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The metabolically versatile purple bacterium Rhodobacter sphaeroides 2.4.3 is a denitrifier whose genome
contains two periplasmic nitrate reductase-encoding gene clusters. This work demonstrates nonredundant
physiological roles for these two enzymes. One cluster is expressed aerobically and repressed under low oxygen
while the second is maximally expressed under low oxygen. Insertional inactivation of the aerobically expressed
nitrate reductase eliminated aerobic nitrate reduction, but cells of this strain could still respire nitrate
anaerobically. In contrast, when the anaerobic nitrate reductase was absent, aerobic nitrate reduction was
detectable, but anaerobic nitrate reduction was impaired. The aerobic nitrate reductase was expressed but not
utilized in liquid culture but was utilized during growth on solid medium. Growth on a variety of carbon
sources, with the exception of malate, the most oxidized substrate used, resulted in nitrite production on solid
medium. This is consistent with a role for the aerobic nitrate reductase in redox homeostasis. These results
show that one of the nitrate reductases is specific for respiration and denitrification while the other likely plays

a role in redox homeostasis during aerobic growth.

Nitrate reduction is widespread among bacteria, where it is
used for both assimilatory and dissimilatory processes (14, 37).
Assimilatory nitrate reduction produces nitrite, which is fur-
ther reduced to ammonia and incorporated into cell biomass.
Dissimilatory processes include denitrification, the respiration
of nitrate to nitrogen gas, and ammonification, i.e., the respi-
ration of nitrate to ammonia. These varied uses for nitrate
make its reduction an important reaction in the global nitrogen
cycle (5). The use of chemically fixed sources of nitrogen as
fertilizer has led to nitrate being a common cause of eutrophi-
cation, increasing the significance of nitrate reduction in global
biogeochemical cycles (5). Understanding the regulation and
physiological roles of nitrate reductases in diverse organisms
will allow more accurate modeling and predictions of nitrate
fate in the environment.

There is one type of assimilatory nitrate reductase, known as
Nas, but there are two dissimilatory types, referred to as Nar
and Nap. Nas is cytoplasmic, Nar is membrane bound, and Nap
is localized to the periplasm (37). Environmental surveys for
the dissimilatory Nap- and Nar-type genes demonstrate an
almost equal representation of both groups (4). Many bacteria
with Nap have NapABC as the functional core, where NapA is
the catalytic subunit and NapB and NapC are heme-containing
subunits involved in electron transfer (14). NapA has a molyb-
denum cofactor as the site of nitrate reduction. NapA and
NapB form a periplasmic complex while NapC is membrane
associated to mediate electron transfer from quinol to NapAB.
While Nap turnover is not directly associated with generation
of a proton motive force (PMF), electron flow through NADH
dehydrogenase along with the further reduction steps, as in
denitrification, will generate a PMF (14, 41).
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In some bacteria, Nap activity is not used to support anaer-
obic respiration. Instead, these Nap enzymes have been shown
to play a role in redox homeostasis (14). Redox imbalances can
occur as a consequence of rapid catabolism of preferred sub-
strates, the Crabtree effect, or as a consequence of growth on
electron-rich substrates (38, 47, 51). Recent work has shown
that growth on substrates at oxidation levels similar to or
greater than the oxidation level of cell biomass can generate
excess reducing equivalents (27). This “overflow” of excess
electrons is frequently dissipated via enzymes that, like Nap,
are directly uncoupled from energy conservation. The Rhodo-
bacter sphaeroides 2.4.3 genome has two related but noniden-
tical Nap-encoding gene clusters (40, 43). While many denitri-
fiers have multiple nitrate reductases, it is rare for one
bacterium to have two versions of the same type. While pos-
sible, it seems unlikely that these Nap enzymes are fulfilling the
same physiological functions in 2.4.3. To gain insight into how
a cell might utilize multiple Nap enzymes, the expression pat-
terns and functional roles of each enzyme were determined. As
predicted, the two Naps are not redundant since one is used
under oxic conditions while the other is used under microoxic
conditions.

MATERIALS AND METHODS

Bacterial strains and culture conditions. Three strains of R. sphaeroides were
used in this study. Strain 2.4.3 can reduce nitrate to the gaseous end product
N,O, while strains 2.4.1 and 2.4.9 are partial denitrifiers, lacking the full suite of
enzymes required for reduction of nitrate to gaseous end products, and are used
for comparison to strain 2.4.3. Derivatives of these strains are listed in Table 1.
Rhodobacter strains were grown in Sistrom’s medium (25) at 30°C, and, when
necessary, antibiotics were added at the following concentrations: kanamycin, 25
pg/ml; tetracycline, 1 wg/ml; and streptomycin, 50 wg/ml. Flask culture condi-
tions have been previously described (49). For denitrifying growth KNO; was
added to 10 mM. For photosynthetic culture, 15-ml serum vials were filled and
sealed. The vials were then incubated at ~30 cm from two incandescent 75-W
bulbs at room temperature with vigorous shaking. For microoxic plate growth,
plates were incubated in anaerobic jars with a headspace that was alternately
evacuated and N, flushed for three cycles.
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TABLE 1. Strains and plasmids used in this study

J. BACTERIOL.

Strain or plasmid

Genotype or description

Reference or source

Strains

DHS5aF’ Host for E. coli cloning; F' 80dlacZAMI1S recA endAl gyrA96 thi-1 15
hsdR17(ry~ my ) supE44 relAl deoR A(lacZYA-argF)U169

IM109 Host for E. coli cloning 52

S17-1 For conjugational transfer of plasmids; recA thi pro hsdRM™ 42
RP4-2-Tc::Mu-Km::Tn7

S17-1\pir For conjugational transfer of plasmids 42

243 Wild-type strain of R. sphaeroides ATCC 17025

24.1 Wild-type strain of R. sphaeroides Type strain

2.4.9 Wild-type strain of R. sphaeroides ATCC 17029

prrA strain prrA:aph, 2.4.3 derivative; Km”* 24

fnrL strain 2.4.3 with insertional inactivation of fnrL 18

AccoN strain 2.4.3 with QSm/Sp in ccoN; deletion mutant 16

nap-B strain 2.4.3 with insertional inactivation of napA-g; Km" This study

nap-o strain 2.4.3 with insertional inactivation of napA-a; Tc" This study

nap-o nap-f strain 2.4.3 with inactivation of both nap-«a and nap-g; Km" Tc" This study

fnrX strain 2.4.3 with insertional inactivation of gene 3486; Tc" This study

qsrR strain 2.4.3 with insertional inactivation of gene 0408; Tc" This study

Plasmids

pUCI9 Used for cloning in E. coli DH5« (Ap") 52

pRK415 Broad-host-range plasmid (Tc") 19

pSUP202-1 Mobilizable suicide vector (Tc" Ap* Cm") 42

pKOK-6 Source of lacZ-Km cassette (Tc" Km" Ap®) 21

pJP5603 Mobilizable suicide vector (Km") 33

pNAP-BZ pRK415 with the nap-B promoter fused to lacZ, transcriptional This study
reporter (Tc" Km")

pNAP-aZ pRK415 with the nap-a promoter fused to lacZ, transcriptional This study
reporter (Tc" Km")

pNAP-BKO pJP5603 with napA internal region (nap-B) (Km") This study

pNAP-aKO pSUP202-1 with napA internal region (nap-a) (Tc") This study

pFNRXKO pSUP202-1 with fnrX internal region (Tc") This study

pQSRRKO pSUP202-1 with gsrR internal region (Tc") This study

Escherichia coli strain DH5a or JM109 was used for cloning and transforma-
tion purposes, and strain S17-1 or S17-1Apir was used for biparental conjuga-
tions. E. coli was cultured in Luria-Bertani (LB) medium (26) at 32°C, and, when
necessary, antibiotics were added at the following concentrations: ampicillin, 100
png/ml; kanamycin, 25 pg/ml; tetracycline, 10 wg/ml; streptomycin, 25 pg/ml.

Construction of plasmids and strains. Chromosomal DNA was isolated from
strain 2.4.3 using a Wizard Genomic DNA Purification Kit (Promega Corp.). All
oligonucleotide primers were purchased from Integrated DNA Technologies
(IDT). In most cases, restriction sites were added to the 5" ends of the primers
to facilitate cloning, and these are underlined in primer sequences. PCR, restric-
tion digests, and ligations were done according to standard protocols. Plasmid
isolation was done by the alkaline lysis method (26). Transformations were done
using the transformation and storage solution (TSS) method (8). Plasmids are
listed in Table 1.

lacZ expression fusions. Expression fusions were constructed for the nap-f
cluster (Rsph17025_3218 to Rsph17025_3224) (accession numbers YP_
001169407 to YP_001169413) and the nap-a cluster (Rsph17025_3986 to
Rsph17025_3992) (accession numbers YP_001170145 to YP_001170151). For
the nap-p fusion, pNAP-BZ, the predicted promoter was amplified using primers
5'-CCCGAATTCCCATGACATCGACACCGAC-3' and 5'-CCCGTCGACCA
GGATCCGCAGAAGGTG-3' (restriction sites are underlined). This region
corresponds to 896 bases upstream of the predicted start of the open reading
frame of the first gene in the Nap-encoding gene cluster. This amplicon was
cloned into pUC19 via EcoRI and Sall and verified by sequencing. The promoter
was cloned into the broad-host-range vector pRK415, which has a copy number
of 4 to 6 in R. sphaeroides (9, 19). The lacZ cassette of pKOK-6 was cloned via
Pstl, and orientation was confirmed. The final pNAP-BZ construct was trans-
formed into E. coli S17-1 and subsequently conjugated into Rhodobacter strains
(2.4.3,2.4.1, and 2.4.9 and the prrA, furL, nap-o nap-B, and fnrX strains). For the
pNAP-aZ construct, the predicted nap-a promoter was amplified using primers
5'-GCGGAATTCACTATCTCGTGGTCGGCC-3' and 5'-GCGCTGCAGCA
GGAACGGCCAGATCAC-3" (restriction sites are underlined). This corre-
sponds to 682 bases upstream of the cluster start. The amplicon was cloned into

pUC19 via EcoRI and PstlI and verified by sequencing. The promoter was cloned
into pRK415, and the lacZ cassette of pKOK-6 was cloned via Pstl. The final
pNAP-aZ construct was then transformed into E. coli S17-1 and subsequently
conjugated into Rhodobacter strains (2.4.3, 2.4.1, and 2.4.9 and the prrA, AccoN,
and gsrR strains).

Mutant strains. The nap-a mutant was generated by homologous recombina-
tion using the suicide vector pSUP202-1. First, an internal region of napA was
amplified using primers 5'-CGCGAATTCAGTGGACGATCTGGGAGG-3'
and 5'-CGGCTGCAGAGCGAGAAGGGCGAATTG-3' (restriction sites are
underlined). This amplicon was cloned into pUC19 and verified by sequencing.
The gene fragment was then cloned into the suicide plasmid pSUP202-1 via
EcoRI and Pstl. The final construct, pNAP-aKO (where KO is knockout), was
transformed into E. coli S17-1 and conjugated into R. sphaeroides 2.4.3. The gene
disruption was confirmed by PCR using primers flanking the crossover region.
This mutant causes a disruption of napA via homologous recombination and
results in integration of the suicide plasmid into the genome.

The nap-B mutant was generated by homologous recombination using the
suicide vector pJP5603. First, an internal region of napA was targeted for am-
plification using primers 5'-AACATGGCCGARATGCAYCC-3" and 5'-CCSC
GSACRTGCTGGTTGAASCC-3'. These primers are degenerate because at the
time this gene was disrupted, the genome sequence of 2.4.3 was unavailable, and
these primers were based on napA sequence from strain 2.4.1 and related pro-
teobacteria. This amplicon was cloned into pUC19 via Hincll and verified by
sequencing. The gene fragment was then cloned into pJP5603 via BamHI and
HindIII. The final construct, pNAP-BKO, was verified and transformed into E.
coli S17-1\pir. This strain was used for conjugation with R. sphaeroides 2.4.3.
Gene disruption was verified by PCR. This mutant causes a disruption of napA
via homologous recombination and results in integration of the suicide plasmid
into the genome. The double nap-o nap-p mutant was generated by starting with
the nap-B mutant and conjugating in the construct to generate the nap-a dis-
ruption. Gene disruptions in this mutant were also verified by PCR.

Gene Rsph17025_3486 (accession number YP_001169666) encodes the Fnr-
type regulator that was targeted as a potential regulator of nap-f. This gene was
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FIG. 1. Expression of the nap-f operon as measured by (3-galacto-
sidase activity in various R. sphaeroides strains and under various con-
ditions. The prrA, furL, and nap-o nap-f strains are mutants of strain
2.4.3 in which these genes have been inactivated. Strains 2.4.1 and 2.4.9
are wild-type strains of R. sphaeroides. Black bars represent aerobic
conditions, white bars represent microoxic conditions, and gray bars
represent microoxic conditions supplemented with 10 mM nitrate.

inactivated by insertional inactivation. A central region of the gene, not including
either end, was amplified using primers 5'-CATCTGCAGAGATCGTGGACT
TCCAGG-3' and 5'-CACGAATTCGAGAGCGGGCAGGCATAG-3' (restric-
tion sites are underlined). This amplicon was cloned into pUC19 via EcoRI and
PstI and verified by sequencing. The gene fragment was then moved into the
suicide vector pSUP202-1 via EcoRI and Pstl. The final pFNRXKO construct
was transformed into E. coli S17-1 and then conjugated into strain 2.4.3 to
generate the mutant. Inactivation of the gene was verified by PCR using primers
flanking the Rsph17025_3486 open reading frame. The nap-B::lacZ construct,
pNAP-BZ, was then conjugated into the mutant to test nap-f expression.

The gene at locus 0408 (accession number YP_001166619) encodes the LuxR-
type regulator targeted as a potential regulator of nap-a. This gene has been
designated gsrR in strain 2.4.1 (17). A central region of the gene was amplified
using primers 5'-CACCTGCAGCTTCTCAACGAGACCTTC-3' and 5'-CACG
AATTCCACAGGGCCGCACCAAG-3' (restriction sites are underlined). The
amplicon was cloned into pUC19 via EcoRI and PstI and verified by sequencing.
The fragment was then cloned into pSUP202-1 via EcoRI and Pstl. The final
pQSRRKO construct was transformed into E. coli S17-1 and then conjugated
into strain 2.4.3, generating the mutant. Inactivation of the gene was verified by
PCR using primers flanking the open reading frame. The nap-a::lacZ construct,
pNAP-aZ, was then conjugated into the mutant to test nap-a expression.

Enzyme assays. Gene expression was measured via B-galactosidase activity as
previously described (26). Activity was determined based on three independently
grown cultures. In all cases, expression was monitored throughout growth, and
representative values for growth phases of interest were averaged. Error bars
represent one standard deviation.

Nitrate reductase activity was measured using methyl viologen (0.2 mM) as an
artificial electron donor (45). Nitrate (500 uM) was added to cells along with the
artificial electron donor to initiate the assay. All assays were incubated for
the same amount of time and then terminated by vigorous vortexing to oxidize
the methyl viologen. A common assay incubation time allowed direct comparison
of nitrite production. Activity was based on three independently grown cultures.
Error is represented as one standard deviation.

Nitrate was measured in nitrate (10 mM)-amended Sistrom’s medium using
the Szechrome reaction (Polysciences, Inc.). The reaction uses 4-(phenylamino)
benzenesulfonic acid dissolved in 1:1 phosphoric acid-sulfuric acid for colorimet-
ric detection of nitrate. Samples of the culture medium were taken at various
time points and diluted 20-fold. Szechrome reagent was then added, and the
absorbance was recorded at 570 nm. When nitrate was no longer detectable, the
assay was repeated without culture dilution to confirm the absence of nitrate. A
nitrate standard curve (0 to 20 mM) was generated to convert absorbance values
to concentrations. The correlation between absorbance and concentration was
linear over the range of concentrations (0 to 10 mM) relevant to this study.

Nitrite was detected by the Griess reaction (29). The Griess reaction allows
colorimetric detection of nitrite through the formation of an azo-dye upon
addition of sulfanilic acid and N-naphthyl-ethylenediamine. For liquid culture, 50
wl of culture medium containing cells was used for assays. For solid medium,
samples were taken adjacent to the thickest growth of cells by extracting agar
plugs using the blunt end of a 200-ul pipette tip. The agar plugs were melted in
100 pl of H,O, and then 50 pl was used for assays. Since nitrite diffusion
throughout the plate from the point of production was difficult to assess, this
made quantification of nitrite produced by the cells difficult. Therefore, the data
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FIG. 2. Nitrate consumption during growth of denitrifying liquid
medium cultures of 2.4.3 or the various nap mutants. Cultures were
started with 10 mM nitrate, and the consumption of nitrate was mon-
itored over time using the Szechrome reaction to detect nitrate. <,
wild-type 2.4.3; [, nap-a strain; O, nap- strain; X, nap-o nap- strain.

are simply reported as absorbance at 540 nm allowing qualitative comparisons
between samples.

RESULTS

Sequence comparison of the two nap operons. The genome
of R. sphaeroides strain 2.4.3 contains two related but noniden-
tical nap clusters. The difference in gene order and gene con-
tent makes it unlikely that these two operons arose by a simple
duplication event. One cluster is located on the largest plasmid
(pRSPAO02; 289,489 bp), extending from Rsph17025_3986 to
Rsph17025_3992 and including seven genes identified as nap-
KEFDABC. This gene organization is most similar to nap
clusters from closely related alphaproteobacteria, such as Para-
coccus pantotrophus, that utilize this enzyme for redox homeo-
stasis (39). Following the previously established nomenclature
for nap gene clusters in bacteria with multiple clusters, this nap
cluster has been designated nap-a (43).

The second nap cluster is located on chromosome II
(pRSPAO1; 877,879 bp) from Rsph17025_3218 to Rsph17025_
3224 and includes seven genes designated napFDAGHBC. The
inclusion of napGH differentiates this cluster from the nap-a
cluster and makes it more similar in organization to nap-B
clusters from gammaproteobacteria, including several She-
wanella species and E. coli (43). NapGH likely form a quinol
dehydrogenase and may transfer electrons to NapBA (20). In
many bacteria, this Nap supports anaerobic growth via nitrate
respiration (14). This nap cluster has been designated nap-f.
Genes common to both clusters produce products with high iden-
tity, for example, the two NapA proteins are 70% identical.

Expression and activity of rnap-B. Expression of nap-B in-
creased 16-fold as cells transitioned from oxic to microoxic
conditions (Fig. 1). Inclusion of nitrate did not impact expres-
sion nor did Nap activity (Fig. 1). Under photosynthetic con-
ditions, on solid medium, and with various carbon sources,
expression of nap-p followed the same oxygen-dependent pat-
tern (data not shown).

The contribution of Nap-B to overall Nap activity was as-
sessed by measuring nitrate levels in the culture during an oxic
to microoxic transition under nonphotosynthetic conditions
(Fig. 2). Nitrite production cannot be measured in this case
since under microoxic conditions nitrite reductase will con-
sume any nitrite produced. The first 15 to 20 h represents
aerobic nondenitrifying growth during which there is no de-
crease in nitrate. During this time, the cell density of all cul-
tures increased from an absorbance at 600 nm of less than 0.1
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FIG. 3. Expression of the nap-a operon in liquid culture as mea-
sured by B-galactosidase activity in R. sphaeroides 2.4.3. The ccoN
strain is a mutant of strain 2.4.3 in which this gene has been inacti-
vated. The white bars represent expression under anoxic photosyn-
thetic conditions, and all cultures were started under this condition.
Black bars represent expression in cultures that were transitioned from
anoxic photosynthetic growth to oxic growth. Values represent the
maximal expression value under each condition.

ccoN

to an absorbance of 0.8 to 1.0, after which the cell density was
stable. After the shift to microaerobic denitrifying growth, the
wild type and the nap-a-deficient mutant showed the same rate
of nitrate consumption, consistent with Nap-B playing a major
role in denitrification (Fig. 2). The amount of nitrate reduced
by the nap-p mutant was 50% of that reduced by wild-type cells
under the same conditions over the same culture duration (Fig.
2). Nitrate levels did not change in the nap-a nap-p double
mutant, demonstrating that there are no other nitrate-reducing
enzymes expressed under these conditions (Fig. 2).

The relative contribution of each Nap to cellular nitrate
reductase activity was also tested under photosynthetic condi-
tions. Unexpectedly, nitrite was found to accumulate under
these anoxic conditions. The nap-a mutant produced the same
levels of nitrite as the wild type. The nap-g mutant produced
significantly less nitrite while, as expected, the nap-o nap-
mutant produced no nitrite (data not shown). The absence of
Nir activity was explained by an increase in the pH of the
medium from 7.0 to >9.0 as cells transitioned from lag to
stationary phase (data not shown). Nir activity has been shown
to decrease significantly as pH increases (32). As the pH in-
creased, whole-cell Nir activity decreased to nearly undetect-
able levels, demonstrating that Nap- remains functional in
this pH range while Nir does not (data not shown).

Expression and activity of nap-a.. In R. sphaeroides strain
2.4.1, expression of the orthologous nap-a cluster increases
significantly during a transition from anoxic photosynthetic
growth to aerobic growth (1). This growth pattern was simu-
lated in 2.4.3 by initiating growth under anoxic photosynthetic
conditions, followed by a switch to oxic conditions. Under this
growth regime, there was a 7-fold increase in expression of
nap-o after the shift to high oxygen levels (Fig. 3). Expression
of a nap-a::lacZ fusion did not decrease significantly in an oxic
to microoxic transition, probably because the stability of LacZ
masks any decrease in transcription under these conditions.

nap-a expression was also monitored in cells grown on agar
under atmospheric levels of oxygen, and maximal expression
was consistently about 4-fold higher than the maximal levels in
highly aerated liquid culture (Fig. 4). An increase in expression
on agar was unexpected because the bulk of the cells in a
colony experience oxygen levels lower than atmospheric levels

J. BACTERIOL.
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FIG. 4. Expression of nap-a in cells growing on agar plates under
various conditions as measured by B-galactosidase activity. The ccoN
and prrA4 strains are mutants of strain 2.4.3 in which these genes have
been inactivated. Black bars represent expression under microoxic
growth, white bars represent expression under microoxic growth with
10 mM nitrate, dark gray bars represent expression under oxic growth,
and light gray bars represent expression under oxic growth with 10 mM
nitrate. There are no microoxic values for the ccoN strain because this
mutant cannot grow under low-oxygen conditions.

(34), and expression of nap-a in liquid culture was propor-
tional to oxygen levels (Fig. 3). Addition of 10 mM nitrate to
the agar decreased nap-o expression about 45% (Fig. 4). nap-a
expression was also examined on solid medium containing
different carbon sources. No significant differences in expres-
sion were observed during growth on 5 mM malate, 10 mM
succinate, and 10 mM butyrate (data not shown). In all cases,
expression was about 4-fold higher than during growth on
succinate in liquid culture.

Nap-a activity was monitored under various conditions to
determine if expression levels correlated with activity. Strain
2.4.3 cells growing in liquid medium under oxic conditions did
not produce nitrite until cultures had been in stationary phase
for >24 h (data not shown). Importantly, no nitrite was pro-
duced during early log phase, when expression is maximal.
These assays were done under oxic conditions, making nitrite a
valid measure of Nap activity since any nitrite produced will
accumulate in the medium as Nir is not expressed (50). To
confirm that intact Nap-a was present in cells from liquid
medium, the nitrate reductase activity of harvested cells was
measured in the presence of dithionite and methyl viologen.
With reduced methyl viologen as an electron source, wild-type
cells were able to reduce nitrate to nitrite, demonstrating the
presence of a nitrate reductase. In comparison tests, cells of
the nap-o mutant had <20% of wild-type nitrate reductase
activity (data not shown). The nap-B mutant had wild-type
levels of Nap activity in cells grown under oxic conditions,
while under the same condition cells of the nap-o nap-p double
mutant had no detectable Nap activity. Together, these data
indicate that Nap-a is expressed and functional but is not
physiologically active in cells growing in liquid medium under
oxic conditions.

It was postulated that the increase in nap-a expression on
solid medium was correlated with an increased need for nitrate
reductase activity for redox balancing and overflow metabo-
lism. To test this, Nap activity during growth on solid medium
was assessed by testing for nitrite accumulation in the agar.
When colonies were incubated under atmospheric levels of
oxygen, nitrite accumulated to significant levels (Fig. 5). Con-
sistent with expression patterns, the nap-a mutant did not
produce any detectable nitrite under these conditions. The
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FIG. 5. Nitrite produced during growth on aerobic plates for strain
2.4.3 and the various nap mutants. Nitrite levels are given by absor-
bance at 540 nm (see Materials and Methods for an explanation).
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nap-f mutant accumulated levels of nitrite comparable to the
wild-type level (Fig. 5). Nap assays using artificial electron
donors demonstrated that cells of the nap-a mutant growing
on solid medium had very low nitrate reductase activity while
the nap-B mutant had wild-type levels of Nap activity (data not
shown). These results suggest that Nap-a is likely being used
for redox homeostasis in cells growing on solid medium. Nap-3
does not contribute to the nitrite production, and as there is no
evidence of Nir activity, nitrogen oxide reduction is not being
used for respiratory purposes.

To determine if the oxidation state of the carbon source
impacted Nap-a activity, 2.4.3 was grown on different carbon
sources on medium containing nitrate. Growth on pyruvate
and lactate resulted in nitrite production levels similar to the
level produced during growth on succinate (not shown). Strain
2.4.3 grew very slowly on butyrate, regardless of the presence
or absence of nitrate. The amount of nitrite produced was
similar to the amount produced during growth on succinate.
Unexpectedly, strain 2.4.3 was unable to grow on malate-con-
taining medium if 10 mM nitrate was present. Growth was
restored if nitrate was reduced to 5 mM, and under this con-
dition no nitrite was produced.

Control of nap- expression. The observed pattern of nap-3
expression suggests that oxygen is the major environmental
factor influencing expression. Expression of nap-p did not
change in mutant strains lacking two of the global oxygen-
responsive regulators, PrrA and FnrL (Fig. 1) (12, 53). Wild-
type expression in the frnrL mutant was surprising since the
nap-B promoter region contains an Fnr-type binding motif
(5'-TTGATccatATCAA-3' [lowercase letters indicate variable
residues that are not involved in binding]) centered —81.5 bp
upstream of the predicted translation start (22). Since nap-8
was not in the FnrL regulon, it was postulated that the Fnr
responsible for controlling nap-B expression would be present
only in those strains with nap-, namely, strains 2.4.3 and 2.4.1.
As predicted, nap-B expression in 2.4.1 was similar to that in
strain 2.4.3, while expression in R. sphaeroides 2.4.9 was not
strongly induced by decreasing oxygen (Fig. 1). The R. spha-
eroides 2.4.3 genome contains 10 genes encoding putative Fnr-
type regulators. Of this set, 2.4.3, 2.4.1, and 2.4.9 share a core
set of five conserved FNR proteins including FnrL, NnrR, and
FixK (22). Of the remaining putative regulators, four are not
highly conserved across the three strains. The final putative
regulator, Rsph17025_3486, is highly conserved in 2.4.1 (88%
identity) but is only 68% identical to its closest relative in 2.4.9;
this was considered a candidate for regulation of nap-B. How-
ever, inactivation of Rsph17025_3486 did not change nap-B
expression (data not shown).
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Control of nap-o. expression. Microarray studies of the PrrA
regulon in strain 2.4.1 suggest that nap-a is repressed by PrrA
(12). To test for PrrA-dependent regulation of nap-a in 2.4.3,
expression was assessed in a prr4 mutant background. In cells
experiencing an oxic to microoxic transition in liquid culture,
there was no significant difference between nap-a expression
levels in the wild-type and the prrA4 strains (not shown). Tran-
sition from anoxic to oxic conditions could not be carried out
since prrA mutants will not grow photosynthetically. Using an
alternative strategy, nap-a expression was assessed in a AccoN
mutant background. This mutant, which lacks the cbb;-cyto-
chrome oxidase, has been demonstrated to have higher levels
of phosphorylated PrrA (PrrA~P) under oxic conditions (36).
The enhanced levels of PrrA~P under oxic conditions did not
impact nap-o expression since no change in final levels of
expression were observed after a transition from photosyn-
thetic growth to oxic conditions (Fig. 3). Expression of nap-o in
the ccoN and prrA mutants was also measured on solid medium
(Fig. 4). Under oxic conditions maximal nap-a expression in
the AccoN mutant was 65% of the wild-type level, but there
was no difference between expression in the wild-type and prr4
mutant strains (Fig. 4). Under low oxygen there was 3-fold
higher expression of nap-a in the prr4 mutant than in wild type
while expression could not be tested in the ccoN mutant since
it will not grow under microoxic conditions (Fig. 4).

A previous report has linked the quorum-sensing regulator,
QsrR, to expression of a number of redox proteins in R. spha-
eroides 2.4.1, including nitrate reductase (17). Density-depen-
dent expression might explain the observed increase in nap-o
expression on solid medium although the physiological ratio-
nale for this would be unclear. To test this, a strain was con-
structed in which the gsrR ortholog in 2.4.3 was insertionally
inactivated. Expression of nap-a in this strain on solid medium
was identical to that of the wild type with expression high
under atmospheric oxygen and repressed under low oxygen
(data not shown). Expression in the mutant was also indistin-
guishable from wild-type under photosynthetic, anoxic condi-
tions and in aerobic liquid culture (not shown). The gsrR mu-
tant also had similar Nap activity to wild-type under all
conditions tested. These results indicate that QsrR is not an
important regulator of nap-a expression in 2.4.3.

DISCUSSION

While it is not uncommon for bacteria to have multiple
nitrate reductases, it is rare for a bacterium to have multiple
nitrate reductases of the same type. Among the alphaproteo-
bacteria, genome analysis shows that only Pseudovibrio sp.
JE062 and R. sphaeroides 2.4.3 have two nap clusters. Among
other proteobacteria, two nap clusters are also found in a
notable number of the Shewanella strains (43, 7). In Shewanella
piezotolerans WP3, both nap gene clusters are involved in ni-
trate respiration, seemingly redundant in function (7). How-
ever, in mutant studies, one of the nap gene clusters provides
a growth benefit over the other (7). In strain 2.4.3 the different
gene order and gene content make it unlikely nap-a and nap-3
are paralogous. Given the limited distribution of nap-f among
the alphaproteobacteria, it may have been acquired via lateral
gene transfer. However, the GC content of the cluster provides
little clue as to the origin. Other than napC-B, which has a GC
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content of 63.4%, the rest of the nap-f cluster has a GC
content that is near or slightly above the 68.2% GC content of
the genome. The nap-p genes all show a significant preference
for G or C in the third codon position. These data suggest
either that nap-B has been in the genome long enough to be
nearly fully adapted to the GC usage of R. sphaeroides or that
it was acquired from a bacterium with a similar GC content.

Nap-a activity was detected only in cells growing on solid
medium (Fig. 5). Nitrite production was not reliant on reduced
substrate but occurred even with substrates at oxidation levels
similar to the oxidation level of cell biomass (27). However,
growth on malate, a substrate more oxidized than biomass, did
not lead to nitrite production on solid medium. This result
strongly supports the hypothesis that nitrite production on
solid medium is a result of imbalances in the availability of
electron donors and acceptors. As a colony forms on the sur-
face of the plate, cells close to the agar will become oxygen
limited as the colony gets larger. However, due to the diffusion
of substrates within the agar, the cells near the agar surface will
continue to have ready access to carbon. These gradients will
likely produce imbalances in availability of the electron donors
and acceptors. There are some similarities between plate cul-
ture and a natural mode of bacterial growth, the biofilm. In
both instances, cell accumulation results in steep gradients of
nutrients and oxygen (44). Under these dynamic conditions,
Nap-a would be useful for redox homeostasis. Nap-a activity
on plates was not specific to strain 2.4.3 since 2.4.1 also pro-
duced nitrite when it was grown on solid medium (data not
shown). The absence of nitrite production in liquid culture
likely reflects the fact that under these conditions the cells do
not experience the electron donor and acceptor gradients that
occur during growth on a solid surface.

While growth on agar increased nap-a expression, the
regulatory mechanism leading to this increase in expression
is not clear. It seems likely that nap-o expression requires
multiple regulators, and there may be a regulatory system
that responds to redox imbalances in the cell. This could
explain why nap-a expression is reduced in the presence of
nitrate on solid medium since nitrate reduction could be
used to mitigate redox imbalances in the cell. While there is
enhanced nap-o expression on plates, expression in this
milieu still responds to decreases in external oxygen con-
centrations, likely by PrrBA-dependent repression. Cells
growing under low-oxygen conditions on solid medium had
levels of nap-a expression similar to the levels found in
liquid medium under the same conditions. There is also a
measurable decrease in nap-a expression in the AccoN mu-
tant, which has higher levels of PrrA~P (30, 31). Loss of the
cbb, oxidase, the high-affinity terminal oxidase, would likely
lead to overall higher oxygen levels in the colony (16, 35). A
higher level of oxygen is not consistent with the observed
decrease in nap-a expression, suggesting that increased lev-
els of PrrA~P are blocking the increased expression occur-
ring on agar (1). Of note, the observed Nap-a expression
pattern and activity are distinct from those of Nap-a of the
related organism Rhodobacter sphaeroides f. sp. denitrificans,
where this enzyme is dedicated to denitrification and ex-
pressed under anoxic conditions (48). Instead, the Nap-a
data are more consistent with the Nap studies from Para-
coccus denitrificans, where the enzyme plays a role in redox
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homeostasis while a respiratory nitrate reductase (Nar) is
dedicated to denitrification (10, 11, 39).

nap-B expression is inversely proportional to oxygen levels.
nap-f is somewhat unusual in that it is not part of either the
FnrL or PrrBA regulon in spite of its products being important
bioenergetic components under microoxic growth conditions
(12). The lack of nitrate control was also unexpected. In some
organisms, the nap-a cluster is not regulated in response to
nitrate but is, instead, regulated in response to redox signals,
consistent with a physiological role for Nap-a as an overflow
outlet (6, 10, 11, 13). Nap-B plays a respiratory role, and most
genes encoding enzymes of this type require the presence of
substrate for maximal expression. In R. sphaeroides this occurs
for dimethyl sulfoxide (DMSO) reductase in 2.4.1 and nitrite
and NO reductase in 2.4.3 (23, 28). The nap-p orthologs in
Shewanella and E. coli require nitrate for expression (2, 46). It
is not known if the nap-B orthologs in related alphaproteobac-
teria require nitrate for maximal expression. In E. coli NapGH
has specificity for ubiquinol, perhaps constraining Nap func-
tion to quinone type (3). Ubiquinol is the major quinone used
by R. sphaeroides, suggesting that NapGH may have a similar
functional role in both bacteria.

The multiple types and functional roles of nitrate reductases
demonstrate how each enzyme can be tailored to fit physiolog-
ical needs, which will be governed by the lifestyle of each
bacterial species (14, 37). Among the Nap enzymes, the func-
tional specificity may be conferred by the accessory genes
found in different operons or by differences in the core
NapABC subunits. This study has demonstrated distinct phys-
iological roles for Nap-a and Nap-B, making strain 2.4.3 an
excellent system for further study of the enzymological features
possibly constraining Nap function.
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