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This work describes a regulatory network of Pseudomonas putida controlled in response to nitrogen avail-
ability. We define NtrC as the master nitrogen regulator and suggest that it not only activates pathways for the
assimilation of alternative nitrogen sources but also represses carbon catabolism under nitrogen-limited
conditions, possibly to prevent excessive carbon and energy flow in the cell.

Nitrogen is one of the most limiting elements in the envi-
ronment. In bacteria, a number of systems have evolved which
are induced to scavenge nitrogen from alternative sources
when the preferential sources are scarce. In enterobacteria,
NtrC is the global activator of alternative nitrogen assimilation
pathways under nitrogen-limited growth conditions (for re-
views, see references 17, 19, and 23). A uridylyl transferase/
uridylyl-removing enzyme senses the nitrogen status and mod-
ulates the function of protein PII accordingly, which in turn
transduces the signal to NtrB, which finally modulates NtrC
function via phosphorylation (1, 21).

Pseudomonas is a model free-living organism and the para-
digmatic organism used in a diverse range of biotechnological
applications, such as bioremediation or biotransformation pro-
cesses (8, 14, 24, 27–29). However, very little is known about its
ability to adapt to recurrent changes in nitrogen availability in
the environment. NtrC has recently been identified as a protein
involved in nitrogen regulation of atrazine biodegradation in
Pseudomonas putida (9, 10), although its possible effects on
other operons have not been described. Also, analysis of the P.
putida genome in silico revealed interesting differences com-
pared to nitrogen control genes in Escherichia coli, which be-
longs to the same phylum but a different order. P. putida has
only one gene coding for a PII homologue, in contrast to
enterobacteria, which have two paralogs coding for GlnK and
GlnB. Also, in enterobacteria, the nitrogen assimilation con-
trol (Nac) protein activates transcription of �70-dependent
genes, whereas NtrC activates transcription of �54-dependent
genes (16, 33). Thus, Nac serves as a link between NtrC and
�70-dependent operons (33). There is no Nac homologue in P.
putida; therefore, activation of �70-dependent operons by ni-
trogen in Pseudomonas must operate differently.

The transcription profiles of P. putida strains KT2440 (20)
and KT2442, a rifampin-resistant derivative, were compared by
using DNA microarrays (32) in a minimal medium containing
25 mM sodium succinate as a carbon source, ammonium chlo-
ride (1 g liter�1) and L-serine (1 g liter�1) for nitrogen-excess
conditions, and L-serine alone (1 g liter�1) for nitrogen-limited
conditions. The �ntrC deletion mutant MPO201 (9) was also
used in order to compare its expression pattern to that of the
isogenic wild-type strain in nitrogen-limited conditions. For
each experiment, a minimum of three independent RNA ex-
tracts were analyzed at least twice as described previously (32).
After background subtraction, the signal intensities for each
replica were normalized and statistically analyzed using the
Lowess intensity-dependent normalization method (30) in-
cluded in the Almazen System software (Alma Bioinformatics
S.L.). P values were calculated with Student’s test algorithm
based on the differences between log2 ratio values for each
replicate. Genes were considered differentially expressed when
they fulfilled the following filter parameters: expression ratio
of �2 or ��2 and an adjusted P value of �0.05. The P values
were adjusted for multiple tests as described previously (2).
Confirmation by quantitative reverse transcription (RT)-PCR
of the expression of selected open reading frames was per-
formed as described previously (32). Primer sequences are
shown in Table S1 in the supplemental material. Strains
KT2440 and KT2442 had almost identical expression profiles,
suggesting that the altered RNA polymerase was not highly
pleiotropic (see Table S2 in the supplemental material).

The expression of a number of genes, such as the genes
coding for ribosomal proteins and chaperonins, including heat
shock proteins, and even rpoS, apparently changed in an NtrC-
dependent manner (group IV in Fig. 1; see Table S3 in the
supplemental material). However, this change correlated with
the growth rate (0.81 h�1 for the wild-type strain growing on
ammonium plus serine, 0.59 h�1 for the wild-type strain grow-
ing on serine alone, and 0.18 h�1 for the �ntrC mutant strain
growing on serine) and was not consistent with nitrogen-regu-
lated expression.

The genes that were considered NtrC activated in response
to nitrogen were the genes showing increased expression when
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organisms were growing in mid-exponential phase under nitro-
gen-limited conditions and in the wild-type strain compared to
the �ntrC mutant (group I in Fig. 1; see Table S3 in the
supplemental material). We found 58 NtrC-activated open
reading frames. These open reading frames included several
operons involved in diverse systems for amino acid transport,
including transport of amino acids in general (PP1297 to
PP1300), branched-chain amino acids (PP1138 to PP1141,
PP4841 to PP4845, and PP4863 to PP4867), or other amino
acids, such as proline, arginine, or ornithine (PP0296 and
PP1206), and for transport of three different putative porins
(PP0046, PP0883, PP4465), as well as genes responsible for
urea assimilation (PP2843 to PP2848) (see Table S3 in the
supplemental material). P. putida KT2440 has quite broad
transport capabilities, with approximately 370 membrane
transport systems (5). It appears that a major response to
nitrogen limitation is to activate transport systems to scavenge
nitrogen-containing compounds that may be present in the
medium. The high-affinity ammonium transporter, encoded by
amtB (PP5233), which is presumed to be part of an operon
with the upstream PII-encoding glnK gene, is NtrC activated in
P. putida (see Table S3 in the supplemental material), as it is in
enterobacteria (13, 33). Quantitative RT-PCR confirmation of
amtB expression revealed that there was 62-fold induction in
the presence of serine compared to the expression in the pres-
ence of ammonium plus serine for the wild-type strain and that
there was a 76-fold change compared to the �ntrC mutant. The

fact that the change in the expression of glnK was much smaller
than the change in the expression of amtB (Table 1) and the
identification of a �54-dependent promoter and two imperfect
putative NtrC binding sites upstream of amtB provide an in-

FIG. 1. Classification of P. putida genes according to their responses to nitrogen and NtrC. Four groups of genes are indicated: group I,
NtrC-activated genes; group II, NtrC-repressed genes; group III, NtrC-independent nitrogen-regulated genes; and group IV, genes responding to
a differential growth rate.

TABLE 1. Verification of selected DNA microarray results by
quantitative RT-PCR

Gene

Ratio of expressiona

Nitrogen NtrC

RT-PCRb Microarray RT-PCRb Microarray

amtB (PP5233) 62.1 � 35.9 25.4 �75.8 � 17.4 �9.0
glnK (PP5234) 9.2 � 3.2 5.7 �4.9 � 1.2 �2.6
gdhA (PP0675) �2.9 � 0.5 �3.6 3.0 � 1.1 2.5
zwf-1 (PP1022) �3.8 � 1.8 �6.6 3.1 � 1.0 5.7
gap-1 (PP1009) �2.5 � 0.43 �2.9 3.6 � 0.6 2.6
glpF (PP1076) �1.4 � 0.1 �1.7 7.5 � 0.8 4.7
phaC (PP5005) 4.2 � 1.3 2.3 1.2 � 0.2 1.2
GA1 (PP5008) 4.7 � 0.8 3.4 1.1 � 0.1 1.1
glgA (PP4050) 4.6 � 1.8 2.4 1.7 � 0.5 1.7
glgX (PP4055) 32.2 � 19.7 11 �3.0 � 1.3 �2.4

a Positive values for the ratio of expression in the nitrogen arrays indicated that
the gene was upregulated in the presence of serine, and negative values indicated
it was upregulated in the presence of ammonium plus serine. Positive values for
the NtrC arrays indicated that the gene was upregulated in the mutant strain, and
negative values indicated that it was upregulated in the wild-type strain. The
same criteria were used for the quantitative RT-PCR data.

b The quantitative RT-PCR values are the means � standard deviations of at
least three independent experiments.
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dication of the presence of an internal promoter upstream of
amtB. We also detected NtrC-dependent activation of the glnA
gene coding for glutamine synthetase. Quantitative RT-PCR
data confirmed that the expression of glnA was lower in
KT2442 in nitrogen-excess conditions (2.1-fold � 0.07-fold)
and in the �ntrC mutant (3.7-fold � 0.016-fold), thus indicat-
ing that there was NtrC activation. As it is in enteric bacteria,
P. putida ntrC is downstream of glnA and is also induced by
nitrogen limitation (3.3-fold as determined by DNA arrays and
8.1-fold � 0.6-fold as determined by quantitative RT-PCR),
and thus it presumably is part of an operon.

The highest levels of induction were those of open reading
frames corresponding to PP2685 to PP2688, which presumably
constitute an operon (see Table S3 in the supplemental mate-
rial). None of these genes are represented in the genomes of
enteric bacteria, and their products have unknown functions.
However, the PP2685 protein, which is conserved in other
groups of bacteria, showed similarity to the beta subunit of the
20S proteasome of eukarya and archaea, which is the central
enzymatic complex for nonlysosomal protein degradation in
both the cytosol and the nucleus (11). In addition, the PP2686
protein showed high similarity to microbial homologues of
transglutaminases, which have been proposed to be proteases
(31). Induction of these genes suggests that an increase in
protein turnover by proteolysis may be required to support the
extensive changes in the protein profile of P. putida, particu-
larly when these changes are in response to nitrogen limitation.
This response appears to be specific for Pseudomonas since
similar global analysis of E. coli did not show nitrogen regula-
tion of genes coding for proteases (33).

Analysis of P. putida intergenic regions using the E. coli
NtrC consensus sequence led to identification of 120 potential
sites in different operons, and the sites shown to be NtrC
activated in the microarrays analysis were selected in order to
determine a consensus sequence specific for P. putida (Fig. 2).
Of 29 operons experimentally shown to be NtrC activated, 16
contained one or more NtrC binding sites, but we could not
detect any NtrC binding sites in 13 of the operons, thus sug-
gesting that they are not directly activated by NtrC. Attempts
to find any conserved motif that could be recognized by an
adapter in these promoters were unsuccessful.

In E. coli, a subset of nine �70-dependent operons that code
for different transport systems for amino acids, other nitroge-
nated compounds, or porins are coordinately activated by ni-
trogen limitation through the adapter Nac (33). Two of these
operons have homologues in P. putida and appear to be nitro-

gen regulated. These operons are codBA (PP3187 and PP3189;
homologues of b0336 and b0337 in E. coli), which encodes a
cytosine transporter and deaminase, and an operon involved in
dipeptide transport (PP0885 to PP0878; homologues of E. coli
b1243 to b1247 and b3540 to b3544). We observed 2.5-fold
upregulation in the presence of serine of codA (PP3189), which
is presumably part of an operon with codB, and 4- to 6-fold
upregulation in the wild-type strain of PP0885 to PP0878. Both
promoters are dependent on �54, and one NtrC binding site is
close to them. The other operons have no counterpart, or their
putative counterparts are not nitrogen regulated in P. putida.
Thus, although some P. putida operons may be indirectly reg-
ulated by NtrC, possibly in response to specific signals, the two
comparable operons controlled by Nac in E. coli are directly
activated by NtrC in P. putida.

In P. putida we detected a number of operons whose expres-
sion pattern indicates that there is repression by NtrC, since
they exhibited increased expression in nitrogen-excess condi-
tions and in the �ntrC mutant (group II in Fig. 1; see Table S3
in the supplemental material). An example is gdhA (PP0675),
encoding glutamate dehydrogenase. This enzyme may incor-
porate nitrogen through glutamate formation when a high con-
centration of ammonium is available. However, at low ammo-
nium concentrations the reaction may proceed in the opposite
direction, while ammonium is incorporated through the glu-
tamine synthetase-glutamate synthase pathway (23). Strong re-
pression of gdhA has been reported for Klebsiella pneumoniae
and E. coli, which is exerted by Nac (3, 25). Interestingly, up to
three potential NtrC binding sites have been found upstream
of gdhA, further supporting the notion that NtrC may directly
exert the regulatory control corresponding to that of Nac in E.
coli, even when this control is negative.

Two genes involved in sugar utilization, zwf-1 (PP1022) and
gap-1 (PP1009), encoding glucose-6-phosphate 1-dehydroge-
nase and glyceraldehyde-3-phosphate 1-dehydrogenase, re-
spectively, are also repressed by NtrC under low-nitrogen-
availability conditions. KT2440 has an incomplete glycolytic
pathway since it lacks 6-phosphofructokinase. Glucose is thus
converted to glyceraldehyde-3-phosphate and pyruvate via the
Entner-Doudoroff pathway, which is complete in this strain, in
which 6-phosphogluconate is a key intermediate (6) (Fig. 3). In
the P. putida NtrC mutant strain we also detected upregulation
of the genes coding for a glycerol uptake facilitator protein
(glpF [PP1076]) and a glycerol-3-phosphate dehydrogenase
(glpD [PP1073]), which are involved in uptake of glycerol and
its catabolism through the Entner-Doudoroff central pathway

FIG. 2. Determination of the consensus NtrC binding site in P. putida (26). The consensus sequence was obtained by alignment of the promoter
regions in the P. putida genome that contained the putative NtrC- consensus sequence of enterobacteria (TGCACCATAATGGTGCA) (7) and
that were NtrC activated in the array experiments.
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(4, 6, 18). We postulate that repression of glycerol uptake and
metabolism by NtrC contribute to reduction of carbon fuelling
in the tricarboxylic acid cycle when nitrogen is limiting growth.
Repression of these genes provides a clear indication that NtrC
may also control carbon catabolism in bacteria, particularly the
major route of hexose utilization, probably to prevent an excess
of catabolic flow under nitrogen-limiting conditions for growth.

Under nitrogen limitation conditions we also detected up-
regulation of a set of genes involved in the accumulation of
carbon storage polymers, such as polyhydroxyalkanoates
(PHAs) and glycogen. However, this regulation was mainly
independent of NtrC (Fig. 1; see Table S3 in the supplemental
material). Regulation of phaC (PP5005) encoding one of the
two poly(3-hydroxyalkanoate) polymerases, PP5008 encoding
the PHA granule-associated protein GA1 for PHA accumula-
tion, and glgA (PP4050) and glgX (PP4055) for glycogen syn-
thesis was confirmed by quantitative RT-PCR (Table 1). Most
bacteria accumulate PHAs (12, 15) or glycogen (22) as carbon
and energy storage material if excess amounts of a carbon
source are provided or if another nutrient is limiting (nitrogen
in our case but also sulfur, phosphate, iron, magnesium, po-
tassium, or oxygen). This suggests that the regulatory system(s)
controlling carbon storage polymers truly senses excess carbon
relative to other nutrients rather than limitation of each nutri-

ent, which is consistent with the NtrC-independent regulation
of the genes in response to nitrogen availability.

In summary, we present here a global view of the P. putida
transcriptional status in response to changing nitrogen avail-
ability conditions. Our data show that NtrC exerts the main
control over transcription of nitrogen provision and carbon
catabolism genes in response to nitrogen availability in P.
putida.
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