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Nitrogen regulates chitinase gene
expression in a marine bacterium

Marina W Delpin1 and Amanda E Goodman
School of Biological Sciences, Flinders University, Adelaide, South Australia, Australia

Ammonium concentration and nitrogen source regulate promoter activity and use for the
transcription of chiA, the major chitinase gene of Pseudoalteromonas sp. S91 and S91CX, an S91
transposon lacZ fusion mutant. The activity of chiA was quantified by b-galactosidase assay of
S91CX cultures containing different ammonium concentrations (NH4

þ ; 0, 9.5 or 191mM) and with
different nitrogen sources (N-acetylglucosamine (GlcNAc) or glutamate (glt)). S91 chiA expression
was found to depend on both the NH4

þ concentration and source of nitrogen in marine minimal
medium (MMM). Pseudoalteromonas sp. S91 and S91CX can use either GlcNAc or glt as a sole
source of carbon in MMM containing a standard concentration of 9.5mM NH4

þ . Adding excess NH4
þ ,

20 times the standard concentration, to MMM significantly reduced chiA activity below that found in
the presence of either GlcNAc or glt. When no NH4

þ was added to MMM, S91CX was also able to use
either GlcNAc or glt as a source of nitrogen; under these conditions chiA activity was significantly
increased. Under all conditions tested, GlcNAc induced chiA activity significantly more than glt.
Regulation of bacterial chitinases by nitrogen has not been previously reported. Transcriptional
start point analysis of S91 chiA, using 50RACE (ligation-anchored PCR), showed that during growth
in MMM supplemented with (1) maltose (solely a carbon source for S91), chiA transcription occurred
from only one putative r70-dependent promoter; (2) the chitin monomer GlcNAc, transcription
initiated from two putative r54-dependent promoters and (3) glt, transcription initiated from all three
putative promoters.
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Introduction

The marine ecosystem relies on bacteria to maintain
balanced nitrogen pools, as directly utilizable dis-
solved organic nitrogen is only available at low
concentrations (Cottrell and Kirchman, 2000). The
majority of the oxidation–reduction reactions,
which transform nitrogen to different forms within
the nitrogen cycle, are mediated by bacteria, which
utilize the nitrogen as an energy source (Zehr and
Ward, 2002). Chitin, an insoluble polysaccharide of
N-acetylglucosamine (GlcNAc) monomers, is one
of the most abundant carbon and nitrogen sources
for marine bacteria (Gooday, 1990; Keyhani and
Roseman, 1999). Chitinolytic bacteria secrete extra-
cellular chitinases that degrade chitin into small

oligosaccharides and GlcNAc subunits, which are
imported and directly utilized by cells (Wetzel,
1991), a process which is essential for oceanic
carbon, nitrogen and energy recycling (Zehr and
Ward, 2002). The particulars of the role of bacteria in
the marine nitrogen cycle, however, such as the
regulation of genes involved in the assimilation and
utilization of large organic nitrogenous compounds
such as chitin, are not fully understood (Zehr and
Ward, 2002). New research investigating the genet-
ics and regulation of microbial enzymes involved in
nitrogen cycle transformations is essential for an
increased understanding of the nitrogen cycle, the
processes, their relatedness and interaction (Zehr
and Ward, 2002); understanding of the carbon cycle,
although not complete, is more advanced.

Pseudoalteromonas sp. S91 is a chitinolytic
marine bacterium (Techkarnjanaruk et al., 1997)
in which the chitinase gene cluster, chiABC, is
transcribed as an operon as well as separately
from individual promoters possessed by each gene
(Delpin and Goodman, 2009). In the transposon
mutant strain S91CX, which has a lacZ reporter
gene inserted under the control of the chiA
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promoter region, chiA promoter activity is regulated
by growth conditions (Techkarnjanaruk et al., 1997).
A basal level of chiA activity was found for cells
grown in a marine minimal medium (MMM) sup-
plemented with glutamate (glt) as the carbon source;
chiAwas induced by the addition of either chitin or
GlcNAc (Techkarnjanaruk et al., 1997).

S91 chiA potentially has one s70- and two s54-
dependent promoters, all of which are active during
growth in MMM supplemented with glt with or
without 0.1% (5mM) GlcNAc (Delpin and Goodman,
2009). Many s54-dependent promoters have been
found to be part of the nitrogen regulatory system
(Zimmer et al., 2000). In the literature, although
chitin is often referred to as a source of carbon
and nitrogen, studies have focused on chitin as
a carbon source. To date there are no studies of
chitin being used as the sole nitrogen source for
bacteria, and no reports of bacterial chitinase genes
being regulated by nitrogen. This study investigated
the effects of nitrogen on S91 chiA gene regulation
and found that chiA expression was dependent on
nitrogen concentration (ammonium) as well as
source (GlcNAc or glt).

Materials and methods

Bacterial strains and growth conditions
Pseudoalteromonas sp. S91 (Albertson et al., 1996)
and S91CX (Techkarnjanaruk et al., 1997) were grown
with shaking at 30 1C in tryptone soya broth (TSB;
Oxoid, Bastingstoke, Hampshire, UK) supplemented
with 20 g l�1 NaCl, 1mM MgCl2 and 300mM CaCl2,
or MMM (Östling et al., 1991), which contains 9.5mM

NH4Cl as standard. MMM with no added NH4Cl
(MMM NN) or with 20 times (191mM) the standard
concentration of NH4Cl (MMM 20N) was also used.
MMM plus 0.2% (w/v) maltose (MMM maltose) was
used as the basal minimal growth medium; NH4

þ and
maltose in MMM provided nitrogen and carbon,
respectively. Glutamate (40mM) and GlcNAc (5mM)
provided both nitrogen and carbon.

Comparative growth analyses
S91 wild-type (wt) and S91CX were inoculated
separately into 100ml Erlenmeyer flasks containing
10ml of MMM maltose and grown for 24h with
shaking. Each overnight culture was diluted 1:10
into 100ml side-armed flasks in duplicate, each
containing 20ml of either MMM NN GlcNAc, MMM
GlcNAc, MMM NN glt, MMM glt, MMM NNmaltose
or MMMmaltose. Cultures were grown with shaking
and their optical density (595nm; Milton Roy
Spectronic 20þ ) was recorded hourly over 6 h,
using the corresponding sterile medium as the
blank. There were no growth differences between
S91 wt and S91CX (data not shown). Both strains
were able to use either GlcNAc or glt as a nitrogen
and a carbon source as they were able to grow in

MMM NN with either of these. As expected, neither
S91 wt nor S91CX was able to grow in MMM NN
maltose, due to the absence of a nitrogen source.

Assay of chitinase gene expression
Measurement of b-galactosidase-specific activity
(sp. act.) levels enabled quantification of the chiA
promoter activity in S91CX following growth under
different nutrient regimes (Techkarnjanaruk et al.,
1997). An overnight S91CX culture was diluted
1:100 from the corresponding medium into either
MMM NN GlcNAc, MMM GlcNAc, MMM 20N

GlcNAc, MMM NN glt, MMM glt, MMM 20N glt
or MMM maltose. Cultures were grown for 24h
with shaking. b-Galactosidase activity assays and
specific activity calculations were as detailed in
Stretton et al. (1996); sp. act. was defined as
mmol o-nitrophenol released per min (mg protein)�1

(Miller, 1972).

Transcriptional start point analysis
S91 wt was inoculated into a 100ml Erlenmeyer flask
containing 10ml of MMM maltose and grown for 24h
with shaking. The overnight culture was diluted 1:100
into either 10ml MMM GlcNAc, MMM NN GlcNAc,
MMM maltose or MMM glt and grown with shaking.
Cultures of OD595 0.7–0.8 were treated with RNA
protect (Qiagen, Venlo, Netherlands) and RNA was
isolated using an RNeasy minikit (Qiagen) as described
in detail by Delpin and Goodman (2009). Reverse
transcription (RT)-PCR of S91 chiA was carried
out as described in Delpin and Goodman (2009)
using Thermoscript reverse transcriptase (Invitrogen,
Carlsbad, CA, USA) and the chiA gene-specific primer
chiA-R895. RNAwas removed from transcribed cDNA
by alkaline hydrolysis followed by glycogen precipita-
tion, to recover the cDNA (Delpin and Goodman,
2009). Successful cDNA synthesis was checked by
PCR; the primer pair used was chiA-F776 and chiA-
R895 (Delpin and Goodman, 2009).

Ligation-anchored (LA)-PCR was used to locate
the base at which chiA transcription initiated under
the different growth conditions tested. LA-PCRs and
the analyses of products were carried out as
described in detail by Delpin and Goodman (2009).
Briefly, a chiA gene-specific primer, chiA-R2 was
used with the DT88 anchor oligonucleotide-specific
primer, DT89, for LA-PCR1 (Tillett et al., 2000;
Delpin and Goodman, 2009). For LA-PCR2, the chiA
gene-specific primer chiA-R3, located within the
LA-PCR1 product, was used with DT89 (Tillett et al.,
2000; Delpin and Goodman, 2009). A negative
control containing dH2O in place of DNA template
was always included. LA-PCR setup and thermo-
cycling conditions used are described in Delpin and
Goodman (2009). LA-PCR2 products were excised
following electrophoresis on 3% (w/v) agarose gels
in Tris acetate EDTA buffer. Excised fragments were
Wizard cleaned (Promega, Madison, WI, USA) and
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electrophoresed to check for purity and to quantify
each fragment for sequencing (Flinders Medical
Centre Sequencing Facility, Flinders University,
Adelaide, Australia) using the ABI BigDye Termi-
nator method (Applied Biosystems, Foster City,
CA, USA). Local pair alignment (Huang and Miller,
1991) and Biomanager by ANGIS (http://www.angis.
org.au) were used for nucleic acid sequence align-
ments to chiA and DT88 to determine at which base
transcription initiated (Delpin and Goodman, 2009).
Sequences of all PCR primers are given in Delpin
and Goodman (2009).

Statistical analyses
b-Galactosidase assays were carried out in duplicate
and each experiment was repeated at least four
times. Differences between two means were com-
pared by two-sample two-tailed t-tests (Zar, 1996).

Results and discussion

S91 chiA promoter activity
Both concentration (ammonium) and source (GlcNAc
or glt) of nitrogen regulated S91CX chiA promoter
activity. chiA activity was induced when MMM con-
tained no ammonium (MMM NN) and was repressed
when ammonium was added in excess (191mM,
MMM 20N) in the presence of either GlcNAc or glt
(Figure 1). The highest level of chiA promoter activity
occurred following S91CX growth in MMM NN
GlcNAc. This was significantly higher than that in
MMM GlcNAc (Po0.05) and any other growth
condition (Figure 1). When S91CX was grown in
MMM 20N GlcNAc, chiA activity was significantly
lower compared to the level observed in standard
MMM GlcNAc (Po0.05; Figure 1). This same trend

was found for S91CX grown in glt (Figure 1); highest
activity was found in MMM NN glt, growth in MMM
glt produced significantly lower activity (Po0.05)
and the lowest activity was in MMM 20N glt.

In minimal medium, ammonia is the preferred
nitrogen source for Escherichia coli as it is the end
product of nitrogen metabolism (Reitzer and Schnei-
der, 2001). The presence of ammonia represses the
synthesis of several E. coli nitrogen metabolic
proteins (Reitzer and Schneider, 2001). Similarly
in S91CX, the presence of increasing concentrations
of ammonium in MMM increasingly repressed chiA
promoter activity (Figure 1). In MMM glt under
conditions of nitrogen excess (191mM), chiA activ-
ity (Figure 1) was as low as that reported previously
for S91CX grown in rich medium (TSB; Techkarnja-
naruk et al., 1997). When S91CX was grown in TSB,
chiA levels were fivefold lower than when S91CX
was grown in MMM glt, and chiA was said to be
repressed (Techkarnjanaruk et al., 1997). It is
possible that this repression reported by Techkarn-
janaruk et al. (1997) was caused by a high concen-
tration of nitrogen in the TSB medium.

In the nitrogen regulatory response, low environ-
mental nitrogen concentration results in increased
NtrC phosphorylation, leading to an increase in s54-
dependent promoter gene transcription (Magasanik,
1996; Atkinson et al., 2002). For example, micro-
array analysis has shown that expression of the
E. coli astCADBE operon is increased 7- to 11-fold
under nitrogen limitation (Zimmer et al., 2000). The
astCADBE operon possesses a s54-dependent pro-
moter and encodes proteins of the arginine succi-
nyltransferase pathway that catabolize arginine
(Reitzer and Schneider, 2001). Such a trend was
observed for S91CX chiA activity irrespective of the
nutrient added; the lower the ammonium concen-
tration, the higher the chiA promoter activity
(Figure 1). S91 chiA possesses two putative s54-
dependent promoters from which transcription has
been observed to initiate (Delpin and Goodman,
2009). It is possible therefore that NtrC, or an NtrC-
like protein, may be the activator of the potential
chiA s54-dependent promoters. This needs to be
further investigated.

Davalos et al. (2004) used whole-genome arrays to
characterize the response of Sinorhizobium meliloti
Ntr-responsive genes under various nutrient re-
gimes. Of note, growth of S. meliloti in glt as a
source of nitrogen, in place of ammonium, induced
nitrogen catabolic genes (Davalos et al., 2004).
Similarly, when S91CX was grown in glt in the
presence of decreasing concentrations of ammo-
nium, chiA was increasingly induced (Figure 1).
With no added ammonium in the medium (MMM
NN glt), glt was able to serve as the source of
nitrogen for S91. This may explain why chiA was
expressed significantly higher in cells grown in
standard MMM with glt, a source of nitrogen, than
with maltose, which does not contain nitrogen. That
is, in MMM glt chiA appeared to be activated as part
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Figure 1 S91 chiA promoter activity quantified by b-galactosi-
dase-specific activity assay of S91CX following 24h growth in
various media. Bars indicate standard deviations of means (top of
columns).
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of the S91 Ntr response that recognized glt as a
source of nitrogen. In MMMmaltose, the presence of
ammonium as the only source of nitrogen did not
induce chiA, as the presence of ammonia represses
the expression of nitrogen metabolic genes, as seen
in E. coli (Reitzer and Schneider, 2001).

GlcNAc, the monomer of chitin, induced S91 chiA
more so than glt. For each respective NH4

þ concen-
tration, chiA activity was significantly higher for
S91CX grown in GlcNAc compared to glt (Po0.05;
Figure 1). As discussed, the absence of ammonium
in the presence of glt induces nitrogen catabolic
genes in S. meliloti (Davalos et al., 2004). As the
expression of chiA in MMM NN GlcNAc was
significantly greater than that in MMM NN glt, it is
possible that the strong induction of chiA by
GlcNAc may be indicative of a further layer of
regulation on chitinase genes, in addition to regula-
tion as part of the nitrogen assimilation system. We
are currently investigating whether either of the
chiA s54-dependent promoters is active in S91 cells
grown in MMM GlcNAc with ammonium excess.

Techkarnjanaruk et al. (1997) considered chiA
expression to be basal following growth in MMM glt.
This study showed that chiA activity in S91CX cells
grown in MMM maltose should be considered as the
basal level of activity. The level of chiA activity for
S91CX grown in MMM maltose was significantly
lower than in MMM GlcNAc (Po0.05) or MMM glt
(Po0.05) (Figure 1). With b-galactosidase sp. activ-
ity of 342 units, chiA activity in MMM maltose is
about fivefold lower than that of cells grown in
MMM glt (b-galactosidase sp. activity 1657 units;
Figure 1; Techkarnjanaruk et al., 1997).

S91 chiA promoter transcription
N-acetylglucosamine. When S91 was grown in
MMM GlcNAc or MMM NN GlcNAc, two chiA
transcripts were detected in both media. LA-PCR2
generated two fragments of approximately 200 and
70 bp in length (Figures 2a and b; Table 1) and when
sequenced, located a TSP to base 185 and base 300,
respectively, of S91 chiA (GenBank accession no.
AF007894); these were the same as TSPs A2 and A3,
respectively, found previously (Delpin and Good-
man, 2009). Under these growth conditions LA-PCR
did not detect transcription from TSPA1, because if
TSP A1 were active, a 310 bp LA-PCR2 fragment
would have been expected (Delpin and Goodman,
2009). PCR was used to show that cDNA transcript
upstream of TSP A2 was present; using forward
primer chiA-F472 (18 bp downstream of TSP A1)
and reverse primer chiA-R2, a PCR product of the
expected length of about 300 bp was amplified in
separate reactions using MMM NN GlcNAc and
MMM GlcNAc chiA cDNA as template (data not
shown). No PCR product was obtained using
forward primer T8G17Eco-F (60 bp upstream of
TSP A1) and chiA-R2. These data showed that
transcription (at a level too low to be detected by

the LA-PCR method) of chiA had occurred in the
vicinity of TSP A1 under these growth conditions.

Following S91 growth in either MMM GlcNAc or
MMM NN GlcNAc the presence or absence of NH4

þ

did not change TSP use. Under these growth
conditions, the majority of S91 chiA transcription
initiated from TSPs A2 and A3, each of which
possess a putative s54-dependent promoter (Delpin
and Goodman, 2009). The majority of genes that
possess a s54-dependent promoter are involved in
nitrogen metabolism (Reitzer and Schneider, 2001).
Reitzer and Schneider (2001) concluded that the
E. coli glnK gene possessed a s54-dependent pro-
moter on the basis that (1) nitrogen limitation
increased glnK transcript quantity at least 10-fold,
(2) there was a promoter with high homology to that
of a s54-dependent promoter and (3) there was an
NtrC-binding site. An NtrC-binding site can be
positioned up to 1 kb up- or downstream of a s54-
dependent promoter (Buck et al., 1986). No such

Figure 2 (a) TAE agarose gel (3%) of ligation-anchored (LA)-
PCR2 reaction products (5ml) of S91 chiA amplified from cDNA
produced from RNA isolated from cells grown in marine minimal
medium (MMM) NN GlcNAc. Lane 1, MMM NN GlcNAc; lane 2,
reverse transcription (RT)-PCR-negative control of MMM NN
GlcNAc; lane 3, 5 ml of a 50ng ml�1 100bp DNA ladder, 100 bp
increments from 1000 to 100bp. (b) TAE agarose gel (3%) of LA-
PCR2 reaction products (5ml) of S91 chiA amplified from cDNA
produced from RNA isolated from cells grown in MMM GlcNAc.
Lane 1, MMM GlcNAc; lane 2, RT-PCR-negative control of MMM
GlcNAc; lane 3, 5 ml of a 50ng ml�1 100 bp DNA ladder.

Table 1 Putative TSPs used by S91 wt for the transcription of
chiA following growth in MMM GlcNAc with or without (NN)
NH4Cl, MMM maltose and MMM glt with or without GlcNAc

Medium TSPs used Reference

MMM GlcNAca A2, A3 This study
MMM NN GlcNAca A2, A3 This study
MMM maltose A1 This study
MMM glt A1, A2, A3 Delpin and Goodman (2009)
MMM glt GlcNAc A1, A2, A3 Delpin and Goodman (2009)

Abbreviations: GlcNAc, N-acetylglucosamine; glt, glutamate;
MMM, marine minimal medium; TSPs, transcriptional start points.
achiA cDNA upstream of TSP A2 was identified by PCR but no chiA
cDNA could be obtained upstream of A1.
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binding site has yet been identified for S91 chiA;
sequencing upstream of chiA is underway. It has
been observed, however, that in the presence of high
levels of NtrC-P, no DNA binding is required for
transcriptional activation of the E. coli glnA s54-
dependent promoter (Reitzer and Magasanik, 1986;
Schneider et al., 1991).

Maltose and glutamate. Following S91 growth in
MMM maltose, only one TSP was used for the
transcription of chiA (Figure 3; Table 1). Sequencing
of the 310 bp LA-PCR2 fragment (Figure 3) located
the TSP to base 54 of the S91 chiA sequence
(AF007894); this was the same as TSP A1 found
previously that possesses a putative s70-dependent
promoter (Delpin and Goodman, 2009). It is possible
that there may be more than one regulatory system
operating on S91 chiA. As the majority of genes
possessing s54-dependent promoters are involved in
nitrogen metabolism (Reitzer and Schneider, 2001),
the presence of the putative s70-dependent promoter
identified for TSP A1 (Delpin and Goodman, 2009)
indicates that chiA may be controlled by another, or
multiple, different regulatory system(s) (McGowan
et al., 2003). For S91 grown in MMM glt, LA-PCR2
generated three fragments corresponding to A1,
A2 and A3 (data not shown) indicating usage of
all three TSPs. The presence of putative s70- and
s54-dependent promoters for S91 chiA (Delpin
and Goodman, 2009) suggests that there is complex
and tight regulation of transcription (McGowan
et al., 2003).

Conclusions and future directions

The major chitinase gene of Pseudoalteromonas sp.
S91, chiA, appears to be part of the bacterium’s

nitrogen regulatory system, potentially being in-
volved in nitrogen metabolism. chiA activity was
induced by ammonium limitation and repressed by
high ammonium concentrations. Work is underway
to determine the promoter activity and TSP usage
for chiA expression in S91 grown under different
environmental conditions, for example during
growth on natural complex substrates such as squid
pen and under nitrogen starvation. In addition, the
effects of nitrogen on TSP usage for chiB and chiC
are being investigated. It is not known why chiA
should use two s54-dependent promoters. It is
possible that there are further regulatory systems
operating on the S91 chitinase genes and that there
may be cross talk between them; preliminary data
indicate that TSPA2 is the sole TSP used by chiA in
S91 cells grown under oxygen-limited conditions.

Although many chitinase genes have been identi-
fied, cloned and sequenced, their regulation is still
poorly understood. Most studies on the regulation of
bacterial chitinases have focused on chitin as a
carbon source, and the effects of various carbon
substrates on gene expression. In this study nitrogen
concentration and source was found to regulate
promoter activity and use for the transcription of
S91 chiA. It would be useful to determine the effect
of nitrogen source and concentration, in conjunction
with other environmental parameters, on chitinase
gene expression in other bacterial species.

Abbreviations

bp, base pair; GlcNAc, N-acetylglucosamine; glt,
glutamate; LA-PCR, ligation-anchored PCR; MMM,
marine minimal medium; MMM 20N, marine mini-
mal medium with 20 times the standard concentra-
tion of NH4Cl; MMM NN, marine minimal medium
with no added NH4Cl; sp. act, b-galactosidase-
specific activity; TSP, transcriptional start point;
TSPs, transcriptional start points; wt, wild type.
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