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Accumulation of nitrogen oxides in copper-limited cultures of denitrifying bacteria 

Abstract-Three strains of heterotrophic denitrifying bac- 
teria were cultured in artificial seawater medium under trace 
metal clean conditions to investigate their physiological re- 
sponse to changes in copper concentration. Decreasing the 
copper concentration in cultures of Pseudornonas stutzeri and 
Paracoccus denitrificans resulted in accumulation of nitrous 
oxide (N,O) gas compared to copper-replete cultures and ces- 
sation of growthbefore complete denitrificationto dinitrogen. 
Correspondingly, the activity of the copper enzyme nitrous 
oxide reductase. measured for P. denitriticans cultures, was 
high in copper-replete cultures and was below detection in 
copper-deficient cultures. Addition of copper to copper-defi- 
cient cultures following the accun~ulation of N,O resulted in 
resumption of growth and complete consumption of N,O in 
solution. Growth of the third strain, WLB20, in copper-defi- 
cient medium caused a marked accumulation of nitrite, sug- 
gesting that WLB20 has the copper form of nitrite reductase. 
These observations suggest a role for trace metals in regulating 
redox cycling of nitrogen and trace gas production in the 
ocean. 

The respiratory decomposition of organic matter from 
highly productive waters leads to near exhaustion of the 
available oxygen, triggering the use of alternative oxidants 
as terminal electron acceptors. Under oxygen-limiting con- 
ditions, denitrifying bacteria reduce nitrate (NO;) sequen-
tially to nitrite (NO;), nitric oxide gas (NO), nitrous oxide 
gas (N,O), and dinitrogen gas (N,) (reviewed by Zumft 
1997). The global importance of denitrification lies in its 
distinction as the most important sink for oceanic fixed ni- 
trogen (Codispoti and Christensen 1985). Moreover, denitri- 
fication is believed to control oceanic N,O concentrations, 
serving either as a net sink of N,O gas (e.g., Cohen and 
Gordon 1978; Codispoti and Christensen 1985) or converse- 
ly as a source of N,O (e.g., Yoshida et al. 1989; Law and 
Owens 1990). Globally, N,O gas contributes to greenhouse 
warming with a radiative potential substantially greater than 
CO, on a per molecule basis. Furthermore, N,O is also in- 
volved in catalytic destruction of stratospheric ozone (Jack- 
man et al. 1980). 

In spite of the global importance of oceanic denitrification, 
the processes that regulate it remain poorly understood. The 
reduction of nitrogen oxides under oxygen limitation is cat- 
alyzed by a series of metalloenzymes located in the cell 
membrane and periplasm of denitrifying bacteria. The re- 
spiratory nitrate reductase, which catalyzes the reduction of 
NO; to NO;, contains iron and molybdenum at its reaction 
center. The reduction of NO; is in turn facilitated by the 
respiratory nitrite reductase, of which there are two types 
present in different organisms, an iron and a copper enzyme. 
Nitric oxide (NO) gas is respired to N,O via the nitric oxide 
reductase, an iron enzyme. And finally, N,O gas is reduced 
to dinitrogen by the copper enzyme nitrous oxide reductase. 
The extensive involvement of copper and iron in the deni- 

trification pathway likely imparts to denitrifiers distinctive 
nutritional requirements for these metals. To investigate 
these requirements, we studied the physiological response of 
denitrifying bacteria to reduced copper and iron concentra- 
tions. In this paper, we present our observations on the phys- 
iology of copper-limited cultures of denitrifiers. Effects of 
iron limitation on denitrification will be presented elsewhere 
(Granger and Ward pers. comm.). The data presented here 
provide insight into a potential regulatory role for copper in 
oceanic denitrification and nitrous oxide production. 

Cultivation of denitrihing bacteria under trace metal 
clean conditioizs-Three stains of facultative aerobic hetero- 
trophic denitrifying bacteria were examined: Pseudolnonas 
stuzzeri (ATCC 14405), generally associated with eutrophic 
coastal marine environments; Paracoccus denitrificans 
(ATCC 19367), ubiquitous in terrestrial and aquatic systems; 
and WLB20, a psychrophilic isolate from a hypersaline Ant- 
arctic lake (Ward and Priscu 1997). Cells were grown in 
batch culture using trace metal clean techniques in the arti- 
ficial seawater medium Aquil (Price et al. 198.811989) mod- 
ified for heterotrophic bacterial cultures (Granger and Price 
1999). Synthetic ocean water containing 10 pmol L-' phos-
phate and 230 to 250 pmol LA'nitrate was purified of trace 
metals using Chelex 100 ion exchange resin (Bio-Rad Lab- 
oratories) following the procedure of Price et al. (19881 
1989). Media were first sterilized by microwaving in acid- 
washed polycarbonate bottles (Keller et al. 1988) and then 
enriched with trace metals and vitamins (B,,, thiamin, and 
biotin) that were filtered through metal-free 0.2-pm filters 
(Acrodisc). The organic enrichments (0.2 g bactopeptone 
[Difco] and 0.2 g casein hydrolysate) were purified of trace 
metals with Chelex 100, then autoclaved before being added 
to sterile media. 

Trace metal additions were buffered with 100 pmol L-' 
ethylenediamine tetraacetic acid (EDTA) so that Fe3+, Mn2+, 
Zn2, and CoZT free ion concentrations approximated 10-l9 
mol L-', mol L-', 10-Io9 mol L-I, and 10-lo9 mol L-I, 
respectively. These activities were computed with the chem- 
ical equilibrium program MINEQL (Westall et al. 1976). To- 
tal Mo and Se concentrations in the media were lo-' mol 
L-I and mol L-l, respectively. All the above metal con- 
centrations are generally optimal for growth of phytoplank- 
ton (Price et al. 198811989) and marine bacteria (Granger 
and Price 1999). Premixed Cu-EDTA (1: 1) was added sep- 
arately at a range of concentrations: 1.2 pmol L-l, 120 nnlol 
L-', 11 nmol L-l, and no Cu added. Background concentra- 
tions of copper in the no-Cu medium were estimated to be 
3 nmol L-' (relative SD = 20%, detection limit = 0.2 nmol 
L-'; measurement by ICPMS; Moens et al. 1995). 

Cultures were initiated from frozen stocks, acclimated to 
experimental medium for 10 generations, then inoculated in 
opaque, trilaminate, polyethylene-lined, gas-tight bags with- 
out a headspace. P. stutzeri and WLB20 were grown at 12°C 
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and P. denitrijicans at 20°C. Medium in the bags was not 
purged of oxygen, such that initial growth was sustained by 
respiration of dissolved oxygen. Denitrification was detected 
subsequently as oxygen concentrations became limiting. 
Cells in preserved subsamples (4% borate-buffered formalin) 
were enumerated by flow cytometry: cellular DNA was 
stained with Cyto green (Molecular Probes), and analysis 
was performed using a FACSscan (Becton Dickinson) argon 
laser, with single excitation at 488 nm. Growth rates were 
calculated from the log-linear relationship of cell density 
over time as the cells were respiring nitrate, nitrite, and N,O, 
respectively. 

Nitrite was measured calorimetrically (Parsons et al. 
1984). N,O was analyzed by electron-capture-detector gas 
chromatograhy on a Shimadzu mini-2 gas chromatograph, 
equipped with a 2 m X 2.2 mm inner diameter Haysep D 
column (801100 mesh). The column was maintained at am- 
bient temperature, while the injection port was heated to 
50°C and the detector to 250°C. High purity N, was used as 
carrier at a pressure of 1 kg ~ m - ~ .  Twenty-five milliliters of 
cell culture were drawn into a plastic syringe and extracted 
once in an equal volume of N,. Dissolved gas in the culture 
was equilibrated with the N,headspace by shaking the sy- 
ringe for 2 min. The headspace was then injected in an evac- 
uated 10-ml serum vial to store until analysis. A 0.5-ml vol- 
ume of gas sample was injected in the gas chromatograph 
for N20 analysis. The extraction method was standardized 
with media that were equilibrated with known N20 concen- 
trations. 

Electron transport system (ETS) activity was measured in 
cell extract concentrated by centrifugation at 10,000 rpm for 
15 min and homogenized by sonication (Packard 1971). Ac- 
tivity of the nitrate and nitrous oxide reductases of cell ex- 
tracts was also measured, following published procedures 
(Lowe and Evans 1964; Matsubara et al. 1982, respectively). 
Enzyme activities were normalized to protein concentration 
(Bradford 1976). 

Growth under copper-replete conditions-Cultures of 
WLB20 and P. stutzeri initially grown under aerobic con- 
ditions had highest growth rates in medium containing 11 
nmol L-' total added copper; higher concentrations (120 
nmol L-I and 1.2 pmol L-I) effected a reduction in growth 
rates relative to 11 nmol L-I Cu, although these differences 
were not significant (data not shown). Significantly reduced 
growth was, however, apparent in copper-deplete medium 
(no copper addition). Subsequent experiments were then re- 
stricted to two treatments, copper-replete medium (1 1 nmol 
L-I Cu added) versus copper-deplete medium (ca. 3 nmol 
L-I background Cu). 

Under denitrifying conditions, copper-replete cultures of 
P. stutzeri reduced nitrate to nitrite in the initial phases of 
anaerobic growth (Fig. 1 a). Nitrite in copper-replete P. stutz-
eri cultures accumulated to 250 pmol L-I from the same 
initial nitrate concentration. A lag phase of variable length 
preceded the onset of nitrite reduction. Subsequently, nitrite 
was completely reduced, as judged by its disappearance from 
the medium. Initial nitrite consumption was accompanied by 
transient accumulation of N,O gas (2 pmol L-I N equiva- 
lents = 1 pmol L-I N,O), after which little N20 was de- 

Time (hours) 

Fig. 1. Effect of copper concentrations on nitrate-dependent 
growth of (a) P. stutzeri, (b) P. denitr$cans, and (c) WLB20. Con-
centration of nitrite (triangles) and nitrous oxide (circles) in copper- 
replete (open symbols) and copper-deficient medium (closed sym- 
bols). Error bars are standard deviations of three replicate cultures. 
N,O concentrations are plotted as pmol L-I nitrogen equivalents 
(i.e., there are two N atoms per molecule of N,O) in order to fa-
cilitate comparison to NO; concentrations (only one N atom per 
NO; molecule). Also note that the origin of the fime axis marks 
the point at which nitrite was first detected in the cultures. Cells 
had been inoculated a day or two earlier and had presumably grown 
sufficiently to consume the available oxygen in the culture bags, 
thence initiating nitrate reduction. The inset in (a) magnifies the 
portion of the data showing the small transient accumulation of N,O 
in the copper-replete P. stutzeri culture. 
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A Cu added 

Time (hours) 

Fig. 2. Disappearance of N,O following copper addition to cop-
per-deficient P. stutzeri. Copper (10 nmol L-')was added to one 
(open triangles) of two replicate cultures growing in low copper 
medium. No copper addition (closed circle). 

tected (Fig. la). The pattern observed here, namely, quan- 
titative accumulation of nitrite followed by transient 
accumulation of N,O, is characteristic for growth of P. stutz-
eri in culture (e.g., Matsubara et al. 1982). We did not mea- 
sure nitric oxide, the product of nitrite reduction, though it 
is also generally observed transiently during growth of P. 
stutzeri, preceding the appearance of N,O. However, this 
molecule is extremely reactive and thus only accumulates to 
very low levels in culture. 

Growth of P. denitrijcans in copper-replete medium was 
similar to that of P, stutzeri (Fig. lb). Nitrite accumulated 
stoichiometrically from nitrate to a concentration of 250 
pmol L-l. Nitrite reduction proceeded almost immediately 
following the complete consumption of nitrate, in contrast 
to the variable lag preceding nitrite reduction observed for 
P. stutzeri. The onset of nitrite reduction was closely fol- 
lowed by the emergence of N,O (30 pmol L-' N equiva- 
lents) to higher concentrations than observed for P, stutzeri. 
N,O was then gradually depleted. 

Growth under copper-limited colzditioizs-The growth 
patterns of P. stutzeri and P. denitrijcans in low copper 

cultures were markedly different from those observed in 
copper-replete conditions. Decreasing the copper concentra- 
tion in the growth medium resulted in the permanent accu- 
mulation of N20 gas in cultures of both P, stutzeri and P. 
denitriJicans (Fig. la,b). Approximately 40% of the nitrogen 
initially provided as nitrate was converted to N,O for P. 
stutzeri cultures, while upwards of 20% of the nitrogen from 
nitrate ended up as N20 for P, denitr$cans. Continued mon- 
itoring of the cultures indicated that N,O remained in the 
medium and was not converted to N,, the normal end prod- 
uct of denitrification. Addition of 10 nmol L-' copper to 
copper-deficient cultures of P. stutzeri following the accu- 
mulation of N,O resulted in quasicomplete consu~nption of 
N,O in solution (Fig. 2), indicating that N,O accumulation 
was caused by the lack of copper. 

Copper limitation of the denitrifiers was also manifested 
in division rates. Growth rates of P. denitrificans during res- 
piration of nitrate and nitrite may have been reduced in cop- 
per-deficient medium compared to growth in copper-replete 
medium (Table I), but the decrease was not statistically sig- 
nificant ( p  = 0.19 for NO,, p = 0.20 for NO;). strikingly, 
growth on N,O was completely inhibited by copper defi- 
ciency. Enzyme activity measurements of P. denitrificans 
cell extracts reveal that the effect of copper limitation was 
most pronounced for the terminal N,O reductase compared 
to other enzymes (Table 1). While the activity of electron 
transport systems was only reduced by a third at low copper, 
N20 reductase activity was drastically depressed by copper 
limitation to values below the limit of detection. Lowered 
N20 reductase activity likely accounts for cessation of 
growth on N,O observed for copper-limited P. denitrificans, 
and, more importantly, for the accumulation of N,O in cul- 
tures. Activity of the denitrifying enzyme nitrate reductase, 
which has iron and molybdenum rather than copper at its 
reaction center, showed no discernible difference between 
copper concentrations (Table 1). This is again in contrast to 
the observed suppression of nitrous oxide reductase activity, 
thus emphasizing the targeted effect of copper deficiency on 
the copper-requiring enzyme N,O reductase. The suppression 
of N,O reductase of denitrifiers under copper deficiency has 
been reported previously (Matsubara et al. 1982; Iwasaki and 
Terai 1982). Their observations of denitrifier physiology in 

Table 1. Growth rates associated with partial reactions of nitrate, nitrite, and nitrous oxide res- 
piration, as well as electron transport systems (ETS) activity, nitrate reductase activity, and N,O 
reductase activity of P. denitrijicnns grown on nitrate in copper-replete and copper-deficient medium. 

Enzyme activity (nmole substrate 
reduced pg protein-' min-I t SD; 

n = 6) 

Growth rate (d-I t SD; 1% = 3) N2O 
NO; reductase 

Treatment NO; NO, N,O * ETS'r reductase ( X  10-2) 

Metal replete 2.12 2 0.16 1.92 i 0.12 0.52 f 0.03 0.53 10.02 1.9 10.6 5.3 10.9 
Coover deficient 1.93 10.08 1.79 t 0.03 0.09 10.08 0.34 t 0.08 1.8 t 0.7 ND 
* Rates quantifying the last stage of growth were cornputed from the increase in cell number following complete 

exhaustion of nitrite from the growth medium. 
7 The substrate for ETS is p-iodonitrotetrazoliurn violet (INT). ETS activity was measured for cells harvested 

during nitrite reduction. ND = not detectable. 
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media amended with a copper chelator first confirmed the 
direct obligate involvement of copper in the reduction of 
N,O. 

Copper limitation of the third experimental strain resulted 
in markedly different effects compared to P. stuheri and P. 
denitr$cans. Growth of the Antarctic strain WLB20 in cop- 
per-deficient medium resulted in permanent accumulation of 
nitrite (Fig. lc). Nitrite (230 pmol L-') accumulated stoi- 
chiometrically from nitrate in both high and low copper 
treatments, but complete nitrite consumption was only ob- 
served for copper-replete cells. Nitrite remained at 230 pmol 
L-I in copper-limited cultures and was not consumed. N,O 
gas was detected transiently in copper-replete cultures (20 
pmol L-'), as observed for P. stutzeri and P. denitr$carzs. 
However no N,O was detected in copper-deficient medium, 
presumably because none of the nitrite was reduced. These 
results suggest impair~nent of nitrite reductase activity. The 
nitrite reductase enzyme of strain WLB20 is yet uncharac- 
terized; our results suggest that it may be the copper form 
of nitrite reductase. P. stutzeri and P. denitrijicans, in con- 
trast, are known to synthesize the iron form of this enzyme 
(see Zumft 1997). 

Discussion-The results of this study demonstrate the im- 
portance of copper in the denitrification pathway. Though 
copper is known to be toxic to marine phytoplankton at rel- 
atively low concentrations (e.g., Brand et al. 1983; Mann et 
al. 2002), denitrifiers in this study were clearly copper lim- 
ited. Their general physiological response to reduced copper 
concentrations is similar to that observed for heterotrophic 
marine bacteria at low iron concentrations (Tortell et al. 
1996), where strains showed decreased growth rates and 
lower ETS activity in response to iron limitation. 

Reduced copper not only affected ETS and growth of the 
denitrifiers but also clearly and directly inhibited the cells' 
ability to reduce N,O, such that growth on N,O was sup- 
pressed in P. stutzeri and P. denitrijicans. The effect of cop- 
per limitation on nitrite reduction by WLB20 was equally 
substantial, though we did not quantify growth or nitrite re- 
ductase activity and have not independently established that 
it contains the copper form of nitrite reductase. Regardless, 
the suppression of nitrite reduction in WLB20, in addition 
to the considerable decrease of nitrous oxide reduction in P. 
stutzeri and P. denitrijicans, can be taken as compelling ev- 
idence of the sensitivity of denitrification to the supply of 
copper. 

Ecological implications: The susceptibility of denitrifying 
bacteria to copper limitation leads to the hypothesis that cop- 
per concentratio~ls in low oxygen regions of the ocean may 
be limiting to denitrifiers and thus contribute to observed 
N,O accumulation in denitrifying zones. Existing copper 
profiles from the Arabian Sea (Danielsson 1980; Saagar et 
al. 1992) and the eastern tropical North Pacific (Boyle et al. 
1977; De Baar et al. 1985). where denitrification is exten- 
sive, show surface enrichments in dissolved copper under- 
lain by relatively copper-deplete waters from 250 to 1,000 
m depth. These depths are coincident with the 0, minimum 
where copper concentrations are as low as 0.5 nmol L-'. A 
gradual enrichment in dissolved copper is observed beyond 

1,000-m depth, which is attributed to remineralization of 
"mid-depth particles" or diffusion from the sediment (Boyle 
et al. 1977). 

Attempts to draw parallels between field conditions and 
our culture work are constrained by the lack of existing mea- 
surements of copper speciation in de~iitrifying zones, as well 
as our lack of knowledge on the bioavailability of various 
copper pools. The surface water chemistry of copper, which 
has been investigated in the north Pacific and the Sargasso 
Sea, is believed to be dominated by complexation to organic 
molecules (Coale and Bruland 1990; Moffett 1995, respec- 
tively). Voltametric measurements of copper speciation in 
surface water demonstrate that dissolved copper is bound 
quasiexclusively to organic ligands, while at greater depths 
(ca. 300 m) nearly 10% of dissolved copper is inorganic 
(Coale and Bruland 1990). These ligands are typically pos- 
tulated to mitigate copper toxicity for marine plankton 
(Mann et al. 2002), such that the potential role of copper 
ligands in systems where copper demand may be high has 
not been considered previously. Whether copper ligands con- 
stitute a bioavailable pool, or whether accessible copper is 
restricted to dissolved inorganic species, remains unclear. In 
any case, if we assume ligand concentrations at the oxygen 
minimum (around 250-300 m) to be no higher than those 
measured in the North Pacific and the Sargasso Sea at similar 
depths, and further assume that such ligands are not bio- 
available, the inorganic pool of bioavailable copper (50 pmol 
L-I, i.e., 10% of 0.5 nmol L-I) still largely exceeds the con- 
centration of inorganic copper that effects limitation in our 
culture medium (ca. 6 pmol L-' calculated with MINEQL: 
Westall et al. 1976). This would then suggest that copper 
concentrations at the oxygen minimum are not limiting to 
denitrifiers. However the possibility of copper ligands being 
more abundant in oxygen minimum zones cannot be ruled 
out. 

Factors other than organic complexation may, however, 
exert yet greater influence on aqueous copper chemistry in 
suboxic waters. The presence of nanomolar concentrations 
of sulfides in seawater is postulated to be a large determinant 
of copper speciation, even in oxygenated waters (Al-Fara- 
wati and van den Berg 1999). Measurements of metal-sulfide 
complexes in the Arabian Sea indicate that copper at the 
oxygen minimum exists primarily as inert copper-sulfide 
complexes (Theberge et al. 1997). If copper in the oxygen 
minimum is indeed chemically unreactive, copper limitation 
of N20 reduction in denitrifying zones is entirely plausible. 
Measuremelits of copper speciation that take into account 
the oxygen sensitivity of sulfide complexes should help con- 
strain the reactivity of copper in denitrifying zones and its 
potential to regulate biological N,O consumption. 

The organisms studied in our laboratory experiments may 
arguably be construed as fundamentally different from those 
in oceanic denitrifying zones, since they originate from eu- 
trophic coastal marine waters, soils, and from an Antarctic 
lake, environments where copper concentrations are high 
compared to oceanic denitrifying zones. If continually sub- 
ject to limiting copper, oceanic denitrifiers would undoubt- 
edly have acquired adaptations that increase fitness at lower 
ambient copper. Analogous adaptations have been reported 
for marine diatoms with respect to iron, whereby oceanic 
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strains from low iron habitats have lower cellular require- 
ments for iron than their coastal congeners (Brand et al. 
1983; Sunda and Huntsman 1991). Any adaptation of deni- 
trifiers aimed at reducing cellular copper demands for de- 
nitrification would nevertheless be constrained by the obli- 
gate copper requirement of N,O reductase. N,O reductase is 
the sole enzyme known to catalyze the reduction of N,O in 
the ocean, such that the sole sink for N,O in the ocean is a 
copper-requiring process. The existence of an alternative 
form of nitrite reductase that does not require copper makes 
that step less vulnerable to copper limitation. 

Current understanding of the regulation of N20 distribu- 
tions in the ocean converges on its well-established link to 
oxygen. A consistent positive correlation between apparent 
oxygen use (AOU) and N20 concentrations justifies the pre- 
vailing view that N,O is produced mainly by nitrification 
(Yoshinari 1976). However in suboxic and anoxic waters, 
N,O generally exhibits a deficit relative to AOU, which is 
attributed to consumption of N,O by denitrifiers (e.g., Cohen 
and Gordon 1978). In other denitrifying regions, however, 
N,O is found elevated beyond concentrations expected from 
AOU (Law and Owens 1990), and N,O accumulation has 
been attributed directly to denitrification in both seawater 
and sediments. The lack of a consistent relationship between 
N,O and oxygen concentrations in oxygen minimum zones 
suggests that secondary controls on N,O production and/or 
consumption, beyond the evident regulatory role of oxygen, 
may be important. 

Very low levels of free sulfide can lead to accumulation 
of nitrous oxide in wastewater treatment, presumably due to 
sulfide inhibition of various components of the denitrifica- 
tion pathway (Schonharting et al. 1998). Free sulfide was 
associated with a switch from respiratory denitrification 
(leading to dinitrogen) to dissimilatory nitrate reduction to 
ammonia (Brunet and GarciaGil 1996) in freshwater sedi- 
ments, and the authors suggested direct inhibition of nitrous 
oxide reductase by sulfide as the reason for the switch. Free 
sulfide was not detected in the oxygen minimum zone 
(OMZ) of the Arabian Sea (Theberge et al. 1997), and these 
authors argued that sulfide was present only in strong and 
stable complexes, partly associated with copper. Thus free 
sulfide is not likely to influence the biochemistry of organ- 
isms in OMZ environments in the open ocean. Its presence 
in the form of copper-sulfide complexes, however, could lim- 
it the biological availability of both elements. 

Thus it is conceivable that large accumulations of N,O in 
denitrifying regions could in part be attributed to low bio- 
availability of copper, as observed in our cultures. Similarly, 
no entirely satisfactory reason for the main secondary nitrite 
maximum usually associated with the minimum oxygen con- 
centration in the OMZ has been found. It is possible that 
copper limitation in the heart of the OMZ is associated with 
the nitrite accumulation there. Nitrite accumulation and N20 
production by ammonia-oxidizing (nitrifying) bacteria could 
also be affected by copper limitation because they reduce 
nitrite via the copper-type nitrite reductase (Dispirit0 et al. 
1985). 

The clear response of the denitrifying bacteria in this 
study to copper limitation stresses the importance of under- 
standing the potential role of trace metals, not only in oce- 

anic denitrification, but also in other reactions of the nitrogen 
cycle. Key steps in nitrogen cycling are redox reactions car- 
ried out by metalloenzymes of denitrifiers, nitrifiers, and ni- 
trogen fixers. The potential for trace metal regulation of 
these microbial processes raises concern for suggestions that 
iron fertilization may be a viable approach to enhancing pri- 
mary production and carbon sequestration in the ocean: be- 
fore committing to large-scale iron fertilization, it is crucial 
that we understand the important interactions between trace 
metals involved in nitrogen cycling, specifically in the pro- 
duction of N,O gas. 

Julie Granger' arzd Bess B. Ward2 
Department of Geosciences 
Princeton University 
Princeton, New Jersey 08544 

References 

AL-FARAWATI, C. M. G. VAN BERG.1999. Metal- R., AND DEN 

sulfide complexation in seawater. Mar. Chem. 63: 331-352. 
BOYLE,E. A., E SCHLATER. 1977. The distri- AND J. M. EDMOND. 

bution of dissolved copper in the Pacific. Earth Planet. Sci. 
Lett. 37: 38-54. 

BRADFORD,M. M. 1976. A rapid and sensitive method for the quan- 
titation of microgram quantities of protein utilizing the prin- 
ciple of protein-dye binding. Anal. Chem. 72: 248-254. 

BRAND,L. E., W. G. SUNDA, 1983. Lim- AND R. R. L. GUILLARD. 
itation of marine phytoplankton reproductive rates by zinc, 
manganese and iron. Limnol. Oceanogr. 28: 1182-1 198. 

BRUNET,R. C., AND L. J. GARCIAGIL.1996. Sulfide-induced dis- 
similatory nitrate reduction to ammonia in anaerobic fresh- 
water sediments. FEMS Microbial. Ecol. 21: 131-138. 

COALE,K. H., AND 1990. Spatial and temporal K. W. BRULAND. 
variability in copper complexation in the North Pacific. Deep- 
Sea Res. 37: 317-336. 

CODISPOTI, 1985. Nitrification, de- L. A., AND J. P. CHRISTENSEN. 
nitrification and nitrous oxide cycling in the eastern tropical 
South Pacific Ocean. Mar. Chem. 16: 277-300. 

COHEN,Y., AND L. I. GORDON. 1978. Nitrous oxide in the oxygen 
minimum of the eastern tropical North Pacific: Evidence for 
its consumption during denitrification and possible mechanisms 
for its production. Deep-Sea Res. 6: 509-525. 

DANIELSSON,L. G. 1980. Cadmium, cobalt, copper, iron, lead, nick- 
el and zinc in Indian Ocean water. Mar. Chem. 8: 199-215. 

DE BAAR,H. J. W.; M. P. BACON, AND K. W. BRU-F? G. BREWER, 
LAND.1985. Rare earth elements in the Pacific and Atlantic 
oceans. Geochim. Cosmochim. Acta 49: 1943-1959. 

DISPIRITO, J. D. LIPSCOMB, A. A,, L. R. TAAFFE, AND A. G. HOOP-
ER. 1985. A 'blue' copper oxidase from Nitrosomotzns ectro- 
paen. Biochim. Biophys. Acta 827: 320-326. 

I Present address: Department of Earth and Ocean Sciences, Uni- 
versity of British Columbia, 6270 University Boulevard, Vancouver, 
British Columbia V6T 124. 

Corresponding author (bbw@princeton.edu). 

Ack~zowledgments 
We are indebted to Justin Mika for valuable technical assistance. 

We thank Tung-Yuan Ho for the ICPMS measurement of copper in 
the medium, and E M. M. Morel and A. Milligan for input through- 
out the progression of this work as well as comments on the man- 
uscript. This work was funded by National Science Foundation and 
Center for Bioinorganic Chemistry (CEBIC), NSF and DOE grants 
to B.B.W. 



GRANGER,J., AND N. M. PRICE. 1999. The importance of sidero- 
phores in iron nutrition of heterotrophic marine bacteria. Lim- 
nol. Oceanogr. 44: 541-555. 

IWASAKI.H., AND H. TERAI. 1982. Analysis of N2 and N,O pro-
duced during growth of denitrifying bacteria in copper-depleted 
and -supplemented media. J. Gen. Appl. Microbiol. 28: 189-
193. 

JACKMAN,C. H., J. E. FREDERICK,AND R. S. STOLARSKI. 1980. 
Production of odd nitrogen in the stratosphere and mesosphere: 
An intercomparison of source strengths. J. Geophys. Res. 85: 
7495-7505. 

KELLER,M. D., W. K. BELLOWS,AND R. R. L. GUILLARD.1988. 
Microwave treatment for sterilization of phytoplankton culture 
media. J. Exp. Mar. Biol. Ecol. 117: 279-283. 

LAW, C. S.. AND N. J. P. OWENS. 1990. Significant flux of atmo- 
spheric nitrous oxide from the northwest Indian ocean. Nature 
346: 826-828. 

LOWE, R. H., AND H. J. EVAXS. 1964. Preparation and some prop- 
erties of a soluble nitrate reductase from Rlzizobiuin japonicum. 
Biochim. Biophys. Acta 85: 377-389. 

MANX,E. L., N.AHLGREN,J. W. MOFFETT, AND S. W. CHISHOLM. 
2002. Copper toxicity and cyanobacterial ecology in the Sar- 
gasso Sea. Limnol. Oceanogr. 47: 976-988. 

MATSUBARA. AND W. G. ZUMFT. 1982. Modulation T.. K. FRUNZKE, 
by copper of the products of nitrite respiration in Pseudomoizns 
perjectornarinlis. J. Bacteriol. 149: 816-823. 

Moms.  L., E VANHAECKE.H. RIONDATO,AND R. DAMS. 1995. 
Some figures of merit of a new double focusing inductively 
coupled plasma-mass spectrometer. J. Anal. Atomic Spectrosc. 
10: 569-574. 

MOFFETT,J. W. 1995. Temporal and spatial variability of copper 
complexation by strong chelators in the Sargasso Sea. Deep- 
Sea Res. 42: 1273-1295. 

PACKARD,T. T.1971. The measurement of respiratory electron- 
transport activity in marine phytoplankton. J. Mar. Res. 29: 
235-244. 

PARSONS,T. R., Y. MAITA, AND C. M. LALLI. 1984. A manual of 
chemical and biological methods for seawater analysis. Per- 
gamon. 

PRICE, N. M., J. G. HARRISON, J. G. HERRING,R. HUDSON, J.P.M.V. 
NIREL, B. PALENIK, AND E M. M. MOREL. 198811989, Prepa- 
ration and chemistry of the artificial algal culture mediunl 
Aquil. Biol. Oceanogr. 6: 443-461. 

SAAGAR, M., H. J. W. DE BAAR, AND R. J. HOWLAND.1992. Cd, 
Zn, Ni and Cu in the Indian Ocean. Deep-Sea Res. 39: 9-35. 

SCHONHARTING.B., R. REHNER, J. W. METZGER, K. KRAUTH,AND 

M. RIZZI. 1998. Release of nitrous oxide (N,O) from denitri- 
fying activated sludge caused by H,S-containing wastewater: 
Quantification and application of a new mathematical model. 
Water Sci. Technol. 38: 237-246. 

SUKDA,W. G., AND S. A. HUNTSMAN. 1991. Low iron requirements 
for growth in oceanic phytoplankton. Nature 351: 55-57. 

THEBERGE.S. M.. G. W. LUTHER, AND A. M. FARRENKOPF. 1997. 
On the existence of free and metal conlplexed sulfide in the 
Arabian Sea and its oxygen minimum zone. Deep-Sea Res. 44: 
1381-1390. 

TORTELL,I? D., M. T. MALDONADO, AXD N. M. PRICE. 1996. The 
role of heterotrophic bacteria in iron-limited ocean ecosystems. 
Nature 383: 330-332. 

WARD, B. B., AND J. C. PRISCU. 1997. Detection and characteriza- 
tion of denitrifying bacteria from a permanently ice-covered 
Antarctic lake. Hydrobiology 347: 57-68. 

WESTALL,J. C., J. L. ZACHARY, AND E M. M. MOREL. 1976. MI- 
NEQL: A computer program for the calculation of chemical 
equilibrium composition on aqueous systems. Technical Note 
18. MIT Univ. Press. 

YOSHIDA,N., H. MORIMOTO, M. HIRANO, I. KOIKE, S. MATSUO, E. 
WADA,T.SAINO,AND A. HATTORI. 1989. Nitrification rates 
and 15N abundances of N20 and NO, in the western North 
Pacific. Nature 342: 895-897. 

YOSHINARI,T. 1976. Nitrous oxide in the sea. Mar. Chem. 4: 189-
202. 

ZUMFT, W. G. 1997. Cell biology and molecular basis of denitrifi- 
cation. Microbiol. Mol. Biol. Rev. 61: 533-616. 

Received: 3 June 2002 
Accepted: 3 September 2002 

Amended: 24 September 2002 



You have printed the following article:

Accumulation of Nitrogen Oxides in Copper-Limited Cultures of Denitrifying Bacteria
Julie Granger; Bess B. Ward
Limnology and Oceanography, Vol. 48, No. 1, Part 1. (Jan., 2003), pp. 313-318.
Stable URL:

http://links.jstor.org/sici?sici=0024-3590%28200301%2948%3A1%3C313%3AAONOIC%3E2.0.CO%3B2-W

This article references the following linked citations. If you are trying to access articles from an
off-campus location, you may be required to first logon via your library web site to access JSTOR. Please
visit your library's website or contact a librarian to learn about options for remote access to JSTOR.

References

Limitation of Marine Phytoplankton Reproductive Rates by Zinc, Manganese, and Iron
Larry E. Brand; William G. Sunda; Robert R. L. Guillard
Limnology and Oceanography, Vol. 28, No. 6. (Nov., 1983), pp. 1182-1198.
Stable URL:

http://links.jstor.org/sici?sici=0024-3590%28198311%2928%3A6%3C1182%3ALOMPRR%3E2.0.CO%3B2-J

The Importance of Siderophores in Iron Nutrition of Heterotrophic Marine Bacteria
Julie Granger; Neil M. Price
Limnology and Oceanography, Vol. 44, No. 3, Part 1. (May, 1999), pp. 541-555.
Stable URL:

http://links.jstor.org/sici?sici=0024-3590%28199905%2944%3A3%3C541%3ATIOSII%3E2.0.CO%3B2-2

Copper Toxicity and Cyanobacteria Ecology in the Sargasso Sea
Elizabeth L. Mann; Nathan Ahlgren; James W. Moffett; Sallie W. Chisholm
Limnology and Oceanography, Vol. 47, No. 4. (Jul., 2002), pp. 976-988.
Stable URL:

http://links.jstor.org/sici?sici=0024-3590%28200207%2947%3A4%3C976%3ACTACEI%3E2.0.CO%3B2-6

http://www.jstor.org

LINKED CITATIONS
- Page 1 of 1 -

http://links.jstor.org/sici?sici=0024-3590%28200301%2948%3A1%3C313%3AAONOIC%3E2.0.CO%3B2-W&origin=JSTOR-pdf
http://links.jstor.org/sici?sici=0024-3590%28198311%2928%3A6%3C1182%3ALOMPRR%3E2.0.CO%3B2-J&origin=JSTOR-pdf
http://links.jstor.org/sici?sici=0024-3590%28199905%2944%3A3%3C541%3ATIOSII%3E2.0.CO%3B2-2&origin=JSTOR-pdf
http://links.jstor.org/sici?sici=0024-3590%28200207%2947%3A4%3C976%3ACTACEI%3E2.0.CO%3B2-6&origin=JSTOR-pdf

