accumulated. Neither
the rate nor the extent of ANP degradation seemed to be affected by the
culture age (Fig. 4B).

We did not detect aromatic intermediates by HPLC from the degra-
dation of ANP by R. capsulatus. The nitroreductase activity is low in aer-
ated cultures, and it is repressed by ammonium (12). Therefore, a second
reduction of ANP at the level of the 4-nitro group, yielding the diamino
derivative, is unlikely. An oxidative reaction could be a more plausible
mechanism as a first step in ANP catabolism. Oxygenase reactions
involved in aminoaromatic metabolism have been reported in the
degradative pathway for 2-amino-bencenesulphonates by Alcaligenes (40).
Moreover, the existence of enzymes of the ortho pathway have been
observed in the metabolism of anilines by Pseudomonas acidovorans (3,4).
Actually, this organism is a typical chloroaniline degrader, which has been
used in bioremediation assays (41). From the results shown in Fig. 1, we
can conclude that ANP was not metabolized by a mono-oxygenase reac-
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Fig. 4. Effect of the age of the cultures on cell viability and ANP degradation by
R. capsulatus. At the times indicated by the arrows, the cells were reinoculated in fresh
media with ANP (filled symbols) and without ANP (hollow symbols). CFU (A) and
ANP concentrations (B) were determined at the indicated times. Results of one exper-

iment are given. Values were reproducible within one order of magnitude in four sep-
arate experiments.

tion via 4-nitrocatechol and ammonium, because if ANP were actually
degraded via 4-NC, we would have detected this latter compound by
HPLC, and because R. capsulatus B10 degrades 4-NC under microaerobio-
sis, with stoichiometric release of nitrite (42). Under light and microaero-
bic conditions, we only observed up to 20 wM nitrite from 0.2 mM ANP.
Since R. capsulatus B10 lacks nitrite reductase activity, and these cells do
not accumulate nitrite inside (42), the nitrite observed in the medium cor-
responded to the amount of nitrite produced photochemically. Any other
type of oxidative reaction yielding ammonium is unlikely to take place,
since the mutant strains nif AHDK (lacking functional genes encoding for
dinitrogenase reductase and dinitrogenase proteins), nifR1” and nifR4"
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(lacking functional genes encoding the transcriptional activator NIFR1 and
a o™ factor, respectively (43) were unable to use ANP as the sole N source
(Table 1). Nevertheless, the mutants degraded ANP to the same extent as
the wild-type in the presence of ammonium as a second substrate. These
results support the conclusion that an alternative N source is necessary
for ANP metabolization. Therefore, the increase in absorbance at 680 nm
shown by R. capsulatus B10, cultured with ANP as N source, is not caused
by the metabolization of ANP. The cell growth in cultures with ANP is
probably based on the utilization of acetate and dissolved N,. Equally, no
growth was observed in cells cultured with ANP in the absence of alterna-
tive C sources, thus confirming that ANP was actually co-metabolized by
R. capsulatus. Cometabolism of aromatic amines has been reported in
Rhodococcus rhodochrous, which increases degradation of 2-methylaniline
and its chlorinated isomers in the presence of ethanol (44).

Previous results, and those shown in this work, demonstrate that the
metabolization of 2,4-DNP by R. capsulatus requires two different path-
ways: first, 2,4-DNP is transported inside the cells, and it is photoreduced
by a nitroreductase, with stoichiometric releasing of ANP into the
medium. This process is inhibited in ammonium-growing cells, and takes
place either under strict anaerobiosis, or, more slowly, at pO, above 0.2 atm
(10,12). During a second step, ANP is further photodegraded by a pathway
that requires pO, of about 0.2 atm, and that is enhanced by ammonium.
Aerobic photodegradation of ANP by R. capsulatus depends on alternative
C and N sources, and eliminates the aromatic properties of the compound.
Both phases of nitroaromatic degradation could be catalyzed by pho-
totrophic bacteria thriving in natural microaerobic environments.
Therefore, the process could take place without accumulating aromatic
amines, which are common products of the anaerobic bacterial metabolism
of nitroaromatic pollutants.
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