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Pure cultures of the marine ammonium-oxidizing bacterium Nitrosomonas sp.
were grown in the laboratory at oxygen partial pressures between 0.005 and 0.2
atm (0.18 to 7 mg/liter). Low oxygen conditions induced a marked decrease in the
rate for production of NO,~, from 3.6 X 107'° to 0.5 X 10™'* mmol of NO™ per cell
per day. In contrast, evolution of N;O increased from 1 X 107" to 4.3 X 107"
mmol of N per cell per day. The yield of N,O relative to NO,™ increased from
0.3% to nearly 10% (moles of N in N,O per mole of NO,") as the oxygen level was
reduced, although bacterial growth rates changed by less than 30%. Nitrifying
bacteria from the genera Nitrosomonas, Nitrosolobus, Nitrosospira, and Nitro-
sococcus exhibited similar yields of N.O at atmospheric oxygen levels. Nitrite-
oxidizing bacteria (Nitrobacter sp.) and the dinoflagellate Exuviaella sp. did not
produce detectable quantities of N,O during growth. The results support the view

that nitrification is an important source of N:O in the environment.

Biological processes exercise a major influence
on the composition of the atmosphere. They
may function either as sources or as sinks for
selected gases and can influence atmospheric
composition on time scales ranging from days
(NH;,, H,S) to years (CH,, CO, N;O) to millions
of years (N3). This paper is concerned primarily
with N,O, a gas which plays an important role
in the chemistry of the stratosphere (29). Until
recently it was thought that atmospheric N.O
was formed mainly during denitrification (1, 14).
However, Yoshida and Alexander (36, 37) ob-
served production of N;O by cultures of the
nitrifying bacterium Nitrosomonas europaea,
which obtains its metabolic energy by oxidizing
NH,* to NO;". There is a growing body of evi-
dence from field studies to suggest that nitrifi-
cation may be an important source of N.O in
both soils and aquatic systems (6, 7, 11, 12, 15,
16, 21, 38).

A major fraction of the nitrifying activity in
estuaries, streams, and lakes occurs in sediments
and in biological films attached to detrital ma-
terial (13, 28, 32). In these environments nitrifi-
cation typically occurs at low concentrations of
O; and high concentrations of NH,*. Field stud-
ies in aquatic systems (15, 16, 25, 27) suggest
that low oxygen or high ammonia concentrations
or both may enhance production of N;O during
nitrification. Similar behavior may be inferred
ﬁ'c;m recent work on agricultural soils (6, 7, 18,
19).

The present paper reports laboratory studies

on pure cultures of several species of chemoau-
totrophic nitrifying bacteria. The influence of
oxygen concentration on production of NO,;™ and
N.O was examined in detail for a marine bacte-
rium of the genus Nitrosomonas.

MATERIALS AND METHODS

The principal organism used in the present studies
was an ammonium-oxidizing bacterium of the genus
Nitrosomonas isolated from the Western Tropical At-
lantic Ocean (35). Batch cultures were maintained at
25°C (pH 17.5), and inocula (0.5 ml, ~10° cells) were
obtained by centrifuging samples from the culture and
resuspending the cells in growth medium. The inocula
were introduced into 550-ml distillation flasks through
three-way stopcock ports in an arrangement similar to
that employed by Barbaree and Payne (2) (Fig. 1).
Cell densities in the flasks (~10° per ml) were compa-
rable to those found in sediments (13, 32) and in soils
(3).

The experimental vessel contained 300 ml of
buffered growth medium made by addition, to 1 liter
of seawater-distilled water (1:1, vol/vol), of: 1.6 g of
(NH,):SO,, 0.2 g of MgSO,-7H:0, 0.02 g of CaCl.-
2H,0, 1 mg of chelated iron, 0.1 mg of Na,MoO,-
2H,0, 0.2 mg of MnCl,-4H:0, 2 ug of CoCl.-6H:0, 0.1
mg of ZnS0,- TH-0, 20 ug of CuSO,-5H-0, and 8.7 mg
of K:HPO,. The medium was buffered with 0.05 mol
of HEPES (N-2-hydroxyethylpiperazine-N’-2-ethane-
sulfonic acid; pK. = 7.5 at 25°C) per liter, titrated to
pH 7.5 by addition of NaOH. The apparatus was
autoclaved with the medium in place.

The medium was continuously stirred, and the tem-
perature was regulated, in a water bath at 26 + 1°C.
The culture was isolated from the atmosphere and
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F1G. 1. Schematic representation of the experimental apparatus.

ventilated through a fritted disk with a slow flow of
N,O-free synthetic air (~15 ml/min). The oxygen con-
centration in the flushing gas was varied between 0.005
and 0.2 atm (0.50 to 20.2 kPa) either by mixing O, with
gas consisting of N; and a trace (0.03%) of CO., or by
use of commercially obtained gas mixtures. The com-
position of the flushing gas was confirmed by injection
into a gas chromatograph equipped with a thermal-
conductivity detector. The concentrations of O, in the
exit streams of active cultures differed insignificantly
from concentrations in the inflow, indicating that the
flow of O, through the flasks greatly exceeded the
respiration rates of the cultures.

The headspace of the flask was exhausted directly
into the sample loop of an electron-capture detector
gas chromatograph (Perkin-Elmer 3920B; see refer-
ences 16 and 25), permitting accurate determination
of N,O concentrations above a threshold of 20 parts in
10° (by volume). Samples were withdrawn periodically
through the three-way port and analyzed for cell num-
bers and concentration of dissolved NO,". Nitrite was
measured according to the procedure of Strickland
and Parsons (31), and bacteria were counted by stain-
ing with acridine orange and counting fluorescent cells
(22).

The cultures were tested for heterotrophic contam-
inants by streaking medium from each flask onto
several plates coated with Marine Agar 2216 (Difco).
Plates were examined for heterotrophic growth after
4 to 7 days. In a few cases the initial inoculum was
found to be contaminated, and the runs were dis-
carded. We observed no contamination during the
experiments reported here.

Studies of N2O production by other nitrifying bac-
teria were carried out as indicated above, with 20% O
in the carrier gas. Cell counts were omitted. Experi-
ments on Nitrobacter and Exuviaella were carried
out in sealed flasks to permit detection of even the
most minute production of N,O. The medium for
Nitrobacter growth contained 20 mM KNO: in place
of (NH,)>SO; in the medium. The Exuviaella cultures

were grown in Guillard f/2 medium with NO;™ as the
only nitrogen source. Optical densities were used to
detect growth of Nitrobacter and Exuviaella, and
analyses for NO;~ were made at the end of each
experiment.

RESULTS

Experiments were carried out with two to five
replicate flasks. Pilot studies with killed controls
(HgCl; added) showed no production of NO;™ or
N,O. Results are summarized in Table 1 and Fig.
2 for cultures of Nitrosomonas grown at differ- .
ent partial pressures of oxygen between 0.005
and 0.2 atm (0.18 and 7 mg/liter in the medium).

Figure 2a shows the cell number density, con-
centration of NO.™, and exit gas concentration
of N,O for two flasks sampled for a period of 4
to 5 days after inoculation. No distinct lag period
was observed. Rates of cell growth were com-
parable and rather slow, with doubling times
between 1.3 and 2.1 days. Considerably less
NO;~ was produced by the cells grown at lower
oxygen tension. The quantity of N.O produced
per cell was similar for this particular pair of
flasks.

Figure 2b shows the yield of N,O relative to
NO;~ (moles of N in N,O per mole of NO;")
produced by individual flasks at different oxygen
tensions. The production rate for NO,~ was ob-
tained by differentiating a four-point moving
average of the NO,™ content of the flask. Since
the yield is the ratio of differential quantities,
instantaneous values are quite sensitive to small
systematic errors. Although some variations
may be noted over the course of individual ex-
periments, the fluctuations were smaller than
the changes observed between different oxygen
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TaBLE 1. Experimental results for marine Nitrosomonas sp.”

Lo ACells/ Mean production
0. No (cells growgth . ANO.~ per cell (mmol per
' NO. (cells per N.O day per cell)
Date per T‘l X rate (mM) ml X vield” (%)
mg/ 107%) (postlag) 107/ : N.,O NO.
“ liter per day) mM) (X107 (x10° ")
February 80 1 0.35 0.97 0.38 1.47 3.8 2505 24 0.95
1 0.35 0.94 0.24 1.06 2.2 4.15 % 1.0 44 1.1
1 0.35 1.05 0.37 1.84 3.1 2803 3.3 1.2
20 7.0 1.12 0.26 2.05 0.74 0.29 £ 0.1 1.1 3.7
20 7.0 1.08 0.20 2.70 0.59 0.3+0.1 1.0 34
March 1980 0.5 0.18 0.81 0.28 0.31 5.2 8114 4.2 0.52
0.5 0.18 0.77 0.23 0.26 44 99 x40 5.0 0.51
0.5 0.18 1.26 0.29 0.25 6.0 83+18 3.9 0.47
5 1.8 0.81 0.29 1.35 1.3 0.76 £ 0.2 1.7 2.2
5 1.8 0.70 0.31 1.40 1.2 0.99 = 0.16 2.6 2.6
October 1979 20 70 0.78 0.26 = 0.10
20 7.0 0.56 0.27 £ 0.15
10 35 1.63 0.52 = 0.10
10 35 0.57 0.30 = 0.07

“ Temperature, 26°C; pH 7.5.

® Yield defined as moles of N in N,O produced per mole of NO,".

pressures. The yield of N,O relative to NO,~
increased from 0.25% at high oxygen to nearly
10% at low oxygen concentration.

Figure 3 summarizes results from replicate
experiments at all oxygen tensions. The yield of
N,O increased sharply relative to NO,™ at oxy-
gen concentrations below 3 mg/liter (Fig. 3a).
Nearly five times as many cells were produced
per mole of NO,™ at the lowest oxygen level (0.18
mg/liter) as compared to higher oxygen levels
(2 to 7 mg/liter) (Fig. 3b). However, the rate of
cell growth (generation time) changed by only
30% over the entire range of oxygen concentra-
tion (Fig. 3c).

Figure 3d shows the mean production rates
per cell for N,O and NO,™ at different oxygen
tensions. The production rate of NO,™ per cell
declined by nearly a factor of 7 as O, was reduced
from 7 to 0.18 mg/liter, whereas the production
rate for N,O increased by about a factor of 5
over the same range. The sensitivity to oxygen
implies that a count of nitrifier numbers in a
natural system could not be used as an indicator
of the nitrification rate even if all the cells were
known to be metabolically active. A similar ca-
veat applies to the use of the '“C incorporation
rate as a measure of the rate for nitrification (5).

The yield of N.O from cultures of autotrophic
nitrifiers is surprisingly uniform at atmospheric
oxygen levels (0.2 atm partial pressure) for a
wide variety of organisms (Table 2). The average
yield varied by less than a factor of 3 about a
mean value of 0.2% (moles of N in N,O per mole
of NO;") for our studies, which included species

from each of the four genera of nitrifying bac-
teria listed in Bergey’s Manual of Determinative
Bacteriology (8).

Two other organisms were tested for produc-
tion of N,O. Chemoautotrophic bacteria which
oxidize NO,™ to NO;~ (Nitrobacter sp.) produced
insignificant N,O during growth. An upper limit
of about 2 X 10~" (moles of N in N,O per mole
of NO;7) can be placed on the N2O yield relative
to production of NO;~. Assimilatory reduction
of NO;™ has been suggested as a possible source
of marine N;O (21). This suggestion was exam-
ined by growing pure cultures of the open-ocean
dinoflagellate Exuviaella sp. with NO;™ as the
sole nitrogen source. Although the culture grew
vigorously, no N,O production was observed.
The experiment allows us to place an upper limit
of 4 X 107° on the yield for N,O relative to NO;~
assimilated by this organism. It is noteworthy
that Yoshinari (39) reported no production of
N,O by bacteria (Vibrio succinogenes) which
reduce NO;™ to NH,".

DISCUSSION

Earlier studies (9, 10, 20) indicated that Nitro-
somonas europaea and Nitrosococcus oceanus
could grow at oxygen tensions as low as 1% of
atmospheric. These studies utilized solid media
or liquid media containing particulate CaCOQs;,
and it was difficult to control oxygen tension and
pH. Total uptake rates of '*C were consistently
faster at low oxygen (9, 20), whereas production
of NO,” was most rapid at oxygen levels near
atmospheric (20). In the present work, growth
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F16. 2. (a) Observations for flasks at 0.01 and 0.005
atm partial pressure of oxygen (1% and 0.5% O, in
flushing gas). Concentrations of N,O, NO.~, and cells
of Nitrosomonas (marine) were measured over a 6-
day period after inoculation at time zero. Observed
levels of NO;” and N.O were below 100 uM and 100
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rates for cell numbers were slightly larger at
reduced concentrations of O, but cultures gen-
erated much less NO,™ (per cell) during growth.
This finding is consistent with earlier results in
both C uptake and NO,™ production and with
the original observations of ZoBell (40).

Loveless and Painter (26) studied the growth
of Nitrosomonas europaea at low oxygen ten-
sion. Painter (30) used these data to estimate a
Michaelis-Menten half-saturation constant of
0.3 mg/liter for O, (the concentration at which
growth rate is reduced to 1/2 of its high-oxygen
value). Our data would appear to imply a slightly
lower value (~0.15 mg/liter). However, the
growth rates in Fig. 3a do not appear to fit a
simple model with Michaelis-Menten kinetics,
since a decline in the rate appears to occur at
higher levels of O..

Our values for the number of cells produced
per mole of NH,* oxidized to NO,~ (0.65 X 10°
cells per umol) may be compared with earlier
results for Nitrosomonas europaea (4, 17, 30)
and Nitrosococcus oceanus (33), about 1.0 x 10°
and 0.5 x 10° cells per umol, respectively. These
cell yields are somewhat lower than those re-
ported recently by Belser and Schmidt (3) for
soil organisms (~5 X 10°).

Yoshida and Alexander (36) observed yields
of N,O between 2 and 25% relative to NO,~
during 3-h incubations of N. europaea (10°/ml)
in sealed Warburg flasks. Most of the N,O had
appeared by the time of the first observation, 1
h after inoculation. The present studies indicate
much lower yields of N,O from nitrifying orga-
nisms including N. europaea, except at very low
concentrations of oxygen. (Cultures contami-

nl/liter, respectively, before time t = 18 h. (See text.)
(b) The yield of N,O relative to NO.~ produced for
the flasks in (a) (1% and 5%) and for flasks at other
oxygen tensions. The N,O concentrations were mul-
tiplied by the gas flow rate to determine d(N-0O)/dt,
and the nitrite content of the flask was differentiated
with respect to time to calculate d(NO;")/dt. The
yield (moles of N per mole of N) is given by [2 X
d(N:0)/dt]/[d(NO-")/dt].

TABLE 2. Experimental results for other nitrifying organisms (ammonia oxidizers)"

No. of

% NOs  N,Oyield ) )
Date 2:;:115- (mM) %) Organism Source of isolate
May 1979 4 4.2 0.21 £ 0.08 Nitrosomonas sp. Gulf of Maine (35)
May 1979 6 3.0 047 £ 0.1  Nitrosomonas europaea Soils
February 1979 3 2.0 0.26 + 0.1  Nitrosococcus oceanus Western Atlantic Ocean (33)
May 1979 3 2.7 0.09 + 0.02 Nitrosolobus multiformis  Soils (Surinam) (34)
May 1979 4 1.5 0.11 £ 0.04 Nitrosospira briensis Soils (Switzerland) (34)

“ Temperature, 26°C; oxygen, 21%; pH 7.5.

® Yield defined as moles of N in N,O per mole of NO.".
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F16. 3. Summary of results of replicate flasks of
Nitrosomonas sp. (marine) at different oxygen ten-
sitons. (a) The N,O yield increased sharply at low
oxygen concentrations. (b) At the lower oxygen ten-
sions more cells were produced for a given quantity
of NO;™, as compared to higher oxygen treatments.
(c) The generation time for cells changed little over
the range of oxygen tensions, with a suggestion of a
slight optimum near 0.01 atm partial pressure of O,
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nated by Fusarium sp. were observed to produce
large quantities of N,O.) At the start of each
experiment we observed significant N,O gener-
ated by the inoculum during preparation. This
N,O appeared in both live and killed flasks and
was flushed out by the gas stream in about 0.5
h. Subsequent production of N,O paralleled pro-
duction of NO,~, with ratios shown in Tables 1
and 2. It is possible that some of the N,O ob-
served by Yoshida and Alexander (36) may have
been produced during preparation of the cells.
It is also possible that the dense cultures em-
ployed by Yoshida and Alexander (36) might
have consumed the oxygen in the culture me-
dium faster than it could infuse from the head-
space. The high yields they observed would in
this case reflect the enhanced yield of N,O at
reduced levels of O,.

The biochemistry of nitrification has been
studied in detail by a large number of authors
(for a summary, see references 23 and 24). Pro-
duction of N.O and small amounts of NO in
vitro occurs both during oxidation of NH,OH
and as a by-product of reduction of NO,™. These
studies utilized extracts from cells grown under
reduced oxygen conditions. The present work
suggests that isotopic studies on cultures grown
under different oxygen tensions could be a sig-
nificant aid in the determination of the biochem-
ical mechanism for N,O production by living
cells.

Production of N,O was found to be enhanced
at low concentrations of oxygen relative to pro-
duction of NO,™. It rose from 0.002 to nearly 0.1
mol of N in N,O per mol of NO,  as the O,
concentration was reduced from 7 to 0.18 mg/
liter. On a per-cell basis, the production rate of
NO;™ dropped by a factor of 7 over this range of
oxygen concentrations, and the production rate
for N,O per cell increased by nearly the same
factor. The growth rate varied only slightly
(~30%) over the entire oxygen range. Other spe-
cies of nitrifying bacteria showed similar yields
of NoO and cells (per NO,”) at atmospheric
concentrations of O,. Further work is required
to define the dependence of rates for N,O pro-
duction on species, pH, temperature, substrate
concentration, and NO,™ concentration.

The present results support the view that
nitrification is a major source of N,O in natural
systems. Nitrification can proceed in environ-

(1% O: in carrier gas = 0.37 mg of O, per liter). (d)
The average quantities of N in N,O and N in NO,”
produced per unit time by each cell of Nitrosomonas
sp. (millimoles of N per day per cell) appeared to
depend on oxygen tension. At low oxygen each cell
produced substantially less NO,™ and more N,O than
at high oxygen.
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ments where oxygen concentrations are very
low, for example, organic-rich sediments, and
under these conditions copious amounts of ni-
trous oxide may be evolved.

Human activities create high concentrations
of oxygen-demanding substances in a variety of
environments, such as polluted waters, heavily
fertilized soils, or areas where livestock are main-
tained. Oxidation of reduced nitrogen from de-
composition of organic matter or from fertilizer
usually is accomplished by nitrifying bacteria.
Thus, human perturbations to the environment
may increase the global rate of nitrification at
low oxygen tension. The result could be release
of globally significant quantities of nitrous oxide
at rates which might increase nonlinearly should
the accumulation of oxygen-demanding wastes
also increase.

ACKNOWLEDGMENTS

Helpful discussions with M. Goreau, J. Waterbury, and L.
Hashimoto are gratefully acknowledged. Larry Brand (Woods
Hole Oceanographic Institute) kindly provided the culture of
Exuviaella. O. Grubner expertly helped with the gas chro-
matography, and R. Mitchell permitted use of the fluorescence
microscope.

This work was supported by National Science Foundation
grants PFR76-24239 and DEB79-20282 and National Aero-
nautics and Space Administration contract NASW-2952 to
Harvard University, and by National Science Foundation
grant COE78-19595 to the Woods Hole Oceanographic Insti-
tute.

LITERATURE CITED

1. Alexander, M. 1977. Introduction to soil microbiology,
2nd ed. Wiley & Sons, New York.

2. Barbaree, J. M., and W. J. Payne. 1967. Products of
denitrification by a marine bacterium as revealed by
gas chromatography. Mar. Biol. 1:136-139.

3. Belser, L. W,, and E. L. Schmidt. 1978. Diversity in the
ammonia-oxidizing nitrifier population of a soil. Appl.
Environ. Microbiol. 36:584-588.

4. Belser, L. W,, and E. L. Schmidt. 1980. Growth and
oxidation kinetics of three genera of ammonia oxidizing
nitrifiers. FEMS Microbiol. Lett. 7:213-216.

5. Billén, G. 1976. Evaluation of nitrifying activity in sedi-
ments by dark “C-bicarbonate incorporation. Water
Res. 10:51-57.

6. Breitenbeck, G. A., A. M. Blackmer, and J. M. Brem-
ner. 1980. Effects of different nitrogen fertilizers on
emissions of nitrous oxide from soil. Geophys. Res. Lett.
7:85-87.

7. Bremner, J. M., and A. M. Blackmer. 1978. Nitrous
oxide: emission from soils during nitrification of fertil-
izer nitrogen. Science 199:295-296.

8. Buchanan, R. E,, and N. E. Gibbons (ed.). 1974. Ber-
gey’s manual of determinative bacteriology, 8th ed. The
Williams and Wilkins Co., Baltimore.

9. Carlucci, A. F., and P. M. McNally. 1960. Nitrification
by marine bacteria in low concentrations of substrate
and oxygen. Limnol. Oceanogr. 19:136-139.

10. Carlucci, A. F., and J. D. H. Strickland. 1968. The
isolation, purification and some kinetic studies of ma-
rine nitrifying bacteria. J. Exp. Mar. Biol. Ecol. 2:156-
166.

11. Cohen, Y., and L. I. Gordon. 1978. Nitrous oxide in the
oxygen minimum of the Eastern Tropical North Pacific.
Deep Sea Res. 25:509-525.

12.

13.

14.

15.

16.

17.

18.

19.

21.

23.

24.

25.

27.

31.

32.

35.

NO.,” AND N.O PRODUCTION 531

Cohen, Y., and L. I. Gordon. 1979. Nitrous oxide pro-
duction in the ocean. J. Geophys. Res. 84:347-354.

Curtis, E. J. C,, K. Durrant, and M. M. 1. Harman.
1975. Nitrification in rivers of the Trent Basin. Water
Res. 9:255-268.

Delwiche, C. C. 1970. The nitrogen cycle. Sci. Am. 223:
136-146.

Elkins, J. W., 8. C. Wofsy, M. B. McElroy, and W. A.
Kaplan. 1980. Nitrification and production of N.O in
the Potomac: evidence for variability. In B. Nielson
(ed.), Nutrient enrichment in estuaries. Humana Press,
in press.

Elkins, J. W., S. C. Wofsy, M. B. McElroy, C. E. Kolb,
and W. A. Kaplan. 1978. Aquatic sources and sinks
for nitrous oxide. Nature (London) 275:602-606.

Engel, M. S, and M. Alexander. 1958. Growth and
autotrophic metabolism of Nitrosomonas europaea. J.
Bacteriol. 76:217-222.

Freney, J. R., O. T. Denmead, and J. R. Simpson,
1978. Soil as a source or sink for atmospheric nitrous
oxide. Nature (London) 273:530-532.

Freney, J. R., O. T. Denmead, and J. R. Simpson.
1979. Nitrous oxide emission from soils at low moisture
contents. Soil Biol. Biochem. 11:167-173.

Gunderson, K., A. F. Carlucci, and K. Bostrém. 1966.
Growth of some chemoautotrophic bacteria at different
oxygen tensions. Experientia 22:229-230.

Hahn, J. 1974. The North Atlantic Ocean as a source of
atmospheric N,O. Tellus 26:160-168.

. Hobbie, J. E., R. J. Daley, and S. Jasper. 1977. Use of

Nucleopore filters for counting bacteria by fluorescence
microscopy. Appl. Environ. Microbiol. 33:225-228.

Hooper, A. B. 1978. Nitrogen oxidation and electron
transport in ammonia-oxidizing bacteria, p. 359-364. In
D. Schlessinger (ed.), Microbiology—1978. American
Society for Microbiology, Washington, D.C.

Hooper, A. B, and K. R. Terry. 1979. Hydroxylamine
oxidoreductase of Nitrosomonas production of nitric
oxide from hydroxylamine. Biochim. Biophys. Acta
571:12-20.

Kaplan, W. A,, J. W. Elkins, C. E. Kolb, M. B. Mc-
Elroy, S. C. Wofsy, and A. P. Duran. 1978. Nitrous
oxide in freshwater systems: an estimate for the yield of
atmospheric N,O from disposal of human waste. Pure
Appl. Geophys. 116:423-438.

. Loveless, J. E., and H. A. Painter. 1968. The influence

of metal ion concentration and pH value on the growth
of a Nitr strain isolated from activated sludge.
J. Gen. Microbiol. 52:1-14.

McElroy, M. B., J. W. Elkins, S. C. Wofsy, C. E. Kolb,
A. P. Duran, and W. A. Kaplan. 1978. Production
and release of N,O from the Potomac estuary. Limnol.
Oceanogr. 23:1168-1182.

. Mortimer, C. H. 1941-1942. The exchange of dissolved

substances between mud and water in lakes. J. Ecol.
29:280-329; 30:147-201.

. Nicolet, M. 1975. Stratospheric ozone: an introduction to

its study. Rev. Geophys. Space Phys. 13:593-636.

. Painter, H. A. 1970. A review of literature on inorganic

nitrogen metabolism in microorganisms. Water Res. 4:
393-450.

Strickland, J. D. H., and T. R. Parsons. 1968. A prac-
tical handbook of seawater analysis. Fisheries Res.
Board of Canada, Ottawa.

Tuffy, T. J., J. V. Hunter, and V. A. Matulewich. 1974.
Zones of nitrification. Water Res. Bull. 10:555-564.

. Watson, S. W. 1965. Characteristics of a marine nitrifying

bacterium, Nitrosocystis oceanus sp. Limnol. Oceanogr.
10 (Suppl.):R274-R289.

. Watson, S. W. 1971. Reisolation of Nitrosospira briensis

S. Winogradsky and H. Winogradsky 1933. Arch. Mik-
robiol. 75:179-188.
Watson, S. W,, and C. C. Remsen. 1969. Macromolec-



532 GOREAU ET AL.

ular subunits in the walls of nitrifying bacteria. Science
163:685-686.

36. Yoshida, T., and M. Alexander. 1970. Nitrous oxide
formation by Nitrosomonas europaea and hetero-
trophic microorganisms. Soil Sci. Soc. Am. Proc. 34:
880-882.

37. Yoshida, T., and M. Alexander. 1971. Hydroxylamine
oxidation by Nitrosomonas europaea. Soil Sci. 3:307-

ApPL. ENVIRON. MICROBIOL.

312.

38. Yoshinari, T. 1976. Nitrous oxide in the sea. Mar. Chem.
9:189-202.

39. Yoshinari, T. 1980. N.O reduction by Vibrio succino-
genes. Appl. Environ. Microbiol. 39:81-84.

40. ZoBell, C. E. 1935. Oxidation-reduction potentials and
the activity of marine nitrifiers. J. Bacteriol. 29:78-88.



