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Azospirillum brasilense Sp7 and its ntrA (rpoN), ntrBC, and nfrC mutants have been evaluated for their
capabilities of poly-3-hydroxybutyrate (PHB) accumulation in media with high and low ammonia concentra-
tions. It was observed that the ntrBC and ntrC mutants can produce PHB in both low- and high-C/N-ratio
media, while no significant PHB production was observed for the wild type or the ntr4 mutant in low-C/N-ratio
media. Further investigation by fermentation analysis indicated that the nfrBC and nfrC mutants were able to
grow and accumulate PHB simultaneously in the presence of a high concentration of ammonia in the medium,
while little PHB was produced in the wild type and ntr4 (rpoN) mutant during active growth phase. These
results provide the first genetic evidence that the nfrB and ntrC genes are involved in the regulation of PHB

synthesis by ammonia in A. brasilense Sp7.

Poly-3-hydroxybutyrate (PHB), a thermoplastic produced by
numerous microorganisms as an energy and/or carbon storage
material under conditions of nutrient imbalance, has attracted
attention for its biodegradability and biocompatibility (2).
However, a major limitation in the commercialization of PHB
in a wide range of applications is its high production cost (5, 6).
Much effort has been devoted to lowering the production cost
by developing more efficient fermentation and recovery pro-
cesses (15); selecting new potential microorganisms, including
genetically engineered bacteria (7, 26); metabolic engineering
of PHB biosynthetic pathways in higher organisms, such as
Saccharomyces cerevisiae (14), insects (33), and plants (34);
using alternative cheaper carbon sources (3, 22); and investi-
gating the precise control mechanisms involved in PHB bio-
synthesis (25, 27).

Intensive studies on the metabolic pathways for PHB bio-
synthesis and molecular analyses of PHB biosynthesis genes in
various bacteria have been conducted in order to understand
the mechanisms of PHB biosynthesis and subsequently to con-
struct genetically engineered microorganisms or even plants
for more efficient production of PHB. In Ralstonia eutropha
(formerly known as Alcaligenes eutrophus), acetyl coenzyme A
(acetyl-CoA) is converted to PHB in the following three steps:
(i) formation of acetoacetyl-CoA, (ii) stereoselective reduction
of acetoacetyl-CoA to p-(—)-3-hydroxybutyryl-CoA, and (iii)
ligation of D-(—)-3-hydroxybutyryl to the growing chain of
PHB. Since the first phb gene was isolated from Zoogloea
ramigera (24), more than 30 different PHB biosynthesis genes
have been cloned from various bacteria (15). Some genes in-
volved in the formation of the PHB granule have also been
recently characterized (25).

For most PHB-producing bacteria, only little PHB accumu-
lation can be observed during the active growth phase of cells,
so a long growth phase is essential for high-density cell culti-
vation (2). Nutrient limitation is needed for initiation of PHB
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accumulation, and generally ammonia is considered the critical
control factor decoupling the growth of cells and PHB produc-
tion. However, some bacteria, such as Azotobacter vinelandii
strain UWD (obtained by chemical mutagenesis [23]), Alcali-
genes latus (8), and Pseudomonas putida KT2442 (9), are able
to accumulate large amounts of PHB or polyhydroxyalkanoate
(PHA) during exponential growth. The inactivation of inhibi-
tion of ammonia of the accumulation of PHB has industrial
potential for improvement of process control and productivity
(16).

Azospirillum, a genus of free-living nitrogen-fixing bacteria,
has been studied intensively in the past decades for its physi-
ological and genetic properties. Some of the species, such as
Azospirillum brasilense and Azospirillum lipoferum, are noted
for their capabilities of accumulation of intracellular PHB with
a relatively high content (up to 88% of the dry biomass) under
unbalanced nutrient conditions such as oxygen limitation and a
high C/N ratio (12, 28).

In this study, the regulation of PHB production by ammonia
was investigated for A. brasilense Sp7 and its ntrA (rpoN),
ntrBC, and ntrC mutants. The significant differences in PHB
production by the ntrBC and ntrC mutants versus the ntrA
(rpoN) mutant and wild type during the exponential growth
phase in the presence of a high concentration of ammonia in
the medium demonstrate the involvement of the n#rB and ntrC
genes in the regulation of PHB biosynthesis by ammonia in A.
brasilense Sp7.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacterial strains used in this
study are listed in Table 1. All the strains were routinely grown in MMAB
medium (31) at 30°C. Kanamycin (25 wg/ml) was added to the medium when
required. Because the ntrB and ntrC genes are organized in one operon, the n#rB
mutant, constructed by polar mutation, is an n&rBC mutant (18).

Culture conditions for PHB production. For test tube cultures of bacteria,
5-ml aliquots of MMAB medium in 20-ml test tubes were each inoculated with
1 loop of bacteria from a fresh plate or 0.15 ml of preculture from another test
tube and then incubated at 30°C for 24 h while shaken at 200 rpm. The batch
fermentation was performed in a 2-liter O,-stat fermentor as described previ-
ously (20). The concentration of dissolved oxygen (DO,) was controlled at a
constant level by varying the air flow into the fermentor according to the mea-
sured DO, value so that the air flow rate could be used as an indicator for the
oxygen uptake rate (20).
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TABLE 1. A. brasilense strains used in this study

Strain Relevant characteristic(s) Reference
Sp7 Wild type (ATCC 29145) 23
FAJ301 rpoN::kan Km'; A. brasilense Sp7 ntrA (rpoN) mutant 21
7194 ntrB::Tn5-194 Km'"; A. brasilense Sp7 ntrB mutant 18
7148 ntrC::Tn5-148 Km'; A. brasilense Sp7 ntrC mutant 18

Analytical procedures. Cell growth was monitored by measuring the optical
density at 600 nm with a Perkin-Elmer Lambda 2 UV-visible-spectrum spectro-
photometer. Biomass concentration, defined as cell dry weight per milliliter of
culture broth, was determined by weighing dry cells with a microbalance (Met-
tler, Zurich, Switzerland) as described previously (32). L-Malate and ammonia
concentrations in the culture broth were determined with test kits from Boehr-
inger Mannheim (Mannheim, Germany). The PHB concentration was deter-
mined with a gas chromatograph (HP6890 Plus; Hewlett-Packard, Wilmington,
Del.) equipped with an automatic sampler (HP7683; Hewlett-Packard) and a
J&W DB-WAX capillary column (0.53 mm by 15 m, 1-pwm film thickness) by
using benzoic acid as the internal standard (4). Non-PHB biomass was obtained
by subtracting the amount of PHB from the biomass, while the PHB content was
defined as the ratio of PHB to cell dry weight, expressed as a percentage. All the
data in this paper are average values of at least two replicates.

RESULTS

A. brasilense Sp7 and its ntrA (rpoN), ntrBC, and ntrC mu-
tants were grown in MMAB medium with different initial C/N
ratios obtained by varying the concentration of malate or
NH,CI. After incubation at 30°C for 24 h, the biomass and
PHB concentrations were measured and compared. The re-
sults are shown in Fig. 1.

PHB production by A. brasilense Sp7 and its ntrA (rpoN)
mutant increased with the C/N ratio of the medium, and no
PHB could be detected in low-C/N-ratio media because at least
half of the initial amount of ammonia was still present in the
media when malate was depleted (data not shown). In contrast
with the wild type and n#zA (rpoN) mutant, the ntrBC and ntrC
mutants were able to synthesize PHB even in low-C/N-ratio
media.

The above results can be interpreted in two ways: (i) PHB
biosynthesis coincides with the growth of cells for the n#rBC or
ntrC mutant, or (ii) initiation of PHB accumulation occurs at
much higher ammonia concentrations in the nrBC or ntrC
mutant. In order to elucidate the involvement of the n#rB and
ntrC genes in the regulation of PHB production by ammonia in
A. brasilense Sp7, the wild type and mutant strains were grown
in a bioreactor, allowing more precise monitoring and control
of culture conditions. MMAB medium was supplemented with
10 g of malate and 1.35 g of NH,Cl per liter (initial C/N ratio =
10), and the DO, concentration was set at 30%, which was
reported to be optimal for PHB accumulation in A. brasilense
(28). No nitrogen fixation can occur under these culture con-
ditions since the nitrogen fixation process is repressed by the
high DO, concentration and the presence of combined nitro-
gen. Therefore, the influence of diazotrophic growth can be
excluded (9, 10). The results are shown in Fig. 2.

It can be observed that A. brasilense Sp7 and its ntrA (rpoN)
mutant produced only small amounts of PHB in the active
growth phase, while no additional PHB accumulated during
the stationary phase (Fig. 2A and B). The respiration of cells
(indicated by the air flow rate) increased drastically at the end
of the exponential growth phase, which is consistent with the
results of a previous study (20). Nevertheless, PHB production
was not triggered during the stationary phase, since about 20
mM NH,CI was still present in the medium. For the wild type,
the PHB concentration reached its maximum and cell growth
entered the stationary phase at 10 h of fermentation even

though there was about 4 g of malate per liter left in the
medium (Fig. 2A). However, the nrBC and ntrC mutants not
only produced a larger amount of PHB during the growth
phase than the wild type but also continued to synthesize PHB
in the stationary phase despite a high concentration of ammo-
nia in the medium (Fig. 2C and D). Eventually about 40 and
22% PHB content accumulated in the ntrBC and ntrC mutants,
respectively. However, a relatively long lag phase was observed
for the ntrBC and ntrC mutants when the DO, concentration
was higher than 30%, and the respiration of the mutants was
much lower than that of the wild type, as can be deduced from
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FIG. 1. Comparison of non-PHB biomass production and PHB content of A.
brasilense Sp7 (#) and its ntrA (N), ntrBC ([2), and ntrC (m) mutants in MMAB
medium with different initial C/N ratios. The concentration of malate was 15
g/liter, while the concentrations of NH,CI were 3, 2, 1, and 0.75 g/liter, corre-
sponding to the different initial C/N ratios.
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FIG. 2. Time course of fermentation of A. brasilense Sp7 (A) and its ntrA (rpoN) (B), ntrBC (C), and ntrC (D) mutants. EFT, elapsed fermentation time. Symbols:
——, DO,; — — -, air flow; @, L-malate concentration; A, ammonia concentration; ¢, biomass concentration; m, PHB concentration.
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FIG. 3. Time course of fermentation of the A. brasilense Sp7 ntrBC (A) and ntrC (B) mutants with control of the DO, concentration from the beginning of

fermentation. The symbols and abbreviation are the same as for Fig. 2.

the air flow. This implies that a high DO, value might inhibit
the growth of the n#BC and ntrC mutants. The active growth
phases are similar for the wild type and the ntrBC and ntrC
mutants.

In order to demonstrate and exclude the inhibition influence
of a high DO, concentration on the growth of the n##rBC and
ntrC mutants, the DO, concentration was kept at 30% from the
beginning of fermentation by sparging N, into the fermentor.
The results are shown in Fig. 3. It can be observed that the
growth properties of the ntrBC and ntrC mutants were similar
to that of the wild type, while their PHB production coincided
with the active growth. However, the PHB concentration de-
creased during the stationary phase because the malate was
exhausted and PHB was likely used as the alternative carbon
source for growth maintenance.

DISCUSSION

The regulatory genes ntrB and ntrC, encoding the two-com-
ponent sensor-activator regulatory system NtrB-NtrC (13),
have been previously characterized in A. brasilense (18). The
results of studies on the phenotype of the ntrBC and ntrC
mutants indicate that NtrB and NtrC are not strictly required
for nitrogen fixation in Azospirillum, although the nitrogenase
activity of the n#rC mutant was partially reduced. No significant
difference of ammonia uptake rate has been observed for the
ntrBC mutant and the wild type of A. brasilense (30). However,
NtrC has been shown to be involved in nitrate utilization as a

nitrogen source in A. brasilense, and the ntrBC mutant dis-
played nitrogenase activity which was partially resistant to am-
monia inactivation (17). The regulation of the amtB gene,
encoding an ammonia transporter, by the Ntr system has been
recently demonstrated (30). In P. putida KT2442, which can
synthesize PHA during exponential growth when grown on
fatty acids, a two-component system homologous to the sensor
kinase-response regulator couple LemA-GacA was recently
found to be involved in the regulation of PHA synthesis (19).
However, no study on the relationship between NtrBC and
PHB production has been reported so far.

In this study, some intriguing phenomena from the fermen-
tation data for the nrBC and n#rC mutants have been ob-
served. Firstly, the respiration of the n&rBC and ntrC mutants
diminished greatly compared to that of the wild type, indicat-
ing that the ntrBC genes might be involved in the regulation of
genes encoding respiratory enzymes. Secondly, the long lag
phase of the n#rBC and ntrC mutants (Fig. 2C and D) implies
that the n#rBC genes are probably also involved in the regula-
tion of the tolerance of high oxygen concentrations by A.
brasilense. Thirdly, the results for PHB production by the
ntrBC and ntrC mutants indicate explicitly the involvement of
the ntrB and ntrC genes in the regulation of PHB production by
ammonia in A. brasilense. The ntrBC and ntrC mutants can
produce PHB continuously, whether in the active growth phase
or stationary phase or whether or not a high concentration of
ammonia is present in the medium. Nevertheless, a transition
of PHB production from exponential growth phase to station-
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ary phase can still be observed in the fermentation time
courses of the ntrBC and ntrC mutants. Therefore, it can be
reasonably concluded that inactivation of the n#rB and ntrC
genes not only couples the PHB production and the active
growth of cells but also eliminates the inhibition effect of am-
monia on PHB biosynthesis by A. brasilense Sp7.

The coupling of PHB production and cell growth has appli-
cation potential for significant improvement of productivity
and facilitation of process control. This study provides evi-
dence of the involvement of the ntrB and ntrC genes in the
regulation of PHB production and therefore supports further
investigation of this relationship. It will be of interest to iden-
tify the target gene(s) of the NtrB-NtrC two-component sys-
tem.
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